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  Core Messages 

    The  human eye is an incredible assem-• 
bly of unique types of tissues, each of 
which has its own requirements in terms 
of blood supply.  
  The major source of blood for the ante-• 
rior eye is the anterior ciliary arteries, 
whereas the central retinal artery and the 
posterior ciliary arteries, both originat-
ing from the ophthalmic artery, is the 
supply for the posterior eye.  
  The iris receives its arterial blood sup-• 
ply from the major arterial circle (MAC). 
The iris vessels are radially oriented 
with slightly sinuous courses, which 
allow them to accommodate to the 
movements of the pupil. The iris venous 
channels roughly follow the arterial 
ones. The collector trunks from these 

veins enter the ciliary body, where the 
blood then drains into the vortex system 
and the ciliary plexus.  
  The ciliary body, a part of the uveal tract, • 
is the circumferential tissue posterior to 
the iris composed of the ciliary muscle 
and ciliary processes. Its blood supply is 
the same as iris but the capillaries of the 
ciliary processes are large and fenes-
trated like the choriocapillaris.  
  There are two sources of blood and • 
nutrient supply for the human retina: the 
central retinal artery and the choroidal 
blood vessels. The choroid receives the 
greatest blood fl ow (65-85%), which is 
vital for maintenance of the outer retina. 
The remaining 20-30% fl ows to the ret-
ina through the central retinal artery in 
the optic nerve head to nourish the inner 
retinal layers.  
  There are three layers of capillaries in • 
retina: 1) the radial peripapillary capil-
laries (RPCs) around the optic nerve 
head only; 2) the inner or superfi cial 
plexus; and 3) the outer or deep layer of 
capillaries. The retinal vasculature is 
end-arterial: blood moves from artery to 
arteriole to capillary and precapillary 
venules drain into venules and then 
veins. A blood-retinal barrier exists.  
  The only avascular area of retina is the • 
foveal avascular zone where the foveolar  
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  The eye is an    incredible assembly    of unique types 
of tissues, each of which has its own requirements 
in terms of blood supply. The eye contains avas-
cular tissues that must have nutrition like cornea 
and lens to richly vascularized tissue like iris, ret-
ina, and choroid. The sources of blood for the eye 
are the retinal artery and the posterior and anterior 
ciliary arteries derived from the ophthalmic artery. 
The ophthalmic artery is the most often stenosed 
vessel from the internal carotid artery because of 
its right-angle branching from the carotid. Eighty 
percent of the ocular blood goes to the uveal tract 
and 20% to the retina. The anterior ciliary arteries 
enter the globe from the rectus muscles to provide 
blood to the limbal, conjunctival, and the scleral 
vasculatures (Fig.  1.1 ). The posterior ciliary arter-
ies supply the choroid.     

    1.1   Limbus and Conjunctiva 

    1.1.1   Cornea 

 Although the cornea is normally avascular in the 
fetal and adult human  [  9  ] , there is a ring of vascu-
lature around its border, the limbus. Conjunctival, 

episcleral, and scleral vessels and terminal 
branches of the circumcorneal vessels supply the 
peripheral cornea (Figs.  1.1  and  1.2 ). The vessels 
ramify at different levels in the limbus. Most of 
them supply the sclera in the region of the canal 
of Schlemm and play a small part in corneal 
nutrition and metabolism (Fig.  1.2 ). Drainage of 
the blood from the limbal, conjunctival, scleral 
vasculatures and the deep scleral venous plexus 
adjacent to Schlemm canal is through the epis-
cleral veins. The episcleral veins drain to the 
anterior ciliary veins and fi nally into the ophthal-
mic vein.  

 Most of the limbal capillaries have a thick 
wall, but some limbal capillaries have a thin wall 
and are fenestrated  [  20  ] . There is also a lymphatic 
system at the limbus in which the endothelial 
cells are thin and their basement membrane is 
poorly developed, but they are not fenestrated 
 [  20  ] . It has recently been demonstrated using the 
LYVE-1 antibody (lymphatic vessel endothelial 
hyaluronic acid receptor) that recognizes lym-
phatic not vascular endothelium that infl amma-
tory stimuli like a suture can induce both 
hemangiogenesis and lymphangiogenesis to arise 
from these plexuses at the limbus and invade the 
cornea  [  8  ] .  

Anterior ciliary vein

Vessels of
iris

Anterior ciliary
artery

Scleral venous
sinus

  Fig. 1.1    Frontal view schematic of the anterior ciliary 
arteries and veins (From Wolff  [  45  ] , p. 68, with 
permission)       

pit is present in the center of macula, 
which is surrounded by a ring of capil-
laries in a single layer.  
  The choroidal arteries arise from long and • 
short posterior ciliary arteries and branches 
of Zinn’s circle (around the optic disc). 
The arteries pierce the sclera around the 
optic nerve and fan out to form the three 
vascular layers in the choroid: outer (most 
scleral), medial and inner capillary sys-
tem, the choriocapillaris (nearest Bruchs 
membrane of the pigment epithelium). 
One or two vortex veins drain each of the 
4 quadrants of the eyeball. The vortex 
veins penetrate the sclera and merge into 
the ophthalmic vein.  
  The choriocapillaris is fenestrated and • 
lobular in the posterior pole, but ladder-
like in periphery.    
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    1.1.2   Vasculature Distribution 
in the Anterior Segment 

 The blood supply of the anterior segment of the 
eye has distinctive characteristics. Except for the 
perforating vessels like the anterior ciliary arter-
ies, the sclera is a relatively avascular structure. 
It has a low metabolic requirement because of the 
slow turnover rate of its collagen. The episcleral 
blood supply is derived mainly from the anterior 

ciliary arteries anterior to the insertions of the 
rectus muscles and from the long and short 
 posterior ciliary arteries posterior to these inser-
tions (Figs.  1.1  and  1.2 ). Scleral stroma contains 
capillary networks but is supplied by the epis-
cleral and, to a lesser degree, choroidal vascular 
networks. The arteries, veins, and nerves traverse 
the sclera through emissary canals. These canals 
or passageways are separated from the sclera by a 
thin layer of loose connective tissue. Emissary 

ACA
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4

3

2
SMP

1

c

c

cp

SC

7

13 6

6
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  Fig. 1.2    Schematic    of the limbal blood supply with arter-
ies represented in  red  and veins in  blue . The anterior cili-
ary artery ( ACA ) branches to form episcleral and major 
perforating ( MP ) artery. The episcleral artery branches to 
form conjunctival ( C ) and intrascleral blood vessels ( IS ).
The conjunctival vessels form the superfi cial marginal 
plexus ( SMP ) of the cornea. The SMP is the origin of the 
peripheral corneal arcades ( 1 ) and other recurrent vessels 
which run posteriorly to supply 3–6 mm of perilimbal 
conjunctiva. The MP goes through the sclera to join the 
major arterial circle ( MAC ) of the iris. The intrascleral 
channels of the limbus ( 3 ) originate as a branch from the 

MP artery. A branch of the anterior ciliary artery ( 4 ) often 
also supplies this area.   The episcleral vein ( asterisk ) is the 
major venous drainage from the limbus. It eventually 
unites with the ophthalmic veins. Near Schlemm’s canal 
( SC ) is the deep scleral venous plexus ( 5 ) from which an 
aqueous vein ( arrow ) arises and then joins the episcleral 
veins. In the limbal stroma, an extensive network is 
formed by the intrascleral venous plexus ( 6 ). The deep 
and intrascleral venous plexus drains the ciliary plexus 
( CP ) ( 7 ) (From Hogan et al.  [  19  ] , p. 120, with 
permission)       
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canals are located more superiorly at 12 o’clock 
and inferiorly at 6 o’clock than nasally and tem-
porally. Emissary canals provide a passageway 
for extraocular extensions of intraocular tumors. 

 On the surface of the sclera are the arteries of 
the muscles that arise from the ophthalmic artery 
and run forward as the anterior ciliary arteries. 
The anterior ciliary arteries pass through the 
sclera just in front of the insertions of the rectus 
muscles in a slightly oblique direction from pos-
terior to anterior (Fig.  1.1 ). Each rectus muscle 
has two anterior ciliary arteries, except the lateral 
rectus muscle, which has only one. The seven 
anterior ciliary arteries meet via their lateral 
branches 1–5 mm behind the limbus and form the 
anterior episcleral arterial circle, which feeds the 
limbal, anterior conjunctival, and anterior epis-
cleral tissues (Fig.  1.2 ). The anterior episcleral 
arterial circle broadly resolves into limbal 
arcades, an anterior conjunctival plexus, a super-
fi cial episcleral plexus, and a deep episcleral 
plexus. 

 Limbal arcades and anterior conjunctival 
plexus usually share their origins and form the 
most superfi cial layer of vessels (Fig.  1.2 ). The 
superfi cial episcleral plexus lies within the pari-
etal layer of the episclera and anastomoses at the 
limbus with the conjunctival plexus, branches of 
the same plexus, and with the deep episcleral 
plexus. The deep episcleral plexus lies within the 
visceral layer of episclera and anastomoses with 
branches of the same plexus. In addition, exten-
sions of the remaining anterior ciliary arterial 
branches perforate the limbal sclera through 
emissary canals and meet the long posterior cili-
ary arteries in the ciliary muscle to form the major 
arterial circle of the iris (Fig.  1.2 ). The anterior 
episcleral arterial circle and the major arterial 
circle of the iris communicate by scleral perforat-
ing anterior ciliary arterial branches, which pro-
vide nutrients to the uveal tract. 

 Intrascleral arteries of the limbus, an incom-
plete arterial circle, accompany the canal of 
Schlemm, derived from the superfi cial and deep 
terminal branches of the anterior ciliary arteries. 
The arterioles show a nonfenestrated endothelial 
lining and a 1–2 layer medial coat. 

 The limbal venous circle collects blood from 
the anterior conjunctival veins and limbal arcades 
and drains into radial episcleral collecting veins. 
The episcleral collecting veins also receive blood 
from anterior episcleral veins and perforating 
scleral veins. Perforating scleral veins emerge 
from Schlemm’s canal, from which they receive 
aqueous humor. They penetrate the sclera through 
different emissary canals than do the arteries. 
These canals, over the ciliary body, often also 
carry the ciliary nerves. As the episcleral collect-
ing veins run posteriorly across the sclera, they 
form the anterior ciliary veins, which leave the 
anterior surface of the globe through the rectus 
muscles (Fig.  1.1 ).  

    1.1.3   The Conjunctiva 

 The conjunctiva is a thin, translucent mucous 
membrane that covers the inner surfaces of the 
upper and lower lids and extends to the limbus on 
the surface of the globe. Three regions within the 
conjunctiva are recognized: the palpebral or tar-
sal region, which lines the inner surface of the 
lids; the fornical region, which lines the upper 
and lower surfaces of the recess or cul-de-sac 
known as the fornix; and the bulbar region, which 
lines the surface of the sclera between the fornix 
and the limbus. The conjunctiva has two struc-
tural components throughout all regions: the sur-
face epithelium and the substantia propria. 

    1.1.3.1   The Conjunctival Arterial Supply 
 Most of the arterial channels are arterioles, which 
terminate in a complex subconjunctival capillary 
network. The arterial supply of the conjunctiva is 
from the peripheral tarsal arcades, the marginal 
tarsal arcades, the anterior ciliary arteries, and 
the deep ciliary system. The peripheral perforat-
ing branches of the peripheral tarsal arcade pass 
above the tarsal plate, pierce the palpebral mus-
cle, and divide into ascending and descending 
conjunctival branches. 

 The descending branches supply the proximal 
two-thirds of the tarsal conjunctiva, anastomos-
ing with the shorter branches of the marginal 
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artery, which pierces the tarsal plate at the subtar-
sal fold. The ascending branches pass up over the 
fornix to the globe, where they become the poste-
rior conjunctival arteries. These anastomose with 
the anterior conjunctival arteries from the limbus 
and together they supply the bulbar conjunctiva 
(Fig.  1.2 ). 

 The marginal arcades send perforating bran-
ches through the tarsus to the conjunctiva at the 
subtarsal fold. These divide into marginal and 
tarsal secondary branches, which run perpendic-
ularly either to feed the very vascular zone at the 
lid margin or to meet with corresponding 
branches of the peripheral arcades. The tarsal 
conjunctiva is well supplied with blood, hence 
its red color. The fornix is red and the bulbar 
conjunctiva is colorless unless congested. The 
conjunctival capillaries mainly are of the non-
fenestrated continuous type that occurs in skele-
tal muscle and iris. These capillaries are excellent 
sites to externally view vaso-occlusive processes. 
In sickle cell disease, vaso-occlusions in con-
junctival capillaries are called comma signs and 
are an excellent diagnostic characteristic for 
sickle cell disease  [  32  ] .  

    1.1.3.2   The Conjunctival Veins 
 The palpebral veins drain the tarsal conjunctiva, 
fornix, and posterior bulbar conjunctiva. In the 
upper lid, a venous plexus between the tendons of 
the levator drains into the veins of the levator and 
superior rectus and then into the ophthalmic vein. 
Immediately behind the limbal arcades and ante-
rior to the episcleral arterial circle lies a perilim-
bal venous circle, which collects blood from the 
limbus, marginal corneal arcades, and the ante-
rior conjunctival veins. The circle drains into 
radial episcleral collecting veins and then into the 
veins of the rectus muscles.    

    1.2   Uveal Tract 

 The ophthalmic artery branches to form the pos-
terior ciliary arteries and the central retinal 
artery. There are two types of ciliary arteries 
supplying the uveal tract: 15–20 short posterior 

ciliary arteries and two long posterior ciliary 
arteries (Fig.  1.3 ). Venous outfl ow of the uveal 
tract consists of four vortex veins that drain all of 
the choroid and most of the anterior uveal tract. 
Some uveal blood from the iris and ciliary body 
drains through the scleral plexus of anterior 
scleral veins. The four vortex veins are at the 
equator and drain to the superior and inferior 
orbital veins.  

    1.2.1   The Iris 

 The iris is the most anterior portion of the uveal 
tract. It lies in the frontal plane of the eye between 
the anterior and posterior chamber and is bathed 
on both surfaces by the aqueous humor. 

    1.2.1.1   The Major Arterial Circle 
of the Iris 

 The iris receives its arterial blood supply from the 
major arterial circle (MAC), which lies in the 
stroma of the ciliary body near the iris root 
(Fig.  1.4 ). Branches from the major arterial circle 
enter the periphery of the iris through its root. 
The blood vessels of the iris are radially oriented 
with slightly sinuous courses, which allow them 
to accommodate to the movements of the pupil. 
The arteries arise mainly from the MAC of the 
iris. Some authors report that the major circle is 
not always continuous in man, and the same is 
true in the macaque monkey. Some arteries also 
arise directly from the perforating branches of 
the anterior ciliary arteries after they have pierced 
the sclera to reach the ciliary body (Figs.  1.1  
and  1.2 ). Anastomosing occasionally, they con-
verge radially from ciliary to pupillary margin. In 
pupillary miosis, their course is straight, but they 
become sinuous (or serpentine) as the pupil 
dilates. The collarette of the iris is a thickened 
area (0.6 mm), which overlies an incomplete vas-
cular circle (circulus vasculosus iridis minor), 
and is where the ciliary zone is separated from 
the papillary zone of the iris (Fig.  1.5 )  [  45  ] . At 
the collarette, a few anastomoses occur and, with 
corresponding venous anastomoses, make an 
incomplete vascular circle, the so-called circulus 
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arteriousus iridis minor. Most vessels reach the 
pupillary margin where, after breaking up into 
capillaries, they bend around into the veins. The 
iris venous channels roughly follow the arterial 
ones, the larger veins lying in the anterior stroma, 
and the smaller ones near the dilator muscle. The 
collector trunks from these veins enter the ciliary 
body, where the blood then drains into the vortex 
system and the ciliary plexus.   

 The two long posterior ciliary arteries 
(medial and lateral) arise from the ophthalmic 
artery and enter the globe. These arteries, 
together with the nerves, traverse the sclera 

through emissary canals in an oblique manner, 
from posterior to anterior, and enter the supra-
choroidal space at the equator. They run for-
ward to give arterial supply to the ciliary body 
and the iris. In addition, they meet the anterior 
ciliary arteries to form the major arterial circle 
of the iris (Figs.  1.2  and  1.4 ). The major arterial 
circle of the iris is located in the stroma of the 
ciliary body and gives arterial supply to the iris. 
Surgery on the vertical, but not the horizontal, 
rectus muscles may give rise to ischemic defects 
in the iris. The superior and inferior anterior 
uvea is at greater risk of ischemia after superior 
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  Fig. 1.3    The arterial supply of the uveal tract. The oph-
thalmic artery provides blood to posterior ciliary arteries 
( PCAs ). The paraoptic and distal short posterior ciliary 
arteries ( SPCAs ) are branches of the PCAs. From the 
paraoptic SPCAs arise the proximal and distal (Haller and 
Zinn) arterial circles which supply blood to the capillaries 
of the optic nerve head and pia directly. The long PCAs 
( LPCAs ) arise from the PCAs and supply most of the 
blood to major arterial circle of the iris ( MAC ) and recur-

rent arteries to the anterior choroid. The temporal long 
ciliary arteries ( LPCAs ) also supply the MAC and give off 
a recurrent branch to the posterior choroids. The major 
arterial circle in the ciliary body supplies the iris and cili-
ary processes. The anterior ciliary arteries ( ACA ) branch 
to form the intramuscular arterial circle ( IMC ), which 
supplies the outer and more posterior part of the ciliary 
muscle. Branches of the LPCAs and ACAs anastomose 
often (From Wolff  [  45  ] , p. 374, with permission)       
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and inferior anterior ciliary occlusion following 
ligation of the respective muscles. 

 Although the blood vessels of iris are desig-
nated artery, vein, and capillary, the assignments 
of type of blood vessel are based mostly on the 

size of the blood vessel. Freddo and Raviola 
found that the iridial blood vessels are homoge-
nous in structure regardless of diameter  [  11  ] . 
They possess no artery/capillary/vein units 
(ACV). There is a continuous layer of endothe-
lial cells sitting on slender basal lamina and a 
thick, dense collagenous adventitia (Fig.  1.5 , 
inset). The vessels have been described as a tube 
within a tube  [  45  ] . There is no traditional smooth 
muscle layer, but instead, there are fi broblasts, 
melanocytes, and an occasional macrophage 
arranged in one or two layers (Fig.  1.5 , inset). 
The artery and vein differ only in the lack of 
muscularis in the vein. This unusual arrange-
ment of the blood vessel wall is thought to adapt 
to the iris movement  [  11  ] .   

    1.2.2   Ciliary Body and Processes 

 The ciliary body is the circumferential tissue pos-
terior to the iris composed of the ciliary muscle 
and ciliary processes (Fig.  1.6 ). It is part of the 
uveal tract—the layer of tissue, which provides 
most of the nutrients in the eye. It extends from 

  Fig. 1.4    Vascular cast of the anterior choroid and iris of a 
rat. A long posterior ciliary artery bifurcates to form the 
circular iris arteries at the root of the iris. The circumlimbal 
arterial vessels have been removed from the cast ( P  pupil; 
scale bar = 1 mm) (From Bhutto  [  4  ] , Anat Rec, p. 67)       

  Fig. 1.5    Monkey iris injected with horseradish peroxi-
dase and then prepared as a whole mount. The collarette 
(**) of the iris lies near the pupillary opening ( P ) (From 
Wolfe  [  45  ] , p. 322, with permission).    Inset : Ultrastructure 
of a small iris arteriole. The clear perivascular space 
denoted by the  arrows  contains a dense ground substance 
that is associated with the endothelial basement mem-
brane. There is a dense circular collagenous zone ( a ) out-
side the clear zone (From Hogan  [  19  ] , p. 241, with 
permission)       

  Fig. 1.6    Vascular cast from a monkey viewed from the 
vitreous perspective showing the posterior aspects of the 
iris ( top ), ciliary processes ( middle ), and the pars plana 
( bottom ). The pars plana has densely packed veins which 
collect venous blood from the ciliary body (scale = 500  m m) 
(From Shimizu  [  37  ] , p. 101, with permission)       
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the ora serrata to the root of the iris. It is divided 
into two main zones: posterior, the smooth pars 
plana (orbiculus ciliaris), and anterior, the pars 
plicata (corona ciliaris). It is triangular in hori-
zontal section and is coated by a double layer of 
the ciliary epithelium. The outer layer of epithe-
lium is amelanotic and is in contact with the vit-
reous body. The inner layer of epithelium is 
amelanotic until it reaches the iris and then is 
highly  pigmented, continuous with the retinal 
pigment epithelium (RPE), and covers the cells 
of the dilator muscle. The retina ends at the ora 
serrata portion of the ciliary body, the function of 
which is to secrete the aqueous humor. There are 
three sets of ciliary muscles in the eye: the longi-
tudinal, radial, and circular muscles. They are 
near the front of the eye, above and below the 
lens. They are attached to the lens by connective 
tissue called the zonules of Zinn and are respon-
sible for shaping the lens to focus light on the 
retina. The ciliary body has four functions: 
accommodation, aqueous humor production, res-
toration of vitreous mucopolysaccharide, and the 
production and maintenance of the lens zonules. 
One of the most essential roles of the ciliary body 
is the production of the aqueous humor, which is 
responsible for providing most of the nutrients 
for the lens and the cornea as well as waste man-
agement of these areas.  

 Nutrients for the ciliary body come from the 
same blood vessels that supply the iris. Those 
vessels in the anterior ciliary body also supply 
blood to the limbal tissues, anterior choroid, and 
the ciliary body. The main arterial supply to the 
ciliary body is through the long posterior and the 
anterior ciliary arteries, which come together to 
form the major arterial circle of the iris just pos-
terior to the anterior chamber angle recess 
(Fig.  1.2 ). From the MAC, branches pass to the 
anterior part of the ciliary processes, where they 
form a capillary bed. Branches also go to the 
stroma and ciliary muscle, and others pass to the 
iris, anterior limbal region, and anterior choroid. 
The capillaries of the ciliary processes are large 
and fenestrated rather like the choriocapillaris. 
The capillaries in the ciliary muscle are smaller 
and less fenestrated. The principal route of venous 
drainage is posteriorly into the choroid and vortex 

vein system and, to a lesser extent, into the intras-
cleral venous plexus and episcleral veins in the 
limbal region. 

 The ciliary body is diffi cult to study in vivo 
because of its location in the eye; a small amount 
of its anterior surface can be seen indistinctly 
with the gonioscope, while the pars plana and ora 
serrata can be seen with the indirect ophthalmo-
scope and with the three-prism contact lens of 
Goldmann when the sclera is depressed. 

 The ciliary body is a main target of drugs 
against glaucoma, as the ciliary body is respon-
sible for aqueous humor production; lowering 
aqueous humor production will cause a subse-
quent drop in the intraocular pressure. 

 With age, everyone develops a condition 
known as presbyopia. This occurs as the ciliary 
body muscle and lens gradually lose elasticity, 
causing diffi culty in reading.  

    1.2.3   Choroid and Suprachoroid 

 The choroid’s anterior boundary is Bruch’s 
membrane, which separates retina from choroid, 
and the posterior boundary is the lamina fusca, 
which is a transition zone composed of layers of 
long, collagenous, ribbonlike processes that 
branch and are interconnected and separate chor-
oid from sclera. The choroid is a long, thin, vas-
cular, and pigmented tissue, which forms the 
posterior portion of the uveal tract (the iris, cili-
ary body, and choroid). Because of its great vas-
cularity, the choroid has some of the properties 
of erectile tissue. The choroidal vessels supply 
blood to and receive blood from the anterior por-
tion of the eye as well as nourish the outer retina 
and carry waste from the RPE. The choroidal 
vasculature in primates is composed of the cho-
riocapillaris (an internal or anterior layer), 
medium-sized vessels (Sattler’s layer) measur-
ing 40–90  m m, and large arteries and veins mea-
suring 20–100  m m are posterior (Haller’s layer). 
Its capillaries form a very unusual pattern 
(Fig.  1.7 ), being arranged in a single layer 
restricted to the inner portion of the choroid; this 
arrangement enables the capillary layer to pro-
vide nutrition for the outer retina.  
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    1.2.3.1   Development of the 
Choroidal Vasculature 

 The choroid is derived embryonically from meso-
derm, neural crest cells, and neuroectoderm. The 
condensation of neural crest cells that occurs ini-
tially around the anterior region of the optic cup 
and proceeds posteriorly to the optic stalk differ-
entiates into the cells of the ensheathing choroi-
dal stroma  [  19  ] . Endothelium-lined blood spaces 
appear very early in the mesenchymal tissue and 
fi rst coalesce anteriorly at the rim of the optic cup 
to form the embryonic annular vessel. Prior to the 
fourth week (5.0-mm embryonic stage), the asso-
ciated mesoderm surrounding the optic cup is 
undifferentiated. 

 We have recently demonstrated that the ini-
tial human choriocapillaris develops by hemo-
vasculogenesis: differentiation of endothelial, 
hematopoietic, and erythropoietic cells from a 
common precursor, the hemangioblast  [  14  ] . At 
6–7 WG, erythroblasts [nucleated erythrocytes 
expressing epsilon hemoglobin (Hb e )] were 
observed within the islands of precursor cells 
(blood-island-like formations) in the choriocap-
illaris layer and scattered within the forming 
choroidal stroma. Often, the same Hb e  +  cells 
coexpressed endothelial cell (CD31, CD39), 
hematopoietic (CD34), and angioblast markers 
(VEGFR-2) suggesting that they had a common 
progenitor, the hemangioblast. By 8–12 WG, 
most of the erythroblasts had disappeared, and 
vascular lumen became apparent in choriocapil-
laris. Uniquely, the capillaries (choriocapillaris) 
form fi rst without any association with interme-
diate or large vessels. 

 Rudimentary vortex veins appear in the 
upper and lower nasal and temporal quadrants 
of the eye during the sixth week  [  19  ] . The 
short posterior ciliary arteries also appear in 
the mesoderm choroidal condensation. By the 
11th WG (50- to 60-mm stage), these arteries 
have branched extensively throughout the 
choroid. At 14–23 WG, some endothelial cells 
were proliferating on the scleral side of chori-
ocapillaris in association with forming deeper 
vessels, suggesting that angiogenesis is 
responsible for the apparent anastomosis 
between the choriocapillaris and intermediate 
blood vessels.  

    1.2.3.2   Arteries 
 There are three main arterial sources of blood to 
the choroid: long posterior ciliary arteries 
(LPCAs, temporal, and nasal), short posterior 
ciliary arteries (SPCAs), and the anterior ciliary 
artery. The LPCAs follow long, oblique intras-
cleral courses traveling in the potential supra-
choroidal space and send branches from the ora 
serrata region posteriorly to supply the choroid 
as far posterior as the equator (Fig.  1.7 ). A cili-
ary nerve accompanies each LPCA. There are 
15–20 SPCAs in man that supply the choroid 
from equator to optic nerve (Fig.  1.7 ) while 
there are no SPCAs in rodents (Fig.  1.8 ). The 
arteries surround the optic nerve (the circle of 
Zinn) in the posterior pole, penetrating and then 
branching peripherally in a wheel-shaped arra-
ngement (Fig.  1.3 ). Triangular watersheds sepa-
rate the radial areas supplied by the arteries with 
the apices directed toward the fovea, which is 

  Fig. 1.7    Vascular cast of a 
monkey viewed from the 
scleral side. The LPCA 
( arrow ), whose intrascleral 
portion was broken, and the 
SPCAs supply a large area 
temporal to the macula. 
Arteries are colored  red . The 
choriocapillaris is visible on 
the  right side  of the picture 
(scale bar = 1 mm) (From 
Shimizu  [  37  ] , p. 101, with 
permission)       
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the anatomic basis of the triangular syndrome. 
A watershed zone in choroid is an area that nor-
mally fi lls and drains slowly with blood that 
occurs in areas supplied by two or more end 
arteries. Hayreh, after extensive in vivo experi-
mental studies on choroidal circulation and its 
watershed zones in monkey and man, argues 
that the choroidal vascular bed is a strictly seg-
mental and end-arterial system and has water-
shed zones situated between the various PCAs, 
the short PCAs, the choroidal arteries, the arte-
rioles, and the vortex veins  [  17  ] . There is great 
variability in humans on the location of water-
shed zones of choroid, but their signifi cance is 
that a fall in perfusion pressure in one or more 
of the arteries in the involved area can result in 
ischemia due to the poor vascularity of the 
watershed zone  [  17  ] . The nature of the choroi-
dal vasculature and the existence of watershed 
zones in the choroid are controversial, of great 
clinical importance, and probably play a signifi -
cant role in the production of various ischemic 
lesions in the choroid.  

 The fi nal arterial source of blood to choroid 
is the anterior ciliary arteries, which send recur-
rent branches posteriorly to supply the choroid 

at 3 o’clock and 9 o’clock soon after they pierce 
the anterior sclera. At the major iridal circle, 
anastomoses are found between short, long, and 
anterior ciliary arteries and the arteries of all 
three-vessel systems rapidly extend internally via 
arterioles to supply blood to the choriocapillaris 
(Fig.  1.3 ). Mast cells are intimately associated 
with most choroidal arteries and may provide 
cytokines, proteolytic enzymes, and potent vaso-
modulatory substances for these arteries.  

    1.2.3.3   Choroidal Veins (Vortex Veins) 
 The main venous drainage of the choroid occurs 
through four to six vortex veins located at the 
equator (Fig.  1.9 ) that drain into superior and 

  Fig. 1.9    Schematic of the blood vessels of the uveal tract 
in human. One of the two LPCAs ( A ) is present traveling 
along the horizontal meridian. It bifurcates at the ora ser-
rata and immediately branches into arteries that traverse 
back ( arrows ) to supply the anterior choriocapillaris 
including the equator. The SPCAs enter the choroids near 
the optic nerve ( c ) and then divide quickly to supply the 
posterior choriocapillaris (not shown). The ACA ( D ) 
enters the globe through the rectus muscle and traverse 
through the sclera into the ciliary body. The ACA yields 
8–12 branches ( e ) before joining the major circle of iris 
( f ). The major circle of the iris branches anteriorly into the 
iris ( g ) and posteriorly into the ciliary body. The circle of 
Zinn ( h ) lies in the sclera and supplies some of the blood 
to the optic nerve and disk. The vortex veins form an 
ampulla ( k ) before exiting the globe through the sclera ( J ). 
The vortex veins not only drain an entire quadrant of the 
choroid but also drain blood from the iris and ciliary body. 
Some anterior veins, however, enter the episcleral system 
of veins (From Hogan  [  19  ] , p. 326, with permission)       

  Fig. 1.8    Cast of an entire rat choroidal vasculature viewed 
from the scleral aspect. Two long ciliary arteries ( aster-
isks ) originate from the optic nerve and traverse tempo-
rally and nasally. There are no SPCAs in rodent, only 
branches of the two LPCAs. The vortex veins are marked 
with  arrows  (temporal is  left  and nasal is  right ) (From 
Bhutto  [  4  ] , Anat Rec, p. 654)       
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inferior ophthalmic veins. In the submacular area, 
the venous portion predominates over the arterial 
portion, and venules are closely arranged. The 
meshwork of the venous plexus becomes less 
dense with increasing distance from the macula. 
The vessels are straighter in the extramacular 
region, losing the tortuosity that is characteristic 
of the macular region. Vessels of larger lumen 
form the subcapillaris plexus and eventually fl ow 
into the vortex veins (Fig.  1.9 ). Venous drainage 
is segmentally organized into quadrants, with 
watersheds oriented horizontally through the disk 
and fovea and vertically through the papillomac-
ular region. Arterial and venous choroidal water-
sheds are under the center of the macula, which 
may either predispose it to relative ischemia or 
prevent ischemia through multiple submacular 
blood supplies.   

    1.2.3.4   Choriocapillaris 
 The choriocapillaris, located solely in the internal 
portion of the choroid, appears as a nonhomoge-
nous network of large (10–38  m m) capillaries 
 [  35  ] . Modern histological and image analysis 
techniques suggest much smaller diameters for 
choriocapillaris  [  34  ] ; for example, using the 
alkaline phosphatase fl at embedded choroid 
technique  [  26  ] , we fi nd submacular capillaries 
to be an average diameter of 14.7 mm (McLeod 
and Lutty, unpublished results;  [  26  ] ). This 
monolayer vascular network, fl attened in the 
anterior- posterior aspect, changes from a dense, 
honeycomb-like, nonlobular structure in the peri-
papillary area to a lobule-like pattern in submac-
ular areas and most of the posterior pole and 
equatorial areas (Fig.  1.10 ). The choriocapillaris 
lobules measure 0.6–1.0 mm. In the peripheral 
area, the pattern of choriocapillaris is a more 
elongated, palmlike, or fanlike vascular network 
forming arcades that terminate at the ora serrata 
 [  26  ] . The network of choriocapillaris is supplied 
by feeding arterioles derived from the short poste-
rior ciliary arteries and drained by the collecting 
venules (Fig.  1.10 ). These arterioles and venules 
form the medium-sized vessels of the choroid 
occupying the choroidal stroma (Sattler’s layer). 
The majority of these vessels in the peripapillary 

and submacular areas form a 90° angle with the 
posterior aspect of the choriocapillaris.  

 There is controversial evidence that both sup-
ports and disproves the idea that “lobules” exist 
and subdivide the choroid into many functional 
islands. Wybar  [  46  ] , in his studies of human eyes, 

  Fig. 1.10    Pattern of choriocapillaris in the posterior pole 
( a ), equator ( b ), and periphery ( c ) in a fl at mount human 
choroids incubated for alkaline phosphatase (APase) 
activity and then bleached. Venous blood vessels and cap-
illaries have the most intense APase activity, while arterial 
blood vessels have the least. The lobular pattern is appar-
ent in the pole ( a ) and at the equator ( b ), while the capil-
laries are more ladderlike in the periphery ( c )       
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showed that the SPCAs are not terminal because 
the choriocapillaris is a single, continuous capil-
lary vascular layer. Castro-Correia  [  6  ]  was the 
fi rst to describe rose-shaped arteriolar termina-
tions. He thought that these vessels, although 
anatomically separated, were functionally inter-
connected. On the other hand, Hayreh  [  16  ]  has 
advocated the presence of noncommunicating 
lobules. On the basis of fl uorescein angiography 
fi ndings, he described a mosaic of lobules, each 
one containing an arteriole in the middle and a 
venule at its periphery. 

 There is disagreement over the location of 
arterioles and venules in the lobules. Shimizu and 
Ujiie  [  36  ]  confi rmed the central location of the 
artery and the peripheral location of the venule. 
They specifi ed the dimension of the lobules of 
the choriocapillaris: 200  m m in diameter at the 
equator, 100  m m at the posterior pole, and as 
small as 30–50  m m in the submacular region. On 
the contrary, Krey  [  22  ]  and McLeod and Lutty 
 [  26  ] , who performed histologic studies of the 
choriocapillaris stained with alkaline phosphatase 
reaction product, described a lobular organiza-
tion of the choroid with arterioles and venules 
located peripherally and centrally, respec-
tively. Uyama et al.  [  42  ]  described the same 
lobular structure with a venule in the middle and 
arterioles in the periphery. Torczinsky and Tso 
 [  40,   41  ] , in their histologic and fl uorescein 
angiography studies of the choriocapillaris in 
albino monkeys, found structural differences 
between the posterior and peripheral choriocapil-
laris. Tilton et al. found that rat choriocapillaris 
had 50% less pericytes than retinal capillaries 
 [  39  ] . Also unlike retinal capillaries, pericyte loss 
did not occur in rat experimental diabetes  [  38  ] . 
Choriocapillaris is also unique in that the capil-
laries are fenestrated predominantly on the inner 
side, i.e., toward retina (Fig.  1.11 ). This probably 
is associated with the primary functions of this 
capillary system: transport of nutrients to RPE 
and photoreceptors and remove waste from disk 
shedding and RPE digestion of these disks.  

 The same sidedness has been observed in the 
location of VEGF receptors. Blaauwgeers et al. 
have reported that both VEGF receptor 3 (FLT-4) 

and VEGF receptor 2 (FLK-1 or KDR) are found 
on choriocapillaris endothelial cells on the retinal 
side  [  5  ] ; however, we have not observed sided 
expression of VEGFR-2 in fetal or adult human 
choriocapillaris (unpublished results). Perhaps, 
sided expression of VEGF receptors is related to 
the basal production of VEGF by RPE. RPE was 
actually one of the fi rst cells shown to produce 
VEGF and upregulate production during hypoxia 
 [  1  ] . Perhaps, the release of VEGF on the retinal 
side encourages maintenance of fenestrae on the 
choriocapillaris.    

    1.3   Optic Nerve Vasculature 

 The central retinal artery is a direct branch of 
the ophthalmic artery. The central retinal artery 
is a small muscular artery with a luminal diam-
eter of 170–245  m m. The ratio of the wall thick-
ness to lumen is 1:4 in the pre–lamina cribrosa 
area to 1:10 post–lamina cribrosa  [  3  ] . There is a 

  Fig. 1.11    Ultrastructure of a human choriocapillaris 
lumen. The choriocapillaris is immediately posterior to 
Bruch’s membrane ( top ). Posterior to Bruch’s membrane 
is the basement membrane of the choriocapillaris endothe-
lium, which is richly fenestrated on this side of the lumen. 
An elongated endothelial cell nucleus is present on the 
scleral side of the lumen ( bottom ), which contains RBCs. 
(Original magnifi cation 11,800×) (From Rhonda Grebe, 
Wilmer Ophthalmic Institute, Johns Hopkins Hospital)       
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subendothelial elastic lamina in the central reti-
nal artery, but this is lost after it branches into 
the major arteries of retina. The central retinal 
vein has a luminal diameter of 200–245  m m and 
is classifi ed as a medium caliper vein. It has a 
few pericytes, and the media has abundant elas-
tic fi bers. The papillary capillaries in the human 
optic nerve head range in size from 7 to 10  m m 
in lumenal diameter. They form a meshwork of 
vessels enclosing polygonal spaces in the nerve 
(Fig.  1.12 ). They have a typical capillary struc-
ture of endothelium, pericytes, and a basement 
membrane and are invested with astrocytes. 
However, there are less astrocytes associated 
with capillaries in the nerve head than at the 
level of lamina cribrosa.  

 Much of our knowledge of the optic nerve 
vasculature comes from the elegant and exten-
sive work of Sohan Hayreh, which is nicely sum-
marized in his Von Sallman Lecture and the 
source of the following information  [  18  ] . There 
is a great deal of variability in the arrangement 
of blood vessels in the optic nerve. Blood vessels 
at the surface of the optic disk are supplied by 
retinal arterioles. The prelaminar area, the area 
between the surface and lamina cribrosa, is sup-
plied by the peripapillary choroid (Fig.  1.13 ). 
The blood supply is sectoral in this region and is 

not from the peripapillary choriocapillaris or the 
central retinal artery. There is a dense capillary 
plexus (luminal diameters of 10–20  m m) in the 
lamina cribrosa region, which is supplied by the 
centripetal branches of the short posterior ciliary 
arteries or by the circle of Zinn and Haller 
(Fig.  1.13 ). From the corrosion casts of 
Fryczkowski  [  13  ]  and Olver  [  31  ] , the circle or 
perioptic nerve arteriolar anastomoses as Olver 
called it are supplied by the paraoptic short 
PCAs. Which PCAs supply it varies by individ-
ual, but in the majority of people it is the medial 
or lateral paraoptic short PCAs. The retrolami-
nar portion of the nerve is supplied by the pial 
vessels branches and sometimes branches from 
the central retinal artery. Therefore, the main 
source of blood for the optic nerve is from the 
PCA circulation via the peripapillary choroid 
and the short PCAs from the circle of Zinn and 
Haller. This yielded a blood supply of the optic 
nerve that has a sectoral distribution. The 
extremely variable pattern of distribution of the 
PCAs in the choroid and optic nerve may play a 
role in occurrence of optic neuropathies. Hayreh 
concludes that derangement of the posterior cili-
ary circulation in the optic nerve is responsible 
for most common ischemic optic neuropathies of 
the optic nerve head  [  18  ] .   

  Fig. 1.12    Vascular cast of a 
monkey’s optic nerve head. 
The retinal arteries branch 
soon after emerging from the 
nerve head, and the retinal 
veins appear fl attened as they 
descend into the optic nerve. 
The capillaries of the nerve 
head resemble and appear 
contiguous with the radial 
peripapillary capillaries. 
(Inset) The meshwork of 
capillaries in the optic nerve 
head encloses polygonal 
spaces (From Earl Addicks 
and Harry Quigley, Wilmer 
Ophthalmological Institute, 
Johns Hopkins Hospital)       
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    1.4   Retina 

    1.4.1   Development of the Retinal 
Vasculature 

 We have demonstrated that angioblasts are pres-
ent in inner retina of embryonic and fetal human 
and neonatal dog, and they differentiate and orga-
nize to form the primordial retinal vasculature 
 [  7,   25,   27  ] . The angioblasts coalesce and differen-

tiate to form primordial blood vessels or cords. 
The assembly of these vascular cords occurs in 
extracellular spaces formed by the innermost 
Muller cell processes. The astrocyte migration 
from optic nerve trails formation of the retinal 
vasculature in dog and man, and blood vessels 
become invested with astrocytes after they are 
formed. We have demonstrated that these 
 ecto-ADPase +  (CD39 + ) angioblasts emerge from 
a large pool of precursors that form the inner neu-
roblastic layer in man and express CXCR 4 and 

  Fig. 1.13    Schematic representations from the work of 
Sohan Hayreh of the blood supply in the optic nerve and 
intraorbital sector of the optic nerve ( a ) and optic nerve head 
and retrolaminar optic nerve ( b ). ( A  arachnoid,  C  choroid, 
 Col. Br.  collateral branches of the ophthalmic artery or its 
orbital branches,  CRA  central retinal artery,  CRV  central 

retinal vein,  D  dura,  LC  lamina cribrosa,  NFL  nerve fi ber 
layer,  OD  optic disk,  ON  optic nerve,  P  pia,  PCA  posterior 
ciliary artery,  PLR/PR  prelaminar region,  R  retina,  RA  reti-
nal arteriole,  S  sclera,  SAS  subarachnoid space) (From 
Hayreh  [  18  ] , Exp Eye Res 61, p. 261, with permission)       
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cKit  [  15  ] . It appears that the chemokine stromal-
derived factor 1 (SDF-1) and stem cell factor are 
associated with the differentiation of retinal pre-
cursors into angioblasts and their migration to 
sites of vessel assembly in the nerve fi ber layer. 
The deep capillary plexus forms by angiogenesis 
in all species, formation of a vasculature from a 
preexisting vasculature by migration, and prolif-
eration of endothelial cells. The result of vasculo-
genesis and then angiogenesis in human and dog 
retina is an arcade-like pattern adult vasculature 
(Fig.  1.14 ). The arcades of vasculature form infe-
rior and superior to the macula in man, but the 
macula is the last area of vasculature to develop 
 [  33  ] . The rodent (rat and mouse) retinal vascula-
tures form by angiogenesis, budding from the 
blood vessels in the optic nerve  [  12  ] . The new 
blood vessels use a preexisting astrocyte template 
to determine their pattern. The resultant adult 
rodent vasculature is spoke wheel-like.   

    1.4.2   Adult Retinal Vasculature 

 Twenty percent of the ocular blood goes to the 
central retinal artery in primates. The central reti-
nal artery is the source of blood to the retinal 
 vasculature in primates, and blood is drained from 

retina through the central retinal vein. In general, 
the central retinal artery lies nasal to the central 
retinal vein in the optic nerve head. Each quadrant 
of the primate retina is supplied by a major artery 
and vein (Figs.  1.12  and  1.13 ). The major tempo-
ral arteries and veins run in an arcuate course infe-
rior and superior to the macula while the nasal 
major blood vessels have shorter more direct 
course (Fig.  1.14 ). Small arterioles and venules 
may run directly from optic nerve head to macula. 
The exception to these generalities is a cilioretinal 
artery, which occurs in 25% of humans and hooks 
around the temporal margin of the disk and pro-
vides blood for a portion of the macula. The reti-
nal vascular system has an end-arterial hierarchy: 
arteries to arterioles to capillaries then venules 
and fi nally veins. Retinal arteries and veins divide 
by dichotomous and sidearm branching. There are 
numerous arteriovenous crossings in the retinal 
vasculature, and the artery is anterior to the vein 
in most cases. These crossings will be sites of 
occlusion in branch vein occlusion and sickle cell 
retinopathy  [  23,   28  ] . 

 Retinal arteries have a luminal diameter of 
100  m m as they exit the disk and fi ve to seven lay-
ers of smooth muscle cells. The number of smooth 
muscle cell layers decreases from two to three at 
equator and one to two in periphery. The arteries 
lack a subendothelial elastic lamina. The retinal 
veins have a lumenal diameter of 200  m m at the 
disk and a thin endothelial cell basement mem-
brane (0.1  m m). There is no elastic lamina, but the 
walls of the veins have widely spaced pericytes. 
At arteriovenous crossings, the artery and vein 
share a common coat  [  2  ] . Retinal capillaries vary 
in diameter from 3.5 to 6  m m. They are unique 
capillaries in that there is a 1:1 ratio of pericytes 
to endothelial cells. Pericytes and endothelial 
cells share a basement membrane. Intramural 
pericytes, formerly known as Rouget’s cells or 
mural cells, communicate with endothelial cells 
and jointly control vasotonia and mutual cellular 
quiescence. 

 The retinal vasculature is present in almost all 
areas of retina. The noticeable exception is the 
fovea, which lacks any blood vessels (Fig.  1.15 ). 
This is called the foveal    avascular zone (FAZ), 
and obviously, it only exists in primates since 
only they have foveas. The FAZ is 400–500  m m 

  Fig. 1.14    Fundus photograph of a 35-year-old Caucasian 
male. The major arteries and veins emanate from the optic 
nerve head. The arteries appear  darker red  and narrower 
than veins. Each quadrant of the retina is supplied by a 
major artery and vein. The nasal vessels ( right ) have a 
straighter and shorter course. The temporal blood vessels 
run an arcuate path around the macula. The major vessels 
divide by dichotomous and side arm branches       
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in diameter. The far peripheral retina at ora ser-
rata also is avascular. The other area that has a 
sparse vasculature is the capillary-free zones 
around arteries (Fig.  1.15 ).  

 The retinal vasculature occupies only the 
inner half of the retina and only supplies nutri-
ents for the inner half of retina, contributing little 
to maintenance of the photoreceptors whose 
nuclei occupy the outer nuclear layer  [  43  ] . There 
is a superfi cial or inner vascular plexus and a 
deep or secondary capillary network. The major-
ity of the arteries and veins lie in the superfi cial 
vascular plexus, while the majority of the 
capillaries lie in the deep plexus. Arterioles and 

venules will communicate between the superfi -
cial and deep networks. The exception to this is 
arteriovenous crossings where the deeper large 
vessel will lie at the level of the outer plexiform 
or outer nuclear layer. Lerche has found that 
volumetrically 2.4% of the inner nuclear layer is 
capillaries while 0.5% of the inner plexiform 
layer and 1.3% of the nerve fi ber layer are capil-
laries  [  24  ] . The bilayered system exists in most 
of the retina but not in periphery where the retina 
is thin and metabolism is lower so there is only a 
single layer of wide-mesh, broad caliper capil-
laries (Fig.  1.15 ). In the foveal slope, there is a 
single layer of capillaries. Another notable 
exception to the bilayered system is the peripap-
illary region where the retina is thickest. In this 
region, there are three layers plus a discreet cap-
illary network in the superfi cial portion of the 
nerve fi ber layer (Fig.  1.16 ). These radial peri-
papillary capillaries (RPCs) were described by 
Michaelson and Campbell in 1940  [  30  ] . RPCs 
are relatively straight and follow the paths of the 
major superotemporal and inferotemporal ves-
sels and are much shorter and less prominent 
nasally where they are adjacent to disk. There 
are no RPCs in the macular region. RPCs differ 
from other capillaries in retina in that they fol-
low long straight paths instead of being arranged 
in mesh-like nets, they have few arterioles, and 
they rarely anastomose with other capillaries, 
whereas these anastomoses are common in other 
retinal capillaries  [  44  ] . RPCs will cross underly-
ing venules but not arterioles. They presumably 

  Fig. 1.15    Areas of a human retina from a 19-year-old 
Caucasian male that were incubated for adenosine diphos-
phatase activity (ADPase), which is present only in the 
retinal blood vessels. This is a peripheral region of retina, 
and the artery has characteristically more intense ADPase 
reaction product than the vein ( bottom ). The artery has a 
capillary-free zone around it, and the end-arterial hierar-
chy is apparent in this area because there is no deep or 
secondary network in this region of retina. The    fovea ( top ) 
is the only avascular zone in retina, the foveal avascular 
zone (FAZ)       

  Fig. 1.16    Schematic showing the relationship of radial 
peripapillary capillaries ( RPC s) to a large retinal blood 
vessel and the superfi cial and deep or secondary capillary 
systems. The same retinal artery supplies all capillary sys-
tems in this area (From Wise  [  44  ] , p. 28)       
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nourish the nerve fi bers that emanate from the 
optic nerve in bundles in these areas.  

 Like the brain microvasculature, the retinal 
vasculature is a tight vasculature in that macro-
molecules are not permeable. This occurs because 
endothelial cells make tight junctions with each 
other by continuous fusion of the outer leafl ets of 
the cytoplasmic membrane, which results in for-
mation of a blood-retinal barrier (BRB). The 
actual mechanism is not known, but the lack of 
permeability depends upon the presence of astro-
cytes investing the blood vessels  [  21  ] . Either loss 
of astrocytes or damage to the endothelium will 
cause a breakdown in the BRB.  

    1.4.3   Nonprimate Adult Retinal 
Vasculatures 

 The retinal vasculature, more so than any other 
ocular vasculature, varies between primates and 
other mammals. In placental animals, retinal vas-
culatures can be classifi ed into euangiotic or 
holangiotic where the entire retina is supplied by 
either a central retinal artery (primates) or branches 
of the cilioretinal arteries (rodents, insectivores, 
and carnivores), angiotic where only part of the 
retina is vascularized and the vasculature sits 
anterior to retina proper (rabbits), pseudoangiotic 
in which blood vessels are small and only around 
the disk (elephants, horses, manatees, guinea 
pigs), and anangiotic where the retina is avascular 
(marsupials, monotremes, hippopotamus, and rhi-
nos)  [  44  ] . The ophthalmic artery divides into fi ve 
to seven retinal arteries in rodents and becomes a 
central retinal artery in primates. 

 Euangiotic retinas of primates are similar to 
man except for the owl monkey ( Aotes trivirgatus ). 
The owl monkey does not have radial peripapillary 
capillaries, and the fovea has capillaries. Although 
the fovea is vascularized, the capillary-free zone 
around arteries and arterioles is very large com-
pared to other primates  [  10  ] . 

 The arterial supply for the dog and cat is from 
cilioretinal arteries that exit the disk at the mar-
gin, not a central retinal artery. The origin of the 
cilioretinal arteries is the long posterior ciliary 
artery and not a direct branch of the ophthalmic 

artery. Both species lack a fovea but have an area 
centralis, the area with the greatest density of 
ganglion cells. The area centralis is vascularized 
by capillaries from the superior and inferior 
arcades meeting at the horizontal raphe. A major 
difference between cat and dog is that the dog has 
far more pericytes than endothelial cells, perhaps 
as high as a 5:1 ratio. 

 The rat and mouse are also euangiotic, and the 
retinal arteries arise from central retinal arteries. 
The pattern in these rodents is unique being spoke 
wheel with long arteries and veins running alter-
nately in a pattern from disk to periphery. 
Michaelson reported that the superfi cial plexus 
was mostly arterial and capillaries, not arterioles, 
and traversed from the superfi cial to the deep vas-
cular plexus  [  29  ] . The deep plexus is predomi-
nantly venous, and most blood vessels in the deep 
plexus are capillaries. There is a central retinal 
vein that drains rodent retinas. 

 The rabbit has an angiotic retina, but the sin-
gle layer of retinal blood vessels are present on 
the surface of the retina in what is called two 
medullary rays running nasal and temporal. This 
system covers only about 40% of the retina, the 
area in which there are nerve fi bers. The rabbit 
retinal vasculature is not a good choice for study-
ing the retinal vasculature because of its unique 
anatomy.   

    1.5   Conclusions 

 There are unique methods of development in 
human retinal and choroidal vasculatures, which 
results in two unique adult vasculatures. Vas-
culogenesis and then angiogenesis in retina result 
in an end-arterial vascular system that forms a 
blood-retinal barrier due to its intimate relationship 
with astrocytes. The human choroidal vascular 
develops by hemo-vasculogenesis which yields a 
lobular vasculature with the choriocapillaris form-
ing a sheet of capillaries adjacent to the RPE. This 
relationship and cytokines made by the RPE may 
allow the choroidal capillaries to remain fenes-
trated. The three vasculatures with fenestrations are 
found either supplying nutrition for avascular tis-
sues (limbal supplying cornea and ciliary processes 
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supplying epithelial cells adjacent to vitreous and 
lens) or the source of nutrition for a highly meta-
bolically active tissue like the photoreceptors, 
which are nourished by the choriocapillaris. The 
sources of the blood for the various ocular vascula-
tures and their susceptibility to infarction predict 
the incidence and severity of the ischemia that 
occurs in that tissue. All of the unique vasculatures 
in the eye are supplied by only two sources: the 
ophthalmic artery and anterior ciliary arteries. 
Branches from these two sources must become 
specialized to provide for their unique tissue. The 
variability in the supply of blood in the eye as in the 
human variability of PCAs supplying the optic 
nerve might predict the individual’s chances of 
developing an optic neuropathy if they could be 
visualized in vivo.      
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    2.1   Introduction 

 The basic principle of the microsphere method is 
simple; microspheres injected into the systemic 
circulation are distributed and entrapped in tissues 
in proportion to the blood fl ow through the tissues. 
Although various types of solid particles had been 
used to study the microcirculation previously (see 
 [  36  ] ), it was the introduction of plastic radioactive 
microspheres (RM) that boosted interest in the 
method. Rudolph and Heymann  [  77  ]  were the fi rst 
to use RM to study the blood fl ow distribution in 
the fetus of sheep and goat. Makowski  [  49  ]  later 
included the collection of a reference blood sample 
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  Core Messages 

    The advantages with the microsphere • 
method are: (1) it measures blood fl ow 
directly, (2) it is suitable for measuring 
blood fl ow in small pieces of tissue and 
in inaccessible tissues, and (3) it does 
not disturb the normal circulation, if the 
experiments are properly designed.  
  Radioactive, colored, and fl uorescent • 
microspheres have been used for deter-
mination of ocular blood fl ow. A prom-
ising new development is the use of 
neutron-activated microspheres.  
  For reliable measurements with the • 
microsphere method, the size and num-
ber of microspheres should be optimized 
for the tissue under investigation.  

  If few microspheres are trapped in a  tissue, • 
due to low blood fl ow and/or small sam-
ple size (e.g., retina and anterior uvea), 
the precision of the determinations can be 
increased by more experiments.  
  Biological variation contributes more to • 
the error in the measurements than pau-
city of microspheres.  
  Differences in arterial blood pressure, • 
anesthesia, and arterial blood gases con-
tribute to the variation of reported  values 
on ocular blood fl ows. Other factors 
such as diseases, age, gender, and hor-
monal and seasonal variations could 
contribute to the variation as well.    
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from an artery, which made it possible to calculate 
actual blood fl ow values as

        

or

        

where  N  
R
  and  N  

T
  are the number of micro-

spheres in the reference sample and tissue, 
respectively,  Q  

R
  is reference fl ow, and  Q  

T
  is blood 

fl ow through the tissue. The method soon became 
a gold standard for measuring regional blood 
fl ow in various tissues and was adapted to mea-
sure ocular blood fl ows  [  4,   67,   93  ] . 

 During the last decade, the number of studies 
using radioactive microspheres for blood fl ow 
determinations has declined, however (Fig.  2.1 ). 
There are several reasons for this; RM are relatively 
expensive, radiation exposure of personnel, decay 
during storage, diffi culties and high costs associ-
ated with the disposal of the radioactive waste, and 
possible environmental hazards  [  71  ] . This has 
encouraged the search for alternatives, such as col-
ored (CM)  [  10,   34,   40,   47  ]  and fl uorescent micro-
spheres (FM)  [  1,   24,   32,   35  ] . Both types of spheres 
have been used to quantify  ocular blood fl ows 

 [  2,   25,   38,   65,   68,   92,   94  ] . The most recent addition 
is the use of neutron-activated microspheres (NAM), 
that is, microspheres containing stable nuclides that 
emit  g -irradiation when activated by neutron irradi-
ation  [  41,   73  ] . In studies of myocardial blood fl ow, 
it has been shown that colored  [  34,   47  ] , fl uorescent 
 [  1,   24,   32  ] , and neutron-activated  [  41,   73  ]  micro-
spheres give blood fl ow values that show a good 
correlation with those obtained by simultaneous 
injection of radioactive microspheres.  

 The potential sources of errors in connection 
with the use of radioactive and colored/fl uorescent 
microspheres for determination of local blood 
fl ows have been extensively discussed elsewhere 
 [  11,   36,   71  ]  and are similar regardless of the tissues 
under investigation. Thus, the present review will 
focus more on those issues that are of particular 
interest in relation to the measurement of ocular 
blood fl ows and our experience with the method. 
The terms microspheres and spheres will be used 
interchangeably in the remainder of the chapter.  

    2.2   Advantages 
and Disadvantages 
with the Method 
and Different Microspheres 

 The major advantages with the microsphere 
method, regardless the type of label, are that it 
(1) measures blood fl ow directly, (2) can measure 
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  Fig. 2.1    Number of 
publications with different 
types of microspheres 
published between 1968 and 
2007. Data is based on a 
PubMed search on February 
11, 2008, using the search 
terms “radioactive micro-
spheres blood fl ow,” “colored 
microspheres blood fl ow,” and 
“fl uorescent microspheres 
blood fl ow,” respectively. 
Numbers are approximate, as 
the publications were not 
checked for their relevance to 
blood fl ow measurement with 
microspheres or original 
articles versus reviews       
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blood fl ow in small pieces of tissues, and (3) can 
be used for studies on not easily accessible tis-
sues, without disturbing normal blood fl ow. 

 The ability to measure ocular blood fl ows 
without any eye surgery is very valuable. This is 
particularly true in species like the rabbit, which 
has eyes that are very sensitive to trauma. 
Measurement of uveal blood fl ow from a cannu-
lated vortex vein in rabbits gave higher fl ow 
 values than microspheres and made it diffi cult to 
study the effect of vasodilating agents, unless the 
animals were pretreated with indomethacin  [  20  ] . 
Extracapsular lens extraction and the correspond-
ing sham operation increased blood fl ow in the 
posterior as well as the anterior uvea, an effect 
that could be abolished by aspirin  [  39  ] . 

 The disadvantages with the microsphere 
method are that blood fl ow cannot be followed 
continuously and that relatively few measure-
ments can be made in each animal. In addition, 
there is the risk of disturbing the normal micro-
circulation by occluding too many vessels with 
repeated injections, and separation of the differ-
ent nuclides/colors becomes increasingly diffi -
cult with several different spheres (see below). 

 Colored and fl uorescent microspheres can be 
counted in histological preparations  [  2,   10,   35, 
  65,   92  ]  and in aqueous aliquots after digestion 
of the tissue  [  25,   34,   38,   40  ] , or the absorbance/
fl uorescence can be measured after tissue diges-
tion and extraction of dye from the micro-
spheres  [  1,   24,   32,   47,   89,   94  ] . Thus, although 
CM and FM have longer shelf lives and are 
cheaper than RM, their use is more labor inten-
sive, and hence the total cost may be equal. The 
waste disposal is simpler with CM and FM, but 
there are other health hazards for the personnel, 
as the sample processing requires the use of 
sodium or  potassium hydroxide for digestion of 
the tissues and organic solvents for extraction 
of the dye. However, much of the sample pro-
cessing can be automated  [  9,   87  ]  to reduce the 
health risks as well as the costs. The advantages 
with FM over CM are that the measurement of 
fl uorescence is more sensitive and can be done 
without spillover correction  [  32,   71  ] , provided 
a limited number of differently labeled micro-
spheres are used. 

 The NAM are cheaper than CM and FM, and 
no sample processing except drying is necessary. 
However, the samples have to be collected in spe-
cial vials and sent to a central laboratory for anal-
ysis. To our knowledge, there is presently only 
one manufacturer of NAM, who also provides the 
analysis service. The analysis cost per sample is 
relatively high, but NAM are most likely cost 
effective for a laboratory that wants do limited 
studies with few tissues. The major advantages 
with NAM are long shelf life, little tissue 
 processing, and reduced health and environmen-
tal hazards. Furthermore, the samples may be 
archived and reanalyzed if necessary or used for 
other analyses  [  73  ] .  

    2.3   Stochastic Error in the 
Entrapment of Microspheres 

 Provided that the microspheres are properly mixed 
with the blood, they will distribute according to the 
blood fl ow to different tissues. As the entrapments 
of microspheres are stochastic events, the number 
of microspheres in the reference and tissue samples 
will show a Poisson distribution around a mean 
value, if multiple samples are collected. Early theo-
retical and experimental data showed that for blood 
fl ow calculations to be made with 10% precision at 
the 95% confi dence level, the reference and tissue 
sample should contain approximately 400 micro-
spheres  [  23  ] . However, a later study showed that, 
providing the number of microspheres in the refer-
ence sample is  ³ 400, the same precision can be 
achieved with considerably fewer microspheres in 
the tissue sample  [  66  ] . Still, the “400 microspheres/
piece rule” has sometimes been considered a 
“must,” although it is only valid when one wants to 
determine the “true” blood fl ow through a tissue. 
If one merely wants to measure heterogeneity in 
blood fl ow or correlations, this can be achieved 
with considerably fewer microspheres  [  69  ] , that is, 
if one wants to study differences in blood fl ow 
within a tissue, between tissues, or at different time 
points in the same animal. 

 For determination of ocular blood fl ows, we 
have usually used 1–2 × 10 6  spheres per injection 
in rabbits, cats, and monkeys, which will yield 
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less than 400 microspheres in most ocular tissues, 
except in the choroid (Table  2.1 ). Table  2.2  shows 
values on ocular blood fl ows obtained in different 
studies published from the Department of 
Physiology at Uppsala University during more 
than 25 years. The experiments were made by 
several different researchers during a long time 
period, but the methodology has not changed very 
much. As expected from the low number of micro-
spheres entrapped in the retina and anterior uvea, 
the coeffi cient of variation (CV) for these tissues 
is high in most studies. Furthermore, the observed 
CVs in the different studies (Table  2.2 ) are higher 
than theoretically expected, based solely on the 
number of microspheres (Table  2.1 ) for all tissues, 
including the choroid. Thus, one can assume that 
factors other than too few microspheres, most 
likely biological variability (see below), contrib-
ute to the error. Using the rat cochlea, another tis-
sue with low blood fl ow, as a model, Hillerdal 
et al. showed that the biological variation contrib-
uted more to the error than the paucity of micro-
spheres and that the precision could be improved 
by conducting more experiments  [  37  ] .   

 Figure  2.2  is based on data from two studies 
in rabbits in which there was no difference in 
treatment between the left and the right eye dur-
ing three blood fl ow determinations  [  54,   58  ] . The 
data shows that there is a good correlation 
between blood fl ow in the right and the left eye 
even in tissues with few microspheres, like the 

rabbit retina (Table  2.3 ). Regression analysis 
(Fig.  2.2 ) shows that the best fi tted line has a 
slope that is not signifi cantly different from 1.0 
for the retina and ciliary body, but for the choroid 
and iris, the slope is signifi cantly less than 1.0, 
that is, 0.92 ± 0.04 ( P   £  0.001) and 0.91 ± 0.08 
( P   £  0.001), respectively. The reason for the 
slightly lower blood fl ow on the right side is not 
clear. It could be due to anatomical differences or 
the catheter used for the injection of microspheres 
could have interfered with normal hemodynam-
ics, since in all experiments it was advanced into 
the left ventricle from the left brachial artery (see 
below). The difference between the right and left 
eye blood fl ow is too small (~10%) to be detected 
in the separate experimental series  [  54,   58  ] , 
however.   

 Figure  2.3  is based on data from experiments 
with intracameral injection of test substances in 
rabbits  [  54  ] , and shows the relationship between 
the fi rst, second, and third blood fl ow determina-
tion, for the retina and choroid. The correlation 
between the three determinations was very good 
for the choroid and moderate for the retina 
(Table  2.4 ). Regression analysis of the retinal 
data showed that the slope of the regression line 
was not signifi cantly different from 1.0, when 
blood fl ow was compared between the fi rst and 
second or third determination, but the confi dence 
interval is large (Fig.  2.3 ). For the choroid, the 
slopes of the regression lines were signifi cantly 
lower than 1.0, when the second and third deter-
minations were compared with the fi rst determi-
nation (Fig.  2.3 ). This is more likely to be due to 
a decrease in the arterial blood pressure (81 ± 8, 
78 ± 8, and 76 ± 8 mm during the fi rst, second, 
and third determinations, respectively) than to 
disturbances of local blood fl ow in the choroid 
(see below).   

 Thus, despite the low number of microspheres 
in some ocular tissues, there is a fairly good cor-
relation between eyes and between repeated 
determinations. Even with relatively few micro-
spheres in the tissue and a limited number of 
experiments, it has been possible to detect blood 
fl ow changes of about 50% in the retina  [  55,   83  ]  
and of about 20% in anterior uvea  [  53,   85  ] .  

   Table 2.1    Approximate number of microspheres ( n ) a  
trapped in ocular tissues of rabbit, cat, and monkey after 
injection of 1 × 10 6  spheres and theoretical coeffi cient of 
variation (CV) b    

 Retina  Choroid  Iris 
 Ciliary 
body 

 Species   n  (CV)   n  (CV)   n  (CV)   n  (CV) 

 Rabbit  25 (20%)  2,000 (2%)  130 (9%)  165 (8%) 
 Cat  75 (12%)  2,000 (2%)  165 (8%)  1,100 (3%) 
 Monkey  45 (15%)  640 (4%)  15 (26%)  115 (9%) 

   a The number of microspheres has been calculated based 
on the mean of the blood fl ow values in the references 
cited in Table  2.2  and assuming cardiac output to be 
approximately 450 g/min in rabbits  [  46,   53,   55,   82  ] , 250 g/
min in cats  [  56,   60  ] , and 600 g/min in monkeys  [  8  ]  
  b CV = (√ n / n )*100  
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   Table 2.2    Data on normal ocular blood fl ows determined with radioactive microspheres a  in rabbits, cats, and monkeys 
in papers published from the Department of Physiology, Uppsala University, from 1973 to 2001   

 Blood fl ow (mg/min) b  

 Species/anesthesia  MABP (mmHg)   N  c   Retina  Choroid  Iris  Ciliary body  Reference 

  Rabbit   n.d.  13  8 ± 1  899 ± 77  75 ± 7  50 ± 6   [  17  ]  
 Conscious  85 ± 2  10  15 ± 2  1,000 ± 63  68 ± 8  72 ± 5   [  18  ]  

 71 ± 2  10  10 ± 2  1,063 ± 58  39 ± 4  105 ± 10   [  45  ]  
 69 ± 2  10  11 ± 2  1,138 ± 68  44 ± 4  89 ± 13   [  45  ]  
 90 ± 3  14  n.d.  1,096 ± 163  84 ± 12  93 ± 15   [  19  ]  
 n.d.  5  11 ± 3  779 ± 97  65 ± 14  62 ± 12   [  88  ]  
 n.d.  7  n.d.  1,014 ± 101  58 ± 6  100 ± 17   [  44  ]  

  Range of CV  d    42–63    17–56    27–53    22–60  
  Rabbit   71 ± 4  10  18 ± 3  1,020 ± 115  94 ± 24  82 ± 7   [  57  ]  
 Urethane i.v.  75 ± 4  8  n.d.  1,044 ± 117  62 ± 15  97 ± 16   [  46  ]  

 n.d.  8  8 ± 2  678 ± 115  45 ± 8  35 ± 6   [  59  ]  
 n.d.  8  n.d.  1,131 ± 284  95 ± 23  116 ± 22   [  43  ]  
 n.d.  7  n.d.  842 ± 120  58 ± 10  95 ± 11   [  43  ]  
 n.d.  6  n.d.  585 ± 126  39 ± 12  52 ± 10   [  44  ]  
 n.d.  6  n.d.  609 ± 113  22 ± 7  47 ± 19   [  44  ]  
 n.d.  6  n.d.  578 ± 114  35 ± 10  59 ± 18   [  44  ]  
 n.d  5  12 ± 6  567 ± 140  37 ± 13  65 ± 17   [  88  ]  
 63 ± 3  10  20 ± 5  700 ± 63  60 ± 10  65 ± 9   [  58  ]  
 77 ± 4  12  11 ± 2  805 ± 56  59 ± 10  82 ± 8   [  53  ]  
 74 ± 8  6  10 ± 4  811 ± 230  38 ± 16  68 ± 25   [  82  ]  
 84 ± 5  11  n.d.  1,101 ± 257  39 ± 10  99 ± 23   [  83  ]  
 65 ± 5  8  10 ± 2  729 ± 140  56 ± 14  50 ± 11   [  55  ]  
 60 ± 5  8  10 ± 1  633 ± 105  72 ± 20  59 ± 11   [  55  ]  
 60 ± 4  9  11 ± 2  552 ± 80  40 ± 10  30 ± 6   [  55  ]  

  Range of CV    28–112    24–77    46–103    27–99  
  Cat   113 ± 5  12  15 ± 2  1,070 ± 122  60 ± 11  262 ± 30   [  4  ]  
 Chloralose i.v. e   160 ± 5  11  17 ± 2  1,110 ± 120  23 ± 4  275 ± 13   [  59  ]  

 134 ± 9  7  25 ± 3  1,037 ± 104  63 ± 30  318 ± 43   [  58  ]  
 67 ± 6  6  28 ± 4  444 ± 94  33 ± 13  242 ± 45   [  33  ]  
 111 ± 7  6  17 ± 4  874 ± 123  58 ± 12  306 ± 25   [  56  ]  
 97 ± 5  7  19 ± 2  916 ± 144  37 ± 9  306 ± 50   [  56  ]  
 98 ± 4  8  23 ± 4  798 ± 92  39 ± 9  263 ± 34   [  56  ]  
 115 ± 7  7  18 ± 2  916 ± 170  47 ± 15  272 ± 35   [  56  ]  
 104 ± 4  9  17 ± 2  671 ± 56  21 ± 3  201 ± 14   [  60  ]  

  Range of CV    28–58    25–52    43–158    13–46  
  Monkey   85 ± 5  5  30 ± 2  360 ± 48  5 ± 1  47 ± 4   [  84  ]  
 Pentobarbital f   100 ± 6  12  32 ± 3  505 ± 75  8 ± 1  73 ± 7   [  3  ]  

 91 ± 8  7  16 ± 3  348 ± 70  5 ± 1  28 ± 7   [  59  ]  
 85 ± 6  5  32 ± 6  391 ± 36  13 ± 3  68 ± 9   [  86  ]  
 73 ± 6  6  25 ± 3  327 ± 51  15 ± 2  132 ± 27   [  8  ]  

  Range of CV    15–50    21–53    33–53    19–66  

   a The number of microspheres given varied between 0.5 and 3 × 10 6  but was usually 1–2 × 10 6  
  b Values are the mean ± SEM for groups presented in the cited references. If data on blood pressure or fl ow values for 
different groups were not presented in the paper, the data were retrieved from original data whenever possible 
  c Number of animals or eyes 
  d For each study/group, CV was calculated as (SEM*√ n *100)/mean 
  e Induction of anesthesia was achieved by inhalation of chloroform  [  4,   58,   59  ] , i.m. injection of alphaxalone and alph-
adolone acetate  [  33  ]  or ketamine and xylazine  [  33,   56,   60  ]  
  f Induction of anesthesia was achieved with i.m. injection of methohexital  [  3,   59,   84,   86  ]  or ketamine  [  8  ]   
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    2.4   Methodological Errors 
and Practical Advice 

    2.4.1   Size of the Microspheres 

 Ideally, the number and size of microspheres 
should be optimized for each tissue and species. 
As discussed above, a large number of injected 
microspheres are desirable to get a high level of 

   Table 2.3    Correlation coeffi cients for comparison 
between ocular blood fl ows in the right and the left eye in 
rabbits a    

 Tissue   r  (CI) b    P  value 

 Retina  0.77 (0.65–0.86)   P   £  0.0001 
 Choroid  0.95 (0.91–0.97)   P   £  0.0001 
 Iris  0.83 (0.73–0.89)   P   £  0.0001 
 Ciliary body  0.81 (0.71–0.88)   P   £  0.0001 

   a Based on data from experiments in references  [  54,   58  ]  
  b Correlation coeffi cient with the 95% confi dence interval  
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  Fig. 2.2    Relationship between blood fl ow in the right and 
left eye in rabbits. Data are from 22 animals, with 3 blood 
fl ow determinations in each (Plotted from original data 

 [  54,   58  ] ). Regression line (Deming regression) with slope 
and 95% confi dence intervals are given       
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   Table 2.4    Correlation coeffi cients 
for comparison between the fi rst, 
second, and third determination of 
retinal and choroidal blood fl ow in 
rabbits a    

 Retina  Choroid 

 Comparison   r  (CI) b    P  value   r  (CI) b    P  value 

 1st and 2nd  0.72 (0.44–0.87)   P   £  0.0001  0.82 (0.62–0.92)   P   £  0.0001 
 1st and 3rd  0.70 (0.41–0.86)   P   £  0.0002  0.90 (0.78–0.96)   P   £  0.0001 
 2nd and 3rd  0.55 (0.16–0.78)   P   £  0.0084  0.92 (0.83–0.97)   P   £  0.0001 

   a Based on data from experiments in references  [  54,   58  ]  
  b Correlation coeffi cient with the 95% confi dence interval  

precision in the measurements, but the risk of dis-
turbing central and local hemodynamics will 
increase with the number of microspheres. The 
likelihood that disturbances of normal hemody-
namics will occur is dependent on a combination 
of the size and number of microspheres and the 
species under investigation. Smaller animals have 
a smaller cross-sectional area of their vascular 
tree, and therefore the risk of disturbing their nor-
mal circulation is higher. 

 Obviously, if the microspheres are too small, 
they can pass through the tissue and hence cause 
an underestimation of blood fl ow. However, it is 
desirable that the microspheres do not get 
trapped until they reach the capillary bed of the 
tissue under investigation. Injection of micro-
spheres that are too large can underestimate fl ow 

and disturb local hemodynamics. Ideally, the 
 microspheres should be injected as a bolus 
injection, but this is not possible as it will 
increase blood pressure. Thus, a large sphere 
that gets trapped early in an arteriole could pre-
vent other spheres from entering the capillaries 
supplied by the arteriole, and hence cause an 
underestimation of blood fl ow. Furthermore, as 
the total cross-sectional area of the arterioles is 
much smaller than the total cross-sectional area 
of the capillaries, blood fl ow to a larger area will 
become occluded. By occluding many arterioles 
in many tissues, larger spheres may disturb cen-
tral hemodynamics by increasing total periph-
eral resistance and hence blood pressure or the 
large spheres may impair cardiac blood fl ow and 
therefore decrease cardiac performance. 
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 The most commonly used size of microspheres 
for determination of ocular blood fl ows is 15  m m, 
which has been validated in rabbits, cats, dogs, 
pigs, and monkeys  [  3,   4,   7,   76,   78,   85  ] . In cats 
and monkeys, there is a good correlation between 
uveal blood fl ows measured with 15- and 35- m m 
spheres injected simultaneously  [  3,   4,   7  ] . Injection 
of 8–10- m m and 15- m m spheres in rabbits indi-
cated that the smaller spheres may pass the capil-
laries in the iris and ciliary body, as the larger 
spheres gave higher fl ow values  [  7,   85  ] . In dogs, 
uveal blood fl ows were not signifi cantly different 
when measured by 15- and 25- m m spheres, but a 
small percentage (3%) of the injected 15- m m 
microspheres was found in the venous effl uent 
from the eye  [  76  ] . Total ocular blood fl ow mea-
sured with four different sizes of microspheres 
(10, 15, 25, and 35  m m) in pigs showed that 
10- m m spheres gave signifi cantly lower fl ow val-
ues than 15- m m spheres. The values obtained 
with the larger spheres were higher but not sig-
nifi cantly different from those obtained with the 
15- m m spheres  [  78  ] . Collection of venous blood 
from a cannulated vortex vein indicated that more 
than 99% of 15- m m spheres were trapped in the 
pig eye  [  90  ] . Retinal capillaries are generally 
smaller in diameter than choroidal capillaries 
 [  15,   16,   26,   61–  64  ] , which indicate that smaller 
spheres are to be preferred when the main goal is 
to study circulation in the retina and optic nerve 
 [  31,   42  ] . Using smaller spheres also makes it pos-
sible to inject a larger number of spheres, which 
will simultaneously improve the reliability of the 
measurements. 

 A recent study showed that 10- m m spheres 
are more suitable than 15- m m spheres for mea-
suring choroidal blood fl ow in the rat, as many 
15- m m spheres were trapped before the chorio-
capillaries and injection of 10- m m spheres caused 
a larger number of spheres to be trapped in the 
choroid  [  92  ] . Similarly, as in larger species, 
smaller spheres (8  m m) were found to be best 
suited for measurement of blood fl ow to the ret-
ina and optic nerve  [  92  ] . Thus, for determination 
of retinal and choroidal blood fl ow at the same 
time in the same animal, one should, if practi-
cally possible, simultaneously inject two sizes of 

microspheres using a higher number of the 
small-sized spheres  [  91  ] . 

 Care regarding the size of the microspheres 
may be warranted also when one wants to study 
regional differences within an ocular tissue. In a 
recent histological study on cat eyes, it was 
observed that 15- m m spheres did not reach into 
the tapetum lucidum, whereas in nontapetal 
choroid, the microspheres were observed in pre-
capillary arterioles just before the choriocapillar-
ies  [  50  ] . Furthermore, the diameter of the 
precapillary arterioles was smaller in the tapetal 
region (4.7 ± 0.8  m m) than in the nontapetal 
region (6.2 ± 0.9  m m). Due to these fi ndings, the 
authors suggested that 15  m m may not be suitable 
for measuring choroidal blood fl ow  [  50  ] . 
Although their fi ndings may be of importance 
when studying regional differences within the 
choroid, it is most likely not true for determina-
tions of total choroidal blood fl ow. Larger spheres 
show axial streaming, that is they move in the 
center of the vessel. The concentration of micro-
spheres will therefore be lower in the periphery 
than in the middle of the vessel. This causes dis-
proportionately fewer spheres to enter small 
branch arteries, which will underestimate fl ow in 
the area  supplied by the small arteries. Too large 
spheres may therefore incorrectly show uneven-
ness in the distribution of blood fl ow within a tis-
sue  [  36  ] . Thus, the fi ndings by May and Narfström 
 [  50  ]  could be of importance when studying dif-
ferences in blood fl ow between tapetal and non-
tapetal regions of the choroid. However, axial 
streaming is not likely to contribute to the error 
when measuring total choroidal blood fl ow with 
15- m m spheres in cats. First, there is a good cor-
relation between choroidal blood fl ow values 
obtained with 15- and 35- m m spheres  [  6,   7  ] , even 
though axial streaming is more pronounced with 
larger spheres  [  36  ] . Second, it has been shown 
that fl ow biasing due to axial streaming is signifi -
cant only when the feeding vessel to the tissue is 
just a few times larger than the diameter of 
microspheres  [  13  ] . As the choroidal arteries are 
much larger than 15  m m, axial streaming ought 
not to affect the results when total choroidal 
blood fl ow is measured.  
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    2.4.2   Physical Characteristics 
of Microspheres 

 All microspheres are made of polystyrene, but 
their physical characteristics differ somewhat, 
depending on the type of label. RM  [  36  ]  and 
NAM  [  41  ]  are much heavier than blood (density 
~1.5 g/ml compared to 1.05 g/ml), whereas the 
CM and FM have a density close to that of blood 
 [  89  ] . Due to their density and hydrophobic nature, 
the microspheres will sediment on the bottom of 
the storage vial and form aggregates. To reduce 
this problem, the microspheres are suspended in 
saline with a small amount of surfactant (e.g., 
Tween) added. Saline with dextran has also been 
used as a suspending medium to slow the sedi-
mentation of microspheres. Still, the microspheres 
need to be sonicated and vigorously shaken before 
being removed from the storage vial, and pre-
vented from sedimenting again before injection. 
One should be aware that the additives can infl u-
ence hemodynamics in some species; Tween  [  51  ]  
and dextran  [  30  ]  have been reported to cause 
hypotension in dogs and rats, respectively. 

 In early studies with RM, the variability in the 
diameter of the microspheres was quite large and 
not always in agreement with the manufacturers’ 
specifi cations  [  36,   52  ] . Although the variability 
in size has diminished  [  71  ]  (an acceptable SD of 
0.1  m m for 10- and 15- m m spheres is now com-
mon), it is wise to check the size of new batches.  

    2.4.3   Injection of Microspheres and 
Collection of Reference Sample 

 The microspheres should be thoroughly mixed 
with the blood when they are injected, which is 
best achieved by injection into the left atrium or 
ventricle. In earlier studies, we injected the micro-
spheres directly into the left ventricle via a steel 
cannula connected to a syringe with polyethylene 
tubing. In larger animals, this procedure demands 
a thoracotomy and artifi cial ventilation, whereas 
in rats, the microspheres can be injected into the 
left ventricle through the thoracic wall. To be able 
to measure ocular blood fl ows in conscious 

 rabbits, we started to do a heart catheterization by 
introducing a polyethylene tubing from a brachial 
artery. As this procedure caused less damage to 
the heart and minimized the risk of injecting the 
microspheres into the right ventricle, we subse-
quently used it in anesthetized animals as well. 
Empirically, we found that a slight bend (approx-
imately 120°) at the tip of the catheter (OD 
approximately 1 mm) and using the left brachial 
artery in rabbits and the right brachial artery in 
monkeys and cats was the easiest way to succeed. 
To create the bend of the catheter, the tubing was 
briefl y held above the fl ame of a match or candle 
(Fig.  2.4 ). As the catheter was advanced toward 
the left ventricle, it was gently rotated, and the 
pulse pressure wave was continuously recorded 
to register its entry into the ventricle. Before fi x-
ing the catheter in place, care was taken to check 
that an excessive length of catheter had not been 
advanced into the ventricle, that it did not disturb 
normal heart rhythm, and that blood could be eas-
ily aspirated. After the experiments, the proper 
location of the catheter was checked by visual 
inspection. Furthermore, we usually analyzed a 
piece of lung tissue to reveal possible injection of 
microspheres into the right ventricle due to dam-
age by the catheter or possible septum defects.  

 After dispensing from the storage vial, the 
microspheres were diluted with saline to a volume 
of approximately 1 ml (for experiments in rab-
bits, cats, and monkeys) in a test tube. As the 
 microspheres were aspirated into a plastic syringe, 
a small air bubble was allowed to remain in the 
syringe. By gently turning the syringe, the air 
bubble moved up and down and helped in pre-
venting the microspheres from sedimenting in the 
syringe. After the syringe had been attached to 
the catheter, blood was withdrawn and mixed with 
the microspheres by the aid of the air bubble. This 
procedure is advantageous when one wants to do 
the blood fl ow determinations at fi xed time points 
during or after an intervention, e.g., at the start of 
nerve stimulation or administration of a drug, as it 
only takes a few seconds before the microspheres 
start to sediment. Care was taken to hold the 
syringe in a tip-down position during injection to 
avoid injecting the air bubble, and after injection, 
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blood was aspirated into the syringe to remove 
microspheres left in the catheter. If cardiac output 
was to be measured, triplicate samples (10  m l) 
were collected from the test tube before aspirating 
the microspheres into the syringe, and the exact 
volume in the syringe was noted. After the injec-
tion, the content of the syringe was emptied into 
the same test tube, after the volume had been 
noted, and triplicate samples were collected. This 
made it possible to calculate the exact amount of 
radioactivity injected and hence cardiac output. 

 Usually, the microspheres were injected dur-
ing 10–20 s, and the reference sample was col-
lected during 1–2 min. Collection of the reference 
sample can be done by withdrawal with a syringe 
pump at a known speed or by free fl ow from a 
cannulated artery into preweighed vials. A high 
reference fl ow is desired to get a large number of 
spheres in the reference sample and to make sure 
that no microspheres remain in the tubing. On the 
other hand, the reference fl ow needs to be low 
enough to avoid disturbing normal hemody-
namics. Pump withdrawal has the advantage of 
making it possible to calculate fl ows in volume/
min, but it involves the transfer of blood from the 
syringe and rinsing of the syringe. We have been 
using free fl ow into preweighed counting vials, 

collecting blood for 1 min with 10 s for each vial 
(or 2 min with 20 s for each vial). This procedure 
has the advantage that in every experiment we 
could confi rm that no microspheres remained in 
the tubing and we avoided the transfer of the ref-
erence sample. Furthermore, with this sampling 
technique, it is possible to detect recirculation of 
microspheres. With appropriate-sized tubing, the 
free fl ow sample from a femoral artery (rabbits, 
cats, and monkeys) was usually 1–2 ml, only 
slightly more than the injected volume and less 
than 1% of the animal’s total blood volume. 
Usually, the peak radioactivity was seen in tube 1 
or 2, with little or no activity in tubes 3–4, and 
background activity in tubes 5–6.  

    2.4.4   Dissection 

 After the experiment, the eyes were enucleated 
and kept moist until dissection. During dissection, 
the eyeball was fi rst cleaned of extraocular tissues 
and was then cut open along the ora serrata when 
dissecting cat and monkey eyes. The zonular 
fi bers were cut with fi ne scissors to remove the 
lens. The iris could then be separated from the 
ciliary body by gently pulling with a pair of small 

a b  Fig. 2.4    Preparation of a 
catheter for heart catheteriza-
tion. By holding the 
polyethylene tubing above a 
fl ame ( a ), a bend of about 
120° was created ( b )       
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forceps or by cutting. The ciliary body was scraped 
off the sclera with a pair of forceps. The posterior 
part of the eye was divided into four quadrants by 
cutting from the ora serrata to the optic nerve 
head. After removal of the vitreous, the retina was 
gently removed from the choroid, which was sub-
sequently scraped off the sclera. In rabbits, a 
slightly different technique was used due to ana-
tomical differences. For example, the ciliary mus-
cle is poorly developed, and the ciliary processes 
extend almost all the way to pupillary margins. 
Usually, the optic nerve head was removed, and 
the eyeball was cut open from the posterior pole 
to the ora serrata by four incisions. The lens is 
also not as fi rmly attached in rabbit as in monkeys 
and cats, which makes it possible to remove it by 
just a pair of forceps. The vitreous and retina were 
removed and the iris-ciliary body pulled off the 
sclera. The ciliary processes were then scraped off 
the back of the iris with a pair of forceps. In albino 
rabbits, the iris is almost white, whereas the cili-
ary processes are blood fi lled, which makes it 
relatively easy to see that the processes have been 
completely removed. The choroid was scraped off 
the sclera. 

 As we weighed our blood samples and it is 
sometimes diffi cult to completely remove the vit-
reous from the retina and ciliary body, we usually 
expressed ocular blood fl ows as total fl ow in mg/
min, whereas many other investigators use ml/
min/g tissue. The disadvantage with total fl ow is 
of course that the tissues have to be quantitatively 
sampled. However, this is not a big problem, and 
it may even be easier to do this if one lets some of 
the vitreous remain attached to the retina. After 
dissection, the tissue samples as well as the blood 
samples were centrifuged to make sure that the 
samples were in the bottom of the test tube before 
counting (see below).  

    2.4.5   Detection of RM and NAM 

 Although NAM have several advantages over 
RM, as concerns occupational and environmental 
hazards, the mode of their detection is the same, 
gamma irradiation, and hence the potential errors 
in their detection are similar. Radioactive disinte-

grations are stochastic events; that is, measuring 
the same sample repeatedly will result in a Poisson 
distribution around a mean value. The contribu-
tion of the stochastic nature of radioactivity to the 
total error is likely to be low, however  [  11  ] . 

 Other possible sources of error are dependent 
on the gamma detector and include errors due to the 
separation of the energy spectrum of different radi-
onuclides, coincidence, and geometry  [  11,   27,   36  ] . 
The energy spectrum for different radionuclides 
almost always overlap to some extent, which 
makes it necessary to correct for the spillover 
between different counting windows when using 
more than one nuclide in an experiment. Several 
different correction methods have been used to 
correct for the spillover between different radio-
nuclides  [  12,   36,   80,   95  ] . With increasing number 
of radionuclides, the calculations become increas-
ingly extensive. One can imagine that this was a 
large obstacle when the microsphere method was 
fi rst introduced, but with modern gamma detec-
tors, including software that automatically cor-
rects for spillover, this ought not to be any major 
problem for the experimenter. If the  radioactivity 
in a sample is very high, the true  radioactivity of 
the sample may be underestimated due to coinci-
dence; that is, if two disintegrations occur at the 
same time or very close in time, the detector will 
only register one event. Considering the low blood 
fl ow and/or small tissue pieces that can be obtained 
from ocular tissues, this is not likely to occur in 
conjunction with determination of ocular blood 
fl ows, unless the radioactivity in the blood sample 
is very high. Nor is the geometry likely to be of 
any great concern when determining ocular blood 
fl ows. As the radioactive microspheres have a 
higher density than blood, they will rapidly sedi-
ment on the bottom of the test tube that contains 
the reference blood sample. Thus, during count-
ing, the microspheres will be close to the bottom 
of the detector. The microspheres in tissues sam-
ples will be dispersed through the tissue, however, 
meaning they will be at different heights in the 
detector. As most detectors are constructed as 
wells with a height of a few centimeters and the 
sensor at the bottom, disintegrations occurring 
higher up in the well have a lower probability to 
be detected. A difference in height of 2 cm 
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between blood sample and tissues sample has 
been shown to cause up to a 13% systematic error 
in blood fl ow calculations  [  27  ] . Considering the 
small size of the tissue samples, geometry should 
normally not be a signifi cant source of error when 
measuring ocular blood fl ow, as long as one 
checks that the samples are at the bottom of the 
counting vial. Another prerequisite is of course 
that the automatic movement of samples in and 
out of the detector functions properly.  

    2.4.6   Detection of CM and FM 

 As there are several different ways to quantify the 
colored and fl uorescent microspheres, the poten-
tial sources of error vary with the mode of detec-
tion. The spheres can be counted in histological 
preparations manually or by the aid of different 
imaging systems. After tissue digestion, the 
spheres can be counted in aqueous aliquots by a 
hemocytometer or the spheres can be dissolved to 
release the dye, which then is quantifi ed by spec-
trophotometry or fl uorospectrophotometry. 

 Ocular blood fl ows have been studied by 
counting of microspheres in histological sections 
of the optic nerve  [  31,   42,   81,   92  ]  or fl at mounts 
of the retina and choroid  [  2,   65,   92  ] . In these 
types of experiments, different counting errors 
may contribute to the variability. Spheres that are 
close together may be counted as one sphere or 
fail to be detected by the imaging system  [  65  ] . In 
histological sections, spheres may be counted 
twice if they are cut in half by the sectioning. 

 If CM or FM are counted in aqueous aliquots or 
determined by photometry (both methods have 
been used to quantify ocular blood fl ows  [  25,   38, 
  68  ] ), the tissues must fi rst be digested and the 
microspheres isolated. For photometry, the dye is 
subsequently extracted from the microspheres with 
an organic solvent. During this processing of the 
tissues, some microspheres may be lost, which 
could increase the variability in the measured blood 
fl ow values. The ease by which different tissues 
can be digested varies, depending on how dense 
the tissue is and the fat content of the tissue. In lung 
tissue, the organic solvent can directly dissolve the 
dye from the microspheres, without prior digestion 

of the samples  [  32  ] . Other tissues have to be 
digested in sodium hydroxide  [  40,   68  ] , potassium 
hydroxide  [  1,   9,   24,   32,   35,   47,   87,   94  ] , or ethanolic 
KOH  [  70,   89  ] . Tissues with a high fat content are 
more diffi cult to digest, but the digestion can be 
improved by letting the samples autolyze for 
1–2 weeks  [  70,   89  ] . Two different methods have 
been used for the separation of microspheres from 
the digested tissue: negative pressure fi ltration  [  24, 
  32,   47  ]  and sedimentation  [  70,   89  ] . As the former 
method involves transfer of the sample from one 
vial to another, it is recommended to add an inter-
nal standard to the samples to calculate recovery 
 [  24  ] . The latter method is based on the difference 
in density between the FM and the ethanolic KOH 
(1.05 compared to 0.893 g/cm 3 ). As the FM are 
heavier than the solvent, they will easily sediment 
by centrifugation  [  89  ] . The supernatant can then be 
aspirated and the FM dissolved in the same vial 
 [  70,   89  ] . Van Oosterhout et al.  [  89  ]  achieved almost 
100% recovery with the sedimentation method. 

 In analogy with the overlap of energy spectrum 
for different radionuclides, there is an overlap in 
the wavelength of different colors that has to be 
corrected for when using CM and FM. The spec-
tral overlap is less with FM  [  32  ]  than with CM 
 [  47  ] , and the spillover only occurs between adja-
cent colors. FM labeled with up to six different 
colors can be separated without spillover correc-
tion  [  32  ] ; with spillover correction, up to 13 col-
ors have been separated  [  79  ] . Colors in the blue 
and violet regions of the spectrum should be 
avoided if possible, however  [  79  ] . Autofl uorescence 
from the solvent and compounds released from 
the tissue increase background in the blue region, 
which increases variability in the calculated blood 
fl ow values  [  79,   89  ] . Scarlet and violet FM have 
minor secondary peaks that overlap with the blue 
spectra  [  79  ] . The spillover is also dependent on 
the intensity of the fl uorescence; if two adjacent 
colors have a big difference in intensity, it can 
increase spillover  [  89  ] . Furthermore, one must 
establish that there is a linear relationship between 
the dye concentration (number of microspheres) 
and the fl uorescence, as at higher dye concentra-
tions the relationship becomes curvilinear due to 
quenching  [  32  ] . This must be done for each new 
batch of fl uorescent microspheres, as the dye load 
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may vary from one batch to another, and hence, 
the relative fl uorescence intensity of the different 
colors and the spillover may vary. The quenching 
is not merely dependent on the concentration of 
the dye that is being measured at a given wave-
length; increasing the number of colors that are 
used increases the quenching and decreases the 
linear range  [  79  ] . Other potential sources of errors 
in conjunction with fl uorescence measurements 
are dilution errors, unclean or unmatched cuvettes, 
and machine variability.   

    2.5   Biological Variation 

    2.5.1   Blood Pressure 

 Despite the same type of anesthesia, the mean 
arterial blood pressure (MABP) varies consider-
ably between different studies. Although all data 
presented in Table  2.2  were determined under 
control conditions, there are several differences 
that could have infl uenced the blood pressure: (1) 
the extent of surgical intervention before the fi rst 
blood fl ow determination varied, which may have 
infl uenced the depth of anesthesia needed, (2) in 
some studies, muscle relaxant drugs were used, 
and the type of muscle relaxant varied between 
studies, (3) differences in arterial blood gases, 
and (4) other factors such as age, gender, and 
subclinical diseases could have contributed. 

 The data from urethane-anesthetized rabbits 
show that there is a signifi cant correlation between 
MABP and blood fl ow in the choroid and ciliary 
body, that is, correlation coeffi cients of 0.85 (95% 
confi dence interval 0.42–0.97;  P   £  0.01) and 0.85 
(95% confi dence interval 0.43–0.97;  P   £  0.01), 
respectively. No correlation was found between 
MABP and retinal or iridal blood fl ow (Fig.  2.5 ). 
For the studies done in conscious rabbits, there 
was no signifi cant correlation between arterial 
blood pressure and ocular blood fl ows (data not 
shown). The reason for this discrepancy between 
urethane-anesthetized and conscious rabbits is not 
clear, but it could be due to the relatively few stud-
ies in conscious rabbits for which blood pressure 
data could be retrieved. Another possible explana-

tion could be that in conscious animals, a high 
blood pressure (possibly due to a higher level of 
stress) could be a sign of high sympathetic activ-
ity, which will prevent choroidal blood fl ow from 
rising, whereas retinal blood fl ow is not expected 
to correlate with blood pressure within a normal 
range due to autoregulation  [  22  ] .  

 The data from studies with cats show a signifi -
cant correlation between MABP and choroidal 
blood fl ow with a correlation coeffi cient of 0.84 
(95% confi dence interval 0.41–0.97;  P   £  0.01) 
(Fig.  2.6 ). For monkeys, the relationship between 
MABP and choroidal blood fl ow was of border-
line statistical signifi cance only, with a correla-
tion coeffi cient of 0.82 (95% confi dence interval 
−0.24–0.99;  P  = 0.09), possibly due to the few 
studies (Fig.  2.6 ). There was no signifi cant cor-
relation between blood pressure and blood fl ow 
in the retina or in the anterior uvea, neither in 
data from studies in cats nor in data from studies 
in monkeys.  

 Thus, examining the combined data from sev-
eral microsphere studies reveals the same pattern 
as had previously been observed in single studies 
 [  4,   5  ] ; choroidal blood fl ow changed passively 
with the arterial blood pressure in anesthetized 
animals, whereas blood fl ow in the anterior uvea 
and retina was less pressure sensitive, indicating 
true autoregulation. Hence, some of the variabil-
ity in choroidal blood fl ow, within as well as 
between studies (Table  2.2 ), may be due to differ-
ences in arterial blood pressure. Furthermore, 
these differences between the ocular tissues have 
to be considered when one evaluates blood fl ow 
data and there are differences in arterial blood 
pressure.  

    2.5.2   Infl uence of Anesthesia 

 General anesthesia may affect ocular blood fl ows 
in several ways: (1) depression of the cardiovas-
cular center in the medulla oblongata or (2) gen-
eral vasodilatation can decrease the arterial blood 
pressure and hence decrease blood fl ow in the 
choroid and anterior uvea. Some anesthesia may 
affect ocular blood fl ows (3) by direct effects on 
the vascular smooth muscles or (4) by changing 
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  Fig. 2.5    Ocular blood fl ows in urethane-anesthetized rabbits, as a function of mean arterial blood pressure (MABP) 
(Plotted from data presented in Table  2.2 ).  Dotted line  is the linear regression line       

neuronal or hormonal control of the vascular 
tone. For instance, pentobarbital anesthesia 
causes vasodilatation in the anterior uvea of the 
rabbit by abolishing a cholinergic vasoconstrictor 
tone  [  21  ] . Much of the rabbit ocular blood fl ow 
data that we have obtained are from rabbits anes-
thetized with urethane. Under this type of anes-
thesia, there is a slight sympathetic tone to the 
uveal blood vessels; unilateral sectioning of the 
cervical sympathetic nerve increases uveal blood 
fl ow on the sectioned side  [  46,   53  ] . This can be 

advantageous when one wants to study vasodila-
tory agents or to determine if drugs or test sub-
stances exert their effects via the sympathetic 
nervous system. However, urethane is classifi ed 
as carcinogenic, and its use demands special pre-
cautions (a special permit is needed in Sweden). 

 In our search for a suitable replacement for ure-
thane, we tested different inhalation anes thetics. 
In these experiments, anesthesia was induced by 
i.v. infusion of a mixture of ketamine (5 mg kg −1 ) 
and xylazine (2 mg kg −1 ). A  tracheotomy was 
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made to insert a tracheal tube, and the cervical 
sympathetic nerve was cut on one side. The rab-
bit was then artifi cially ventilated with an 
Anesthesia WorkStation (AWS, Hallowell EMC, 
Pittsfi eld, MA) connected to a vaporizer for 
administration of the anesthetic. The AWS has a 
carbon dioxide absorber, as it is constructed as a 
closed system and intended for using oxygen as 
the carrier gas. As we wanted to use air as the 
carrier gas (to keep arterial PO 

2
  at a normal level), 

we had to remove the absorber and use a fl ow of 
air of 1.5–2.5 l min −1  to maintain arterial blood 
gases at normal levels. The respiration frequency 
was 55–65 breaths min −1  and the tidal volume 
15–20 ml, adjusted to keep the positive airway 
pressure at about 10 cmH 

2
 O. The concentration 

of anesthetic gas was then adjusted to maintain a 
surgical plane of anesthesia during the remaining 
part of the preparation: insertion of two arterial 
catheters for blood pressure registration and ref-
erence blood sampling, a venous catheter, and 
heart catheterization as described above. The 
depth of anesthesia was judged by checking the 
reaction to a pinch in the ear, the blinking refl ex, 
and the corneal refl ex. During surgery, it was nec-
essary to increase the concentration of anesthetic 
until the corneal refl ex disappeared to achieve 
surgical anesthesia. 

 Initial experiments with halothane and isofl u-
rane revealed that when the effect of the initial 
dose of xylazine wore off, the rabbits tried to 
breathe spontaneously, making it diffi cult to 
adjust the acid–base balance. This could be pre-
vented by a slow i.v. infusion of xylazine (a bolus 
dose of 0.2 mg/kg followed by continuous infu-
sion of 0.05 mg kg −1  min −1 ), which therefore was 
used subsequently. Xylazine is an adrenergic  a  

2
 -

agonist with sedative and muscle relaxant proper-
ties. Thus, in addition to causing the necessary 
muscle relaxant effect to allow artifi cial ventila-
tion, xylazine caused a slight rise in MABP. 
Before the blood fl ow determinations, the con-
centration of anesthetic was reduced until a weak 
corneal refl ex was observed, which also increased 
MABP slightly. Unlike halothane and isofl urane, 
enfl urane could be used without the addition of 
xylazine and without causing diffi culties with the 
ventilation. In the experiments with enfl urane, 
ocular blood fl ows were therefore determined 
during enfl urane only and at 20 and 50 min after 
the start of xylazine infusion. Sevofl urane could 
not be used without the addition of xylazine. 

 In the experiments with enfl urane, the infu-
sion of xylazine increased MABP slightly (47 ± 2, 
51 ± 5, and 49 ± 5 mmHg during the three blood 
fl ow determinations, respectively), whereas uveal 
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blood fl ows decreased (Fig.  2.7 ). Retinal blood 
fl ow was also decreased by xylazine, but the 
effect was only statistically signifi cant for the 
side with the sectioned sympathetic nerve 
(Fig.  2.7 ). Thus, xylazine appeared to cause vaso-
constriction in the retina as well as in the uvea.  

 Comparison between the different inhalation 
anesthetics (with the addition of xylazine) did not 
reveal any signifi cant differences, except for a 
signifi cantly higher blood fl ow in the anterior 
uvea during halothane anesthesia. There was no 
signifi cant difference between the eye with the 
sectioned sympathetic nerve supply and the con-
trol eye. Nor was uveal blood fl ow much different 
from blood fl ow during urethane anesthesia when 
compared to a previous study  [  53  ]  (Table  2.5 ). 
However, during inhalation anesthesia, the 
MABP was lower (Table  2.5 ) than in most of the 
studies with urethane (Table  2.2 ), and choroidal 

blood fl ow was higher (Table  2.5 ) than expected 
from the MABP (Table  2.2  and Fig.  2.5 ). 
Calculations of uveal vascular resistances showed 
that the choroidal vascular resistance was 
 signifi cantly lower during halothane, enfl urane, 
and sevofl urane anesthesia than during urethane 
anesthesia (Fig.  2.8 ). Vascular resistance in the 
iris was also lower during inhalation anesthesia, 
but only halothane was signifi cantly different 
compared to urethane (Fig.  2.8 ). Vascular resis-
tance in the ciliary body was not signifi cantly dif-
ferent during inhalation anesthesia compared to 
urethane (Fig.  2.8 ). Retinal blood fl ow tended to 
be slightly higher (Table  2.5 ) and retinal vascular 
resistance lower (data not shown) with halothane, 
enfl urane, and sevofl urane than with isofl urane 
and urethane.   

 At least two factors could have contributed to 
the lower vascular tone in the uvea with the inha-
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  Fig. 2.7    Ocular blood fl ows during enfl urane anesthesia 
alone and in combination with xylazine (0.2 mg/kg as a 
bolus dose followed by continuous infusion of 
0.05 mg kg −1  min −1 ) in rabbits. Blood fl ow determinations 
were made during enfl urane alone ( open bars ) and 20 

( hatched bars ) and 50 min ( shaded bars ) after the start of 
xylazine infusion. Mean values ± SEM are shown ( n  = 7). 
Statistical comparison was made with one-way ANOVA, 
with Tukey’s test as post-ANOVA test. * P   £  0.05, 
** P   £  0.01, and *** P   £  0.001       
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lation anesthetics. A direct vasodilatory effect on 
the uveal blood vessels is one possibility, but 
decreased vascular tone due higher PCO 

2
  in the 

experiments with inhalation anesthetics (Table  2.5 ) 
could also have contributed (see below). Further-
more, the vasoconstrictive effect of xylazine in 
the enfl urane experiments indicates that the vaso-
dilatory effect of the inhalation anesthetics could 
be even larger. 

 In the cat, increased inhaled concentrations of 
enfl urane (0.5, 1.0 and 1.5 MAC) caused a con-
centration-dependent decrease in MABP and 
choroidal vascular resistance and a signifi cant 
increase in choroidal blood fl ow by the highest 
concentration. Retinal blood fl ow was not signifi -
cantly affected, but retinal vascular resistance fell 
with increasing concentrations  [  75  ] . In similar 

experiments with halothane, MABP and choroi-
dal blood fl ow decreased with increasing concen-
tration, whereas choroidal vascular resistance 
was not signifi cantly affected. Retinal blood fl ow 
increased and retinal vascular resistance decreased 
with increased concentration  [  74  ] . These data 
indicate that the two inhalation anesthetics may 
have different effects on choroidal and retinal 
vasculature in the cat. Enfl urane appears to have 
a direct vasodilatory effect on choroidal vessels 
but no or a much smaller effect on retinal vessels. 
With halothane, the effects seem to be reversed; 
that is, retinal vessels are dilated, but choroidal 
vessels are not signifi cantly affected. In our 
experiments, choroidal vascular resistance was 
lower than with urethane for both enfl urane and 
halothane, indicating that both anesthetics dilated 

   Table 2.5    Systemic cardiovascular parameters, arterial blood gases, and ocular blood fl ows during different inhalation 
anesthesia combined with i.v. infusion of xylazine (0.2 mg/kg as a bolus dose followed by continuous infusion of 
0.05 mg kg −1  min −1 ) in rabbits   

 Halothane  Enfl urane  Isofl urane  Sevofl urane  Urethane a  

 (1–1.5%) b   (2–3.5%) b   (1–2%) b   (1.6–3.5%) b  

  n  = 6   n  = 7   n  = 7   n  = 7   n  = 12 

  Cardiovascular parameters  
 MABP (mmHg) c   56 ± 3**  51 ± 5**  61 ± 4*  64 ± 3  77 ± 4 
 Heart rate (min −1 )  189 ± 10**  182 ± 4**  190 ± 10**  161 ± 7**  312 ± 8 
 Cardiac output (g min −1 )  457 ± 53  341 ± 26  267 ± 20**  438 ± 36  415 ± 29 
 TPR (100 mmHg min g −1 ) d   13 ± 2*  15 ± 1  24 ± 3  15 ± 1  19 ± 1 
  Arterial blood gases  
 pH  7.42 ± 0.01  7.43 ± 0.01  7.48 ± 0.01  7.48 ± 0.02  7.47 ± 0.01 
 PCO 

2
  (kPa)  5.7 ± 0.1**  5.5 ± 0.1**  5.5 ± 0.1**  5.5 ± 0.1**  4.6 ± 0.1 

 PO 
2
  (kPa)  10.9 ± 0.7  11.2 ± 0.3  13.2 ± 0.3  11.7 ± 0.5  11.9 ± 0.5 

  Ocular blood fl ows  e  
 Retina I  14 ± 1  17 ± 2  11 ± 2  15 ± 3  11 ± 2 
 Retina S  15 ± 2  15 ± 2  10 ± 2  12 ± 1  13 ± 2 
 Choroid I  1,129 ± 103  863 ± 92  783 ± 86  1,054 ± 153  805 ± 65 
 Choroid S  1,127 ± 118  814 ± 56  836 ± 86  1,021 ± 105  951 ± 79 f  
 Iris I  136 ± 12*  93 ± 19  52 ± 10  86 ± 10  59 ± 10 
 Iris S  152 ± 19**  77 ± 15  59 ± 12  86 ± 7  71 ± 12 
 Ciliary body I  75 ± 12  52 ± 8*  42 ± 2*  51 ± 8*  82 ± 8 
 Ciliary body S  82 ± 16  47 ± 7**  41 ± 5**  55 ± 9**  105 ± 12 f  

  * P   £  0.05, ** P   £  0.01 
  a Comparison was made with urethane anesthesia (one-way ANOVA, with Dunnett’s test as post-ANOVA test); urethane 
data is from a previously published study  [  53  ]  
  b Inhaled concentration that produced a weak corneal refl ex 
  c Mean arterial blood pressure 
  d Total peripheral resistance 
  e  I  = intact sympathetic nerve supply,  S  = cervical sympathetic nerve sectioned 
  f Denote a signifi cant difference ( P   £  0.05) between the two sides (two-tailed students’  t -test; paired data)  
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choroidal blood vessels. Thus, it seems the effect 
of enfl urane on choroidal vasculature may differ 
between rabbits and cats. Furthermore, the high 
retinal blood fl ow during enfl urane only and the 
decrease in blood fl ow caused by xylazine 
(Fig.  2.7 .) indicate that enfl urane has a vasodila-
tory effect on retinal vessels in the rabbit. The 
inhaled concentrations of enfl urane and halo-
thane in our experiments correspond to 0.7–1.2 
MAC  [  28  ] , which is in the same range as used by 
Roth in cats  [  74,   75  ] .  

    2.5.3   Arterial Blood Gases 

 Differences in arterial oxygen and carbon dioxide 
tension are other factors that could contribute to 
the biological variation. In one of the fi rst micro-
sphere studies on ocular blood fl ow, it was shown 

that hypercapnia increases retinal as well as uveal 
blood fl ows in cats  [  4  ] . By the use of the micro-
sphere technique, choroidal vasodilatation during 
hypercapnia has also been observed in the rabbit 
 [  14  ] . A recent study in the rat, however, indicates 
that the response is different in this species, as 
hypercapnia had no effect on choroidal blood fl ow, 
but hypocapnia decreased blood fl ow  [  91  ] . Retinal 
blood fl ow was decreased by hypocapnia and 
increased by hypercapnia in the rat  [  91  ] . It is well 
known that the arterial oxygen tension signifi -
cantly affects retinal vascular tone; hypoxia caus-
ing vasodilatation and hyperoxia, vasoconstriction. 
The effect on uveal vessels is less or absent, how-
ever  [  26  ] . The number of studies done with micro-
spheres is few, but it has been shown that retinal 
blood fl ow is increased by arterial hypoxia in the 
cat  [  2  ]  and that the effects of hypoxia on uveal 
blood fl ows are minor in the rabbit  [  48  ] . 
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  Fig. 2.8    Uveal vascular resistances under different types 
of inhalation anesthesia in combination with i.v. infusion 
of xylazine (0.2 mg/kg as a bolus dose followed by con-
tinuous infusion of 0.05 mg kg −1  min −1 ) in rabbits. Mean 
values ± SEM are shown ( n  = 6 for halothane;  n  = 7 for 

enfl urane, isofl urane, and sevofl urane; and  n  = 12 for ure-
thane). Comparison was made with urethane anesthesia 
(one-way ANOVA with Dunnett’s test as post-ANOVA 
test) (Data from a previously published study  [  53  ] )       

 



2 Determination of Ocular Blood Flows with the Microsphere Method 43

 It may be worth noting that different anesthe-
sia may affect acid–base balance differently. In 
our experiments done under urethane anesthesia 
in rabbits, base excess (BE) was mostly negative, 
indicating metabolic acidosis. A sodium bicar-
bonate solution was routinely given to adjust BE 
and pH to normal values. In the experiments with 
inhalation anesthetics, BE was mostly positive, 
indicating metabolic alkalosis. Hence, the arterial 
PCO 

2
  was allowed to be slightly higher than nor-

mal (Table  2.5 ), to keep arterial pH closer to 
normal.  

    2.5.4   Other Possible Causes 
for Biological Variability 

 Age, gender, seasonal and hormonal variations, 
and diseases are other factors that could contrib-
ute to biological variability, but the infl uence of 
these factors on the measurements of ocular 
blood fl ows are largely unknown. In most of the 
studies from the Department of Physiology, 
Uppsala University (Table  2.2 ), both sexes of ani-
mals were used, which could have contributed to 
the variability. As regards age, the rabbits were 
mostly about the same age, as they were ordered 
to be a certain weight/age from special breeders. 
For cats and monkeys, there could be a much 
larger variation in age within and between differ-
ent studies. At the time of the earlier studies, 
there was no law on approved breeders of labora-
tory animals in Sweden. As cats therefore could 
be obtained from several different breeders and 
even private persons, their age was largely 
unknown. Similarly, the monkeys were wild-
caught animals of unknown age. There is one 
study for which we know the exact age of every 
animal though. In this study, ocular blood fl ows 
determined in Abyssinian cats with hereditary 
retinal degeneration were compared with blood 
fl ows in normal cats. As the disease progresses 
slowly, we tried to fi nd age-matched controls. 
The results showed that uveal blood fl ows were 
negatively correlated with age in the Abyssinian 
cats, most likely as a result of the progression of 
the disease, but not in the controls. However, the 

age range was narrower (0.5–4.8 years compared 
to 0.9–8.1 years) for the controls and not as 
evenly spread  [  60  ] . Thus, a decrease with age in 
uveal blood fl ow in normal cats cannot be com-
pletely excluded. A decrease in pulsatile ocular 
blood fl ow by age has been observed in humans 
 [  72  ] , and choroidal blood fl ow, measured by 
Laser Doppler fl owmetry, is decreased with age 
in pigeons  [  29  ] . 

 Diseases that had not yet given any clinical 
signs of illness in the animal could also con-
tribute to the biological variation. Over the 
years, it happened on two or three occasions 
that we had to stop doing experiments in rabbit, 
due to respiratory diseases in the animals. The 
rabbits seemed healthy, when sitting in their 
cages, but during the experiments, it was impos-
sible to adjust their acid–base balance to nor-
mal values. Sampling of blood from an ear 
artery, in the conscious animals, revealed respi-
ratory insuffi ciency.   

    2.6   Summary for the Clinician 

 The microsphere method is a reliable method for 
determination of ocular blood fl ows in experi-
mental animals. The advantages with the method 
are: (1) it measures blood fl ow directly, (2) it is 
suitable for measuring blood fl ow in small pieces 
of tissue and in inaccessible tissues, and (3) it 
does not disturb the normal circulation, if the 
experiments are properly designed. Radioactive 
microspheres have been the most commonly used 
type of microsphere for ocular blood fl ow deter-
minations as well as for regional blood fl ow 
determinations in general. Due to the health and 
environmental issues connected with the use of 
radioactive material, the use of radioactive micro-
spheres has declined during the last decade. 
Colored and fl uorescent microspheres have to 
some extent replaced the radioactive ones, but 
these are more labor intensive. A promising new 
development is the use of neutron-activated 
microspheres, which have the same advantages 
as radioactive microspheres but lack the 
disadvantages. 
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 For reliable measurements with the micro-
sphere method, the size and number of micro-
spheres should be optimized for the tissue under 
investigation. In larger species (e.g., rabbit, cat, 
monkey), the most commonly used size and injec-
tion number are 15  m m and 1–2 × 10 6 , which is a 
good compromise if one wants to measure uveal as 
well as retinal blood fl ows and cannot use more 
than one size in an experiment. If retinal blood 
fl ow and/or blood fl ow in the optic nerve head are 
the primary interest, smaller spheres (10  m m) and 
a larger number of spheres are preferred. In smaller 
species (e.g., rat), spheres with a diameter of 
10  m m are recommended for measurement of 
choroidal blood fl ow and 8- m m spheres for retina 
and optic nerve. The “400 spheres/piece of tissue 
rule” is diffi cult to achieve for the retina and ante-
rior uvea, but doing more experiments can com-
pensate for the paucity of microspheres in the 
tissues. Furthermore, biological variation contrib-
utes more to the error in the measurements than 
the paucity of microspheres. Differences in arterial 
blood pressure, anesthesia, and arterial blood gases 
contribute to the variation of reported values on 
ocular blood fl ows. Other factors such as diseases, 
age, gender, and hormonal and seasonal variations 
could contribute to the variation as well.      
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    3.1   Introduction 

 This chapter will describe the technique known 
as laser Doppler fl owmetry and its use in animals. 
Because the technique is based on light, it per-
mits noninvasive measurements of perfusion in a 
tissue that can be illuminated, but perhaps its 
greatest strength is that it provides a continuous 
measurement. However, the technique also has 
signifi cant weaknesses, and it is technically chal-
lenging to use properly. On balance, it has added 
signifi cantly to our knowledge of ocular blood 
fl ow and will likely continue to be a valuable tool 
to increase our understanding of the physiology 
and pathophysiology of the eye.  

    3.2   History 

 Using a prototype optical device, Riva et al. made 
the fi rst laser Doppler measurements in an animal 
eye, starting with blood velocity measurements 
in rabbit retinal arteries in 1972  [  14  ] . This initial 
prototype laser Doppler velocimeter was soon 
refi ned and utilized to measure blood velocity in 
human arteries and veins in 1974  [  27  ] . During 
that study, Doppler spectra were also collected 
from the microcirculation in the optic nerve head, 
but the spectra were not analyzed to obtain blood 
fl ow information. 

 The technique for measuring microcircula-
tory perfusion known as laser Doppler fl ow metry 
arose from a serendipitous series of observations 
in the early 1970s by a young postdoctoral  fellow 
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  Core Messages 

    Laser Doppler fl owmetry (LDF)    pro-• 
vides continuous measurements of tis-
sue perfusion in a relatively small 
sampling volume.  
  LDF readings scale linearly with inde-• 
pendent measurements of blood fl ow, 
but calibration slopes vary from site to 
site due to LDF’s small sampling vol-
ume and normal microcirculation het-
erogeneity, so that LDF readings are 
expressed in arbitrary perfusion units.  
  LDF detects movement and cannot dis-• 
tinguish between moving blood cells 
and tissue or probe movement; hence, 
great care must be taken to prevent non-
blood fl ow-related movement during 
LDF measurements.    
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at NIH named Michael D. Stern  [  19  ] . While 
going through some surplus equipment in his 
mentor’s laboratory, Stern came across an old 
helium-neon laser and wondered if he could 
possibly get some laser Doppler perfusion mea-
surements from his fi nger. He constructed a 
simple system that failed to work, but he noticed 
that the speckle pattern produced when a sta-
tionary laser beam is directed at a static surface 
failed to occur when the laser beam was directed 
at his fi nger. He initially thought the absence of 
the speckle pattern was because he was not able 
to hold his fi nger still but then wondered if light 
scattering within the tissue eliminated the tem-
poral coherence of laser light. This possibility 
was disproved by the distinct speckle pattern he 
obtained when he directed his laser beam at a 
styrofoam cup or a piece of beefsteak and, ulti-
mately, when he directed the beam at his fi nger 
when it was occluded with a rubber band. As 
Stern later recounted to A.P. Shepherd, “if the 
naked eye could see the effect of blood fl ow on 
the scattered light, it should be easy to measure 
it with the right hardware”  [  19  ] . It was not easy, 
but Stern persevered and developed prototype 
systems  [  24–  26  ]  that gave rise to the Bonner-
Nossal theory of coherent light scattering in per-
fused tissue  [  1,   2  ]  and the commercial laser 
Doppler fl owmeters now available (Fig   .  3.1 ).  

 Ocular blood fl ow researchers have two types 
of laser Doppler fl owmeters at their disposal – 
the systems that use optics to focus the laser beam 
through the cornea and sample a portion of the 

light scattered by the illuminated tissue and the 
systems that use fi ber optics to send and retrieve 
the light. The optical fl owmeters were designed 
specifi cally for the eye and permit noninvasive 
measurements of iris and fundus sites in humans 
and animals. The fi ber optic design is utilized by 
most commercial LDF instruments and is most 
often used for measurements on exposed tissue 
surfaces such as skin. With the proper fi ber optic 
probe confi guration and light wavelength, mea-
surements can be made through the sclera to 
assess underlying ocular tissues, or a needle 
probe can be inserted into the eye with the tip 
directed at the tissue of interest; eye measure-
ments with the fi ber optic instruments are almost 
exclusively done in animals.  

    3.3   Theory 

 A full-fl edged treatment of the theoretical under-
pinnings of laser Doppler fl owmetry is beyond 
the scope of this chapter, and the interested reader 
is directed to the original Bonner–Nossal paper 
 [  1  ]  and the excellent textbook by Shepherd and 
Öberg for further details  [  21  ] . However, some of 
the more salient aspects of laser light scattering 
in perfused tissue are important for understand-
ing the advantages and limitations of the tech-
nique and will be addressed briefl y. 

 Photons directed from a laser into a nonper-
fused tissue or static light scattering medium 

Paper Styrofoam Perfused nailbed Occluded nailbed

  Fig. 3.1    Laser speckle pattern produced by the probe of a 
fi ber optic laser Doppler fl owmeter. The speckle pattern 
visible on and in static materials disappears in a perfused 
tissue but reappears when the tissue is unperfused. These 
observations fi rst suggested the possibility that the 
Doppler effect on moving blood cells could be used to 

measure tissue perfusion (Green laser is part of a custom-
ized Perimed fl owmeter system the authors used to mea-
sure perfusion at different depths. The “nail bed” locations 
are the base of the fi ngernail on the author’s index fi nger 
without and with a rubber band tourniquet at the fi rst 
knuckle)       
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travel in a straight line until they are defl ected 
and randomly scattered by the stationary struc-
tural matrix. As shown in Fig.  3.2 , the majority 
of the photons scatter away from their point of 
entry into the matrix, but a fraction of the pho tons 
return back toward their point of entry. Current 
optical and fi ber optic-based laser Doppler 

 fl owmeters collect some of the photons scattered 
back toward their point of entry and convey them 
to a photodetector. (The distance between the 
point of photon entry and collection is a determi-
nant of the measurement depth, as will be dis-
cussed later.) The different path lengths traveled 
by the photons do not alter their frequency or 
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  Fig. 3.2    Monochromatic light scattered within a static 
structure and perfused tissue. Photons scattered by non-
moving structures undergo no Doppler shift in frequency, 
and so those collected by a receiving fi ber generate no 
beat frequencies on a photodetector and no broadening 
of the frequency spectrum of the light collected. In a 
 perfused tissue, photons are scattered by moving blood 
cells and static tissue components, producing a mix of 

frequency-shifted and unshifted photons that generate 
beat frequencies on a photodetector proportional to the 
Doppler broadening of the frequency spectrum of the col-
lected light (Measurements done with Perimed PF2b 
which provides an analog output of the photodetector 
voltage that was recorded on a PowerLab digital data 
acquisition system for off-line spectral analysis)       
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wavelength but do produce the positive and nega-
tive wave interference that generates the speckle 
pattern we perceive with our eyes  [  11  ] . At a pho-
todetector, a static speckle pattern generates a 
relatively stable DC signal proportional to the 
light intensity (Fig.  3.2 ).  

 Something different happens if there are mov-
ing particles passing through the stationary 
matrix, such as occurs with red blood cells pass-
ing through a perfused tissue like a nail bed. In 
this situation, the photons encountering moving 
particles undergo a Doppler shift in frequency 
proportional to the particle velocities and scatter-
ing angles. The Doppler shifting and consequent 
loss of the original common wavelength diminish 
the wave interference that gives rise to the speckle 
pattern. Instead, both visually and as detected 
with a photodetector, the mixing of photons with 
different frequencies generates a blurred image 
and a complex photodector signal composed of 
beat frequencies proportional to the frequency 
difference between the unshifted photons and 
those shifted by interaction with the moving 

 particles (Fig.  3.2 ). Fourier analysis of the 
 photodetector output reveals a Doppler-broadened 
frequency spectrum refl ecting the range of veloc-
ity vectors encountered by the collected photons. 
By contrast, Fourier analysis of the photodetector 
signal generated by photons collected from a sta-
tionary matrix shows no spectral amplitude 
beyond the inherent “shot noise” of the photode-
tector (Fig.  3.2 ). 

 It is this spectral broadening of the photode-
tector signal from laser light collected from a 
perfused tissue that is the basis of laser Doppler 
fl owmetry. From this spectrum, it is possible to 
derive the average velocity of the moving par-
ticles and the number of moving particles, the 
product of which is the red blood cell fl ux 
within the volume of tissue sampled. With appro-
priately fast signal processing, laser Doppler 
fl owmeters provide essentially continuous mea-
surements, which is one of the technique’s pri-
mary strengths. In tissues like the nail bed or 
the retina and optic nerve head, the vascular 
density is low and the range of red blood cell 
velocities relatively small, so the Doppler-
broad ened spectrum from these tissues is nar-
row (i.e., there are few Doppler-shifted 
fre quencies greater than 1–2 kHz). However, as 
Fig.  3.3  shows, in a highly perfused tissue like 
the choroid, the Doppler-broadened spectrum 
extends to much higher frequencies, refl ecting 
the higher velocity and greater number of mov-
ing red blood cells in the sampled tissue volume 
(i.e., Doppler-shifted frequencies as high as 
20 kHz are not uncommon).   

    3.4   Validation 

 The most important requirement of any new 
technique claiming to measure blood fl ow is that 
its measurements agree with those of an estab-
lished technique. For fl ow in an accessible artery 
or vein, the ultimate measurement gold standard 
is a beaker and stopwatch, which allow timed 
collection of blood effl ux when the vessel is 
severed. Those volumetric measurements (e.g., 
ml/min) are used to calibrate the voltage signal 
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  Fig. 3.3    Doppler-broadened frequency spectra collected 
with a fi ber optic fl owmeter from one site on the choroid 
of an anesthetized rabbit before and after euthanasia. In 
a highly perfused tissue like the choroid, the higher 
blood cell velocities can extend the frequency spectra to 
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generated by extravascular probes that transduce 
the passage of blood through the probe’s sam-
pling  volume by detecting the fl ow-dependent 
change in energy emitted by the probe (e.g., an 
electromagnetic fi eld in electromagnetic fl ow-
meter or an ultrasound beam in transit time 
fl owmeters). These relatively direct methods are 
useful for measuring cardiac output with a probe 
on the aorta, regional blood fl ow in a tissue sup-
plied by a major artery (e.g., cerebral blood fl ow 
with a probe on the common carotid artery), or 
blood fl ow to an organ supplied by a single 
artery (e.g., renal blood fl ow with a probe on the 
renal artery). In the latter case, the postmortem 
organ weight can be used to calculate the blood 
fl ow normalized to a standard tissue weight 
(e.g., ml/min/g). Less direct but well-established 
techniques such as venous occlusion plethys-
mography, the reference sample microsphere 
entrapment technique, and the clearance of inert 
gases or tracers are used in more complex situa-
tions where a direct technique is inappropriate 
(e.g., a heterogeneous tissue in which the fl ow 
distribution between tissue layers or regions is 
needed). 

 These direct and indirect approaches were 
used to validate the various laser Doppler fl ow-
meters that became commercially available in 
the mid-1980s. In a wide variety of tissues, a 
strong linear correlation was found consistently 
between fl ux measurements with laser Doppler 
fl owmeters and measurements of tissue or organ 
blood fl ow with established techniques. A sam-
pling of those validation results is shown in 
Fig.  3.4 .   

    3.5   Calibration 

 Although laser Doppler fl owmetry measurements 
scale linearly with those of established tech-
niques, a universal calibration constant to convert 
fl ux readings into volumetric fl ow units does not 
exist between tissues (i.e., a 1-V fl ux signal on a 
kidney and a liver does not correspond consis-
tently to similar renal and hepatic volumetric 

blood fl ows), nor between the same organ in dif-
ferent subjects, or even in the same organ from 
one site to the next  [  11  ] . The reason for the vari-
ability between measurement sites is not known 
with certainty, but it is likely due to the normal 
tissue variations in vessel density and spatial 
organization as well as variations in tissue light 
scattering and light absorption. As discussed 
below, the volume of tissue sampled with typical 
fi ber optic probes and light wavelengths is 
approximately 1 mm 3 , and so the technique is 
inherently sensitive to local variations in tissue 
structure. Strategies to minimize site-dependent 
variations include averaging readings from mul-
tiple sites or using probes with additional collect-
ing fi bers around the transmitting fi ber; however, 
the technique is most reliable when used to moni-
tor the acute response to a perturbation (e.g., a 
change in perfusion pressure or administration of 
a drug) while continuously monitoring a single 
site. If laser Doppler fl owmetry measurements 
need to be made during more than one session, 
great care needs to be taken to insure the same 
site is measured each time. Caution is also needed 
when comparing fl ux readings at the same site 
before and after tissue remodeling is likely to 
have occurred due to the passage of time, disease, 
or treatment (Fig.  3.5 ).  

 Although volumetric calibration is not possi-
ble, commercial fi ber optic-based laser Doppler 
fl owmeters use a two-point calibration procedure 
to insure that all fl owmeters made by a given 
manufacturer have the same gain and no zero off-
set. This is accomplished by setting the fl owme-
ter to read zero when the probe is measuring a 
standardized solid scattering structure (e.g., an 
opaque plastic cylinder as in Fig.  3.2 ) and to read 
a particular fl ux value (e.g., 250 perfusion units 
for Perimed fl owmeters) when the probe is mea-
suring a standardized suspension of small parti-
cles at a fi xed concentration and specifi ed 
temperature such that the Brownian motion of the 
particles generates a universal reference Doppler-
broadened frequency spectrum  [  11  ] . The two-
point calibration helps to insure that measurement 
differences between fl owmeters are not fl owme-
ter-related.  



J.W. Kiel and H.A. Reitsamer 54

400

300

200

100

0
0 42 86 1210

200

150

100

50

0

180.0
150.0
120.0

90.0
60.0
30.0

0.0

2.0

1.5

1.0

0.5

0.0

r = 0.94

Laser Doppler flowmeter (V)

1 min

P
er

fu
si

on
 P

re
ss

ur
e

(m
m

 H
g)

T
ot

al
B

lo
od

 F
lo

w
(m

l/m
in

/1
00

g)

T
S

I m
uc

os
al

bl
oo

d 
flo

w
(V

)

Renal Blood Flow
(ml/min /g kwt)

Stomach

H
yd

ro
ge

n 
cl

ea
ra

nc
e 

(m
l/m

in
/1

00
g)

3.30

2.64

1.98

1.32

0.66

0.00
0 42 86 10

LDF = .44RBF + .193
n = 89,13 rats
r = .91

La
se

r 
D

op
pl

er
 fl

ow
 s

ig
na

l
(V

)

1.5

1.0

0.5

0
0 4 8 12 16

FBF, ml/100 ml × min

LDF, V

20

16

12

8

4

0
0.00 0.080.04 0.160.12

Cremaster Blood Flow
ml/min/gm wt

La
se

r 
D

op
pl

er
 fl

ow

LDF = 132CrBF+0.5
r = 0.95
n = 13

1.5

1.0

0.5

0.0
0 100 200

Total blood flow (ml/min/100g)

M
uc

os
al

 b
lo

od
 fl

ow
(V

)

y = 0.017 + 0.0088×
r = 0.99

  Fig. 3.4    Sampling of results from validation studies in vari-
ous tissues showing linear correlation between laser Doppler 
fl owmeter measurements and measurements by established 
techniques ( Top : isolated canine stomach preparation with 
mucosal perfusion measured with a TSI fl owmeter and total 
blood fl ow measured with an electromagnetic fl owmeter  [  6  ] ; 
 Middle left : rat renal cortex perfusion measured with a 
Perimed PF1 and total renal blood fl ow measured with an 
electromagnetic fl owmeter  [  18  ]  © Shepherd A, Öberg P 

(1990) Laser Doppler Blood Flowmetry. Kluwer Academic 
Publishers, USA;  middle right : human forearm skin perfusion 
measured with a Perimed PF1c and total forearm blood fl ow 
measured by plethysmography  [  5  ] ;  bottom left : rat skeletal 
muscle perfusion measured with a Perimed PF1d and total 
muscle blood fl ow measured with radioactive microspheres 
 [  23  ] ;  bottom right : isolated canine stomach preparation with 
mucosal blood fl ow measured with a combined laser Doppler 
and hydrogen clearance probe  [  3  ] )        
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    3.6   Zero Offset 

 The zero reading with laser Doppler fl owmeters 
is more complicated than it might seem. All 
photodetectors generate a small amount of elec-
trical noise that contributes to the Doppler-
broadened frequency spectra. To eliminate this 
contribution, a low-frequency cutoff fi lter is 
applied (e.g., 20 Hz in the Perimed PF-4000 and 
PF-5000). This low-frequency cutoff does not 
eliminate Doppler shifts imparted by relative 
motion of the probe and the zeroing object dur-
ing the two-point calibration; hence, it is imper-
ative that all motion artifacts be avoided during 
the zeroing procedure. The elimination of 
motion artifacts is more diffi cult when measur-
ing in live tissue under no-fl ow conditions such 
as in a nail bed during brachial artery occlusion 
in humans or in the choroid when IOP is raised 
above systolic blood pressure in anesthetized 
animals. Under such conditions, the fl ux reading 
approaches but often does not reach zero due to 
slight movement of the measurement site origi-
nating from the subject (e.g., respiratory move-
ment, cardiac pulse, and muscle fasciculations) 
or within the site (e.g., Brownian motion or set-
tling of trapped red blood cells and vasomotion) 
or the environment (e.g., building or laboratory 
vibrations). However, in acute animal experi-
ments, when the animal is euthanized, it is pos-
sible to verify that the fl ux goes to zero at death 
or, if not, to identify and eliminate any nonbio-
logic sources of motion or vibration. In some 
circumstances when it is not possible to elimi-
nate motion artifacts, some fl owmeters allow 
the lower-frequency cutoff to be set higher, 
which minimizes the motion artifact contribu-
tion to the analyzed spectrum but also eliminates 
the contribution from slower-moving red blood 
cells, thereby causing a falsely high fl ux reading 
 [  17  ]  (Fig.  3.6 ).  

 One device that was marketed as a laser 
Doppler fl owmeter was the Heidelberg retinal 
fl owmeter. The device was a modifi cation of a 
scanning laser ophthalmoscope, and it should 
have worked in theory. Unfortunately, as shown 
in Fig.  3.7 , it had a large variable zero offset that 
was evident in measurements of static objects, 
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  Fig. 3.5    Linear but variable slopes relating simultaneous 
laser Doppler fl owmetry measurements and other tech-
niques precludes calibration. At a given total blood fl ow, 
moving the probe from one site to another on many tissues 
gives different readings likely due to the technique’s small 
sampling volume and normal variations in tissue structure 
and vascular organization ( Top : isolated canine stomach 
preparation with mucosal perfusion measured with a 
TSI fl owmeter and total blood fl ow measured with an 
electromagnetic fl owmeter  [  22  ] ;  Middle : rat liver mucosal 
perfusion measured with a TSI fl owmeter and total blood 
fl ow measured with an electromagnetic fl owmeter  [  22  ] ; 
 Bottom : human forearm skin perfusion measured with a 
Perimed PF1c and total forearm blood fl ow measured by 
plethysmography  [  5  ] )       

 



J.W. Kiel and H.A. Reitsamer 56

ham, and dead rabbit eyes  [  28  ] . Moreover, as 
Fig.  3.8  shows, it failed to detect any change in 
retinal perfusion after complete obstruction to the 
central retinal artery in rats  [  29  ] . The device is no 
longer marketed.    

    3.7   Effects of Oxygen 

 A potential problem with laser Doppler fl owme-
try that was dispelled early in its development is 
the sensitivity to changes in blood oxygenation 
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  Fig. 3.6    Lack    of zero offset in cat and rabbit choroid at 
euthanasia.  Left panel : the trace and inset graph show the 
drop in blood pressure and choroidal fl ux falling to zero in 
an anesthetized cat given an overdose of pentobarbital, and 
the  bottom graph  shows the linear fall in choroidal fl ux to 
zero as perfusion pressure falls during euthanasia in 14 
cats  [  16  ] .  Right panel : trace shows that a similar parallel 

fall in blood pressure and choroidal fl ux occurs in an anes-
thetized rabbit given an overdose of pentobarbital (authors’ 
unpublished observation). The cat choroidal measurements 
were made with a modifi ed fundus camera using a 
Vasomedics BPM 403A for signal processing, while the 
rabbit choroidal measurements were made with an intrav-
itreal fi ber optic probe and a Perimed PF-4000       

 



3 Laser Doppler Flowmetry in Animals 57

Delrin
disk

Sandwich
ham

Dead
rabbit
fundus

  Fig. 3.7    Zero offset in HRF 
measurements of static objects, 
lunch meat, and fundus of a 
dead rabbit. “Flow” readings in 
live rabbit fundus scans ranged 
from 200 to 700 perfusion 
units, but postmortem fl ow 
readings in the same rabbits 
ranged from 150 to 350 
perfusion units from one 
location to another  [  28  ]        
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 [  10,   22  ] . Assuming the tissue is otherwise 
motionless, red blood cell movement is the domi-
nant movement in a perfused tissue. The shape 
of a moving red blood cell infl uences the defl ec-
tion angle and consequently the Doppler fre-
quency shift imparted to any photon it encounters. 
The shape of a red blood cell is, in turn, infl u-
enced by its hemoglobin binding with oxygen, 
and so blood oxygen levels could infl uence the 
fl ux measurement. Moreover, the light wave-
lengths used in laser Doppler fl owmeters are not 
isobestic for hemoglobin, and so changes in 
hemoglobin oxygen saturation could alter light 
absorption and affect the fl ux measurement as 
well. However, Fig.  3.9  shows that tests with red 
blood cell suspensions equilibrated over a wide 
range of oxygen partial pressure reveal only a 
slight effect (i.e., <5%) on fl owmeters using 
He-Ne lasers (632.8-nm wavelength) and almost 
no effect on fl owmeters using infrared lasers 
(780-nm wavelength).   

    3.8   Effect of Laser Light on Vessel 
Reactivity 

 Although low-power lasers (<2 mW) are used in 
laser Doppler fl owmeters, the potential for a 
direct effect of laser light on vessel reactivity was 
an early concern. However, this concern was mit-
igated by experiments with a hamster cremaster 
muscle preparation in which arterioles exposed 
to light from a 10-mW He-Ne laser or from a 

3-mW infrared laser diode failed to alter vessel 
diameter  [  22  ] .  

    3.9   Measurement Depth 
and Sampling Volume 

 The measurement depth for laser Doppler fl ow-
metry is ill-defi ned, and this has been a source of 
confusion and controversy since the technique’s 
inception. The confusion was exacerbated in the 
early years because fl owmeters used He-Ne lasers 
that emit a beautiful red light, and it was easy to 
see that the light penetrated to a considerable 
depth in most tissues. When fl owmeters switched 
to infrared laser diodes and the light penetration 
in tissue was no longer visible, users became 
more inclined to accept the theoretical arguments 
for a much more shallow measurement depth. For 
many users, the misunderstanding arose from 
assuming that the photon penetration they could 
see equated to measurement depth, when in fact 
any photon they could see had escaped capture 
by the collecting fi ber and could not have contrib-
uted to the fl ux measurement. Indeed, as Fig.  3.10  
shows, the majority of the photons emitted into a 
scattering medium or tissue disperse away from 
the point of entry, and only a small fraction of the 
photons are scattered such that they travel in the 
vicinity of the entry point where they can enter 
the adjacent collecting fi ber. Mathematical mod-
els indicate that photons with shorter scattering 
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paths have higher probabilities of being caught 
by the adjacent collecting fi ber and that those 
probabilities diminish signifi cantly at depths 
beyond 500–1,000  m m for many tissues when 
measured with typical wavelengths and fi ber sep-
arations  [  1,   2,   20  ] .  

 Figure  3.11  presents some empirical evidence 
supporting a measurement depth less than 
approximately 1 mm. An early controversy in 
laser Doppler fl owmetry was whether the tech-
nique measured through the entire gastric or 
intestinal wall or was the measurement depth suf-
fi ciently shallow to detect blood fl ow changes 
only in the mucosa or muscularis if the probe 
were placed on that side. Unique fl ow responses 
that could only be detected from one side or the 
other of the gut wall indicted that the measure-
ment depth had to be less than the wall thickness 
 [  6,   20  ] , and this was confi rmed by placing an 
unperfused piece of mucosa (approximately 
1 mm thick) between the fi ber optic probe and the 
perfused mucosa of an isolated canine stomach 
preparation  [  8  ] . The interposed unperfused tissue 
eliminated the baseline fl ux signal and attenuated 
the reactive hyperemic response to a brief period 
of ischemia. A similar experiment was done to 
confi rm that the measurement depth is suffi cient 

to measure through the rabbit sclera and detect 
blood fl ow changes in underlying tissues like the 
ciliary body and anterior choroid. In this case, a 
layer of sclera (approximately 300  m m thick) har-
vested from the fellow eye was placed between 
the probe and the anterior sclera over the ciliary 
body in the intact eye, and although the fl ux sig-
nal was attenuated, it still registered fl ux changes 
in response to changing the ocular perfusion pres-
sure by occluding the vena cava  [  9  ] . These results 
are consistent with a measurement depth between 
500 and 1,000  m m.  

 For eye blood fl ow researchers, the measure-
ment depth estimate of <1 mm is problematic 
since tissues of interest like the optic nerve head 
and the retina-choroid are stratifi ed into compar-
atively thinner layers, and so it is unclear which 
layers contribute how much to the measurement. 
For some studies, it is possible to avoid the issue 
by choosing the right animal model. For example, 
for choroidal blood fl ow studies, an animal with 
an avascular fovea (e.g., primates) or a relatively 
avascular retina (e.g., rabbit or guinea pig) can 
be used to eliminate Doppler shifts from blood 
cells moving in the retinal circulation, which 
are otherwise a problem for optic systems work-
ing through the cornea and for intravitreal or 

  Fig. 3.10    Explanation for why laser Doppler fl owmetry 
measurement depth is more shallow than the depth of 
photon penetration. In this example, green photons are 
delivered via the sending fi ber of a typical fi ber optic 
probe to a uniform scattering medium (i.e., a vial of dilute 
coffee creamer) where the photons diffuse a considerable 
distance away from the point of entry. In the  middle  
photo, a red laser is connected to the receiving fi ber to 
show that it is adjacent to the sending fi ber (typical fi ber 
separation is 250  m m). Most of the green photons deliv-
ered do not take the short scattering path that leads back 
to the collecting fi ber adjacent to the entry point and so 

could not contribute to an analyzed frequency spectrum. 
In other words, any photon that can be seen after leaving 
the sending fi ber has obviously escaped capture by the 
receiving fi ber. The  right  photo shows the nail view of a 
thumb illuminated from the opposite side with a He-Ne 
laser via a standard fi ber optic probe. Although a large 
volume of tissue is illuminated, the light that can be seen 
(i.e., the photons captured by the camera) is not captured 
by the receiving fi ber and so does not contribute to the 
measurement; it is only the photons that travel less than 
500–1,000  m m into the tissue that have a reasonable 
chance of returning to the receiving fi ber       
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 transscleral fi ber optic probes. In animals with a 
retinal circulation such as cats, Riva et al.  [  16  ]  
made a cogent argument that “the contribution of 
the retinal RBCs [red blood cells] should be about 
one-eighth that of the choroicapillaris RBCs” 
based on anatomical grounds. Consistent with 
this proposal, optical measurements through the 
cornea to the peripheral retina in humans during 
hyperoxia-induced retinal vasoconstriction were 
dominated by the choroidal contribution, which 

is unresponsive to hyperoxia, leading the authors 
to conclude that the optical fl owmeter employed 
(Oculix 4000) cannot be used to measure retinal 
capillary blood fl ow  [  13  ] . 

 The ambiguous measurement depth in the 
optic nerve head makes those measurements dif-
fi cult to interpret as well since the deeper layers 
are supplied from the short posterior ciliary arter-
ies and choroid and the more superfi cial layers 
are supplied by the retinal circulation. If the 
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  Fig. 3.11    Examples of experiments indicating a mea-
surement depth <1 mm. ( a ) Experimental trace of total 
blood fl ow and mucosal fl ux measured with a prototype 
laser Doppler fl owmeter in an autoperfused, isolated 
canine stomach preparation. The initial 90-s occlusion of 
the supply artery elicits the typical reactive hyperemic 
response in total blood fl ow and mucosal perfusion. 
Placing a layer of unperfused mucosa between the fi ber 
optic probe and the perfused mucosa blocked the baseline 
mucosal signal and attenuated the peak of the second 
reactive hyperemia. The thickness of the unperfused 
mucosa was approximately 1 mm  [  8  ] . ( b ) Experimental 

trace of perfusion pressure ( ΔP  = arterial pressure minus 
intraocular pressure) and fl ux measured with a Perimed 
PF-4000 through the sclera over the ciliary body in an 
anesthetized rabbit.  Left  and  right panels  show responses 
to similar occlusions of the vena cava to lower blood pres-
sure ( up  and  down arrows  indicate start and stop of caval 
occlusions), while the fl ux was measured without and 
with a layer of unperfused sclera (approximately 300  m m 
thick) interposed between the probe and eye. Measuring 
through two layers of sclera attenuated but did not elimi-
nate the fl ux signal  [  9  ]        
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 measurement depth is 500–1,000  m m, it should 
be suffi cient to measure in both layers, and indi-
rect evidence suggests that is the case  [  4,   15  ] . 
However, in a primate model, the optic nerve 
head fl ux failed to decrease when the posterior 
ciliary arteries were disrupted, although the fl ux 
decreased with central retinal artery occlusion 
and more so when both supply sources were dis-
rupted  [  12  ] . These results suggest that most of 
the Doppler-shifted photons were captured from 
the superfi cial layer of the optic nerve head. 
However, the role of collateral contributions to 
the fl ux signal is diffi cult to assess in this model. 
Moreover, to avoid inclusion of large vessels, the 
distance between the incident beam and the col-
lection region was small, which favors a more 
shallow measurement. Thus, the measurement 
depth in the optic nerve head remains unclear.  

    3.10   Caveats 

 Although the signal processing in laser Doppler 
fl owmeters compensates for small changes in the 
amount of light returned to the photodetector 
 [  21  ] , large changes in collected light alter the DC 
voltage and can affect the fl ux measurement. This 
most often occurs when the distance between the 
probe and the tissue changes (Fig.  3.12 ), which in 
turn changes the volume of tissue sampled as 
well as the calculation of the number of moving 
particles, which is derived from the ratio of the 
AC to DC voltage. Consequently, it is important 
to maintain the distance from probe to tissue con-
stant, which can be verifi ed by monitoring the 
DC signal  [  7  ] . From a practical standpoint, this 
means that the probe cannot be held with a fi xed 
manipulator but must be adjusted as needed or 
held with a device that maintains continual probe-
tissue contact with a consistent force. The authors 
use a modifi ed record player tonearm for ciliary 
blood fl ow measurements, while skin blood fl ow 
measurements are usually made with the probe 
held to the tissue with an adhesive plastic disk. A 
fi xed manipulator holding the probe in contact 
with the tissue is also problematic if the tissue 
moves, since movement toward the probe will 

occlude the underlying vessels and movement 
away from the probe will relieve any baseline 
pressure on the underlying vessels. Viewed with 
an operating microscope, it is evident that the eye 
moves slightly with each cardiac and respiratory 
cycle, and large changes in systemic blood pres-
sure, as occur with systemic drug administration, 
move the eye to a greater extent.  

 Monitoring the DC voltage can also be used 
to insure the probe remains at the same location. 
As noted earlier, the fl ux changes as the probe is 
moved from one location to another on a tissue, 
and this can be a problem if measurements are 
needed for different measuring sessions since 
the original site must be relocated. However, this 
can also be useful for selecting a measurement 
site if the anatomy and fl ow characteristics under 
the probe are known, as in the case of transcleral 
measurements of the anterior structures of the 
eye which have a distinct fl ux profi le as the probe 
is moved posteriorly from the limbus (Fig.  3.13 ) 
 [  9  ] . Once a site is selected though, it is impera-
tive that the probe remain at the same location, 
since a slight movement of the probe away from 
the original site may give a very different fl ux 
reading derived from a different tissue. Often, 
but not always, a new site has different light scat-
tering properties revealed by a change in the DC, 
which can prompt reverifi cation of the probe 
location. The authors’ record player tonearm 
probe holder helps to maintain a constant probe 
position.  
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the retinal surface in an anesthetized rabbit with tissue 
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 Finally, the greatest virtue and weakness of 
laser Doppler fl owmetry is that it is an exquisitely 
sensitive motion detector. It cannot distinguish 
between Doppler shifts caused by moving blood 
cells and motion artifacts, and so it is the user’s 

responsibility to eliminate all non-blood fl ow-
related movement to insure valid fl ux mea-
surements. In experiments with anesthetized 
animals, this can be achieved by pharmacologi-
cally  paralyzing the animal to eliminate saccadic 
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eye movement and blinks (which requires respir-
ing the animal with a ventilator and regular cor-
neal hydration to prevent desiccation) and placing 
the head in stereotaxic device to prevent trans-
mission of respiratory movements to the head. 
The table or platform on which the animal is 
placed must also be isolated from all sources of 
vibration such as the respirator or equipment with 
cooling fans (e.g., the fl owmeter) or moving parts 
(e.g., a capnograph). Euthanizing an animal and 
verifying that the fl ux goes to zero is the best way 
to insure that all extraneous movements have 
been eliminated in an experimental setup.      
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        4.1   Introduction 

 Measurements of oxygen    partial pressure (PO 
2
 ) 

and blood oxygen saturation (SO 
2
 ) are not equiva-

lent to measurements of blood fl ow, but, on a 
moment-to-moment basis, the most critical job of 
the circulation in most organs is the delivery of 
oxygen. One of the important reasons for studying 
blood fl ow in the fi rst place is the hope that it will 
be a surrogate for tissue metabolism and the condi-
tion of the tissue, but the ability to understand nor-
mal physiology or pathophysiology on the basis of 
blood fl ow measurements alone is limited. 
Coupling blood fl ow measurements with blood 
oxygen saturation measurements provides more 
information about retinal metabolism, as discussed 
further below. Tissue oxygen measurements on 
their own, without simultaneous blood fl ow mea-
surements, show the result of what the circulation 
provides to the cells. Information about oxygen is 
therefore critical to an understanding of the perfor-
mance of the retinal and choroidal circulations 
under physiological and pathological conditions. 

 For the purposes of oxygen supply and metab-
olism, the retina is best thought of as two separate 
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  Core Messages 

    Retinal oxygen measurements in ani-• 
mals and humans, made with several 
techniques, provide information about 
the effectiveness of the circulation in 
meeting the metabolic demands of the 
retina.  
  Under normal conditions, PO • 

2 
 in the 

outer retina of cats and monkeys varies 
from a high of about 50 mmHg at the 
choriocapillaris to a low of 5 mmHg or 
less around the photoreceptor inner 
segments.  
  PO • 

2 
 in the inner retina averages about 

20 mmHg, but is heterogeneous.  
  Hyperoxia dramatically increases PO • 

2 
 

in the outer retina.  Increases in the inner 
retina are much smaller.  Hypercapnia 
makes all these changes larger.  
  Light decreases oxygen utilization in • 
the outer retina by as much as a factor of 
two, and increases PO 

2 
. Steady light 

does not change the metabolism of the 
inner retina, but fl ickering light can 
increase it relative to darkness.  

  Hypoxemia, retinal vascular occlusions, • 
retinal detachment, and later stages of 
diabetic retinopathy all lead to decreased 
retinal PO 

2 
. Changes glaucoma and early 

diabetic retinopathy are uncertain.    
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organs, the inner retina and the outer retina, which 
are about equal in thickness. The oxygen supply 
of the inner retina shares many properties with 
that of the brain, but has unusual aspects because 
of the proximity of the vitreous, the leakiness of 
the arterioles to oxygen, and the interaction 
between the retinal and choroidal circulations in 
providing oxygen under certain conditions. The 
oxygen supply to the outer retina (RPE and pho-
toreceptors) is unlike that of any other organ, 
because its main supply, the choroid, is quite 
unusual and because the metabolically demand-
ing photoreceptors are in an avascular layer. 

 Work on the role of altered oxygenation in 
retinal diseases began in the 1950s by Ashton 
 [  24,   26  ]  and Patz  [  144,   145  ]  for retinopathy of 
prematurity and arterial occlusion, and the fi rst 
important measurements of oxygen in the eye of 
animals were made in the early 1970s by Alm 
and Bill  [  14,   16  ] . Since these publications, there 
has been a steady stream of work so that good 
descriptions of many phenomena, both physio-
logical and pathophysiological, can be given, and 
several reviews have appeared focusing on differ-
ent aspects of oxygen measurement, oxygen sup-
ply, and oxidative metabolism  [  23,   92,   113,   188, 
  189,   205,   229  ] . This section will discuss the sev-
eral ways in which oxygen measurements are 
made in animals, explain basic physiological 
properties of retinal and optic nerve head oxy-
genation, and relate these to pathophysiology.  

    4.2   Measurements of PO 
2
  

and Saturation 

 The importance of oxygen in the eye has stimu-
lated the development of several methods of 
 measurement, each of which has both advantages 
and disadvantages  [  92,   205,   229  ] . The methods 
 discussed here are (1) oxygen electrodes, (2) his-
tology with Hypoxyprobe, (3) magnetic    reso-
nance imaging, (4) phosphorescent dyes, and (5) 
refl ection oximetry or spectrophotometry. These 
are all used in vivo, sometimes in conjunction 
with measurements of blood fl ow. For under-
standing the use of oxygen in the retina, in vitro 
measurements have also proven to be important 

and usually involve the use of oxygen electrodes, 
although not always microelectrodes. 

    4.2.1   Oxygen Electrodes 

 Oxygen-sensitive electrodes work on the same prin-
ciple as those in blood gas machines, that is, pola-
rography. When a noble metal such as gold or 
platinum is polarized at about −0.7 V with respect 
to a reference electrode, it becomes a cathode at 
which oxygen is chemically reduced  [  45,   209  ] .
Nothing besides oxygen is reduced in tissue, and the 
electrode is selective for oxygen, unlike the situa-
tion when an electrode is polarized at a positive 
potential and can generate various oxidation prod-
ucts. The reduction of oxygen generates a current 
proportional to the oxygen tension (PO 

2
 ) in the 

medium, which could be as little as a few picoamps 
or as much as a few nanoamps, depending on the 
size of the cathode. While these electrodes consume 
oxygen, for microelectrodes, it is a small amount 
that does not substantially change the oxygenation 
of the tissue. If the stoichiometry at the cathode is 
O 

2
  + 4e −  + 2H 

2
 O → 4OH −   [  45  ]  and the microelec-

trode produces 6 pA of current, a typical value in the 
inner retina, then making simple unit conversions 
allows one to show that the electrode uses the same 
amount of oxygen as a region 5  m m in radius that 
has an oxygen consumption of 4 ml O 

2
 -100 g −1 -

min −1 , also a typical value for inner retina. That is, 
the electrode simply acts like one more cell in the 
retina. Oxygen electrodes of different types have 
been used in the vitreous humor (e.g.,  [  12,   16,   64, 
  158,   224  ] ), the retina (e.g.,  [  6,   37,   116,   156,   227  ] ), 
and the optic nerve head (e.g.,  [  3,   63,   104,   107,   136, 
  148,   188  ] ). For intraretinal measurements, there is 
an advantage in using double-barreled microelec-
trodes, in which one barrel is an oxygen cathode 
and the other measures voltage (Fig.  4.1 ). The volt-
age barrel records the intraretinal electroretinogram, 
which indicates the physiological state of the retina 
and the quality of the electrode penetration. 
However, to the extent that it can be determined, 
single-barreled microelectrodes (i.e., without a volt-
age barrel) give similar intraretinal measurements.  

 A calibration (i.e., current vs. PO 
2
 ) must be 

obtained for each electrode, and investigators must 
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assume that the calibration done in vitro applies 
in vivo. The microenvironment may be slightly dif-
ferent in the eye than in the calibration system in 
terms of temperature and diffusion properties, how-
ever, so PO 

2
 s obtained in this way should be con-

sidered good approximations rather than exact 
values. One can have more confi dence in differ-
ences between two situations (e.g., light and dark) 
in the same animal than in those that rely on com-
paring measurements across animals. However, 
sometimes, there is no alternative to drawing con-
clusions from interanimal comparisons. Absolute 
measurements can be made with Clark-type oxy-
gen electrodes, which have both the anode and 
cathode in the same environment under a gas-per-
meable membrane, but these are larger and can 
only be used in the vitreous humor. 

 Outweighing the disadvantages of microelec-
trodes for measurements in animals are their great 
advantages. These include (1) their spatial resolu-
tion in giving intraretinal PO 

2
 , which is unequaled 

by any other technique; (2) their temporal resolu-
tion, with the time required for 90% of the com-
plete response to a PO 

2
  change of 25–50 ms  [  169  ] , 

much faster than any biological changes in PO 
2
  in 

the retina  [  41,   55  ] ; and (3) their ability to measure 
tissue PO 

2
  rather than intravascular PO 

2
 . Oxygen 

electrodes have been used primarily in animals, 
although a few measurements have been made in 
the vitreous of humans  [  94,   126,   168  ] .  

    4.2.2   Hypoxyprobe 

 Pimonidazole (Hypoxyprobe) is a chemical that 
irreversibly forms adducts in tissue when the PO 

2
  

is below some critical level, usually given as 
10 mmHg  [  161  ] . These pimonidazole-protein 
adducts can be detected histologically using a 
monoclonal antibody  [  52  ] . Pimonidazole has 
been used primarily to investigate hypoxia in ani-
mal and human tumors, but it has also been used 
in some normal tissues, including the retina  [  57, 
  58,   73,   93  ] . 

 Pimonidazole histology could be an important 
compliment to measurements with microelec-
trodes because there is the possibility of sampling 
more tissue, of leaving the eye completely undis-
turbed during measurements, and of making 
measurements in eyes that are too small or in ani-
mals that are too delicate for physiological mea-
surements (e.g., neonatal animals or potentially 
long-term diabetic rats or mice). The disadvan-
tages are that this technique (1) can give only one 
set of measurements per animal, (2) only gives a 
binary readout of PO 

2
  (i.e., either higher or lower 

than the cutoff PO 
2
 ), and (3) does not have a well-

validated cutoff PO 
2
 .  

    4.2.3   Magnetic Resonance Imaging 

 Magnetic resonance imaging (MRI) consumes no 
oxygen and can even be used in very small eyes 
of neonatal rodents  [  30  ] . MRI has been used in 
three ways. One method employs the property 
that the T 

1
 -weighted image of hydrogen in 

the water in the eye is modulated by local PO 
2
  

 [  29,   96  ] . The water T 
1
  is sensitive to factors other 

than oxygen, so it does not provide an absolute 
measurement, but changes in this signal when an 
animal or person breathes oxygen or carbogen 
(95% O 

2
  and 5% CO 

2
 ) do refl ect oxygen changes 

in the retina. The MRI responses have been called 
 D PO 

2
 . Because the retina is thinner than a 

 standard voxel, the voxel containing the retina 
may include choroid as well as inner and outer 
retina, so detail cannot be resolved. Consequently, 
the approach has primarily been to make mea-
surements of the row of voxels in the vitreous in 
front of the retina  [  96  ] , on the good assumption 
that the oxygen there has diffused from the reti-
nal circulation (Fig.  4.2 ). With longer acquisi-
tion times, higher fi eld strengths, and good eye 

0.9% Saline 
} ~5 μmLMA Copper wire 

Gold

  Fig. 4.1    Double-barreled oxygen microelectrode. The 
top barrel has a gold cathode, recessed from the tip. This 
helps to confi ne the diffusion fi eld to the recess and allows 
measurements with high spatial precision. The LMA is a 
low-melting-point alloy that serves as a substrate onto 
which gold is plated. The lower barrel is fi lled with saline 
and is used to record intraretinal voltages, such as the 
electroretinogram       
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 stabilization, it is possible to detect some struc-
ture in the retina itself and even do the second 
type of measurement, BOLD (Blood-oxygen-
level-dependent) imaging  [  50,   61  ] . BOLD images 
are dependent on both blood fl ow and hemoglo-
bin saturation and again are useful for investigat-
ing changes in oxygenation rather than absolute 

values. In contrast, the third magnetic resonance 
method can provide absolute values. This tech-
nique relies on placing a small droplet of per-
fl uorocarbon, such as perfl uorotributylamine 
(PFTBA), in    the vitreous against the retina  [  96  ] . 
One then measures the inverse T 

1
  of fl uorine 

( 19 FNMR), which depends only on oxygen and 
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  Fig. 4.2    ( a ) Average  D PO 
2
  

band derived from two mice 
during a 2-min carbogen 
challenge was overlaid on a 
representative FITC-dextran 
infused fl at mount. The 
median panretinal  D PO 

2
  was 

102 mmHg. Pixels from the 
superior portion of the retina 
are at the  top  of the fi gure. 
The  longer white tick mark  in 
the center of each band 
represents the posterior pole 
near the optic nerve; the 
 shorter tick marks  represent 
0.5-mm increments along the 
retinal surface  [  96  ] . Published 
with kind permission of © 
Elsevier 2001. ( b ) Differential 
layer-specifi c BOLD fMRI of 
the retina. Lamina-specifi c 
BOLD fMRI responses to ( A ) 
hyperoxia (100% O 

2
 ) and ( B ) 

hypercapnia (5% CO 
2
  in air) 

from a normal rat. BOLD 
percent change maps are 
overlaid on echoplanar 
images. The color bar 
indicates 1–20% BOLD 
changes  [  50  ] . Reprinted with 
the kind permission of the 
National Academy of 
Sciences, U.S.A. © 2006       
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 temperature, and can therefore be interpreted 
directly in terms of PO 

2
 . The fl uorine technique 

yields a measurement of the average vitreal PO 
2
  

close to the retina, which is taken to be an esti-
mate of the average inner retinal PO 

2
  near the 

droplet. Measurements made in this way over the 
human macula give values of 6–9 mmHg  [  211  ] , 
and measurements in the vitreous of normal rab-
bits give values of 22 ± 9 mmHg  [  71  ]  and 
39.4 ± 9.2 mmHg  [  210  ]  over the vascularized 
retina near the optic disc, in reasonably good 
agreement with electrode measurements  [  168  ] .   

    4.2.4   Phosphorescence Decay 

 Oxygen quenches the phosphorescence of certain 
palladium-porphyrin compounds, so for these 
molecules, the phosphorescence lifetime follow-
ing excitation is inversely proportional to PO 

2
  

 [  121,   196  ] . Alternatively, in response to time-vary-
ing excitation of the dye, one can measure a phase 
shift in the phosphorescence signal. Unlike the 
techniques reviewed so far, phosphorescence has 
been used to give information about intravascular 
PO 

2
  rather than tissue PO 

2
  because the dyes bind 

to albumin. Compounds with excitation maxima 
near 500 nm and photon emission in the deep red 
or near infrared have been bound to albumin and 
injected intravenously in rodents to image the 
larger retinal arteries and veins as well as the 
optic nerve head  [  175,   176,   212,   213  ]  (Fig.  4.3a ). 
Unfortunately, because of their toxicity, these 
dyes are not available for use in humans. As 
expected, results with these dyes show that the 
PO 

2
  is higher in retinal arteries than in veins, and 

it is sometimes possible to see gradients along 
vessels. This method might also be expected to 
give PO 

2
 s in retinal capillaries as well, but it is 

uncertain whether signals in areas between arter-
ies and veins are purely from retinal capillaries or 
contain a contribution from the choroid vessels. 
A way around this is with retinal slice imaging 
combined with a phosphorescent dye  [  170–  172  ] . 
In this technique, the excitation beam and  viewing 
angle are obliquely oriented with respect to the 
retina rather than being along the optic axis. This 
clearly reveals retinal vessels and choroidal cir-
culation separately (Fig.  4.3b ). In one study, a 

different phosphorescent dye, sodium pyrenebu-
tyrate, was added to the Ringer solution bathing a 
retina in vitro so that the PO 

2
  in extravascular 

 tissue could be imaged  [  237  ] . Intravitreal injec-
tion of the dye may eventually be developed to 
allow mapping of tissue PO 

2
  in vivo.   

    4.2.5   Oximetry 

 In contrast to all the other techniques, oximetry 
gives values for hemoglobin saturation, or concen-
tration of oxygen, rather than PO 

2
 . Saturation is 

related to PO 
2
  in a nonlinear way that depends on 

the shape of the hemoglobin saturation curve, but, 
except in hyperoxia where arterial PO 

2
  increases 

without an increase in saturation, PO 
2
  and satura-

tion can be interconverted if the parameters char-
acterizing the hemoglobin saturation curve are 
known. Like phosphorescence, oximetry gives an 
intravascular PO 

2
  rather than tissue PO 

2
 , but, unlike 

phosphorescence, it can be used in humans. The 
principles and results were recently reviewed  [  83  ] , 
and this method is considered further elsewhere in 
this book. A number of investigators have tackled 
the job of determining oxygen saturation in retinal 
vessels, which is diffi cult for a variety of reasons 
 [  83  ] , including possible infl uences of the choroid 
on the refl ected light and differences in back-
ground absorption and fundus refl ection among 
subjects. However, the basic information from the 
various kinds of oximetry is largely consistent 
with the earliest measurements by Hickam and 
Frayser  [  69,   88,   89  ]  in the important result that 
retinal arterial blood is almost fully saturated and 
that retinal venous blood has a saturation of about 
60%, which is lower than in most organs. While 
oximetry is sometimes used in animal studies 
 [  103  ] , these are often done to validate techniques 
that are ultimately designed for humans.   

    4.3   Vitreal, Intraretinal, 
and Intravascular Oxygen 
in Holangiotic Retinas 

 While all vertebrates have a choroidal circula-
tion, not all have a retinal circulation. The species 
that do have a retinal circulation are all mammals 
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and are said to have holangiotic retinas. These 
include nonhuman primates, dogs, pigs, cats, rats, 
mice, cows, and some other species  [  220  ] . The 
following section focuses on results in these 
species. 

    4.3.1   Vitreal Oxygen 

 Measurements of vitreal PO 
2
  close to the retina or 

preretinal vitreous PO 
2
  (PvrO 

2
 ) date to the 1950s 

 [  76  ] . Vitreal measurements continue to be useful 

  Fig. 4.3    ( a ) Phosphorescence intensity images (A and E) 
and colorized two-dimensional maps of PO 

2
  in one mouse 

retina (B–D) and one rat retina (F–H) at different inspira-
tory oxygen fractions. Images were taken through a 10× 
microscope objective (mouse) or 4× microscope objective 
(rat). F 

i
 O 

2
  is indicated for each mouse map, while actual 

arterial blood gas oxygen tensions are indicated for each 
rat map. The arterial ( A ), venous ( V ), and capillary ( C ) 
regions are indicated  [  176  ] . Reprinted with the kind 

 permission of the Biomedical Engineering Society © 
2003. ( b ) Optical section phosphorescence image shows the 
retinal and choroidal vasculatures displaced in depth. The 
retina and choroid are on the left and right side of the image, 
respectively, as indicated by  arrowheads . Retinal artery, 
vein, capillaries, and choroid are indicated by the  arrows . 
Phosphorescence is quenched more at higher PO 

2
 , so the 

vein is brighter than the choroid or artery  [  170  ]. Reprinted 
with the kind permission of Informa PLC © 2006          
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because they are less invasive and sometimes use 
Clark-type electrodes that have the advantage of 
an internal reference  [  8,   12,   16,   42,   158,   181–
  183  ] . In cats, which appear to be representative, 
the average PvrO 

2
  under baseline conditions 

(i.e., not hyperoxic, hypoxic, or ischemic) is 
about 20 mmHg (variously reported as having 
average values of 18.9  [  16  ] , 20–30  [  42  ] , 15–20 
 [  114  ] , 20.2  [  6  ] , and 19  [  182  ]  mmHg). In rat, the 
average in the midvitreous, which is only about 
500  m m from the retina, is 22.6 mmHg  [  12  ] . 
While the oxygen in the vitreous must come 
largely from the retina  [  42,   114  ] , the details of the 
oxygen gradients within a few hundred microm-
eters of the vitreal-retinal interface are complex 
 [  12,   46  ] . Near arterioles and venules in cat  [  7  ]  
and rat  [  12  ] , there is a gradient of decreasing PO 

2
  

from the retina into the vitreous (Fig.  4.4 ). In 
contrast, in regions away from the ophthalmo-
scopically visible vessels, the PO 

2
  is generally 

lower at the retinal surface than further out in the 
vitreous in cat  [  7,   44  ]  and in some (Lau and 
Linsenmeier, unpublished observations), but not 
all  [  12,   225  ] , measurements in rat. These differ-
ences in the gradients have at least two interest-
ing implications. First, measurements of PvrO 

2
  

tend to overestimate the PO 
2
  in much of the inner 

retina, so, when possible, intraretinal measure-
ments are preferable. In a series of measurements 

in cat that included both the inner retina and vit-
reous, the vitreal PO 

2
  was higher than inner reti-

nal PO 
2
  in normal regions, but frequently lower 

than inner retinal PO 
2
  after photocoagulation of 

the outer retina  [  44  ] , so, while photocoagulation 
had a signifi cant effect on intraretinal PO 

2
 , its 

effect on vitreal PO 
2
  was not signifi cant. Second, 

the vitreous must be supplying much of the retina 
with some oxygen, and this includes at least part 
of the fovea in primates  [  2,   233  ] . Of course, ulti-
mately, this oxygen is derived from the retinal 
circulation, but from somewhat remote vessels. 
Ordinarily, the diffusion of oxygen from the vit-
reous probably provides little of the demand of 
the inner retina, but the exact amount has not 
been determined.   

    4.3.2   Intraretinal Oxygen 

 Intraretinal microelectrode measurements have 
been made under many conditions in cat and rat 
and, to a lesser extent, in primates, pigs, rabbits, 
and guinea pigs. Examples of oxygen “profi les” 
recorded in dark adaptation for the central retina 
of primate, cat, and rat are shown in Fig.  4.5 . 
These profi les were measured during electrode 
withdrawal from the choroid to the vitreous. 
There is a relatively high PO 

2
  at the choroid and 
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  Fig. 4.4    Preretinal vitreal 
PO 

2
  profi les during air 

breathing measured near an 
artery ( open  and  closed 
circles ), vein ( open  and 
 closed squares ), and 
intermediate position ( open  
and  closed diamonds ). The 
 open symbols  were obtained 
during the withdrawal of the 
microelectrode from the 
retina and the  closed symbols  
from a subsequent advance to 
the retina  [  7  ]. Reprinted with 
the kind permission of 
Informa PLC © 1985         
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a steep drop across the avascular photoreceptor 
layers in the outer half of the retina. In the cat and 
primate retina, the lowest PO 

2
 s average only a 

few mm Hg around the photoreceptor inner seg-
ments  [  2,   37,   115,   118  ] , and PO 

2
  rises again 

through the outer nuclear layer. In rat, the PO 
2
  is 

higher in the inner segments  [  225,   228,   230  ]  (Lau 
and Linsenmeier, unpublished observations) than 
it is in cat or primate.  

 In the inner half of the retina, PO 
2
  is more vari-

able, consistent with the presence of the  capillaries 

of the retinal circulation. Mean intraretinal PO 
2
  from 

many measurements in cat was 18.1 ± 12.6 mmHg 
(mean and SD)  [  118  ] . The distribution was not 
normal, but had a long tail, so that the data were 
skewed toward the high end, with some values 
above 60 mmHg. However, there are also a sub-
stantial number of values below 5 mmHg. 
Evidently, there is little functional consequence 
of this variation in PO 

2
 . In cat and primate, 

there are generally two peaks in oxygen in the 
inner retina  [  118,   222  ] , but no detectable con-
sistent pattern to the PO 

2
  gradients. In rat, there 

is often a distinct minimum between capillary 
layers that is probably in the inner nuclear layer 
 [  55,   225,   229  ] . 

 As discussed below, illumination has a large 
effect on retinal metabolism and therefore on 
outer retinal PO 

2
 , and it may affect inner retinal 

PO 
2
  as well.  

    4.3.3   Oxygen in Retinal 
and Choroidal Blood 

 In humans, arterial saturation (S 
a
 O 

2
 ) is typically 

19 vol.% (i.e., ml O 
2
 /100 ml blood) or greater, 

but animals often have less hemoglobin and 
therefore lower maximum saturation. Arterial 
saturation is about 12.6% in cats  [  87  ]  and 12.3 
 [  194  ]  to 13.8 vol.%  [  200  ]  in pigs. The vessels 
commonly called retinal arteries are actually 
arterioles, and evidently, enough oxygen leaves 
the arterioles that capillaries are not needed in 
their immediate vicinity  [  86  ] , causing a capillary-
free zone. As noted above, average retinal venous 
saturation (S 

vR
 O 

2
 ) is about 8 vol.% lower than 

S 
a
 O 

2
  under normal conditions in humans, and it is 

about 6.6 vol.% lower than S 
a
 O 

2
  in pig  [  200  ] , 

refl ecting a larger arteriovenous difference than 
in most organs in the body. 

 In contrast, the average saturation in choroidal 
veins (S 

vC
 O 

2
 ) is quite high, only about 0.4 vol.% 

 [  200  ]  or 0.25 vol.%  [  194  ]  below S 
a
 O 

2
  in pigs and 

0.94–1 vol.%  [  14,   198  ]  below S 
a
 O 

2
  in cat. If the 

vortex vein saturation were at or below the aver-
age choriocapillaris saturation, then the pre-
dicted PO 

2
  of the choriocapillaris would be no 

lower than 68 mmHg, given the cat hemoglobin 
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  Fig. 4.5    Oxygen profi les, measured during electrode with-
drawal from the choroid, from the dark-adapted retinas of 
monkey ( top ), cat    ( middle ), and Long-Evans rat ( bottom ). 
Zero percent depth is the interface between retina and vitre-
ous, and 100% is the choroid. The outer 50% of the retina 
is avascular, and the inner 50% contains the retinal circula-
tion, which accounts for the local peaks ( Top :  [  37  ] ,  middle : 
 [  121  ] ,  bottom : Lau and Linsenmeier, unpublished).  Middle:  
Reprinted with kind permission of Springer © 2005       
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saturation curve  [  87  ] , and choriocapillaris PO 
2
  

would be similar in pig  [  27  ] . While choriocapil-
laris PO 

2
  is sometimes this high, the average val-

ues of choriocapillaris PO 
2
  from microelectrode 

measurements are considerably lower than this 
prediction, 48 ± 13 mmHg (mean and SD) in 
monkey  [  37  ] , 54 ± 11.7  [  40  ]  and 41.2 ± 16.2 mmHg 
 [  141  ]  in cat and 53 mmHg  [  227  ]  in rat. Thus, 
there is a discrepancy between choroidal venous 
saturation and choroidal venous PO 

2
  that is cur-

rently unresolved. The explanation may be in the 
method of measuring S 

vC
 O 

2
 , which was not oxim-

etry, as in retinal vessels, but by drawing blood 
from the vortex veins. This is somewhat prob-
lematic because these veins drain not only the 
choroid but also the anterior uvea. Further, they 
are global measures that cannot account for any 
variation of choroidal saturation with eccentric-
ity or any choroidal shunts that bypass the cho-
riocapillaris. If the arteriovenous difference in 
the anterior uvea is smaller, or if there were sub-
stantial shunting around the choriocapillaris, the 
vortex vein measurements would overestimate 
S 

vC
 O 

2
  and come into better agreement with the 

PO 
2
  measurements. Microelectrode measure-

ments also are potentially subject to some error, 
however, if, for instance, the surgical manipula-
tions of the eye needed to make the measurements 
impaired choroidal blood fl ow, or if penetration 
of the choriocapillaris with the electrode were to 
compress the circulation locally. In this context, 
it is worth noting that noninvasive phosphores-
cence measurements tend to agree with the 
microelectrode data, giving a choriocapillaris 
PO 

2
  of 58 ± 2 mmHg in rat  [  171  ] . While the very 

small oxygen extraction from the choroid is often 
cited as one of the  hallmarks of this circulation, 
the PO 

2
  measurements suggest that the arterio-

venous difference is  somewhat larger and that 
choriocapillaris saturation is more like 2 or 
2.5 vol.% below S 

a
 O 

2
 .   

    4.4   Oxygen in Avascular Retinas 

 All animals have a choroidal circulation, but not 
all homeotherms have a full retinal circulation. 
Instead, they may be merangiotic, like rabbits, 

which have retinal circulation only in the medul-
lary wings near the optic disc, paurangiotic, like 
guinea pigs, which have even shorter retinal ves-
sels, or anangiotic, like bats and birds, which have 
no retinal circulation  [  220  ] . Functionally, most of 
the retina in all of these animals is avascular. The 
inner retina of rabbits is well studied and relies 
heavily on anaerobic glycolysis rather than oxida-
tive metabolism  [  19,   123,   231  ] , as does the inner 
retina of guinea pig  [  226  ] . The avascular retinas 
also tend to be thinner than the holangiotic retinas 
 [  47  ] , which may be necessary to allow adequate 
glucose supply or clearance of hydrogen ion and 
lactate into the choroid. The oxygenation of the 
outer retina of rabbit and guinea pig is similar to 
that in cat or rat, but their inner retinas have very 
low PO 

2
 s  [  226,   231  ] . Little is known about PO 

2
 s 

or oxygen utilization in other animals with mini-
mal retinal circulation. In birds, there has been 
speculation that the vascularized pecten provides 
oxygen to the inner retina via diffusion through 
the vitreous  [  152  ] , and in fruit bats, there are 
indentations of the retina by the choroid  [  149  ] , 
which may bring more oxygen to the inner retina 
than in rabbits and guinea pigs. 

 Very little has been done with respect to reti-
nal oxygenation in poikilotherms, except fi sh. In 
the trout retina, and presumably that of other fi sh 
species, there is no shortage of oxygen in the 
inner retina even though there is no retinal circu-
lation. During inspiration of air-saturated water, 
the PO 

2
  at the choroid is almost 400 mmHg due 

to a countercurrent oxygen multiplication system 
that is believed to be similar to the swim bladder 
 [  65  ]  in concentrating oxygen. This allows inner 
retinal PO 

2
  to be over 100 mmHg  [  59  ] .  

    4.5   Analysis of Retinal Oxygen 
Utilization 

 The retina is often said to have the highest oxy-
gen utilization (QO 

2
 ), or the highest total meta-

bolic rate, of any tissue. These statements are not 
easily substantiated, but it is true that the oxygen 
utilization per gram of tissue is among the 
highest in the body, similar to cerebral oxygen 
 consumption (3–5 ml O 

2
 -100 g −1 -min −1 )  [  110, 
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  125  ]  in monkeys and cats  [  37  ] . The inner retina 
does not appear to have unusual metabolic prop-
erties compared to the brain in holangiotic reti-
nas, but the photoreceptors do. Most of the 
photoreceptor mitochondria, except for a few in 
the synaptic terminals, are in the inner segments 
(IS). The IS are no more than a quarter of the total 
photoreceptor length, so the local QO 

2
  in that 

small region is quite high. Furthermore, even the 
very high QO 

2
  of the IS does not appear to allow 

suffi cient ATP production, so the photoreceptors 
require glycolytic energy production as well. 
Based on the observation that 80% of the glucose 
is used for lactate production in darkness  [  18,   200  ] , 
and that glycolysis yields about 18 times less 
ATP, glycolysis accounts for about 18% of the 
total ATP production of photoreceptors, or pos-
sibly more in the rat retina in vitro  [  217  ] . 

 There are two ways to obtain information 
about retinal oxygen utilization. The fi rst relies 
on a mass balance often called the Fick principle: 
all the oxygen entering a tissue has to either be 
consumed or leave the tissue, so the difference 
between the output and input is the utilization. 
A related technique used in vitro, initially by 
Warburg  [  206  ] , but subsequently by others (e.g., 
 [  19,   128,   216,   217  ] ), is to put the retina in a closed 
chamber and measure the rate at which oxygen 
decreases. The second method is to recognize 
that under certain conditions, the shape of the 
oxygen gradients can be interpreted in terms of 
just a few parameters, one of which is QO 

2
 . 

Mathematical models of diffusion and consump-
tion can then be developed and fi tted to data. 

    4.5.1   Fick Principle Analyses 

 For the in vivo application of the mass balance 
method, one needs to know the amount of oxygen 
that is entering the tissue in the arteries and the 
amount leaving in the veins. The entering O 

2
  is 

the blood fl ow rate times S 
a
 O 

2
 , and the exiting O 

2
  

is the blood fl ow times the venous saturation:

        (4.1)  

where QO 
2
  is oxygen consumption (ml O 

2
 -

100 g −1 -min −1  or comparable units of mass or 

moles of O 
2
  per unit weight per time),  F  is the 

volumetric blood fl ow rate (ml-100 g −1 -min −1 ), 
and S 

a
 O 

2
  and S 

v
 O 

2
  are O 

2
  saturations in arterial 

and venous blood (ml O 
2
 /ml blood). While this 

might seem easy enough to apply, and does give 
reasonable values for whole tissue QO 

2
 , there are 

at least three complications in using this method. 
First, part of the O 

2
  for the retina comes from the 

retinal circulation, and part from the choriocapil-
laris, so that values for retinal and choroidal 
blood fl ow rates and retinal and choroidal venous 
saturations are needed. Equation  4.1  therefore 
needs to be applied separately to choroidal and 
retinal circulations, which, roughly speaking, 
supply the outer and inner halves of the retina:

        (4.2)  

        (4.3)  

  Here,  Q  
IR

  and  Q  
OR

  are the oxygen consump-
tion of the inner and outer retina, respectively, 
R denotes retinal circulation, and C denotes chor-
oidal circulation. From the published values, one 
often needs to convert blood fl ow in milliliters 
per minute to fl ow per unit weight of tissue, in 
ml-100 g −1 -min −1 . Finally, the unit weight in the 
denominator of the fl ow value should be the 
weight nourished by the circulation, not the total 
weight of the retina, and not the weight of the 
choroid, which has a very low metabolic rate 
itself. For this correction, one needs to know the 
weight of retina nourished by each circulation, 
and assuming that each circulation nourishes half 
is a reasonable approximation. (As discussed 
below, about 10% of the photoreceptors’ oxy-
gen supply in the dark is from the retinal circu-
lation, so  Q  

IR
  is slightly overestimated, and  Q  

OR
  is 

slightly underestimated in this calculation). After 
this correction, values obtained from microsphere 
measurements for normal  F  

R
  and  F  

C
  from cat, 

pig, and monkey are about 45 ml-100 g −1 -min −1  
 [  4,   17,   166,   200  ]  and 1,400 ml-100 g −1 -min −1   [  17, 
  34,   48,   166,   198,   200  ] , respectively. Values for 
the arteriovenous differences are discussed above. 
Taking 6.6 vol.% for (S 

a
 O 

2
  − S 

vR
 O 

2
 ) and 0.5 vol.% 

(the average of pig and cat values) for 
(S 

a
 O 

2
  − S 

vC
 O 

2
 ):

2 a 2 v 2QO ·(S O S O )F= −

IR R a 2 vR 2·(S O S O )Q F= −

OR C a 2 vC 2·(S O S O )Q F= −
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  These values are composites, calculated to 
illustrate how one arrives at QO 

2
  by the Fick 

method, but only Wang et al.  [  198–  200  ]  have 
obtained all the necessary values in the same ret-
ina. Table  4.1  gives these and measurements 
derived from other methods.   

    4.5.2   Steady State Diffusion Theory 
and the Outer Retina 

 Oxygen is thought to be transported primarily 
by simple passive diffusion through neural tis-
sue, not by active transport or convection. By 
creating mathematical models using diffusion 
theory, and fi tting these models to measure-
ments of PO 

2
  made with microelectrodes, val-

ues for  Q  
OR

  and  Q  
IR

  can be obtained. Diffusion 
theory methods can give much more localized 
values than are possible with Fick principle 
methods. 

 Several assumptions are required in these mod-
els. First, the tissue is usually considered to be 

homogeneous because oxygen moves at least as 
well through membranes as through extracellular 
space or cytoplasm (which is not true for the diffu-
sion of ions  [  134,   140  ] ). A further constraint is that 
diffusion is allowed only in the dimension parallel 
to the photoreceptor axis (i.e., perpendicular to the 
retinal surface). This direction is called here 
the “ x ” direction. Oxygen enters this region only at 
the boundaries, which are the choriocapillaris 
(at  x  = 0) and the inner edge of the avascular region 
(at  x  =  L ). The PO 

2
 s at these locations,  P  

C
  (at  x  = 0) 

and  P  
L
  (at  x  =  L ), are taken to be constant boundary 

conditions in steady state models. Mathematically, 
then, the retina is viewed as a slab of tissue with 
diffusion occurring perpendicular to the slab. This 
is reasonable because the photoreceptors are rela-
tively homogeneous across at least small sections 
of retina, and oxygen gradients are not expected 
perpendicular to the long axis of the photorecep-
tors (the  y  and  z  directions). These considerations 
lead to the use of Fick’s fi rst law for one-dimen-
sional, steady state, O 

2
  diffusion:

        (4.4)  

where  D  is the diffusion coeffi cient for oxygen 
and  k  is oxygen solubility. 

1 1
IR 2.97 ml - 100 g minQ − −= −

1 1
OR 7 ml 100 g minQ − −= − −

2 2
2 2d PO /d QO /x Dk=

   Table 4.1    In vivo values of oxygen consumption of the dark-adapted outer retina ( Q  
OR

 ) and inner retina ( Q  
IR

 ) of spe-
cies with holangiotic retinas   

 Species 

 Dark  Light  Dark  Light  Light/dark ratio 

 Method  Reference   Q  
OR

    Q  
OR

    Q  
IR

    Q  
IR

    Q  
OR

    Q  
IR

  

 Rat  3.7  2.4  2.3  2.3  0.53  0.95  Warburg a    [  128  ]  
 Rat  2.2 b   1.5  0.69  Model fi t   [  55  ]  
 Cat  4.9  2.5  0.51  Model fi t   [  40  ]  
 Cat  4.1 c   1.4  0.33  Model fi t   [  118  ]  
 Cat  4.4  2.7  0.61  Model fi t   [  85  ]  
 Cat  3.9  1.5  3.5  3.7  0.38  1.06  Model fi t   [  41  ]  
 Cat  6.3  5.3  0.84  Fick principle   [  198  ]  
 Pig  7.2  4.4  0.61  Fick principle   [  200  ]  
 Pig  3.8  3.9  1.03  Fick principle   [  199  ]  
 Macaque  4.9 c   3.5  0.72  Model fi t   [  37  ]  
 Macaque  2.7 b,d   Model fi t   [  233  ]  

  Values have been converted to ml O 
2
 -100 g −1 -min −1  when necessary from units in the original references. The ratio of 

outer and inner retinal values in strong steady illumination relative to darkness is given when these are available 
  a  Q  

OR
  was obtained after pharmacological block of the inner retina with 2-amino-phosphonobutyric acid and kynurenic 

acid, and  Q  
IR

  was obtained by subtraction from whole retinal value. Medrano and Fox argued that this reduced  Q  
IR

  to 
less than 10% of its initial value, so the block of inner retinal metabolism by this technique was relatively complete 
  b Values given “per cm 2 ” of retina and converted on the assumption that the outer retina is 0.01 cm thick 
  c Values from a regression of  Q  

OR
  on choroidal PO 

2
  at a choroidal PO 

2
  of 50 mmHg 

  d Assumed to be light-adapted  
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 The fi rst mathematical analysis of retinal O 
2
  

transport solved Eq.  4.4  and made predictions of 
the O 

2
  gradients through the outer retina  [  60  ] , but 

when this was done, there were no data to vali-
date the model. When data were obtained, it was 
clear that this analysis would not be suffi cient. 
QO 

2
  is not uniform across the photoreceptor, so 

different equations must be used for the outer 
segments (OS – layer 1 of the model), the inner 
segments (IS – layer 2 of the model), and the 
outer nuclear layer (ONL – layer 3 of the model) 
 [  85  ] . Equation  4.4  is used for layer 2, where all 
the mitochondria are located. There are no mito-
chondria in layers 1 and 3, so QO 

2
  = 0, and the 

equation in those layers reduces to:

        (4.5)  

  These equations can be solved to yield PO 
2
  as 

a function of  x   [  85  ] :

       
 (4.6)  

       
 (4.7)  

        (4.8)  

  In these equations, the subscripts 1, 2, and 3 refer 
to each layer. The model and its parameters are 
shown in Fig.  4.6 . The constants   a   

 i 
  and   b   

 i 
  are found 

by applying the boundary conditions and continuity 
conditions. Continuity requires that PO 

2
  is the same 

in both layer 1 and layer 2 at the boundary between 
these layers, and the fl ux also has to be the same in 
the two layers at that boundary. That is:

        (4.9)  

and

        (4.10)  

Corresponding conditions hold at the layer 
2–layer 3 border.  

 The theory predicts that  P  should be linear 
with distance in layers 1 and 3 and a quadratic 
function of  x  in layer 2. This is exactly what is 
observed, as shown in Fig.  4.5 . Because Q 

2
 O 

2
 / Dk , 

 L  
1
 , and  L  

2
  are the only unknowns in these equa-

tions, fi tting these models to data is feasible and 
allows the extraction of Q 

2
 O 

2
 / Dk  under many 

conditions. Obtaining Q 
2
 O 

2
  itself from this 

lumped parameter relies on knowing values for  D  
and  k . Measurements of  D  in the retina showed 
that it was 1.97 · 10 −5  cm 2 /s, 71% of the value in 
water, and that it was independent of location 
 [  164  ] , so  D  

1
  =  D  

2
  =  D  

3
  =  D . The value of  k  has 

2 2
2d PO /d 0x =

1 1 1 1( ) 0 (layer 1)P x x x Lα β= + ≤ ≤

2
2 2 2 2 2

1 2

( ) (Q O /2 )

(layer 2)

P x Dk x x

L x L

α β= + +
≤ ≤

3 3 3 2( ) (layer 3)P x x L x Lα β= + ≤ ≤

1 1 2 1( ) ( )P L P L=

1 1 1 2 2 2d ( )/d d ( )/dD k P x x D k P x x=

0

Distance from choroid (mm)

70

60

50

40

30

20

10

−10
0 20 40 60 80 100 120

ONL
Layer 3

Outer retinal modelPc

L2
L

PL

Q2

L1

IS
Layer 2

OS
Layer 1

O
xy

ge
n 

te
ns

io
n 

(m
m

H
g)

  Fig. 4.6    Mathematical model of outer retinal oxygen dif-
fusion and consumption. Parameters of the model are 
indicated ( P  

C
 ,  P  

L
 ,  L  

1
 ,  L  

2
 ,  L , and  Q  

2
 ).  Solid curve  is a simu-

lation of a typical oxygen profi le in dark-adapted cat ret-
ina, in which  Q  

OR
  is 4.5 ml-100 g −1 -min −1 .  Dashed curve  is 

a simulation for light adaptation in which all parameters 
are the same except  Q  

OR
 , which is half the value for the 

dark-adapted case  [  113  ]. Copyright © Société Française 
d’Ophtalmologie. Published by Elsevier Masson SAS. 
Paris. 2008. All rights reserved        
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never been measured in the retina, but must be 
similar to that for blood and brain, 2.4 · 10 −5  ml 
O 

2
 -ml tissue −1 -mmHg −1   [  118  ]  at 37°C, and it is not 

expected to be different in different layers. Errors 
in  D  and  k  are probably small and do not introduce 
substantial error into the derived values of QO 

2
 . 

They would in any case be systematic errors that 
would not affect comparisons across conditions. 

 The model can fi t data even when the profi le is 
somewhat distorted, presumably because the 
electrode can stretch or pull on the retina as it is 
withdrawn, but there is a large coeffi cient of vari-
ation in Q 

2
 O 

2
 . Distortion also creates variability 

in the thickness of layer 2 ( L  
2
  −  L  

1
 ), whereas the 

known value from histological measurements is 
about 25  m m. When the fi tting leads to values of 
 L  

2
  −  L  

1
  that are higher, Q 

2
 O 

2
  for that profi le is gen-

erally lower (Fig.  4.7 ). The product of those two 
parameters, normalized by the total thickness of 
the outer retina, is the average oxygen consump-
tion across the outer retina:

        

  Because of the inverse relation between  L  
2
  −  L  

1
  

and Q 
2
 O 

2
  across profi les in an animal,  Q  

OR
  always 

has a considerably smaller coeffi cient of varia-
tion than Q 

2
 O 

2
 .   

    4.5.3   Results from Oxygen Profi les 
and the Outer Retinal Model 

 Photoreceptors receive O 
2
  from both circulations, 

but the choroidal circulation satisfi es about 90% 
of what they use in the dark  [  118  ] , an estimate that 
is derived from the relative fl uxes across the OS 
and ONL. By inspection alone (Fig.  4.5 ), one can 
see that the gradient through the OS is steeper, 
partially because the IS are closer to the choroid 
than to the inner retina and partially because  P  

C
  is 

generally higher than  P  
L
 . Because  P  

C
  varies across 

animals, for reasons that are not fully understood, 
it is diffi cult to give normal values of  P  

C
  and  Q  

OR
 , 

but in both cat and monkey, the average value of 
 P  

C
  is about 50 mmHg, and the corresponding 

average value of  Q  
OR

  is 4–5 ml O 
2
 -100 g −1 -min −1  

 [  37,   118  ] . This agrees reasonably well with Fick 
principle measurements for  Q  

OR
  (Table  4.1 ). The 

local value of QO 
2
  in the IS themselves is quite 

high and must be one of the very highest values in 
the body, more than 20 ml O 

2
 -100 g −1 -min −1  in the 

dark-adapted cat retina  [  118  ] . 
 Another fi nding is that in the dark-adapted 

cat and monkey retinas,  Q  
OR

  depends strongly 
on  P  

C
   [  37,   118,   141  ] . The reason for this can be 

appreciated from the profi les (Fig.  4.5 ) and from 
the model (Fig.  4.6 ). The PO 

2
  around the inner 

segments cannot be less than zero. Therefore, 
when  P  

C
  is lower, the PO 

2
  gradient through the 

outer retina becomes shallower, so the fl ux is 
reduced. When less O 

2
  is delivered,  Q  

OR
  must 

decrease.  

    4.5.4   Other Diffusion Models 

 The one-dimensional model of the outer retina 
(Fig.  4.6 ) represents many of the important 
cases, but it is insuffi cient in some situations. 
First, if there were lateral variations in QO 

2
  or 

the O 
2
  supply across the retina, it would not give OR 2 2 2 1Q O ·( ) /Q L L L= −
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  Fig. 4.7    Justifi cation for using  Q  
OR

 .  Top , means and SD 
of important parameters of the oxygen diffusion model 
obtained from a group of six dark-adapted profi les in one 
cat retina. Values of the thickness of the consuming region 
( L  

2
  −  L  

1
 ) and consumption of the consuming region 

(Q 
2
 O 

2
  = Q 

2
 ) vary considerably, but values of their product, 

 Q  
av

  (=  Q  
2
  · ( L  

2
  −  L  

1
 )/ L  =  Q  

OR
 ), have little variation.  Bottom , 

the coeffi cient of variation (SD/mean) of each parameter. 
The  inset  plots 1/ Q  

2
  against  L  

2
  −  L  

1
  and shows that  L  

2
  −  L  

1
  

and  Q  
2
  are inversely related, which is why the coeffi cient 

of variation of  Q  
OR

  is small  [  113 ]. Copyright © Société 
Française d’Ophtalmologie. Published by Elsevier Masson 
SAS. Paris. 2008. All rights reserved       
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correct values because gradients of PO 
2
  would 

be expected in the  y  and  z  directions, violating 
one of the assumptions of the model. For 
instance, the edges of a region of photoreceptor 
loss following photocoagulation would not be 
handled by the standard model because the pho-
tocoagulated region has no oxygen consump-
tion, whereas adjacent normal retina has the 
usual QO 

2
 . A region which has a large druse 

under the retina also distorts the outer retinal 
layers and is not handled by the standard model. 
In these cases, a more appropriate geometry is a 
central cylinder containing the lesion or the 
druse, surrounded by an annulus of normal tis-
sue. There may be gradients of O 

2
  in or out of 

this cylinder. The three-dimensional model can-
not be solved analytically and requires fi nite 
element methods  [  43,   146  ] . A second situation 
in which the three layer model has proven to be 
somewhat insuffi cient is retinal detachment. 
In this case, the fl uid layer under the retina is a 
fourth layer in terms of O 

2
  transport. The fl uid 

layer was originally modeled as an extension of 
layer 1  [  120  ]  because, like layer 1, the subreti-
nal fl uid does not consume O 

2
 . However, there 

may be convection in this layer, and the diffu-
sion coeffi cient for oxygen is higher than in the 
retina. The slope of the O 

2
  gradient is shallower 

in this layer because of the higher diffusion 
coeffi cient, so a new model incorporates these 
properties  [  201  ] . 

 The model described above is also inadequate 
to deal with the inner retina, where the supply of 
O 

2
  comes from retinal capillaries that are embed-

ded within the tissue in a complex three-dimen-
sional geometry. Again, this violates the 
assumptions of a homogenous medium and of 
one-dimensional diffusion. One way to extend the 
analysis to the inner retina is to eliminate the reti-
nal circulation and then use an additional layer or 
layers for the inner retina. Experimental data for 
such a model can be provided by occluding a reti-
nal artery and making the animal hyperoxic so 
that inner retinal oxygen is provided by the chor-
oid  [  11,   41,   156  ] . There are at least two assump-
tions in this approach. First, it assumes that  Q  

IR
  is 

still normal during vascular occlusion, although 
in reality, it may decrease somewhat because the 
amount of oxygen available may be just barely 

adequate  [  11,   41,   108,   156  ]  and the inner retina 
acidifi es during arterial occlusion  [  36  ] . Second, 
mitochondria are not uniformly distributed in the 
inner retina  [  100  ] , so a single inner retinal layer is 
a simplifi cation. Nevertheless, a model with one 
additional layer for the inner retina still gives good 
fi ts  [  41  ] , and relative inner and outer retinal oxy-
gen consumption values are similar to those 
obtained by other methods (Table  4.1 ). 

 Another approach to the inner retina, used in 
rat  [  55  ]  and monkey  [  233  ] , has been to divide it 
into fi ve additional layers, each with its own value 
of QO 

2
 , some of which are zero. Deriving the 

appropriate equations for these layers is not dif-
fi cult, but fi tting this model to selected pieces of 
the O 

2
  profi le assumes that the capillary beds lie 

in discrete locations and that their position can be 
identifi ed from the O 

2
  profi les. In addition, there 

are likely to be three-dimensional gradients, and 
these are not considered in the model. Thus, 
results of this model should be interpreted with 
caution. Roos  [  165  ]  modeled the inner retina by 
including a negative consumption, an O 

2
  supply, 

to represent retinal blood fl ow. This model is rea-
sonable, but gives a uniform value of PO 

2
  across 

the inner retina. It has been used only for simula-
tions and not to fi t data.   

    4.6   Physiological Variations 
in Retinal Oxygen 

 Studies that have used one or more of the meth-
ods outlined above have led to a reasonably com-
plete understanding of the infl uences of many 
variables on retinal O 

2
  supply and consumption. 

    4.6.1   Light 

 In all species, light increases the PO 
2
  of the outer 

retina, as shown for monkey in Fig.  4.8 . Because 
the outer retina is avascular and the boundary val-
ues do not change much with light, the increase 
in PO 

2
  must mean that photoreceptor oxygen uti-

lization (QO 
2
 ) decreases with light. This conclu-

sion is supported by diffusion modeling  [  37,   40, 
  118,   153,   229,   236  ]  and in vivo and in vitro mass 
balances  [  19,   84,   128,   177,   200  ] .  
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 The ATP produced in the dark fuels many cel-
lular processes  [  18,   138  ] , but the largest compo-
nent is the operation of the Na/K ATPase in the 
IS, which extrudes the Na +  that enters through 
the light-dependent channels in the OS, as well as 
the Na +  that enters through the Ca +2 /Na + /K +  
exchanger of the outer segment (e.g.,  [  106  ] ). This 
uses at least half of the total energy  [  19,   84,   105, 
  236  ] . The second most demanding process is 
probably the turnover of cGMP that holds these 
channels open  [  19,   84  ] . The activity of the Na/K 
ATPase decreases in light, but the turnover of 
cGMP increases  [  19,   20,   75,   84  ] , so the decrease 
in  Q  

OR
  is not as great as the decrease in the pump 

rate. The maximum size of the light vs. dark dif-
ference in  Q  

OR
  appears to be species dependent, 

possibly because these processes are balanced 
differently (Table  4.1 ). 

 The time required for the metabolism to adjust 
from the dark-adapted to the light-adapted state 
is relatively fast. The time constant for the meta-
bolic adjustment is 19 s in rat  [  55  ] , 10–13 s in cat 
 [  41  ] , and 26 s in monkey  [  205  ] . The time course 
of recovery from the light-adapted  Q  

OR
  to the 

dark-adapted  Q  
OR

  is also relatively rapid  [  55, 
  115  ] , unless the illumination is above rod satura-
tion, when recovery can take several minutes 
 [  115 ,  205  ] . 

 The time constants of the two light-dependent 
processes (cGMP turnover and Na +  pumping) are 
evidently similar in mammals, but the two meta-
bolic events can be seen distinctly in poikilo-
therms  [  84,   105,   153  ] . In isolated toad retina, the 
increase in metabolic rate due to increased cGMP 
turnover is faster, having a time constant of 60 s, 
compared to 180 s for the slowing of the Na +  
pump  [  84  ] . In individual salamander rods, there 
is also a clear increase in QO 

2
  that is faster than 

the larger decrease  [  153  ] . The signal that tells the 
photoreceptor to change its metabolic rate is 
probably not feedback from ATP or ADP levels, 
because ATP levels in salamander photoreceptors 
were unchanged when QO 

2
  decreased and phos-

phocreatine was decreasing at that time, which is 
inconsistent with decreased ADP  [  153  ] . Changes 
in intracellular sodium or calcium may be 
involved in metabolic regulation  [  153,   174  ] , but 
there are no conclusive data. 

 Cones contain more mitochondria than rods at 
all eccentricities  [  90  ] , but this does not necessar-
ily mean that cones have higher rates of oxidative 
metabolism than rods. The excess mitochondria 
change the refractive index of the cones and may 
contribute to waveguide properties more than to 
increased metabolism (e.g.,  [  90  ] ). Per unit area of 
retina, the photoreceptors in the primate fovea, 
which are of course cones, appear to use slightly 
less O 

2
  than the parafoveal photoreceptors  [  37, 

  233  ] . Despite the large amount of mitochondria, 
it was shown recently that ground squirrel cones 
still produce lactate at high rates  [  219  ] . 

 In the  inner  retina of cat, there is a tendency for 
PO 

2
  to be lower during illumination  [  115,   118  ] , but 

at present this is a weak conclusion because the 
largest data set used different animals for light and 
dark measurements  [  118  ]  rather than paired com-
parisons. Unlike the situation in the outer retina, 
differences in inner retinal PO 

2
  cannot be inter-

preted in terms of QO 
2
 , because blood fl ow may 

also change during illumination. All studies indi-
cate, in fact, that the inner retinal utilization of oxy-
gen ( Q  

IR
 ) is approximately the same in steady light 

as it is in darkness (Table  4.1 )  [  41,   127,   199  ] . The 
relative values of  Q  

IR
  and  Q  

OR
 , however, are not the 

same in all studies. In cat,  Q  
IR

  was about the same 
as the  Q  

OR
  in darkness, while in rat and pig,  Q  

IR
  was 

lower, similar to  Q  
OR

  in light adaptation. These 
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  Fig. 4.8    Oxygen profi les from the monkey ( M. fascicu-
laris ) perifoveal retina during dark and light adaptation. 
 Dots  indicate the dark-adapted profi le  [  2  ]. Reprinted by 
kind permission of the Association for Research in Vision 
and Ophthalmology © 1993        
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studies were done with three quite different meth-
ods: diffusion modeling in cat, Fick principle mea-
surements in pig, and in vitro Warburg measurements 
in rat, so whether the different value in cat is a spe-
cies difference or a methodological difference is 
not clear. 

 Time-varying illumination should lead to a 
greater excitation of inner retinal neurons and cause 
an increase in  Q  

IR
 , but there is no direct information 

on this point. It is known that retinal blood fl ow 
increases when light is fl ickered rather than kept 
steady  [  163  ]  and that inner retinal deoxyglucose 
uptake is greater during fl icker than during dark-
ness or steady illumination  [  34  ] . These fi ndings are 
consistent with increased metabolism.  

    4.6.2   Hypoxia 

 The IS are in a region of low PO 
2
  under normal 

conditions, and even a small decrease in P 
a
 O 

2
  

(hypoxemia) leads to a decrease in choroidal PO 
2
 , 

which reduces the fl ux of oxygen to the photore-
ceptors and decreases  Q  

OR
   [  118  ] . In some tissues, 

increased blood fl ow during hypoxemia allows 
the arteriovenous difference to decrease, with the 
purpose of keeping venous and tissue PO 

2
  rela-

tively normal. This is the situation that applies in 
the inner retina, where tissue PO 

2
  is protected 

against hypoxemia until P 
a
 O 

2
  falls below about 

35 mmHg  [  62,   118  ] . However, with the very 
small arteriovenous oxygen difference in the 
choroid, increased blood fl ow during hypoxemia 
would be of no benefi t and does not occur  [  33  ] . 
Photoreceptor metabolism is also compromised 
when intraocular pressure (IOP) is elevated. In 
this situation, choroidal blood fl ow decreases, the 
choroidal arteriovenous saturation difference 
increases, and choroidal PO 

2
  decreases  [  10,   222  ] , 

as in hypoxemia. 
 The strong Pasteur effect (i.e., increased gly-

colysis at low PO 
2
 ) in the photoreceptors (e.g., 

 [  19,   53,   142,   217  ] ) compensates for much of the 
loss of oxidatively derived ATP, and evidently, 
this is what prevents hypoxia from causing too 
much damage. The ERG a-wave, which origi-
nates in photoreceptors, is remarkably resistant to 
hypoxemia, even though  Q  

OR
  falls  [  101  ] . However, 

it is now clear that chronic hypoxemia can kill 

adult rat photoreceptors  [  190,   208  ] , and there is 
evidence that elevated IOP is damaging to photo-
receptors  [  137  ] . In birds, there is evidence that 
decreased choroidal blood fl ow leads to photore-
ceptor damage  [  91,   173  ] .  

    4.6.3   Hyperoxia 

 During hyperoxia (defi ned to be any inspired per-
centage, F 

i
 O 

2
 , greater than 21% O 

2
 ), choroidal and 

outer retinal PO 
2
 s are elevated dramatically  [  40, 

  51,   117,   156,   227  ] , as shown in Figs.  4.9  and  4.10 , 
primarily because the choroidal circulation lacks 
metabolic regulation.  Q  

OR
  is not increased in 

hyperoxia  [  40,   117,   156,   227  ]  which means that 
the O 

2
  demand of the photoreceptors must be satis-

fi ed during normoxia. In animals breathing 100% 
O 

2
 , choroidal PO 

2
  is high enough that some O 

2
  

from the choroid spills over into the inner retina 
 [  11,   40,   157,   227  ] , adding to the increased oxygen 
available from the retinal circulation. The average 
increase in inner retinal and vitreal PO 

2
  is 
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  Fig. 4.9    Oxygen profi les from dark-adapted cat retina dur-
ing inspiration of 100% O 

2
 , before and during occlusion of 

the retinal arteriole supplying the region. The choriocapil-
laris PO 

2
  during these experiments was 203 ± 45 mmHg 

(mean and SD;  n  = 8 cats) during hyperoxia before occlu-
sion. The mean inner PO 

2
  in the innermost 25% of the retina 

before occlusion during hyperoxia was 50 ± 28 mmHg. In 
these experiments, the corresponding values during air 
breathing before occlusion were 54 ± 12 mmHg for chorio-
capillaris and 17 ± 8 mmHg for inner retina  [  40  ]. Reprinted 
by kind permission of the Association for Research in 
Vision and Ophthalmology © 1995        

 



4 Oxygen Measurements in Animals  81

30–40 mmHg in cat  [  40,   117  ] , 30–88 mmHg in rat 
 [  30,   227  ] , about 26 mmHg in monkey  [  233  ] , but 
only about 2 mmHg in pig  [  160  ] , possibly because 
of very strong regulation of the retinal circulation.   

 Hyperoxia is known to be toxic in some tis-
sues, but strong evidence of this in the retina was 
lacking until recently. It now appears that 100% 
O 

2
 , like hypoxemia, can cause apoptosis of pho-

toreceptors in the adult rat retina  [  190,   208  ] . 
Whether this will limit the therapeutic value of 
hyperoxia is not clear, because lower percentages 
of inspired O 

2
 , such as 70%, also increase outer 

retinal PO 
2
   [  227,   233  ]  and may not be toxic. In 

their study of the detached retina in cats given 
70% O 

2
  to breathe for several days, Mervin et al. 

 [  130  ]  noted no photoreceptor apoptosis in 
attached regions of the retina.  

    4.6.4   Hypercapnia 

 Adding CO 
2
  to the inspired gas increases blood 

fl ow through both circulations, but seems to have 
a more pronounced effect in dilating the retinal 

 circulation than the choroidal circulation (Fig.  4.2 ). 
As shown in Fig.  4.10 , when 5% CO 

2
  is combined 

with elevated O 
2
 , it increases PO 

2
  in both the inner 

and outer retina more than occurs with 100% O 
2
  

 [  51,   160,   227  ] . The mechanism for this in the inner 
retina is that carbogen limits or abolishes the vaso-
constriction of the retinal circulation that is usually 
caused by hyperoxia. Elevation of local CO 

2
  with-

out systemic hyperoxia can be produced either by 
inspiration of air plus 5% CO 

2
  or by an intrave-

nous carbonic anhydrase inhibitor such as dorzol-
amide  [  147  ] . Both cause increased retinal PO 

2
 , as 

shown for CO 
2
  inspiration in Fig.  4.10 .   

    4.7   Pathophysiology and Retinal 
Oxygen 

    4.7.1   Vascular Occlusion 

 Under normal conditions, O 
2
 , rather than any 

other substrate, is the limiting factor in vision. 
Vision is lost in human subjects after only 5–10 s 
when all the ocular circulation is occluded by 
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  Fig. 4.10    Mean values 
(±SEM) of PO 

2 
 at three 

locations in the retina of 
light-adapted Sprague Dawley 
rats during normoxia (21%) 
and hyperoxia, with or 
without hypercapnia (5% 
CO

 2 
). The  symbols  indicate 

the inner limiting membrane 
( ILM ), the site of the 
minimum PO 

2 
 in the inner 

plexiform layer ( IPL ), and the 
choroid.  Filled symbols  
represent normocapnic 
conditions ( n  = 10), and  open 
symbols  represent hypercap-
nic conditions ( n =  6)  [  229  ]. 
Reprinted by kind permission 
of the Association for 
Research in Vision and 
Ophthalmology © 1999        
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raising intraocular pressure (IOP) above blood 
pressure. It can be prolonged to only about 35 s if 
the subject breathes 100% O 

2
  at 3 atm before the 

occlusion  [  22,   49  ] . Clinically and experimentally, 
occluding just the retinal circulation also rapidly 
causes loss of retinal function and vision  [  70  ] , 
mainly because of anoxia  [  11,   40,   108,   144  ] . 

 The inner retina is subject to arterial, venous, 
and capillary occlusions either as the primary 
event due to thrombosis or atherosclerosis or an 
accompaniment to other disease processes. As 
one would expect, complete ischemia caused by a 
central or branch  artery occlusion  reduces PO 

2
  

through the entire inner retina to zero in darkness 
 [  11,   40,   108  ] . There is so little choroidal O 

2
  left 

over after the photoreceptor demand is satisfi ed 
that the choroidal supply has little impact during 
arterial occlusion if the inspired gas is air  [  40  ] . 
Light increases the outer retinal PO 

2
 , but even 

then, there is not enough O 
2
  from the choroid to 

make a substantial difference to the inner retina. 
 Venous occlusion  also causes inner retinal hypo-
xia  [  158,   186  ] , which may be less severe than in 
 arterial occlusion, but venous occlusion is more 
likely to cause retinal and iris neovascularization. 

 Ordinarily, little O 
2
  from the choroid makes its 

way to the inner retina, and little O 
2
  from the 

retinal circulation supplies the photoreceptors. 
However, during hyperoxia, choroidal O 

2
  could 

be important in supplying the inner retina during 
acute retinal vascular occlusions, allowing sur-
vival of the inner retina until the occlusion 
resolves. Work on this dates back to Patz in the 
1950s  [  144  ] , but the diffusion of O 

2
  from the 

choroid to the vitreous under hyperoxic condi-
tions was fi rst shown with vitreal PO 

2
  measure-

ments by Landers  [  108  ] , and intraretinal PO 
2
  

distributions in this situation were reported later 
 [  11,   40  ] . These measurements showed that the 
average PO 

2
  of the inner retina could be restored 

to almost normal in animals during occlusion 
(Fig.  4.9 ). The ERG could not be fully normal-
ized by hyperoxia, but 70% or 100% O 

2
  was able 

to markedly increase the ERG amplitude and 
allowed better survival of the ERG after the 
occlusion  [  35,   40  ] , even if the hyperoxia was 
delayed relative to the onset of the occlusion. 

 Hyperoxia as a clinical treatment has not gained 
a substantial following. There have been negative 

results of hyperoxic interventions  [  22,   81  ] , but in 
many cases, the duration of oxygen therapy has 
been too brief to afford a full test of this therapy. 
There have also been successes with both hyper-
oxia  [  144  ]  and hyperbaric O 

2
   [  5,   28,   207  ] , even 

8–12 h after the occlusion. A possible advantage 
of hyperbaric therapy over hyperoxia at 1 atm is 
that the vitreous would become a reservoir that 
could provide some O 

2
  to the retina longer than the 

hyperbaric episode itself. In this respect, it would 
be similar to the technique of vitreoperfusion with 
a solution containing elevated O 

2
   [  38  ] , which has 

proven effective in animals. However, hyperbaric 
therapy may simply appear more successful than 
hyperoxia at this time because the hyperbaric treat-
ments have tended to be somewhat longer than 
treatments with simple hyperoxia. The PO 

2
  pro-

fi les recorded in animals suggest that O 
2
  at 1 atm 

fully oxygenates the retina, and it should therefore 
provide as much benefi t as hyperbaric O 

2
  if it were 

maintained continuously.  

    4.7.2   Diabetes 

 Capillary leakage and occlusion followed by 
 neovascularization are hallmarks of diabetic 
retinopathy in both type I and type II diabetes. 
Neovascularization also occurs after capillary 
occlusion in sickle cell retinopathy. There are no 
direct measurements of O 

2
  in sickle cell disease 

and few in diabetes. Most of the PO 
2
  measure-

ments in diabetic animals have been made in the 
vitreous relatively early in the disease  [  13,   64, 
  182,   184  ]  and have not revealed tissue hypoxia, 
although some disturbance in the usual gradients 
was noted  [  13  ] . These measurements may not 
have had the necessary spatial resolution, how-
ever, and may have been made before signifi cant 
circulatory changes. In contrast, regions of 
hypoxia, correlated with histological evidence 
of leukostasis, were found in the inner retina in 
cats that had been diabetic more than 7 years 
(Fig.  4.11 ), and the average PO 

2
  in the inner ret-

ina of diabetics was lower than that in control 
animals. These animals had no ophthalmoscopi-
cally visible regions of capillary dropout on fl uo-
rescein angiography  [  119  ] . In this condition of 
background retinopathy, vascular endothelial 
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growth factor (VEGF) is already elevated in 
humans  [  21,   127  ] . Recently, de Gooyer et al.  [  58  ]  
used Hypoxyprobe to demonstrate modest 
hypoxia in the retina of diabetic mice. Thus, it 
appears that hypoxia can be a component of dia-
betic retinopathy relatively early in its progres-
sion. There is indirect evidence that the retina is 
hypoxic as well, involving increased hypoxia-
inducible factor 1 (HIF-1) in animals  [  154  ] , 
increased contrast sensitivity when diabetics are 
given oxygen to breathe  [  82  ] , and decreased reti-
nal blood fl ow after photocoagulation  [  78  ] . 
Diabetic rats studied with MR imaging have a 
subnormal  D PO 

2
  response to a hyperoxic episode, 

which also supports the presence of hypoxia  [  31, 
  32  ] , although this result may have other explana-
tions, and in humans, a supernormal  D PO 

2
  

response has been reported  [  195  ] , which compli-
cates this fi nding. Consequently, the onset and 
severity of tissue hypoxia through the early stages 
of diabetic retinopathy is not clear.  

 There is little question that when capillary 
dropout is substantial, the retina becomes severely 
hypoxic. There have been no demonstrations of 
this in animals, which rarely develop retinopathy 

of this severity. Vitreal measurements (from 
 midvitreous) in humans confi rm that the retina is 
hypoxic in proliferative retinopathy  [  94  ] . It should 
be possible to make measurements of inner retinal 
QO 

2
  with a Fick principle approach, by measuring 

retinal venous saturation and blood fl ow during 
diabetes, but the time course of retinal blood fl ow 
changes in diabetes is still controversial, and a 
complete study of this type is lacking. Retinal 
venous saturation decreased when diabetic 
humans without retinopathy were made hypergly-
cemic  [  193  ] . This was interpreted as an increase 
in QO 

2
 . The metabolic rate of the inner retina in 

diabetics relative to normal subjects, either during 
normoglycemia or hyperglycemia, is not known. 

 Diffusion of choroidal O 
2
  to the inner retina 

has been recognized as an explanation for the 
benefi cial effects of panretinal photocoagulation 
(PRP) in reducing neovascularization. A great 
deal of evidence from measurements in the vitre-
ous or from changes in blood fl ow  [  9,   71,   78,   80, 
  129,   132,   159,   180,   182  ]  supported the hypothe-
sis  [  189,   221  ]  that PRP worked by removing the 
very demanding photoreceptors and allowing O 

2
  

to diffuse into the inner retina. Only recently has 
it been shown directly that intraretinal PO 

2
  

increases following PRP, immediately after 
lesions in experiments on rabbits  [  232  ]  and after 
lesions have healed in cats  [  44  ] . This does not 
rule out additional benefi ts of PRP, such as 
removing cells that produce VEGF, but does 
strongly support the O 

2
  hypothesis. Intraretinal 

measurements in cats also suggested that PRP 
may sometimes be ineffective  [  68  ]  because PRP 
damages not only the photoreceptors but also the 
choroid itself  [  44,   109,   214,   215  ]  and lowers 
choroidal PO 

2
 . Vitrectomy can also be benefi cial 

in preventing vasoproliferation, and the hypothe-
sis is that it works by allowing convection in the 
vitreous, which improves the distribution of oxy-
gen from relatively normoxic to relatively hypoxic 
regions  [  126,   180,   185,   189  ] .  

    4.7.3   Retinal Detachment 

 Any condition that reduces the gradient of O 
2
  

from the choroid to the IS should reduce  Q  
OR

  and 
have a similar effect as hypoxemia. For example, 
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retinal detachment decreases the O 
2
  gradient by 

increasing the distance between the choroid and 
the IS. This effect of retinal detachment was fi rst 
predicted by using the diffusion model to simu-
late O 

2
  environments in the retina with different 

degrees of detachment  [  120  ] . Subsequently, in 
cats, detachment was shown to decrease photore-
ceptor metabolism  [  202  ]  and to cause photore-
ceptor apoptosis and Muller cell reactions  [  111  ] . 
Hyperoxia during detachment increases both 
inner retinal and choroidal PO 

2
   [  202  ]  and reduces 

apoptosis and Muller cell responses  [  111,   112, 
  130,   167  ] , even if hyperoxia is delayed by a day 
relative to the onset of detachment. 

 Drusen in age-related macular degeneration 
(AMD) may have a similar effect as detachment 
by moving the IS further from the choroid. 
The situation for AMD is not as well documented, 
but a druse that is 50  m m high is predicted to 
reduce  Q  

OR
  signifi cantly  [  146  ] .  

    4.7.4   Retinal Degenerative Diseases 

 An effect of choroidal O 
2
  on the retinal circula-

tion has been demonstrated in animal models of 
retinitis pigmentosa. As in humans  [  79  ] , loss of 
photoreceptors eventually leads to the almost 
complete obliteration of the retinal circulation in 
animals  [  39,   74,   133,   143  ] . Penn et al.  [  151  ]  
showed that the loss of retinal capillaries could 
be prevented in a rat model by making the animal 
somewhat hypoxic, so the choroidal PO 

2
  would 

not be so high. Direct measurements of retinal 
PO 

2
  during the progression of photoreceptor 

degeneration in RCS rats  [  228  ]  and Abyssinian 
cats  [  143  ]  showed that with a greater loss of pho-
toreceptors, the PO 

2
  gradients from the choroid 

reach into the inner retina. It seems likely that the 
earliest change is simply vasoconstriction of reti-
nal vessels caused by the relative hyperoxia, but 
this clearly progresses to vasoobliteration.  

    4.7.5   Retinopathy of Prematurity 

 In contrast to the benefi cial effect of choroidal O 
2
  

in PRP, choroidal O 
2
  has been implicated nega-

tively in retinopathy of prematurity (ROP). 

Elevated choroidal PO 
2
  was hypothesized to be 

responsible for the failure of the retinal circulation 
to develop in premature infants  [  25,   145  ] . Reducing 
inspired PO 

2
  in neonatal care units decreased the 

incidence of ROP  [  97  ] , presumably by allowing 
the retinal circulation to grow normally. Consistent 
with this idea, making neonatal mice hyperoxic 
and then withdrawing the excess O 

2
  fi rst prevented 

vessel growth and then produced neovasculariza-
tion  [  178  ] . However, simply exposing neonatal 
rats to continuous hyperoxia proved to be less 
damaging than exposing them to fl uctuating levels 
of inspired O 

2
   [  150  ] , which was not expected from 

the original hypothesis. In addition, normalizing 
O 

2
  in the neonatal unit did not prevent all ROP 

 [  124  ] . Finally, hypoxia can be demonstrated in 
the vitreous of rats when vessels are developing, 
but hypoxia was no worse in regions of neovas-
cularization than in normally developing retinas, 
suggesting that hypoxia is important in vessel 
growth, but not an explanation of abnormal vascu-
logenesis  [  235  ] . Consequently, aspects of ROP are 
still not understood.   

    4.8   Retinal Molecular Changes 
Related to Oxygen 

 The molecular effects of both decreased and 
increased retinal oxygen are being worked out 
and cannot be covered in depth here, but under-
standing the connection between physiology and 
molecular biology is an important topic for the 
future. Hypoxia is known to increase hypoxia-
inducible factor 1 (HIF-1) in the retina  [  56,   77, 
  139  ] , which leads to many changes, including 
elevation of vascular endothelial growth factor. 
HIF-1 also increases in retinal diseases, including 
diabetes  [  23  ] . Some retinal gene and protein 
changes can be directly ascribed to hypoxia  [  56, 
  102,   192  ] , but a comprehensive comparison 
remains to be done between the molecular changes 
in hypoxia and those in pathophysiological condi-
tions that may include hypoxia, such as diabetic 
retinopathy  [  99,   155  ] , retinal detachment  [  66,   95, 
  162,   234  ] , and glaucoma  [  1,   98,   131,   223  ] . 

 Oxygen radicals and the damage they cause 
are another connection between oxygen levels 
and molecular effects of oxygen. Because of the 
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high PO 
2
  in the outer retina, there are multiple 

antioxidant systems  [  72,   191  ]  to deal with the 
large number of radicals that are expected to be 
present in the RPE and outer retina even under 
normal conditions. Recently, Winkler  [  218  ]  pro-
posed that the lack of glutathione in photorecep-
tors leads to oxidative damage and is the reason 
that outer segments need to be continuously 
renewed. Further oxidative damage may occur at 
both increased and decreased levels of oxygen 
and is an active area of research.  

    4.9   Oxygen in the Optic Nerve 
Head 

 The local oxygen environment of the optic nerve 
head is of interest largely because of the possible 
role of ischemia in causing axonal damage and 
ganglion cell loss in glaucoma  [  67  ]  and the pos-
sibility that some of the medications for glaucoma 
may improve aspects of the microenvironment in 
this region. The nerve head is generally divided 
into a prelaminar region, the laminar region, and 
the retrolaminar region. While it has been possi-

ble to assess blood fl ow in each one by using 
 microspheres in monkeys  [  179  ] , measurements of 
oxygen tension have been confi ned to the prelam-
inar region adjacent to the retina and inside the 
globe or to the vitreous in front of that region. 
These measurements show that the PO 

2
 s are nor-

mally similar to those in the inner retina  [  3,   175  ]  
and that the regulation is also similar, with modest 
 [  3  ]  or negligible  [  63  ]  increases in PO 

2
  during 

hyperoxia. Hypercapnia increases optic nerve 
head PO 

2
   [  187  ] . There is no difference in optic 

nerve head PO 
2
  between darkness and steady illu-

mination  [  3,   54  ] , but it decreases during fl icker 
 [  3  ] , presumably because the increase in blood 
fl ow, which is well established in the optic nerve 
head  [  197  ] , does not quite keep pace with the 
increased metabolism required when ganglion 
cells are fi ring more rapidly. 

 In the normal cat eye, phosphorescence quench-
ing measurements showed that the PO 

2
  in the optic 

nerve head is well maintained during acute 
increases of intraocular pressure (IOP) that lower 
perfusion pressure (mean arterial blood pressure 
minus IOP) to 30–40 mmHg (Fig.  4.12 )  [  175  ] . The 
actual perfusion pressure at which regulation was 

P
O

2 
(m

m
H

g)

Perfusion pressure (mmHg)

0 10 20 30 40 50 60 70 80 90 100

0

10

20

30

40

50

Control

  Fig. 4.12    Regulation of PO 
2
  in the optic nerve head of 

cats, measured by phosphorescence lifetime decay. Each 
set of connected points is one animal, in which IOP was 
raised in order to lower perfusion pressure (PP) in fi ve 
cats. Each data point was found by averaging the inte-
grated phosphorescence intensity in the optic nerve head 
region from the intensity map. For each cat, control PO 

2
  

distribution was mapped before the pressure-controlling 
needles were inserted. The two PO 

2
  values below 

10 mmHg at low PP in two cats were taken shortly after 
the blood fl ow stopped  [  175  ]. Reprinted by kind permis-
sion of the Association for Research in Vision and 
Ophthalmology © 1992        
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impaired must have been even lower because 
ophthalmic artery pressure is lower than mean 
arterial pressure. Similarly, good regulation over a 
wide range of perfusion pressures has been 
observed with microelectrodes in cat and pig dur-
ing IOP elevation  [  3,   107  ]  and in monkey during 
reduction of blood pressure  [  63  ] . The effi ciency of 
this pressure regulation is similar to that observed 
in the neural retina  [  10,   175,   222  ] . Unfortunately, 
no oxygen measurements have been made in an 
animal with any form of chronic pressure eleva-
tion, so there are no data that address the question 
of whether optic nerve head regulation is impaired 
by glaucoma as one might predict.  

 In the optic nerve head, there has been consider-
able interest in the carbonic anhydrase (CA) inhibi-
tors dorzolamide and acetazolamide, which lower 
IOP  [  188  ] , for their potential additional effects on 
blood fl ow and PO 

2
 . These agents increase optic 

nerve head PO 
2
  (measured in the vitreous near the 

nerve head) between 40% and twofold in pigs  [  107, 
  148,   187  ] . Their action is probably due to increased 
local PCO 

2
   [  148  ]  because metabolic acidosis has 

no effect. The effectiveness of dorzolamide on the 
optic nerve stimulated experiments that showed 
that it could also be effective in increasing retinal 
PO 

2
  after a branch vein occlusion  [  135  ] . Few other 

intravenous drugs have any effect on inner retinal 
PO 

2
   [  15  ] , so the CA inhibitors may have some 

value, although CA inhibition can also markedly 
reduce retinal pH  [  204  ] .      
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 Fluorescein    angiography has been used for 
the past 30 years to quantitative retinal hemody-
namics  [  9,   10,   15,   17,   22,   28,   33  ] . The introduc-
tion of the video technique has improved the 
temporal resolution of fl uorescein angiograms. 
The combination of video fl uorescein angiogra-
phy and digital image analysis allowed for pre-
cise assessment of retinal circulation  [  17,   23, 
  30  ] . Furthermore, the introduction of the scan-
ning laser technique for recording of high-speed 
fl uorescein angiograms has improved the tech-
niques for quantifi cation of retinal circulation 
 [  13,   14,   29,   32  ] . Several studies have attempted 
to quantify retinal hemodynamics from angio-
grams by dye dilution techniques  [  10,   16,   18, 
  24  ] . However, these studies used standard photo-
graphic techniques to record fl uorescein angio-
grams with a time resolution of 1–2 images per 
second. The analysis of the arterial infl ow into 
the retinal vascular bed was not possible but 
offered the fi rst insights into retinal circulation. 
Data derived from these measurements included 
the arm-retina time and the arteriovenous pas-
sage time. The arm-retina time gives a rough 
estimate of the vascular system supplying the 
eye. Especially in patients with carotid artery 
obstructions, a signifi cant increase of the arm-
retina time has been demonstrated  [  27  ] . The reti-
nal hemodynamics in greater arterioles and 
venules can be quantifi ed by measurement of 
arteriovenous passage time and mean dye veloc-
ity from the early phase of the fl uorescein angio-
grams  [  17,   19,   23,   30  ] . Several studies have 
demonstrated the correlation between clinical 
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   Core Messages 

    High-resolution video fl uorescein angio-• 
graphy allows the assessment of retinal 
microcirculation.  
  Data for global retinal microcirculation • 
can be derived from estimations of the 
arm-retina time, the arteriovenous pas-
sage time, and mean arterial dye veloc-
ity. Perifoveal capillary microcirculation 
can be accessed from the transit of hypo-
fl uorescent segments in the capillary 
macular network.  
  In retinal pathologies such as diabetic • 
retinopathy, retinal vein occlusion assess-
ment of retinal blood fl ow by angio-
graphic techniques resulted in signifi cant 
differences between patients and healthy 
subjects as well as between the groups.  
  The interindividual variability of retinal • 
blood fl ow data is quite large.  
  Prognostic information for the individ-• 
ual patient from retinal blood fl ow mea-
surement using angiographic techniques 
is very limited.     
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fi ndings and alterations of arteriovenous passage 
time and mean dye velocity  [  11,   31  ] . 

 Beside dye dilution techniques, direct visualiza-
tion of retinal capillary microcirculation in perifo-
veal capillaries is possible using high-speed 
scanning laser techniques  [  8,   12,   20,   21,   25,   26,   32  ] . 
Perifoveal capillary fl ow velocities give data on the 
macular microcirculation. By means of the scan-
ning laser technique, fl ow velocities of segments of 
low fl uorescence were quantifi ed in perifoveal cap-
illaries. Biomicroscopic recordings of conjunctival 
and periungual capillaries  [  4  ]  clearly show seg-
mentation corresponding to erythrocytes (rouleaux 
formations) versus plasma. From these fi ndings, it 
is clear that segmentation in the fl uorescence inten-
sity corresponds to segments of erythrocytes and 
cell-free plasma  [  3  ] . Measurements of capillary 
fl ow velocities with fl uorescein techniques corre-
spond to the velocity of segments of cell-free 
plasma in the bloodstream. 

 In the following, the measuring techniques as 
well as clinical data from blood fl ow measure-
ments using angiographic techniques will be 
described.  

    5.1   Measuring Technique 

 High-speed digital fl uorescein angiography is 
performed using a scanning laser ophthalmoscope 
after intravenous injection of 5 ml sodium fl uores-
cein (10%) with a 10 ml saline fl ush. Digital pic-
ture analysis of high-speed digital  fl uorescein 
angiograms allows for quantitative assessment of 
retinal circulation. Retinal macrocirculation can 
be characterized by the arm-retina time, the arte-
riovenous passage time, arterial mean dye veloc-
ity, and the arterial vessel diameters. In contrast, 
the measurement of capillary fl ow velocity pro-
vides data on retinal microcirculation. Macro-
circulatory measurements are carried out in the 
40° observation fi eld. This mode allows for imag-
ing the entire posterior pole. For the assessment of 
capillary fl ow velocities, high-defi nition angio-
grams of the perifoveal capillary network are nec-
essary. Therefore, the 15–20° fi eld of the scanning 
laser ophthalmoscope is used. For all measure-
ments, the video signal generated by the scanning 

laser ophthalmoscope is converted into digital 
information and recorded digitally. 

 For the measurement of retinal macrocircula-
tion, density variations in the fl uorescein angio-
grams are analyzed by means of digital image 
processing system. After correction for eye move-
ments, the digital image processing system mea-
sures the entire angiogram sequence, recording the 
intensity of fl uorescein at various locations. Six 
points are interactively selected for measurement. 
The computer then analyzes the entire angiogram 
frame by frame. Fifty frames per second are evalu-
ated. For each image, the program recorded the 
mean intensity levels at each of the six selected 
locations. Intensity curves are obtained by plotting 
the collected data against the time axis. The time 
of the fi rst appearance of fl uorescein is evaluated 
from the intensity curves. According to the loca-
tion of the measuring points, several parameters of 
retinal circulation are assessed. 

    Two points are selected for measurement on 
the superiotemporal and inferiotemporal arteries 
(0.5 disc diameter) from the disc margin. Two 
more distally located points, two disc diameters 
from the disc margin on each artery are similarly 
monitored. The differences in appearance time 
and the actual distance between the proximal and 
distal marking point at each artery are used for 
calculation of the mean arterial dye velocity. The 
time elapsed between the appearance of dye at 
the proximal reference point at the temporal 
arteries and an adjacent point at its corresponding 
vein is used to determine the arteriovenous pas-
sage times. 

 Measurement of retinal microcirculation of 
the 15–20° fi eld of the scanning laser ophthalmo-
scope is used. In these digital high-defi nition 
angiograms, segments of low and high fl uores-
cence can be observed moving through the peri-
foveal network. The sequences are processed 
off-line to evaluate the mean capillary fl ow veloc-
ity and coeffi cient of variation of mean capillary 
fl ow velocity. The measurement of fl ow velocity 
is based on the determination of transit time “ D  t ” 
between two measuring points, separated by a 
known distance “ D  s ”. The actual distance “ D  s ” 
were measured by a digital image processing sys-
tem counting all pixels on the capillary between 
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the measuring points. The velocity of the moving 
hypofl uorescent segments was calculated as 
 v  =  D  s / D  t . The assessment of the capillary fl ow 
velocities was performed in each patient in 15 
different vessels. All measurements were per-
formed in the monolayer capillary network pre-
venting confounding errors from oblique vessels. 
The velocity of ten different segments of low and 
high fl uorescence in each capillary is quantifi ed. 
Every value of the mean blood fl ow velocity ( v ) is 
based on 150 single measurements. All of these 
are performed within a time period of less than 
5 s in the early transit phase of the angiograms. 
Measurements of actual distances were corrected 
for the refractive error.  

    5.2   Normal Values 

 Fluorescein angiograms of 221 healthy volun-
teers (116 male; 105 female, age: 30.9 ± 12.8 years) 
were performed to establish reference values for 
the arm-retina time, arteriovenous passage time, 
and mean arterial dye velocity (Table  5.1 ).  

 The interindividual variation was calculated 
and showed a 24% variation for the arm-retina 
time, a 27% variation for the arteriovenous pas-
sage time, and a 24% variation for the mean arte-
rial dye velocity. The correlation between the 
arm-retina time and the arteriovenous passage 
time was weak ( r  = 0.17;  p  < 0.05). With increas-
ing mean arterial dye velocity, a decrease of the 
arteriovenous passage time was noted ( r  = −0.31; 
 p  < 0.01). 

 In a group of 90 healthy subjects, fl uorescein 
angiography for assessment of capillary fl ow 
parameters was performed. The capillary fl ow 
velocity was 2.89 ± 0.41 mm/s. The interindivid-
ual variation of the capillary fl ow velocity was 
14.2%. With increasing arteriovenous passage 

time, the capillary fl ow velocity decreased slightly 
( r  = −0.25;  p  < 0.05). 

 The infl uence of age, blood pressure, heart 
rate, and intraocular pressure was evaluated by 
multiple stepwise regression analysis. A signifi -
cant relation between age and arm-retina time 
( r  = 0.331;  p  < 0.01) and arteriovenous passage 
time ( r  = 0.164;  p  < 0.01) was found. Both arm-
retina time and arteriovenous passage time were 
observed to increase slightly with age. Blood 
pressure, pulse rate, and intraocular pressure 
showed no additional signifi cant infl uence on the 
dynamic data. Comparing the 10% youngest and 
oldest subjects (age: 21 ± 1 years vs. 63 ± 8 years), 
no signifi cant differences could be found between 
the two groups (arteriovenous passage time: 
1.6 ± 0.4 s vs. 1.7 ± 0.4 s,  p  > 0.05). 

 The mean capillary fl ow velocity showed a 
dependence on age ( r  = −0.296;  p  < 0.01). The 
mean capillary fl ow velocity decreased with 
increasing age. No additional signifi cant infl u-
ence of the blood pressure, heart rate, and intraoc-
ular pressure was found.  

    5.3   Retinal Pathologies 

    5.3.1   Diabetes Mellitus 

 Bertram et al.  [  11  ]  report retinal blood fl ow data 
from a study in patients with diabetic retinopathy. 
For this study, the system described above was 
used. In a group of 124 patients, with type I diabe-
tes mellitus (71 male, 53 female age: mean 
35 ± 12 years), retinal circulation times were 
assessed. The severity of diabetic retinopathy was 
evaluated by ophthalmoscopy, fundus photogra-
phy, and angiography. The diabetic patients were 
distributed into four groups: (1) no retinopathy 
(no DR); (2) mild to moderate nonproliferative 

   Table 5.1    Arm-retina time, arteriovenous passage time, and mean arterial dye velocity of healthy subjects and the 
interindividual variation   

 No.  Arm-retina time (s)  Arteriovenous passage time (s)  Mean arterial dye velocity (mm/s) 

 Healthy subjects  221  10.9 ± 2.6  1.58 ± 0.4  6.67 ± 1.59 
 Interindividual 
variation 

 24%  27%  24% 



S. Wolf98

retinopathy (mild NPDR); (3) severe nonprolifer-
ative retinopathy (severe NPDR); and (4) prolif-
erative retinopathy (PDR). Table  5.2  shows the 
values for the arm-retina time, arteriovenous pas-
sage time, and mean arterial dye velocity for the 
diabetic patients and the reference values.  

 No signifi cant difference of arm-retina time 
was found between the groups with different 
stage of diabetic retinopathy. The arteriovenous 
passage time was signifi cantly prolonged in all 
four groups as compared with the normal sub-
jects. There was an increase of arteriovenous pas-
sage time with progressing diabetic retinopathy. 
The differences in arteriovenous passage time 
between no retinopathy and mild NPDR ( p  < 0.05), 
no retinopathy and severe NPDR ( p  < 0.05), no 
retinopathy and PDR ( p  < 0.01), and mild NPDR 
and PDR ( p  < 0.01) were signifi cant. 

 Various studies  [  1,   2,   5–  7,   12,   21,   25,   26  ]  have 
demonstrated signifi cant differences of perifoveal 
microcirculation in patients with diabetic retinopa-
thy as compared with healthy subject. It has been 
demonstrated that capillary fl ow velocity is signifi -
cantly reduced in patients with diabetes mellitus.  

    5.3.2   Central Retinal Vein Occlusion 

 A group of 173 patients (97 male, 76 female age: 
mean 64 ± 13 years) with acute central retinal vein 
occlusion (CRVO) retinal circulation times were 
assessed with the above described system. A total 

of 116 patients suffered from a nonischemic 
CRVO. Table  5.3  shows the values for the arm-
retina time, arteriovenous passage time, and mean 
arterial dye velocity for the patients with CRVO.  

 The statistical analysis confi rms signifi cant 
differences between patients and the reference 
values but no differences between ischemic and 
non-ischemic CRVO.   

    5.4   Summary 

 Fluorescein angiography with a scanning laser 
ophthalmoscope allows the assessment of retinal 
hemodynamics. The evaluation of the high-speed 
digital fl uorescein angiograms by means of digi-
tal picture analysis provides reproducible data on 
retinal hemodynamics. The arm-retina time gives 
a rough estimate of the vascular system supplying 
the eye. Especially in patients with carotid artery 
obstructions, a signifi cant increase of the arm-
retina time has been demonstrated. The retinal 
hemodynamics in greater arterioles and venules 
can be quantifi ed by measurement of arterio-
venous passage time and mean dye velocity from 
the early phase of the fl uorescein angiograms. 
Several  studies have demonstrated the correlation 
between clinical fi ndings and  alterations of arte-
riovenous passage time and mean dye velocity. 
Perifoveal capillary fl ow velocities give data 
on the macular microcirculation. By means of 
the scanning laser technique, fl ow velocities of 

   Table 5.3    Arm-retina time, arteriovenous passage time, and mean arterial dye velocity of patients with CRVO and 
reference values   

 No.  Arm-retina time (s)  Arteriovenous passage time (s)  Mean arterial dye velocity (mm/s) 

 Reference values  221  10.9 ± 2.6  1.58 ± 0.4  6.67 ± 1.59 
 CRVO  173  13.3 ± 3.9  6.47 ± 3.25  1.92 ± 0.72 
 Ischemic CRVO  57  13.2 ± 3.1  6.72 ± 2.79  1.71 ± 0.75 
 Nonischemic CRVO  116  13.3 ± 4.3  6.35 ± 3.45  2.04 ± 0.69 

   Table 5.2    Arm-retina time, arteriovenous passage time, and mean arterial dye velocity of diabetic patients and refer-
ence values   

 No.  Arm-retina time (s)  Arteriovenous passage time (s)  Mean arterial dye velocity (mm/s) 

 Reference values  221  10.9 ± 2.6  1.58 ± 0.4  6.67 ± 1.59 
 Diabetic patients  124  11.5 ± 3.4  2.35 ± 0.9  4.33 ± 2.20 

 n.s.   p  < 0.01   p  < 0.05 
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 segments of low fl uorescence were quantifi ed in 
perifoveal capillaries. 

 In retinal pathologies such as diabetic retin-
opathy, retinal vein occlusion assessment of reti-
nal blood fl ow by angiographic techniques 
resulted in signifi cant differences between the 
groups. However, the interindividual variability 
of retinal blood fl ow data is quite large. Therefore, 
prognostic information for the individual patient 
from retinal blood fl ow measurement using 
angiographic techniques is very limited.      

  Proprietary Interests   None.  
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                6.1   Introduction    

 Since the development of the fi rst method for 
funduscopy by Hermann von Helmholtz in 1851, 
both clinicians and researchers were interested in 
   a method for the assessment of retinal vessel 
diameters. It has very early been recognized that 
morphological and functional changes of retinal 
vessels do not only refl ect ocular vascular pathol-
ogies. Moreover, changes of the retinal vascular 

system may also serve as an indicator for a 
couple of systemic vascular-related disorders and 
their associated risks factors. In this context, 
alterations of the vascular system may be seen in 
either morphological changes of the retinal vas-
culature or in alterations of the vascular function. 
Hence, given that, in the eye, noninvasive investi-
gation of the microcirculation is possible, it pro-
vides a unique possibility for interdisciplinary 
vessel diagnostic in microcirculation. Using new 
optical technologies with high resolution down 
to the microscopic range, physiological vascular 
regulation mechanisms and alterations of the 
microcirculation can be investigated. 

 Beside the clinical use of methods to visualize 
the ocular fundus, the exact determination of reti-
nal vessel size is in particular crucial for the mea-
surement of retinal blood fl ow. Given that there is 
increasing evidence that blood fl ow alteration 
may contribute to the pathogenesis of several 
ocular diseases, the assessment of ocular blood 
fl ow has received more and more importance. 
Blood fl ow in the eye, as in every vascular bed, is 
mainly dependent on perfusion pressure and vas-
cular resistance. The latter is regulated by the 
local vascular tone, in particularly, in small resis-
tance vessels. Thus, the regulation of local blood 
fl ow is necessarily dependent on an intact regula-
tion of vascular tone in the tissue. This underlines 
the importance of measuring precisely the retinal 
vessel size when attempting to assess blood fl ow 
in a specifi c vascular bed. 

 The regulation of vascular tone is based on a 
complex interaction between local, systemic, and 
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  Core Messages 

    Given that local vascular tone is an • 
important regulator of blood fl ow, exact 
determination of vessel diameter is 
 crucial. The development of new and 
sophisticated instruments allow now for 
the exact and non-invasive determina-
tion of vascular tone in vivo.    
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neural components compensating for differing 
metabolic demands and changes in perfusion 
pressure. As a part of these regulation systems, it 
has been shown that the retina and the optic nerve 
head have the ability to adapt their blood fl ow to 
increasing metabolic demands caused by aug-
mented neural activity. There is increasing evi-
dence now that not only basal vascular tone is 
important to preserve physiological function but 
also the ability of the vascular system to adapt to 
changes in metabolic demands and that these 
mechanisms may be corrupted in several  systemic 
and ocular diseases. The developments of sophis-
ticated stimulation techniques allow now not 
only for the precise determination of vessel size 
but also for vascular and endothelial function. 
This may in future help for the early diagnosis 
and treatment of ocular and systemic vascular 
diseases. 

    6.1.1   Anatomy 

 The retinal vasculature is a classical end-artery 
system and supplies the inner layers of the neural 
retina. Observed ophthalmologically, it consists 
of a typically arranged network of vessel branches, 
entering the eye with the optic nerve head 
(Fig.  6.1 ). The central retinal artery is derived 
from the ophthalmic artery, which, in turn, is a 
branch of the internal carotid. Based on blood 
fl ow measurements, it has been calculated that 
the diameter of the central retinal artery is in the 
range from 134 to 208  m m in healthy subjects  [  8  ] . 

The central retinal artery enters the optic nerve 
approximately 10 mm behind the globe and 
divides near the lamina cribrosa into upper and 
lower main branches. Further divisions lead to 
the typical appearance of the retinal vasculature 
divided into four major branches, each supplying 
one quadrant of the neural retina. The retinal 
arteries are approximately 200  m m in diameter 
and, in an anatomical point of view, arterioles. 
The general structure of the retinal vessels is 
comparable to that of muscular arteries. Near 
the optic disc, the vessel wall consists of fi ve to 
seven layers of smooth muscle cells, decreasing 
to two or three layers at the equator  [  23  ] . As a 
peculiarity, the retinal vessels lack any autonomic 
nerve supply.  

 Retinal blood fl ow is drained almost exclu-
sively by the central retinal vein, which subse-
quently empties into the superior ophthalmic vein. 
Retinal veins are usually larger in diameter (up to 
300  m m) and lack a well-developed smooth mus-
cle covering. Calculations have revealed that total 
retinal blood fl ow in healthy subjects is in the 
range of 38–80  m l/min  [  8,   11  ]  and may be consid-
erably impaired under pathological conditions.   

    6.2   Vessel Diameter 
Measurements Based 
on Optical Images of Indirect 
Ophthalmoscopes 

 Already 1 year after the development of the oph-
thalmoscope by Hermann von Helmholtz, a fi rst 
approach to measure retinal vessel diameters 
in vivo has been introduced by    Ruete and Landolt. 
The measurement principle utilizes an optical 
image plane of the indirect ophthalmoscopy plac-
ing reference markers of well-defi ned size into it. 
The markers can be viewed in focus together with 
the vessels to gauge the vessel  diameter by direct 
comparison. Subsequent modicifactions apply 
measurement oculars with measurement scales or 
moveable measurement markers like the Mikuni 
ocular  [  42  ] . 

 Later on, the “Lobeck ocular” represented 
the fi rst serious optical measurement device, 
based on an optical image splitting method and 

  Fig. 6.1    Normal human fundus       
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developed by Lobeck  [  37  ]  and manufactured at 
Carl Zeiss Jena during the 1930s. This principle 
was enhanced later to the use of a parallel plate 
micrometer  [  59  ]  (Fig.  6.2 ).  

 The fi rst electrooptical system for measuring 
retinal vessel diameters was presented by Delori 
 [  7  ] . In the image plane of an indirect ophthalmo-
scope, a light scanning system picks up brightness 
profi les perpendicular to the vessel course. The 
electronic signals representing these vessel cross 
sections are then analyzed in order to identify the 
vessel borders by the means of the half-height 
algorithm described in detail below. The specifi c 
purpose of this device was the measurement of 
oxygen saturation by use of different absorption 
profi les of oxy/desoxyhemoglobin including the 
diameter measurements. Another similar develop-
ment was based on a modifi cation of a commer-
cially available photographic retinal camera (Carl 
Zeiss Jena, Germany) presented on the Leipzig 
fair in 1987  [  58  ] . The device was equipped with a 
linear CCD sensor to gain brightness information 
necessary for diameter assessment. 

 However, diameter measurements in the live 
image of the fundus as visualized by indirect 
ophthalmoscopic devices are diffi cult, time con-
suming, and allow usually only for assessment 

one single-measurement location. An additional 
problem of these approaches is that the systems 
are very sensitive to eye movements. Thus, the 
reproducibility of the technique is strongly depen-
dent on exact fi xation abilities of the subject mea-
sured. The considerable numbers of disadvantages 
in combination with considerable error sources 
have limited the application of these early devices 
strictly to research purposes.  

    6.3   Vessel Diameter 
Measurements Based on 
Photographic and Digitally 
Stored Images 

 The development of retinal cameras and the 
advantage of the photographic or digital storage 
of fundus images with high temporal and spatial 
resolutions lead to improved measurement sys-
tems for vessel diameters and fi nally to the intro-
duction of modern retinal vessel analysis. In 
particular, fundus photography for the fi rst time 
allowed for the assessment of vessel diameters 
without the problems of a live examination. 
Acquired fundus images can be analyzed offl ine 
by trained persons, which allows for the anony-
mized analysis in double-masked clinical studies. 

    6.3.1   Basics for Measurements 
on Stored Images 

 Basically, all methods for measurement based on 
photographic and digital images follow a similar 
pattern: In a fi rst step, the fundus image acquisi-
tion takes place, which is then followed by vessel 
diameter measurement based on the analysis of 
the recorded images. 

    6.3.1.1   Measuring Principle 
 Figure  6.3  demonstrates the basic principle of 
measurement, on which most of the techniques 
currently available are based by use of retinal 
cameras. Imaging of the column of the red blood 
in the fundus image is dominated by light absorp-
tion. The brightness profi le from the vessel cross 
section (vessel profi le) is analyzed to detect the 

D

  Fig. 6.2    Image-splitting principle (Modifi ed from Vilser 

et al.  [  61  ]    )       
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vessel edges and to defi ne the measuring points 
inside these edges and therefore in the edges of 
the red blood cell column. The diameter of a ves-
sel segment is estimated as distance between the 
measuring points on a perpendicular line to the 
fl ow direction of the vessel (Fig.  6.3 ).  

 The column of red blood cells is absorbing 
light backscattered from the retinal layers and 
results in an ideal brightness profi le. However, in 
reality, that ideal profi le is interfered with distur-
bances like local and global regular refl ections 
and background structures. The optical proper-
ties of the eye, imaging system, and electronic 
image sensor infl uence the vessel profi le by 
applying low-pass fi ltering and noise to the fun-
dus image. The result is the real vessel profi le, 
more or less disturbed like shown in the fi gure 
and changed by the optical magnifi cation of the 
eye and optical device. 

 Imaging systems different from regular fun-
dus cameras (e.g., laser scanning systems) usu-
ally introduce different imaging conditions, 
which make modifi cations of the measuring 
principle necessary. An exceptional position 
among the approaches holds the methods based 

on fl uorescein angiography, which requires the 
application of a fl uorescent dye. Given that fl uo-
rescein interfuses the whole vessel including the 
otherwise invisible plasma edge stream, the fl uo-
rescence pattern light represents the whole 
lumen, not only the width of the red blood cell 
column. This results in a different brightness 
profi le, and a different diameter defi nition must 
be considered. Thus, the data assessed with 
 fl uorescein  angiography are not entirely compa-
rable with the data gained with other methods. 

 In the past, depending on the image acquisi-
tion and analysis technique, a variety of methods 
were developed and applied. The methodological 
properties of the different methods are deter-
mined both by the image acquisition system (reti-
nal camera, laser scanner) and the measurement 
methods itself.  

    6.3.1.2   Defi nition of Retinal Vessel 
Diameter and Vessel Width 

 Although arbitrary, the terminology for defi ning 
vessel size is important. The vessel diameter is 
defi ned as the diameter of the red blood cell col-
umn and the vessel width as the diameter of the 
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  Fig. 6.3    Measuring principle       
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column of a contrast agent at a particular point in 
time for a given local vessel segment. 

 Because the vessel diameter and width differ, 
it is necessary to clearly distinguish measuring 
results using contrast agents (i.e., width) from 
results obtained without the use of contrast agents 
(i.e., diameter). It is assumed that the thickness of 
the plasma zone is constant under a wide range of 
hemodynamic conditions, but the validity of this 
assumption needs to be verifi ed. Another impor-
tant assumption is that the measured vessel has a 
circular cross section. This seems a reasonable 
assumption for the pressure conditions near the 
optic nerve head, but whether this assumption 
holds true for all parts of the ocular vascular sys-
tem has yet to be shown.  

    6.3.1.3   Vessel Edge Defi nition 
and Methods for Estimation 
of Measuring Marks in the 
Vessel Edges 

 For the correct determination of vessel diameters, 
a correct identifi cation of vessel borders is  crucial. 
As illustrated in Fig.  6.3 , the vessel edges are not 
sharp brightness transitions from the vessel to the 
surrounding tissue, but rather they appear as 
gradual transitions from bright to dark. This edge 
brightness transition can be as much as 1/3 of the 
vessel diameter. This edge can be further obscured 
by the brightness profi le of the whole image. 

 Defi ning the vessel edge requires proper place-
ment of measuring marks at the edges of bright-
ness transition. The ideal vessel edge defi nition 
(A-A) for the chosen defi nition of vessel diameter 
is shown in Fig.  6.2  and marks the beginning and 
the end of the red blood cell column. However, 
the position of the measuring marks determined 
by measuring algorithms automatically or manu-
ally by an examiner are often misplaced. This is a 
 common cause of systematic and random errors 
in retinal vessel diameter measurements and the 
impetuous for the development of automatic 
algorithms immune to brightness disturbances 
and with high reproducibility. One main aim for 
the development of automatic algorithms is to be 
suffi ciently robust to the brightness disturbances 
to get a high reproducibility  [  60  ] . 

 In principle, two different methods for vessel 
border determination are available: a subjective 
and an (semi)automatic, objective one. 

      Subjective Edge Defi nition of Manual 
Measurement Directly in the Acquired 
Fundus Image 
 In the simplest approach, the grader has to adjust 
a measuring mark until it fi ts the vessel border 
according to his visual impression  [  22,   24  ] . 
Obviously, it is crucial to ensure a perpendicu-
lar cross sectional line between the marks. 
Alternatively, a circle can be drawn with the cen-
ter on one vessel edge, and the radius has to be 
increased until the circle is tangent to the oppo-
site vessel edge  [  24  ] . Manual measurements are 
time consuming and suffer from  subjective sys-
tematic measurement errors, dependent on the 
individual perception of the edge position by the 
grader. As one consequence, there are different 
measurement results between graders (intraindi-
vidual variability of graders). A more subtle error 
is that graders tend to place the measuring marks 
towards the darker part of the profi le. A manual 
assessment of the same vessel shown bright on a 
dark  background will result in a wider diameter 
 estimate than if the vessel is shown dark on a 
bright background. Such misperceptions intro-
duce systematic errors between measurements 
in positive and negative images. Furthermore, 
 vessels in fl uorescein angiographic images are 
measured wider than in images without dye inde-
pendent from difference caused by plasma zone 
and by steeper edge brightness transitions. 
Finally, it should be noted that examination 
 conditions like different image brightness and 
contrast, ambient light, and different styles of 
measuring marks may introduce errors and dif-
ference between measuring results  [  59,   60  ] .  

      Objective Edge Defi nition 

 To improve reproducibility by reducing a number 
of errors due to perception of the grader, some 
methods apply objective criterions for diameter 
assessment. Those methods can be classifi ed into 
the following three groups:
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    1.     Half - height maximum  
 The measuring points for both edges are 

defi ned as the half height of the brightness of the 
surrounding tissue and the vessel center on each 
side of the vessel. This defi nition was used by 
densitometric and scanning techniques  [  5  ] .  
    2.     Filter algorithms for automatic measurements  

 One group of algorithms for automatic mea-
surements of vessel diameter are special fi lter 
kernels  [  34  ]  to mark the measuring points in the 
vessel edges of the brightness profi les crossing 
the vessel.  
    3.     Model - based algorithms for automatic 

measurements  
 A modeled vessel profi le is approximated to 

the acquired real brightness profi le. Extracted 
model parameters from the best fi tting represent 
the vessel diameter  [  39  ] . Models can also account 
for regular refl ections and other systematic error 
sources. A principal drawback is the time need of 
such methods.       

    6.3.1.4   Problems and Measuring Errors 
 Errors can arise from the individual properties 
of the eye, the imaging system, and image pro-
cessing. Depending on the measuring algorithms 
and examination conditions, there are differ-
ent sources for systematic and random errors. 
Different examination or measuring conditions 
can turn systematic errors into random errors and 
vice versa. 

      Magnifi cation Error 
 The magnifi cation scale of the fundus image is 
strongly affected by the anatomical properties 
of the eye. As a nominal value, the magnifi ca-
tion scale should be given for the Gullstrand 
normal eye adapted to the far which is well 
defi ned. Deviations from that model can be 
quantifi ed as axial ametropia and refractive 
ametropia, changing the optical magnifi cation 
 [  1,   36  ] . A process of biological self-correction 
may counterbalance the effects of the two forms 
of ametropia, resulting in an emmetropic eye. 
Both the ametropic and the emmetropic eye 
with an axial length different to the Gullstrand 
eye will induce magnifi cation errors due to the 

optical system of the imaging device. The 
amount of error is infl uenced by the optical sys-
tem of the fundus camera  [  60  ] . It is not suffi -
cient to estimate merely total and axial 
ametropia of the system (eye) in order to cor-
rect magnifi cation errors. Furthermore, devia-
tions in corneal shape like astigmatism or 
keratocone may induce additional errors. The 
infl uence of various magnifi cation-related 
errors can be minimized by the use of local or 
temporal relative values like the arteriovenous 
ratio.  

      Errors of Measurements 
in Angiographic Pictures 
 Typically, measurements are performed in photo-
graphic images (colored or black and white). 
Alternatively, it has been proposed to use fl uores-
cein angiography to enhance the contrast of 
the vessel edge against its retinal background 
 [  22,   55  ] . However, the use of fl uorescein results 
in the measurement of vessel width as discussed 
above. In general, measurements of vessel width 
in angiographic images face a lot of error sources 
which are diffi cult to control. The dye fi lling in 
arteries expands from the vessel center, whereas 
in the veins it remains heterogenous. Only over a 
short period of time the acquisition of images for 
vessel diameter measurement is possible. Most of 
the angiographic images lead to considerable 
measurement errors. 

 Additionally, fl uorescein angiographic images 
often are overexposed in order to get good con-
trast and to display the capillary bed. This leads 
to problems in the identifi cation of the vessel 
edges in the brightness profi les which feigns bet-
ter reproducibility but induces additional errors. 
These fundamental drawbacks of fl uorescein 
angiographic imaging methods remain 
 independent of the methods for vessel diameter 
measurement applied.   

    6.3.1.5   Physiological Variability of Vessel 
Diameter 

 Variance of the measurement of retinal vessel 
diameters is not only caused by errors of the 
assessment technique itself. It has been shown 
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that retinal vessels exhibit changes in diameter 
during the cardiac cycle. Pulsation of the central 
retinal vein is visible on direct ophthalmoscopy 
in a large number of persons, and pulse-related 
changes in retinal vessel width can be measured 
by assessing diameter information at different 
phases of the cardiac cycle. Therefore, assessing 
retinal vessel diameters – regardless which tech-
nique was used – at random points in the pulse 
cycle may result in an unrecognized source of 
variation in the measurements of retinal vessel 
diameters between subjects and over time in the 
same individual. It has been shown that the arte-
rial diameter can vary up to 3.5% and up to 4.8% 
in retinal veins of healthy subjects  [  6  ] . The same 
study described that the venular diameter was 
smallest in early systole, reaching a maximum in 
early diastole, whereas the arteriolar diameter 
peaked slightly earlier. Considering that the cal-
culation of blood fl ow from vessel diameter and 
blood speed uses the square of the vessel diame-
ter, the potential error introduced in such a calcu-
lation can be up to 9%, if this factor is not taken 
into account. 

 Several techniques have been proposed to 
overcome the pulse-depending changes. Dumsky 
and colleagues have introduced a technique 
which uses electrocardiographically synchro-
nized fundus photography  [  9  ] . For this purpose, 
a dedicated electrocardiographic synchroniza-
tion unit was built to trigger the camera at a pre-
set time interval after the R wave of the ECG. 
Using six or more synchronized fundus photo-
graphs, the authors could detect diameter changes 
induced by exercise as small as 1.4% in a group 
of six volunteers. Knutson and colleagues 
showed that pulse synchronous digital images 
triggered by the means of a ear clip as triggering 
device can signifi cantly reduce the variation of 
measurements  [  30  ] . 

 Another cause of biological diameter variabil-
ity is vasomotions and the blood pressure waves 
(Meyer waves) with periods near 10 and 20 s. In 
young people, the magnitudes are considerably 
higher than the pulsation magnitudes. These 
waves are different in arteries and veins and 
therefore cause changes in arteriovenous ratio. 

Newer instruments (DVA and RVA Imedos, Jena), 
which use the real time assessment of retinal ves-
sel diameter, allow for the correlation of vessel 
diameter course to a wide number of biological 
signals such as the ECG. Alternatively, given that 
these systems are measuring retinal vessel size up 
to 25 times per second, retinal vessel diameters 
can simply be determined by averaging the mea-
suring results over several seconds. 

 The brief overview should give an introduc-
tion into the methodology of vessel diameter 
measurements. It is by far not capable of refl ect-
ing the multitude of approaches and results 
worldwide regarding this topic.   

    6.3.2   Methods 

 Different imaging systems and different technical 
solutions to measure in the photographic or digi-
tal images with different edge defi nitions result 
in different methods, which are summarized in 
groups. 

    6.3.2.1   Optical Micrometric 
Measurements Based on 
Photographic Negatives 

 The optical micrometric determination of retinal 
vessel diameters was used in clinical studies for 
many years. Basically, the micrometric determi-
nation of the vessel diameter or width uses photo-
graphic image negatives of the fundus, viewed 
under a microscope. By the means of a microm-
eter ocular attached to the microscope and a 
known magnifi cation of the instrument, the 
observer visually estimates the measuring points 
in the vessel edges (manual measurement). 

 Several improvements for the micrometric 
assessment have been proposed. In a technique 
also known as projection micrometry, a photo-
graphic fundus picture was taken with a fundus 
camera and then projected onto a screen with 
known magnifi cation (up to 35 times). Vessel 
diameter measurement was performed manually 
using a caliper  [  4  ] . More sophisticated approaches 
utilized dedicated computer systems to translate 
the position of the caliper in measurable units. 
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As discussed already, common drawbacks of 
those manual methods are a variety of subjective 
errors and their extensive time need.  

    6.3.2.2   Microdensitometry Based 
on Photographic Negatives 

 In the so-called microdensitometric techniques, 
the vessel edges are defi ned based on a densito-
metric trace of the vessel images crossing the 
vessel. The result is similar to the brightness pro-
fi le. The crucial point in the microdensitometric 
technique is the objective determination of the 
position of the measuring points in the vessel 
edges by means of the half-height diameter 
method enabling an objective measurement. The 
disadvantage of densitometry was again the con-
siderable time need. So today, also this method is 
replaced by modern methods of digital image 
processing  [  5  ] .  

    6.3.2.3   Measurements Based on Digital 
Images 

 During the changeover from photographic to 
electronic imaging, high-resolution image scan-
ners were used to enable digital image processing 
on photographic fundus images. Nowadays, this 
technology has kept its relevance for the postpro-
cessing of major studies from the past. Time need 
and errors from photographic and scanning pro-
cesses are the drawbacks of this method. 

 The development and application of sensitive 
high-resolution image sensors like CCDs turned 
conventional photographic retinal cameras into 
digital imaging systems. This enables a direct 
computer processing of digital fundus images to 
assess vessel diameter in normal or vessel width 
in fl uorescein angiographic images. 

 But even for the evaluation of digital fundus 
images, visual-measuring methods similar to the 
methods of optical micrometry were a common 
approach. The image is displayed on a monitor, 
and the user has to place the measuring marks 
(lines or circles) using a mouse  [  24  ] . The respec-
tive display magnifi cation properties of the display 
monitor and the various subjective infl uences may 
have adverse impact on the measurement results. 

 Nowadays, vessel measurement is performed 
using more and more automated methods. 

Usually, the examiner has to select the measure-
ment location by mouse click. There, the bright-
ness profi les are acquired from the vessel cross 
sections and evaluated automatically using the 
methods discussed already. Sources of errors for 
these methods are the imaging conditions and 
effects of the optical devices and imaging sen-
sors. Further developments of the digital systems 
for vessel diameter measurement lead to the 
introduction of vessel analysis.    

    6.4   Diameter Assessment 
for Blood Flow 

 Until now, volumetric blood fl ow in major retinal 
vessels cannot be measured directly. One of the 
most widely used approaches is to calculate blood 
fl ow from measured velocity and vessel diameter 
in the same vessel segment. One has, however, to 
note that this refl ects blood fl ow in one single 
vessel. If one wants to determine total retinal 
blood fl ow, this procedure has to be carried out in 
each single vessel separately. 

    6.4.1   Assessment of Flow by Use 
of Doppler Technique (CLBF) 

 Another possibility to measure blood fl ow is the 
combination of Doppler techniques with mea-
surements of vessel diameter in photographic 
fundus images  [  19  ] . The Canon laser Doppler 
blood fl owmeter (CLDF, Canon, Tokyo, Japan) 
combines retinal blood velocity measurement 
according to the laser Doppler principle with a 
system for the measurement of retinal vessel 
diameters  [  10  ] . It is the fi rst commercial device 
that is capable for measuring simultaneously 
vessel size and blood speed. This allows for the 
 calculation of retinal blood fl ow in  m l/min based 
on the Poiseuille principle in the selected vessel 
segments with high reproducibility  [  20  ]  and 
can therefore provide an immediate measure of 
retinal blood fl ow in actual units of  m l/min. 
Basically, the CLDF consists of a modifi ed 
 fundus camera, which is equipped with two 
lasers. The red blood cell speed is determined 
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by bidirectional laser Doppler velocimetry, 
which is described in detail elsewhere in this 
book. Briefl y, Doppler-shifted light scattered 
from the fl owing blood cells in the target vessel 
is detected simultaneously in two directions 
separated by a fi xed angle. The Doppler shift in 
the backscattered laser light is a function of red 
blood cell velocity. A red 675-nm-diode laser is 
used for velocity measurement. 

 Retinal vessel diameters are determined auto-
matically by computer analysis of a vessel cross 
section recorded by a CCD line scan sensor con-
nected to the fundus camera system. For the deter-
mination of vessel diameter, the half height of 
the vessel brightness profi le is used. Furthermore, 
the diameter measurements can be corrected 
for the refractive error of the eye. The instrument 
is equipped with an automatic vessel tracking sys-
tem that maintains alignment of the laser beam on 
the target vessel during the measurement.   

    6.5   Retinal Vessel Analysis 

 Given that several ocular and systemic vascular-
related diseases are associated with concomi-
tant changes in the microvasculature, the exact 

quantifi cation of the retinal vessel size has gained 
more and more attention. Several lines of evi-
dence indicate that changes in retinal vessel 
diameters refl ect not only ocular diseases but also 
may serve as an early predictor for systemic dis-
eases such as systemic hypertension or stroke. 
Along this line of thought, a lot of effort has been 
put into the investigation of structural alterations 
of retinal blood vessels and their association to 
ocular and systemic diseases. 

    6.5.1   Basics of Retinal Vessel Analysis 

 In principle, two different approaches for auto-
matic vessel analysis are available (Fig.  6.4 ). The 
analysis of one singe image of the ocular fundus is 
usually referred to as static vessel analysis. Based 
on this technology   , several parameters describing 
structural alterations of the retinal vascular system, 
such as generalized arterial narrowing, can be 
assessed. However, the limitation of this approach 
is that no information can be gained about 
 vascular function. The further development of 
this technique led to the approach of dynamic 
vessel analysis. In principle, dynamic vessel 
analysis is based on the analysis of retinal vessel 

Vessel analysis

Static vessel analysis Dynamic vessel analysis

Real time measurement over longer periods of time

One single frame

Time

  Fig. 6.4    Two approaches for retinal vessel analysis are available: static and dynamic vessel analysis       
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diameters in relation to time and location on the 
vessel. For this purpose, image sequences from 
seconds up to several minutes are analyzed, 
allowing for the investigation of time and loca-
tion dependent vessel behavior. Additionally, as 
one of the advantages of this technique, the lat-
ter approach also allows for the use of different 
provocation methods such as fl icker stimulation, 
squatting, or breathing tests, to assess vascular 
function in vivo.  

 The basic principles of diameter measure-
ments have been described before in this section. 
Whereas for single measurements it may be suf-
fi cient to manually mark the chosen vessel seg-
ment, this approach is no longer feasible for the 
high number of measurements necessary for ves-
sel analysis. To overcome this problem, sophisti-
cated methods and algorithms of image processing 
with a high degree of automation have been intro-
duced and are currently subject to research. 
Pursuing various approaches and different objec-
tives, they share the following essential steps:
    1.    Identifi cation of vessel segments (recognition 

of vessel segments inside of images)  
    2.    Identifi cation of connected segments or build-

ing vessel trees  
    3.    Vessel classifi cation (differentiation between 

arteries and veins)  
    4.    Defi nition of reference points and recognition 

of eye movements  
    5.    Correction of eye movements between images  
    6.    Plausibility tests  
    7.    Analysis of measured vessel diameter values 

and estimate of characteristic vessel parame-
ters to describe vascular properties of vessel 
state and function such as the AVR      

    6.5.2   Static Vessel Analysis 

 Given that the eye is the unique site in the human 
body where a direct sight on the vessels is possi-
ble, special emphasis has been directed toward 
the early identifi cation of morphological changes 
in several vascular-related diseases   . In particular, 
it is known for a long time that changes in blood 
pressure, diabetes, or other diseases are refl ected 
in morphologic changes of the ocular fundus. 

These changes include arteriolar narrowing, arte-
riovenous nicking, cotton wools spots, microan-
eurysm, blot hemorrhages, and others. Whereas 
morphologic changes such as microaneurysms 
and hemorrhages need to be analyzed by a trained 
specialist, the assessment of retinal vessel diam-
eters can be done automatically by analyzing 
fundus images. 

 One of the fi rst approaches to assess a disease 
risk factor by measuring the retinal vascular sys-
tem was introduced by Quigley and colleagues 
 [  50  ] . For this purpose, the so-called pressure 
attenuation index (PAI) was defi ned. The PAI 
refl ects the pressure loss along the arterial ves-
sels, based on diameter measurements of retinal 
vessels. It was stated that low-end arterial pres-
sures (high PAI values) may be a protective factor 
in diabetic retinopathy and that PAI may be use 
as risk indicator for the development and progres-
sion of the diabetic retinopathy. 

 Today, the most widely used approach to 
describe retinal vessels state is based on the 
observation that a decrease in arterial vessel cali-
ber may refl ect generalized arterial narrowing in 
other vascular beds and predict systemic and ocu-
lar diseases. Unfortunately, representative mea-
surements of retinal vessel diameters are diffi cult 
to perform and complicated by several different 
factors  [  24  ] . First and most importantly, the 
angioarchitecture and the branching pattern of 
the retinal vessels differ considerably between 
subjects. This is of special importance because 
the total cross section of the arteriolar system 
increases with each bifurcation of the vessels 
leaving the optic nerve head. Thus, in order to 
achieve comparable and reliable results, the mea-
surement procedures should also account for the 
specifi c branching pattern of the subject under 
study. Secondly, measurements of vessel size by 
the means of a fundus camera or fundus photog-
raphy may be infl uenced by an improper focus or 
the individual refractive error of the subject under 
measurement. 

 To overcome these limitations, the arteriovenous 
ratio (AVR)   , a relative measure to assess arterio-
lar narrowing has been introduced. The AVR is 
 currently the most widely used parameter for 
static vessel analysis and allows individual vessel 
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diameters to be combined into summary indices 
refl ecting the average arteriolar and venular diam-
eters of the eye  [  24  ] . To assess the AVR, the quo-
tient of the so-called central retinal arterial 
equivalent (CRAE) and central retinal venous 
equivalent (CREV) is calculated. The fi rst 
approach to calculate the CRAE has been intro-
duced by Parr and Spears  [  46,   47  ] . The formula 
used for CRAE calculation is based on theoretical 
models and includes factors such as the vessel 
width and the number of times the arteries have 
branched for the calculation of the CRAE. 
However, the studies by Parr and Spears are lim-
ited by the fact that only the CRAE has been used 
to assess arterial narrowing and the retinal veins 
have not been included in the analysis. 

 Later, extending the approach from Parr and 
Spears, a corresponding formulas for the calcula-
tion of CREV have been developed by Hubbard 
and colleagues  [  24  ] . As a further improvement, 
the AVR has been included calculated as a quo-
tient of the CRAE and CREV. The authors sug-
gest that the AVR is a more appropriate measure 
to refl ect arterial narrowing because it also 
includes information of retinal veins  [  24  ] . The 
main advantage of this approach is that the AVR, 
as a relative factor, is presumed to be largely 
unaffected by the arteriolar branching pattern in a 

certain individual, magnifi cation of the fundus 
photo due to refractive errors, or the broadening 
of the vessel diameter due to the opacity of the 
ocular medias  [  24  ] . An AVR of 1 indicates that, 
on average, arteriolar diameters are the same as 
venular diameter in that eye, whereas a smaller 
AVR indicates arteriolar narrowing (Fig.  6.5 ). 
However, this approach is based on the assump-
tion that the diameter of retinal veins remains 
relatively constant despite other infl uencing fac-
tors such as blood pressure. Whether this assump-
tion holds true in all cases will be discussed later 
in this chapter.  

 Further modifi cations leading to revised for-
mulas for calculation of CRAE and CREV have 
been proposed by other authors. For example, 
Knudtson and colleagues have pointed out that 
the above mentioned formulas for the calculation 
of the CRAE and the CREV are not completely 
independent from number of vessel measured 
 [  31  ] . Consequently, the authors have developed 
new formulas which also account for differences 
in branching of the vessels included  [  31  ] . 

 To guarantee comparable results, several pre-
requisites for the calculation of the AVR have to 
be fulfi lled. Most importantly, the image used for 
the analysis has to be taken centered on the optic 
disc (Fig.  6.6 ). Given that, as stated above, the 

  Fig. 6.5    Retinal photographs showing a fundus with generalized arteriolar narrowing with an AVR of 0.64 ( left ) and a 
fundus with normal retinal arterioles with an AVR of 1.08 ( right ) (Wong et al.  [  68  ] )       
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individual branching pattern plays a crucial role 
for the assessment of the AVR, only vessels 
coursing through a specifi ed area surrounding the 
optic disc are taken into consideration. At their 
fi rst descriptions of the static vessel analysis  [  24  ] , 
digitized photographic images and a manual 
diameter measurement had been used. The tech-
nique was then improved by the development of 
automatic algorithms     [  67  ] .  

 Newer technologies are based on the analysis 
of digitally taken fundus pictures and specially 
developed software programs for the automatic 
detection and classifi cation of the vessels and 
the concomitant diameter measurement ( X1 -
 IVAN - software of the Wisconsin University ). 
However, up to now, the software is still depen-
dent on the input of an experienced user to con-
fi rm the measurements or to correct false or 
missing vessel detections, wrong classifi cations, 
and obvious measurement errors. While the 
range of use of the “IVAN” software (University 
of Wisconsin) is strictly limited to public 
research, Imedos GmbH (Jena, Germany) 
 introduced a  commercially available software 
“Vesselmap” and an integrated device system 
for static vessel analysis “static vessel analyzer” 
(SVA) (Fig.  6.6 ). Other software solutions are 
provided by Thalia and Medivision. The most 

recent development in static vessel analysis is a 
follow-up tool (Imedos) capable of performing 
automatic individual progression observations. 
Relative changes of arterial and venous vessel 
diameters are determined related to a reference 
examination. In this way, a consideration of 
central equivalents for individual diagnosis 
becomes possible. 

 Today, the standardized assessment of the AVR 
based on arterial and venous central equivalents 
got widely accepted and became a gold standard 
in epidemiologic studies. However, examination 
protocols, measuring restrictions, procedures, 
conditions as well as used formulas, and retina 
cameras must be considered when attempting to 
compare results of different studies.  

    6.5.3   Results and Limits of Static 
Vessel Analysis 

 The importance of retinal vessel diameter in the 
diagnosis of systemic vascular-related diseases 
was recognized already in the 1930s, especially 
the relevance of the ratio between correspond-
ing artery and vein  [  37  ] . Unfortunately, a num-
ber of interesting scientifi c study results from 
Lobeck and others related to diabetes, arterial 
hypertension, and nephrological diseases and 
other fell into oblivion  [  38  ] . However, the obser-
vation that patients suffering from systemic 
hypertension shows decreased retinal arterial 
diameters, which has been used as a diagnostic 
criterion and a grading scale for hypertensive 
retinopathy for many years  [  56  ] . For a long time, 
this decrease in retinal arterial diameter was 
explained as a counter regulatory response of 
the retinal arteries to increased perfusion pres-
sure caused by the elevated systemic blood pres-
sure. Since it is now possible to exactly quantify 
the changes in vessel size, these observations 
have been further investigated by large epide-
miological studies. 

 One of the fi st studies investigating the asso-
ciation between retinal vessel size and systemic 
blood pressure in a large epidemiological design 
was the Arteriosclerosis Risk in Communities 
Study (ARIC). Including more than 11,000 

  Fig. 6.6    Fundus image with marked measuring circular 
area and measured vessel diameters (Software VM2/
Imedos GmbH Jena/Germany)       
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 participants in four examination centers, retinal 
vascular abnormities were documented using 
fundus photography. The AVR was then calcu-
lated based on digitized pictures of the fundus 
photographs. The data of the ARIC study indi-
cate that the AVR was strongly associated with 
current blood pressure in both women and men 
(Fig.  6.7 )  [  57  ] .  

 Further evidence from the Beaver Dam Eye 
Study, a population-based prospective cohort 
study including 2,450 subjects, reported that nar-
rowed retinal arterioles are associated with long-

term risk of systemic hypertension. In particular, 
subjects with smaller retinal arteriolar diameters 
were more likely to develop hypertension than 
people with larger arteriolar diameters, indepen-
dent of other known risk factors for hypertension 
 [  68  ] . For the analysis, the AVR was categorized 
into quarters, the fi rst quarter representing the 
most pronounced arterial narrowing and the 
fourth quarter representing the reverence value. It 
was observed that, after adjustment for age and 
sex, subjects with a low AVR (fi rst quarter) have 
a threefold higher risk of developing systemic 
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hypertension (odds ratio 2.95) compared to those 
with the highest AVR (Fig.  6.8 ). Based on these 
results, the authors suggested that structural alter-
ations of the microvasculature may be linked to 
the development of hypertension and that arterial 
narrowing may precede the development of sys-
temic hypertension.  

 The Blue Mountains Eye Study, a large popu-
lation-based cohort study including more than 
3,600 subjects, revealed that a low AVR is associ-
ated with increasing age, which was interpreted 
as a generalized arterial narrowing in the elderly 
 [  33  ] . These results are in keeping with the data 
from other large epidemiologic studies, such as 
data from the ARIC study or the Cardiovascular 
Health Study     [  64,   66  ]  (CHS) also indicating for 
decreasing retinal arterial diameters with increas-
ing age. Furthermore, a low AVR was found to be 
associated with other cardiovascular risk factors, 
such as cigarette smoking or systemic blood 
pressure. 

 Several lines of evidence indicate that retinal 
vessel diameters may also refl ect systemic patho-
logical changes in the body. In particular, data of 
the ARIC study show that nonspecifi c infl amma-
tory markers, such as increased white blood cell 
and fi brinogen levels, are associated with a 
smaller AVR, indicating a for generalized arterial 
narrowing, independent from other known risk 
factors  [  29  ] . In contrast, the Rotterdam study 
showed increased white blood cell count lead to a 

particularly vasodilatation in retinal veins, 
whereas retinal arteries dilate only in a lesser 
extent  [  25  ] . These fi ndings are consistent with 
the data of the Beaver Dam Eye Study, also indi-
cating a relationship between increased infl am-
mation markers and venular arterial diameters 
 [  28  ] . However, the results of the latter studies 
need to be interpreted with caution, given that no 
information is available whether the subjects 
under study had acute infections or some sub-
groups took any anti-infl ammatory medication. 
Furthermore, given that the above mentioned 
studies were cross-sectional, temporal sequence 
of infl ammatory-induced endothelial dysfunction 
and venular diameter cannot be determined. Data 
of an interventional study in healthy subjects 
showed that after experimental induction of 
infl ammation by the means of administration of 
low dose of  Escherichia coli  endotoxin, retinal 
veins signifi cantly dilated, paralleled by an 
increase of white blood cell count  [  32  ] . 

 Interestingly, data from recent experiments 
indicate that retinal vessel diameters may carry 
also information about other vascular beds. It has 
been shown that narrowing of retinal vessels is 
associated with lower myocardial blood fl ow and 
perfusion reserve in asymptomatic subjects  [  63  ] . 
The authors from this study conclude that retinal 
arteriolar narrowing may serve as a marker of cor-
onary microvascular disease. Along these line of 
thought, a couple of studies have shown that 
changes in retinal vessel diameters can predict the 
risk of coronary heart disease, stroke, and stroke 
mortality  [  64–  66  ] . Pooled data from the Beaver 
Dam Eye Study and the Blue Mountains Eye Study 
showed that smaller arterial diameters and larger 
retinal venous diameters are associated with an 
increased risk of stroke mortality  [  62  ] . These data 
clearly support the idea that retinal vessel diame-
ters may serve as a predictor for event in other vas-
cular beds such as the heart or the brain. 

 With regard to ocular diseases, it has been 
hypothesized that generalized arterial narrow-
ing can predict the development of open-angle 
 glaucoma. Given that – as outlined in detail in 
another chapter of this book – reduced blood 
fl ow may be involved in the pathogenesis of 
glaucoma, much emphasis has been put into 
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  Fig. 6.8    Odds ratio for incident hypertension in relation 
to retinal arteriole-venule ratio (Wong et al.  [  68  ] )       
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the investigation of vessel diameters and glau-
coma. Using manual diameter measurements 
of projected retinal images, it was reported that 
eyes with open-angle glaucoma have signifi -
cantly reduced peripapillary retinal vessel 
diameters compared with a healthy, age-
matched control group  [  27  ] . Further studies 
revealed a general narrowing of retinal vessel 
diameters in more than 50% of patients with 
early stage glaucoma, whereas these alterations 
were only visible in 15% of normal eyes  [  51  ] . 
However, the interpretation of those studies is 
hampered by the fact that the studies were nei-
ther population based nor adequately adjusted 
for blood pressure. Furthermore, subjective 
methods for the assessment of retinal vessel 
size have been used. Using an automatic tech-
nique based on the analysis of digitized fundus 
images, the Blue Mountains Eye Study exam-
ined the relationship between retinal vessel 
diameter and open-angle glaucoma. The result 
of this study indicate that generalized arterial 
narrowing is signifi cantly associated with optic 
nerve head damage in patients with open-angle 
glaucoma, independent of age, gender, smok-
ing, or blood pressure  [  43  ] . Whether these 
changes in diameter refl ect an ischemic process 
leading to the optic nerve head damage, or 
occur secondary to the neuron loss caused by 
the disease, is however unclear. The Rotterdam 
Study failed to show a predictive value of reti-
nal baseline diameter to changes of the optic 
disc  [  26  ] . The authors of the study conclude 
that the Rotterdam Study does not provide evi-
dence for a retinal vascular role in the patho-
genesis of open-angle glaucoma. One needs, 
however, to consider that retinal vessel diame-
ter may not be an adequate parameter of retinal 
perfusion status in glaucoma. 

 Recent analysis, however, have changed the 
view of the AVR as the optimal measure for 
generalized arteriolar narrowing. The calcula-
tion of the AVR is mainly based on the assump-
tion that the venous diameter remains relatively 
constant in response to blood pressure, age, or 
other factors. The above mentioned results 
 indicate that this assumption may not hold true 
for every cases  [  35  ] . In particular, the fact that 

retinal veins dilate in response to increase 
infl ammatory markers indicate that venules may 
carry different information than arteries and 
should consequently be analyzed separately. 
Consequently, as an alternative, it has been pro-
posed to analyze retinal arterial and venous 
diameters separately. 

 Furthermore, static vessel analysis allows for 
the stratifi cation of microvascular risk factors 
based on measurement of stationary vessel diam-
eters. However, a further limitation of static ves-
sel analysis is that these measured parameters 
allow only for a very limited conclusion about 
function alterations of the vasculature. Given that 
several physiological variations such as vasomo-
tor changes or alterations in ocular perfusion 
pressure will interfere with the measured values, 
an exact determination of vessel function is 
dependent on the measurement of additional 
parameters as it is done in dynamic vessel 
analysis.  

    6.5.4   Results and Limits of Dynamic 
Vessel Analysis 

 In contrast to this static vessel analysis, refl ect-
ing a snapshot of retinal vessel diameter, carry-
ing information on vascular tone, the so-called 
dynamic vessel analysis has been introduced to 
assess alterations of vascular function. For the 
dynamic vessel analysis, images of the fundus 
are recorded over a longer period of time rang-
ing from a few seconds up to several minutes. 
During the measurement, period provocation 
tests, i.e., stimulation of the eye with fl ickering 
light, exercise, or breathing gases with variable 
mixtures of O 

2
 , CO 

2
 , and others, are used to 

assess vascular function. As compared to static 
vessel analysis, dynamic vessel analysis can 
provide several advantages. First and most 
importantly, changes of retinal vessel diameter 
can be measured as a function of time and posi-
tion along the vessel. 

    6.5.4.1   Stimulation with Flicker Light 
 It is known for a long time that retinal vessels 
have the ability to adapt to changes in ocular 
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 perfusion pressure, which is commonly referred 
to as autoregulation. Whereas the phenomenon of 
blood fl ow autoregulation has been investigated 
in several vascular beds including the eye, it 
has recently become clear that retinal vessels can 
also adapt to changes in metabolic demands. 
Experimental evidence for a coupling between 
increased metabolism and increased blood fl ow 
in the eye was fi rst suggested by the fi ndings that 
glucose metabolism was enhanced in the retinal 
ganglion cells by fl ickering light. According to 
the current concept of neurovascular coupling, 
increased neural activity during stimulation with 
fl icker light leads to an increased ganglion cell 
activity and to augmented metabolic demand in 
the retina (Fig.  6.9 ). This subsequently leads to 
retinal vasodilatation and increased blood fl ow. 
Whereas a detailed review of the current view of 
neurovascular coupling and its possible media-
tors has been published recently  [  53  ] , this article 
will focus on the effect of fl icker stimulation on 
retinal vessel diameters.  

 Initially, the effect of fl icker light on the  retinal 
circulation was investigated using photographs of 
the human eye fundus taken in red-free light  [  12  ] . 
These photos were synchronized with the cardiac 

pulse and taken after 1 min of fl icker stimulation. 
After digitalization of the pictures, the diameters 
of straight segments of retinal vessels were ana-
lyzed before and during illumination with fl icker-
ing light. The authors report a signifi cant increase 
in retinal vessel diameters due to the stimulation 
with fl ickering light. 

 Subsequent investigations of the fl icker-
induced retinal vessel diameter response were 
conducted with an automatic tool for the retinal 
vessel analysis (RVA, Imedos, Jena, Germany) 
 [  44,   49  ] . Initially, fl icker stimulation was achieved 
using light from a xenon arc lamp that was 
chopped with a rotating sector disc  [  49  ]  or by 
light fl ashes  [  15  ]  introduced into the illumination 
pathway of the fundus camera by a fi ber optics. 
Using an optical fi lter system to spectrally dif-
ferentiate the fl icker light and the fundus illumi-
nation, the fl icker was superposed on the 
continuous fundus illumination needed to mea-
sure the vessel diameter. Later, to increase the 
stimulus contrast, the fl icker light was generated 
by electronic chopping of the fundus illumination 
at a frequency of 12.5 Hz  [  44  ] . 

 Although the exact mechanism of fl icker-
light-induced vasodilatation is still a matter of 
controversy, it has been used as a provocation test 
for the ability of retinal vessels to adapt to differ-
ent metabolic situations in health and disease. 
A variety of studies have shown that fl icker-
induced vasodilatation is altered in ocular and 
systemic diseases. 

 It has been shown that fl icker light responses 
are diminished in patients with early stage glau-
coma. In this study, 31 patients with early stage 
glaucoma and 31 age- and sex-matched healthy 
volunteers were included  [  16  ] . To avoid any 
 vascular effects of glaucoma medication, a wash-
out period was scheduled for all patients. 
Compared with age-matched control group, the 
study provides evidence that fl icker responses 
are diminished in patients with early stage glau-
coma, independently of the glaucoma medica-
tion administered. Interestingly, the reduced 
fl icker response was only observed in retinal 
veins, not in retinal arteries. A further remark-
able observation of this study is that fl icker 
responses are already diminished already in 
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  Fig. 6.9    Concept of neurovascular coupling. Increased 
neural activity leads to increased metabolic demand and 
in turn to augmented blood fl ow       
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patients with early stage glaucoma, having only 
moderate glaucomatous changes. Whether the 
decreased fl icker response in patients with glau-
coma can be attributed to a vascular dysregula-
tion or to a reduction of neural activity caused by 
ganglion cell loss, as it appears in glaucoma, has 
yet to be clarifi ed. 

 The latter results were later confi rmed by the 
work of Riva and colleagues. The authors report 
that fl icker-evoked response measured at the optic-
disc rim is reduced in ocular hypertension and 
early glaucoma  [  54  ] . These studies are of particu-
lar interest because it has been shown that a short-
time increase of IOP by the means of an episcleral 
suction cup does not alter fl icker-induced vasodi-
latation in young, healthy volunteers  [  14  ] . These 
results indicate that factors other than increased 
intraocular pressure must be responsible for the 
missing fl icker-induced vasodilatation. 

 Given that vasospasm, defi ned as inappropri-
ate constriction of insuffi cient vasodilatation, is a 
major risk factor for developing glaucoma, 
Gugleta and colleague have investigated fl icker-
induced vasodilatation in young, healthy women 
with vasospastic syndrome  [  21  ] . The authors 
show that in subjects with vasospasm as identi-
fi ed by nail-fold capillaroscopy, the maximum 
dilatory response to fl icker stimulation was sig-
nifi cantly reduced compared to the control group. 
Whether this reduced response is related to a 
higher risk for developing glaucoma or other vas-
cular-related diseases has to be investigated. 

 Decreased fl icker responses were also 
observed in patients with early stage diabetic 
retinopathy. Patients suffering from diabetes 
show decreased fl icker-induced vasodilatation in 
retinal arteries compared to a healthy control 
group  [  17  ]  (Fig.  6.10 ). However, no signifi cant 
difference between the diabetes group and the 
control group was detected in retinal veins. 
Whether this is simply related to the smaller per-
centage change in retinal veins during fl icker 
stimulation or to another mechanism has yet to be 
investigated. The results of this study are keeping 
with evidence from a recent study that showed 
also diminished fl icker response in retinal vessel 
from diabetic patients in a larger group of dia-
betic patients  [  41  ] . Furthermore, the present study 
demonstrates that the vasodilatation of retinal 
arteries and veins under the fl ickering light 
decreases continuously with increasing stages of 
diabetic retinopathy. This has led to the sugges-
tion that the effect of fl icker-evoked vasodilata-
tion could be used as an early screening tool to 
detect vascular dysregulation in patients with 
glaucoma  [  41  ] .  

 Along this line of thought, Nagel and col-
leagues investigated the effect of age, systemic 
blood pressure, and baseline retinal vessel diam-
eters on fl icker-induced vasodilatation  [  44  ] . This 
is of special interest because it is known that the 
retinal vessels constrict with increasing blood 
pressure. The fi nding of the study indicates that 
fl icker-induced vasodilatation is signifi cantly 
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diminished with increasing blood pressure, 
whereas baseline retinal diameter had no infl u-
ence on fl icker responses (Fig.  6.11 ). Surprisingly, 
no signifi cant correlation was observed between 
fl icker response and age. This was attributed by 
the authors to the small sample size of the study.   

    6.5.4.2   Other Provocation Tests 
 Other provocation tests than fl icker stimulation 
have also been used to assess vascular function 
in vivo. Although a detailed description of all 
methods and results are beyond the scope of this 
chapter, some examples for other provocation 
methods will be given. 

 It is known that increasing the tissue pO 
2
  by 

means of inhalation of 100% oxygen induces a 

pronounced vasoconstrictor effect in retinal 
vessels  [  52  ]  (Fig.  6.12 ). Given that oxygen is 
nontoxic to adults and widely available in the 
clinical setting, a couple of studies have used 
oxygen to test vascular function. It has been 
reported that in diabetic patients, the vasocon-
strictor response decreases with increasing stage 
of the disease and improves after panretinal pho-
tocoagulation  [  18  ] , indicating for an impaired 
vascular regulation in the diabetic eye.  

 Another common approach    to test vascular 
function is to change ocular perfusion pressure. 
Given that ocular perfusion pressure is deter-
mined by intraocular pressure and blood pres-
sure, this can either be done by changing blood 
pressure – pharmacologically or by the means of 
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isometric exercise – or by changing intraocular 
pressure. It is known that arteries constrict with 
increasing systemic blood pressure, refl ecting an 
autoregulatory response to maintain perfusion 
pressure  [  2  ] . It has, however, been shown that this 
vascular answer is impaired under high blood 
glucose levels, indicating for a vascular dysregu-
lation  [  3  ] . Additionally, evidence has been pro-
vided that the diameter response of retinal vessels 
to increased blood pressure is reduced in patients 
with type 2 diabetes  [  13  ] . 

 In addition, regulation of vessel diameter can 
be tested by modifying intraocular pressure 
(IOP). Based on the observation that regulation 
of vascular tone is altered in patients with glau-
coma, several experiments have focused on 
investigating diameter changes of retinal vessel 
in response to altered IOP. Nagel and colleagues 
have used the episcleral suction cup technique to 
induce an increase in IOP. Subsequently, retinal 
arterial and venous diameters were measured in 
healthy subjects, patients with open-angle glau-
coma, and patients with ocular hypertension. It 
was observed that the change in retinal vessel 
diameter induced by short-time increase of IOP 
was signifi cantly different among the three inves-
tigated groups  [  45  ] . Interestingly, short-time 
increase of intraocular pressure again by the 
means of a suction cup does not modify the 
response of retinal vessel diameter to fl icker 

stimulation  [  14  ] . The latter study reveals that the 
response of retinal vessel diameters to fl icker 
stimulation is maintained up to an IOP of 
43 mmHg. This indicates that even at high IOPs, 
blood fl ow is responding to neural stimulation 
caused by fl ickering light. Accordingly, based on 
this data, it appears that a reduced fl icker response 
as seen in patients with glaucoma in previous 
studies  [  16,   17  ]  is not obligatory a direct conse-
quence of increased IOP. However, one needs to 
be careful to directly apply the data of the pres-
ent study to the results observed in glaucoma 
patients, because long-term changes in IOP were 
not mimicked in the present study. Because 
changes in IOP as induced by the suction cup 
technique is uncomfortable for the subject and 
time consuming, this approach is limited to 
research purposes and is currently not used in 
clinical practice.   

    6.5.5   Systems Available for Dynamic 
Vessel Analysis 

 There are currently 3 commercial systems 
 available for dynamic vessel analysis: RVA 
(Retinal Vessel Analyzer), DVA (Dynamic Vessel 
Analyzer plus), and DVA-light (all Imedos GmbH 
in Jena, Germany). The schematic setup of the 
DVA is shown in Fig.  6.13 .  
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 The DVA is a modifi ed fundus imaging sys-
tem with the capability for dynamic and static 
vessel analysis. The main component of the ves-
sel analysis system is an optical device for illumi-
nation and imaging of the fundus. For that purpose 
the DVA currently utilizes a fundus camera. The 
optical image from the fundus camera is received 
by a special CCD-camera attached to the system. 
The resulting digitized image (or image sequence) 
is further analyzed by the processing unit. This 
unit integrates all aspects of the measurement and 
analysis and controls the fundus camera as well 
as additional hardware. 

 For diameter measurements in the static and 
dynamic vessel analysis, the DVA applies dedi-
cated adaptive fi lter algorithms, able to support 
both the actual measurement and vessel detec-
tion. The algorithms used are largely independent 
of changes in contrast and brightness. The spatial 
resolution in terms of the size of segments along 
the vessel is up to 12 µm, spatial resolution in the 
direction of measurement (perpendicular to the 
vessel) is better than 1 µm, and temporal resolu-
tion is 40ms. 

 By default the DVA is equipped with a device 
for fl icker stimulation, with an option to connect 
further measurement systems (i.e. ECG, blood 
pressure). Flicker stimulation is achieved by an 
electro-optical shutter module inserted into the 
optical path of the fundus camera. The resulting 
fl icker stimulus has a frequency of 12.5 Hz and a 
contrast ratio of about 25:1. Flicker stimulation 
can be used with a standardized protocol to exam-
ine vessel function. 

 Based on a standard or high performance 
imaging system (Visualis), standalone versions 
of dynamic vessel analysis (Retinal Vessel 
Analyzer, RVA) and static vessel analysis (SVA) 
are possible. DVA, RVA and DVAlight combine 
high reproducibility with a high temporal and 
spatial resolution  [  48  ] .   

    6.6   Further Perspectives 

 The fast technical development of new instru-
ments and software for the automatic and highly 
reproducible assessment of retinal vessel diame-

ters has brought a new and interesting perspective 
for the early diagnosis of vascular related dis-
eases. In particular, the observation that changes 
in retinal vessel size can refl ect ocular patholo-
gies and predict future disease progression under-
lines the importance of this new fi eld of research. 
Dynamic vessel analysis further broadens the 
potential applications These techniques are non-
invasive and easy to perform with high reproduc-
ibility and accuracy. Thus, retinal vessel analysis 
may be of interest for both ophthalmology and 
internal medicine and may help in the early iden-
tifi cation of high risk patients and the early diag-
nosis of vascular related diseases.      
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       7.1   Introduction 

 The measurement of blood fl ow in the ocular 
fundus is of scientifi c as well as clinical interest. 
Its scientifi c value lies in the possibility of gain-
ing insight into the physiology of deep vascular 
beds that are under local and central nervous 
control. Its clinical potential is in the early 
assessment of alterations of blood fl ow, whether 
associated with specifi c ocular diseases or 
resulting from systemic disorders and in the 
evaluation of treatments acting on the disturbed 
blood fl ow. 

 Ideally, to be of clinical value, the measure-
ment of blood fl ow in the eye should be reproduc-
ible, accurate, and sensitive enough to reveal 
early pathologic changes. Furthermore, the spa-
tial resolution of such measurements should per-
mit the assessment of blood fl ow at localized sites 
of the retinal, optic nerve, and choroidal vascular 
systems. The temporal response should be fast 
enough to provide a detailed assessment of the 
regulatory responses of blood fl ow evoked by 
various physiological stimuli. 

 This chapter we will review the current status 
of the laser Doppler velocimetry (LDV) and laser 
Doppler fl owmetry (LDF) techniques that are 
based uniquely on lasers of long coherence 
length. The more recent developments, which 
make use of lasers of short coherence length, are 
discussed elsewhere in this book. 

 The laser has made it possible to detect with 
high resolution the Doppler shift that light under-
goes when scattered by moving objects. With the 
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  Core Messages 

 This chapter describes    the noninvasive 
 techniques of laser Doppler velocimetry 
(LDV) and fl owmetry (LDF) for the mea-
surement of blood fl ow and the regulation 
of this fl ow in the vascular systems of the 
eye fundus. After providing the theoretical 
background underlying LDV and LDF, the 
implementation of the techniques for blood 
fl ow measurements in the retina, optic 
nerve, and subfoveal choroid of the human 
eye is presented. The conditions that maxi-
mize the range of applications, the limita-
tions inherent to LDV and LDF, and the 
variability of the data obtained in various 
groups of subjects and patients are pre-
sented and discussed. Further developments 
of LDV and LDF are needed before these 
techniques become routine clinical tools for 
the early assessment of ocular pathologies 
of vascular origin and the effect of various 
treatments on the fundus circulation. 
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fast development of this device and optical 
 techniques associated with it, this principle has 
led over the last 35 years to the measurement of 
blood fl ow in a number of tissues of the body  [  1  ] . 
In 1972, the retina provided the fi rst measure-
ments of blood velocity obtained by means of the 
Doppler shift  [  2  ] . LDV measurement of blood 
velocity in human retinal vessels was published 
2 years later  [  3  ] . Subsequent to the pioneering 
work of Stern  [  4  ] , who assessed blood fl ow in the 
tissue of the skin, Riva et al.  [  5  ]  described a 
method to measure blood velocity in the human 
optic nerve microcirculation. This method was 
then extended to the measurement of blood fl ow 
in the vascular bed of the cat optic nerve head 
(ONH)  [  6  ] , the human ONH  [  7,   8  ] , and the sub-
foveal choroid  [  9  ] . In 1995, Michelson and 
Schmauss fi rst reported mapping of blood fl ow in 
the microcirculation of the human retina by 
means of scanning LDF  [  10  ] . 

 The present chapter is by no means an exhaus-
tive description of LDV and LDF. Regrettably, 
due to limitation of space, a choice of papers and 
reviews among the extensive laser Doppler lit-
erature related to the eye had to be made. Part of 
the material of this chapter has been reproduced 
with permission from previous publications 
 [  11–  14  ] .  

    7.2   Retinal Laser Doppler 
Velocimetry 

    7.2.1   The Doppler Effect 

 The basis of LDV and LDF is the Doppler effect, 
fi rst described in 1842 by the Austrian physicist 
Christian Doppler in an article entitled “On the 
Colored Light of Double Stars and Some Other 
Heavenly Bodies.” Doppler describes the fre-
quency shift that a sound or a light wave under-
goes when emitted from an object that is moving 
away or towards an observer. It manifests itself, 
for example, in the increase in the pitch of the 
siren of an approaching ambulance. 

 Consider a particle, such as a red blood cell 
(RBC), moving at velocity     V

�
   (Fig.  7.1 ). A laser 

beam of single frequency,  f  
0
    , is incident on this 

particle. This beam, which is defi ned by the wave 
vector     Ki

�
  , will be scattered by the particle in vari-

ous directions. The beam scattered in the direc-
tion of the detector, defi ned by     sK

�
  , is shifted in 

frequency by an amount:

        (7.1)  

where the symbol (•) represents the scalar prod-
uct and     s iK K K= -

� � �
  •        s 2 /iK K nπ λ@ @
� �

  •  n  is the 
refractive index of the medium and   λ   is the wave-
length in  vacuo  of the incident laser light. 

 In order to determine     fD   , the scattered light 
must be detected by a sensor, which transforms 
the electric fi eld of the scattered light incident 
upon it into a current. This current is in turn pro-
cessed to determine its frequency content. The 
technique by which     fD    is determined from the 
scattered fi eld is known as “optical mixing spec-
troscopy (OMS)” or “light beating spectroscopy” 
 [  15,   16  ] . 

 Understanding the application of OMS to the 
measurement of RBC velocity in retinal vessels 
requires a description of the electric fi eld of the 
scattered light, followed by that of the current at 
the output of the detector. This description will 
be fi rst carried out in the simplifi ed case of singly 
scattering particles moving in a glass capillary 
tube and then extended to multiply scattering 
RBCs.  

p pD = - · = ·
� � � � �

s
1 1

2 2( ) ( )if K K V K V

aS

ai

RBC V

fo + Δf

fo

  Fig. 7.1    The Doppler effect: The frequency of the light 
scattered by the particle moving at the velocity     V

�
   in the 

direction defi ned by   a   
s
  is shifted in frequency by an 

amount  D  f  compared to that of the incident light (fre-
quency  f  

0
  and direction defi ned by   a   

 i 
  with  V )          
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    7.2.2   Electric Field Scattered by Singly 
Scattering Particles Moving in a 
Capillary Tube 

 The electric fi eld,     s s( , )E K t
� �

  , of the light scattered in 
direction     sK

�
   at time  t  by a dilute solution of singly 

scattering particles moving at constant velocity 
through a glass capillary tube (Fig.  7.2 ) consists of 
light scattered by both the particles and the glass 
wall. The incident monochromatic beam (single 
frequency,  f  

0
 ),     o o o 0cos ( 2 / )E t fω ω π=
�

  , is assumed to 
illuminate uniformly the entire cross section of the 
tube.  

 If the particles are much smaller than the cap-
illary radius,     

0R   , their velocity profi le obeys 
Poiseuille’ law, i.e.,     ( )V R    (for simplifi cation, 
    ( ) ( )V R V R=

�
  ) is a parabolic function of the radial 

distance,  R , from the axis of the tube:

        (7.2)  

      maxV    is the centerline (maximum) velocity of the 
particles. Due to this distribution of velocities, 
the scattered light consists of a range of Doppler-
shifted frequencies. 

 With Poiseuille fl ow, if one divides the range 
of velocities (0 to  V  

max
 ) into  N  equal increments, 

 D  V , (Fig.  7.2 ) the particles with speeds between  V  
and  V +   D  V  are located in a shell of radial thick-
ness  D  R , where from Eq.  7.2 ,  D  R  =  R   

0
  2   D  V /2 RV  

max
 . 

Furthermore, if the concentration of particles across 

the tube is uniform, there will be equal numbers of 
particles fl owing at each velocity range  [  2  ] . 

 The fi eld     s ( , )E K t
� �

   is the sum of the fi eld scat-
tered by the particles and the fi eld scattered by 
the vessel wall:

        (7.3)  

      ( , )iE K t
� �

  , the fi eld scattered by the particles with 
velocity  V  

 i 
  has the frequency 2 p ( f  

0
   +   D  f  

 i 
 ). 

    LO ( , )E K t
� �

  is the fi eld of the light scattered from 
the tube wall. It has the same frequency as the 
incident light since the tube is not moving and 
acts as a reference beam, conventionally called 
“local oscillator (LO).” 

 Under the conditions of both uniform concen-
tration of the particles and laser illumination of 
the tube, each     ( , )iE K t

� �
   has the same amplitude,  

    ( )A K
�

   and thus:

        (7.4)   

 Similarly,     LO ( , )E K t
� �

  can be written as:

        (7.5)   

 Therefore:

        (7.6)   

2

max
0

( ) 1
R

V R V
R

ì üæ öï ï= -í ýç ÷è øï ïî þ

( , ) ( , ) ( , )s LO0

N
E K t E K t E K tii

= +å
=

� � � � � �

0( , ) ( )cos 2 ( )i iE K t A K f f tπ= + D
� � �

LO LO 0( , ) ( )cos 2E K t A K f tπ=
� � �

s LO 0

0
0

( , ) ( )cos 2
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� � �
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  Fig. 7.2    ( a ) Schematic 
representation of a volume of a 
capillary tube illuminated by an 
incident wave defi ned by 
    o ocosE tω
�

   and with the wave 
vector     iK

�
  . The light scattered 

by the particles moving in the 
tube and the vessel wall is 
defi ned by     sK

�
  . ( b ) Assumed 

parabolic velocity profi le of the 
particles in the capillary tube. 
The cylindrical shell  D  R  
contains particles moving at 
velocity  V , the value of which is 
given by Poiseuille’s law 
(Adapted from Riva and Feke 
 [  13  ]  with permission from the 
Publisher)       
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 The power spectral density of the scattered 
light     ( )EsP f    detected for the scattering geometry 
defi ned by     K

�
   is obtained by applying Fourier 

analysis:

        (7.7)    

    maxfD    corresponds to the maximum velocity  
    maxV   , and      0( )f fδ -    is the delta function at  f  

0
 . 

Thus, for our model, the optical spectrum of 
    s ( , )E K t
�

   consists of a   d   function at  f  
0
 , a fl at part of 

magnitude  A  
LO

   A /2 from  f  
0
  to  f  

0
  +  D  f  

max
  and zero 

beyond  f  
0
  +  D  f  

max
    . Since  f  

0
  is approximately 

5 × 10 14  Hz, and  D  f  
 i 
  for retinal vessels (see later) 

ranges between 0 and      45 10 kHz@ ´   , the required 
resolution ( D  f / f  

0
 ) for its detection, namely <<l0 −10 , 

was far beyond the capability of spectroscopic 
techniques available until      1965@   . However, with 
OMS, the information contained in the optical 
spectrum could be translated from the high fre-
quencies of light waves down to suffi ciently low 
frequencies, where instruments operate with ade-
quate resolution to resolve the spectrum of 
Doppler shifts.  

    7.2.3   Doppler Shift Power Spectrum 
(DSPS) of the Photocurrent 

 In the application of OMS,     s ( , )E K t
�

   is directed 
onto the surface ( S ) of a square wave photodetec-
tor. This fi eld generates a photocurrent,     ( , )i r t

�
  , 

where      r
�

   is a point on  S . The time average        of 
this current is:

        (7.8)   

   b   is the responsivity of  S . All the information 
on the particles velocities can be extracted from  
    ( )i t   . This extraction, which is complex and 
beyond the scope of this chapter, leads to the 
 following expression for the Doppler shift power 

spectral density     DSPS ( )iP f= D    of the photocur-
rent  [  13  ] :

        

in the range     max0 f f£ D £ D    and   

        (7.9)  

    maxfD    is defi ned as the cutoff frequency of      ( )iP fD   . e  
is the charge of the electron, and  S  

cohLO
  is the 

coherence area of the local oscillator at the detec-
tor surface. 

 The third term of     ( )iP fD    in Eq.  7.9  is a 
squared replica of the second term of  P  

 Es 
 ( f ) in 

Eq.  7.7 , but shifted down towards low frequen-
cies, so that the particle velocities can be deter-
mined from measurements of     ( )iP fD   . Thus, the 
process of mixing at the detector surface of the 
light scattered by the particles with the light from 
the glass wall (local oscillator) results in the 
downshifting of the spectrum from optical fre-
quencies to frequencies in the kHz range 
(Fig.  7.3 ), where  high-resolution spectral analy-
sis can be performed with conventional devices. 
The term     2 2

LO

1
2

e S A Aβ é ù+ë û       is the photodetector 
shot noise, which is due to the stochastic nature 
of the photon emission.  

 In general, the local oscillator is much more 
intense than the fi eld scattered by the particles 
so that  A  

LO
  >>     A . As a result, the shot noise is 

    2
LO

1
2

e SAβ   . In practice, the ability to measure 
    ( )iP fD    with high resolution requires that the 
power spectral density of the signal term be 
larger than that of the shot noise term. A mea-
sure of this ability is the intrinsic signal-to-noise 
ratio ( SNR ), which is:

        (7.10)   
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 For given   b  ,  S , and     cohLOS   , the only way to increase 
the SNR is to increase     2A   , i.e., the intensity of 
the incident laser light.  

    7.2.4   Absolute     Vmax    Measurements 

 To obtain     max maxV V=
�

   from     maxfD    using Eq.  7.1 , 
the angle between      iK

�
   and     maxV

��
   and the one 

between     sK
�

   and      
maxV
��    must be known. This is 

diffi cult in the living eye due mainly to the diffi -
culty of determining accurately the direction of 
blood fl ow in a retinal vessel. 

 This problem is solved by means of a bidirec-
tional detection scheme  [  17,   18  ] , in which     maxfD    
is measured for two directions of the scattered 
light.      maxV    is then obtained from the formula:

        (7.11)   

 In this equation,     *
max max,2 max,1f f fD = D - D   .     αD    is 

the intraocular angle between the two scattering 
directions,     1K

�
  ,     2K
�

  , which can be obtained from 
the corresponding extraocular angle  [  17–  19  ] . 
The calculation of      αD    requires the measure-
ment of the axial length of the eye, a routine 
procedure in ophthalmology  [  18,   20  ] .   b   is the 
angle between      

maxV
��    and the plane defi ned by 

the vectors     1 2( , )K K
� �

  .  n  is the index of refraction 
of the medium. Implementation of the bidirec-
tional scheme to a fundus camera is shown in 
Fig.  7.4 , top.   

    7.2.5   Experimental Test of the 
Bidirectional LDV Technique 

 With the aim of testing the validity of the bidirec-
tional scheme  [  11  ] , polystyrene latex spheres (diam-
eter = 0.3  m m) suspended in water were passed at 
known     maxV

��
   through a glass capillary tube (diam-

eter = 200  m m) placed in the retinal plane of a Topcon 
model eye. The incident laser beam (helium-neon, 
632.8 nm) was focused on the tube which was 
placed at different locations of the fundus. The 
direction of the fl ow was also varied stepwise from 
0° (tube horizontal) to 180°. Measurements were 
performed for an emmetropic and an axially ame-
tropic (± 4 diopters) eye. DSPS were recorded for 
two scattering directions by means of a two-channel 
digital signal spectrum analyzer (Fig.  7.4 , bottom). 
These DSPS are characterized by sharp cutoffs from 
which     max,1fD    and     max,2fD    can be accurately deter-
mined. The value of     maxV    calculated using Eq.  7.11  
was found to be in good agreement (<3% differ-
ence) with the value obtained from the known fl ow 
through the tube and the cross section of the tube. 
The difference was attributed to errors in     αD    and 
    *

maxfD   . Feke et al. demonstrated similar results and 
also confi rmed the linear relationship between 
    *

maxfD    and     cosb    for a given     maxV    and scattering 
geometry (    αD   )  [  19  ] . 

 The increase in spectral power in the region of 
the cutoff frequencies for the DSPS shown in 
Fig.  7.4  bottom is probably due to a nonuniform 
illumination of the tube by the laser beam, which 
was smaller than the tube internal diameter. As a 

*
max

max cos

f
V

n

λ
α
D

=
D b

Pi ( Δf )

bSS cohLO
 A2 

LO A
2b2 S 2
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  Fig. 7.3    Theoretically 
predicted photocurrent power 
spectral density,  P  

 i 
 ( D  f ), 

explicitly showing DC 
component     

2 2
22 2

LO4

S
A A

β é ù+ë û    at 
 D  f  = 0, signal component, 
    2 2

coh LO LOSS A Aβ   , extending to  f  
max

  
and shot noise component,  
    

2
LO

2

e SAβ    (Adapted from Riva 
and Feke  [  13  ]  with permis-
sion from the Publisher)       
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result, the faster particles received more light rela-
tive to the slower ones located close to the vessel 
wall. The effects of laser beam size, eccentricity, as 
well as absorption of light by the fl owing medium, 
have been reported by Petrig and Follonier  [  21  ] .  

    7.2.6   The Output Signal-to-Noise Ratio 
of the DSPS and Its Dependence 
on the Recording Time 

 Due to the stochastic nature of the photodetector 
emission process, the photocurrent is a fl uctuat-
ing quantity so that there is an uncertainty in the 

measurement of the DSPS when the measure-
ment is performed in a fi nite time. This phenom-
enon is illustrated by four DSPS recorded in 
different times from a 0.1 suspension of 1- m m-
diameter polystyrene spheres fl owing with a  
    max 3.61 cm / sV =    through a 200- m m-internal-
diameter glass capillary tube (Fig.  7.5 ). As 
expected, the fl uctuations of     ( )iP fD    decrease as 
the measurement time increase. It can be shown 
that, based on a previous analysis  [  13,   16  ] , if 
    1TνD ´ �   , 

        (7.12)   1

( ( )i

T
P fσ

μ
D

Vmax
Vmax

K1

K2

A1

P1

P2

A2

Laser
Prism

Retinal
vessel

Fundus camera optics

  Fig. 7.4     Top : Fundus-camera-based scheme for the detec-
tion of light scattered from blood moving with velocity  V  

max
  

along two directions      1K
�

   and     2
K
�

   defi ned by apertures  A  
1
  

and  A  
2
  in the plane of the eye pupil. The beam through  A  

2
  is 

focused at P 
2
  after defl ection by a prism in the collecting 

optics. The direction P 
1
  − P 

2
  is aligned with that of  A  

1
  −  A  

2
 . 

The direction  A  
1
  −  A  

2
  can be rotated in the plane of the pupil 

for alignment with the direction of the vessel (Adapted from 
Riva et al.  [  25  ]  with permission from the Publisher).  Bottom : 
DSPS obtained simultaneously along two directions of the 
scattered light from a suspension of polystyrene spheres in 
water through a 200- m m-internal-diameter glass capillary 
tube mounted in the “retinal” plane of a model eye (Adapted 
from Riva et al.  [  18  ]  with permission from the Publisher)       
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   s   is the standard deviation,  T  the measurement 
time, and     νD    the resolution bandwidth of the 
spectrum analyzer. The linear relationship 
expressed by Eq.  7.12  has been verifi ed with 
excellent accuracy for the recordings shown in 
Fig.  7.5   [  13  ] .  

    7.2.7   The DSPS for RBCs Moving 
in a Retinal Vessel 

    7.2.7.1   Multiple Scattering of Blood 
 Equation  7.10  is based on a model that assumes 
single scattering of the incident laser light by 
the RBCs. The validity of this assumption, how-
ever, may be questionable in view of previous 
studies that demonstrate a predominance of 
multiple scattering when visible light interacts 
with whole blood. Thus, in a blood layer of 
100  m m, the photon mean free path length at a 
wavelength   ®   = 0.6328  m m is only 7  m m  [  22  ] , 
and multiple scattering of light by the RBCs is 
expected to be important  [  23  ] . Therefore, for 
blood vessels with diameters typically between 
50 and 200  m m,  photons would be expected to 

have undergone a great number of scattering 
events and, consequently, of Doppler shifts 
before being detected.  

    7.2.7.2   DSPS from RBCs Flowing 
in a Glass Capillary Tube 

 Four DSPS from whole blood (hematocrit, 41%) 
fl owing at a maximum speed of 1.44 cm/s through 
a glass capillary tube with a 200- m m internal 
diameter are shown in Fig.  7.6 . The expected 
 D  f  

max
  was 5.9 kHz. Clearly, the DSPS obtained in 

51.2 s does not exhibit the rectangular shape of 
the DSPS predicted for a dilute suspension of 
latex spheres (Fig.  7.5 ). There is no discernible 
cutoff at the expected  D  f  

max
  but a rather a mono-

tonic decrease in the amplitude at the higher fre-
quencies. The spectral power beyond 5.9 kHz is 
most likely the result of multiple scattering as the 
laser light penetrates into and exits from the fl ow-
ing medium  [  2,   24  ] . The DSPS obtained in 3.2 s 
has essentially the same characteristics. However, 
since the measurement time is much shorter, the 
statistical fl uctuations in     ( )iP fD    are increased, as 
expected. One also observes that the DSPS 
obtained in 0.4 s exhibits a greater increase in the 
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  Fig. 7.5    DSPS ( P  
 i 
 ( D  f )) obtained in measurement times of 

0.4, 0.8, 1.6, and 3.2 s from 0.1% suspension of polysty-
rene spheres in water fl owing through a 200- m m-internal-

diameter glass capillary tube. The precision of  P  
 i 
 ( D  f ) at 

each  D  f  increases with the measurement time (Adapted 
from Riva et al.  [  13  ]  with permission from the Publisher)       
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fl uctuations in     ( )iP fD    in the region  D  f  <  D  f  
max

  than 
in the region  D  f  >  D  f  

max
 . Consequently, the transi-

tion in the fl uctuations, which becomes discern-
ible at 5.9 kHz, is now clear in the DSPS obtained 
in 0.1 s. This phenomenon has been explained 
based on the hypothesis that in the region of the 
DSPS corresponding to  D  f  <  D  f  

max
 ,     ( )iP fD    arises 

primarily from single scattering, whereas in the 
region  D  f  >  D  f  

max
 ,      ( )iP fD    is only due to the contri-

bution of multiple scattering. A mathematical 
description of this experimentally observed phe-
nomenon, which allows accurate determination 
of  D  f  

max
  of the RBCs by using short measurement 

times, is beyond the scope of this chapter but can 
be found in Appendix A of Riva and Feke  [  13  ] .   

    7.2.7.3   DSPS from Human Retinal Vessels 
 DSPS obtained from a human retinal vein using 
recording times of 0.1, 0.2, and 0.8 s display sim-
ilar characteristics as those recorded from whole 
blood in a glass capillary tube (Fig.  7.7 ). The 
fl uctuations in     ( )iP fD    at frequencies up to 
approximately 6.5 kHz increase dramatically as 
the analysis time is shortened. A recording time 

<0.2 s displays a clear break in the magnitude of 
the fl uctuations, allowing adequate determination 
of  D  f  

max
 .   

    7.2.7.4   Exploring the Scattering Process 
 DSPS with nearly ideal rectangular shape can be 
obtained from cat retinal vessels (diameter 
<120  m m) if detection of the laser light that has 
been doubly transmitted through the vessels can 
be prevented  [  22  ] , allowing single backscattering 
to be the predominant process  [  25  ] . For vessels 
with diameter  »  120  m m or bigger, single back-
scattering becomes increasingly less predominant 
than multiple backscattering, with ensuing degra-
dation of the sharpness of the cutoffs. 

 The cat retina offers the opportunity to record 
DSPS generated either through single scattering 
or through multiple scattering. Multiple scatter-
ing occurs when the incident laser is focused on a 
retinal vessel coursing in front of the tapetum, a 
highly light refl ecting layer. The light transmitted 
through such a vessel is retransmitted through it 
after refl ection at the tapetum. This doubly 
 forward transmitted light involves predominantly 
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  Fig. 7.6    DSPS obtained in 0.1, 0.4, 3.2, and 51.2 s from whole blood fl owing through a 200- m m internal diameter glass 
capillary tube.  Dashed lines  are the expected  D  f  

max
  (Adapted from Riva et al.  [  13  ]  with permission from the Publisher)       
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multiple scattering of light by the RBCs. The 
detected light is depolarized, and the correspond-
ing DSPS does not present a sharp cutoff but 
rather has a smoothly declining shape (Fig.  7.8 ), 
which does not vary with the scattering angle. 
Such DSPS conform to the model of Bonner and 
Nossal when multiple scattering is the dominant 
process  [  26  ] .  

 In the lower half of the cat’s retina, the retinal 
vessels course in front of a heavily pigmented 
layer that absorbs nearly all the incident laser 
light transmitted through the vessel. Practically, 
only light backscattered by the RBCs and vessel 
wall is detected. In this case, this light maintains 
most of the polarization of the incident light. The 
DSPS have a rectangular shape, and the sharp 
cutoff varies with the scattering angle, as expected 
from the Doppler formula (Fig.  7.8 ). The detected 
light represents probably pseudo-singly back-
scattered light by the RBCs, a scattering process 
occurring in vessels with diameters up to at least 
120  m m  [  27  ] .   

    7.2.8   Computer Modeling of the 
DSPS for Automatic 
Determination of     maxÄf    

 In the early days of retinal blood velocity record-
ings by LDV, the photocurrent was fed to a tape 
recorder, and a loudspeaker and the DSPS were 
recorded during playback. Typically, for veins 
and arteries during diastole and often during sys-
tole, the frequencies of the DSPS are in the audio 
range. Therefore, during playback, only those 
portions of the tape were analyzed for which a 
clearly identifi able pulsatile pitch (for arteries) 
or a monotonous, high-frequency pitch (for 
veins) could be heard  [  28  ] . The DSPS were 
obtained with a hardware spectrum analyzer, one 
pair at a time, and successively displayed on an 
oscilloscope screen. An examiner visually deter-
mined the     

maxfD   , one channel at a time, by mov-
ing a cursor along the frequency axis to the 
frequency value where a sharp decline in the 
power spectral density and variance was identifi -
able. Each estimate of  D  f  

max
  (mean and standard 

deviation) was based on 10–20 pairs of DSPS. 
Such a procedure was time-consuming, espe-
cially for retinal arteries, for which several  D  f  

max
  

were measured at different phases of the heart 
cycle to obtain average     maxV    during the heart 
cycle. In addition, masking of the examiner with 
respect to the type of patient and experimental 
protocol to eliminate possible bias was an addi-
tional time-consuming procedure. 
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  Fig. 7.7    DSPS from a human retinal vein obtained in 0.1, 
0.2, and 0.8 s, demonstrating the effect of decreasing the 
measurement time. With a short measurement time, the 
cutoff frequency  D  f  

max
  can be more precisely detected 

(Adapted from Riva et al.  [  13  ]  with permission from the 
Publisher)       
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 Later, to automate the analysis, a computer 
algorithm to calculate  V  

max
  based on the afore-

mentioned rectangular shape model of the DSPS 
was implemented on a NeXT computer  [  29  ] . It 
includes data acquisition, eye blink rejection, 
power spectrum analysis, and display of the  V  

max
  

data and of its change during the heart cycle. 
 More recently, a digital signal processor 

(DSP)-based approach, which addresses the need 
for higher temporal resolution of  V  

max
 , combined 

with blink rejection, was reported  [  30  ] . In brief, 
blink rejection is based on the fact that because 
the laser light is out of focus at the pupil plane, 
closing the lid scatters much less laser light back 
to the detector than does the fundus. This results 
in a markedly reduced DC value of the photocur-
rent. Whenever the DC value of the Doppler sig-
nal falls below a user-adjustable threshold, the 

data is automatically excluded from further analysis 
and presentation.  

    7.2.9   Instrumentation 

 A bidirectional retinal laser Doppler veloci-
meter (RLDV) consists basically of distinct 
optical systems with the functions of: (1) aim-
ing a laser beam (red or near-infrared) at a 
main retinal vessel; (2) collecting and detect-
ing some of the light scattered by the blood in 
the vessel along two directions of scattering; 
(3) observing the eye fundus and the laser 
beam; and (4) providing a pinpoint fixation 
target to be observed by the eye being tested in 
order to precisely aim the laser at the desired 
site  [  13  ] . 

// Polarization

Polarization

Polarization

// Polarization

2.5 2.55.0 5.07.5 7.510.0 10.0

Δf (KHz)

Pi(Δf)

Pi(Δf)

Δf (KHz)

  Fig. 7.8     Left : DSPS obtained from a vein in the tapetal 
region of the cat retina. The tapetum is a highly light 
refl ecting layer. For the upper DSPS, the scattered light 
was detected in the same plane of polarization (//) as the 
incident light. For the lower DSPS, these polarizations 
were perpendicular (//). Light transmitted through the 
blood is highly refl ected and some of it retransmitted 
through the blood. This double transmission represents 
predominantly multiply scattered light.  Right : DSPS from 

a vein in the pigmented (highly absorbing) region of the 
fundus. Notice the disappearance of the spectral power 
when the polarization of the scattered light was perpen-
dicular (^) to that of the incident light. For vessels above 
the pigment, only the light backscattered by the blood col-
umn reaches the detector. The light transmitted through 
this column is totally absorbed by the pigment behind the 
vessel (Adapted from Riva et al.  [  22  ]  with permission 
from the Publisher)       
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 Bidirectional LDV systems have been incor-
porated into commercially available slit lamps 
 [  17,   19  ] , standard fundus cameras  [  18,   31  ] , as 
well as a portable fundus camera  [  32  ] . LDV mea-
surements have been performed using a 632.8-
nm HeNe laser  [  18  ] , a 675-nm laser diode  [  31  ] , 
as well as a near-infrared diode (wavelength 
around 800 nm)  [  33  ] . The latter allows measure-
ments to be performed in darkness  [  33  ] . 

 With the Oculix LDV(Arbaz, Switzerland), a 
research instrument based on a Topcon TRC + fun-
dus camera, blood fl ow,  Q  ( m l/min), is obtained 
from      maxV    and the diameter,  D , of the blood col-
umn of the target vessel, the latter measured from 
fundus photographs (see below). The Canon laser 
Doppler fl owmeter (CLBF 100, Canon, USA) is 
an instrument able to measure simultaneously  
    maxV    and  D  of large retinal arteries, providing at 
once  Q -values in  m l/min  [  20,   34  ] .  D  is measured 
by scanning the vessel perpendicularly with a 
543-nm HeNe laser. The CLBF is equipped with 
an automatic vessel tracking system that employs 
a linear sensor to monitor the target vessel and 
maintain the probing laser beam at all times on 
the vessel during measurement. Results are 
acquired at 50 measurements per second for 2 s, 
after which the measurement is repeated to verify 
data consistency. The CLBF automatically cor-
rects refractive error using the subject’s axial 
length value and the machine’s astigmatic correc-
tion dial.  

    7.2.10   Blood Flow in Retinal Vessels 

 Blood fl ow ( Q ) in a retinal vessel is calculated as:

        (7.13)    

    meanV    is the mean velocity of the RBCs in the ves-
sel. For a parabolic profi le of the RBCs velocity 
(Poiseuille fl ow),     max

mean 2

V
V =   . 

 The presence of Poiseuille fl ow depends on 
the fl ow rate, the diameter of the vessel, and the 
concentration (hematocrit) of the RBCs. Various 
techniques have been recently developed to 

 determine the velocity profi le of the RBCs in the 
human eye, not only with the aim to determine  Q  
accurately but also because a measurement of 
this profi le could be of help in the early diagnosis 
and treatment of various retinal circulatory 
impairments. In particular, determination of the 
velocity gradient at the vessel wall could provide 
valuable information on the wall shear rate, a 
quantity that plays an important role in the con-
trol of blood fl ow  [  35,   36  ] . 

 A number of techniques have recently dem-
onstrated that the velocity profi le of the RBCs 
in a retinal artery can be satisfactorily fi tted 
with a parabolic function  [  37–  39  ] . Measured 
with a confocal scanning LDV system, velocity 
profi les of RBCs in retinal arteries and veins 
were fi tted with a more general function of the 
type  [  40  ] :

        (7.14)   

 In this equation,     ( )V r    is the velocity at a distance 
    r    from the inner wall,      iR    the tube inner radius, 
and  K  is a parameter related to the shape of the 
velocity profi le.  K  = 2 corresponds to a parabola 
and  K  > 2 to a blunted profi le. Average values of 
 K  for a vein with a 150- m m diameter were 
2.13 ± 0.42 (conf. limits), 2.38 ± 0.5, and 
1.94 ± .0.8 for a 100- m m artery during systole and 
diastole, respectively (Fig.  7.9 )  [  41  ] .   

    7.2.11   Precision and Reproducibility 
of  V  

max
  

 The precision of  V  
max

  (i.e., how close several val-
ues of  V  

max
  are to each other) was assessed by the 

coeffi cient of variation (CV). CV depends on the 
steadiness of target fi xation, the diameter of the 
vessel, the duration of measurement, and the reti-
nal laser irradiance. With the early method of 
analysis  [  28  ] , the measurement of  V  

max
  was based 

on at least ten pairs of DSPS for each vessel, 
which required between 1 min for a subject with 
good target fi xation and several minutes for a sub-
ject with poor target fi xation. Smaller vessels are 
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more diffi cult to measure, as they require more 
precise target fi xation. Increasing laser retinal 
irradiance increases proportionally the signal-to-
noise ratio of the DSPS  [  13  ]  and consequently the 
sharpness of the cutoff frequencies. Intraobserver 
and interobserver CV( V  

max
 ) were found to be 

about 10% and 15%, respectively  [  28  ] . 
 Variability of  V  

max
  due to lateral head motion 

was estimated from measurements in a capillary 
tube placed in the “retinal” plane of the model 
eye. Head motion may move the entrance of the 
laser beam and the exits of the scattered beams 
across the pupil. The CV of the mean  V  

max
  

obtained for fi ve horizontal positions of the LDV 
camera relative to the eye was 5%. The reproduc-
ibility of  V  

max
  and  Q , evaluated at different times, 

depends on the constancy with time of retinal 
blood fl ow. Measurements of venous  V  

max
  in a 

normal subject during 50 min and over a period 
of 70 days showed retinal blood fl ow to be 
remarkably constant over both periods of time 
 [  28  ] . Two measurements of retinal blood fl ow 
performed at 1 month interval in fi ve subjects 
confi rmed this fi nding by reporting an average 
difference of 5.3% (range: 0.7–9.4%)  [  19  ] . An 
extensive study with the CLBF on 20 normal sub-
jects demonstrated a repeatability for blood fl ow 

in major temporal retinal arterioles of 18%  [  42  ]  
and 23%  [  43  ] . 

 The full potential of the LDV technique in 
terms of precision and short-term reproducibility 
is best demonstrated by a unidirectional LDV 
recording of  D  f  

max
  in a retinal arteriole of an anes-

thetized minipig breathing 100% O 
2
  (Fig.  7.10 ) 

 [  44  ] . The rapid (<1 s) variations of  D  f  
max

  are due 
to the systolic/diastolic changes in blood pres-
sure. The slower change starting at time 0 min is 
the response to 100% O 

2
  breathing.   

    7.2.12   Limitations, Safety, and Future 
Directions of the LDV Technique 

 Three factors currently prevent the LDV technique 
from being applicable in routine clinical work: 
 ocular media opacities, pupillary dilatation of less 
than approximately 5 mm, and poor target fi xa-
tion. The effect of media opacities is to decrease the 
intensity of the detected scattered light. The decrease 
of retinal irradiance results from absorption of 
light and from the scattering by the ocular media. 
From Eq.  7.10 , a decrease in signal-to-noise ratio 
(SNR) and consequently of the sharpness of the 
cutoffs of the DSPS can be expected. It is  therefore 
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  Fig. 7.9     Left : Average cutoff frequency (proportional 
 V  

highest
 ) versus scanning distance  d  obtained from 17 scans 

across a human retinal artery (diameter 100  m m).  Black 
dots : systolic phase of the cardiac cycle;  open circles : dia-
stolic phase.  Continuous lines  are the fi t based on Eq.  7.14 , 
which provided a value of  K  = 2.38 ± 0.5 in systolic and 1.94 

± 0.8 (95% CL) in diastolic phase, respectively.  Right : 
Average cutoff frequency (proportional  V  

highest
 ) versus scan-

ning distance  d  obtained from fi ve scans across a human 
retinal vein (diameter 150  m m).  Error bars  are the 95% CL. 
 K  was found to be 2.13 ± 0.42 (95% CL) (Adapted from 
Logean et al.  [  41  ]  with permission from the Publisher)       
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advantageous to use as much laser power as possi-
ble within the limit imposed by the maximum per-
missible level of retinal irradiance. Assuming that 
photodetectors of similar sensitivity are used, there 
is an advantage to use lasers in the near-infrared 
region of the spectrum because the maximum per-
missible exposure for continuous illumination is at 
least 20 times higher there than that at the wave-
length of the helium-neon laser  [  45,   46  ] . 

 Head motion and poor target fi xation lengthen 
considerably the duration of measurements. For 
routine clinical applicability of LDV, improve-
ments in speed and automation of the LDV data 
recording are required. Rapidity of the LDV pro-
cedure minimizes cost and patient fatigue and 
maximizes the number of vessels that can be 
measured within a given time. Automated data 
collection and analysis procedures reduce the 
number of people needed to obtain the desired 
information and ensure standardization of the 
techniques among laboratories. Clearly with the 
eye-tracking mechanism of the CLBF, the major-
ity of eye motion artifacts can be compensated 
 [  43  ] , thus considerably decreasing the measure-
ment time. Another approach that does not require 
stabilization of the laser beam is to use a  computer 
algorithm that not only determines the cutoff 

 frequencies but also identifi es those times during 
which the laser beam is appropriately centered on 
the vessel and extracts only the  D  f  

max
  values 

recorded during this time, along the line described 
elsewhere  [  30  ] . 

 Resolution and accuracy of  D  f  
max

  measure-
ments could be improved by increasing the effec-
tive scattering angle. Both the slit lamp and the 
fundus camera could be modifi ed for this purpose, 
but it would require increasing the frequency 
range of the detection system within the limits set 
by the pupil size. The quality of the DSPS can be 
markedly increased by using lasers in the near-
infrared region of the spectrum at increased power 
 [  33  ] . These lasers are also much smaller, allowing 
a more compact laser delivery system.  

    7.2.13   Physiologic and Clinical 
Applications (Brief Overview) 

 Some of the fi ndings obtained in normal volunteers 
have provided new insights into the physiology of 
the retinal circulation. For example, they demon-
strated high temporal resolution recordings of the 
pulsatile time course of RBC velocity in retinal 
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  Fig. 7.10    Effect of oxygen breathing on  D  f  
max

  = constant 
×  V  

max
  in a retinal artery of the miniature pig. At time 

0 min, the anesthetized pig is given 100% oxygen to 

breathe. The diastolic and systolic limits ( a ) and the time 
average ( b ) of  D  f  

max
  are presented (Adapted from Petrig 

and Riva  [  44  ]  with permission from the Publisher)       
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vessels  [  13,   17,   19,   24,   43,   44,   47  ]  and established 
the relationship between  V  

mean
  and  D . The relation-

ship between  Q  and  D   [  28  ]  was found to be in good 
agreement with Murray’s law  [  48  ] , which stipu-
lates that  Q  varies as  D  3  for a vascular system that 
minimizes its resistance for a given blood volume. 

 The LDV technique is particularly suitable to 
investigate retinal blood fl ow regulation in 
response to various physiological stimuli, as 
revealed by Fig.  7.10 . Thus, investigations were 
devoted to the effect of acute increases in mean 
ocular perfusion pressure (PP 

m
 , the mean pres-

sure driving blood through the eye) achieved 
using isometric exercises [  49  ] , decreases in PP 

m
  

induced by increasing the intraocular pressure 
 [  50  ] , increases in arterial oxygen and carbon 
dioxide tension  [  51  ] , as well as and light/dark 
transitions  [  33,   47,   52–  54  ] . 

 A number of LDV studies have led to a better 
understanding of the effect of diabetes on the ret-
ina. These have examined (1) the retinal circula-
tory changes during the natural history of diabetes 
 [  55,   56  ] , (2) the effect of poor glycemic control on 
retinal hemodynamics  [  57  ] , (3) the response of 
retinal blood fl ow to hyperoxia in patients with 
various degrees of retinopathy  [  58  ] , and (4) the 
effect of various treatment modalities, such as 
panretinal laser photocoagulation  [  59,   60  ] . The 
most important LDV fi ndings obtained in diabetic 
patients have been reviewed by Grunwald and 
Riva  [  61  ] . The effect of various antihypertensive 
medications on the retinal circulation and its auto-
regulation in normal volunteers and patients with 
ocular hypertension and primary open-angle glau-
coma has been investigated  [  62–  64  ] .   

    7.3   Real-Time Laser Doppler 
Flowmetry in the Optic Nerve 
and Subfoveal Choroid 

    7.3.1   The DSPS for RBCs Moving in the 
Microvascular Bed of a Tissue 

 When a laser beam illuminates a tissue contain-
ing a network of microvessels having RBCs 
moving at various velocities in various  directions, 

the light scattered by the RBCs consists of a 
summation of waves at different frequencies due 
to the numerous Doppler shifts undergone by the 
incident light. To understand the Doppler shifts 
of light scattered from the surface of a tissue, 
knowledge of the scattering of light by the tissue 
is necessary. Critical questions as discussed by 
Bonner and Nossal  [  65  ]  are: (1) What are the 
characteristic scattering angles that determine 
the relation of Doppler shift to RBC speed? (2) 
What is the optical path length within the tissue? 
(3) What tissue volume is sampled by the 
detected light? (4) For a given tissue, do these 
parameters signifi cantly vary from one location 
or individual to another? 

 Describing the relationship between the laser 
Doppler signals and the mean RBC speed, blood 
fl ow and concentration of RBCs in a tissue is 
beyond the scope of this chapter. The main fea-
tures derived from the work of Bonner and Nossal 
 [  26,   65,   66  ]  will be now summarized. 

 In a schematic diagram of light diffusing 
through a vascularized tissue (Fig.  7.11 ), photons 
penetrating into a tissue undergo many collisions 
with static tissue elements. Collisions with mov-
ing RBCs are considered to be only occasional. 
Furthermore, the network of microvessels is 
assumed to be random on a length scale defi ned 
by the mean distance between RBC scattering 
events. Consequently, it is assumed that the RBC 
velocities are also randomly distributed in direc-
tion. The specifi c assumptions of Bonner and 
Nossal’s model are: (1) light is randomized in 
direction, independently of blood fl ow and blood 
volume; (2) the Doppler shifts due to blood fl ow 
are due to the scattering by RBCs; (3) the scatter-
ing angle by the RBCs is highly anisotropic 
(mean value ~6° in the forward direction); (4) the 
mean number of RBCs by which a typical 
detected photon is Doppler shifted increases lin-
early with the number density of RBCs; and (5) 
multiple scattering of light from more than one 
moving RBC broadens the DSPS.  

 Most of the light emerging from the tissue has 
been scattered predominantly by static structural 
components of the tissue. Thus, this light is non-
shifted in frequency and acts as a reference signal 
that is mixed at the surface of the photodetector 
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with the scattered light shifted by the RBCs. 
Applying OMS (see Sect. 1.3), the detector out-
put photocurrent contains only components oscil-
lating at the Doppler shift frequencies. Since the 
detector does not discriminate between positive 
and negative frequency shifts, the DSPS only 
spans the positive frequencies (Fig.  7.11 ).  

    7.3.2   Hemodynamic Parameters 
Derived from the DSPS 

 In the application of LDF to the measurement of 
blood fl ow in the tissue of the eye fundus, such as 
the optic nerve head (ONH) or the subfoveal 
choroid, a probing laser beam is focused at the 
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  Fig. 7.11     Top : Schematic 
diagram according to Bonner 
and Nossal  [  65  ]  shows laser 
light impinging on a tissue 
and leaving it in the direction 
of the detector, after having 
been scattered by static tissue 
structures ( small dots ) and 
RBCs moving in blood 
vessels ( large dots );  Bottom : 
DSPS from ONH tissue  [  6  ] . 
 Arrow  indicates the mean 
frequency, which is 
proportional to the mean 
velocity of the RBCs       
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desired site, namely the rim of the optic disk or 
the fovea, respectively. The light scattered from 
the illuminated volume of tissue is collected and 
guided to a photodetector  [  5,   67  ] . 

 Various means have been used to process the 
output photocurrent. Early studies in cats used the 
electronic systems of a commercial    laser Doppler 
fl owmeter (PeriFlux PF3, Perimed, Inc., 
Stockholm, Sweden or a TSI LaserFlo, Vasamedics, 
Minneapolis, USA)  [  6,   68  ] . More recent methods 
process the photocurrent using an algorithm devel-
oped for the NeXT computer  [  29  ] . Since this com-
puter is no longer available, this algorithm is now 
implemented on a PC-based system  [  30  ] . 

 The LDF parameters are calculated according 
to the procedure described by Bonner and Nossal 
 [  65  ] . These parameters include (1) the “velocity” 
( Vel ) of the RBCs, which is a measure of the broad-
ening of the DSPS. For a tissue where the blood 
volume represents only a small percentage of the 
tissue volume (this is the case for the ONH),  Vel  is 
proportional to the root mean square of the RBC 
velocities; (2) “volume” ( Vol ), the number of mov-
ing RBCs in the sampled volume, which is propor-
tional to the area under the DSPS; and (3)  Flow , 
which is proportional to the product  Vel  ×  Vol .  Flow  
is usually referred to as “blood fl ow.” However, 
what  Flow  actually measures is the  fl ux  of the 
RBCs. Blood fl ow is directly proportional to RBC 
fl ux only if the hematocrit remains constant during 
an experiment. Before the calculation of these 
parameters, the DSPS is corrected for the shot 
noise power present in the photocurrent. 

 The LDF parameter  Vel  is expressed in Hz. The 
parameters  Vol  and  Flow  are in arbitrary units. The 
inability of LDF to provide absolute fl ow measure-
ments is due to the fact that laser radiation incident 
on a tissue undergoes scattering and absorption, 
both processes infl uencing the penetration pat-
tern of the light. Penetration may differ from one 
region of a tissue to another, depending upon the 
optical properties of the tissue. Thus, spatial or 
temporal variations in tissue structure and vascu-
larization, as is the case for example in the ONH 
in glaucoma, will affect the LDF parameters. 
Furthermore, direct comparison between the LDF 
parameters obtained from different tissues may 
not be valid due to variations in optical properties 
resulting from differences in tissue structure and 

 composition. In addition, light scattering by the 
ocular media will also infl uence the LDF parame-
ters, as demonstrated by scanning laser Doppler 
fl owmetry performed in the presence of simulated 
light scatter induced by polystyrene microspheres 
placed in a cell in front of the eye of volunteers. 
This scatter induced an artifactual increase in the 
 Flow  in the retinal capillaries  [  69  ] . 

 In addition to the LDF parameters, the mean of 
the photocurrent (so-called direct current, DC) is 
also recorded. The DC is proportional to the inten-
sity of the light incident on the detector (shifted + non-
shifted scattered light). For repeated measurements 
from the same site of the fundus, it is important to 
maintain this parameter constant (arbitrarily within 
10% of the mean) to insure that the variations of the 
LDF parameters are not due to variations in the 
intensity of the probing beam at the fundus or 
changes of the measurement site. Constancy of the 
DC can be further improved by maintaining con-
stant the location of the entrance of the probing 
beam at the pupil of the tested subject, particularly 
in the measurements of ONH blood fl ow  [  70  ] .  

    7.3.3   Detection Scheme for Optic 
Nerve and Subfoveal Choroidal 
Blood Flow 

 Two LDF measurement modes have been imple-
mented. The fi rst is the continuous mode for on-
line, continuous recording of the LDF parameters 
at a discrete site of the vascular beds of the ONH, 
subfoveal region of the choroid, or the iris. The 
second mode was based on a scanning technique, 
which provides a two-dimensional image of the 
RBC fl ux in the capillaries of the ONH and ret-
ina. This technique is no longer available. This 
chapter describes only the former one.    

    7.3.3.1   Real-Time Recording of the LDF 
Signal in the ONH and Subfoveal 
Choroid (SFCH) 

 With the fundus-camera-based LDF system, origi-
nally described by Riva et al., to record the LDF 
signal from the ONH and the SFCH  [  6,   9  ] , a laser 
beam from a HeNe (623 nm) or diode laser 
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(670 nm) is delivered to a discrete site (about 
150  m m at the disk or at the fovea)  [  8  ] . The scat-
tered light is collected by an optical fi ber with the 
image of its aperture (approximately 150  m m in 
diameter) focused onto the illuminated site. This 
fi ber guides the scattered light to a photodetector. 
An area of the fundus (30° in diameter) is illumi-
nated in red-free light for observation of the fun-
dus and positioning of the laser beam. For some 
applications requiring measurements in darkness, 
a laser probing beam in near-infrared (between 
750 and 805 nm) is used, and the fundus is also 
illuminated in near-infrared light (826 nm). 
Observation is achieved by means of a CCD cam-
era and video monitor presentation  [  33,   70  ] . In 
addition, the position of entrance of the laser beam 
at the pupil can be monitored by means of a CCD 
fi nger camera  [  70  ] . For precise placement of the 
laser beam at the desired site in ONH blood fl ow 
measurements, a point-like target consisting of the 
aperture of a 50- m m-diameter optical fi ber illumi-
nated by a red or green diode can be focused in the 
retinal plane of the ophthalmoscopic lens and 
moved in this plane. For the investigation of the 
effect of increased retinal activity on ONH blood 
fl ow, a system for delivering visual stimuli (fl icker 
and contrast reversal pattern) has been incorpo-
rated to the fundus camera-based instrument  [  70  ] . 

 A NeXT computer system with dedicated 
software is used for LDF in the human eye  [  71  ] . 
This software allows averaging of the Doppler 

signal in phase with the heart cycle so that precise 
measurements of RBC fl ux variations during the 
systolic and diastolic phases can be obtained. 
Recordings of  Vel ,  Vol , and  Flow  from the ONH 
of a normal volunteer are shown in Fig.  7.12 .  

 More recently, a compact confocal laser 
Doppler fl owmeter has been developed for the 
measurement of SFCH blood fl ow (Fig.  7.13 ). 
This instrument detects the light scattered by the 
RBCs within an annulus centered on the illumi-
nation site of the laser at the fovea  [  72  ] . A minia-
turized version of this instrument has been 
mounted on a helmet, thus facilitating SFCH 
blood fl ow measurements during various types of 
dynamical physiological maneuvers, such as bik-
ing  [  73  ] . In both instruments, the illuminated 
laser spot and the detection annulus are self-
aligned. The pupil of the optical system is small 
enough to allow SFCH blood fl ow measurement 
without pupil dilatation.    

    7.3.4   Critical Questions Regarding 
the Application of LDF to Ocular 
Blood Flow 

    7.3.4.1   LDF Sample Volume 
 A central question in the application of LDF to 
the ONH is the depth of the sampling volume. 
This depth determines the relative contribution to 
the Doppler signal from the superfi cial layers, 
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  Fig. 7.12    NeXT computer output of LDF measurements 
in human optic nerve head (ONH) tissue.  Vel  (kHz),  Vol  
(AU = arbitrary units), and  Flow  (AU) are shown as a 
function of time (21 samples/s).  Gaps  in data are caused 
by  blinks  during which recording is automatically dis-
abled. Waveforms on the  right side  are the data (within a 

user-defi ned time period), averaged according to the heart 
pulse (i.e., each point is the average of all data recorded at 
the same delay in the heart cycle), showing the systolic 
and diastolic values of the fl ow parameters (Adapted from 
Petrig and Riva  [  71  ]  with permission from the Publisher)       
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those supplied by the central retinal artery, and 
the deeper layers supplied by the posterior ciliary 
arteries. These two vascular beds may have dif-
ferent blood fl ow regulation properties. 
Furthermore, the deep layers of the ONH appear 
to be particularly susceptible to ischemic disor-
ders, including glaucoma. 

 Investigations on a model system suggests that 
when the light collecting aperture coincides with 
the tissue volume illuminated by the probing laser, 
layers of the ONH tissue as deep as 300  m m con-
tribute to the LDF signal  [  74  ] . In man, however, 
although the depth of tissue sampling in the ONH 
remains to be experimentally assessed, it appears 
that the LDF technique detects predominantly the 
motion of RBCs within the intraocular region of 
the ONH  [  75  ] . A study on monkey eyes concluded 
that LDF is predominantly sensitive to blood fl ow 
changes in the superfi cial layers of the ONH and 

less to those layers of the prelaminar and deeper 
regions of the ONH, and their relative proportions 
are still unknown  [  76  ] . The weaker signal from 
the deep layers cannot be separated from the dom-
inant signal from the superfi cial layers to exclu-
sively study the circulation in the deep layers.  

    7.3.4.2   Linearity of LDF 
 LDF does not provide absolute measurement of 
blood fl ow. Nevertheless, valid measurements of the 
changes in blood fl ow are obtained if  Flow  varies 
linearly with the actual blood fl ow. Linearity between 
 Flow  and actual blood fl ow has been  documented 
for various tissues, such as the skin, skeletal muscle, 
cerebral cortex, nerves, and others  [  1  ] . 

 To test this linearity for the ONH and SFCH, 
 Flow  was measured in both tissues of the cat eye 
while the mean ocular perfusion pressure was 
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  Fig. 7.13    Confocal laser 
Doppler fl owmeter for 
subfoveal choroidal ( SFCH ) 
blood fl ow.  Top : Diagram of 
the optics  [  72  ] .  Bottom : 
Device mounted on a slit 
lamp support (Courtesy of 
Mr M. Geiser)       
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rapidly decreased (within a few seconds) by 
means of a lethal injection of pentobarbital. It 
was assumed that during this rapid decrease, the 
vascular resistance would remain constant so that 
the change in  Flow  would be only due to the 
change in this pressure. The measurements dem-
onstrated for both tissues a highly signifi cant lin-
ear ( p  < 0.01) decrease in  Flow  as this pressure 
decreased to zero  [  6,   77  ] .  

    7.3.4.3   Scattering Scheme 
 In conventional LDF in nonocular tissues, where 
the tissue is directly exposed, the laser beam is 
delivered through an optical fi ber (input fi ber), 
and the scattered light is collected by a second 
optical fi ber (output fi ber). Both fi bers, which are 
in direct contact with the tissue, are separated by 
a distance  r  of 250 or 500  m m  [  6  ] . Separating the 
illumination and collection areas provides an 
optimal compromise in terms of signal-to-noise 
ratio and depth of the sampled volume  [  78  ] . 
Smaller  r  yields too shallow depth, and greater  r  
decreases the signal-to-noise ratio by reducing 
the total scattered light impinging on the 
photodetector. 

 In ONH LDF, because of the presence of numer-
ous retinal arterioles or venules close to each other 
in the disk tissue, such a laser delivery-scattered 
light detection scheme cannot be implemented, and 
the detecting fi ber is placed on top of the directly 
illuminated volume  [  5,   79  ] . This scheme has the 
advantage of providing greater scattered light inten-
sity, at the expense of the presence of specular 
refl ection of the incident light and a reduction of 
the volume sampled by the laser light  [  6  ] .   

    7.3.5   Reproducibility of LDF 

 The potential of LDF is mainly realized in the 
assessment of the changes in blood fl ow induced 
by physiological stimuli or by pathologies which 
do not alter the optical properties of the tissue. In 
this type of application, the minimum  statistically 
signifi cant change that can be  determined in 

response to a given stimulus for a given popula-
tion of subjects (sensitivity) depends mainly 
upon the quality of target fi xation, the stimulus, 
the site of measurements, the technical experi-
ence, and other factors. The reproducibility of 
LDF for ONH blood fl ow has been appraised in 
humans by Joos et al.  [  80  ] . By averaging fi ve 
measurements for each session, an intrasession 
variation of 18% for  Vel  and 24% for  Flow , and 
an intersession variation of 12% for  Vel  and 32% 
for  Flow  were reported. Interexaminer variance 
was small. The measured variability includes 
components from both technical/measurement 
error and physiologic variation. Sample size 
estimates were computed for experimentally 
induced changes in  Flow  in single and multiple 
sessions: to detect a 15% difference in  Flow  
with 80% power by means of a paired test, seven 
subjects would be needed to evaluate changes 
within one session, whereas 43 subjects would 
be needed to detect a change between two ses-
sions. Therefore, LDF was found to be useful in 
evaluating ONH circulation in humans, particu-
larly when acute perturbation experiments 
within a single session were assessed. Grunwald 
et al.  [  81  ]  found that LDF is practical for assess-
ing differences between patient populations. 
Comparing measurements in glaucoma subjects 
and controls and using power calculations based 
on an independent test with a pooled variance 
estimate, the statistical power to detect a 20% 
decrease in the glaucoma patients was 80% or 
greater for a sample size of 24 glaucoma sub-
jects and 14 control subjects. Variability in terms 
of coeffi cient of variation (CV) of the ONH 
blood fl ow parameters measured at 3 measure-
ment sites in normal controls ( n  =13) and glau-
coma patients with (10) and without systemic 
hypertension (12) provided the following val-
ues: CV( Vel ) = 16%, 17%, and 12%; CV( Vol ) = 20%, 
15%, and 22%; and CV( Flow ) = 21%, 20% and 
13%, respectively. 

 The reproducibility of ONH  Flow  responses 
to fl icker was determined based on consecutive 
trials performed during sessions of less than 
19 min duration  [  82  ] . The laser beam was aimed 
at the temporal rim of the ONH in the right eye. 
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Using two different stimuli, a pure red and a pure 
green illuminance fl icker, the coeffi cient of varia-
tion of the  Flow  responses was 26% ( n  = 5 trials) 
and 12% ( n  = 4). 

 The CVs of SFCH  Vel ,  Vol , and  Flow  were 
reported to be 14%, 25%, and 18%, respectively, 
in subjects with AMD, and 8%, 18%, and 13%, 
respectively, in normal controls. No statistically 
signifi cant differences were observed between 
these CVs for subjects with AMD and those for 
normal controls  [  83  ] . Another study in eyes with 
AMD of increasing severity provided a CV( Flow ) 
of 10.3% ± 7.2% ( n  = 3 trials)  [  84  ] . 

 With the confocal choroidal fl owmeter 
(Fig.  7.13 ), the sensitivity of SFCH  Flow , calcu-
lated based on measurements in 10 subjects, 
was between 7.5% and 17.5% for  Vel , 14.5–
37.8% for  Vol , and 19.2–31.6% for the  Flow  
 [  85  ] . Intrasubject variability was less than 8% 
for  Vel  and  Vol  and less than 18% for  Flow , and 
the sensitivity of the measurements (21 subjects) 
was 3.3% for  Vel , 7.1% for  Vol , and 7.4% for 
 Flow   [  86  ] .  

    7.3.6   Applications of LDF 

 Continuous, real-time LDF because of its high 
spatial and temporal resolution appears most suit-
able for the investigation of the regulatory pro-
cesses of blood fl ow in response to various 
physiological stimuli. The following investiga-
tions illustrate some of the applications. 
Regrettably, because of space limitation, it is not 
possible to mention all the important studies per-
formed until now. 

 LDF investigations of ONH blood fl ow in 
humans include the responses to: (1) changes in 
ocular perfusion pressure (increase and decrease) 
 [  75,   87,   88  ] ; (2) hyperoxia, breathing carbogen, 
and mixtures of O 

2
  and CO 

2
   [  89  ] ; and (3) increased 

neuronal activity  [  90  ] . 
 They also include a number of clinical studies, 

such as ONH blood fl ow and its regulation in 
response to various stimuli in normal, ocular 
hypertensive, and glaucomatous eyes  [  91–  97  ]  
and in children with cerebral malaria  [  98,   99  ] . 

 LDF measurements of subfoveal choroidal 
blood fl ow in humans are recent and include stud-
ies of the effect of (1) increases and decreases of 
ocular perfusion pressure  [  100–  104  ] ; (2) Valsalva 
maneuvers  [  105  ] ; (3) breathing of various gas 
mixtures (pure O 

2
 , various mixtures of O 

2
  and 

CO 
2
 )  [  86  ] ; and (4) the effect of light  [  106–  108  ] . 

Investigations of the effect of aging, age-related 
macular degeneration, and choroidal neovascu-
larization have been reported  [  83,   84,   109–  111  ] .   

    7.4   Summary for the Clinician 

 The LDV/LDF techniques have been applied 
over a number of years in normal subjects and 
patients with various ocular and systemic dis-
eases. They provide a noninvasive means of 
investigating changes in blood fl ow in the retina, 
ONH, and subfoveal choroid. Both techniques 
have a high sensitivity and a temporal response 
fast enough to reveal the changes in blood fl ow 
during the cardiac cycle and in response to acute 
changes in various physiological stimuli. Their 
limitations include dilatation of the pupil, partic-
ularly for bidirectional LDV, good subject col-
laboration in terms of target fi xation, and head 
stability as well as clear media. These techniques 
open new avenues in the investigation of the reg-
ulation of blood fl ow in the vascular tissues of the 
eye fundus in response to various physiological 
stimuli and the effect of a number of treatments 
on the ocular circulation.      
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     8.1   Principles 

 Color    Doppler imaging (CDI)    is a technique    that 
combines B-scan ultrasonography for the conven-
tional imaging of tissue with velocity extraction 
based on the acoustic Doppler effect. In the eye, 
this technique can be employed for the visualiza-
tion of blood velocities in the retrobulbar vessels 
including the ophthalmic artery (OA), the posterior 
ciliary arteries (PCAs), and the central retinal artery 
(CRA). With CDI, ultrasound waves with frequen-
cies of several MHz are used. Analysing the time 
elapsed between emission and return can lead to a 
quantifi cation of the refl ecting structure depth. 
B-scan ultrasound can then be used to produce 
gray-scale images of the structures of the human 
eye. If a structure within the scattering volume of 
the ultrasound is moving, a Doppler shift is induced 
(Fig.  8.1 ). If the refl ecting object is moving toward 
the transducer, the frequency of the returning sound 
wave is increased as compared to the emitted sound 
wave. If the refl ecting object is, however, moving 
away from the ultrasound probe, the frequency of 
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  Core Messages 

    The CDI technique is used to measure • 
blood velocities in the retrobulbar arter-
ies: Ophthalmic artery, central retinal 
artery, nasal and temporal posterior cili-
ary arteries.  
  Widely used variables are peak-systolic, • 
end-diastolic and mean fl ow velocities, 
as well as resistance index.  
  The advantages of the CDI technique • 
are: (1) not dependent on optic media, 
(2) non-invasive, (3) good reproducibi-
lity with an experienced user.  
  It can be used in a number of vascular-• 
related ocular pathologies, from glau-
coma to central vein occlusion.  

  Caution should be used when compar-• 
ing results obtained with different ultra-
sound machines/probes, as data may not 
be interchangeable.  
  Velocity should not be read as fl ow, as • 
this correlation implies vessel diameter. 
Such variable has not been reproducible 
using the current technology.     
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the returning sound wave is smaller than that of the 
emitted sound wave. In tissue, the main source of 
Doppler shifting is related to the movement of red 
blood cells within the tissue. Hence, blood fl ow in 
retrobulbar vessels can be visualized, and blood 
velocity can be extracted. The Doppler shift  D  f  
depends on the velocity of the moving erythrocytes 
( v ), the frequency of the incoming ultrasound waves 
 f  
0
 , the velocity of the ultrasound wave within the 

tissue ( C ), and the Doppler angle. The velocity of 
the blood can be calculated as 

        

  From this equation, it becomes clear that the 
highest Doppler shift is induced when the trans-
ducer is parallel to the vessel and the angle   q   = 0 
because in this case cos   q   = 1. When the vessel is, 
however, perpendicular to the incoming sound 
wave, no Doppler shift is detected because cos 
  q   = 0. In practice, measurement of Doppler fre-
quencies are usually done at angles between 30° 
and 60°  [  36  ] . When the angle   q   is close to 0°, prob-
lems arise from total refl ection of the sound wave 
at the vessel wall. When the angle   q   is, however, 
close to 90°, the frequency shift becomes largely 
dependent on the Doppler angle. In this situation, 
only small errors in measuring the Doppler angle 
may induce large errors in the frequency. 

 In ultrasound, there is an inverse relation 
between penetration depth and resolution. The 
higher the frequency of the ultrasound, the higher 
the resolution within the tissue. Since the amount 
of attenuation per unit distance is also increasing 
with tissue, higher frequencies are, however, 

associated with lower penetration depths. Given 
that the retrobulbar vessels are located several 
centimeters behind the front surface of the eye, 
relatively high penetration depth is required, 
associated with limited resolution.  

    8.2   Instrumentation 

 Nowadays, commercial CDI machines use pulsed-
wave Doppler. Pulsed-wave ultrasound probes 
emit series of pulses. These sound pulses are 
transmitted in the tissue, and the time until the 
refl ected pulse wave is detected by the same ultra-
sound probe is measured. If a moving structure is 
present, there is not only a frequency shift in the 
returning ultrasound wave according to the 
Doppler effect but also a relative phase shift. 
Normally, the latter effect is used to extract the 
velocity data. The maximum velocity that can be 
detected with a pulsed Doppler probe depends on 
the pulse repetition rate, the vessel depth, the 
transmitter frequency, and the Doppler angle. If 
the velocity is too high, aliasing may occur, result-
ing in erroneous velocity extraction, but given that 
retrobulbar vessel is relatively small, this is not a 
limitation in ophthalmic use of CDI. 

 Since the delay of the incoming and the refl ected 
wave is related to the depth of the refl ecting inter-
face, velocities can be measured at different depths 
within tissues. Combing pulsed-wave Doppler with 
B-scan imaging is called Duplex imaging. This 
technique of overlapping the Doppler signal with 
the gray-scale refl ectance image allows for ana-
tomical allocation of the velocity information. The 
direction of fl ow is normally translated into a color 
scale on the ultrasound image (CDI). With this 
technique, the colored fl ow information is visible in 
parallel to the gray-scale refl ection image. Usually, 
fl ow toward the probe is depicted in red and is arte-
rial, while fl ow away from the probe is depicted in 
blue and is venous. This means that blood fl owing 
from the heart shows up in red, whereas blood 
fl owing toward the heart shows up in blue. 

 Since CDI allows for relatively high time res-
olution  [  50  ] , the blood velocity can be displayed 
as a function of time. Given the pulsatile nature 
of blood velocity in retrobulbar vessels, the 
 systolic and the diastolic parts of the velocity 
si gnal can easily be identifi ed. 

0v f .C / (2 cos ).f= Δ × θ

Transducer

Skin

Vessel

Flow velocity

US wave Doppler shift

  Fig. 8.1    Doppler principles       
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 CDI uses a linear array transducer consisting of 
linearly arranged, sequentially excited piezoelec-
tric elements. As mentioned above, the frequency 
of the Doppler probe is chosen as a compromise 
between resolution and penetration depth. A typi-
cal transducer for retrobulbar CDI has a frequency 
of 7.5 MHz, but some investigators have used up 
to 12.5 MHz, thereby providing better resolution 
but also weaker Doppler signals.  

    8.3   Procedure 

 When the patient is examined in a lying position, 
legs should be uncrossed to avoid infl uences on 
venous return. The patient is instructed to look 
straight while the eyelids are closed. The exam-
iner is seated behind the head of the patient while 
the base of the examiner’s hand rests on the 
patient’s forehead, with a fi nger is placed on the 
patient’s cheek (Fig.  8.2 ). The tip of the probe is 
covered with a suffi cient amount of acoustic cou-
pling gel to provide adequate contact between the 
probe and the skin. The probe needs to be gently 
positioned on the closed upper eyelid in order to 
avoid mechanical force on the eyeball. This may 
increase intraocular pressure and thereby perfu-
sion pressure, leading to a change in perfusion 
pressure as discussed later in this chapter.  

 The anatomy of the eye and the optic nerve 
head are identifi ed using the gray scale images in 
the B-scan mode (Fig  8.3a ). Color Doppler is used 
to visualize the fl ow within the vessels and allows 

for identifi cation of the appropriate vessels (Fig 
 8.3b ). The sample volume is placed in the center of 
the vessel, and the angle is set parallel to the vessel 
to account for the Doppler angle (Fig  8.3c  and  d ). 

 In order to obtain reliable and reproducible 
measurements using CDI, it is important to have a 
thorough knowledge of the retrobulbar vascular 
anatomy, as well as the characteristic waveforms 
of the different vessels, and the specifi c locations 
that are conventionally chosen for measurement 
 [  51  ]  (Fig.  8.4 ). The central retinal artery (CRA) 
and its corresponding vein lie close together in the 
middle of the optic nerve and cannot be measured 
separately by CDI. Therefore, a double waveform 
is obtained with a distinct pulsatile arterial wave-
form above the zero line and a gentle sinusoidal 
venous variation below the zero line (Fig  8.5a ). 
The nasal and temporal short posterior ciliary 
arteries (NPCA and TPCA) are located on both 
sides of the optic nerve and should be measured at 
a position that is close to the optic nerve and as 
anterior as possible without receiving interference 
from the choroid. It is important to realize that 
individual short posterior ciliary vessels cannot be 
distinguished by CDI. Therefore, the obtained 
waveform represents the mass effect produced by 
a bundle of vessels rather than from individual cili-
ary vessels. These arteries produce a more uniform 
arterial pulse without a venous wave (Fig  8.5b ). 
The ophthalmic artery (OA) is situated deeper in 
the orbit, and by convention should be measured 
on the nasal side of the optic nerve, immediately 
after it crosses the optic nerve (Fig  8.5c ).   

    8.4   Outcome Variables 

 Usually peak systolic and end diastolic velocities 
(PSV, EDV) are extracted from the time slope of 
the Doppler shift. Since the time course of the 
velocity within a vessel may also carry informa-
tion on the vascular resistance distal to these vas-
cular beds, a resistance index (RI = (PSV − EDV)/
PSV) is calculated to quantify vascular resistance 
(Fig.  8.6 ). In addition, mean fl ow velocity (MFV) 
is often calculated as the time mean of the spec-
tral outline over a heart cycle. Data are measured 
separately for the CRA, the nasal PCA, the tem-
poral PCA, and the OA. As mentioned above, 
individual short posterior ciliary vessels cannot   Fig. 8.2    Positioning       
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be distinguished by CDI because of their small 
size. Hence, bundles of vessels are examined, and 
the number of arteries contributing to the signal 
remains uncertain. Some authors also do not dis-
tinguish between nasal and temporal PCAs. 

 When measuring blood velocities using CDI, it 
needs to be considered that the Doppler angle 
infl uences the results. The direction of the sam-
pling gate therefore has to be in good alignment 
with the angle of the measured vessel. If this is not 
the case, a measurement error is introduced, which 
is the more severe the larger the Doppler angle. In 
the CRA and the OA, the angle can usually be 
determined easily. In the PCA, however, the prob-

lem is more severe because of their smaller size, 
the more tortuous course, and the uncertain num-
ber of vessels within the probing volume. 

 The RI offers the advantage that it is indepen-
dent of the Doppler angle. It is a dimensionless 
parameter that can take values between 0 and 1. 
The relation between RI and vascular resistance 
is, however, not entirely clear. Particularly, it 
seems that the value is largely dependent of the 
vascular compliance, which is defi ned as the abil-
ity of a vessel to distend and increase intravascu-
lar volume with increasing transmural pressure. 
In an in vitro model, where liquid was moved 
using a pulsatile pump, RI was independent of 

  Fig. 8.3    Imaging    of retrobulbar structures and fl ow       
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vascular resistance in the absence of vascular 
compliance. The higher the compliance, how-
ever, the more dependent RI became on vascular 
resistance  [  7  ] . In another model consisting of a 
branching tubing network, the RI showed a strong 
dependence on the downstream cross-sectional 
diameter. It was, however, not infl uenced much 
by alterations in resistance or compliance  [  8  ] . 

 A number of animal experiments also indicate 
that RI is not always a good measure of vascular 
resistance. In isolated rabbit kidneys perfused with 
a pulsatile perfusion system, RI was dependent on 
vascular resistance but only under conditions of 
pronounced vasoconstriction  [  80  ] . The RI changed, 
however, strongly when the pulse pressure ampli-
tude was changed, which may be expected to a 
certain degree considering that systolic blood pres-
sure drives PSV and diastolic blood pressure drives 
EDV. Obviously, when fl ow is nonpulsatile and the 
pulse pressure amplitude is zero, the RI also 
becomes zero with any given vascular resistance. 

 Most of the published studies focused on the 
reliability of RI as a measure of vascular resistance 
in the kidney  [  79  ] . For the eye, only few data on 
the reliability of RI have been published. The 
dependence of RI in retrobulbar vessels on the 
pulse pressure amplitude has been confi rmed in a 
variety of studies. A reduction in pulse pressure 
amplitude induced by physiological stimuli was 
associated with a decrease in the RI in the OA and 
the PCAs refl ecting the change in blood pressure 
profi le  [  72  ] . The same phenomenon was observed 
in studies where angiotensin II and the angio-
tensin1 receptor antagonist losartan were intrave-
nously administered in healthy subjects  [  49,   56  ] . 
When angiotensin II was administered, an increase 
in MFV in the OA, together with a dose-dependent 
decrease in RI, was observed. Considering the 
very potent vasoconstrictor effects of this drug, 
this unlikely refl ects peripheral vasodilatation. 
More likely, the increase in MFV refl ects local 
vasoconstriction of the OA at the site of measure-
ment, and the increase in RI is very well compati-
ble with the increase in pulse pressure index 
observed after systemic angiotensin II infusion. 

 One study compared the retinal vascular resis-
tance in response to 100% O 

2
  breathing to the 

change of RI induced by the same stimulus  [  66  ] . 
The former was calculated based on measure-

ments of retinal vessel diameters using the Retinal 
Vessel Analyzer and measurements of blood 
velocities using bidirectional laser Doppler 
velocimetry as described in other chapters of this 
book. Calculating total retinal blood fl ow by 
measuring all retinal veins entering the optic 
nerve head revealed an increase in retinal vascu-
lar resistance of approximately 100%. By con-
trast, RI only increased in the order of 10%, 
making it doubtful whether RI is indeed a good 
measure of retinal vascular resistance.  

    8.5   Reproducibility 

 Short-term reproducibility of the technique is 
acceptable with data in the OA and CRA less vari-
able than in the PCAs  [  3,   6,   31,   61,   68  ] . Some stud-
ies also looked at diurnal variability  [  54,   67  ] , 
2–7 day variability  [  62,   69  ] , and 1 month variabil-
ity  [  75  ] , with results being comparable to the short-
terms studies. Interobserver variability is, however, 
considerably higher, highlighting the subjective 
nature of the technique  [  3  ] . Training is major issue 
in CDI measurements, and long-term experience of 
the operator signifi cantly reduces variability  [  11  ] .  

    8.6   Physiological and 
Pharmacological Stimuli 

 Breathing of CO 
2
  induces pronounced vasodila-

tation in the ocular vasculature. Accordingly, 
most studies reported an increase in fl ow veloci-
ties in retrobulbar vessels with systemic hyper-
capnia, paralleled by a decrease in RI  [  35,   38, 
  70  ] . Hyperoxia on the other hand results in a 
decrease in fl ow velocities in most studies, 
although the results are not unequivocal  [  19,   73  ]  
(Hosking    et al.  2004 ). Some studies also used 
carbogen with variable percentages of CO 

2
  rang-

ing from 5% to 8%, with either no effect on blood 
velocities or a small increase associated with a 
decrease in RI  [  32,   73  ] . 

 Changes in posture have also been used to 
study retrobulbar fl ow velocities during changes 
in ocular perfusion pressure, thereby getting 
insight into autoregulatory phenomena in the 
eye. When subjects change from a seated to a 
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supine position, the hydrostatic effect induced by 
the change in gravity on the cranial circulation is 
not fully compensated by the barorefl ex. Hence, 
cranial arterial pressure rises, as does cranial 
venous pressure and IOP. The IOP increase is, 
however, smaller than the arterial pressure 
increase, resulting in an increase in OPP. In the 
OA, an increase in EDV was observed, together 
with a decrease in RI. In the CRA, neither EDV 
nor PSV was changed, but a decrease in RI was 
seen  [  20  ] . Given the complex changes in pres-
sures at both the arterial and the venous side dur-
ing posture, it is, however, diffi cult to interpret 
these results in terms of autoregulation. 

 An experimental increase in IOP, as obtained 
by a scleral suction cup, results in a decrease of 
PSV, EDV, and MFV and an increase in RI in the 
CRA and SPCA but not in the OA of healthy 
individuals  [  21,   33,   39  ] . Hence, changes in IOP 
affect perfusion in the supplying artery only to a 
small degree, indicating that OA perfusion is not 
a good indicator of blood fl ow in the eye in gen-
eral. Isometric exercise increases EDV in retrob-
ulbar vessels with little effect on PSV, thereby 
reducing RI  [  5,   72  ] . As mentioned above, the lat-
ter effect is most likely related to the change in 
blood pressure profi le and does not refl ect a 
change in vascular resistance  [  72  ] . The same 
holds true for changes in retrobulbar blood veloc-
ities during the Valsalva maneuver. The pro-
nounced increase in diastolic blood pressure is 
refl ected in an increase in EDV in the OA and the 
PCAs as well as a reduction in RIs. 

 Dynamic autoregulation requires that both 
changes in blood pressure and changes in fl ow 
velocities are continuously measured before and 
after a step change in blood pressure. In one 
study, bilateral thigh cuffs were infl ated to a pres-
sure approximately 20 mmHg above peak sys-
tolic blood pressure for 3 min and subsequently 
defl ated rapidly. In the middle cerebral artery, 
fl ow velocities return to baseline earlier than sys-
temic blood pressure, indicating peripheral vaso-
dilatation due to an autoregulatory response  [  64  ] . 
In the OA, fl ow velocities, however, return to 
baseline later than blood pressure, suggesting 
peripheral vasoconstriction due to an unknown 
mechanism  [  47  ] . Whether this, however, is related 
to the reactivity of the ocular blood vessels is 

doubtful given that the OA supplies mostly 
extraocular tissues. 

 It has already been shown decades ago that 
carbonic anhydrase inhibitors are potent vasodi-
lators in the brain and systemic administration of 
acetazolamide induces a pronounced increase in 
blood velocities in cerebral vessels  [  15  ] . In the 
ocular vessels, the vasodilator effect of carbonic 
anhydrase inhibitors seems to be less pro-
nounced. In one study, acetazolamide given 
orally at a dose of 1,000 mg did not change PSV 
and EDV in the OA or the CRA  [  32  ] , whereas an 
increase in MFV in the OA and a signifi cant 
decrease in RI  [  15  ]  was found after intravenous 
administration of the carbonic anhydrase inhibi-
tor in another study.  

    8.7   Results in Patients 
with Disease 

 A large variety of studies has been published 
reporting retrobulbar fl ow velocities in patients 
with glaucoma. Most of these studies found that 
blood fl ow velocities are decreased, and RIs are 
increased in patients with primary open-angle 
glaucoma  [  9,   12,   28,   44,   57,   65,   76  ] . Only few 
data are, however, available in patients with ocu-
lar hypertension. One small-scale study found 
slightly reduced fl ow velocities and increased RIs 
associated with a signifi cant thinning in the RNFL 
in the inferior quadrant  [  10  ] . A number of smaller 
CDI studies in glaucoma indicate that reduced 
fl ow velocities in retrobulbar vessels are associ-
ated with the progression of the disease. In one 
study, baseline end diastolic blood fl ow velocity 
in the central retinal artery correlated with the 
progression rate of visual fi eld damage indepen-
dent of the extent of glaucomatous damage and 
intraocular pressure  [  71  ] . Galassi and coworkers 
 [  29  ]  studied the relationship between retrobulbar 
CDI, performed shortly after the diagnosis of pri-
mary open-angle glaucoma, and the progression 
of visual fi eld loss for 7 years. Patients with a 
stable visual fi eld over this observation period 
had higher EDVs and lower resistivity indices in 
the OA compared with those with a deteriorating 
visual fi eld. This result is in good agreement with 
a study of Zeitz and coworkers indicating that 
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progressive glaucoma patients have reduced EDV 
and PSV in the PCAs and also reduced PSV in 
the CRA as compared to nonprogressive patients 
 [  86  ] . In progressive primary open-angle glau-
coma patients with controlled IOP, a correlation 
between EDV in the OA and the CRA and sys-
temic blood pressure was found, which was 
absent in stable patients and healthy control sub-
jects (Gherghel et al. 2000). This result is indica-
tive of altered ocular blood fl ow regulation in 
progressive open-angle glaucoma  [  25,   26  ] .  

 A number of studies also investigated retrob-
ulbar fl ow velocities in patients with age-related 
macular degeneration (AMD). An early study 
revealed reduced blood velocities and increased 
RIs in the PCAs of AMD patients  [  22  ] . Based on 
these measurements and other observations, a 
hemodynamic model of the pathogenesis of 
AMD has been formulated  [  23,   24  ] . In patients 
with nonexudative AMD in one eye and a CNV 
secondary to AMD in the other eye, RI of the 
nasal and temporal PCAs was higher in the more 
affected eyes  [  81  ] . 

 In patients with diabetes, most authors also 
reported reduced retrobulbar fl ow velocities  [  16, 
  17,   43,   55,   60  ] , although increased velocities have 
been reported as well  [  85  ] . In interpreting these 
results, one needs, however, to consider that dia-
betes is associated with increased retinal branch 
arterial and venous diameters  [  47  ] . Whether the 
CRA, PCA, and OA diameter is also increased at 
the site of CDI measurements is, however, 
unknown. As such, it is unclear whether reduced 
fl ow velocities in diabetes truly represent reduced 
blood fl ows through the retrobulbar arteries. 

 Many studies have focused on fl ow velocities 
in patients with vascular occlusive disease. As 
expected, carotid artery stenosis results in reduced 
anterograde OA fl ow and in severe cases also 
reversal of the fl ow in the OA  [  13,   27,   34,   37  ] . 
After carotid endarterectomy, blood fl ow veloci-
ties in the CRA, PCAs, and OA increase  [  14,   58,   82  ] . 
In patients with OA stenosis, the narrowing of the 
vessel may be noted on the CDI image if it is 
severe. As expected, acceleration of blood fl ow 
velocities can be seen across the stenotic segment 

of the vessel associated with poststenotic turbu-
lence  [  14,   74  ] . 

 In patients with central retinal artery occlu-
sion, fl ow velocities in CRA and CRV are strongly 
reduced with an increase in RI  [  52,   53  ] . In patients 
with central retinal vein occlusion, a decrease in 
venous velocity in the CRV was reported, which 
was more pronounced in ischemic than in nonis-
chemic cases  [  2,   4,   45,   83  ] . An EDV lower than 
3 cm/s in the CRV had a sensitivity of 75% and a 
specifi city of 86% in predicting iris neovascular-
ization in ischemic central retinal vein occlusion 
 [  83  ] . In patients with branch vein occlusions, 
venous fl ow velocity was, however, not signifi -
cantly different compared with healthy control 
subjects  [  2,   77,   78  ] . Patients with central retinal 
vein occlusion also show reduced fl ow velocities 
in the CRA. The increase in RI in the CRA was 
more marked in ischemic central retinal vein 
occlusion than in nonischemic  [  2  ] . One year after 
the fi rst presentation, however, the RI in the CRA 
had normalized in all types of central retinal vein 
occlusion. 

 Only few studies are available for patients 
with nonarteritic anterior ischemic optic neurop-
athy (NAION). In one study, the PSV and EVD 
of CRA and PSV of the nasal PCA were signifi -
cantly decreased in NAION patients when com-
pared to healthy control, whereas no differences 
were detectable for the temporal PCAs or the OA 
 [  42  ] . In the acute phase of optic neuritis, increased 
RI was reported in the CRA  [  1,   18  ]  and the OA 
 [  40  ] , whereas during the chronic phase altera-
tions, retrobulbar blood fl ow velocities were 
observed  [  1 ,  84  ] .  

    8.8   Advantages and Limitations 

 CDI has an important advantage in that it is non-
invasive and not affected by poor ocular media. 
Hence, measurements can be done in most clini-
cal cases even with high degrees of cataract. 

 Generally, CDI of retrobulbar vessels mea-
sures velocity only. Hence, CDI data cannot be 
interpreted as blood fl ow values because the 
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diameter of the vessels is not known. Attempts 
have been made to measure absolute blood fl ow 
in the OA  [  41,   59,   63,   87  ]  (Fig.  8.3 ), but limited 
reproducibility may limit the use of this tech-
nique in clinical studies  [  87  ] . Hence, an increase 
in fl ow velocities may indicate an increase in 
blood fl ow through this vessel but may also 
arise from local vasoconstriction at the site of 
measurement as it has been reported for local 
stenosis of the OA  [  14  ] . One also has to consider 
that the velocities measured with CDI are based 
on theoretical parabolic distribution of fl ow rates 
across the lumen. Whereas this may well be ful-
fi lled in healthy subjects given the size of the 
measured vessels, it is less clear whether this is 
also true in diseased patients. Additionally, the 
validity of RI as a measure of vascular resistance 
is uncertain as discussed in more detail above.   

 CDI measurements are subjective, and ade-
quate training is required for obtaining reliable 
and reproducible results. An important source of 
error is incorrect angle of incidence, which is the 
more severe the lower the angle. Another poten-
tial source of error is increased intraocular pres-
sure caused by excessive pressure applied to the 
eyelid. Currently, no data are available quantify-
ing the effect of a routine CDI examination on 
IOP. In addition, no data exist comparing results 
with different CDI machines, and the compara-
bility between different instruments remains 
doubtful. One study indicates that even with dif-
ferent probes, different results are obtained  [  6  ] . 

 Finally, one needs to consider that information 
is only gained from the supplying arteries. For 
instance, the OA supplies many extraocular tis-
sues, and only approximately 25% of fl ow through 
this vessel goes to the eye  [  46  ] . The same limita-
tion applies to measurements in the PCAs when 
deducing information on optic nerve head blood 
fl ow. It is clear that the major part of the fl ow goes 
to the uveal tract, thereby also supplying the chor-
oid. Given that blood fl ow in the optic nerve and 
the choroid underlies very different regulation 
mechanisms, it is therefore unlikely that any 
change in PCA blood velocity refl ects what is 
going in the optic nerve head.      
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    9.1   Blue Field Entoptic Technique 

 The    blue fi eld entoptic    technique is a semiquantita-
tive, subjective method that uses the optical blue 
fi eld entoptic phenomenon to estimate retinal cap-
illary blood fl ow in retinal perifoveal vessels  [  27  ] . 
Basically, entoptic phenomena are defi ned as visual 
effects, observed under certain illumination condi-
tions, whose source lies within the eye itself. The 
blue fi eld effect is the most well known among 
these entoptic phenomena. 

 The blue fi eld entoptic phenomenon can  easily 
be seen when looking into a blue light with a nar-
row optical spectrum at a wavelength of approxi-
mately 430 nm. In daily life, the blue fi eld effect 
can be produced when looking into the blue sky 
on a bright, sunny day. Under these illumination 
conditions, many tiny corpuscles that move in a 
fl owing manner with synchronous acceleration 
corresponding to the cardiac rhythm can be 
observed around an area of the center of the 
fovea. The particles often show a tiny dark tail, 
seem to appear suddenly, and follow fi xed, often 
curving paths before disappearing. 

 Given that entoptic images are generated 
within the observer’s own eye, it has been hypoth-
esized that the observed effects may carry infor-
mation about the anatomical and physiological 
properties of the observer’s eye. In particular, it 
was suggested that the speed and the density of 
the moving particles observed could refl ect quan-
titative information about blood fl ow in the retina. 
However, given that entoptic phenomena are pro-
duced within the subject’s eye, the subject cannot 
share the specifi c view of the phenomenon with 
others. Thus, the quantifi cation of the blue fi eld 
effect remained impossible for a long time. 
Furthermore, the cellular origin of the entopti-
cally produced bright particles remained a matter 
of controversy for a long time. Although it has 
been hypothesized since the early interpretations 
of the blue fi eld effect by Helmholtz and others 
that the blue fi eld effect is caused by circulating 
leukocytes, the assumptions concerning the 
source of the entoptic phenomenon were mainly 
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  Core Messages 

    Beside the classical techniques to assess • 
ocular blood fl ow, several methods exists 
which aim to measure specifi c compo-
nents of ocular blood fl ow. In this  chapter, 
the blue fi eld entoptic technique, the 
laser specle technique and methods that 
assess the pulsatile ocular blood fl ow 
will be covered.    
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  Fig. 9.1    Effects of granulocyte colony stimulating factor 
(G-CSF) or placebo on retinal hemodnymic parameters in 
healthy subjects. The time course of leukocyte counts, white 
blood cell velocity (WBCV), white blood cell density 
(WBCD), mean retinal red blood cell velocity (Vel), retinal 

venous diameter (Diameter) and retinal blood fl ow through a 
major retinal vein (Flow) after administration of G-CSF (solid 
up triangles) or placebo (open down triangles) is shown. Data 
are presented as means ± SD (n=15 per group). Asterisks 
indicate signifi cant effects of G-CSF versus placebo       
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based on physiological and optical considerations 
without experimental evidence. 

 In particular, the movement patterns of the 
observed particles share similarities to histologi-
cally identifi able capillary loops. Furthermore, 
the observation that the corpuscles are not visible 
in the innermost of the fovea, which may repre-
sent the foveal avascular zone, strengthens the 
hypothesis that moving particles in the blood 
stream cause the entopic effect. Evidence that 
leukocytes cause the blue fi eld effect is even 
nowadays mainly derived from indirect evidence. 
Bauermann observed that in patients with leuke-
mia, the number of particles observed under blue 
fi eld conditions is paralleled by the leukocyte 
count in the peripheral blood  [  2  ] . Furthermore, it 
has been shown in animal experiments that the 
blue fi eld entoptic phenomenon can be repro-
duced in microvascular preparations  [  35  ] . More 
precisely, the authors used a video microscopic 
setup with lighting conditions similar to those 
under which the entopic phenomenon is visual-
ized within the human eye. Under these condi-
tions, the cellular fl ow within small blood vessels 
in a wing of a hibernating bat and a rat cremas-
ter muscle was studied. In both preparations, 
effects of bright moving particles, which could 
microscopically be identifi ed as leukocytes, were 
observed  [  35  ] . 

 Evidence from an interventional study in 
healthy humans confi rmed these results. In this 
experiment, granulocyte colony-stimulating fac-
tor was infused intravenously in a randomized, 
placebo-controlled double-masked study in 
healthy young volunteers in order to increase the 
leukocyte count in the peripheral blood  [  9  ] . 
Leukocyte movement was then assessed by the 
blue fi eld technique. The authors of the study 
found a strong correlation between granulocyte 
colony-stimulating factor-induced changes in 
leukocyte count in the peripheral blood and leu-
kocyte density as assessed with the blue fi eld 
entoptic technique (Fig.  9.1 ). This was observed 
in the absence of effects on retinal vessel diame-
ters or red blood cell velocities as assessed with 
bidirectional laser Doppler velocimetry. This is a 
clear indication that the blue fi led phenomenon 
refl ects leukocyte movement in the perifoveal 
retinal vasculature  [  9  ] .  

 Today, there is general agreement that the blue 
fi eld entoptic phenomenon is produced by the dif-
ferent absorption properties of red and white blood 
cells when the retina is illuminated with blue light. 
Passing white blood cells do not absorb the short 
wavelength light, whereas the red blood cells do. 
Accordingly, white blood cells transversing retinal 
capillaries that are in front of the photoreceptors are 
perceived as a fl ying corpuscle (Fig.  9.2 ). Hence, 
the technique is capable of gaining insight into 
white blood cell movement in retinal perifoveal 
capillaries. Whether this is proportional to retinal 
red blood cell movement or retinal blood fl ow under 
all clinical conditions remains, however, doubtful.  

 Several methodological approaches have been 
proposed to quantify leukocyte movement based 
on the blue fi eld entoptic effect. Given that the blue 
fi eld phenomenon is produced by the leukocytes 
moving in the vessel of the observer, it cannot be 
made visible by others. Thus, all approaches that 
have been introduced for the quantifi cation of the 
blue fi eld phenomenon are strictly subjective in 
their nature. In an early approach, Riva and Loebl 
used the blue fi eld phenomenon to investigate 
autoregulation of the retinal circulation. 

 For this purpose, subjects were asked to com-
pare the white blood cell velocity observed in one 
eye with that seen in the other eye. Then the 
 subjects were asked to raise their intraocular pres-
sure (IOP) by pressing a tonometer probe against 

  Fig. 9.2    Origin of the blue fi eld entoptic phenomenon 
(for details see text, courtesy of Martial Geiser)       
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the sclera until a reduction in speed of the moving 
particles was observed  [  26  ] . The IOP at which the 
white blood cell speed started to decrease was 
defi ned by the authors as the point where the auto-
regulation of retinal blood fl ow was not suffi cient 
any more to maintain normal blood fl ow. 

 Later, Riva and Petrig developed a more refi ned 
technique that has been made commercially avail-
able (Blue Field Simulator, Oculix Sarl, Arbaz, 
Switzerland, Fig.  9.3 ). This approach uses a com-
puter system to simulate a fi eld with corpuscles, 
similar to the fi eld that is observed by the subjects 
under blue fi eld conditions to extract quantitative 
data. For this purpose, the eye is illuminated with 
light of a center wavelength of 430 nm. By the 
means of a connected computer system and a 
video monitor, a simulated particle fi eld is shown 
to the subject under study. Then, either the simu-
lated fi eld by the computer system or the subjects’ 
own perception of the blue fi eld phenomenon is 
alternately shown. The subject is asked to adapt 
the computer image by adjusting speed and num-
ber of the moving particles till the computer image 
refl ects his own perception. By comparing and 
adjusting the white blood cell (WBC) density and 
the WBC velocity of the particles in the observed 
simulated particle fi eld with their own perception, 
an estimate of perimacular WBC fl ux can be 
obtained. WBC fl ux is calculated as 

        

  These outcome parameters characterize WBC 
dynamics in perimacular retinal capillaries in 
arbitrary units. 

 One of the most important advantages of the 
blue fi eld technique is that, in contrast to other 
techniques available, the blue fi eld technique is 
largely independent from opaque media. Thus, 
it has been hypothesized that the blue fi eld 
technique may be used to predict postoperative 
macular function in patients undergoing future 
cataract operation  [  36  ] . Several experiments indi-
cate that when the blue fi eld phenomenon is 
observed by patients, retinal function is intact to a 
large degree  [  1,   36  ] . Thus, the blue fi eld technique 
was proposed to be applicable for the decision 
whether surgical intervention may be successful 
for the patients in terms of the postoperative visual 
outcome, even if opaque ocular media do not 
allow funduscopy. It has, however, also been 
reported that the blue fi eld often fails to detect 
vision loss caused by macular holes and moderate 
macular dysfunction  [  21  ] . Because of these limi-
tations, the blue fi eld entoptic technique has not 
become generally accepted as a clinical routine 
test, although it might provide useful information 
about retinal function in some patient subgroups. 

 The blue fi eld entoptic system was one of the 
fi rst methods that allowed for semiquantitative, 
noninvasive estimation of retinal blood fl ow 
blood fl ow in humans. Thus, the system has been 
widely used for the investigation of retinal blood WBC flux WBC density WBC velocity= ´

  Fig. 9.3    Photograph of 
the blue fi eld entoptic 
system       
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fl ow and its regulation in health and disease. In 
particular, studies with the blue fi eld instrument 
were among the fi rst to indicate that the parafo-
veal circulation is autoregulated in response to 
changes of perfusion pressure  [  26  ] . The tech-
nique was subsequently employed to gain insight 
into retinal autoregulation during both an increase 
or decrease in IOP  [  28,   10  ] . In addition, correla-
tions of white blood cell fl ux data with mean arte-
rial pressure data have been published  [  24  ] . 

 In recent years, the blue fi eld technique was 
employed in studies in which an uncoupling 
between erythrocyte and leukocyte fl ux was 
induced experimentally. As mentioned above, 
one of these conditions is obtained when granu-
locyte colony-stimulating factor is administered 
to healthy subjects  [  9  ] . An increase in retinal leu-
kocyte density is also observed in a human model 
of systemic infl ammation, where endotoxin is 
administered to healthy subjects  [  16,   17,   22  ] . 

 When interpreting the results obtained with 
the blue fi eld entoptic technique, several limita-
tions have to be considered. The fi rst and most 
important limitation of the blue fi eld technique is 
related to the method itself. Given that only the 
subject under investigation is able to see the blue 
fi eld effect, the method is subjective in nature and 
requires suffi cient cooperation of the subject. 
Thus, it is clear that the reproducibility is largely 
dependent on the ability of the subject to perform 
the test correctly and may vary widely among 
subjects. Consequently, in most studies, subjects 
are asked to perform the test at baseline condi-
tions four to fi ve times. Based on these prelimi-
nary tests, which are usually performed during 
screening, the reproducibility of the measure-
ments and the subjects’ ability to perform the test 
correctly can be ensured. In case the reproduc-
ibility is poor (i.e., less than 15%), the results of 
the testing are normally rejected. 

 An average variability of 13% with white blood 
cell velocity measurements has been reported in 
healthy young volunteers with good visual acu-
ity. Measurements of white blood cell density 
and white blood cell fl ux are less reproducible 
 [  20,   24  ] . Given that the variability of the method 
is strongly dependent on the ability of the subject 
to perform the measurement tasks correctly, it 

can be speculated that in elderly patients, or in 
patients with poor visual acuity, the variability of 
the method may be signifi cantly larger. 

 Another important limitation relates to the 
point that leukocyte fl ux may not be proportional 
to erythrocyte fl ow and to retinal blood fl ow 
under all clinical conditions as mentioned above. 
This is particularly true in diseases in which 
subclinical infl ammation of the retina may play a 
role such as diabetic retinopathy, HIV-related 
retinopathy, or age-related macular degeneration. 
As such, a change in leukocyte fl ux may well rep-
resent processes other than a change in blood 
fl ow, including infl ammation or altered leuko-
cyte-endothelium interaction. 

    9.1.1   Laser Speckle Technique 

 The introduction of laser Doppler velocimetry 
allowed for the fi rst time the noninvasive mea-
surement of red blood cell velocity in vivo and 
can – when combined with diameter measure-
ments – provide insight in the volumetric blood 
fl ow of individual vessels  [  29  ] . However, the lat-
ter approach is limited to measurement of major 
retinal vessels down to a size of approximately 
70  m m in diameter. Vessels with a diameter 
smaller than this cannot be measured. Thus, 
blood fl ow measurements in the microcirculation 
are not possible with laser Doppler velocimetry. 

 Laser speckle fl owgraphy is a noninvasive 
technique that allows for the real-time, two-
dimensional measurement of relative blood fl ow 
velocity of ocular microcirculation using the laser 
speckle phenomenon. The laser speckle phenom-
enon is one of several interference phenomena 
observed when coherent light, such as emitted 
from a laser, is scattered by a diffusing surface. 
When the eye is illuminated with laser light, a 
speckle pattern appears, caused by the backscat-
tered light from the rough surface of the ocular 
fundus. 

 Basically, the laser speckle phenomenon is 
based on the principle that when living tissue is 
illuminated by coherent laser light, refl ections 
off tissue irregularities interfere constructively 
and destructively, which results in a random 
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interference pattern. When a stationary object is 
illuminated, the pattern remains static and has a 
sharp contrast between areas of constructive and 
destructive interference, producing a typical ran-
dom speckle pattern. When the illuminated object 
is moving or contains moving particles such as 
erythrocytes, the structure of the speckle pattern 
will vary rapidly. These variations of the speckle 
pattern depend on the velocity of the moving 
parts in the scattering surface. Thus, the rate of 
variation in the speckle pattern gives an estimate 
of blood cell velocity and can therefore be used 
for the quantifi cation of retinal blood fl ow  [  4  ] . 

 Based on these fi nding, Briers and Fercher 
were the fi rst to introduce an instrument for the 
mapping of retinal blood fl ow  [  4  ]  by using laser 
speckle fl owgraphy. The main advantage of this 
approach is that, in contrast to laser Doppler 
velocimetry, not only blood velocity in major reti-
nal vessels but also in the retinal microcirculation 
can be measured. Furthermore, the technique is 
capable of giving an overall map of the velocity 
distribution of the retina, whereas other techniques 
can only determine velocities in one single point 
of measurement (laser Doppler fl owmetry) or 
require scanning procedures (scanning laser 
Doppler fl owmetry). The method of Briers and 
Fercher, however, only allowed for a semiquanti-
tative evaluation of the retinal circulation and did 
not enable analysis of changes over time. 

 Based on this technology, Tamaki and col-
leagues have developed an instrument for non-
contact, two-dimensional, and quantitative 
analysis of ocular blood velocity in vivo  [  39,   41  ] . 
This system is based on a fundus camera (TRC-
NW5S, Topcon, Tokyo) equipped with a diode 
laser with a wavelength 808 nm, an image sensor 
(100 × 100 pixels, BASIS, Canon, Tokyo, Japan), 
an infrared charge-coupled device (CCD) cam-
era, and a high-resolution digital CCD (LMD-
1000, Victor, Tokyo) camera. For the determination 
of the speckle effect, a blue component argon 
laser (wavelength 488 nm, maximum power 
3 mW, 2002–3SLL; Uniphase, San Jose, CA) is 
integrated into the illumination pathway of the 
fundus camera (Figs.  9.4  and  9.5 ). Given that a 
blue-component argon laser is mostly scattered 
in the superfi cial retina and absorbed in the reti-
nal pigment epithelium, the signal is mainly 
derived from the superfi cial layers of the retina.   

 Experiments in Dutch rabbit eyes have con-
fi rmed that measurements obtained using a blue-
component argon laser represent the retinal 
circulation, being little affected by the underlying 
choroid  [  38  ] . The fundus, which is illuminated 
by the laser, is observed by an infrared CCD cam-
era. A high-resolution digital CCD camera is 
used for the measurement of retinal vessel diam-
eters and recording of fundus photographs. The 
backscattered laser light is imaged on the image 

  Fig. 9.4    Photograph of 
the laser speckle system       
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sensor, on which the varying speckle pattern 
appears. The system is capable of measuring both 
retinal and optic nerve head blood fl ow velocity. 

 The blood fl ow velocity is calculated using 
fi rst order statistics as square blur ratio (SBR), 
which is proportional to the reciprocal of the 
squared speckle contrast. This can also be approx-
imated by using the so-called normalized blur 
(NB), which is a quantitative index of the blurring 
of a speckle pattern. The NB values are then trans-
lated into a two dimensional color-coded image, 
in which red areas represent areas with high blood 
velocities. Only recently, a system became com-
mercially available allowing for a better resolu-
tion of 400 × 400 pixels by employing a usual 
CCD array (Softcare Ltd., Iizuka, Japan). 

 Whereas measurements of retinal blood fl ow 
have been realized in animal models, the exten-
sive glare prevents measurements using blue 
lasers in humans. Alternatively, a diode laser can 
be used to illuminate the fundus. If this laser 
beam is directed toward a fundus location con-
taining both retinal and choroidal blood vessels, 
the two vascular beds cannot be separated. If the 
beam is, however, directed toward the center of 
the macula lacking retinal microvessels, the sub-
foveal choroid can be measured  [  13  ] . Alternatively, 
the laser beam can be directed toward the optic 
nerve head, thereby assessing optic nerve head 
blood velocity ( [  37  ] , Fig.  9.6 ). With some modi-
fi cation, blood fl ow in the iris can also be mea-
sured by focusing the beam toward the iris 
vasculature and increasing the power of the laser 
beam  [  42  ] .  

 The reproducibility of the system has been 
published in several reports  [  38,   40  ] . For mea-
surements in the rabbit retina, the coeffi cients of 
reproducibility of the main outcome parameter 
NB have been shown to be 8.2 ± 1.8% for 5-min 
intervals and 13.8 ± 2.0% for 24-h intervals, 
respectively  [  38  ] . In humans, the coeffi cients of 
reproducibility of 1-min and 24-h interval mea-
surements of NB in the ONH rim tissue were 
11.7 ± 3.3% and 13.0 ± 3.0%, respectively. For 
the choroid-retina, the corresponding values were 
8.7 ± 1.5% and 9.7 ± 2.5% ( n  = 12 eyes of six 
healthy subjects,  [  41  ] ). In another group of 18 
eyes of nine healthy volunteers, the coeffi cients 
of reproducibility of 21-day interval  measurements 
of NB in the optic nerve head rim tissue were 
8–18% for each time of measurement  [  41  ] . 
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  Fig. 9.5    Schematic view 
of the laser speckle 
system       

  Fig. 9.6    A color code map showing the SBR values of 
ocular fundus around ONH in a healthy subject on the 
 display of the laser speckle system       
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 As with most other techniques for noninva-
sive blood fl ow assessment in humans, the qual-
ity of the readings is strongly dependent on clear 
ocular media. Furthermore, although the soft-
ware can adjust for small eye movements, good 
fi xation abilities for the subject under study are 
needed. Thus, measurements in patients with 
poor central vision will result in greater vari-
ability. As with laser Doppler fl owmetry, the 
outcome variables are given in arbitrary units. 
Thus, it is diffi cult to directly compare the data 
obtained from different sites of measurements 
or from different subject eyes. Moreover, the 
technique provides velocity measurements only, 
although studies have shown that there is a high 
degree of correlation between measurements of 
NB and those obtained with hydrogen clearance 
 [  37  ]  or the microsphere technique  [  38  ] . For 
measurements in the peripheral human retina, 
the relative contributions of the choroid and 
the retina cannot be separated. The use of a con-
focal system may potentially overcome this 
problem, but such a system has not yet been 
realized.  

    9.1.2   Pulsatile Ocular Blood Flow 

 Another method for the assessment of ocular 
blood fl ow is to measure the changes in ocular 
volume and pressure during the cardiac cycle. 
The widespread use of the Goldmann applana-
tion tonometer allows the ophthalmologist to 

 easily observe the pulsatility of the IOP in daily 
practice and its variation depending on different 
physiological and pathological states. It was 
 recognized early that differences in these pres-
sure variations may occur in several ocular 
pathologies. The fi rst approach to quantify these 
changes in pulsatility of the IOP was introduced 
by Perkins  [  23  ] . The ocular pulse amplitude was 
measured using a Goldmann applanation tonom-
eter. In particular, the tonometer tip was modifi ed 
and connected to a pressure transducer to allow 
for a continuous transmission of the ocular pulse, 
which in turn generated a pulse trace. Using these 
data, pulsatility was compared between the inves-
tigated eye and the fellow eye in order to identify 
carotid insuffi ciency  [  23  ] .  

 This technique was further developed by 
Langham and colleagues to assess the pulsatile 
choroidal blood fl ow based on pneumotonome-
try. The basic principle of this technique is based 
on the observation that if a bolus of fl uid (as it 
happens during systole) enters the eye, the eye 
will expand (Fig.  9.7 ). Consequently, given the 
assumption that the eye is elastic and the fl uid is 
incompressible, the eye will increase by the vol-
ume of the bolus associated with an increase in 
IOP. When the bolus of fl uid leaves the eye again, 
this will in turn lead to a decrease in eye volume. 
Thus, if the relation between IOP change and 
volume change is known (as it is described by 
the Friedenwald equation), then pressure mea-
surements can be transformed to blood fl ow 
measurements  [  34  ] . 
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  Fig. 9.7    Pulsatile infl ow 
through the arteries and 
non-pulsatile outfl ow 
during the cardiac cycle. 
During systole ocular 
volume increases 
associated with an 
increase in intraocular 
pressure       
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 Based on these considerations, the pneumoto-
nometric OBF system has been introduced for 
the measurement of the pulsatile component of 
choroidal blood fl ow. This instrument records the 
waveform of the ocular pulse amplitude over 
time. This commercially available blood fl ow 
system (Paradigm Medical Industries, Inc., Salt 
Lake City, UT, Fig.  9.8 ) assesses changes in 
intraocular pressure, which are caused by the 
rhythmic fi lling of the intraocular vessels, with a 
pneumatic applanation tonometer as described 
above. Hereby, the maximum IOP change during 
the cardiac cycle is called pulse amplitude. Based 
on the pulse amplitude, the wave form, and the 
heart rate, the pulsatile component of choroidal 
blood fl ow can be calculated.  

 These calculations are based on a theoretical 
model eye, which is dependent on several assump-
tions  [  34  ] . First, the measurement of the IOP and 
its variation over time need to be valid. Second, 
the relationship between volume and pressure in 
the eye is taken to be known so that changes in 
pressure can be converted into changes of vol-
ume. This means that the ocular rigidity, which is 
used to derive ocular volume changes from 
changes in IOP, is assumed to be equal for all 
subjects. Third, the hydrodynamic model is based 
upon the assumption that venous outfl ow from 
the eye is nonpulsatile. 

 An advantage of the pneumotonometric sys-
tem is that pulsatile ocular blood fl ow and IOP 
can be measured at the same time. It has been 
shown that the amplitude of the ocular pulse is 
infl uenced to a major extent by the axial length, 
and hence, the refraction of the eye  [  14  ] . This 
strong dependence of the pulse amplitude on the 
eye length can be explained by the differences in 
intraocular volume between smaller and larger 
eyes and is not necessarily related to reduced 
choroidal blood fl ow or altered ocular rigidity in 
myopic subjects [ 3 ]. A major limitation of all pul-
satile ocular blood fl ow techniques is that only the 
pulsatile component of the choroidal circulation 
is assessed and no information on the steady com-
ponent of ocular blood fl ow is obtained. Estimates 
of the pulsatile component of fl ow in comparison 
to total blood fl ow in the choroid vary between 
approximately 80% and 50%  [  18,   19  ] . Another 
major limitation derives from the conversion of 
the IOP change over the cardiac cycle to volume 
changes over the cardiac cycle. As mentioned 
above, the ocular rigidity is assumed to be equal 
in all measured subjects. However, experimental 
evidence indicates that ocular rigidity may con-
siderably vary among subjects  [  6  ] . In diseases like 
age-related macular degeneration  [  8  ]  and glau-
coma  [  12  ] , evidence has accumulated that sclera 
stiffness is increased. 

  Fig. 9.8    Photograph 
of the pneumotonometer 
used for the measurement 
of pulsatile ocular blood 
fl ow       
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    9.1.2.1   Laser Interferometry 

 Information regarding pulsatile choroidal blood 
fl ow can also be obtained by measuring distance 
changes between cornea and retina during the 
cardiac cycle  [  32,   33  ] . Given that the corneal-
retinal distance changes with the periodic fi lling 
of the intraocular vessels, the distance change 
between cornea and retina contains information 
of the pulsatile component of choroidal blood 
fl ow. The ocular volume increases when the arte-
rial infl ow exceeds venous outfl ow during sys-
tole. This increase can be mainly attributed to 
choroidal swelling during systole and leads to a 
reduction of the distance between cornea and 
retina. This phenomenon is called ocular fundus 
pulsation, and the maximum distance change 
during the cardiac cycle is named fundus pulsa-
tion amplitude (FPA). 

 Technically, the eye is illuminated by the par-
allel beam of a single mode laser diode with a 
wavelength of 783 nm. This laser light with a 
high temporal and spatial coherence is then 
refl ected by both the front side of the cornea and 
the ocular fundus. The wave refl ected at the front 
side of the cornea is spherical, whereas the wave 
refl ected from the retina is plane (Fig.  9.9 ). 
Hence, the two waves produce nonlocalized 
 circular interference fringes, which is then sub-
ject of further analysis. The path difference 
between the two waves is twice the optical length 
of the eye. The interferences produced from the 
two reemitted waves are detected via a CCD 

camera, placed in the center of the interference 
fringes. Each readout is then plotted along the 
time axis. Based on these so-called synthetic 
interferograms, the distance changes between 
cornea and retina can be evaluated by simply 
counting the fringes moving inward and outward 
during the cardiac cycle.  

 The beam focus on the retina has a diameter 
of approximately 50–100  m m. The refl ection 
from the posterior segment most likely occurs 
from the retinal pigment epithelium or Bruch’s 
membrane  [  7  ] . Only the interferogram resulting 
from the strongest refl ection of the posterior 
pole is visible. Whereas other interferogram 
systems may also arise from other retinal inter-
faces, they are not visible because of the low 
intensities. The main refl ection from the cor-
nea occurs at the front site of the tear fi lm  [  11  ] . 

 The system comprises a fundus camera, 
allowing for the real-time inspection of the ocu-
lar fundus (Fig.  9.10 ). Thus, measurements can 
be performed in predefi ned areas of the ocular 
fundus. However, given that the two refl ected 
laser beams have to be superimposed, measure-
ments are restricted to an area approximately 
25° around the macula. In practice, measure-
ments of FPA have been performed in the macu-
lar region and in the region of the optic nerve 
head. FPA in the macula is in the order of 4  m m 
in healthy young subjects, whereas in the optic 
nerve head region, FPA reaches up to 10  m m 
 [  32  ] . The higher FPA in the optic nerve head has 
been explained by the increased elastic proper-
ties in the optic nerve head region of the eye 
 [  30  ] . In the peripheral retina, FPA is slightly 
lower than in the macula  [  32  ] .  

 Several studies indicate that FPA measure-
ments provide high reproducibility and sensi-
tivity in healthy subjects as well as in patients 
 [  25,   31,   33  ] . However, given that currently no 
gold standard exists regarding the measurement 
of choroidal blood fl ow, estimation of validity of 
the method is more diffi cult. Studies comparing 
laser interferometric measurements with pneu-
motonic measurement of pulsatile ocular blood 
fl ow reveal a strong correlation between FPA and 
POBF, indicating that FPA is a valid index of pul-
satile choroidal blood fl ow in humans  [  30  ] . 

Fundus pulsation
amplitude

Systole

Diastole

  Fig. 9.9    Schematic drawing showing the pathways of 
light for the measurement of ocular fundus pulsations. 
The eye is illuminated by a parallel laser beam. The light 
is refl ected at both the front side of the cornea (spherical 
wave) and the retina (plane wave). The waves form inter-
ference fringes       
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 Given that the measurement principle is 
based on a laser interferometric assessment of 
the eye length changes, pulsatile choroidal blood 
fl ow can be determined in a very high resolution 
compared to other techniques for the assessment 
of pulsatile blood fl ow. Additionally, longitudi-
nal movements of the eye as caused, for exam-
ple, by head movements do not infl uence the 
measurements. Obviously, the main limitation 
of the technique is also related to the lack of 
information on the nonpulsatile component of 
ocular blood fl ow. Furthermore, it is assumed 
that the inward movement of the retina at the 
posterior during the cardiac cycle is a good indi-
cator of scleral outward movement. Whether 
this holds true for the human eye remains 
unclear. Employing a hemodynamic model of 
the human eye  [  3,   15  ] , however, provides realis-
tic estimates for pulsatile ocular blood fl ow. The 
problem may be overcome by using a technique 
called low-coherence tissue interferometry 
(LCTI), which uses laser light of short temporal 
coherence and allows for the measurement of 
movements of selected retinal layers during the 
cardiac cycle  [  5  ] .        
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  Core Messages 

 The choroid is the sole vasculature that 
provides nourishment to the subfoveal 
cones essential for normal central vision.

   To sustain normal photoreceptor func-
tion in all areas of the fundus, choroidal 
blood fl ow may be distributed differentially 
across the fundus to meet regional differ-
ences in metabolic demand.    

 Regular physical exercise over several 
years promotes retinal blood fl ow through a 
measurable dilation of retinal arteries and 
veins.

   Studies of vessel caliber must be inter-
preted in light of an individual’s exercise 
habits. Exercise “conditions” retinal  vessels 
to respond more effi ciently to the metabolic 
requirements of the retina resulting from 
photic stimulation.    

 Rods are more vulnerable than cones to 
alterations in the ocular perfusion pres sure.
   1.     Rod dysfunction may be the initial sign/

symptom of a systemic vascular disorder.  
   2.     Patients with vascular disorders should 

have regular visual fi eld assessments or 
scotopic electroretinograms, including 
oscillatory potentials to assess rod-dom-
inated peripheral vision.     
 The subfoveal choroidal blood fl ow 

decreases signifi cantly when the retina 
changes from light to full dark adaptation.
   1.     Patients complaining of an inability to 

see “normally” at nighttime may simply 
be reporting this physiological redistri-
bution of blood from the subfoveal 
choroid to the retinal periphery to sup-
port rod-dominated vision in darkness 
and not a rod-cone dystrophy.  

   2.     Because preclinical ARMD has been 
linked to decreased subfoveal choroidal 
blood fl ow, any treatment for manifest 
ARMD may be helped by having the 
patient sleep with a small light adjusted to 
a luminance that prevents full dark adap-
tation and therefore prevents the physio-
logical decrease in subfoveal choroidal 
blood fl ow that occurs in dark adaptation.     
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           10.1   Introduction 

 Oxygenated blood enters the retina through the 
central retinal artery (CRA) and is dispersed 
throughout the retinal arterial vasculature. 
Deoxygenated blood is evacuated from the retina 
by way of the central retinal vein (CRV) and the 
orbital venous plexus. The principal route for 
arterial blood fl ow into the retina starts with the 
large diameter internal carotid artery that gives 
rise to the smaller ophthalmic artery together 
with its fi ner offshoot, the CRA. This artery 

pierces the optic nerve behind the eyeball, travels 
a short distance, and then enters the eye by way 
of the optic nerve head (ONH). The CRV also 
courses through the ONH adjacent to the CRA to 
move devitalized blood from the eye back into 
the cardiopulmonary stream for reoxygenation. 
Once inside the eye, the CRA and CRV subdivide 
into four arteries and veins coursing in pairs, one 
for each of the retinal quadrants. The retinal vas-
culature perfuses the inner two-thirds of the retina 
with blood containing oxygen and other metabo-
lites essential for supporting the very high meta-
bolic rate that uniquely characterizes the human 
retina (Fig.  10.1b ). The multiple short posterior 
ciliary arteries that also have their origin in the 
ophthalmic artery pierce the sclera around the 
optic nerve to link with the choroid that distrib-
utes oxygen and other metabolites to the outer 
third of the retina via the choriocapillaris 
(Fig.  10.1d ). Choroidal venous effl uent leaves the 
eye primarily via the 4–5 vortex veins at the 
equator.  

 With respect to the control of blood fl ow, it is 
generally thought that the retinal vasculature 
has autoregulatory ability, i.e., the intrinsic abil-
ity of the retina to maintain a constant level of 
blood fl ow despite changes in the ocular perfu-
sion pressure (OPP), principally by modulation 
of the caliber of retinal vessels. The retinal cir-
culation does not have autonomic innervation. 
Consequently, it is believed that retinal blood 
fl ow is controlled by autoregulatory mechanisms 
linked to metabolism (metabolic regulation), trans-
mural pressure (myogenic autoregulation), and 
shear stress. In contrast, the choroid is well 
endowed with autonomic nerves and is under 
both sympathetic and parasympathetic control. 
It also responds to vasoactive hormones and 
drugs indicating that it is under humoral con-
trol. Lastly, the choroid can also respond to 
changes in perfusion pressure in a manner con-
sistent with autoregulatory control. Clear evi-
dence of choroidal myogenic autoregulation 
has been reported in animals under neurohu-
moral blockade  [  1  ] ; however, unequivocal evi-
dence of choroidal autoregulation in humans is 
lacking because it is diffi cult to alter the OPP 
without concomitant changes in neurohumoral 

 A normal range of systemic blood pres-
sure is critical to normal visual function. 
The combination of a chronically low sys-
temic BP with a high normal IOP places 
the retina at risk for hypoxic damage 
through subnormal retinal perfusion.
   1.     Clinically, the optic nerve head may 

develop cupping pathognomonic of 
glaucoma in spite of a normal IOP level. 
This should trigger an examination of 
the cardiovascular system to ensure ade-
quate perfusion to the eye and brain.  

   2.     Similarly, when treating systemic 
hypertension, care must be taken not to 
change a favorable balance between the 
OPP and the IOP so as to place the eye 
at risk for glaucoma; a moderate IOP 
level combined with a large reduction 
in the OPP favors the development of 
low tension glaucoma.     
 Healthy individuals between 20 and 

80 years of age show a progressive narrow-
ing of retinal vessels.

   This age-related vasoconstriction must 
be considered when determining the 
 presence or absence of vascular disease in 
the elderly.    

 Smoking tobacco causes a transient 
decre ase in the subfoveal blood fl ow after 
cigarette smoking.

   Chronic use of cigarettes may increase 
the risk for ischemic maculopathy.    
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  Fig. 10.1    Diagrammatic illustrations of: ( a ) the spatial 
relationship of the retinal and choroidal vasculatures in the 
human eye. ( b ) The relative depths to which the choroidal 
and retinal vasculatures perfuse the retina ( Left diagram ), 
and the sources and relative dissipation of blood PO 

2
  across 

the retina ( Right diagram ). ( c ) An exploded view of the 
foveal pit revealing the absence of retinal capillaries in the 

FAZ; recordings of the subfoveal ChBF were made here 
by NIR-LDF. ( d ) The large retrobulbar choroidal vessels 
that coalesce into the monolayer of capillaries forming the 
choriocapillaris. ( e ) An exploded view of a cross section 
through the retina showing the neural organization, and the 
cells contributing to the visually evoked retinal potentials 
that were used to quantify neural responses       
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input. Therefore, to refl ect this unknown mix 
of extrinsic and intrinsic control mechanisms, 
we will use the term “choroidal regulation” 
when discussing the human studies in which 
choroidal blood fl ow (ChBF) was either 
unchanged or altered minimally during physi-
ologically relevant changes in the OPP. 

 The structural and functional integrity of the 
retinal and choroidal vasculatures is essential for 
normal retinal function. Blood fl ow defi cits in the 
choroidal system cannot be compensated by 
adjustments in the retinal vasculature, and simi-
larly, defi cits in retinal blood fl ow cannot be off-
set by modulation of the ChBF. Because of the 
location of the choroidal and retinal vasculatures 
with respect to the retina, defi cits in either system 
result in unique abnormalities in the neural func-
tion of the cells in the outer third or the inner two-
thirds of the retina. Clinically, neural dysfunction 
of a specifi c subpopulation of retinal neurons can 
be identifi ed by noninvasive electrophysiological 
measurements referred to as “visually evoked 
retinal potentials.” The neural generators of the 
most frequently employed visually evoked retinal 
potentials and their subcomponents are illustrated 
schematically in Fig.  10.1e . 

 Because of the high metabolic rate of the ret-
ina, both the choroid and retinal vasculatures 
must maintain adequate blood fl ow to preserve 
normal structure and visual function. In fact, the 
pathophysiology of leading causes of blindness 
in the human eye is believed to involve abnormal 
vascular perfusion of various retinal layers and 
the optic nerve  per se . Consequently, much of 
the research into ocular blood fl ow has been ded-
icated to exploring physiological factors that 
infl uence the degree of blood fl ow in the human 
eye. To a lesser degree, but perhaps much 
more relevant to vascular diseases of the eye, is 
research that is focused on the interaction 
between neural function and ocular blood fl ow, 
the so-called “neurovascular coupling”. Experi-
mentally, this direction of research has involved 
examining the effects of transient changes in the 
OPP on blood fl ow in the choroidal and retinal 
vascular beds that perfuse opposite sides of the 
retina and the consequent effect on neuroretinal 
function indexed by visually evoked retinal 

potentials. With the advances in noninvasive 
imaging techniques, current research into ocular 
hemodynamics has also involved direct real-time 
measurements of vasomotor reactivity (dilation 
and constriction) to photic stimulation at rest and 
during transient experimental physiological 
stress. For general reference, the gross structure 
of the eye and sources of blood into the retina are 
illustrated schematically in Fig.  10.1a ,  b . The 
recording site for ChBF with a commonly used 
noninvasive technique, near infrared (NIR) laser 
Doppler fl owmetry (LDF), is illustrated sche-
matically in Fig.  10.1c . The anatomical relation-
ship between the choriocapillaris, the innermost 
single layer of choroidal capillaries that lies 
adjacent to and provides metabolites for the 
retinal pigment epithelium (RPE)-photoreceptor 
complex, is shown in Fig.  10.1d . The larger 
choroidal vessels located in the suprachoroidal 
space are suitable candidates for controlling 
blood fl ow in the choroid because even small 
changes in their caliber could signifi cantly mod-
ify blood fl ow in the choriocapillaris. Such a 
regulatory role for suprachoroidal vessels does 
not preclude fi ne-tuning of blood fl ow to the 
photoreceptors globally or regionally by the 
unique anatomical and functional attributes of 
the choriocapillaris  [  2  ] . 

    10.1.1   Ocular and Systemic Blood Flow 

 Ocular blood fl ow must be adjusted continuously 
in order to sustain normal retinal function in the 
face of moment-to-moment changes in systemic 
blood pressure (BP). Practically speaking, OPP 
defi nes the pressure head available to drive blood 
through the ocular vasculature to nourish retinal 
neurons. The OPP is a positive pressure measured 
in mmHg that results from the interaction between 
the force driving blood into the eye and the 
intraocular pressure (IOP) opposing it. There are 
several ways to calculate the OPP for the human 
eye  [  3  ] . Currently, the most widely accepted for-
mulation is OPP = 2/3(BP 

mean
 ) – IOP, where BP 

mean
  

represents the mean systemic BP measured in the 
brachial artery by sphygmomanometry, and the 
IOP is the intraocular pressure measured by 
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tonometry. The fraction 2/3 is a correction factor 
needed to equate the brachial BP measured with 
the arm alongside the body to the pressure value 
at the eye level, i.e., in the central retinal artery. 
This reduction in the calculated pressure is solely 
due to the hydrostatic effect of the column of 
blood within the arteriovenous network within the 
arm. The BP 

mean
  is derived according to: BP 

mean
  = 

BP 
diast

  + 1/3(BP 
syst

  − BP 
diast

 ), where BP 
diast

  and BP 
syst

  
are the diastolic and systolic BP, respectively. As 
such, a careful manipulation of either the systemic 
BP or the IOP can be used to alter the OPP sys-
tematically. The fraction 1/3 is a time-averaging 
constant for the different duration of the systolic 
 vs . diastolic phases in the cardiac cycle. Figure  10.2  
illustrates that the OPP can be reduced by scleral 
suction since that increases the IOP and partially 
offsets the pressure head driving blood into the 
eye. Conversely, the OPP and IOP are increased 
through a progressive declination of a subject 
from an upright standing position. The effect of 
body tilt is such that the net increase in BP exceeds 
the increase in IOP. The result is an increase in the 
OPP that is linked to the degree of body tilt. 
Figure  10.2  illustrates the curvilinear relationship 
between body orientation and the OPP.  

 Blood fl ow in the systemic or ocular vessels is 
normally modifi ed by a change in vascular resis-
tance that is manifest anatomically as a change in 

vessel caliber. Blood fl ow ( Q ) through a tubular 
vessel is calculated as:  Q  = Δ P π r  4 /8 nl , where 
 P  = pressure difference between the ends of the 
vessel,  r  = vessel radius,  n  = viscosity of blood, 
and  l  = length of the vessel  [  4  ] . This formula can 
be simplifi ed to  Q  =Δ P / R , where  R  = 8 nl /  π r  4 . 

 Contemporary LDF techniques for quantify-
ing ocular hemodynamics provide only  relative  
measurements of blood volume, velocity, and 
fl ow. Consequently, a search for, or an evaluation 
of, the functional state of vascular autoregulation 
in an eye necessarily involves safe levels of phys-
iological stress where the OPP is changed over a 
predetermined range, and ocular blood fl ow is 
measured simultaneously during the stress inter-
val. If blood fl ow measurements normalized to 
pretest values remain constant over time, a nor-
mally functioning autoregulatory mechanism can 
be  confi rmed . However, if the percent change in 
OPP is matched by the percent change in blood 
fl ow, the existence of vascular autoregulation can 
be  rejected . With this in mind, attempts to com-
pare blood fl ow in control and test subjects in any 
study must invoke some physiological challenge 
to determine the degree of response in each sub-
ject and thereby compare the integrity of blood 
fl ow responsiveness across the subjects. 

 Experimentally, changes in the OPP have been 
induced by a variety of noninvasive and minimally 
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OPP due to the constancy of 
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invasive procedures to assess their interaction 
with blood fl ow and hemodynamic parameters 
that come into play to control blood fl ow. The 
OPP in a normal healthy individual can be modu-
lated up or down from its resting value by a vari-
ety of dynamic factors most notably aerobic 
exercise (e.g., stationary biking, running) that 
increases the OPP by the increase in systemic BP, 
temperature stimulation of a part of the body to 
elicit autonomic refl exes that infl uence vasomotor 
responses, the Valsalva maneuver (VM) where 
forced expiration against a closed glottis increases 
the OPP through a concomitant increase in the 
mean ophthalmic artery pressure, and systemic 
absorption of a substance like nicotine through 
tobacco smoking. Changes in the OPP can also be 
induced more  passively  through changes in body 
orientation and scleral suction. The degree to 
which blood fl ow in the test vasculature is infl u-
enced by changes in the OPP depends on the 
functional integrity of the inherent autoregulatory 
system, if one exists, and the percent change in 
OPP. In the absence of autoregulation, or 
beyond the range of autoregulation, experimen-
tally induced transient changes in the ocular blood 
fl ow may affect neural retinal function. Such 
effects can be measured objectively using electro-
physiological responses from distinct groups of 
retinal neurons. Changes in the amplitude and 
conduction time of evoked potentials that emanate 
from discrete subpopulations of retinal neurons 
signal the origin and degree of physiological dys-
function linked to the changes in the resting OPP. 
The results of research initiatives that have exam-
ined the interaction between ocular blood fl ow 
and neurophysiological function will be presented 
in later sections of this chapter. 

 A second line of research into the neurovas-
cular coupling at the ocular level involves an exami-
nation of the interdependence of blood fl ow and 
neuroretinal function in senescence. For obvious 
reasons, it is not practical to perform a series of pre-
determined tests at regular intervals over many 
years. However, the effects of normal aging on both 
neural structure and function can be gleaned from 
what amounts to cross-sectional measurements in a 
cohort of healthy volunteers that represents the time 
span over which measurements of neural function 

would be made. The results from recent studies on 
the effects of senescence on ocular blood fl ow, 
neural structure, and function of the human eye 
will be presented in a later section of this chapter.   

    10.2   Local Skin Cooling Effect 

 The systemic BP is controlled by a group of neu-
rons in the medulla oblongata that collectively 
form the “vasomotor center.” Descending tracks 
from the cerebral cortex connect to this vasomo-
tor center and relay in the hypothalamus. Brain 
lesions causing autonomic dysfunction may also 
cause myocardial damage, cardiac arrhythmia, 
and disturbances in the mechanisms regulating 
arterial BP. 

    10.2.1   Choroidal Blood Flow 

 The cold pressor test (CPT) is a powerful nonin-
vasive clinical procedure used to detect autonomic 
abnormalities in cardiovascular function  [  5  ] , sub-
clinical hypertension, or even predict subsequent 
neurogenic cardiovascular disease  [  6  ] . Typically, 
it involves immersing a subject’s hand into ice 
water and then quantifying the changes in arterial 
BP and heart rate (HR). Such localized cooling of 
skin triggers sympathetic vasoconstrictor nerve 
impulses to systemic blood vessels to control 
regional blood fl ow and increase the systemic BP 
through the release of catecholamines  [  7  ] . Because 
the CPT abruptly increases the systemic BP non-
invasively, it has also been used as a research tool 
to provoke changes in the OPP in order to study 
the hemodynamic response parameters in both the 
retinal and choroidal vasculatures. 

 The human choroid has been reported to have 
regulatory behavior during aerobic  [  8  ]  and isomet-
ric  [  9,   10  ]  exercise that acutely raised the OPP. In 
these studies, it was hypothesized that blood fl ow 
was kept close to resting value through sympa-
thetic vasoconstriction. As a follow-up to this 
hypothesis, Lovasik et al.  [  11  ]  examined the degree 
to which blood fl ow in the choroid was regulated 
by stimulation of the sympathetic nervous system 
through localized cooling of the skin. Specifi cally, 
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they measured the subfoveal ChBF during physi-
ological provocation involving three consecutive 
trials of acute opposing changes in the OPP each 
for 5 min. Because the resting diameter of vessels 
were unknown prior to testing, the degree of cold-
induced vasoconstriction, and hence the increase 
in OPP, was likely to differ across subjects and 
could be blunted if the test vessels were partially 
constricted due to higher sympathetic tone. To 
mitigate this possibility, warm compresses (40°C) 
were placed atop and under the forearm to 
 maximize vasodilation so as to obtain maximal 
increments in the OPP when cold (4°C) com-
presses were used to increase the OPP. In their 
experiment, Lovasik et al.  [  11  ]  used an initial 
5-min warm phase that was intended to reduce the 
BP and OPP, ostensibly by maximizing the vasodi-
lation across subjects. A 5-min cold phase was 
started immediately after the initial vasodilation to 
assess ChBF responses during sympathetic stimu-
lation. Finally, the second 5-min warm phase was 
done to quantify ocular hemodynamic recovery 
from sympathetic stimulation. Changes in the sub-
foveal choroidal hemodynamics were recorded 
continuously with a NI-LDF system during the 
experimental perturbations in the OPP. The IOP 
was measured prior to and at the end of experi-
mentation, and the BP was recorded electronically 
at 1-min intervals to derive the variables for calcu-
lating the OPP. These measurements allowed pre-
cise comparisons between provoked changes in 
OPP and the compensatory changes in ChBF, vol-
ume, and velocity. The changes in OPP and the 
subfoveal ChBF across the three test conditions 
are illustrated in Fig.  10.3 .  

 The initial room air-to-warm provocation 
reduced the OPP to ~9.3% below baseline, but 
the ChBF remained close to baseline (Fig.  10.3a ) 
through an increase in volume of ~6.6% 
(Fig.  10.3b ) and a decrease in velocity of ~3.9% 
(Fig.  10.3c ) with respect to their baseline values. 
During the warm-to-cold phase, the OPP and 
ChBF both exceeded baseline within 2 min by 
~9.7% and ~7.7%, respectively. Thereafter, the 
OPP gradually returned to baseline just prior to 
the end of the cold phase, but the ChBF remained 
above baseline, indicating poor choroidal regula-
tion. In the subsequent cold-to-warm phase, even 

though the OPP decreased by ~9.3% below base-
line within 3 min, the ChBF was regulated and 
remained at baseline through a combined reduc-
tion in velocity of ~4.3% below baseline and an 
increase in volume of ~9% above baseline. 

 These results indicated that sympathetic acti-
vation by way of cold stimulation of the forearm 
prevented an effective and rapid regulation of the 
subfoveal ChBF. Follow-up studies are needed 
to better understand the amplitude and timing of 
regulation during such sympathetic stimulation. 
The trend toward a slight reduction in ChBF 
 during the cold phase suggests that regulation 
might have occurred if cold stimulation had been 
continued for a few more minutes. Furthermore, 
it is not clear whether the behavior of ChBF 
 during cold stimulation involved sympathetic 
neural activity alone or concomitant release of 
vas oactive substances that facilitated or impeded 
vasoconstriction. 

 In an earlier study by Marinier et al.  [  12  ] , the 
effects of sympathetic stimulation on ChBF were 
examined without the preliminary warm phase to 
dilate vessels. Specifi cally, Marinier et al.  [  12  ]  
examined the effect of a  cold-to-warm  water 
immersion of the hand to induce changes in the 
OPP. This sequence of stimulation produced an 
increase in the OPP of about ~17.4% and ~12.5% 
in the subfoveal ChBF. This showed that the 
ChBF was only partly regulated, but to a level 
that was greater than the results reported in the 
preceding paragraph where provocation had been 
carried out in reverse order (i.e., warm to cold). 
These results suggested that sympathetic activa-
tion induced changes in vascular resistance that 
were about the same whether they were initiated 
during transition from normal room temperature 
to cold, or from warm to cold. Taken together, the 
results of these two studies led to the conclusion 
that the ChBF is poorly or only partially regu-
lated when the increase in the OPP is mediated 
by cold-induced changes in vascular resistance. 
Further elaboration of the vascular physiology in 
the eye during the CPT needs to take into account 
factors such as body mass, experimental stress, 
and consumption of caffeinated drinks before 
experimentation to minimize intersubject res-
ponse variability to a common stimulus.  
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    10.2.2   Retinal Blood Flow 

 Inasmuch as blood fl ow at a location in a vessel is 
directly related to the fl ow velocity ( V ) and the 
vessel diameter ( D ),  Q  =  V  ·   π D  2 /4, changes in the 
diameter of retinal vessels refl ect changes in 
blood fl ow if blood velocity is constant. With a 

Retinal Vessel Analyzer (RVA; Imedos Inc.) sys-
tem, it is now technologically possible to make 
real-time measurements of changes in retinal 
vessel caliber during cold provocation. Figure 
 10.4a  displays a sample real-time measurement 
of the vasomotor activity during cold provocation 
as recorded with an RVA system.  
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  Fig. 10.3    Test results on 
vascular regulation in the 
human choroid through 
physiological provocation 
involving transient changes in 
the OPP. Systematic 
perturbations in the OPP 
were induced by changes in 
the systemic BP through the 
application of warm 
compresses on the forearm 
(40°C), then cold compresses 
(4°C), and a return to warm 
compresses each for 5 min. 
Simultaneously measured 
ChBF remained unchanged 
during the transient decrease 
in OPP ( Frame a,  warm 
compresses) mainly through 
an increase in blood volume 
( Frame b ) but also a 
decrease in blood velocity 
( Frame c ). The cold-induced 
increase in ChBF with 
increased OPP was not 
adequately offset by the 
reduction in blood volume 
( Frame b ) and increase in 
blood velocity ( Frame c ). 
Data points within  squares  
identify data that achieved 
statistical difference from 
baseline       
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 Figure  10.4b  shows the spread of maximal 
change in OPP induced through cold provoca-
tion, as well as the corresponding maximal chan-
ges in retinal and venous diameters for a cohort 
of 64. These data reveal an inverse  relationship 
between cold-induced changes in OPP and the 
resulting vessel diameter. Cold provocation elic-
ited vasoconstriction that averaged to be ~10% in 
both arteries and veins  [  13  ] . The constriction of 
retinal vessels during a transient increase in the 
OPP, and the inverse relationship, were consis-
tent with a retinal  regulatory  response aimed at 
keeping blood fl ow close to pretest levels. 
Evidence for actual changes in blood fl ow would 
require measurements of blood velocity in the 
test vessel by laser Doppler velocimetry as well 
as the instantaneous vessel diameter.   

    10.3   Aerobic Exercise 

    10.3.1   Choroidal Blood Flow 

 Stationary biking can be used to increase the sys-
temic BP with a view to measuring ChBF responses 
during the real-time increase in OPP. The results of 
one study using this method are shown in Fig.  10.5 . 
The subfoveal ChBF, as measured by a portable 
LDF device, revealed that the ChBF increased by 
only ~5%, while the simultaneously measured 
OPP increased progressively up to a maximum of 
42% (Fig.  10.5a )  [  8  ] . The dissociation between 
OPP and ChBF pointed to vascular regulation that 
kept ChBF close to its pretest levels. The principal 
site of ChBF regulation was likely in the larger 
vessels leading to the choroid (Fig.  10.1d ), while 
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  Fig. 10.4    ( a ) Dynamic 
changes in vessel caliber in 
response to the CPT. The 
instantaneous changes in a 
retinal artery were recorded 
with an RVA system during 
an increase in the OPP 
induced by applying ice-cold 
compresses to the forearm 
after an initial warm-up 
period of several minutes. The 
cold-induced increase in OPP 
was offset by a vasoconstric-
tion of ~16% for this subject. 
The artery subsequently 
dilated slowly in room air to 
reach a diameter slightly 
smaller than measured during 
the warm-up phase. ( b ) 
Changes in the caliber of 
retinal arteries and veins for a 
cohort of subjects in response 
to changes in the resting OPP 
elicited by the CPT. The 
linear regression lines through 
the respective data sets 
revealed a vasoconstriction in 
both arteries and veins in 
response to a transient 
increase in the OPP       
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“fi ne tuning” of blood fl ow may have occurred 
within the monolayer of capillaries comprising the 
choriocapillaris at the foveal avascular zone (FAZ) 
(Fig.  10.1c ). Inasmuch as a one-to-one correlation 
was found between the OPP and vascular resis-
tance during biking (Fig.  10.5b ), it seemed likely 
that a sympathetically mediated vasoconstriction 
was the likely mechanism that regulated blood 
fl ow during stationary biking.   

    10.3.2   Macular Blood Flow 

 Control of blood fl ow in the macular capillary 
network during a transient increase in the OPP 
can be quantifi ed psychophysically with a blue 
fi eld entoptoscope (BFE). To quantify a subject’s 
leukocyte density and speed of their movement, a 
subject fi rst quantifi es his entoptically viewed 
leukocytes at rest and matches them to a com-

puter-generated pattern of leukocyte-like spots 
by adjusting velocity and density controls in the 
BFE. Subsequently, the same adjustments are 
made during experimental alterations in the OPP 
to determine if there is a change in blood fl ow in 
the perifoveolar capillary network. This approach 
was used in a study evaluating changes in capil-
lary blood fl ow throughout a large increase in the 
OPP  [  14  ] . In that study, stationary biking 
increased the resting HR up to a target level of 
140 bpm. Inasmuch as the level of physical fi t-
ness varied across subjects, the increase in HR 
was associated with a range of changes in the 
systemic BP and hence the OPP levels. This vari-
ation in physical exertion made it possible to 
derive a spread of OPP values needed to evaluate 
blood fl ow regulation over a range of augmented 
OPP levels. In order to evaluate the degree of 
autoregulation across subjects using the hemody-
namic parameters provided by this device, blood 
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  Fig. 10.5    Vascular regulation in the human choroid. ( a ) 
While stationary biking increased the OPP by ~42%, the 
simultaneously recorded ChBF remained within ~5% of 
baseline throughout testing. ( b ) The linear increase in the 

vascular resistance throughout biking was likely due to a 
sympathetically driven vasoconstriction. The resistance 
was much lower during recovery       
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fl ow was defi ned as the product of leukocyte den-
sity and velocity. When vascular autoregulation 
compensates fully for transient changes in OPP, 
graphs of leukocyte density at rest  vs . leukocyte 
density during biking should fi t a linear regres-
sion model with a slope of 1.0. The same linear 
interaction should be found for leukocyte veloc-
ity and fl ow at rest  vs . biking. 

 The results of this study are depicted in the three 
plates comprising Fig.  10.6 . The regression line 
through data sets for leukocyte density and velocity 
revealed slopes that were slightly below and above 
1.0, respectively. The product of leukocyte density 
and velocity revealed a linear relation between fl ow 
during biking and fl ow at rest with a slope close to 
1.0 and displaced vertically above the theoretical 
ideal response. This offset indicated that blood fl ow 
during biking was higher than blood fl ow at rest. 
Given that the group-averaged OPP increased by 
~30% above resting value, the linear correlation 
between the degree of blood fl ow while biking and 
at rest with only a small displacement beyond the 
resting value pointed to the existence of an auto-
regulatory mechanism that kept blood fl ow close to 
resting value. Therefore, constriction of the larger 
upstream retinal arterioles was the presumed mech-
anism by which blood fl ow was maintained close to 
resting value during the transient increments in the 
OPP  [  15  ] . Alternatively, it is possible that increased 
vascular resistance may have been mediated by the 
action of pericytes on the capillaries  [  16  ] .   

    10.3.3   Retinal Blood Flow 

 Since vessel diameter is the principal factor that 
modifi es blood fl ow, real-time quantifi cation of 
vessel caliber is a useful indirect index of retinal 
blood fl ow. Because retinal vessels can be visual-
ized directly by standard fundus photography 
techniques and simultaneously digitized, special 
software to measure frame-to-frame changes in 
vessel diameter provides a valuable index of reti-
nal blood fl ow. The objective of a recent study 
was to compare cardiovascular function  at the 
vessel level  in a cohort of ten healthy volunteers 
and ten long-term runners. The two groups of sub-
jects were matched for age, gender, and OPP 
level. Because it is virtually impossible to record 
vasodynamic responses in retinal vessels during 
running exercise, an alternate way to differentiate 
these two groups by vessel reactivity was needed. 
Earlier, it had been reported that runners had 
higher concentrations of nitric oxide (NO) in their 
bloodstream compared to normal healthy individ-
uals with a more sedentary lifestyle  [  17  ] . Based 
on this information, it was thought that the cardio-
vascular status in these two groups could be dif-
ferentiated by their retinal vessel responses to 
fl icker stimulation of the retina. Consequently, an 
RVA system was used to compare retinal vasomo-
tor responses to 12.5-Hz fl icker presented over 
60 s and a 60-s recovery interval. In addition to 
these measurements of dynamic vessel reactivity, 
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  Fig. 10.6    Blood fl ow regulation in the perifoveal capillary 
network. The increase in OPP induced by stationary biking 
translated into an increase in the density of white blood cells in 
the macular capillary network. The velocity of white blood 

cells was virtually unchanged from resting values. The product 
of these two parameters showed that blood fl ow remained close 
to pretest values. Vasoconstriction of upstream arteries likely 
accounted for this regulated blood fl ow       
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the caliber of retinal vessels was also measured 
over a ~2,700- m m distance with a VesselMap sys-
tem (Imedos) in these two distinct cohorts of 
subjects. 

 At the  functional  level, the dynamics of  venous  
dilation were the same in runners and controls, 
but the amplitude of  arterial  dilation was smaller 
in runners  [  18  ] . The group-averaged results in 
Fig.  10.7  show the amplitude and timing of reti-
nal vasomotor responses to fl icker in controls and 
runners. The retinal vessel response profi le was 
characterized as a biphasic increase in diameter 
during fl icker followed by a largely curvilinear 
constriction after fl icker in the recovery phase. 
The degree of fl icker-induced vasodilation was 
not correlated with the baseline caliber of arteries 
or veins. Inasmuch as the fl icker-induced arte-
rial dilation was lower in runners than control 
 subjects, it was initially proposed that the vascular 
system in runners was less effi cient for meeting 
the metabolic demands of the retina during sus-
tained photic stimulation. An alternate possibility 
was that retinal vessels were larger in the runner 
group and therefore required less dilation to meet 
the metabolic demands of fl icker-induced retinal 
activity. The insets in Fig.  10.7a ,  b  show the 
group-averaged cross-sectional diameters of 
arteries and veins in the superior and inferior 
quadrants combined over a ~2,700- m m length of 
each vessel. The cross-sectional diameter of both 
arteries and veins was signifi cantly larger in run-
ners than in controls. This observation was con-
sistent with the fi nding that runners had an 
elevated blood level of NO  [  17  ]  and thereby 
required less dilation than the controls to increase 
blood fl ow by the same volume. Whatever the 
physiological mechanisms underlying these dif-
ferences, these fi ndings suggested facilitated 
neurovascular coupling in the retina of runners.    

    10.4   Neural Activation 

    10.4.1   Valsalva Maneuver 

 The standard VM involves forced expiration 
against a closed glottis to an expiration pressure 
level of ~40 mmHg. It is used clinically to test the 
 parasympathetic  control of HR, while the CPT is 

used to assess  sympathetic  control of the systemic 
BP  [  19  ] . From an experimental point of view, the 
increase in systemic BP during both of these pro-
cedures can be used to induce the changes in OPP 
needed to test for the existence of vascular regu-
lation in the choroid. The four sequential changes 
in the systemic BP that occur during a VM have 
been described by Porth et al.  [  19  ]  as follows: 
“Phase 1 is a positive phase in BP arising from an 
increase in the systolic and diastolic BP, likely 
due to the transmission of increased intrathoracic 
and intra-abdominal pressure to the left heart 
and arterial tree. Phase 2 is the longest, negative 
phase in BP arising from a rapid reversal of the 
increased systolic and diastolic BP via a decrease 
in the venous return. The decreased BP initiates a 
 sympathetically mediated refl ex to increase HR 
and peripheral vasoconstriction some 7 s into 
expiration. Phase 3 occurs immediately at the end 
of forced expiration and represents a very steep 
and brief decrease in arterial pressure due to a 
release of the intrathoracic pressure on the heart 
and aorta. Phase 4 is the last phase and represents 
an overshoot in the mean arterial BP due to the 
continuation of increased sympathetic tone and 
systemic vascular resistance. A refl ex bradycar-
dia follows due to stimulation of the arterial 
baroreceptors such that the mean BP and HR 
return to basal value.” 

 In the absence of choroidal regulation, ChBF 
would parallel the changes in the OPP. However, 
a recent study  [  20  ]  on the effect of increasing lev-
els of forced expiration on ChBF reported that 
blood fl ow in the choroid exhibited a very differ-
ent response pattern than that predicted if the 
choroid was a passive vascular bed directly 
refl ecting the changes in systemic BP and thus 
the OPP. Subjects in that study performed a 
Valsalva-like maneuver wherein the force of 
expiration was increased from 20 to 120 mmHg 
in ~20 mmHg steps each held for ~10 s. During 
each level of forced expiration, the subfoveal 
ChBF and systemic BP were measured in real 
time with a confocal LDF and electronic sphyg-
momanometer, respectively. 

 The effects of these forced expiration levels 
on retinal vessel diameter were also measured 
with an RVA system that allows quantifi cation of 
real-time changes in a retinal vessel diameter 
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  Fig. 10.7    Group-averaged data showing changes in the 
diameter of retinal arteries ( Frame a ) and veins ( Frame 
b ) during 60 s of fl icker and a recovery interval of 60 s in 
normal healthy adults ( n  = 10) and a cohort of healthy 
runners ( n  = 10) matched for age, gender, and OPP level. 
The overall response profi le was the same in both groups 
for retinal veins. However, the peak amplitude of the arte-
rial dilation was smaller in runners than controls. To 
determine whether this difference in arterial response had 

a physiological basis, the cross-sectional diameter of 
retinal arteries and veins was then measured in these two 
groups with a VesselMap system. The results shown in 
the  insets  of frames  a  and  b  revealed that the arterial 
diameters in the control group were smaller than those in 
runners. This was interpreted as a higher effi ciency in the 
vasculature of runners because it was capable of respond-
ing to higher metabolic demands by a smaller change in 
vessel diameter       
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through digital imaging techniques. This was 
done to compare the responses of the choroidal 
and retinal vasculatures to the same levels of a 
vascular stress for the purpose of identifying any 
response profi les that could be interpreted as 
signs of vascular regulation. 

 The results of the different levels of forced 
expiration on a retinal artery and vein and the HR 
are illustrated for one subject in Fig.  10.8a ,  b , 
respectively. Overall, increased levels of forced 
expiration transiently increased the diameter of 
retinal vessels, with a much greater effect occur-
ring in retinal veins than in arteries. For VMs of 
60 mmHg and greater, the peak of venous dila-
tion above baseline was followed by a rapid con-
striction of about the same amplitude below 
baseline at the end of expiration. Because veins 
are devoid of constrictor muscle fi bers, the rapid 
venous constriction illustrated in Fig.  10.8a  was 
likely the result of a passive elastic constriction 
secondary to the rapid reduction in BP that occurs 
in Phase III of the VM. A comparison of the 
venous and arterial profi les in Fig.  10.8a  showed 
that arterial and venous dilation started simulta-
neously. In contrast, the vertical dashed line 
drawn from the starting point for arterial con-
striction into the venous record revealed that arte-
rial constriction preceded venous constriction by 
~3.9 s and took ~2.6 s longer to develop maximal 
constriction. This arterial constriction was inter-
preted as an autoregulatory response to offset the 
increased perfusion pressure during the VM. The 
rapid arterial constriction at the end of each VM 
was also interpreted as an elastic response of the 
artery due to the rapid drop in BP in phase III of 
the VM. The increase in the arterial diameter 
between 20 and 80 mmHg with a progressive 
decrease in diameter during successive VMs may 
have been caused by a displacement of the head 
within the RVA apparatus during the diffi cult test 
procedures. Alternatively, a progressive accumu-
lation of vasoconstrictor substance during the 
higher levels of forced expiration could account 
for the trend toward a smaller arterial caliber over 
time. Our experimental design could not confi rm 
or reject this possibility.  

 The functional integrity of the barorefl ex was 
illustrated by the effects of increased intratho-
racic pressure and forced expiration against a 

closed glottis on the HR. Expiration between 20 
and 60 mmHg caused a steep linear increase in 
the peak HR. Between 60 and 120 mmHg, the 
increased force of expiration in 20-mmHg steps 
also caused a linear increase in the peak HR but 
the increase in HR proceeded at a lower rate. 
These changes in peak HR during VMs in 
20-mmHg steps are shown in Fig.  10.8b . The 
dashed lines atop HR recordings show the lin-
ear changes in peak HR across the levels of 
expiration. 

 The effects of forced expiration against a closed 
glottis (i.e., the VM) on the subfoveal ChBF and 
the systemic BP are shown in Fig.  10.9a , while a 
comparison of the effects of increasing forces of 
expiration on the systolic and diastolic BP are 
illustrated in Fig.  10.9b . The response profi les of 
the subfoveal ChBF (upper black recordings)  vs . 
changes in systemic BP (corresponding lower 
red recordings) for VMs between 20 and 
100 mmHg were consistent with regulatory 
responses in the ChBF inasmuch as the ChBF 
moved in directions opposite to those in the BP 
and the associated OPP levels. For example, at 
40 mmHg, phase I of the VM was characterized 
by a rapid and brief increase in BP followed by a 
monotonic drop in the BP together with a progres-
sive decrease in the pulse amplitude. During phase 
III of the VM, there was an abrupt decrease in the 
BP followed in phase IV by a slow increase in BP 
and pulse amplitude. The corresponding trace for 
changes in the ChBF, recorded in arbitrary units, 
was almost a mirror image of the changes in BP 
recorded in mmHg over time. Before the end of 
the VM, the ChBF had returned to baseline, a 
fi nding interpreted as evidence for blood fl ow 
regulation. (The green highlighted areas in each 
ChBF recording indicate sections where ChBF 
was regulated back to baseline; the red highlighted 
section of the ChBF for 120 mmHg shows failed 
blood fl ow regulation.) This unique interaction 
between the systemic BP (with associated changes 
in OPP) and ChBF, together with a return of the 
ChBF to baseline before the end of each VM, was 
seen for expiration forces up to and including 
100 mmHg. At this level, regulated ChBF was 
seen for only a brief interval toward the end of the 
VM. At 120 mmHg, the largest increase in BP 
recorded during phase I and the subsequent 
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  Fig. 10.8     Frame a  displays sample records showing that 
VMs with increased force of expiration caused progressively 
larger dilations in veins at the onset of the VM, followed by 
a very rapid constriction below baseline of about the same 
amplitude. The absolute increase in vessel diameter was 
much larger in veins than arteries. For the retinal artery, the 
largest dilation occurred between the 60 and 80 mmHg VMs, 
and thereafter the diameter slowly decreased as the force of 
expiration increased. The  red oblique arrows  between the 
arterial and venous recordings highlight the fi nding that arte-
rial constriction started an average of ~3.9 s before the very 
rapid venous constriction at the end of each VM. The onset 
of venous constriction corresponded in time with the greatly 
increased speed of arterial constriction seen readily at the end 

of VMs above 40 mmHg.  Frame b  shows the biphasic 
linear increase in the peak HR with increased force of expi-
ration. The rhythmical sine wave changes in HR correspond 
to discrete phases in the VM. When the BP fi rst increases in 
phase I of the VM, the HR decreases, and when the BP 
decreases in phase II and III, the HR increases. The twin 
peaks seen at the HR maximum likely correspond to the 
rapid BP changes in phase III and IV. During the following 
rebound increase of BP in phase IV, the HR drops again and 
then increases slowly once again as the BP drops in the late 
part of phase IV. Over the six levels of VM, the HR 
increased from a resting value of ~75 to ~100 bpm for the 
120 mmHg VM. Over the entire set of VMs, the HR was 
modulated over a group averaged range of ~40 bpm       
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Effect of Valsalva maneuvers on
systemic blood pressure and choroidal blood flow

Force of Valsalva expiration vs systolic and diastolic blood pressure
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  Fig. 10.9     Frame a  shows the changes in the subfoveal 
ChBF (in arbitrary units, AU) and the systemic BP (in 
mmHg) recorded simultaneously during six incremented 
levels of forced expiration against a closed glottis (i.e., 
VM). Each VM caused changes in the BP that corresponded 
to four distinct phases as illustrated in the BP record for the 
40 mmHg VM. The changes in the ChBF during each VM 
was consistent with blood fl ow regulation inasmuch as the 
ChBF moved in directions opposite to those seen in the BP, 
and the ChBF regained baseline well before the end of each 
VM until regulation was no longer possible. Sections where 
the ChBF regained baseline during each VM are high-
lighted in  green . The absence of ChBF changes opposite to 

those in the BP, and failure to regain baseline ChBF before 
the end of a VM together were interpreted as failed blood 
fl ow regulation in the choroid. By these criteria, regula-
tion failed during a VM of 120 mmHg (section highlighted 
in  red ).  Frame b  shows the continuous recording of BP 
during the six forced levels of expiration. The  lines  
through the peak systolic ( inverted triangles ) and peak 
diastolic ( squares ) values in each VM revealed that the 
systolic BP reached a constant maximum pressure of 
~170 mmHg after the 60 mmHg VM, but the diastolic BP 
continued to increase as the force of expiration increased. 
This indicated that the increase in OPP via the VM was 
driven principally by the increase in diastolic BP       
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decrease in BP in phase II of the VM were associ-
ated with a steep linear increase in the ChBF 
above baseline, without a return to baseline dur-
ing the VM, a fi nding interpreted as the upper end 
of blood fl ow regulation in the choroid. It is note-
worthy that at 120 mmHg of expiration, the BP 
throughout most of phase II was greater than the 
systolic peak of each cardiac pulse measured at 
baseline. This was the only test condition where 
the BP remained this high throughout most of the 
VM, and the likely reason why the OPP would 
have exceeded the range for blood fl ow regulation 
in the choroid. However, without simultaneous 
measurements of blood fl ow in the principal 
feeder arteries to the eye, the involvement of ret-
robulbar vessels such as the ophthalmic artery in 
contributing to blood fl ow regulation in the human 
choroid cannot be excluded.  

 Figure  10.9b  presents the BP segments from 
Fig.  10.9a  in their original continuous recording 
format. The line passing through the inverted tri-
angles that identify the systolic peaks during each 
VM shows that the maximal increase in the sys-
tolic BP was constant across all forces of expira-
tion except for the 20 and 40 mmHg recordings. 
In contrast, the line through the squares identify-
ing the diastolic BP level at each VM reveals that 
there was a trend for a linear increase in the dia-
stolic BP with each increase in force of expira-
tion. This indicated that the increase in OPP 
across VMs was principally determined by the 
increase in diastolic BP. This increase in diastolic 
BP also suggested that choroidal regulation also 
had to compensate for a backup of blood volume 
during each VM.  

    10.4.2   Nicotine 

 Nicotine is known to affect both systemic and 
ocular blood fl ow. The absorption of nicotine 
that occurs during smoking of tobacco causes 
cardiovascular dysfunction, peripheral vasocon-
striction, and cold hands  [  21  ] . At the ocular 
level, this psychoactive ingredient has been 
reported to increase blood fl ow velocity in the 
ophthalmic artery  [  22  ] , lateral short posterior 
ciliary artery, and the central retinal vein  [  23  ] . 
However, it has also been reported to decrease 

blood fl ow velocity in the ophthalmic and poste-
rior ciliary arteries  [  24  ] . These differences in 
effects may be physiological or due to differ-
ences in the sensitivity of methods used to mea-
sure blood fl ow velocity or differences between 
subject populations. 

 Because LDF measurements of blood fl ow 
are  relative  measurements, the effects of nico-
tine on choroidal hemodynamics in a prelimi-
nary study were assessed by comparing the 
effects of CPT on the ChBF before and after 
consumption of nicotine. The CPT was selected 
as the method to change the OPP because it 
induces a predictable sympathetically mediated 
systemic vasoconstriction and, as described in a 
preceding section, elicits blood fl ow changes in 
the choroid. In order to minimize any carryover 
effects of habitual smoking during provocation, 
a comparison of choroidal responses was set up 
for both smokers and nonsmokers. In the non-
smokers, the blood level of nicotine was 
increased by chewing two nicotine gum tablets 
(~6 mg of nicotine) that equated to smoking 
two cigarettes for the smokers  [  25  ] . Changes in 
the subfoveal ChBF were expressed as a per-
centage with respect to baseline to allow a com-
parison of results on a common scale. For both 
test groups, the subfoveal ChBF was measured 
prior to, during, and after immersion of the sub-
ject’s hand into 4°C water followed by a 2-min 
recovery period in 40°C water. This procedure 
was carried out prior to and after consumption 
of nicotine in two separate test sessions. The 
results of the CPT in nonsmokers and smokers 
are presented in Fig.  10.10a, b , respectively. In 
both groups, the thicker lines represent the 
changes in the resting ChBF induced by the 
CPT before ingestion of nicotine. Inasmuch as 
the CPT is known to increase the systemic BP, 
the OPP would also be increased. Perfect chor-
oidal regulation would promote vasoconstric-
tion to keep blood fl ow close to resting values. 
However, the ChBF fi rst increased by an aver-
age of ~17% for the nonsmokers and smokers 
combined and then decreased slightly below 
basal value within 60 s into the warm recovery 
phase. After consumption of nicotine, the cold-
induced increase in ChBF was less in both 
groups of subjects.  
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 Nicotine induces its effects through activa-
tion of the nicotinic cholinergic receptor sites. 
Its physiological effect with respect to blood 
fl ow is complicated since it fi rst acts as an ago-
nist-stimulating receptor in the peripheral sym-
pathetic and parasympathetic ganglia, the 
adrenal gland, and the brain  [  26  ] . Secondly, it 
blocks synaptic transmission at these same sites. 
Therefore, its effects represent the sum of posi-
tive and negative effects on physiologically 
competing sites. Gene rally, nicotine increases 
the HR, enhances alertness, and induces a feel-
ing of well-being likely through the release of 
dopamine  [  27  ] . Since the increase in ChBF 
induced by cold water was reduced by nicotine, 
this suggests that it serves as a vasoconstrictor 
in the choroid. 

 The observation that subfoveal ChBF was 
reduced by nicotine is yet another warning 
against chronic tobacco smoking since it may 
place the retina at risk for ischemic retinopathy. 
Tobacco smoking may also be related to 
decreased central visual function  [  28  ] . Hopefully, 
these preliminary fi ndings of a reduction in 
ChBF at the fovea with smoking will incite fur-
ther research into the effect of nicotine con-
sumption on ocular blood fl ow and neural retinal 
function.   

    10.5   Blood Pressure Versus Ocular 
Perfusion Pressure 

    10.5.1   Increased Ocular Perfusion 
Pressure 

 It has been reported that head-down tilt is an effec-
tive noninvasive procedure for increasing the OPP 
in order to study vascular autoregulation  [  29  ] . The 
changes in OPP result from an increase in the IOP 
and the systemic BP. While body inversion can tri-
ple the resting IOP in some individuals, the greater 
increase in systemic BP results in an overall 
increase in OPP  [  30  ] . Figure  10.2  shows the effect 
of body declination on the IOP and OPP. The OPP 
can also be decreased noninvasively by scleral suc-
tion to study the effects of  reduced  perfusion on 
vascular autoregulation. The interaction between 
scleral suction, the IOP, and the OPP is also shown 
in Fig.  10.2 . Together, body declination and scleral 
suction provide a simple experimental approach to 
increase or decrease the OPP for studies of vascular 
autoregulation or the consequences of altered per-
fusion on neuroretinal function. 

    10.5.1.1   Choroidal Blood Flow 
 Body declination has been used as physiological 
provocation to study regulation of the pulsatile 

Time into cold-warm provocation (s)

Non−smokers Smokersba

92

96

100

104

108

112

116

120

%
 B

as
el

in
e

ch
or

oi
da

l b
lo

od
 fl

ow Control

n = 9

Baseline

WarmCold

Nicotine

0 20 40 60 80 100 120 140 160 180

Control

n = 6

Cold Warm

Nicotine

0 20 40 60 80 100 120 140 160 180

  Fig. 10.10    Nicotine affects the subfoveal ChBF. Systemic 
absorption of a fi xed dose of nicotine attenuated the ChBF 
response to the CPT in both nonsmokers ( Frame a ) and 
smokers ( Frame b ). Nicotine likely induced vasoconstric-

tion throughout the systemic and ocular vasculature. These 
data suggest that habitual smoking of nicotine-containing 
tobacco compromises blood fl ow in the macula and places 
central visual function at risk for ischemic damage       
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and nonpulsatile components of blood fl ow in the 
choroid. During the orientation-induced increase 
in the OPP, the pulsatile component of choroidal 
fl ow, i.e., the pulsatile choroidal blood fl ow 
(POBF), was measured with a UK-OBF system 
while the nonpulsatile component was derived 
from LDF measurements of the ChBF  [  31  ] . When 
the OPP was increased by ~34%, the POBF was 
attenuated by ~47%. This reduction in the POBF 
remains constant for as long as the increase in 
OPP is maintained  [  32  ] . The pulsatile component 
of ChBF as measured by LDF also decreased by 
~39% with the nonpulsatile component remaining 
unchanged for the same increase in the OPP. 
Inasmuch as the nonpulsatile component of ChBF 
remained unchanged during a large increase in the 
OPP, regulation of blood fl ow in the choroid was 
indicated. During full-body inversion of this study, 
the resting IOP was more than doubled. This large 
increase in IOP may have had a damping effect on 
the pulsatile component of ChBF measured by 
either technique. For a similar increase in OPP, 
the retinal vasculature at the level of the macular 
capillaries also demonstrated blood fl ow regula-
tion. Blood fl ow in the macular network was 
assessed by the BFE where leukocytes become 
visible when the retina is illuminated with blue 
light. For an increase in the OPP of some ~39%, 
the macular blood fl ow remained constant when 
expressed as leukocyte density × velocity  [  33  ] .   

    10.5.2   Decreased Ocular Perfusion 
Pressure 

 Experimentally, applying scleral suction to the eye 
increases the IOP because the physiological fl uid 
within the eye, like all other fl uids, is not compress-
ible. This is accompanied by a decrease in the OPP 
since the BP is not changed by this procedure. Step 
changes in scleral suction are accomplished with a 
funnel-shaped cup approximately 1 cm in diameter 
with a cylindrical stub that is connected to a narrow 
fl exible hose and a calibrated vacuum device. The 
following section will describe hemodynamic reac-
tions of the choroidal and ONH vasculatures in 
response to transient reductions in the OPP as 
induced by scleral suction. 

    10.5.2.1   Choroidal Blood Flow 
 The basic scleral suction device typically used in 
ophthalmodynamometry or ocular pneumopl-
ethysmography  [  34  ]  can be modifi ed by the addi-
tion of a stepper motor and logic board to change 
the OPP rapidly and in precisely controlled lev-
els. Using such a programmable scleral suction 
system, Lovasik  [  35  ]  recently reported the effects 
of the rate and degree of change in the OPP on 
choroidal hemodynamics. When the OPP was 
attenuated to a maximum of ~50% through mod-
erate  ramped  increments of the IOP, the overall 
change in ChBF was only ~25%. In contrast, 
when the resting OPP was reduced by as much as 
~90% using short and small decrements in the 
OPP, the ChBF remained within ~18% of its rest-
ing value (Fig.  10.11 ). From these observations, 
it was concluded that the effect of a reduction in 
the OPP on ChBF differed signifi cantly when the 
reduction was induced by large rapid decrements 
in the OPP (ramped suction levels)  vs . small 
square-wave decrements in the OPP. These obser-
vations suggested that the effectiveness of chor-
oidal regulation is related to the amplitude and 
temporal attributes of changes in the transmural 
pressure in choroidal vessels  [  35  ] .  Clinically, 
these observations may have signifi cant implica-
tions for the management of patients who are sus-
pect for abnormalities in ocular or systemic 
blood fl ow. Specifi cally, retinal function may be 
abnormal even if the calculated OPP level is nor-
mal because blood fl ow to the eye is variable over 
time (turbulent or irregular) due to an obstruc-
tion in major vessels such as the internal carotid 
and ophthalmic arteries .   

    10.5.2.2   Optic Nerve Head Blood Flow 
 A useful index of blood fl ow in the ONH is the 
so-called “chromatic pulse (CP)”  [  36  ] . The CP 
refers to the variation in the total area of a target 
tissue that refl ects light with the same hue, satura-
tion, and brightness. For the case of the ONH, it 
has been shown that there is a spontaneous varia-
tion in an area with the same chromaticity at a fre-
quency that is linked in time to an individual’s HR. 
This variation in the CP is measured from real-
time color digital images (30 fps) of the ONH with 
a dedicated image analysis routine to defi ne the 
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moment-to-moment variation in the total area with 
the same chromatic attributes. It has been reported 
that a physiological provocation to induce tran-
sient changes in the OPP elicits specifi c blood fl ow 
changes in the ONH that are readily measured by 
LDF  [  37  ] . It has also been reported that the LDF 
procedure measures blood fl ow to a depth of up to 
~1 mm in the ONH within an area about ~150  m m 
in diameter  [  38  ] . Measurements with the CP show 
changes in pulse amplitude and timing that are 
nearly identical to those obtained by LDF during a 
transient reduction in the OPP induced by scleral 
suction. Scleral suction increases the IOP and 
reduces the OPP in proportion to the degree of 
suction, assuming no changes in the BP. Sample 
changes in the CP during transient reduction in the 
resting OPP are shown for one subject in Fig.  10.12 . 
In this fi gure, areas of pallor within the ONH that 
have the same chromatic properties are shown as 
small islands demarcated by dotted lines. Because 
the fundus images were acquired at 30 fps, the 
spontaneous change in the size of these areas 
within 1 s is defi ned by 30 points. When these val-
ues are plotted as a function of time at rest, the 30 
points produce a well-defi ned triangular profi le 

that repeats at a frequency equal to the subject’s 
HR. The rhythmical variation in the area with the 
same chromaticity has been given the name “chro-
matic pulse.” The fi rst record at the bottom left 
side of Fig.  10.12  shows a rhythmical series of tri-
angles forming a “sawtooth” pattern. When the 
resting OPP was reduced by an increased suction 
level, the total area of pallor increased as indicated 
by the increasing size and number of islands in the 
ONH. This was seen as an increase in the CP 
amplitude and a vertical displacement of the record 
at each level of provocation (OPP decreased in 
15% steps). When the OPP was allowed to return 
to its resting level, i.e., “scleral suction cup 
removed,” the degree and extent of pallor decreased 
abruptly and the record dropped close to the rest-
ing level. From this, it was concluded that the CP 
refl ects the temporal variation in the blood perfus-
ing the ONH since the changes in pulse amplitude 
paralleled those measured by LDF for similar test 
conditions. A practical advantage of the CP is that 
it reveals blood fl ow changes over a much larger 
area within the ONH that is possible by LDF. 
Inasmuch as LDF measures blood fl ow in depth, 
and provocation induced the same pattern of 
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  Fig. 10.11    Scleral suction decreased the OPP by a maxi-
mum of ~90% in ~3–5% steps over a 680-s interval. The 
stepped increase in IOP caused only a small reduction in 
blood velocity but larger changes in blood volume and blood 
fl ow. The increasing hypertonia also caused a monotonic 
increase in the pulse amplitude for blood velocity, volume, 
and fl ow. The change in pulse amplitude is best illustrated by 

the time-averaged data within the 20-s sample records taken 
near the start (A) and end (B) of blood fl ow recordings. An 
exploded view of these sections is shown in the panels on the 
 left - and  right-hand sides  of the central record. These data 
sets show that the pulsatility almost doubled by the end of 
testing. Removal of the scleral suction cup resulted in large 
transient overshoots of each blood fl ow parameter       
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change in the CP amplitude, the latter likely mea-
sures changes in blood fl ow not only on the surface 
but also within the ONH.  

 It is possible to get some idea of the depth of 
the vessels that contribute to the pinkish appear-
ance of the ONH from clinical ophthalmodyna-
mometry. When the IOP is increased to determine 
the diastolic and systolic pressures in the CRA, 
there are perceptible changes in the chromaticity 
of the ONH with each increment in the IOP. The 
observation that the progressive attenuation of 
the OPP was correlated with an increase in the 
ONH pallor supports the hypothesis that the CP 
represents changes in blood fl ow in the anterior 
portion of the ONH. The persistence of the pink 
appearance of the ONH even when the superfi cial 
retinal capillaries are compressed implies that 
blood is still present in the pial capillaries in the 
anterior portion of the optic nerve. Further eleva-
tion of the IOP results in an intense pallor of the 
ONH suggesting that light is no longer refl ected 

through perfused capillaries. When the IOP 
reaches systolic value, the patient usually reports 
a loss of peripheral vision because only the cen-
tral fovea remains perfused by the choroid. Thus, 
changes in ONH coloration are determined by 
the degree of tissue perfusion.   

    10.5.3   Neural Retinal Function 

 Normal function of the various neurons in the 
human retina relies on an adequate blood supply 
to all ten functionally interrelated layers of the 
retina. Neurons in the outer layer of the retina 
including the rod and cone photoreceptors rely 
on oxygen and metabolites derived principally 
from the choriocapillaris of the choroid. Ganglion 
cells, bipolar cells, and amacrine cells in the 
innermost retinal layers rely on blood fl ow from 
the retinal vasculature (Fig.  10.1 ). The choroid 
supplies the outer third of the retina while the 
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in this fi gure as an area that was smaller than that seen at 
rest and slowly returned to resting value. The sawtooth 
pattern for this phase was that recorded after the short-
lived hyperemic response       
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retinal vessels with their capillary network per-
fuse the inner two-thirds. Physiologically, it is 
noteworthy that impaired blood fl ow in one sys-
tem cannot be compensated by increased blood 
fl ow in the other. As such, choroidal ischemia 
results in unique neural dysfunction with classi-
cal clinically detectable alterations in retinal 
responsiveness to light. Similarly, subnormal 
retinal blood fl ow results in unique alterations in 
the function of the inner retina that can be detected 
by evoked potentials. 

 The dependence of visual neurons on blood 
fl ow for normal functioning is referred to as neu-
rovascular coupling. Clinically, it is noted that 
visual functions attributed to different neural 
processing pathways may be compromised long 
before others when blood fl ow to the eye is 
reduced by subclinical pathology. For example, 
motion detection of coherent patterns that 
involves the retinal ganglion cells is compro-
mised early in glaucoma  [  39  ] . This highlights a 
differential vulnerability of neuronal subgroups 
in the retina to ischemic processes. The integrity 
of neurovascular coupling in the human eye can 
be assessed electrophysiologically through stim-
uli and retinal adaptation that  functionally isolate  
specifi c subpopulations of retinal neurons. 

 Psychophysical studies have shown the exis-
tence of phenomena-like binocular rivalry that 
likely has its origin at the cortical level. Neural 
pathways for the control of ChBF to each eye have 
been reported in subprimate species  [  40  ] . To date, 
there is no evidence for a binocular interaction 
arising from compromised blood fl ow to one eye. 
Consequently, this issue was addressed in a study 
where blood fl ow to one eye was reduced to iden-
tify any central modulation to both eyes. To do so, 
the responsivity of a cell population that is exclu-
sively perfused by the retinal vasculature was 
examined as blood fl ow to one eye was reduced. 
The innermost retinal layer is populated by the 
ganglion cell bodies and their axons that converge 
from peripheral zones to make up the neural com-
ponents of the optic nerve. The function of these 
cell populations can be measured electrophysio-
logically by the pattern reversal electroretinogram 
(pERG) in light-adapted conditions. In an earlier 
study, it was found that a decrease in blood fl ow to 

one eye infl uenced the reactivity of amacrine cells 
in the contralateral eye also  [  41  ] . This study was 
extended to include an evaluation of the vulnera-
bility of the ganglion cell population to a transient 
decrease of the OPP in one eye while the pERG 
was recorded simultaneously from both eyes. To 
elicit the pERG, subjects fi xated a red dot in the 
center of a high-contrast black-white checkerboard 
presented on a high-resolution monitor. Following 
ISCEV guidelines, the checkerboard was adjusted 
to subtend 29° and the checks were phase reversed 
at 5 Hz. A clinical signal averager was used to 
extract the 5–10  m V pERG signal from the ambi-
ent and biological noise. The effect of a transient 
decrement in the OPP on the neurovascular cou-
pling was evaluated during a maximal reduction in 
the OPP of 60% in four steps of 15% as subjects 
fi xated the checkerboard with both eyes through 
corrective lenses. The OPP was decreased in the 
test eye only with a scleral suction cup  [  42  ] . 

 The results of this testing are shown in 
Fig.  10.13 . For the test eye, the 60% reduction in 
the OPP progressively attenuated the pERG ampli-
tude by a maximum of ~45%. Removing the suc-
tion cup caused a rapid return to pretest conditions. 
Remarkably, the amplitude of the contralateral 
pERG decreased by ~27% at the fi rst suction level 
and remained near that level throughout further 
reduction in the OPP. Removal of the suction cup 
did not change the amplitude or profi le of the con-
tralateral pERG throughout the 8-min recovery 
phase. The persistence of the contralateral pERG 
at a level below baseline even after removal of the 
suction cup from the test eye raises several possi-
bilities for the observed phenomenon. A plausible 
explanation for the contralateral attenuation of the 
pERG is a centrally mediated attenuation of blood 
fl ow to the contralateral eye. It could also be argued 
that the suction cup elicited an oculocardiac-like 
refl ex, reduced the perfusion pressure for both 
eyes, and thereby caused the contralateral effect. 
However, the fact that ganglion cell function in the 
test eye normalized within 2 min while the contral-
ateral eye remained attenuated throughout the 
8-min recovery period suggests that changes in 
perfusion pressure alone could not explain the 
results. Additionally, the contralateral attenuation 
may have been the result of centrifugal fi bers 
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attempting to balance neural retinal activity in 
each eye. Some avian species are known to have 
efferent fi bers to each eye for regulating ChBF in 
response to changing light conditions  [  43  ] .  

 The effects of body inversion-induced hyper-
perfusion on neural retinal function have also 

been studied. A graphical summary of the princi-
pal effects of increased  vs . decreased OPP on 
neural retinal function is displayed in Fig.  10.14 . 
An increased OPP as large as ~90% caused 
minimal changes in the photoreceptor-bipolar 
 reaction to light when indexed by the fl ash ERG 
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  Fig. 10.13    A progressive reduction in the OPP caused by 
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These changes in neural function implied that the retinal 
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eye, the possibility of a central neural modulation of blood 
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prolonged attenuation of the contralateral pERGs after 
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(fERG) for both light- and dark-adapted states 
 [  44  ] . Inasmuch as some components of the fERG 
originate in the photoreceptor layer, and others 
refl ect the activity of neurons populating the inner 
retinal layer, any changes in this potential are 
likely associated with changes in choroidal and 
retinal blood fl ow. In contrast to these minimal 
changes in neural function secondary to hyper-
perfusion, there were more dramatic changes in 
retinal reactivity to hypoperfusion. Furthermore, 
it is noteworthy that the neural responsiveness of 
the retina to transient decreases in the OPP dif-
fers dramatically when the retina is switched 
from a light- to dark-adapted state. Perhaps the 
most signifi cant and interesting fi nding concern-
ing the relationship between neural function and 
blood fl ow was the heightened vulnerability of 
rod photoreceptors to transient decrements in the 
OPP. When the retina was light adapted, the pho-
topic fERG was not affected by either a transient 
increase or decrease in the OPP. However, when 
the retina was dark adapted and the neural 
response of the retina to light was driven exclu-
sively by rod photoreceptors, both the a-wave 
and b-wave components of the scotopic fERG 
were signifi cantly attenuated by a progressive 
decrease in the OPP  [  44  ] . This observation may 
refl ect a change in the topographic distribution of 
blood, blood volume, and oxygen available to 
rods  [  45  ]  in dark adaptation.  

 The changes in scotopically matched red and 
blue fERGs during 10% step decrements in the 
OPP, and the recovery pattern at 1-min intervals are 
shown in Fig.  10.15 . The biphasic shape of the sco-
topic red fERG reveals the early cone and slower 
rod contributions to the fERG b-wave, while the 
monophasic blue fERGs show the rod-isolated 
responses. The rod components of the scotopic 
fERGs were seen to decrease when the OPP was 
reduced by as little as 10%. Further reductions in 
the OPP caused a progressive reduction in the rod 
contribution while the cone contribution remained 
unchanged until the OPP was reduced by ~40%. 
Furthermore, the cone contribution to the scotopic 
red fERG was still visible when the rod contribution 
was extinguished by a 50% reduction in the resting 

OPP. In addition, when the resting OPP was 
returned, cone recovery to resting values was more 
rapid than the rod recovery. Because increased 
scleral suction was used to reduce the OPP, the 
cause of the increased vulnerability of scotopic 
fERGs to decrements in the OPP may also have 
involved the concomitant increase in pressure of 
the vitreous against the retina as the IOP was 
elevated through scleral suction  [  44  ] .  

 The increased susceptibility to ischemia of the 
inner retinal layers during retinal dark  vs . light 
adaptation was also observed through measure-
ments of scotopic  vs . photopic oscillatory poten-
tials (OPs), which refl ect the functional status of 
the amacrine cells. During transient experimental 
increased OPP as large as 70%, amacrine cell 
function indexed by the amplitude of photopic 
OPs remained largely unchanged  [  46  ] . In dark-
ness, however, a transient reduction in the OPP 
attenuated all components of the OP complex, 
while a transient increase in the OPP induced by 
body declination caused an increase in the ampli-
tude of OP5  [  30  ]  (Fig.  10.14 ). While the physio-
logical basis for this component-specifi c 
vulnerability of the scotopic OPs to variations in 
the resting OPP remains to be determined for the 
human eye, these fi ndings nonetheless highlight a 
unique diagnostic capability of the scotopic OPs 
for increased or decreased blood fl ow in the inner 
retinal layers.   

    10.6   Blood Gases 

 The inspired gas content can easily be modifi ed to 
alter the concentration of naturally occurring gases 
in arterial blood. Several studies have used such 
provocations to alter the concentrations of oxygen 
(O 

2
 ), carbon dioxide (CO 

2
 ), or nitrogen content in 

blood to study the effect on blood fl ow regulation 
 [  47,   48  ] . The ability of a vascular bed to adjust its 
blood fl ow parameters during transient changes in 
O 

2
  saturation (SaO 

2
 ) and/or other metabolites to 

preserve normal physiological function is referred 
to as “metabolic regulation.” Metabolic regulation 
in other organs or tissues during a period of hyper/
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hypoxia or/and hyper/hypocapnia may be refl ected 
by the vasomotor changes in the retinal vascula-
ture. Because retinal vessels comprise the only 
vasculature in the human body that can be seen 
directly using noninvasive procedures, it is worth-
while for future research to determine whether 
changes in retinal vasodynamics and/or structure 
can be used clinically to diagnose subclinical 
changes in the systemic vasculature pathogno-
monic of life-threatening cardiovascular disease. 

This idea is realistic since it is well known that 
narrowing of retinal arterioles or abnormal arte-
riovenous crossings are clinical indices of sys-
temic hypertension. 

 This section will present studies on the retinal 
vessel dynamics  [  49  ] , ONH perfusion  [  50  ] , and 
POBF  [  51  ]  during inhalation of 100% O 

2
 , as well 

as the changes in POBF following inhalation of 
carbogen (5% CO 

2
  in 95% O 

2
 )  [  51  ]  and a hypoxic 

gas (12% O 
2
  in 88% nitrogen)  [  52  ] . 
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    10.6.1   Hyperoxia and Blood Flow 

 Inhalation of 100% O 
2
  caused a progressive 

monotonic constriction of retinal vessels that 
reached a plateau within 4 min. The data in 
Fig.  10.16  show that veins constricted about 5% 
more than arteries, but their overall response pro-
fi les were similar. The plateau of constriction was 
sustained throughout the remaining time of O 

2
  

inhalation. When room air was reintroduced, both 
arteries and veins redilated monotonically to 
within ~2% of baseline caliber during the recov-
ery interval. This profi le of retinal vessel reactiv-
ity to O 

2
  inhalation was the same for vessels 

populating each of the principal fundus quadrants 
relative to the ONH. This O 

2
 -induced vasocon-

striction was interpreted as evidence for a mecha-
nism regulating blood fl ow presumably to maintain 
the level of O 

2
  required for normal metabolism.  

 The reactivity of the blood vessels perfusing the 
ONH was also examined in a separate study involv-
ing inhalation of 100% O 

2
  with perfusion moni-

tored by the CP. Transient systemic hyperoxia 
increased the area of pallor in the ONH, suggesting 
vasoconstriction of superfi cial and deeper capillar-
ies and decreased perfusion of the anterior portion 
of the optic nerve  [  50  ] . However, the choroidal 
fl ow as indexed by the POBF  [  51  ]  or the ChBF  [  53  ]  
was not altered during systemic hyperoxia.  

    10.6.2   Hypercapnia-Hyperoxia 
and Choroidal Blood Flow 

 Inhalation of carbogen (O 
2
  + 5 to 7% CO 

2
 ), a gas 

mixture with increased concentration of CO 
2
 , 

increases the POBF  [  51  ] , and the subfoveal ChBF 
 [  54  ] , as well as the fundus pulsation amplitude 
(FPA), an index of choroidal pulsatile fl ow, in the 
macula  [  55  ]  in man. Inhalation of CO 

2
  in air has 

also been shown to increase blood fl ow in the 
macula, as measured by FPA  [  56,   57  ] . Similar 
results indicating an increase in ChBF with 
increased CO 

2
  (in air, or in O 

2
 ) were reported in 

animal studies  [  58–  60  ] , although others have 
reported that CO 

2
  did not increase ChBF  [  61  ] .  

    10.6.3   Hypoxia and Pulsatile Choroidal 
Blood Flow 

 Early studies into vascular regulation reported 
that systemic hypoxia caused an increase in both 
the perifoveal capillary blood fl ow  [  62  ]  and reti-
nal blood fl ow  [  63  ] . However, inhalation of 12% 
O 

2
  in nitrogen [mean SaO 

2
  = 89.0%] did not affect 

ChBF as indexed by measurements of the POBF 
 [  52  ] . The absence of changes in the POBF could 
be interpreted to indicate that the pulsatile com-
ponent of ChBF is unaffected by transient mild 
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  Fig. 10.16    Inhalation of 
100% O 

2
  induced vasocon-

striction in both retinal 
arteries and veins. The 
reduction in vessel diameter 
was ~5% greater in veins than 
arteries, and recovery from O 

2
  

occurred at the same rate in 
both vessel types. This profi le 
of change in vessel diameter 
during inhalation of O 

2
  and 

the recovery phase was the 
same in the four retinal 
quadrants centered on the 
ONH. The vasoconstriction 
response to inhalation of 
100% O 

2
  is interpreted as a 

regulatory response of blood 
fl ow to maintain constant 
levels of oxygen tension       
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systemic hypoxia because of the large volume of 
oxygenated blood in the choroid. However, it 
remains possible that mild systemic hypoxia 
could infl uence the nonpulsatile component of 
ChBF. This latter possibility awaits confi rmation 
by measurements of the ChBF with LDF after 
inhalation of 12% O 

2
  in nitrogen. Overall, the 

present state of knowledge suggests that the reti-
nal circulation is likely more sensitive than the 
choroid to transient mild systemic hypoxia.  

    10.6.4   Hyperoxia, Hypercapnia, 
and Retinal Function 

 In addition to studies on the effects of altered 
blood gases on ocular blood fl ow, the effects of 
hyperoxia and hypercapnia on the neural retinal 
function have also been assessed. Systemic 
hyperoxia had minimal effects on the function of 
the photoreceptors and bipolar cells as indexed 
by photopic fERG a- and b-waves  [  64  ] . However, 
when the retina was dark adapted, hypercapnia 
signifi cantly reduced the amplitude of OP5, one 
index of amacrine cell function  [  65  ] . These 
results provide additional support to the growing 
body of evidence indicating that neural function 
in the retina is more vulnerable to changes in 
blood gases and vascular perfusion levels when 
the retina is dark adapted.  

    10.6.5   Hypoxia, Hyperoxia, and Retinal 
Function 

 While transient hypoxia attenuates the function 
of the neural generators of the photopic fERG 
b-wave and specifi c OPs, it does not affect the 
amplitude or the implicit time of the photopic 
ERG a-wave  [  66  ] . This is consistent with the fact 
that the choroidal blood oxygen tension is high-
est at the RPE-photoreceptor junction and rapidly 
decreases toward zero by the middle of the retina 
 [  45,   67  ]  (Fig.  10.1b ). Consequently, bipolar cells 
that populate the retinal zone where the choroidal 
and retinal vasculatures provide the lowest oxy-
gen tension would be particularly vulnerable to 
the effects of transient systemic hypoxia as was 

indicated by the reduction in the photopic fERG 
b-wave. While transient systemic hypoxia does 
not alter the function of photoreceptors in the 
outer retinal layer, it does reduce the amplitude 
and delays the N95 component of the pERG that 
is principally generated by the ganglion cells in 
the innermost retinal layer  [  68  ] . This greater vul-
nerability of the ganglion cells to transient 
hypoxia may be explained by the much smaller 
oxygen tension in the retinal blood perfusing the 
inner two-thirds of the retina. The consequence 
of this reduced level of oxygen tension in retinal 
blood is that a mild transient systemic hypoxia is 
likely enough physiological stress to compromise 
ganglion cell function and thus results in com-
promised pERGs. The additional observation that 
transient systemic  hyperoxia  did not affect the 
function of ganglion cells supported the interpre-
tation that the much smaller degree of oxygen 
tension in retinal blood fl ow may be just adequate 
to support normal neural function in the inner-
most retinal layer. Thus, transient systemic hyper-
oxia providing more oxygen to the retinal 
vasculature would not be expected to compro-
mise the function of ganglion cells found in the 
inner retinal layer, and this is what was found 
experimentally  [  68  ] .   

    10.7   Regional Choroidal Perfusion 

 While vascular autoregulation in the retinal vas-
culature has been demonstrated in many studies 
over the last 20 years or so, evidence for vascular 
regulation in the human choroid remains limited 
but the notion for choroidal regulation is gaining 
broader acceptance in the ocular blood fl ow sec-
tion of the vision science community. For many 
years, it was thought that there was no need for 
regulation of ChBF because of the large choroi-
dal volume and fl ow rate relative to the retinal 
vasculature. However, seminal work by 
Linsenmeier et al.  [  45  ]  revealed a partial pressure 
of O 

2
  (PO 

2
 ) that decreased rapidly from the chor-

oid and approached a zero value near the middle 
of the retina (Fig.  10.1b ). This implied that the 
retina consumed virtually all of the O 

2
  that came 

from the choroid, and any disruption of blood 
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fl ow to the RPE-photoreceptor complex could 
have serious consequences on neural retinal func-
tion and vision. 

 Fortunately, a global reduction in ChBF is not 
a common clinical occurrence. However, there is 
increasing evidence that a regional reduction in 
ChBF occurs in patients with age-related macular 
degeneration (ARMD) even before there is any 
clinical evidence of a signifi cant disruption in the 
foveomacular anatomy  [  69  ] . Thus, a subnormal 
choroidal perfusion of the macula may be a major 
risk factor for this age-related macular disease 
 [  70  ] . It may be that a reduction in subfoveal 
ChBF prior to the typical clinical signs and symp-
toms of ARMD is the result of defective regula-
tion. If this hypothesis is correct, traditional 
fl uorescein and choroidal angiographies may not 
be adequate for detecting blood fl ow that is not 
capable of sustaining normal neural function dur-
ing transient vascular stress.  Conse quently, a 
more productive method for detecting weakened 
ChBF would be to quantify choroidal hemody-
namic responses during an increased metabolic 
demand as induced by fl icker or safe levels of 
altered OPP to determine the integrity of choroi-
dal regulation. Absence of regulatory responses 
could identify individuals at high risk for macu-
lar disease and the need to initiate procedures to 
preserve macular structure and function . 

 The proposal that choroidal regulation may 
also involve a differential perfusion across the 
ocular fundus is based on several previous 
observations in blood fl ow. In subhuman pri-
mates, fl icker stimulation elicited differential 
perfusion by the  retinal  vasculature according to 
regional metabolic demands  [  71  ] . As such, only 
differential ChBF across the retina may be able 
to satisfy large differences in local metabolic 
demand. At the  systemic  level, it is well estab-
lished that blood fl ow is shunted to regions with 
increased metabolic demand such as preferen-
tial blood fl ow to the large leg muscles while 
running, even to the detriment of blood fl ow to 
internal organs  [  72  ] . Finally, data in Sects.  10.7.3  
and  10.7.4  present fi ndings that support the 
hypothesis of differential choroidal perfusion in 
favor of retinal areas with increased metabolic 
requirements. 

    10.7.1   Cones Versus Rods: Structure 
and Function 

 The degree to which a fl ash elicits an electrophysi-
ological response from the retina depends on two 
variables: (1) the physical properties of the fl ash 
and (2) the anatomical location and density distri-
bution of the cone and rod photoreceptors across 
the retina. Variables in the fl ash stimulus include 
wavelength composition, luminance level, and 
presentation frequency (Hz). With respect to reti-
nal location, the short, medium, and long wave-
length sensitive cones (“Blue,” “Green,” and “Red” 
cones) totaling ~6 million  [  73  ] , are distributed 
within the central ~20° around the foveola. The G 
and R cones have the highest density in the central 
5° (~200 K cones/ mm  2 ) while the blue cones for 
the same  central area have a density of ~2 K 
cones/ mm  2   [  74  ] . Rhodopsin-containing rods esti-
mated at ~120 million  [  73  ]  are found in all 
regions of the retina except the foveola and occur 
in greatest density within a concentric annular 
zone that extends between ~5° and ~50° from the 
foveola, and thereafter decrease in density toward 
the periphery. 

 This differential distribution of cones and rods 
across the retina is the basis for the rationale pre-
sented in a later section of this chapter that 
repeated stimulation of extra foveal blue-sensi-
tive cones and especially the blue-sensitive rods 
greatly increased the metabolic need of more 
eccentric retinal sites, and consequently, through 
some unknown mechanism, the ChBF was 
directed away from the fovea in favor of the mid-
periphery of the retina. As such, it was concluded 
that the  choroid  that nourishes the RPE-
photoreceptor complex can preferentially divert 
blood fl ow in the macula from one site to another 
to support the metabolic demands of retinal sites 
with heightened neuronal activity, as was reported 
to be the case for the retinal vasculature  [  71  ] .  

    10.7.2   Choroidal Angioarchitecture 

 The angioarchitecture of the choroid at the poste-
rior pole is described as a honeycomb, nonlobular 
structure that gradually changes into a mosaic of 
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clearly defi ned lobules with anastomosing capil-
laries from the peripapillary zone to the retinal 
periphery. While the distinct lobular pattern of 
the choriocapillaris in the periphery determines 
how blood will fl ow from one point to another, 
the direction of blood fl ow in the foveal zone is 
less obvious. The choriocapillaris in the foveo-
macular zone has a homogenous structure and 
blood fl ow in that area does not match what is 
seen by fl uorescein and indocyanine angiogra-
phies  [  2  ] . It is likely that foveomacular blood 
fl ow is determined by pressure gradients and dif-
ferences in metabolic requirements within the 
macular retina  [  2  ] . Thus, the choroidal lobuli 
comprising the choriocapillaris layer of the chor-
oid determine the fl ow of blood by both structure 
(lobuli) and function (neuroretinal activity). 

  The technological challenge for this new level 
of clinical diagnostics based on blood fl ow mea-
surements requires the development of a system 
that can penetrate the RPE (IR probe) and make 
measurements of blood fl ow in the retina and/or 
choroid in arbitrary sites of the retina, as well as 
a series of sites that correspond to visual fi eld 
thresholds for vision. Perhaps most importantly, 
such a system should provide variable luminance 
focal fl icker to determine threshold changes in 
blood fl ow, as well as stimulus–response profi les 
for suspect areas of the fundus .  

    10.7.3   Dark Adaptation 

 Photopic vision is mediated by the cone photore-
ceptors that provide high spatial resolution and 
color perception. Scotopic vision is a function of 
rod photoreceptors and is characterized by achro-
matic vision and low spatial resolution. The 
inverse distribution of cone  vs . rod density across 
the retina, and the drop in choriocapillaris vessel 
density from the fovea to the periphery, may be 
an evolutionary adaptation that attempts to bal-
ance metabolic needs with energy supplies. 
Inasmuch as the retina consumes most of the O 

2
  

that the choroid can provide  [  75  ] , topographic 
change in choriocapillaris vessel density may 
refl ect the metabolic needs of the photoreceptors 
in the overlying retina.  To date, a correlation 

between ChBF in the foveal and the perifoveal 
area and the transition from cone to rod function 
has not been demonstrated in man . However, a 
recent study did investigate such a coupling 
between central photoreceptor function and 
ChBF in the human retina  [  76  ] . A continuously 
recording NI-LDF was used to record foveomac-
ular ChBF changes throughout a 26-min dark 
adaptation interval. A 10-s recording of the ChBF 
was made in the foveal and perifoveal zones 
every 2 min for 26 min of dark adaptation. The 
group averaged ChBF decreased by ~17% 
(Fig.  10.17 ). This indicated that the gain in light 
sensitivity by the retina in the dark was accompa-
nied by a decrease in the resting level of ChBF in 
the cone-rich foveomacular zone and that volu-
metric change in the fl ow presumably went to the 
rod-rich area because rod sensitivity to light was 
maximized after dark adaptation. Since rods out-
number cones by ~20:1 in the human retina, and 
the highest rod density is found ~15–18° periph-
eral to the fovea, it was hypothesized that the 
reduction in foveal ChBF was a manifestation of 
ChBF regulation wherein blood was moved 
toward a retinal site with higher physiological 
activity and metabolic demand. Since retinal 
blood fl ow increases in darkness  [  77,   78  ] , pre-
sumably to support the metabolic needs of rod 
photoreceptors, and the photoreceptor “dark cur-
rent,” choroidal blood that nourishes photorecep-
tors from the scleral side may also move in the 
same direction, i.e., away from the fovea, toward 
the peripherally located rods in proportion to 
their activity. The reduction in the subfoveal 
ChBF during dark adaptation raised the possibil-
ity that choroidal blood was shunted radially out-
ward toward the paramacular annular zone that is 
densely populated by rod photoreceptors. 
Measurements of ChBF in perimacular regions 
during dark adaptation would be needed to con-
fi rm empirically the hypothesis of a redistribution 
of choroidal blood from cone-dominated to rod-
dominated areas in the retina. Figure  10.17  pres-
ents the graphical illustration of the changes in 
subfoveal ChBF as the retina transited from light 
to dark adaptation over a 26-min recording inter-
val. During dark adaptation, the subfoveal ChBF 
decreased by about 6% in the fi rst 10 min of dark 
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adaptation and then decreased rapidly by about 
11% within the next 8.5 min. Thereafter, the 
ChBF remained at a constant level of ~17% below 
the initial ChBF measurement in normal ambient 
lighting. The biphasic attenuation of the subfo-
veal ChBF during dark adaptation resembled the 
psychophysical dark adaptation curve for the 
human retina shown in the inset of Fig.  10.17 . 
 This likely was the fi rst study that raised the pos-
sibility of a correlation between the changes in 
the subfoveal ChBF during the switch from cone 
to rod vision in the human retina with the 
psychophysically measured changes in light 
detection thresholds across the retina as it 
changed from a light to dark-adapted state . 
Because the amplitude and timing of the rod-cone 
break in dark adaptation is strongly infl uenced by 
the level of light adaptation of the retina, and 
because blood fl ow changes likely precede per-
ceptual changes in light thresholds by yet 
unknown amounts, the degree and timing of the 
subfoveal ChBF changes in dark adaptation likely 

do not correlate perfectly with the subjective 
measurements of retinal dark adaptation. 
 Nonetheless, the objective quantifi cation of blood 
fl ow changes that may precede functional changes 
in vision could provide signifi cant advantages in 
the differential diagnoses for photoreceptor dys-
function, neuronal atrophy, and ultimately per-
manent vision loss. Further research is required 
to evaluate the clinical utility of this objective 
procedure for subfoveal changes in the ChBF 
during dark adaptation .   

    10.7.4   Protracted Blue Flicker 

 Recent studies reported that fl icker stimulation of 
the retina increased blood fl ow in the retinal vas-
culature and the ONH  [  79–  81  ] , but not in the 
choroid  [  82,   83  ] . It was rationalized that the 
absence of blood fl ow change in the choroid 
meant that it was independent of changes in reti-
nal metabolism. 
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  Fig. 10.17    Group-averaged subfoveal ChBF as a func-
tion of time into dark adaptation. ChBF was measured by 
NI-LDF. The dim speckle appearance of the probing laser 
beam does not affect dark adaptation of the retina. In the 
fi rst 6 min, the ChBF decreased by about 6%, and then by 
another ~11% during the remaining time. The  dashed 
biphasic line  has been drawn to show the resemblance 
between the change in the subfoveal ChBF in dark adapta-
tion and the psychophysically measured dark adaptation 

curve (see  Inset ). A linear regression model through the 
data points confi rmed the reduction in ChBF throughout 
dark adaptation. The reduction in subfoveal choroidal 
blood suggests a routing of this blood outward toward 
retinal zones with increasing metabolic needs. Rod photo-
receptors populating the perifoveal retinal zones are phys-
iologically logical recipients of the subfoveal blood 
shunted to eccentric retinal sites because of their increas-
ing metabolic requirements       
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 Of particular importance in evaluating these 
data is the fact that these studies used fl icker 
composed of wavelengths that included all or 
large parts of the photopic spectral sensitivity 
curve. Such fl icker would have activated the 
blue-, green-, and red-sensitive cones (or short-, 
medium-, and long-wave-sensitive cones) in pro-
portion to their respective spectral response pro-
fi les  [  74  ] . Anatomically, the “green” and “red” 
cones are mainly located in the foveal zone, while 
the “blue” cones are found in highest density out-
side the fovea in a ~5° perifoveal ring, and in half 
the density in a second ring that extends a further 
10° outward. By population, ~64% of cones are 
red, ~32% green, and ~2% blue. The spectral 
property of the fl icker used in those studies allows 
a prediction that the foveal retina would likely 
have been stimulated most strongly, followed by 
the perifovea, and then the more peripheral retina 
to the lowest degree. This differential stimulation 
across the retina has particularly important impli-
cations for predicting the retinal zones where the 
most signifi cant changes in blood fl ow could be 
expected to occur. 

 In a recent study, blue fl icker was presented 
over a broad luminance range to selectively stim-
ulate rods and short-wave cones  [  84  ] . The hypoth-
esis in that study was that narrowband blue fl ashes 
were more likely to activate rods populating the 
greater macular periphery, and therefore the sub-
foveal ChBF would be redistributed toward the 
retinal sites with greater metabolic activity. 
Subfoveal choroidal hemodynamics were quanti-
fi ed by LDF while the retina was stimulated by 
dim blue fl ashes delivered at low-to-high fre-
quencies and then step increments in luminance 
using the same frequency sequence. In the last 
stage of the experiment, the order of step changes 
in fl icker luminance was reversed, keeping the 
same order of increasing frequency. Flash ERGs 
elicited by the same wavelength (= 473 ± 11 nm) 
were subsequently recorded in response to a 
series of bright-to-dim and dim-to-bright blue 
fl ashes (over a 4.0-log range) to help explain the 
different ChBF responses. 

 The resulting data shown in the top graph in 
Fig.  10.18  revealed that blue fl icker with increas-
ing luminance steps caused a ~32% reduction in 

the subfoveal ChBF that was caused by a reduc-
tion in volume but no change in velocity. 
Surprisingly, the same fl icker frequencies with 
luminance steps presented in reverse order (high-
to-low) had no measurable effect on the ChBF, 
volume, or velocity. The absence of blood fl ow 
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  Fig. 10.18    The subfoveal ChBF as changed by shortwave 
narrow-bandpass fl icker.  Blue fl icker  with luminance 
increased from 0.0375 to 375 cd/m 2  in equal steps caused 
a linear reduction in the subfoveal ChBF due to a decrease 
in blood volume. In contrast, blue fl icker with changes in 
luminance delivered in reverse order stimulus, i.e., from 
375 to 0.0375 cd/m 2 , had no effect on the subfoveal ChBF       
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changes during the reversal in luminance steps 
appeared erroneous but was subsequently vali-
dated by fERGs. These electrophysiological 
indices of neural function provided objective 
measurements of changes in photoreceptor func-
tion that also explained the profi les of change in 
blood fl ow. Stated succinctly, blue fl ashes of 
increasing luminance elicited progressively 
larger rod-dominated retinal responses from the 
blue-sensitive rhodopsin containing rods 
(Fig.  10.19a ; blue recordings). Such fl ashes elic-
ited ERGs with a progressive increase in the 
b-wave component for each 1.0-log increase in 
fl ash luminance. At the highest fl ash luminance, 
rod activity was suppressed and only blue-sensi-
tive cones contributed to the fERG. As such, 
these fl ashes progressively increased metabolic 
activity in rods that populate the far macular 
zone and thereby drew blood away from the sub-
foveal choroid. In contrast, fl ashes of decreasing 
luminance fi rst strongly activated foveally 

located blue-sensitive cones with the brightest 
fl ash and subsequently had smaller effects on 
rods with decreasing fl ash luminance as is shown 
by the rapid attenuation of the fERG b-wave 
(Fig.  10.19b ; blue recordings). As the effect on 
rods was reduced, the fl ashes progressively 
increased their effect on centrally located photo-
receptors and thereby required the subfoveal 
ChBF to remain unchanged. The red recordings 
in Frames a and b show the ERGs elicited at each 
fl ash intensity at the end of each fl icker frequency 
series. A comparison of the red ERG recordings 
for identical fl ash intensities in Frame a vs. b 
reveals that the ERGs differed widely for the 
3.75 and 0.375 fl ash intensities. For example, in 
Frame a, a 0.375-cd/m 2  fl ash elicited virtually 
equal amplitude ERGs before and after the 
fl icker frequency series. In contrast, in Frame b, 
the same fl ash intensity presented after the fl icker 
frequency series elicited an ERG that was nearly 
extinguished.   
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  Fig. 10.19    Objective recordings of retinal responses to 
diffuse  blue fl ashes  of increasing luminance ( Frame a ) 
 vs . decreasing luminance ( Frame b ).  Blue traces  indicate 
ERGs recorded before the frequency fl icker series, while 
the  red traces  show ERGs taken after the fl icker series. 
These ERG waveforms confi rmed that the same stimuli 

could elicit different retinal responses (waveform, amplitude, 
and timing) if they were preceded by fl ashes presented in 
reverse order of luminance. These fi ndings supported the 
conclusion that blood fl ow measurements could also show 
opposite trends when the fl ash intensity series was pre-
sented in reverse order       
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 Overall, the blood fl ow fi ndings combined 
with the blue fERGs provided compelling evi-
dence that ChBF must have been shifted away 
from the subfovea, likely toward retinal regions 
with the highest metabolic activity, in this case 
toward eccentric rods because the stimulus wave-
length was selected to match the spectral sensi-
tivity of rhodopsin that is found exclusively in 
rods. Confi rmation that blood moves from the 
subfoveal choroid to the peripheral choroid dur-
ing a similar series of blue fl ashes would require 
simultaneous ChBF measurements in the periph-
ery and the subfovea, which is technically very 
challenging. The decrease in subfoveal ChBF 
during the blue fl ash stimuli that increased activ-
ity in rod photoreceptors parallels the progressive 
reduction in subfoveal ChBF measured during 
physiological dark adaptation of the retina where 
the site of increasing metabolic activity was 
increasingly far from the fovea, in the rod-domi-
nated zone of the far macula.   

    10.8   Aging 

    10.8.1   Structure 

 Normal aging is accompanied by a reduction in the 
number of arterioles and venules and an associated 
neural loss such as a dropout in retinal ganglion 
cells  [  85  ] . Along with this reduction in retinal ves-
sels, there is a modifi cation in the geometry of arte-
rial bifurcations that likely alters blood fl ow and 
leads to blood rarefaction of the microvasculature 
 [  86  ] . In addition to these changes in retinal vessels, 
the density and caliber of the vessels forming the 
choriocapillaris in the human macula also decrease, 
thereby causing a thinning of the choroid  [  87  ] . 
There is also a signifi cant reduction in the sympa-
thetic innervation to the choroid  [  88  ]  and a loss of 
endothelial cells in the choriocapillaris  [  89  ] . With 
normal aging, a thickening of Bruch’s membrane is 
known to occur  [  87,   89  ]  and is subject to accumula-
tion of cholesterol, particularly in the macular region 
 [  90  ] , thereby impairing normal diffusion of blood 
between the RPE and the choroid  [  91,   92  ] . All of 
these histological fi ndings are compatible with an 
alteration in ocular hemodynamics in senescence.  

    10.8.2   Blood Flow 

 Recent technological advances such as the RVA 
have led to noninvasive measurements of real-
time changes in retinal vessel diameter during 
fl icker. Using this technology, Polak et al.  [  93  ]  
recently reported that retinal vessels dilate in 
response to fl icker between 1 and 60 Hz. Shortly 
afterward, Nagel and Vilser  [  94  ]  reported on a 
clinically usable procedure for quantifying the 
degree of vasodilation in retinal arteries and veins 
during a 12.5-Hz fl icker. These latter studies 
formed the basis of a study that compared the 
timing and amplitude of change in retinal vessel 
caliber in healthy volunteers 20–80 years of age. 
In order to compare the degree of dilation between 
arteries and veins within and across subjects in 
different age groups, the data sorted by decade of 
life were normalized such that the prestimulus 
vessel diameter was designated as 100%, and 
subsequent changes in caliber were expressed as 
a percentage of that value. 

 The group-averaged maximal dilation for an 
artery and vein in response to 60 s of fl icker pre-
sented at 12.5 Hz was ~6% and ~8%, respectively. 
This difference in the degree of vasodilation 
between arteries and veins was maintained across 
all age groups from 20 to 80 years of age. However, 
the overall dilation measured in arteries and veins 
was less for the subjects in the 60- and 70-year 
age groups. A sample comparison of the vasodila-
tion/vasoconstriction response profi les to fl icker 
for a young and an elderly subject are presented in 
Fig.  10.20 . The outstanding difference in these 
response profi les was the delayed and slower 
vasoconstriction of both artery and vein during 
the recovery phase for the elderly subject. 
Consequently, neither vessel returned to baseline 
within the 60-s recovery phase.  

 The vasodilation to fl icker has been interpreted 
as a response to increased metabolic demand of the 
retina and hence a need for increased blood fl ow 
for more oxygen and metabolites needed to sustain 
neural activity. The failure of retinal arterioles to 
dilate as much as    the younger subjects may be 
attributed to a reduction in the amount of circulat-
ing substances such as NO with age or a dropout of 
muscle fi bers, thereby affecting the reactivity of the 



J.V. Lovasik and H. Kergoat206

vessels and its ability to vasodilate. Alternatively, 
because there is an attrition of photoreceptors with 
age, it is possible that the neural retinal response to 
standardized fl icker luminance was less in subjects 
over 60 years of age compared to younger subjects, 
thereby requiring a smaller increase in blood fl ow. 
Further studies are needed to determine the precise 
cause of these new fi ndings on retinal hemodynam-
ics in senescence. Whatever the reason for reduced 
arterial dilation, this vasomotor defi cit may be pro-
jected to blood fl ow in the brain and may also indi-
cate subtle subclinical cardiovascular defi cits in 
senescence. 

 At the structural level, retinal vessel diame-
ters were also measured in the same group of 
subjects in an effort to determine structural 
changes with age and to determine the correla-
tion between retinal hemodynamics and struc-
ture. The retinal vessel diameter was quantifi ed 
over a ~2,700- m m length to provide a more pre-
cise measure of age-related changes in vessel 
caliber because previous studies of vessel size 
were based on very narrow cross-sectional val-
ues. For the data presented in Fig.  10.21 , high-
resolution digital fundus images were fi rst taken 
with the Imedos Visualis system and then vessel 
diameters were quantifi ed with their VesselMap 

software. The group-averaged vessel diameter 
for paired arteries and veins for each age group 
in this study are presented in Fig.  10.21 . Overall, 
there is a trend for a reduction in diameter in 
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  Fig. 10.20    Representative retinal vessel dilation and 
recovery profi les in response to a 12.5-Hz fl icker in young 
( Frame a )  vs . elderly subjects ( Frame b ). Results from 
an ongoing study have revealed that retinal veins dilate 
biphasically as do arteries during fl icker, but veins dilate 
to a greater degree than arteries in both young and elderly 
subjects. Furthermore, both arteries and veins tend to 

dilate more in younger subjects than in the elderly. 
Interestingly, retinal arteries in younger subjects over-
shoot baseline diameter during the vasoconstriction 
recorded in the recovery phase, but arteries in elderly sub-
jects do not show such an overshoot in recovery. In fact, 
neither arteries nor veins in elderly subjects regain base-
line vessel diameter in the recovery interval       
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both arteries and veins for subjects between 20 
and 80 years of age. This narrowing of retinal 
vessels may be an adaptation for the concomi-
tant increase in the systemic BP and hence an 
increase in the OPP, although still within normal 
range. Inasmuch as all subjects were free of sys-
temic and ocular diseases, it was presumed that 
the decrease in vessel diameter was a response to 
increased OPP  [  95  ] .   

    10.8.3   Retinal Function 

 The normal aging process is accompanied by 
physiological decline in many organs, thereby 
decreasing the functional reserves and increas-
ing their susceptibility to disease. However, the 
boundary between the functional decline linked 
with aging and the development of pathology 
is not well described in a variety of ocular 
diseases. 

 Recent studies have concluded that aging 
 per se  is associated with a variety of signifi cant 
nonpathological changes in neural structure and 
function in the eye of healthy subjects. Speci-
fi cally, the function of all major retinal neurons, 
including rod and cone photoreceptors, bipolar/
Mueller cells, amacrine cells  [  96  ] , ganglion cells 
 [  97  ] , the retinal nerve fi ber layer  [  98  ] , and the 
retinal ganglion cell axons within the ONH  [  99  ] , 
is compromised in senescence. These fi ndings 
allow a distinction between the effects of normal 
aging and the onset of ocular pathology that 
occurs more frequently in the elderly. 

 While these fi ndings have defi ned the ana-
tomical and physiological changes in the aging 
eye, changes in the ocular blood fl ow associated 
with aging  per se  are yet to be quantifi ed. This 
identifi es an area of fundamental and clinical 
research that is essential for correctly diagnosing 
subclinical ocular pathology related to vascular 
dysfunction or impaired blood fl ow that occurs 
more frequently in the aging population. ARMD 
is a prime example of a prominent ocular disease 
thought to have a vascular origin. However, a 
correct diagnosis of the onset of any vascular 
disease of the eye must rule out any effects of 
normal aging on retinal or choroidal perfusion 

and abnormalities in the systemic vasculature 
that directly affect ocular blood fl ow. The work 
described above represents some of the fi rst ini-
tiatives to defi ne changes in vascular perfusion 
at different levels within the retina and their 
effect on neural function in the aging eye. 
Additional studies are required for a complete 
description of changes in neurovascular coupling 
as a function of age.       

 Abbreviations  

  ARMD    Age-related macular degeneration   
  BFE    Blue Field Entoptoscope   
  BP    Blood pressure   
  BPdiast    Diastolic blood pressure   
  BPmean    Mean systemic blood pressure   
  BPsyst    Systolic blood pressure   
  ChBF    Choroidal blood fl ow   
  CO 

2 
    Carbon dioxide   

  CP    Chromatic pulse   
  CPT    Cold pressor test   
  CRA    Central retinal artery   
  CRV    Central retinal vein   
  D    Diameter   
  FAZ    Foveal avascular zone   
  fERG    Flash electroretinogram   
  FPA    Fundus pulsation amplitude   
  HR    Heart rate   
  IOP    Intraocular pressure   
  ISCEV     International Society for 

Clinical Electrophysiology of Vision   
  LDF    Laser Doppler fl owmetry   
  NIR    Near infrared   
  NO    Nitric oxide   
  O 

2
     Oxygen   

  ONH    Optic nerve head   
  OPP    Ocular perfusion pressure   
  OPs    Oscillatory potentials   
  pERG    Pattern reversal electroretinogram   
  PO 

2
     Partial pressure for oxygen   

  POBF    Pulsatile ocular blood fl ow   
  Q    Blood fl ow   
  RPE    Retinal pigment epithelium   
  RVA    Retinal Vessel Analyzer   
  SaO 

2
     Saturation of oxygen   

  V    Velocity   
  VM    Valsalva maneuver    
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    11.1   Introduction 

 The local determinants of blood fl ow through 
the ocular circulations include both passive 
and active mechanisms. The most obvious 

passive mechanism is the compressing force 
exerted by the intraocular pressure (IOP) on 
the intraocular blood vessels, particularly the 
veins. By contrast, the active “local control” 
mechanisms in the ocular circulations are more 
diffi cult to defi ne. Based on other tissues with 
more accessible circulations, the possible local 
control mechanisms include vascular responses 
linked to nearby tissue metabolism (e.g., reac-
tive hyperemia, functional hyperemia, and 
autoregulation), transmural pressure (e.g., 
myogenic response, reactive  hyperemia, and 
autoregulation), shear stress (fl ow-dependent 
vasodilation), and intercellular conduc tion. 
The relative contributions of these active mech-
anisms in the ocular circulations are hard to 
defi ne given the complex vascular organization 
and relative inaccessibility. Ocular blood fl ow 
measurement is technically challenging, and 
discrete perturbations that elicit  unambiguous 
responses characteristic of a particular mecha-
nism in a single vascular bed are diffi cult to 
achieve. Eliminating confounding  neurohumoral 
inputs is a further, though not insurmountable, 
challenge. For these reasons, we can often infer 
that a blood fl ow response in an ocular circula-
tion is locally mediated, but the relative 
contributions of the underlying local control 
mechanisms are ill-defi ned. Nonetheless, there 
is evidence of local control behavior in the 
prelaminar optic nerve, choroid, retina, ciliary 
body, and iris.  
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  Core Messages 

 Local determinants of ocular blood fl ow 
include physical factors like arterial pressure 
and intraocular pressure, which determine 
the perfusion pressure across the ocular cir-
culations, and active mechanisms inherent 
to ocular blood vessels and their interaction 
with their immediate environment. Based on 
evidence from more accessible circulations, 
the possible active mechanisms include:

   Myogenic local control  • 
  Metabolic local control  • 
  Flow-mediated vasodilation  • 
  Flow control by intercellular conduction    • 
 There is evidence of local control in the 

ocular circulations, but which local mecha-
nisms are responsible and how they interact 
is still under investigation. 
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    11.2   Ocular Perfusion Pressure, 
IOP, and the Ocular Starling 
Resistor Effect 

 The arteriovenous pressure gradient and the  vascular 
resistance determine blood fl ow through a vessel or 
tissue circulation. For the ocular  circulations, the 
pressure gradients begin with the arterial pressure in 
the supply arteries (i.e., the central retinal artery, the 
short posterior ciliary arteries, the long posterior 
ciliary arteries, and the anterior ciliary arteries) and 
end with the venous pressures in the exiting veins 
(i.e., primarily the central retinal vein and the vortex 
veins). The vascular resistance is a function of the 
viscosity of the blood, and the net length, branching 
pattern, and cross-sectional area of the vasculature. 
In most organs, including the eye, the pressure drop 
from the systemic circulation to the capillary level 
indicates the small arteries and arterioles are the pri-
mary site of resistance. However, unlike most 
organs, the veins within the eye are exposed to a 
signifi cant compressing force, the intraocular pres-
sure (IOP), and so they behave as Starling resistors, 

i.e., the pressure in the veins just before they exit the 
eye must exceed the IOP or they collapse (Fig.  11.1 ) 
 [  1–  5  ] . Consequently, the effective venous pressure 
for the ocular circulations is the IOP. It is for this 
reason that the ocular perfusion pressure (OPP) is 
defi ned as the mean arterial pressure (MAP, at eye 
level) minus the IOP. From this defi nition, it follows 
that raising the IOP while holding MAP constant at 
different levels should generate a family of pressure-
fl ow curves, each going to zero when the IOP equals 
MAP, and that the family of curves should resolve 
into a single curve when fl ow is plotted as a function 
of OPP. This behavior has been demonstrated in the 
rabbit choroid (Fig.  11.2 ) and is assumed to be qual-
itatively similar in the other ocular circulations 
across species  [  6  ]  (Fig   .  11.3 ).     

    11.3   Types of Local Control 

 By defi nition, local control of blood fl ow refers 
to mechanisms intrinsic to the blood vessels 
and the adjacent parenchymal cells. These 
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  Fig. 11.1    Ocular Starling resistor. ( a ) Flow through a 
vessel is a function of the pressure gradient along the ves-
sel divided by the resistance. ( b ,  c ) If the vessel passes 
through an organ (e.g., an eye) with a low tissue pressure 
(e.g., IOP), the pressure inside the vessel exceeds the 
pressure outside the vessel (i.e., the transmural pressure 
gradient) and so the vessel remains distended. ( d ,  e ) If the 
tissue pressure is somewhat higher and begins to exceed 

the pressure at the lowest point inside the vessel (i.e., at 
the “venous” end), that region of the vessel will begin to 
collapse, which will increase the resistance to fl ow in that 
segment thereby raising the intravessel pressure until the 
transmural pressure is again slightly positive. ( f ) If the tis-
sue pressure exceeds the arterial input pressure, the vessel 
inside the organ will collapse completely, the resistance 
will be infi nite, and fl ow through the vessel ceases  [  5  ]        
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mechanisms include the myogenic local con-
trol, metabolic local control, fl ow-mediated 
vasodilation, and fl ow control by intercellular 
conduction. 

    11.3.1   Myogenic Local Control 

   “The muscular coat of the arteries reacts, like 
smooth muscle in other situations, to a stretching 
force by contraction. It also reacts to a diminution 
of tension by relaxation, shown, of course, only when 
in a state of tone. These reactions are  independent 

of the central nervous system, and are of a myo-
genic nature.” “The peripheral powers of reaction 
possessed by the arteries is of such a nature as to 
provide as far as possible for the maintenance of a 
constant fl ow of blood through the tissues supplied 
by them, whatever may be the height of the general 
blood-pressure, except in so far as they are directly 
overruled by impulses from the central nervous 
system.” (Baylis  [  7  ] )   

 As noted by Baylis over a century ago, vascu-
lar smooth muscle contracts in response to 
stretch and relaxes when imposed stretch is 
released, and this inherent property tends to 
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  Fig. 11.2    IOP effect on an ocular circulation. Traces 
show rabbit choroidal (primarily choriocapillaris) blood 
fl ow (choroid fl ux) and blood volume index (CMBC, con-
centration of moving blood cells) responses to raising IOP 
by intravitreal saline infusion (30  m l/min) while holding 
mean arterial pressure (MAP) constant at  » 80, 60, and 
40 mmHg. Blood fl ow ceases and blood is expelled (i.e., 

the vessels collapse) when the IOP reaches the MAP and 
the ocular perfusion pressure goes to zero. When the infu-
sion is stopped, the IOP spontaneously declines until the 
OPP is again greater than zero, then blood fl ow resumes 
and begins refi lling the vessels (Author’s observations 
using laser Doppler fl owmetry to measure choroidal blood 
fl ow)       
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with IOP and ocular perfusion pressure (MAP − IOP) in the 
rabbit. ( Left ) Choroidal blood fl ow response to increasing 
IOP at different MAP levels. Choroidal blood fl ow falls as 

IOP approaches the MAP and stops when IOP exceeds the 
MAP. ( Right ) The same data with choroidal blood fl ow plot-
ted against MAP − IOP. The curves superimpose showing 
that MAP − IOP is the effective ocular perfusion pressure  [  6  ]        
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 promote constant blood fl ow when the arterial 
segment of a vascular bed is exposed to changing 
arterial pressure. The myogenic mechanism, also 
called the myogenic response, has been demon-
strated in vessels from a wide variety of tissues 
and organs, including the eye (Fig.  11.4 ). In vitro 
experiments indicate that the myogenic response 
requires extracellular calcium but does not 
require an intact  endothelium (Fig.  11.5 ). The 
myogenic response is also relatively quick, 
occurring within seconds to minutes (Fig.  11.6 ).    

 In many tissues, blood fl ow remains relatively 
constant over a range of arterial pressure in the 
absence of any neurohumoral input – a phenom-
enon known as autoregulation. As noted by 
Baylis, the myogenic mechanism has the poten-
tial to help maintain blood fl ow if arterial pres-
sure changes, and there is ample evidence 
indicating a myogenic role in autoregulation 
 [  13  ] . However, the myogenic mechanism 
responds to stretch, or more specifi cally vascular 
wall tension, and consequently, it can also exac-
erbate the fl ow response to pressure change 
under some circumstances. For example, if 
venous pressure rises, upstream pressures also 
rise and trigger an arterial myogenic response 
such that the fall in blood fl ow due to the 
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  Fig. 11.4    Isolated human retinal arteriole cannulated 
with glass micropipettes. ( a ) The vessel was allowed to 
develop resting basal tone (35  m m internal diameter) at 
55 cmH 

2
 O intraluminal pressure. ( b ) Maximum diameter 

(55  m m internal diameter) of the vessel was established in 
Ca 2+ -free solution with 0.1 mM sodium nitroprusside  [  8  ]        
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 [  9,   10  ]        
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decreased perfusion pressure is worsened by the 
myogenic vasoconstriction  [  14  ] . Figure  11.7  
shows another example of myogenic nonauto-
regulatory behavior in a rat cremaster arteriole 
using the pressurized box preparation  [  15  ] . In 
this preparation, the animal is placed inside an 
airtight box and the cremaster muscle is exterior-
ized for viewing on an inverted microscope 
stage. When the box pressure is raised, there is 
an equivalent increase in arterial and venous 
pressures, thereby raising the transmural pressure 

without changing the perfusion pressure. This 
elicits a strong myogenic response and signifi -
cant decrease in blood fl ow.  

 As Fig.  11.7  shows, the myogenic response is 
robust but clearly does not deliberately maintain 
constant blood fl ow. For the specifi c case of 
changing arterial pressure, Johnson proposed that 
myogenic autoregulation can occur when arterial 
smooth muscle incorporates a sensor responsive 
to changing wall tension coupled in series with 
the contractile elements and moderate feedback 
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 arteriole constrictions to step increases in transmural pres-
sure of 10, 20, and 30 mmHg. Myogenic response rate and 
magnitude of vasoconstriction vary with location in vas-
cular tree and size of pressure step  [  11,   12  ]        
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simply contract back to its original length, since that would 

return the vessel to its original radius, resistance would be 
unchanged, and fl ow would increase. For fl ow to remain 
constant despite an increase in pressure, the muscle fi bers 
need to shorten to less than their prestretched length, so 
that the radius is less than control and resistance increases. 
With moderate feedback gain, the model predicts autoreg-
ulatory fl ow behavior. If the gain is too high, however, the 
model predicts “superregulation” where fl ow decreases in 
response to increased perfusion pressure  [  13,   16  ]        
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gain (Fig.  11.8 )  [  13,   16  ] . Such a regulatory feed-
back loop would permit the vessel radius adjust-
ments necessary to maintain fl ow when pressure 
changes (e.g., if arterial pressure increases, the 
arterial contraction must decrease the radius 
below control to maintain blood fl ow constant). 
Johnson also noted that in terms of homeostasis, 
the myogenic mechanism is better suited to regu-
lating tissue capillary hydrostatic pressure than 
blood fl ow (e.g., if arterial or venous pressure 
rises, arterial myogenic vasoconstriction in both 
cases would tend to preserve capillary hydrostatic 
pressure).   

    11.3.2   Metabolic Local Control 

 The basic premise of metabolic local control is 
that tissues regulate their blood fl ow to insure the 
delivery of nutrients and removal of waste in 
accordance with their metabolic requirements 
(Fig.  11.9 )  [  17  ] . The metabolic hypothesis 
assumes communication between parenchymal 
cells and the smooth muscle cells controlling the 
tissue vascular resistance (arterioles) and capil-
lary fl ow distribution (precapillary sphincters and 
pericytes)  [  18,   19  ] . Because most tissues utilize 
aerobic metabolism, the convective delivery of 
oxygen by blood fl ow to the tissue is often con-
sidered the regulated variable. If oxygen delivery 
decreases (e.g., due to a fall in arterial pressure) 

or oxy gen demand increases (e.g., increased neu-
ronal  activity), the parenchymal cells produce a 
vasodilatory signal that increases tissue blood 
fl ow and capillary perfusion such that oxygen 
delivery is again matched to oxygen demand. 
Conversely, if oxygen delivery exceeds demand, 
the parenchymal cells decrease production of the 
vasodilatory signal until delivery and demand are 
again matched. There are numerous vasodilator 
candidates linked to metabolism that can act as 
the feedback signal (e.g., adenosine, CO 

2
 , H+, 

lactate, etc.), and it is likely that all participate to 
a variable extent depending on the tissue. Because 
it is a vasoconstrictor, oxygen can also modulate 
local resistance in accordance with metabolic 
demand.  

 Several lines of evidence support the meta-
bolic local control hypothesis: reactive hyperemia 
(Fig.  11.10 ), functional hyperemia (Fig.  11.11 ), 
modulation of pressure-fl ow autoregulation by 
metabolic stimulation (Fig.  11.12 ), and hypoxic 
hyperemia (Fig.  11.13 ).      

    11.3.3   Flow-Mediated Vasodilation 

 In vitro and in vivo studies of large and small 
arteries show that fl ow elicits endothelium-
dependent vasodilation (Fig.  11.14 )  [  24–  28  ] . 

Pa Pv
JO2 VO2 VO2

Feedback signal?

  Fig. 11.9    Metabolic local control. Over the autoregula-
tory range of perfusion pressure ( P  

a
  −  P  

v
 , arterial pressure 

minus venous pressure), arterial resistance and the num-
ber of perfused capillaries are modulated by a feedback 
signal linked to oxygen delivery ( J  

O2
 ) and parenchymal 

metabolism (VO 
2
 )       

C 120

120C

  Fig. 11.10    Coronary reactive hyperemia. Blood fl ow 
overshoot in canine circumfl ex artery after release of 15 s 
( top ) and 30 s ( bottom ) arterial occlusions before ( left ) 
and 120 min after ( right ) administration of the nonselec-
tive adenosine antagonist, theophylline. Magnitude of 
postocclusion blood fl ow overshoot increases with occlu-
sion duration and is blunted by adenosine blockade  [  20  ]        
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  Fig. 11.11    Intestinal 
functional hyperemia. Blood 
fl ow ( Q  

b
 ) in an isolated loop 

of feline ileum before and 
after fi lling the lumen with a 
glucose solution. Oxygen 
consumption (VO 

2
 ) increased 

during glucose absorption, 
which was achieved by 
increased  Q  

b
  rather than 

increased arteriovenous 
oxygen extraction (A-VO 

2
 ). 

The increased  Q  
b
  was due to a 

decrease in vascular resistance 
( R  

t
 ) since arterial ( P  

a
 ) and 

venous ( P  
v
 ) pressures were 

unaltered  [  21  ]        
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The response appears to be mediated by shear 
stress exerted on the endothelial cells by the 
velocity and viscosity of blood moving within 
the vessel lumen (Fig.  11.15 ). The response is 
inhibited by indomethacin (Fig.  11.15 ) and 
nitric oxide synthase inhibitors, indicating that 
endothelial release of vasoactive prostaglandins 
and nitric oxide play a role in the response 
 [  29,   30  ] . The role of fl ow-mediated vasodilation 
in local control of tissue blood fl ow is complex 
since it has the potential to be inherently unsta-
ble (i.e., an increase in fl ow elicits a vasodila-
tion that causes a further increase in fl ow). 
However, the robustness of the response varies 
with location in the arterial tree and is likely 
modulated by metabolic and myogenic local 
control mechanisms.    

    11.3.4   Flow Control by Intercellular 
Conduction 

 One potential integrating mechanism for the vari-
ous local control mechanisms is intercellular 
communication along the arterial tree  [  31  ] . The 
evidence for this mechanism is the rapid propa-
gation of a focal vasodilation elicited by ionto-
phoretic application of acetylcholine (Fig.  11.16 ) 
 [  32  ] . The vasodilation spreads from one region of 
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an artery or arteriole to another. The fact that the 
vasodilation spreads past an upstream occlusion 
indicates that fl ow-mediated vasodilation is not 
involved. The propagated vasodilation is associ-
ated with a hyperpolarization of the endothelial 
cells  [  33  ]  (Fig.  11.17 ).     

    11.4   Ocular Local Control 

 The study of local control mechanisms in the 
ocular circulations is diffi cult because of the eye’s 
unique anatomy and the limitations of current 
blood fl ow measuring technology. Nonetheless, 
there are clear examples of local control phenom-
ena in each of the ocular circulations. 

    11.4.1   Optic Nerve Head (ONH) 

 Numerous studies show evidence of pressure-
fl ow autoregulation in the prelaminar ONH 
(Fig.  11.18 ). The autoregulatory behavior occurs 
in different species with blood fl ow measured 
with different techniques and perfusion pressure 
varied by changing IOP or blood pressure 
  [  34–  37  ] . However, the local control mechanisms 
responsible for this behavior are unclear, and all 
may contribute, though metabolic and myogenic 
seem most likely.  

 There are several pieces of evidence in favor 
of metabolic autoregulation. First, the optic nerve 
head undergoes a robust functional hyperemic 
response during retinal illumination with a fl ick-
ering light stimulus (Fig.  11.19 )  [  38  ] . The func-
tional hyperemia is linked to metabolism since it 
occurs in conjunction with a decrease in tissue 
PO 

2
  indicative of increased oxygen consumption 

and a rise in interstitial potassium concentration 
consistent with increased neuronal activity  [  39  ] . 
There is also an increase in local NO production, 
which presumably contributes, but the functional 
hyperemia persists despite inhibition of nitric 
oxide synthase  [  40  ] . The response is also modu-
lated by exogenous adenosine, but it is unclear 
whether endogenous adenosine is involved  [  40  ] . 
Second, the pressure-fl ow relationship is shifted 
upward during metabolic stimulation (Fig.  11.20 ) 
 [  41  ] . Interestingly, the breakpoint in the pres-
sure-fl ow relationship occurs at a higher perfu-
sion pressure than in control. This may be due 
to decreased action potentials arriving from the 
retina due to inadequate retinal perfusion, or the 
vasodilatory reserve may be exhausted sooner at 
the higher metabolic rate (i.e., the ONH arteri-
oles have a maximum achievable diameter, all of 
which is available to respond to decreased perfu-
sion pressure under control conditions, but less is 
available when doubly challenged by increased 
metabolism and decreased perfusion pressure). 
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Third, hyperoxia decreases ONH blood fl ow and 
hypoxia increases it (Fig.  11.21 )  [  42  ] . Lastly, 
the ONH appears to undergo a reactive hype-
remia following brief periods of ischemia, at 
least in some species (Fig.  11.22 )  [  41  ] . It seems 

to occur in cats, monkeys, and humans  [  43  ] , but 
the experiments were not designed specifi cally 
to study reactive hyperemia (i.e., the ischemic 
period duration was not varied systematically or 
performed at different levels of metabolic activ-
ity). These pieces of evidence are consistent with 
metabolic local control in the ONH.     

 There is also evidence against metabolic 
involvement in ONH local control, at least in the 
rabbit (Fig.  11.23 ). In that species, a 10-min 
period of relative ischemia did not elicit a reac-
tive hyperemic response, although there was clear 
evidence of autoregulation (i.e., the relative 
decrease in ONH velocity was much smaller than 
the relative decrease in perfusion pressure)  [  45  ] . 
Moreover, the speed of the autoregulatory 
response in the rabbit to a step-decrease in perfu-
sion pressure was quite rapid (<5 s), which seems 
fast for the accumulation of vasoactive metabo-
lites and perhaps more in keeping with a myo-
genic response (though the fl icker response, 
which is clearly metabolic, is also quite fast)  [  46  ] . 
The difference in the reactive hyperemic responses 
in the rabbit versus the cat and monkey may 
refl ect species differences, but more studies 
designed specifi cally to identify the local control 
mechanisms responsible for ONH autoregulation 
are clearly needed.   

    11.4.2   Choroid 

 In contrast to optic nerve head autoregulation, 
the evidence regarding choroidal autoregulation 
is less consistent. The advent of the microsphere 
technique in the eye  [  47  ]  in the early 1970s stim-
ulated several studies of choroidal blood fl ow 
responses to changing perfusion pressure, typi-
cally by raising IOP. In some cases, the results 
indicated no choroidal autoregulation, as in the 
cat study by Alm and Bill, while the results in 
another cat study by Weiter et al. indicated the 
choroid has autoregulatory ability (Fig.  11.24 ) 
 [  48,   49  ] . In another study by Alm and Bill, the 
results in primates were ambiguous (Fig.  11.25 ) 
 [  50  ] . Accounting for their use of femoral arte-
rial pressure as an index of ophthalmic artery 
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 pressure, the authors noted “If the line connect-
ing the values for the two eyes is extrapolated 
and then intercepts either the positive fl ow axis 
or the positive pressure axis below 25 cmH 

2
 O 

[18.4 mmHg] this suggests a vasodilation in the 
eye with reduced perfusion pressure.… Although 
some lines point toward the    positive fl ow axis 
the mean result does not indicate any marked 
reduction in vascular resistance in response to a 
reduction in perfusion pressure.” Using the 
authors’ defi nition, roughly half the animals 
autoregulated and the other half did not 
(Fig.  11.25 ). Given the lack of clear evidence of 
autoregulation, the authors concluded that the 
choroid was passive. Other studies came to a 
similar conclusion.   

 Stronger evidence of choroidal autoregulation 
came later from a series of studies in rabbits using 
a fi ber-optic-based laser Doppler fl owmeter 
(Fig.  11.26 )  [  6,   51,   52  ] . In those studies, the effi -
cacy of autoregulation depended on the method 
used to vary the perfusion pressure, i.e., autoreg-
ulation occurred over a wider perfusion pressure 
range when arterial pressure was manipulated 
without controlling IOP than when IOP was 
raised at a constant MAP. It was also noted that 
the effi cacy of choroidal autoregulation depended 
on the type of anesthesia, i.e., autoregulation 
occurred under pentobarbital anesthesia but was 
largely abolished by Nembutal, which contains 
40% propylene glycol and 10% alcohol  [  53  ] . 
Methodological issues such as these and others 
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may account for the discrepant fi ndings in the lit-
erature regarding choroidal autoregulation.  

 Unlike the optic nerve and retina, the choroid 
is richly innervated. Consequently, an interplay 
of local and neural control mechanisms is inher-
ent in the choroidal response to changing perfu-
sion pressure and designating the response as 
autoregulation (i.e., due solely to local control) 
may not be appropriate. For that reason, some 
authors prefer the term “baroregulation” when 
all regulatory mechanisms are intact and choroi-
dal blood fl ow does not change with perfusion 
pressure. However, it is possible to minimize the 
neural control contribution by systemic gangli-

onic blockade. In rabbits, this causes a slight 
downward shift in the choroidal pressure-fl ow 
relationship, but choroidal blood fl ow remains 
pressure-independent until perfusion pressure 
falls below approximately 40 mmHg  [  52  ] . This 
result indicates that the choroid is capable of 
autoregulation (Fig.  11.27 ).  

 Metabolic local control does not seem to play 
a role in choroidal autoregulation, since the chor-
oid does not respond markedly to retinal meta-
bolic stimulation by fl icker, or to hyperoxia or 
hypercapnia, though it does respond to hypocap-
nia (Fig.  11.28 )  [  54,   55  ] . The choroid also fails to 
undergo a reactive hyperemic response to brief 
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(Fig.  11.29 ) or long periods of ischemia  [  56  ] . 
Choroidal blood fl ow also does not increase (and 
may even decrease) when retinal oxygen con-
sumption increases in the dark such that the inner 
photoreceptor layer becomes nearly anoxic (see 
below). The apparent absence of choroidal meta-
bolic local control may be due to the high fl ow 
rate in the choroid and its anatomical organiza-
tion. Metabolic local control is thought to depend 
on metabolic vasodilators reaching the resistance 
vessels. The choroid itself has little parenchymal 
metabolism, so the source of metabolic vasodila-
tors would be the RPE and photoreceptors. The 
sheetlike choriocapillaris design is thought to 
optimize oxygen delivery and waste removal for 

the RPE and photoreceptors. If effi cient, the 
waste removal function of the choriocapillaris 
would preclude vasodilators from the RPE and 
photoreceptors from reaching the choroidal arte-
rioles. This is one plausible explanation for the 
lack of choroidal metabolic local control.   

 There is some evidence for choroidal myo-
genic local control, at least in the rabbit  [  51,   57  ] . 
To see if a myogenic mechanism could account 
for autoregulatory-like behavior in the rabbit 
choroid, Kiel and Shepherd created a mathemati-
cal model incorporating myogenic control of 
choroidal arterial resistance and passive (Starling 
resistor) control of choroidal venous resistance. 
The model simulated pressure-fl ow relationship 
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was similar to that found in vivo, suggesting that 
a myogenic mechanism could account for the 
autoregulatory-like behavior. Moreover, the 
model predicted decreased choroidal blood fl ow 
in response to increased perfusion pressure in 
conditions conducive to heightened wall tension, 
and similar responses were found in vivo. Thus, it 
appears myogenic local control may be operative 
in the choroid (Fig.  11.30 ).  

 As noted earlier, from a function perspective, 
the myogenic mechanism is better suited to reg-
ulating capillary hydrostatic pressure than blood 
fl ow. If so, a myogenic mechanism in the chor-
oid could help to stabilize blood volume during 
changes in arterial pressure and thereby mini-
mize arterial pressure-dependent fl uctuations in 
IOP. Consistent with this idea, normally the IOP 
rises a few mmHg in response to a 30–40-mmHg 
mechanically induced increase in arterial pres-
sure, but if vascular control is blocked with a 
systemic vasodilator, the IOP response to a simi-
lar arterial pressure increase is much greater  [  57  ] . 
This IOP protective response occurs during auto-
nomic blockade, so it has a local mechanism. If 
the arterial hypertension is neurally or humorally 
mediated, the local mechanism may augment 
the choroidal vasoconstriction relative to that 

occurring throughout the systemic circulation 
 [  58  ]  (Fig.  11.31 ).  

 A function proposed for the choroidal circula-
tion that may have a local component is retinal 
temperature regulation. Given the small amount 
of metabolically active tissue (i.e., heat generat-
ing) relative to the size of the globe, the tempera-
tures of the retina and the eye are primarily 
determined by the blood-borne convective heat 
delivery from the core and heat dissipation from 
the exposed ocular surface. As the largest of the 
ocular circulations, the choroid provides most of 
the convective heat delivery to the eye. In an 
environment cooler than core body temperature, 
the thermal gradient favors ocular heat loss; con-
versely, in a hot environment, the thermal gradi-
ent favors ocular heat gain. An additional source 
of heat gain is light absorption in the pigmented 
RPE and choroid. Given these thermodynamic 
parameters, it follows that eye temperature will 
fall if ocular blood fl ow is reduced in a cold envi-
ronment, or rise if the environment is hot. If the 
temperature outside the eye is the same as core 
body temperature, stopping ocular blood fl ow 
will not change retinal temperature. 

 Parver et al. reported results from two mon-
keys in which raising IOP above systolic blood 
pressure decreased the temperature of a thermis-
tor inside a 23-gauge needle inserted in the ret-
ina-choroid by 1–1.2°C  [  59  ] . The temperatures 
of the environment, the saline drip on the cornea, 
and the infusate used to raise IOP were not pro-
vided so the thermal gradients are unclear. Given 
that the retina-choroid temperatures were mea-
sured at the macula where the thermal gradient 
should be dominated by the temperature of the 
orbit, the magnitude and speed (i.e., “not less 
than one minute after alteration of the pressure”) 
of the retina-choroid temperature decreases sug-
gest that the thermal gradient to the exposed ante-
rior eye surface must have been quite large. In the 
same two monkeys, exposure of the cornea to 
1.09 mW/cm 2  of light caused an increase in ret-
ina-choroid temperature of  » 0.9°C when the IOP 
was set at 20 mmHg, which increased another 
 » 0.8°C when IOP was raised above systolic blood 
pressure. 
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 Based on these results, the authors suggested 
“that the high fl ow choroidal circulation normally 
functions to stabilize the temperature environ-
ment of the retinal pigment epithelium and outer 
retinal layers.”  [  59  ]  A problem with this sugges-
tion is that the temperature of choroidal blood is 
set by the core body temperature, which can vary 
signifi cantly. For example, walking for 30 min in 

a cool environment followed by walking for 1 h 
in a hot environment can raise core body temper-
ature by 3.5°C (Fig.  11.32 )  [  60  ] . Thus, in addi-
tion to the thermal gradient mentioned earlier, the 
ability of the choroid to stabilize retinal tempera-
ture depends greatly on whole-body thermo-
regulation. Moreover, the 0.9°C increase in 
retina-choroid temperature upon light exposure 
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with IOP at 20 mmHg suggests that choroidal 
blood fl ow does a poor job of stabilizing retinal 
temperature. Indeed, some of that increase in 
temperature may have been a light-induced refl ex, 
since Parver et al. found that light applied to the 
contralateral eye increased ipsilateral retina-
choroid and scleral temperature as well as an 
index of choroidal blood fl ow; the refl ex presum-
ably also works when the ipsilateral eye is light-
exposed  [  61  ] . Such a refl ex suggests that choroidal 

blood fl ow is not regulated to maintain retinal 
temperature.   

    11.4.3   Retina 

 Evidence of retinal autoregulation comes from 
different species using various blood fl ow mea-
suring techniques and methods of perfusion 
 pressure manipulation (Fig.  11.33 ). Retinal 
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 auto regulation is perhaps not surprising given the 
lack of autonomic innervation and the metabolic 
needs of the retina. However, local control in the 
retina is by no means simple. In many species, 
retinal nutrient delivery and waste removal are 
provided by retinal and choroidal circulations, 
but some species have a negligible retinal circu-
lation (e.g., rabbits) and others have none (e.g., 
guinea pigs), and the fovea region of primates 
lacks retinal vessels despite its high density of 
metabolically active photoreceptors. Clearly, the 
link between retinal perfusion and metabolism 
is complex and varies by species and location, 
which makes understanding metabolic local con-

trol  diffi cult. The negative visual consequences 
of retinal edema underscore the likely importance 
of myogenic local control, but this mechanism is 
diffi cult to study in the in vivo retina though it 
is evident under in vitro conditions (Fig.  11.4 ). 
The contributions of fl ow-mediated vasodilation 
and intercellular conduction are even harder to 
study and less well understood. Thus, while the 
evidence for retinal metabolic local control pre-
dominates, the other forms of local control may 
contribute as well.  

 A counterintuitive phenomenon in the retina 
is that its oxygen consumption increases in the 
dark due to increased Na/K ATPase activity 
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 [  65,   66  ] . In species with a dual retinal blood sup-
ply (i.e., retinal and choroidal circulations), the 
dark-stimulated increase in oxygen consumption 
is suffi cient to lower the PO 

2
  of the photorecep-

tor inner segments to near zero (Fig.  11.34 )  [  67, 
  68  ] . There is a corresponding increase in glucose 
consumption in approximately same location in 
the dark, and retinal blood fl ow is also higher in 
the dark  [  69  ] . This behavior appears to be an 
example of functional hyperemia, even though 
the metabolic action is occurring in the outer 
retina while the blood fl ow action is in the inner 
retina.   

 A clearer example of functional hyperemia is 
the retinal response to fl ickering light stimulation. 

In this case, the increase in retinal blood fl ow is 
associated with increased oxygen consumption 
indicated by the arteriovenous oxygen difference 
in paired retinal arteries and veins as well as 
increased glucose consumption in the inner retina 
 [  69–  71  ] . Interestingly, there appears to be the 
greatest increase in retinal blood fl ow in the area 
with the highest density of ganglion cells, consis-
tent with a link between metabolic demand and 
perfusion  [  71  ] . Additional evidence indicating 
signifi cant retinal metabolic local control include 
the increase in retinal blood fl ow in response to 
hypoxia  [  72  ]  and hypercapnia  [  73  ]  as well as the 
decrease in blood fl ow in response to hyperoxia 
 [  74,   75  ]  (Fig.  11.36 ) and the reactive hyperemia 
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after brief (Fig.  11.29 ) and long periods of 
 ischemia (Fig.  11.37 )  [  56  ] . Surprisingly, the reti-
nal pressure-fl ow relationships under light- and 
dark-adapted conditions have not been deter-
mined, but it seems likely that the dark-adapted 
curve would be shifted upward due to the height-
ened oxygen consumption. Similarly, reactive 
hyperemic responses to brief ischemic periods 
would be expected to be larger in the dark 
(Fig.  11.35 ).    

    11.4.4   Ciliary Body 

 While the retina has essentially one function 
(processing light information for the central ner-
vous system) with a dual blood supply, the ciliary 
body has two functions (accommodation and 
aqueous secretion) with a single blood supply. 
Distinguishing between ciliary muscle and secretory 

tissue is fairly straightforward by histology, but 
diffi cult in vivo, and measuring the blood fl ow to 
the two tissue types is even harder. Microsphere 
measurements at normal and high IOP suggest 
that both ciliary muscle and ciliary processes 
autoregulate, but the measurements vary widely, 
perhaps due to the small number of spheres that 
can be trapped in such a small amount of tissue 
(Fig.  11.38 ).  

 Laser Doppler fl owmetry measurements in the 
rabbit also show evidence of ciliary autoregula-
tion. However, it is also clear that the ciliary cir-
culation is under neural control since ganglionic 
blockade caused an upward and leftward shift in 
the pressure-fl ow relationship indicative of tonic 
neuroconstrictor tone (Fig.  11.39 ). This is an 
interesting example of the interplay between neu-
ral and local control. Ciliary blood fl ow provides 
the oxygen and nutrient delivery to support aque-
ous production, and ciliary blood fl ow can 
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  Fig. 11.36    Feline retinal blood fl ow responses in cats 
consistent with metabolic local control. Retinal perfusion 
decreases during hyperoxia ( top left  and  right ) and 

increases during hypoxia ( bottom left ) and hypercapnia 
( bottom right )  [  72–  75  ]        
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decrease approximately 30% before aqueous 
 production is compromised under control condi-
tions. It may be this perfusion reserve that makes 
possible the constrained autoregulatory range 
seen when both neural and local controls are 
operative. The local mechanisms involved in cili-
ary autoregulation have not been investigated 
systematically, but the author has rarely seen fl ow 
behavior suggestive of metabolic local control. 
For example, ciliary blood fl ow does not undergo 
a reactive hyperemic response following periods 
of ischemia (Fig.  11.40 ).    

    11.4.5   Iris 

 There are few published studies of iris blood 
fl ow in animals. Microsphere measurements in 
 monkeys suggest the iris autoregulates, but the 
measurements were quite variable (Fig.  11.40 ). 
Laser speckle fl owgraphy measurements in pig-
mented rabbits suggest little iris autoregulatory 
ability (Fig.  11.41 ). In humans, iris blood fl ow 
also does not seem to be autoregulated, but curi-
ously, there is evidence of iridial reactive hyper-
emia  [  77  ] . Given the limited number of studies, 

defi nitive comments on iris local control require 
additional data.    

    11.5   Caveats 

 Defi ning local control behavior and identifying the 
underlying mechanisms and their interactions are 
challenging even in more accessible vascular beds, 
but it is particularly hard in the ocular circulations. 
Local control clearly occurs in the eye, and further 
study will broaden our knowledge of its role in 
normal ocular function and disease. Until then, 
attempts to manipulate ocular local control phar-
macologically should be done cautiously. If “vas-
cular dysregulation” does in fact contribute to a 
pathologic process, giving a vasodilator or vaso-
constrictor that overrides any remaining local con-
trol may be detrimental in the long term.  

    11.6   Summary for the Clinician 

 Normal ocular metabolism and function depend 
on an appropriate blood supply for oxygen and 
nutrient delivery, tissue hydration, and waste 
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  Fig. 11.37    Reactive hyperemia response in rat retina after 1 h of ischemia is attenuated by adenosine receptor blockade 
with 8-sulfophenyltheophylline ( 8-SPT )  [  56  ]        
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removal. The adequacy of ocular blood fl ow is 
determined by physical factors (the arterial pres-
sure and IOP) and the interplay between neu-
rohumoral and local control mechanisms. 

Determining which local mechanisms are opera-
tive is diffi cult, but their potential contributions 
to ocular health, disease, and treatment should 
always be a consideration.      
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    12.1   Overview of Ocular Blood 
Supplies and Their Neural 
Control 

 The eye possesses several    major vascular beds, 
including those of the retina, the optic nerve, the 
ciliary body, and the iris. The retina itself has two 
vascular supplies in most mammalian species, 
the choroidal vasculature and the vessels of the 
inner retina  [  37  ] . The choroid accounts for >85% 
of the blood supply to the retina and all of the 
blood supply to the retinal pigment epithelium 
(RPE) and photoreceptors  [  33,   37  ] . These blood 
vessels are innervated by parasympathetic, sym-
pathetic, and sensory nerve fi bers, and they are 
thus under neural control. The blood supply to 
the choroid arises from the ophthalmic branch of 
the internal carotid artery, via the long and short 
ciliary arteries (Fig.  12.1 ). At one time, it was 
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  Core Messages 

    Neural regulation of ocular blood fl ow • 
is mediated by parasympathetic, sympa-
thetic and sensory innervation of ocular 
and orbital blood vessels.  
  The parasympathetic, and sympathetic • 
inputs to ocular vessels are controlled 
by central nervous system circuitry that 
is responsive to interoceptive and extero-
ceptive stimuli.  
  The parasympathetic input to choroid • 
appears to maintain high ocular blood 
fl ow during low systemic blood pres-
sure, and may also mediate increased 
blood fl ow in response to increased reti-
nal activity.  
  The sympathetic input to choroid appears • 
to prevent excessive ocular blood fl ow 
during systemic hypertension.  

  Impaired autonomic control of choroi-• 
dal blood fl ow leads to retinal pathology 
and dysfunction.  
  Impairments in the neural control of • 
choroidal blood fl ow occur with aging, 
and various ocular or systemic diseases 
such as glaucoma, age-related macular 
degeneration, hypertension and diabetes, 
and such impairments in neural control 
of choroidal blood fl ow may contribute 
to retinal pathology and dysfunction in 
these diseases and conditions.    
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thought that choroidal blood fl ow was so great 
that it did not need to be regulated  [  33,   37  ] . As 
will be discussed below, despite the high fl ow 
rate in the choroid, it clearly is and does need to 
be adaptively controlled. The remainder of the 
blood supply to the retina is via the central retinal 
artery, whose branches radiate from the optic 
nerve head onto the inner retinal surface and then 
give rise to branches that penetrate into the retina 
through the depth of the inner nuclear layer, and 
supply blood to the inner layers of the retina 
(approximately its inner two-thirds)  [  10  ] . In some 
mammalian groups, the retinal vessels are sparse 
(such as rabbits), and in some groups of verte-
brates with large eyes and acute vision, retinal 
vessels are altogether lacking (e.g., birds). Birds 
do possess a highly vascularized comb-shaped 
structure called the pecten that extends into the 
vitreous and may diffuse nutrients to the inner 
retina via the vitreous  [  234  ] . The retinal vessels 
in mammals and the pecten vessels in birds are 
themselves not innervated, but the central retinal 
artery is innervated by parasympathetic, sympa-
thetic, and sensory nerve fi bers, as discussed in 
more detail below. The central retinal artery 
(which arises from the ophthalmic artery) is also 
the blood supply of the optic nerve, and the post-
laminar part of the optic nerve head in mammals 
additionally receives contributions from the short 
ciliary arteries that supply the choroid (Fig.  12.2 ). 
The same is true of the laminar part of the optic 
nerve. By contrast, the prelaminar part of the 
optic nerve head is supplied by the central retinal 
artery and by the choroid, the latter of which is as 
well innervated by parasympathetic, sympathetic, 

and sensory nerve fi bers. Thus, the blood supply 
to the optic nerve and optic nerve head is under 
neural control, and fl ow to the retinal and pecten 
vessels may be under indirect neural control via 
the control exerted at the level of the central reti-
nal artery, short ciliary arteries, and choroid. The 
ciliary body and iris receive their blood supply 
from the long posterior ciliary arteries (which 
arise from the ophthalmic artery) and the anterior 
ciliary artery branches from the blood supply to 
the extraocular muscles (Fig.  12.3 ), and the feed-
ing vessels and arteries within both ciliary body 
and iris are innervated and subject to autonomic 
and sensory control, as discussed below  [  37  ] . The 
iris and ciliary body are components of the uveal 
tract of the eye, to which the choroid also belongs. 
Finally, the extraocular parts of the major orbital 
vessels (ophthalmic and the long and short ciliary 
arteries) also are typically innervated by para-
sympathetic, sympathetic, and trigeminal nerve 
sensory fi bers, as are the blood vessels supplying 
the various orbital glands.     

    12.2   Neural Control of Optic Nerve 
and Retinal Blood Flow 

 The ophthalmic artery in rat is innervated by: (1) 
parasympathetic fi bers containing the vasodila-
tory neuropeptide vasoactive intestinal polypep-
tide (VIP) and containing the neuronal form of 
nitric oxide synthase (nNOS), which is responsi-
ble for synthesizing the gaseous neurotransmitter 
and vasodilator nitric oxide (NO); (2) sympa-
thetic nerve fi bers containing the enzymes for 

  Fig. 12.1    Schematic of ophthalmic artery in human and 
its arterial branches for the right eye. Schematic ( a ) is 
from Oyster  [  266  ] , Fig. 6.8. Blood is supplied to the eye 
by the central retinal artery, the posterior ciliary arteries, 
and the rectus muscle branches that give rise to the ciliary 
arteries. Other orbital arteries pass through the orbit to 
supply structures outside the orbit, some of which also 
give rise to intraorbital branches in passing (such as glan-
dular branches). Schematics ( b  and  c ) show the posterior 
ciliary artery and its branches in human (Redrawing based 

on  [  266  ] , Fig. 6.15). The medial and the lateral posterior 
ciliary arteries typically arise from the ophthalmic. Small 
branches from the posterior ciliary arteries that penetrate 
the sclera around the optic nerve are the short posterior 
ciliary arteries, while the main posterior ciliary arteries 
continue as the medial and lateral long posterior ciliary 
arteries.  MR  medial rectus,  SO  superior oblique,  IR  infe-
rior rectus,  IO  inferior oblique,  SR  superior rectus,  LR  
lateral rectus,  lev  levator palpebrae (Drawings by 
N. Guley)       
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producing noradrenaline and the vasoconstric-
tory neuropeptide Y (NPY); and (3) sensory 
nerve fi bers derived from the trigeminal nerve co-
containing the neuropeptides substance P (SP) 
and calcitonin gene-related neuropeptide (CGRP) 
 [  27,   76  ] . All of the nNOS+ parasympathetic 
fi bers but not all of the VIP+ fi bers arise from the 
pterygopalatine ganglion (PPG, also known as 
the sphenopalatine ganglion), which receives its 
preganglionic input from the superior salivatory 
nucleus of the facial motor complex, and the 
NPY+ sympathetic fi bers arise from the superior 
cervical ganglion  [  76  ] . The PPG nerve fi bers to 
the orbit appear to be cholinergic as well  [  71  ] . 
The facial parasympathetic input to orbital and 
ocular vessels in both mammals and birds actu-
ally arises from a set of distributed ganglia along 
the course of the preganglionic nerve to the PPG 
(the greater petrosal in mammals) and along the 
course of the plexus of postganglionic nerves that 

enter the eye (Fig.  12.4 ), with the main ganglion 
located behind the eye  [  63,   194,   357  ] . In mam-
mals, it is the largest of these at the rear of the 
orbit that is commonly referred to as the PPG, 
but for simplicity, we will refer to all of these as 
the PPG. The sympathetic nerve fi bers innervat-
ing the ophthalmic and ciliary arteries constrict 
these vessels by releasing noradrenaline, which 
acts on the vascular smooth muscle via alpha-
adrenergic receptors  [  367  ] . In general, adrener-
gic receptors on ocular blood vessels are 
alpha-adrenergic  [  37  ] . SP and CGRP are potent 
vasodilators that work, in part, by stimulating 
vasodilator release from the vascular endothe-
lium, notably NO  [  163  ] . The innervation of the 
ophthalmic artery and its derived ocular branches 
is similar in other mammalian species, and in 
avian species as well  [  63,   346  ] .  

 The central retinal artery, which arises from the 
ophthalmic artery in mammals, and its small 
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  Fig. 12.2    Schematic of the 
central retinal artery, and the 
optic nerve and nerve head 
blood supply in human 
(Redrawing based on  [  266  ] , 
Fig. 6.23). The central core 
of the optic nerve is supplied 
and drained by the central 
retinal artery and vein, 
respectively. The more 
peripheral portions of the 
nerve and nerve head are 
supplied by the short 
posterior ciliary arteries and 
their branches. The laminar 
part of the optic nerve is also 
supplied from central retinal 
artery and the short posterior 
ciliary arteries. By contrast, 
the prelaminar part of the 
optic nerve head is supplied 
from the central retinal artery 
and the choroid (Drawings 
by N. Guley)       
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branches within the optic nerve behind the lamina 
cribrosa have been shown to be innervated by VIP+ 
and nNOS+ facial parasympathetic, NPY+ nora-
drenergic sympathetic, and CGRP+ trigeminal 
sensory nerve fi bers in diverse primate, carnivore, 

lagomorph, and rodent species  [  27,   37,   73,   197, 
  403  ]  (Laties and Jacobowitz 1966). The small 
vessels of the optic nerve behind laminar cribrosa 
also have VIP+ fi bers, but none of these parasym-
pathetic nerve fi bers enter the eye  [  403  ] . Similarly, 
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  Fig. 12.3    Schematic of anterior 
uveal vessels in human 
(Redrawing based on  [  266  ] , Figs. 
6.12a and 6.14b). Schematic ( a ) 
depicts the arterial supply, while 
( b ) depicts the venous drainage. 
After passing over the rectus 
muscles, the anterior ciliary 
arteries branch. One set, the 
episcleral arteries, remains on the 
ocular surface, while the other set 
perforates the sclera and travels 
to the ciliary body. The major 
arterial circle of the ciliary body 
gives rise to the arteries to the iris 
and the ciliary processes. The 
episcleral efferent veins receive 
blood from the ciliary muscle 
(the ciliary plexus), the limbus 
(the intrascleral plexus), the 
conjunctiva, and the cornea 
arcades (Drawings by N. Guley)       
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in monkeys and rats, the central retinal artery 
(and its smaller offshoot vessels behind the lam-
ina cribrosa) possesses sensory trigeminal fi bers 
co-containing SP/CGRP+ but not its extension 
into the eye as the retinal vasculature  [  192,   403  ] . 
The choroidal contributions to the prelaminar 
part of the optic nerve also are innervated by 
parasympathetic, sympathetic, and sensory nerve 
fi bers. Bergua et al.  [  27  ]  have further shown for 
rat that NOS+ fi bers are present on blood vessels 
of the optic nerve head. These anatomical fi nd-
ings imply neural control of blood fl ow in the 
optic nerve and in the pre- and postlaminar parts 
of the optic nerve head. While the central retinal 

artery enters the eye and ramifi es into the retinal 
vessels, the general view is that innervation of the 
central retinal artery does not extend into or 
beyond the optic nerve head itself  [  137  ] . Thus, 
retinal vessels are not directly controlled by auto-
nomic or trigeminal nerve fi bers. Retinal vessels, 
however, appear to be similar to vessels that enter 
the brain parenchyma – they do not need to be 
neurally controlled since local metabolic cou-
pling may help them match blood fl ow to local 
retinal need  [  83,   403  ]  (Takano et al. 1995). 
Moreover, retinal blood fl ow has been shown to 
compensate well for reductions in ocular perfu-
sion pressure (a phenomenon called autoregula-

Internal
ethmoidal

artery

Ciliary
artery

Ciliary
ganglion

Eye

V-1

3

3

2

1

Vidian
nerve

V-2

Internal
maxillary

artery

Pterygopalatine
ganglion

  Fig. 12.4    Figure 1 modifi ed from Lin et al.  [  202  ] , showing 
the PPG (and one of its constituent accessory microganglia) 
and its nerve pathways to eye in cats. The rete mirabile is 
cut away to allow visualization of the fi ber pathways of the 
PPG. The PPG nerves are represented by  thick black lines , 
and the plexus of fi ne nerve fi bers in arterial walls is indi-
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three pathways from the PPG to the eye: 1 – nerves that 
traverse the rete mirabile and travel to the eye on blood 
 vessels and as small nerves, 2 – nerves traveling along the 

inferior optic nerve sheath and into the eye via the ciliary 
nerves and arteries, and 3 – nerves traveling with terminal 
branches of the nasociliary nerve, and to the eye via the cili-
ary nerves and ciliary arteries. The  thin dashed lines  show 
the limits of the extraocular muscle cone, which is omitted 
for simplicity.  V-1  ophthalmic nerve,  V-2  maxillary nerve; 
Vidian nerve – nerve of the pterygoid canal. Note the Vidian 
nerve is formed by the union of the facial preganglionics of 
the greater petrosal nerve and the superior cervical post-
ganglionics of the deep petrosal nerve       
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tion), down to perfusion pressure as low as about 
30 mmHg, in rabbits, cats, pigs, and monkeys 
 [  10  ] . The retinal autoregulation is presumably 
effected by local myogenic or metabolic mecha-
nisms. Optic nerve head blood fl ow has also been 
shown to be regulated in response to ocular per-
fusion pressure variation in monkeys and humans 
 [  10  ] . The possibility that retinal vessels in at 
least some species are innervated to some small 
extent is raised by the fi nding of Bergua et al. 
 [  27  ]  that some retinal vessels are innervated in 
rabbits. 

 Consistent with facial nerve innervation of 
optic nerve blood vessels, facial nerve activation 
in monkeys and cats was found to yield increased 
optic nerve blood fl ow, but retinal blood fl ow did 
not increase with such activation  [  252  ] . The 
increases in optic nerve blood fl ow could be pre-
vented with blockade of transmission through 
the PPG by the neuronal nicotinic receptor 
antagonist hexamethonium (a general blocker of 
transmission through autonomic ganglia). 
Nilsson  [  255  ]  reported, however, that facial 
nerve stimulation in rabbits does increase blood 
fl ow in retinal vessels, and this effect could be 
blocked with NOS inhibition. Thus, PPG-
mediated increases in central retinal artery fl ow 
can have an impact on retinal fl ow in at least 
some species under some conditions. Consistent 
with parasympathetic control of the central reti-
nal artery blood fl ow, Toda et al.  [  368  ]  showed 
that activation of the perivascular nerve plexus 
on the central retinal artery in dogs (with topical 
nicotine) results in NO-dependent vasodilation. 
Endothelial NO release appears, in part, to 
underlie the role of NO in optic nerve head vaso-
dilation  [  350  ] . Further evidence shows that optic 
nerve head blood fl ow is also strongly modulated 
by NO. For example, Luksch et al.  [  211  ]  showed 
that systemic inhibition of NO production in 
humans decreases optic nerve head blood fl ow 
(as measured by laser Doppler fl owmetry or 
LDF). Similarly, inhibitors of NOS such as 
LNAME diminish optic nerve head blood fl ow in 
rabbits  [  120,   350  ]  and reduce visually evoked 
potentials  [  120  ] . Conversely, oral administration 
of the NO donor ISMO (5-isosorbide mononi-

trate) increases optic nerve head blood fl ow in 
humans  [  128  ] . Basal sympathetic vasoconstric-
tory tone of optic nerve head vessels is evidenced 
by the fi nding that alpha-adrenergic blockade 
with bunazosin increases optic nerve head blood 
fl ow in rabbits  [  120  ] . 

 Optic nerve and optic nerve head blood fl ow 
is regulated in response to ocular perfusion pres-
sure, and fl icker-induced retinal activity  [  80, 
  246,   294 ,  389  ] . Such regulation is important 
potentially in the etiology of glaucoma, since 
autoregulation of optic nerve head blood fl ow 
(maintenance of stable fl ow despite fl uctuation 
in perfusion pressure) is defective in primary 
open angle glaucoma and normotensive glau-
coma  [  137  ] . It may be that endothelially or neu-
rally derived factors such as NO or noradrenaline 
play a role in the normal vascular autoregulation 
observed in the optic nerve and optic nerve head 
during fl uctuations in ocular perfusion pressure. 
Studies in rabbits  [  264  ] , in fact, show that the 
vasodilatory optic nerve head vascular autoreg-
ulation in response to perfusion pressure reduc-
tions caused by IOP elevation and the increased 
optic nerve head fl ow caused in cats by fl icker 
are mediated by NO. Given the possible con-
tributory role of defective optic nerve head 
blood fl ow and its regulation in primary open 
angle glaucoma and normotensive glaucoma 
 [  137  ] , the above-noted vasodilatory effect of 
ISMO on optic nerve head vessels may explain 
the benefi t of nitrate therapy in glaucomatous 
humans  [  418  ] . 

 Endothelially derived NO is involved in basal 
regulation of retinal vessel tone in rabbits, cats, 
and dogs – blood fl ow being diminished when 
NO production is blocked by NOS inhibition 
 [  69,   247,   313  ] . Further consistent with a role of 
NO in retinal blood fl ow, Goldstein et al.  [  119  ]  
reported that NO relaxes retinal arteries in 
humans and increases retinal blood fl ow, as does 
the NO donor ISMO  [  151  ] . NO relaxes vascular 
smooth muscle by activating soluble guanylate 
cyclase, resulting in production of cGMP, which 
acts on smooth muscle as a relaxant and is bro-
ken down by phosphodiesterase-5  [  119  ] . Cons-
istent with this mechanism of action, inhibitors 
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of phosphodiesterase-5 such as Viagra (Sildenafi l) 
dilate retinal arterioles and increase retinal blood 
fl ow  [  233,   275  ] . Benedito et al.  [  24  ]  have dem-
onstrated that bovine retinal arteries show 
endothelium-dependent relaxation in response 
to acetylcholine. Studies in piglets show that 
endothelium-dependent vasodilatory effect of 
acetylcholine on retinal vessels appears to 
involve endothelial release of NO  [  115  ] , and 
similar studies on bovine retinal vessels show 
the cholinergic stimulation of NO release is 
mediated by muscarinic receptors on retinal 
endothelial cells  [  148  ] . Retinal vessels in hum-
ans, cats, pigs, and cows not only have muscarinic 
receptors but also contain choline acetyltrans-
ferase (ChAT), the enzyme needed for synthesis 
of acetylcholine  [  82  ] . Thus, retinal vessels them-
selves may provide the acetylcholine involved in 
endothelium NO-dependent retinal vessel dila-
tion. Retinal vessels also relax and dilate in 
response to nicotine (Toda et al. 1994), due to 
stimulation of NO release from endothelium. 
Thus, retina vessels may locally regulate blood 
fl ow via cholinergic elicitation of endothelial 
NO formation. Riva et al.  [  291  ] , however, did 
not fi nd evidence in cat that intravenous acetyl-
choline increases retinal fl ow. They did fi nd that 
retinal fl ow increases in response to diffuse lumi-
nance fl icker, a stimulus inducing heightened 
inner retinal neural activity and metabolic 
demand. The fl icker-induced increase in retinal 
blood fl ow may occur by local metabolic cou-
pling of the retina and vasculature. Others have 
also observed increased retinal blood fl ow with 
diffuse luminance fl icker in various mammalian 
groups  [  109,   177,   302,   314  ] . The retinal vascula-
ture also shows vasodilatory compensation for 
reduced ocular perfusion pressure  [  123,   290  ] , 
and NO may be involved in this effect. For exam-
ple, LNAME blockade of retinal NO production 
in piglets hinders retinal blood fl ow compensa-
tion for decreased perfusion pressure caused by 
increased IOP  [  156  ] . The work of Okuno et al. 
 [  264  ]  shows, similarly, that vasodilatory retinal 
vascular autoregulation in response to perfusion 
pressure reductions caused by IOP manipulation 
in rabbits is mediated by NO. By contrast, NO 
does not appear to mediate retinal blood fl ow 

increases in newborn piglets in response to 
hypoxia and hypercapnia, or in response to very 
low perfusion pressure (40 mmHg)  [  115  ] . Note, 
however, retinal vascular autoregulation in new-
born animals is immature, and not typical of 
regulation in adult animals  [  135  ] . Consistent 
with this caveat, endothelially derived NO 
appears to be involved in increasing retinal blood 
fl ow during hypoxia or hypercapnia in adult cats 
 [  247,   301  ] . 

 Stimulation of sympathetic input to the eye 
has generally been reported to have no notewor-
thy effect on retinal blood fl ow  [  6,   9,   10  ] . 
Intravenous delivery of the sympathetic nervous 
system co-transmitter NPY also has no reported 
effect on retinal blood fl ow  [  254  ] . Moreover, 
sympathetic denervation of the eye has little 
effect on retinal blood fl ow in monkeys, suggest-
ing that the sympathetic nervous system has no 
major direct or indirect effect on blood fl ow in 
monkey retinal vessels  [  230  ] . Alm and Bill  [  6  ] , 
however, have shown that stimulation of the cer-
vical sympathetic chain does lower vitreal oxy-
gen tension near the retina in cats, which they 
interpreted as suggesting that sympathetic activa-
tion does reduce retinal blood fl ow somewhat, at 
least in cats. Consistent with some possible sym-
pathetic effects on retinal blood fl ow, direct appli-
cation of NPY to isolated bovine retinal arteries 
causes contraction  [  280  ] . Retinal vessels show 
compensatory vasoconstriction to increased sys-
temic perfusion pressure, and adrenergic mecha-
nisms appear involved in this effect  [  159,   160  ] . 
Note that while ocular vessels utilize alpha-
adrenergic receptors in their responses to sympa-
thetic nervous system activation, their responses 
to beta-adrenergic blockade are of relevance as 
well, since such blockers are used to lower IOP 
as a glaucoma treatment. Unfortunately, the lit-
erature is inconsistent regarding whether topical 
administration of beta-adrenergic blockers such 
as timolol affects fl ow in retinal vessels, with 
some studies in humans fi nding no effect on 
 retinal or optic nerve head blood fl ow  [  405  ] , and 
others reporting that topical timolol does increase 
retinal blood fl ow in humans  [  124,   220,   288  ] . 
This unresolved issue is of importance for under-
standing whether the benefi cial effect of timolol 
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in treating glaucoma stems from its inhibitory 
effect on aqueous production, or from improving 
ocular blood fl ow. 

 Although retinal vessels receive no CGRP+ 
sensory fi bers, bovine and dog retinal vessels 
have been shown to dilate in response to applica-
tion of CGRP  [  43,   261,   279  ] , indicating they pos-
sess CGRP receptors and can respond to 
blood-borne or retinal diffusion-carried CGRP. 
Retinal vessels also relax and dilate in response 
to SP  [  178  ] , via stimulation of NO release from 
endothelium. The retina itself could be the source 
of any SP or CGRP having effects on the retinal 
vasculature in vivo.  

    12.3   Neural Control of Iridial 
and Ciliary Body Blood Flow 

 The iris contains the pupillary control muscula-
ture, while the ciliary body contains the muscles 
of accommodation. The ciliary body is continu-
ous with the ciliary processes, which are rich in 
arteries and are responsible for production of 
aqueous humor, whose abundance regulates IOP. 
Outfl ow of aqueous humor through the trabecu-
lar meshwork at the limbus of the eye, a portal 
through which aqueous humor returns to the 
venous side of the vasculature, also contributes 
to IOP and may be regulated by autonomic and 
sensory nerve fi bers. The ciliary body and iris in 
mammals typically receive their blood supply 
from the long posterior ciliary arteries and the 
anterior ciliary artery branches from the blood 
supply to the extraocular muscles (Fig.  12.3 ). 
The long posterior ciliary arteries (typically one 
medial and one lateral) arise from the posterior 
ciliary arteries, which themselves arise from the 
ophthalmic artery behind the eye. The posterior 
ciliary arteries give rise to many short posterior 
ciliary arteries that penetrate the eye at its poste-
rior pole just around the optic nerve, and enter 
the choroid (Fig.  12.1 ). The long posterior cili-
ary arteries pierce the sclera only slightly more 
anteriorly and course within the choroid on the 
medial and lateral sides of the eye to the ciliary 
body, where they give rise to the blood supply to 
the muscles of accommodation and the ciliary 

 processes  [  10,   266  ] . The anterior ciliary arteries 
typically give rise to an annular anastomosis 
within the ciliary body that gives off radially ori-
ented blood vessels to the iris, as well as addi-
tional branches to the ciliary processes. A venous 
network in the ciliary body drains the ciliary 
body and iris to the anterior ciliary veins and the 
episcleral veins (Fig.  12.3 ). The ophthalmic 
artery and posterior and anterior ciliary arteries 
and their branches within iris and ciliary body 
are innervated, in some places heavily, as are 
nonvascular muscular structures of the iris and 
ciliary body. For example, as noted above, the 
ophthalmic artery in rats is innervated by NOS+ 
and VIP+ cholinergic fi bers from the PPG, NPY+ 
noradrenergic fi bers from the superior cervical 
ganglion, and SP+ and CGRP+ sensory fi bers 
from the trigeminal nerve  [  65,   76,   346  ] . 
Consistent with PPG infl uences on the ophthal-
mic artery, Bakken et al.  [  17  ]  showed that the pig 
ophthalmic artery dilates to VIP and acetylcho-
line, with the cholinergic response eliminated by 
removal of endothelium, and with acetylcholine 
and VIP being synergistic in their effects. 
Similarly, Wang et al.  [  387  ]  showed that cholin-
ergic vasodilation of ophthalmic arteries in dogs 
involves endothelial NO release. Consistent with 
sympathetic infl uences on the ophthalmic artery, 
noradrenaline administration or cranial sympa-
thetic nerve stimulation constricts the ophthal-
mic artery in dogs  [  260  ] . Similarly, the long 
posterior ciliary arteries have been shown to be 
under alpha-adrenergic sympathetic vasocon-
strictory control and NO- and VIP-mediated and 
muscarinic cholinergic parasympathetic dilatory 
control  [  263,   265,   348  ] , as well as vasorelaxant 
control by SP+ and CGRP+ fi bers  [  265  ] . The 
NO-mediated control of the long posterior cili-
ary artery is regulated by cholinergic control of 
endothelial NO release, as well as by direct 
release of NO from the PPG innervation  [  407  ] . 
Blood fl ow in the long posterior ciliary artery in 
cats is not affected by cervical sympathetic nerve 
section, implying minimal resting sympathetic 
tone  [  186  ] . 

 The ciliary body and iris are under the control 
of two sets of parasympathetic fi bers, those from 
the PPG and those from the ciliary ganglion. 
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The latter are thought to mainly or only serve to 
control pupil constrictor muscles and accommo-
dation muscles, and any (presumably indirect) 
impact they have on IOP and blood fl ow within 
iris and ciliary body is discussed below. The PPG 
input to the iris and ciliary body appears to be 
largely to the vasculature  [  47  ]  and is discussed in 
this paragraph. The iris stroma and its vessels, the 
blood vessels and musculature of the ciliary body, 
and/or the blood vessels of the ciliary processes 
have been shown to be innervated by VIP+ fi bers 
from the PPG in guinea pigs, rats, squirrels, cats, 
monkeys, and humans (Fig.  12.5 )  [  319,   344,   345, 
  359,   376,   379  ] . VIP+ nerve fi bers have also been 
observed in the trabecular meshwork in humans 

 [  345  ] . The blood vessels of the ciliary processes 
in guinea pig and rat but not cat and monkey have 
also been reported to possess VIP+ innervation 
 [  344,   379  ] . The PPG is also the source of a neu-
ronal NOS+ innervation of vessels in the iris, cili-
ary body, ciliary processes, and limbus, and all 
neuronal NOS+ PPG neurons have been found to 
also contain VIP in rats, but not all VIP+ neurons 
contain nNOS  [  11,   398  ] . The PPG tends to be 
highly enriched in nNOS neurons in mammals 
 [  11  ] , with 70% of PPG neurons being nNOS+ in 
humans  [  122  ] . In pigs at least, the anterior uvea is 
also innervated by VIP+ and nNOS+ neurons 
associated with the ciliary nerves as they course 
through the choroid to the anterior uvea  [  222  ] . 

  Fig. 12.5    Images showing innervation of various struc-
tures of the anterior uvea, all modifi ed from Stone  [  340  ] . 
Image ( a ) shows VIP+ nerve fi bers in the ciliary processes 
of rat (Fig. 3a from  [  340  ] ). Image ( b ) shows VIP+ nerve 
fi bers in the ciliary processes of guinea pig (Fig. 3b from 
 [  340  ] ). Image ( c ) shows VIP+ nerve fi bers on a large 
blood vessel of guinea pig iris (Fig. 4a from  [  340  ] ). Image 
( d ) shows VIP+ nerve fi bers on a large blood vessel in cat 

iris (Fig. 4b from  [  340  ] ). Image ( e ) shows VIP+ nerve 
fi bers in the iris stroma of rhesus monkey (Fig. 4e from 
 [  340  ] ). Image ( f ) shows VIP+ nerve fi bers on a longitudi-
nal blood vessel in the iris root of rhesus monkey (Fig. 4f 
from  [  340  ] ).  Arrows  in each image show some of the 
labeled fi bers. Magnifi cation is the same in images ( a – c ,  e  
and  f ).  NPE  nonpigmented epithelium,  PE  pigmented 
epithelium       
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Consistent with the PPG as a source of ciliary 
body and iris vascular innervation, the iridial and 
ciliary body vasculature in cats, rabbits, and mon-
keys does show a fl ow increase with activation of 
the preganglionic input to the PPG via facial 
nerve stimulation  [  252  ] . This vasodilation is 
blockable with the ganglionic blocker hexame-
thonium. Moreover, Bill et al.  [  31  ]  showed that 
ganglionic blockade with hexamethonium 
slightly reduced basal iris and ciliary body blood 
fl ow in rabbit, presumably by diminishing basal 
activation of PPG neurons by their preganglionic 
input from the facial motor complex. The 
increased iridial and ciliary body blood fl ow with 
facial nerve stimulation is likely to be mediated 
by VIP or NO released from PPG fi bers in  anterior 
uvea, with the stimulation parameters used by 
Nilsson et al.  [  252  ] .  

 Nilsson  [  255  ]  demonstrated that the increases 
in blood fl ow in the ciliary body and iris in rabbits 
with facial nerve stimulation could largely be pre-
vented at low stimulation frequencies (2 Hz) by 
NOS inhibition but not at higher frequencies 
(5 Hz). Nilsson suggested that another vasodilator 
released from PPG terminals other than NO might 
mediate the vasodilation at the higher of the two 
stimulation frequencies – presumably VIP. 
Consistent with this, Nilsson ( 2000 ) reported that 
the increased blood fl ow in the iris and ciliary 
body in cats occurring with facial nerve stimula-
tion at 5 Hz was only minimally reduced by the 
nonselective NOS inhibitor N W -nitro- l -arginine 
(LNA). Combined treatment with LNA and the 
nonselective muscarinic antagonist atropine also 
had little inhibitory effect on the anterior uveal 
blood fl ow increase with facial nerve stimulation. 
These results suggest neither neuronally derived 
NO release nor endothelially derived NO release 
driven by acetylcholine plays a noteworthy role in 
the vasodilatory action of the PPG input to ante-
rior uvea in cats at a 5-Hz fi ring rate, again impli-
cating VIP as the major dilator at this fi ring rate. 
At 10-Hz stimulation, LNA or atropine alone was 
largely ineffective in blocking the anterior uveal 
blood fl ow increase with facial nerve stimulation. 
At 10 Hz, however, LNA and atropine together 
were effective at nearly completely blocking the 
facial nerve-evoked vasodilation in the iris and 
ciliary body. This result is puzzling in light of the 

differential effects of facial nerve stimulation 
 frequencies in rabbits and suggests that VIP is not 
the major vasodilator at 10 Hz in lacrimal gland in 
cats. Rather, both neurally derived and endotheli-
ally derived NO, the later driven by cholinergic 
action, are both seemingly involved in the anterior 
uveal increase with facial nerve stimulation at 
10 Hz in cats, and the doses of LNA and atropine 
used were apparently not able to block the 10-Hz 
vasodilation when used singly. 

 Consistent with a role of NO in control of iris 
and ciliary body blood fl ow, Deussen et al.  [  69  ]  
reported that NOS inhibition with LNAME in 
dogs decreased basal anterior uveal blood fl ow 
about 50%, despite causing about a 20% increase 
in mean arterial blood pressure. Similarly, 
Seligsohn and Bill  [  313  ]  reported that LNAME 
decreased iris and ciliary body blood fl ow in rab-
bit by 40–60%. Similarly, Jacot et al.  [  156  ]  
showed in piglet that systemic NOS inhibition 
with LNAME reduces anterior uveal blood fl ow. 
The purpose of facial nerve control of anterior 
uveal blood fl ow is uncertain. The anterior uvea 
in cats and monkeys but not rabbits has been 
shown to compensate well for reductions in ocu-
lar perfusion pressure caused by elevation of IOP 
or reduction of systemic blood pressure  [  10  ] . It 
may be that the facial input contributes to this 
regulation and thereby aids in maintaining stable 
blood fl ow to the anterior uvea regardless of 
momentary fl uctuations caused by variations in 
ocular perfusion pressure. As we will discuss in 
the section on choroidal blood fl ow, the facial 
input may be especially involved in compensa-
tion for systemic hypotension. Iridial blood fl ow 
has, however, been reported to not show autoreg-
ulation in humans when perfusion pressure is 
reduced by increasing IOP  [  51  ] . 

 Since the PPG innervates both vessels involved 
in aqueous production and the territory involved 
in aqueous outfl ow, the impact of the PPG inner-
vation of anterior uvea on IOP has been of inter-
est. This interest was initiated by the fi nding of 
Ruskell  [  297  ]  that PPGectomy in monkeys led to 
a long-lasting diminution of IOP. Conversely, 
PPG activation leads to increased IOP in monkey 
 [  252  ] . While these effects might stem from effects 
on choroidal blood fl ow (whose volume affects 
IOP), the possibility of more direct effects cannot 
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be ignored. Nilsson and Bill  [  251  ]  showed that 
intravenous administration of VIP in rabbits 
yielded increased choroidal blood fl ow and 
increased IOP but no change in anterior uveal 
blood fl ow. By contrast, intracameral administra-
tion of VIP vasodilated vessels in iris and ciliary 
body but had no effect on IOP, pupil diameter, or 
blood-retinal barrier. Thus, increased choroidal 
blood fl ow can be associated with increased IOP, 
while increased anterior uveal blood fl ow by 
itself need not increase IOP. Nilsson et al.  [  253  ] , 
however, showed that there might be species 
 differences in the impact of PPG input to the 
anterior uvea on IOP. They showed that intracam-
eral VIP in monkeys can increase IOP by increas-
ing aqueous production and increasing venous 
outfl ow resistance. NO production by PPG termi-
nals on ocular vessels also exerts an effect on IOP 
as well. For example, in rabbits, inhibition of NO 
production reduces long posterior ciliary artery 
blood fl ow (and presumably ciliary process blood 
fl ow as well) and thereby reduces aqueous pro-
duction (Kiel et al. 2001). NO also yields trabec-
ular meshwork relaxation and thus increased 
outfl ow  [  391  ] . This effect on outfl ow may be why 
treatments that potentiate NO action by prevent-
ing its breakdown or treatments that cause release 
of NO tend to decrease IOP  [  21  ] . Finally, M3 
muscarinic receptors are present in human trabe-
cular meshwork  [  130  ] , and acetylcholine dilates 
ciliary process vessels in cats and rabbits  [  382  ] . It 
may be that the PPG input to these structures can 
act via cholinergic mechanisms to infl uence aque-
ous production and outfl ow, at least in some spe-
cies. A role of the facial input in the nocturnal 
rise in IOP is possible  [  35  ] , given the apparent 
input that the facial preganglionic neurons receive 
from the SCN nucleus region, as discussed below 
in more detail in the section on facial regulation 
of choroidal blood fl ow control. 

 Ciliary ganglion parasympathetic cholinergic 
fi bers innervate iris sphincter and ciliary body 
muscles and thereby cause pupil constriction and 
accommodation, respectively, when activated. 
Consistent with cholinergic infl uences in these 
muscular structures, M1, M2, and M3 muscarinic 
receptors have been reported in human iris, cili-
ary body, and ciliary processes, and M3 receptors 
have been reported in the trabecular meshwork 

 [  130,   131  ] . Stimulation of the ciliary ganglion 
input has, however, been reported to also have 
unexpected effects on anterior uveal blood fl ow. 
For example, Stjernschantz et al. (1973) found 
that intracranial stimulation of the oculomotor 
nerve (and thus the preganglionic input to the 
ciliary ganglion) decreased blood fl ow in the rab-
bit iris, ciliary body, and ciliary processes. They 
suggested that mechanical compressive effects 
on blood vessels due to ciliary body and iris mus-
cle contraction might be the basis of the dimin-
ished blood fl ow. Consistent with this 
interpretation, eye illumination suffi cient to cause 
pupil constriction in rabbits is accompanied by 
reduced iris blood fl ow, and both the pupil con-
striction and the decreased blood fl ow can be 
blocked with the peripheral muscarinic blocker 
biperiden  [  336  ] . Similarly, Bill et al.  [  31  ]  showed 
that ganglionic blockade with hexamethonium 
eliminated and muscarinic blockade with biper-
iden reduced the iris and ciliary body blood fl ow 
decrease obtained in rabbits with intracranial 
oculomotor nerve stimulation. Sympathectomy 
in rabbits showed that the anterior uveal vasocon-
striction with oculomotor nerve stimulation was 
not due to inadvertent activation of sympathetic 
input to the anterior uvea  [  8  ] . Thus, the reduced 
anterior uveal blood fl ow with oculomotor nerve 
stimulation in rabbits is mediated by the input of 
the oculomotor nerve to the ciliary ganglion 
(which arises specifi cally from the nucleus of 
Edinger-Westphal). The same research group 
later showed that the uniformly reduced anterior 
uveal blood fl ow with oculomotor nerve stimula-
tion might be unique to rabbits, because both 
oculomotor nerve stimulation and activation of 
the cholinergic input from the ciliary ganglion 
caused iris vasoconstriction and ciliary body 
vasodilation in cats and monkeys  [  37,   337  ] . The 
effects in cats but not monkeys could be blocked 
with the muscarinic blocker atropine. Consistent 
with the possibility that reduced blood fl ow in the 
iris in cats is caused by direct cholinergic vascu-
lar mechanisms, acetylcholine and ciliary gan-
glion activation were both found to vasoconstrict 
anterior uveal vessels in arterially perfused cat 
eyes  [  214,   216  ] . In contrast to the blood fl ow-
reducing effects of activation of the ciliary gan-
glion input to the anterior uvea in rabbits, the 



12 Neural Control of Ocular Blood Flow 255

specifi c action of acetylcholine on ciliary process 
vessels in both cats and rabbits has been reported 
to be dilatory  [  382  ] . It may be this effect is medi-
ated by vascular muscarinic receptors postsynap-
tic to PPG cholinergic input. Consistent with 
cholinergic vasodilatory effects mediated in some 
parts of the anterior uvea in some species, Alm 
et al.  [  7  ]  showed that the cholinesterase inhibitor 
neostigmine or the muscarinic agonist pilocarpine 
applied to the cornea caused pupil constriction 
and increased ciliary body, ciliary process, and 
iris blood fl ow in monkeys. The most consistent 
interpretation of these diverse results is that the 
mechanical effects of prominent pupil constric-
tion caused by activation of the oculomotor – 
ciliary ganglion input to the iris sphincter muscle 
compress iris blood vessels and cause diminished 
iridial blood fl ow in rabbits, cats, and monkeys. 
The above-noted study by Alm et al.  [  7  ]  may 
have observed increased iris blood fl ow with cho-
linergic agents because the pupil constriction was 
too mild for its mechanical effects to override the 
vasodilatory action of muscarinic activation of 
vessels. By contrast, the infl uence of the ciliary 
ganglion input to the ciliary body and processes 
varies among species. In rabbits, the vasocon-
strictory effect is likely to be mechanical, since 
cholinergic vasodilatory mechanisms are in place. 
In monkeys and cats, the vasodilatory effect could 
be direct, or the mechanical effects may some-
how diminish vascular resistance. 

 Activation of the ciliary ganglion input to the 
anterior uvea also has an impact on IOP, with 
stimulation of the preganglionic neurons of the 
nucleus of Edinger-Westphal (EW) of the oculo-
motor nuclear complex in rabbits and cats caus-
ing an IOP rise  [  113 ,  303  ] . In Gherezghiher et al. 
 [  113  ] , the stimulation was suffi cient to produce 
pupil constriction and a 35% rise in IOP that was 
blockable by hexamethonium. The basis of this 
effect is uncertain, but the mechanical effects of 
pupil constriction on outfl ow or a vasodilatory 
effect on uveal vessels have been raised as a pos-
sibility  [  113 ,  303  ] . An effect on IOP other than 
by the transitory pupil constriction is implied by 
the fi nding that ciliary ganglionectomy causes an 
IOP drop in cats and monkeys  [  57,   78  ] . 
Pharmacological stimulation of  accommodation 
with pilocarpine, however, increases outfl ow in 

monkey and human eye, apparently by a mechan-
ical effect on the trabecular meshwork mediated 
by the pull of the muscles of accommodation on 
the scleral spur, as well as by a direct effect on the 
outfl ow pathway  [  77,   102  ] . This fi nding implies 
that the accommodative effect of ciliary ganglion 
activation does not account for the increased IOP 
with ciliary ganglion activation. Both aqueous 
production and outfl ow, however, were report-
edly increased in cats and rabbits by oculomotor 
nerve or ciliary ganglion stimulation     [  215,   216, 
  229  ] . Whether ciliary ganglion input directly or 
indirectly mediates these effects is uncertain. In 
any event, these results suggest that IOP increases 
caused by oculomotor nerve or ciliary ganglion 
activation stem from pupil constriction and per-
haps greater aqueous production than outfl ow. It 
may also be that choroidal blood fl ow increases 
contribute to IOP rise with oculomotor nerve or 
ciliary ganglion activation. As will be discussed 
below, however, the evidence that oculomotor 
nerve activation increases choroidal blood fl ow is 
not defi nitive. 

 Among the nerve fi bers innervating iris, cili-
ary body and the aqueous outfl ow path are sym-
pathetic nerve fi bers from the superior cervical 
ganglion. These nerve fi bers contain adrenaline 
and NPY  [  39,   240  ] , and they have been demon-
strated in diverse mammalian species, including 
rat, monkey, cat, and rabbit  [  195,   356  ] . The iris 
also has sympathetic innervation in chicks  [  175  ] . 
Although some of the sympathetic input to iris 
ends on the iris dilator muscle, some has also 
been shown to end on iris vessels in rat  [  143  ] , and 
they vasoconstrict vessels by alpha-adrenergic 
mechanisms  [  142  ] . Alm and Bill  [  6  ]  showed that 
cervical sympathetic stimulation decreases iris, 
ciliary body, and ciliary process blood fl ow in 
cats. This effect is blocked by the alpha- adrenergic 
antagonist phentolamine  [  6  ] , and pharmacologi-
cal studies show that sympathetic constriction of 
ciliary body arteries is mediated by alpha 2a 
adrenoreceptor mechanisms  [  393  ] . Additionally, 
intravenous NPY decreases iridial fl ow by 30% 
and ciliary body fl ow by 50%  [  254  ] . The sympa-
thetic input to the ciliary body and processes also 
infl uences aqueous production. Chronic sympa-
thetic stimulation in rabbits decreases aqueous 
production (by decreasing blood fl ow  presumably) 
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but increases outfl ow resistance, resulting in an 
initial short-term decline in IOP and an eventual 
gradual return to basal IOP levels  [  22  ] . 
Sympathetic beta-adrenergic mechanisms acting 
at the level of the ciliary processes are involved in 
increased aqueous production. In rabbits, it has 
been shown that both an outfl ow resistance 
increase mediated by alpha-adrenergic mecha-
nisms and an aqueous infl ow increase mediated 
by beta-adrenergic mechanisms cause the noctur-
nal IOP rise  [  205,   406  ] . 

 Sensory fi bers from the trigeminal ganglion 
that contain SP and CGRP also innervate the cili-
ary body and vessels, ciliary processes, iris stroma 
and vessels, limbal vessels, and/or the trabecular 
meshwork in guinea pigs, rats, squirrels, rabbits, 
pigs, cats, monkeys, and humans     [  20,   23,   74,   143, 
  198,   202  , 224,   236,   319,   342,   343,   346,   347, 
  359–  363,   380  ] . Double-label studies show that 
the SP and CGRP typically co-occur in single 
fi bers in these regions  [  193  ] . SP and CGRP are 
common in neurons of the trigeminal ganglion 
 [  380  ] , and trig eminal ganglionectomy or transec-
tion of the ophthalmic nerve (plus maxillary 
nerve) eliminates SP and CGRP from the anterior 
uvea and limbal vessels  [  362,   363,   380  ] . Consistent 
with its SP+ input, rat and rabbit iris possess SP 
receptors  [  68  ] , and consistent with its CGRP+ 
input, the iris and ciliary body in pig, guinea pig, 
and cat possess CGRP receptors  [  138  ] . Sensory 
fi bers such as those of the trigeminal nerve send a 
central message of hot, cold, pain, or touch and 
can elicit ocular refl exes, such as blinking and 
tearing in response to their activation  [  23 ,  103  ] . 
Peripheral fi bers can also participate in antidro-
mic responses in which they release SP and CGRP 
and cause local irritation responses, which include 
a vascular component  [  23  ] . For example, stimula-
tion of the ophthalmic nerve in rabbits causes 
blood fl ow increases in the iris and ciliary body, 
IOP increases, increased extravasation of albumin 
in the iris and ciliary body, increased albumin in 
the aqueous, and pupil constriction  [  338  ] . Ocular 
irritation or injection of CGRP into the eye of rab-
bits increases iridial and ciliary body blood fl ow 
and causes blood-retinal barrier breakdown, IOP 
rise, and pupil constriction  [  188  ] . The SP released 
from the ophthalmic nerve endings does not 
appear to contribute to the blood-retinal barrier 

breakdown, but the CGRP does  [  13,   36  ] . The 
ocular irritation response involves edema and 
vasodilation to wash away irritants. In monkeys 
and cats, however, trigeminal nerve stimulation 
or SP and/or CGRP injection into the eye causes 
lesser effects on iridial and ciliary body blood 
fl ow and blood-aqueous barrier integrity than 
they do in rabbits  [  10,   37,   262  ] . SP and CGRP 
also exert an effect on aqueous production and 
aqueous outfl ow in monkeys, cats, and rabbits, 
although the nature of the effects and the mecha-
nisms underlying them may vary among species 
 [  12,   189,   262,   340,   377  ] . For example, an effect 
on IOP can be mediated by a vasodilatory effect 
of trigeminal sensory fi bers on the arteries of the 
ciliary processes and/or the episcleral veins of the 
outfl ow channel.  

    12.4   Neural Control of Blood Flow 
in Orbital Glands 

 The orbit also contains various glandular struc-
tures that are responsible for lubricating the cor-
nea and washing away small debris that might 
injure the cornea. These structures include the 
lacrimal gland (which is located laterally in the 
orbit and secretes tears that lubricate and mois-
turize the cornea), the Meibomian glands of the 
tarsal plates of the eyelids (which secrete an oily 
fl uid that coats the cornea and limits dehydra-
tion), goblet cells of the conjunctival fornices 
(which secrete mucin to aid in limiting corneal 
dehydration), and the Harderian gland, which is a 
sebaceous gland that acts as an accessory to the 
lacrimal gland in most mammalian species and is 
very prominent in birds, where it is located medi-
ally in the orbit and is larger than the lacrimal 
gland  [  63,   266,   273  ] . The blood supply to the lac-
rimal gland arises from the ophthalmic artery via 
the lacrimal artery, while the blood supply to the 
Harderian gland arises from a more medial and 
posterior branch of the ophthalmic artery (in 
birds, it arises from the ophthalmotemporal 
artery). The blood supply to the Meibomian 
glands and goblet cells is via branches of the 
palpebral arteries to the eyelids. Secretion from 
these glands is under neural control, as is blood 
fl ow to and within these glands. 
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 For example, Ruskell has shown that the lacri-
mal gland in primates is innervated by parasym-
pathetic and sympathetic nerve fi bers. In an early 
study  [  300  ] , he showed parasympathetic termi-
nals from the PPG to the lacrimal gland in rab-
bits. In a later study, he showed that rami from 
the PPG (presumably secretomotor) and perivas-
cular nerves traveling on the lacrimal artery both 
enter the lacrimal gland in humans  [  299  ] . The 
PPG neurons projecting to the lacrimal gland 
appear to arise from a different part of the PPG 
than those to the iris  [  357  ] . Ruskell  [  296  ]  showed 
sympathetic terminals that arise from the supe-
rior cervical ganglion on arteries, veins, and cap-
illaries in the lacrimal gland of monkeys. Ven der 
Werf and coworkers  [  18,   381  ]  confi rmed that the 
PPG and superior cervical ganglion innervate the 
lacrimal gland in monkey using retrograde label-
ing methods, and they also showed trigeminal 
sensory innervation. The PPG and superior cervi-
cal ganglion innervation of lacrimal gland has 
been confi rmed by immunolabeling, retrograde 
labeling, and/or anterograde labeling for diverse 
rodent species as well, including guinea pig, rat, 
and/or mouse  [  19,   71,   72,   311,   357,   376  ] . The 
PPG fi bers in rodents are cholinergic and contain 
VIP and nNOS as well, and they and the sympa-
thetic input end near acinar cells, as well as on 
blood vessels. In mouse at least, parasympathetic 
and sympathetic fi bers innervate different parts 
of the mouse lacrimal gland and thus different 
secretory cells  [  71,   72  ] . 

 The autonomic innervation of the lacrimal 
gland regulates both blood fl ow and tear secre-
tion in the gland. Refl ecting its secretomotor 
role, transection of preganglionic input to the 
PPG has been shown to cause dry eye in rabbits 
 [  372  ] . Cholinergic mechanisms are involved in 
the secretomotor role of PPG input to the lacri-
mal gland  [  231  ] . Additionally, VIP released from 
PPG terminals has a secretomotor role in lacri-
mal gland function, since VIP causes lacrimal 
gland tear secretion in rats, rabbits, and pigs  [  68, 
  321,   341  ] . Nilsson  [  256  ]  showed that activation 
of PPG input to the eye via facial nerve stimula-
tion also increases blood fl ow in rabbit lacrimal 
gland. The increase at 2-Hz stimulation was 
nearly completely blocked by NOS inhibition, 
but only reduced at 5 Hz, implying a greater role 

for NO at low stimulation frequencies and a 
greater role for VIP at high frequencies. 
Subsequently, Nilsson ( 2000 ) provided further 
evidence for frequency-dependent roles of NO, 
VIP, and cholinergic mechanisms in vasodilation 
in lacrimal glands from studies in cats. Facial 
nerve stimulation at 5 Hz yielded increases in 
blood fl ow in lacrimal gland that could be greatly 
reduced by NOS inhibition alone (with LNA), 
and further reduced by combined NOS inhibi-
tion and muscarinic blockade with atropine. This 
result suggests a prominent role of NO in lacri-
mal gland vasodilation at 5 Hz, involving both 
NO release from PPG terminals and acetylcho-
line-evoked NO release from endothelium. The 
fact that LNA alone did not entirely block lacri-
mal gland vasodilation at 5 Hz suggests some 
role of VIP at this frequency as well. At 10 Hz, 
facial nerve stimulation-evoked increases in 
glandular blood fl ow were greatly attenuated but 
not completely blocked by combined LNA and 
atropine. Moreover, the facial nerve stimulation-
evoked increases in glandular blood fl ow at 
10 Hz were no more reduced by combined LNA 
and atropine than by NOS inhibition alone, and 
atropine alone did not reduce the vasodilation at 
all. These results suggest a role of neurally 
derived NO in vasodilation in lacrimal gland at 
10 Hz, as well as a role for an additional vasodi-
lator that is presumably VIP. Yasui et al.  [  402  ]  
showed that 20-Hz facial nerve stimulation 
yielded both blood fl ow increases and tear secre-
tion from lacrimal gland in cats. The tear secre-
tion at this frequency was greatly dependent on 
muscarinic cholinergic mechanisms since it was 
blocked with scopolamine, while the blood fl ow 
increase was not blocked by scopolamine. Thus, 
lacrimal vasodilation mediated by the PPG input 
at a 20-Hz activation frequency may occur via 
VIP but not via acetylcholine-evoked release of 
endothelially derived NO, and secretion may be 
mainly cholinergic in its basis. Given the promi-
nent role of muscarinic mechanisms in lacrimal 
secretion, the contributions of VIP and NO to 
such secretion may occur (at least in part) via 
their effects on blood fl ow. Finally, consistent 
with regionally differential parasympathetic and 
sympathetic innervation of mouse lacrimal 
gland, both beta-adrenergic and cholinergic 
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 agonists produce increased glandular secretion, 
but in different parts of the mouse lacrimal gland 
 [  71,   72  ] . 

 The Harderian gland receives cholinergic 
innervation in mammals  [  273  ] , on blood vessels, 
secretory cells, and secretory tubules. VIP+ fi bers 
from the PPG have been reported in mammalian 
Harderian gland, near blood vessels, and acini 
 [  161,   388  ] . VIP+ and SP+ fi bers have been 
reported in avian Harderian gland, and SP+ fi bers 
have been reported in rabbit Harderian gland  [  47, 
  63,   384  ] . In pigeons, blood vessels to the 
Harderian gland have been shown to be also 
richly innervated with nNOS+ nerve fi bers that 
arise from the PPG and the distributed microgan-
glia of the orbit that appear to be part of the avian 
PPG system  [  63  ] . The acini of the avian Harderian 
gland appear to be innervated by both VIP+ and 
nNOS+ fi bers as well  [  63,   384  ] . The function of 
the innervation of the Harderian gland is pre-
sumed to be similar to that in the lacrimal gland. 
Nilsson  [  255  ]  showed that facial nerve activation 
of PPG input to the eye increases blood fl ow in 
rabbit Harderian gland, with NO mediating 
responses to 2-Hz stimulation, and NO plus a 
second vasodilator (presumably VIP) mediating 
responses to 5-Hz stimulation. Subsequently, 
Nilsson ( 2000 ) showed a role of NO (possibly 
both neural and endothelial) and presumably VIP 
in vasodilation in Harderian gland at a 5-Hz facial 
nerve stimulation frequency in cats, while neural 
NO and VIP appeared to mediate vasodilation at 
a 10-Hz stimulation frequency. 

 The acini of the Meibomian glands and eyelid 
blood vessels have been shown to be innervated 
by VIP+ cholinergic parasympathetic fi bers from 
the PPG, by NPY+ noradrenergic sympathetic 
fi bers from the superior cervical ganglion, and by 
SP+ and CGRP+ trigeminal fi bers in diverse 
mammalian groups, including rats, pigs, mon-
keys, and humans  [  55,   75,   176,   209,   210,   312, 
  320,   321  ] . The distribution of PPG neurons inner-
vating the Meibomian glands overlaps that of 
PPG neurons innervating iris  [  357  ] , choroid  [  65, 
  200  ] , and cerebral vasculature  [  352  ] . Sympathetic 
fi bers are more abundant on blood vessels of the 
Meibomian glands and eyelid, while parasympa-
thetic fi bers are more numerous near secretory 

cells  [  200  ] . LeDoux et al.  [  200  ]  used  pseudorabies 
virus transneuronal retrograde labeling to iden-
tify the central cholinergic preganglionic neurons 
that control the Meibomian glands. They found 
them to reside within the lateral aspect of the 
superior salivatory nucleus (SSN) of the facial 
motor complex of the pons. The role of the nerve 
fi bers innervating the Meibomian glands has not 
been extensively studied, but they are likely to 
play roles in blood fl ow control and regulation of 
secretion  [  55  ] . The work of Nilsson  [  255  ]  in rab-
bits and cats discussed above indicates that the 
SSN-facial nerve-PPG circuit mediates vasodila-
tion within the eyelid, with NO (possibly both 
neural and endothelial) being the main vasodila-
tor at a lower fi ring frequency, and NO (neural 
and endothelial) and VIP involved at a higher fi r-
ing frequency. 

 Several studies have shown that goblet cells 
have VIP+ parasympathetic fi bers, and TH+ and 
DBH+ (containing dopamine beta-hydroxylase) 
sympathetic fi bers, and CGRP+ sensory fi bers 
near them in mouse, rats, and human  [  67,   312 ,  70  ] . 
Diebold et al. (2001) also showed M3 muscar-
inic receptors and beta-adrenergic receptors on 
goblet cells in mouse and human, while  [  289  ]  
demonstrated M2 and M3 receptors and VIPR2 
receptors on goblet cells in rats. Ten Tusscher 
et al.  [  357  ]  confi rmed the PPG projection to 
goblet cells by retrograde labeling in rats. VIP 
has been shown to cause goblet cell mucus 
secretion  [  168 ,  289  ]  as has the cholinergic ago-
nist carbachol.  

    12.5   Neural Control of Choroidal 
Blood Flow 

    12.5.1   Importance of the Choroid 

 The choroid accounts for about 85% of the blood 
supply to the retina and all of the blood supply to 
the retinal pigment epithelium (RPE) and photo-
receptors  [  33,   37  ] . Moreover, the choroid is the 
major or exclusive vascular supply for both outer 
and inner retina in regions lacking retinal vessels 
(such as the macula in primates) and in animal 
groups in which retinal vessels are sparse  (rabbits) 
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or absent (birds). The importance of the choroid 
is emphasized by the rapid photoreceptor loss 
that occurs with severely diminished choroidal 
blood fl ow  [  58,   110,   111,   226  ] . Photoreceptors 
are particularly dependent on the choroid because 
of their high metabolism and continuous outer 
segment renewal  [  37 ,  408  ] . One specialization 
that helps the choroid meet retinal needs is the 
high choroidal blood fl ow  [  37  ] . Although it was 
once thought that choroidal blood fl ow (ChBF) 
so exceeds retinal requirements as to eliminate 
need for its regulation, it now seems likely that: 
(1) the high ChBF is essential as the driving force 
for diffusion of oxygen and nutrients through 
Bruch membrane, the retinal pigment epithelium 
(RPE), and the depth of the outer neural retina, 
and to the inner retina in the case of retinal regions 
devoid of retinal vessels (or in the cases of spe-
cies devoid of or poor in retinal vessels); (2) 
ChBF must be stably matched to the thermal and 
metabolic needs of the retina; and (3) distur-
bances in ChBF result in impairments in retinal 
function  [  33,   37,   61,   325,   364,   399,   400,   401  ] . 
Thus, the ability of ChBF to respond adaptively 
to variations in retinal need imposed by changes 
in illumination level and retinal activity, and to 
maintain a stable high fl ow rate despite fl uctua-
tions in bodily state and time of day, is likely to 
be important for the health and proper function-
ing of the RPE and outer neural retina.  

    12.5.2   Choroidal Innervation: Overview 
of Anatomy 

 Retinal blood vessels are located directly within 
the retina itself and are therefore able to respond 
to the local concentrations of carbon dioxide and 
oxygen, and to autoregulate blood fl ow accord-
ingly, as typical of most vascular beds  [  35,   37  ] , 
or by metabolic coupling, as in the brain  [  83, 
  150  , 355  ] . In contrast, the choroid and its capil-
lary bed, the choriocapillaris, are separated from 
the outer retina by Bruch membrane and the 
RPE. This barrier and the high blood fl ow rate in 
the choroid make ChBF largely unable to be reg-
ulated by vasogenic metabolites derived from 
the outer retina  [  35  ] . Although the choroid is not 

regulated by local retinal metabolic factors, it is 
under neural control. Three major types of nerve 
fi bers innervate the choroid in mammals and 
birds (Fig.  12.6 ): (1) parasympathetic fi bers aris-
ing from the PPG that co-contain neuronal NOS 
and acetylcholine  [  63,   298,   346,   398  ] , (2) nora-
drenergic sympathetic fi bers from the superior 
cervical ganglion that also contain NPY  [  129, 
  346  ] , and (3) sensory fi bers from the trigeminal 
ganglion co-containing SP and CGRP  [  318, 
  346  ] . In addition, cholinergic parasympathetic 
fi bers to the choroid also arise from the ciliary 
ganglion in birds, and perhaps some mammal 
groups as well  [  62,   182,   221,   286,   335,   346  ]  
 [  232  ] . The nNOS+ and VIP+ PPG fi bers have a 
vasodilatory infl uence on choroidal vessels and 
increase ChBF  [  35–  37  ] , while nor adrenergic 
fi bers have a vasoconstrictory action that 
decreases ChBF  [  35–  37 ,  183  ] . The input to the 
choroid from the ciliary ganglion also has a 
vasodilatory infl uence, mediated by muscarinic 
elicitation of endothelial NO release     [  64,   88, 
  412–  414  ] . The sensory input has a vasodilatory 
infl uence as well. The anatomy and function of 
these inputs in birds and mammals is detailed in 
the following sections.   

    12.5.3   Facial Nucleus Parasympathetic 
Input 

    12.5.3.1   Peripheral Anatomy of Facial 
Circuitry for Control 
of ChBF – Mammals 

 The distributed orbital neurons composing the 
PPG profusely innervate the choroid in all mam-
malian groups studied, including rats, guinea 
pigs, cats, squirrels, monkeys, and humans, with 
postganglionic axons from the PPG entering the 
choroid directly, on ciliary vessels, and by join-
ing the short ciliary nerves arising from the cili-
ary ganglion (Fig.  12.4 )  [  19,   202,   297,   298,   319, 
  344,   357,   359,   376,   378  ] . Some pass through the 
ciliary ganglion on their way to the choroid  [  19  ] . 
The PPG neurons innervating choroid in rats are 
found within the proximal part of the PPG and 
scattered along the greater petrosal nerve itself, 
in which the preganglionic fi bers to the PPG 
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  Fig. 12.6    Schematics illustrating the ganglia innervating 
choroid ( a ) and the route fi bers from each ganglion take to 
enter the choroid ( b ). This organization and neurochemis-

try for the choroidal innervation shown is true of both 
birds and mammals       
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travel  [  65  ] . Small accessory ganglia near the cili-
ary ganglion may be part of the PPG system as 
well, since in rats, they project to the eye and are 
VIP+  [  194,   346,   357  ] . PPG neurons are VIP+, 
and their extirpation eliminates VIP and VIP+ 
fi bers from cat choroid  [  47,   376  ] . The PPG is also 
the source of a profuse nNOS+ innervation of 
choroid, and all nNOS+ PPG neurons have been 
found to also contain VIP in rats (Fig.  12.7 )  [  65, 
  398  ] . Additionally, PPG neurons and their input 
to choroid appear to be cholinergic as well  [  65, 
  134,   344,   359,   378  ] . As evidenced by VIP immu-
nolabeling, PPG input to choroid ends on arter-
ies, veins, and melanocytes (Fig.  12.8 )  [  19  ] . The 
distribution within PPG of neurons innervating 
choroid overlaps those innervating the iris  [  357  ] , 
Meibomian glands  [  200  ] , and cerebral vascula-
ture  [  342  ] . Thus, it is uncertain if the PPG neu-
rons controlling the choroid exclusively subserve 
the choroid. Based on the number of retrogradely 
labeled neurons we observed in the PPG and 
greater petrosal nerve after intrachoroidal fl uoro-
gold injection, and based on the extent of the 
fl uorogold injections, it appears that at least 200–
300 PPG neurons innervate choroid in rats  [  65  ] . 
Additional PPG neurons may innervate orbital 

vessels feeding into choroid and thereby exert a 
further infl uence on ChBF  [  346,   370  ] .    

    12.5.3.2   Central Anatomy of Facial 
Circuitry for Control 
of ChBF – Mammals 

 The PPG in mammals receives its preganglionic 
parasympathetic input from the superior saliva-
tory nucleus (SSN) subdivision of the facial 
nucleus motor complex (SSN)  [  59,   357  ] . We have 
used transneuronal retrograde pathway tracing in 
rats with the Bartha K strain of pseudorabies virus 
(PRV) to identify the SSN neurons innervating 
those PPG neurons projecting to choroid, and to 
identify central neurons projecting to that part of 
SSN  [  65  ] . Double-labeling immunofl uorescence 
<75 h after intrachoroidal virus injection (i.e., at 
relatively short survival times) showed that the 
PRV+ neurons in SSN were cholinergic, confi rm-
ing their preganglionic identity (Fig.  12.9 ). 
Moreover, the choroidal SSN neurons appeared to 
be slightly more rostral and medial in location 
(Fig.  12.10 ) than those observed after injection of 
PRV into other peripheral PPG targets, such as the 
Meibomian glands  [  200  ]  and the lacrimal gland 
 [  373  ] , indicating choroidal control may be local-

  Fig. 12.7    A series of images of fl uorescent labeling    
showing that neurons of the rat PPG that project to the 
choroid contain NOS, VIP, and ChAT. Image ( a ) shows 
neurons of the PPG that had been retrogradely labeled by 
intrachoroidal FG injection into the temporal sector of the 
choroid, and image ( d ) shows NOS immunolabeling in 
this same fi eld of view. NOS is present in most of the 
FG-labeled PPG neurons, as indicated by  arrows  for some 
of the double-labeled neurons. Image ( b ) shows neurons 
of the PPG that were retrogradely labeled by the same 

intrachoroidal FG injection, and image ( e ) shows VIP+ 
neurons in this same fi eld. Note that VIP is also present in 
most of the FG-labeled PPG neurons (some indicated by 
 arrows ). Image ( c ) shows neurons of the PPG that had 
been retrogradely labeled by the same intrachoroidal FG 
injection as in ( a  and  b ), while image ( f ) shows ChAT 
immunolabeling in the same fi eld. Note that ChAT is also 
present in most of the FG-labeled PPG neurons (some 
indicated by  arrows ). All images are at the same 
magnifi cation       
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  Fig. 12.8    Images showing PPG input to the choroid in 
mammals. Images ( a  and  b ) show thin and beaded VIP+ 
fi bers in and around choroidal vessels in rat ( arrows ). Image 
( c ) shows a dense plexus of NADPHd+ nerve fi bers within 
the rat choroid. NADPHd is a marker for NOS fi bers, and ( c ) 
thus shows that the rat choroid is rich in NOS+ innervation. 

These fi bers arise from the PPG and co-contain VIP. Image 
( d ) shows VIP+ nerve fi bers adjacent to a large vessel cut 
longitudinally ( arrow ) and also more superfi cially ( arrow-
head ) in the rhesus monkey choroid (Modifi ed from Stone 
 [  344  ] ). An autofl uorescent red blood cell is marked by a 
 black asterisk  in ( d ). Magnifi cation in ( a ) same as in ( b )       

  Fig. 12.9    A pair of images of transverse sections of the 
SSN at its rostral level ( a ,  b ), showing neurons within rat 
SSN that are preganglionic to choroidal neurons of the 
PPG. Image ( a ) shows a section from a normal rat immu-
nolabeled for choline acetyltransferase ( ChAT ), a marker 
of cholinergic neurons, while image ( b ) shows neurons in 
SSN transneuronally labeled 63 h after a pseudorabies 
injection into the choroid. The pair of images shows that 
SSN and facial motor nucleus (n7) neurons are ChAT+, 
and neurons regulating choroid are restricted to more ven-
tromedial SSN. The magnifi cation is the same in images 
( a  and  b ). Images ( c  and  d ) show images of a single fi eld 

of view of the SSN from tissue double labeled with immu-
nofl uorescence for pseudorabies ( c ) and ChAT ( d ), from 
an animal that survived 65 h after unilateral virus injec-
tion into the choroid. The  arrows  indicate neurons within 
the SSN that were labeled for PRV from choroid and were 
cholinergic. These results show that the PRV+ neurons 
within the SSN labeled transneuronally from the choroid 
were cholinergic preganglionic neurons, which represent 
a subset of SSN neurons. Images ( c  and  d ) are at the same 
magnifi cation. All four fi elds are of the right side of the 
brain, with medial to the left and dorsal to the top       
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ized to a select subpopulation of SSN neurons. 
The choroidal SSN neurons commonly were also 
NOS+, and the majority of NOS+ neurons within 
the SSN were PRV+, suggesting NOS to be a 
marker of choroidal neurons within rat SSN. With 
longer post intrachoroidal injection times, higher-
order labeling of neurons projecting directly or 
polysynaptically to SSN became evident 
(Fig.  12.11 ). The dorsal part of the paraventricular 
nucleus (PVN) of the hypothalamus notably con-
tained PRV+ neurons bilaterally (more heavily 
ipsilaterally). The input of PVN to choroidal SSN 
is of interest, because PVN is responsive to sys-
temic blood pressure (BP) and plays a role in 
maintaining stable systemic BP  [  16,   190,   276, 
  397  ] , and the PVN region exerts a vasodilatory 

infl uence on cerebral blood fl ow (CBF)  [  117  ] . 
With similar survival times, PRV+ neurons were 
also observed in the caudolateral part of the 
nucleus of the solitary tract (NTS) known to 
receive aortic baroreceptor input via the vagus 
nerve and respond to BP fl uctuation  [  56,   116, 
  295  ] . Like the PVN, the nucleus of the solitary 
tract exerts a vasodilatory infl uence on cerebral 
blood fl ow  [  248  ]  and has been shown to project 
directly to the SSN  [  2  ] . Additionally, the NTS 
projects directly and indirectly via the lateral 
parabrachial region (PBL) to the PVN  [  48,   118  ] . 
The parabrachial region is known to be part of the 
circuitry for relaying BP-related information from 
NTS to PVN, and we found in our PRV studies 
that it too projects to SSN  [  137 ,  157  ] . These 
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  Fig. 12.10    Camera lucida drawings of the right side of 
the brain in a rostral ( top row )-to-caudal ( bottom row ) set 
of transverse sections showing the location of the rat SSN 
(cholinergic neurons immunolabeled for ChAT illustrated 
by  dots  in the  left column ), noradrenergic neurons immu-
nolabeled for TH (illustrated by  triangles  in the  middle 
column ), and SSN neurons transneuronally retrogradely 
labeled from the choroid with PRV (illustrated by  dia-
monds  in the  right column ). The numbers at the  right  indi-
cate the rostrocaudal level of each row in terms of the 
distance behind the skull suture Bregma. The fi rst two col-
umns show that the cholinergic neurons of SSN and the 

TH+ neurons of the A5 cell group have only slight over-
lap, with the SSN neurons largely lying caudomedial to 
A5. The PRV neurons transneuronally retrogradely 
labeled from the choroid were restricted to the rostral and 
ventromedial SSN (at P10.5).  g7  genu of the facial nerve, 
 mlf  medial longitudinal fasciculus,  n7  facial motor 
nucleus,  N7     facial nerve root,  nTTd  nucleus of the 
descending trigeminal tract,  py  pyramidal tract,  SSN  supe-
rior salivatory nucleus,  TTd  descending trigeminal tract, 
 A5  nor adrenergic cell group 5       
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 fi ndings in rat suggest that brain regions involved 
in sensing and controlling systemic BP may infl u-
ence PPG neurons innervating the choroid.    

 The phenomenon of blood fl ow stability over a 
range of systemic BPs has been well documented 
for the cerebral vasculature, and cerebral compen-
sation for low BP is thought to maintain cerebral 
function and prevent ischemic cerebral injury 
 [  272  ] . At the same time, the PVN, NTS, and PBL 
may drive cerebral blood fl ow increases in response 
to low systemic BP, and these sites can drive 
peripheral vasoconstriction as well  [  48,   118,   276  ] . 
The combination of increased vasodilation in the 
cerebral vasculature combined with peripheral 
vasoconstriction would work together to maintain 
a stable CBF despite BP declines. It may be that 
the inputs of PVN, NTS, and PBL to choroidal 
SSN play a similar role in maintaining choroidal 
blood fl ow during normal or accidental bouts of 
low systemic BP. Such circuitry could serve to 
maintain high ChBF during episodes of decreased 

systemic BP, such as might occur normally during 
inactivity, rest, or sleep, or traumatically due to 
injury and blood loss. Refl exive PPG-mediated 
choroidal vasodilation could be important for 
maintaining metabolic support of the retina during 
the bouts of low BP, as well as for preventing reti-
nal ischemia during extremes of the BP-lowering 
events  [  33,   35  ] . While ChBF stability during BP 
variation has been reported in humans and rabbits    
 [  169,   171,   292,   293  ] , it is unknown if the SSN-
PPG circuit mediates ChBF stability with BP 
declines. The circuitry data we obtained using 
PRV transneuronal labeling in rats suggest that the 
PPG input to choroid may be involved in such a 
function. It may be, therefore, that neurogenic and 
myogenic mechanisms both contribute to stabilize 
both choroidal and cerebral blood fl ow during 
downward fl uctuations in systemic BP, as dis-
cussed further in the following section on the func-
tion of the SSN-PPG circuit. 

  Fig. 12.11    Images of PRV-labeled neurons from a rat 
that had survived 69 h after an intrachoroidal injection of 
virus into the right eye, with the labeled neurons detected 
by peroxidase-antiperoxidase immunolabeling with 
diaminobenzidine. All images are of coronal sections. 
Image ( a ) shows a midline view of the suprachiasmatic 
nucleus ( SCN ) region of the hypothalamus. Note that a 
few PRV+ neurons that send dendrites toward and into the 
SCN are present on both sides of the brain. Image ( b ) 

shows a higher-power view of the right paraventricular 
nucleus of the hypothalamus ( PVN ). Note the many PRV+ 
neurons in PVN. Image ( c ) shows PRV+ neurons ( arrows ) 
in the lateral parabrachial nucleus ( PBL ) lateral to the 
superior cerebellar peduncle ( scp ), on the right side of the 
brain. Image ( d ) shows PRV+ neurons in the rostral 
nucleus of the solitary tract ( NTS ), on the right side of the 
brain. The magnifi cation is the same in all images       
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 The SSN innervates two cranial parasympa-
thetic ganglia, the PPG and the submandibular 
ganglion, with the submandibular preganglionic 
neurons situated dorsal to those innervating the 
PPG  [  357  ] . As noted above, the PPG innervates 
the choroid, orbital vessels, the lacrimal gland, 
and Meibomian glands  [  200,   357  ] , as well as 
nonorbital tissues such as the cerebral vascula-
ture and the nasal mucosa  [  385  ] . Given that 
PVN region stimulation or NTS stimulation 
increases cerebral blood fl ow  [  56,   117,   190,   248 , 
 295  ] , and given that PVN and the NTS innervate 
choroidal neurons of the SSN, the  possibility 
exists that the same populations of PPG neurons 
and SSN neurons that regulate choroidal blood 
fl ow also regulate cerebral blood fl ow. The fact 
that the cerebrum and eye are both neural tissues 
with high metabolic requirements calling for a 
stable blood supply is supportive of this 
possibility. 

 Because of the evidence that retinal illumina-
tion can increase ChBF via central circuits in 
birds, as discussed in more detail in the section 
on ciliary ganglion innervation of the choroid 
 [    88,   90,   315  ] , because of the evidence that light 
or transition from dark to light increases ChBF 
in rabbits, monkeys, and humans (Fig.  12.12 ) 
 [  35,   100,   149,   206   269,   270,   364 , ]  and because 

of the evidence that fl icker-modulated regulation 
of blood fl ow occurs in the short ciliary arteries 
 [  415 ], visual inputs to choroidal SSN neurons 
are of interest. Retinal activity-dependent regu-
lation of ChBF, mediated by retinal input to cen-
tral autonomic circuitry, may serve as a 
replacement for the direct metabolic coupling 
evident between retina and the inner retinal cir-
culation, which is not possible for the choroidal 
circulation due to its position behind the retina. 
While photoreceptor metabolism is high in the 
dark and declines in the light  [  45,   61,   204,   229, 
  364,   383,   386  ] , fl ickering light (which may bet-
ter simulate a changing visual scene than con-
stant illumination) results in considerable 
increase in inner retinal metabolism with little 
change in photoreceptor metabolism  [  35,   45  ] . 
Retinal activity-mediated increases in ChBF 
may be especially important for driving nutrients 
and oxygen to inner retina under these circum-
stances, again for species poor in retinal vessels, 
and for retinal regions poor in retinal vessels in 
those species otherwise possessing a well- 
developed retinal vasculature. Our anatomical 
data with pseudorabies virus transneuronal ret-
rograde labeling suggest the possibility that 
light-mediated increases in ChBF may occur via 
the facial parasympathetic circuit in mammals. 
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  Fig. 12.12    Illustration (Fig. 2) redrawn from Longo et al. 
(2000), showing the mean response of ChBF for eight 
humans during 20 min of room light and during 20 min of 
darkness. Note that ChBF rapidly increased with light 
onset and remained consistently higher in the light than it 

was in the dark. Note also that ChBF declined progres-
sively during the 20-min exposure to darkness. A log 
regression revealed that the decline was signifi cantly lin-
ear with time. Typical  error bars  are shown       
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For  example, we have observed that neurons 
 surrounding the retinorecipient hypothalamic 
cell group the suprachiasmatic nucleus (SCN) 
project to SSN, suggesting a direct projection 
from retinorecipient peri-SCN neurons to SSN 
choroidal neurons (Fig.  12.11 ). Visual input to 
SSN may also come via a visual input to PVN 
neurons projecting to SSN. The retina and SCN 
are both known to project to ipsilateral PVN in 
rodents  [  140,   409  ] , and it is possible the PVN 
target neurons include those that project to chor-
oidal neurons of SSN. Finally, the olivary pretec-
tal nucleus, which also receives retinal input, 
may also be a source of visual input to SSN or to 
the nucleus of Edinger-Westphal (which projects 
to ciliary ganglion)  [  86 ,  227,   274  ] . In any event, 
the fi nding that ChBF changes in human macula 
attending dark–light transitions can be blocked 
by NOS inhibition is consistent with the possible 
involvement of the PPG input to thet choroid in 
light-mediated control of ChBF  [  149  ] . Note that 
an SCN input to choroidal neurons of PVN 
would provide not only a neural substrate for 
visual control of ChBF but also potentially 
impose a circadian rhythm on ChBF  [  244  ] , which 
would seem plausible given the demonstrated 
circadian rhythms in disk shedding, IOP, ocular 
length, choroidal thickness, photoreceptor func-
tion, and outer retinal metabolism  [  38,   41,   187, 
  204,   250,   267,   408  ] . Finally, while light-medi-
ated increases in ChBF have been demonstrated 
in many studies in mammals, light-mediated 
ChBF increases have not been observed in some 
prior studies in rabbits and newborn piglets  [  332, 
  336  ] , nor were ChBF increases in response to 
diffuse luminance fl icker observed in cats  [  291  ] .   

    12.5.3.3   Physiological Studies of Facial 
Parasympathetic Control of 
ChBF – Mammals 

 The infl uence of facial parasympathetic control 
of choroidal blood fl ow in mammals has been 
studied pharmacologically with drugs that affect 
or mimic the actions of the peripheral vasodila-
tors used by the PPG (VIP, NO, and acetylcho-
line) and by stimulation of the preganglionic 
neurons at the level of the facial nerve or the SSN. 
The latter studies have also examined the role of 

VIP, NO, and acetylcholine in mediating the 
effects of facial nerve or SSN stimulation on 
ChBF. In early studies, Ruskell showed that 
severing PPG input to the choroid yielded 
diminished IOP  [  297  ] . While the basis of 
this effect was uncertain at the time, it is now 
thought that reduced ChBF caused by loss of 
basal PPG vasodilatory influences on the chor-
oid is the basis of the lessened IOP. This inter-
pretation is consistent with the slight rise in 
IOP in monkey caused by facial nerve stimu-
lation  [  252  ] . Numerous researchers have sub-
sequently carried out detailed studies on the 
physiology and pharmacology of PPG input to 
the choroid. 

 Intravenous delivery of VIP in rabbits increases 
ChBF and IOP  [  251  ] . Other studies in mammals 
have shown that NO plays a role in maintaining 
basal ChBF  [ 185,    69,   211,   218  ]  and that NO 
mediates the cholinergic neurogenic vasodilation 
on choroidal vessels  [  185,   69,   114,   255,   326  ] . For 
example, Deussen et al.  [  69  ]  showed that LNAME 
increases mean arterial pressure by 20% and yet 
decreases ChBF by 40–50% in dogs. Similarly, 
NO inhibition substantially decreases basal ChBF 
in humans  [  211,   212  ] , rabbits  [  313  ] , piglets  [  156  ] , 
and rats  [  166,   185,   259  ] . Two LDF studies in cats 
showed that intravenous acetylcholine increases 
ChBF despite its systemic hypotensive effect 
 [  218,   291  ] . Mann et al.  [  218  ]  showed that the 
ChBF increase with intravenous acetylcholine in 
cats was attenuated 50% by NOS inhibition with 
LNA despite a 40% increase in blood pressure. 
 [  256  ]  showed in cats that nonselective NOS inhi-
bition or atropine blockade of muscarinic cholin-
ergic control of the choroid both reduce ChBF. 
These results and the evidence that NOS inhibi-
tion with LNAME yields endothelium-dependent 
vasoconstriction of pig ophthalmic arteries  [  17, 
  235,   387  ]  suggest that at least part of the effect of 
NO on basal choroidal tone might be mediated by 
endothelial release of NO  [  401  ] . Neurogenic 
NO-mediated relaxation of the intraocular part of 
the bovine long posterior ciliary arteries was, 
however, found to be driven by neurally derived 
NO dependent, but not be endothelial NO depen-
dent  [  392  ] . These results suggest a role in uveal 
blood fl ow control by PPG cholinergic elicitation 
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of endothelial NO release, as well as by direct 
release of NO from PPG terminals on choroidal 
vessels. The ophthalmic artery and its short and 
long ciliary branches supplying the choroid are 
also innervated by VIP+, nNOS+, and cholin-
ergic (cholinesterase-containing) nerves of PPG 
origin, and they show NO-mediated relaxation in 
response to transmural activation of these nerves 
or to cholinergic stimulation  [  17,   132,   133,   258, 
  366,   369,   401,   410  ] . Thus, PPG cholinergic stim-
ulation of endothelial NO release, as well as 
direct neural release of NO and VIP, acting at the 
level of the vessels supplying the choroid also 
may affect ChBF. 

 Activation of preganglionic input to the PPG 
by facial nerve stimulation or by stimulation of 
the preganglionic neurons within SSN increases 
ChBF in mammals. For example, facial nerve 
stimulation in rabbits increases ChBF and also 
yields a slight IOP rise  [  339  ] . A later study 
reported that facial nerve activation in cats, 
rabbits, or monkeys yields a choroidal blood 
fl ow increase that is blockable with ganglionic 
blockade with hexamethonium, and a slight 
IOP rise was seen due to the ChBF increase 
in monkeys  [  252  ] . Nilsson  [  255  ]  showed 
that 2-Hz facial nerve stimulation in rabbits 
increases ChBF, with the increase reduced 50% 
by NOS inhibition, while the ChBF increase to 
5-Hz stimulation was minimal. A role of some 
vasodilator system in addition to NO (presum-
ably) was implied by the fi nding that the ChBF 
increase at 5-Hz facial nerve stimulation was 
only minimally suppressed by NOS inhibition. 
In a subsequent study addressing this fi nd-
ing in cats, Nilsson ( 2000 ) reported that the 
ChBF increases with 5-Hz facial nerve stimu-
lation could be completely blocked with sys-
temic NOS inhibition with LNA, but the ChBF 
increases with 10-Hz stimulation were reduced 
but not blocked by LNA alone or atropine alone, 
and more greatly reduced by LNA and atropine 
together. The results in rabbits and cats suggest 
that the different vasoactive substances released 
by PPG terminals play greater roles at different 
nerve fi ring frequencies – more so muscarinic 
mechanisms driving endothelially derived NO, 
and perhaps neurally derived NO as well, at 

low frequencies, and more so VIP,  cholinergic 
release of  endothelially derived NO, and per-
haps neurally derived NO at higher frequencies. 
Similarly, studies on submandibular ganglion 
and otic ganglion control of blood fl ow and 
salivary secretion in the submandibular and 
parotid glands, respectively, suggest that low-
frequency fi ring of parasympathetic postgangli-
onic fi bers may preferentially yield vasodilation 
and salivation via acetylcholine release and a 
muscarinic cholinergic action that stimulates 
endothelial NO release, while high-frequency 
fi ring of parasympathetic postganglionic fi bers 
may preferentially yield vasodilation and sali-
vation by VIP release  [  81,   213,   219  ] . 

 Activation of the SSN neurons projecting to 
those PPG neurons innervating choroid also 
yields vortex vein and choroidal vessel vasodila-
tion in rats  [  326  ] , as measured by transcleral 
LDF, yielding 200% increases above baseline 
(Fig.  12.13 ). Since the retinal vasculature    is mea-
ger at these LDF sites  [  417  ] , the SSN-elicited 
blood fl ow increases in rats must be attributable 
to ChBF increases (Koss 1988)  [  326  ] . Intravenous 
administration of the general NOS inhibitor 
LNAME or the nNOS selective inhibitor TRIM 
signifi cantly decreased basal ChBF and vortex 
vein blood fl ow in rats and attenuated the ChBF 
increases yielded by SSN stimulation. These 
results employing the proven selective nNOS 
inhibitor TRIM indicate that activation of pregan-
glionic input to PPG increases ChBF and this 
effect may involve NO release from intrachoroi-
dal (as well as possibly from orbital) PPG fi bers. 
The ciliary arteries show acetylcholine-mediated 
vasodilation in monkeys, suggesting a role for 
cholinergic endothelial NO-mediated vasodila-
tion in control of ChBF as well  [  370  ] . One previ-
ous study, however, reported that atropine did not 
block SSN-elicited choroidal vasodilation in rat 
 [  326  ] , but it is uncertain if this was the case 
because of the stimulation frequencies examined 
or because of the atropine dose used. In chroni-
cally sympathectomized rats, cholinergic PPG 
mechanisms are revealed, as M3 muscarinic 
receptor antagonists and atropine block ChBF 
increases with SSN stimulation  [  327  ] . This result 
is consistent with the fi nding that PPG neurons 
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also appear to be cholinergic  [  63,   354  ]  and 
 muscarinic agonists yield choroidal vasodilation 
 [  114,   218  ] .   

    12.5.3.4   Choroidal Autoregulation and the 
PPG Input to Choroid – Mammals 

 The issue of choroidal autoregulation (i.e., com-
pensation for ocular perfusion pressure changes 
so as to maintain ChBF near basal levels) has 
been somewhat controversial, since earlier stud-
ies reported that ChBF decreased linearly with 
reductions in choroidal perfusion pressure 
caused by acute hemorrhage or increased IOP 
 [  4,   10,   33,   37  ] . These observations had, in fact, 
led to a dogma that while cerebral blood fl ow 
and retinal blood fl ow do autoregulate to main-
tain stale fl ow despite reduced ocular perfusion 
pressure, choroidal blood fl ow does not. It 
became increasingly evident from subsequent 
studies, however, that ChBF does compensate 
for perfusion pressure declines. For example, 
some autoregulation with IOP elevations was 
noted in cats  [  97,   390  ] , rabbits  [  54  ] , and humans 
 [  292  ] . Detailed studies in rabbits have shown 
that when ocular perfusion pressure is experi-
mentally reduced by lowering BP rather than by 
raising IOP, stable ChBF over a blood pressure 
(BP) range of 40–50 below basal BP is observed 
 [  169  ] . The compensation was hypothesized to 
stem from myogenic mechanisms  [  171  ] . In a 
later study, Kiel  [  173  ]  noted that both NOS inhi-

bition and ganglionic blockade diminished the 
ChBF compensation to systemic hypotension in 
rabbit, implying some involvement of neuro-
genic vasodilatory mechanisms in the compen-
sation. We refer to the blood fl ow compensation 
for reduced systemic BP as baroregulation. By 
contrast, Jacot et al.  [  156  ]  showed in piglet that 
ChBF compensation to perfusion pressure 
changes caused by IOP manipulation do not 
involve NO release, and thus involve different 
mechanisms that are involved in choroidal baro-
regulation. It is now evident than it is unlikely 
that ChBF would not show compensation for 
reduced ocular perfusion pressure, given the 
potentially adverse consequences of either 
supranormal ChBF or subnormal ChBF on reti-
nal health and function. Without autoregulation, 
high BP would yield an ocular perfusion pres-
sure resulting in excessively high ChBF, caus-
ing fl uid accumulation in retina and defi cient 
exchange of wastes and nutrients between retina 
and choroid  [  35,   170  ] . Similarly, without auto-
regulation, low BP would yield an ocular perfu-
sion pressure resulting in low ChBF, causing 
retinal hypoxia and impaired retinal function 
 [  325,   399,   400  ] . 

 Given the input of hypothalamic and solitary 
nucleus blood pressure-sensitive sites to the chor-
oidal neurons of the SSN  [  65,   147,   154,   323  ] , at 
least part of the choroidal compensation to BP 
declines may be mediated by the SSN-PPG 
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  Fig. 12.13    Figure 1 redrawn 
from Steinle et al.  [  322  ]  
showing a laser Doppler 
blood fl ow record from the 
anterior choroid, posterior 
choroid, and vortex veins of 
rats during stimulation of 
either the SSN or the cervical 
sympathetic trunk ( CST ). The 
 bar  indicates the duration of 
the SSN (20 Hz) or the CST 
(12-Hz stimulation). Note 
that the CST stimulation 
decreased ChBF in posterior 
choroid, while SSN 
stimulation increased fl ow in 
the anterior choroid and 
vortex veins       
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circuit. Consistent with this possibility, prior stud-
ies have suggested that at least part of the com-
pensation of cerebral blood fl ow for declines in 
BP may be mediated by the PPG  [  121,   245  ] . 
Moreover, systemic hypotension does not activate 
sympathetic input to the choroid, while it does 
cause peripheral vasoconstriction  [  34  ] . Thus, the 
eye (like the brain) is a privileged tissue during 
systemic hypotension. Nonetheless, Linder  [  203  ]  
found that facial nerve stimulation increased chor-
oidal blood fl ow in hypotensive rabbit, but facial 
nerve section did not reduce choroidal blood fl ow 
in hypotensive or normotensive rabbit, suggesting 
little contribution of the facial nerve system to 
hypotensive or normotensive tone in anesthetized 
rabbit. These results argue against the notion that 
the SSN-PPG circuit to the choroid participates in 
ChBF compensation for low systemic blood pres-
sure, at least in rabbits. Given the anatomical evi-
dence for BP-sensitive inputs to the SSN, however, 
further studies are needed to assess the contribu-
tion of the SSN-PPG circuit in mammals to ChBF 
baroregulation. 

 Note that the choroidal circulation does not 
appear to regulate (decrease) to high oxygen 
levels but does regulate (increase) in response to 
high CO 

2
 . For example, ChBF is unaltered in 

response to breathing 100% oxygen in humans 
 [  112,   167,   291  ]  but is increased by breathing 
carbogen (95% O 

2
  – 5% CO 

2
 )  [  112  ] . Similarly, 

hypercarbia increases ChBF in newborn piglets, 
cats, sheep, and baboons  [  5,   238,   332,   395  ] . 
High CO 

2
  is also known to increase cerebral 

blood fl ow as well  [  395  ] . The mechanism of the 
increased blood fl ow with hypercapnia is uncer-
tain. Schmetterer    et al.  [  305  ]  reported that NO is 
involved in hypercapnia-mediated incr eases in 
blood fl ow in the human ophthalmic artery, rais-
ing the possibility that the same is true for the 
choroid. Cyclooxygenase products do not appear 
to mediate the hypercapnic ChBF increase in 
newborn piglets  [  331  ] . Note that some newborn 
mammals such as piglets  [  333  ]  but not sheep 
 [  243  ]  show a ChBF decrease to breathing 100% 
O 

2
  – the increase in piglets also does not appear 

to be mediated by cyclooxygenase products. 
Whether vasodilatory PPG input plays a role in 
hypercapnic ChBF increases is unknown.  

    12.5.3.5   Peripheral Anatomy of Facial 
Circuitry for Control 
of ChBF – Birds 

 The pigeon PPG consists of an interconnected 
series of three to four microganglia of about 
50–200 neurons each and numerous lesser micro-
ganglia (Figs.  12.14  and  12.15 )  [  63  ] . The main 
microganglia of the PPG network in pigeons lie 
along the superior aspect of the Harderian gland. 
Neurons of all of these microganglia are extremely 
rich in VIP and nNOS, and moderate in ChAT 
(and thus make acetylcholine), and the majority 
co-contain VIP and nNOS (Fig.  12.16 ). In pigeons 
and chickens, the PPG has been shown to inner-
vate choroidal vessels, as well as orbital vessels 
supplying the choroid  [  63,   85  ] . Axons containing 
VIP and nNOS extend from the PPG network to 
perivascular fi ber plexi on orbital blood vessels 
 [  63  ] . These orbital vessels, many of which enter 
the choroid posteriorly and nasally, are a conduit 
by which PPG postganglionic fi bers reach the 
choroid (Fig.  12.15 ). Within the choroid, VIP+ 
and nNOS+ fi bers are widely scattered but sparse, 
and most abundant in nasal choroid. These results 
suggest that PPG neurons in birds use VIP and 
NO, and also possibly acetylcholine, to exert vaso-
dilatory control over blood fl ow to and within the 
avian choroid. A few VIP+ and nNOS+ neurons 
were also observed in the choroid. In some avian 
groups, such as ducks, many more intrinsic chor-
oidal neurons co-containing VIP and nNOS have 
been reported  [  26,   306,   307,   309  ] , as described 
here in more detail in a later section.     

    12.5.3.6   Central Anatomy of Facial 
Circuitry for Control 
of ChBF – Birds 

 Several studies have suggested that the pregangli-
onic neurons innervating the PPG in birds reside in 
the superior salivatory nucleus in a similar brain-
stem location as in mammals  [  108,   228,   310  ] . 
Schroedl et al.  [  310  ]  recently carried out a detailed 
anatomical study on the localization of the avian 
SSN (Fig.  12.17 ). ChAT+ neurons in brainstem 
were retrogradely labeled via the radix autonomica 
of the facial nerve, which conveys preganglionic 
axons from the SSN to the PPG. The SSN neurons 
were located dorsolateral to somatic facial 
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motoneurons, as they are in mammals. As in mam-
mals, the SSN region receives input from the 
nucleus of the solitary tract  [  14  ] , the parabrachial 
region  [  394  ] , and the SSN  [  180  ] .  As in mammals, 

the parabrachial region receives input from the 
nucleus of the solitary tract, which receives barore-
ceptive input  [  28,   164  ] . Thus, as in mammals, the 
avian SSN-PPG circuit may be responsive to 
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  Fig. 12.14    Schematic illustrations of the major ocular 
nerves ( a ) and vessels ( b ) and their relationship to the 
Harderian gland in birds, both as viewed from the poste-
rior aspect of the left eye. Schematic ( a ) shows the course 
and relative locations of several major orbital nerves, as 
well as the locations of the ciliary ganglion ( CG ) and a 
simplifi ed version of the PPG system of microganglia. A 
more detailed version of the PPG is shown in Fig.  12.15 . 
Schematic ( b ) illustrates the origin of the ophthalmotem-
poral artery from the external ophthalmic artery (which is 
itself a branch of the internal carotid) and its orbital course 

along the left eye. Note the course of the ophthalmotem-
poral artery along the temporal, posterior, and nasal poles 
of the eye, and note that it gives rise to choroidal arteries 
throughout its course. It also gives rise to additional mus-
cular and glandular branches. The ophthalmotemporal 
artery is accompanied by a vein of the same name whose 
major branches are somewhat different from those of the 
artery. Superior is to the top and nasal to the right in both 
schematics.  inf  inferior branch of oculomotor nerve,  OPH  
ophthalmic nerve,  sup  superior branch of oculomotor 
nerve       
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baroreceptor information and thus regulate ChBF 
as a function of systemic blood pressure.   

    12.5.3.7   Physiological Studies of Facial 
Parasympathetic Control 
of ChBF – Bird 

 In unpublished studies, we used transcleral LDF 
to measure ChBF in pigeons while systematically 
electrically stimulating brainstem in the vicinity 
of the facial motor nucleus, focusing on the region 

of small cholinergic neurons between the two 
motoneuron pools comprising the SSN in chick-
ens that had been shown to project to the PPG 
 [  108,   310  ] . We found that the region of the SSN 
of birds was effective for eliciting ChBF increases 
(100% or more) without signifi cant concomitant 
systemic BP increases. The NOS inhibitor 
7-nitroindazole (7NI) greatly attenuated (about 
50%) the ChBF increases that could be elicited 
from this region, consistent with an involvement 
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  Fig. 12.15    Image ( a ) provides a schematic view of the left 
Harderian gland and associated PPG plexus, as seen from 
the nasal side (i.e., the side facing the orbit). The ophthal-
mic nerve ( OPH ) is shown as coursing superior to the gland 
and receiving fi bers from the PPG plexus. The nasal branch 
of the ophthalmotemporal artery is shown behind the gland. 
The two major PPG microganglia are located along the 
superior aspect of the Harderian gland and are indicated by 

 arrows . The more rostral of these two is typically referred 
to as “the PPG” in many previous published works. 
NADPH-diaphorase neurons within the various microgan-
glia are shown as  solid circles . Image ( b ) provides a supe-
rior view of the Harderian gland and the ophthalmotemporal 
artery between it and the eye. Nerve fi bers on the artery and 
its branches to the choroid are illustrated       
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  Fig. 12.16    Photomicrographs of immunolabeling in the 
main ganglion making up the avian PPG network. Images 
( a – c ) show three adjacent sections of the main PPG, 
labeled for VIP ( a ), NADPHd ( b ), and ChAT ( c ). The 
ganglion is rich in VIP+ and NADPHd+ perikarya, but 
poorer in ChAT perikarya. The ChAT perikarya are 
embedded within the ChAT+ neuropil of this PPG micro-
ganglion. The axon bundle shown to the extreme left in 
each photomicrograph contains VIP+, NADPHd+, and 
ChAT+ axons. The Harderian gland ( HG ) is shown to the 
 upper left  in all three photomicrographs. Images ( d – g ) 
show single fi elds of view of the main PPG microganglion 

in frontal sections, double-labeled by immunofl uores-
cence for VIP and nNOS. As can be seen in image pair ( d  
and  e ), and a higher-power view of part of the same fi eld 
( f  and  g ), numerous individual perikarya in the gland are 
labeled for VIP and nNOS. The  large arrows  in ( d  and  e ) 
indicate three such double-labeled neurons, and these 
same neurons are indicated in ( f  and  g ) by  large arrows . 
In addition, a number of other neurons labeled for both 
VIP and nNOS are indicated in ( f  and  g ) by  small arrows . 
Magnifi cation the same in ( a – c ). Magnifi cation the same 
in ( d  and  e ). Magnifi cation the same in ( f  and  g )       
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  Fig. 12.17    Schematic images from Fig. 9 of Schrodl 
et al.  [  310  ] . The schematics show a mapping of the right 
side of the brainstem in a rostral ( a ) to caudal ( b ) pair of 
transverse sections. Preganglionic parasympathetic neu-
rons of the SSN, as identifi ed by  retrograde  tracing, are 
indicated by  open triangles .  Black dots  represent motoneu-

rons of somatic facial motor nucleus nerve VII.  Cb  cere-
bellum,  Flm  fasciculus longitudinalis medialis,  L  lingula, 
 MCC  nucleus magnocellularis cochlearis,  nVI  nucleus 
abducens,  NVI  nervus abducens,  NVIII  nervus vestibulo-
cochlearis,  OS  nucleus olivaris,  V4  fourth ventricle,  Vem  
nucleus vestibularis medialis,  R  raphe nucleus       
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of PPG NOS+ neurons in the elicited increases. 
Note that 7NI has widely been referred to as a 
selective nNOS inhibitor. This conclusion was at 
odds with the published evidence that 7NI is a 
potent inhibitor of both nNOS and eNOS  in vitro , 
but its isoform selectivity in vivo was hypothe-
sized to be to due to uptake by neurons but not 
endothelial cells  [  243  ] . The evidence for  in vivo  
selectivity was that 7NI reportedly did not pro-
duce hypertension. This claim was, however, 
consistently based on a meager number of ani-
mals in the studies claiming selectivity, with the 
result being that a small hypertensive effect was 
ignored as insignifi cant. In our own studies, we 
showed that 7NI does induce a clear pressor 
effect in rats when the group size is adequate for 
statistical power, that this pressor effect is periph-
erally mediated, and that 7NI does inhibit 
endothelium-dependent cholinergic vasodilation, 
all suggesting that the selectivity of 7NI for nNOS 
over eNOS was overstated  [  414  ] . Thus, 7NI is 
not nNOS selective, as others have now also 
come to recognize  [  3,   15  ] .  

    12.5.3.8   Choroidal Autoregulation and 
the PPG Input to Choroid – Birds 

 As part of our interest in the signifi cance of the 
facial parasympathetic control of ChBF, we 
investigated if ChBF in pigeons showed baroreg-
ulation (i.e., compensation for perfusion pressure 
changes caused by BP changes so as to maintain 
ChBF near basal levels). In one line of study 
 [  287  ] , we determined whether pigeons can com-
pensate for an acute decrease in arterial BP and 
maintain stable ChBF (Fig.  12.18 ). ChBF was 
measured using transcleral LDF in anesthetized 
pigeons, and a stable decrease in arterial BP was 
produced by blood withdrawal from the brachial 
artery. The ChBF response to the acute BP drop 
was assessed by calculating the gain factor (Gf). 
A Gf of zero means that the ChBF change is com-
pletely proportional to the arterial BP change, 
without compensation (i.e., without baroregula-
tion). A Gf of 1 indicates complete stability of the 
ChBF despite the change in BP (i.e., perfect baro-
regulation). During the withdrawal itself, BP 
decreased rapidly, as did ChBF. The ChBF 
decline, however, was typically not as great as the 

arterial BP decline and showed recovery once 
arterial BP had stabilized at its lower level. For 
postwithdrawal BP above 40 mmHg, the Gf by 
1 min after blood withdrawal was 0.4–0.5, indi-
cating that the decline in ChBF was proportion-
ally less than the decline in arterial BP. When the 
arterial BP declined to a level at or below 
40 mmHg, the Gf was about 0, suggesting that 
the ChBF could not compensate when arterial BP 
was this low. While these results were consistent 
with the dogma that ChBF declines when BP 
declines, they nonetheless confi rmed that ChBF 
does signifi cantly compensate for BP declines. In 
a second line of study  [  287  ] , we determined if 
ChBF baroregulation occurred during spontane-
ous BP fl uctuation (Fig.  12.18 ). We found that 
ChBF compensated well for arterial BP declines 
to the 50–80 mmHg range and for increases 
above 130 mmHg (with the Gf approaching 1), 
but poorly just above and below basal ABP. 
Additionally, compensation failed below a BP of 
about 40–45 mmHg. Our studies therefore show 
that signifi cant ChBF baroregulation does occur 
in pigeons when the BP deviates +30 or −15 from 
basal BP. While baroregulation is poor with BP 
defl ections just above and below baseline, these 
small BP changes exert only a small effect on 
ChBF, and thus the ChBF stays near baseline not-
withstanding the poor baroregulation within this 
range (Fig.  12.18 ). Our fi nding that NOS inhibi-
tion with LNAME eliminates ChBF baroregula-
tion with blood withdrawal-produced systemic 
hypotension suggests a possible role of 
NO-mediated neurogenic mechanisms in the pro-
cess  [  287  ] . The observation that a specifi c thresh-
old BP change must occur for signifi cant ChBF 
baroregulation to be observed is consistent with a 
neural mechanism, as has been reported to play a 
role in cerebral blood fl ow baroregulation  [  121, 
  249  ] . ChBF baroregulation would prevent under-
perfusion-related ischemia or overperfusion-
related edema and impaired fl uid-tissue exchange 
in the outer retina  [  35,   162,   170  ] , and thus seem-
ingly be an important ocular homeostatic mecha-
nism. For the cerebral vasculature, in which 
baroregulation is also evident, both an intrinsic 
vascular smooth muscle myogenic mechanism 
(which acts to maintain vessel wall stretch within 
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a preferred range) and a PPG-mediated neuro-
genic mechanism have been proposed to contrib-
ute to baroregulation to low systemic BP  [  121, 
  153,   272  ] . In addition to a choroidal neurogenic 

mechanism, a myogenic regulation has also been 
proposed to play a role in choroidal baroregula-
tion  [  169,   170  ] . Note that ocular perfusion 
 pressure can be modulated by head position due 

BP-Dependent choroidal blood flow regulation–
gain factor analysis
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  Fig. 12.18    In graph ( a ), the ChBF response to BP 
 fl uctuation was assessed by calculating the gain fac-
tor (Gf) as follows, Gf = 1, (dChBF/bChBF)/(dMABP/
bMABP), where dChBF and dMABP are the change in 
basal (b) ChBF and mean (M) arterial BP after blood 
withdrawal. A Gf of zero means that the ChBF change is 
completely proportional to the arterial BP (ABP) change, 
without compensation (i.e., without baroregulation). A 
Gf of 1 indicates complete stability of the ChBF despite 
the change in BP (i.e., perfect baroregulation). For the 25 
birds analyzed in a study of the behavior of ChBF during 
spontaneous fl uctuation in ABP, the mean Gf for ChBF 
(±SEM) for each 5 mmHg step in ABP was determined 
and graphed as a function of the corresponding ABP. 
As can be seen, the Gf values for ChBF were 0.50–0.75 
(good compensation) over the 50–80 mmHg range and 

were consistently positive over nearly the entire ABP 
range examined. Below a BP of 45 mmHg compensation, 
however, appeared to fail. Graph ( b ) shows the results 
for the same 25 birds, with mean ABP for each 5 mmHg 
step in pressure expressed as a percent of basal ABP. The 
mean ChBF at each 5 mmHg step was also expressed as 
a percent of basal ChBF, and each ChBF value (±SEM) 
was then graphed as a function of the corresponding ABP. 
The  diagonal line  indicates the expected ChBF value if 
ChBF passively changed with declining ABP. As can be 
seen, ChBF values were consistently higher than would 
be predicted if ChBF passively followed ABP. ChBF 
remained near or above 90% of basal over an ABP range 
of 70–100% of basal ABP. Even from 50% to 70% of 
basal ABP, ChBF showed prominent compensation       
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to hydrostatic forces, without an alteration of 
 systemic blood pressure. Orthostatic modulation 
of perfusion pressure requires a myogenic mech-
anism for autoregulation, since baroreceptors do 
not detect fl uctuations in choroidal perfusion 
pressure caused by such a process.    

    12.5.4   Oculomotor Nucleus 
Parasympathetic Input 

    12.5.4.1   Ciliary Ganglion 
Circuitry – Mammals 

 As will be discussed below, birds also possess a 
parasympathetic input to the choroid via the cili-
ary ganglion, which receives its preganglionic 
input from the nucleus of Edinger-Westphal (EW) 
of the oculomotor nuclear complex (Figs.  12.19  
and  12.20 )  [  284  ] . While avian choroid receives 
both ciliary ganglion and PPG input, the ciliary 
ganglion input is the more prominent parasympa-
thetic input. In mammals, the PPG gives rise to a 
massive choroidal innervation, but it has remained 
uncertain if the ciliary ganglion also innervates 
the choroid. Various lines of evidence suggest it 
does, but none of the evidence is unambiguous. 
This evidence is reviewed here.   

 The ciliary ganglion innervates the muscles of 
accommodation and the sphincter muscle of the 
iris. The ciliary ganglion postganglionic nerves 
to these structures travel via the short ciliary 
nerves, which penetrate the posterior globe, and 
course to the front of the eye, to reach these mus-
cle groups. In birds, two distinct neuron types are 
present in the ciliary ganglion, a smaller one 
innervating choroid called choroidal neurons and 
a larger one innervating the muscles of accom-
modation and the sphincter muscle of the iris 
called ciliary neurons (Fig.  12.19 )  [  232,   284,  
 285  ] . In mammals, no such distinctly different 
neuron types have been reported in the ciliary 
ganglion, and no distinct subdivision of EW not 
subserving pupil constriction or accommodation 
and thus potentially subserving choroidal blood 
fl ow regulation has been identifi ed  [  107,   225  ] . 
May  [  221  ] , however, noted numerous historical 
references in the literature to branching of the 
short ciliary nerves from the ciliary  ganglion to 

choroidal blood vessels. The ciliary ganglion 
neurons are cholinergic, and Imai  [  152  ]  identifi ed 
cholinergic nerves by acetylcholinesterase stain-
ing that enter the choroid via the short ciliary 
nerves and ramify on choroidal blood vessels in 
albino rats and rabbits. Imai noted a similar result 
in pigeons, and in pigmented rabbits and rats, in 
which the nerves were more diffi cult to discern 
due to the choroidal pigmentation. Imai  [  152  ]  
also noted cholinergic nerves in monkey choroid. 
Using biochemical methods, Mindel and Mittag 
 [  239  ]  confi rmed the presence of ChAT in the 
choroid of rabbits, cows, and humans, consistent 
with the presence of cholinergic nerves in chor-
oid. In all of these instances of short ciliary nerve 
branching to choroidal blood vessels, however, 
an interpretation diffi culty is posed by the fact 
that some PPG postganglionic branches join and 
travel with the short ciliary nerves, and others 
travel through the ciliary ganglion to emerge in 
the short ciliary nerves (Fig.  12.4 )  [  194,   202,   297, 
  357  ] . Thus, the cholinergic fi bers in the short cili-
ary nerves described in some prior studies might 
be of PPG origin. 

 Additional evidence for ciliary ganglion con-
trol of choroid in mammals involves the evi-
dence for an input from SCN to EW in mammals 
 [  274  ] . This input resembles that from SCN to 
EW in birds (see below) and could thus be to a 
part of an EW circuit mediating control of chor-
oidal blood fl ow. If the facial parasympathetic 
input to choroid mainly mediates systemic 
BP-dependent control of ChBF, an additional 
circuit would in principle be needed for retinal 
activity-dependent control of ChBF. The SCN 
input to a putative ChBF-control part of EW 
would provide such a mechanism, and as dis-
cussed below, there is evidence for both EW and 
ciliary ganglion involvement in choroidal vaso-
dilation in mammals.  

    12.5.4.2   Function of the EW-Ciliary 
Ganglion Circuit – Mammals 

 As noted above in the section on the PPG, there is 
evidence that ChBF can be increased by muscar-
inic cholinergic activation. Additionally, Alm 
et al.  [  7  ]  showed that preventing acetylcholine 
breakdown by corneal administration of the 
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cholinesterase inhibitor neostigmine or ocular 
muscarinic activation by corneal administration 
of the agonist pilocarpine causes a slight increase 
in ChBF, despite the distance from the choroid. 
These various cholinergic effects might be mim-
icking the actions of vessels postsynaptic to cho-
linergic ciliary ganglion input. Consistent with 
this possibility,  [  335  ]  showed that intracranial 
stimulation of the oculomotor nerve in rabbits 
increased blood fl ow in the choroid. They were 
surprised by this effect and speculated that per-
haps their stimulation had inadvertently activated 
the nearby trigeminal nerve. Bill et al.  [  31  ]  
showed that ganglionic blockade with hexame-
thonium or peripheral muscarinic blockade with 
biperiden slightly reduced the vasodilatory effect 
of intracranial stimulation of the oculomotor 
nerve in rabbits on the choroid. Hexamethonium 
also reduced basal ChBF. In a later study, 
Stjernschantz and Bill  [  337  ]  reported that intrac-
ranial stimulation of the oculomotor nerve now 
failed to yield a ChBF increase in rabbits, cats, or 
monkeys. It was uncertain why the ChBF increase 
in rabbits was no longer evident. Similarly, Bill 
 [  29  ]  stimulated the ciliary ganglion input to the 
choroid in rabbits and cats and collected ocular 
blood effl ux to measure fl ow. He reported no 
increase in ChBF with ciliary ganglion activa-
tion, but method sensitivity might be an issue. 
Gherezghiher et al.  [  113  ]  reported that oculomo-
tor nerve stimulation in cats increased IOP. This 
effect could be blocked by hexamethonium, and 

they suggested the IOP increase might have been 
due to an increase in ChBF. Consistent with these 
results, ciliary ganglion removal causes an IOP 
drop  [  61,   85  ]  in cats and monkeys. Nakanome 
et al.  [  250  ]  found that upon short ciliary nerve 
stimulation in cats at a point just before the eye 
and distal to the ciliary ganglion, capsaicin- 
sensitive increases in ChBF were obtained. The 
capsaicin sensitivity indicates that the ChBF 
increase was largely mediated by trigeminal sen-
sory fi bers that had joined the short ciliary nerves 
just prior to scleral penetration. By contrast, 
stimulation of the short ciliary nerves just after 
their emergence from the ciliary ganglion yielded 
a prominent capsaicin-insensitive vasodilation in 
the choroid that was parasympathetic in origin 
(sensory fi bers being absent at this point). While 
this is again consistent with a ciliary ganglion 
innervation of the choroid, the possibility remains 
that it was PPG fi bers traveling with the short 
ciliary nerves that were responsible for the evoked 
choroidal vasodilation (see Fig.  12.4 ).  

    12.5.4.3   Ciliary Ganglion Circuitry – Birds 
 In birds, we have identifi ed the major central 
components of the circuit regulating ChBF via 
the ciliary ganglion  [  62,   64,   104,   284,   285  ] . The 
central components of this circuit are (arbitrarily 
beginning with the right eye): the right retina – 
the left suprachiasmatic nucleus (SCN) – the 
right (and to a lesser extent the left) medial subdi-
vision of the nucleus of Edinger-Westphal 

  Fig. 12.19    Schematized horizontal views of the midbrain 
and the eye ( a ) and of EW, the ciliary ganglion and the eye 
( b ) showing the circuitry in pigeon for the bisynaptic reti-
nal pathways to the nucleus of Edinger-Westphal (EW) 
that drive ChBF increases and pupil constriction. The path-
way shown in ( a ) with  red lines  depicts the crossed projec-
tion from retinal ganglion cells to the suprachiasmatic 
nucleus ( SCN ) that, in turn, has a bilateral (but greater con-
tralateral than ipsilateral) projection to medial EW ( EWM ), 
which controls ChBF via its ipsilateral projection to chor-
oidal neurons of the ciliary ganglion, as depicted in ( b ). 
The pathway depicted with  blue lines  in ( a ) shows a 
crossed projection from retinal ganglion cells to area pre-
tectalis ( AP ), which then projects to the contralateral cau-
dolateral part of lateral EW ( EWLcl ), which controls the 
pupillary light refl ex (PLR) via an ipsilateral projection to 

pupilloconstrictive neurons of the ciliary ganglion, as 
depicted in ( b ). The lower schematic ( b ) details the periph-
eral circuitry controlling ChBF and PLR, with EW, the 
ciliary ganglion (CG), and the eye, all in horizontal view. 
The EW projects ipsilaterally via the oculomotor nerve to 
the CG, where EWM input terminates with boutonal end-
ings on choroidal neurons that project to choroidal blood 
vessels. Projections from both the rostromedial part of lat-
eral EW ( EWLrm ) and from EWLcl terminate with cap-
like endings on ciliary neurons that project to the ciliary 
body and the iris, and control accommodation and the 
PLR, respectively. The subdivisions of EW are color-coded 
in ( a ) and ( b ), and the projections of each to the eye via the 
ciliary ganglion in ( b ) are as well.  EWL  lateral subdivision 
of the nucleus of Edinger-Westphal,  LRF  lateral reticular 
formation,  TeO  optic tectum       
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(EWM) (Figs.  12.19  and  12.20 ). Neurons of 
EWM, in turn, innervate those neurons of the 
ipsilateral ciliary ganglion that give rise to an 
extensive cholinergic innervation of ipsilateral 
choroidal blood vessels. By contrast, neurons of 
lateral EW (EWL) innervate the ciliary neurons 
of the ciliary ganglion, some of which innervate 
the iris sphincter muscle and the rest of which 
innervate the muscles of accommodation. Those 
ciliary ganglion neurons controlling iris receive 

their input from caudolateral EWL, which in 
turn receives its input from a retinorecipient pre-
tectal cell group, called area pretectalis in birds, 
of the contralateral side of the brain  [  105,   284  ] . 
Area pretectalis receives mainly contralateral 
retinal input. The more rostromedial part of 
EWL controls accommodation and receives 
input from the reticular midbrain, which appears 
to receive input from the arcopallium, a motor 
area of the telencephalon  [  106,   284  ] . Stimulation 
of the pigeon arcopallium yields accommodation 
 [  284  ] . Based on recent analysis of the hypotha-
lamic circadian control system in birds,  [  49,   50  ]  
have suggested that the mammalian SCN is 
equivalent to two hypothalamic regions in birds. 
A medial region termed the mSCN in birds 
appears to be responsible for circadian rhythms 
but receives only meager retinal input, while the 
region projecting to EWM has been termed the 
vSCN  [  49,   50  ] . These two regions are intercon-
nected, and together they have the neurochemis-
try, connections, and function of the mammalian 
SCN. For these reasons, we will henceforth term 
the part of avian SCN controlling ChBF the 
vSCN. The anatomy of the vSCN-EWM-ciliary 
ganglion circuit suggests that it might be involved 
in the light-regulated control of ChBF, and in 
studies described below, we have shown this is 
the case. 

 Neurons of EW are cholinergic and possess 
AMPA-type glutamate receptors, implying the 
inputs from SCN, AP, and reticular formation are 
in large part glutamatergic (Fig.  12.20 )  [  232,   285, 
  371  ] . Choroidal neurons release acetylcholine 
(Fig.  12.21 )  [  232  ] , and cholinergic fi bers from 
the ciliary ganglion are widespread in avian chor-
oid (Fig.  12.22 )  [  62  ] . In pigeons, they are most 
abundant in the superior and temporal ocular 
quadrants  [  62  ] . A published histochemical study 
claimed that choroidal neurons of the ciliary gan-
glion in bird were also rich in NOS  [  351  ] . This 
claim was based on histochemical staining for 
NADPH-diaphorase (NADPHd), an indirect 
marker for nitric oxide synthase (NOS). We 
sought to determine if the NADPHd labeling was 
truly attributable to nNOS, by using immunola-
beling for nNOS and NOS-selective blockers of 
the NADPHd histochemical stain. Our results 

  Fig. 12.20    Low-power photomicrograph of a cresyl-vio-
let-stained transverse section showing the location of EW 
in the pigeon midbrain ( a ), higher-power photomicro-
graph of EW on the left side of the brain ( b ) in a section 
that had been labeled using the peroxidase-antiperoxidase 
procedure for the localization of choline acetyltransferase 
(ChAT). Most EW neurons in pigeons are also enriched in 
the neuropeptides substance P and enkephalin (see fi gure 
12.21).  BCA  brachium conjunctivum ascendens,  IP  inter-
peduncular nucleus,  OMd  dorsal subdivision of the oculo-
motor nucleus,  OMv  ventral subdivision of the oculomotor 
nucleus       
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revealed that NOS is found only at a low level in 
some ciliary neurons and is absent from choroi-
dal neurons. The latter fi nding is consistent with 
the fact that NOS+ and NADPHd+ fi bers are 
much scarcer in choroid than are the cholinergic 
fi bers demonstrably arising from ciliary ganglion 
 [  62,   64  ] , and those NOS+/NADPHd+ fi bers that 
are present are likely to arise from the PPG  [  63  ] . 
The prior report that NADPHd is abundant in 
choroidal neurons of the pigeon CG  [  351  ] , thus, 
appears to have been based, regrettably, in a fail-
ure to distinguish between specifi c and nonspe-
cifi c NADPHd staining. Consistent with the 
cholinergic projection of the ciliary ganglion to 

the eye  [  152,   232,   285  ] , Fischer et al.  [  84  ]  found 
that M2, M3, and M4 receptors are present in 
chick choroid and ciliary body by Western blots 
and immunolabeling.    

    12.5.4.4   Function of vSCN-EWM-Ciliary 
Ganglion Circuit – Birds 

 Our anatomical data suggest that the vSCN-
EWM circuit participates in the light-regulated 
control of ChBF  [  284  ] , and in a series of studies, 
we have shown that this is the case. For example, 
we showed that electrical stimulation of EWM 
increases ChBF in the ipsilateral eye, as mea-
sured by laser Doppler fl owmetry (LDF) 

  Fig. 12.21    Images ( a  and  b ) 
show two sections through 
the pigeon ciliary ganglion 
immunolabeled for ChAT. 
Note that many neurons and 
the preganglionic terminals 
on them in the ganglion are 
immunolabeled, with ciliary 
neurons and their cap-like 
endings tending to be more 
intensely labeled than the 
choroidal neurons and their 
boutonal endings. Same 
magnifi cation in ( a ) as in ( b ). 
Images ( c  and  d ) show a pair 
of images illustrating the 
presence of preganglionic 
SP+ (substance P-containing) 
and ENK+ (enkephalinergic) 
boutonal endings on 
choroidal neurons (upper part 
of ciliary ganglion) and SP+ 
and ENK+ cap-like endings 
on ciliary neurons ( arrows ) 
as revealed by immunofl uo-
rescence double labeling. 
Images ( c  and  d ) show a 
single fi eld of view from a 
section that had been double 
labeled for SP and ENK, 
which labeled preganglionic 
endings due to the presence 
of SP and ENK in most EW 
neurons. Note that not all 
cap-like endings contain both 
SP and ENK ( arrowheads ). 
Same magnifi cation in ( c ) as 
in ( d )       
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(Fig.  12.23 )  [  88  ] . The increases are driven by 
increases in choroidal volume (vasodilation) and 
are not accompanied by increases in systemic BP. 
In Fitzgerald et al.  [  90  ] , we also showed that acti-
vation by electrical stimulation of what we now 
call vSCN yields increases in ChBF in the oppo-
site eye, while retinal illumination yields ChBF 
increases in the illuminated eye, as would be pre-
dicted by the layout of the vSCN-EWM circuit 
(Fig.  12.23 ). Furthermore, the vSCN- and light-
elicited increases could be blocked reversibly by 
lidocaine injection into the EWM ipsilateral to 

the recorded eye (Fig.  12.23 ). Control studies 
confi rmed that the light-elicited increases were 
not artifactually generated by transocular illumi-
nation of the LDF probe. In a study on chicks, we 
showed that severing the ciliary nerves perma-
nently dilates the pupil and causes increased 
ChBF  [  315  ] . We interpreted the ChBF increase to 
stem from the increased illumination falling on 
the retina due to the chronically dilated pupil. An 
opaque occluder that diminished light entry in 
chick eyes with severed ciliary nerves eliminated 
the ChBF increase  [  316  ] . These results confi rmed 
that the vSCN-EWM-ciliary ganglion circuit reg-
ulates ChBF in response to retinal illumination 
and/or activity. Thus, a major natural stimulus 
activating this circuit is the pattern and intensity 
of retinal illumination  [  90  ] , and perhaps fl icker 
may as well  [  317  ] . Such refl exive responses to 
increased retinal illumination or increased com-
plexity of the patterns imaged on the retina may 
be adaptive, since such retinal activation alters 
the metabolic and/or thermal demands on the 
retina  [  35,   204,   325  ] .  

 In a 1996 study  [  412  ] , we evaluated the effects 
of two NOS inhibitors, 7NI and LNAME, on the 
increases in ChBF elicited by electrical stimula-
tion of EWM in pigeons, as detected using tran-
scleral LDF. We found that 7NI (which at the 
time we thought was nNOS selective but now 
know is not) and LNAME each attenuated the 
EWM-evoked response by about 80% 
(Fig.  12.24 ). In light of our fi ndings that choroi-
dal neurons do not contain NOS or make NO 
 [  64  ] , the results of Zagvazdin et al.  [  412  ]  indi-
cate that endothelially derived NO must mediate 
EWM-elicited choroidal vasodilation. Since 
choroidal neurons of the avian ciliary ganglion 
do release acetylcholine  [  232 ], and since acetyl-
choline is known to stimulate endothelial NO 
release  [  242  ] , we studied the role of muscarinic 
cholinergic mechanisms in ciliary ganglion-
mediated ChBF increases in pigeon  [  413  ] . Using 
LDF and atropine as well as selective blockers of 
the M3-type muscarinic receptor (4-diphenyl-
acetoxy- N -methylpiperedine, 4DAMP) and the 
M2-type muscarinic receptor (himbacine), we 
found that atropine and the M3-type muscarinic 
receptor blockade greatly (by about 90%) inhib-

  Fig. 12.22    Photomicrograph of a fi eld of view from a 
section immunolabeled according to immunofl uorescence 
procedures for the 3A10 neurofi lament antigen that detects 
cholinergic ciliary ganglion input to the choroid. The 
image shows 3A10+ labeled fi bers in the choroid of the 
superior ocular quadrant of a normal pigeon eye.  INL  
inner nuclear layer,  IPL  inner plexiform layer,  RPE  retinal 
pigment epithelium       
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ited EWM-evoked increases in ChBF 
(Fig.  12.24 ), while M2-type receptor inhibition 
increased ChBF by about 100%. Based on our 
fi ndings that the ciliary ganglion input to choroid 
does not synthesize NO but inhibitors of NO 
production do block EWM-evoked choroidal 
vasodilation, it seems likely that the M3 recep-
tors acted on by 4DAMP are present on choroi-
dal endothelial cells, and the ciliary ganglion 
thereby mediates choroidal vasodilation via M3 
cholinergic stimulation of endothelial NO 
release. In contrast, M2 muscarinic receptors 
may play a presynaptic role in downregulating 
EWM-evoked parasympathetic cholinergic vaso-
dilation in avian choroid. Inhibiting them thus 
would be a means to potentiate ChBF. Our fi nd-

ing that EW lesions signifi cantly diminish ChBF 
in pigeons indicates that basal activity in the 
preganglionic input to the ciliary ganglion is 
needed to maintain basal choroidal tone  [  90  ] , 
and our fi nding that severing the choroidal nerves 
from the choroidal neurons of the ciliary gan-
glion to the choroid in chickens vastly dimin-
ishes ChBF supports the view that ciliary 
ganglion input prominently controls basal chor-
oidal tone  [  315  ] .   

    12.5.4.5   Studies of the Importance of 
ChBF Control by the vSCN-EWM-
Ciliary Ganglion Circuit – Birds 

 While large reductions in ChBF lead to severe 
photoreceptor loss  [  111,   226  ] , even slight reduc-

a 300 Nasal choroid
30 sec 200 µA pulse trains

Nasal choroid
30 sec 400 µA pulse trains

Superior choroid
30 sec 400 µA pulse trains

200

100

C
ho

ro
id

al
 b

lo
od

 fl
ow

200 EW

EW

EW

EW

61 62 63 64 65

4

30 31 32 33

5 6 7 8

EW

vSCN

vSCN

4321

vSCN

Time in min

Time in min

Time in min

Time in min

LIDOCAINE

LIDOCAINE

LIDOCAINE 10 sec 400 µA
pulse train

100

C
ho

ro
id

al
 b

lo
od

 fl
ow

200

100

C
ho

ro
id

al
 b

lo
od

 fl
ow

200

100

C
ho

ro
id

al
 b

lo
od

 fl
ow

200

100
C

ho
ro

id
al

 b
lo

od
 fl

ow

300

200

100

C
ho

ro
id

al
 b

lo
od

 fl
ow

300

200

100

C
ho

ro
id

al
 b

lo
od

 fl
ow

300 15 sec 100 µA
EW pulse train

10 Sec retinal
illumination

Before EW
lesion

After EW
lesion

EW

EW

11 12 13 14 15 16 17

EW

41 42 43 44 45 46 47

Light

Light

Time in min

Time in min

200

100

C
ho

ro
id

al
 b

lo
od

 fl
ow

300

200

100

C
ho

ro
id

al
 b

lo
od

 fl
ow

b

c

  Fig. 12.23    Chart records showing the effects SCN-EWM 
circuit activation on ChBF in pigeon, with ChBF mea-
sured using laser Doppler fl owmetry and expressed in 
relative units referred to as blood fl ow units. The records 
in ( a ) show that stimulation of EWM yields blood fl ow 
increases in superior and nasal choroid, with the increases 
being stimulus duration and stimulus amplitude depen-
dent. The records in ( b ) show right eye ChBF responses to 
right EW activation or right retinal illumination. Note that 
both elicit ChBF increases and that the light-mediated 

response is prevented by an EWM lesion, showing that it 
is mediated via EWM. The records in ( c ) show right eye 
ChBF responses to right EWM or left vSCN stimulation. 
Note both elicit clear ChBF increases that are stimulus 
duration dependent, and note that transiently inactivating 
EW with lidocaine reversibly diminishes both the ChBF 
increases obtained with vSCN or EW stimulation. These 
overall results are consistent with the interpretation that 
the vSCN-EWM circuit in birds is involved in retinal 
activity-dependent increases in ChBF       
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  Fig. 12.24    The chart records in ( a ) show examples of the 
effect of intravenous (1 mg/kg) and topical (4–5 drops of 
5% solution) atropine, a nonselective muscarinic antago-
nist, on the increase in ChBF evoked by electrical stimula-
tion of EWM and on systemic arterial blood pressure (BP) 
in pigeons. Eserine (100  m g/kg iv), an acetylcholine 
esterase inhibitor, was administered 30 min after atropine 
administration. CBF was measured by laser Doppler fl ow-
metry and is presented as relative blood fl ow units (BFU). 
The electrical stimulation (Stim) was applied as three–four 
5–10 s trains with 5 s (iv atropine) and 40 s (topical atro-
pine) intervals between trains. Note that atropine produced 

an eserine-reversible decrease in the EWM-evoked 
response and an elevation in systemic BP. The chart records 
in ( b ) show examples of the effect of nitric oxide synthase 
inhibition by 7NI and LNAME    on the increase in ChBF 
after 5 s electrical stimulation of EWM. The EWM stimu-
lation was not associated with arterial BP changes and was 
diminished after the injection of 7NI (50 mg/kg adminis-
tered ip) or LNAME (30 mg/kg). Note the reduction in 
baseline choroidal blood fl ow and the increase in blood 
pressure after LNAME. Time (expressed as h/min/s) from 
the start of data acquisition is shown on the  x -axis       
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tions in ChBF hinder the ability of oxygen and 
nutrients to reach the outer retina, and such ChBF 
reductions thereby have rapid and deleterious 
functional consequences for the outer  retina  [  325, 
  399,   400  ] . ChBF is also vital for supporting the 
inner retina in those retinal regions poor in retinal 
vessels  [  37,   169  ] . Given that ChBF is likely to be 
regulated by the nervous system so as to match 
ChBF to retinal need, it is also likely that adap-
tive neural regulation of ChBF is important for 
the long-term health of the retina. We have spe-
cifi cally addressed this issue in studies on the 
avian vSCN-EWM-ciliary ganglion system in 
which we destroyed EWM. Such lesions reduce 
basal ChBF to 50–75% of normal in the ipsilat-
eral eye and block adaptive ChBF regulation by 
the vSCN-EWM-ciliary ganglion circuit (e.g., 
light-mediated ChBF increases)  [  90  ] . In pigeon 
eyes affected by EWM lesions, we have found 
evidence of retinal functional disturbance and 
pathology, including (1) increased glial fi brillary 
acidic protein (GFAP) in retinal Müller cells  [  87, 
  180  ]  and (2) losses in behaviorally assessed 
visual acuity  [  145  ] . In the former studies, we 
examined the effects of EWM lesions on the 
health of the retina (as assessed by GFAP immu-
nolabeling) in birds housed under normal circa-
dian lighting conditions  [  174  ] . We found that the 
GFAP increases in Müller cells following EWM 
destruction are progressive up to 24 weeks and 
occur preferentially in superior/temporal retina, 
which is heavily innervated by the ciliary gan-
glion in pigeons (Fig.  12.25 ). After 24 months, 
GFAP expression begins to diminish, but the 
GFAP upregulation is still evident 1 year after the 
lesion. In our behavioral studies, we examined 
the effects of EWM lesions on visual acuity in 
pigeons  [  145  ] . Bilateral lesions of EWM were 
made electrolytically, and visual acuity for high-
contrast, square-wave gratings was determined 
behaviorally about 1 year later and compared to 
that in a group of pigeons that had received sham 
lesions of EW about 1 year prior to acuity testing 
(Fig.  12.26 ). Because lesions targeting EWM 
invariably result in damage to the adjoining EWL, 
two additional control groups were studied. In 
one control group, bilateral lesions in area pretec-
talis (AP), which innervates the pupillary control 

part of EWL and thereby controls pupillary 
 constriction  [  284  ] , were made, and the effects on 
visual acuity determined about 1 year later. In the 
second additional control group, the effects of 
acute accommodative and pupillary dysfunction 
on acuity were studied in cyclopleged pigeons. 
The mean acuities of birds with AP lesions 
(9.1 ± 1.4 cycles/degree) and sham lesions 
(7.1 ± 1.5 cycles/degree) were not signifi cantly 
different from normal. In contrast, pigeons with 
lesions that completely destroyed EW bilaterally 
showed visual acuity (2.7 ± 0.1 cycles/degree) 
that was well below the acuity of the sham- and 
AP-lesion control groups. The acuity of the 
cycloplegic pigeons (4.8 ± 0.3 cycles/degree) and 
one pigeon with a nearly complete bilateral EWL 
but a unilateral EWM lesion (6.4 cycles/degree) 
indicated that only about half of the loss with a 
bilateral EW lesion could be attributed to accom-
modative dysfunction. Thus, bilateral destruction 
of EWM led to a loss in visual acuity, suggesting 
that disruption of adaptive neural regulation of 
ChBF causes retinal injury that impairs vision.   

 Our lesion studies, therefore, support the notion 
that interrupting neural control of ChBF by the 
vSCN-EWM-ciliary ganglion circuit is harmful for 
the retina. It seems likely therefore that retinopathy 
would also ensue from central or peripheral dam-
age to facial, sensory, or sympathetic circuits con-
trolling ChBF  [  277  ] . The precise nature of the 
retinal injury and the circumstances under which 
the impaired neural control of ChBF might be 
especially harmful, however, are uncertain and 
would depend on the precise role that the damaged 
circuit plays in supporting ocular health. It is pos-
sible that the retinal impairments observed with 
EWM lesions that disable parasympathetic control 
of ChBF stem from ChBF insuffi ciency that ren-
ders the retina chronically hypoxic and ischemic 
(Fig.  12.27 )  [  45,   87,   399,   400  ] . Impaired parasym-
pathetic control of ChBF may also result in harm-
ful accumulation of waste products in the outer 
retina or an inadequate nutrient supply for outer 
retina renewal (e.g., amino acids, sugars, and fats) 
 [  141,   199  ] . Regardless of the basis of the retinal 
damage that occurs with disturbed ciliary ganglion-
mediated control of ChBF in birds, it is likely that 
these same potentially damaging processes are 
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  Fig. 12.25    Images    of representative GFAP-immunolabeled 
sections through the superior-central retina of normal 
pigeons ( b ,  c ), a pigeon with a left area pretectalis (AP) 
lesion ( d ,  e ), a pigeon that survived for 3 weeks with a 
complete right EW lesion ( g ), a pigeon that survived for 
9 weeks with a complete right EW lesion ( h ), a pigeon that 
survived for 22 weeks with a complete right EW lesion ( i ), 
and a pigeon that survived for 40 weeks with a complete 
right EW lesion ( j ), all housed in a 12-h moderate light/12-
h dark cycle. Images ( a ) and ( f ) show a 1-mm-thick tolui-
dine blue-stained plastic section of pigeon retina, with the 
different retinal layers delimited by hash marks, and the 
hash mark between the outer nuclear layer and the inner 
segment layer located at the outer limiting membrane. 
Retinal sections from a normal pigeon never housed in an 
individual cage show no GFAP immunolabeling ( b ), while 
the retinal section from a normal pigeon housed for 
3 weeks in an individual cage shows slight GFAP immu-
nostaining of the nerve fi ber layer ( NFL ) and ganglion cell 
layer ( GCL ). The lesion of left AP eliminated the pupil 
light refl ex and chronically dilated the pupil of the right 

eye. In the left eye, GFAP immunolabeling is weak and 
does not extend beyond the NFL, while GFAP immunola-
beling in the right eye fi lls Müller cell processes into the 
GCL. The view of the right eye ( g ) of a bird 3 weeks after 
a complete lesion of both the right EWM and EWL shows 
GFAP immunolabeling fi lls Müller cell processes into the 
inner nuclear layer ( INL ). The image of the right eye ( h ) of 
a bird 9 weeks after a complete lesion of right EWM and 
EWL shows GFAP immunolabeling extends through the 
outer plexiform layer ( OPL ). The image of the right ( i ) eye 
of a bird 22 weeks after a complete lesion of EWM and 
EWL shows GFAP immunolabeling extends through the 
outer plexiform layer to the outer limiting membrane 
(OLM). Finally, the image of the right eye ( j ) of a pigeon 
40 weeks after a complete lesion of EWM and EWL shows 
GFAP immunolabeling fi lled the Müller cell processes 
through the INL.  GCL  ganglion cell layer,  INL  inner 
nuclear layer,  IPL  inner plexiform layer,  IS  inner segment 
layer,  NFL  nerve fi ber layer,  ONL     outer nuclear layer,  OS  
outer segment,  RPE  retinal pigment epithelium. 
Magnifi cation the same in all images       
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  Fig. 12.26    Image ( a ) shows a schematic representation 
of the    training chamber used to measure visual acuity in 
pigeons, using a discriminative behavioral task. Image ( b ) 
shows the mean acuity data (±SEM) for the complete 
EW-lesion birds, the partial EW-lesion bird, the AP-lesion 
birds, the sham-lesion birds, the cycloplegic birds treated 
with saline ( Saline ), and the same cycloplegic birds treated 
with vecuronium ( Vec ). Note that the mean data for the 
three birds with the complete bilateral destruction 

( EWMbilat ) are graphed separately from the data for the 
one bird with the bilateral EWL but unilateral EWM 
lesion ( EWMunilat ). The SEM is too small for the former 
birds to be evident, and no SEM can be calculated for the 
single unilateral EW bird. The visual acuity for the bilat-
erally EW-lesioned birds was signifi cantly poorer than for 
the fi ve other categories of birds, among which there were 
no statistically signifi cant differences       
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normally held in check by intact adaptive ciliary 
ganglion-mediated control of ChBF.    

    12.5.5   Sympathetic Superior Cervical 
Ganglion Input 

 Sympathetic noradrenergic nerve fi bers from the 
superior cervical ganglion innervate the choroid 
in mammals  [  346  ]  and birds  [  129  ] . In birds and 
mammals, the innervation is to blood vessels, and 
in birds to the smooth muscle of the choroidal 
stroma as well. Mammalian groups in which 
sympathetic innervation of the choroid has been 
demonstrated by catecholamine fl uorescence or 
immunolabeling include rats, guinea pigs, rab-
bits, cats, and monkeys (Fig.  12.28 )  [  73,   89,   179, 
  201,   217 ,  359  ] . These nerve fi bers utilize nora-
drenaline as a neurotransmitter, and they thus 
contain the enzymes involved in its synthesis 
(such as tyrosine hydroxylase and dopamine 
beta-hydroxylase). The sympathetic nerve fi bers 
from the superior cervical ganglion travel to the 
choroid via orbital blood vessels or by joining the 
ophthalmic nerve  [  322  ] . Consistent with the sym-
pathetic innervation of choroid and vessels sup-

plying the choroid, cervical sympathetic 
stimulation in rats, rabbits, cats, and monkeys 
increases uveal resistance and decreases ChBF 
(Figs.  12.10  and  12.29 )  [  1,   6,   9,   10,   29,   291,   326  ] . 
The choroidal vasoconstriction caused by direct 
administration of noradrenaline or by activation 
of sympathetic nerves to the choroid is mediated 
by alpha-adrenergic receptors  [  1,   37,   114,   165, 
  183,   184,   326  ] . Kawarai and Koss  [  165  ]  specifi -
cally showed that alpha1-adrenoreceptors medi-
ate sympathetic vasoconstriction in the rat 
choroid. Blockers of beta-adrenergic receptors, 
by contrast, have been shown in pig to be only 
marginally effective in dilating the short posterior 
ciliary arteries  [  44  ] , and thus unlikely to have a 
signifi cant vascular role in sympathetic choroidal 
control. The sympathetic co-transmitter NPY 
does, however, have a role in ChBF regulation, 
since intravenous NPY in rabbits decreases ChBF 
by 50%  [  254  ] . NPY may be responsible for that 
part of choroidal sympathetic vasoconstriction 
that is not blocked by alpha-adrenergic receptor 
antagonists  [  10  ] . NPY appears to particularly 
contribute to choroidal vasoconstriction with 
high sympathetic nerve fi ring rates, and nora-
drenaline with low fi ring rates  [  36  ] .   
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  Fig. 12.27    Effect of ocular perfusion pressure on the 
c-wave and the b-wave of the ERG in cat, expressed as a 
percent of the control amplitude (Fig. 7 from  [  399  ] ). The 
perfusion pressure was manipulated by increasing the 
IOP, which is known to reduce ChBF, with only modest 

autoregulation by the choroid in response to the reduced 
perfusion pressure  [  169  ] . Note that with decreasing perfu-
sion pressure, abnormalities in both the c-wave and the 
b-wave become evident, especially below a perfusion 
pressure of 60 mmHg       
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 Consistent with a role of alpha-adrenergic 
receptors in choroidal control, Kiel and Lovell 
 [  172  ]  reported that alpha-adrenoreceptor block 
increased ChBF in rabbits, implying thus also a 
level of basal sympathetic tone in anesthetized 
rabbit choroid. Similarly, Chou et al.  [  52  ]  reported 
ChBF increased at low ocular perfusion pressures 
in rabbit 1 week after sympathetic denervation of 
choroid. Such a manipulation also produced 
adrenergic supersensitivity  [  53  ] . Other investiga-
tors have, however, questioned the presence of 
signifi cant basal sympathetic tone in ChBF at 
normal systemic blood pressure in awake animals 
 [  34,   37  ] . Consistent with this, Zhan et al.  [  416  ]  
reported that 24 h after sympathetic denervation 
ChBF was unchanged in rabbits – there was thus 

no effect on resting tone. This issue was more 
extensively investigated by Chou et al.  [  54  ]  in 
rabbits using LDF. They found that with reductions 
in perfusion pressure caused by increased IOP, 
ChBF remained stable until a perfusion pressure 
of <55 mmHg, at which point ChBF was propor-
tional to perfusion pressure. In rabbits with either 
unilateral or bilateral cervical sympathectomy, 
ChBF declines were not as severe with extremely 
low perfusion pressure as in normal animals. 
Thus, sympathetic input does exert some tone on 
choroidal vessels that is evident at low perfusion 
pressures, at least in some species under some 
conditions. 

 Bill  [  37  ]  has suggested that the sympathetic 
innervation of choroid becomes activated with 

  Fig. 12.28    Images ( a  and  b ) show sympathetic    nerve fi bers 
with varicosities in rat choroid immunolabeled for dopamine 
beta-hydroxylase ( DBH ). Images ( c  and  d ) show sensory 

nerve fi bers with varicosities in rat choroid immunolabeled 
for substance P ( SP ). All images at the same magnifi cation 
 arrows  indicate labeled axons and terminals       
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high systemic blood pressure, serving to vaso-
constrict the choroid to prevent the overperfusion 
that would otherwise occur with the increased 
perfusion pressure caused by the elevated 
 systemic BP. Naturally occurring increases in 
systemic blood pressure can occur during stress 
or heightened activity levels. Sustained eleva-

tions of ChBF would cause increased IOP, break-
down of blood-retinal barriers, and edema and be 
harmful for retinal health and function. Such ocu-
lar overperfusion and/or vascular leakiness has, 
in fact, been demonstrated in sympathectomized 
rabbits with systemic blood pressure elevation 
caused by aortic clamping  [  30,   34  ]  and in 
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  Fig. 12.29    Images and graphs showing retinal changes in 
rats after sympathectomy (From Steinle et al.  [  329  ] ). 
Images ( a  and  b ) (Fig. 5 from  [  329  ] ) show immunofl uo-
rescent GFAP labeling in the contralateral ( a ) and sym-
pathectomized ( b ) retina. Greater GFAP immunostaining 
is observed in Müller cells in the sympathectomized ret-
ina. Images ( c  and  d ) (Fig. 6 from  [  329  ] ) show representa-
tive results from a Western blot for GFAP protein levels 

for control ( CL ) and sympathectomized ( SNX ) retina ( c ) 
and densitometric analysis of Western blot data for four 
pairs of control and sympathectomized retinas ( d ). In ( d ), 
the results are presented as a percent of control. The  aster-
isk  indicates a signifi cant difference between experimen-
tal and control.  GCL  ganglion cell layer,  INL  inner nuclear 
layer,  IPL  inner plexiform layer. Magnifi cation the same 
in both ( a  and  b )       

 



12 Neural Control of Ocular Blood Flow 289

 sympathectomized monkeys subjected to systolic 
hypertension  [  79  ] . Several studies in humans 
have shown that the choroid vasoconstricts and 
thereby compensates for exercise-induced 
increases in systemic blood pressure  [  208,   292  ] . 
Fuchsjäger-Mayerl et al.  [  101  ]  reported that 
endothelial release of the vasoconstrictor endothe-
lin-1 plays a role in this effect. It may be that cen-
tral baroreceptor-responsive circuitry acting via 
the sympathetic input to choroid contributes to 
choroidal baroregulation to high systemic BP. 
Longo et al.  [  207  ]  noted, however, that orthos-
tatic increases in ocular perfusion pressure caused 
by posture change (moving to a supine position) 
are not compensated for by choroidal vasocon-
striction, as would be expected since such changes 
in perfusion pressure are not accompanied by 
increases in systemic pressure that would activate 
aortic baroreceptors. 

 Steinle et al.  [  328  ]  investigated the conse-
quences of loss of sympathetic tone on the rat 
choroid. They reported vascular remodeling 
after cervical sympathetic transection – choroi-
dal arteries and veins were larger and more 
numerous than in normal rats. No changes in 
vessel abundance or ChBF were yet observed 
2 days after the sympathetic transection, but by 
6 weeks, vessels were much more numerous, 
vessel area was increased, and ChBF was four-
fold increased. Steinle and Lashbrook  [  330  ]  
noted elevation of angiogenic factors in choroid 
after cervical sympathetic transection, and they 
suggested that these might contribute to 
increased vessel abundance. Vessel dilation 
might contribute to increased vessel size as well. 
Steinle et al.  [  329  ]  noted that there was a signifi -
cant reduction (30%) in photoreceptor cell num-
bers in sympathectomized rat eyes. This loss 
appeared to be due to apoptosis, since there was 
a doubling in apoptotic photoreceptor cell num-
bers after sympathectomy. The photoreceptor 
loss in sympathectomized eyes resulted in 
reduced width of the retinal outer nuclear layer. 
Increased Müller cell immunostaining for GFAP 
spanning the ganglion cell layer and inner 
nuclear layer was also noted after sympathec-
tomy (Fig.  12.29 ). These results suggest that 
loss of sympathetic innervation causes signifi -

cant changes to the physiology of the choroid 
that are adverse for retinal health.  

    12.5.6   Trigeminal Sensory Input 

 Sensory nerve fi bers from the trigeminal ganglion 
co-containing SP and CGRP innervate the chor-
oid in mammals and birds (Fig.  12.28 )  [  60,   318, 
  346  ] . These largely are branches of the ophthal-
mic nerve, but some that reach the orbit arise 
from the maxillary nerve. The sensory nerve 
fi bers typically join the meshwork of nerves 
behind the eye, with one prominent branch enter-
ing the ciliary ganglion (Fig.  12.10 ). Nerve fi bers 
reach the choroid by traveling with the short cili-
ary nerves and on blood vessels of the orbit. 
Among mammals, SP+ and CGRP+ fi bers to the 
choroid have been observed in rats  [  89  ] , guinea 
pigs  [  193  ] , monkeys  [  347  ] , and humans  [  343, 
  347  ] . Sensory fi bers such as those of the trigemi-
nal nerve send a central message of hot, cold, 
pain, or touch and can elicit ocular refl exes, such 
as blinking and tearing in response to their activa-
tion  [  23 ,  103  ] . It is possible that they also partici-
pate in temperature-dependent ChBF refl exes. 
Peripheral fi bers can also participate in antidro-
mic responses in which they release SP and 
CGRP and cause local responses, which include 
a vascular component  [  23  ] . Consistent with an 
antidromic action of the SP+ input, rat and rabbit 
choroid possess SP receptors  [  68  ] , and consistent 
with an antidromic action of the CGRP+ input, 
the choroid in pigs, guinea pigs, and monkeys has 
been shown to possess CGRP receptors  [  138  ] . 
The neuropeptides SP and CGRP are vasodila-
tors, and their release from intrachoroidal trigem-
inal sensory fi bers would be expected to act on 
ChBF  [  35–  37,   318 ,  346  ] . Consistent with this, 
stimulation of the ophthalmic nerve in rabbit 
increases ChBF  [  338  ]  and is associated with 
uveal release of SP  [  34  ] . Orbital vessels too are 
sites at which sensory fi bers can affect the blood 
supply to the choroid. For example, Bakken et al. 
 [  17  ]  showed that the pig ophthalmic artery dilates 
to CGRP. Additionally, trigeminal fi bers have 
SP+ and CGRP+ terminals in the PPG, which 
could be a basis of sensory-autonomic  vascular 
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refl exes in choroid  [  353  ] . Our work in chicks 
suggests that the sensory input to the  choroid 
may be involved in temperature-dependent regu-
lation of ChBF (i.e., retinal  thermoregulation) 
 [  318  ] , which may be important for retinal homeo-
stasis  [  268  ] . Reduced ocular blood fl ow caused 
by elevated IOP has been shown to result in 
reduced scleral and retinal temperature  [  32  ] . 
Heating an eye in which blood fl ow has been 
reduced by increased IOP (thereby reducing ocu-
lar perfusion pressure and ChBF) results in an 
exaggerated rise in ocular temperature, showing 
that choroidal blood fl ow can be involved in ocu-
lar cooling as well  [  32  ] . Regulation of ocular 
temperature has been shown to be important for 
the normal physiological functioning of the retina 
 [  146,   241  ] .  

    12.5.7   Intrinsic Choroidal Neurons 

 Studies over the past 25 years have proven that the 
choroid in many mammalian and avian species 
contains neuronal cells that possess various neu-
roactive substances typical of parasympathetic 
PPG neurons. Although intrachoroidal neurons 
were initially reported by silver staining methods 
in the nineteenth century  [  308  ] , Terenghi et al. 
 [  359  ]  fi rst noted them for their neuroactive sub-
stance content (VIP) in guinea pig choroid after 
colchicine treatment (which prevented transport 
of the neuroactive substances out of the perikarya). 
Shortly thereafter, Miller et al.  [  237  ]  and Stone 
et al.  [  345  ]  saw VIP+ neurons in human choroid. 
This phenomenon was subsequently more exten-
sively studied by several groups. Using NADPHd 
histochemistry, which detects neurons using NOS 
to synthesize NO  [  25  ]  reported the presence of 
many isolated or grouped NADPHd+ neurons in 
human choroid, with individual neurons being 
about 30  m m in perikaryal size. Flügel et al.  [  94  ]  
made similar observations of human choroid and 
reported that VIP was typically present in the 
NOS+ intrachoroidal neurons. The ganglion cells 
tended to be most numerous in the central retina 
around the human fovea. No such neurons were, 
however, observed in afoveate species such as 
rats, rabbits, tree shrews, cats, pigs, or owl mon-

keys  [  94,   95  ] . Flügel-Koch et al.  [  95  ]  reported that 
NOS+ and VIP+ intrachoroidal ganglion cells are 
also present in cynomolgus monkeys, which have 
a fovea centralis. Since these neurons were absent 
from primate and nonprimate species lacking a 
fovea centralis, these authors suggested that the 
plexus was associated with choroidal blood fl ow 
control in the region of the fovea. The intrachoroi-
dal ganglion cells in humans give rise to processes 
that can be observed to join the perivascular net-
work of NADPHd+ and VIP+ fi bers in the chor-
oid, and in some cases observed to end directly on 
arteries. The intrachoroidal ganglion cells in 
humans have been noted to receive terminals, 
some of which contain NOS or VIP  [  94,   223  ] . 
Schrödl et al.  [  308  ]  reported on the connectivity 
of the intrinsic choroidal neurons in human eye. 
Using immunolabeling for nNOS or VIP, as well 
as single-cell fi lling, they reported that intrachor-
oidal neurons send processes to other ganglion 
cells, as well as to vascular and nonvascular 
smooth muscle of the choroid. CGRP+ sensory 
boutons were also observed ending on intrachor-
oidal neurons. The evidence of sensory input to 
intrachoroidal ganglion cells suggests they have a 
role in refl exive modulation of ChBF in response 
to sensory stimuli such as heat or cold detected by 
the sensory fi bers. 

 Intrinsic choroidal neurons are also present in 
birds and of a similar size (30  m m) and neuro-
chemistry (nNOS+ and VIP+) to those in mam-
mals  [  26,   65,   309  ] . These neurons give rise to 
processes that contact choroidal blood vessels, 
and they receive CGRP+ contacts from sensory 
axons  [  306  ] . The evidence of sensory input to 
intrachoroidal ganglion cells again suggests they 
have a role in refl exive modulation of ChBF in 
response to sensory stimuli such as heat or cold. 
Intrachoroidal ganglion neurons in birds also 
receive sympathetic nerve terminals, indicating 
their sympathetic modulation as well  [  307  ] . The 
intrachoroidal ganglion neurons vary among avian 
groups in their abundance, with the highest abun-
dance among studied groups being in goose, the 
next highest in turkeys and chickens, and the low-
est in ducks  [  309  ] . Their spatial distribution also 
varied among studied avian groups, presumably 
in relation to retinal high acuity specializations. 
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As in mammals, the intrachoroidal ganglion neu-
rons are also found associated with the ciliary 
nerves in their course to the anterior uvea  [  26  ] . 
It is possible that the intrachoroidal ganglion cells 
play a role in the repositioning of the focal plane 
of the retina that is caused by increased ChBF 
and retinal thickening in chicks recovering from 
 myopia  [  92  ] .  

    12.5.8   Disturbed Neural Control of 
Choroidal Blood Flow in Aging 
and Retinal Disease 

    12.5.8.1   Effect of Aging on Retina 
and Choroid 

 Choroidal blood fl ow and its adaptive regulation 
can be impaired by aging (Fig.  12.30 ). For exam-
ple, reductions in basal ChBF occur in the macula 
of humans as they age  [  271,   283  ] . Moreover, 
reductions in ChBF in excess of what aging alone 
would predict have been observed beginning in 
the early stages of age-related macular degenera-
tion  [  42,   98,   99,   125,   126,   281  ] , the leading cause 
of blindness in humans older than 65 years  [  136  ] . 
Adaptive regulation of ChBF also is impaired in 
aged humans, since compensatory responses of 
ChBF to fl uctuations in systemic blood pressure 
are abnormal in elderly humans  [  278  ] . These 
various fi ndings raise the possibility that abnor-
malities in macular ChBF and/or in its adaptive 
regulation contribute to normal age-related 
declines in retinal degeneration (Fig.  12.30 ). The 
mechanisms responsible for the reduced ChBF 
and impaired adaptive regulation with age are 
uncertain. Loss and narrowing of submacular 
choroidal vessels in normal aged eyes and in 
atrophic AMD eyes has been reported  [  125,   282, 
  324  ] . Such changes may contribute to the reduc-
tion in basal ChBF seen with aging and in early 
AMD (Fig.  12.30 ). To examine the possible role 
of changes in neuronal control of ChBF, we used 
immunolabeling to assess the impact of age on 
parasympathetic innervation of human choroid, 
using VIP immunolabeling. Our results indicated 
a signifi cant age-related decline in VIP-positive 
nerve fi bers and vessel diameter in the submacu-
lar choroid in disease-free human donor eyes 

(Fig.  12.31 )  [  155  ] . These fi ndings suggest that a 
decline in the neural control of ChBF and vessel 
diameter may explain reductions in ChBF and its 
adaptive control observed with aging. Impaired 
neural control of ocular and choroidal blood fl ow 
may occur in other conditions as well. For exam-
ple, production of the vasodilator NO by the 
endothelium of ophthalmic, ciliary and retinal 
vessels and the optic nerve head can be impaired 
in hypertension, hypercholesterolemia, and dia-
betes  [  119,   133,   137  ] .   

 As part of an effort to characterize the effects 
of aging on the retina and choroid, we carried out 
detailed studies in pigeon  [  91,   93  ]  that sought to: 
(1) determine if choroidal and outer retinal dete-
rioration occurs as a function of aging in a nonhu-
man species that possesses both rod and cone 
photoreceptors (i.e., pigeons), and might therefore 
be widespread concomitants of aging, and (2) 
obtain data that might shed light on the relation-
ship between age-related retinal and choroidal 
changes. In a sample of 64 pigeons ranging in age 
over much of the pigeon life span (0.5–20 years), 
we measured diverse ocular parameters by physi-
ological or histological means, including: ChBF 
(by LDF); choriocapillary vessel abundance (by 
LM histology); acuity (by behavioral methods); 
and photoreceptor abundance (by LM histology). 
Statistical methods were used to ascertain the pat-
tern of age-related changes and determine ages at 
which or by which signifi cant changes occurred in 
specifi c parameters. In the sample of 53 birds for 
which we had obtained visual acuity and/or pho-
toreceptor data, we observed a prominent step-
wise decline of about 20% in photoreceptor 
abundance at the age of 4.7 years (Fig.  12.32 ), fol-
lowed by lesser decline thereafter, and a curvilin-
ear decline in acuity (with half the decline having 
occurred by the age of 5 years). The period of 
prominent photoreceptor loss (4–6 years of age) 
coincided with ages during which about 10% of 
photoreceptors appeared to be showing degenera-
tive changes. For the sample of 45 birds for which 
we measured choroidal parameters, choriocapil-
lary vessel abundance showed a highly curvilinear 
decline with age and at least half of this decline 
had occurred by the age of 3 years (Fig.  12.33 ). 
ChBF showed an abrupt decline of about 20% at 
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the age of 4 years and a further 20% decline there-
after. Our results clearly show that ChBF and 
choroidal vascularity decline signifi cantly with 
age in pigeons, as do acuity and photoreceptor 

abundance. Our statistical analyses suggest that 
there is a positive relationship between choroidal 
and visual functions in pigeons, and that promi-
nent choroidal vascular decline precedes visual 
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  Fig. 12.30    Graphs showing visual acuity changes in humans 
over the life span ( a ), and basal choroidal blood fl ow in young 
humans, aged humans, and humans with age-related macular 
degeneration (AMD) ( b ). Graph ( a ) shows the decline in 
human visual acuity with advancing age (Fig. 3 redrawn from 

 [  145  ] ). In ( b ), the blood fl ow values are taken form 
Grunwald et al.  [  125,   126  ]  and are expressed in arbitrary units 
based on laser Doppler fl owmetry measurements. Note that 
basal ChBF declines with age, and individuals with AMD have 
even lower basal ChBF than aged humans without AMD       

 



12 Neural Control of Ocular Blood Flow 293

decline as pigeons age (Fig.  12.34 ). Thus, our 
fi ndings are consistent with the view that age-
related decline in choroidal function might con-
tribute to age-related vision loss in pigeons. Note 
that the possibility exists that retinal degeneration 
is the primary event and diminished ChBF the 
consequence of diminished retinal need. 
Nonetheless, outer retinal degeneration does not 
invariably lead to diminished ChBF, as evidenced 
in the Abyssinian cat  [  257  ] .    

 In further studies, we sought to determine if 
age-related changes in parasympathetic regula-
tion of ChBF could contribute to age-related 
choroidal and retinal decline  [  93  ] . To this end, we 
used immunohistochemical methods to detect 

choroidal nerve fi bers from the ciliary ganglion 
immunolabeled for ChAT or a neurofi lament-
associated antigen in fi xed    cryostat sections of 
the eye in 0.5- to 20-year-old pigeons. 
Additionally, transcleral LDF was used to mea-
sure basal ChBF, light-evoked ChBF increases 
and EWM-evoked ChBF increases in the supe-
rior choroid to assess the functional integrity of 
the vSCN-EWM-ciliary ganglion circuit. We 
observed a marked age-related linear decline in 
the ciliary ganglion innervation of the choroid 
(Fig.  12.33 ). Moreover, we observed pronounced 
declines in ciliary ganglion-mediated control of 
ChBF. The decline in EWM control of ChBF was 
pronounced by 5 years of age, and half of the 

  Fig. 12.31    Examples of VIP immunolabeling    of nerve 
fi bers on choroidal vessels in humans of differing age. 
The view of the choroidal specimens shows representative 
submacular choroidal vessels ( V ), surrounded by stroma. 
The abundant beaded striae running across the vessel 

lumens are the VIP-positive fi bers of the choroidal vessel. 
Note the generally lesser amount of VIP-positive fi bers in 
elderly compared with young eyes. Note also the VIP+ 
intrachoroidal neuron in ( c ). Magnifi cation the same in all 
images       
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functional decline occurred by about 2–3 years of 
age. Thus, signifi cant loss in choroidal  vascularity 
and innervation appear to lead to impaired basal 
and adaptive parasympathetic ChBF control early 
in the life span of pigeons (Fig.  12.34 ), which is 
consistent with the notion they contribute to age-
related vascular insuffi ciency and attendant age-
related damage to the retina. These overall results 
for pigeons suggest that aging may deleteriously 
affect the retina, in part, by impairing ChBF and 
its neural control. The apparent impact of age-
related loss of ciliary ganglion input to the chor-
oid in birds is consistent with the impact we see 
of EWM lesions in younger birds.  

    12.5.8.2   Effect of Disease on Retina 
and Choroid 

 Based on the effects of interruption of the vSCN-
EWM-ciliary ganglion circuit in birds, it seems 
plausible that diseases that compromise ChBF and 
its neural control might have retinal dysfunction 
and pathology as their consequences. Several con-
ditions in humans and animals that involve auto-
nomic neuropathy or endothelial cell pathology 
(the latter of which would affect endothelial-
dependent neural control of ChBF), in fact, have 
diminished ChBF and outer retinal pathology as 
concomitants, including aging  [  404  ] , age-related 
macular degeneration  [  99  ] , chronic hypertension 
 [  133,   374  ] , insulin-dependent diabetes  [  195,   305  ]  

and glaucoma  [  127,   158,   191,   244  ] . Disturbances 
in ChBF and/or its neural regulation may also be 
involved in ischemic outer retinal disease and 
myopic retinopathy  [  40,   110 ,  286  ] . Consistent 
with this, impaired regulation of ChBF in response 
to exercise-induced increases in systemic BP (and 
thus ocular perfusion pressure) is observed in 
inactive central serous chorioretinopathy  [  365  ] . 
Adverse lifestyle choices may also deleterious 
affect adaptive neural regulation of ChBF, since 
smokers show impaired ChBF compensation for 
exercise-induced ocular perfusion pressure 
increase  [  396  ] . The specifi c link between para-
sympathetic ChBF impairment and retinopathy in 
aging is confi rmed by our studies in pigeons  [  91, 
  93  ] . The above-described work of Steinle and 
coworkers in rats shows a similar importance of 
sympathetic control of ChBF. Thus, the available 
data are consistent with the view that disturbances 
in the maintenance of basal neurogenic choroidal 
tone and/or adaptive ChBF neural control could 
be contributing factors to the retinal declines seen 
in humans and other species in aging, hyperten-
sion, diabetes, glaucoma,  ischemic retinal disease, 
and myopia. Autonomic neuropathy in diabetes 
may in particular contribute to overperfusion 
and leakiness of ocular vessels in diabetes  [  35  ] . 
Clearly, other mechanisms may also contribute 
to retinal damage in these conditions, such as 
edema, retinal detachment, and  neovascularization 
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  Fig. 12.32    Light micrographic images of retinal sections 
from a 1.7-year-old pigeon ( a ) and a 17-year-old pigeon 
( b ) showing two extremes in the abundance of photore-
ceptor cell bodies. The 1.7-year-old animal had 47 photo-
receptors per 100  m m, while the 17-year-old animal had 
32 photoreceptors per 100  m m. In addition, the thickness 
of the outer nuclear layer ( ONL ) is less in the older bird 

(note lines demarcating ONL – outer plexiform layer 
( OPL ) border in both images). Age-related photoreceptor 
pathology was also evidenced by loss of outer segments 
( OS ) and vitread displacement of some lipid droplets from 
their normal position ( arrows ).  IS  inner segment,  OLM  
outer limiting membrane,  ONL  outer nuclear layer,  OPL  
outer plexiform layer       
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  Fig. 12.33    Images showing the decline in choroidal    vas-
cularity and innervation with age in pigeons. Images ( a  
and  b ) show a pair of LM images that illustrate the age-
related decline in choriocapillary vessel abundance, show-
ing choroid from a 3-year-old animal that had a 
choriocapillary coverage of 86% ( a ), with a mean inter-
capillary distance (ICD) of 7.26 mm, and a choroid from 
a 17-year-old pigeon that had a capillary coverage of 48% 
and a mean ICD of 13.15 mm ( b ). Images ( c  and  d ) illus-
trate the abundance of intrachoroidal nerve fi bers of cili-

ary ganglion origin from a representative 0.5-year-old 
pigeon ( c ) and a representative 12-year-old pigeon ( d ). 
The nerve fi bers were immunolabeled by the peroxidase-
antiperoxidase method using antibodies against the 3A10 
neurofi lament-associated antigen. These images typify 
the age-related decline in nerve fi ber abundance in pigeon 
choroid. Magnifi cation same in ( a ) as in ( b ), and in ( c ) as 
in ( d ).  A  artery,  L  lacunae,  CC  choriocapillaris,  BM  Bruch 
membrane,  OS  outer segment,  V  vein       
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 [  96,   368,   375  ] . None theless, impaired neural 
 regulation of ChBF may contribute to degenera-
tion of neural    retina, as well as facilitate (in con-
junction with other etiological factors) the 
pathological changes in the RPE or Bruch mem-
brane that further edema, retinal detachment, and 
neovascularization  [  96,   181,   277,   374,   375  ] .        
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       Within the last 20 years, it has become clear that 
the endothelium plays a key role in maintaining 
vascular tone within all    vascular beds of the 
human body. Since the fi rst in vitro study show-
ing the obligatory role of the endothelium in 
mediating acetylcholine-induced vasodilatation 
in 1980  [  66  ] , the study of endothelium-derived 

vasoactive substances has become an important 
research area. Nowadays, it is assumed that the 
endothelium produces a large variety of vasodila-
tors and vasoconstrictors. Only if there is a 
 balance between the production of endothelium-
derived vasodilators and endothelium-derived 
vasoconstrictors is a vessel under normal physi-
ological tone (Fig.  13.1 ). This also holds true for 
the eye, where numerous in vitro animal and 
human studies have proven the concept of 
endothelial control of blood fl ow in the ocular 
vascular systems.   

    13.1   Nitric Oxide 

 In their original experiment, Furchgott and 
Zawadzki proposed the existence of a potent 
endothelium-derived relaxing factor (EDRF), 
which was, however, not identifi ed. In the  following 
years, it became clear that this EDRF is nitric oxide 
(NO), produced from the amino acid  l -arginine, 
with cyclic GMP as a second messenger  [  105,   184, 
  185,   198  ] . 

 Three distinct isoforms of nitric oxide synthase 
(NOS), which are products of different genes, are 
used to produce NO. NOS is required to oxidize 
the guanidine group of  l -arginine in a process 
involving fi ve electrons. The three isoforms of 
NOS are termed NOS1, NOS2, and NOS3. In 
older textbooks and articles, NOS1 was termed 
neuronal NOS, NOS2 was termed inducible NOS, 
and NOS3 was termed endothelial NOS. NOS1 
and NOS3 were characterized as constitutive and 
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  Core Messages 

    In the recent years it has become clear • 
that the vasular endothelium plays a 
major role in the regulation of vascular 
tone. Thus, intact blood fl ow regulation 
is largely dependent on a functioning 
vascular endothelium and endothelium 
derived substances play a substantial 
role in regulation vascular tone in health 
and diseases. This chapter will summa-
rize our knowledge on the role of the 
vascular endothelium in blood fl ow 
regulation.    
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NOS2 as inducible. However, the notion that all 
NOS isoforms are regulated dynamically required 
a new nomenclature. When NOS1 and NOS3 are 
activated, NO is produced via the calcium/ 
calmodulin complex, when NOS2 is activated NO 
production is independent of calcium. Large 
amounts of NO via NOS-2 are produced in the 
presence of immunological and infl ammatory 
stimuli (Fig.  13.2 ). The NOS gene family shares 
similar compositions with each other: All have 
two domains: N-terminal half of heme-oxygenase 
domain, with tetrahydrobiopterin, heme- and argi-
nine-binding sites, and C-terminal half of P-450 
reductase domain with the positions of recognition 
sites for NADPH, as well as for fl avin mononucle-
otide (FMN) and fl avin adenosine dinucleotide 
(FAD). The NOS1, NOS 2, and NOS3 genes have 

been mapped on the chromosomes 12q24, 17q11.2, 
and 7q35-q36, respectively.  

 Much of our knowledge of the role of NO in the 
control of blood fl ow is based on experiments 
using NOS inhibitors. NOS inhibition can be 
achieved by  L -arginine analogs such as N G -
monomethyl- L -arginine (L-NMMA), N G -nitro-
 L -arginine methyl ester (L-NAME) and 
N G -nitro-L-arginine (L-NA). They are competi-
tive inhibitors of NOS and not specifi c for any of 
the isoforms. Short-term effects of L-NMMA, 
L-NAME, or L-NA can be reversed by excess doses 
of  l -arginine. To study the role of the different iso-
forms of NO, a number of specifi c inhibitors were 
also employed. 7-Nitroindazole (7-NINA) is the 
most widely used inhibitor of NOS1, but at higher 
dosages, it also inhibits NOS3 in cerebral arteries 
 [  11  ] . In earlier studies, aminoguanidine was used 
as a specifi c inhibitor of NOS2, although this drug 
exerts a variety of other pharmacological actions 
including inhibition of advanced glycation end 
products. Inhibitors of NOS are also produced 
endogenously. Among the identifi ed endogenous 
inhibitors, asymmetric dimethylarginine (ADMA) 
appears to be the most important. Plasma levels of 
ADMA are increased in a variety of vascular dis-
eases including end-stage renal disease, hyperten-
sion, hypercholesterolemia, atherosclerosis, and 
diabetes  [  21  ] . In these diseases, it appears to con-
tribute to endothelial  dysfunction. Whether endog-
enous inhibitors also play a role in ocular vascular 
disease is not established. 

Endothelin
Nitric oxide

Vasodilatation

Prostaglandin I2Angiotensin

Thromboxan

Vasoconstriction

  Fig. 13.1    The endothe-
lium plays a key role in 
maintaining basal vascular 
tone. A balance between 
the production of 
endothelium-derived 
vasodilators and 
vasoconstrictors is 
required       

Endothelial
cell L-arginine NO

L-citrulline

NOSO2

GTP
G-cyclase

cGMP

NOSmooth
muscle

cell

Diffusion

  Fig. 13.2    Biosynthesis of nitric oxide. For details please 
see text       
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 Due to its small size and its specifi c properties 
NO is an ubiquitous messenger throughout the 
human body. NO is soluble in tissues and can easily 
diffuse across membranes like other small mole-
cule gases such as O 

2
 , CO 

2
 , or CO. Nitric oxide has 

a very short half life of only a few seconds. 
Accordingly, NO production is regulated at the level 
of biosynthesis because it cannot be stored in vivo. 
Also related to the small size of the molecule is 
its ability to diffuse over large distances up to sev-
eral hundreds of micrometers. Hence, a single NO 
 molecule can affect numerous cells adjacent to the 
location of its production despite the short half-life. 

 Nitric oxide has a key role in the maintenance 
of vascular tone in humans  [  246  ]  and is a major 
regulator of systemic blood pressure  [  99  ] . NO 
also exerts a variety of other physiological and 
pathophysiological effects, which are not directly 
related to the control of vascular tone and blood 
fl ow. In the eye, this includes processes related to 
signal transduction, neurotransmission, neurode-
generation, and oxidative stress. A more detailed 
discussion of these effects is, however, beyond 
the scope of this chapter. 

 All three types of NOS were identifi ed in the 
eye. As in other tissues, staining of cells for 
NADPH diaphorase activity has been widely 
used to determine the regional distribution of 
NOS because of its high sensitivity. The different 
isoforms of NOS can, however, not be distin-
guished. Immuncytochemistry and fl uorescence 
methods overcome this problem, employing 
 specifi c monoclonal and polyclonal antibodies. 
Molecular biology based methods including mea-
surement of mRNA expression by reverse tran-
scription polymerase chain reaction, measurement 
of protein expression using SDS-polyacrylamide 
gel electrophoresis and western blotting, or in 
situ hybridization were also used to characterize 
NOS in ocular tissues. 

 In the retina, NOS was found in amacrine and 
ganglion cells  [  37,   43,   128  ]  retinal pigment 
 epithelium  [  70,   71  ] , Müller cells  [  127  ] , photore-
ceptors and nerve fi bers in the inner and outer 
 plexiform layers  [  256  ] . As in other vascular beds, 
NOS is also present in the endothelium of retinal 
vessels  [  155,   240  ]  and in retinal capillary endothe-
lial cells and pericytes  [  31  ] . As expected, NOS3 

was also identifi ed in the endothelium of optic 
nerve head and choroidal blood vessels  [  35,   61, 
  155,   165  ] . 

 Under physiological conditions, NO is continu-
ously produced in the endothelium to ensure 
that vessels are under constant vasodilator tone. 
Numerous in vitro, animal, and human experi-
ments indicate that this is also the case in the  ocular 
vasculature. In isolated porcine ophthalmic and 
ciliary arteries, inhibition of NOS with L-NMMA 
induces dose-dependent contraction  [  83,   260  ] . NO 
also relaxes the contractile tone of retinal bovine 
pericytes  [  85  ] . Given that the ratio of pericytes to 
endothelial cells in the retinal microvasculature is 
extremely high (approximately 1:1), this indicates 
a major role for NO also in the smaller retinal ves-
sels, where most of the resistance to fl ow occurs. 
In the isolated  perfused porcine eye, NOS  inhibition 
decreases ocular blood fl ow and increases vascular 
resistance  [  152  ] . 

 In animal and human studies, evidence for a 
reduction in ocular blood fl ow after NOS inhibi-
tion has been accumulated for all vascular beds of 
the eye (Fig.  13.3 ). Using a variety of different 
techniques, unequivocal data have been presented 
for the choroid, the optic nerve head, the ciliary 
body, and the iris  [  47,   73,   118,   130,   132,   142,   148, 
  208,   232  ] . Data have also been generated that the 
effects of the NOS inhibitor L-NMMA in the 
human choroid is reversible by administration of 
high-dose  l -arginine indicating the vasoconstric-
tor effect is specifi c to the NO pathway. In con-
trast, some  [  45,   49,   50,   52,   211  ] , but not all studies 
 [  47,   182,   183,   238  ]  indicated that NOS inhibition 
also reduces retinal blood fl ow. One human study 
reported a dose-dependent vasoconstrictor effect 
of L-NMMA on retinal arterial and arterial vessel 
diameters after systemic administration  [  52  ] . The 
negative results obtained were all collected with 
the radioactive microsphere technique and are 
most likely related to the limitations of this tech-
nique in assessing retinal blood fl ow  [  204  ] . Only 
few data are available for specifi c NOS inhibitors. 
In rats, L-NAME, but not 7-NINA, increased 
blood pressure. Both drugs, however, decreased 
ocular blood fl ow, suggesting a role for NOS1 in 
the maintenance of basal vascular tone  [  117  ] . 
A variety of other studies reported, however, that 
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7-NINA does not affect retinal or choroidal blood 
fl ow under physiological conditions in the cat 
 [  169  ] , rat  [  132  ]  or pigeon  [  263  ] .  

 Nitric oxide is also a key candidate for regulat-
ing ocular blood fl ow during changes in perfusion 
pressure. Obviously, vascular resistance decreases 
when blood fl ow is kept constant  during a decrease 
in perfusion pressure and increases during an 
increase in perfusion pressure. Acco rding to the 
work of  [  118  ]  employing laser Doppler fl owmetry 
in the rabbit, NO is a key candidate to control vas-
cular tone during changes in perfusion pressure 
(Fig.  13.4 ). On the other hand, Koss  [  133  ]  failed 

to detect an effect of a NO synthase inhibitor on 
the choroidal pressure-fl ow relationship in the cat 
during changes in perfusion pressure. In humans, 
NO synthase inhibition alters the ocular perfusion 
pressure/choroidal fl ow relationship during an 
increase in perfusion pressure induced by isomet-
ric exercise  [  143  ]  (Fig.  13.5 ). Whether this truly 
indicates a role for NO in human choroidal auto-
regulation is, however, unclear because the neural 
input to the choroid cannot be eliminated in a 
human experiment. NOS inhibition also modu-
lated the response of ONH blood fl ow assessed 
with hydrogen clearance to an increase in IOP 
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  Fig. 13.3    Effect of the NO 
synthase inhibitor L-NMMA 
on ocular blood fl ow 
parameters in young healthy 
volunteers. Percent change in 
fundus pulsation amplitude 
(FPA); blood fl ow in the 
choroid, FLOW (Choroid); 
and blood fl ow in the optic 
nerve head, FLOW (ONH) 
after administration of 
L-NMMA (hatched bars: 
3 mg/kg over 5 minutes 
followed by 30 µg/kg per 
minute over 55 minutes; solid 
bars: 6 mg/kg over 5 minutes 
followed by 60 µg/kg per 
minute over 55 minutes) or 
placebo (hollow bars). Data 
are presented as mean ± SD 
(n = 12). Asterisks indicate 
signifi cant effects of 
L-NMMA versus baseline as 
calculated from the absolute 
values       
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  Fig. 13.4    Effect of the nitric oxide synthase inhibitor 
L-NAME on choroidal pressure/fl ow relationships in the 
rabbit. The left graph show tracings as obtained in a single 

rabbit. The right graph shows means ± SDs as obtained 
from a group of animals       
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  Fig. 13.5    Choroidal 
Pressure–fl ow relationship 
using the categorized ocular 
perfusion pressue (OPP) and 
choroidal blood fl ow (CBF) 
values during isometric 
exercise. Relative data were 
sorted into groups of nine 
values each, according to 
ascending OPPs. The fi rst 
period of squatting was 
performed without drug 
administration (baseline; open 
down triangles). The second 
squatting period was 
performed during administra-
tion of placebo, L-NMMA, or 
PE (solid up triangles). The 
means and the lower limits of 
the 95% confi dence intervals 
are shown (n = 12). The 
dotted line indicates 100% of 
baseline       
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 [  177  ] . Data that NO is involved in retinal and 
choroidal autoregulation have also been generated 
in newborn animals  [  89,   109  ] . Such data are of 
major relevance for the understanding of diseases 
such as retinopathy of permaturity, but most likely 
cannot be applied to adults.   

 Nitric oxide has also been shown to play a major 
role in mediating the ocular vasodilator effects to a 
variety of agonists as well as in response to changes 
in perfusion pressure. As in many other vascular 
beds, removal of the vascular endothelium in iso-
lated bovine retinal as well as in human retinal and 
ophthalmic arteries is associated with a signifi cant 
reduction of acetylcholine-induced relaxation  [  16, 
  83,   260  ] . In canine ophthalmic and retinal arteries, 
relaxations to acetylcholine were, however, endothe-
lium-independent indicating signifi cant species dif-
ferences  [  240,   248  ] . Data for NO-dependent 
relaxation of bradykinin are more consistent and 
were collected for isolated ocular vessels from dif-
ferent species  [  83,   84,   260,   266  ]  and in the isolated 
perfused porcine eye  [  152  ] . The list of agonists that 
appear to induce vasodilatation via NO-dependent 
mechanisms in the ocular vasculature is long and 
includes substance P  [  123  ] , low-dose arginine  [  175  ] , 
and a selective antidiuretic desmopressin  [  241  ] , 
dipyridamole  [  154  ] . The evidence for histamine- 
and insulin-induced vasodilatation as well as the 
NO dependence of these effects will be discussed 
later in this chapter. 

 Some, but not all, experiments indicate that 
NO also interacts with the changes in ocular 
blood fl ow during changes in pO 

2
 . In retinal peri-

cytes, hypoxia amplifi ed relaxations to the NO 
donor sodium nitroprusside, but hypoxia alone 
did not infl uence pericyte basal tone  [  86  ] . In vivo 
NOS inhibition did not affect choroidal blood 
fl ow after hyperoxia in humans  [  206  ]  but reduced 
the retinal blood fl ow response to hypoxia in the 
cat  [  162  ] , indicating that NO contributes to 
hypoxia-induced vasodilatation. As in the brain, 
the vasodilator response to CO 

2
  is signifi cantly 

reduced by NO-synthase inhibitors in the retina 
 [  203  ]  and choroid  [  206  ]  indicating NO-dependence 
of hypercapnia-induced effects. In the cat retina, 
this effect can also be achieved with 7-NINA, 
suggesting a role for neuronal NOS  [  203  ] . 

 A major role for NO was discovered for vasodi-
lator effects after neural stimulation. This topic is 

discussed in some detail in another chapter of this 
book. In isolated dog ophthalmic arteries, relax-
ation by nicotine or electrical neural stimulation 
was abolished by NO-synthase inhibition and 
restored by adding high-dose  l -arginine  [  239  ] . This 
is in keeping with data showing NO release from 
the autonomic system in the posterior ciliary arter-
ies  [  225,   253  ] . The presence of nerves releasing 
NO was also shown for choroidal arterioles by 
measuring membrane potentials with the micro-
electrode technique  [  97  ] . This is in good agreement 
with a variety of in vivo studies. In the primate, 
electrical stimulation of the pterygopalatine or 
geniculate ganglion dilates the ophthalmic artery. 
This effect was abolished by L-NA and restored by 
high-dose  l -arginine, proving NO-dependence  [  10  ] . 
Neurally derived NO also plays a major role in the 
choroidal blood fl ow increase caused by  stimulation 
of the Edinger-Westphal nucleus in pigeons  [  263  ]  
or facial nerve stimulation in the cat  [  169  ] . 

 Flicker light stimulation in the miniature pig 
increases NO concentrations in preretinal vitre-
ous humor  [  49  ] . This is in keeping with data in 
cats, showing increased NO levels in the vitreous 
humor near the optic nerve head  [  25  ] . In addition, 
these experiments revealed that the fl icker-
induced increase in ONH blood fl ow measured 
with laser Doppler fl owmetry is reduced but not 
abolished by NOS inhibition, which is in good 
agreement with microsphere experiments  [  130  ] . 
Data are also available for humans, indicating 
that L-NMMA blunts the retinal vasodilator 
response to fl icker stimulation  [  51  ] . Nitric oxide 
synthase inhibition also modulates the response 
of human choroidal blood fl ow to a light/dark 
transition  [  103  ] . The physiological relevance of 
the blood fl ow decrease in the choroid during a 
light/dark transition is largely unknown. It 
appears, however, that this is a neurally mediated 
effect  [  65  ]  as it is in the pigeon  [  60  ] . 

 The role of NO in the development of ocular 
perfusion abnormalities in vascular diseases of 
the eye is discussed in other articles of this book. 
Alterations in the  l -arginine/NO system affect-
ing blood fl ow regulation have, however, been 
proven in patients with diabetes  [  205  ]  and glau-
coma  [  193  ] . This makes the  l -arginine/NO sys-
tem a major candidate for therapeutic interventions 
in ocular vascular disease. Indeed, high-dose 
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 l -arginine increases choroidal and optic nerve 
head blood fl ow in healthy humans  [  42,   67  ] . 
Nitrates and sodium nitroprusside appear to dilate 
retinal vessels  [  81,   190  ] , but as with all systemi-
cally administered drugs, the pronounced effects 
on blood pressure and pulse rate need to be con-
sidered  [  102  ] . To prevent these systemic effects, 
topical administration of NO donors may be 
effective. Development of nitric oxide-donating 
prostaglandin F2-alpha analogs for the treatment 
of glaucoma may represent such an approach.  

    13.2   Endothelins 

 Endothelin (ET) was fi rst described in 1988 and the 
potent vasoconstrictor effects were immediately 
recognized  [  259  ] . Three structurally different ET 
isoforms, namely ET-1, ET-2, and ET-3 have been 
identifi ed. Among the three ET isopeptides, the 
21–amino acid peptide ET-1 is considered the most 
important isoform in controlling vascular tone. 
Endothelin-1 is formed from pre-pro-ET-1 via a 
39–amino acid intermediate named big ET-1. Big 
ET-1 is processed to ET-1 by a family of 
ET-converting enzymes (ECEs, Fig   .  13.6 ). Under 
physiological conditions, ET-1 is produced in small 
concentrations in endothelial cells. Endothelin-1 
primarily acts as an autocrine/paracrine mediator 
and circulating levels of ET-1 are small. Under 
pathophysiological conditions however, the pro-
duction may be stimulated in a large number of 

 different cell types, including endothelial cells, 
vascular smooth muscle cells and infl ammatory 
cells such as macrophages and leukocytes. This 
may signifi cantly increase local ET-1 production 
refl ected in elevated ET-1 plasma levels  [  200  ] .   

 The biological effects of ET-1 are mediated by 
two pharmacologically different receptor sub-
types, ET 

A
  and ET 

B
  receptors. In the vasculature, 

the ET 
A
  receptor is mainly located on vascular 

smooth muscle cells and mediates potent vaso-
constriction. The ET 

B1
  receptor is primarily 

located on endothelial cells. Stimulation of the 
endothelial ET 

B1
  receptor induces vasodilatation 

due to the release of NO and prostacyclin. 
Stimulation of the ET 

B2
  receptor located at the 

vascular smooth muscle cell results in direct vaso-
constriction. The net effect of ET-1 is therefore 
determined by receptor localization and the ratio 
between ET 

A
  and ET 

B
  receptors, which may vary 

considerably among vascular beds. Generally, 
very low doses of ET-1 cause vasodilatation, 
whereas with high concentrations of the peptide, 
vasoconstriction dominates. 

 Early studies identifi ed ET-1 in cultured 
bovine retinal endothelial cells  [  234  ] , the iris, and 
ciliary body  [  54,   146  ] . Immunoreactivity to ET-1 
and ET-3 appears to be present in all ocular tis-
sues except the cornea, where no immunoreactiv-
ity to ET-3 is found. Particularly, high levels are 
observed in the choroid  [  30  ] . Production of ETs 
in the eye is not limited to endothelial cells, but 
also includes nonpigmented ciliary epithelial 
cells  [  137,   196  ]  and retinal pigmented epithelial 
cells  [  164  ] , Endothelin receptors are present at 
cornea, iris, and ciliary processes  [  181  ] . In the 
posterior pole of the eye, ET 

A
 -like receptor-bind-

ing sites are localized at retinal and choroidal 
blood vessels, whereas the ET 

B
 -like receptor-

binding sites can be found at neural and glial tis-
sues of the retina  [  145  ] . In the rat retina, the ratio 
of ET 

B
  to ET 

A
  receptors is as high as 35:65  [  44  ] . 

 ET-1 causes a dose-dependent contraction of 
the human ophthalmic artery  [  83  ] . When the 
in vitro effects of ET-1 are compared among 
 porcine ophthalmic and posterior ciliary artery, 
it becomes obvious that the vasoconstrictor 
effects are the more pronounced the smaller the 
vessels  [  84  ] . In the isolated perfused porcine eye, 
ET-1 induced early vasodilatation followed by 

ECE

Vasodilatation

ETBETA

ET-1 ET-2 ET-3

Vasoconstriction

Big ET

  Fig. 13.6    Endothelin pathway. For details please see text       

 



G. Garhöfer and L. Schmetterer318

 pronounced vasoconstriction. ET-3 caused similar, 
but less pronounced effects. The effects of both 
peptides were abolished by a specifi c ET 

A
  receptor 

antagonist, proving the major role of this receptor 
subtype in mediating vasoconstriction  [  152  ] . 

 In an early in vivo study in cats, using the 
radioactive microsphere technique intravitreal 
injection of ET-1 caused a reduction in retinal but 
not in ciliary body, iris, or choroid blood fl ow 
 [  74  ] . Intravitreal injection of ET-1 into the rabbit 
eye, however, decreased choroidal and optic 
nerve head blood fl ow as assessed with hydrogen 
clearance  [  229  ]  and induced vasoconstriction of 
the iris–ciliary body microvasculature  [  230  ] . 
A decrease in optic nerve head blood fl ow was 
also seen after intravenous administration of ET-1 

in the rabbit  [  229  ]  and the cat  [  170  ] . In the retina, 
both ET-1 and ET-3 induced a reduction in retinal 
blood fl ow, with the former being more potent  [  26  ] . 
In humans, ET-1 dose-dependently reduced ocu-
lar fundus pulsation amplitude  [  207  ] . In addition, 
intravenous infusion of ET-1 in healthy subjects 
induces a decrease in choroidal, optic nerve head 
and retinal blood fl ow but does not affect retinal 
arterial or venous diameters  [  191,   192  ]  (Fig.  13.7 ). 
These effects of exogenous ET-1 are reversed 
with the specifi c ET 

A
  receptor antagonist BQ-123, 

indicating that they are primarily mediated via 
the ET 

A
  receptor subtype. BQ-123 alone,  however, 

did not affect retinal, optic nerve head, or choroi-
dal blood fl ow but increased blood velocities 
in the ophthalmic artery. Again, one needs to 

  Fig. 13.7    Effects of 
endothelin-1 (ET-1) and the 
endothelinA receptor 
antagonist BQ-123 on optic 
nerve head (left panel) and 
choroidal blood fl ow (right 
panel). Percentage change 
from baseline of red blood 
cell fl ow, volume, and 
velocity as measured with 
laser Doppler fl owmetry 
during administration of ET-1 
in stepwise increasing doses 
of 1.25, 2.5, and 5 ng/kg · min 
(open circles); coinfusion of 
ET-1 in stepwise increasing 
doses with BQ123 at 60 µg/kg 
· min (solid squres). Data are 
presented as means ± SEM 
(n = 12). Statistical signifi -
cance: #, versus baseline; *, 
between treatments       
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consider that the concentrations of both, ET-1 
and BQ-123 may differ at the levels of the 
endothelial cell and the smooth muscle cell, 
respectively. 

 A major role for the ET system has also been 
proposed in ocular blood fl ow regulation. In the 
rabbit, ET-1 induced a downward shift of the 
pressure/fl ow curve  [  119  ] . A downward shift of 
the pressure-fl ow relationship was also observed 
with a specifi c ET 

B
  receptor antagonist. By con-

trast, neither a specifi c ET 
A
  receptor antagonist 

nor a dual ET 
A
 /ET 

B
  receptor antagonist affected 

choroidal pressure/fl ow curves. The vasocon-
striction seen with ET-1 in the rabbit choroid was 
reduced with the ET 

A
  receptor antagonist and 

enhanced with the ET 
B
  receptor antagonist. 

The results with the ET 
B
  receptor antagonist 

indicate that endogenous ET-1 produced under 
physiological conditions controls vascular tone. 
Hence, ET 

B
  receptor blockade withdraws ET-1 

associated vasodilator tone. If this is true, one 
would, however, also assume that an ET 

A
  receptor 

induces vasodilatation because it withdraws 
vasoconstrictor tone. Most likely, this is related 
to a lower ET-1 concentration at the smooth mus-
cle cell as compared to the endothelial cell. These 
rabbit data are in good agreement with results in 
healthy subjects. During isometric exercise, the 
increase in choroidal blood fl ow associated with 
the increase in ocular perfusion pressure is sig-
nifi cantly more pronounced in the presence than 
in the absence of the ET 

A
  receptor antagonist 

BQ-123  [  63  ] . This indicates that the regulatory 
vasoconstrictor response to an increase in ocular 
perfusion pressure is at least partially mediated 
by ET-1. Data have also been generated for the 
retina. The vasoconstrictor response of a retinal 
artery during isometric exercise is also blunted 
by BQ123, again indicating a role for ET-1  [  144  ] . 
ET-1 has also been implicated to play a role in the 
vasoconstrictor response to hyperoxia. Data in 
newborn pigs, adult rats, and humans indicate 
that ET 

A
  receptor mediated vasoconstriction con-

tributes to oxygen-induced blood fl ow reductions 
but do not fully account for them  [  41,   233,   267  ] . 

 ET-1 is also assumed to play a major role in 
the regulation of contractile tone of retinal peri-
cytes. ET receptors are present at retinal pericytes 

 [  234  ] . ET-1 induces a pronounced release of free 
intracellular Ca ++  in the pericyte indicating that 
the peptide is an important agonist for pericyte 
contraction in vivo  [  197  ] . This is compatible with 
data showing that ET-1 contracts the tone of peri-
cytes  [  29  ]  and regulates intercellular communi-
cation within pericyte-containing microvessels 
 [  116  ] . Whereas it has been hypothesized that 
ET-1 regulates microvascular retinal blood fl ow 
via this effect on pericyte contractility, an in vivo 
confi rmation of this mechanism is lacking. 

 Due to its potent vasoconstrictor effects, 
 animal models of chronic ocular ischemia have 
been developed using the ET system. Repeated 
intravitreal administration of ET-1 in the rabbit 
causes enlargement and excavation of the disk 
cup  without increasing IOP  [  176  ] . In several 
 species, a model using continuous release of ET-1 
to the optic nerve head via osmotically driven 
minipumps was developed. This leads to a selec-
tive loss of retinal ganglion cells  [  33,   38,   179  ]  at 
doses that reduce optic nerve head blood fl ow 
by 30–50%  [  33,   38  ] . Whether the loss of retinal 
ganglion cells in this model is a consequence, 
optic nerve head ischemia is, however, unknown. 
Endothelins also appear to have a role in the con-
trol of IOP, but this topic is beyond the scope of 
the present chapter, and the reader is referred to 
recent reviews on the involvement of the ET 
 system in glaucoma  [  32,   261  ] . 

 Hence, the ET system has been implicated in 
the therapy of ocular vascular disease. As in other 
vascular beds, the vasoconstrictor effects of ET-1 
can be reduced or even abolished with Ca ++  chan-
nel blockers  [  153,   224,   229,   244  ] .  

    13.3   Arachidonic Acid Metabolites 

 Arachidonic acid metabolites play an impor-
tant and complex role in the regulation of ocular 
blood fl ow. Arachidonic acid is liberated from 
 membrane-bound phospholipids, usually by the 
action of phospholipases. Once released, arachi-
donic acid may be metabolized by four distinct 
 pathways: (1) cyclooxygenase (COX, also known 
as prostaglandin endoperoxidase synthase), (2) 
lipoxygenase, (3) P450 epoxygenase, and (4) 
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nonenzymatic isoprostane biosynthesis. In this 
chapter, the focus is directed toward the pathway 
catalyzed by cyclooxygenase because it results in 
numerous important vasoactive metabolites 
including prostaglandins (PGDs), thromboxane 
A2 (TXA2), and prostacyclin (PGI2, Fig.  13.8 ). 
Two COX isoforms, COX-1 and COX-2, are the 
key regulatory enzymes of this pathway. COX-1 
is a constitutive enzyme whose expression is only 
developmentally regulated. Hence, the metabo-
lites produced via COX-1 are considered to regu-
late vascular tone under physiological conditions. 
COX-2 is an inducible enzyme in most tissues 
but is expressed in high concentrations in response 
to growth factors or cytokines. COX-2 therefore 
plays a major role in prostaglandin production 
during infl ammatory states.  

 The effects of prostanoids released as a conse-
quence of the processes outlined above are medi-
ated by specifi c cell membrane spanning G 
protein-coupled prostanoid receptors. Five major 
subdivisions of receptors have been defi ned phar-
macologically. These correspond to each of the 
COX metabolites: DP for PGD2, EP for PGE2, 
FP for PGF2, IP for PGI2, and TP for TXA2. 
Most of these receptors exist in several isoforms. 

 Interestingly, relatively little information is 
available about the role of arachidonic acid 
metabolites in the control of ocular blood fl ow. 
The retinal microvasculature contains all pros-

tanoid receptors with the exception of EP4  [  1  ]  
whereas the choroidal vasculature includes the 
EP4 receptor subtype  [  2  ] . 

 Prostanoids are locally produced in ocular tis-
sues  [  114  ] , but their synthesis is higher in the peri-
natal than in the adult eye  [  91  ] . Accordingly, a 
specifi c interest was directed toward the role of 
prostaglandins in ocular blood fl ow regulation in 
newborn animals. Evidence has accumulated that 
prostanoids are involved in the processes that lead 
to retinopathy of prematurity, particularly in those 
related to oxidative stress  [  91  ] . In the newborn 
animal, they are involved in blood fl ow regulation 
during changes in blood gases and ocular perfu-
sion pressure but do not play a major role in the 
control of basal blood fl ow  [  34,   88,   267  ] . In adult 
animals, PGE 

2
  is produced during an increase in 

perfusion pressure and appears to mediate in part 
the autoregulatory vasoconstrictor response  [  88  ] . 
In newborn animals, however, PGE 

2
  induces chor-

oidal vasodilatation  [  1  ] . Generally, it appears that 
immature animals respond more to vasodilator 
PGs and less to vasoconstrictor PGs than adult 
animals  [  91  ] . 

 The data are, however, controversial. For the 
anterior uvea, data have been accumulated indi-
cating vasodilator effects of PGE 

1
  and PGE 

2
  and 

to a lesser degree of PGF 
2 a 

   [  76,   221  ] . By contrast, 
PGF 

2 a 
  appears to have little effect on retinal and 

choroidal blood fl ow  [  9,   76,   223  ] . At very high 
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  Fig. 13.8    Prostanoid 
synthesis from the 
 arachidonic acid pathway       

 



13 Endothelial and Adrenergic Control 321

doses, PGF 
2 a 

  induces constriction of isolated reti-
nal, ciliary, and ophthalmic arteries  [  168,   174, 
  226  ] , an effect which may be mediated via the TP 
receptor. Evidence for ocular vasoconstrictor 
effects of high doses of PGF 

2 a 
  have also been 

obtained in experiments using the isolated per-
fused rat eye  [  227  ] . PGE 

1
  induces retinal vasodi-

latation after intravitreal administration in the pig 
 [  195  ] . Recent data in the rat indicate that intrave-
nous PGE 

2
  act as a potent vasodilator in retinal 

and choroidal circulation, with the EP 
2
  receptor 

subtype playing a major role in this effect  [  160  ] . 
In cats, no effects of PGE 

1
  were observed on optic 

nerve head blood fl ow as assessed with laser 
Doppler fl owmetry  [  125  ] . By contrast, an increase 
of blood fl ow was seen with low-dose liposomal 
PGE 

1
  but not with high-dose liposomal PGE 

1
 , 

most likely because the higher dose induced a 
pronounced decrease in systemic blood pressure. 
In healthy humans, alprostadil, a synthetic form 
of the naturally occurring PGE 

1
 , did not affect 

retinal or choroidal blood fl ow after intravenous 
administration  [  53  ] . In patients with intermittent 
claudication, a 21-week treatment with PGE 

1
  

increased blood velocities in the central retinal 
and the ophthalmic artery, but this study was not 
masked  [  219  ] . 

 Specifi c interest has also been directed toward 
the role of PGF 

2 a 
  and the prostaglandin FP recep-

tor in the control of ocular blood fl ow because the 
ester analog of prostaglandin F 

2 a 
  latanoprost is 

used clinically to reduce intraocular pressure in 
glaucoma. Animal and human studies have pro-
vided little evidence for an effect of topical latano-
prost or bimatoprost on blood fl ow at the posterior 
pole of the eye  [  3,   8,   106,   111,   167,   212,   222, 
  223  ] . Some studies in humans do, however, indi-
cate that latanoprost increases pulsatile ocular 
blood fl ow in patients with glaucoma  [  68,   139, 
  218  ] . In addition, a reduction in resistive index in 
the central retinal and ophthalmic artery was seen 
with latanoprost and travoprost but not with 
bimatoprost  [  135  ] . Given the potent ocular 
hypotensive effect of latanoprost, one needs, how-
ever, to be careful to interpret such data as evi-
dence for choroidal vasodilatation. On the other 
hand, a set of experiments in rabbits, monkeys, 
and humans was performed using laser speckle 

technology  [  108  ] , reporting increased optic nerve 
head blood fl ow after latanoprost independently 
of its ocular hypotensive effects. The authors 
speculated that latanoprost reaching the posterior 
pole of the eye stimulates the release of endoge-
nous prostaglandins. 

 The most important vasodilator metabolite of 
the arachidonic acid pathway is PGI2. There is evi-
dence that PGI2 plays a major role in NO-induced 
vasorelaxation in the retina and choroid of the pig-
let  [  90  ] . In addition, it is involved in the early vaso-
dilator response to endothelin-1 in the isolated 
perfused pig eye  [  152  ] . In addition, prostacyclin 
increases retinal blood fl ow after intravitreal and 
intravenous administration in the rat  [  98,   159,   160  ]  
mediated via the IP receptor subtype. 

 A large set of experiments on vessel caliber in 
the microvasculature associated with human reti-
nal tissues grafted into the hamster cheek pouch 
membrane was published by Spada and cowork-
ers  [  217  ] . In these experiments, a selective DP 
receptor antagonist induced dose-dependent 
vasodilatation. By contrast, a selective TP recep-
tor antagonist induced dose-dependent vasocon-
striction. By contrast, PGF 

2 a 
 , a selective FP 

agonist, PGE 
2
 , agonists for the EP receptor as 

well as agonists selective for EP 
2
  and EP 

3
 , a selec-

tive IP agonist, and a thromboxane mimetic 
induced little effect on vascular tone. 

 Some data are also available from inhibitors of 
COX. Both isoforms of COX are reversibly inhib-
ited by nonsteroidal anti-infl ammatory drugs 
(NSAIDs), but differences in the selectivity exist 
among different drugs. The mechanism of action 
of aspirin is through the irreversible acetylation 
of the cyclooxygenase site of the enzyme, with-
out affecting peroxidase activity. This is compat-
ible with the fi nding that COX-1 is completely 
inhibited by aspirin acetylation, whereas COX-2 
is still able to convert arachidonic acid to 
15-R-hydroxyeicosatetraenoic acid (15-HETE) 
after aspirin treatment. In the recent years, spe-
cifi c COX-2 inhibitors were developed as an 
alternative for NSAIDs with less pronounced 
side effects, but no data are available for this class 
of drugs in the eye. 

 It was recognized early that indomethacin 
may reduce retinal blood fl ow in rabbits  [  19  ] . 
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Close arterial administration of indomethacin 
induces vasoconstriction of retinal arterioles in 
pigs  [  23  ] . This is in good agreement with data 
showing that indomethacin reduces optic nerve 
head oxygen tension  [  187  ] . In healthy humans, 
systemic administration of indomethacin is asso-
ciated with a pronounced decrease in choroidal 
and retinal blood fl ow  [  252  ] . Whether these 
effects of indomethacin are, however, related to 
the effects of COX inhibition is doubtful, because 
ibuprofen and naproxen do not change retinal or 
choroidal blood fl ow  [  186  ] . This hypothesis only 
recently gained support by the observation that 
indomethacin, but not ibuprofen, diclofenac, 
ketoprofen, a parecyclo-oxygenase-2 inhibitor, 
and lornoxicam affected optic nerve head  oxygen 
tension  [  171  ] . Only few data are available for 
ocular hemodynamic effects of aspirin. In a study 
involving eight patients with diabetes, an 
improvement of retinal blood fl ow was however 
observed after 14 days of aspirin treatment  [  59  ] . 

 As mentioned above, lipoxygenase and P450 
epoxygenase can also convert arachidonic acid. 
The role of the resulting metabolites such as 
hydroperoxyeicosatetraenoic acids (HPETEs), 
HETEs, and epoxyeicosatrienoic acid (EETs) in 
controlling ocular perfusion is not well character-
ized. In the newborn pig, however, the P 450 
epoxygenase metabolite 20-HETE appears to 
mediate part of the vasoconstrictor response to 
hyperoxia  [  267  ] . 

 In the literature unoprostone has also been dis-
cussed as a prostaglandin analog. Unoprostone 
isopropyl, however, is a synthetic docosanoid 
that has been introduced for the treatment of 
glaucoma. It is a compound with a 22-carbon 
chain and resembles the naturally occurring oxy-
genated metabolites of the docosahexaenoic and 
the docosatetraenoic acids. The latter are 22-carbon 
polyunsaturated omega-3 fatty acids. In the rab-
bit, topical unoprostone induces an increase in 
iris blood fl ow as evidenced with two different 
methods  [  242  ]  and improves optic nerve head 
perfusion  [  172,   228  ] . In healthy subjects and 
normal-tension glaucoma patients, laser speckle 
studies indicates that topical unoprostone is capa-
ble of increasing blood fl ow to the posterior pole 
of the eye  [  121,   129,   147,   236  ] . A study using 
laser Doppler fl owmetry does not confi rm these 

results but reported that unoprostone is capable 
of reversing the vasoconstrictor effects of exoge-
nous ET-1  [  194  ] . A study using pulsatile ocular 
blood fl ow also did not fi nd an effect of topical 
unoprostone on ocular blood fl ow  [  126  ] . In 
patients with normal-tension glaucoma, a 7-day 
treatment with unoprostone did not affect choroi-
dal or optic nerve blood fl ow as assessed by 
means of laser Doppler fl owmetry  [  14  ] .  

    13.4   Adrenergic Control 

 Given that alpha receptor agonists as well as beta-
receptor blockers have been shown to effectively 
reduce IOP and are therefore widely used in the 
therapy of glaucoma, the effect of adrenergic 
drugs on ocular blood fl ow has attracted much 
interest.  

    13.5   Alpha Receptors 

 Alpha receptors have been indentifi ed in several 
ocular tissues, and it is well known today that 
both alpha-1 and alpha-2 adrenoceptors exist in 
the human eye. However, the situation is compli-
cated by the fact that for both, alpha-1 and alpha-2 
adrenoceptors, several different subtypes exist. In 
particular, at least three different alpha-1 adreno-
ceptors have been detected (alpha-1a, alpha-1b, 
and alpha-1c)  [  156  ] , and there is compelling evi-
dence that alpha-1 receptors play also an impor-
tant role in the eye. More specifi cally, alpha-1a 
and alpha-1b receptors were found in the pig ret-
ina. In the rabbit, alpha-1a and alpha1b receptors 
were detected in the ciliary body, iris and, retina, 
whereas in the choroid, only alpha-1a adrenocep-
tors were detected  [  255  ] . In addition, alpha-1 
adrenoceptors have also been found in both the 
glia and the neurons of the rabbit retina  [  180  ] . 

 Using the radioligand technique, alpha-2 
 adrenoceptors have been found in the iris and the 
ciliary body of rabbits  [  158  ] . In human eyes, 
alpha-2 adrenoceptors have been detected in the 
iris, the ciliary epithelium, the ciliary muscle, and 
the choroid  [  151  ] . As for the alpha-1 adrenocep-
tors, in mammals, at least three distinct alpha-2 
receptors exist, namely, alpha-2a, alpha-2b, and 
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alpha-2c adrenoceptors. Using the radioligand 
technique in pig eyes, evidence has been provided 
that the only alpha adrenoceptor subtype present 
in the choroid, ciliary body, and iris is alpha-2a, 
while the retina contains both alpha-2a and alpha-
2c adrenoceptors  [  254  ] . 

 Several attempts have been made to investigate 
the role of the adrenergic system in the control of 
ocular blood fl ow. Back in 1972, Alm et al. investi-
gated the role of exogenous administration of nora-
drenaline on retinal blood fl ow in experimental 
animals  [  4  ] . However, the authors did not observe 
an effect of noradrenaline on retinal blood fl ow. 
Similar experiments have also been performed in 
human subjects. Dollery et al. investigated the 
effect of exogenous-administered noradrenaline 
and reported vasoconstriction of retinal vessels 
 [  48  ] . However, given that only retinal vessel diam-
eter, not retinal blood fl ow was reported, the results 
remain diffi cult to interpret. More recently, the 
effect of noradrenaline on retinal blood fl ow in 
healthy subjects was determined by a combined 
measurement of retinal vessel diameters and red 
blood cell velocity. Whereas, as expected, nora-
drenaline induced a systemic hypertensive response, 
no changes in retinal hemodynamic parameters 
were observed after administration of noradrena-
line  [  110  ] . From these experiments, the authors of 
the latter study conclude that adrenergic system 
does not play a major role in retinal blood fl ow 
regulation. 

 Kitanishi et al. have investigated the effect of 
systemic administration of noradrenaline on optic 
nerve head blood fl ow and choroidal blood fl ow 
in anesthetized cats  [  124  ] . Whereas no change 
was observed in the optic nerve head, the authors 
found a pronounced increase in choroidal blood 
fl ow after administration of noradrenaline. In 
contrast, a decrease in choroidal blood fl ow, as 
measured with laser Doppler fl owmetry was 
noted when noradrenaline was administered in 
the same species  [  69  ] . 

 Unfortunately, all experiments investigating 
catecholamines in vivo are hampered by the fact 
that these substances, when administered system-
ically in vivo, cause considerable change in 
 systemic hemodynamic parameters. Due to the 
autoregulatory properties of the retinal vascular 
bed, these changes in ocular perfusion pressure 

may also induce autoregulatory responses of the 
retinal vasculature, which complicates the inter-
pretation of the results and may at least partially 
explain the contradictory results. 

 In addition, as mentioned above, the distribu-
tion of alpha adrenoceptors is complex and may 
vary from species to species. For example, Thörig 
and Bill have shown that selective alpha-2 adre-
noceptor agonists reduce choroidal blood fl ow in 
a rabbit model  [  237  ] . In the cat choroid, the 
administration of adrenaline has been shown to 
induce vasoconstriction, predominantly mediated 
by alpha-2 adrenoceptors  [  131  ] . 

 Systemic administration of clonidine, an 
alpha-2 agonist, constricts episcleral and conjunc-
tival vessels but does not affect retinal vessel 
diameters of rabbits  [  13  ] . Experimental evidence 
from isolated vessels, however, did not show a 
signifi cant change in diameter of canine internal, 
external ophthalmic and ciliary arteries in response 
to clonidine  [  173  ] . In addition, the effect of intra-
venously administered clonidine on retinal and 
choroidal circulation has been evaluated in healthy 
subjects in a randomized, double-masked, pla-
cebo-controlled, two-way crossover study. The 
authors of the latter study report a considerable 
decrease of retinal and choroidal blood fl ow after 
administration of the alpha-2 adrenoceptor ago-
nist  [  251  ] .  

    13.6   Topical Administration 

    13.6.1   Clonidine 

 Interestingly, alpha-2 agonists may also alter 
ocular hemodynamics when administered topi-
cally. Using fundus pulsation amplitude mea-
surements to assess pulsatile choroidal blood 
fl ow, evidence has been provided that single top-
ical doses of clonidine decrease choroidal and 
optic nerve head blood fl ow  [  209  ] . Weigert et al. 
have investigated the effect of the two topically 
administered alpha-2 agonists clonidine and bri-
monidine on choroidal blood fl ow during iso-
metric exercise in healthy subjects  [  250  ] . For 
this  purpose, two drops of either clonidine or bri-
monidine were administered in the subjects’ 
study eyes. During a 6-min squatting period, 
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choroidal blood fl ow regulation was assessed 
by the means of laser Doppler fl owmetry. 
   Interestingly, the two alpha agonists led to 
decreased choroidal blood fl ow during squatting, 
when compared to baseline conditions. The 
authors of the study concluded that clonidine 
and brimonidine induce changes in choroidal 
blood fl ow regulation, even after single adminis-
tration  [  250  ] .  

    13.6.2   Brimonidine 

 The effect of topical brimonidine tartrate 0.2% 
on retinal capillary blood fl ow has been evaluated 
in patients with ocular hypertension using confo-
cal scanning laser Doppler fl owmetry. Although 
brimonidine considerably reduced intraocular 
pressure, this double-masked, randomized, pla-
cebo-controlled trial did not detect a change in 
retinal blood fl ow  [  28  ] . This is in keeping with 
the results of other studies. Using CDI, no change 
in retrobulbar blood velocity was observed after 
topical administration of brimonidine BID for 
2 weeks  [  113  ] .  

    13.6.3   Beta Receptors 

 Beta receptors have been identifi ed in several 
ocular tissues, such as the retina and the choroid 
 [  24,   72  ] . Beta-blockers are a class of drugs, which 
bind to beta receptors, but do not activate them. 
Depending on whether beta-blockers bind to 
beta-1, beta-2, or both receptors, one can distin-
guish between nonselective beta-blockers, such 
as timolol, or selective beta-blockers such as 
betaxolol, which binds with a stronger affi nity to 
beta-1 receptors (Table  13.1 ).   

    13.6.4   Timolol 

 Given that timolol is widely used as an IOP-
lowering drug, extensive research has been 
 performed to determine the effect of timolol on 
ocular blood fl ow. After a single dose, both timolol 
and betaxolol showed pronounced constriction of 
rabbit ciliary arteries. Interestingly, after 7 weeks 
of daily treatment, tolerance signifi cantly reduced 
the response to betaxolol whereas the response to 
timolol was unchanged  [  247  ] . 

 Inconsistent results have been reported on the 
effect of timolol on the perfusion of the anterior 
segment of the eye. Whereas some authors found 
a decrease of ciliary body perfusion after topical 
treatment with timolol  [  249  ] , others failed to fi nd 
an effect of timolol at a concentration of 0.5% on 
anterior segment perfusion  [  112  ] . Both experi-
ments were performed in rabbit eye models. 

 Unfortunately, the same holds true also for the 
posterior segment perfusion. Chiou and Chen have 
investigated the effects of antiglaucoma drugs on 
ocular blood fl ow in ocular hypertensive rabbits 
 [  36  ] . The authors found that all nonspecifi c beta-
adrenergic blockers such as timolol, levobunolol, 
or metipranolol decreased retinal and choroidal 
blood fl ow in their model of hypertensive rabbits 
measured with microsphere technique  [  36  ] . These 
results are in keeping with another experiment 
investigating the effect of the beta-adrenoceptor 
antagonists timolol and carteolol in an arterially 
perfused bovine eye model, again revealing a 
decrease of perfusion parameters  [  157  ] . Other 
experiments, however, failed to fi nd a decrease in 
ocular perfusion parameter or even found an 
increase. For example, Tomidokoro et al. evalu-
ated the effects of topical carteolol or timolol on 
choroidal blood fl ow by the means of laser speckle 
technique, but did not fi nd an effect of both drugs 
on choroidal blood fl ow  [  243  ] . Another experi-
ment revealed that L-timolol reduced signifi cantly 
retinal blood fl ow, whereas d-timolol induced a 
slight increase in retinal blood fl ow, without affect-
ing systemic blood pressure or heart rate  [  258  ]    . 

 The short-term effect of the topically deliv-
ered nonselective beta-blockers, timolol and 
carteolol, and the selective beta-blocker betaxolol 
has been investigated using the hydrogen 

   Table 13.1    Examples of beta-blocker currently used in 
ophthalmology   

 Nonselective beta-
blocker 

  b 1-selective beta-blocker 

 Timolol  Betaxolol 
 Carteolol 
 Levobunolol 
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 clearance method. However, no signifi cant effect 
was observed in response to timolol treatment 
 [  202  ] . Likewise, a 30-day treatment with timolol 
maleate 0.5% did not produce any optic nerve 
vasomotor effect in the rabbit eye  [  178  ] . 

 Liu et al. investigated the vascular resistance 
to fl ow in the ophthalmic artery of rabbits 
 receiving topical treatment with timolol  [  140  ] . 
As a measure of vascular resistance, Pourcelot’s 
resistive index based on the peak systolic velocity 
and the end-diastolic velocity assessed by CDI 
was chosen. The authors found a dose-dependent 
increase in resistive index after topical treatment 
with timolol at a concentration of 1% and 3.3%. 

 A different approach was used by Kiel and 
Patel  [  120  ] . Whereas the above-mentioned stud-
ies have focused on the effect of beta-receptor 
antagonists on baseline ocular circulation, the 
authors investigated the pressure-fl ow relation-
ship in the rabbit choroid. For this purpose, pen-
tobarbital-anesthetized rabbits were instrumented 
with hydraulic occluders on the aorta and inferior 
vena cava to control mean arterial pressure and 
two vitreous cannulas to control and measure 
intraocular pressure. Then, choroidal blood fl ow 
was measured by laser Doppler fl owmetry during 
changes in mean arterial pressure induced by the 
hydraulic occluders in the presence of either 
timolol or betaxolol. Whereas timolol induced a 
slight increase in choroidal vascular resistance, 
none of the drugs changed the pressure-fl ow rela-
tionship, indicating that none of the drug alters 
the autoregulatory properties of the choroid.  

    13.6.5   Human Studies 

 A large number of experiments investigating the 
effect of timolol on ocular blood fl ow in healthy 
as well as in glaucoma subjects have been per-
formed. Unfortunately, the experiments in humans 
are inconsistent and sometime contradicting. 
Yoshida et al. have investigated the effect of 
timolol on pulsatile ocular blood fl ow  [  262  ] . In 
this double-masked, randomized, placebo-con-
trolled study, the effect of topical timolol maleate 
0.5% on the retinal, choroidal, and optic nerve 
head circulation was investigated  [  262  ] . The 

authors report that although choroidal blood fl ow 
decreased after treatment, no statistically signifi -
cant change was observed in the other hemody-
namic parameters. However, whether the lack of 
statistical signifi cance is related to the small sam-
ple size or can be explained by a missing effect of 
the drug in these vascular beds remains unclear. 

 Haefl iger et al. have used the Heidelberg retina 
fl owmeter (HRF) to assess the hemodynamic 
effects of either a single topical ocular instillation 
of timolol 0.5% or betaxolol 0.5%  [  87  ]  and found 
decreased HRF parameters at the papilla of healthy 
volunteers after a single instillation of timolol. 
Retrobulbar hemodynamics have been assessed 
using CDI in patients with normal-tension 
 glaucoma in order to measure retrobulbar blood 
velocities and resistance index  [  93  ] . Either timolol 
or betaxolol were administered for 1 month in a 
double-masked crossover design, with a 3-week 
washout before each drug. These results of this 
study indicate that, at least in the investigated 
group of patients with normal-tension glaucoma, 
timolol lowers intraocular pressure without alter-
ing retrobulbar hemodynamics  [  93  ] . 

 The retinal circulation of eyes with ocular 
hypertension has been the focus of a study using 
laser Doppler velocimetry in combination with 
fundus photography to determine retinal blood 
fl ow  [  77  ] . The data of this study revealed, that 
treatment with timolol maleate 0.5% increased 
retinal blood fl ow in patients with ocular hyper-
tension  [  77  ] . The authors attributed this effect to 
the increase in ocular perfusion pressure caused 
by the strong intraocular pressure lowering effect 
of timolol. The effect of a more prolonged ther-
apy with timolol 0.5% on ocular blood fl ow was 
investigated by the same group of authors  [  78  ] . In 
this study, 15 healthy volunteers received topical 
treatment for 2 weeks. Again, volumetric blood 
fl ow was determined by a combination of bidi-
rectional laser Doppler velocimetry and fundus 
photography. Similar to their fi rst report, the 
authors found an increase in retinal blood fl ow 
after treatment with timolol  [  78  ] . 

 Pulsatile ocular blood fl ow as assessed with 
laser interferometry after administration of topi-
cal antiglaucoma treatment was the focus of 
another study. The authors of this double-blind, 
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placebo-controlled, randomized crossover study 
report that timolol as well as the beta-blocking 
agents befunolol and metipranolol reduced pulsa-
tile choroidal blood fl ow, even after single topical 
administration  [  209  ] . In contrast, no hemody-
namic effect was observed after treatment with 
betaxolol or levobunolol. 

 The most of the above mentioned studies 
investigated the hemodynamic effect of timolol 
on healthy subjects. Although the data gained 
from these studies teach us about the drug effect 
and the physiology of blood fl ow regulation, the 
more important question might be whether 
timolol also alters blood fl ow in patients with 
glaucoma. Fuchsjäger-Mayrl et al. investigated 
ocular hemodynamics in patients with primary 
open-angle glaucoma and patients with ocular 
hypertension  [  64  ] . For this purpose, 140  glaucoma 

patients were included in a controlled, random-
ized, double-masked study in two parallel groups. 
Patients were randomized to receive either timolol 
or dorzolamide for a 6 month period. To assess 
ocular hemodynamics, pulsatile choroidal blood 
fl ow was measured using laser interferometric 
measurement of fundus pulsation amplitude. 
Scanning laser Doppler fl owmetry was used to 
measure blood fl ow in the temporal neuroretinal 
rim and the cup of the optic nerve head. The study 
revealed that although the effect of both drugs on 
IOP was comparable, dorzolamide increased the 
optic nerve head and choroidal blood fl ow after a 
6-month treatment period whereas timolol had no 
effect (Fig.  13.9 ).  

 For patients with glaucoma, the reported ocu-
lar hemodynamic effects of timolol are inconsis-
tent. Optic nerve head perfusion as measured by 
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  Fig. 13.9    Effects of dorzolamide (darker bars) and 
timolol (lighter bars) on ( a ) intraocular pressure, ( b ) cup 
blood fl ow, ( c ) rim blood fl ow, and ( d ) fundus pulsation 

amplitude. Asterisks indicate signifi cant effects of dorzo-
lamide compared with timolol       
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the Heidelberg retina fl owmeter has been investi-
gated in patients with primary open-angle glau-
coma and compared to a healthy control group 
 [  141  ] . A treatment period of 3 weeks was sched-
uled for both groups. The authors did not fi nd a 
change in optic nerve head blood fl ow data after 
treatment with timolol. 

 Several studies investigating pulsatile choroidal 
blood fl ow in patients with glaucoma or ocular 
hypertensives found unchanged POBF after treat-
ment with timolol. Morsman et al. randomized 33 
ocular hypertensive patients to receive either 
timolol, levobunolol, or betaxolol in one eye  [  161  ] . 
Although the authors found a tendency toward a 
decreased puslatile choroidal blood fl ow, this effect 
did not reach statistical signifi cance. These results 
are in good agreement with the data of another 
group investigating pulsatile ocular blood fl ow in 
patients with chronic open-angle glaucoma  [  245  ] . 

 Although several reports also focused on the 
effect of timolol on retrobulbar blood fl ow, the 
majority of the studies did not fi nd a signifi cant 
change in retrobulbar hemodynamics caused by 
timolol treatment. Harris et al. did not fi nd a 
timolol effect of on retrobulbar fl ow velocities as 
determined by color Doppler imaging in patients 
with normal-tension glaucoma  [  93  ] . This is in 
keeping with the results of several other reports 
that failed to fi nd substantial hemodynamic 
changes in the retrobulbar vessels after timolol 
treatment  [  55,   92,   167  ] . 

 In contrast, treatment with timolol was found to 
decrease vascular resistance in a group of glau-
coma patients, whereas no change was found in 
the ocular hypertensive group  [  17  ] . No change was 
observed in blood fl ow velocities in the ophthal-
mic artery after treatment. The authors have specu-
lated that the different timolol effect between the 
glaucoma group and the ocular hypertensive group 
may be related to a potentially defective autoregu-
lation in the ocular hypertensive group  [  17  ] .  

    13.6.6   Betaxolol 

 In contrast to timolol, betaxolol is a selective 
beta-1 receptor blocker, originally developed to 
reduce systemic side effects such as bronchos-
pasm. As for timolol, much effort has been 

spent to investigate the hemodynamic effects of 
 betaxolol. In a rabbit model, 30 days of repeated 
application of betaxolol 0.5% did not produce 
any observable effect in optic nerve head blood 
fl ow  [  178  ] . In contrast, Araie and colleagues have 
found a small but signifi cant increase in tissue 
blood velocity in the iris and optic nerve head as 
measured with the laser speckle technique  [  6  ] . 
Instead of measuring only static choroidal blood 
fl ow, Kiel and Patel focused on the choroidal 
pressure-fl ow relationship measured before and 
after topical treatment with betaxolol  [  120  ] . 
Betaxolol did not induce a change in baseline 
choroidal blood fl ow or in the pressure fl ow rela-
tionship in this rabbit model.  

    13.6.7   Human Studies 

 Various methods have been used to investigate the 
effects of betaxolol on ocular blood fl ow in humans. 
Perimacular hemodynamic parameters have been 
studied after a single administration of betaxolol in 
normal subjects  [  92  ] . Two hours after topical 
administration of the drug, no change in perimacu-
lar leukocyte velocity or density was observed. 
Data obtained with the Heidelberg retina fl owme-
ter focused on topical treatment with either timolol 
or betaxolol on optic nerve head blood fl ow. In 
contrast to timolol, which showed a slight decrease 
in optic nerve head blood fl ow, betaxolol did not 
show any effect on HRF parameters  [  87  ] . Similarly, 
Schmetterer et al. did not observe an effect of a 
single topical dose of betaxolol on pulstile choroi-
dal blood fl ow in healthy volunteers  [  209  ] . 

 In contrast to a single topical instillation, long-
term betaxolol instillation revealed different 
effects. The effect of topical betaxolol on tissue 
circulation in the human optic nerve head has 
been investigated using the laser speckle tech-
nique  [  235  ] . The authors report a small but sig-
nifi cant increase in tissue blood velocity in the 
human optic nerve head after topical instillation 
of betaxolol twice daily for 3 weeks. However, 
whether this increase is of clinical relevance has 
yet to be shown. 

 In addition, several studies have focused on 
the effect of topical betaxolol in patients with 
glaucoma or ocular hypertension. Again the data 
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reported about betaxolol and its effect on ocular 
blood fl ow are not consistent. Steigerwalt et al. 
investigated the effect of betaxolol in patients 
with ocular hypertension  [  220  ] . The authors show 
that topical betaxolol as well as topical carteolol 
and timolol led to an increase in the fl ow velocity 
of the central retinal artery, indicating but not 
fi nally proving an increase in blood fl ow  [  220  ] . 

 However, given that data about long-term treat-
ment may be more relevant for glaucoma patients, 
several studies have focused on the hemodynamic 
effects of long-term betaxolol treatment. Carenini 
et al. have investigated whether a 12-month treat-
ment with either topical timolol or betaxolol may 
infl uence pulsatile ocular blood fl ow in patients 
with primary open-angle glaucoma  [  27  ] . Although 
treatment with betaxolol and timolol showed 
 similar reductions of the IOP, timolol decreased 
pulsatile ocular blood fl ow over the 12-month 
observation period, whereas no change was 
observed in betaxolol-treated patients. 

 Using the color Doppler imaging technique, a 
1-month drug treatment with either timolol or 
betaxolol was tested in a double-masked two-way 
crossover design in patients with normal-tension 
glaucoma  [  93  ] . The authors found a decrease in 
resistance index after betaxolol treatment, whereas 
no effect was observed in the timolol group. 
However, whether a decrease in resistance index 
as found in the latter study can really be interpreted 
as an increase in blood fl ow remains unclear. 

 The effect of betaxolol was also investigated 
in a selected group of glaucoma patients, namely 
in patients who exhibited ocular vasospasm  [  55  ] . 
Patients were evaluated for blood fl ow velocity of 
the retrobulbar vessels using color Doppler imag-
ing and resistance indices were calculated for the 
ophthalmica artery, the central retinal, and tem-
poral posterior ciliary arteries. Measurements 
were done before and after a 4-week treatment 
with either timolol or betaxolol. Treatment with 
timolol did not induce a change in hemodynamic 
parameters. Surprisingly, the authors found that 
after betaxolol treatment resistance index signifi -
cantly decreased in the ophthalmic artery, whereas 
an increase in resistance index was observed in 
both the central retinal and temporal posterior 
ciliary arteries. Whether these data can be applied 

correspondingly to a typical glaucoma patient 
without signs of vasospasm remains unclear. 

 The hemodynamic effect of topical treatment 
with either timolol, betaxolol, carteolol, or 
levobunolol drops was investigated using the CDI 
technique in patients with primary open-angle 
glaucoma  [  5  ] . Retrobulbar ocular blood fl ow 
velocity was measured using the color Doppler 
imaging method in the ophthalmic artery, central 
retinal artery, and temporal posterior ciliary arter-
ies. The authors report that in the timolol group, 
an increase in resistance index values of the pos-
terior ciliary artery was observed. In the betaxolol 
group, resistance index decreased in the central 
retinal artery and the posterior ciliary artery, 
whereas in the carteolol group, there was a signifi -
cant decrease only in the central retinal artery. 
Finally, no change in retrobulbar hemodynamics 
was observed in the levobunolol group.  

    13.6.8   Levobunolol 

 Although not as widely used as timolol or betax-
olol, the hemodynamic effects of the nonselective 
beta-adrenoreceptor antagonist levobunolol have 
been the focus of several experiments. Arend et al. 
report that levobunolol, as the other beta-adreno-
ceptor blockers tested increased blood velocities 
in retinal and epipapillary capillaries  [  7  ] . In this 
study, blood velocities were measured by digital 
image analysis of scanning laser fl uorescein 
angiograms. None of the drugs tested induced a 
change in vessel diameters but increased epipapil-
lary and macular papillary blood velocities. 

 Data about the effect of levobunolol 0.5% is 
also available from a randomized, double-masked, 
placebo-controlled study investigating puslatile 
ocular blood fl ow in patients with glaucoma and 
healthy volunteers  [  22  ] . The authors found that 
pulsatile ocular blood fl ow was increased after 
treatment with levobunolol in both the glaucoma 
group as well as in the healthy subjects. 

 In contrast, other reports did not fi nd a hemody-
namic effect of levobunolol. Harris et al. failed to 
fi nd an effect in perimacular blood fl ow assessed 
with the blue-fi eld technique 2 h after topical drug 
administration  [  92  ] . This is also in keeping with a 
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randomized, placebo-controlled study investigat-
ing the effect of levobunolol in healthy subjects by 
the means of fundus pulsation amplitudes in the 
macula and the optic disk  [  209  ] . The authors report 
that application of a single drop of levobunolol did 
not change the measured ocular hemodynamic 
parameters. These results seem also to hold true for 
the retinal circulation. Leung et al. have investi-
gated the effect of topical administered levobunolol 
on retinal blood fl ow by a combined measurement 
of retinal vessel diameters and red blood cell veloc-
ity as determined with laser Doppler velocimetry 
 [  138  ] . As with the blue-fi eld technique, there was 
no statistically signifi cant effect on calculated vol-
umetric blood fl ow rate after administration of 
levobunolol. The same technique has been used to 
investigate within 1 week of topical treatment with 
levobunolol on retinal blood fl ow  [  20  ] . In contrast 
to the latter data reported of single instillation, 1 
week treatment with levobunolol lead to a slight 
but statistically signifi cant increase in volumetric 
retinal blood fl ow.  

    13.6.9   Carteolol 

 Carteolol is a non cardio-selective beta-adrener-
gic blocking agent. In contrast to other beta-
blockers such as timolol or betaxolol, cartelolol 
possesses intrinsic sympathomimetic activity, 
which might at least theoretically provide some 
reduced potential for systemic effects. 

 A variety of studies have been performed to 
study the blood fl ow effects of carteolol in animal 
models as well as in humans. In a rabbit model, 
topical instillation of carteolol induced a signifi -
cant reduction of choroidal and retinal blood fl ow 
 [  202  ] , whereas intravenous administration of car-
teolol was found to result in an increase in blood 
fl ow parameters  [  231  ] . 

 Yamazaki et al. found an increase in pulsatile 
ocular blood fl ow after installation of carteolol 
 [  257  ] . In contrast to these fi ndings, no changes in 
retinal haemodynmics were reported using the 
bluefi eld technique to assess white blood cell fl ux 
 [  92  ]  and combined measurement of red blood 
cell velocity and retinal vessel diameters  [  79  ] . 
Both studies were performed in healthy subjects. 

Steigerwalt et al. have investigated the effect of 
carteolol 2% on blood fl ow velocity of retrobul-
bar vessel after topical administration of the drug 
in patients with ocular hypertension  [  220  ] . The 
authors found a signifi cant increase in blood 
velocity in the central retinal artery after carteolol 
administration in this group of patients.  

    13.6.10   Serotonin 

 Serotonin (5-hydroxytryptamine, 5-HT) is a 
monoamino neurotransmitter and an important 
tissue hormone in several organ systems. 
However, serotonin also has vasoactive functions. 
Unfortunately, these vasoactive properties are 
complex and differ considerably depending on 
the vascular bed investigated. Given that at least 
19 different serotonin receptors have been inden-
tifi ed so far, this complex nature of effects may 
be in part attributed to the large number of sero-
tonin receptors existing  [  166  ] . For example, it 
has been shown in the heart that serotonin can 
cause vasodilation of coronary arterial vessels 
with a diameter smaller than 100  m m while caus-
ing constriction of larger coronary artery seg-
ments causing a net increase in coronary blood 
fl ow in the healthy heart  [  136  ] . The authors have 
hypothesized that this difference in the effect of 
serotonin on the vessels can be attributed to the 
different serotonin receptors involved. 

 Currently, knowledge of the effects of serotonin 
in the ocular circulation is sparse. One study inves-
tigated the effect of serotonin on the ocular circu-
lation with the microsphere method in a monkey 
model  [  57  ] . In this experiment, exogenous admin-
istration of serotonin did not signifi cantly affect 
retinal or choroidal blood fl ow. However, in con-
trast, the same experiment showed that in arterio-
sclerotic monkeys, administration of serotonin 
induces pronounced vasoconstriction, which in 
turn lead to a reduction of retinal and choroidal 
blood fl ow  [  57  ] . Although the exact reason for this 
effect remains unclear, the authors hypothesized 
that this effect can be attributed to a pronounced 
release of vasoconstrictor components including 
serotonin and thromboxane by the platelets aggre-
gated in arteriosclerotic plaques. This hypothesis 
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is also supported by another experiment from the 
same group. In this experiment, the vasoconstric-
tor response of the retinal circulation to adminis-
tration of serotonin was examined in a primate 
model  [  58  ] . Monkeys with arteriosclerotic lesions, 
induced by an atherogenic diet, showed a pro-
nounced vasoconstrictor response to serotonin. 
However, after an 18-month normal diet, the mon-
keys showed regression of the atherosclerotic 
lesions, which also led to an abolished response to 
serotonin  [  58  ] . 

 Hayreh et al. have studied the effect of exoge-
nously administered serotonin on the ocular 
 circulation in a monkey model  [  101  ] . For this pur-
pose, serotonin in a dose of 40  m g/kg/min was 
administered intravenously in 18 arteriosclerotic 
and 5 normal cynomolgus monkeys. To evaluate 
changes in the ocular fundus, fundus photography 
and fl uoroscein angiography was performed under 
basal condition and during serotonin infusion. 
Whereas the authors observed no changes in 
 normal monkeys, serotonin produced a transient 
occlusion or delayed fi lling of both the central 
 retinal artery and the posterior ciliary artery in 

arteriosclerotic animals  [  101  ] . Based on these 
results, the authors have speculated that ischemic 
episodes in the eye such as amaurosis fugax or 
retinal arterial occlusions could be due to vasos-
pasm induced by serotonin released by platelet 
aggregation in atherosclerotic vessels  [  100  ] . 
However, the study also revealed a marked interin-
dividual as well as interocular variability in the 
rate and site of susceptibility to vasospasm, not 
related to generally accepted risk factors for ath-
erosclerosis such as cholesterol. Thus, the hypoth-
esis that serotonin is involved in ischemic events in 
the eye has to be proven in further experiments.   

    13.7   Carbonic Anhydrase Inhibitors 

 Carbonic anhydrase inhibitors (CAIs) are a class 
of drugs that suppress the activity of carbonic 
anhydrase, an enzyme necessary to catalyze the 
rapid conversion of carbon dioxide to bicarbonate 
and protons. Given that this reaction is ubiquitous 
throughout the body, several isoforms of the CA 
(Fig.  13.10 ) can be found, from which CA-I, 

  Fig. 13.10    Ribbon diagram of 
human carbonic anhydrase II       
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CA-II, and CA-IV are considered to be most 
important ones in the human eye. Today, CAIs 
are widely used to decrease intraocular pressure. 
The use of CAIs to lower intraocular pressure is 
based on the fi nding made 50 years ago that the 
inhibition of CA leads to a pronounced reduction 
in aqueous humor production and thus in a 
decrease in intraocular pressure  [  15  ] . This has 
been explained by the fact that aqueous humor 
secretion depends on the production of bicarbon-
ate (HCO  

3
  −  ), catalyzed by carbonic anhydrase II, 

which is located in the ciliary epithelium. CA 
induces the conversion of CO 

2
  to H 

2
 CO 

3
 , which in 

turn dissociates into HCO  
3
  −   and H +  (Fig.  13.11 ). 

Consequently, inhibition of CA leads to decreased 
production of bicarbonate and to decreased intra-
ocular pressure.   

 However, blockade of CA has also additional 
impact on the vasculature. In particular, the shift 
of the equilibrium from bicarbonate to CO 

2
  due 

to carboanhydrase inhibition may lead to 
increased tissue pCO 

2
  and to lower tissue pH. 

This is of special importance because local pCO 
2
  

and tissue pH play a role in local blood fl ow regu-
lation. Based on these theoretical considerations, 
it has been hypothesized that inhibition of car-
boanhydrase may lead to vasodilatation and 
increased blood fl ow. Consequently, many stud-
ies have focused on the effect of systemic and 
local CAIs on ocular blood fl ow.  

    13.8   Acetazolamide 

 The fi rst CAI widely used in ophthalmology was 
acetazolamide. However, beside its strong intraoc-
ular pressure lowering effect, the chronic treat-
ment is accompanied by considerable side effects 
such as paresthesias, malaise, or hypokalemia in 
the majority of patients  [  188  ] . The obvious 
approach to limit the systemic side effects by topi-
cal administration of the drug was precluded by 
the fact that both topical administration and the 

subconjunctival injection of acetazolamide failed 
to lower the IOP of rabbits  [  62,   75  ] . 

 First evidence of an effect on ocular blood 
fl ow caused by systemic administration of aceta-
zolamide was derived from animal experiments 
in a model of ocular hypertensive rabbits. By the 
means of the microsphere method, it was observed 
that administration of acetazolamide leads to a 
pronounced increase in retinal and choroidal 
blood fl ow  [  36  ] . These preliminary results have 
been confi rmed by several other studies in differ-
ent species, including humans. Rassam et al. 
investigated the effect of intravenously adminis-
tered acetazolamide on ocular blood fl ow in 
healthy subjects  [  199  ] . Acetazolamide was 
administered intravenously at a dose of 500 mg, 
and retinal blood fl ow was calculated based on 
measurements of red cell velocity using laser 
Doppler velocimetry and vessel diameter mea-
surement using computerized digital image anal-
ysis of fundus photographs. The data indicate a 
signifi cant increase in both retinal blood fl ow and 
retinal vessel diameters 60 min after drug injec-
tion  [  199  ] . 

 To assess perimacular retinal blood fl ow, 
Grunwald et al. have measured leukocyte fl ow 
with the blue-fi eld system before and after inges-
tion of 500 mg acetazolamide in a randomized, 
placebo-controlled study  [  80  ] . However, the 
authors did not fi nd a signifi cant change in leuko-
cyte fl ow after drug administration. 

 Differing results for the effect of acetazol-
amide on retrobulbar blood fl ow as assessed by 
the color Doppler technique have been reported. 
Harris et al. did not fi nd a signifi cant effect of 
1,000 mg of acetazolamide administered orally 
on peak systolic, end-diastolic velocities or resis-
tance index in the ophthalmic or central retinal 
arteries  [  95  ] . These results are in contrast to the 
fi ndings of Dallinger et al., who also focused on 
the effects of acetazolamide on retrobulbar blood 
fl ow  [  40  ] . This study indicated that intravenous 
administration of acetazolamide increases mean 
blood fl ow velocity in the middle cerebral artery 
and ophthalmic artery in a dose dependent man-
ner  [  40  ]  (Fig.  13.12 ).  

 These results have been confi rmed by another 
study of the same group  [  122  ]  who found an 

H2O + CO2 HCO3¯ + H
+

  Fig. 13.11    The reaction catalyzed by carbonic anhydrase       
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increase in blood velocity after administration 
of the drug. The reason for the differing results 
is however still unclear but may be related to dif-
ferent routes of drug administration used in the 
studies. Whereas in the work of Harris et al., 
acetazolamide was administered orally, the latter 

studies used intravenously administration of the 
study drug, which in turn may lead to higher 
plasma drug concentrations. 

 The work of Dallinger et al. also indicates that 
acetazolamide increases fundus pulsation ampli-
tude as measured with laser interferometery, 
which gives an estimate of pulsatile choroidal 
blood fl ow  [  40  ] . These results are in keeping with 
other studies investigating the effect of acetazol-
amide on choroidal blood fl ow  [  122  ] .  

    13.9   Dorzolamide 

 Dorzolamide hydrochloride is a water-soluble 
inhibitor of carbonanhydrase (Fig.  13.13 ). From a 
chemical view, it consists of a heterocyclic thieno-
thiopyran resulting in an increased lipophilicity 
compared to acetazolamide  [  188  ] . Because of its 
better penetration through the cornea, dorzol-
amide is used as a topical CA-inhibitor to lower 
intraocular pressure. Topical dorzolamide leads to 
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a pronounced decrease in intraocular pressure 
 [  215  ]  due to a strong reduction in aqueous humor 
production  [  107  ] .   

 The hemodynamic effect of dorzolamide was 
the focus of a several studies in healthy subjects 
and glaucoma patients that reached differing con-
clusions about the ability of dorzolamide to 
increase ocular hemodynamics, but most studies 
indicate vasodilator effects. The reason for the 
differing results is still a matter of controversy. 
This may be related to the variety of methods used 
for assessing blood fl ow and the differences in the 
ocular vascular beds under study. Furthermore, 
given that dorzolamide is mainly used in glau-
coma patients, a large number of studies have 
been performed in glaucoma patients. However, it 
has to be considered that glaucoma is a multifac-
torial disease and drug effects may be different 
depending on the type of glaucoma.  

    13.10   Retrobulbar Blood Flow 

 As one of the fi rst studies in humans, Harris et al. 
investigated the effect of topical dorzolamide 
blood velocity in four retrobulbar vessels (nasal 
and temporal posterior ciliary, central retinal and 
ophthalmic artery) and on retinal arteriovenous 
passage time with SLO  [  94  ] . For this purpose, 
two drops 2% dorzolamide or placebo were 
instilled in a group of 11 healthy volunteers and 
ocular hemodynamic parameters were assessed 
at baseline and after drug administration in a dou-
ble-masked, balanced study. As measured 2 h 
after drug administration, no difference in retrob-
ulbar hemodynamic parameters was observed. 
However, the same study revealed accelerated 
retinal arteriovenous passage of fl uorescein as 
well as an increase in capillary velocity in the 
optic nerve head, both variables indicating but 
not proving an increase in blood fl ow  [  94  ] . 

 The same group investigated the effect of dor-
zolamide on ocular hemodynamics in patients 
with glaucoma. Again, blood fl ow velocities in 
retrobulbar vessels were measured with the 
CDI technique, as well as retinal arteriovenous 
passage time and retinal arterial/venous diame-
ters with SLO  [  96  ] . Included were 18 patients 

with normal-tension glaucoma, treated for 
4 weeks with 2% topical dorzolamide after a 
washout phase and compared to a placebo group. 
Measurements were made at baseline and 2 and 
4 weeks after start with dorzolamide treatment, 
respectively. In agreement with their previous 
results, the authors did not fi nd a change in ret-
robulbar hemodynamic parameters in response to 
dorzolamide  [  96  ] . However, although no changes 
in retinal vessel diameters were observed, an 
increased retinal arteriovenous passage time was 
observed. 

 Data about the effect of dorzolamide on ret-
robulbar blood fl ow are also available from 
Matinez et al. The authors have investigated the 
effect of dorzolamide on 26 patients with open-
angle glaucoma compared to a control group 
consisting of 13 normal eyes  [  150  ] . All eyes 
underwent CDI measurements of all major ret-
robulbar vessels. In keeping with the results of 
Harris et al., dorzolamide did not change peak 
systolic velocities of the ophthalmic artery and 
the central retinal artery. However, in contrast, 
Martinez et al. found an increase of end-diastolic 
velocity and a decrease of resistance index  [  150  ] . 
The reason for these differing results is not 
entirely clear but may be related to the fact that 
patients with different types of glaucoma have 
been included in these studies. 

 Zeitz et al. have investigated retrobulbar blood 
fl ow in patients with normal-tension glaucoma 
and in patients with primary open-angle glau-
coma in two different experiments. In the fi rst 
experiment, peak systolic and end-diastolic blood 
fl ow velocities in the short posterior ciliary artery 
were assessed by color Doppler imaging in 42 
patients with normal-tension glaucoma  [  264  ] . 
Measurements were done shortly before and after 
a 1-month treatment with latanoprost, bimato-
prost, or dorzolamide. Whereas no changes were 
observed in the latanoprost and the bimatoprost 
groups, dorzolamide accelerated peak systolic 
blood fl ow velocities  [  264  ] . In the second experi-
ments, CDI measurements were performed in 
patients with primary open-angle glaucoma. 
However, in this study, no changes in blood fl ow 
velocities were detected after the application of 
dorzolamide  [  265  ] . 
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 Bergstrand et al. investigated the effect of a 
6-week period of topical dorzolamide adminis-
tration two times a day versus timolol in a dou-
ble-masked study  [  18  ] . As outcome variables, the 
authors assessed retrobulbar blood fl ow veloci-
ties using CDI and scanning laser ophthalmo-
scope fl uorescein angiograms to measure retinal 
hemodynamics. Whereas both drugs induced a 
signifi cant decrease in intraocular pressure, none 
of the blood fl ow parameters, retrobulbar or reti-
nal, changed signifi cantly in response to the treat-
ment. Based on these results, the authors have 
concluded that none of the administered drugs 
induced a measurable vascular effect in previ-
ously untreated glaucoma eyes  [  18  ] . 

 Recently a comparative analysis of the effects 
of brimonidine and dorzolamide on ocular blood 
fl ow velocity in patients with newly diagnosed 
primary open-angle glaucoma has been performed 
 [  216  ] . Forty-four patients with newly diagnosed 
primary open-angle glaucoma were included in 
this prospective, comparative, randomized clini-
cal study. Ocular retrobulbar hemodynamics were 
assessed by CDI. Patients were randomly assigned 
to receive either brimonidine 0.2% or dorzolamide 
2% for a 3-month treatment period. Whereas an 
increase in peak systolic velocity in the central 
retinal artery was observed in both treatment 
groups, no changes were observed in the other 
measured retrobulbar vessels.  

    13.11   Retinal Blood Flow 

 The effect of topically administered dorzolamide 
on retinal blood fl ow of healthy volunteers was 
investigated using the laser Doppler techniques. 
Combined measurement of bidirectional laser 
Doppler velocimetry and monochromatic fundus 
photography to assess blood velocity and retinal 
vessel size, respectively, was performed in a 
major temporal vein in healthy subjects  [  82  ] . 
Measurements were performed before and 2 h 
after a single drop instillation of dorzolamide 
2% in a double-masked randomized study. The 
authors did not fi nd a statistically signifi cant 
effect of dorzolamide on retinal blood fl ow in 
healthy subjects. 

 Arend et al. have investigated retinal hemody-
namics using fl uorescein angiography by means 
of a scanning laser ophthalmoscope in a prospec-
tive, randomized, crossover study in a group of 
newly diagnosed primary open-angle glaucoma 
patients  [  8  ] . Retinal hemodynmaics were assessed 
at baseline and after a 4-week treatment period. 
Arteriovenous passage times as well as peripapil-
lary retinal arterial and venous calibers were 
assessed from SLO angiograms, using digital 
image processing. The results of the study 
revealed that dorzolamide treatment shortened 
the arteriovenous passage time compared to base-
line, whereas no changes in vessel diameters 
were observed  [  8  ] . Although these fi ndings may 
suggest an increase in retinal blood fl ow, the fi nd-
ings do not necessarily prove an increase in blood 
fl ow due to limitation of the technique. 

 Using a Retinal Vessel Analyzer, retinal vessel 
diameters were measured before and after 4 weeks 
of treatment with dorzolamide in 12 previously 
untreated patients with primary open-angle glau-
coma  [  163  ] . Beside the expected pronounced drop 
in intraocular pressure, the authors observed an 
increased in retinal vessel diameters after dorzol-
amide treatment. However, whether this can be 
interpreted as a mechanical response to the 
decrease in IOP or as a vasodilatation caused by 
CAI remains unclear. Furthermore, the interpreta-
tion of the latter study is limited by the fact that 
only vessel diameters were measured, and there-
fore, no conclusion about retinal blood fl ow can 
be made. 

 The short-time effect of topical dorzolamide 
on retinal blood fl ow has been investigated using 
the Canon laser Doppler fl owmeter  [  56  ] . Retinal 
blood fl ow was measured before and 1 h after 
topical administration of the study drug in a group 
of 17 healthy volunteers. The authors did not fi nd 
a signifi cant change in retinal vessel caliber, red 
blood cell velocity, or blood fl ow in the measured 
vessels. 

 Costagliola et al. focused on the effect of 
 dorzolamide on peripapillary retinal hemodynam-
ics in juvenile primary open-angle glaucoma 
patients previously treated with timolol  [  39  ] . 
Measurements with laser scanning fl owmetry were 
performed at baseline and after coadministration 
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of dorzolamide. The study revealed an increase of 
retinal blood fl ow as assessed with HRF after 
coadministration of dorzolamide, accompanied 
with an increase in ocular perfusion pressure.  

    13.12   Choroidal and Optic Nerve 
Head Blood Flow 

 Several studies focused on the effect of dorzol-
amide on choroidal blood fl ow using different 
methodological approaches. Using measurements 
of ocular pulse amplitude as an estimate for pul-
satile choroidal blood fl ow, the effect of dorzol-
amide was investigated in primary open-angle 
glaucoma patients with elevated intraocular pres-
sure and non-glaucomatous controls after topical 
administration of the drug  [  210  ] . Measurements 
were done before and after 2 days of treatment. 
The results of this study indicate that dorzolamide 
increases ocular pulse amplitude in both groups, 
which may be interpreted as an increase in chor-
oidal blood fl ow  [  210  ] . 

 The same group also focused on the effect of 
dorzolamide on optic nerve head blood fl ow. In 
this double-masked, randomized clinical trial, 
dorzolamide eye drops were applied to both eyes 
of 15 healthy subjects three times daily for 3 days 
and compared to a control group receiving pla-
cebo  [  189  ] . Scanning laser Doppler fl owmetry 
using the Heidelberg retina fl owmeter and laser 
Doppler fl owmetry using the Oculix instrument 
were used to measure optic nerve head blood 
fl ow. Although the authors found the expected 
decrease in intraocular pressure, no signifi cant 
change in optic nerve head blood fl ow was 
observed  [  189  ] . The authors have attributed these 
results to the strong autoregulatory capacity of 
the optic nerve head tissue. 

 The effect of dorzolamide and timolol on reti-
nal and optic nerve head blood fl ow has been 
investigated in a prospective randomized double-
masked clinical trial  [  64  ] . For this purpose, 140 
patients with POAG or OHT were included in 
two parallel groups from which 70 patients were 
randomized to receive timolol and 70 to receive 
dorzolamide for a period of 6 months. Scanning 
laser Doppler fl owmetry was used to measure 

blood fl ow in the temporal neuroretinal rim and 
the cup of the optic nerve head. The pulsatile 
component of choroidal blood fl ow was assessed 
using laser interferometric measurement of fun-
dus pulsation amplitude  [  64  ] . 

 Whereas the effects of both drugs on IOP and 
ocular perfusion pressure were comparable 
between dorzolamide and timolol, dorzolamide, 
but not timolol, increased blood fl ow in the tem-
poral neuroretinal rim and the cup of the optic 
nerve head. Furthermore, dorzolamide but not 
timolol increased fundus pulsation amplitude as 
measured with laser interferometry. Based on 
these results, the authors have concluded that 
dorzolamide, but not timolol, augments blood 
fl ow in the optic nerve head and choroid after 
6 months of treatment with dorzolamide. Whether 
this effect is also benefi cial for patients in terms 
of delayed progression of the disease remains to 
be investigated. 

 Siesky et al. have performed a meta-analysis 
for all studies of topical carbonic anhydrase 
inhibitors including dorzolamide on ocular blood 
fl ow  [  214  ] . Based on the meta-analysis, the 
authors have concluded that topical administra-
tion of dorzolamide increases ocular blood fl ow 
velocities in the retinal circulation, central reti-
nal, and short posterior ciliary arteries, whereas 
no consistent effect of the drug on the ophthalmic 
artery was observed  [  214  ] .  

    13.13   Brinzolamide 

 Brinzolamide (Fig.  13.14 ) is a potent inhibitor 
of CA, with a special affi nity to CA-II, which is 
involved in aqueous humor production. From a 

O

O O

O

O

S
N

NH

NH2

S

S

  Fig. 13.14    Brinzolamide       
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chemical view, brinzolamide also belongs to the 
sulfonamide family. However, brinzolamide is 
more lipophilic than either dorzolamide or 
acetazolamide at physiologic pH, which favors 
its ability to cross cell membranes and may 
allow for a better penetration through the cor-
nea. Compa rable to dorzolamide, topical admin-
istration of brinzolamide leads to a pronounced 
decrease in intraocular pressure due to a reduc-
tion in  aqueous humor secretion. An overview 
of the chemical and pharmacological proper-
ties of brinzolamide has been published else-
where  [  46  ] . 

 The fi rst evidence of a blood fl ow effect of 
brinzolamide came from animal experiments. 
Using a three-way crossover study design, brin-
zolamide, dorzolamide, and placebo were admin-
istered to tranquilized Dutch-belted rabbits. Laser 
Doppler measurements on the optic nerve head 
revealed that both CAIs increased optic nerve 
head blood fl ow  [  12  ] . 

 In a preliminary report, optic nerve head and 
retinal hemodymanics were measured in 25 
healthy subjects as well as in 72 glaucoma patients, 
from which 24 eyes were treated with betaxolol, 
24 with brinzolamide, and 24 treated with brimo-
nidine  [  201  ] . Optic nerve head blood fl ow was 
measured using scanning laser Doppler fl owme-
try. However, the authors did not fi nd any evidence 
for a blood fl ow increasing effect with any of the 
administered drugs. In contrast, a decrease in 
optic nerve head blood fl ow was observed in the 
brinzolamide group  [  201  ] . 

 The effect of topical brinzolamide on retinal 
capillary blood fl ow was measured by Lester 
et al. in 20 patients with primary open-angle 
glaucoma  [  104  ] . The Heidelberg retina fl owme-
ter was used to measure blood fl ow at baseline 
and after 1 month of treatment. An increase in 
retinal blood fl ow was observed in the optic nerve 
head tissue. The effect of topically administered 
brinzolamide on retinal vessel diameters was 
assessed with a retinal vessel analyzer 2 h after 
administration  [  134  ] . This study, however, did 
not fi nd a statistically signifi cant change in reti-
nal vessel sized after drug administrations. It has 
to be considered, however, that this study was 
only capable of detecting short-term effects and 

that retinal vessel diameters alone are not a good 
measure of retinal blood fl ow. 

 The effect of brinzolamide on retrobulbar 
hemodynamics has been investigated using the 
CDI technique. In a study by Kaup et al., 30 
healthy volunteers were randomized to receive 
either brinzolamide or placebo during a 2-week 
double-masked treatment period  [  115  ] . Peak 
 systolic and end-diastolic velocities of the 
 ophthalmic artery, the central retinal artery, and 
the short posterior ciliary arteries were deter-
mined, and resistive indices were calculated. In 
addition, the arteriovenous passage time and reti-
nal vessel diameters were measured by digital 
image based analysis of video fl uorescein angio-
grams. Administration of brinzolamide resulted 
in a signifi cant reduction of arteriovenous pas-
sage time while leaving retinal vessel diameters 
unchanged. This was interpreted by the authors 
as evidence for an increase of retinal blood fl ow, 
but does, however, not fi nally prove this effect. In 
contrast to the data for the retinal circulation, no 
effect of the brinzolamide treatment on retrobul-
bar hemodynamics was observed. 

 The results of the latter study were confi rmed 
recently in a randomized, crossover, double-
masked experiment. Fifteen patients with open-
angle glaucoma were evaluated at baseline and 
after 3 months treatment with either brinzolamide 
or dorzolamide  [  213  ] . Ocular blood fl ow was 
assessed using scanning laser Doppler fl owmetry 
and retrobulbar blood fl ow with color Doppler 
imaging. Whereas scanning laser Doppler fl ow-
metry suggested an increase in retinal blood fl ow, 
no signifi cant changes were found in CDI mea-
surements of retrobulbar blood velocity during 
either of the two treatments  [  213  ] . 

 Another report on the long-term treatment 
effects of brinzolamide and dorzolamide on ret-
robulbar blood velocity was published recently 
 [  149  ] . In this prospective, evaluator-masked 
study, 146 patients with primary open-angle 
glaucoma were randomized to receive either 
 dorzolamide 2% or brinzolamide 1% BID, each 
added to timolol 0.5%. Retrobulbar hemody-
namic parameters were assessed in the ophthal-
mic artery, the central retinal artery, and the short 
posterior ciliary arteries by the means of CDI 
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every 6 months, with a total observation period 
of 60 months. Interestingly, the authors found 
that dorzolamide signifi cantly increased the end-
diastolic velocity in the ophthalmic artery, 
whereas    the brinzolamide group did not show 
any signifi cance change in retrobulbar blood 
fl ow at the end of the 60 months observation 
period (Fig.  13.15 )  [  149  ]  It has, however, to be 

mentioned that most of the blood supplied by the 
OA does not go into the eye.  

 In summary, most but not all studies indicate 
an increase in ocular blood fl ow after administra-
tion of brinzolamide. However, further studies 
are needed to evaluate whether the ocular hemo-
dynamic properties have a benefi cial effect for 
patients under treatment.      
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  Fig. 13.15    Mean end-
 diastolic velocities in the 
ophthalmic artery ( a ), central 
retinal artery ( b ) and short 
ciliary artery ( c ) starting at 
baseline up to month 60. The 
solid line with solid rhombus 
indicates the dorzolamide/
timolol treatment group, 
whereas the dotted line with 
solid squares corresponds to 
the brinzolamide/timolol 
treatment group. Black dots 
indicates signifi cant effects of 
dorzolamide/timolol 
compared with baseline and 
brinzolamide/timolol. ≠ 
Indicates signifi cant effects of 
brinzolamide/timolol 
compared with baseline 
(P < 0.001). + Indicates no 
signifi cant differences 
between dorzolamide/timolol 
and brinzolamide/timolol 
treatment groups       
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                14.1   Introduction 

 The    word ischemia was coined by Virchow, who 
combined the Greek iskho, meaning “I hold 
back,” with háima, meaning “blood”. Hence, 
ischemia refers to a pathological situation 
involving an inadequacy (not necessarily a com-
plete lack of) blood fl ow to a tissue, with failure 
to meet cellular energy demands. Ischemia 
should be distinguished from anoxia (a com-
plete lack of oxygen) and hypoxia (a reduction 
in oxygen): ischemia always has a component of 
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  Core Messages 

    Ischemia occurs in many ocular diseases • 
when the blood delivery does not meet 
the cellular energy demands of the tis-
sue. Ischemia has characteristics associ-
ated with hypoxia/anoxia but hypoxia/
anoxia does not imply ischemia.  
  It is proposed that a cause for the initiation • 
of glaucoma to the retina is a mild isch-
emic insult to the optic nerve head region. 
In contrast, a complete loss of blood sup-
ply occurs in ischemic optic neuropathy.  
  In glaucoma, ganglion cell mitochon-• 
dria are affected by lack of an optimum 
blood supply resulting in oxidative stress 
so making them susceptible to addi-
tional insults like light.  A more drastic 
reduction of optic nerve head blood sup-
ply will result in a complete loss of gan-
glion cell mitochondrial function as in 
ischemic optic neuropathy.  
  A mild reduction of blood supply to divid-• 
ing retinal glial cells results in them 

becoming activated releasing substances 
to support and enhance neuronal function. 
However, as glaucoma progresses the 
continuous release and accumulation of 
such substances in the extracellular space 
might reach high levels so becoming toxic 
to the already fragile ganglion cells.  
  It is therefore suggested that as glaucoma • 
progresses the combined elevated levels 
of substances released from glial cells 
together with light impinging on gan-
glion cell intra-axonal mitochondria trig-
gers their demise at different times. Thus, 
the receptor profi le and number of mito-
chondria associated in individual gan-
glion cells might be major factors at 
determining when they die after initia-
tion of the disease.    
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hypoxia/anoxia, but hypoxia/anoxia does not 
imply ischemia. For example, the retina may 
become hypoxic at high altitudes, producing 
loss of vision, but it is not ischemic. Similarly, 
anemia (generally a reduction, rather than com-
plete absence of hemoglobin) is always a com-
ponent of ischemia but not vice versa. 

 Ischemia deprives a tissue of three require-
ments: oxygen, metabolic substrates and removal 
of waste products. The loss of these requirements 
will initially lower homeostatic responses and, 
with time, will induce injury to the tissue. If with-
held for a suffi ciently long time, the tissue will 
die (an infarct). The molecular events that accom-
pany ischemia and exactly what constitutes a 
“suffi ciently long time” vary and depend on dif-
ferent factors. The retina being a thin tissue sur-
rounded by the vitreous humor is therefore more 
resistant than deeper brain structures to a persis-
tent complete reduction of blood fl ow. 

 Ischemia plays a part in a number of ocular 
pathologies (Fig.  14.1 ). For example, occlusion 
of central retinal vein or artery is associated with 
acute retinal ischemia and rapid visual loss  [  23  ] . 

In other conditions which gradually develop, 
such as diabetic retinopathy and glaucoma, 
chronic retinal ischemia (not a complete but a 
reduced blood supply) is a pathogenic feature of 
the disease  [  10,   34,   72  ] . Ischemic challenges also 
contribute to the pathogenesis of less prevalent 
conditions to the retina, such as sickle cell retin-
opathy, radiation retinopathy, and retinopathy of 
prematurity  [  24,   61  ] . Moreover, ischemic chal-
lenges also occur in the aging retina which prob-
ably results in neuronal loss  [  70  ] . The complexity 
of mechanisms involved in causing ischemic 
damage to central nervous tissue is suggested by 
the variety of ways by which the process can be 
attenuated experimentally (Table  14.1 ).    

    14.2   Retinal Ischemia Basic 
Mechanisms 

 Mammalian retinal ischemia results in irrevers-
ible morphological and functional changes. These 
are the consequence of depleted ATP stores, due 
to deprivation of both glucose and oxygen, though 

Ocular diseases where retinal ischemia is implicated
(retina blood supplies – retinal, choroidal, optic nerve)

1. Occlusive
retinal arterial
and arteriolar
diseases   

Embolism
Atherosclerosis
Vasospasm
Vasculitis
Microaneurysms
Hemoglobinopathies
Behcet disease

Congenital retinal telangiectasis
Diabetes mellitus
X-ray irradiation
Sickle-cell diseases
Incontinentia pigmenti

4.
Miscellaneous

2.Capillary
   diseases

3. Occlusive
     venous
    diseases  

Central retinal vein occlusion
Branch retinal vein occlusion
Glaucoma

Retinopathy of prematurity
Myocardial infarction
Ocular trauma/subarachnoid
Hemorrhage
Retinal detachment
Viral infections e.g., HIV
Bacterial infections e.g., syphilis
Hypercoagulable stress
Takayasu’s disease
Homocystinuria
Fabry’s disease
Atrial myxoma
Fibromuscular dysplasia involving the
ophthalmic artery
Intravenous drug abuse
Cervical trauma
Multiple sclerosis 

  Fig. 14.1    Diseases associated with the retina where isch-
emia is implicated. Ischemia can be global affecting all blood 
supplies to the retina or focal where defi ned blood supplies 

associated with different parts of the retina and/or optic nerve 
head. Moreover, ischemia can be complete or incomplete as 
well as being associated with reperfusion or not       
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transient loss of these substrates is not  immediately 
lethal. The cell death is the result of an extremely 
complex (not completely understood) cascade of 
biochemical responses initiated by energy fail-
ure. The tissue damage and functional defi cits 
that follow periods of transient ischemia refl ect 
the combined effects of several, often interre-
lated, pathophysiological pathways. These result 
in drastic changes in ion movements, neurotrans-
mitter levels, and metabolites. 

 It is useful to consider that stroke lesions con-
sist of a densely ischemic focus, the ischemic 
core, surrounded by a better perfused area, the 
ischemic penumbra  [  27  ] . Cells in the focus are 
usually doomed unless reperfusion is quickly 
instituted. In contrast, penumbral cells may 
remain viable for several hours and can be saved 
by reperfusion or by drugs that prevent the infarc-
tion extending into the penumbral zone  [  27  ] . 

 During the past decade, a considerable amount 
of experimental work has been devoted to the 
elucidation of the mechanisms of ischemic neu-
ronal injury, but there is still much debate over 

the underlying processes causing the injury. One 
area of interest is the role of glutamate and 
 aspartate, whose extracellular concentrations inc-
rease markedly during ischemia  [  12  ] . It is gener-
ally accepted that glutamate release during the 
early phase of brain ischemia triggers events lead-
ing to irreversible injury not only in those areas in 
which oxygen supply is critically reduced but also 
in regions of seemingly less disturbed energy 
metabolism, i.e. the penumbra of focal ischemia. 
However, there is still much controversy over the 
extent of their role in the pathophysiology of neu-
ral ischemia. Moreover, neuronal bodies (gray 
matter) and axons (white matter) are not affected 
in precisely the same way by ischemia  [  53  ] . 

 It is important to remember that much of the 
work studying ischemic neuronal and axonal 
damage has been carried out on tissues derived 
from defi ned brain regions, so care is important 
when drawing comparisons with what happens in 
the retina. In particular, the way photoreceptors 
respond to ischemia in light and dark conditions 
may be unique. Moreover, the thinness of the 
retina, its well-defi ned blood systems and the 
large glycogen supply associated with the Müller 
cells provide the tissue with a unique energy sup-
ply when compared with the brain, so making the 
response of tissues to ischemia not the same.  

    14.3   Oxidative Stress 

 Oxidative stress is imposed on cells as a result of 
one of three factors: (1) an increase in oxidant gen-
eration, (2) a decrease in antioxidant protection, or 
(3) a failure to repair oxidative damage. Cell dam-
age is induced by reactive oxygen species (ROS). 
ROS are either free radicals, reactive anions con-
taining oxygen atoms or molecules containing 
oxygen atoms that can either produce free radicals 
or are chemically activated by them. Examples are 
hydroxyl radical, superoxide, hydrogen peroxide 
and peroxynitrite. The main source of ROS in vivo 
is aerobic respiration, although ROS are also pro-
duced by peroxisomal  b -oxidation of fatty acids, 
microsomal cytochrome P450 metabolism of xen-
obiotic compounds, stimulation of phagocytosis 
by pathogens or lipopolysaccharides, arginine 

   Table 14.1    This table documents the number of ways by 
which insults of ischemia to central nervous tissue can be 
attenuated in various animal studies   

 Maintain retinal energy supply 
 Decrease extracellular glutamate levels 
 Block excitotoxic depolarization (e.g., blockade 
of NMDA, AMPA/kainate receptors) 
 Activate inhibitory receptors (e.g., GABA, glycine 
receptor agonists) 
 Block calcium entry (e.g., voltage-sensitive 
calcium channels) 
 Block axonal sodium channels 
 Inhibit infl ux of chloride ions 
 Enhance intracellular glutamate catabolism 
 Inhibit free radical production 
 Inhibit nitric oxide production 
 Prevent lipid peroxidation 
 Prevent apoptotic cell death pathways 
 Block mitochondrial permeability transition 
 Prevent infl ammation 
 Prevent oxidative stress 
 Compensate for compromised axonal fl ow of 
neurotrophins (e.g., BDNF, NGF, NT-4/5) 
 Growth factors (e.g., bFGF, EGF, CNTF) 
 Induction of heat shock proteins 
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metabolism and tissue-specifi c enzymes. Under 
normal conditions, ROS are cleared from the cell 
by the action of superoxide dismutase (SOD), cat-
alase or  glutathione (GSH) peroxidase. The main 
damage to cells results from the ROS-induced 
alteration of macromolecules such as polyunsatu-
rated fatty acids in membrane lipids, essential pro-
teins and DNA. Additionally, oxidative stress and 
ROS have been implicated in retinal ischemic dis-
ease states.  

    14.4   The Role of Free Radicals 
in Retinal Ischemia (Fig.  14.2 ) 

    Many cascades generated by glutamate and glu-
cose/oxygen deprivation result in the formation 
of free radicals  [  51  ] , and it has been proposed 
that free radicals are important mediators in dam-
age caused by retinal ischemia  [  3,   46  ] . Reperfusion 

injury after ischemia appears paradoxical, but 
oxygen-derived and other free radicals are princi-
pally formed when reduced compounds, which 
accumulate during ischemia, are reoxidized. 
There is evidence that this free radical burst, pro-
duced during the early stage of reperfusion, over-
whelms normal cellular antioxidant defense 
mechanisms, causing oxidative stress and a vari-
ety of types of tissue injury  [  21  ] . 

 There are many ways in which free ROS can 
be formed during ischemia-reperfusion, but the 
burst of superoxide radicals (·O  

2
  −  ) which occurs 

during the early stage of reperfusion is thought to 
occur by the following pathway. During isch-
emia, degradation of ATP leads to the formation 
of hypoxanthine, and increases in intracellular 
calcium in neurones activate the Ca 2+ -dependent 
protease calpain. Calpain converts xanthine dehy-
drogenase into xanthine oxidase, and upon reper-
fusion, the latter enzyme oxidizes the accumulated 
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  Fig. 14.2    Production and reactions of nitrogen-derived 
radicals. ( a ) Nitric oxide synthase (NOS) produces nitric 
oxide radicals in the conversion of  l -arginine to  l -citrul-
line. This compound acts as an important homeostatic 
modulating agent under physiological conditions via its 
vasodilator, antioxidant, antiplatelet, and antineutrophil 
actions. In the event that superoxide radicals are present 
(·O  

2
  −  ), usually as a result of rapid tissue reoxygenation 

subsequent to an ischemic event, peroxynitrite is formed 
which rapidly decomposes to highly reactive oxidant 
 species that can cause tissue injury. Under physiological 
conditions, there is a critical balance between cellular 
concentrations of NO, ·O  

2
  −   and superoxide dismutase 

activity which favor NO production. In pathological con-
ditions such as reperfusion following an ischemic event, 
the formation of ONOO −  is favored. The latter compound 
can be rapidly detoxifi ed if it is combined with reduced 
glutathione ( GSH ) to form  S -nitrosoglutathione ( GSNO ), 
but this depends upon the cellular antioxidant defense sys-
tem being functional, and this is generally overwhelmed 
during tissue reperfusion. ( b ) Reactions and formation of 
nitric oxide radicals as a result of ischemia-reperfusion. 
The combined production of nitric-oxide-derived radicals 
and failure of cellular antioxidant defense will lead to 
widespread macromolecular damage and cell death       
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hypoxanthine to uric acid resulting in the release 
of ·O  

2
  −  . These two molecules react by the Haber-

Weiss mechanism to yield the highly toxic 
hydroxyl radical (·OH). This reaction is catalyzed 
by iron, which is released from its protein-bound 
stores at the low pH generated during ischemia. 
In addition, ·O  

2
  −   interacts with nitric oxide 

(NO·), which is produced in considerable amounts 
 following ischemia, leading to the formation of 
peroxynitrite, nitroxyl radical, and eventually 
·OH  [  21  ] . It is not just from the mitochondrial 
systems of neuronal cells that free radicals are 
generated, activation of glial cells and infi ltrating 
leukocytes release infl ammatory mediators, such 
as arachidonic acid, nitric oxide, and cytokines, 
which all play major roles in the formation of 
free radicals following ischemia. 

 An early indication that excessive free radical 
formation may be detrimental to the retina was the 
fi nding that iron-ascorbate perfusion rapidly atten-
uates the isolated rat retina’s b-wave and causes 
lipid peroxidation  [  13  ] . However, the fi rst studies 
to provide evidence for the involvement of free 
radicals in retinal damage after ischemia were per-
formed by Szabo and colleagues who showed that 
administration of superoxide dismutase (SOD) 
affords protection against ischemia-induced histo-
logical damage  [  68  ]  and the ionic imbalance that 
occurs in the reperfusion period  [  66  ] . The work of 
Szabo and colleagues showed, albeit indirectly, 
that the superoxide free radical is generated in such 
quantities during retinal ischemia-reperfusion that 
the normal endogenous levels of superoxide dis-
mutase expressed by the retina are overwhelmed 
and are unable to protect the tissue from oxidative 
damage caused by this radical. Subsequent studies 
supported the involvement not only of superoxide 
in ischemic injury to the retina but also of hydro-
gen peroxide and the hydroxyl radical (e.g.,  [  1,   35, 
  58  ] ). Furthermore, the inability of endogenous free 
radical quenching mechanisms to cope with the 
demand posed following ischemia is illustrated by 
the capacity of a variety of free radical scavengers, 
such as extract of  Ginkgo biloba , epigallocatechin 
gallate (extract from green tea),  a -lipoic acid, vita-
min E, thioredoxin (an ascorbic acid derivative), 
mannitol, and the iron chelator desferrioxamine 
to protect the retina from ischemia-reperfusion 
injury  [  46  ] . 

 Although it can be inferred from all of these 
studies that there is an elevated level of free 
 radicals in the retina after ischemia, direct mea-
surement of free radical formation has only been 
performed by Muller and coworkers  [  35  ] , who 
showed increased free radical formation both 
during and after ischemia, and by Szabo et al. 
 [  65  ]  who subjected diabetic retinas to ischemia 
and documented increased levels of free radicals 
during the reperfusion phase. 

 As previously mentioned, xanthine oxidase has 
been established as an important source of oxygen 
free radicals in certain ischemia-reperfusion inju-
ries, and there is evidence for a similar action in the 
retina. Xanthine oxidase activity has been reported 
to increase fi vefold within 10 min of reperfusing 
the ischemic rat retina, while concentrations of 
hypoxanthine and xanthine, respectively the sub-
strate and product of xanthine oxidase, increase in a 
time-related fashion following ischemia- reperfusion 
 [  1,   59  ]  and enhance free radical formation  [  75  ] . 
Furthermore, administration of allopurinol or oxy-
purinol, blockers of xanthine oxidase, both result in 
signifi cant improvement of the ERG after ischemia 
 [  49,   59  ] . These combined data suggest that xanthine-
oxidase-mediated processes contribute to the func-
tional anomalies of retinal ischemia. However, 
there is limited evidence to suggest that xanthine 
oxidase may not be an important source of free 
radicals after retinal ischemia. Faberowski et al. 
 [  16  ]  reported that allopurinol provided no signifi -
cant protection against ischemia produced by 
transient ligation of the optic nerve, while Szabo 
et al.  [  67  ]  found that allopurinol was only neuro-
protective when administered in combination 
with extract of  Ginkgo biloba . The reported vari-
ations may be due to either the allopurinol doses 
used or the manner of its administration, or to the 
methods of evaluating injury. 

 One potential source of free radicals in the 
retina following ischemia is polymorphonuclear 
leukocytes. In the brain, neutrophils oxidize 
NADPH to generate superoxide and are  important 
free radical donors during and after focal isch-
emia  [  30  ] . Agents that prevent the accumulation 
or activation of neutrophils are protective  [  28  ] . In 
the retina, infi ltration of neutrophils occurs dur-
ing the early phase of reperfusion, probably in 
response to increased levels of cytokines and free 
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radical formation. Although there is no direct 
evidence for increased free radical formation 
from neutrophils, blocking leukocyte accumula-
tion has been shown to afford protection to the 
ischemic retina  [  73  ] . 

 Oxygen-derived free radicals cause extensive 
cellular damage in the brain. One of the main 
mechanisms by which this occurs is by attacking 
unsaturated fatty acids, which leads to lipid per-
oxidation of membranes. This will result in loss of 
membrane fl uidity, cell swelling, oedema, and 
feed-forward production of more free radicals. 
Many additional mechanisms of damage have 
been ascribed to free radicals generated during 
ischemia-reperfusion, including attacking sul-
phhydryl protein bonds, which leads to the 
destruction of amino acids and polypeptide chains; 
fragmentation of DNA molecules, which leads to 
activation of poly(ADP-ribose) polymerase; acti-
vation of cytokines and NF- k B, which are likely 
to be instrumental in upregulations of iNOS and 
COX-2 and subsequent release of glutamate; and 
effects on Ca 2+  homeostasis  [  28  ] . Interestingly, a 
clear association between neuronal cell death and 
formation of free radicals and lipid peroxides in 
the retina subjected to ischemia-reperfusion has 
only recently been demonstrated  [  8  ] . In all of 
these studies, ischemia-reperfusion induced free 
radical formation, lipid peroxidation, and neuronal 
injury and were largely preventable by adminis-
tration of free radical scavengers  [  8,   63  ]  and a 
novel metal chelate  [  1  ] .  

    14.5   Ischemia in Glaucoma 
(Figs.  14.3  and  14.4 ) 

     Glaucoma is defi ned as an optic neuropathy asso-
ciated with characteristic changes in the optic 
nerve  [  54,   55  ] . Patients suffer a gradual loss of 

vision that can span a 30–40-year period, with 
retinal ganglion cells slowly, but constantly, dying. 
The disease is often associated with raised intraoc-
ular pressure, but this does not occur in approxi-
mately one sixth of all glaucoma patients  [  55  ] . 
Thus, glaucoma can be viewed as a neurodegen-
erative disease of the retinal ganglion cells. 

 It has been proposed that in most cases of 
glaucoma, ischemia initiates the disease by 
affecting solely components in the optic nerve 
head of the retina  [  17,   47  ] . In this particular 
region of the eye, minute blood vessels exist, and 
when intraocular pressure is increased,  perfusion 
pressure in these vessels is reduced  [  19,   39  ] . 
In laboratory studies, it can be shown that a 
 sustained elevation of intraocular pressure causes 
glaucoma-like pathology in animals  [  46  ] . We 
also know that various risk factors often  associated 
with glaucoma subjects (e.g., hemorrhaging, 
inability to autoregulate, hypotension, hyperten-
sion) relate to the vasculature  [  17–  19  ] . Thus, a 
body of evidence suggests that the initiation of 
glaucoma is caused by an ischemic or other meta-
bolic insult to the optic nerve head region. It 
should be noted that ischemia is defi ned here as a 
pathological situation involving a degree of inad-
equacy (but not a lack) in the blood fl ow with a 
subsequent failure to meet appropriate cellular 
energy demands.    Moreover, it is possible that at 
least in some glaucoma patients, ischemia to the 
optic nerve head is not constant but intermittent, 
and this would result in additional oxidative 
stress, reperfusion injury  [  46  ] . Fluctuations in 
intraocular pressure causing changes of blood 
fl ow to the optic nerve head would theoretically 
cause both ischemia and reperfusion injury. 

 It has been proposed that ischemia to the optic 
nerve head initiates a process that eventually 
results in ganglion cells dying at different rates 
 [  17,   45,   47  ]  in glaucoma. Tissue components 

  Fig. 14.4    Hypothetical cascade of events that lead to gan-
glion cells dying at different times during the lifetime of a 
glaucoma patient. The initial insult in the optic nerve head 
region affects all components (astrocytes, microglia, 
Müller cell end feet, ganglion cell axons, lamina cribrosa) 
resulting in ganglion cells existing at a reduced energetic 
state and an elevation of various substances (glutamate, 

TNF a , NO, endothelin,  d -serine, potassium) in the extra-
cellular space caused by activated astrocyte and microglia 
cells. These substances together with light impinging on 
mitochondria in ganglion cell axons eventually cause 
apoptotic insults to the energetically compromised gan-
glion cells at different times, depending on the axonal 
length and receptor profi le of individual ganglion cells       
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  Fig. 14.3    Potential causes for an ischemic insult to the optic nerve head as might occur in glaucoma       

Quality of normal blood supply to the optic nerve head affected 

Ischemic/hypoxic/oligaemic insults to components in the optic nerve head

Microglia activated Astrocytes activate Ganglion cell axon effected

Release of a number of substances e.g., TNF-α,
NO, endothelin, glutamate, serine, potassium
Into the extracelluar spaces of the retina.

Light insults to ganglion
cell mitochondria.

Hypothesis for differential ganglion cell apoptosis caused by variable or sustained
 changes in the normal blood supply to the optic nerve head 

Lamina cribrosa

Ganglion cells at a
reduced energetic state
but still able to transmit
information to the brain 

Müller cells gradually become unable to
clear extracellular spaces from substances
released from activated astrocytes and
microglia cells

Elevated levels of substances (e.g., TNF-α, NO 
endothelin, glutamate, serine, potassium) in
extracellular spaces are toxic in particular to the ganglion cells. Ganglion cells die at

different rates by
apoptosis

 



N.N. Osborne354

likely to be affected by ischemia will include the 
lamina cribrosa, ganglion cell axons, astrocytes, 
microglia, and blood vessels. Moreover, altered 
neurotrophin delivery to the retina may occur 
 [  50  ] . The activation of both microglia and astro-
cytes is likely to result in a release of various fac-
tors into the extracellular space. These will 
include substances such as TGF b , TNF a , nitric 
oxide,  d -serine, prostaglandins, endothelin, and 
glutamate  [  42,   47  ] . Laboratory studies using cul-
tures of microglia or astrocytes have added sup-
port to this notion  [  22,   71  ] . With the progress of 
time, it is likely that other areas of the retina will 
eventually become secondarily affected by these 
extracellular factors. In particular, Müller cells 
are likely to be stimulated, in an attempt to main-
tain a homeostatic extracellular environment. It 
can be postulated that eventually the extracellular 
environment will gradually become contaminated 
because normal Müller cell function will be 
insuffi cient. Thus, a gradual rise in the extracel-
lular level of substances released from activated 
glial cells will occur. Some of these substances 
(e.g., glutamate, prostaglandins, endothelin, and 
nitric oxide) are likely to be toxic to neurones 
depending on the receptor profi le of a particular 
neurone. Other substances like GABA are likely 
to act as survival factors  [  47,   48  ] . Since ganglion 
cells are affected by ischemia in the optic nerve 
head region, these neurones will exist at a reduced 
energetic state and will therefore be particularly 
susceptible to a rise of any contaminant in the 
extracellular space. 

 Ganglion cells existing at a reduced energetic 
state might also be susceptible to light entering 
the globe. Ganglion cell axons within the globe 
are laden with mitochondria  [  6,   45  ] , and recent 
studies show that light as entering the globe is 
able to trigger neuronal death by acting directly 
on mitochondria  [  26,   44,   45  ] . Our working 
hypothesis for explaining why ganglion cells die 
at differential rates in glaucoma is therefore as 
follows. An initial ischemic insult to the optic 
nerve head results in ganglion cells existing at a 
reduced energetic state. This makes them suscep-
tible to secondary insults caused by an increase in 
extracellular “contaminants” caused by ischemia 
to astrocytes and microglia as well as light 
impinging on their intra-axonal mitochondria. 

The rate of death of individual ganglion cells is in 
turn dependent on their receptor profi le and num-
ber of intra-axonal mitochondria  [  44,   45  ] . For a 
summary of events, see Fig.  14.4 .  

    14.6   Animal Studies Relating 
Ischemia, Glaucoma, 
and Neuroprotection 

    14.6.1   Retinal Ischemia 

 There is a large body of evidence linking isch-
emia with ganglion cell death in situ  [  46  ] . Since 
retinal ganglion cells express both NMDA- and 
AMPA/kainate-type ionotropic glutamate recep-
tors  [  4,   52  ] , they are at risk from the elevation of 
extracellular glutamate that is known to follow 
retinal ischemic incidences  [  29  ] . Retinal isch-
emia can be experimentally induced in a number 
of ways, although the relevance of such physio-
logical insults to glaucoma remains debatable. In 
situ, retinal ischemia can be caused by raising the 
IOP above the systolic blood pressure  [  43,   62  ]  or 
by vascular ligation  [  2,   33  ] . Table  14.1  refers to a 
number of studies that describe ganglion cell 
death after different experimental paradigms of 
retinal ischemia. 

 Quantifi cation of retinal ganglion cell death 
following different periods of raised IOP in adult 
rats led Sellés-Navarro and colleagues  [  62  ]  to 
conclude that there was a direct relationship 
between the duration of insult and the quantity of 
neurone loss. By retrograde-labeling ganglion 
cells with fl uorogold, they showed that after 
120 min of high IOP, up to 95% of ganglion cells 
were lost between 5 and 30 days following the 
insult. Subsequent studies have revealed that the 
mode of death most often associated with glau-
comatous loss of ganglion cells is apoptosis  [  31  ] . 
It has also been demonstrated that apoptosis 
accounts for a signifi cant percentage of the death 
of these neurones following ischemia  [  5  ] . These 
data provide more circumstantial evidence for the 
role of ischemia in the process of ganglion neu-
ronal death during glaucoma. 

 Studies in our laboratory have utilized another 
technique to follow the effect of ischemia upon 
ganglion cells. By analyzing selective ganglion 
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cell markers such as the surface-associated anti-
gen, Thy-1, or the structural protein neurofi la-
ment-light (NF-L) in rat retinal sections after 
ischemia, it is possible to directly determine the 
effects of the insult upon these cells. It is found 
that the immunoreactive protein and mRNA lev-
els for Thy-1 and NF-L are much reduced after 
ischemia-reperfusion  [  9  ] . 

 It is important to note that the actual experi-
mental paradigm of retinal ischemia will relate 
directly to the pathological outcome. For exam-
ple, in most of the studies that can detect sig-
nifi cant ganglion cell loss, ischemia is achieved 
by raising the IOP above the systolic blood 
pressure (Table  14.1 ). In contrast, occlusion of 
retinal blood vessels (e.g., clamping of carotid 
and/or vertebral arteries) causes a different pat-
tern of histological damage to the retina. 
Photoreceptors initially survive while ganglion 
cells are affected, but the former cells die some 
months later, due to a loss of the pupillary 
response leading to increased retinal light expo-
sure  [  64  ] . These data suggest that various fac-
tors are associated with the outcome of retinal 
ischemia. These may include the specifi c effects 
on different ocular blood supplies and any asso-
ciated infl ammatory responses. Thus, the choice 
of experimental paradigm used to initiate reti-
nal ischemia is critical in determining the exact 
relationship between ischemia, glaucoma, and 
ganglion cell death.  

    14.6.2   Ischemia and Oxidative Stress 
(Figs.  14.2  and  14.5 ) 

    Oxygen free radicals and other reactive oxygen 
species (ROS) can react detrimentally with most 
macromolecular constituents of the cell and lead 
to protein modifi cation, lipid peroxidation, and 
nucleic acid breakdown (e.g.,  [  28  ] ). It is for this 
reason that cells have developed natural antioxidant 
defense mechanisms, which include the use of 
enzymes (catalase, glutathione reductase, glutathi-
one peroxidase, superoxide dismutase) and other 
compounds (ascorbate, uric acid,  a -tocopherol, 
glutathione). In ischemia-reperfusion, oxygen free 
radicals are generated in excess of the natural 
 cellular antioxidant defense systems, and cellular 

damage or destruction can therefore occur. As a 
consequence, any form of treatment that can 
enhance the natural cellular antioxidant defense 
system will have a neuroprotective action in retinal 
ischemia. This has indeed been demonstrated to be 
the case in experimental studies. Elevation of IOP 
to cause retinal ischemia in the rabbit generates 
oxygen-derived free radicals as well as retinal 
injury that can be attenuated by administration of 
the antioxidant compound dimethylthiourea or 
other antioxidant treatments. Protection of the ret-
ina after ischemia-reperfusion has also been dem-
onstrated by the use of a variety of antioxidants as 
discussed above.  

    14.6.3   Ischemia and Excitotoxicity 
(Figs.  14.5  and  14.6 ) 

    Reports have accumulated to suggest that gluta-
mate toxicity, resulting either from ischemia or 
from excessive stimulation of ionotropic gluta-
mate receptors (excitotoxicity), may contribute 
to ganglion cell death in glaucoma  [  48  ] . Dreyer 
et al.  [  14  ]  described high levels of glutamate in 
the vitreous from glaucoma patients, and it has 
been shown that there is a similar increase in this 
neurotransmitter in the rabbit vitreous following 
retinal ischemia  [  69  ] . 

 Evidence is also available to support the notion 
that ischemic or excitotoxic loss of ganglion cells 
is mediated predominantly via NMDA receptors 
 [  46  ] . Dreyer et al.  [  15  ]  found that large (magno-
cellular) ganglion cells were more sensitive to 
intraocular injection of NMDA or glutamate than 
small (parvocellular) ganglion cells. This is an 
interesting fi nding since it has been reported that 
large ganglion cells are the most sensitive to 
destruction in glaucoma  [  56  ] . 

 Systemic or intraocular administration of 
MK-801 or memantine, specifi c NMDA antago-
nists, can protect against many of the destructive 
effects of either NMDA or experimental retinal 
ischemia upon ganglion neurones. However, 
since glial/neuronal take-up of glutamate within 
the retina is achieved highly effi ciently, it is sur-
prising that glutamate itself caused ganglion cell 
death at such low concentrations (26–34  m M) in 
this paradigm. It is evident that a number of 
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 sub-populations of ganglion cells exist, each with 
their own repertoire of glutamate and other recep-
tor types. It is likely that the number and/or 
classes of receptor expressed by an individual or 

sub-population of cell(s) will determine whether 
a particular ganglion cell can withstand the effects 
of the excessive release of neurotransmitters 
known to follow an ischemic incident.  
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    14.6.4   Glaucoma and Neurotrophic 
Support (Fig.  14.5 ) 

 It has been hypothesized that withdrawal of 
trophic factor support is one of the primary causes 
of ganglion cell death in glaucoma  [  38  ] . It is 
known that all neurones are dependent upon 

 certain peptide factors (growth factors, cytokines, 
neurotrophic factors, neurotrophins) to reach their 
targets during growth and development of nervous 
tissues. It is also known that neurones rely upon a 
constant source of such factors throughout their 
lifetime in order to maintain normal functioning. 
There are a variety of such factors in mammalian 

  Fig. 14.5    Diagrammatic representation outlining some 
putative targets for intervention in ganglion cell death. 1 – 
Prevention of energy failure; 2 – reduction of extracellular 
glutamate levels; 3 – blockade of NMDA-type ionotropic 
glutamate receptors ( NMDA-R ); 4 – inhibition of non-
NMDA, kainate/AMPA ( K/A-R ) ionotropic glutamate 
receptors; 5 – blockade of voltage-sensitive calcium chan-
nels (VSCC); 6 – scavenging of free radicals; 7 – enhance-

ment of glial glutamate metabolism; 8 – prevention of 
detrimental effects of nitric oxide; 9 – inhibition of gluta-
mate carriers; 10 – prevention of lipid peroxidation; 11 – 
prevention of mitochondria failure; 12 – apoptotic pathway 
inhibitors; 13 – prevention of infl ammation; 14 – mainte-
nance of neurotrophin support; 15 – inhibition of axonal 
sodium channels; 16 – inhibition of sodium-calcium 
exchanger       
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  Fig. 14.6    The central role of calcium in ischemic neu-
ronal death processes. As a result of ischemia, intracellular 
calcium levels can increase by several mechanisms: neu-
rotransmitter (e.g., glutamate)-gated channels (e.g., the 
ionotropic glutamate receptors of the NMDA or AMPA/
kainate types), by reversal of sodium-calcium exchange, 
through voltage-sensitive calcium channels ( VSCC ) or by 
stimulation of metabotropic neurotransmitter receptors 
(e.g., mGluRs) which can release calcium from intracellu-
lar stores. The increased intracellular levels of calcium 
result in activation of many enzymes which are dependent 

on this cation for full activity (e.g., protein kinase C, cal-
pains, nitric oxide synthase), and these enzymes produce 
changes which lead to the breakdown of cellular homeo-
static mechanisms and structural integrity to cause cell 
death. Furthermore, when calcium levels are increased in 
the cytoplasm, mitochondria attempt to take up this cation, 
but these organelles are also overcome by ischemia-
induced elevations, and this leads to mitochondrial 
 permeability transition, cytoplasmic release of cell-death-
promoting factors such as cytochrome C and the initiation 
of apoptotic cell death       
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nervous tissues, but the neurotrophin that is most 
commonly linked with ganglion neurones is brain-
derived neurotrophic factor (BDNF). BDNF is 
released by target neurones in the brain. Ganglion 
cell axons will synapse with these neurones, take 
up the neurotrophin, and axonally transport it 
back in a retrograde manner to the retina. During 
development, after the fi rst BDNF arrives in the 
retina in this way, all ganglion cells become 
dependent upon its presence in order to survive. 
Thus, if anything occurs to compromise the trans-
port of BDNF to the retina, ganglion neurones are 
thought to die, mainly by apoptosis. 

 This fact can be supported experimentally: 
removal of the ganglion cell axonal brain target 
(superior colliculus) from neonatal Wistar rats 
results in a rapid loss of ganglion cells  [  11  ] . 
Transection of the adult rat optic nerve also leads to 
degeneration of 80% or more of the ganglion cells. 
This is presumed to occur through the physical 
effects of ganglion cell axotomy and the associated 
cessation in retrograde transport of neurotrophins. 
Application of BDNF or neurotrophin-4/5 to the 
retina under these conditions can signifi cantly pre-
vent ganglion cell degeneration and indeed can pro-
mote regeneration of the axons intraretinally  [  60  ] . 
In an elegant study by Castillo et al.  [  7  ] , conditioned 
medium from astrocytes that had been genetically 
modifi ed to produce elevated levels of BDNF was 
added to rat retinal cultures. In such cultures, the 
excessive levels of BDNF led to a signifi cant (15-
fold) survival of Thy-1 immunoreactive ganglion 
cells as compared with control cultures.  

    14.6.5   Infl ammation (Fig.  14.5 ) 

 By hypothesizing that ganglion cells die by apop-
tosis in glaucomatous optic neuropathy, one 
would be led to conclude that there would be no 
associated infl ammation, since this type of cell 
death involves phagocytic destruction of the 
 cellular corpses by surrounding or invading 
phagocytes. Indeed, clinical evidence appears to 
support this notion. The disappearance of gan-
glion cell bodies and a thinning of the inner retina 
in glaucoma 211 appear not to be associated with 
oedema or infl ammation. Neufeld and colleagues 
 [  36  ] , for example, could fi nd no evidence for any 

infl ammatory response associated with glau-
coma. He showed that the level of inducible 
cyclooxygenase (COX)-2-immunoreactivity in 
the optic nerve of glaucoma eyes was unaffected. 
COX enzymes are involved in infl ammatory 
responses by infl uencing the biosynthesis of eico-
sanoids. Interestingly, we have shown that when 
NMDA is injected into the rat eye, COX-2 mRNA 
is upregulated, suggesting that infl ammation may 
in fact be associated with excitotoxicity in vivo. 

 The generation of nitric oxide (endothelium-
derived relaxing factor) is often associated with 
both a stimulation of ionotropic glutamate recep-
tors and with infl ammation. Injection of the nitric 
oxide donor  S -nitroso- N -acetyl- dl -penicillamine 
(SNAP, fi nal concentration, 200 nmol) into the 
vitreous humor of albino rabbits causes marked 
degenerative changes that include death of large 
numbers of ganglion cells  [  41  ] . These data show 
that ganglion cells are susceptible to attack by 
nitric oxide, and if this compound is generated by 
invading macrophages or microglia during a post-
traumatic infl ammatory response, then ganglion 
cell layer degeneration will result. 

 Microglia exist in the optic nerve head in sig-
nifi cant amounts, and these cells become activated 
when the optic nerve is transected  [  32  ]  or when 
this region is subjected to ischemia. Microglial 
cells have now been shown to release nerve growth 
factor (NGF) in vitro which can directly kill reti-
nal neurones  [  20  ] . Thus, it is possible that during 
ischemia, ganglion cells can be induced to die not 
only by excessive release of substances from reti-
nal neurones but also through a release of media-
tors such as NGF, from microglia. It seems likely 
that the release of substances from microglia is 
associated with infl ammation. Thus, if ischemia is 
associated with glaucoma, as seems likely, the 
suggestion is made that some degree of retinal 
infl ammation will actually result.  

    14.6.6   Role of Mitochondria (Fig.  14.6 ) 

 It is expected that if cells gradually accumulate 
calcium as during ischemia  [  25  ] , then mitochon-
drial failure will result. This is because mito-
chondria will sequester intracellular calcium as 
levels become elevated  [  37  ] . This leads to 
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 mitochondrial membrane depolarization and a 
consequent production of reactive oxygen spe-
cies  [  25  ] . Mitochondrial dysfunction has been 
reported to occur as a result of ischemia, excito-
toxicity, infl ammation, oxidative stress, and loss 
of neurotrophic support resulting in cell death. 

 Apoptosis appears to be responsible for retinal 
ganglion cell death during development and to a 
lesser extent after axotomy or ischemia  [  40  ] . 
Mitochondria have been implicated in controlling 
signal transduction pathways in apoptosis, mainly 
due to their retaining a preserved intact morphol-
ogy throughout the death process. This relates to 
the disease process in Leber’s hereditary optic 
neuropathy (LHON), where genetic mutations in 
mitochondrial complex I lead specifi cally to grad-
ual ganglion cell death by apoptosis  [  6  ] . Although 
no reports exist that describe mitochondrial dys-
function leading to ganglion cell atrophy on a 
large scale or as a result of glaucoma, this would 
be expected should such organelles malfunction. 

 It has been suggested that apoptosis can be 
triggered by the opening of mitochondrial mega-
channels, in the process of mitochondrial perme-
ability transition (MPT)  [  74  ] . The link between 
MPT and the activation of the cytosolic prote-
olytic cascade resulting in apoptotic death is com-
plicated, but, for example, it has been reported 
that a soluble mitochondrial protein, apoptosis-
inducing factor (AIF), is released through the 
open mitochondrial megapores to cause nuclear 
apoptosis. This can be blocked by overexpression 
of Bcl-2, which is a protein found associated with 
the outer mitochondrial membrane. 

 As stated previously, optic nerve transection 
leads to apoptotic degeneration of retinal ganglion 
cells. In transgenic mice that overexpress the 
Bcl-2 gene, approximately 65% of ganglion cells 
survive this insult up to 3.5 months following the 
insult. In contrast, non-transgenic control mice 
had less than 10% of their original number of gan-
glion cells remaining after this period of time. 
Similar mice that are transgenic for Bcl-2 do not 
lose as many neurones during normal develop-
mental ganglion cell death: they have up to 50% 
more of these neurones. These mice also have a 
much reduced infarct volume subsequent to isch-
emia induced by middle cerebral artery occlusion. 
Thus, the Bcl-2 protein, which protects against 

the destructive effects of mitochondrial failure, 
can prevent the type of ganglion cell death that is 
thought to be associated with glaucoma.   

    14.7   Neuroprotection Specifi cally 
Related to Glaucoma 

 The cause of visual loss in glaucoma is due to 
death of retinal ganglion cells. Their differential 
demise with time is proposed to be elicited by a 
combination of ischemia to their axons in the optic 
nerve head region and chemicals released from 
activated microglia and astrocytes, as well as light 
impinging on their intra-axonal mitochondria. 
Clearly, reducing the amount of light entering the 
eye is one way forward. Also, drugs targeted to 
reduce the release of chemicals from activated 
glia, the impact of ischemia to the optic nerve head 
region (vasoconstrictors) and the negative effects 
of raised extracellular chemicals to ganglion cells 
are required. It is unlikely however that a single 
substance with a defi ned mode of action will 
achieve all these aims. It is therefore proposed that 
for neuroprotection in glaucoma to become a real-
ity, a spectrum of drug actions is required which 
might be achieved by a cocktail of defi ned sub-
stances or drugs that  display multiple mechanisms 
of actions. Such drugs should be taken orally to 
allow penetration to the retina with minimum side 
effects. Present research suggests that extracts 
from variety of naturally occurring substances like 
green tea and  Ginkgo   [  34,   57  ]  have characteristics 
that might be exploited for such use. 
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            15.1   Introduction 

 Diabetes mellitus is a condition of chronic hyper-
glycaemia and is currently classifi ed into two 
main forms. Type 1 diabetes is due primarily to 
autoimmune-mediated destruction of pancreatic-
 b -cell islets, resulting in absolute insulin defi -
ciency. People with type 1 diabetes are usually 
younger than 30 years old at diagnosis and are 
dependent on continuing supplemental insulin. 
Type 2 diabetes is a metabolic disorder normally 
of middle-life characterised by insulin resistance 
and/or abnormal insulin secretion, either of which 
may predominate. People with type 2 diabetes 
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  Core Messages 

    Diabetic retinopathy is a leading cause • 
of vision loss in the working population 
of developed countries.  
  Changes in retinal haemodynamics have • 
been proposed to play a key role in the 
initiation and progression of diabetic 
retinopathy.  
  Substantial evidence suggests that there • 
is an early reduction in retinal perfusion 
prior to the onset of diabetic retinopathy 
followed by a gradual increase in blood 
fl ow as the disease progresses.  
  Two major mechanisms have been  proposed • 
to explain how hyperglycaemia decreases 
retinal blood fl ow in early diabetes, namely, 
protein kinase C (PKC) activation and 
ion channel dysfunction in the contractile 
mural cells of retinal microvessels.  
  The functional reduction in retinal blood • 
fl ow observed during early diabetic retin-

opathy may be additive or synergistic to 
pro-infl ammatory changes, leukostasis 
and vaso-occlusion and thus may be inti-
mately linked to the progressive ischaemic 
hypoxia and increased blood fl ow associ-
ated with later stages of the disease.  
  A unifying haemodynamic framework • 
is presented that explains how changes 
in retinal perfusion may contribute to 
the microvascular lesions and vision 
loss in diabetic retinopathy.  
  Large-scale prospective studies are cur-• 
rently needed to determine whether reti-
nal blood fl ow measurements may be 
useful as a surrogate end point for clini-
cal drug trials in diabetic retinopathy.    
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are not usually dependent on exogenous insulin 
but may require it for control of blood glucose 
levels if this is not achieved with diet alone or 
with oral hypoglycaemic agents. 

 Diabetes is associated with a number of compli-
cations which share an aetiology that is, at least in 
part, vascular. As a consequence of microvascular 
pathology, diabetes is a leading    cause of blindness, 
end-stage renal disease and a variety of debilitating 
neuropathies. Macrovascular complications mani-
fest themselves as accelerated atherosclerosis result-
ing in an increased risk of myocardial infarction, 
stroke and limb amputation. Diabetes is increasing 
at a startling rate and consequently imposes an ever-
increasing burden on health-care authorities in both 
developed and developing countries. The global fi g-
ure of people with diabetes is set to rise from the 
present estimate of 150–220 million in 2010 and 
300 million in 2025  [  13,   110  ] . Most cases will be of 
type 2 diabetes, which is strongly associated with 
sedentary lifestyle and obesity  [  199  ] . 

 Retinopathy is one of the most common micro-
vascular complications of diabetes  [  10  ] . After 
20 years of diabetes, nearly all patients with type 1 
diabetes will have at least some retinopathy. 
Approximately 80% of type 2 diabetic patients who 
require insulin and 50% type 2 diabetic patients 
who do not require insulin will have retinopathy 
after 20 years  [  111  ] . Although the pathogenic basis 
of diabetic retinopathy is not wholly understood at 
the cellular and molecular level, large-prospective 
clinical studies have demonstrated a strong relation-
ship between time-averaged mean levels of glycae-
mia and the rate of development of retinopathy in 
both type 1 and type 2 diabetes  [  1,   3  ] . 

 Diabetic retinopathy is traditionally regarded as 
disease of the intra-retinal microvessels and is 
generally classifi ed into two main clinical forms: 
non-proliferative diabetic retinopathy and prolif-
erative diabetic retinopathy. Mild non-proliferative 
diabetic retinopathy (background retinopathy) and 
severe proliferative retinopathy represent different 
ends of a spectrum of the same disease process. 
Non-proliferative diabetic retinopathy is charac-
terised by a complex array of vasodegenerative 
lesions within the retinal microvascular bed, 
including thickening of capillary basement mem-
branes  [  77  ] , pericyte and vascular smooth muscle 
cell dropout  [  81,   123  ] , microaneurysms  [  34  ]  and 

capillary occlusion and acellularity  [  67  ] . Visual 
impairment normally occurs in the later stages of 
diabetic retinopathy with the development of mac-
ula oedema as a direct consequence of blood-
retinal barrier breakdown. In the proliferative 
phase of the disease, there is an abnormal growth 
of new blood vessels (retinal neovascularisation) 
that give rise to sight-threatening complications 
such as vitreous haemorrhage and tractional reti-
nal detachment  [  76  ] . Arguably, both macular 
oedema and retinal neovascularisation occur as a 
result of increasing inner retinal ischaemia and 
hypoxia-driven secretion of vascular endothelial 
growth factor (VEGF). Sight-threatening diabetic 
retinopathy can be treated or contained to some 
extent by laser photocoagulation or vitreoretinal 
surgery, but this is often at the expense of func-
tional retina and visual performance  [  79  ] . The use 
of VEGF-blocking agents has shown effi cacy in 
both of these sight-threatening sequelae, but the 
underlying vascular insuffi ciency may compro-
mise retinal cell survival  [  148  ] . 

 While there is no doubt that hyperglycaemia 
is the primary insult in the pathogenesis of dia-
betic retinopathy  [  1,   3  ] , haemodynamic factors 
have also been implicated in the development of 
this condition. This chapter begins by providing 
an overview of the haemodyamic changes that 
occur in the retina during the development of 
diabetic retinopathy. Attention is also given to 
the pathophysiological mechanisms that have 
been proposed to underlie these alterations. The 
remainder of the chapter is then devoted to 
describing how retinal blood fl ow changes in 
diabetes may contribute the sight-threatening 
lesions of diabetic retinopathy. From these dis-
cussions, it is clear that treatments designed to 
normalise retinal blood fl ow during early and 
long-term diabetes may provide a novel means 
of delaying the onset and progression of this 
devastating condition.  

    15.2   Retinal Blood Flow in Diabetes 

 The earliest suggestion that retinal blood fl ow 
may be disrupted in diabetes came from studies 
performed over 60 years ago showing that 
 dilation of retinal veins is common in persons 
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with diabetes  [  24,   187  ] . Later, Skovborg and co-
workers reported that the calibre of retinal arter-
ies is also increased in diabetic subjects  [  170  ] . 
The fi rst direct empirical evidence of altered 
retinal blood fl ow in persons with diabetes came 
from Kohner et al. in the mid-1970s coinciding 
with the development of methods for the mea-
surement of mean retinal circulation time from 
fl uorescein angiograms  [  118  ] . Their results 
showed that retinal blood fl ow was increased in 
diabetic subjects with absent or mild retinopathy 
but not in those with moderate or severe diabetic 
retinopathy. Since then, the haemodynamics of 
the retina in persons with diabetes, as well as 
diabetic animal models, has attracted consider-
able research interest. Several comprehensive 
review articles have appeared in recent years that 
provide an overview of retinal perfusion abnor-
malities in the different stages of diabetic retin-
opathy  [  46,   49,   163  ] . There is signifi cant 
discrepancy between the results obtained in the 
various clinical and experimental studies of ocu-
lar blood fl ow in diabetes. This may be attribut-
able to the variety of techniques used to measure 
retinal haemodynamics, the use of  differing sites 
to measure retinal blood fl ow and the fact that in 
many studies, relatively little attention has been 
paid to the demographic and metabolic parame-
ters (blood glucose, lipids, insulin, blood pres-
sure, diabetes duration, etc.) of the study cohorts. 
Although there are some confl icting reports, the 
majority of studies suggest that in patients with a 
short duration of diabetes (<5 years), there is a 
constriction of the major arteries and arterioles 
 [  115,   192  ] , and retinal blood fl ow is decreased 
 [  29,   36,   73  ] . With longer durations of diabetes 
and the presence of clinical retinopathy, arterial 
vessels begin to dilate, and bulk retinal blood 
fl ow increases in proportion to the severity of 
retinopathy  [  47,   72,   74,   91,   152  ] .  

    15.3   Retinal Hypoperfusion 

 A decrease in retinal blood fl ow is one of the ear-
liest abnormalities observed in the diabetic retina. 
Bertram et al.  [  29  ]  measured the arteriovenous 
passage time in patients with type 1 diabetes 
using video fl uorescein angiography (VFA). The 

arteriovenous passage time is defi ned as the 
 interval between the fi rst infl ux of fl uorescein 
into a retinal artery and its fi rst appearance in the 
corresponding retinal vein. They found that the 
arteriovenous passage time was increased in dia-
betic patients with no retinopathy, indicative of 
reduced retinal blood fl ow. Similarly, Bursell 
et al.  [  36  ]  reported that the mean circulation time, 
a parameter closely related to the arteriovenous 
passage time, is increased in patients with type 1 
diabetes and no retinopathy. Laser Doppler tech-
niques have also been used to quantify blood fl ow 
in the major retinal vessels of diabetic patients 
with no retinopathy. Feke et al.  [  73  ]  found that 
arterial blood speeds were reduced by ~30% in 
type 1 diabetic patients prior to the appearance of 
overt diabetic retinopathy. Several studies have 
investigated perimacular capillary perfusion in 
early diabetic retinopathy using confocal scan-
ning laser ophthalmoscopy. A reduction in fl ow 
velocities has been observed in both type 1 and 
type 2 diabetic patients with absent or mild 
 retinopathy  [  16,   17,   191  ] . Impairment of reti-
nal blood fl ow has also been reported in diabetic 
rodents up to 12-week disease duration  [  37, 
  49,   101  ] . 

    15.3.1   Mechanisms of Hypoperfusion 

    15.3.1.1   Glycaemic Control 
 Studies in both humans and animals have sug-
gested that hypoperfusion in diabetes is closely 
associated with poor glycaemic control. Indeed, 
several reports have shown that retinal perfusion 
is inversely correlated with HbA 

1c
  in patients with 

both type 1 and type 2 diabetes  [  28,   29,   47  ] . 
Furthermore, normal retinal haemodynamics 
have been reported in well-controlled diabetic 
patients (HbA 

1c
   £  7.5%) with no or minimal retin-

opathy, even after several years of diabetes 
 [  86,   133  ] . In experimental studies, normalisation 
of retinal blood fl ow in streptozotocin (STZ)-
induced diabetic rats has been accomplished by 
primary intervention with insulin therapy  [  48, 
  101  ] . Reversal of abnormal retinal haemodynam-
ics in diabetic rats has also been reported using 
acarbose, an  a -glucosidase inhibitor that reduces 
blood glucose concentration  [  178  ] . As outlined 
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below, two major mechanisms have been pro-
posed to explain how hyperglycaemia decreases 
retinal blood fl ow in early diabetes, namely, pro-
tein kinase C (PKC) activation and ion channel 
dysfunction in the contractile mural cells of reti-
nal microvessels.  

    15.3.1.2   Protein Kinase C 
 Diabetes causes an increase in diacylglycerol 
(DAG) concentrations in vascular tissues associ-
ated with diabetic complications, including the 
retina  [  121,   167  ] . The molecular species of these 
pathophysiological DAGs are consistent with 
them being produced by the shunting of excess 
glucose through the de novo synthesis pathway 
 [  194  ] . These in turn activate several conventional 
and novel isoforms of PKC, including PKC a , 
PKC b , PKC d  and PKC e   [  121  ] . PKC activation in 
diabetes may also arise through oxidative stress 
or increased concentrations of free fatty acids 
 [  56  ] . In the diabetic rat retina, the PKC b II iso-
form is preferentially activated  [  167  ] . There is 
now good evidence to suggest that PKC activa-
tion contributes to the impaired retinal blood fl ow 
observed in experimental and human diabetes: 
Intravitreal injection of phorbol dibutyrate, a 
PKC activator, or R59949, a DAG kinase inhibi-
tor that elevates total retinal DAG levels, have 
been shown to decrease retinal blood fl ow in non-
diabetic rats  [  38  ] . Also ruboxistaurin, a specifi c 
PKC b  inhibitor, can improve retinal blood fl ow 
in diabetic animals  [  103  ] , and diabetic PKC b  
knockout mice have been reported to exhibit no 
abnormalities in retinal blood fl ow  [  49  ] . In clini-
cal studies, increases in the mean retinal circula-
tion time were ameliorated by ruboxistaurin in 
type 1 and type 2 diabetic patients with no or very 
mild diabetic retinopathy  [  9  ] . 

 Activation of PKC contracts retinal arterioles 
by sensitisation of the contractile apparatus to 
Ca 2+  (Fig  15.1 )  [  55  ] , and this represents the most 
likely mechanism through which PKC activa-
tion in diabetes impairs retinal blood fl ow. 
Another mechanism by which PKC has been 
proposed to enhance microvascular constriction 
in the diabetic retina is through up-regulation of 
the vasoconstrictor peptide, endothelin-1(Et-1) 
 [  177,   197  ] . Increased Et-1 immunoreactivity 

has been reported in the retina of STZ-induced 
diabetic rats and the spontaneously diabetic 
BB/W rat  [  39,   40,   43  ] . The increased expression 
of Et-1 is thought to be partly due to the activa-
tion of the  b  and  d  isoforms of PKC  [  151  ] . 
However, it should be stressed that the effects of 
elevated Et-1 in the retina during diabetes are 
offset by an increased resistance of the retinal 
microvessels to this vasoconstrictor  [  56  ] , and 
therefore, it may not play a primary role in 
mediating arteriolar dysfunction in this disease.   

    15.3.1.3   Ion Channel Dysfunction 
 Ion channels in plasma membranes of retinal vas-
cular smooth muscle cells and capillary pericytes 
play a central role in the regulation of vascular 
tone and blood fl ow in the retina  [  157,   165  ] . 
There is growing evidence that disruption of ion 
channel function may contribute to retinal vaso-
constriction and decreased retinal blood fl ow 
during early diabetes. 

 The retinal arterioles constitute the main site 
of local blood fl ow regulation within the retinal 
microvascular tree  [  102  ] . Retinal arteriolar 
smooth muscle cells express several kinds of 
plasma membrane ion channels, including volt-
age-gated K +  channels  [  137  ] , large-conductance 
Ca 2+ -activated K +  channels (BK channels)  [  136  ] , 
Ca 2+ -activated Cl −  channels  [  135  ]  and  L -type Ca 2+  
channels  [  135,   164  ] , all of which may be involved 
in the regulation of retinal vascular tone  [  165  ] . 
Among these channels, BK channels are known 
to play a critical role because their blockade with 
the specifi c inhibitor Penitrem A causes vasocon-
striction in pressurised, isolated retinal vessels 
 [  136  ] . Normally, the opening of these channels in 
response to localised intracellular Ca 2+  transients 
(Ca 2+  sparks) results in spontaneous outward cur-
rents (STOCs), which cause membrane hyperpo-
larisation. This closes voltage-dependent Ca 2+  
channels, which decreases Ca 2+  infl ux, thereby 
leading to vasorelaxation. BK channels are com-
posed of pore-forming  a -subunits and accessory 
 b -subunits  [  117  ] . The  b 1 subunit is preferentially 
expressed in vascular smooth muscle  [  33  ] , and 
this subunit increases the sensitivity of the BK 
channels to Ca 2+   [  52  ] . Recent studies from our 
own laboratory suggest that impairment of BK 
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channel activity may contribute to retinal hypop-
erfusion in early diabetes  [  136  ] . We found that 
STOCs were smaller (Fig  15.2a ), but the ampli-
tude of Ca 2+  sparks was larger in retinal arteriolar 
myocytes from STZ-induced diabetic rats. This 
was explained by a reduced Ca 2+  sensitivity of the 
BK channels to Ca 2+  associated with a decreased 
abundance of the  b 1-subunit at the mRNA and 
protein level (Fig.  15.2b ). This effect is early in 
onset, occurring within 1 month of diabetes 
induction  [  138  ] . It appears, therefore, that this 
downregulation decreases BK channel activity in 
retinal arteriolar smooth muscle cells, reducing 
negative feedback by intracellular Ca 2+  and pro-
moting contraction. This effect also appears to be 
highly selective for BK channels since no changes 
were observed when other conductances were 
compared between diabetic and age-matched 
control tissues  [  138  ] .  

 While arterioles play a major role in regulat-
ing blood fl ow, recent studies have suggested that 

retinal perfusion may also be actively regulated 
at the capillary level. Retinal capillaries are richly 
endowed with contractile pericytes on their ablu-
minal surface, and in vitro work has shown that 
these cells can modulate capillary luminal diam-
eters in response to retinal neurotransmitters 
 [  155,   193  ] . Electrophysiological recordings have 
shown that retinal pericytes express a range of 
functional ion channels, including inward  rectifi er 
potassium channels (K 

IR
  channels)  [  134,   157  ] . 

K 
IR

  channels are believed to play an important 
role in establishing the resting membrane poten-
tial, and thereby the contractile tone of retinal 
pericytes. Diabetes has been reported to reduce 
outward K 

IR
  currents in pericytes located at prox-

imal sites within the retinal microvascular net-
work  [  134  ] . These diabetes-induced changes 
seem to be mediated by the polyamine, spermine, 
which is elevated in the diabetic eye  [  147  ] . 
Consistent with the reduced K +  effl ux through 
K 

IR
  channels, proximal pericytes on diabetic 
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  Fig. 15.1    PKC activation 
induces retinal arteriolar 
vasoconstriction by sensitis-
ing the contractile apparatus 
to Ca 2+ . ( a ) An original 
recording of [Ca 2+ ] 

 i 
  and vessel 

diameter in a rat retinal 
arteriole exposed to the PKC 
activator phorbol myristate 
acetate ( PMA ). PMA reduced 
basal [Ca 2+ ] 

 i 
  but caused the 

arteriole to constrict 
( photomicrographs below ). 
 Scale bars  = 5  m m on photos 
(From Curtis et al.  [  55  ]  with 
permission). ( b )  Bar charts  
showing mean [Ca 2+ ] 

 i 
  and 

outer vessel diameter for 
arterioles before and 5 min 
after exposure to 100 nM 
PMA ( n  = 9).  Error bars  are 
SEMs;  *  and  ***  denote 
 p  < 0.05 and  p  < 0.001, 
respectively       
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 retinal capillaries are more depolarised. This 
depolarisation increases Ca 2+  infl ux through volt-
age-dependent Ca 2+  channels, and the resulting 
increase in pericyte tone may contribute to the 
retinal hypoperfusion observed early in the course 
of diabetes.    

    15.4   Retinal Hyperperfusion 

 A transition from decreased to increased reti-
nal blood fl ow is observed with progression to 
overt background and pre-proliferative diabetic 
retinopathy. Using fl uoroangiographic methods, 

Cunha-Vaz et al. observed a small increase in 
retinal blood fl ow of diabetic patients with 
 minimal background retinopathy, whilst a larger 
increase was observed in patients with more 
advanced stages of background retinopathy and 
macular oedema  [  53  ] . These fi ndings were later 
substantiated by Yoshida et al., who reported 
that mean retinal circulation times decreased 
with the progression of background diabetic 
retinopathy  [  198  ] . Laser Doppler velocimetry 
studies have also confi rmed that retinal perfu-
sion is increased in diabetic patients with back-
ground retinopathy: Grunwald et al. observed 
that in patients with background retinopathy and 
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  Fig. 15.2    BK b 1 downregulation in diabetic retinopathy. 
( a )  Top panel , whole-cell patch-clamp recordings of 
STOC activity in a non-diabetic and diabetic retinal arte-
riole at a holding potential of +40 mV.  Bottom panel graph  
showing the mean integrated current density versus volt-
age for STOCs from non-diabetic ( n  = 8) and diabetic 
( n  = 8) retinal arterioles.  *  and  ***  denote  p  < 0.05 and  p  
< 0.001. ( b )  Top , confocal images of non-diabetic and dia-
betic retinal arterioles embedded within retinal fl atmount 

preparations and labelled with anti-BK b 1 antibody ( green ) 
and propidium iodide ( red : nuclear label). Labelling of the 
circular smooth muscle is reduced in the tissue from the 
diabetic animal.  Bottom , summary data showing statisti-
cally signifi cant reduction in anti-BK b 1 fl uorescence for 
diabetic samples ( n  = 6 retinas, 30 vessels) relative to non-
diabetics ( n  = 6 retinas, 25 vessels) (From McGahon et al. 
 [  136  ]  with permission)       
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poor glycaemic control, total venous cross 
section and volumetric blood fl ow was increased 
 [  91  ] . In another study by Patel et al., retinal 
hyperperfusion was found to correlate with the 
severity of retinopathy: Retinal blood fl ow was 
signifi cantly increased by 30% in those with 
background retinopathy, by 50% in pre-prolifer-
ative patients and by over 60% in patients with 
proliferative diabetic retinopathy  [  152  ] . The pre-
cise nature of the retinal perfusion abnormalities 
observed in patients with proliferative retinopa-
thy seems to depend on the specifi c pathological 
features present. For example, proliferative pati-
ents with severe ischemia have smaller volumet-
ric fl ow rates than those with mild capillary 
non-perfusion  [  89  ] . These fi ndings may be rec-
onciled on the basis that capillary density is 
known to correlate inversely with vascular resis-
tance in various tissues. 

    15.4.1   Mechanisms of Hyperperfusion: 
A Link to Hypoperfusion, Tissue 
Hypoxia and Retinal 
Leukostasis? 

 At present, the exact mechanisms underlying the 
change from hypo- to hyperperfusion as diabetic 
retinopathy progresses are not well understood. 
However, it has been suggested that a gradual 
increase in the levels of tissue hypoxia during the 
course of the disease may play an important role 
 [  49  ] . As outlined below, the hypoperfusion 
observed prior to the appearance of retinopathy 
may establish a functional and therefore revers-
ible hypoxia that contributes to the progressive 
increase in irreversible hypoxia by promoting 
leukocyte-mediated retinal vascular occlusion 
and capillary cell death. 

 Tissue hypoxia occurs at a very early stage in 
the diabetic retina which may, at least in part, be 
due to the initial impairment of retinal blood fl ow 
 [  58,   189  ] . In addition, alterations in the oxygen 
affi nity of glycosylated haemoglobin  [  64  ]  and 
increases in the oxygen consumption of the dia-
betic retina  [  12  ]  may also contribute. Direct mea-
surements of intra-retinal PO 

2
  in diabetic cats 

have demonstrated that inner retinal hypoxia is 

present even before capillary dropout is clinically 
observable  [  128  ] . Further evidence of retinal 
hypoxia relatively early in the disease has been 
provided by studies showing that hyperoxia 
improves contrast sensitivity  [  97  ]  and colour 
vision  [  59  ]  in patients with absent or minimal 
diabetic retinopathy. As diabetic retinopathy pro-
gresses, tissue hypoxia may be exacerbated by 
non-perfusion and degeneration of the retinal 
capillaries. Evidence from experimental studies 
suggests that leukocyte adhesion and entrapment 
(leukostasis) is a major cause of vascular occlu-
sion and capillary cell death in the early stages of 
diabetic retinopathy  [  108  ] . The adhesion and 
accumulation of leukocytes in the retinal vascula-
ture begins as early as 1 week following the onset 
of experimental diabetes and results in endothe-
lial cell apoptosis through a Fas L -mediated 
mechanism  [  105,   106  ] . Multiple studies have 
shown that inhibition of retinal leukostasis by 
using selective pharmacological agents or in 
transgenic animals protects against the occlusion 
and dropout of capillaries in the diabetic retina 
 [  45,   108  ] . The pathogenic mechanisms that have 
been implicated in diabetic retinal leukostasis 
include hyperglycaemia-mediated up-regulation 
of endothelial cell adhesion molecules  [  140  ] , an 
increase in the white blood cell count  [  182  ]  and a 
decrease in the deformability of leukocytes  [  154  ] . 
The early decrease in retinal blood fl ow may 
also predispose the retinal microcirculation to 
enhanced leukostasis since the reduced hydrody-
namic forces will make it easier for leukocytes to 
fi rmly adhere to the vessel wall  [  30  ] . It is also 
conceivable that the early hypoperfusion/tissue 
hypoxia may act together with high glucose to 
induce the up-regulation of adhesion molecules 
on the surface of the endothelial cells. Retinal 
hypoxia has been shown to increase the expres-
sion of pro-infl ammatory cytokines, including 
tumour necrosis factor (TNF)- a   [  80  ] , which is 
known to up-regulate the expression of retinal 
endothelial cell adhesion molecules such as intra-
cellular adhesion molecule (ICAM)-1 and vascu-
lar cell adhesion molecule (VCAM)-1  [  44  ] . 

 As in most vascular beds, tissue hypoxia elicits 
retinal vasodilatation leading to an increase in 
retinal blood fl ow  [  165  ] . In the diabetic retina, 
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when tissue hypoxia reaches a certain threshold, it 
may override the direct vasoconstrictive effects of 
diabetes, thereby instigating the shift to retinal 
hyperperfusion. Among the proposed mecha-
nisms to explain retinal hypoxic vasodilatation 
are the release of metabolic factors from the sur-
rounding neural tissues and the production of 
vasoactive agents from the endothelium  [  60  ] . 
Several mediators have been suggested to play a 
role in retinal hypoxic vasodilatation, including 
lactate  [  32,   82,   99,   195  ] , adenosine  [  84  ] , VEGF 
 [  47  ] , retinal-derived relaxing factor  [  60  ]  and nitric 
oxide (NO)  [  144  ] . Although a number of these 
factors are known to be elevated in the diabetic 
retina  [  156  ] , their relative contribution to the reti-
nal hyperperfusion observed in the later stages of 
diabetic retinopathy has yet to be determined.  

    15.4.2   Retinal Autoregulation 
in Diabetes 

 As the retinal vasculature lacks autonomic inner-
vation  [  124  ] , modulation of retinal blood fl ow is 
dependent on local control mechanisms, such as 
pressure and metabolic autoregulation  [  62  ] . 

 Pressure autoregulation refers to the innate 
ability of the retina to keep blood fl ow constant 
despite physiological changes in systemic arterial 
blood pressure. For example, when blood pres-
sure is increased during exercise, or dips noctur-
nally, then retinal vessels may constrict or dilate, 
respectively, to maintain a constant supply of 
nutrients to the retina  [  65  ] . Pressure autoregula-
tory responses in the retina are thought to be myo-
genic in origin  [  61  ] , whereby the smooth muscle 
of the retinal arteries and arterioles responds to 
increased intraluminal pressure/cell stretch by 
contracting, thereby increasing vascular resis-
tance. Previous studies have shown that pressure 
autoregulation of retinal blood fl ow is impaired in 
patients with early background retinopathy. For 
example, Rassam et al. studied changes in retinal 
haemodynamics in response to an increase in 
blood pressure (elicited by intravenous infusion 
of tyramine) in normotensive control subjects 
and diabetic patients under conditions of low 
(<10 mmol l −1 ) and high glucose (>15 mmol l −1 ) 

 [  159  ] . They found that retinal blood fl ow remained 
constant in non-diabetic subjects until the mean 
arterial pressure (MAP) was raised by 40%. 
However, a 30% pressure elevation increased reti-
nal blood fl ow in well-controlled diabetic patients, 
and only a 15% increase in MAP was necessary to 
increase retinal perfusion in the same patients 
under hyperglycaemic conditions. Abnormal 
pressure autoregulation in the retinal vasculature 
of diabetic patients has also been demonstrated in 
response to increased intraocular pressure  [  169  ] . 

 Metabolic autoregulation describes the adjust-
ment of blood fl ow to closely match retinal meta-
bolic demand. Several metabolic mediators have 
been proposed to play a role including oxygen, 
carbon dioxide, K + , H + , lactate and adenosine 
 [  160  ] . Hyperoxia exerts a potent vasoconstrictor 
effect on the retinal vasculature, and this response 
has been used as a method for determining meta-
bolic autoregulatory function in the retina during 
diabetes. Grunwald et al. examined the effect of 
pure oxygen breathing on retinal blood fl ow in 
controls and diabetic patients with varying 
degrees of retinopathy. Hyperoxia produced a 
decrease in retinal blood fl ow of 61% in control 
subjects, 53% in patients with no retinopathy, 
38% in those with background retinopathy and 
24% in patients with proliferative retinopathy 
 [  92  ] . Similarly, Patel et al. showed that the oxy-
gen reactivity of the retinal circulation was 
impaired in diabetic patients with background 
retinopathy under conditions of normoglycaemia 
and reduced further in the same patients when 
their blood glucose levels were elevated  [  153  ] . In 
agreement with a reduction in the oxygen reactiv-
ity of the retinal circulation, it has been reported 
that diabetic dogs exhibit a larger increase in pre-
retinal oxygen tension than normal dogs when 
given 100% oxygen to breath  [  69  ] . More recently, 
Berkowitz and colleagues have demonstrated 
similar fi ndings in diabetic patients  [  184  ]  and 
experimental rodent models  [  27  ]  using MRI-
based imaging. 

 Since autoregulatory mechanisms are active 
under normal physiological conditions, impair-
ment of retinal vascular autoregulation may con-
tribute to the retinal hyperperfusion observed in 
the later stages of diabetic retinopathy  [  120  ] . 
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However, the loss of retinal blood fl ow autoregu-
lation most likely results from the progressive tis-
sue hypoxia that occurs as the disease develops. 
For instance, a number of studies have shown that 
panretinal photocoagulation, which increases 
oxygenation of the inner retinal layers  [  35  ] , mark-
edly improves the retinal vascular response to 
hyperoxia in diabetic patients with proliferative 
retinopathy  [  92,   93  ] .   

    15.5   Retinal Blood Flow and the 
Long-Term Lesions of Diabetic 
Retinopathy 

 We have proposed a model to explain how altera-
tions in retinal blood fl ow may lead to the initia-
tion and progression of diabetic retinopathy 
(Fig.  15.3 ). In particular, an emphasis has been 
placed on interrelationships between retinal blood 
fl ow and the evolution of the microvascular lesions 
that are characteristic of the disease. While retinal 
hypoperfusion may be an initiating event in the 
pathogenesis of diabetic retinopathy, considerable 
evidence suggests that retinal hyperperfusion may 
play an important role in accelerating microvas-
cular damage in the later stages of the disease. 
The importance of retinal hyperperfusion in 

 diabetic retinopathy is suggested by clinical 
observations that raised intraocular pressure  [  186  ]  
and moderate stenosis of the carotid artery  [  152  ] , 
which reduce or normalise retinal blood fl ow, pro-
tect against the development of advanced stages 
of the disease. In contrast, conditions such as 
hypertension  [  85  ]  and pregnancy  [  107  ] , which 
increase retinal blood fl ow, are associated with a 
faster disease progression. Signifi cantly, it has 
also been shown that patients with mild diabetic 
retinopathy who fail to demonstrate an improve-
ment in haemodynamic indices through normali-
sation of blood glucose tend to show a more rapid 
progression of the disease on follow-up  [  90  ] . In 
the following section of this chapter, we evaluate 
the microvascular changes that are manifest in the 
retinal microvasculature during long-term diabe-
tes and consider how alterations in retinal blood 
fl ow may contribute to the pathology observed.  

    15.5.1   Basement Membrane 
Thickening 

 The vascular basement membrane (BM) provides 
structural support and infl uences the growth, 
function and survival of the endothelial and mural 
cells of retinal microvessels  [  42  ] . Laminin, 
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fi bronectin, proteoglycans and collagens have 
been identifi ed as major components of the BM 
in retinal capillaries, arterioles and venules  [  70, 
  126  ] . Retinal capillary BM thickening is a promi-
nent and characteristic feature of human and 
experimental diabetic retinopathy  [  41,   131,   173  ] . 
Evidence suggests that BM thickening develops, 
at least in part, as a direct consequence of 
increased synthesis of BM components. In the 
human diabetic retina, mRNA expression of col-
lagen IV is increased twofold  [  162  ] . Similarly, in 
diabetic mice, the retina exhibits increased tran-
script levels of the  a 1 (IV) chain of collagen, as 
well as of the  b 1 and  g  chains of laminin and 
fi bronectin  [  149  ] . Reduced BM degradation by 
proteolytic enzymes may also contribute to vas-
cular BM thickening in the diabetic retina. 
Advanced glycation end products (AGEs) accu-
mulate in the retinal microvasculature during dia-
betes  [  175  ] , and these adducts precipitate 
enhanced cross-linking in vascular BMs with 
associated reductions in BM degradability and 
abnormal vessel elasticity  [  143  ] . Indeed, inhibi-
tion of AGE formation during diabetes can pro-
tect against BM thickening in diabetic rats  [  78  ] . 

 Increased blood fl ow may also be a signifi cant 
factor in retinal capillary BM expansion during 
long-term diabetes  [  120  ] : Retinal hyperperfusion, 
together with an increase in blood viscosity  [  171  ] , 
tends to increase shear stress to the vessel wall. 
Shear stress is known to regulate endothelial cell 
gene expression through activation of multiple 
intracellular signalling cascades. Increased shear 
stress increases endothelial cell expression of sev-
eral BM components including collagen, laminin 
and fi bronectin  [  180  ] . In addition, increased shear 
stress may act to preserve the integrity of the 
microvascular wall by inducing the expression of 
inhibitors of matrix degrading proteases  [  139  ] . 
Morphometric analysis of the retinal vasculature 
from diabetic rats and dogs supports the concept 
that increased blood fl ow may play a role in reti-
nal capillary BM thickening. Shear stress levels 
are higher on the arterial side of the retinal micro-
circulation  [  145  ] , and in diabetes, BM thickening 
is more pronounced in capillaries that are situated 
in close vicinity to the retinal arteries and arteri-
oles (Fig.  15.4 )  [  14,   173  ] .   

    15.5.2   Pericyte and Smooth Muscle 
Cell Death 

 Although pericytes are present in all vascular 
beds, they are thought to be particularly impor-
tant in the retina where the ratio of these cells to 
vascular endothelial cells is greater than in any 
other microvascular bed  [  23  ] . The selective loss 
of pericytes from the capillary/venular wall is a 

a

b

  Fig. 15.4    ( a ) Arterial capillary from a 5-year diabetic 
dog retina shows greater and more irregular basement 
membrane ( BM ) thickening ( red arrows ) than in a venous 
capillary from the same retina ( b ). The BM between the 
endothelial cell ( E ) and pericyte processes ( P ) is charac-
teristically thinner than at other cellular interfaces ( green 
arrow ). Pericyte coverage is greater in vessel  A , consistent 
with its proximity to the arterial circulation. ( b ) Venous 
capillary from the same 5-year diabetic dog retina depicted 
in ( a ) shows less basement membrane ( BM ) thickening 
( blue arrows ) than in the arterial capillary. Once again, the 
BM between the endothelial cell ( E ) and pericyte process 
( P ) is characteristically thinner than at other locations 
( yellow arrow )       
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histopathological hallmark of diabetic retinopathy 
 [  50,   51  ] , and pericyte dropout can be detected by 
the presence of “ghosts” in trypsin digest 
(Fig.  15.5 ) and transmission electron microscopy 
preparations. Pericyte ghosts represent pockets of 
cell debris within the BM pocket at sites of peri-
cyte cell death. In parallel with pericyte loss, 
there is also a selective degeneration of vascular 
smooth muscle cells in the retinal arteries and 
arterioles (Fig.  15.6 )  [  79,   81  ] . In trypsin digests, 
vascular smooth muscle cell loss is associated 
with vasodilatation, which is often focal in nature, 
but may also be more widespread across the 
entire length the vessel. The dropout of retinal 

pericytes and smooth muscle cells may severely 
aggravate the retinal haemodynamic abnormali-
ties observed in long-term diabetes and probably 
explains why retinal blood fl ow changes appear 
to be irreversible in some diabetic patients with 
established retinopathy  [  90  ] .   

 The mechanisms underlying pericyte and 
smooth muscle cell death are complex and not 
fully elucidated. However, the loss of both cell 
types is probably linked as they have a common 
ontogeny  [  19  ] , display similar morphological 
characteristics and share common survival factors 
 [  79  ] . It seems unlikely that retinal hyperperfusion 
directly contributes to pericyte and smooth muscle 

  Fig. 15.5    Trypsin digest of 
retinal vasculature of 5-year 
diabetic dog. A pericyte 
“ghost” ( arrow ) in the wall of 
a small venule stains red with 
the periodic acid-Schiff 
technique. Normal pericyte 
( P ) and endothelial cell nuclei 
( E ) stain blue with 
haematoxylin       

  Fig. 15.6    Trypsin digest 
of retinal vasculature from 
5-year diabetic dog shows 
widespread loss of arteriolar 
smooth muscle ( SM ) cells 
( thick arrows ). SM cell 
“ghosts” stain red with the 
periodic acid-Schiff technique 
( thin arrows ). Several 
contiguous capillaries 
adjacent to the major arteriole 
( A ) are completely acellular 
( dashed box )       
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cell death during long-term diabetes, but it may act 
indirectly as a consequence of BM thickening. 
A close communication between endothelial cells 
and pericytes/vascular smooth muscle cells is vital 
for the maintenance of vessel integrity and func-
tion. Endothelial cells release platelet-derived 
growth factor B (PDGF-B) for pericyte/vascular 
smooth muscle cell recruitment and survival  [  26, 
  31,   127  ] , while pericytes/vascular smooth muscle 
cells express vascular endothelial growth factor 
and angiopoietin-1 which enhance the survival and 
integrity of the endothelium  [  19,   57,   176,   185  ] . 
BM thickening may limit communication between 
endothelial cells and pericytes/vascular smooth 
muscle cells and thus contribute to accelerated 
vascular cell death and vessel instability in the dia-
betic retina. The reason why the mural cells are 
lost in advance of the endothelial cells may relate 
to differences in their replicative capacity. In ves-
sels of diabetic rats, the endothelial cells show 
increased replication, whereas the pericytes and 
smooth muscle cells display almost no replicative 
capacity  [  166  ] . The distribution of mitotic endothe-
lial cells is consistent with increased cell turnover 
rather than uncontrolled proliferation  [  141  ] . Thus, 
it appears that in vivo both the mural and endothe-
lial cells undergo premature cell death, but that 
only the endothelial cells can make good the defi -
cit, in the short term at least. In addition to BM 
thickening, oxidative stress, AGE formation, 
increased fl ux through the polyol pathway and 
retinal depletion of key growth/survival factors 
have all been implicated in pericyte/vascular 
smooth muscle cell apoptosis in the diabetic reti-
nal vasculature  [  66  ] .  

    15.5.3   Microaneurysms 

 Capillary microaneurysms are normally the earli-
est clinically recognisable feature of diabetic 
retinopathy. Although retinal microaneurysms 
have also been described in other non-diabetic 
conditions (e.g. hypertension, retinal branch vein 
occlusions and leukaemia), they appear with the 
greatest frequency in diabetic retinopathy  [  20  ] . 
Ophthalmoscopically, microaneurysms appear as 
small, dark red spots, varying between 10 and 

100  m m in diameter. On fl uorescein angiography, 
microaneurysms are manifest as hyperfl uorescent 
spots that fade in the later phases of the angio-
gram. Trypsin digest preparations of post-mortem 
diabetic eyes show that microaneurysms may be 
classifi ed into several distinct morphological 
forms, ranging from thin-walled cellular types 
to dense, acellular, hyalinised forms  [  83  ] . Ultra-
structurally, early stage microaneurysms show an 
extensive accumulation of large numbers of 
monocytes and polymorphonuclear cells  [  174  ] . 
The recruitment of infl ammatory cells may dam-
age the endothelium, and it is apparent that later-
stage microaneurysms are without an endothelial 
cell lining  [  174  ] . Loss of endothelium-derived 
anticoagulants may account for the observed 
accumulation of red blood cells and microthrombi 
that are typical of these microvascular abnormali-
ties. With time, microaneurysms become fi lled 
with BM components and lipid and consequently 
may disappear on fl uorescein angiography  [  100  ] . 

 Several possible mechanisms of microaneu-
rysm formation have been proposed including 
microvascular BM damage, changes in intralumi-
nal rheology, pericyte cell death and endothelial 
cell proliferation  [  79  ] . Of these mechanisms, 
selective pericyte loss appears to be critical since 
retinal microaneurysms invariably lack viable 
pericytes and only occur in capillary beds where 
pericyte loss is established  [  196  ] . However, the 
loss of pericytes alone is unlikely to cause microa-
neurysm formation since diabetic retinal capillar-
ies can remain perfused and viable without a 
pericyte covering  [  174  ] . Retinal arteriolar vaso-
dilatation and hyperperfusion is thought to be 
associated with an increase in capillary pressure 
 [  120,   183  ] , which may account for capillary wall 
stretching at weak points and subsequent microa-
neurysm formation. The role of intraluminal 
pressure in the pathogenesis of microaneurysms 
is supported by the observation that these lesions 
tend to occur largely on the arterial side of the 
capillary bed in both diabetic patients and long-
term animal models such as diabetic dogs 
(Fig.  15.7 )  [  79,   174  ] . It is intriguing to note that 
microaneurysms do not develop in diabetic 
rodents. This may be because the rodent retinal 
vasculature, unlike that in humans and dogs, 
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 contains pre-capillary sphincters  [  150  ]  which 
may render the capillary beds less susceptible to 
hypertensive injury. In diabetic patients, microa-
neurysms tend to cluster upstream of large areas 
of capillary non-perfusion, suggesting that these 
lesions may contribute to downstream capillary 
occlusion in the diabetic retina (Fig.  15.8 )  [  79  ] . 
Consistent with this, microaneurysms have been 
identifi ed as important predictive lesions for the 
progression of diabetic retinopathy  [  116  ] .    

    15.5.4   Capillary Acellularity 

 Diabetes appears to greatly accelerate the death 
and renewal of retinal microvascular endothe-
lial cells  [  142,   166  ] . However, with prolonged 
 exposure to the diabetic milieu, endothelial cells 
may exhaust their replicative lifespan, as occurs 
with all somatic cells when their Hayfl ick limit 
is exceeded  [  98,   129  ] . In addition, recent 
 experimental and clinical studies have suggested 

  Fig. 15.7    Low-magnifi cation image of a trypsin digest 
from a type 2 diabetic patient with long-standing (>15 years) 
non-proliferative diabetic retinopathy. Note that microan-
eurysms are predominantly located on capillaries adjacent 
to pre-capillary arterioles ( arrows ). Faintly stained acellular 

capillaries underlie many regions of the capillary bed, 
although confl uent regions tend to have a peri-arteriolar 
location and may be bridged by intra-retinal microvascular 
abnormalities ( IRMA ), as in the lower part of the image or 
not, as in the  boxed region . Artery ( A ), vein ( V )       

  Fig. 15.8    Low-magnifi cation 
image of a trypsin digest from 
a type 2 diabetic patient with 
long-standing (>15 years) 
non-proliferative diabetic 
retinopathy. Several 
microaneurysms ( M ) lie 
immediately downstream of 
pre-capillary arterioles and 
upstream of acellular 
capillaries. Smooth muscle 
cell loss is evident in the 
arteriolar branches ( arrows ). 
First-order retinal arteriole 
( A ) and major retinal vein ( V )       
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circulating bone-marrow-derived endothelial 
progenitor cells are dysfunctional in diabetes, 
thereby leading to inadequate endothelial cell 
regeneration and vascular repair  [  71  ] . These 
changes may eventually lead to the formation of 
acellular capillaries (empty tubes of basement 
membrane devoid of an endothelial covering 
and mural pericytes, Figs.  15.6 ,  15.7 , and  15.8 ), 
which are a universal fi nding in retina from 
long-term diabetic animal models and post-mor-
tem specimens  [  79  ] . Through careful compari-
son of fl uorescein angiograms with retinal 
trypsin digest preparations, it is clear that acel-
lular capillary beds correspond clinically with 
areas of retinal non-perfusion  [  119  ] . 

 As described earlier, changes in retinal blood 
fl ow during diabetes may contribute to the 
degeneration of retinal capillaries by promoting 
retinal leukostasis, vascular BM thickening 
and microaneurysm formation. It has also been 
postulated that increased shear stress resulting 
from increased blood fl ow in the later stages 
of diabetic retinopathy may directly provoke 
retinal endothelial cell death and capillary 
occlusion  [  49,   120  ] . Physiological levels of 
shear stress are known to suppress endothelial 
cell apoptosis through activation of pro-survival 
signalling pathways such as the PI3/Akt path-
way  [  63  ] . In contrast, pathologically high levels 
of shear stress have been reported to induce 
endothelial cell death  [  125  ] . Interestingly, there 
is geographic variability in the distribution 
of acellular capillaries (and microaneurysms) 
within the diabetic retina. In both dogs and 
humans, capillary acellularity is signifi cantly 
more prevalent within the temporal retina than 
in the nasal retina  [  109,   179  ]  and progresses 
from the arterial to venous side of the retinal 
circulation as the disease progresses  [  21  ] . These 
fi ndings may provide some support for the 
notion that retinal haemodynamics contribute 
to acellular capillary formation in the diabetic 
retina since the blood fl ow rate in temporal reti-
nal vessels is known to be much greater than 
that in nasal vessels  [  158  ] , and fl ow-related 
stress is likely to be greater in the juxta-arterio-
lar capillary beds.   

    15.6   Retinal Blood Flow and Vision 
Loss in Diabetic Retinopathy 

    15.6.1   Diabetic Macular Oedema 

 Diabetic macular oedema (DME) is a manifesta-
tion of diabetic retinopathy that produces loss of 
central vision. DME is characterised by hyperper-
meability of the retinal blood vessels leading to 
swelling of the neural retina within the macular 
region. Although DME can develop at virtually 
any stage of diabetes, it is most prevalent during 
the later phases of the disease. In the Wisconsin 
Epidemiologic Study of diabetic retinopathy, 
DME was discovered in 2–6% of patients with 
mild non-proliferative retinopathy, 20–63% of 
patients with moderate to severe non-proliferative 
retinopathy and 70–74% of patients with prolif-
erative retinopathy  [  112  ] . In fl uorescein angio-
grams, DME is classifi ed as being either focal or 
diffuse. Focal DME is caused by microaneurysms 
that leak fl uid into the retina, while diffuse DME 
is characterised by generalised leakage from 
dilated capillaries within the macular area  [  87  ] . 
Untreated, over one-half of diabetic patients with 
DME will lose two or more lines of visual acuity 
within 2 years  [  75  ] . The Early Treatment Diabetic 
Retinopathy Study (ETDRS) demonstrated that 
focal laser photocoagulation in the macula pro-
vides benefi t to patients with DME  [  2,   6  ] . 
However, the principal effect of laser photocoagu-
lation was to reduce further visual loss rather than 
to improve visual acuity. As a result, considerable 
research effort has been directed towards a better 
understanding of the molecular pathogenesis of 
DME with a view to identifying new therapeutic 
strategies for the treatment of this debilitating 
condition. 

 The disruption of retinal blood fl ow may con-
tribute both directly and indirectly to the devel-
opment of diabetic maculopathy (Fig.  15.3 ). 
According to Starling’s law, fl uid distribution 
across the retinal capillary beds depends upon the 
hydrostatic and oncotic pressure gradients. The 
hydrostatic pressure gradient is created by blood 
pressure and acts to push fl uid out of the capillar-
ies into the tissue interstitial spaces. The oncotic 
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pressure gradient is caused by the larger concen-
tration of proteins in the capillaries and acts to 
draw interstitial fl uid into the capillaries. When 
the hydrostatic pressure gradient and oncotic 
pressure gradient are in balance, there is no net 
movement of fl uid between the capillaries and 
the tissue compartment. In the retina, it is particu-
larly important that these forces balance one 
another out since there are no lymphatic channels 
present within this tissue to drain excess fl uid 
from the interstitium. In diabetic retinopathy, 
DME probably arises as a consequence of both 
increases in capillary hydrostatic pressures and a 
reduction in the oncotic pressure gradient induced 
by inner blood-retinal barrier breakdown and the 
extravasation of plasma proteins. As described 
earlier (see Sect.  15.5.3 ), the hydrostatic pressure 
in the retinal capillaries is increased during long-
term diabetes due to retinal arteriolar vasodilata-
tion and increased retinal blood fl ow. Work from 
Stefansson and colleagues has shown that a pro-
gressive dilatation of the retinal arterioles occurs 
prior to the development of DME  [  122  ]  and that 
regression of DME following laser photocoagu-
lation is associated with retinal vasoconstriction 
 [  88  ] . Further evidence that DME may result from 
increased hydrostatic pressure within the retina 
comes from studies showing that the risk of dif-
fuse DME is >3-fold greater in patients with 
hypertension  [  132  ]  and that reducing blood pres-
sure may protect against this condition  [  4,   5  ] . The 
reduction in the oncotic pressure gradient in the 
diabetic retina may be primarily attributed to 
hypoxia-induced up-regulation of vasoperme-
ability factors, especially VEGF  [  146  ] . The inner 
blood-retinal barrier is formed by tight junctions 
between adjacent endothelial cells of the retinal 
vessels, which effectively blocks paracellular 
vascular permeability (i.e. the transport of sub-
stances between cells). Several tight junction 
proteins, including transmembrane proteins, such 
as occludin, the claudin family and the membrane 
associated protein zonula occludens, contribute 
to the formation of the blood-retinal barrier  [  68  ] . 
VEGF is believed to increase retinal vascular per-
meability, at least in part, through a pathway 
involving PKC-dependent phosphorylation of 

occludin  [  95  ] . Several clinical studies have 
recently demonstrated the potential of anti-VEGF 
therapies in the treatment of patients with DME 
 [  18,   22,   54,   96,   146  ] .  

    15.6.2   Proliferative Diabetic 
Retinopathy 

 Proliferative diabetic retinopathy involves the 
formation of new blood vessels that develop from 
the venous side of the retinal circulation  [  83  ] . 
The new vessels break through the inner limiting 
membrane and grow either along the retinal sur-
face or directly out into the vitreous cavity. 
Ultrastructurally, the newly formed vessels con-
sist of a thin-walled endothelium ensheathed by 
a basement membrane and vascular pericytes 
 [  94,   190  ] . Unlike normal retinal vessels, the 
endothelial cells of pre-retinal vessels are fenes-
trated  [  188  ]  and presumably contribute to the 
development of DME or its persistence in patients 
with proliferative diabetic retinopathy. The neo-
vascular process introduces fi broblasts/myofi bro-
blasts into the vitreous cavity, and consequently, 
some of the new vessels become enveloped by a 
thick and densely fi brous connective tissue layer 
 [  25  ] . This fi brous tissue contributes to the forma-
tion of fi rm adhesions at the posterior hyaloid 
membrane (interface between retina and vitreous 
body) and may eventually contract as it matures. 
Such traction can result in pre-retinal or vitreous 
haemorrhages or tractional retinal detachment 
leading to sudden visual loss. Proliferative retin-
opathy occurs in approximately 50% of patients 
with type 1 diabetes  [  113  ]  and in about 15% of 
patients with type 2 diabetes who have the dis-
ease for 25 years  [  114  ] . 

 It is widely accepted that ischaemic hypoxia 
constitutes the main driving force responsible 
for the development of proliferative diabetic retin-
opathy. Although several hypoxia-regulated cytok-
ines and growth factors have been implicated in 
the pathogenesis of proliferative diabetic retinopa-
thy, most attention has focused on the role of 
VEGF. The vitreous VEGF concentration is ele-
vated by ~20-fold in patients with active prolifera-
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tive retinopathy compared to those with quiescent 
proliferative retinopathy  [  8  ] . Further more, it has 
been shown that intraocular injection of VEGF 
can stimulate neovascularisation in experimental 
animals  [  181  ] , while interventions to block VEGF 
synthesis and intravitreal injection of soluble 
VEGF-receptor chimeric proteins can suppress 
this neovascularisation  [  11,   161  ] . Panretinal laser 
photocoagulation markedly reduces retinal VEGF 
levels  [  130  ] . Several recent studies have demon-
strated that intraocular  delivery of anti-VEGF 
agents can cause a rapid regression of retinal neo-
vascularisation and an improvement in visual acu-
ity in patients with proliferative diabetic retinopathy 
 [  7,   22,   104,   168 ,  172  ] , the use of these agents is not 
without risks: VEGF represents the major survival 
factor for vascular endothelium and has been 
shown to act as a neuroprotectant in the retina 
 [  148  ] . Therefore, it is arguable that prolonged 
VEGF blockade may compromise the surviving 
intra-retinal circulation and exacerbate intra-reti-
nal ischaemia. Alternatively, or in addition to vas-
cular injury, VEGF-blocking agents may 
precipitate the death of retinal neurons and glia, 
which are known to be stressed and vulnerable to 
the diabetic milieu  [  15  ] .   

    15.7   Conclusions 

 Diabetic retinopathy is a highly complex and 
 multifactorial disease that results from a range of 
interactions between metabolic and haemody-
namic factors within the eye. Although there has 
been some controversy regarding the exact nature 
of the retinal haemodynamic changes that occur 
in diabetes, strong evidence suggests that there 
is an early reduction in retinal perfusion prior to 
the onset of diabetic retinopathy followed by a 
gradual increase in blood fl ow as the disease pro-
gresses. We have proposed a unifying haemody-
namic framework that not only explains how the 
biphasic changes in retinal blood fl ow observed 
in diabetes may be interrelated, but also how 
these changes may contribute directly to the 
development of  retinal microangiopathy and 
vision loss in diabetes. This work may act as a 

primer to  facilitate future studies aimed at better 
understanding the role of retinal haemodynamics 
in the pathogenesis of diabetic retinopathy. The 
development of new treatments for diabetic retin-
opathy has been hampered by the slow time course 
over which the disease progresses. Retinal blood 
fl ow measurements could be useful as a surrogate 
end point for clinical drug trials in diabetic retin-
opathy. However, this will require that retinal 
blood fl ow changes are fully validated as a prog-
nostic biomarker for the downstream microvascu-
lar com plications of diabetic retinopathy. This 
may only be achieved through large-scale, long-
term, prospective studies that specifi cally focus 
on this issue.  

    15.8   Summary for the Clinician 

 Diabetic retinopathy is the leading cause of visual 
impairment and blindness in adults of working 
age in developed countries. During early diabetes 
(<5 years), there is a reduction in retinal blood 
fl ow that may contribute to a low-grade, chronic 
infl ammation of the retinal microvasculature 
resulting in retinal vascular occlusion and capil-
lary cell death. As the disease progresses, an irre-
versible hypoxia is established which triggers a 
switch to retinal hyperperfusion and the develop-
ment of a range of microvascular lesions charac-
teristic of diabetic retinopathy, including BM 
thickening, pericyte and smooth muscle cell 
dropout, microaneurysms and capillary occlu-
sion/acellularity. Careful analysis of these lesions 
in terms of their temporal appearance, ultrastruc-
tural features and spatial localisation within the 
retina strongly supports the concept that altera-
tions in retinal blood fl ow contribute to the vaso-
degenerative stages of diabetic retinopathy which 
eventually lead to vision loss due to clinically 
signifi cant macular oedema and proliferative dia-
betic retinopathy. Despite the many excellent 
studies of ocular blood fl ow in diabetes, further 
work is now needed to fi rmly establish whether 
retinal blood fl ow may be useful as a potential 
prognostic biomarker and therapeutic target in 
diabetic retinopathy.      
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            16.1   Introduction 

 Although metabolic changes of the retinal pig-
ment epithelium (RPE) appear to be primarily 
due to aging, the RPE is also affected by vascular 
changes in the choroid. Vascular changes in the 
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  Core Messages 

    The choriocapillaris layer/Bruch’s mem-• 
brane/retinal pigment epithelium com-
plex represents a single functional unit; 
the dysfunction of CC/RPE complex 
induces the age-related and age macular 
degeneration (AMD)-related changes.  
  Choroidal vascular density is reduced, • 
and signifi cant vasoconstriction of the 
CC may occur.  
  In eyes with geographic atrophy, the • 
RPE degenerates fi rst while CC loss is 
secondary to RPE degeneration. In eyes 
with exudative AMD, degeneration of 
the CC layer occurs while RPE is still 
functional. Resulting ischemia induces 
production of vasoproliferative factors 
from the RPE.  
  Choroidal neovascularization (CNV) • 
would result from a misbalance between 
angiogenic factors, including VEGF, 

and antiangiogenic factors, such as 
PEDF, endostatin, and thrombospon-
din-1. These latter are signifi cantly 
reduced in AMD.  
  An association exists between systemic • 
vascular diseases and AMD.  
  Choroidal blood fl ow decreases accord-• 
ing to age; it is reduced in patients with 
AMD according to the degree of sever-
ity of AMD; the decreases in fl ow pre-
cedes the formation of CNV, strongly 
suggesting that these changes may have 
a role in the development of CNV.  
  Choroidal blood fl ow is dysregulated in • 
patients with exudative AMD.  
  The choroidal watershed zone (WZ) • 
courses through the fovea more often in 
patients suffering from AMD than in age-
matched controls, particularly in the pres-
ence of CNV. Choroidal neovasculariza tion 
usually arises within these WZ.  
  The choroidal microcirculatory abnor-• 
malities observed in eyes with AMD 
support the role of choroidal ischemia in 
the pathophysiology of AMD.    
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choroid have potentially deleterious effects on 
the RPE and, in addition to metabolic changes of 
the RPE due to senescence, may induce the early 
clinical fi ndings in age-related macular degenera-
tion AMD. A healthy RPE is necessary for the 
preservation of the choriocapillaris (CC), since 
RPE loss induces CC degeneration  [  29,   62,   85  ] . 

 Inversely, delayed fi lling of the choriocapil-
laris may correlate with the diffuse thickening of 
Bruch’s membrane  [  97  ] , which is often observed 
in eyes with neovascular age-related macular 
degeneration (AMD)  [  108  ] , and may lead to an 
increased incidence of geographic atrophy  [  99  ] . 

 Prolonged choroidal perfusion was associated 
to a delayed ERG implicit time  [  108  ]  and sco-
topic threshold elevation in dark adapted static 
perimetry  [  22  ] . 

 In addition to environmental infl uences (smok-
ing, sunlight exposure, and nutritional factors), 
the risk factors for AMD are similar to those for 
cardiovascular diseases, such as hypertension, 
suggesting a vascular role in the development of 
AMD. This hypothesis appears to be supported 
by laser Doppler fl owmetry (LDF) data demon-
strating a signifi cant decrease of choroidal blood 
fl ow with age  [  45  ]  as well as with the presence of 
AMD  [  46  ] . In addition, evidence of increased 
vascular resistance in the choroidal vasculature is 
provided by retrobulbar hemodynamics assess-
ment, which indicates increased pulsatility and 
decreased end-diastolic blood fl ow velocity of 
the short posterior ciliary arteries  [  39  ] . 

 Blood fl ow changes affect the metabolism of 
the adjacent external retinal layers and, through 
the release of neovascular mediators, can lead to 
the development of subretinal neovascular tissue 
 [  36  ] . Histopathological studies reveal that abnor-
mal new blood vessels grow from the CC and pro-
liferate through breaks in Bruch’s membrane under 
the retinal pigment epithelium (RPE) and further 
proliferate into the subretinal space between the 
RPE and the neurosensory retina  [  116  ] . 

 Assessment of choroidal blood fl ow (ChBF) 
allows the evaluation of the potential hemody-
namic changes during progressive stages of AMD 
macular changes.  

    16.2   Choroidal Blood Flow 

 Choroidal blood fl ow is about ten times higher 
than the fl ow in the gray matter of the brain and 
four times that of the kidney  [  10  ] , with fl ow esti-
mates ranging from 500 to 2,000 ml/min/100 g 
 [  5,   7,   9,   11,   15–  18  ] , even though a corresponding 
difference in metabolic requirements does not 
exist. 

 This high rate of blood fl ow  [  4  ]  is attributable 
to the low resistance of the choroidal vascular 
system, a consequence of the unusually large 
caliber of the choriocapillary lumen. Eighty-fi ve 
of the total blood fl ow to the eye is distributed to 
the choroid and only 4% to the retina. The remain-
ing fl ow perfuses the ciliary body (10%) and the 
iris (1%)  [  9,   10  ] . 

 The more obvious function of high choroidal 
blood fl ow is the delivery of oxygen and nutri-
ents and the removal of metabolic waste; the 
high blood fl ow would optimize the partial pres-
sure and concentration gradients for effi cient 
metabolic exchanges between the choroid and 
the retina. Consequently, the oxygen extraction 
from the choroidal blood is very low: the arterio-
venous difference is only about 3%  [  6,   9  ] . As a 
result of the low oxygen consumption from the 
choroid, high tissue oxygen partial pressure 
(PO 

2
 ) values (superior to 80 mmHg) are recorded 

at the choroid  [  3,   78,   104  ] . High choroidal PO 
2
  

values are essential to assure about 65 mmHg 
PO 

2
  decrease between the choriocapillaris and 

the inner segments of photoreceptor  [  132  ] . In 
pigs, about 60% of oxygen and 75% of glucose 
are delivered to the retina by the choroidal circu-
lation, despite the low oxygen extraction from 
the choroidal blood  [  130  ] . 

 The oxygen content of the retinal venous 
blood in humans  [  63  ]  and pigs  [  130  ]  is about 
38% compared to the arterial blood. 

 In man and other primates, the choroidal 
metabolic support of the retina is supple-
mented by the retinal vessels, present only in the 
superfi cial layers, and retinal blood fl ow is rela-
tively small, that is, 25–50 ml/min/100 g  [  5,   7, 
  9,   12,   18  ] .  
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    16.3   Systemic Vascular Factors 
and AMD 

 A great number of risk factors for the develop-
ment of AMD are identical to those of cardiovas-
cular pathologies. Systemic hypertension  [  66,   72, 
  135  ] ; history of coronary, carotid, and peripheral 
vascular disease  [  136  ] ; serum cholesterol  [  71  ] ; 
dietary fat intake  [  82,   124  ] ; body mass index 
 [  119  ] ; and smoking  [  89,   123  ]  are considered to 
be relevant risk factors. Among these potential 
risk factors, epidemiological studies have shown 
that only smoking has consistently been associ-
ated with AMD  [  123  ] . 

 As a consequence of these associations, 
patients of 49–73 years old presenting early clini-
cal manifestations of AMD could be associated 
to higher risk of cerebrovascular strokes after 
10 years follow-up  [  140  ] . Others added that 
AMD could be linked to higher risk of cardiovas-
cular mortality  [  25  ] . 

 There have been reports linking statin use to a 
lower risk of AMD  [  51,   83,   84,   139  ] . 

 Several authors suggested that hypertension 
could increase the potential risk for the develop-
ment of AMD based on the effects on choroidal 
circulation  [  2,   92  ] . Observational  [  66,   128  ]  and 
prospective studies  [  72,   135  ]  pointed out the 
association between hypertension and AMD risk. 
In the “Beaver Dam Eye Study,” the incidence of 
pigment abnormalities and the risk of AMD man-
ifestation at 10 years were increased in the pres-
ence of high systolic blood pressure and pulse 
pressure at the initial examination  [  72  ] . A two-
fold to threefold risk of neovascular AMD in 
10 years was associated with controlled or uncon-
trolled hypertension under medication at initial 
examination. A threefold risk of incident late-
stage AMD over the next 5 years was observed in 
people whose systolic blood pressure had 
increased more than 5 mmHg from baseline to 
the 5-year follow-up examination, compared with 
people presenting stable systolic blood pressure 
values during the same period. The Australian 
“Blue Mountains Study” demonstrated that focal 
arteriolar narrowing was associated to the inci-

dence of several AMD signs  [  138  ] , underlying 
the association with systemic hypertension. 

 As studies demonstrated an overlap of risk 
factors for AMD and cardiovascular disease, sug-
gestion arises that a common disease mechanism 
may be operative in both AMD and cardiovascu-
lar disease and atherosclerosis, resulting in the 
deposition of lipid in the sclera and in Bruch’s 
membrane. The increasingly rigid sclera would 
act to encapsulate the ocular vasculature in a 
more incompressible compartment, leading to a 
greater degree of systolic-diastolic variation in 
the blood velocity during the cardiac cycle 
 [  35–  37  ] . This working hypothesis gives us the 
correlation between the alterations observed and 
systemic factors. Further investigations are 
needed to know whether AMD-related hemody-
namic abnormalities are due to increased sclera 
rigidity, increased systemic vascular rigidity, or 
both.  

    16.4   Retinal Vascular Changes 
and Retinal Blood Flow in AMD 

 Retinal vascular changes such as focal arteriolar 
narrowing, arteriovenous (AV) nicking, and gen-
eralized retinal arteriolar and venular narrowing 
were recently associated with cerebrovascular 
and cardiovascular outcomes such as stroke  [  90  ]  
and coronary heart disease  [  137  ]  and may be 
markers of microvascular damage from disease 
processes including prolonged hypertension and 
chronic infl ammation  [  141  ] . Less is known 
regarding the associations of focal and general-
ized retinal arteriolar narrowing, AV nicking, and 
retinopathy with AMD. 

 A limited number of population-based cohort 
studies have investigated the association of retinal 
vessel diameter and retinal vascular structural 
changes with the incidence of early (indistinct soft 
or reticular drusen or combined distinct soft drusen 
and retinal pigmentary abnormalities) and late 
(geographic atrophy or neovascularization) AMD. 

 In the Beaver Dam Eye Study, retinal vascular 
characteristics appeared to be weakly related and 
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inconsistently associated with AMD  [  73  ] . 
Arteriole-to-venule ratio was only associated 
with the incidence of soft indistinct drusen and 
the incidence of RPE depigmentation. Focal reti-
nal arteriolar narrowing was not associated with 
the incidence of AMD while AV nicking was 
associated with the incidence of early AMD. The 
Beaver Dam Eye Study also showed that retinal 
arteriolar diameter was not related to the 10-year 
incident early or late AMD and narrower arterio-
lar diameter was associated only with incident 
RPE depigmentation  [  73  ] . 

 Similarly, the Rotterdam Study found no asso-
ciation between incident AMD and retinal vessel 
(artery or vein) diameter  [  67  ] . This latter fi nding 
is consistent with data from the Atherosclerosis 
Risk in Communities Study  [  70  ]  and the Blue 
Mountains Eye Study  [  77,   138  ] . 

 In the Blue Mountains Eye Study, focal arte-
riolar narrowing and AV nicking at baseline were 
weakly associated and of borderline signifi cance 
with the 5-year incidence of both early and late 
AMD  [  138  ] . In the Atherosclerosis Risk in 
Communities Study, focal retinal arteriolar nar-
rowing was associated with RPE depigmentation, 
although it was not associated with other AMD 
changes  [  70  ] . 

 In the 10-year incidence of early and late 
AMD and following adjustment for age, gender, 
smoking, and mean arterial blood pressure, the 
Blue Mountains Eye Study found that the pres-
ence of focal arteriolar narrowing was associated 
with an increased risk of incident neovascular 
AMD and geographic atrophy, although only the 
latter reached statistical signifi cance  [  77  ] . Focal 
arteriolar narrowing was not signifi cantly associ-
ated with incident early AMD, whereas the pres-
ence of moderate/severe AV nicking at baseline 
remained signifi cantly associated with incident 
early and late AMD. No signifi cant association 
was found between baseline arteriolar or venular 
caliber and the 10-year incidence of late or early 
AMD, although a weak association was observed 
between vessel calibers and pigment abnormali-
ties  [  77  ] . 

 Taken together, these population-based data 
suggest that retinal arteriolar changes are incon-

sistently related to the incidence of AMD. 
Arteriovenous nicking seems to be more often 
associated with AMD than any other retinal vas-
cular sign. 

 In stratifi ed analyses, this association was 
found to be present in persons without hyperten-
sion, indicating that the AV nicking–AMD link 
may be independent of hypertensive processes 
 [  77  ] . On the contrary, there seems to be no asso-
ciation between the retinal vessel diameter and 
incident AMD. The signifi cance and reproduc-
ibility of these fi ndings are yet to be determined 
and deserve further research. 

 In recent years, a few studies have also inves-
tigated retinal blood fl ow in AMD. Its relation to 
the disease has not been fully understood. 
Applying the laser Doppler technique to retinal 
arteries of eyes with various degrees of AMD, 
Sato et al. found increasing pulsatility but con-
stant blood fl ow, with increasing severity of AMD 
 [  118  ] . This can be interpreted as an effect of 
reduced compliance proximal to the eye and not 
as increased distal vascular resistance, suggesting 
a more generalized systemic vascular pathology 
rather than an intraretinal vascular pathology. In 
another study, changes in retinal capillary blood 
fl ow in AMD were assessed with the Heidelberg 
retinal fl owmeter  [  107  ] . These results indicated 
no change in blood fl ow in eyes with nonexuda-
tive AMD compared with healthy controls. 
However, reduced capillary blood fl ow in the dis-
ciform stage of late AMD and increased perimac-
ular capillary blood fl ow were found in the 
exudative form of late AMD  [  107  ] . Such hemo-
dynamic data in late AMD need to be interpreted 
with caution as it is yet not clear whether abnor-
malities in retinal capillary blood fl ow are sec-
ondary to an autoregulative reaction or whether 
they are a primary mechanism in the pathogene-
sis of AMD. Subsequent studies did not confi rm 
the previous results and found reduced retinal 
capillary blood fl ow in eyes with nonexudative 
AMD  [  100  ]  and no changes in retinal capillary 
blood fl ow in eyes with exudative AMD compar-
ing to normal controls  [  94  ] . More data about the 
changes in retinal blood fl ow in AMD are 
warranted.  
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    16.5   Choroidal Hemodynamic 
Changes in AMD 

    16.5.1   Choroidal Histopathological 
Vascular Changes in AMD 

    16.5.1.1   Choriocapillaris and Bruch’s 
Membrane in Aging and AMD 

 Macular drusen and focal areas of RPE atrophy, 
in nonexudative AMD eyes, are associated with 
varying degrees of loss of the CC. Drusen, a form 
of deposit on or within Bruch’s membrane, is 
believed to be incompletely digested material 
from the RPE that cannot traverse Bruch’s mem-
brane for removal by the CC. Deposit of the 
debris on/in Bruch’s membrane possibly is a 
result of CC insuffi ciency or alternatively may 
induce CC loss. Hard drusen has been present 
almost always over intercapillary septa and not 
over CC lumens, suggesting that this material 
accumulates on/in Bruch’s membrane where 
transport is probably less effi cient  [  19,   80  ] . 

 Thickening and formation of deposits on 
Bruch’s membrane have been associated with 
angiographic fi lling defects indicating choroidal 
perfusion abnormalities  [  97,   126  ] .  

    16.5.1.2   Anatomical Changes in 
Choriocapillaris/Bruch’s 
Membrane/RPE in Dry AMD 

 In geographic atrophy (GA), the photorecep-
tors and RPE degenerate in a horseshoe-shaped 
pattern surrounding the fovea; the loss of chor-
oidal vasculature appears to be a secondary 
event  [  115  ] . 

 Quantifi cation of CC number and lumen diam-
eters in cross sections indicates a decrease with 
age and a further decline both in AMD  [  105  ] , an 
increase in capillary density and a decrease in 
large blood vessel diameter  [  125  ] , and a narrow-
ing of CC lumen and loss of CC cellularity in 
AMD  [  74  ] . 

 Using the alkaline phosphatase (APase) fl at-
embedding technique, expressing high constitu-
tion of APase activity in choriocapillaris and 
choroidal veins, on human RPE/Bruch’s mem-
brane/CC complex, a two-dimensional analysis 

of the choroidal vasculature with the observation 
of the vascular pattern in fl at perspective and the 
choroidal structure in cross sections of areas in 
which the vasculature has been mapped micro-
scopically was achieved  [  85  ] . 

 An important 90% dropout of RPE cells is 
observed atrophic in areas in the posterior pole 
with the border of the RPE atrophy poorly defi ned 
(Fig.  16.1a, b ). The density of choroidal blood 
vessels in this area was reduced 30–50% com-
pared to the same regions in the control subject; 
however, no area was completely devoid of cho-
riocapillaris. In cross sections through the area 
with RPE atrophy, extreme vasoconstriction of 
surviving CC was apparent (Fig.  16.1c ).  

 In nonsubmacular areas without loss of RPE, 
the CC had APase activity, wide luminal diame-
ters, and structurally appeared normal (Fig.  16.1d ). 
Clinically undetected choroidal neovasculariza-
tion was observed in the periphery and the mac-
ula and was always associated with surviving 
RPE cells. 

 In case of GA with areolar RPE atrophy, a 
severe 53% reduction in vascular density in the 
area from disk to the submacular region was 
observed, associated to an almost complete RPE 
atrophy. The border of the RPE defect was clearly 
delineated and coincided closely with the area of 
decreased choroidal vascular density. Surviving 
CC in the area of RPE atrophy had signifi cantly 
smaller luminal diameters than CC in control 
subjects and in normal areas of the GA eyes. The 
study of GA subjects demonstrated that the RPE 
cells atrophied fi rst followed by degeneration of 
the CC  [  85  ] . Therefore, in this form of AMD at 
least, the loss of choroidal vasculature appears to 
be a secondary event, suggesting that GA is not 
of vascular etiology. Interestingly, even in areas 
with complete RPE atrophy, some CC segments 
remained viable (APase positive) but severely 
constricted, contradicting the data found in ani-
mal models, suggesting that RPE is essential for 
survival of CC  [  75  ] . 

 The association of surviving RPE cells with 
CNV in GA specimens suggests that RPE cells 
may furnish a stimulus for new vessel formation 
or stabilization  [  127  ] .  
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    16.5.1.3   Anatomical Changes in 
Choriocapillaris/Bruch’s 
Membrane/RPE in Exudative 
AMD 

 In subjects with wet AMD characterized by fl uid 
and hemorrhage beneath the RPE or neurosen-
sory retina due to choroidal neovascularization 
(CNV), signifi cant attenuation of CC around 
active CNV and disciform scars were observed. 
The surviving CC and CNV lumens were always 
associated with viable RPE cells, and areas with-
out RPE had greatly reduced areas of viable CC 
as well. In areas completely covered with RPE, 
there were large areas that lacked APase +  CC 
(Fig.  16.2a, b ). The anterior tips of the fan-
shaped CNV formation had viable neovascular 
channels with intense APase activity (Fig.  16.2a ) 
with no choriocapillaris in advance of the CNV 
(Fig.  16.2c ).  

 It was apparent that RPE was present over 
areas with extremely attenuated CC, but the RPE 

was hypertrophic (Fig.  16.2c ). In areas with 
active CNV, the CC was not viable and had 
extremely hypertrophic RPE covering the CNV 
(Fig.  16.2d ); every case of active CNV was asso-
ciated with surviving RPE  [  81  ] .   

    16.5.2   Choroidal Microcirculation 
in AMD 

    16.5.2.1   Angiographic Evaluation 
of the Choroidal Circulation 

 In eyes with AMD, fundus angiographic studies 
have shown evidence of impaired macular chor-
oidal circulation  [  20,   41,   57,   114,   143  ] ; choroidal 
perfusion defect was also detected in 42% of the 
fellow normal eyes in patients with neovascular 
AMD  [  108  ] . 

 The angiographic choroidal fi lling defects and 
prolonged fi lling times in AMD  [  97,   98  ]  may be 
related to reduction in capillary density as well as 

  Fig. 16.1    Dry AMD ( a – d ) in APase fl at mount choroids 
( a ,  b ) and in cross-sections ( c ,  d ). Epi-illuminated ( a ) and 
transilluminated choroid ( b ) with geographic atrophy 
showing a region with RPE atrophy and choriocapillaris 
compromise ( asterisk  in  a  and  b ). A region with surviving 
RPE and viable choriocapillaris is indicated by the  arrows . 

In cross section, the region of RPE atrophy has rarifi ed 
capillaries that are constricted ( arrowheads  in  c ). In a 
region with surviving RPE, the choriocapillaris appears 
normal ( arrowheads  in  d ) (From Lutty and Mcleod  [  81  ] , 
with permission of the editor)       
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narrowing of choriocapillaris lumens  [  85  ] . 
Considering the RPE/Bruch’s membrane/CC as a 
complex, whose function is essential for healthy 
photoreceptors, any loss in CC function or ana-
tomical defi cit could result in debris accumula-
tion and potential RPE hypoxia, dysfunction, and 
death. 

 Angiographic reduction in perfusion or fi lling 
defects have been related to deposit formation on 
Bruch’s membrane  [  97,   98,   126  ]  and higher inci-
dence of geographic atrophy  [  64,   99  ] . 

 A dye dilution analysis of ICG angiography 
demonstrated a statistically signifi cant delayed 
and heterogeneous fi lling in the choriocapillaris 
of eyes with nonexudative AMD compared to 
normal age-matched control eyes  [  24  ] . 

 The choroidal arteries and veins, evaluated by 
ICG video images angiography, indicate that the 
choroidal arterioles are dilated, fewer, run a 

straighter course, and possess fewer bifurcations. 
Their number and the macular fl uorescent inten-
sity in the arterial phase of choroidal fi lling were 
signifi cantly less in patients with AMD as com-
pared to age-matched normal controls. The mean 
and maximum caliber of choroidal veins in the 
macula was increased in AMD eyes. Those fi nd-
ings suggest an implication of poor choroidal 
perfusion of the macula in the pathogenesis of 
AMD  [  93  ] .  

    16.5.2.2   Choroidal Watershed Zones 
and Neovascularization 

 In vivo studies on the choroidal vascular bed have 
shown that the posterior ciliary arteries and all their 
branches right down to their terminal arterioles and 
the choriocapillaris have segmental distribution 
with no functional anastomoses between them and 
thus behave as end arteries. The borderline area 

  Fig. 16.2    Epi-illuminated ( a ) and transilluminated chor-
oid ( b ) from an eye with a wet form of AMD that is char-
acterized by a choroidal neovascular membrane ( asterisk  
in  a  and  b ). The actively growing tips of the neovascular-
ization are intimately associated with viable RPE ( arrows  
in  a ). In advance of the active CNV, there are very few 
viable CC ( b ). Cross section through that choroid in 

advance of the choroidal neovascular membrane ( c ) dem-
onstrates loss of viable choriocapillaris (no APase activ-
ity), but RPE is present. Cross section through the edge of 
the actively growing neovascularization ( arrowheads  in 
 d ) shows hypertrophic RPE ( arrow ) (From Lutty and 
Mcleod  [  81  ] , with permission of the editor)       

 



C.J. Pournaras et al.396

between the territories of distribution of any two 
end arteries is defi ned as watershed zone  [  55,   59  ] . 
During a decrease in the perfusion pressure in the 
vascular bed of one or more end arteries, the water-
shed zone, being an area of comparatively poor 
blood fl ow supply, is most vulnerable to hypoxia-
ischemia  [  60  ] . 

 In the brain, development of watershed zone 
infarcts along the borders of areas of supply by 
the cerebral arteries is well known  [  131  ] . The 
presence and location of the watershed zone have 
been implicated in the pathogenesis and the type 
of visual fi eld defects observed in anterior isch-
emic optic neuropathy and normal-tension 
glaucoma. 

 Following the fi rst observations concerning a 
relation between CNV and watershed zones  [  52, 
  53  ] , an increased incidence has been reported to 
occur in patients with AMD, especially those 
with the exudative form, compared to age-
matched control subjects  [  114  ] . 

 Macular choroidal watershed zones were 
defi ned as characteristic vertical, angled, or stel-
late-shaped zones of early and transient choroidal 
hypofl uorescence, produced by the delayed fi ll-
ing of a portion of the choriocapillaris layer; the 
subsequent perfusion of the watershed zone from 
the adjacent choriocapillaris causes its disappear-
ance and the production of an even background 
fl uorescence  [  41,   58,   59,   114  ] . 

 In normal subjects, the topographic variation 
of the watershed zone of the choroid has been 
shown by fl uorescein angiography studies to have 
typically a vertical pattern  [  42  ] . 

 In vivo experimental studies in rhesus mon-
keys and in man, using fl uorescein angiography 
as the main research technique, modifi ed radi-
cally our conception of the choroidal vascular 
bed. Contrary to the results provided by postmor-
tem cast studies suggesting that the choriocapil-
laris forms a freely communicating and an 
uninterrupted vascular bed in the entire choroid, 
in vivo studies have shown the choroidal vascular 
bed to be a segmental and an end-arterial system 
 [  55,   59,   60  ] , with each choriocapillaris lobule 
being a functional independent unit with no anas-
tomoses with the adjacent lobules in the living 
eye  [  54  ] . Thus, in vivo studies with fl uorescein 

angiography reveal the actual physiologic circu-
latory pattern. Similarly, Flower used a technique 
by which images of only choriocapillaris blood 
fl ow are extracted from high-speed ICG angiog-
raphy in rhesus monkeys and reported that the 
posterior pole choriocapillaris does not behave as 
a homogeneous structure. Observed areas of lob-
ular ICG-dye fi lling were viewed as evidence that 
choriocapillaris blood fl ow can be at least func-
tionally segmented  [  33  ] . 

 The choroid is therefore an end-arterial tissue 
and, as such, has watershed zones located at the 
border between the areas of distribution of any 
two or more end arteries. The apical parts of the 
various segments supplied by the short PCAs 
meet each other in the center of the macula. 
Multiple watershed zones meet in the macula, 
and consequently are most vulnerable to isch-
emic disorders. Thus, the submacular choroid is 
predisposed to chronic ischemia and neovascu-
larization more than any other part of the poste-
rior choroid. 

 There is also experimental and clinical evi-
dence that the macular choroid is more vulnera-
ble to ischemia. In experimental animal studies 
on malignant arterial hypertension, choroidal 
ischemia was the main feature of the hyperten-
sive choroidopathy, and the choroidal ischemic 
lesions were most prominent in the macular area, 
with fundus fl uorescein angiography revealing a 
marked selective, delayed fi lling of the macular 
choroid, particularly in its central part  [  61  ] . 

 When the perfusion pressure was lowered in 
the ocular vessels by lowering the systemic blood 
pressure, fl uorescein angiography also revealed 
delayed fi lling of the macular watershed zones 
and of the central choriocapillaris layer  [  56,   57  ] . 

 In patients with exudative AMD and choroidal 
watershed zone(s), three patterns were identifi ed 
(Table  16.1 ). The stellate pattern of the watershed 
zone was the most common one (60%), followed 
by the vertical (36%), and the angled one (4%). 
Choroidal neovascularization arose within the 
watershed zone in 88% of cases  [  86  ] . Schematic 
presentations of the various patterns are illus-
trated in Fig.  16.3 .   

 The  stellate-shaped watershed zone  seen in 30 
(60%) consisted of a vertical part associated with 
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   Table 16.1    Topographic variation of the choroidal watershed zone (WZ) and its relation to choroidal neovasculariza-
tion (CNV) in exudative age-related macular degeneration   

 Pattern of the WZ 
 Number and (%) 
of patients  Relation between WZ and CNV 

 Stellate  30 (60%)  CNV arose within the center of the WZ 
 Vertical/three subgroups  18 (36%) 
   Coursing through the optic nerve head 

with a part extending into the fovea 
 9/18 (50%)  CNV arose from the part of WZ extending into the 

fovea 
   Coursing through the optic nerve head 

without extending into the fovea 
 6/18 (33%)  CNV arose within the temporal margin of the WZ 

   Coursing through the fovea without 
extending into the optic nerve head 

 3/18 (16.7%)  CNV arose within the WZ 

 Angular  2 (4%)  CNV arose within the WZ 

  Fig. 16.3    Schematic illustration of the different water-
shed patterns and their relation to neovascularization in 
exudative age-related macular degeneration.  Light gray 
lines  delineate the pattern of the posterior choroidal water-
shed zone and  dark gray  areas represent neovasculariza-
tion. ( a ) Vertical pattern coursing through the optic nerve 
head in a normal subject. ( b ) Stellate pattern with neovas-
cularization arising within the center of the  watershed 
zones. ( c ) Vertical pattern coursing through the optic 
nerve head and extending into the fovea. Neovascularization 
arises from the part of the watershed zone extending to the 

fovea. ( d ) Vertical pattern coursing through the optic 
nerve head without extension to the fovea. 
Neovascularization arises from the margin of the water-
shed zone and extends away from it to the fovea. ( e ) 
Vertical pattern coursing through the fovea with no exten-
sion to the optic nerve head. Neovascularization arises 
within the watershed zone. ( f ) Angled pattern of the water-
shed zone coursing through and adjacent to the optic nerve 
head. Neovascularization arises within the watershed 
zone       
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multiple smaller triangular zones. The vertical 
part of the stellate pattern was coursing through 
and/or adjacent to the optic nerve head and cor-
responded to the watershed zone between the 
medial and lateral posterior ciliary arteries. The 
smaller triangular zones corresponded to the 
watershed zones that exist between the adjacent 
distal and temporal short posterior ciliary arter-
ies, branches of the lateral posterior ciliary artery 
 [  59  ] . These triangular watershed zones were seen 
to meet each other in the center of the macula. 
The choroidal neovascularization arose within 
the center of these watershed zones in all these 
cases (Fig.  16.4 ).  

 A  vertical orientation of the watershed zone  
was observed in 18 (36%) of the 50 patients, and 
three subgroups could be identifi ed. Nine (50%) 
of these 18 patients had a vertical zone coursing 
through the optic nerve head with a part extend-
ing into the fovea. In all these cases, the choroidal 
neovascularization arose from the part extending 
into the fovea. Six (33.3%) of the 18 patients had 
a vertical zone coursing through the optic nerve 
head without extension into the fovea. In all these 
cases, the choroidal neovascularization arose 

from the temporal margin of the watershed zone 
and was seen extending away from it to the fovea. 
Three (16.7%) of the 18 patients had a vertical 
zone coursing through the fovea without involve-
ment of the optic nerve head. In all these cases, 
the choroidal neovascularization arose within the 
watershed zone. 

  An angled-shaped watershed zone  coursing 
through the optic nerve head and the fovea was 
observed in 2 (4%) of 50 patients. In both cases, 
the choroidal neovascularization arose within the 
watershed zone. 

 The choroidal neovascularization arose within 
the watershed zone in 44 (88%) of the 50 patients, 
that is, whenever it was coursing through or 
extending into the fovea. It arose from its margin 
in 6 (12%) of the 50 patients, corresponding to 
the subgroup of patients who presented a vertical 
zone coursing through the optic nerve head with-
out any extension to the fovea. Even when the 
watershed zone was not concerning the fovea, 
some portion of it was always noted to involve at 
least a part of the macular region, that is, either 
the temporal peripapillary choroid or the maculo-
papillary bundle. 

  Fig. 16.4    ( a ) Stellate pattern of the watershed zone as 
shown in indocyanine green angiography. Note the verti-
cal part that corresponds to the watershed zone between 
the medial and lateral posterior ciliary arteries and multi-

ple small triangular watershed zones between the distal 
and temporal short posterior ciliary arteries (indicated by 
 white arrows ). ( b ) Choroidal neovascularization arose 
within the center of the watershed zones       
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 All types of CNV were observed, and their 
relatively few numbers did not allow to make any 
correlation between the different subtypes of 
neovascular ARMD and a particular pattern of 
watershed zone. 

 Giovannini et al. studied the choroidal fi lling 
pattern in 145 patients with AMD with or without 
CNV and looked for a correlation with the CNV. 
They found a correspondence in 71% of cases 
between the watershed zones and the site of the 
CNV. In 59% of cases with AMD, there was 
delayed choroidal fi lling compared to 23% of 
cases in the control population; 52% of CNVs 
were seen to grow inside or at the margins of 
zones of delayed choroidal fi lling  [  41  ] . 

 Ross et al. found a higher correspondence 
between CNV and watershed zones. Thirty-three 
(91.7%) of their 36 patients with exudative AMD 
and watershed zones showed the CNV extending 
directly out and away from the watershed zone or 
its border  [  114  ] . In the study by Ross et al., the 
watershed zone was seen to course through or 
adjacent to the fovea in 33 (80.5%) of their 41 
patients (with or without CNV). In our study, this 
was the case in 44 (88%) of the 50 patients. Our 
higher percentages may be due to the fact that we 
only considered patients with exudative AMD 
contrary to the previous studies  [  41,   114  ] . 

 There is an interindividual variation in the pat-
tern and the location of the choroidal watershed 
zone; however, it seems that in normal subjects, it 
has typically a vertical orientation and involves in 
most cases the optic nerve head with or without 
the near choroid. It is less often located between 
the optic nerve head and the fovea and has not 
been reported to extend to the fovea in normal 
subjects. Giuffre evaluated its topographic varia-
tion in 357 normal subjects and found that a ver-
tical pattern was always present and was coursing 
through the optic nerve head with or without the 
near choroid in about half of these cases (46.8%) 
and involved the temporal half of the optic nerve 
head and the near choroid in the other half 
(45.4%). Very rarely, the watershed zone involved 
the nasal half of the optic nerve head (3.1%) or 
the area between the optic nerve head and the 
fovea (4.8%)  [  42  ] . The three control patients 
demonstrating a watershed zone included in the 

study by Ross et al. exhibited purely vertical 
zones, which were coursing directly through (two 
patients) or adjacent to the optic nerve head (one 
patient)  [  114  ] . 

 In the light of experimental and clinical data, it 
is logical to consider that the submacular choroid 
is particularly susceptible to ischemic disorders 
by virtue of the numerous watershed zones meet-
ing there. Since the center of the watershed zone 
is the one that receives blood at lower pressure, it 
follows that a decrease in the perfusion pressure 
of the choroid causes a decrease in blood fl ow that 
is most severe in the center of the watershed zone. 
In the event of such a reduction in the choroidal 
perfusion pressure in association with the altered 
vascular regulation seen in patients with AMD 
 [  103  ] , and/or with the AMD-related rarefaction 
and dysfunction of the choriocapillaris  [  98  ] , the 
resulting hypoxia-ischemia could disturb the 
physiologic balance between angiogenic and anti-
angiogenic factors predisposing to choroidal neo-
vascularization  [  76,   142  ]  arising within or from 
the margin of the macular watershed zone(s).  

    16.5.2.3   Laser Doppler Flowmetry 
Evaluation 

 Laser Doppler fl owmetry (LDF) data demon-
strated a signifi cant decrease of choroidal blood 
fl ow (ChBF) with age  [  45  ]  as well as with the 
presence of AMD  [  46  ] . 

 In order to explore the choroidal circulatory 
changes in patients with AMD, Grunwald et al., 
using laser Doppler fl owmetry, showed that there 
is a systematic decrease in choroidal circulatory 
parameters with an increase in the severity of 
AMD features associated with risk for the devel-
opment of CNV, suggesting a role for ischemia in 
the development of CNV  [  47  ] . 

 In a longitudinal study in order to investigate 
whether foveolar choroidal blood fl ow changes 
are associated with the development of choroidal 
neovascularization (CNV) in AMD, relative 
foveolar choroidal blood velocity (ChBVel), vol-
ume (ChBVol), and fl ow (ChBFlow) were 
assessed in 135 patients with AMD, at baseline 
(visual acuity of 20/40 or better and no CNV at 
the time of enrolment) and then annually with 
laser Doppler fl owmetry. 
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 Comparison of foveolar choroidal circulatory 
measurements at baseline and their change before 
the development of CNV was made between eyes 
that had CNV and those that did not. 

 CNV developed in 28 eyes during the study. 
Baseline average foveolar ChBVol and ChBFlow 
in these eyes were 24% and 20% lower than that 
observed in the 165 eyes in which CNV did not 
develop. In the eyes with CNV, foveolar ChBVol 
and ChBFlow decreased by 9.6% and 11.5% 
before the formation of CNV, whereas in the eyes 
that did not, they increased by 6.7% and 2.8%, 
respectively. Eyes with lower baseline foveolar 
ChBFlow were more likely to show visual loss of 
three or more lines than were eyes with a higher 
baseline ChBFlow. The development of CNV and 
visual loss are associated with lower choroidal cir-
culatory parameters at baseline. This study shows 
that the decreases in fl ow preceded the formation 
of CNV, strongly suggesting that these changes 
may have a role in the development of CNV  [  87  ] .  

    16.5.2.4   Modifi cations of the Subfoveal 
Choroidal Blood Flow 
Regulation 

 Laser Doppler fl owmetry (LDF) data demon-
strated a signifi cant decrease of choroidal blood 
fl ow (ChBF) with age and the severity of AMD; 
however, whether this LDF data indeed represent 
a decrease of choroidal blood fl ow or are due to 
changes in the laser light scattering properties of 
the sampled tissue is still a matter of debate  [  110, 
  125  ] . This scattering probably changes with age 
and with the presence of typical anatomical 
changes associated to AMD. 

 An alternate approach to compare choroidal 
hemodynamics between normal and AMD eyes 
is to assess the capability of subfoveal choroidal 
blood fl ow to respond to a physiological stimu-
lus, such as an increase of the ocular perfusion 
pressure (PPm). In healthy volunteers, subfoveal 
choroidal fl ow is maintained largely constant in 
spite of increases in the PPm up to 67% above the 
baseline value, when PPm is raised by means of 
isometric exercises  [  111  ] . This approach provides 
data uninfl uenced by potential changes of the tis-
sue light scattering assuming, legitimately, that 
isometric exercise itself does not modify this 
scattering. 

 The evaluation of the regulation of choroidal 
blood fl ow in the subfoveal region in response to 
an acute increase of the systemic blood pressure, 
in eyes with either senile changes of the choroi-
dal vasculature or subfoveal neovascularization, 
indicates that acute elevation of the ocular perfu-
sion pressure by 20–23% induced by isometric 
exercise does not induce a signifi cant change of 
subfoveal choroidal blood fl ow in elderly sub-
jects with early macular changes; in contrast, in 
eyes with neovascular AMD, the ChBF parame-
ter signifi cantly increased at the end of squatting 
 [  103  ]  (Fig.  16.5 ).  

 Thus, regulation of subfoveal choroidal blood 
fl ow during moderate increase of PPm induced 
by isometric exercise seems to be preserved also 
in aged individuals. In contrast to healthy young 
volunteers, even with an average increase by 23% 
in PPm, the LDF ChBF in eyes of patients pre-
senting subfoveal neovascularization increased 
signifi cantly during squatting, as revealed by the 
signifi cant correlation between PPm and ChBF 
changes and the statistically signifi cant increase 
of ChBF in these eyes (Fig.  16.6 ).  

 The increase of ChBF in the subretinal neo-
vascular tissue during isometric exercise results 
from an insuffi cient increase in vascular resis-
tance either within this immature neovascular 
bed and/or within the underlying choroidal vas-
culature. Therefore, an overperfusion of the neo-
vascular tissue should occur during increases of 
the perfusion pressure. 

 The vascular resistance depends mainly upon 
the contractile state of the smooth muscle of the 
arterioles irrigating the neovascular tissue and, 
presumably, of the pericytes of the capillary net-
work  [  48  ] . Changes of the vascular resistance 
during isometric exercise can occur along either 
the ciliary arteries or the choroidal terminal 
 arterioles or the capillaries within the neovascu-
lar tissue since, during the isometric exercise, 
blood pressure in the ophthalmic artery rises in 
parallel with that in the brachial artery  [  112  ] . 

 The choroidal vascular resistance adaptation 
is achieved through a mechanism involving either 
the sympathetic nervous system  [  5,   8,   32  ]  or the 
release of vasoconstricting substances by the vas-
cular endothelium  [  49,   102  ] .    The sympathetic 
nervous system affects the contraction of the 
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smooth muscle of choroidal arterioles, and the 
vascular endothelium affects either the smooth 
muscle of the arterioles, or the contractile state of 
pericytes surrounding the capillaries  [  50  ] . 

 Loss of neurons and adrenergic nerve termina-
tions in various human systems, including the 
choroidal circulation, is observed with aging 
 [  95  ] . Furthermore, aging induces morphological 
changes of the choroidal arterioles vascular wall 
leading to its stiffening  [  35,   36,   39  ]  or alterations 
of the vascular endothelium of these vessels. All 
these morphological changes could have a detri-
mental effect on the regulatory capability of the 
choroidal arterioles. 

 Abnormal regulation was observed in the sub-
foveal area including the neovascular tissue for 
increases of the PPm similar to those reached in 
young or aged normals. As the LDF signal in the 
subfoveal and parafoveal areas is dominated by 
the choroidal circulation  [  101,   109  ]  with little 
contribution from the retinal capillary bed, chor-

oidal blood fl ow dysregulation is confi rmed in 
the patients with neovascular AMD. 

 A choroidal blood fl ow dysregulation in neo-
vascular AMD patients could suggest a failure of 
adaptation of the choroidal vascular resistance, in 
contrast to what occurs in the aged normal sub-
jects. However, subfoveal neovascularization is 
expected to scatter the laser light due to the fact 
that it usually expresses an irregular multilayer 
interconnecting pattern of capillaries associated 
with larger irrigating arterioles, draining venules, 
and fi broblastic tissue  [  44  ] . This scatter may be 
the dominant component of the LDF signal, 
which would preclude conclusions about choroi-
dal dysregulation. 

 Within the subfoveal abnormal neovascular 
bed, alteration of the autonomic system innervat-
ing the arterioles irrigating the choroidal neovas-
cular network has not been demonstrated, in 
contrast to the existence of immature features of 
the capillaries. The new vessels in the choroid, as 
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  Fig. 16.5    Mean percentage changes of LDF parameters 
(ChBVel, ChBVol, ChBF), PPm, and resistance (Rm) at 
the end of squatting, for young, aged normal individuals 
and AMD groups (respectively group 1, 2, and 3) (*paired 
 t  test;  P   £  0.05). Squatting induced a signifi cant increase 
in mean PPm that was similar in all groups. At the end of 
squatting, the LDF parameters in groups 1 and 2 were not 

signifi cantly different from those at baseline. In contrast, 
in group 3, the ChBF parameter signifi cantly increased. 
Changes in ChBF and Rm were signifi cantly different 
between groups 2 and 3 (†ChBF,  P  < 0.0001 and  P  < 0.002) 
(In Pournaras et al.  [  103  ] , reprint with the authorization of 
the editor)       
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those in the retina  [  88  ] , express immature fenes-
trated endothelial cells, inadequate number of 
pericytes, diminished pericyte coverage of the 
endothelial cells  [  116  ] , and inadequate sites of 
contacts between endothelial and pericytes cells 
membranes  [  68  ] . Pericytes express contracting 
smooth muscle a-actin. Based on the behavior of 
pericytes in culture, under the effect of contracting 

or relaxing factors, pericytes can contract or relax 
to modify capillary diameter  [  27,   48  ] . In addition, 
electronic light microscopy of freshly isolated rat 
retinas demonstrates capillary relaxation in 
response to carbonic anhydrase blockers  [  106, 
  121  ] . These fi ndings suggest that pericytes act as 
capillary diameter regulators within the retinal 
microvasculature. Assuming that pericytes of the 
subfoveal new vessels have a similar behavior 
within the neovascular network, altered contrac-
tion capability of capillary pericytes could affect 
the vascular resistance response of newly formed 
capillaries of group III eyes to increases of the 
PPm, resulting in an overperfusion in the neovas-
cular tissue during isometric exercise. Altered vas-
cular resistance within the neovascular tissue in 
eyes with neovascular AMD has already been 
revealed under normal conditions of perfusion 
pressure when fundus pulsation amplitudes mea-
sured from healthy retinal areas adjacent to CNV 
are compared with those obtained from areas asso-
ciated with CNV  [  120  ] . 

 In contrast to normal and aged subjects, a sim-
ilar elevation of PPm induces blood fl ow increases 
within the neovascular tissue in eyes with AMD-
related subfoveal neovascularization. This effect 
is due, most probably, to the inability of the new 
vessels to increase their fl ow resistance during 
isometric exercise. This increase is expected to 
induce an overperfusion of the neovascular tis-
sue, which may lead to an increase of exudation 
and bleeding, a potentially threatening condition 
for the macular function.    

    16.6   Retrobulbar Hemodynamic 
Modifi cations 

 Several authors have evaluated the retrobulbar 
circulation in patients with AMD by the means of 
color Doppler imaging (CDI). Friedman et al. 
found reduced fl ow velocities and increased pul-
satilities indices in the central retinal artery and 
short posterior ciliary arteries in a mixed group of 
patients with exudative and nonexudative AMD, 
as compared with healthy, age-matched control 
subjects, suggesting increased resistance of the 
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  Fig. 16.6    Percentage changes in ChBF as a function of 
PPm for the three groups (linear fi ts and 95% confi dence 
intervals). Similar PPm increases for all groups were 
obtained. For the groups of ( a ) young and ( b ) elderly 
healthy persons, no correlation was found between these 
two parameters. ( c ) For the AMD group, linear correlation 
provided signifi cant values (In Pournaras et al.  [  103  ] , 
reprint with authorization of the editor)       
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choroidal vasculature  [  39  ] . Related to these 
results, they proposed a hemodynamic model of 
the pathogenesis of AMD and suggested that this 
disorder was caused by a progressive decrease in 
the compliance of the sclera and the choroidal 
vessels, leading to an increase in the resistance of 
the choroid to fl ow of blood  [  35–  37  ] . 

 The CDI fi ndings on retrobulbar vessels were 
confi rmed and extended upon by other authors in 
later studies. Peak systolic (PSV) and end-dia-
stolic velocities (EDV) in the retrobulbar vessels 
of AMD patients were signifi cantly lower with 
the resistivity index being signifi cantly higher in 
these patients when compared to controls  [  65  ] . 
Increased pulsatility and resistivity indices in the 
posterior ciliary arteries have also been reported 
in patients with late AMD (CNV, pigment epithe-
lium detachment, disciform scar)  [  30  ] . 

 Choroidal perfusion abnormalities seem to be 
more important in eyes with exudative AMD than 
in their fellow eyes with nonexudative AMD. In a 
prospective study of 26 patients with asymmetric 
AMD, pulsatility and resistivity indices of short 
posterior ciliary arteries were signifi cantly higher 
in eyes with CNV compared with their fellow 
eyes with nonexudative AMD; systolic and dia-
stolic velocities were also lower in eyes with 
CNV for all vessels, except for the PSV of the 
nasal posterior ciliary artery  [  134  ] . 

 In normal fellow eyes of patients with unilat-
eral exudative AMD, EDV was signifi cantly 
decreased in the posterior ciliary artery, while 
both eyes tended to have increased pulsatility 
indices in the same artery as compared to con-
trols  [  30  ] . Furthermore, there was no signifi cant 
difference in any of the circulatory parameters 
between normal fellow and exudative AMD eyes. 
The increased pulsatility in the posterior ciliary 
artery of both fellow and affected eyes and the 
lack of signifi cant differences between the two 
eyes of patients with unilateral AMD suggest that 
the normal fellow eye has defi cient choroidal 
blood perfusion. 

 Retrobulbar blood fl ow abnormalities have 
been found also in eyes with nonexudative 
(including geographic atrophy) AMD  [  23  ] . 
Subjects with nonexudative AMD showed 

reduced blood fl ow in the nasal and temporal 
posterior ciliary arteries which supply the chor-
oid. Specifi cally, subjects with nonexudative 
AMD showed a consistent trend of lower PSV 
and EDV in the short posterior ciliary arteries in 
these patients compared with age-matched con-
trol subjects  [  23  ] . There was a signifi cant 
decrease in the EDV of the nasal posterior ciliary 
arteries in the AMD group, while the resistivity 
index was not signifi cantly altered in the short 
posterior ciliary arteries. The EDV was lower, 
whereas the resistive index was higher in the 
central retinal artery in the AMD, fi ndings that 
were highly statistically signifi cant. The combi-
nation of reduced fl ow velocities at a constant 
resistivity index, seen in nonexudative AMD, is 
consistent with reduced fl ow in these ciliary ves-
sels, suggesting that choroidal perfusion is 
abnormal in this form of AMD. The changes in 
the central retinal artery, consistent with the fi nd-
ings by Friedman et al.  [  39  ] , also suggest that 
there may be a more generalized perfusion 
abnormality beyond the choroid in patients with 
AMD or that the central retinal artery exhibits a 
secondary autoregulatory response to a primary 
change elsewhere, perhaps decreased retinal 
metabolic requirements in AMD.  

    16.7   Modifi cations of Vascular 
Blood Flow and Alterations 
Cascade 

 In the healthy or in AMD human eye, the choroi-
dal blood fl ow evaluation and regulation experi-
mentations allow a better understanding of the 
correlation between the pathological conditions 
and the choroidal circulation changes. 

 The results obtained by laser Doppler fl owme-
ter indicate signifi cant reduction of the choroidal 
blood fl ow correlated with age and with the pres-
ence of AMD disease, compared to control sub-
jects in the same range of age. 

 Although RPE metabolic modifi cations due to 
senescence processes are considered as the prin-
cipal cause of the early clinical observations of 
AMD, choroidal vascular modifi cations seem to 
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have secondary effects affecting the RPE/photo-
receptors interactions. 

 Resistance    increase at the level of choroidal 
circulation consecutive to generalized vascular 
sclerosis  [  35,   39  ]  and/or scleral rigidity increase 
 [  38  ] , associated to blood fl ow decrease, modify 
the osmotic gradient through RPE, leading 
to metabolic waste accumulation and drusen 
formation. 

 Choroidal circulation alterations may affect 
the metabolic exchanges through RPE and 
Bruch’s membrane, important to maintain visual 
function. Electrical activity of RPE cells being 
very sensitive to systemic hypoxia  [  79  ] , choroi-
dal circulation alterations can affect oxygen and 
metabolic substrates diffusion through RPE and 
Bruch’s membrane, leading to functional altera-
tions essential for vision due to dysfunction of 
the metabolic interactions between RPE cells and 
photoreceptors. 

 Blood fl ow alteration at the level of retrofo-
veal choroidal circulation contributes to the pro-
cess of neovascularization characteristic of AMD. 
The fact that patients with high risk of neovascu-
larization present the most severe decrease of 
choroidal blood fl ow underlines the role of chor-
oidal ischemia in the development of neovessels 
in the evolution of AMD  [  47  ] . Pathophysiological 
mechanisms for the development of subretinal 
neovascular tissue implicate release of neovascu-
lar mediators, potentially related to metabolic 
changes at the level of the external layers    of the 
retina secondary to the decrease of choroidal 
blood fl ow. 

 Anatomical alterations linked to AMD (thick-
ening of Bruch’s membrane, drusen formation) 
increase diffusion distance between choriocapil-
laris and photoreceptors internal segments. 
These anatomical alterations associated to the 
reduction of choroidal blood fl ow should enhance 
tissue hypoxia at the area of the photoreceptors 
inner segments, essential stimulus of vasoprolif-
erative factors which are upregulated by hypoxia 
 [  26,   34  ] . 

 Neovascularization in the eye is also consid-
ered to result from an imbalance between stimu-
latory and inhibitory angiogenic factors  [  26,   34, 

  40  ] . Vascular endothelial growth factor (VEGF) 
is a likely candidate for the angiogenic stimulus 
for CNV as VEGF is produced also by RPE  [  1  ] , 
and so, it has provided a therapeutic target for 
CNV  [  43,   113  ] . 

 The balance between VEGF and pigment 
epithelial growth factor (PEDF) in aging and 
AMD had been suggested that could shift the 
angiogenic potential in retina  [  40,   69  ] . PEDF 
was purifi ed from the conditioned media of 
human retinal pigment epithelial cells and was 
found to be a potent inhibitor of angiogenesis 
 [  28  ]  and a neurotrophic factor  [  129  ] . PEDF 
administered intravitreally inhibits aberrant 
blood vessel growth in VEGF-induced neovas-
cularization  [  31  ] . 

 In eyes with AMD, PEDF levels were    found 
signifi cantly reduced in RPE cells, Bruch’s mem-
brane, and choroidal stroma in contrast to VEGF 
immunoreactivity which was not signifi cantly 
reduced in the RPE/Bruch’s membrane/CC com-
plex  [  14  ] . 

 Several of the antiangiogenic agents as 
endostatin, which is the proteolytically cleaved 
carboxyl terminus globular domain of collagen 
XVIII (coll XVIII)  [  117  ] , or thrombospondin-1 
(TSP-1), produced by RPE in culture  [  21,   91  ] , 
detected in vitreous and aqueous humor  [  122  ] , 
are potentially involved in AMD. 

 Endostatin inhibits endothelial cell prolifera-
tion and migration in vitro and potently inhibits 
angiogenesis in vivo  [  96  ] , inhibiting the mitogen-
activated protein kinase (MAPK) activation in 
endothelial cells  [  117  ] . Endostatin is signifi cantly 
reduced in CC, Bruch’s membrane, and RPE 
basal lamina in AMD compared with aged con-
trol choroids  [  13  ] . TSP-1 in Bruch’s membrane 
declines with age, and it is almost absent in AMD, 
being signifi cantly reduced in Bruch’s membrane, 
CC, and walls of large choroidal blood vessels 
 [  133  ] . The decline in the endogenous antiangio-
genic substances potentially favors the develop-
ment of CNV. 

 The contribution of the vascular disturbances 
in the pathogenesis of AMD is actually estab-
lished. However their precise role is not deter-
mined yet; associated to multiple factors affecting 
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the metabolism of the RPE and/or genetic fac-
tors, they lead to the appearance of the various 
phenotypes of AMD.      
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  Core Messages 

    Glaucoma is a group of optic neuropathies • 
and a leading cause of blindness world-
wide. Open-angle glaucoma is the most 
common form of the neuropathy clini-
cally characterised by pathological optic 
disc cupping and visual fi eld change.  
  Intraocular pressure (IOP) is uniformly • 
recognised as the major known caus-
ative risk factor for the development and 
progression of the neuropathy. Treatment 
to lower IOP reduces the incidence and 
progression of glaucoma. Nonetheless, 
a signifi cant proportion of patients con-
tinue to progress in spite of successful 
IOP reduction, suggesting that in at least 
some patients, other factors are respon-
sible for the disease. One of the earliest 
identifi ed additional risk factors is optic 
nerve head ischaemia.  
  Epidemiological studies provide com-• 
pelling evidence that ocular (particularly 
diastolic) perfusion pressure is related 
to glaucoma. A putative result of faulty 
autoregulation to low perfusion pressure 
in order to maintain adequate blood fl ow 

is an ischaemic component to glaucoma-
tous damage.  
  Reduced blood fl ow in glaucoma has • 
been shown with a wide range of mea-
surement techniques; however, most of 
these studies cannot determine whether 
reduced blood fl ow is the cause or result 
of the neuropathy.  
  A variety of ocular and systemic drugs • 
have an effect on blood fl ow; however, 
there is a signifi cant paucity of evidence 
to prove that increasing optic nerve head 
blood fl ow has a favourable impact on 
disease course.  
  Experimental models are providing • 
some insight on the effect of purely 
ischaemic damage on the optic nerve; 
however, most evidence suggests that 
the neuropathy may require the media-
tion of intraocular pressure.  
  Carefully executed research studies and • 
trials are required fi rst to ascertain that 
patients with reduced ocular blood fl ow 
are either more likely to develop glau-
coma or progression of existing damage, 
after controlling the infl uence of IOP. 
Only after a strong evidence base can 
therapeutic trials begin in earnest.    
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          17.1   Introduction 

 Glaucoma is a group of optic neuropathies char-
acterised by damage to the optic nerve head and 
visual fi eld. It is the second leading cause of blind-
ness worldwide with a projected estimate of 60.5 
and 79.6 million persons to be affected worldwide 
by 2010 and 2020, respectively  [  152  ] . More sig-
nifi cantly, 8.4 and 11.2 million persons will be 
bilaterally blind from the glaucomas by 2010 and 
2020, respectively  [  152  ] . There is little doubt that 
glaucoma represents a major worldwide health-
care problem with signifi cant challenges in the 
identifi cation of new cases as well as in the man-
agement of existing patients with the disease. 

 Open-angle glaucoma is the commonest form 
of glaucoma  [  47,   94  ] , comprising an average of 
approximately 75% of all glaucomas, though 
there is considerable variation in this proportion 
worldwide  [  152  ] . It is a chronic age-related neu-
ropathy whose pathogenesis has traditionally been 
linked to the action of intraocular pressure (IOP) 
on the optic nerve head  [  7,   151,   172  ] . Neurosensory 
damage occurs to retinal ganglion cells (RGCs) 
 [  150  ]  which relay visual information to the brain, 
in addition to higher order neurons in the visual 
pathway  [  26,   73,   188,   197  ] . There is considerable 
evidence that RGCs die through programmed cell 
death or apoptosis  [  61,   154  ] . 

 Elevated IOP is the most signifi cant known 
risk factor for open-angle glaucoma with an expo-
nential increase in disease prevalence and inci-
dence or progression with increasing IOP  [  67, 
  115,   117,   170  ] . Despite the obvious importance of 
IOP, epidemiological studies show that up to 95% 
of individuals with statistically elevated IOP do 
not have open-angle glaucoma  [  11,   93,   170,   173  ] . 
Evidence suggests that the large majority of these 
individuals will not develop the disease  [  37,   67, 
  106  ] . On the other hand, up to 50% of persons 
with glaucoma have screening IOP within normal 
limits  [  12,   93,   171  ] . Randomised clinical trials 
have consistently shown that IOP lowering results 
in reduced incidence  [  103  ]  and progression of 
existing glaucoma  [  2,   85  ] ; however, patients can 
continue to deteriorate in spite of successful IOP 
lowering  [  2,   85,   103  ] . Hence, other ocular or sys-
temic factors may either reduce the threshold for 
IOP-induced damage, for glaucoma to occur at 
statistically normal IOPs, or act independently to 

cause glaucoma. Of these factors, optic nerve 
head blood fl ow irregularities, through a mecha-
nism of compromised autoregulation  [  6,   48  ] , 
vasospasm  [  53,   63,   74  ]  or microvascular disease 
 [  162  ] , is the  candidate most widely suspected. 
The precise mechanism of glaucomatous damage 
is unknown, but it is likely that changes in the cel-
lular and extracellular environment around the 
RGC and its axon dictate its fate, irrespective of 
the primary trigger.  

    17.2   Potential Mechanisms 
of Ischaemic Damage 
in Glaucoma 

 It is widely thought that the primary insult in 
glaucoma occurs at the level of the optic nerve 
head  [  7,   23,   151  ] , specifi cally at or around the 
lamina cribrosa. The lamina is composed of per-
forated sheets, containing collagen and laminin 
 [  88,   175  ]  and is around 250- m m thick in humans 
 [  153  ] . The laminar sheets bridge the scleral canal 
through which pass the unmyelinated RGC axons 
and the central retinal artery and vein. The lami-
nar insertion point into the sclera and the material 
properties of the peripapillary sclera  [  42,   168  ]  are 
thought to be highly relevant in explaining the 
biomechanical changes in the nerve head  [  22  ] , 
which may also potentially affect all vessels in 
the vicinity of the lamina. Signifi cant connective 
tissue changes occur before or at the onset of 
RGC loss  [  22  ]  involving intracellular ion and 
electrolyte imbalance, and interruption of trophic 
support  [  99,   145  ] . 

 The blood supply to the optic nerve head is 
detailed in Chap. 1. Briefl y, however, the optic 
nerve blood supply is segmental with the nerve 
fi bre layer supplied exclusively by the central reti-
nal artery; the prelaminar and laminar nerve by 
the posterior ciliary arteries via the circle of Zinn-
Haller; and the retrolaminar nerve by the central 
retinal artery and short posterior ciliary arteries 
via the pial arteries  [  140  ] . Because of this seg-
mental nature and the considerable differences 
between the retinal and choroidal circulations, 
any pathology arising from altered blood fl ow to 
the optic nerve head would in turn be expected to 
be segmental. For example, alterations in retinal 
blood fl ow measured by many clinical devices 
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likely do not accurately refl ect blood fl ow altera-
tions in the deeper optic nerve and have limited 
ability to elucidate any ischaemic pathology in 
glaucoma. 

 There are several potential mechanisms of 
reduced or impaired blood fl ow to the optic nerve 
which may be responsible for contributing to the 
pathophysiology of glaucoma. The evidence base 
for each of these mechanisms varies consider-
ably. It is possible that these do not act indepen-
dently of each other, and more importantly they 
may act in combination with IOP to cause the 
phenomena of glaucomatous optic neuropathy 
and visual fi eld damage. 

    17.2.1   Decreased Ocular 
Perfusion Pressure 

 Perfusion to the optic nerve head depends on the 
difference between ophthalmic artery pressure 
and IOP. Ocular perfusion pressure (OPP) can be 
expressed as either the systolic, diastolic or mean 
perfusion pressure. OPP increases when blood 
pressure is high and/or IOP is low and decreases 
when blood pressure is low and/or IOP is ele-
vated. Blood fl ow to the optic nerve head depends 
on OPP as well as local resistance to fl ow (e.g. 
when elevated IOP compresses veins to increase 
resistance). OPP changes with changes in blood 
pressure and IOP, as well as physiologically 
throughout the 24-h cycle. Under normal condi-
tions, blood fl ow is maintained at more or less 
constant levels in the face of changing OPP via a 
process called myogenic autoregulation  [  148  ]  
where the local resistance is increased primarily 
by vasoconstriction when the OPP is high and 
reduced by vasodilation when OPP is low. Blood 
fl ow may also be maintained according to the 
functional demand of the optic nerve via a pro-
cess known as metabolic autoregulation  [  148  ]  
where the threshold for a minimum concentration 
of vital metabolites dictates vascular tone. 

 Ischaemic injury to the optic nerve can poten-
tially occur when blood fl ow cannot be main-
tained to sustain optic nerve function. Impaired 
autoregulation has frequently been postulated as 
the main reason for ischaemic injury; however, it 
could also potentially occur when the OPP is too 
low due to very low blood pressure and/or high 
IOP in spite of normal autoregulation. 

 An added complication of a temporarily 
decreased perfusion, and potentially hypoxia, is 
reperfusion damage which occurs after blood fl ow 
is restored with an increase OPP. Reperfusion 
injury has been noted in several organ systems, 
including the eye  [  143  ] , and may be accompanied 
with oxidative damage, release of reactive oxygen 
species  [  70  ] , specifi c vasoactive peptides such as 
endothelin-1 (ET-1)  [  186  ]  and matrix metallopro-
teinases (MMPs)  [  122  ]  responsible for modulat-
ing the extracellular matrix. Since remodelling of 
the optic nerve head extracellular matrix is a hall-
mark of glaucomatous neuropathy, activation and 
inhibition of MMPs may be highly relevant.  

    17.2.2   Autoregulatory Disturbances 

 In healthy individuals, autoregulation ensures that 
within a range of OPP, optic nerve head blood 
fl ow is maintained at a more or less constant value. 
At very low OPP, the relationship between OPP 
and blood fl ow becomes passive with a propor-
tional decrease in blood fl ow with decrease in 
OPP because arteries are maximally dilated. 
Patients with so-called vascular dysregulation 
syndrome  [  50,   53  ]  are thought to have one or more 
abnormalities that preclude a normal response to 
maintain nutrient supply to tissues and organs. 
Hence, blood fl ow is reduced at higher-than-nor-
mal OPP. Among these are vascular endothelial 
cell damage, atherosclerosis and vasospasm. 

 Vasospasm is the inability of vessels to dilate 
fully or in a sustained manner. While vasospasm 
is likely a multifactorial syndrome, it is associated 
with systemic conditions such as angina, 
Raynaud’s disease and migraine. Vasospasms can 
also be triggered by cold, nicotine, stress and 
potentially local or circulating vasoconstrictors 
such as ET-1. Irrespective of the cause of vasos-
pasm, it is likely an important factor in the inabil-
ity of vessels to respond to decreasing OPP and/or 
high IOP potentially causing ischaemic damage.  

    17.2.3   Mechanical Compression 
or Collapse of Vessels 

 Blood vessels in the optic nerve head are subject 
to extraluminal pressure due to IOP. When the 
extraluminal pressure equals or exceeds the 
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intraluminal pressure, the vessel will compress 
and eventually collapse. This phenomenon is 
more likely in venules and veins because of the 
lower venous pressure. Compression or collapse 
of veins will cause increased resistance to blood 
fl ow upstream with potential consequences in 
patients with impaired autoregulation in whom 
there may be an inability of arterioles to dilate to 
cope with the increased resistance. 

 Laminar vessels traverse parallel and perpen-
dicular to the plane of the lamina. A commonly held 
view is that direct compression of the laminar beams 
with glaucomatous optic neuropathy leads to direct 
physical damage from distortion or kinking of ves-
sels. Increasing evidence of peripapillary scleral 
involvement in glaucoma  [  42,   168  ]  suggests that 
scleral stress and strain may also generate added 
extraluminal pressure causing potential damage to 
vessels in and around the circle of Zinn-Haller.  

    17.2.4   Atherosclerosis 

 Atherosclerosis is an infl ammatory arterial disease 
which decreases the lumen of the arteries due to 
accumulation of plaques  [  125  ] . It is not possible to 
measure atherosclerosis in optic nerve vessels 
non-invasively, and therefore proxy measures such 
as carotid artery ultrasound  [  18  ]  or general mark-
ers for infl ammation, such as serum C-reactive 
protein or fi brinogen, can be used  [  111,   189  ] . 

 According to Poiseuille’s law, blood fl ow is 
inversely proportional to the length of the vessel 
and viscosity and directly proportional to the 
fourth power of the vessel radius  [  49  ] . In other 
words, with vessel length and viscosity constant, a 
10% reduction in lumen leads to a 34% reduction 
in fl ow, while a 50% reduction in lumen leads to a 
94% reduction in fl ow. Reduction in vessel lumen 
therefore has a dramatic effect on blood fl ow with 
potential for ischaemic damage. In the presence of 
vasospasm, this situation is exacerbated further.  

    17.2.5   Vascular Endothelial Factors 

 The vascular endothelium is responsible for the 
production of several vasoactive substances. The 

most important relaxing endogenous factor is nitric 
oxide (NO)  [  129  ] ; however, adenosine  [  46  ]  and 
prostacyclin  [  130  ]  also cause vasodilation. Among 
the contracting factors are ET-1  [  195  ] , thrombox-
ane A 

2
   [  130  ]  and prostaglandin H 

2
   [  130  ] . 

 Endothelial dysfunction can lead to the modu-
lation of any of the endothelium-derived factors 
compromising blood fl ow. It has been demon-
strated that reperfusion injury can cause endothe-
lial damage via production of reactive oxygen 
species and inhibit activation of NO  [  104,   159  ] . 
Systemic disease such as hypertension and diabe-
tes can also compromise endothelial-derived 
vasodilation  [  40,   55,   160  ] . Finally, formation of 
atherosclerotic plaque and lipid deposits interfere 
with endothelial-derived vasodilation  [  166,   167  ] . 
These systemic disorders are associated with an 
increase in ET-1 production  [  120  ] .  

    17.2.6   Barriers to Nutrient Delivery 

 Age-related changes to the optic nerve head 
extracellular matrix include thickening of astro-
cyte basement membrane  [  87,   89  ] . In glaucoma, 
the additional changes include deposition of new 
extracellular matrix materials including glial tis-
sue and collagens  [  21,   86,   90,   131,   132  ] . In nor-
mal optic nerve heads, oxygen and other nutrients 
transfer from laminar capillaries to astrocytes and 
the nerve fi bre bundles occur via diffusion 
through the vascular endothelium, pericytes, the 
extracellular matrix and astrocyte basement 
membrane. With age- and glaucoma-related 
changes, this diffusion may become compro-
mised even if blood fl ow is unaltered.  

    17.2.7   Circulating Vasoconstrictors 

 As mentioned above, vascular tone is maintained 
by locally produced vasoactive compounds such 
as NO and ET-1. Low concentrations of ET-1 in 
plasma are found  [  101,   137,   176  ] ; however, 
because of the tight blood-retinal barrier, it is the-
oretically unlikely for circulating ET-1 to have an 
impact on smooth muscle cells to cause vasocon-
striction. Normally, intraluminal levels of ET-1 
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required to cause vasoconstriction are several log 
units higher than extraluminal levels because of 
the direct exposure to ET-1 to smooth muscle cells 
 [  196  ] . Nonetheless, the situation is quite different 
in diseases where the blood-retinal barrier may be 
compromised. Similarly, vasoactive substances 
may leak from the choroidal circulation where the 
endothelial junctions are not as tight. In certain 
conditions, it is possible that even erythrocytes 
may leak and could be a possible cause of the 
characteristic disc haemorrhages which are almost 
exclusively associated with glaucoma  [  4  ] . 

 Under some conditions, such as cold and 
stress, concentrations of vasoconstrictors such as 
ET-1 may increase  [  101,   137  ] . In turn, ET-1 may 
leak from vessels with multiple effects including 
astrocyte activation  [  149,   185  ]  in addition to 
vasoconstriction  [  31,   196  ] .   

    17.3   Evidence Base Supporting 
the Importance of Ischaemia 
in Glaucoma 

 As discussed above, there are several mecha-
nisms whereby reduced blood fl ow and nutrient 
supply potentially lead to optic nerve damage in 
glaucoma. Considerable data have been amassed 
over the last few decades, both from human and 
animal research on the issue of association, cau-
sality and whether treatment to ameliorate blood 
fl ow leads to favourable outcomes in glaucoma. 

    17.3.1   Association and Causality 

    17.3.1.1   Reduction in Optic Nerve Head 
Blood Flow 

 A considerable body of evidence exists to sup-
port the notion that blood fl ow in the optic nerve 
head, choroid, retina and indeed outside the eye 
is reduced in glaucoma  [  51,   52  ] . While practi-
cally every technique used for measuring blood 
fl ow shows alterations in glaucoma, it should be 
noted that the glaucoma populations were differ-
ent across studies. For example, many studies 
only reported fi ndings in glaucoma patients with 
statistically normal IOP based on the assumption 

that glaucoma due to high IOP is due to IOP 
whereas ischaemic factors may be responsible 
for damage at normal IOP. 

 Fluorescein angiography fi rst was used to 
show fi lling defects and delayed fi lling in the 
choroid, optic nerve and retina  [  91,   164  ] , though 
it is unclear how fi lling defects and angiographic 
transit times relate to blood fl ow because of 
parameters such as vessel diameter and dye tran-
sit to the eye. Pulsatile ocular blood fl ow is 
derived from changes in IOP measured during 
the cardiac cycle  [  169  ] . These measurements are 
converted to change in pulse volume due primar-
ily to change in choroidal volume from systole to 
diastole. In spite of the fact that the optic nerve 
head component of choroidal blood fl ow is very 
small, several reports show a reduction in pulsa-
tile ocular blood fl ow in glaucoma  [  98,   105,   181  ] , 
indicating more global alterations in blood fl ow. 

 Doppler-based techniques have been used 
widely to assess blood fl ow in glaucoma. Laser 
Doppler velocimetry has been used to show reduc-
tion in retinal blood fl ow velocity  [  75  ] , while laser 
Doppler fl owmetry was used to show reduction in 
optic nerve head blood fl ow in glaucoma patients 
and suspects  [  72,   147  ] . Scanning laser Doppler 
fl owmetry measurements from several research 
laboratories report reduction in retinal and optic 
nerve head blood fl ow in glaucoma  [  76,   127,   138  ] . 
Finally, colour Doppler imaging of blood veloci-
ties in the retrobulbar vessels including the oph-
thalmic artery, short posterior ciliary arteries and 
central retinal vein has been used to show reduc-
tions in glaucoma patients  [  24,   59,   81,   139  ] . 

 Blood fl ow alterations may be more pronounced 
in eyes that have faster glaucomatous progression 
 [  163,   194  ] . Spatial correlations between area of 
reduced blood fl ow and visual fi eld damage have 
also been published  [  10  ] . Finally, there is some 
evidence that blood fl ow may precede develop-
ment of glaucoma in studies of patients with uni-
lateral glaucoma showing blood fl ow alterations in 
the perimetrically unaffected eye  [  54,   136  ] .  

    17.3.1.2   Blood Pressure, Intraocular 
Pressure and Perfusion Pressure 

 Many systemic conditions such as hypertension 
are age-related; hence, it is important to elucidate 
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whether glaucoma and systemic hypertension are 
co-morbidities. A considerable number of epide-
miological studies in glaucoma across diverse 
populations have been undertaken, yet the rela-
tionship between blood pressure and IOP, and 
blood pressure and glaucoma is complex  [  38  ] , 
with possible interactions with racial, genetic and 
environmental factors. 

 There is a positive relationship between IOP 
and both systolic and diastolic blood pressure in 
European-derived populations  [  16,   41,   108  ] , a 
mixed US population  [  177  ] , Caribbean Blacks 
 [  190  ]  and Chinese-derived populations  [  56,   192  ] . 
While statistically signifi cant, every 10-mmHg 
increase in systolic or diastolic blood pressure 
accounts for an increase in IOP of less than 
0.5 mmHg. Evidence from longitudinal studies 
 [  107,   191  ]  also shows that a higher baseline sys-
tolic or diastolic blood pressure explains a small 
(less than 0.5 mmHg) but statistically signifi cant 
increase in IOP. 

 Paradoxically, the studies on the relationship 
between systemic hypertension and glaucoma 
have yielded opposing results. Epidemiological 
fi ndings from Italian  [  16  ] , Dutch  [  41  ]  and 
Australian  [  128  ]  populations show a positive 
relationship between hypertension and glaucoma, 
while studies in the United States  [  177  ]  and 
Caribbean  [  114  ]  populations failed to confi rm 
these fi ndings. Furthermore, population-based 
longitudinal data do not show a relationship 
between hypertension and incident glaucoma. In 
fact, the evidence points to the contrary, that is, 
low systolic blood pressure may be associated 
with incident glaucoma  [  118,   119  ]  and progres-
sion of existing glaucoma  [  117  ] , at least in glau-
coma with lower IOP. 

 Perhaps the most equivocal fi nding relating 
derivatives of blood pressure to glaucoma is the 
strong association between diastolic ocular per-
fusion pressure and the disease (Fig.  17.1 ). The 
Baltimore Eye Survey fi rst reported the relation-
ship between the prevalence of glaucoma and 
diastolic perfusion pressure  [  177  ] . There was no 
effect of diastolic perfusion pressure in the preva-
lence of glaucoma until the values dropped to 
below 45 mmHg. The odds of having glaucoma 
increased by a factor of over 6 in patients with 

diastolic perfusion pressure of <30 mmHg com-
pared to those with values >30 mmHg. These 
fi ndings provided indirect support for the hypoth-
esis that patients with low perfusion pressure may 
be unable to autoregulate blood supply to the 
optic nerve at low perfusion pressure; however, it 
is unlikely that low perfusion pressure alone 
accounts for all cases of glaucoma as the number 
of individuals with such low perfusion pressure 
was small  [  177  ] .  

 Other epidemiological studies have subse-
quently confi rmed the relationship between 
low diastolic perfusion pressure and glaucoma 
 [  16,   114,   155  ] . These fi ndings however are not 
supported uniformly. The Blue Mountains Eye 
Study found only a marginally signifi cant rela-
tionship between systolic perfusion pressure 
and glaucoma, though no signifi cant relationship 
existed between diastolic or mean perfusion 
pressure and glaucoma  [  128  ] . In the Rotterdam 
Study, the prevalence of glaucoma with lower 
IOP was  reduced  in patients with diastolic perfu-
sion pressure <50 mmHg while the prevalence 
of glaucoma with higher IOP was increased 
in patients with diastolic perfusion pressure 
<50 mmHg  [  96  ] . 

 Finally, two longitudinal studies also confi rm 
the importance of perfusion pressure in glau-
coma. The Barbados Eye Study showed that 
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  Fig. 17.1    Increasing prevalence of open-angle glaucoma 
with lower diastolic perfusion pressure (Data are derived 
from three population-based studies, the Baltimore Eye 
Survey (BES)  [  177  ] , the Egna-Neumarkt Study (ENS) 
 [  16  ]  and Proyecto VER (PVER)  [  155  ] )       
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 subjects developing glaucoma 9 years after initial 
assessment had lower baseline systolic, diastolic 
and mean perfusion pressure  [  118  ] . In the Early 
Manifest Glaucoma Trial, lower systolic perfu-
sion pressure was associated with progression of 
existing glaucoma  [  117  ] . The associations in 
these longitudinal studies are notable as they 
were carried out in racially distinct populations.  

    17.3.1.3   Nocturnal Hypotension 
 Systemic blood pressure lowers or dips physiolog-
ically at night. There is considerable evidence that 
in at least some glaucoma patients, the level of dip-
ping is exaggerated compared to non-glaucoma 
subjects, with the potential of hypoperfusion of the 
optic nerve head contributing to glaucomatous 
optic neuropathy  [  68,   83  ] . This situation may be 
exacerbated in those patients taking systemic 
hypotensive drugs. Subsequent research demon-
strated nocturnal dipping was associated with 
 progressive glaucomatous damage  [  69  ]  and that 
patients with non-progressive glaucoma had 
 nocturnal retrobulbar blood fl ow measurements 
that did not differ from healthy subjects  [  82  ] . It 
has also been suggested that non-dipping is also 

associated with glaucoma progression  [  39,   178  ] ; 
hence, these fi ndings are paradoxical in regard to 
perfusion pressure. Recent research showed that 
fl uctuations in mean ocular perfusion pressure 
were associated with nocturnal dipping and that 
the level of fl uctuation was related to the level of 
visual fi eld damage at diagnosis  [  29  ] . 

 While ocular blood fl ow parameters are related 
to blood pressure and perfusion pressure in glau-
coma patients, but not healthy subjects  [  57  ] , it is 
unlikely that potential ischaemia of the optic 
nerve head can occur from a nocturnal reduction 
in blood pressure alone. For a given blood pres-
sure, the ocular perfusion pressure in the supine 
position is actually  higher  than in the erect posi-
tion because the height difference between the 
heart and eye is eliminated  [  14  ] . Figure  17.2  
shows mean blood pressure for a range of sys-
tolic and diastolic blood pressures in the supine 
and erect positions. Assuming a systolic blood 
pressure of 120 mmHg, the mean blood pressure 
at the level of the eye is approximately equal 
when the supine diastolic pressure is around 
60 mmHg and the erect diastolic pressure is 
around 90 mmHg. Assuming a diastolic blood 
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  Fig. 17.2    Mean arterial pressure (MAP) at the level of the 
eye as a function of diastolic (SBP) and systolic (SBP) 
brachial blood pressure in erect and supine positions. 
 Diagonal lines  show iso-MAP values. These values are 
derived with the assumptions that: (1) MAP = DBP + 1/3 

(SBP − DBP); (2) the vertical height difference between 
the heart and eye = 30 cm and (3) 1 cmH 

2
 O = 0.72 mmHg. 

These data show that for a given IOP and blood pressure, 
ocular perfusion pressure is signifi cantly higher in the 
supine position than in the erect position       
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pressure of 80 mmHg, the mean blood pressure at 
the level of the eye is approximately equal when 
the supine blood pressure is around 80 mmHg 
and the erect blood pressure is around 140 mmHg. 
These fi gures show that erect blood pressures 
have to be relatively high and supine blood pres-
sures relatively low to obtain the same mean arte-
rial pressure. The approximately 20 mmHg 
higher mean blood pressure at the level of the eye 
in the supine compared to erect position is much 
higher than the increase in nocturnal IOP to have 
an impact on ocular perfusion pressure.  

 Hence, while the evidence suggests that poten-
tial nocturnal ischaemia may be a contributing 
factor in glaucoma, it cannot be explained on the 
basis of reduced blood pressure at night and 
decreased ocular perfusion pressure. It is possible 
that blood fl ow may be reduced at night because 
of factors such as increased resistance.  

    17.3.1.4   Vasospasm 
 There is considerable evidence that vasospasm (or 
vascular dysregulation) and its surrogate measures 
such as migraine are associated with glaucoma. The 
possible association between vasospasm and glau-
coma was fi rst published almost 25 years ago  [  146  ]  
when it was reported that glaucoma patients with 
lower IOP had a higher prevalence of migraine com-
pared to healthy subjects and those with higher IOP 
with and without manifest glaucoma. Several subse-
quent studies have confi rmed these fi ndings with 
patient-reported symptoms  [  36  ]  or with indirect 
measurements of ocular vasospasm, such as fi nger 
blood fl ow  [  45,   162  ]  or nailfold capillaromicroscopy 
 [  64,   65  ] , which assess peripheral vasospasm. 

 Two population-based studies on self-reported 
migraine and glaucoma led to opposing conclu-
sions – one fi nding an association between migraine 
and glaucoma  [  184  ] , while the other did not  [  109  ] . 

 Longitudinal studies have also addressed 
whether the incidence or progression of existing 
glaucoma is exacerbated by migraine or vasospasm. 
The Ocular Hypertension Treatment Study (OHTS) 
did not fi nd an association between the existence of 
self-reported migraine and the development of 
glaucoma  [  67  ] . The Collaborative Normal Tension 
Glaucoma Study (CNTGS) showed that among 
glaucoma patients randomised to no treatment, 

patients with self-reported migraine were 2.5 times 
as likely to progress compared to those without 
migraine  [  43  ] . Building on previous research sug-
gesting that vasospastic patients have a more IOP-
dependent disease and therefore presumably more 
responsive to IOP reduction  [  162  ] , the CNTGS 
showed that among those randomised to treatment, 
migraine patients responded more favourably than 
non-migraine patients  [  8  ] . Findings of the CNTGS 
were not confi rmed by the Early Manifest Glaucoma 
Trial, another trial which also randomised patients 
to treatment and no treatment  [  117  ] . 

 The Canadian Glaucoma Study (CGS) was 
designed to specifi cally test whether patients with 
objectively measured peripheral vasospasm at 
baseline had a more favourable outcome under a 
uniform IOP treatment protocol during prospec-
tive follow-up  [  1  ] . The CGS failed to statistically 
confi rm this hypothesis, though non-statistically 
signifi cant trends were reported consistently sug-
gesting that vasospasm may be important in glau-
coma; however, in some populations, its effect 
may be quite small  [  28  ] .  

    17.3.1.5   Endothelin and Other 
Circulating Peptides 

 Plasma levels of ET-1 in glaucoma patients have 
been reported, with varying results. Some studies 
show a higher basal concentration of plasma ET-1 
 [  25,   174  ] , but the majority of subsequent studies 
have failed to confi rm this fi nding  [  92,   101,   110, 
  137,   176  ] . Under different physiological condi-
tions, however, such as a posture change  [  101  ]  
or cold provocation  [  137  ] , at least some glau-
coma patients show an increase in plasma ET-1 
concentration compared to control subjects. The 
mechanisms whereby a systemic increase in ET-1 
concentration contributes to glaucomatous optic 
neuropathy remain to be elucidated. 

 Other circulating peptides, such as angio-
tensin-1, serotonin and markers of nitric oxide 
(e.g. cyclic guanosine monophosphate), have 
been investigated in plasma and aqueous of 
patients with glaucoma  [  60  ] . Several of these 
studies show alterations in aqueous concentra-
tions in patients with glaucoma with likely effects 
on IOP, though the impact of altered plasma 
 levels is not clear. 
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 A possible consequence of vasoconstrictors 
leaking from blood vessels is the observation of 
focal narrowing of retinal vessels in the vicinity 
of the optic disc margin  [  156,   158  ] . It has been 
proposed that vasoconstrictors diffusing from 
the choroidal circulation are responsible for this 
observation which has been related to worsen-
ing glaucoma in a spatially corresponding loca-
tion  [  112  ] . While there is no evidence to date, 
similar phenomena in the posterior ciliary circu-
lation may adversely affect optic nerve head 
blood supply and contribute to glaucomatous 
neuropathy.   

    17.3.2   Effects of Treatment 

 There is an exhaustive list of published studies 
on the effect of systemic drugs on ocular blood 
fl ow  [  35  ] . These vary from acute single dose 
studies to the more uncommon longitudinal 
studies reporting on the relatively long-term 
effect of drugs that increase ocular blood fl ow 
on visual function. The list of class of com-
pounds used is large and includes calcium chan-
nel blockers, angiotensin-converting enzyme 
inhibitors and nitric oxide synthase inhibitors. 
Similarly, the effect of topical medication on 
ocular blood fl ow and possible preservation of 
visual function have been performed. Reviews 
on this topic have been published elsewhere 
 [  35,   113  ] , and evidence from only those studies 
on glaucoma patients in a longitudinal study 
design will be covered. 

    17.3.2.1   Calcium Channel Blockers 
 Calcium channel blockers (CCB) are the most 
widely investigated systemic drugs for the non-
conventional treatment of glaucoma. Among 
their actions are blockade of calcium entry in 
vascular smooth muscle cells leading to vasodila-
tion. Numerous CCBs have been investigated in 
glaucoma, primarily the dihydropyridines, includ-
ing nifedipine and nimodipine. 

 The effects of CCB on optic nerve head 
blood fl ow are equivocal. Notwithstanding differ-
ent classes of CCB and blood fl ow measure-
ment techniques, some studies show an increase 

 [  179,   180,   193  ] , while others show no change 
 [  15,   66,   79,   157  ] . Several studies have demon-
strated a more favourable outcome in measures 
of visual function, primarily visual fi eld  [  62,   97, 
  134,   161  ]  but also contrast sensitivity  [  17  ] . Other 
studies have failed to confi rm this fi nding  [  79, 
  157  ] . In two studies, neither blood fl ow parame-
ters nor visual function changed with CCB  [  79, 
  157  ] , while in another, a change in visual func-
tion was not associated with change in blood fl ow 
 [  15  ] . Perhaps the most common thread among 
these studies is the general lack of improvement 
in blood fl ow  [  66,   79,   157  ] , visual function  [  79, 
  157  ]  or optic disc change  [  123  ]  with the peripher-
ally acting CCB, nifedipine. 

 Recent evidence from the Rotterdam Study 
suggests that subjects using CCB were at a signifi -
cantly higher risk of developing glaucoma  [  133  ] .  

    17.3.2.2   Topical Adrenergic Antagonists 
 Topically instilled adrenergic agents are a main 
class of compounds to reduce IOP in glaucoma 
patients and suspects. Most of the research on the 
effects of this class of drug on ocular blood fl ow 
comes from studies with non-selective and selec-
tive beta-blockers. Similar to the use of systemic 
drugs, there is considerable confl icting evidence 
on whether topical adrenergic agents alter ocular 
blood fl ow and whether this is related to changes 
in visual function. Some evidence exists for 
potentially protective effects of betaxolol  [  34,   44, 
  100,   126  ] , but there are a number of non-support-
ing reports  [  102,   187  ] . Further, only one study 
reported improvements in visual function associ-
ated with changes in blood fl ow; however, no 
control group was used  [  183  ] .  

    17.3.2.3   Topical Carbonic Anhydrase 
Inhibitors 

 There is considerable evidence that topical treat-
ment with carbonic anhydrase inhibitors (CAI) 
increases blood fl ow measured in a variety of 
ocular tissues  [  9,   58,   77,   124  ] ; however, unsur-
prisingly these results are not universally sup-
ported  [  13  ] . There is some evidence that changes 
in blood fl ow induced by topical CAI may lead 
to more favourable visual function outcomes 
 [  78,   124  ] .  
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    17.3.2.4   Prostaglandin Analogues 
 Several classes of prostaglandin analogues are 
used increasingly in glaucoma therapy. While no 
long-term controlled studies have been published 
on visual function, the majority of studies indi-
cate that this class of drug leads to little change in 
ocular blood fl ow  [  5,   80,   135,   198  ] .    

    17.4   Experimental Models 
of Ischaemia Relating 
to Glaucoma 

 Most models of glaucoma involve elevation of 
IOP. While the potential effects on ocular blood 
fl ow have been debated  [  144  ] , there exist models 
of ocular ischaemia without alteration in IOP that 
have been used to study neuronal loss as it may 
relate to glaucoma. These models may be divided 
broadly into acute and chronic. 

    17.4.1   Acute Ischaemia 

 Models of acute ischaemia involve elevation of 
IOP in excess of the central retinal artery pres-
sure to produce transient cessation of blood fl ow 
and a subsequent reperfusion injury  [  20,   165  ] . 
Typically, a cannula is introduced into the ante-
rior chamber of rodents and IOP is controlled via 
a pressure head or syringe pump. Ligation of 
either the optic nerve  [  182  ]  or central retinal 
artery  [  121  ]  has also been proposed. 

 Time-related (period of ischaemia and animal 
survival) loss of RGC is observed with these 
models  [  165  ] ; however, unlike in clinical glau-
coma, the damage is not generally limited to 
RGCs. It is also diffi cult to segregate the effects 
of potential mechanical damage from the very 
high levels of IOP or optic nerve ligation from 
purely ischaemic ones. Loss of neurons in other 
layers of the retina occurs  [  95  ]  as well as func-
tional loss of the outer retina  [  71  ] . Furthermore, 
no optic disc cupping which is a hallmark of 
glaucoma has been reported. For these reasons, 
while these models may help in studying RGC 
loss, because of their lack of specifi city, they are 
thought to have little relevance to glaucoma.  

    17.4.2   Chronic Ischaemia 

 To counter the confounding effects of acute IOP 
elevation and the acute nature of the models dis-
cussed above, a model of chronic ET-1-induced 
optic nerve ischaemia was described  [  142  ] . Using 
an osmotic minipump, a small volume of ET-1 is 
delivered to the retrobulbar optic nerve in mon-
key  [  141  ] , rabbit  [  142  ]  or rat  [  27  ] . This model 
leads to reduction in optic nerve head blood fl ow 
 [  27,   32,   141,   142  ] , RCC and axonal loss  [  27,   33  ]  
and in earlier reports to optic disc cupping in rab-
bits  [  142  ] , though these fi ndings have not been 
confi rmed in monkeys [  30  ]  or in rats  [  27  ] . 

 Because ET-1 leads to optic nerve astrocyte 
proliferation  [  149,   185  ]  and changes in expres-
sion of MMPs and their tissue inhibitors  [  84  ] , it is 
possible that other mechanisms in addition to 
ischaemia may contribute to ET-1-induced optic 
neuropathy. Recently, RGC loss was reported at 
ET-1 concentrations sub-threshold for causing 
optic nerve head ischaemia  [  185  ]  adding further 
evidence that ET-1 has multiple effects that lead 
to RGC loss.   

    17.5   Summary 

    17.5.1   Diversity of Evidence 

 The role of ischaemia in glaucoma has been 
debated for decades, and it is likely the debate will 
continue for the upcoming years. The diversity of 
evidence in the area is not surprising given that:
    (a)     Open-angle glaucoma likely has multiple 

phenotypes in which ocular blood fl ow may 
have varying degrees of importance. These 
phenotypes likely interact with genetic, racial 
and environmental factors.  

    (b)     Blood fl ow to the optic nerve is complex in 
terms of both supply and inter-individual and 
intra-individual variation; therefore, these 
factors are important when considering the 
systematic effects of blood fl ow changes.  

    (c)     Measurement techniques vary. It is unlikely 
that two techniques provide the same level of 
information. For example, some are more 
sensitive to retinal and superfi cial optic nerve 
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head blood fl ow, while others measure more 
global parameters.  

    (d)     Research studies have used differing defi ni-
tions for inclusion criteria. Patients with 
more advanced damage may show different 
fi ndings to those who are suspects or have 
minimal damage.  

    (e)     Effects of ischaemia may be diffi cult or 
impossible to isolate from other factors 
such as IOP. It is more than likely that the 
phenomenon of glaucomatous optic neuropa-
thy requires multiple factors with ischaemia 
perhaps being one of many. It has been argued 
that the phenomenon of optic disc cupping 
requires the action of IOP, however low the 
actual IOP level may be. Ischaemia may pre-
dispose the nerve to damage at a lower IOP, 
though this does not mean that ischaemia is 
the only factor in glaucoma with statistically 
normal or low IOP.      

    17.5.2   Evidence Base Compared to 
Intraocular Pressure 

 It is generally recognised that IOP is the most 
well-known risk factor for the development and 
progression of glaucoma. This evidence comes 
from years of clinical observation and recently 
from a number of clinical trials  [  2,   3,   28,   85,   103  ]  
which while very different in design (population, 
treatment method, diagnostic testing, etc.) con-
cluded that IOP is a causative risk factor for glau-
coma and whose treatment leads to favourable 
outcomes compared to non-treatment. All studies 
have recognised that in spite of successful IOP 
reduction, some patients continue to deteriorate; 
hence, other factors must be at play. 

 In contrast, little evidence exists to support the 
causative role of optic nerve head ischaemia in 
the pathophysiology of glaucoma. Often studies 
have included poor or no control groups and there 
is an almost complete absence of randomised 
controlled trials. 

 The epidemiologist Bradford-Hill postulated 
on nine criteria required to establish causality 
from chance association  [  19  ] . These levels of evi-
dence have been modifi ed here:

    1.     Association : Evidence that ‘cause’ occurs more 
frequently with ‘effect’ than chance alone.  

    2.     Temporality : Evidence that ‘cause’ precedes 
‘effect’.  

    3.     Dose-response : Evidence that increased degrees 
of ‘cause’ leads to increased levels of ‘effect’.  

    4.     Reversibility : Evidence that reducing the 
degree of ‘cause’ leads to a reduction in the 
frequency or severity of ‘effect’.     
 The levels of evidence (‘satisfi ed’, ‘partially 

satisfi ed’ or ‘not satisfi ed’) for the role of IOP 
and ischaemia are summarised in Table  17.1 . 
based on the evidence to date.   

    17.5.3   Requirements to Strengthen 
Evidence Base 

 Unlike establishing the causative role of IOP in 
the pathogenesis of open-angle glaucoma, no 
published clinical trials have been carried out to 
establish the causal role for ischaemia. With 
respect to temporality, besides clinical reports in 
patients with unilateral glaucoma, there are no 
published studies showing defi nitively that 
reduced blood fl ow leads to a higher incidence or 
progression of existing glaucoma. The OHTS 
 [  67  ]  and EMGT  [  116  ]  clearly showed a dose-
response relationship between the level of IOP 
exposure and glaucoma. No such similar evi-
dence exists for the role of ischaemia. 

 Multi-centred clinical studies with uniform 
defi nitions and measurement techniques are 
required to establish temporality and dose-
response. Finally, if studies on blood fl ow and 
glaucoma provide compelling evidence that 
ischaemia is causative, then studies designed to 
ameliorate blood fl ow to prove a benefi cial out-
come in glaucoma are the ultimate objectives.       

   Table 17.1    Evidence base for the role of intraocular 
pressure and ischaemia in glaucoma   

 Level of evidence  Intraocular pressure  Ischaemia 

 Association  Satisfi ed  Satisfi ed 
 Temporality  Satisfi ed  Not satisfi ed 
 Dose-response  Satisfi ed  Not satisfi ed 
 Reversibility  Partially satisfi ed  Not satisfi ed 
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 Color Doppler    imaging (CDI) has been    most 
widely used to estimate retrobulbar hemodynam-
ics in various ocular disorders and provided new 
insight into the pathogenesis of the various dis-
eases or conditions concerned  [  1  ] . Discussed 
below are a few clinical entities other than glau-
coma, diabetes, and age-related macular degen-
eration in which ocular blood fl ow has been 
studied with a view to creating a better under-
standing of their underlying pathogenesis.    

    18.1   Retinal Diseases    

 Central retinal artery occlusion (CRAO) is consid-
ered to be an acute stroke of the eye that results in 
profound visual loss. Spontaneous recovery rates 
are poor. Most CRAOs are caused by thromboem-
bolism in the central retinal artery (CRA). Sergott 
et al., using orbital CDI performed in patients with 
CRAO, identifi ed the presence of intraluminal cal-
cifi c emboli in the CRA in 42% of patients. Eighty 
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  Core Messages 

    Central retinal artery (CRA) occlusion • 
is often associated with intraluminal 
calcifi c emboli in the retro-laminar por-
tion of the central retinal artery (CRA).  
  Central retinal vein (CRV) occlusion is • 
associated with decrease in CRA and 
CRV blood velocity and increase in vas-
cular resistance in the CRA.  
  Ocular ischemic syndrome is most often • 
caused by severe stenosis of internal 
carotid artery (ICA) and reversal of oph-
thalmic artery (OA) blood fl ow is a fea-
ture of ICA occlusion.  
  Uveitis such as Behcet’s disease or sarcoi-• 
dosis is reportedly associated with 
decreased blood velocity in the CRA and 
posterior ciliary arteries (PCA).  
  Non-arteritic anterior ischemic optic • 
neuropathy  (NAION) is associated with 
decreased blood velocity in the CRA, 
PCA or OA. Disturbance of retrobulbar 
circulation is also reported in patients 
with optic neuritis.  
  In essential hypertension, blood velocity • 
in the CRA or PCA was decreased, 

implying increased peripheral vascular 
resistance, while choroidal blood fl ow is 
less affected.  

  Graves Ophthalmopathy is typically • 
associated with increased blood velocity 
in OA, CRA or CRV and decreased blood 
velocity in the superior ophthalmic vein 
and possibly choroidal blood fl ow.    
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percent of these plaques were located in the retro-
laminar portion of the CRA  [  2  ] . Although throm-
bolytic therapy for acute management of CRAO 
has shown promise in nonrandomized studies with 
regard to improving visual outcomes, the fi nding of 
Sergott et al. may be useful for a clinician to justify 
not administering systemic anticoagulation in 
patients with intra-arterial calcifi c embolus, as 
opposed to those with an echographically visible 
platelet-fi brin embolus. 

 Retinal vein occlusion is one of the most fre-
quent ocular vascular diseases. Ischemic retinal 
vein occlusion leads to severe impairment of 
vision. Keyser et al., as well as other authors, 
reported decreases in peak systolic velocities 
(PSV) and increases in vascular resistance in CRA 
of patients with central retinal vein occlusion 
(CRVO), as compared with unaffected eyes  [  3,   4  ] . 
These fi ndings refl ect an impedance to outfl ow in 
the retinal circulation. There were no hemody-
namic abnormalities observed in the ophthalmic 
arteries (OA). In the prospective monitoring of 
both ischemic and nonischemic retinal vein occlu-
sion patients for a year (performed by Arséne 
et al.), CDI showed persistent impairment of cen-
tral retinal vein (CRV) velocity whereas CRA 
velocity was only briefl y modifi ed  [  5  ] . The rapid 
normalization of arterial fl ow was mostly related 
to the development of collateral channels rather 
than recanalization of the CRV. Therefore, CRVO 
appears to be caused by alterations in venous fl ow, 
and the severity of the disease may be correlated 
with the degree of occlusion causing the initial 
deterioration in arterial fl ow  [  4,   6  ] . Williamson 
et al. found signifi cant reduction in the minimum 
velocity of CRV in patients who developed iris 
neovascularization as compared with patients who 
did not develop this complication  [  7  ] . 

 The ocular ischemic syndrome is the clinical 
manifestation of chronic ocular hypoperfusion 
and is most often caused by severe stenosis of the 
internal carotid artery (ICA)  [  8,   9  ] . Reversal of 
fl ow in the OA is a well-recognized feature of 
ICA occlusion  [  10–  12  ] , as a result of develop-
ment of collateral circulations from branches of 
the external carotid artery to the circle of Willis 
 [  13  ] . OA fl ow reversal occurs when there is inad-
equate crossfl ow in the circle of Willis from the 
contralateral ICA, which produces a vascular steal 
phenomenon accounting for the observed clinical 

manifestations of iris neovascularization, relative 
ocular hypotony, and retinal hemorrhages. OA 
fl ow reversal can readily be confi rmed by CDI. 
Hu et al. reported that fl ow velocities in the OA 
and CRA decrease as the degree of carotid steno-
sis increases  [  14–  16  ] . According to Lee et al., 
CRA fl ow may not be detected in patients with 
complete occlusion of the ipsilateral ICA  [  17  ] .  

    18.2   Uveitis 

 The most prominent feature of Behçet’s disease is 
systemic and retinal vasculitis with endothelial 
dysfunction, the mechanism of which includes 
arterial and vascular thrombosis  [  18,   19  ] . Atilla 
et al. performed a hemodynamic comparison 
using CDI in four groups of patients: patients with 
Behçet’s disease (with or without ocular involve-
ment), patients with different etiological uveitis, 
and a healthy control group  [  20,   21  ] . The PSV and 
end-diastolic velocity (EDV) in the CRA and pos-
terior ciliary artery (PCA) were signifi cantly 
reduced in patients with Behçet’s disease and 
uveitis with different etiologies when compared 
with healthy volunteers. The change was absent 
with respect to the OA. The reduction in blood 
fl ow values in patients with Behçet’s disease is 
more evident in those with ocular involvement 
than in those without ocular involvement  [  22–  26  ] . 
This might be the result of the infl ammatory pro-
cess in the occlusive vasculitis, which is frequently 
observed in the retinal vessels of patients with 
Behçet’s disease. The vasculitic involvement of 
the PCA is more specifi c to Behçet’s disease and 
occurs later in the course of the disease  [  20  ] . 

 Using CDI, Yamada et al. reported that blood 
fl ow velocities in OA in patients with ocular sar-
coidosis, characterized by obliterative arteriolitis 
 [  27  ] , were signifi cantly lower than those in healthy 
controls. The fl ow velocities in orbital vessels 
may vary with the clinical fi ndings of the patient 
and the severity of the vascular involvement  [  28  ] .  

    18.3   Optic Nerve Disorders 

 Nonarteritic anterior ischemic optic neuropathy 
(NAION) is an infarction of the optic nerve head 
in which blood supply from the short posterior 
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ciliary arteries (SPCA) is compromised at the 
level of the lamina cribosa, leading to sudden 
vision loss. Flaharty et al. performed a hemody-
namic study of patients with NAION and observed 
decreased PSV in the CRA, SPCA, and OA  [  29, 
  30  ] . There was an increase in the PSV of all ves-
sels after optic nerve sheath decompression in the 
patients, although currently, there are no proven 
treatments for NAION  [  31  ] . 

 Modrezejewska et al. observed ocular circula-
tion abnormalities in multiple sclerosis patients 
with retrobulbar optic neuritis by means of CDI 
 [  32  ] . Systolic, diastolic, and mean velocities of 
blood fl ow were diminished in the CRA and 
SPCA. However, according to Karaali et al., 
blood fl ow velocity can increase in OA during the 
initial period of acute infl ammation of the optic 
nerve  [  33  ] . The increase was not observed in 
other arteries. Akarsu et al. found similar results 
in the CRA using CDI performed several months 
after optic neuritis  [  34  ] . Reduction in blood fl ow 
in arteries occur both in the eyes previously 
affected by optic neuritis and in contralateral, 
unaffected eyes. This may indicate that circula-
tion disturbances occur both locally and systemi-
cally in patients with optic neuritis.  

    18.4   Systemic Diseases 

 Using high-resolution duplex scanner imaging 
(DSI), Steigerwalt et al. found that PSV and EDV 
were signifi cantly reduced in the CRA and PCA in 
patients with essential hypertension. The reduced 
diastolic component of both CRA and PCA implies 
increased peripheral vascular resistance. This indi-
cates that there is peripheral vasospasm in hyper-
tensive patients leading to the decreased orbital 
and ocular blood fl ow  [  35  ] . Niknam et al. demon-
strated that systemic hypertension does not have a 
large effect on the choroidal circulation using laser 
Doppler fl owmetry  [  36  ] . Choroidal blood fl ow is 
maintained despite an increase in perfusion pres-
sure, suggesting that in humans, the choroidal vas-
culature may autoregulate  [  37,   38  ] . 

 In Graves’ ophthalmopathy (GO), venous 
obstruction is thought to lead to proptosis, perior-
bital swelling, and chemosis in patients with 
extraocular muscle changes. Using CDI, Alp 
et al. found increased velocity in OA, CRA, and 

CRV and decreased velocity in superior ophthal-
mic vein (SOV) in patients with GO. The 
increased blood fl ow velocities probably resulted 
from either the cardiovascular effect of hyperthy-
roidism or from orbital infl ammation  [  39–  41  ] . 
Tsai et al. observed reduced pulsatile ocular 
blood fl ow (POBF) in GO patients  [  42  ] . The pul-
satile component of ocular blood fl ow is primar-
ily choroidal  [  43  ] . The elevated intraorbital 
pressure associated with severe autoimmune con-
gestive infl ammatory orbitopathy or contraction 
of the extraocular muscles against the fi brotic 
adhesions may result in elevated venous pressure 
and increased resistance of choroidal vessels.      
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    19.1   Atherosclerosis 

 The lesions of atherosclerosis occur principally in 
large- and medium-sized elastic and muscular 
arteries and can lead to ischemia of the heart, brain, 
or extremities, resulting in chronic ischemia and/ 
or acute infarction. Cardiovascular disease    affects 
not only the major arteries in the systemic circula-
tion—retinal vascular disease can be a manifesta-
tion of generalized atherosclerosis or a result of 
embolic disease originating from the cardiovascu-
lar system. Atherosclerosis, hypertension, and dia-
betes are all thought to be possible risk factors for 
nonarteritic ischemic optic neuropathy. 

 Patients with cerebrovascular disease can also 
develop eye problems. These may be directly 
related, such as a cortical stroke affecting the 
visual pathway, or amaurosis fugax, indicating 
compromise of the anterior cerebral circulation, 
or problems may arise indirectly, such as corneal 
exposure secondary to a seventh nerve palsy 
affecting the orbicularis oculi muscle (which aids 
lid closure). 

    19.1.1   Pathogenesis of Atherosclerosis 

 Because high plasma concentrations of choles-
terol, in particular those of low-density lipopro-
tein (LDL) cholesterol, are one of the principal 
risk factors for atherosclerosis, the process of 
atherogenesis has been considered by many to 
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  Core Messages 

    There is insuffi cient evidence to recom-• 
mend a routine ophthalmoscopic consul-
tation for all patients with hypertension. If 
the initial clinical fi ndings are equivocal 
(e.g., there is borderline or inconsistent 
hypertension with no other evidence of 
target-organ damage), an ophthalmo-
scopic consultation may be useful to sup-
plement risk assessment and treatment 
decisions. Hypertensive retinopathy, neu-
ropathy, and choroidopathy represent tar-
get-organ damage in persons with systemic 
arterial hypertension. Hypertensive retin-
opathy in particular is a recognized car-
diovascular risk stratifi cation factor. 
Prompt recognition and accurate diagno-
sis of hypertensive retinopathy, neuropa-
thy, and choroidopathy have important 
implications for both the ocular and gen-
eral health of the individual.    
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consist largely of the accumulation of lipids within 
the artery wall. In fact, the lesions of atherosclero-
sis represent a series of highly specifi c cellular 
and molecular responses that can best be described, 
in aggregate, as an infl ammatory disease  [  32  ] . 

 Atherosclerotic lesions are asymmetric focal 
thickenings of the innermost layer of the artery, 
the intima. They consist of cells, connective tis-
sue elements, lipids, and debris. Blood-borne 
infl ammatory and immune cells constitute an 
important part of an atheroma, the    remainder 
being vascular endothelial and smooth muscle 
cells. Most of these cells in the fatty streak are 
macrophages, together with some T cells. Fatty 
streaks are prevalent in young people, never cause 
symptoms, and may progress to atheromata or 
eventually disappear. 

 Possible causes of endothelial dysfunction 
leading to atherosclerosis include elevated and 
modifi ed LDL; free radicals caused by cigarette 
smoking, hypertension, and diabetes mellitus; 
genetic alterations; elevated plasma homocysteine 
concentrations; infectious microorganisms such 
as herpesviruses or  Chlamydia pneumoniae ; and 
combinations of these or other factors.  

    19.1.2   Internal Carotid Artery 
Disease (ICA) 

 Internal carotid artery supplies blood to the organ 
of vision; therefore, pathologies of those arteries 
caused by atherosclerosis may have direct infl u-
ence on its functioning. Most common syn-
dromes are temporary, which is known as 
amaurosis fugax, or constant reduction of visual 
acuity  [  9  ] . In fundus examination, central retinal 
artery occlusion and branch retinal artery occlu-
sion are the most common diagnosis; retinal vein 
occlusion, anterior ischemic optic neuropathy, 
and ocular ischemic syndrome are less frequent. 
An ophthalmologist might be the very fi rst spe-
cialist whom the patient with internal carotid 
artery disease will visit. Proper recognition 
and diagnosis of disease may protect patient 
against serious life-threatening complications 
like stroke. 

 A history of transient monocular blindness, 
and visualization of cholesterol (Hollenhorst) 

plaques at funduscopic examination are indica-
tions for diagnostic testing to identify carotid 
artery occlusive disease. Vascular events that 
occur in the brain also occur in the eye, giving 
rise to different ophthalmologic manifestations 
that range from amaurosis fugax to complete 
blindness due to central    retinal artery occlusion. 

 Amaurosis fugax, Hollenhorst plaques, and 
venous stasis retinopathy have the highest predic-
tive value among ocular conditions for carotid 
artery atherosclerosis, and warrant referral for 
carotid imaging  [  23  ] .  

    19.1.3   Effects on the Ocular Circulation 

 Although the association of atherosclerosis with 
ocular vascular disease is well established, the 
consequences on the ocular vasculature and ocu-
lar blood fl ow regulation are less established. In a 
study in rhesus monkeys, experimental hyperli-
poproteinemia was associated with lipemia 
retinalis, but not with any retinal vascular 
changes  [  43  ] . In a study in rabbits fed with a 
high-cholesterol diet, no changes in retinal vas-
culature were seen, although severe atherosclerotic 
manifestations were visible in cerebral and 
carotid arteries  [  36  ] . In a primate model, how-
ever, an atherogenic diet induced perivascular 
lesions of the central retinal artery and vein as 
well as partial occlusion of the vessels because of 
proliferation of subendothelial cells  [  26  ] . 

 By far the largest studies on this topic have 
been performed by Hayreh  [  14  ] . In more than 80 
monkeys, no atherosclerotic lesions in the reti-
nal arterioles were seen ophthalmoscopically, 
although the monkeys were fed with an athero-
genic for as long as 15 years and had markedly 
increased cholesterol plasma levels and severe 
atherosclerotic alterations in other vascular beds. 
Patchy atherosclerosis was, however, observed in 
the intraorbital parts of the ophthalmic artery, cen-
tral retinal artery, and posterior ciliary arteries. 

 In the recent years, some but not all epidemio-
logical studies have observed an association 
between measures of atherosclerosis and a 
reduced retinal arteriovenous ratio  [  37  ] . In the 
Atherosclerosis Risk In Communities Study, it 
was observed that smaller retinal arteriovenous 
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ratio is associated with carotid artery plaque and 
carotid arterial stiffness, but not with carotid 
intima-media thickness  [  21  ] . In the Rotterdam 
Study, a lower retinal arteriovenous ratio was 
related to higher carotid intima-media thickness 
and increased carotid plaque score  [  18  ] . In the 
Cardiovascular Health Study, however, retinal 
arteriovenous ratio was independent of any direct 
measure of atherosclerosis  [  41  ] . A relation 
between dyslipidemia and retinal arteriovenous 
ratio is evident from numerous epidemiological 
studies  [  37  ] . Larger retinal venular caliber appears 
to be associated with higher triglyceride plasma 
levels, lower HDL cholesterol plasma levels, and 
possibly elevated LDL cholesterol. An associa-
tion has consistently been observed between 
markers of systemic infl ammation and wider reti-
nal vascular venous diameter. 

 Functionally, the choroidal vasculature shows 
an abnormal vasoconstrictor response to systemic 
nitric oxide synthase inhibition indicating for 
endothelial dysfunction  [  2  ] . This sign of ocular 
endothelial dysfunction can, however, be restored 
by 28-day administration of simvastatin. Another 
ocular sign of endothelial dysfunction at the level 
of the ocular vasculature may be a reduced retinal 
response to diffuse luminance fl icker  [  8  ] . Such 
reduced fl icker responses can be seen in patients 
with diabetes  [  10  ] , systemic hypertension, and/or 
hypercholesterolemia and are associated to some 
degree to endothelial dysfunction as assessed via 
fl ow-mediated vasodilatation in the forearm and 
elevated cholesterol plasma levels  [  29  ] . 

    19.1.3.1   Retinal Artery Occlusion 
 Retinal artery occlusion (RAO) is the ocular 
equivalent of cerebrovascular disease  [  31  ] . 
Occlusion of a retinal vessel leads to ischemia of 
retinal tissue supplied by that arterial territory, 
resulting in acute retinal edema and death of reti-
nal ganglion cells. By defi nition, a central RAO 
causes an infarction of the whole central retinal 
artery and loss of central vision in the affected 
eye. Branch RAO is an infarction of one of the 
branches that leaves the optic nerve. 

      Clinical Characteristics 
 In most cases, central RAO is due to emboli or 
thrombi, with the former being more common. It 

appears, however, that central RAO can also 
occur due to a severe reduction in ocular perfu-
sion pressure, vasculitis, or ocular compression  
 [  15  ] . Visual acuity is generally poor with central 
RAO, though it may be completely normal if an 
existing cilioretinal artery spares the macular 
region. Visual acuity is reduced infrequently in 
branch RAO. Reduction in visual fi eld is com-
mensurate with the degree of retinal infarction. 
This is generally much more severe with central 
RAO than with branch RAO. A cherry-red spot in 
the macula is seen frequently in central RAO. 
Occurrence of irreversible retinal damage occurs 
approximately 100 min after central RAO  [  17  ] . 

 In central RAO, the artery is completely 
occluded, although in the fl uorescein angiogram 
residual retinal circulation can often be observed. 
This is either due to collateral circulation via cil-
ioretinal capillary anastomoses within the optic 
nerve head or due to collateral circulation via pial 
and intraneural anastomoses of the central retinal 
artery  [  15  ] . It needs, however, also to be men-
tioned that the fl uorescein angiogram can even be 
normal when the diagnosis of central RAO is 
made. This can, for instance, occur when the 
embolus gets dislodged. In addition, it has been 
hypothesized that central RAO can transiently 
occur during nocturnal blood pressure dips in 
patients with ocular ischemia or stenosis of the 
carotid or ophthalmic artery or due to release of 
vasoconstrictory serotonin from the atheroscle-
rotic plaques in the carotid arteries  [  15  ] .  

      Diagnosis 
 Artery occlusion may occur on base of plaque 
rupture of an atherosclerotic lesion or on base of 
embolic events. To assess the carotid vasculature, 
magnetic resonance angiography (MRA) or com-
puted tomography angiography (CTA) is pre-
ferred because the intracranial ICA can be 
visualized. RAO has been reported in the pres-
ence of intracranial carotid stenosis. Vascular 
imaging also reveals any unusual abnormalities 
of the carotid arteries, including dissection or 
fi bromuscular dysplasia. Cardiac sources of 
embolism in RAO are rare, and the very low yield 
of fi nding abnormalities on echocardiography 
may not warrant workup. Hypercoagulability 
workups should be considered in patients aged 
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50 years or much younger. However, there seems 
little scientifi c rationale for the use of fi brinolytic 
therapy in the treatment of central RAO because 
of a lack of effect on visual acuity  [  15  ] .  

      Mortality/Morbidity 
 The main morbidity from RAO is vision loss  [  1  ] . 
Other factors must be considered since this dis-
ease carries the same risk factors as stroke in the 
brain. These patients usually have an increased 
incidence of coexistent carotid disease, and a few 
patients have cardiac disease.   

    19.1.3.2   Retinal Vein Occlusion (RVO) 
 Retinal vein occlusion is the second most common 
retinal vascular occlusive disease after diabetic 
retinopathy, affecting not only the elderly but also 
young patients  [  25  ] . Retinal vein occlusions may 
affect the venous blood supply of the entire retina 
(central RVO), half of the retina (hemicentral 
RVO), or a quadrant drained by one of the branches 
of the central retinal vein (branch RVO). 

      Clinical Characteristics 
 Retinal vein thrombosis causes increased venous 
pressure and may lead to retinal capillary decom-
pensation with macular edema and subsequent 
visual loss  [  3  ] .  

      Pathogenesis 
 The exact pathogenesis of RVO is unclear. Open-
angle glaucoma is the most frequent local altera-
tion predisposing to RVO as it compromises 
venous outfl ow by increased intraocular pressure. 
Degenerative changes of the vessel wall, abnor-
mal perivascular changes, and abnormal hemato-
logic factors constitute as the primary mechanisms 
of vessel occlusion. 

 RVO is defi ned as a focal occlusion of a reti-
nal vein at an arteriovenous crossing site. In 
almost all cases, the RVO occurs at crossing sites 
where the artery is passing anteriorly (superfi -
cially) to the vein. The resultant thickening of 
the artery appears to cause compression of adja-
cent veins, a process that may be aggravated 
because the two vessels are confi ned within a 
common adventitial sheath. With increased com-
pression, venous blood fl ow velocity at the cross-
ing site gradually increases until local shear 

stress causes endothelial cell loss, thrombus for-
mation, and vein occlusion. Regarding thrombo-
philic risk factors and RVO, there is only 
evidence for an association with hyperhomo-
cysteinemia and anticardiolipin antibodies, fac-
tors that are known as risk factors for venous 
thrombosis as well as for arterial vascular dis-
ease. The minor effect of FV Leiden mutation 
and the prothrombin gene mutation (risk factors 
for venous thrombosis only) suggests that ath-
erosclerosis might be an important factor in the 
development of RVO.  

      Diagnosis 
 Based on this analysis, it seems that the risk pro-
fi le for arterial disease of the patient with RVO is 
more important than thrombophilic risk factors. 
An explanation for this might be the anatomy of 
the retinal arteries and veins. In investigating a 
new patient with RVO, one should screen for 
hypertension, lipid abnormalities, and diabetes 
mellitus since retinal venous obstruction may be 
the fi rst presentation of signifi cant cardiovascular 
morbidity.   

    19.1.3.3   Ischemic Optic Neuropathy 

 Ischemic optic neuropathy (ION) includes a vari-
ety of disorders that produce ischemia to the optic 
nerve  [  12  ] . By defi nition, ION is termed anterior 
if disk edema is present acutely. This clinical 
fi nding suggests infarction of the portion of the 
optic nerve closest to the globe. ION also may be 
posterior, lying several centimeters behind the 
globe. In this instance, swelling of the optic nerve 
head is not visible, and the practitioner will only 
witness a normal fundus. Specifi c arteriolar 
pathology, especially giant cell arteritis, also may 
be associated with ION. Giant cell arteritis must 
be ruled out in suspected cases. 

      Clinical Characteristics 
 Anterior ION (AION) is due to ischemia of the 
anterior part of the optic nerve head and typically 
develops as abrupt, painless monocular vision 
loss, though a few patients do experience some 
discomfort. As opposed to optic neuritis in which 
color vision typically is reduced drastically, the 
color vision defi cit in AION mirrors the degree of 
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decrease in visual acuity The optic nerve head 
acutely appears edematous, which confi rms the 
anterior nature of this disorder. Hemorrhage on 
the disk is commonly present. 

 Patients with AION have certain characteris-
tics. Primarily, this is a disease of Caucasians. 
Essentially no sex predilection is reported, and 
average age of onset is in the mid-1960s. These 
patients generally have an increased incidence 
of hypertension, hyperlipidemia, and diabetes. 
Smoking may predispose patients to an earlier 
onset of the disease. Most investigators believe 
that ION has no association with carotid stenosis, 
but this has not been evaluated systematically in 
a large number of patients. Giant cell arteritis 
must be ruled out in suspected cases. 

 The exact mechanism of infarction of the optic 
nerve head is unknown, but it is believed to be sec-
ondary to hypotension and, possibly, watershed 
infarction between the central retinal artery and 
the posterior ciliary arteries. Likewise, AION with 
severe visual loss may occur following blood loss 
and hypotension, as in gastrointestinal hemor-
rhage, or during major cardiac or spine surgeries. 
AION rarely occurs in the setting of hypotension 
or blood loss alone, and the combination of the 
two is probably important in the pathogenesis. 
Simultaneous bilateral AION or posterior ION is 
not uncommon under these circumstances.  

      Mortality/Morbidity 
 The morbidity of this condition specifi cally con-
cerns vision loss. AION has little association 
with carotid artery disease; therefore, an attack of 
AION does not denote a risk for impending 
stroke, as does amaurosis fugax. ION is a disease 
of older individuals and most commonly occurs 
in patients older than 40 years. The average age 
of onset is the mid-1960s. Smoking and other 
risk factors may decrease the age of onset in some 
patients  [  14  ] .   

    19.1.3.4   Asymptomatic Retinal Emboli 
      Background 
 The most common emboli include (1) choles-
terol, (2) fi brin/platelet, and (3) calcifi c. Their 
location, size, color, and shape can help distin-
guish them. Not all types of emboli are associ-
ated strongly with occlusive signs in the retina.  

      Pathophysiology 
 Cholesterol emboli were fi rst described by 
Hollenhorst, who correctly surmised the associa-
tion of these bright refractile particles to carotid 
disease  [  4  ] . Although found more commonly 
with ICA disease, these emboli also are found in 
the setting of atherosclerosis of the aortic arch 
and innominate arteries. 

 A common question from a referring physician 
is “What is the risk to my patient who has asymp-
tomatic retinal emboli?” The presence of these 
emboli, even when asymptomatic, is not entirely 
benign. The US Physicians Health Study observed 
an association between emboli and hyperten-
sion, smoking, and heterogeneous carotid plaques. 
After an average follow-up of 3.4 years, these 
patients had a tenfold increase in stroke, indepen-
dent of other risk factors of stroke.      

    19.2   Vasculitis 

 Vasculitis is a group of diseases featuring infl am-
mation of the wall of blood vessels including 
veins, arteries, and capillaries due to leukocyte 
migration and resultant damage. While most vas-
culitides are rare, they generally affect several 
organ systems involving the ocular vasculature 
and can cause severe disability  [  19  ] . Retinal vas-
culitis represents a group of disorders character-
ized by retinal vascular infl ammation associated 
with intraocular infl ammation but rarely may 
develop as an isolated ocular disease. The diag-
nosis is based on characteristic ophthalmoscopic 
and fl uorescein angiographic features  [  11  ] . 

 Key Message 

 Patients with cerebrovascular disease can 
also develop eye problems. These may be 
directly related, such as a cortical stroke 
affecting the visual pathway, or amaurosis 
fugax, indicating compromise of the ante-
rior cerebral circulation, or problems may 
arise indirectly, such as corneal exposure 
secondary to a seventh nerve palsy affect-
ing the orbicularis oculi muscle (which aids 
lid closure). 
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 Common clinical manifestations include reti-
nal vascular sheathing as well as vitreitis and cys-
toid macular edema. Staining and leakage of 
affected vessels is typically demonstrated by fl u-
orescein angiography. These clinical and angio-
graphic fi ndings are the result of infl ammation 
within or surrounding the retinal vessels. Retinal 
vasculitis most commonly occurs in association 
with a systemic or ocular disease but rarely may 
develop as an isolated ocular disease. Many 
patients have been previously diagnosed with an 
associated disease, but some patients may develop 
retinal vasculitis as the initial manifestation of an 
underlying disorder  [  40  ] . Thus, it is essential that 
a thorough history, review of systems, and physi-
cal examination are performed in patients with 
retinal vasculitis. Special forms of vasculitis with 
reported ocular involvement are specially reported 
below: 

    19.2.1   Takayasu’s Arteritis 
(Aortic Arch Syndrome) 

 The fi rst case of Takayasu’s arteritis was 
described in 1908 by Dr. Mikito Takayasu at the 
Annual Meeting of the Japan Ophthalmology 
Society. Dr. Takayasu described a peculiar 
“wreath-like” appearance of blood vessels in the 
back of the eye (retina)  [  24  ] . In the Western 
world, atherosclerosis is a more frequent cause 
of obstruction of the aortic arch vessels than is 
Takayasu’s arteritis. 

    19.2.1.1   Pathophysiology 
 Takayasu’s arteritis is a chronic vasculitis mainly 
involving the aorta and its main branches, such as 
the brachiocephalic, carotid, subclavian, verte-
bral, and renal arteries, as well as the coronary 
and pulmonary arteries. Takayasu’s arteritis is 
characterized histologically as “panarteritis” 
involving all layers of the arterial wall, including 
intimal fi brous thickening and/or typical ather-
omatous lesions, destruction of medial smooth 
muscles and elastic layers, cellular infi ltration 
and collagenous fi brosis in the media, and thick-
ened adventitia with cellular infi ltration around 
vasa vasorum  [  28  ] .  

    19.2.1.2   Clinical Characteristics 

 It induces clinically varied ischemic symptoms 
due to stenotic lesions or thrombus formation, 
including blindness, cataract and/or retinal hem-
orrhage, pulselessness, aortic regurgitation, and/
or congestive heart failure due to dilatation of 
the ascending aorta. More acute progression 
causes destruction of the media of the arterial 
wall, leading to the formation of aneurysms and/
or dissecting aneurysm or rupture of the involved 
arteries.  

    19.2.1.3   Epidemiology 
 Epidemiologically, it is found mostly in female 
patients and is more prevalent in Asian and Latin 
American countries. Autoimmune mechanisms 
induced by viruses have been suspected in the 
pathogenesis as HLA analysis demonstrated a sta-
tistically signifi cant frequency of B*5201 (B52) 
B*3902 haplotype in these patients. Although it 
has been reported worldwide, it shows a predilec-
tion for young Asian women. Females with this 
disease outnumber males by 8:1, and the age of 
onset is typically between 15 and 30 years.  

    19.2.1.4   Classifi cation 
 Four types of late-phase Takayasu’s arteritis are 
described on the basis of the sites of involvement 
as follows:

   Type I—Classic pulseless type that involves 
the brachiocephalic trunk, carotid arteries, and 
subclavian arteries  

  Type II—Combination of types I and III  
  Type III—Atypical coarctation type that 

involves the thoracic and abdominal aortas distal 
to the arch and its major branches  

  Type IV—Dilated type that involves extensive 
dilatation of the length of the aorta and its major 
branches      

    19.2.2   Behcet’s Disease 

 Although BD, a systemic occlusive vasculopathy, 
was originally described as a triad of recurrent 
oral and genital ulcerations along with hypopyon–
iritis, the scope of the disease has widened over 
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the years to encompass a spectrum of multiorgan 
involvement with variable manifestations  [  33  ] . 

    19.2.2.1   Clinical Characteristics 
 Besides CNS involvement, ocular involvement of 
complete BD, frequently termed ocular BD, is 
the most serious manifestation due to its associa-
tion to a poor visual outcome most often despite 
immunosuppressive treatment  [  7  ] . Eye involve-
ment affects 60–80% of BD patients, may cause 
either anterior uveitis (infl ammation in the front 
of the eye) or posterior uveitis (infl ammation in 
the back of the eye), and sometimes causes both 
at the same time. Anterior uveitis results in pain, 
blurry vision, light sensitivity, tearing, or redness 
of the eye. Posterior uveitis may be more danger-
ous and vision threatening because it often causes 
fewer symptoms while damaging a crucial part of 
the eye—the retina.  

    19.2.2.2   Pathogenesis 
 Behcet’s disease is one of the few forms of vascu-
litis in which there is a known genetic predisposi-
tion. The pathogenesis of BD remains unclear, 
but research of the last decades has shown a com-
plex role of genetic factors (HLA-B51) predis-
posing to infl ammation with involvement of the 
innate immune system (neutrophils, NK cells), 
perpetuated by the adaptive immune response, 
most importantly T cells, against infectious and/
or auto-antigens. 

 Eye disease in BD patients is mostly a recurrent 
nongranulomatous uveitis with necrotizing oblit-
erative retinal vasculitis, which may be found either 
in the anterior or the posterior segment, or both.  

    19.2.2.3   Diagnosis 
 Diagnosis of BD is mostly based on several sets 
of diagnostic criteria. Today the most widely used 
are the criteria of the International Study Group 
for Behcet’s Disease from 1990. The criteria put 
forth by the group include recurrent oral ulcer-
ation (at least three occasions in a year). In addi-
tion, a patient must also meet two of the following 
four criteria for Behcet’s disease: recurrent geni-
tal ulcerations, eye lesions (uveitis or retinal vas-
culitis), skin lesions (erythema nodosum, lesions, 
acne), and/or positive “pathergy test.” 

 The pathergy test is a simple test in which the 
forearm is pricked with a small sterile needle. 
Occurrence of a small red bump or pustule at the 
site of needle insertion constitutes a positive test. 
Although a positive pathergy test is helpful in the 
diagnosis of Behcet’s, only a minority of Behcet’s 
patients demonstrate the pathergy phenomenon 
(i.e., have positive tests). 

 Despite aggressive immunosuppressive treat-
ment, the visual prognosis of ocular BD was 
generally poor to date. Recently, novel biologic 
drugs, including interferon-  a   and tumor necrosis 
factor (TNF)-  a   antagonists, have been introduced 
in the treatment of ocular BD with very promis-
ing results and seem for the fi rst time to improve 
the prognosis of the disease.  

    19.2.2.4   Epidemiology 
 In many parts of the world, ocular BD still is a 
major cause of blindness. Patients with BD, a 
rare disorder with varying prevalence, are distrib-
uted endemically along the ancient Silk Route 
from Mediterranean countries to the Middle East 
and the Eastern Asian countries, but they are 
rarely encountered in Northern Europe, Northern 
Asia, most of continental Africa, Australia, or 
North America  [  38,   44  ] .   

    19.2.3   Thromboangiitis Obliterans 

  Buerger’s disease  (also known as  thromboangii-
tis obliterans ) is an acute infl ammation and char-
acterized by occlusive thrombotic segmental and 
often multiple infl ammatory lesions of medium-
sized and small arteries and superfi cial veins pri-
marily of the limbs. A cerebral form of von 
Winiwarter–Buerger’s disease according to the 
classifi cation by Lindenberg and Spatz from 
1939 presents with thrombus formation and pro-
liferative change of the intimal layer of the pial 
arteries of the brain and results in widespread 
cortical necroses. Direct involvement of the ocu-
lar vasculature is rarely described in the litera-
ture but may be involved secondarily by 
involvement of the carotid or medial cerebral 
artery as well as by the involvement of the pial 
arteries  [  22  ] . 
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    19.2.3.1   Diagnosis and Clinical 
Characteristics 

 Thromboangiitis obliterans is strongly associated 
with the use of tobacco products, primarily from 
smoking, and age younger than 45. Defi nitive 
diagnosis of thromboangiitis obliterans is often 
diffi cult as it relies heavily on exclusion of the 
conditions. It is associated with younger age and 
presence of distal extremity ischemia (indicated 
by claudication, pain at rest, ischemic ulcers or 
gangrene, exclusion of a proximal source of 
emboli by echocardiography).  

    19.2.3.2   Treatment 
 Complete cessation of smoking remains the cor-
nerstone of therapy, but blockade with antago-
nists of cannabinoid or endothelin receptors and 
the use of gene- or cell-based therapy to induce 
therapeutic angiogenesis have opened up new 
possibilities for treatment. Use of vascular growth 
factor and stem cell injections has been showing 
promise in clinical studies  [  27  ] .   

    19.2.4   Temporal Arteritis 

 Temporal arteritis was fi rst described in 1890 by 
Hutchinson and was more clearly defi ned in 1932 
by Horton et al. as a granulomatous arteritis of the 
temporal vessels. The presence of giant cells in 
the granulomatous infi ltration gave rise to the 
term “giant cell arteritis” (GCA). Visual loss was 
fi rst described in 1938 by Jennings, and in 1941, 
Gilmour pointed out that the disease is more gen-
eralized and that other medium-sized and large-
sized vessels are also affected. The most common 
vessels affected are the superfi cial temporal artery, 
the ophthalmic artery, the posterior ciliary arter-
ies, and the vertebral arteries; occasionally, the 
central retinal artery may also be involved  [  30  ] . 

 Today, it is recognized that GCA may produce 
a broad range of symptoms related to the affected 
artery, including headache, jaw claudication, 
visual loss, and diplopia; constitutional symptoms 
such as malaise, anorexia, myalgia, and arthralgia 
are also common. Involvement of the visual sys-
tem in GCA is considered an ophthalmologic 

emergency, and it is essential for those physicians 
involved in the care of patients with GCA to be 
familiar with the distinctive signs and symptoms, 
diagnostic testing, and therapeutic guidelines. 

    19.2.4.1   Epidemiology 
 GCA occurs most commonly in the elderly, with 
the incidence increasing with age; there are sev-
eral studies that suggest a genetic susceptibility 
in GCA. Familial clustering and monozygotic 
twin concordance have been reported along with 
human leukocyte antigen DRB1 * 04, DRB1 * 01, 
and DRW6 associations.  

    19.2.4.2   Pathogenesis 
 The inciting event of GCA has been widely 
researched yet is still not well understood. The 
series of events leading to GCA has been pro-
posed to begin with activated T cells in the vasa 
vasorum upregulating in response to an unknown 
stimulus, and activating macrophages which then 
form the granulomatous immune reaction and 
cause ultimate disruption and destruction within 
the blood vessel wall by expressing metallopro-
teases and reactive oxygen intermediates. After 
the initial immune response, the vessel undergoes 
a healing response to injury, which includes inti-
mal thickening, myofi broblast proliferation, and 
extracellular matrix deposition, all of which con-
tribute to vascular stenosis and occlusion.  

    19.2.4.3   Ocular Manifestations 
 The most common ocular manifestation of GCA 
is arteritic anterior ischemic optic neuropathy 
(AAION), which accounts for approximately 80% 
of visual loss attributed to the disease. AAION typi-
cally presents with severe visual loss developing 
over hours to days in one or both eyes. Simultaneous 
bilateral ischemic optic neuropathy is more com-
monly arteritic than nonarteritic. Involvement of the 
second eye occurs within 14 days in approximately 
one-third of untreated cases. Ischemia of the retrob-
ulbar portion of the optic nerve, or posterior isch-
emic optic neuropathy (PION), can also occur in 
GCA. Upon initial presentation, PION is character-
ized by acute visual loss without apparent optic 
nerve abnormalities or edema. Over time, the optic 
nerve will develop visible atrophy.   
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    19.2.5   Wegener’s Granulomatosis 

 Wegener’s granulomatosis is a form of vasculitis 
that affects the lungs, kidneys, and other organs. 
Due to its end-organ damage, it can be a serious 
disease that requires long-term immune suppres-
sion. It is named after Dr. Friedrich Wegener, 
who described the disease in 1936     [  34  ] . 

    19.2.5.1   Pathogenesis 
 Wegener’s granulomatosis is part of a larger group 
of vasculitic syndromes, all of which feature the 
presence of an abnormal type of circulating antibody 
termed ANCAs (antineutrophil cytoplasmic anti-
bodies) and affect small- and medium-sized blood 
vessels. On histopathological examination, a biopsy 
will show  leukocytoclastic vasculitis  with necrotic 
changes and granulomatous infl ammation (clumps 
of typically arranged white blood cells) on micros-
copy. These granulomas are the main reason for the 
appellation of “Wegener’s granulomatosis,” although 
it is not an essential feature. Unfortunately, many 
biopsies can be nonspecifi c, and 50% provide too 
little information for the diagnosis of Wegener’s.  

    19.2.5.2   Ocular Manifestation 
 Fifty percent to 60% have ophthalmologic mani-
festations, which can be a presenting feature in a 
minority of patients. Orbital disease is the most 
common manifestation and may result in propto-
sis, restrictive ophthalmopathy, chronic orbital 
pain, and, in chronic cases, orbital retraction syn-
drome and intractable socket pain. Wegener’s may 
also cause injury to the optic nerve, ophthalmople-
gia, conjunctivitis, keratitis, scleritis, episcleritis, 
dacryocystitis, nasolacrimal duct obstruction, 
dacryoadenitis, uveitis, and retinal vasculitis. 
Initial treatment is generally with corticosteroids 
and oral cyclophosphamide. Once remission has 
been achieved, azathioprine and steroids can be 
used to maintain remission.  

    19.2.5.3   Diagnosis 
 In 1990, the American College of Rheumatology 
accepted the classifi cation criteria for Wegener’s. 
These criteria were not intended for diagnosis but for 
inclusion in randomized controlled trials. Two or 
more positive criteria have a sensitivity of 88.2% and 

a specifi city of 92.0% of describing Wegener’s   http://
emedicine.medscape.com/article/332622-overview    .

   Nasal or oral infl ammation   :
   Painful or painless oral ulcers  • or  purulent or 
bloody nasal discharge     
  Lungs: abnormal chest x-ray with:
   Nodules, infi ltrates,  • or  cavities     
  Kidneys: urinary sediment with:
   Microhematuria  • or  red cell casts     
  Biopsy:
   Granulomatous infl ammation within the arte-• 
rial wall  or  in the perivascular area         

    19.2.6   Kawasaki Disease 

 Kawasaki disease is a poorly understood self-
limited vasculitis that affects many organs. 
Usually in children (age < 4), it affects large, 
medium, and small vessels, prominently the cor-
onary arteries, and is associated with mucocuta-
neous lymph node syndrome  [  5  ] . 

    19.2.6.1   Clinical Characteristics 
 Kawasaki disease often begins with a high and per-
sistent fever that is not very responsive to normal 
doses of paracetamol (acetaminophen) or ibupro-
fen. The fever may persist steadily for up to 2 weeks 
and is normally accompanied by irritability. Affected 
children develop red eyes, red mucous membranes 
in the mouth, red cracked lips, a “strawberry 
tongue,” iritis, keratic precipitates (detectable by an 
ophthalmologist but usually too small to be seen by 
the unaided eye), and swollen lymph nodes. Skin 
rashes occur early in the disease, and peeling of the 
skin in the genital area, hands, and feet (especially 
around the nails and on the palms and soles) may 
occur in later phases. Some of these symptoms may 
come and go during the course of the illness.  

    19.2.6.2   Diagnosis 
 Classically, 5 days of fever  [  5  ]     plus at least four 
out of fi ve criteria:

   Bilateral conjunctival injection  • 
  Injected or fi ssured lips, injected pharynx, or • 
strawberry tongue  
  Erythema of palms/soles, edema of hands/• 
feet, periungual desquamation  

http://emedicine.medscape.com/article/332622-overview
http://emedicine.medscape.com/article/332622-overview
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  Polymorphous rash  • 
  Cervical lymphadenopathy (at least one node • 
>1.5 cm)       

    19.3   Vascular Malformations 

    19.3.1   Hereditary Telangiectasia 
(Rendu–Osler–Weber Syndrome) 

 HHT is an autosomal dominant genetic disorder 
that leads to vascular malformations and is char-
acterized by telangiectasia (small vascular mal-
formations) on the skin and mucosal linings, 
epistaxis (nosebleeds), and arteriovenous malfor-
mations (AVMs) in various internal organs. Skin 
and mucosa telangiectasias are most remarkable 
on the tongue, hands/fi ngers, nose, lips, mouth/
throat, and conjunctiva. There is no specifi c treat-
ment for the condition. 

    19.3.1.1   Diagnosis 
 There are four diagnostic criteria  [  35  ] . If three or 
four are met, a patient has  defi nite HHT , while 
two give a possible diagnosis:

   Spontaneous recurrent epistaxis  • 
  Multiple telangiectasias on typical locations • 
(see above)  
  Proven visceral AVM (lung, liver, brain, spine)  • 
  First-degree family member with HHT     • 

    19.3.1.2   Pathophysiology 
 The mechanism underlying the formation of vas-
cular malformations is not completely under-
stood, but signaling of transforming growth 
factor- b 1 is most likely to be involved. Possibly, 
connective tissue is required to support and guide 
proliferating blood vessels during angiogenesis, 
and defects in TGF- b  signaling adversely affect 
connective tissue and matrix production.    

    19.4   Systemic Hypertension 
and Treatment 

 Hypertension is sustained elevation of resting 
systolic BP ( ³ 140 mmHg), diastolic BP 
( ³ 90 mmHg), or both. Hypertension with no 

known cause (primary; formerly, essential hyper-
tension) is most common. Hypertension with an 
identifi ed cause (secondary hypertension) is usu-
ally due to a renal disorder. Usually, no symp-
toms develop unless hypertension is severe or 
long-standing. Diagnosis is by sphygmomanom-
etry. Tests may be done to determine cause, assess 
damage, and identify other cardiovascular risk 
factors. Treatment involves lifestyle changes and 
drugs, including diuretics,  b -blockers, ACE 
inhibitors, angiotensin II receptor blockers, and 
Ca channel blockers  [  6  ] . 

 BP increases with age. About two-thirds of 
people >65 have hypertension, and people with a 
normal BP at age 55 have a 90% lifetime risk of 
developing hypertension. Because hypertension 
becomes so common with age, the age-related 
increase in BP may seem innocuous, but higher 
BP increases morbidity and mortality risk. 

    19.4.1   Etiology 

 Hypertension may be primary (85–95% of cases) 
or secondary. 

    19.4.1.1   Primary Hypertension 
 Hemodynamics and physiologic components 
(e.g., plasma volume, activity of the renin–angio-
tensin system) vary, indicating that primary 
hypertension is unlikely to have a single cause. 
Even if one factor is initially responsible, multi-
ple factors are probably involved in sustaining 
elevated BP (the mosaic theory). In afferent sys-
temic arterioles, malfunction of ion pumps on 
sarcolemmal membranes of smooth muscle cells 
may lead to chronically increased vascular tone. 
Heredity is a predisposing factor, but the exact 
mechanism is unclear. Environmental factors 
(e.g., dietary Na, obesity, stress) seem to affect 
only genetically susceptible people.  

    19.4.1.2   Secondary Hypertension 
 Causes include renal parenchymal disease (e.g., 
chronic glomerulonephritis or pyelonephritis, poly-
cystic renal disease, connective  tissue disorders, 
obstructive uropathy), renovascular disease, 
pheochromocytoma, Cushing’s  syndrome, primary 



19 Systemic Diseases: Cardiovascular Disease and Ocular Manifestation 443

aldosteronism, congenital adrenal hyperplasia, 
hyperthyroidism, myxedema, and coarctation of 
the aorta. Excessive alcohol intake and use of oral 
contraceptives are common causes of curable 
hypertension. Use of sympathomimetics, NSAIDs, 
corticosteroids, cocaine, or licorice commonly 
contributes to hypertension.   

    19.4.2   Pathophysiology 

 Because BP equals cardiac output (CO) × total 
peripheral vascular resistance (TPR), pathogenic 
mechanisms must involve increased CO, increased 
TPR, or both. 

 In most patients, CO is normal or slightly 
increased, and TPR is increased. This pattern is 
typical of primary hypertension and hypertension 
due to pheochromocytoma, primary aldoster-
onism, renovascular disease, and renal parenchy-
mal disease. 

 In other patients, CO is increased (possibly 
because of venoconstriction in large veins), and 
TPR is inappropriately normal for the level of 
CO. Later in the disorder, TPR increases and CO 
returns to normal, probably because of autoregu-
lation. Some disorders that increase CO 
(thyrotoxicosis, arteriovenous fi stula, aortic 
regurgitation), particularly when stroke volume 
is increased, produce isolated systolic hyperten-
sion. Some elderly patients have isolated systolic 
hypertension with normal or low CO, probably 
due to inelasticity of the aorta and its major 
branches. Patients with high, fi xed diastolic pres-
sures often have decreased CO. 

 Plasma volume tends to decrease as BP 
increases; rarely, plasma volume remains normal 
or increases. Plasma volume tends to be high in 
hypertension due to primary aldosteronism or 
renal parenchymal disease and may be quite low 
in hypertension due to pheochromocytoma. Renal 
blood fl ow gradually decreases as diastolic BP 
increases and arteriolar sclerosis begins. GFR 
remains normal until late in the disorder; as a 
result, the fi ltration fraction is increased. 
Coronary, cerebral, and muscle blood fl ow is 
maintained unless severe atherosclerosis coexists 
in these vascular beds.  

    19.4.3   Pathology and Complications 

 No pathologic changes occur early in hyper-
tension. Severe or prolonged hypertension dam-
ages target organs (primarily the cardiovascular 
system, brain, kidneys, and eye), increasing 
risk of coronary artery disease (CAD), MI, 
stroke (particularly hemorrhagic), and renal 
failure. The mechanism involves development 
of generalized arteriolosclerosis and accelera-
tion of atherogenesis. Because of increased 
afterload, the left ventricle gradually hypertro-
phies, causing diastolic dysfunction. The ven-
tricle eventually dilates, causing dilated 
cardiomyopathy and heart failure (HF) due to 
systolic dysfunction. Thoracic aortic dissection 
is typically a consequence of hypertension; 
almost all patients with abdominal aortic aneu-
rysms have hypertension.  

    19.4.4   Symptoms and Signs 

 Hypertension is usually asymptomatic until com-
plications develop in target organs. Dizziness, 
fl ushed facies, headache, fatigue, epistaxis, and 
nervousness are not caused by uncomplicated 
hypertension. Severe hypertension can cause 
severe cardiovascular, neurologic, renal, and reti-
nal symptoms (e.g., symptomatic coronary ath-
erosclerosis, HF, hypertensive encephalopathy, 
renal failure). 

 Retinal changes may include arteriolar nar-
rowing, hemorrhages, exudates, and, with 
encephalopathy, papilledema. Changes are clas-
sifi ed (according to the Keith, Wagener, and 
Barker classifi cation) into four groups with 
increasingly worse prognosis: constriction of 
arterioles only (grade 1), constriction and sclero-
sis of arterioles (grade 2), hemorrhages and exu-
dates in addition to vascular changes (grade 3), 
and papilledema (grade 4).  

    19.4.5   Diagnosis of Hypertension 

    Multiple measurements of BP to confi rm, sin-• 
gle offi ce measurements might not be reliable.    



G. Gouya and M. Wolzt   444

 Investigations of target-organ damage and 
evaluation of risk profi le:

   Urinalysis and urinary albumin/creatinine ratio: • 
if abnormal, consider renal ultrasonography.  
  Blood tests: fasting lipids, creatinine, K.  • 
  If creatinine is increased, renal ultrasonography.  • 
  If K is decreased, evaluate for aldosteronism.  • 
  ECG: if left ventricular hypertrophy, consider • 
echocardiography.  
  Sometimes thyroid-stimulating hormone • 
measurement.  
  If BP elevation is sudden and labile or severe, • 
evaluate for pheochromocytoma.    
 Hypertension is diagnosed and classifi ed by 

sphygmomanometry. History, physical examina-
tion, and other tests help identify etiology and 
determine whether target organs are damaged. 
BP must be measured at least twice—fi rst, with 
the patient supine or seated, then after the patient 
has been standing for  ³ 2 min, on three separate 
days. The average of these measurements is used 
for diagnosis. BP is classifi ed as normal, prehy-
pertension, or stage 1 (mild) or stage 2 hyperten-
sion (see Fig.  19.1 ).  

 BP is measured in both arms; if BP in one 
arm is much higher, the higher value is used. BP 
is also measured in a thigh (with a much larger 
cuff) to rule out coarctation of the aorta, particu-
larly in patients with diminished or delayed 
femoral pulses; with coarctation, BP is signifi -
cantly lower in the legs. If BP is in the low 
hypertensive range or is markedly labile, more 

BP measurements are desirable. BP measurements 
may be sporadically high before hypertension 
becomes sustained; this phenomenon probably 
accounts for “white coat hypertension” in which 
BP is elevated when measured in the physician’s 
offi ce but normal when measured at home or by 
ambulatory BP monitoring. (See the Agency for 
Healthcare Research and Quality’s Evidence 
Report/Technology Assessment summary on 
the Utility of Blood Pressure Monitoring Outside 
of the Clinic Setting.) However, extreme BP 
elevation alternating with normal readings is 
unusual and possibly suggests pheochromocy-
toma or unacknowledged drug use. 

    19.4.5.1   History 
 The history includes the known duration of hyper-
tension and previously recorded levels; any his-
tory or symptoms of CAD, HF, or other relevant 
coexisting disorders (e.g., stroke, renal dysfunc-
tion, peripheral arterial disease, dyslipidemia, dia-
betes, gout); and a family history of any of these 
disorders. Social history includes exercise levels 
and use of tobacco, alcohol, and stimulant drugs 
(prescribed and illicit). A dietary history focuses 
on intake of salt and stimulants (e.g., tea, coffee, 
caffeine-containing sodas, energy drinks).  

    19.4.5.2   Physical Examination 
 The physical examination includes measurement 
of height, weight, and waist circumference; fun-
duscopic examination for retinopathy; ausculta-
tion for bruits in the neck and abdomen; and a full 
cardiac, respiratory, and neurologic examination. 
The abdomen is palpated for kidney enlargement 
and abdominal masses. Peripheral arterial pulses 
are evaluated; diminished or delayed femoral 
pulses suggest aortic coarctation, particularly in 
patients <30.  

    19.4.5.3   Testing 
 The more severe the hypertension and the younger 
the patient, the more extensive is the evaluation. 
Generally, when hypertension is newly diagnosed, 
routine testing to detect target-organ damage and 
cardiovascular risk factors is done. Tests include 
urinalysis, spot urine albumin/creatinine ratio, 

JNC 7 Classification of blood pressure in adults

Classification

Normal 

Prehypertension

Stage 1 140−159 (systolic)
or
90−99 (diastolic)

Stage 2 ≥160 (systolic)
or
≥100 (diastolic)

BP (mmHg) 

<120/80

120−139/80−89

  Fig. 19.1    JNC seven classifi cation of blood pressure in 
adults       
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blood tests (creatinine, K, Na, fasting plasma glu-
cose, lipid profi le), and ECG. Thyroid-stimulating 
hormone is often measured. Ambulatory BP mon-
itoring, renal radionuclide imaging, chest x-ray, 
screening tests for pheochromocytoma, and renin-
Na profi ling are not routinely necessary. Peripheral 
plasma renin activity is not helpful in diagnosis or 
drug selection. 

 Depending on results of initial tests and exam-
ination, other tests may be needed. If urinalysis 
detects albuminuria (proteinuria), cylindruria, or 
microhematuria or if serum creatinine is elevated 
( ³ 1.4 mg/dL in men;  ³ 1.2 mg/dL in women), 
renal ultrasonography to evaluate kidney size 
may provide useful information. Patients with 
hypokalemia unrelated to diuretic use are evalu-
ated for primary aldosteronism and high salt 
intake. 

 On ECG, a broad, notched P wave indicates 
atrial hypertrophy and, although nonspecifi c, 
may be one of the earliest signs of hypertensive 
heart disease. Left ventricular hypertrophy, indi-
cated by a sustained apical thrust and abnormal 
QRS voltage with or without evidence of isch-
emia, may occur later. If either of these fi ndings 
is present, echocardiography is often done. In 
patients with an abnormal lipid profi le or symp-
toms of CAD, tests for other cardiovascular risk 
factors (e.g., C-reactive protein) may be useful. 

 If coarctation of the aorta is suspected, chest 
x-ray, echocardiography, CT, or MRI helps confi rm 
the diagnosis. Patients with labile, signifi cantly 
elevated BP and symptoms such as headache, pal-
pitations, tachycardia, excessive perspiration, 
tremor, and pallor are screened for pheochromocy-
toma. Patients with symptoms suggesting Cushing’s 
syndrome, a connective tissue disorder, eclampsia, 
acute porphyria, hyperthyroidism, myxedema, 
acromegaly, or CNS disorders are evaluated.   

    19.4.6   Prognosis 

 The higher the BP and the more severe the retinal 
changes and other evidence of target-organ 
involvement, the worse is the prognosis. Systolic 
BP predicts fatal and nonfatal cardiovascular 

events better than diastolic BP. Without treat-
ment, 1-year cardiovascular event-free survival is 
<10% in patients with retinal sclerosis, cotton-
wool exudates, arteriolar narrowing, and hemor-
rhage (grade 3 retinopathy) and <5% in patients 
with the same changes plus papilledema (grade 4 
retinopathy). CAD is the most common cause of 
death among treated hypertensive patients. 
Ischemic or hemorrhagic stroke is a common 
consequence of inadequately treated hyperten-
sion. However, effective control of hypertension 
prevents most complications and prolongs life.  

    19.4.7   General Treatment 

    Weight loss and exercise  • 
  Smoking cessation  • 
  Diet: increased fruits and vegetables, decreased • 
salt, limited alcohol  
  Drugs if BP is initially high (>160/100) or • 
unresponsive to lifestyle modifi cations    
 Primary hypertension has no cure, but some 

causes of secondary hypertension can be cor-
rected. In all cases, control of BP can signifi cantly 
limit adverse consequences. Despite the theoreti-
cal effi cacy of treatment, BP is lowered to the 
desired level in only one-third of hypertensive 
patients in the USA. 

 For all patients, treatment aims to reduce BP 
to <140/90 mmHg; for those with a kidney disor-
der or diabetes, the goal is <130/80 mmHg or as 
near this level as tolerated. Even the elderly and 
frail elderly can tolerate a diastolic BP as low as 
60–65 mmHg well and without an increase in 
cardiovascular events. Ideally, patients or family 
members measure BP at home, provided they 
have been trained to do so, they are closely moni-
tored, and the sphygmomanometer is regularly 
calibrated. 

    19.4.7.1   Lifestyle Modifi cations 
 Recommendations include regular aerobic physi-
cal activity at least 30 min/day most days of the 
week; weight loss to a body mass index of 18.5–
24.9 (see the Cochrane review abstract “Dieting to 
reduce body weight for controlling hypertension 
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in adults”); smoking cessation; a diet rich in fruits, 
vegetables, and low-fat dairy products with 
reduced saturated and total fat content; dietary 
sodium [Na+] of <2.4 g/day (<6 g NaCl); and 
alcohol consumption of  £ 1 oz/day in men and 
 £ 0.5 oz/day in women. (See the National Heart 
Lung and Blood Institute’s Dietary Approaches to 
Stop Hypertension [DASH] Eating Plan.) In stage 
1 (mild) hypertension with no signs of target-organ 
damage, lifestyle changes may make drugs unnec-
essary. Patients with uncomplicated hypertension 
do not need to restrict their activities as long as 
BP is controlled. Dietary modifi cations can also 
help control diabetes, obesity, and dyslipidemias. 
Patients with prehypertension are encouraged to 
follow these lifestyle recommendations.  

    19.4.7.2   Drugs 
 If systolic BP remains >140 mmHg or diastolic 
BP remains >90 mmHg after 6 months of lifestyle 
modifi cations, antihypertensive drugs are required. 
Unless hypertension is severe, drugs are usually 
started at low doses. Drugs are initiated simulta-
neously with lifestyle changes for all patients with 
prehypertension or hypertension plus diabetes, a 
kidney disorder, target-organ damage, or cardio-
vascular risk factors and for those with an initial 
BP of >160/100 mmHg. Signs of hypertensive 
emergencies require immediate BP reduction with 
parenteral antihypertensives. 

 For most hypertensive patients, one drug is 
given initially depending on the patient’s charac-
teristics and coexisting disorders. 

 If the initial drug is ineffective or has adverse 
effects, another drug can be substituted. If the ini-
tial drug is only partly effective but well toler-
ated, the dose can be increased or a second drug 
with a different mechanism added. 

 If initial systolic BP is >160 mmHg, two drugs 
are often used. Options include combining a 
diuretic with a  b -blocker, an ACE inhibitor, or an 
angiotensin II receptor blocker and combining a 
Ca channel blocker with an ACE inhibitor or an 
angiotensin II receptor blocker. Appropriate com-
bination and dose are determined; many are avail-
able as single tablets, which improve compliance. 
For severe or refractory hypertension, three or 
four drugs may be necessary. The choice of drug 

is less important than the reduction of blood pres-
sure achieved.    

    19.5   Hypertensive Retinopathy 

 Systemic hypertension is a common condition 
associated with signifi cant morbidity and mortal-
ity  [  39  ] . Hypertension confers cardiovascular risk 
by causing target-organ damage that includes 
retinopathy in addition to heart disease, stroke, 
renal insuffi ciency, and peripheral vascular dis-
ease. The recognition of hypertensive retinopathy 
is important in cardiovascular risk stratifi cation 
of hypertensive individuals  [  42  ] . 

 The detection of hypertensive retinopathy 
with the use of an ophthalmoscope has long been 
regarded as part of the standard evaluation of 
persons with hypertension. This clinical practice 
is supported by both previous and current reports 
of the Joint National Committee on Prevention, 
Detection, Evaluation, and Treat ment of High 
Blood Pressure (JNC), which list retinopathy as 
one of several markers of target-organ damage in 
hypertension. On the basis of the JNC criteria, 
the presence of retinopathy may be an indication 
for initiating antihypertensive treatment, even in 
people with stage 1 hypertension (blood pres-
sure, 140 to 159/90 to 99 mmHg) who have no 
other evidence of target-organ damage. 

    19.5.1   Classifi cation 

 Hypertensive retinopathy was fi rst described by 
Marcus Gunn in the nineteenth century in a series 
of patients with hypertension and renal disease. 
The retinal signs he observed included general-
ized and focal arteriolar narrowing, arteriovenous 
nicking, fl ame-shaped and blot-shaped retinal 
hemorrhages, cotton-wool spots, and swelling of 
the optic disk. In 1939, Keith et al. showed that 
these signs of retinopathy were predictive of 
death in patients with hypertension  [  20  ] . 

 Keith–Wagener–Barker grade features   :
    I  Mild generalized retinal arteriolar narrowing  
   II  Defi nite focal narrowing and arteriovenous 

nipping  
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   III  The above and retinal hemorrhages, exu-
dates, and cotton-wool spots  

   IV  Severe grade III and papilloedema    
 Scheie grade features:
    0  No changes  
   1  Barely detectable arterial narrowing  
   2  Obvious arterial narrowing with focal irreg-

ularities plus light refl ex changes  
   3  Grade  2  plus retinal hemorrhages and exudates  
   4  Grade  3  plus silver wiring and papilledema       
 Signs of hypertensive retinopathy are com-

mon and are correlated with elevated blood pres-
sure. Recent studies show that some of these 
signs (e.g., retinal hemorrhages, microaneurysms, 
and cotton-wool spots) predict stroke and death 
from stroke independently of elevated blood pres-
sure and other risk factors. Patients with these 
signs of retinopathy may benefi t from close mon-
itoring of cerebrovascular risk and intensive mea-
sures to reduce that risk.  

    19.5.2   Pathophysiology 

 The retinal circulation undergoes a series of 
pathophysiological changes in response to ele-
vated blood pressure. In the initial vasoconstric-
tive stage, there is vasospasm and an increase in 
retinal arteriolar tone owing to local autoregula-
tory mechanisms. This stage is seen clinically as 
a generalized narrowing of the retinal arterioles. 
Persistently elevated blood pressure leads to inti-
mal thickening, hyperplasia of the media wall, 
and hyaline degeneration in the subsequent scle-
rotic stage. This stage corresponds to more severe 
generalized and focal areas of arteriolar narrow-
ing, changes in the arteriolar and venular junc-
tions (i.e., arteriovenous nicking or nipping), and 
alterations in the arteriolar light refl ex (i.e., wid-
ening and accentuation    of the central light refl ex, 
or “copper wiring”). 

 This is followed by an exudative stage in 
which there is disruption of the blood–retina bar-
rier, necrosis of the smooth muscles and endothe-
lial cells, exudation of blood and lipids, and 
retinal ischemia. These changes are manifested in 
the retina as microaneurysms, hemorrhages, hard 
exudates, and cotton-wool spots. Swelling of the 

optic disk may occur at this time and usually 
indicates severely elevated blood pressure (i.e., 
malignant hypertension). 

 Because better methods for the control of blood 
pressure are now available in the general popula-
tion, malignant hypertension is rarely seen. In 
contrast, other retinal vascular complications of 
hypertension, such as macroaneurysms and 
branch-vein occlusions, are not uncommon in 
patients with chronically elevated blood pressure.  

    19.5.3   Blood Pressure 

 Numerous studies have confi rmed the strong 
association between the presence of signs of 
hypertensive retinopathy and elevated blood pres-
sure. Two studies have further evaluated the effect 
of a history of elevated blood pressure on the 
occurrence of specifi c retinal signs. In both stud-
ies, generalized retinal arteriolar narrowing and 
arteriovenous nicking were associated with an 
elevation in blood pressure that had been docu-
mented 6–8 years before the retinal assessment; 
the studies were controlled for concurrent blood 
pressure levels. This association suggests that 
generalized narrowing and arteriovenous nicking 
are markers of vascular damage from chronic 
hypertension. In contrast, other signs (focal arte-
riolar narrowing, retinal hemorrhages, microan-
eurysms, and cotton-wool spots) were related to 
current but not previous blood pressure levels and 
may therefore be more indicative of the severity 
of recent hypertension. 

 Furthermore, the observation of signs of retin-
opathy in people without a known history of hyper-
tension suggests that these signs may be markers of 
a prehypertensive state. For example, generalized 
and focal narrowing of the retinal arterioles has 
been shown to predict the risk of hypertension in 
normotensive persons. Other factors unrelated to 
hypertension (e.g., hyperglycemia, infl ammation, 
and endothelial dysfunction) may also be involved 
in the pathogenesis of retinopathy. 

    19.5.3.1   The Risk of Stroke 
 The strongest evidence of the usefulness of an 
evaluation of hypertensive retinopathy for risk 
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stratifi cation is based on its association with 
stroke. It is well known that the retinal circulation 
shares anatomical, physiological, and embryo-
logic features with the cerebral circulation. An 
autopsy study of patients with stroke showed a 
close correlation between retinal and cerebral 
arteriolar fi ndings. Functional alterations in reti-
nal blood fl ow in patients with lacunar stroke 
have also been reported. 

 Population-based studies in Wisconsin and in 
Japan have shown that the risks of fatal and non-
fatal stroke are two to three times as high in per-
sons with signs of retinopathy as they are in 
persons who do not have these signs—an associ-
ation that is independent of cardiovascular risk 
factors.  

    19.5.3.2   The Risk of Coronary Heart 
Disease 

 There are fewer data regarding the association of 
hypertensive retinopathy and the risk of coronary 
heart disease. In the National Health Examination 
Survey, persons with retinal arteriolar narrowing, 
as detected on ophthalmoscopy, were two to six 
times as likely to have preexisting coronary heart 
disease as those without these changes after the 
analysis was controlled for the presence or 
absence of hypertension and diabetes and for 
serum cholesterol levels.   

    19.5.4   Treatment 

 Several studies have shown that signs of hyper-
tensive retinopathy regress with the control of 
blood pressure, although spontaneous resolution 
of these signs in the presence of high blood 
pressure has also been reported. It is unclear 
whether antihypertensive medications that are 
thought to have direct benefi cial effects on the 
microvascular structure (e.g., angiotensin-con-
verting enzyme inhibitors) would reduce the 
damage of retinopathy beyond the reduction 
effected by lowered blood pressure. In a small 
study of 28 patients with mild hypertension who 
were randomly assigned to receive treatment 
with enalapril or hydrochlorothiazide, opacifi -
cation of the retinal arteriolar wall was signifi cantly 

reduced after 26 weeks of treatment with enal-
april; no other signs of retinopathy were reduced. 
In contrast, hydrochlorothiazide did not have 
any effect on the signs of retinopathy. However, 
to date, there are no data from prospective, con-
trolled trials that demonstrate that the specifi c 
reduction of hypertensive retinopathy also 
reduces the morbidity and mortality associated 
with cardiovascular disease. It is also unclear 
whether the targeting of persons with hyperten-
sive retinopathy for established risk-reducing 
interventions offers additional advantages over 
the use of strategies without regard to retinal 
fi ndings. 

    19.5.4.1   ACE Inhibitors and the Eye 
 The circulating renin–angiotensin system (RAS) 
plays an important role in the control of electro-
lyte homeostasis and blood pressure  [  13  ] . The 
rate-limiting step in the RAS system is the kid-
ney-derived enzyme renin, an aspartyl protease, 
which cleaves its substrate angiotensinogen, a 
liver-derived circulating plasma protein, to form 
the decapeptide angiotensin (ANG) I. ANG I is 
then converted by the angiotensin-converting 
enzyme (ACE) to the octapeptide ANG II, which 
stimulates release of aldosterone and constriction 
of blood vessels. Vasoconstriction has been dem-
onstrated in feline retinal blood vessels exposed 
to NG II, and ANG binding sites have been found 
in bovine and human retinal vessels. 

 The published data do not distinguish whether 
activated RAS in the eye is a cause or an effect of 
the investigated eye diseases. Logically, treat-
ment with enzyme inhibitors, possessing suffi -
cient lipid solubility to cross the blood–ocular 
barriers, seems indicated in prophylaxis or 
therapy. 

 Evidence of the existence of a local RAS in 
ocular tissues has been given by biochemical, 
immunohistochemical, and molecular biological 
studies. ACE mRNA was found in different parts 
of human, monkey, dog, rabbit, and chicken eyes 
 [  13  ] . The concentrations of ANG I and ANG II in 
the anterior uvea, retina, and choroid were 
reported to be higher than in plasma. These 
results suggest that locally generated ANG II 
may have important functions, such as regulation 
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of local blood fl ow and/or vascular remodeling, 
in the eye. However, most studies indicate that 
the RAS has only minor effects on ocular blood 
fl ow.        
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  Foveal avascular zone (FAZ) , 17, 18, 161, 175, 182   
  Free radical , 349–352, 355, 357, 434   
  Fundus photography , 97, 103, 107, 110, 113, 183, 325, 

330, 334   
  Fundus pulsation , 168, 169, 198, 314, 318, 323, 326, 

329, 332, 335, 402    

  G 
  GA  .  See  Geographic atrophy (GA)  
  Ganglion cell , 19, 85, 116, 117, 193–195, 199, 205, 

207, 233, 277, 284, 288–291, 313, 319, 352, 
354–359, 412, 435   

  Ganglionic blockade , 225, 234, 253, 254, 267, 268, 277   
  Ganglion neuron (axon) , 275, 278, 290, 291, 

354, 355, 358   
  GCA  .  See  Giant cell arteritis (GCA)  
  Geographic atrophy (GA) , 390–395, 403   
  Giant cell arteritis (GCA) , 436, 437, 440   
   Ginkgo biloba  , 351   
  Glaucoma 

 normal tension , 322, 325, 327, 328, 333, 396, 418  
 open angle , 114, 115, 117, 119, 136, 153, 154, 249, 

326–328, 333–336, 412, 416, 420, 421, 436  
 primary open angle , 136, 153, 154, 249, 326–328, 

333–336   
  Glial cells , 351, 354   
  Glucose , 73, 74, 116, 119, 218, 233, 234, 348, 350, 

366–368, 371–373, 390, 445   
  Glucose consumption , 233   
  Glutamate , 349, 350, 352, 354–358   
  Glutamate receptor , 278, 354, 355, 357, 358   
  Glycaemia (glycemia) , 365, 366   
  Glycaemic (glycemic) control , 136, 367–368, 371   
  GO  .  See  Graves ophthalmopathy (GO)  
  Granulomatosis , 441   
  Graves ophthalmopathy (GO) , 431   
  Growth factor , 83, 84, 320, 349, 357, 358, 366, 376, 379, 

404, 440, 442    

  H 
  Haller’s layer , 10   
  Headache , 440, 443, 445   
  Heidelberg retina  fl owmeter (HRF) , 55, 57, 325, 327, 

335, 336, 392   
  Hemorrhage , 110, 268, 394, 430, 437, 438, 443, 

445–447   
  Hexamethonium , 237, 249, 253–255, 267, 277   
  HIF-1  .  See  Hypoxia inducible factor 1 (HIF-1)  
  Histamine , 316   
  Homeostasis , 217, 290, 352, 448   
  Homocysteine , 434, 436   
  HRF  .  See  Heidelberg retina  fl owmeter (HRF)  
  Hydrostatic pressure , 217, 228, 378, 379   
  Hypercapnia , 42, 68, 81, 85, 152, 198, 199, 225, 229, 

233, 235, 250, 269, 316   
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  Hypercholesterolemia , 291, 312, 435   
  Hyperemia 

 functional , 211, 217, 218, 221, 223, 233, 234  
 hypoxic , 217  
 reactive , 60, 211, 217, 222, 225, 230, 233, 236, 238   

  Hyperglycaemia (hyperglycemia) , 83, 365, 366, 368, 
371, 447   

  Hyperlipidemia , 437   
  Hyperoxia , 42, 60, 68, 69, 80–85, 136, 142, 152, 198, 

199, 222, 224, 225, 229, 233, 235, 316, 319, 
322, 371–373   

  Hyperperfusion , 195, 196, 370–376, 380   
  Hyperpermeability , 378   
  Hypertension, chronic , 294, 447   
  Hypocapnia , 42, 197, 225   
  Hypoperfusion , 196, 367–373, 417, 430   
  Hypoxia , 14, 42, 67, 80, 82–84, 197–199, 219, 222, 

224, 233, 235, 250, 268, 316, 347, 348, 366, 
371–373, 379, 380, 395, 396, 399, 404, 413   

  Hypoxia inducible factor 1 (HIF-1) , 83, 84   
  Hypoxyprobe (Pimonidazole) , 66, 67, 83    

  I 
  ICAM  .  See  Intracellular adhesion molecule (ICAM)  
  ILM  .  See  Inner limiting membrane (ILM)  
  Indocyanine green (ICG) angiography , 395, 396, 398   
  Indomethacin , 27, 219, 220, 321, 322   
  In fl ammation , 414, 431   
  In fl ammatory mediator , 351   
  Inner limiting membrane (ILM) , 81, 379   
  Innervation 

 parasympathetic , 291  
 sympathetic , 205, 255, 257, 286, 287, 289   

  Insulin , 294, 316, 365–367   
  Insulin resistance , 365   
  Interstitial  fl uid , 379   
  Intracellular adhesion molecule (ICAM) , 371   
  Intraluminal pressure , 214, 219, 372, 376, 414   
  ION  .  See  Ischaemic (Ischemic) optic neuropathy (ION)  
  Ischaemia (Ischemia) , 366, 380, 415–421   
  Ischaemic (Ischemic) optic neuropathy (ION) 

 anterior (AION) , 436, 437  
 posterior (PION) , 440    

  L 
  Lacrimal gland , 253, 256–258, 261, 265   
  Lactate , 73, 74, 79, 217, 372   
  Laminar cribrosa , 247   
  L-arginine , 312   
  Laser Doppler  fl owmetry , 49–63, 136–142, 213, 234, 

249, 279, 281, 282, 292, 399–400, 415, 431   
  Laser Doppler velocimetry (LDV) , 109, 123–136, 

152, 161, 163, 164, 181, 325, 329, 331, 
334, 370, 415   

  Laser interferometry , 168–169, 325, 335   
  Laser speckle technique , 163–166, 324, 327   

  Latanoprost , 324, 333   
  LDV  .  See  Laser Doppler velocimetry (LDV)  
  Leukocyte , 159–161, 163, 182, 183, 191, 317, 327, 331, 

351, 352, 371, 437, 440   
  Leukostasis , 82, 371–372, 378   
  Levobunolol , 324, 326–329   
  Light , 10, 49, 67, 103, 123, 159, 191, 221, 253, 316, 

349, 397, 439       
  Limbus , 4–7, 61, 247, 251, 252   
  Lipid , 294, 349, 351, 352, 355, 357, 376, 391, 414, 

436, 445, 448   
  Lipoxygenase (LOX) , 319, 322   
  Long posterior ciliary arteries , 6–9, 11, 19, 212, 245, 

251, 254, 266   
  LOX  .  See  Lipoxygenase (LOX)   

  M 
  Macrophage , 9, 317, 358, 434, 440   
  Maculopathy , 378   
  Magnetic resonance imaging (MRI) , 66–69, 372, 445   
  Major arterial circle (MAC) of the iris , 5–10   
  Matrix metallo proteinases (MMPs) , 413, 420   
  Meibomian gland , 256, 258, 261, 265   
  Memantine , 355   
  Metabolism 

 aerobic , 217   
  Metabolic demand , 102, 116, 184, 185, 200, 201, 205, 

217, 233, 250, 372   
  Metalloproteinases (MMPs) , 413, 420   
  Metipranolol , 324, 326   
  Microaneurysm , 110, 366, 376–378, 380, 447   
  Microglia , 352, 354, 358, 359   
  400 Microspheres per piece rule , 27   
  Microsphere technique 

 colored microspheres , 26  
  fl uorescent microspheres , 45, 47, 86      
 neutron-activated microspheres (NAM) , 26, 43  
 radioactive microspheres (RM) , 25, 26, 29, 35, 43, 

54, 313, 318   
  Microvasculature (Microcirculation) , 19, 25, 27, 49, 96, 

98, 101, 109, 114, 124, 163, 164, 205, 313, 
318, 320, 321, 371, 373, 374, 380, 394–402   

  Migraine , 413, 418   
  Mitochondria , 74, 76, 78, 79, 349, 351, 352, 354, 

357–359   
  Mitochondrial function , 347   
  MMPs  .  See  Matrix metallo proteinases (MMPs); Metal-

loproteinases (MMPs)  
  Monkey , 7, 28, 72, 140, 222, 250, 329, 420, 448       
  MRI  .  See  Magnetic resonance imaging (MRI)  
  Müller cell , 16, 84, 207, 283, 284, 288, 289, 313, 349, 

352, 354   
  Muscarinic receptor , 250, 254, 255, 258, 267, 280, 281   
  Myogenic mechanism , 214, 217, 226, 228, 231, 264, 

268, 273, 275   
  Myogenic response , 211, 214, 215, 222   
  Myopia , 291, 294    
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  N 
  NADPH diaphorase (NADPHd) , 262, 271, 272, 278, 

279, 290, 313   
  Neostigmine , 255, 277   
  Neovascularization 

 choroidal (CNV) , 142, 154, 393–400, 402–404  
 retinal , 82, 294, 296   

  Nerve  fi ber 
 cholinergic , 246, 275  
 parasympathetic , 47, 257  
 sensory , 243, 245–248, 251, 287, 289  
 sympathetic , 245, 246, 255, 257, 286, 287  
 trigeminal , 248   

  Nerve growth factor (NGF) , 358   
  Neural control , 225, 228, 234, 243–296   
  Neuritis , 154, 431, 436   
  Neurodegeneration , 313   
  Neuronal activity , 142, 200, 217, 221   
  Neuronal loss , 348, 420   
  Neuropathy , 20, 154, 294, 352, 358, 359, 396, 412–414, 

417–421, 430, 433, 434, 436–437, 440   
  Neuropeptide Y (NPY) , 246   
  Neuroprotectant , 380   
  Neuroprotection , 347–359   
  Neuroretinal rim , 326, 335   
  Neurotransmitter , 245, 286, 329, 349, 355–357, 369   
  Neurotrophin , 349, 354, 357, 358   
  Neurovascular coupling , 116, 176, 178, 184, 194, 207   
  Neutrophils , 351, 352, 439   
  NGF  .  See  Nerve growth factor (NGF)  
  Nicotine , 178, 189–190, 249, 250, 316, 413   
  Nicotinic receptor , 249   
  Nifedipine , 419   
  Nimodipine , 419   
  Nitric oxide (NO) , 183, 219, 221, 223, 245, 278, 282, 

311–317, 349–351, 354, 357, 358, 372, 414, 
418, 419, 435   

  Nitric oxide synthase , 219, 221, 223, 245, 278, 282, 311, 
315, 316, 350, 357, 419, 435   

  7-Nitroindazole (7-NI, 7-NINA) , 271, 312–314, 316   
  NMDA receptor , 355   
  Nocturnal dipping , 417   
  Nocturnal hypotension , 417–418   
  Noradrenaline , 246, 249, 251, 286, 323   
  NPY  .  See  Neuropeptide Y (NPY)  
  Nucleus of Edinger Westphal , 254, 255, 266, 

275, 277   
  Nutrient delivery , 232, 234, 236, 414   
  Nutrient supply , 283    

  O 
  OA  .  See  Ophthalmic artery (OA)  
  Occlusion 

 branch retinal artery , 434  
 branch retinal vein , 348, 376  
 central retinal artery , 57, 61, 154, 429, 434, 435  
 central retinal vein , 98, 154, 348, 430   

  Ocular ischemia syndrome , 319, 435   
  Ocular perfusion pressure (OPP) , 59, 115, 118, 136, 140, 

142, 152, 174, 190–196, 212, 213, 248–250, 
253, 268, 274, 286, 287, 289, 290, 294, 
314, 319, 320, 323, 325, 335, 400, 413, 
416–418, 435   

  Oculomotor nerve , 254, 255, 270, 277   
  Ophthalmic artery (OA) , 4, 6–8, 14, 16, 19, 20, 86, 102, 

147, 149, 174, 178, 189, 222, 245, 246, 251, 
256, 267, 269, 270, 289, 316–318, 321, 325, 
327–329, 331–333, 335–337, 400, 413, 415, 
434, 435, 440   

  Ophthalmic nerve , 248, 256, 270, 271, 286, 289   
  Ophthalmic veins , 4, 5, 7, 13, 102, 431   
  OPP  .  See  Ocular perfusion pressure (OPP)  
  Optic disc cupping , 420, 421   
  Optic nerve (optic nerve head) , 8, 32, 49, 66, 102, 123, 

149, 165, 174, 211, 243, 313, 348, 397, 412, 
430–431, 435       

  Optic neuropathy (neuropathies) , 15, 20, 154, 352, 358, 
359, 396, 412–414, 417, 418, 420, 421, 430, 
433, 434, 436–437, 440   

  Osmosis , 404, 420   
  Overperfusion , 273, 288, 294, 400, 402   
  Oxidative stress , 313, 320, 349–350, 352, 355, 

359, 368, 376   
  Oximetry , 66, 69, 73   
  Oxygen 

 consumption (utilization) , 66, 73–78, 218, 221, 226, 
232–234, 371, 390  

 delivery , 217, 226  
 demand , 217  
 electrodes , 66–67  
 extraction , 73, 218, 390  
 partial pressure (tension) , 42, 44, 58, 65, 66, 70, 85, 

198, 199, 250, 322, 372, 390  
 saturation , 58, 65, 69, 103    

  P 
  Papilledema , 443, 445, 447   
  Pathogenesis , 101, 114, 115, 154, 348, 366, 373, 376, 

378–380, 392, 395, 396, 403, 404, 411–421, 
429, 433–434, 436–441, 447   

  PCAs  .  See  Posterior ciliary arteries (PCAs)  
  PDGF  .  See  Platelet derived growth factor (PDGF)  
  Perfusion pressure , 12, 53, 85, 101, 136, 149, 163, 

174, 212, 248, 314, 352, 396, 413, 
431, 435       

  Pericyte , 14, 15, 17, 19, 183, 217, 313, 316, 319, 
366, 368–370, 374–376, 378–380, 
400–402, 414   

  Phentolamine , 255   
  Phosphodiesterase , 249, 250   
  Phospholipid , 319   
  Phosphorescence decay , 39   
  Photocoagulation , 71, 78, 83, 118, 136, 366, 

373, 378   
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  Photoreceptor , 14, 18, 20, 66, 72, 74–85, 161, 176, 
193, 195–197, 199–202, 204–207, 226, 
232, 233, 243, 258, 259, 265, 266, 281, 
289, 291, 292, 294, 296, 313, 349, 355, 390, 
393, 395, 404   

  Pilocarpine , 255, 277   
  PKC  .  See  Protein kinase C (PKC)  
  Plaque , 329, 414, 430, 434, 435, 437   
  Platelet derived growth factor (PDGF) , 376   
  POBF  .  See  Pulsatile ocular blood  fl ow (POBF)  
  Polyol pathway , 376   
  Position (posture) 

 erect , 417, 418  
 supine , 153, 289, 417  
 tilt , 177   

  Posterior ciliary arteries (PCAs) , 4–9, 11, 13, 15, 16, 
19, 60, 61, 140, 147, 149, 150, 154, 155, 
174, 189, 212, 245, 246, 251, 254, 266, 
286, 316, 317, 328, 330, 333, 335, 336, 
390, 395, 398, 402, 403, 412, 415, 430, 431, 
434, 437, 440   

  Potassium (K + ) , 27, 36, 221, 223, 352  
 channel , 369  
 concentration , 221   

  PPG  .  See  Pterygopalatine ganglion (PPG)  
  Pressure- fl ow relationship (pressure/ fl ow relationship) , 

218, 221, 224–226, 234   
  Pressure gradient 

 hydrostatic , 378, 379  
 oncotic , 378, 379   

  Prevalence , 412, 416, 418, 439   
  Progression , 43, 83, 84, 110, 112, 120, 153, 335, 366, 

370, 373, 377, 412, 415–418, 421, 438   
  Proliferation , 17, 376, 404, 420, 434, 440   
  Prostacyclin , 317, 320, 321, 414   
  Prostaglandin , 219, 317, 319–322, 354, 414, 420   
  Prostanoid , 320   
  Protein kinase C (PKC) , 357, 368, 369, 379   
  Pterygopalatine ganglion (PPG) , 246   
  Pulsatile choroidal blood  fl ow , 191, 198–199   
  Pulsatile ocular blood  fl ow (POBF) , 166–169, 191, 197, 

198, 327, 415, 431   
  Pulse amplitude , 166, 167, 186, 192, 335   
  Pupillary control , 251, 283    

  R 
  Rabbit , 19, 27, 49, 73, 152, 164, 212, 253, 314, 

355, 420, 448       
  Radial peripapillary capillaries (RPCs) , 15, 18, 19   
  RAS  .  See  Renin angiotensin system (RAS)  
  RBC  .  See  Red blood cell (RBC)  
  Reactive oxygen intermediates , 440   
  Reactive oxygen species (ROS) , 349, 350, 355, 

359, 413, 414   
  Red blood cell (RBC) , 52, 55, 58, 60, 104, 105, 108, 109, 

124, 135, 136, 138, 139, 148, 160, 161, 163, 
262, 318, 323, 329, 334, 376   

  Renin angiotensin system (RAS) , 442, 448, 449   
  Reperfusion , 348–352, 355, 413, 414, 420   

  Resistance 
 local , 217, 413  
 vascular , 40–42, 101, 141, 149, 150, 152, 153, 155, 

177, 179, 182–184, 212, 217, 218, 223, 255, 
313, 314, 325, 327, 371, 372, 390, 392, 
400–402, 430, 431, 443   

  Resistive index (RI) , 321, 325, 403   
  Retina 

 anangiotic , 19, 73  
 angiotic , 19  
 euangiotic , 19  
 holangiotic , 19, 69–75  
 pseudoangiotic , 19   

  Retinal degeneration , 42, 291, 293   
  Retinal detachment , 78, 83–84, 294, 296, 366, 379   
  Retinal function , 82, 162, 176, 178, 190, 191, 193–196, 

199, 200, 207, 234, 259, 268, 283   
  Retinal ganglion cell (RGC) , 116, 194, 205, 207, 277, 

319, 352, 354, 359, 412, 420, 435   
  Retinal illumination , 221, 265, 280, 281, 296   
  Retinal pigment epithelium (RPE) , 10, 164, 168, 176, 

229, 243, 258, 259, 280, 284, 313, 389, 390   
  Retinal vessel analyzer (RVA) , 107, 116, 119, 120, 152, 

180, 181, 183, 184, 186, 205, 334, 336   
  Retinal vessel diameter , 101–120, 152, 161, 164, 184, 205, 

206, 323, 329, 331, 333, 334, 336, 391, 392   
  Retinitis pigmentosa , 84   
  Retinopathy 

 diabetic 
 non-proliferative , 97–98, 366, 377, 378  
 proliferative , 83, 98, 366, 371–373, 378–380  

 hypertensive , 112, 446–449  
 myopic , 294  
 of prematurity (ROP) , 66, 84, 320, 348  
 venous stasis , 434   

  Retrobulbar vessel , 147, 148, 151–154, 189, 327–329, 
333, 334, 403, 415   

  RGC  .  See  Retinal ganglion cell (RGC)  
  RI  .  See  Resistive index (RI)  
  ROS  .  See  Reactive oxygen species (ROS)  
  RPCs  .  See  Radial peripapillary capillaries (RPCs)  
  RPE  .  See  Retinal pigment epithelium (RPE)  
  RVA  .  See  Retinal vessel analyzer (RVA)   

  S 
  Sattler’s layer , 10, 13   
  Scanning laser ophthalmoscope (SLO) , 55, 96, 98, 333, 334   
  Scleral rigidity , 101   
  Scleral suction , 153, 177, 178, 190–192, 194–196   
  Sclerosis , 404, 431, 443, 445   
  Scopolamine , 257   
  Serotonin , 329–330, 418, 435   
  Shear stress , 174, 211, 219, 220, 374, 378, 436   
  Smoking , 114, 115, 174, 178, 189, 190, 390–392, 434, 

437, 440, 445, 446   
  Smooth muscle cell , 17, 102, 217, 312, 317, 319, 366, 368, 

369, 374–377, 380, 414, 415, 419, 434, 442   
  Sphincter muscle , 255, 275, 278   
  Starling resistor , 212, 226   
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  Starling’s law , 378   
  Stenosis , 154, 155, 373, 429, 430, 435, 437, 440   
  Stiffening , 401   
  Streptozotocin (STZ) , 367–369   
  Stroke , 109, 114, 349, 366, 391, 429, 433, 434, 436, 

437, 443–448   
  Substance P (SP) , 246, 248, 251, 258–260, 278, 279, 

287, 289, 316   
  Superior cervical ganglion , 246, 251, 255, 257–260, 

286–289   
  Suprachiasmatic nucleus (SCN) , 254, 264, 266, 275, 

277, 278, 281   
  Sympathectomy , 254, 287–289    

  T 
  Tapetum , 32, 130, 132, 226   
  Temperature regulation , 228   
  Thermoregulation , 229, 231, 290   
  Thrombosis , 82, 430, 436   
  Thromboxane , 320, 321, 329, 414   
  Tight junction , 19, 379   
  Timolol , 250, 324–329, 334–337   
  TNF  .  See  Tumor necrosis factor (TNF)  
  Tobacco , 174, 178, 189, 190, 440, 444   
  Trabecular meshwork , 251, 252, 254–256   
  Transforming growth factor , 442   
  Transmural pressure , 150, 174, 191, 211, 212, 215, 216   
  Travoprost , 321   
  Trigeminal ganglion , 256, 259, 260, 289   
  Trigeminal nerve , 245, 246, 248, 251, 256, 277, 289   
  Tumor necrosis factor (TNF) , 352, 354, 371, 379, 439   
  Tyramine , 372   
  Tyrosine , 286    

  U 
  Unoprostone , 322   
  Uveitis , 429, 430, 439, 441    

  V 
  Valsalva maneuver (VM) , 142, 153, 178, 184–189   
  Vascular cell adhesion molecule (VCAM) , 371   
  Vascular endothelial growth factor (VEGF) , 14, 83, 84, 

366, 372, 376, 379, 380, 404   

  Vascular resistance , 40–42, 101, 141, 149, 150, 152, 
153, 155, 177, 179, 182–184, 212, 217, 218, 
223, 255, 313, 314, 325, 327, 371, 372, 390, 
392, 400–402, 430, 431, 443   

  Vasculopathy , 438   
  Vasoactive intestinal peptide (VIP) , 245–247, 251–254, 

257–259, 261, 262, 266, 267, 269, 272, 
290, 291, 293   

  Vasoconstrictor , 38, 118, 152, 178, 186, 190, 217, 236, 
246, 249, 251, 255, 259, 289, 311–313, 
317, 319–322, 329, 330, 359, 368, 372, 
413–415, 419, 435   

  Vasodilation (vasodilatation) , 179, 184, 205, 211, 
213, 217–221, 223, 232, 249, 251, 253, 
254, 256–258, 264, 266–268, 273, 275, 
277, 280, 281, 327, 413, 414, 419   

  Vasospasm , 117, 328, 330, 412–414, 418, 
431, 447   

  VCAM  .  See  Vascular cell adhesion molecule 
(VCAM)  

  VEGF  .  See  Vascular endothelial growth factor (VEGF)  
  Velocity 

 end diastolic (EDV) , 149, 153, 325, 331, 333, 336, 
337, 390, 403, 430  

 mean  fl ow (MFV) , 149, 332  
 peak systolic (PSV) , 149, 325, 331, 333, 334, 336, 

403, 430   
  VIP  .  See  Vasoactive intestinal peptide (VIP)  
  Viscosity , 177, 212, 219, 220, 374, 414   
  Visual  fi eld , 173, 201, 411–413, 415, 417, 419   
  Visual function , 174, 176, 190, 194, 292, 404, 

419, 420   
  Vitamin E , 351   
  Vitreous , 9, 10, 20, 35, 66–73, 82–86, 196, 233, 

234, 245, 316, 325, 348, 355, 358, 
366, 379, 404   

  VM  .  See  Valsalva maneuver (VM)  
  Vortex veins , 4, 7, 10–13, 27, 32, 72, 73, 174, 

212, 267, 268    

  W 
  Waste 

 product , 283, 348  
 removal , 226, 232   

  Watersehd zone (WZ) , 12, 389, 396–399         
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