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Abstract. The choroidal circulation can be studied by an angiographic technique which 
utilizes near-infrared light wavelengths and a biocompatible dye, indocyanine green 
(CardiogreenR). Near-infrared light is less absorbed than visible light by the pigment 
epithelium and the macular xanthophyU, and indocyanine green (ICG) dye doesn't leak 
from the chorioeapillaris as sodium fluorescein dye typically does. Due to the high rate 
of choroidal blood flow, a fundus camera adapted with special filters and a continuous 
light source was used in order to make angiograms at. the rate of 10 per second. 

Our experience at the Witmer Institute and the Eye Clinic at St. Gallen includes 180 
choroidal angiograms of normal volunteers and approximately 500 choroidal angiograms 
of patients with several fundus diseases, mainly senile macutar degeneration, diabetic 
retinopathy and choroidal tumors. Although many of our results are preliminary, we 
present them to demonstrate the potential applications of this method in ophthalmology. 
Some factors wl~ich may have inhibited an extensive propagation of clinical choroidal 
angiography in the past are also discussed. 

Introduction 

Since the invention of the ophthalmoscope by Hehnholtz in 1851, the unique 

possibility has existed to study human blood vessels in vivo in the eye. The 

fundus oculJ can be seen because it reflects a significant fraction of the light 
incident on it. The optical properties of the eye are such that this reflected 
light forms an exact image of the fundus outside of the eye. The image is real 

and can either be seen by the eye of an observer (ophthalmoscope) or it can 
be documented on photographic film (fundus photography). Using visible 

light, the retinal vessels may be readily observed while the choroidal vessels 
are almost entirely hidden behind the pigment epithelium and by the pigment 
in the choroid itself. Therefore, the ophthalmologist generally knows much 
more about the retinal vasculature than that of the choroidal. 

The difficulties associated with routinely observing the choroidal vessels 
do not  a priori imply that they lack importance to physiologic and pathologic 
conditions of the eye. Consider for instance that about 90% of the blood 
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Figure 1.1. Schematic representation of the blood supply of the eye. The choroid (small 
arrow) is highly vascularized. 10-20 short posterior ciliary arteries (below the arrow) 
and 2 long posterior ciliary arteries (above the arrow) supply the choroid with blood. 
Four large vortex veins (curved arrow) drain blood from the uveal circulation, including 
the iris (thick arrow). The retina has an independent circulation with its central artery 
and the central vein both foUowing a course along the optic nerve. 

entering the eye circulates in the uveal vessels (Figure 1.1). Of all organs in 
the body, the choroid appears to be relatively best supplied with blood (Aim, 
1983). The importance of  the choroid to maintain the human eye is further- 
more evidenced by the fact that the avascular outer retinal layers, including 
the photoreceptors, apparently are entirely supported by the choroidal 
ciculation. With the advent of choroidal an~ography, however, choroidal 
vessels now also can be visualized routinely in man. In order to better 
understand the possibilities and limits of  this new technique, some anatomic 
and physiologic principles shall be reviewed briefly. 

The basic anatomy of  the choroid has been known since the last century 
(Donders, 1855; Miiller, 1956; Sattler, 1876), but more recent studies have 
added important physiological information (Hayreh, 1975; Bill, 1981; Aim, 
1983). 

Deriving from 2 major branches that leave the ophthalmic artery in the 
posterior orbit, between 10 and 20 short ciliary arteries enter the globe at 
the posterior pole. After a slightly oblique entrance through the sclera these 
arteries turn radially toward the equator after branching at the posterior pole 
(Figure 1.2). Twenty to 90/~m diameter choroidal arteries give off short 
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Figure 1.2. Posterior ciliary arteries and choroidal vessels. Scanning electron microscopic 
view on a corrosion cast of a monkey eye from behind. Note the ciliary arteries and the 
multiple nearby parallel choroidal vessels. From Risco JM, Grimson BS and Johnson PT 
(1981) An~oarchitecture of the ciliary artery circulation of the posterior pole. Arch 
Ophthal 99:864-868'. Copyright 1981, American Medical Association. 

arterioles wlfich join the choriocapillaris almost perpendicularly (Hogan, 
1961). Anterior to the equator the choroid is supplied by branches from the 
anterior ciliary arteries and from the 2 long posterior ciliary arteries. 

The choriocapillaris is a monolayer network consisting of 10 to 30/~m 
wide capillaries separated by very small intercapillary spaces (Sattler, 1876; 
Leber, 1903; Wolff, 1976). While some anatomical studies suggested the 
existence of anastomosis between arterioles (Shimizu and Ujiie, 1978) or 
within the choriocapillaris (Wybar, 1954; Ring and Fujiono, 1967; Araki, 
1976), it is currently believed that, at least functionally, the choriocapillaris 
is organized in a segmental way (Krey, 1975; Hayreh, 1975). The basic 
choriocapillaris unit has a diameter of about 1/4 that of the optic disc. A 
clinical manifestation of this basic structure may be present in the Elschnig's 
spots, found in hypertensive patients. These small white spots can be 
correlated with the occlusion of choroidal arterioles and subsequent atrophy 
of the individual choriocapillaris units, at least in the animal model 
(De Venecia et al., 1980). The choriocapillaris is also a monolayer endothelial 
network having a close relationship to Bruch's membrane (Figure 1.3). The 
endothelial walls of the choriocapillaris are fenestrated, and the basement 
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Figure 1.3. Schematic representation of the choroid and Bruch's membrane. Arterioles 
and venules are connected to the choriocapillaris (lower picture). Bruch's membrane 
(upper picture) consists of different layers: (1) basal membrane of the retinal pigment 
epithelium, (2) collagen fibers, (3) elastic tissue, (4) other collagen and (5) basal 
membrane of the choriocapiUaris. From "Torczynski E (1982) Choroid and 
Suprachoroid. In: Duane TD and Jaeger EA (eds): Biomedical Foundations of 
Ophthalmology. Philadelphia, Harper & Row, Vol. 1, chap. 22:1-33" 

membrane is discontinuous. Fenestrated capillaries are generally found in 
tissues where secretion or absorption is a major function, as for instance in 
the ciliary body of  the eye, the endocrine glands, the gallbladder, and, as 
mentioned before, the choriocapillaris. The fenestra apparently facilitate 
passage o f  small molecules such as fluorescein, and to a much lesser extent 
even small proteins (Spitznas, 1974). By comparison, the endothelial walls of  
choroidal arteries and veins and the retinal capillaries are not fenestrated and 
therefore form a barrier for molecules larger than 300 daltons (Tripathi, 
1974; Garner, 1982). 

The choroidal veins are 20 to lO0/am wide (Hogan, 1961) and form 
multiple, almost parallel pathways to the 4 vortex veins. While venous 
anastomoses certainly exist in the choroid (Wolff, 1976), fluorescein angio- 
graphic studies in rhesus monkeys (Hayreh and Baines, 1973) and clinical 
experience (Amalric, 1974) suggest existence of  a functionally well defined 
segmental distribution for each vortex vein. 

The 10 to 20 short posterior ciliary nerves enter the eye at the posterior 
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pole in a close relationship to the posterior ciliary arteries (Potts, 1966). They 
consist of at least 3 different parts: 
(1) Sympathetic postganglionary fibers, originating from the superior cervical 
ganglia. 
(2) Parasympathetic fibers that take a common course with the facial nerve, 
pass the ganglion pterygopalatinum and finally synapse with the ciliary nerves 
in the ciliary ganglia. 
(3) Sensory fibers from the trigeminus nerve. 

Is there a special anatomical configuration of the submacular choroM? 
Confirmation of the postulated existence of a special macular artery 
(Hepburn, 1912) has been offered only once (Ernest, 1977). The hemo- 
dynamic situation of the submacular choroid is nevertheless unique and may 
account for the predilection of some diseases for the macular area. First, the 
pressure gradient in the submacular precapillary arterioles may be higher than 
elsewhere in the choroid (Potts, 1966) because most ciliary arteries enter the 
sclera at the posterior pole. The presumed high pressure within the 
submacular arterioles may increase the risk for local embolization, and it 
may, in case of failing arteriolar vasoconstriction, lead to high blood flow in 
the adjacent choriocapillaries, vessel wall distention, and subsequent leakage 
of fluid under the pigment epithelium and retina. 

In regard to choroidal angiography three conclusions can be made from 
these anatomic considerations: 

(1) Compared to the relatively planar retinal vasculature, the choroidal 
vasculature is three dimensional. Consequently, whereas the wavefront of an 
injected dye moves through the retinal vessels perpendicular to the optic axis 
of the eye, that which moves through the choroid does so parallel to the optic 
axis. This is true either for both choroidal arterial filling and for venous 
drainage from the choriocapillaris. If one attempts to study choroidal blood 
flow, this blood flow configuration necessitates performance of high-speed 
angiography (part 2.2). 

(2) In order to be useful in choroidal angiography, the injected dye must 
either be a very big molecule or it must be bound to big molecules such as 
plasma proteins; the dye would otherwise leak rapidly from the chorio- 
capillaris and obliterate the underlying choroidal vessels as is the case when 
fluorescein dye is injected. 

(3) In order to visualize choroidal vessels, wavelengths of light longer than 
those of visible light must be used to better penetrate the pigmented layers 
of the retina. 

The introduction of fluorescein angiography (Novotny and Alvis, 1961) led 
to marked increase in knowledge of the retinal circulation by demonstrating 
morphological as well as functional changes in the form of pathologic filling 
patterns or pathologic dye leakage from ocular blood vessels. With regard to 



240 

A 

% Absorbed 

100 
90 
80 
70 
60 
50 

SODIUM FLUORESCE/IV DYE 

1,0 
o,g 
o,e 
o,7 

\ 

\ _ 

O,6 
0,5 

40 0,4 
30 0,3 
20 O,2 
lo t o,1 
0 0 

380 400 ~50 500 600700 go0 

Wave(engfh (rim) 

Absorbance 

B 

% Absorbed 

100 
90 
80 
7o 
60 
50 

INDOCYANINE 6REEN DYE 

~0 
30 
20 
10 
0 

380 4.00 /+50 500 600 700 

Wavelengfh (nm) 

1,0 
1--- 1 O,g 

O,8 
O,Z 
O,6 
0,5 Absorbance 
O,~ 
0,3 
0,2 
o,1 
0 

900 

Figure 1.4A. Fluorescein-fluorescence and absorption characteristics o f  the eye. 
Figure 1.4B. Indocyanine green-fluorescence and absorption characteristics of  the eye. 
Figure 1.4(A & B). - - -  Percentage of  absorption in the pigment epithelium and t~r 
ehoroid (Geeraets e t  al., 1960). - - - -  Percentage of  absorption in the transparent medJ~ 
of  the eye (Geeraets et al., 1960) . . . . .  Absorption of  maeular xanthophyll  (Wald, 
1949). - . . . . .  Absorption of  HbO2. - - -  - Absorption o f  l ib.  
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Figure 1.5. Comparison of ICG- and fluorescein angiograms. Two corresponding halves 
of negatives (ICG-angiogram above, fluorescein an~ogram below) have been put together 
to demonstrate the differences between them. Instead of a diffuse fluorescein back- 
ground fluorescence (below) the choroidal veins are clearly visible with ICG fluorescence 
(above). Instead of a 'black macula' (below) multiple vessels are visible in the submacular 
choroid (above). The contrast is superior in the fluorescein angiogram. 

the choroidal circulation, however, this technique has produced only limited 
information (Hyv~rinen et al., 1969; Archer et al., 1970). The blue-green 
fluorescein excitation wavelengths are absorbed and scattered by the 
pigmented layers of  the fundus and by macular xanthophyll (Figure 1.4A), 
producing the 'black macula' in the fluorescein angiograms. Moreover, only 
60% to 80% of injected fluorescein dye is bound to plasma albumin (Btoome, 
1980), while the free fluorescein leaks rapidly out of the fenestrated 
choriocapillaris, producing the diffuse 'background staining' that obscures 
visualizing of the deeper choroidal vessels. 

The introduction of a new angiographic technique, infrared fluorescein 
choroidal angiography, in 1970 (part 2) made it possible for the first time 
to routinely examine the choroidal circulation in human patients (Figure 
1.5). Compared to fluorescein angiography, two basic differences of the new 
technique made this possible, namely the use of near-infrared light and use of 
a blood protein-bound dye  indocyanine green dye. 

Tile light used for choroidal angiography, consists mainly of  near-infrared 
wavelengths (Figure 1.4B), which are able to better penetrate the pigmented 
layers of the fundus, including macular xanthophyl (Wald, 1949; Geeraets 
et al., 1960; Behrendt and Wilson, 1965). Several characteristics of the near- 
infrared light used in choroidal angiography, should be briefly mentioned: 

(1) In contrast to the excitation light used in fluorescein angiography, that 
used in choroidal angiography is perceived by patients to be a faintly visible 
red light. Consequently, angiography of photophobic patients may be readily 
performed. 

(2) Infrared light is potentially less harmful to the retina than light of 
shorter wavelengths (part 2.3) making feasible the use of a continuous light 
source for high-speed angiography. 
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Figure 1.6. Structure of indocyanine green. 

(3) Since shorter wavelengths of light are less scattered than long ones, 
near-infrared photography may be performed in patients with diffuse, not too 
dense opacities, in whom the blue excitation light used in fluorescein angio- 
graphy would be significantly scattered. 

(4) In addition to insertion of special filters, the fundus camera must also 
be modified slightly in order to correct the chromatic aberration (redshift) 
(part 2.1). 

(5) A limiting factor for this technique is the relatively low sensitivity of 
infrared film. 

Indoeyanine Green (ICG) dye (Figure 1.6) absorbs fight in the near-infrared 
region of the spectrum (maximum absorption is approximately at 790nm). 
ICG also fluoresces in the near-infrared region with the maximum emission 
occurring at approximately 835nm (Flower and Hochhemimer, 1976; 
Benson and Kues, 1978) (Figure 1.4B). Approximately 98% of ICG is bound 
to plasma proteins (Cherrick et al., 1960) and, therefore, does no* 'leak' from 
the choriocapillaris. Another advantage of ICG is its rapid removal from the 
blood by the liver; the dye is essentially removed from circulating blood 
within the first few minutes after intravenous injection (Wheeler et al., 1958; 
Ketterer et al., 1960). As a consequence, there is no significant staining with 
ICG of the ocular tissues (Ansari et al., 1975); this permits repitition of ICG- 
angiography after only a few minutes following the first angiography. 

ICG is manufactured primarily by Hynson, Westcott and Dunning, Inc, 
Baltimore, Maryland (USA) and sold with the brandname 'Cardio-Green' in 
25 and 50 mg vials in crystallized form, providing a long shelf-life for the dye. 
Before the injection, the dye is dissolved in an aqueous soluent provided in 
the commercial package. To prevent recrystallization, Cardio-Green contains 
a trace of sodium iodide never exceeding 5% (U.S. Pharnutcopeia, 1980); 
this precludes its use in patients allergic to iodide. Generally, ICG is con- 
sidered nontoxic and has proven its safety in several hundred thousand 
applications for cardiologic and hepatic studies (part 2.3). 

The present study provides an overview of the extensive experience with 
choroidal angiography at the Wilmer Ophthalmological Institute in Baltimore, 
Maryland where the major technological developments took place. We have 
reviewed earlier choroidal angiograms of about 180 normal volunteers and 
220 patients with different fundus diseases. We will present a summary of 
these results together with recent angiographic findings from St. Gallen, 
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Switzerland (currently consisting of approximately 280 patients) by dis- 
cussing the normal (part 3) and some pathologic (part 4) choroidal vascular 
patterns. By so doing, we aim to demonstrate the currently realized 
possibilities and limitations of this examination method. We also will present 
in detail the technical aspects of this type of angiography and thereby hope 
to encourage other clinicians to utilize this method (part 2.1). 

With regard to choroidal angiography we are currently in the interesting 
situation wherein the major technical problems have been essentially solved 
but where the clinical significance of this method still must be explored 
completely (part 5). 

2. Technical aspects of choroidal angiography with Indocyanine Green 

Choroidal angiography with ICG is a relatively new method and has under- 
gone several improvements in the last decade. In order to better understand 
tile equipment used (2.1) and the dye injection procedure (2.2), an overview 
of the history of this technique is given first. 

Infrared angiography, using ICG as an absorbing dye, was first applied in 
the study of pial vessels in dogs (Kogure and Choromokos, 1969). Later, the 
same authors injected ICG into the carotid artery of a monkey and photo- 
graphed its fundus, using infrared color film. They were able to demonstrate 
for the first time filling of the choroidal veins but could not resolve choroidal 
arteries or capillaries (Kogure et al., 1970). In some human patients that 
underwent carotid angiography for various reasons, between 25-50 mg ICG 
were injected into the carotid artery, and the choroidal veins were 
successfully photographed. It was not possible, however, to photograph 
choroidal vessels after intravenous injection of the dye (David, 1971). 

An important step toward developing a clinically useful procedure was the 
use of infrared-sensitive black and white film instead of infrared color film 
and use of better photographic filters. It then became possible to photograph 
choroidal veins in the cat following intravenous dye injection (Hochheimer, 
1971). Using that same technique, successful choroidal angiography in 
humans was reported using intravenous injection of ICG (Flower and 
Hochheimer, 1972). 

This marked the beginning of clinical use of ICG-absorption angiograph>, 
in Baltimore. It was based on the absorption spectrum of ICG dye which lies 
in the near-infrared region. If the fundus is illuminated with infrared light and 
photographs are taken through a bandpass filter whose peak transmission 
wavelength matches the peak absorption wavelength of the injected dye, then 
the light reflected by the sclera exposes the photographic film, but areas 
corresponding to the largest choroidal vessels which contain enough cir- 
culating dye to absorb all the incident light are not exposed. Those vessels 
appear white on the photographic film negative but black on the photo- 
graphic print (Figure 2.1). The principal drawback to this method is its 
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Figure 2.1. ICB absorption angiogram. Twenty-six year old normal volunteer, right eye, 
4.9 seconds. In this angiogram the choroidal veins appear black; because the intravascular 
ICG absorbed the infrared fight thereby preventing its reflection from the sclera. 

Figure 2.2. Multispectral fundus camera (Baltimore 1973-1975).  Simultaneously, 3 dif- 
ferent examinations could be performed: (1) ICG absorption angiograpfiy; (2) ICG 
fluorescence angiogiaphy; (3) Fluorescein angiography. 
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inability to demonstrate the smaller diameter choroidal vessels including the 
arteries and choriocapillaries. 

By taking advantage of another property of ICG, nmnely its fluorescence, 
ICG-fluorescence angiography was performed in 1973 and proved to be the 
superior technique (Flower and Hochheimer, 1973). By this technique, the 
vessels become as 'selfluminous bodies', and the choroidal arteries also can 
be photographed routinely. It's still difficult to resolve the choriocapillaris 
using this method because of its anatomical structure, wherein spaces 
between the vessels are smaller than the vessels themselves. With correct 
excitation and barrier filters in a fundus camera, only light from the 
fluorescent vessels exposes the photographic film, while the excitation light 
reflected from the fundus is blocked by the barrier filter. On the photo- 
graphic print, however, the vessels appear white and the background black 
(as is demonstrated in the parts 3 and 4). 

Originally in order to facilitate interpretation of the choroidal ICG dye- 
filling sequence, choroidal ICG dye filling was correlated to simultaneously 
occurring retinal fluorescein dye filling. Between 1973-1975 a multispectral 
fundus camera was developed and used in Baltimore capable of 
simultaneously performing ICG-fluorescence, ICG-absorption and 
fluorescein-fluorescence angiography (Figure 2.2) (Flower, 1974; Flower and 
Hochheimer, 1976). 40-80rag  ICG, solved in 1 -2ml  25% fluorescein 
(equivalent to 250-500mg sodium fluorescein) were injected into an ante- 
cubital vein, followed by a 5 ml saline flush. Three synchronized Nikon 35 
mm photocameras were used. The xenon flash generator employed at this 
time limited the frequency of the angiograms to 1 frame per 0.7 seconds. 

In 1976, two reports summarized the clinical results obtained with that 
multispectral camera (Patz et al., 1976, Orth et al., 1976). Both authors 
considered their results only preliminary and could not at that time 
adequately determine the clinical significance of the method. They did, 
however, recommend its application for differential diagnosis between 
choroidal hemangiomas and other tumors and for further clinical studies of 
choroidal blood flow. They also mentioned some advantages of ICG-vs 
fluorescein-angiography in patients with an allergy to fluorescein, with 
slightly hazy media or with photophobia. 

In order to improve the spatial and temporal resolutions of choroidal 
angiograms, the multispectral camera was abandoned in 1975 in favor of a 
fundus camera built exclusively for ICG-fluorescence angiography and 
thereby optimized for this one examination technique. Instead of the 
relatively slow flash generator, a continuous light source was employed, and 
the photocamera was replaced by a 35 mm movie camera. 

In order to compensate for the relatively low level of ICG-fluorescence 
intensity, the image size on the fihn was reduced from the 28 mm originally 
used in the standard Zeiss fundus camera to approxhnately 17 mm (Flower, 
1977). Following anti-reflection coating of all the camera lens surfaces and 
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installation of a stronger continuous light source in 1978, it became possible 
to forego the image size reduction and yet still obtain sufficient film exposure 
even at 10-20 frames per second. With that equipment it became possible to 
observe choriocapillaris dye transit in young monkeys (Flower, 1980), but in 
humans the choriocapillaris is still not readily resolvable. 

The first clinical results obtained using that new equipment were published 
in 1980 (Hyv~irinen and Flower, 1980). Surprisingly, after performing about 
400 choroidal angiograms in the years 1972-1976, between 1979 and 1981 
no further studies were done in humans. Since 1982, however, we again 
started studying human patients using this same equipment (part 4). 

According to the ophthalmic literature, ICG-fluorescence angiography has 
been performed only in a few European countries (Craandijk and van Beek, 
1976; Chopdar et al., 1978; Hyv/irinen and Flower, 1980) and in Japan 
(Hayashi et al., 1982). Some French investigators proceeded with the earlier 
mentioned ICG-absorption angiography using color infrared film. There are, 
however, serious drawbacks reported with that approach: color film is less 
sensitive than black and white film, it is more difficult to determine correct 
exposure from patient to patient, and it must be developed by special 
laboratories. Moreover, the resolution of smaller choroidal vessels, such as 
the choroidal arteries, is most often impossible with absorption angiography, 
and finally the dosage of ICG needed for absorption angiography is much 
higher than in the fluorescence technique, in humans normally 200mg ICG 
are given intravenously (Buffet et al., 1979; Francois et al., 1977; Habozit, 

1976). 

2.1 Adaption of  a Zeiss-fundus camera for choroidal angiography 

Our experience is limited to the Zeiss-fundus camera, consequently we will 
discuss only the necessary modifications for this widely used type of camera. 
There is no reason, however, why the same modifications cannot be made to 
another fundus camera for choroidal angiography. 

At the present time, there is no commercially available choroidal 
angiography equipment. The various components needed to modify a 
standard fundus camera, including filters and continuous light source, must 
be obtained individually. Consequently, three main modalities are possible 
for someone deserving to perform choroidal angiography. If one plans only 
a few such studies and intends to use a fundus camera mostly for fluorescein 
angiography the simplest and cheapest way, described below as the 'minimal 
solution' is best. This modality allows one to gain some initial experience 
with the new method without having to invest much time or money, but this 
is accomplished by sacrificing temporal resolution which ultimately may be 
critical in assessing circulatory diseases of the choroid. 

At the opposite end of the spectrum of modalities is the 'maximal 
solution'. With it the attempt is made to optimize transmission of infrared 
light along the optical pathways and to gain the maximum exposure of the 
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photographic film. This involves use of an elaborate 35 mm high-speed movie 
camera, a strong continuous light source, special anti-reflection coating of the 
lenses and special optical surfaces suited to infrared wavelengths. 

Between these extremes, however, there is a third 'compromise solution', 
whereby one tries to do acceptable choroidal angiography and yet use 
relatively simple equipment. One may install a continuous light source and a 
relatively inexpensive 35 mm photocamera with motordrive to obtain a fre- 
quency of about 4 exposures per second, which may prove to be sufficient 
for many clinical applications. 

Maximal solution. As one example of an elaborate modification of a Zeiss- 
fundus camera for choroidal angiography, the camera developed by Flower 
and currently used in St. Gallen, Switzerland will be described here. 

Compared to the usual Zeiss-camera, several changes are evident as one 
looks at this camera from the outside (Figure 2.3): the relatively large white 
movie camera (1), a TV-camera with monitors (2), the hydraulic system (3) 
which is necessary to balance the heavy 35 mm camera, the electronic 
equipment (4) and finally two smaller details, a filter inserting device (5) and 
an external ventilator (6). Other changes become visible only after removing 
the side of the camera (Figure 2.4): the new light source (7) and a special 
shutter (8) to block the background illumination. There are other important 
changes which cannot be seen on these photographs such as the recoating 
of all lens surfaces, and mirrors (9) and the special filters (10). These I0 
changes shall be discussed below in detail in as much as they are important 
to other investigators who may be interested in making similar fundus camera 
modifications. 

(1)Movie camera: The currently used 35mm movie camera (Flight 
Research Model IV-CXS Multidata Camera, Giannini Scientific Corporation, 
Richmond, VA, USA) allows angiograms to be made at a frequency of 
between 1 to 40 frames per second. The maxhnum shutter opening time for 
this camera is relatively long; for example, it is more than 1/30 second at 
10 frames per second and 1/50 second at 20 frames/sec. 

(2) TV-camera: This black and white TV-camera is integrated in the 
observation optical pathway by a beam splitter. However, producing 
relatively poor spatial resolution, there is no regular use for a TV-camera in 
routine choroidal angiography, but it is used at the end of an angiographic 
sequence to confirm that the intravenously injected dye reached the eye. 

(3)Hydraulic system: When a heavy movie camera is added to a fundus 
camera, the additional weight nmst be balanced. A simple device by which 
tiffs may be accomplished is a counterbalance consisting of a wire rope 
attached to the movie camera and running through a ceiling-mounted pulley 
to a counterweight. While cheap, such a simple device quite markedly reduces 
the mobility of the fundus camera, therefore, instead in our system, a special 
hydraulic balance system has been built which guarantees unrestricted 
movement of the camera. 
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Figure 2.3. Picture of a Zeiss fundus camera adapted for choroidal angiography 
(R.W. Flower). (1) 35 mm movie camera; (2) TV camera (black and white); (3) Part 
of the hydraulic support system; (4) Electronic control unit; (5) Inserting device for the 
ICG-excitation ftlters; (6) Ventilator to cool the light source. 
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Figure 2.4. Picture of the camera body, sidewall open. (7) Illumination system; 
(8) Shutter to block the background illumination during the photography. 

(4) Electronic equipment: A central unit controls the following functions: 
- A computerized timing system preheats the continuous light source for 

90 seconds before use, allows the firing of  the movie camera for another 150 
seconds and finally assures cooling of  the fight source by the external 
ventilator mentioned earlier. 

- W h i l e  exposing angiograms, a metal-shutter inserted between the light 
source and the filters is opened automatically. 

- A l s o  while the 35ram movie camera operates, the background 
illumination is excluded from the illumination beam by automatically closing 
a second shutter. 

- The movie camera itself starts running at the end of  a preset interval 
after the photographer or the physician making the dye injection presses on 
a foot-switch. The total filming time also is preset. 

- The camera mode may be easily changed from "continuous" to 'single 
frame" operation, and also the choice may be made between movie and the 
TV camera. 

(5) Filter inserting device: The excitation filters should both be placed in 
the usual filter holder of the Zeiss-fundus camera when using a strong 
continuous light source. The fight converges to a focus there, and the heat 
produced can damage the filters, possibly exposing the patients to dangerous 
unfiltered light. The filters, therefore, must be installed in such a manner that 
essentially parallel light from the light source passes through them; this evenly 
distributes the light energy over a large filter area, thereby avoiding excessive 
heating of  the filter material. The best place to instal/the filters is behind the 
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Figure 2.5. Higher magnification view of the illumination system. (A) Metal shutter for 
the protection of the filters before and after the photography; (B) 300 watt indium 
iodide lamp, part of the 'MARC-300 high brightness lighting system'; (C) Concave mirror 
for intensification of the light emission. 

diagonal mirror which reflects background illumination into the eye. A 
special filter inserting device has been built and placed in the fundus camera 
between the diagonal mirror and the light source (see Figure 2.5). 

(6) Ventilator: As is the case with slide projectors, the special fundus 
camera continuous light source must be cooled constantly. Ii] order to attach 
the necessary small ventilator, a hole was made in the removable side plates of 
the Zeiss fundus camera body in such a way that circulating air passes over 
the lamp. Also a small air exit post was installed on the opposite side of  the 
fundus camera body. 

(7) Light source: (Figure 2.5). To obtain the maximum amount of  infrared 
light, the filtered output of  a continuous 300 watt indium iodide lamp is used 
(MARC-300 high brightness lighting system, General Electric). A concave 
mirror was mounted behind the lamp so that the back image of  the lamp is 
focussed onto the arc thereby increasing the amount of  energy collected by 
the fundus camera optics. It was also necessary to insert a metal-shutter 
between the lamp and the filters in order to prevent unnecessary filter heating 
and also to prevent light exposure of  the patients's fundus prior to filming 
the dye passage. 

(8) Background focussing illumination: While necessary for the initial 
adjusting and focussing of  the camera, this illumination is excluded from the 
light entering the patients's eye during filming by means of  a shutter inter- 
posed between the background illumination source and the diagonal beam- 
splitter location just in front of  the excitation filters. 

(9) Lenses and mirrors: In order to optimize infrared light transmission 
along the optical pathways, all 14 lens surfaces of  the fundus camera (except 
for the aspheric objective lens) were antireflection coated for best 
transmission of  the infrared light. This resulted in 40% greater transmission 
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Figure 2.6. Higher magnification view of the upper diagonal mirror. Tile central hole has 
a diameter of 10 instead of 5 mm. 

than was available using the original lens coatings (Hyv~irinen and Flower, 
1980). In addition, the diagonal mirrors were recoated with quartz-clad silver 
which improved the light transmission by another 25%. The most important 
step in increasing the amount of ICG fluorescent light emitted by the eye 
available for exposing the film was doubling of tile diameter of the aperture 
hole in the upper diagonal mirror form 5 nnn to 1 cm (Figure 2.6). This 
resulted in a four times increase in fluorescence light energy impinging on the 
photographic film. Unfortunately, this change also produces a small circular 
reflex which is always present on the angiograms as an artifact. It is note- 
worthy that although an increase in spherical aberration and a reduction in 
depth of field are produced as a result of this modification, no such 
significant changes in camera function were observed. 

( l O ) F i l t e r s :  Optimal filters generally have narrow bandwidths and high 
transmission of the center wavelength of light for which they are designed. 
With regard to the excitation and emission spectrum associated with ICG- 
fluorescence these center wavelengths range around 795nm and 835nm, 
respectively. The following combination of filters has proved to be best 
suited for our type of modified camera and continuous light source: 

- E x c i t a t i o n  f i l ters :  The following combination of three filters, placed 
side-by-side, used in the filter inserting device near the light source: 

a) Cold mirror (Melles Griot, Irvine, CA). This element reflects light with 
wavelengths below 700 nm and transmits those of higher wavelengths. 

b) ICG-Exciter filter (Ditric Optics, Inc, Marlboro, MA). This filter 
excludes wavelengths between 700 and 73Ohm and between 850 and 
1000 rim. 

c) Coming 7-69 red filter (Coming Med. & Scientific Glass Works, 
Medfield, MA). This filter blocks a substantial amount of infrared wave- 
lengths above 1000 nm. 

- Barrier  f i l t er :  This filter must be placed between the fundus camera 
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body and the 35 mm camera body using a small filter adapter. Consequently, 
the film plane is moved back a little bit, and the viewfinding of  the 35 mm 
camera is obstructed. It is necessary therefore, to readjust the film plane to 
match the focus of  the ocular in the fundus camera. Mso in order to correct 
the chromatic aberration of  infrared vs. visible light wavelengths (redshift), it 
is necessary to move the film plane back. We use the following barrier filter: 

ICG-Barrier filter (Ditric Optics, Inc, Marlboro, MA). This filter has a 
relatively wide transmission band between 800 and 900nm. In combination 
with the reduced film sensitivity which exists above 800nm, however, a 
relatively narrow bandwidth is effectively produced. 

Compromise solution. A compromise can be made between the above 
clinically proven but complex and expensive camera system and some 
simplified camera system for use by other clinicians and investigators without 
significant sacrifice of information about choroidal circulation. 

The use of  a standard 35 mm camera with a motordrive instead of  an 
expensive and heavy high-speed movie camera would lower the cost 
significantly, there would also be no need for a hydraulic balance system. One 
must, however, be aware that a minimal exposure time of approximately 1/60 
second per frame is necessary for infrared photography with a continuous 
light source. With currently available motordrives, a maximum frequency of 
about 4 -5 frames per second can be obtained; that might satisfy most clinical 
needs. Moreover, future improvements in cameras and motordrives can be 
expected which might allow still higher frequencies with such equipment. 

An additional TV-camera is not necessary for clinical purposes, and the 
amount of  electronic equipment may be reduced, requiring however that the 
photographer manually perform all the necessary steps for the filter insertion, 
pre-heating of the light source, etc. 

Changes similarly to those mentioned in the paragraphs about the 
'maximum solution' which must be made are the following: 

- continuous light source (7) and ventilator (6) 
- new placement of  the filter inserting device (5) 

- blocking of  the background illumination (8) 
- changes in lenses and mirrors. While a recoating of  all the lens surfaces 

would be difficult and expensive to perform, only recoating of  the mirrors 
and the enlargement of  the mirror aperture are recommended in this 
approach (9). 

While it would be feasible to make all these adaptions in a way that they 
could be quickly and reversibly implemented, it would be much easier to 
assign one fundus camera only for ICG-angiography and to use a second 
camera for standard fundus photography and fluorescein angiography. For 
performing ICG-angiography there is really no need for the newest model of 
a Zeiss fundus camera; an older model camera can be used as long as its optics 
are intact. 
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Minimum solution. If the aim to achieve a moderate to high time frequency 
is abandoned but the desire to photograph the choroidal vessels in certain 
patients remains, the original xenon flash light source can be used, and most 
other features mentioned here, such as replacement of filters or changes in 
mirror apertures need not be included. Only the following readily reversible 
adaptions of a Zeiss fundus camera need be made to perform choroidal 
angiography (in addition, that is, to use ICG as the dye and infrared sensitive 
film). 

1. New filters: 
a) ICG-Exeiter filter (Ditric Optics, Inc, Marlboro, MA) This filter may be 

placed in the illumination light pathway of the Zeiss fundus camera at any 
point where the beam is nearly parallel and left there temporarily or even 
permanently, since it does not influence visible wavelengths below 700 nm 
(Flower, 1977). 

b) Kodak Wratten Filter #88A or 25 (Eastman Kodak Co, Rochester, 
NY). It may be put in the original filter inserting device or filter wheel of 
the Zeiss camera. It blocks visible fight and, therefore, has to be removed for 
the focussing of the patient's eye. 

c) ICG-Barrier filter (Ditric Optics). This filter must be installed between 
the fundus camera and the photographic film; additionally, the film plane 
must be adjusted somewhat. 

Fihn, film development. While there is currently no other good choice, we 
have always used 'High Speed Infrared (black and white) Film' from Eastman 
Kodak Co. Its ASA speed is 125, but it may be pushed by prolongated 
development time up to about 400. Its theoretical resolution, compared to 
Kodak Tri-X film which is often used for fluorescein angiography is only 
about 50% (63-80  lines/ram). 

Being infrared-sensitive, the film must be handled in total darkness before 
it is developed. In our hands, the following development times and chemicals 
have proven to be best suited for ICG angiograms: 

- 1 5 m i n  development at a temperature of 68~ (19~ with Kodak 
liquid X-ray developer and replenisher, Cat. 1465327. 

- 2 rain fixation with Kodak rapid fixer, Cat. 1464106. 
about 5 min washing ('Permawash' and water). 

2.2 Procedure for high-speed choroidal angiography 

Besides the right equipment, an optimal conduct of the photographic pro- 
cedure is crucial in choroidal angiography. The use of the infrared light, for 
instance, precludes the photographer from concomitantly observing the 
fundus and from timing the beginning of filming so that it corresponds to 
the first appearance of dye in the eye. The timing, therefore, must be based 
on a mean arm-retina time of about 10 seconds in young, and about 12-14 
seconds in older patients (Bloome, 1980). Also an optimal injection 
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Figure 2.7. Schematic representation of choroidal angiography in relation to time. (I) 
Preparations; (II) ICG injection; (lid Interval (details in the text); (IV) Filming; (V) Late 
single frame pictures; (A) ICG-concentration in choroidal arteries; (V) ICG-concentration 
in choroidal veins. 

technique is very important (Flower, 1973). To obtain maximum 
fluorescence of  ICG in blood requires a dye concentration of  0.03 mg/ml. 
Since the dye is diluted after the injection in the cubital vein by about 600 
times before it reaches the eye, approximately 20rag ICG/ml have to be 
injected rapidly and be followed by a saline flush. In detail, our procedure is 
as follows (Figure 2.7): 

(I) Preparations: Before the patient is seated in front of  the camera, some 
security checks are recommended. With regard to the camera, a quick 
safety check of  the filter system is necessary if one uses a continuous light 
source. We hold a sheet of white paper in front of  the fundus camera - if a 
faint red ring appears, the filters are intact and in place. If, however, white 
light is visible, then there is not  sufficient filtration, and the retina could be 
damaged. Based on the extant report of  patients side effects observed with 
ICG, the following contraindications have to be considered: Allergy to iodide, 
uremic or hemodialysed patients and a general allergic diathesis that may 
increase the risk for an anaphylactic reaction. If ICG is not contraindicated, 
the patient may then be seated before the fundus camera which must be 
focussed on the fundus using visible light. The procedure must be explained 
in detail to the patient, with attention to 10 seconds of  the filming period 
during which he must keep his eye open and steady. Finally, the light source 
may be preheated for about 90 seconds before the dye injection takes place. 

(IIJ ICG injection: We inject the following dosage of  the dye and saline flush 
into an antecubital vein using a four way stock and 2 syringes: 

- 25 mg Cardiogreen in 0.5 ml aqueous solvent 
- 5 ml physiological saline solution. 

The total injection time is about 5 seconds. 
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(III) hlterval between dye infection and beg#ruing of  the fihning period: After 
the injection, the physician, or the photographer, activate a footswitch. 3.5 
seconds later the camera begins to fire. With most patients, the dye appears 
about 2 to 4 seconds after beginning of the film period, but if the injection 
was made slowly, the initial dye-wavefront was sometimes missed as it moved 
through the choroidal vessels. 

HV) Filming: Currently we use a camera speed between 8 and 10 frames per 
second over a period of 10 seconds. During that period, the photographer can 
only adjust the camera to track major movements of the patient's eye, by 
carefully observing the red ring on the cornea. He is not able to observe the 
fundus during filming. 

(V) Late single frame pictures: In order to recognize a potential dye leakage 
and to examine, at least in the late venous phase, other regions of the fundus, 
including the posterior pole and the periphery, several photographs can be 
made during the 2 - 3  minutes following filming of the initial dye passage. 

2.3 Limits and side effects of  choroidal angiography 

Not only technical but also anatomical factors limit the resolution of 
choroidal vessels. 

- T h e  theoretical optical resolution of the Zeiss fundus camera is 
excellent, about 5/am, while the currently available film can resolve only 
about 20/Jm at near infrared wavelengths. The theoretical optical resolution 
of the human eye itself has been calculated to be 11 tam at 83Onto (Flower, 
1976). 

- The fluorescence intensity of ICG in blood is small, about 25 times less 
than that of fluorescein. A slightly different dye with a fluorescence three 
times stronger than ICG but with otherwise identical properties, dibenzo- 
dicarbocyanine, has been successfully tested in animals (Hochheimer, 1979), 
but it is not yet approved for human application. 

- The anatomy of the ocular fundus itself, however, is the main obstacle 
to obtaining a sharp photographic image of choroidal vessels. The melanin in 
the pigment epithelium and the choroid also scatters infrared light, and the 
choriocapillaris, when filled with the dye forms a sort of neutral density 
filter. In a myopic eye with only slight pigmentation, for instance, the 
choroidal arteries are far better visualized in the angiograms than normally 
(Figure 3.1). Moreover, the three-dhnensional structure of the choroidal 
circulation, with a blood flow sometimes directed parallel to the optic axis, 
will never be resolvable to the same extent as the nearly two-dimensional, 
more superficial retinal circulation. 

While some technical problems, such as the relatively poor resolution of 
infrared film may be solved in the future, the anatomical factors will persist. 
The choroidal angiograms need not to be judged by their aesthetical 
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appearence but by the information they uniquely provide about the choroidal 
circulation. 

With regard to possible side effects of choroidal angiography, two 
questions have to be answered: (1) How safe is the intravenously injected 
dye? (2) Is the infrared light toxic to the eye? 

(1) Toxicity oflCG. There are enough data to answer this question because 
the dye has been widely used for cardiologic and hepatic studies since 1956. 
Also since 1972 we have had additional experience as a result of performing 
choroidal angiography. 

Animal experiments have shown that ICG is nontoxic in dogs and rabbits 
(Fox and Wood, 1960), also in mice if given intravenously at a dosage below 
35 mg/kg (Lutty, 1978) or intraperitoneatly below 50 mg/kg (Lutty, 1979). 
In monkeys, circulatory and respiratory parameters remained normal up to 
a dose of 10mg/kg (Tokoro et al., 1976). More important than results of 
animal experiments are data about side effects observed in humans. In 
chronological order we will list the significant data we have found in the 
literature: 

- F o x  and Wood (1960) reported on cardiologic studies in about i000 
patients. Using a dosage between 2 and 5mg/kg they never observed any 
side effects. 

-Cherrick et al. (1960) had the same experience with their hepatic 
studies. The inadvertent subcutaneous injection of ICG in one case did not 
damage the tissue. 

- L e e v y  et al. (1976) recommended ICG for hepatic studies, toxic and 
idiosyncratic reactions being neglectable. They seldom found a vesicular 
rash after the injection of the dye. 

- Habozit (1976) reported 62 choroidal angiographies performed without 
any complication, using the high dose of 150 or 200 mg ICG per patient. 

- Carski et al. (1978) reviewed all side effects reported to the producer of 
the dye. They estimated a total of 240,000 ICG injections having been done 
by that time. In the earlier years, while it was not yet widely known that 
Cardiogreen contains up to 5% iodide, some complications occurred in 
patients allergic to jodide. In addition, 4 patients treated in 4 different 
hospitals suffered the following adverse reactions: 

Seventy year old female; 5 min after the injection of 5 mg/kg ICG urticaria 
began, but disappeared with Benadryl. Allergologic tests were negative for 
ICG. 

Sixty-six year old male with a history of asthma; shortly after the 
injection of 5 mg ICG in a cardiac catheter, an anaphylactic reaction occurred 
with nausea, respiratory distress and general vasodilation. Immediate therapy 
with cortisone, adrenergic and antihistaminic drugs was successful. 

Forty-six old male with a history of allergy to penicillin and sulfonamides; 
immediately following the injection of 5 mg ICG in the superior vena cava, a 
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severe anaphylactic reaction was noted with nausea, heat sensation, dyspnea, 
tachycardia and low blood pressure. That patient died. It is noteworthy, that 
he had taken several other medications during the preceding 24 hours, namely 
Inderal, Aldomet, Hydrodiuril, Isordil, Lithiumcarbonate, potassium chlorid, 
Nembutal, Demerol and Atropine. 

Forty-eight year old male; shortly after intravenous injection of 27 mg ICG 
also had a severe anaphylactic reaction, but immediate and rigorous treatment 
was successful. 

- Shabetai and Adolph (1980) found no cardiovascular side effects of ICG 
in their cardiologic studies. 

- I s e k i  et al. (1980) studied circulatory parameters in 43 patients that 
underwent chronic hemodialysis. Three patients suffered from nausea, and 
one patient with a history of asthma had a fully reversible anaphylactic 
reaction. 

- Bacin et al. (1981) reported an inadvertent subcutaneous injection of 
ICG. Beside the some weeks notable skin discoloration there were no con- 
sequences. They overviewed 40 choroidal angiographies using their high dose 
of 200 mg ICG, but they never saw any adverse reactions. 

Reviewing our own experience with about 700 human choroidal angio- 
grams we never saw any side effects. Compared to fluorescein, ICG did not 
disturb the patients at all, particularly there was no nausea. One inadvertent 
subcutaneous injection led only to discoloration of the skin for several weeks. 

In conclusion, ICG dye is relatively nontoxic, but one must be aware of 
the risk of rare but severe anaphylactic reaction. In comparison to the risk 
with fluorescein, where 5-20% of the patients suffer from nausea, headache 
or dizziness, 5-10% exhibit allergic reactions (Bloome, 1980), and where a 
life threatening complication has been calculated to occur in l out of 20,000 
injections (Enzmann and Rupredit, 1982), the risk with ICG seems to be 
minor. It is however necessary to be prepared with medications and 
equipment to immediately treat any anaphylactic reaction. This requires the 
same equipment that should be ready in every laboratory that performs 
routine fluorescein angiography. Moreover, angiography should not be per- 
formed in patients with a history of severe allergies or in the especially 
sensitive uremic patient. 

(2) Toxicity of infrared light. The modified Zeiss fundus camera with a con- 
tinuous light source, produces 200 mW of power. Therefore, retinal light 
exposition is below 200mW/cm2. Because the light is focussed on the lens, 
light exposition there is higher; it is 1 W/cm 2 maximum. Using our filter 
combination this light mainly consists of wavelengths between 730-850nm.  
The duration of exposition is 1 O-  15 seconds. 

(2aJ Retinal damage from infrared light. Retinal light damage may be pro- 
duced mechanically (high energy lasers), thermally (after absorption in the 
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pigmented layers of the fundus) or photochemically (blue fight damage) 
(Sliney, 1982). In ICG angiography, we only consider the possibility of 
thermal damage. Acute retinal damage is to be expected when the retinal 
temperature rises about 10~ this is possible only with light energies 
above 1 W/cm2 (Sliney and Wolbarsht, 1980). While no standards exist which 
precisely address retinal exposure by a narrow-band multiwavelength 
continuous light source like we use, a worse-case approximation can be made 
in order to apply safety standards for laser light exposure. Considering the 
light emission of the camera to be like a laser source of 730 nm wavelength 
(the shortest wavelength emitted by our camera system), according to the 
exposure level recommended by the American National Standards bTstitute 
(ANSI), 1976, the safe exposure time would be at least 20 seconds 
(Hyv~irinen and Flower, 1980). Therefore, file risk of retinal damage is 
neglectable when using appropriate camera filters and the recommended 
exposure time of about 10 seconds. One nmst, however, be aware that the 
risk increases significantly if the filters are not placed correctly. The energy 
of the unfiltered light from the continuous light source amounts to about 
lW/cm2 on the retina and contains harmful short wavelengths of the visible 
spectrum. 

(2b) Lens damage by infi'ared light. Since Wenzel (1786) first mentioned the 
high incidence of cataracts in glassblowers, several experiments have shown 
that infrared light may cause cataract formation, either directly (Vogt, 1919; 
Wagner, 1938) or indirectly by heating the iris (Goldmann, 1932). In rabbits, 
cataract formation was initiated with a CW-Neodynium-YAG-Laser (emission 
at 1065rim) when the dose exceeded 100 Joules (Wolbarsht, 1980). Another 
study in rabbits and monkeys suggested an exposure safety level of about 
4000 Joule/cm2 (Pitts et al., 1980). Our exposure amounts to 1 Watt/cm2 
maximum during 10 seconds, or 10 Joule/cm2. The risk from choroidal 
angiography for the lens is therefore neglectable. 

3. Normal choroidal vascular patterns 

Since the ophthalmologist always examines the retinal vessels with the 
ophthalmoscope, understanding fluorescein angiograms of the retina is not 
too difficult. However, initially choroidal angiograms are difficult for the 
investigator to interpret because there is usually no such familiarity with the 
choroidal circulation. Moreover, the choroid is a three-dimensional vascular 
network in which blood flow is often perpendicular to the film plane of the 
fundus camera. Finally, the resolution of choroidal angiograms seems poor 
compared to the usually crisp retinal fluorescein angiograms (part 2.3). 
Nevertheless, with experience, one will learn to gain more and more 
information about the choroid from these angiograms, information that may 
prove to be as valuable as information taken from a fluorescein angiogram. 
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Up to now about 180 choroidal angiograms have been performed in 105 
normal volunteers. In 1974 a series of studies with the multispectral camera 
was done, in which simultaneously made ICG-fluorescence-angiograms, ICG- 
absorption angiograms and fluorescein angiograms could be compared; these 
were made, however, at a relatively slow frequency of 1 picture per 0.7 
seconds. The age of the volunteers ranged between 15 and 39 years with a 
mean of about 24 years. Both morphological and dynanfical criteria were 
used to interpret choroidal angiographic studies. Besides the pattern, the 
thickness of the layers of tile choroidal arteries and veins, the filling pattern 
of the choroid must also be considered. Often a regional or general delay of 
choroidal filling may prove to be the only sign of a pathologic choroidal 
process. 

3.1 Morphology o f  the choroidal vasculature in the ICG-angiogram 

Deriving from the short posterior ciliary arteries, the choroidal arteries 
originate at the posterior pole, mainly around the macula and nasally to the 
disc. They then lead almost radially toward the equator of the eye 
(Figure 3.1). Sometimes the arteries divide near their origin into two 
branches, but there is no regular dichotomic branching as in the retina. In 
comparison to the veins, tile arteries are somewhat smaller and appear less 
fluorescent and more meandering. The individual vessels of the chorio- 
capillaris are not resolved with our technique (part 2.3). However, the filling 
pattern of the choriocapillaris can be recognized as a faint and diffuse 
fluorescence. The choroidal veins are more impressive on the angiograrns than 
tile arteries. About 2 -4 seconds after the first tilling of choroidal arteries, the 
veins at the posterior pole are well visible. These veins lead in the direction of 
the 4 vortex veins (Figure 3.2), which may even be visualized by this 
technique. While in most eyes some veins pass through the submacular 
choroid, sometimes the border between superior and inferior veins form a 
raphe. 

3.2 Normal choroidal fillh~g pattern 

Results of high-speed choroidal angiography clearly show that the choroidal 
arteries fill earlier than the central retinal artery. In a small series of young 
volunteers this filling time difference ranged between 0.5-1.0 seconds, calcu- 
lated from angiograms made at a frequency of 8 frames/second. The early 
choroidal filling, compared to retinal filling, may be due to a higher velocity 
of blood flow in the short posterior ciliary arteries than in the central retinal 
artery. The difference in distances between the ophthalmic artery and the 
choroid and the opthalmic artery and the disc cannot along explain this 
different filling between choroid and retina (Parr et al., 1968). The earliest 
detectable arteries are most often those between the macula and the disc, 
sometimes those temporal to the macula. The tfighest blood perfusion 
pressure of the eye has been shown to be in these vessels (Flower, 1972). 
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Figure 3.1. ICG angiogram showing the choroidal arteries. Young myopic patient, left 
eye, 3.0 sec. The ehoroidal arteries derive from the posterior ciliary arteries which enter 
the eye at the posterior pole. They extend radially toward the equator. 

Figure 3.2. ICG an~ogram showing the choroid veins. Seventy-one year old normal 
volunteer, left eye, 6.0 sec. Multiple rows of choroidal veins extend toward the four 
vortex veins. 
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Figure 3.3A. ICG angiogram 0.7 sec. Choroidal arteries are visible at the posterior pole, 
beginning choriocapillaris filling in the submacular choroid. 

Figure 3.3B. Fluorescein angiogram 0.7 sec. Early filling of the main retinal arteries. The 
macula appears black (due to absorption by xanthophyU), but around the macular some 
choroidal arteries are visible. 

Figure 3.3C. ICG angiogram 1.4 sec. Early venous phase in the choroid. In one vein 
temporal to the disc (arrow) laminar flow is visible. 



262 

Figure 3.3D. Fluorescein angiogram 1.4 sec. Arterial phase in the retina. Leakage from 
the choriocapillaris masks already filled underlying choroidal vessels except in a region 
temporal to the disc, where the choriocapillaris has not yet filled (patchy filling of the 
choriocapillaris). 

Figure 3.3E. ICG angiogram 6.3 sec Good filling of the choroidal veins. The main retinal 
vessels are visible in this angiogram too, but the resolution of smaller retinal vessels is 
poor. 

Figure 3.3F. Fluorescein angiogram 6.3 sec. Retinal venous phase. All veins are filled, 
but the retinal arteries are still visible. Uniform background fluorescence. Note the 
'black macula'. 
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Figure 3.3G. ICG angiogram 14.0 sec. Late venous choroidal phase. The choroidal veins 
are still visible, but they are less filled with ICG than earlier. No leakage of the dye may 
be seen. 

Figure 3.3H. Fluorescein angiogram 14.0 sec. Late venous retinal phase. Reduced con- 
centration of fluorescehl in the retina and the choroid, where some large choroidal 
vessels become visible (negative contrast). 

Figure 3.3. Comparison of the normal Idling characteristics between ICG- and 
fluorescein angio~aphy. Twenty-six year old normal volunteer, right eye (simultaneous 
photo~aphy). 

The different  phases of  a normal  choroidal  angiogram are presented in 

compar ison  to the s imul taneously-made f luorescein angiogram in Figure 3.3. 

We found  the fol lowing mean  intervals in 21 normal  volunteers  studies wi th  

the mul t ispectra l  camera:  

choroidal  ar tery 

- choroidal  vein: 1.8 sec. 

central  retinal ar tery  

- retinal vein laminar:  2.0 sec. 

Central  retinal ar tery 

- ret inal  vein full: 6.2 sec. 
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Some variation can be found in very young and in black individuals. The 
submacular choroid is only faintly visible in young eyes, probably because 
of the extensive pigmentation and a dense choriocapillaris. In black 
individuals, with their dense fundus pigmentation, we seldom produced 
choroidal angiograms of good quality, the vessels all being appearing faint. 
Therefore, the value of ICG-angiography in blacks seems to be limited. 

3.3 Relation belween ICG- and fluorescein-angiography 

A comparison of these two angiographic techniques which use similar equip- 
ment demonstrates the information about retinal and choroidal vessels 
produced by each of them. Does one or the other type angiogram produce 
enough data to forego the other type? Or must both types of angiography 
be combined to understand the circulation in the fundus oculi? We will 
consider the information we get from fluorescein studies about the choroid 
(1) and from ICG studies about the retina (2). Then some remarks about the 
combination of both will be made (3). 

(1) What #~formation does fluorescein-angiography give about the choroM?. 
Three factors limit the value of fluorescein angiography for studies of the 
choroidal circulation: 

Pigment in the pigment epithelium as well as in the choroid markedly 
absorbs and scatters visible light wavelengths (Figure 1.4A). 

Xanthophyll in the macula absorbs the blue light wavelengths necessary 
for the excitation of fluorescein fluorescence. Therefore, a 'black-macula' 
prevents the study of the important submacular choroid when fluorescein is 
used. 

Only about 80% of injected fluorescein is bound to plasma proteins. The 
circulating unbound molecules leave the fenestrated endothelial walls of the 
choriocapillaris, causing a diffuse interstitial fluorescence which masks the 
deeper lying choroidal vessels. The angiograms of a patient with a pigment 
epithelial defect (Figure 3.4) and such a defect combined with a loss of the 
choriocapillaris (Figure 3.5) demonstrate that the deep choroidal vessels 
would be visible on fluorescein angiograms were it not for the three 
mentioned obstacles. 

Also in normal eyes, fluorescein angiography provides some limited 
information about the choroid. In very early pictures of not too heavily pig- 
mented eyes, individual choroidal arteries may be visible (Figure 3.3B). Often 
patchy tilling of the choriocapillaris is seen (Figure 3.3D). this is considered 
to be normal (Hyv~irinen et al., 1969), Archer et al., 1970). Aside from these 
relatively unimportant aspects, in normal eyes fluorescein angiography does 
not provide much information about the choroid. In diseased eyes the 
changes in the pigment epithelium may lead, for instance, to a 'window 
defect' which more clearly shows the diffuse tilling of the choriocapillaris. 
The deeper choroidal vessels, however, usually remain invisible. There is the 
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Figure 3.4A. '0' sec: (First appearence of dye in the eye): The central choroidal arteries 
and those in a peripapillary cone are visible. 

Figure 3.4B. 2.8 sec: Due to the leakage of fluorescein from the choriocapillaris, the 
deep choroidal vessels are masked. Some background fluorescence in the whole fundus, 
but less visible than centrally. 

final consideration that the risk of phototoxic retinal damage by the blue 

light needed for fluorescein angiography is too high to allow the installation 
of a continuous light source needed for high-speed angiography. 

(2) What information does ICG-angiography produce about the retina? There 
is no question that ICG fluoresces in the retinal circulation and that retinal 
vessels are also present on a so-called 'choroidal' angiogram. Therefore, could 
ICG-angiography alone produce enough data by which to examine the 
choroid as well as the retina? This is not the case. The retinal capillaries and 
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Figure 3.4C. 9.1 Sec: Venous retinal phase. Diffuse background fluorescence in the 
choroid. 

Figure 3.4D. Late picture: The central deep choroidal vessels are visible now as 'negative 
contrasts' since they don't contain any dye, yet some fluorescein remains in the 
choroidal tissue. 

Figure 3.4. Fluorescein angiograms of a pateint with pigment epithelial defect 
(chloroquine retinopathy). 

the smaller retinal arteries and veins are sometimes masked by the 
fluorescence arising from the underlying choroidal veins. There are, however, 
situations, where fluorescein angiography cannot be performed, for instance 
in photophobic patients and in case of a discrete vitreous hemorrhage. In such 
patients ICG-angiography does provide at least some information about the 
major retinal arteries and veins (Patz et al., 1976). 
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Figure 3.5. Fluorescein angiogram of a patient with pigment epithelial defect and loss of 
choriocapiliaris. Sixty year old hypertensive patient, right eye. This example clearly 
shows that fluorescein doesn't leak from the large vessels. Therefore, if pigment 
epithelium and choriocapillaris don't mask these vessels, fluorescein angiography could 
be used for ehoroidal angiography too. In addition to the patchy re~ons of choroidal 
atrophy, the usual background lluorescence is visible. 

(3) Combination of  ICG- and fluorescein angiography. While each technique 
provides unique information, a combination of  both of  them seems to be 
necessary in all diseases of  the fundus where a pathology may occur not just 
in the retina or just in the choroid, but possibly in both circulations. Should a 
multispectral camera comparable to the one used in Baltimore between 1973 
and 1975 be used (part 2)? From the standpoint of  convenience of  the 
patient as well as the information about the ocular circulation obtained, such 
a combination would be ideal. At present, such a combination does not allow 
the best choroidal angiography, mainly because of  the impossibility of  high- 
speed filming whereby the amount of  which would require phototoxic levels 
of  blue fight. 

We recommend a sequential procedure in which the patient undergoes 
only one venous puncture. Two fundus cameras should be placed in the same 
examination room, one for ICG- one for fluorescein angiography. After the 
initial ICG-angiography which takes only about 1 - 2  rain, the patient may 
move to the second camera for the injection of  fluorescein, using the same 
intravenous catheter. I f  one uses two Zeiss cameras for the two studies, 
magnification of  the two types of  angiograms is the same. Negatives of  ICG 
and fluorescein angiograms may also be overlaid to localize a subretinal 
neovascularization for instance. 

4. Pathological choroidal patterns 

The interpretation of  pathologic choroidal angiograms is easy in the sense 
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that one need not first study several books and innumerable publications to 
find the correct and exact terminology and classification of the data obtained. 
The lack of a textbook and atlas of choroidal angiography, however, makes it 
sometimes rather difficult to separate important from unimportant findings. 
Therefore, dealing with a choroidal angiogram may sometimes be frustrating, 
especially when one cannot arrive at a clear interpretation to a given angio- 
gram, but more often one may be fascinated by surprising new aspects about 
the relatively unknown choroidal circulation. 

The results and angiograms presented in that chapter are based on the 
critical review of approximately 500 old and new studies performed at the 
Wilmer Institute in Baltimore since 1972 and in St. Gallen since 1983. 
Covering mainly changes found in senile macular degeneration, diabetic 
retinopathy and choroidal tumors, some typical pathologic choroidal patterns 
found in these diseases will be discussed. With regard to the relatively small 
number of patients in each group, these results do not pretend to be complete 
or always conclusive. On the other hand, they provide each reader with 
enough information to judge himself whether the interest in the choroid is 
really justified and, therefore, choroidal angiography should be added to his 
diagnostic tools or not. 

4.1 Senile macular degeneration (SMD) 

In correlation to the higher life expectancy, age-related disorders become 
more and more important. In ophthalmology, SMD is the main cause for legal 
blindness in the more than 65 year old population of the United States 
(Maeular Photocoagulation Study Group, 1982). The prevalence of SMD has 
been calculated in the Framingham eye study. It ranges between 1.2% 
(52-64  years), 6.4% (65-74  years) and 19.7% (75-85 years) (Leibowitz 
et al., 1980). Despite its frequency, SMD is neither a uniform and well 
defined disease nor is its etiology and pathogenesis exactly known. 

In most patients the so-called 'dry' type of SMD is present, 
ophthalmoscopically characterized by drusen and irregularities in the pigment 
epithelium. Five to ten percent of all patients with SMD, however, suffer 
from the 'wet' or exudative type (Leibowitz et al., 1980) with a detachment 
of the pigment epithelium, sometimes an edema of the sensory retina or even 
hemorrhage below and within the retina. The central visual acuity may be lost 
within a few days and a macular scar will finally result. In the last years laser 
treatment has proved to be helpful at least in some early stages of exudative 
SMD (Macular Photocoagulat~on Study Group, 1982), leading to a new 
interest of the ophthalmologists in early diagnosis of this disease. Fluorescein 
angiographic studies suggested and histopathologic specimens confirmed that 
often subpigment epithelial neovascularization occurs in these patients 
(Green, 1980). New vessels growing from the choriocapillaris through holes 
in Bruch's membrane are believed to cause hemorrhage and to be responsible 
for the bad prognosis at all. Early photocoagulation of such a neovascular 
network can sometimes prevent is progression. 
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It is still not clear why so many, especially degenerative diseases are 
located in the macular region. Is there any anatomical or physiological par- 
ticularity to explain this strange predisposition? Several hypotheses have 
been made. For instance, the fight exposition and the high activity of the 
foveal photoreceptors could play an important role. Age-related primary 
changes in Bruch's membrane could reduce the supply of oxygen and other 
substances to the retina at the posterior pole and so give rise to the outgrowth 
of new vessels (Wise et al., 1971, Green 1980). Finally, anatomical properties 
of the submacular choroidal vasculature could also be responsible lbr the 
common location of diseases in the macular region, probably mediated by 
one of the two following mechanisms: 

(1) High arterial pressure: In the submacular choroid only short arteries and 
arterioles are interponed between the ciliary arteries and the choriocapillaris. 
In these arterioles that enter the choriocapillaris almost perpendicularly, high 
pressure and rapid blood flow can be expected (Ring and Fujino, 1967; 
Flower, 1972). Age-related loss of contractility in the vessel wall (Garner, 
1982) could lead to a huge blood flow and a pressure rise in the adjacent 
choriocapillaris with consequent exudation of fluid through Bruch's 
membrane (Potts, 1966), hemorrhage or even subretinal neovascularization 
(Bischoff and Flower, 1983). In histopathologic specimens taken from a 
sunTey of patients with SMD (Green, 1980), we found several wide, dilated 
arteries in the submacular choroid (Figure 4.1). More extensive studies are 
necessary to distinguish between physiologic age-related changes and true 
pathologic vasodilation. 

{2) The n~cula in the center of  'watershed-zones': The segmental 
organization of both arterial and venous side of the choroidal circulation 
could explain the susceptibility of the macular against chronic and general 
ischemic disorders, because the borders or the watersheds between those 
segments join in the macular region (Hayreh, 1975). One might suggest that 
in the dry type of SMD such a mechanism could play a role. Two earlier 
reports from the Wilmer Institute dealt with choroidal angiography in sub- 
retinal neovascularization. Patz et al. (1976) studied 25 patients with the 
clinical suspicion of subretinal neovascularization, but they were able to 
resolve a neovascular membrane with ICG-angiography in only 2 of them. 
Later one case was reported, where the results of choroidal angiography 
determined the mode of treatment, while the main artery leading to the 
neovascular network could be distinguished by this method from the 
corresponding vein (Hyv~irinen and Flower, 1980). 

We reviewed 52 choroidal angiograms of 39 patients with SMD examined 
between 1972-1978 and 61 angiograms from 48 patients studied in 1982 
and 1983. We found 4 types of pathologic choroidal vascular patterns: 

a) Delayed and/or irregular choroidal filling: While the mean value of the 
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Figure 4.1. Dilated choroidal artery in a patient with discfform senile macular 
degeneration. (Histological section, H.E. X 25). Section through selera (S) and choroid 
(C) of a 80 year old patient with SMD. The retina and the disciform lesion are detached 
(below the star, here not visible). Note the dilated choroidal artery in cross-section 
(arrow), probably a branch of the intrasclearaUy visible posterior ciliary artery (right). 
Courtesy of W.R. Green, Baltimore, Maryland. From 'Bischoff PM and Flower RW 
(1983) High Pressure in choroidal arteries as a possible pathogenetic mechanism in senile 
macutar degeneration. Amer J Ophthal 96:398-399, AJO copyright'. 

Figure 4.2. ICG angiogram in SMD: Meandering arteries. Sixty-nine year old patient, left 
eye, 2.2 sec~ Meandering arteries and irregular choroidal filling may represent the signs 
of choroidal arteriosclerosis. 

interval between first filling of choroidal arteries and choroidal veins was 
often in the normal range (2.0 seconds), in several patients these intervals 

were between 3.0 and 4.0 seconds long, suggesting a delayed choroidal circu- 
lation time. While in young normal volunteers the choroidal veins are entirely 
filled within about 1 - 2  seconds, in some patients this venous tilling took up 
to 3.8 seconds. In the absence of enough data about the normal choroidal 
filling time in the older age groups, one has to be cautious with the diagnosis 
of 'delayed choroidal circulation time'. Easier to register are irregular filling 
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Figure 4.3. ICG angiogram in SMD: Dilated arterial loop. Fifty-eight old patients, left 
eye, 2.2 sec. Early filling of a dilated arterial loop in the submacular choroid. In the 
region of the dilated artery there is atrophy of the pigment epithelium and of the 
choriocapillaris. 

patterns with an angiogram. In patients with SMD we found often the 
delayed tilting of  some areas of  choriocapillaris (Figure 4.2). At this tinle such 
dynamic abnormalities cannot yet be correlated to the stenosis of  a choroidal 
or ciliary artery. More clinical studies and the correlation to histopathologic 
findings would be necessary to allow such a diagnosis to be taken from an 
ICG-angiogram. 

b) Generalized arterial changes: In some patients with SMD meandering 
arteries have been found (Figure 4.2), possibly a sign of  arteriosclerosis. Here 
also, our numbers are too small to distinguish these pathological changes from 
normal age-related changes. 

c) Localized arterial changes {dilated vessel loops): In about 1/4 of  our 
patients with SMD we found a marked dilation of  one, seldom of  2 - 4  sub- 
maculat choroidal arteries. Typically those early filling vessels formed a small 
loop (Figure 4.3) sometimes they were more straight. The most striking 
feature was the anatomical relationship of  these dilated vessels to pathologic 
macular changes (Bischoff and Flower, 1983). The vessel loops pointed then 
to a pigment epithelial detachment or to choroidal neovascular membranes 
(Figure 4.5). Occasionally these unusual choroidal vessels have also been seen 
underlying areas of  pigment epithelial atrophy. We interpret these findings 
as a confirmation of  the earlier discussed hypothesis explaining the pre- 
dilection of  the macula for degenerative diseases with the anatomical 
particularity of  the submacular choroidal arteries. 

d) Subretinal neovascularization: The results of  choroidal angiography in 
this group of  about 50 patients were disappointing and fascinating at the same 
time. It was disappointing because the resolution of  a subretinal neovascular 
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Figure 4.4A. ICG angiogram in SMD: choroidal neovascularization. Seventy-six year old 
patient, right eye, 7.7 sec. Almost perpendicularly to the choroidal veins a fan of new 
vessels is,visible in the submacular choroid (arrow). 

Figure 4.4B. Fluorescein angiogram (same patient) 8.4 see. Central pigment epithelial 
defect, lacy fluorescence: suspected subretinal neovas'cularization. 

Figure 4.4C. Fluorescein angiogram (same patient) late picture. Diffuse fluorescein 
staining due to a pigment epithelial detachment and an elevation of the sensory retina. 
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Figure 4.5. ICG anNogIam in SMD: choroidal neovascularization and pigment epithelial 
detachment: Fifty-nine year old patient, left eye, 3.0 sec. A horizontal prominent 
choroidal vessel (long arrow) 'points' to the temporal pigment epithelial detachment 
(triangles) and to the vertical choroidal new vessel (short arrows). 

membrane was possible only in one of ten patients before 1976 and in one 
of three patients at the present time (Figure 4.4, 4.5). Moreover, except in 
the already published case from Hyv/irinen and Flower (1980), it was never 
possible to clearly distinguish between a feeding artery and the corresponding 
vein, a distinction necessary for focal treatment. The lack of resolution of 
these networks lies in their choriocapillaris-like structure, whereby the 
distances between two vessels are smaller than the vessels themselves. Also 
with fluorescein angiography it is often impossible to resolve these vessels, 
whereas the diagnosis of subretina] neovascularization is made by indirect 
criteria (Schatz et al., 1978). 

Has choroidal angiography any value for patients with that type of SMD 
at all? With regard to the unknown etiology of the subretinal neovaculari- 
zation careful studies of the choroidal vasculature may contribute important 
data that might resolve this problem. The topographical relationship we 
detected between the neovascularization and dilated choroidal vessel loops 
may be one such important bit of information. Moreover, studies of the 
influence of laser treatment of subretinal membranes to the choroidal circu- 
lation might help to understand better the importance and also the risks of 
the procedure. 

4.2 Diabetic retinopathy 

The terminology 'retinopathy' implies that diabetic changes in the ocular 
fundus mainly or solely are confined to the retina. To explain the potential 
value of choroidal angiography, three aspects will be discussed here first, 
namely the diabetic choroidopathy, the pathogenesis of the retinopathy 
and the influence of panretinal laser coagulation in proliferative 
retinopathies. 
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Figure 4.6A. 2.8 sec: Irregular and delayed filling of arteries in the submacular choroid. 

Figure 4.6B. 9.0 sec: The irregular fitting pattern is still visible. 

Figure 4.6. ICG angiogram in diabetic retinopathy: irregular choroidal filling. Fifty-six 
year old patient with background retinopathy, right eye. 

(1) Does a diabetic choroidopathy exist? Diabetic retinopathy begins as a 
microangiopathy. As in other parts of the body, also in the choroid subtle 
diabetic changes have been found in the vessel wall, for instance a thickening 
of  the basal membrane in-the choriocapillaris, in arterioles and also in Bruch's 
membrane (Naumann, 1980; Hidayat and Fine, 1983). Hypertensive changes 
also have been found frequently in choroidal arteries and arterioles of 
diabetic patients (Friedman et al., 1964). On the other hand, in the choroid 
an equivalent to the retinal neovascularization never has been described. 
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(2j May the diabetic choroidopathy infiuence the retinopathy? Several 
hypotheses have been tried to understand the etiology and pathogenesis of 
the diabetic changes in the retina. As primary lesion a hypoxic vasodilation 
has been postulated caused by the elevated oxygen affinity of Hb AIc that is 
increased in diabetics (Ditzel, 1976). Also the fluctuation of the glucose level 
in the blood proved to aggravate the disease in animal experiments 
(Engermann et al., 1977). Another hypothesis starts with the mentioned 
thickening in Bruch's membrane, leading to a reduced fluid transfer between 
retina and choroid with subsequent retinal edema and hypoxia (Colenbrander, 
1975). The diabetic choroidopathy finally also could influence the 
retinopathy by reducing the supply of oxygen and fluid to the outer retinal 
segments (Hidayat and Tine, 1983). 

{3) What happens in the choroid after panret&al photocoagulation ? Panretinal 
laser treatment proved to be helpful for the majority of patients with mild to 
moderate proliferative retinopathy (The Diabetic Retinopathy Stud), Group, 
1978). As the mechanism of this benefit, the destruction of hypoxic retina 
with subsequent reduction of the also hypothetical 'angiogenesis factor' 
(Patz, 1982) has been discussed. There is no question that laser photo- 
coagulation also influences the choroid; at least scarring in the choriocapillaris 
can be expected. It is quite possible that the changes induced in the border 
retina and choroid influence the transfer of oxygen and fluids which may 
ultimately alter the diameter of retinal vessels (Colenbrander, 1975). It is 
currently not well known if there are also pressure changes between 
choroidal and retinal circulation induced by laser treatment. Changes in 
pressure gradient have been postulated to alter regression rate in one of two 
hydrostatically coupled vasculatures (Bischoff et al., 1983). 

What now are the results of choroidal angiography in these patients? It has 
already been published that disc neovascularization either does not show up 
on the angiogram (Habozit, 1976) or is detectable, but fluid does not leak 
from it, as is the case with fluorescein fOrth et al., 1976). We reviewed 91 
choroidal angiograms of 60 patients, mostly with the proliferative form of the 
disease. Our main findings are as follows: 

Irregular and delayed choroidal filling occurred in the majority of patients 
with proliferative diabetic retinopathy and in about 1/2 of the patients with 
background retinopathy (Figure 4.7). 

Effects of  panretinal laser coagulation were surprisingly evident in the 
choroid (Figure 4.8). Localized spots or relatively large regions of chorio- 
capillaris were closed. Also, the speed of choroidal filling was sometimes 
markedly reduced. Interestingly enough, irregular filling was also observed in 
the non-coagulated submacular choroid of this patient (Figure 4.8A). 

Our preliminary findings suggest the potential value of doing more extensive 
studies in diabetic patients. Such questions as the following could at least be 
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Figure 4.7A. 1.5 see: Choriocapillaris tilting only in a sector temporal to the macula. 

Figure 4.7B. 2.6 sec: Only sluggish filling of the choriocapiUaris in some sectors of the 
central choroid. 

Figure 4.7. ICG an~ogram in diabetic retinopathy: irregular choroidal filling. Twenty 
year old patient with early proliferative diabetic retinopathy, left eye. 

partly answered by such studies: It is the efficiency of the panretinal laser 
treatment correlated with the destruction of small or medium choroidal 
vessels? What are the immediate and late changes in the choroid observed 
after laser treatment? Does macular edema occur as a complication of  laser 
treatment due to the coagulation of  deeper choroidal vessels? 

4.3 Choroidal tumors 

The value of  choroidal angiography for differential diagnosis of  choroidal 
tumors has been confirmed by several authors (Patz et al., 1976; Habozit, 
1976; Frangois et al., 1977; Chopdar et al., 1978; Bacin et al., 1981). Infrared 
photography has been recommended earlier to allow the differentiation 
between pigmented and non-pigmented lesions (Sautter et al., 1974) because 
infrared light is much more efficiently absorbed by melanin than in blood. 
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Figure 4.8A. 2.5 sec: Slow and irregular filling of the submacular choriocapiUaris, only 
single choroidal vessels are visible in the peripheral region. (The disc is not visible here, 
it lies on the left side of the picture). 

Figure 4.8B. About 15 sec: Only the submacular choroid choriocapillaxis has been filled. 
The venous drainage is directed entirely toward a superior temporal vortex vein. 

Figure 4.8. ICG angiogram in diabetic retinopathy after panretinal laser coagulation: 
Twenty-six year old patient with proliferative diabetic retinopathy one year after pan- 
retinal photocoagulation, left eye. 

The additional information derived by using ICG dye is twofold. First, the 
vascularization of non-pigmented tumors can be studied. This is most 
important for the diagnosis of choroidal hemangioma. Secondly, defects in 
the choroidal vasculature are a topographic parameter useful in delineating 

the size and the growth of choroidal tumors. This could prove to be helpful 
in evaluation and treatment of nevi or small melanomas. 

(1) Choroidal nevi: These occur frequently, having been found in up to 11% 
of all eyes at autopsy (Naumann, 1980). While it is easy to diagnose a small 
nevus, differentiation between a medium sized nevus and a small melanoma is 
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Figure 4.9. ICG angiogram in choroidal tumors: Small nevus. Thirty-nine year old 
patient, left eye, 7.0 sec. A small nevus in the central macula results in a 'black macula' 
normally not found in ICG angiograms. 

Figure 4.10A. Dec. 1975. 

Figure 4.10B. April 1976. 

Figure 4.10. ICG angiogram in choroidal tumors: Control of growth. Patient with a 
stationary choroidal nevus in the left eye. 
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Figure 4.11. ICG angiogram in choroidal tumors: Melanoma. Seventy-three year old 
patient, right eye, 7.2 sec. The melanin in the tumor masks the underlying choroidal 
vessels. There is no significant difference between this and a large choroidal nevus but 
there is a clear difference with respect to an hemangioma. 

sometimes very difficult (Gass, 1977). Due to the absorption of  infrared light 
by the melanin, and possibly also due to the compression of  choroidal vessels 
by the tumor, a choroidal nevus remains 'white '  on the photographic negative 
while the surrounding region figures the fluorescent choroidal vessels, 
therefore, on the positive print, the nevus appears to be black and the 
choroidal vessels white (Figure 4.9). If pigmentation in the nevus is not  too 

dense, some big choroidal vessels will remain visible (Figure 4.10). These 
vessels must not  be confounded with 'vascularization of the tumor ' .  The 
stable appearance in terms of  size of a choroidal nevus in angiograms is 
demonstrated in Figure 4.10A & B. 

(2) Choroidal melanoma: Our experience with choroidal melanoma is rather 
small, 10 patients. While the diagnosis was rather easy to make in the case of  
some big and elevated melanomas, choroidal angiography proved to be 
helpful in the case of  small and medium melanomas where differential 
diagnosis suggesting benign hemangioma is a possibility. Similar to the 
findings in nevi, the melanin in the tumor absorbs the infrared light leading 
to the 'shadow' in the angiogram (Figure 4.11). Sometimes we also found 
faintly visible vessels in the tumor, but  at present we are not  able to clearly 
distinguish between choroidal nevus and choroidal melanoma. 
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Figure 4.12A. 1.7 sec: Early filling of wide vessels (arrows) within the hemangioma 
between the disc and the macula. 

Figure 4.12B. 15 sec: The diffuse staining in the late phase is characteristic for the 
hemangioma. 

Figure 4.12. ICG angiogram in choroidal tumors: Hemangioma. 21 year old patient, right 
eye. 

(3) Choroidal hemangioma: In relation to the cystic vascular spaces, a 
hemangioma appears highly fluorescent in the choroidal angiogram (Figure 
4.12). It is mentioned in the literature that this fluorescence persists for 
several minutes (Habozit, 1976) and that often separate vessels in the 
hemangioma can be distinguished, while fluorescein angiography shows only 
a diffuse leakage of  the dye (Chopdar et al., 1978). While 70% of all solitary 
hemangiomas are located at the temporal posterior pole (Witschel and Font, 
1976) a suspicious lesion should not be mistaken for a melanoma, and the 
eye should not be enucleated. Habozit, in 1976, for example, records that 
enucleation was performed after a choroidal angiogram but before the 
development of  the infrared film; histology and choroidal angiograms 
showed too late the benign nature of  the tumor. 
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(4) Choroidal metastases: Bacin et al., in 1981 recorded one case where the 
metastasis was extensively vascularized and appeared on the choroidal anglo- 
gram as a choroidal hemangioma. Although we have had no experience with 
such patients, this example indicates that at the moment choroidal 
angiography can be helpful in differential diagnosis, but it must be combined 
with other techniques such as fluorescein angiography and ultrasonography to 
arrive at the correct diagnosis. 

4.4 Preliminary results hi various o ther fioTdus diseases 

In this section we can report only about a few examples because the number 
of choroid angiographic studies performed in each group ranges between one 
and twenty. These results may, however, suggest those cases in which 
choroidal angiography could be clinically useful. No significance should be 
attached to the sequence in which the following diseases are discussed. 
Moreover, there are certainly still fundus diseases, not discussed here, in 
which choroidal angiography might provide important information, including 
for example glaucoma or hypertensive and hypotensive vascular disorders. 
The value of choroidal angiography in cases of atypical central serous 
chorioretinopathy has been described earlier (Speiser and Bischoff, 1984). 

(1) Presumed histoplasmosis syndrome: Angiographic studies in 6 juvenile 
patients with hemorrhagic maculopathies demonstrated lesions located within 
a vascular segment associated with a specific short ciliary artery (Saari~ 1977), 
and it was postulated that intravascular thrombosis occurs in the central 
choriocapillaris. We reviewed 15 choroidal angiograms from 11 patients. In 
those patients who underwent earlier laser treatment, we could find no 
abnormalities in addition to the choroidal scars. In two patients we found 
marked regional delays in choroidal filling (Figure 4.13) suggesting the 
involvement of the choroid in this disease entity. 

(2J Best's macular degeneration: This autosomal-dominant inherited disease 
involving early electro-oculographic changes has been associated with an 
enzymal defect of the pigment epithelium. Fluorescein angiograms indicate 
late choriocapillaris filling (Archer et al., 1972). We reviewed 20 ICG angio- 
grams of such patients with different stages of the disease. The main finding 
was the poor quality of all angiograms in which the vessels could not be 
clearly distinguished from background fluorescence. While the possibility of 
poor techniques in producing these early angiograms cannot be excluded with 
certainty, it is still possible that changes in the pigment epithelium altered the 
infrared light transmission characteristics of the tissue, accounting for the 
appearance of the angiograms. 

{3J Vasoocclusive disorders: Experimental occlusion of posterior ciliary 
arteries has been performed in the past (Leber, 1903) and in recent years as 
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Figure 4.13A. 2.6 sec: Marked filling defect in the submacular choroid. 

Figure 4.13B. 7.6 sec: Some late filling occurred in the submacular choroid too, pro- 
viding a real filling defect instead of the masking of underlying choroid as might be 
produced by a scar. 

Figure 4.13. ICG an~o~am in presumed histoplasmosis syndrome. Fifty year old 
patient, right eye. 

well (Hayreh, 1975; De Venecia et al., 1980; Nyama et al., 1980). These 
animal studies, together with cfinical and histopathological studies in humans 
(Klien, 1968; Amalric, 1973; Naumann, 1980), have shown that the occlusion 
of  a short posterior ciliary artery leads to a triangular choroidal filling defect 
and choroidal scar, the base of the triangle lying toward the periphery. 
Ischemic infarcts due to occlusion of a choroidal arteriole have areas of  about 
1/4 that of  the disc, similar to the Elschnig spots in systemic hypertension. 
Serial histological sections of  autopsy eyes have shown that the walls of  the 
posterior ciliary arteries are often thickened and in older eyes are sometimes 
infilitrated by inflammation cells. Therefore, occlusions of such vessels may 
occur more often than they are diagnosed. In 3 of our 8 patients we found an 
interesting relationship between retinal and choroidal vaso-occlusion. One 
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Figure 4.14A. ICG angiogram in choroidal and retinal thrombosis. Forty-two year old 
diabetic patient, right eye, 7.0 sec. Localized filling defect in the temporal superior 
choroid. The arrow points to the thrombosed retinal vein. 

Figure 4.14B. Fluorescein angiogram (same patient): Old branch vein thrombosis in the 
temporal upper quadrant, exactly corresponding to the choroidal filling defect (same 
arrow). 

patient with a central retinal artery occlusion later presented with delayed 
filling of  the choroid (Flower et al., 1977). Two patients presented with a 
branch vein occlusion ophthalmoscopically. The ICG, and to a certain extent 
the fluorescein angiograms also, (Figure 4.14A & B)demonstrated exactly in 
the region affected by the occluded vein, showing a marked filling defect in 
the choroid. 

(4) Retinitis pigmentosa: The etiology of  this degenerative hereditary disease 
is not  yet known with certainty. While both the photoreceptors and the 
pigment epithelium are supplied by the choroid, the question as to the 
vascular genesis of  this disease has been extensively discussed (reviewed by 
Weinstein et al., 1971). Fluorescein angiography is negative in earlier stages 
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Figure 4.15. ICG angiogram in retinitis pigmentosa. Thirty-one year old patient, left eye, 
1.3 sec. Uncommon meandering artery (black arrow) and delayed filling of the retinal 
circulation, 'black disc' (white arrow). 

(Geltzer and Berson, 1969; Archer et al., 1972), sometimes however, delayed 
filling of single choriocapillaris units has been noted (Hyviirinen et al., 1971). 
In later stages of the disease, fluorescein angiography shows marked loss of 
choriocapillaris, where mostly isolated choroidal "islands" keep filling 
(Hyv/irinen et al., 1969). We reviewed 16 choroidal angiograms of these 
patients. Most often we also found delayed and reduced filling of the 
choriocapillaris. The choroidal veins were always normal, but in two cases 
we found some uncommon meandering arteries (Figure 4.15); these arteries 
may, however, represent a normal variant. We measured in these patients a 
1.6 second mean interval between first filling of choroidal arteries and 
choroidal veins; that is normal. However, we found a delay of about 1.9 
seconds between first filling of choroid and retinal vessels; normally this 
should be 0.7 seconds. This delay may be the consequence of vasocon- 
striction in the retinal circulation. In summary, presently choroidal angio- 
graphy does not appear to add valuable information about this retinal disease. 

(5) Vitreous hemorrhage: Since absorption of infrared light by blood is less 
than that of visible light, angiography of fundus vessels may be possible using 
ICG in some situations where scattering and absorption of blue light is too 
great to perform fluorescein angiography. Our limited experience to date, 
however, indicates that the fundus should at least be visible ophthalmo- 
scopically to obtain good quality choroidal angiograms. 

(6) Papilledema: As in the case of disc neovasculatization, papilledema 
usually shows no leakage of ICG (Orth et al., 1976). 

(7) Retrolental fibroplasia: The only example present in our archive is a 23 
year old patient with a scar in the temporal periphery and traction of retinal 
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Figure 4.16. ICG angiogram in retrolental fibroplasia. Twenty-three year old patient, 
right eye, 5.8 sec, Not only the retinal but also the choroidal vessels 'point' directly 
toward the scar in the temporal periphery not visible here. 

vessels toward that scar. The interesting finding here was that the choroidal 
vessels lead in a straight direction toward the temporal periphery (Figure 
4.16) suggesting a traction of these vessels, also. 

(8) Myopia: In high myopic eyes there is thinning and atrophy of some 
regions in the choroid (Apple and Naumann, 1980). In all 5 patients we 
noted reduced choriocapillaris tilling (Figure 3.1). Two patients showed 
chorio-vaginal veins. Instead of leading toward the vortex veins, these vessles 
led toward the disc and left the globe adjacent to it. A possible explanation 
could lie in the posterior staphyloma that produced greater resistance in the 
path toward the vortex veins. 

5. What is the future of choroidal angiography? 

On the basis of the generally slow propagation of choroidal angiography since 
its introduction for clinical use in 1972, one might judge the future of this 
method rather pessimistically. Only a few ophthalmological institutes, mainly 
in Europe and in Japan, use this examination technique at the present time. 
Which is the reason for that seeming lack of interest by investigators? 

(1) Is the choroid normally not involved in diseases of the fundus, and 
therefore any study of the choroidal circulation superfluous? Or, is sufficient 
information about the choroid available with the current routine methods 
such as ophthalmoscopy and fluorescein angiography? 

The anatomy and the physiology of the choroid (chapter 1) clearly show 
the choroid to be the major supplier of blood to the normal eye. Moreover, 
there is no evidence to suggest that the choroid could not play any role in 
many diseases of the eye. The hmitations of the routine methods for studies 
of the choroidal circulation are generally acknowledged (Hyvfirinen et al., 
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1969; Archer et al., 1972). and there seems to be no lack of interest on the 
part of investigators in the choroidal circulation which would account for 
slow propagation of the method. 

(2) Is the equipment available today for choroidal angiography 
insufficient? Does any valuable information come from use of this technique? 

When comparing a choroidal angiogram with a fluorescein angiogram, the 
ophthahnologist may initially be put off by the somewhat less striking 
appearance of the infrared photographs. However, one must not be tempted 
to ignor this method until it produces pictures as 'pretty'  as fluorescein 
angiography. It is important to remember that most of the complications 
associated with interpreting this type of angiogram (part 2.3) are inherent in 
the three-dimensional structure of the choroidal vasculature itself; these 
cannot not be instantly overcome by technological miracles. In the future 
however, many improvements may develop, as for instance use of the YV- 
camera with its excellent temporal, but at the moment, too poor spatial 
resolution (Haining, 1981). Computerized hnage processing may add some 
further information. Also, laser technology could become involved in both 
fluorescein as ICG-angiography if development of the 'Scanning-Laser- 
Ophthalmoscope' (Webb et al., 1983) is successful. 

All these developments will take time and money and be limited at the 
beginning to research centers. The question that must be answered today 
is whether or not the results obtained with the currently available equipment 
are at least promising enough to be used to increase our knowledge about the 
choroid in both the normal and diseased eye. Our own experience with over 
500 choroidal angiograms indicate an affirmative answer. 

(3) Is it perhaps only lack of knowledge about the possibilities of this 
method or the presently complicated equipment which prevents other clinics 
from using choroidal angiography? Or is the examination too bothersome or 
even dangerous for the patient? 

The main reason for the slow propagation of this technique may be caused 
simply by the fact that it is impossible at present to buy the necessary 
equipment commercially. Until enough investigators become interested and 
use the methods, its actual clinical potential will never be known. The so- 
called 'compromise solution' described earlier for adopting the Zeiss fundus 
camera for choroidal angiography does not seem too complicated or 
expensive to prevent any interested ophthalmologist from using this 
methodology. The question of side effects of this angiographic technique has 
also been addressed (part 2.3); compared to fluorescein angiography, it seems 
less a risk. 

As A. yon Graefe (1854) pointed out with regard to the newly developed 
ophthalmoscope, there are multiple sources of errors to avoid in introducing 
a new type of examination. Besides the initial technical problems, the inter- 
pretation of the angiograms will lead to other difficulties since one cannot 
readily consult textbooks on this subject. Investigators must also avoid 
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dramatization of normal variants and yet not overlook discrete pathologic 

changes. There is, of course, the challenge of finding new and important data 

in a field which is relatively still unexplored today. The decision about the 

ultimate value of tlfis method will finally be made with regard to its con- 
tribution for the diagnosis and treatment of eye diseases. This decision, 

however, can only be made after sufficient numbers of studies have been 

performed by different investigators. Without such studies choroidal angio- 
graphy will never have a future. If one begins to undertake this work how- 

ever, possibly important information about the poorly understood choroid 

will result, and we might join A. von Graefe (1854) who described the first 

results with ophthahnoscopy thereby: 'Under our eyes we see the fog dis- 

appear'. 
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