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NONIONIZING RADIATION DAMAGE IN THE EYE
This article describes a multidisciplinary research program to elucidate damage mechanisms in corneas exposed to infrared and microwave radiation and in retinas exposed to visible light. The approach
combines physical science techniques, such as theoretical modeling and fluorescence spectroscopy,
with biological techniques such as histology and specular microscopy. A new thermal model is used
to explain the infrared damage, unexpected alterations in the cornea are found with low-level microwave exposures, and retinal damage is found to alter various fluorescence properties of diagnostic dyes.

INTRODUCTION
In many ways the eye is a unique organ in the body.
The cornea and lens are optically clear tissues without
blood vessels that normally remain with us throughout
our whole life span, whereas other nonvascularized tissues, such as fingernails, hair, and even teeth, are often shed. The retina is formed early in the life of a
fetus as an extension of the brain and retains many
of the characteristics inherited in its origin. The retinal
vascular system is the only such system in the body
that can be seen clearly in vivo without any overlying
opaque or translucent covering. Because of its unique
characteristics, the eye is often examined as a means
of diagnosing and studying the effects of many diseases such as high blood pressure, diabetes, sickle-cell
anemia, and senility.
The anatomy of the eye, which is an almost spherical globe about 25 millimeters in diameter, is shown
in Fig. 1 (top). The eye's optical system consists of the
cornea, aqueous anterior chamber, iris, lens, and vitreous body, which are shown in cross section in Fig. 1
(center). The cornea, about 12 millimeters in diameter,
supplies most of the refractive and light-gathering
power. The lens is a variable power element that makes
possible, at least in younger people, both near and distant vision. The iris varies the pupil size and hence
regulates the amount of light entering the eye. The
aqueous humor, almost entirely water, and the vitreous body, a gel-like substance, fill the spaces between
the cornea and lens and the lens and retina. The retina is a many-layered photosensitive surface composed
of nerve cells, photoreceptors, retinal pigment layers,
and two separate vascular systems: the outermost
choroid and the innermost retinal blood vessels. The
sclera is the tough white protective layer covering the
outside of the eye. In order for light to reach the retina in a useful manner, the optics must be clear and
have the proper curvature. In order for light to be
transformed into usable signals for the brain, all parts
of the retina must be in functional order.
Because of its small size, fragility, and complexity,
many parts of the eye and their functions are not comJohns Hopkins APL Technical Digest, Volume 7, Number 1 (1986)

pletely understood. That understanding will require inputs from both physical and biological scientists.
When the cooperative biomedical program between
APL and the 10hns Hopkins School of Medicine was
first initiated, ophthalmologists from the Wilmer Institute had high expectations of a long-lasting relationship. From the beginning, this collaboration has received strong support from the University's administration and encouragement from the Navy, APL's
principal sponsor. R. E. Gibson, F. T. McClure, and
1. T. Massey at APL and A. E. Maumanee and A.
Patz at the Wilmer Institute were particularly instrumental in the formation of the program that has lasted
for over 20 years.
APL's Milton S. Eisenhower Research Center, especially the staff of the Theoretical Problems Group,
has participated in collaborative studies with colleagues
at the Wilmer Institute since the inception of the cooperative program. Several studies are active and were
incorporated into the Group's biomedical section when
the Research Center was reorganized in 1anuary 1984.
Our research efforts have centered primarily on the
cornea and the retina. This article deals with the effects of nonionizing radiation on these tissues and with
methods that can be used to characterize the morphological changes or damage that results from exposures
to this type of radiation. The first section reviews our
research on structural alterations in the cornea that are
caused by the absorption of infrared radiation from
carbon dioxide lasers. We discuss a new thermal-damage model for describing threshold damage to the cornea's front cellular layer. This model associates damage with the occurrence of a phase transition and provides a physical explanation for the small variation in
the temperature rise that is calculated at the damage
threshold condition for different exposure durations.
The healing and repair processes that follow exposures
above the damage threshold are also discussed in the
first section.
The second section discusses morphological changes
in the cornea's posterior cellular layer that are induced
by exposures to low-level microwave radiation. Histological evidence suggests that significant numbers of
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these clinically observed lesions correspond to dead
cells. These findings led APL to impose its own safeexposure level for microwaves that is substantially lower than those currently recommended by the federal
government. Finally, we discuss the inadequacy of
present diagnostic methods for examining changes
produced in the retina by low-level exposures to blue
or violet light. The methods, which include retinal photography and fluorescein angiography, tell nothing of
the mechanisms that cause these changes. We describe
our development of new techniques, based on the measurement of several fluorescent properties of probe
dyes, that show promise for uncovering the damage
mechanisms.

STRUCTURAL ALTERATIONS
IN THE CORNEA
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Figure 1- The eye. Top, anatomy of the eye; center, a diagram showing the important optical components; and bottom, a diagram showing the layers of the cornea.
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The cornea is the transparent portion of the eye's
tough outer coat (Fig. 1, bottom). In addition to passing light on to the photosensitive retina, the cornea, by
means of its curved interface with the air, provides
about 75 percent of the eye's focusing power. The cornea is a layered structure consisting of a connective tissue layer whose front and back surfaces are covered
by cellular layers called the epithelium and endothelium, respectively. The epithelium is about six cells thick
(:=:: 50 micrometers), whereas the endothelium consists
of a single layer of cells (:=:: 5 micrometers). The integrity
of these cell layers is essential for maintaining the health
and transparency of the corneal stroma that they cover. The stroma accounts for 90 percent of the corneal
thickness, which is about 500 micrometers in man and
primates and about 400 micrometers in rabbits. The
epithelial cells are firmly attached to the stroma by
means of complexes in the very thin (0.05 micrometer)
filamentous structure called the basement membrane.
This membrane separates the epithelial cells from the
stroma, and, at the back, a thin (:=:: 10 micrometers) collagenous structure known as Descemet's membrane is
located between the stroma and the endothelium.
The structure of the stroma, especially as it relates
to corneal transparency, has been discussed in considerable detail in two previous articles in the Johns Hopkins APL Technical Digest. 1,2 For the purposes of this
article, it is sufficient to note that the stroma consists
of about 200 layers composed of parallel collagen fibrils. Between these layers lie a few cells called keratocytes, which occupy 3 to 5 percent of the stromal volume. Corneal transparency is the result of interference
effects in the light scattered by the fibrils. These effects
are due to short-range correlations in the positions of
the fibrils about one another. The correlations are
reduced if the cornea takes in water and then swellsa condition readily induced by damage to the limiting
cellular layers and particularly to the endothelium. The
resulting increase in light scattering causes a loss of corneal transparency.

Infrared Radiation Effects on the Cornea
Infrared radiation from a CO 2 laser operating at a
wavelength of 10.6 micrometers is strongly absorbed
John s Hopkins APL Technical Digest, Volume 7, Number 1 (1986)
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by the water in the tear layer and in the cornea. Indeed,
99 percent of this radiation is absorbed in the first 48
micrometers of penetration, a region confined entirely
within the epithelial and tear layers. Even with lowpower lasers « 1 watt), the absorbed energy can cause
substantial temperature increases that lead to thermal
damage of the epithelium, and heat conduction can
spread the damage to deeper layers of the cornea, including the endothelium. 2-5 Thus, the ever-increasing
use of CO 2 lasers by scientific research laboratories,
by industry, and by the defense establishment and the
concomitant increase in the chances for accidental exposure make it important to know damage threshold
levels and to understand the mechanisms by which lesions are produced. Moreover, it is important to characterize the damage from exposures greater than
threshold levels and to document the nature of the healing process that follows such wounds. This type of information lays the necessary foundations on which
treatment methods can be based and their efficacy determined.
To gather this information, we initiated a multidisciplinary approach to examining corneal infrared damage. It consists of measurements of the exposure conditions that produce damage, theoretical calculations of
the temperature-time histories caused by these exposure
conditions, and documentation of the type of damage
produced. The documentation consists of slit-lamp photography and histological examinations, including both
light and electron microscopy of the damaged regions.
The initial results of the program were reviewed in an
earlier article 2 that covered damage thresholds for the
corneal endothelium 3 and stromal cells 4 from singlepulse exposures, epithelial damage thresholds for both
single- and multiple-pulse exposures, and measurements
of temperature/time histories that were made to test
the validity of our theoretical calculations. 5 In this article, we discuss additional research on epithelial damage thresholds from single-pulse exposures, outline the
development of a new thermal model to explain the
physical basis of this type of damage, and discuss the
healing and repair processes that follow thermal wounds
that extend about halfway through the depth of the
cornea.
Threshold damage to the epithelium is characterized
by a faint grayish-white spot on the surface of the cornea, visible in the slit-lamp microscope, that develops
within one-half hour of the exposure. 6,7 Such a minor
lesion will heal completely in 48 hours or less. Our previous research has suggested that such threshold damage,
and indeed threshold damage of all corneal cells, is correlated with their experiencing a maximum temperature
increase (calculated on the beam axis just below the corneal surface) of 40 to 45°C. The actual temperature increase depends weakly on the exposure duration and
drops to about 36°C for exposures of 10 seconds or
longer. We, and others,7 call this empirical damage
correlation a modified critical temperature model.
For damage threshold measurements, the CO 2 laser
is operated in the mode that has a Gaussian irradiance
profile (TEMoo mode) because that mode is reprofohn s Hopkin s APL Technical Digest, Volume 7, Number 1 (1986)

ducible and lends itself to analysis. Such an irradiailce
profile causes a radial temperature gradient on the cornea; thus, the peak beam irradiance (i.e., the value of
the irradiance measured in watts per square centimeter
on the beam axis) that is required to produce a given
temperature rise on the beam axis at a given exposure
time depends on the diameter of the beam. 3-5 Therefore, if the modified critical temperature model is valid, the peak irradiance required to produce threshold
damage should depend on beam diameter in the same
way. We have tested this hypothesis by determining the
influence of beam diameter on damage threshold for
three different exposure durations: 0.1, 1.0, and 10 seconds. The experimental results are shown by the data
points in Fig. 2, where the measured peak irradiance

50r-----,------.------.-----~----~

(a)

N

6 40

~

•

Q)

(.)

c

.~
"0

30

.~

E
E 20

:::J

•

x

co
~

10
6
(b)

N

E
(.)

•

~
Q)

4

(.)

c

.~
"0

~

E

2

:::J

.~
X

co
~
N

-

0
10

E

(c)

(.)

~
Q)
(.)

8

c

.~
"0

~

E

6

:::J

.~
X

co
~

4

0

2

4

6

8

10

Beam diameter (millimeters)

Figure 2-Data points are the peak irradiance required to produce threshold damage to the epithelium as a function of
beam diameter. The exposure durations were 0.1 second in
(a), 1.0 second in (b), and 10.0 seconds in (c). The curves are
the calculated peak irradiances needed to produce a fixed
temperature rise, il Te , at a point on the beam axis 10 micrometers deep into the epithelium.
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for threshold damage is plotted as a function of the
beam diameter. Each of the three sets of data shows
that the peak irradiance required for damage increases
as the beam diameter decreases. This result is attributable to radial heat conduction in the cornea that becomes greater as the irradiated spot size decreases. If
the modified critical temperature model is correct, then,
for a given exposure duration, the measured peak irradiances should have produced a specific maximum
temperature rise on the beam axis, independent of beam
diameter. We checked the validity of this prediction by
calculating, at each of the exposure durations, curves
of the peak irradiance needed to produce a fixed temperature increase as a function of beam diameter. The
experimental threshold damage irradiances could be fit
by such curves, as is shown in Fig. 2. For the O.I-second
exposure, the solid line is for the peak irradiances that
produce a 41 °C temperature rise on the beam axis at
a depth of 10 micrometers from the anterior tear surface. (The IO-micrometer value is chosen to be about
5 micrometers into the epithelium, considering that the
average thickness of the tear film is about 5 micrometers. We have standardized our temperature calculations
to that depth in order to have a consistent basis for comparison.) The solid lines through the 1.0- and IO.O-second data correspond to irradiances producing respective
temperature rises of 39 and 36°C.
We also have continued to investigate the validity of
the modified critical temperature model by extending
the range of our measurements down to I-millisecond
pulses. The results of our single-pulse damage data are
collected in Table 1. In Fig. 3 we have plotted the natural logarithm of the calculated peak temperature,
In Tc (on the beam axis, 10 micrometers below the
corneal surface), that produces threshold damage as a
function of the exposure duration. The initial surface
temperature of the cornea was assumed to be 35°C. Although the values of In Tc are nearly constant, as
would be predicted by a critical temperature damage
criterion, a slight downward trend can be discerned over
the four decades in exposure duration. For the entire
range, the temperature thresholds are fit by a modified
(empirical) critical temperature in the mathematical
form
(1)

where the exposure duration, t, is in seconds. This relation is close to the one used by Egbert and Maher 7
to correlate corneal damage data from severallaboratories.
To gain insight into the physical basis for the weak
dependence of the critical temperature on exposure
time, we have plotted in Fig. 4 the measured values of
the energy density (measured in joules per square centimeter) required to produce threshold epithelial damage (ED th ) for these exposures as a function of exposure time. Since these values are experimental data, they
are independent of any assumed thermal model. At
short exposure times, the EDth values appear to be asymptotic to a constant value, while for longer expo-
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Table 1-Results of single-pulse damage.·

Exposure
Duration
(ms)

Peak
lie Beam
Diameter Irradiance
( Wlcm 2 )
(mm)
1.02**
1.80**
1.80·*
1.80**
2.54**
1.86
1.56
1.80**
2.16
2.44
2.44

624
175
62.9
50.9
57.2
44.6
21.9
9.01
10.0
6.52
3.02

±
±
±
±
±
±
±
±
±
±
±

Energy
Density of
Damage
Threshold
(Jlcm 2 )

44
12
4.4
3.6
4.0
3.1
1.5
0.63
0.7
0.46
0.21

0.96
3.9
15.0
18.5
19.1
31.0
100
499
500
977

9730

0.599
0.682
0.944
0.942
1.09
1.38
2.19
4.50
5.00
6.37
29.4

±
±
±
±
±
±
±
±
±
±
±

0.042
0.048
0.op7
0.066
0.08
0.10
0. 15
0.32
0.35
0.44
2.0

dT"max

ee)
54.0
46.5
41.3
38.0
43.6
45.4
42.0
38.2
43.5
38.7
36.0

±
±
±
±
±
±
±
±
±
±
±

3.7
3.2
2.9
2.7
3.0
3.2
2.9
2.7
3.0
2.7
2.5

*For a Gaussian beam, the peak irradiance, I , is related to the total power, P, by 1 = PI A I / e , whereA l/ e is the area of the beam
at the lie radius. The energy density is the product of the peak
irradiance and exposure duration. The error limits on the peak
irradiance values are estimates that account for the final increments in the irradiance that were used to evaluate the actual
threshold, and also for small fluctuations in laser intensity. These
errors were used to set the error limits on the damage threshold
energy density and the calculated value of d T max'
**New data.
t Calculated at a depth of 10 micrometers from the anterior tear
surface. This location is about 5 micrometers into the epithelium .
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Figure 3- The calculated temperature 10 micrometers beneath the anterior corneal surface for single-pulse damage
threshold exposures (cf. Table 1). The ambient temperature
of the cornea surface was assumed to be 35°C. The line is
a least squares fit to the data, yielding an empirical relation
Tc = 74 t -O.018°C, where the exposure duration, t, is measured in seconds.

sures, EDth increases (nearly linearly on the log-log
plot) with exposure time. This behavior might be expected if the occurrence of an endothermic phase transition within the epithelium were the underlying damage
mechanism. In that case, a thermally isolated epithelium
would sustain damage when it absorbed enough energy
both to raise its temperature to the transition temperature and then to supply the latent heat needed to cause
the phase change (e.g., protein denaturation or alteration of the organization of the lipids in the cell membranes). For such a thermally isolated epithelium, the
Johns Hopkins APL Technical Digest, Volume 7, Number 1 (1986)
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Figure 4- The energy density for threshold epithelial damage from single-pulse exposures as a function of exposure
time. Note that the data appear to be asymptotic to a fixed
value of EDth for short exposure times. EDth is a measured
quantity and is therefore independent of any assumed thermal model.

EDth value would be constant and independent of the
exposure duration. In the actual epithelium, however,
some of the energy would flow out because of conduction into the stroma. Thus, more energy would have
to be supplied to compensate for that lost through conduction.
As a first step toward examining the possibility that
such a phase transition is the underlying mechanism
for the observed damage, we have considered a onedimensional thermal model that corresponds to a uniform flux of heat, F o , incident on a layered cornea
whose initial temperature is To. We have further simplified the model by assuming that the incident flux
is absorbed in an infinitesimally thin section at the anterior surface of the epithelium and by postulating that
an endothermic phase transition occurs once the anterior surface reaches the transition temperature, denoted by Te. The time at which this temperature is
reached is denoted by te' We assume that the observed damage is associated with a specific amount of
material per unit surface area undergoing the transition, i.e., after a specific quantity of heat per unit surface area, Qe' goes into the phase transition.
For a pulse width T (greater than te), the amount
of heat per unit surface area that actually goes into
the transition is obtained by integrating the difference
between the incoming flux, F o , and the quantity of
heat per unit area conducted into the cornea, - K
aTloxlo, from time t = te to T. Here, K is the thermal conductivity of the cornea, and the derivative is
to be evaluated at the front surface. For this particular model, the integral can be done analytically, and
the result is
Q

=

[(1

+

f)2) tan - If) -

f)]

x {[K( Te - To )]2} j(2FoK) ,
fohn s Hopkins APL Technical Digest, Volume 7, Number 1 (1986)

(2)
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Figure 5- The data points are the experimental values of the
effective flux, Fo , that produces threshold damage at the indicated single-pulse exposure durations. The error bars indicate the estimated accuracy of the flux measurement. The
solid curve is the theoretical prediction from Eq. 2 for the
indicated parameters. This figure suggests that all of the single-pulse data can be explained by a model that incorporates
an endothermic phase transition.

where f) = [(T- tC>lte] Y2 , and Kis the thermal diffusivity. If the transition temperature, Te , and Qe were
known, Eq. 2 could be used to predict the thermal flux
of a uniform intensity beam that would produce
threshold damage for a given pulse width T. Although
we do not know Qe and Te , we have elected to determine whether reasonable values for these parameters
could lead to predicted values of thermal flux and pulse
width that are in accord with the measured values of
Fo and T at the damage threshold.
The actual data are for a laser beam having a Gaussian irradiance profile. As a first approximation, to incorporate the effect of the radial heat flow associated
with the Gaussian profile into the present uniform
beam problem, we chose an effective value of Fo
such that, in the absence of a phase transition, the calculated peak temperature at the end of the pulse would
be the same as for the actual Gaussian beam. The data
in Fig. 5 are the experimental values of the effective
flux that produces threshold damage at the given pulse
widths. The error bars are the estimated accuracy limits
of the flux measurements. The curve gives the theoretical predictions of Eq. 2 for a transition that occurs at a temperature increase of 33°C and that has
a value of Qe = 0.084 joule per square centimeter.
If a reasonable fraction of the epithelial material in
the region of the wound, say 5 percent, undergoes the
phase change, this value of Qe would correspond to
a latent heat of approximately 80 calories per gram,
which is a physically reasonable value. These results
suggest that endothermic phase transitions can explain
the observed damge thresholds and account for the
small variation of Te with the exposure duration as
noted in Fig. 3. In the future, we will extend these calculations to more realistic phase transition models that
also account for the Gaussian irradiance profile and
for multiple pulse exposures.
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Corneas exposed above the threshold for epithelial
damage but below that for endothelial damage develop
a sharply defined bowl-shaped lesion, the borders of
which correspond to a surface of equal peak temperature increase within the stroma. 2,4 The peak temperature value depends on exposure duration, being
slightly lower for longer exposures. Since similar peak
temperatures and dependencies have been found for
threshold epithelial and endothelial damage,2-5 we
concluded that all corneal cells have the same thermal
damage mechanism.
We have extended our work on this type of exposure
in order to document the healing process. Lesions were
produced in rabbits using a CO 2 laser operating in
the TEMoo mode with the 1/e diameter of the beam
set at 2.8 millimeters. The exposure was fixed at 25
watts per square centimeter (peak irradiance) for 0.4
second for the entire series of experiments. This exposure duration is about four times the threshold for
epithelial damage (for this irradiance) and produces
a wound that, at its deepest point, penetrates approximately halfway through the stromal thickness. Initially, 14 rabbits were exposed. Slit-lamp photographs
were taken at 1, 24, and 48 hours and at 1, 2, 4, and
8 weeks after the exposures. The exposed corneas of
two rabbits were prepared for histological examination.
at each of these intervals.
Figure 6 shows the appearance of the cornea at 1
hour. The center of the wound is highly scattering, and
the central cornea is thickened and rough. In addition,
the coagulated epithelium is raised around the periphery of the lesion. There is a sharp transition from this
damaged area to the clear, evidently undamaged, cornea. Light micrographs (not shown) confirm that (a)
the damage extends about halfway through the stroma,
(b) the endothelium and Descemet's membrane are
normal, (c) the coagulated epithelium is about 60 percent of the thickness of the normal epithelium outside
the lesion, and (d) the transition between damaged and
undamaged epithelium is indeed very sharp. The electron microscope reveals that the epithelium shows
marked disorganization, including nuclear chromatin
clumping, loss of plasma membranes, and loss of cytoplasmic organelles (Fig. 7, top). Significantly, the basement membrane appears undamaged. The integrity of
the basement membrane is essential for successful healing because damage to the basement membrane causes
poor adhesion of the new epithelium as it grows to cover the wound. This can lead to delayed reepithelization,
persistent defects, and recurrent epithelial erosion, or
to even more serious complications such as stromal ulceration and perforation. 8 Higher magnification electron micrographs of the anterior stroma at 1 hour (not
shown) reveal that the collagen fibrils have an abnormal fuzzy or smudged appearance.
By 24 hours, the coagulated epithelium has peeled
off in about half of the exposed corneas, but even in
those cases where it has not, the stromal lesion is already covered with a newly grown, but immature, epithelium that is only two cells thick. By 48 hours, the
new epithelium is nearly as thick as normal, but the

78

Figure 6-Slit-lamp photograph of a laser lesion 1 hour after
an exposure that had a peak irradiance of 25 watts per square
centimeter and a duration of 0.4 second. The 1/e diameter
of the beam was 2.8 millimeters. This photograph shows the
rough appearance of the coagulated epithelium in the center of the wound. The raised ring on the periphery of the lesion is typical for this exposure level.

cells adjacent to the basement membrane still do not
have their mature appearance.
We reported previously2,5 that the bowl-shaped lesion in the stroma is devoid of cells 48 hours after exposure. The present experiments confirm that the stromal lesion remains acellular even 1 week after the exposure. However, by 1 week the corneal epithelium
is completely normal and tightly adhering, which confirms that the basement membrane is not damaged at
this exposure level.
By 2 weeks, the stroma is repopulated by keratocytes
(Fig. 7, bottom), and other micrographs confirm that
the stromal collagen has regained its normal appearance. At this time, however, slit-lamp examination reveals that the stroma is slightly thinned in the lesion
area. This thinning results in the flattening of the anterior surface, a condition that persists throughout the
remainder of the 8-week examination period. Figure
8 shows the appearance of the lesion in the slit lamp
at 4 weeks. The flattening is evident in the narrow-slit
view (Fig. 8, left), as is increased scattering, which is
still evident in the anterior stroma. However, the lesion is only faintly visible with wide-slit illumination
(Fig. 8, right). By 8 weeks, the lesion is difficult to locate with wide-slit illumination, but some increased
scattering is easily noticed in narrow-slit views.
Significantly, no involvement of vascular components, such as monocytes or polymorphonuclear leukocytes, that are characteristic of an inflammatory
response was observed during these experiments, nor
was there any vascularization of the wound area. Also,
the endothelium and Descemet's membrane remained
normal throughout the 8-week period. We are examining a group of rabbits for possible long-term effects
that persist beyond 8 weeks. In the future, we plan to
John s Hopkins A PL Technical Digest, Volume 7, Number 1 (1986)
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Microwave Radiation Effects on the Cornea

Figure 7-Electron micrographs of laser-induced lesions
made at various intervals following exposures like that shown
in the slit-lamp photograph in Fig. 6. The upper electron
micrograph shows the epithelium and anterior stroma in the
central lesion area at 1 hour. The epithelium shows marked
disorganization, including nuclear chromatin clumping, loss
of plasma membranes, and loss of cytoplasmic organelles.
(For comparison, the bottom micrograph shows a normal
epithelium.) The basement membrane appears to be undamaged. The lower electron micrograph shows the epithelium and anterior stroma in the central lesion area at 2 weeks.
The stroma is repopulated with keratocytes.

investigate wound healing in the periphery of the cornea, which is in closer proximity to the vascular system, to discover if there is a lower threshold for an
inflammatory response in that region.
fohns Hopkins APL Technical Digest, Volume 7, Number 1 (1986)

Concern over the possibility of harmful ocular effects as a result of microwave exposure is not new. Indeed, there are several documented cases of opacities
in human lenses that resulted from accidental exposure
to microwave radiation. 9 Athough the threshold levels are not known for such cataract formation in humans, researchers have established a definite relationship between microwave exposure and cataract formation in test animals. The level of microwave exposure
that produces cataracts in rabbits is about 0.10 watt
per square centimeter, whereas the level required in
primates is somewhat higher. 9 Most investigators believe that microwave cataracts are the result of a thermal damage mechanism. 9
The original goal of our study was to determine
whether observable retinal changes would occur in rabbit and monkey eyes after exposure to low-level (0.01
to 0.03 watt per square centimeter) microwaves. During the initial series of retinal testing, a new ophthalmic research instrument called a specular microscope
was made available by the projecfs consulting ophthalmologist. The in vivo observations made with this
instrument soon turned our attention from the retina
to the cornea and launched us into a new and exciting
project.
The use of specular microscopy began with the early
slit lamp, an ophthalmic instrument used to view the
cornea under low-to-moderate magnification. In 1968,
Maurice 10 described the first laboratory specular microscope with magnification sufficient to resolve the
individual components of an excised living cornea.
Laing 11 and others modified the specular microscope
to allow in vivo observation of the corneal endothelium. Figure 9 is a diagrammatic illustration of a specular microscope similar to that used by Laing. The
specular microscope is described as an epi-illuminating
microscope that projects a slit beam of light onto the
posterior corneal surface at a nearly normal angle of
incidence. Because of corneal transparency, most of
the light entering is lost into and through the aqueous
humor of the eye. However, a very small amount is
reflected back into the cornea from the aqueous/cornea interface. A portion of this reflected light and
backscattered light is gathered by the objective lens for
imaging onto the film plane and for viewing.
The use of specular microscopy as a research tool
to observe and photograph the endothelial cell layer
in vivo was limited at first by the small number of endothelial cells that could be seen in each field of view.
This limitation occurred because of the optical techniques employed to eliminate the interfering reflections
of light scattered from the anterior surface of the cornea (epithelium).
To increase the area of endothelium that may be
viewed, researchers such as Maurice 10 and Koester et
al. 12 developed techniques and instruments with wider
fields of view. These new instruments, and the one used
in our study (Keeler-Konan), can view a 1- to 2-square
millimeter area per frame.
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Figure 8-SIit-lamp photographs 4
weeks after an exposure like the
one shown in Fig. 6. The narrow-slit
photograph (left) shows the stromal
thinning and the flattening of the
anterior surface that first appears
at 2 weeks, a condition persisting
even at 8 weeks. The stromal scattering is reduced significantly from
the levels at 1 and 2 weeks and is
confined to the anteriormost region
of the stroma. The wide-sl it photograph (right) shows the slightly hazy
appearance of the lesion. which, by
8 weeks, is barely noticeable.

Viewing lamp
Condensing lens
Xenon flash tube
Viewing

Eyepiece
lens

Figure 9-Diagram of a contact biospecular microscope similar to the type used to view monkey and rabbit corneal endothelia before and after microwave exposure.

In addition to the direct observation of endothelial
lesions, specular microscopy is now used widely to assess such parameters as the number of cells per unit
area or the frequency distribution of cell size in the
corneal endothelium. 13
Chemical or physical damage to the corneal endothelium is far more serious than to the epithelium, especially in humans and primates. 10 The epithelium in
all species, when damaged, will normally repair itself
in a rapid sequence of mitotic cell divisions as does
the rabbit corneal endothelium. However, the endothelium of the adult monkey and human does not normally repair itself in this manner. Once endothelial
cells of these species are damaged, they die and drop
out, and the resulting lesions are filled in by surrounding cells that increase in size and migrate. This process
results in an overall reduction in the cell population.
Indeed, if enough endothelial cells are destroyed,
marked swelling and loss of corneal transparency
occur.
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Thus, observation of lesions or altered structures in
endothelial cells following exposures to microwaves at
power densities very close to the recommended permissible exposure level takes on added significance. In
the remainder of this section, we discuss the experiments that have produced lesions and the methods by
which they can be observed and characterized. 14
The apparatus we use for the animal exposures is
shown in Fig. 10. The inside walls of the chamber are
lined with microwave absorbing material. The chamber door is ventilated, and two air exhaust ports are
located at the top of the chamber. The door ventilation and ports are carefully designed so that they do
not introduce internal reflections of the microwaves.
With this system, the internal chamber temperature remains within ± 1.5°C of the 23 to 25°C room temperature during the 4-hour exposure sessions. Two types
of microwave generators, both operating at 2.45 gigahertz, were used for the experiments. Continuous wave
microwaves were generated by a Hewlett-Packard
8616B signal source driving an Alfred 5020 traveling
wave tube (TWT) amplifier, while an Epsco PG5KB
signal source was used to provide pulsed microwaves.
The pulsed microwaves consisted of 10-microsecondwide pulses at a pulse repetition frequency of 100
pulses per second.
The microwaves are transmitted through a coaxial
cable to a bidirectional coupler to measure both forward and reflected input power. The microwaves from
the bidirectional coupler then pass through a coaxial
cable to a Hewlett-Packard S281A coaxial-to-waveguide transition source located within the anechojc
chamber. For these experiments, the source with its
7.2- by 3.4-centimeter aperture was positioned over the
ocular area to be irradiated with its long dimension
centered above the nasal bridge at a height sufficient
to allow a 10-centimeter gap between it and the ocular surface. This arrangement irradiated both eyes
equally. The system input and reflected power levels
were measured and recorded on a dual strip-chart recorder during each 4-hour exposure.
The microwave power density at the cornea was determined prior to each exposure with a Narda 8201
Johns Hopkins APL Technical Digest, Volume 7, Number 1 (1986)
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Figure 10-Microwave system used to expose the ocular area of anesthetized monkeys. The system can provide 2.45-gigahertz microwaves in either the continuous wave or pulsed mode.

electromagnetic monitor calibrated for 2.45 gigahertz.
The probe was positioned at a point 10 centimeters
from the source, approximating where the animal's nasal bridge and eyes would be located. These measured
power densities were then compared with prescribed
input power settings that had been obtained by means
of an independent evaluation of the microwave delivery system. The evaluation included the measurement
of transmitted power, antenna (emitter) gain and field
pattern, various line losses, and component standing
wave ratio.
Predicting the amount of energy absorbed by a specific part of the body during microwave exposure is a
complex and often inaccurate procedure. Just knowing the amount of incident power to which a target organ is subjected is not sufficient to determine whether
a temperature increase can be expected. To help quantify this dosimetric unknown, the National Council on
Radiation Protection and Measurement proposed the
specific absorption rate as a means of reporting microwave exposures in biological systems. Both "dose rate"
and "density of absorbed power" are equivalent to the
specific absorption rate. Each term refers to the amount
of energy absorbed per unit time per unit volume, or
per unit time per unit mass. The specific absorption rate
may be simply defined as the time rate of energy transferred to the absorber by the electric field in the body.
To convert our conventional incident power density
readings (watts per square centimeter) into a more biologically significant means of reporting dosimetry (the
fohns Hopkins APL Technical Digest, Volume 7, Number 1 (1986)

specific absorption rate), in vivo temperature measurements were made during a 4-hour microwave exposure
to 0.02 watt per square centimeter. A non-perturbing
Fluoroptic (1000 B system) thermal probe was surgically implanted in the anterior chamber of the eye and
butted up against the endothelial layer of the cornea.
A baseline temperature of 34.5°C was recorded just prior to exposure. Microwaves with a power density of
0.02 watt per square centimeter were then applied as
in a normal exposure session. The temperature was
recorded every 4 seconds for the first hour and then
every minute for the remaining 3 hours. A I-minute
temperature rise of 0.09°C was selected from the
steepest part of the recorded 4-hour temperature increase of 0.77°C. This reading of 0.09°C per minute
was then applied to the following equation, 1°C per
minute equals 58.6 watts per kilogram, which is based
on the tissue having a specific heat of 0.84 calorie per
gram per degree centigrade. A calculated specific absorption rate of 0.26 watt per kilogram for each 0.001
watt per square centimeter of incident power was then
assumed.
The experiments were performed on young cynomolgus monkeys. While in the microwave chamber,
the monkeys were maintained under halothane gas
anesthesia. They were in a supine position on a
Styrofoam® platform, with both eyes (eyelids closed)
directed toward the microwave source. As noted
above, the animal was carefully positioned so that both
eyes would be exposed equally.
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Three exposure protocols were used. One involved
a once-a-week, 0.005 to 0.03 watt per square centimeter exposure, lasting 4 hours and repeated over a
period of time. Specular microscopic examinations
were performed prior to any microwave exposure and
then every 2 to 4 weeks thereafter until termination
of the protocol. Another protocol involved a number
of single 0.01 to 0.03 watt per square centimeter exposures of 4 hours separated by one or more weeks.
Specular microscopic examinations were performed
prior to each exposure and then at 4,24,48, and sometimes 72 hours after each exposure session. (Late in
the study, after the discovery of a 16- to 48-hour latent
period before the microwave-induced lesions could be
observed, the 4-hour examination was discontinued.)
In the final protocol, the 4-hour exposures were performed on 4 consecutive days, with specular microscopic examinations performed just before exposure
on day 1 and repeated on days 3, 4, and 5.
These three protocols were used for both continuous wave and pulsed exposures. Controls were also run
in which several monkeys were treated exactly as in
the experiment, except that they were not exposed to
microwaves.

The specular microscopic observations made prior
to any microwave exposure always provided a clear
view of normal hexagonally shaped endothelial cells
having quite uniform sizes (Fig. 11, left). The cell
boundaries were distinct and the nuclear regions were
visible in most cells. The examinations performed at
the various intervals following microwave exposure often revealed morphological changes in endothelial cells
that were confined to areas that varied in size from
one to several cells. Typically, there were multiple
damage areas distributed over a damaged endothelium. The changes were never observed earlier than 16
hours after exposure and were sometimes not observed
until 48 hours after exposure (Fig. 11, right). We concluded that the microwave effect has a latency period
of at least 16 hours before it can be detected by means
of the specular microscope. 14
In order to evaluate the exposure conditions that
produced lesions, we developed a grading scheme for
the severity of the effect. The scheme was based on
the number of lesions present in the standard photographic field (which covered 1 square millimeter of endothelial surface) for the eyes that contained the
greatest number of lesions. Lesion severity was then

Figure 11-Left, a specular micrograph of the normal preirradiated monkey endothelium taken with a Keeler-Konan widefield instrument. The cells are intact and healthy, with no lesions present. Right, a specular micrograph of a monkey corneal
endothelium 48 hours after a 4-hour exposure to 2.45-gigahertz pulsed microwaves of 0.01-watt-per-square-centimeter average power. There are 50 or more lesions per square millimeter of corneal endothelium. The lesions vary from single-cell abnormalities to confluent abnormalities involving three or more cells. The lesions are scattered over the endothelium surface
with intervening areas of normal-appearing corneal endothelium.
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placed in one of four categories: no change, 0 to 2 lesions; minor change, 3 to 10 lesions; moderate change,
11 to 50 lesions; major change, more than 50 lesions.
The experiments show that the extent of the endothelial abnormalities is influenced by the power density, the type of microwave mode, and the exposure
protocol (Tables 2 and 3).14 Pulsed microwaves produced abnormalities at lower average power densities
than corresponding continuous wave microwaves (Table 4). We found that a single 4-hour exposure to continuous wave irradiation (0.02 to 0.03 watt per square
centimeter at 2.45 gigahertz) produced detectable morphological changes. Similar effects were observed following a single 4-hour exposure of 0.01 watt per square
centimeter pulsed microwaves. While each exposure
protocol produced at least minor changes under certain mode and power density conditions, major changes
were most frequently observed with the protocol for
which the 4-hour exposures were distributed over 4 consecutive days. No lesions were ever produced at the
0.005 watt per centimeter level with either microwave
mode, nor were any lesions ever observed in the control experiments.
We have also performed histological examinations
on several eyes after endothelial lesions had been observed in the specular microscope examination. For
these examinations, we prepared one cornea for transmission electron microscopy, while the other cornea was
prepared either for scanning electron microscopy or was
examined using vital staining techniques. Transmission
electron micrographs of the lesion area show prominent vacuoles within the endothelial cells and also show
cells that have separated from Descemet's membrane.
Descemet's membrane itself and the stroma appear normal. The scanning electron micrographs show areas of
cell disruption ranging in size from one to five cell diameters (Fig. 12). The cells around these disrupted areas
appear normal. We used a combination of two stains
for the vital staining technique: alizarin red S outlines
the cell borders, and trypan blue penetrates and thereby identifies dead cells. This vital staining confirmed
the death or absence of endothelial cells in scattered
areas such as those seen in the specular micrographs.
Indeed, techniques that we have developed to correlate
pathological findings with specular microscope
observations 15 suggest that the lesions seen histologically correspond to some of the scattered lesions seen
in the specular microscope.
In view of these histological findings, it is particularly interesting that specular microscopy done after the
initial appearance of the lesions shows that they disappear after 72 to 96 hours. At that time, the endothelium appears essentially normal except for occasionallarge cells near areas where lesions had existed. Other areas where lesions had been present are populated
by normal endothelial cells, which might suggest that
in some cases the healing may have involved cell regeneration rather than the usual healing process in primates in which the cells enlarge and spread to cover
the injured area. While specular microscopy is valuable
in studying certain morphological features of the enfohns Hopkins A PL Technical Digest, Volume 7, Number 1 (1986)

Table 2-2.45-gigahertz continuous wave-microwave induced
endothelium abnormalities (seven primates).
Exposure Minimum
Number of
Levels
Time Number of Number of
Times
Degree
( W/cm 2 Bet ween Exposure Examination A bnormalities
of
Sessions
Observed
Change
avg. ) Exposures Sessions
0.005
0.01
0.02
0.02
0.03

I week
I week
I week
1 day
1 week

44

66
41
2·
14

10
15
21
2··
12

0

None
Minor
Minor
Major
Minor to
major

I
2
5

·Each session consisted of four consecutive, daily, 4-hour irradiations .
' · Effect first appeared between the third and fift h day a fter starting
the protocol.

Table 3-2.45-gigahertz pulsed microwave induced
endothelium abnormalities (eight primates).
Exposure Minimum
Number of
Degree
Levels·
Times
Time Number of Number of
2
of
( W/cm Between Exposure Examination Abnormalities
avg.) Exposures Sessions
Observed
Change
Sessions
0.005
0.01

I week
I week

2
36

2
36

0
18

0.01
0.010

I day
Single
exposure

9
2

9
2

9
2

None
Minor to
major
Major
Major

·Pulses were 10 microseconds wide and had a lOO-pulse-per-second repetition rate.
Note: Equivalent specific abosrption rates are 0.26 watt per kilogram
per 0.001 watt per square centimeter incident power density .

Table 4-Frequency of abnormalities. 14

Mode
Continuous
wave
Continuous
wave
Pulsed
Control

Average
Power Level
( W/cm 2)

Times
Total
Damage was
Observations
Observed

0.01 - 0.02

21

0.02 - 0.03
0.01-0.015
0

27
38
10

7
20
0

dothelium,13 it is better to investigate the process of
cell regeneration by auto radiographic methods. These
methods measure the incorporation of tritium-labeled
thymidine in endothelial cells. 16 Only newly formed
cells (whose nuclei have newly made DNA) will contain the radioactive thymidine. We made autoradiographic measurements of flat-mounted corneal preparations. Epithelial sheets served as a positive control
for the autoradiography, since epithelial cells are
known to regenerate constantly to replace sloughed off
cells. The epitheliuim, as expected, gave an excellent
labeling index with a minimum of background grains.
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Figure 12-Scanning electron micrograph of a monkey cor-

neal endothelium 48 hours after a 4-hour exposure to 2.45gigahertz pulsed microwaves of average power of 10 milliwatts per square centimeter. Two cells are shown in the process of degeneration. Surrounding cells appear to be intact
and healthy.

The six corneal endothelia that we examined showed
no labeling_ Thus we conclude that repair of the microwave damage occurs totally by spreading of surviving endothelial cells _These results suggest that not all
of the morphological changes observed with specular
microscopy correspond to dead cells; nevertheless, the
histological results do confirm significant cell death.
Since the lesions involving dead cells actually do heal
entirely by cell enlargement and spreading, it is apparent that after repeated exposures the endothelial cell
density would decrease .
Our experiments demonstrate that exposure to relatively low power microwave radiation can cause
changes in, and even death of, corneal endothelial
cells. The low power densities involved, together with
preliminary measurements of temperature in the anterior chamber immediately adjacent to the endothelium, suggest that the mechanism is not thermal. At this
stage of our research, however, we know little more
of the actual damage mechanism. Several related factors also remain unclear. For example, the data for
the protocol that involved repeated daily exposures
suggest a possible cumulative effect. However, there
is no evidence for a similar effect in the protocol in84

volving single exposures spaced a week apart. We have
also found, in separate experiments, that certain drugs
(Pilocarpine and Timolol) that are applied in the form
of drops appear to lower the threshold for the microwave-induced changes when they are instilled prior to
irradiation. These drugs, which are used to treat glaucoma, are in widespread use; thus, this observation
may prove to have significant clinical implications.
Further investigations of the possible cumulative damage effect and the drug-related enhancement of damage may provide clues concerning the damage mechanism. Finally, it is important to document the effect on
the cornea of chronic daily exposures over long periods of time. We have just begun to investigate such
exposures and intend to discover whether endothelial
cell density does continue to decrease to the extent that
it results in corneal clouding.
The long-standing recommended permissible exposure level for microwaves in the United States was recently replaced. Previously, 0.01 watt per square centimeter was recommended as the maximum chronic exposure level for all microwave frequencies. This has
been reduced to a recommended limit of 0.001 watt
per square centimeter up to 1.50 gigahertz and to a
limit of 0.005 watt per square centimeter beyond 1.50
gigahertz. Our data suggest an observable effect at approximately 0.01 watt per square centimeter for exposure to 2.45 gigahertz, which is quite close to the
maximum level now recommended. On the basis of
the histological findings in affected eyes, cellular
changes might actually occur in the endothelium at exposure levels below the 0.01 watt per square centimeter
level, even though they are not observable with the
specular microscope. Thus, recognizing the fact that
even the newly recommended maximum exposure levels may not provide a sufficient margin above those
levels that produce a potential biological effect, APL
has adopted its own safety standard for exposures to
microwave radiation. The APL standard sets a chronic
exposure limit of 0.0001 watt per square centimeter
and applies to all employees, whether or not they work
on microwave-generating devices.

EFFECT OF LIGHT ON THE RETINA
The retina of the eye is unique in that it is the only
area in the body where blood vessels, both arteries and
veins, can be clearly seen without any overlying obstructions. The retina can be examined through a dilated pupil by several types of ophthalmoscopes or by
a slit-lamp microscope, and it can be photographed
with a special camera called a fundus camera. (A fundus is the part of an enclosed cavity opposite an opening; the retina is the part of the eye opposite the pupil
and hence the fundus of the eye.) Any of these instruments provide a slightly magnified view of the retinal
surface. Figure 13 is a photograph of a rhesus monkey retina, which bears great similarity to a human retina. The optic disc, the macula, and the various arteries
and veins of the retina are clearly displayed. In addition to these visual means of examining the retina, other measurements such as an electroretinogram (voltage
fohn s Hopkins APL Technical Digest, Volume 7, Number 1 (1986)
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Figure 14-A rhesus monkey retina with a phototoxic damaged area near the macula. Compare this with the same retina shown in Fig. 13.

Figure 13-A retinal photograph of a normal rhesus monkey.
The white area at the left is the optic disc or nerve head where
blood vessels and the visual signals enter and leave the eye.
Radiating from this area are the retinal arteries (the lightercolored, smaller vessels) and the veins (the larger, darkercolored vessels). Near the center of the photograph is the
macula, where high-resolution color vision takes place. A few
(light pink color) choroidal blood vessels can be seen through
the brown pigment epithelium that covers the retina everywhere except at the optic nerve.

response of the retina to light stimulation) can provide an indication of retinal function.

that produced "blue light" damage. The lesion at the
macular region was not visible until 2 days after the
exposure and is still visible today, 3 years later. The
mechanism causing these persistent "blue light"
changes is unknown. Several investigators have postulated that either singlet oxygen or oxygen radicals are
formed, and these substances subsequently destroy retinal tissue. It has also been proposed that the pigment
epithelium, the scavenging system in the retina, becomes
overloaded during the irradiation period to the point
where tissue-destructive debris accumulates.

Fluorescence Photometry of the Retina
Damage to the Retina
We have had a long-standing interest in using optical methods to document retinal changes that are caused
by exposure to visible or near visible light. One example of such a change is that caused by exposing the retina to high-intensity illumination of any wavelength of
light where the optics of the eye are transparent. This
type of change or damage is due to a 10°C or greater
rise in temperature of the retina at the illuminated area.
The mechanism is termed thermal, and such changes
can be seen even during the irradiation period. Another type of change or damage is produced when the retina is irradiated for an extended time period with light
that is blue or violet, at irradiation levels that are too
low to produce any appreciable temperature rise. The
exposure times are usually longer than 1000 seconds,
and the retinal changes do not become visible in an
ophthalmoscope until 24 to 48 hours after exposure.
Figure 14 is a retinal photograph of the same monkey
retina shown in Fig. 13, but after a I-hour exposure
Johns Hopkins APL Technical Digest, Volume 7, Number 1 (1986)

Fluorescein angiography provides another useful way
to examine retinal integrity.17 In this method, a solution of fluorescein dissolved in water is injected into
a vein, and it circulates throughout the body's vascular system, including that of the eye. Sodium fluorescein, in solution, is highly fluorescent. As shown in Fig.
15, if such a solution is illuminated with blue light where
it absorbs, it produces a bright green fluorescence.
Thus, if the retina is illuminated by blue light, the
fluorescence of the circulating dye can be photographed
by a fundus camera equipped with suitable optical
fIlters. Figure 16 is a fluorescein angiogram of the same
monkey retina as in Figs. 13 and 14. The fluorescence
of dye in the retinal blood vessels is easily seen. The
underlying choroidal circulation is veiled but not completely obscured by the overlying pigment epithelium.
Because sodium fluorescein is a small molecule (its
molecular weight is 376) and because it does not bind
tightly to proteins in the blood, it leaks from damaged
or diseased blood vessels and therefore provides an ex85
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Figure 15-Fluorescence spectrum of fluorescein dye. The
dye absorbs energy at wavelengths from 400 to 500 nanometers. Fluorescent energy is emitted from 500 to 600 nanometers.

Figure 16-A fluorescein angiogram of the damaged retinal
area of the monkey eye shown in Figs. 13 and 14. The
damaged area has an increase in fluorescence over nondamaged areas.

cellent diagnostic tool. Note that in the Fig. 16 angiogram, it stains and outlines the light-damaged area of
the retina. Sodium fluorescein is also nontoxic; it has
been approved by the U. S. Food and Drug Administration for injection in human subjects and is used routinely in a clinical setting.
The in vivo tests that we have discussed so far enable only gross changes to be seen. At the present time,
there is very little that can be ascertained at the cellular
level of changes that occur in the retina with age, disease, or trauma except through histologic examination.
Histology is obviously of no use in the prevention or
early detection of retinal damage in humans. Our objective is to develop techniques to examine retinal damage at the cellular level in vivo. Such techniques should
lead to a better understanding of the mechanisms
producing damage and to improved prevention and
treatment methods.
86

Cell biologists have devised powerful methods that
use fluorescent dye probes to deduce information about
the local environment of the probe. 18 Measurements
of such quantities as excitation and fluorescence spectra, the quantum yield of the fluorescence, the fluorescence polarizability, and the fluorescence decay time
are used in these methods. 19 In the remainder of this
section, we will discuss how we have adapted a fundus
camera to measure these quantities in the living retina.
We will also discuss the methods we have been using
to determine the usefulness of this type of data in
analyzing retinal problems. Because it is already used
for ocular tests, we have confined our studies to the
use of fluorescein as the dye probe. Ultimately, we expect to be able to simplify the equipment and methods
to the extent that they can be used in a clinical setting
with human subjects.
The fluorescence of any molecule can supply information on processes that affect it during the time between excitation and emission of light. Although many
types of fluorescent measurements can be made, the
most difficult problem in the use of fluorescent probes
is the recognition and analysis of the primary photochemical processes that are involved. 20 Figure 17 indicates what might happen when a dye molecule is
excited by a photon. The dye molecule absorbs light,
whereby a molecular electron is raised to an excited electronic level. This energy may reappear as heat in a radiationless decay, or it may be given up in normal
fluorescence, or it may be transferred to a different electronic system. These various decay modes take place
on widely different time scales. 21 Excitation takes
place in 10 -15 second (all times are approximate), and
in 10 - 12 second the electrons undergo radiationless
transitions to the lowest electronic level of the first excited state. If the dye is highly fluorescent, the electrons
will most often return to the ground state in 10 - 8 second by emitting a photon of light.
Strongly fluorescent molecules almost always have
singlet ground states and higher level triplet states. Some
excited-state energy may be transferred to the triplet system in a reversible reaction. A triplet-state- to-singletground-state transition is partially forbidden, which
results in a long decay time (10 - 4 second). If the dye
molecule is in close proximity to another molecule, the
excited-state energy can be transferred to the nearby
molecule. In solution, such transfers are generally controlled by diffusion, in which case a steady state is
reached in 10 - 7 second. Some molecules (oxygen is of
special importance in the eye) have triplet ground states
and can, by energy transfer, deplete the dye molecule's
triplet state. Since the excited singlet-state-to-triplet-state
transfer of energy takes place in 10 -8 second, a rapid
depletion of the triplet state occurs, causing quenching
of the primary fluorescence.
The basic fluorescent quantities of interest are the
excitation and fluorescence spectra, the fluorescence
quantum yield, the fluorescence polarizability, and the
fluorescence decay time. Measurements of these quantities are used to infer the following conditions surrounding a fluorescent dye probe:
Johns Hopkins APL Technical Digest, Volume 7, Number 1 (1986)
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1. Binding Site Polarity. The separation between
the excitation and emission spectra is very sensitive to local solvent polarity. This information
is of importance in understanding membrane
transport phenomena.
2. Environmental Constraints. A viscous environment of the fluorescent molecule causes an increase in quantum yield and in polarizability. The
polarizability can be used to infer the ratio of
free-to-bound dye.
3. Distance Measurements. Electronic energy can
be transferred between separated molecular systems. The rate of transfer is proportional to the
inverse sixth power of the separation distance.
The distances between binding sites of fluorescent probes can be inferred from measurements
of the rate of transfer of fluorescence energy.
4. Accessibility. Fluorescence quenching can be
caused by the presence of other reactive molecules. Oxygen is an important and powerful
quencher. The exposure of the excited dye molecule to the quencher can be estimated by comparing the quantum yield of the free and bound
fluorescent probes. Local oxygen partial pressure
can, with suitable probes, be monitored with fast
time resolution.
5. Local pH. Most fluorescent probes exhibited intensity and spectral changes with changes in pH.
Thus, solution pH can be determined by measuring such changes.
fohns Hopkins APL Technical Digest, Volume 7, Number 1 (1986)
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6. Heterogeneous Interaction. Under favorable circumstances, several fluorescent decay times can
be resolved. The existence of more than one characteristic decay time indicates multiple binding
sites with different environments.
The optical system we have developed is a modified
Zeiss fundus camera, shown schematically in Fig. 18.
Light from either a monochromator or an argon ion
laser illuminates a small area of the retina. The reflected or fluorescent light that is returned from the retina
can go to either of two photomultipliers. One photomultiplier collects all of the light that returns from the
retina; it is used to measure either the retinal reflectivity or the total fluorescent energy. The second photomultiplier has before it a rotating interference monochromator; it is used to measure either the fluorescence
spectrum, the fluorescence polarizability, or the fluorescence decay time. Provisions are made in this modified camera for incorporating various polarizing elements or bandpass filters in either the input or output
light paths. Stepping motors rotate the polarizing elements and the rotating interference monochromator.
A computer collects data, controls the stepper motors,
reduces the data, and displays the experimental results
in either numerical or graphical form.
In a routine animal test, the retinal spectral reflectivity is measured and then fluorescein is injected into
the test animal. At predetermined intervals after injection, the excitation and fluorescence spectra, the ret-

87

McCally et al. - Nonionizing Radiation Damage in the Eye

I---f-+H'*"+---+---~I-I+tw--t Photomu Itipl ier

/
Rotatable mirror

Figure 18-Diagram of the modified
fundus camera that is used to il luminate the retina and to collect
the return light for recording and
analysis.

88

Image
aperture

camera

Retinal
conjugate

inal reflectivity, the fluorescence polarizability, and the
decay time are measured, and the raw data are stored
in the computer. After one to ten sets of measurements, the data are reduced.
The retinal reflectivity is measured before and after
the fluorescein injection, and the decrease in reflectivity due to dye absorption is compared with the integrated fluorescence intensity to obtain the relative fluorescence efficiency. (Ideally, it would be better to measure the quantum efficiency of the dye; however, it
cannot be determined because the absolute amount of
light absorbed by fluorescein in the eye cannot be measured.) The excitation spectrum is obtained by comparing the total fluorescent output with the input power
level to the eye from the monochromator. The fluorescence spectrum is measured with the rotating interference monochromator using the laser as the excitation
source.
The fluorescence polarizability is defined as the ratio
of the polarized component of the emitted light to the
total emitted light when the excitation light is plane
polarized. The fluorescence polarizability is derived
from data obtained by polarizing the input energy and
using a polarizer and a rotating quarter-wave plate in
the fluorescent light path. In order to measure the fluorescence decay time, the argon ion laser beam is
modulated at a high frequency by an acoustic optic
modulator. The decay time is then derived from the
phase delay between the modulated light from a fluo- .
rescent standard and the fluorescent light from the
retina.
We have begun to test the system by measuring these
various quantities in a normal monkey retina and in
a light-damaged monkey retina. In addition, we measured the decay time in a normal monkey that was
breathing oxygen and compared it to that in a monkey that was breathing an atmosphere rich in carbon
dioxide. In order to have a baseline for comparison
of data from these in vivo experiments, we have also
made similar measurements on solutions of fluorescein
in a wide variety of solvents. In solvents we can vary
parameters (e.g., viscosity, pH, and solvent polarity)
under controlled conditions. The results of the experiments are discussed in the remainder of this section.
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The excitation spectrum is influenced by the conditions imposed on the ground state of the dye molecule. Of these, pH and polarity are usually the most
influential. The peak excitation wavelength in the retina is consistent with a local pH of 7 and a dye concentration of one part in 10 6 • We also find that the
shape of the excitation spectrum of fluorescein in water
is flatter than its spectrum in the normal monkey retina. The difference in shapes is not difficult to understand, however, since the absorption spectrum of most
retinal absorbers varies significantly with wavelength
in this spectral region.
The emission spectrum is influenced by conditions
imposed on the excited state of the molecule, a state
in which the equilibrium electronic configuration can
be much different from that in the ground state. Thus,
the local polarity, which determines the equilibrium
configuration, often determines the peak emission
wavelength. In the monkey retina, we found that the
peak emission wavelength is 530 nanometers, the same
value we found for a blood-fluorescein solution, and
one that is considerably longer than the 520-nanometer
value usually given for a water-fluorescein solution.
This shift in the peak of the emission spectrum is consistent with a high local polarity. Since this degree of
polarity is only found inside cells, these data provide
strong evidence that the fluorescein has penetrated cell
membranes. In addition, the shapes of the emission
curves from both the water-fluorescein solution and
the retina are similar and consistent with the lack of
a significant population of the triplet state.
The fluorescence intensity is influenced by polarity,
pH, and molecular binding sites. Since the pH in the
retina is probably around 7, the maximum intensity
is expected. It is not possible to measure the absolute
amount of fluorescence in the retina of an intact eye;
however, we do find that the fluorescence intensity
from fluorescein in blood is less than half that of fluorescein in water, a result that is indicative of an especially large binding-site influence.
The quantum efficiency is determined not only by
the intrinsic efficiency but also by any packing constraints or by changes in the geometry of the upper
state during the period when the fluorescent molecule
fohn s Hopkin s APL Technical Digest, Volume 7, Number 1 (1986)
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is excited. As noted above, we measure the ratio of
the integrated intensity to the integrated increase in absorption. Although this is not the quantum efficiency,
the two quantities are closely related. We find in the
normal retina that the ratio decreases with time after
fluorescein is injected into the circulation. We interpret the decrease as resulting from a change in the
packing constraints with time. If the dye molecules
come very close together, dye complexes called dimers
can be formed that have low quantum yields. Indeed,
this is the reason usually given for the decrease in fluorescence intensity when a dye is in a very concentrated
state.
The separation between the peak of the excitation
spectrum and that of the fluorescence spectrum is influenced by the viscosity of the medium, but even more
by any intersystem triplet-state excitation that occurs
when the molecule is in the excited state. In a water
solution, this separation is 8 nanometers, whereas it
is 38 nanometers for fluorescence from the normal
monkey retina. The large increase indicates that there
is a moderate-to-Iarge amount of intersystem crossing
and hence a relatively large number of molecules being
transferred to the triplet state. The lack of any tripletstate emission spectrum (which we noted previously)
indicates that the triplet state is quenched, probably
by oxygen.
The fluorescence polarizability of dye molecules in
solution is determined by the solution viscosity. For
bound dye molecules, the size, shape, and flexibility
of the binding molecule determine the polarizability.
The fluorescence polarizability in a monkey retina is
9.6 percent for excitation and 8.8 percent for emission,
for an average of about 9 percent. These are preliminary measurements and have not been corrected for
such known effects as light scattering in the eye and
the fact that the cornea and lens are birefringent. However, the values are probably not in error by more than
20 percent. With this in mind, we have estimated the
ratio of bound to free dye. An equation relating the
polarizability to the ratio of bound to free dye can be
derived in the form

where C b ICf is the ratio of bound to free dye, If lIb
is the intensity ratio for free to bound dye, p is the
measured polarizability, Pf is the polarizability of
free dye, and Pb is the polarizability of bound dye.
Our measurements indicate that CblCf is 0.64, i.e.,
about 70 percent of the dye is free and about 30 percent is bound. Others have stated that as much as 80
to 90 percent of fluorescein injected intravenously is
bound to blood proteins. If this same value held true
in the retina, we would have measured a polarizability
close to 33 percent. We must conclude that the amount
of unbound dye in the retina is much higher than the
value previously determined for blood proteins.
Johns Hopkins APL Technical Digest, Volume 7, Number 1 (1986)

If the fluorescence emission is not quenched by other
nearby molecules, the decay time measures the natural
fluorescence lifetime. If fluorescence quenchers are
present, the decay time is shortened. In most biological
systems, molecular oxygen is the most important fluorescence quenching agent.
We have measured the decay time of fluorescein fluorescence in water, in blood (oxygenated and deoxygenated), in a normal monkey retina, and in a lightdamaged monkey retina. The decay time that we measured in water compares favorably with published data
when instrumental effects are properly taken into account. We found that the decay time in blood is shorter
than it is in water and, much to our surprise, that it
is independent of the blood's oxygenation state. This
lack of change in the decay time, when taken together
with the lesser fluorescence intensity in blood than that
in water, indicates that some of the fluorescein dye
molecules do not contribute to the fluorescence. This
could happen in several ways. For example, the nonfluorescent fluorescein molecules are either in a very
acid local environment, or the hydrogen atoms have
been stripped away (as in an alcoholic solution), or
the dye structure is changed (as in the change from the
fluorescein molecule to the almost identically structured nonfluorescing phenolphthalein molecule). The
remaining fluorescein molecules that contribute must
be shielded from oxygen. It is likely that this happens
because the oxygen is bound to hemoglobin.
On the other hand, we have found that the fluorescence decay time of fluorescein in a normal monkey's
retina is much shorter than in blood and is affected
significantly by the animal's oxygen intake. These retinal measurements suggest a high degree of quenching
and that the dye molecules are not bound. We note
that our fluorescence polarization data from the retina
also indicate a low degree of binding. The fact that
blood has little effect on the intrinsic decay time of
fluorescein (compared to its decay time in water), when
taken together with the lack of dependence of decay
time on blood oxygen content, must mean that the significant changes with oxygenation that are seen in the
retina must be due to fluorescein that has found its
way outside the bloodstream.
Fluorescence measurements taken on a burn-damaged area of the retina show that the intensity increases
and the polarization and the decay time decrease. We
have not yet obtained good excitation and emission
spectra for such retinas. The intensity and polarization changes indicate an increase of unbound dye, and
the decay time change indicates an increase in quenching. Any explanation of the changes that occur in a
damaged as opposed to an undamaged area of the retina would be very speculative at this stage of our research.
Other than the normal problems that are encountered in any experimental development procedure, such
as increasing the accuracy and decreasing the system
complexity, there are problem areas specific to this
type of experiment. The retina is a heterogeneous collection of molecules. We measure the fluorescence of
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fluorescein in the vicinity of many of these different
molecules, and thus the measurement represents an
average value. We also do not know exactly where the
fluorescein that we see is actually located in the retina.
Some is in the blood system, some is absorbed on
membranes, and some penetrates inside various proteins. Our efforts to locate the site of fluorescein in
the retina have been unsuccessful so far. Also, the eye
tissues have wavelength variations in light absorption,
reflection, and scattering that are not well known and
that vary drastically from animal to animal and species to species. Such variations influence the fluorescence measurements. When we can solve these as yet
intractable problems and determine rate equations for
all of the energy pathways that occur in the fluorescence process in both normal and abnormal retinas,
we will be able to determine in detail some of the
changes that occur in the retina due to disease or
trauma.
In addition to these "big" problems, there are innumerable other engineering problems. At present,
only one small area of the retina is sampled. This is
acceptable only if retinal damage can be easily seen;
it would not be acceptable for preventive diagnostics.
In order to measure all of the desirable fluorescence
quantities, the elapsed time exceeds 6 minutes, which
is too long when mUltiple measurements are needed
after a single fluorescence injection. If these measurements are to be made on human subjects, it will be
very desirable to reduce the light levels to an absolute
minimum in order to obtain maximum patient cooperation. Finally, all of the fluorescence data will have
to be corrected for artifacts introduced both by the
instrumentation and by the eye itself.
We are optimistic that, in time, all of these problems
will be solved and that fluorescence photometry will
become a useful tool in the field of ophthalmology.
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