Anterior Optic Nerve Blood Flow
in Experimental Optic Atfrophy
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This study attempts to establish whether neurogenic optic atrophy induces changes in anterior optic
nerve circulation and to determine how noninvasive techniques of measuring blood flow in vivo compare
to microsphere distribution. Five cats underwent unilateral optic nerve transection in the orbital apex
and a sham procedure in the contralateral eye. Two to three months later, no abnormalities were detected
by fluorescein angiography. Laser Doppler measurements demonstrated a 53% decrease in red blood
cell speed through the capillaries of the atrophic optic nerve heads in vivo. Optic disk reflectance
measurements of anterior optic nerve blood volume in vivo demonstrated a 51% decrease in the estimated
blood volume of the capillaries in atrophic optic nerve heads. Flow was calculated on the basis of these
noninvasive measurements and demonstrated an average decrease of 74% in optic atrophy. Histologic
studies of microsphere distribution demonstrated an average decrease of 80% in flow to the anterior
optic nerve in optic atrophy. These results suggest that anterior optic nerve blood flow is significantly
reduced in primary neurogenic optic atrophy. This study also demonstrates that the noninvasive mea-
surements of blood flow are substantiated by histologic evaluation of microsphere distribution. Invest
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Optic nerve atrophy, the sequela of a variety of optic
neuropathies, clinically manifests as optic disk pallor.
Previously it was believed that this pallor resulted from
loss of disk vasculature.'? Recent histologic,” ultra-
structural,® and angiographic® studies have shown no
substantial loss of capillaries in the pale optic disk.
However, in experimental optic atrophy, Quigley found
more than a 50% decrease in total tissue volume, while
the ratio of capillary number to tissue volume was un-
changed.® There was also a 27% decrease in the cross-
sectional area of the remaining capillaries. Quigley
concluded that the changes in vasculature were sec-
ondary to nerve fiber loss. On the basis of these findings,
one would expect a decrease in total anterior optic
nerve capillary blood volume and a slowing in the speed
of blood flow. Furthermore, such changes could reflect
the extent of nerve fiber degeneration.

There is currently no accurate means of detecting
changes in optic nerve circulation in vivo. This be-
comes important when one considers the findings of
Quigley and Green that 20-30% loss of-optic nerve
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fibers can occur and not be detected clinically by cur-
rent methods of examination and visual field testing.”*
If, as suggested by Quigley, neuronal degeneration in-
duces secondary circulatory changes, the ability to de-
tect subtle changes in anterior optic nerve blood flow
in vivo may enable the diagnosis of early optic nerve
fiber damage.

This investigation used noninvasive techniques of
measuring red blood cell speed (laser Doppler) and
blood volume (reflectometry) in the anterior optic
nerve capillaries to determine whether optic atrophy
induces changes in blood flow. The results obtained in
vivo were compared to the results of microsphere dis-
tribution in order to evaluate the accuracy and reli-
ability of the noninvasive techniques.

Materials and Methods
Animal Model of Optic Atrophy

Five domestic cats weighing 2-3 kg were used in the
study and were handled in accordance with the ARVO
Resolution on the Use of Animals in Research. General
anesthesia was induced by intramuscular injection of
10 mg/kg ketamine and 0.2 mg/kg ace promazine, fol-
lowed by intravenous boluses of pentobarbital, up to
a total of 60 mg. Both optic nerves were exposed via
two sagittal incisions in the soft palate and isolated by
blunt dissection, as previously described.® In each cat,
one optic nerve was transected in the orbital apex
without bleeding, and the optic nerve of the fellow eye
was exposed but not transected. The palate incisions
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were sutured and intramuscular antibiotics were ad-
ministered. The cats were examined 2-3 mo later, at
which time color disk photography, fluorescein an-
giography, laser Doppler velocimetry, and reflectom-
etry were performed.

Laser Doppler Technique

Theoretical considerations: The technique is based
upon the Doppler effect: laser light that is scattered
from a moving particle is shifted in frequency (f) by
an amount

-

Af=i(f<s—f<i)-v %)
2w

where V is the velocity vector of the particle, and K;
and K are, respectively, the wavevectors of the incident
and scattered light. The magnitudes of the wavevectors
are 2w/\, where X is the wavelength of the laser light
in the scattering medium. When a region of tissue per-
fused by capillaries is illuminated by laser light, the
superposition of the light scattered by red cells of dif-
ferent velocities and at different angles causes a broad-
ening of the frequency spectrum of the backscattered
light. In addition, in tissues such as the anterior optic
nerve where the density of capillaries is low, there is a
dominant component of the light that has been back-
scattered by nonvascular elements of the optic nerve.

A theory predicting the shape of the Doppler-broad-
ened frequency spectrum was developed by Stern and
Lappe,'® who applied a “wandering photon” model to
the scattering process. In this model, incident laser light
diffuses through the tissue, becoming randomly scat-
tered by nonvascular elements. This randomness elim-
inates any directionality to the incident light. Further-
more, this randomized scattering by nonvascular tissue
will not induce any shift in the frequency spectrum of
reflected light. Only moving red blood cells can induce
such a shift.

The frequency shift spectrum S(Af) of the back-
scattered light is composed of a series of components
each corresponding to light that has been sequentially
scattered by n different moving red cells. The first order
component (n = 1) dominates the total spectrum at
low frequencies.'® Furthermore, the first order spec-
trum varies as the negative logarithm of Af at low fre-
quencies: —log(Af). This logarithmic variation will oc-
cur for any velocity distribution that may be present.
At higher frequencies, due to the effects of multiple
scattering and the anisotropic scattering by red cells,
there is a “‘tail” that gradually approaches zero ampli-
tude.

The low frequency portion of S(Af) can be expressed
as

S(Af) = —K log(Af/«) 2)
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where K is a measure of the spectrum’s amplitude and
the frequency « is a measure of the spectrum’s broad-
ening, which is proportional to the red cell speeds that
are present.

For an idealized case of a random array of blood
vessels each carrying red cells having a constant velocity
distribution up to a maximum value, V., and for
isotropic scattering by the red cells, Stern and Lappe'°
show that

o =2 Via/A 3

This idealized formula provides an estimate of the
actual red blood cell speeds that can be expressed in
mm/sec by the equation

Vmax(mm/sec) = a(H,)-2.38 X 1074, 4

More importantly, however, measurement of the
frequency parameter « provides a consistent, generally
applicable means to characterize the speed of red blood
cells flowing in the capillaries of the anterior optic
nerve.

Data acquisition: Anesthesia was induced as de-
scribed above. Phenylephrine 10% was instilled in both
eyes to retract the nictitating membrane, and mydriacyl
was used to maximize pupillary dilatation. The cats
were positioned prone before a fundus camera appa-
ratus equipped with a helium-neon laser light source
and a scanning fiberoptic-photomultiplier detector as-
sembly that collects the scattered light.'""'> The incident
laser beam was directed into the eye and positioned
onto the optic disk. Examination with red-free light
enabled the identification of vessels on the disk surface,
which were avoided to ensure that measurements were
obtained from regions of disk tissue perfused by cap-
illaries.

Measurement sites were approximately 140 um in
diameter, as determined by the fiberoptic entrance ap-
erture, the camera magnification, and the dioptric
power of the reduced schematic eye for the cat.'*> The
photocurrent signal from the detector was recorded
continuously on a Honeywell 5600 C Recorder/Re-
producer (Honeywell, Inc.; Newton, MA) for approx-
imately 1 min. The mean value of the photocurrent,
a measure of the intensity of the scattered light, was
continuously displayed on a strip chart recorder.

The photocurrent signal was also channelled through
a loudspeaker. The audio signal from the disk tissue is
easily distinguished from that of an individual vessel
and is a useful guide in maintaining the position of the
incident beam during the measurement.

Data analysis: The portion of tape recorded during
optimal conditions of eye stability, incident beam
alignment, and detector alignment is identified by ex-
amining the continuous recording of the mean pho-
tocurrent. The frequency spectrum of the photocurrent
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is then obtained using a Federal Scientific UA 500
(Federal Scientific Corp.; NY, NY) ubiquitous real time
spectrum analyzer. Spectra were obtained using a 2-
kHz full scale range with an averaging time of 8 sec.
The results were recorded on an X-Y plotter. Ampli-
tude and log frequency data in the range 30-200 Hz
at 10 Hz intervals were entered into a computer. All
spectra were fit either to the single logarithmic form
predicted by the theory or to the sum of two logarithmic
curves (see Results).

Optic Disk Reflectometry

Theoretical considerations: Spectral reflectometry of
the optic disk was used in this study to quantify the
degree of disk “pallor” and to estimate, in vivo, the
amount of blood present in the tissue of the optic nerve
head. Determination of the amount of blood in tissues
through interpretation of reflectance measurements
requires understanding of the optical propagation
through both the surrounding bloodless tissue and the
blood, as well as an appropriate mathematical descrip-
tion of the relation between reflectance, amount of
blood, and scattering characteristics of the tissue.
Theoretical approaches to this problem based on the
Kubelka-Monk theory'* and on multiple scattering and
photon diffusion theories'* have been suggested. How-
ever, these methods are not easily applicable, require
absolute reflectance measurements, and require
knowledge of the scattering properties of the tissue,
distribution of the blood in the tissue, and size of both
the illumination and detection areas on the tissue dur-
ing reflectance measurement.

Because the volume fraction of blood in the tissues
of the optic nerve head is small, about 2%,'® one can
assume that the reflectance R, at a wavelength X is
given by

Rx=Tx2'R’x'[l_7'K>\] (3)

where T, is the transmission of the ocular media, vy is
a measure for the amount of blood (cm), K, is the
known absorption coefficient of hemoglobin (1/cm),
and R), the bloodless (y = 0) reflectance of the disk.
Equation (5) must be considered as a first degree ap-
proximation of any of the abovementioned theoretical
approaches, valid only if the quantity v is very small.
This relationship, with T, = 1, can for example be
deduced from the Kubelka~Monk reflectance equation
for thick layers of intensively scattering tissue,' in the
assumption that the volume fraction of blood v is very
small: the quantity + is then proportional to v but in-
versely proportional to the scattering coefficient of the
tissue. The determination of v therefore does not allow,
a priori, differentiation between changes in blood vol-
ume and changes in the scattering properties of the
tissue. It should also be noted that the value of vy can
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be interpreted as the thickness of an equivalent thin
layer of blood located in front of a bloodless disk.
The measurement of R,, the absolute reflectance of
the disk, is difficult to perform with accuracy by fundus
reflectometry because of uncertainties in the transmis-
sion of the ocular media, possible obstruction of illu-
mination beam by the pupil, and complications in ref-
erencing the disk measurements with those of an ab-
solute reflectance standard placed in an artificial eye
with matching focal length. These difficulties are alle-
viated or eliminated by performing measurement of
relative reflectances at different wavelengths in rapid
succession, and by defining reflectance ratios:

== (6)

where \q is a reference wavelength.

The bloodless reflectance of the disk and the trans-
mission, Ty, cannot a priori be considered to be wave-
length independent. For the narrow spectral range
(550-600 nm) in which reflectance measurements are
made, we have furthermore assumed that the following
linear approximation is valid:

R+ T\? = Ry Th’[1 + B(A — o) )

where B is an unknown factor and A the reference
wavelength. Substitution of equations (5) and (7) in
equation (6) gives:

vKi

1_
no=[1+B80\ - Ao)]'l—'_‘——

YK ®)

The unknowns v and 8 can be solved from two rela-
tionships such as equation (8), but with A = X\, and A
= X,. Using the common reference wavelength A this
represents measurements at three wavelengths.

Data acquisition: Reflectance measurements at three
wavelengths were obtained from the central area of the
optic disk using the Retinal Vessel Oximeter instru-
ment'” operated in its reflectometry mode. The fundus
was illuminated over an area of about 5 deg successively
at three wavelengths Ag = 569, X\, = 559, and A, = 585
nm), and the light reflected from a 250 X 250 um area
of the cat’s optic disk was detected. Microcomputer
control of the instrument allows signal averaging, and
the calculation, every 3 sec, of the intensity of the re-
flected light signal at the three wavelengths. Typically,
about 20 such 3-sec measurements were made and av-
eraged for each optic disk. Measurement of light in-
tensities reflected from a magnesium oxide reflectance
standard allows correction of the disk data to account
for differences in the illumination intensities and de-
tection sensitivities at the three wavelengths. The results
then represent the ratios:

r; = R(559)/R(569) and r, = R(585)/R(569)
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with R(\) being the measured reflectance of the disk
at a wavelength A.

Data analysis: The measured ratios r, and r, generate
two equations similar to equation (8) with Ay = 569
and A\, = 559, or A\, = 585 nm. These equations can
be solved by eliminating 8, to yield: ’

_ W(r|“1)_r2+1
Ko(w+ry — ) —K;-w+ K,

where w = (585 — 569/559 — 569). Oxygen saturation
of the blood in the disk capillaries was assumed to be
80%, yielding values of Ky = 174, K, = 148, and K,
= 113 cm™!, respectively, for the wavelengths 569, 559,
and 585 nm. Hemoglobin concentration of cat blood
was assumed to be 11 g/100 ml,'® and extinction coef-
ficients given by Van Assendelpht'® were used. The
resulting values of vy depend somewhat upon the as-
sumed value of 80% saturation: a decrease of about
20% in the value of v is calculated when the assumed
saturation increases from 70 to 90%. However, this
dependence affects measurements on all disks similarly,
such that the ratio of the v values for atrophic and
normal disks are not critically affected (less than 1%
change) if the saturation in both disks is the same.

Y %)

Microsphere Distribution Studies

Histologic studies of microsphere distribution to the
anterior optic nerve were performed after all in vivo
investigations were completed. Anesthesia was induced
as described above. A thoracotomy was performed and
2.0 ml of a suspension of black, nonlabeled micro-
spheres (9 £ 1 um, 3M Company; St. Paul, MN) in
10% dextran (0.5 g/ml) was injected into the left ven-
tricle, followed by an intraventricular injection of 2.0
ml of 5% KCI, causing instantaneous death.

Both eyes were enucleated and the optic nerve and
surrounding tissues of the posterior pole to about the
equator were excised en bloc. The tissues were stored
in formalin, processed by hand through ethanol of in-
creasing concentration, xylene, and paraffin, and then
embedded in paraffin. The entire thickness of the optic
nerve was cut longitudinally along with surrounding
tissues in 8-um thick sections and mounted on glass
slides. Paraffin was removed with xylene, and coverslips
were placed using immersion oil. Hematoxylin and
eosin were used to stain selected slides.

A Zeiss Photomicroscope III (Carl Zeiss; Ober-
kochen, West Germany) was used to examine the slides
and count microspheres in the prelaminar, laminar,
and first 400-um portion of the retrolaminar optic
nerve. In addition, 400-um wide sections of full-thick-
ness neural retina and choroid/tapetum were examined
in approximately the same locations for each pair of
eyes. Clumps of microspheres were considered as one

Vol. 26

microsphere. Microspheres that were transected during
cutting and objects that appeared smaller, lighter in
color, or with irregular edges were not counted. The
number of microspheres in each tissue compartment
of every section in all eyes were tabulated, normalized
to the counts obtained in the choroid/tapetum, and
the results evaluated using the parametric paired two-
tailed t-test.

Results
All cats demonstrated a total afferent pupillary defect

-in the eye that underwent optic nerve transection.

Fundus examination revealed no vascular abnormal-
ities. Fluorescein angiography demonstrated normal
filling of retinal vessels and no abnormality in choroidal
or disk fluorescence (Fig. 1).

Laser Doppler Measurements

Laser Doppler measurements were obtained from
the anterior optic nerves of both eyes of each animal.
Figure 2 shows the measurements from one of the an-
imals. The Doppler-broadened frequency spectrum
obtained from the normal control optic nerve is shown
in the upper left. The spectrum obtained from the
atrophic optic nerve is shown in the lower left. To de-
termine the parameter o which characterizes the
broadening of the spectrum, points along the spectrum
were plotted as a function of the logarithm of the fre-
quency shift as shown in the upper and lower right of
Figure 2. A single linear regression analysis was used
to fit each spectrum from normal control optic nerves.
As shown in Figure 2 upper right, the broadening pa-
rameter « is specified by the frequency at which the
linear fit intersects the abscissa. The logarithmic curve
determined by the parameters of the linear fit was plot-
ted and superimposed on the spectrum as shown in
the upper left of Figure 2.

A single linear regression analysis could not be used
to fit any of the spectra from atrophic optic nerves.
When points along each of these spectra were plotted
as a function of the logarithm of the frequency shift,
the results were similar to the example shown in the
lower right of Figure 2. These points were well fit by
the sum of two straight lines, one intersecting the ab-
scissa at «;, and the other intersecting the abscissa at
o,. In addition to determining o, and «;, for each of
the atrophic optic nerves, a mean broadening param-
eter, a, was calculated as a weighted average of «; and
o, in each case. The relative weights of «; and «; in
calculating o were determined by the relative areas un-
der the two logarithmic curves corresponding to «
and a,.

Table 1 shows the laser Doppler results obtained
from each of the cats. As shown in Table 1, both «;
and a5 in the atrophic optic nerve of each cat were
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Fig. 1. Fluorescein angiography of cat eye L0 wk after optic nerve transection. Retinal vessels filled normally and no disk or choroidal filling
defects were observed. Left, Early arteriovenous phase; right, late A-V phase.

lower than the « determined for the contralateral nor- in the atrophic optic nerves compared to the contra-
mal control optic nerve. Table 1 also shows that there lateral normal optic nerves (P < 0.01).
wa¥ an average reduction of 53% in red blood cell speed One cat (#1) was examined at | and 3 mo following

Fig. 2. Laser Doppler measure-
ments of anterior optic nerve blood
flow. The Doppler-broadened fre-
quency shift spectrum in the normal
optic nerve (upper left) is broader
than in the atrophic optic nerve
(lower lefi). The semilogarithmic | —————=—-—=—>————-~—-—-—-—- . . ) e
representations of these data dem- 500 750 10 20 50 100 200 500 1000
onstrate a single logarithmic fit in the [
normal eye (upper right). The data
from the eye with optic atrophy are
best fit by the sum of two logarithmic s s
functions (fower right). Alpha («) is
the point of intersection with the ab- 4
scissa and is directly proportional to
V max (€quation 4), Both alpha values
in the atrophic optic nerve are sub- 3
stantially lower than in the normal
optic nerve, representing a decrease
in the speed of blood flow.

Af(Hz) loagAfiHz)

1] 250 500 750 10 20 I lﬂor 200 500 1000
Af(H2) log Af{Hz)
oy a;
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Table 1. Results of laser Doppler measurements
Cat a* Q a a /e
no. (Normal) (Atrophic) (Atrophic) (Mean) (Atrophic/normal)
| 282 65 224 : 213 0.76
2 316 40 138 100 0.32
3 390 52 148 120 0.31
4 282 50 162 108 0.38
5 437 117 331 261 0.60
Mean 314 (69)t 65 (31) 201 (80) 160 (72)t 0.47 (0.20)
* Alpha (e) is the index of red blood cell speed through the capillaries of the deviations.
anterior optic nerve and is expressed as Hz. Numbers in parentheses are standard 1P <001

unilateral optic nerve transection. In the control eyes,
the same « value (282 Hz) was obtained on each oc-
casion. In the eye with optic atrophy the « at 1 mo
was 198 Hz and at 3 mo, a was 213 Hz, indicating no
significant change in the speed of blood flow during
the second and third months following optic nerve
transection.

Optic Disk Reflectometry Measurements

Table 2 gives the results for the reflectance ratios r;
and r, for the normal and atrophic disks in the five
cats. Standard deviations in these ratios ranged between
0.1% and 0.47% (average, 0.3%). A statistically signif-
icant decrease in the ratio r, was found for all 5 cats
between the atrophic and the normal disks P < 0.001).
The values of v were calculated using equatton (9), for
each of the r, — r; ratio pairs and the results are shown
in Table 2, along with the standard deviations in ¥y
(calculated by error propagation in each case). The
variability in the measure v increases with decreasing
values of v, and the measurements become inaccurate
for low values of . The values of 8, derived in the
solution of equations (4) to (8) ranged between —7
X 107 and +20 X 107* nm™'. The values of v were
significantly different for all cats at the P < 0.001 level,
except for cat 5. Table 2 also gives the ratios of v be-
tween the atrophic and normal disks.

Noninvasive Blood Flow Calculations

Relative changes in blood flow through the capillaries
of the anterior optic nerve can be calculated by using
the laser Doppler index of red blood cell speed and the

Table 2. Optic disk reflectometry measurements

reflectance estimate of relative blood volume under the
abovementioned assumptions. The ratio F between
blood flows in the atrophic to the normal disks is then:
a atrophic v atrophic
a normal vy normal

F(atrophic/normal) = (10)
where o« = index of average speed of red blood cells in
normal optic nerves as measured by the laser Doppler
technique, and where v = the ratio of blood volume
to tissue scattering as measured by reflectometry. The
results of these calculations are shown in Table 3, and
demonstrate that as measured by noninvasive tech-
niques, blood flow was reduced in atrophic optic nerve
heads by an average of 74%.

Histologic Studies of Microsphere Distribution

The intracardiac injection of microspheres was suc-
cessful in four of the five cats. Substantially more mi-
crospheres were found in the choroid than in other
tissues, consistent with the greater blood flow to this
tissue. There was no significant difference between the
number of microspheres in the choroid/tapetum of eyes
with optic atrophy as compared to control eyes. There
were, however, significantly fewer microspheres in
atrophic optic nerves than in normal controls. Table
3 shows these results expressed as the ratio of the num-
ber of microspheres in atrophic optic nerves to the
number in normals. There was close correlation be-
tween the microsphere data and noninvasive mea-
surements in all cats except cat 5.

Comparisons of the means and expected ranges of
microsphere counts at the 95% confidence level?° dem-

Normal Atrophic

Cat

no. r (%) ra (%) v (107%) (%) 2 (%) ¥ (1079 () atrophic/(y) normal
1 100.36 103.01 329 (50) 101.39 100.13 220* (75) 0.67
2 98.92 103.33 152 (43) 99.87 100.80 57* (40) 0.37
3 98.49 104.73 217 (53) 99.37 101.73 69* (56) 0.32
4 102.63 103.37 654 (71) 100.59 101.81 256* (31) 0.39
5 98.73 102.82 75 (54) 100.29 100.10 54 (52) 0.71

Mean 0.49 (0.18)

* P < 0.001 between the two optic nerves in each cat. Numbers in parentheses are standard deviations.
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onstrated that there was no overlap in the results ob-
tained from the optic nerve and retina of normal eyes
as compared to eyes with optic atrophy. Statistical
analysis of the means and standard deviations of these
counts demonstrated that there were significant differ-
ences between the number of microspheres present in
the anterior optic nerve and retina of eyes with optic
atrophy as compared to controls. Optic nerve micro-
sphere counts were reduced an average of 80% in optic
atrophy (P = 0.04). Microsphere counts in the neural
retina demonstrated that eyes with optic atrophy had
63% fewer microspheres than did controls (P = 0.02).

Discussion

This study demonstrates that there is a significant
decrease in blood flow in primary neurogenic optic
atrophy that is measurable by noninvasive techniques.
An approach for the analysis of laser Doppler mea-
surements obtained from capillary beds in the skin
has been previously described.'® This approach was uti-
lized in previous studies of anterior optic nerve blood
flow.2'-2® Using this approach, we have demonstrated
a significant decrease in the speed of red blood cells
through the capillaries of the anterior optic nerve in
primary neurogenic optic atrophy.

Optic disk reflectometry measurements were used
to estimate anterior optic nerve blood volume in vivo.
These results demonstrated a substantial decrease in
capillary blood volume induced by neurogenic optic
atrophy. As noted above, differences in scattering
properties of the tissues between the atrophic and nor-
mal optic disks will influence these measurements.
Thus, it could be argued that the presence of gliosis or
astrocyte proliferation surrounding the capillaries of
an atrophic optic nerve interferes with the incident and/
or scattered (reflected) light and results in artifactual
measurement of decreased blood volume which would
in turn result in the observation of decreased blood
flow.

Significant astrocyte proliferation in the monkey be-
gins at 6 wk* and is very noticeable in the cat by 8 wk>
after optic nerve transection. This progression in as-
trocyte proliferation did not appear to significantly alter
the laser Doppler measurements of red blood cell speed
in the cat examined at 1 and 3 mo after optic nerve
transection. This finding is consistent with the predic-
tions of the “wandering photon” model,'® where ran-
domness of incident and scattered light is not affected
by increases in the scattering properties of tissues sur-
rounding the anterior optic nerve capillaries. Theoret-
ically, increased tissue scattering would decrease the
value of v, since v is proportional to the ratio of frac-
tional blood volume and the scattering coefficient of
the tissue. An increase in tissue scattering could thus
result in an overestimation of the decrease in blood
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Table 3. Comparison of noninvasive and histologic
blood flow* determinations

Cat Non-invasive Microspheres
no. (atrophic/normal) (atrophic/normal)
1 0.51 0.44
2 0.12 —
3 0.10 0.08
4 0.15 0.16
5 043 0.13
Mean 0.26 (0.19) 0.20 (0.16)

* Flow was calculated for each cat using equation 10 and is expressed as the
ratio in the atrophic optic nerve over the normal optic nerve. Numbers in
parentheses are standard deviations.

flow as determined by noninvasive techniques. How-
ever, the results of the histologic microsphere distri-
bution studies support the results obtained by nonin-
vasive techniques.

Validation studies on the distribution of micro-
spheres in the cat have shown that the right and left
hemispheres of the brain obtain similar fractions of
microspheres, indicating even mixture and distribu-
tion.?* Physiologic studies have demonstrated that
9 + 1 um microspheres behave like erythrocytes.?’ An-
atomic studies showed that these microspheres lodge
in vessels with a mean diameter of 11.5 + 3.4 um in-
dicating their ability to perfuse terminal vessels and
not lodge at bifurcations, as can occur with larger mi-
crospheres.?® Furthermore, 9 + 1 um microspheres are
trapped in the lungs, eliminating any recirculation. The
microsphere technique has been successfully used to
study the effect of elevated intraocular pressure on ret-
inal and optic nerve blood flow in monkeys,?’ and the
effects of topical epinephrine and aphakia on ocular
blood flow, including the optic nerve.?® Nevertheless,
a variety of systemic factors, including depth of anes-
thesia, systemic blood pressure, and cardiac output can
affect the distribution of microspheres. Without mon-
itoring these variables, one cannot use the results to
derive absolute measurements of blood flow. This ap-
proach can, however, be used to accurately determine
relative changes in blood flow. Because each cat in this
study had a normal eye that underwent a sham pro-
cedure without optic nerve transection, any difference
between the two eyes is significant since the same sys-
temic factors affect both eyes of each cat. Thus, it is
reasonable to conclude that the results obtained by laser
Doppler techniques are not attributable to artifact, and
that the changes observed by reflectometry could only
partially be the result of increased scattering.

The finding that primary neurogenic optic atrophy
induces a decrease in blood flow to the anterior optic
nerve in vivo is consistent with the histologic findings
of Quigley, that there is a decrease in the total number
of capillaries in the anterior optic nerve and a 27%
decrease in the cross-sectional area of the remaining



1422

capillaries.® The finding that optic atrophy induces a
decrease in blood flow to the neural retina agrees with
the observations of Frisen.? Studying the changes in
arteriolar diameter caused by descending optic atrophy,
Frisen predicted that retinal blood flow would be de-
creased by 67%. This is supported by our finding of a
63% decrease in blood flow to the neural retina as de-
termined by microsphere studies.

The noninvasive techniques used in this study were
able to detect the substantial decrease in blood flow to
the anterior optic nerve in vivo. The comparison be-
tween these noninvasive techniques and microsphere
distribution appears to validate the accuracy of the
noninvasive techniques in measuring flow. Further
studies are needed to confirm these findings using
techniques that are superior to microsphere distribution
in assessing actual optic nerve tissue perfusion.3-** The
refinement of these noninvasive techniques may pro-
vide a means of detecting early optic nerve fiber loss
and enable therapeutic intervention prior to irreversible
visual loss in such diseases as glaucoma.

Key words: optic nerve, optic atrophy, blood flow, laser
Doppler, reflectometry, microspheres
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