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Abstract: Anterior optic nerve blood flow was studied in nine patients with
unilateral neurogenic optic atrophy using noninvasive techniques. Disk reflec-
tometry measurements from temporal sites demonstrated a significant reduction
in the index of blood volume in atrophic optic nerves as compared with the
contralaleral optic nerves (P < 0.00001). Laser Doppler measurements from
the same temporal sites detected a significant reduction in the speed of blood
(P < 0.002). On average, blood volume was decreased by 49% -+ 11% and
blood speed by 30% + 17%. Combining the results of these two techniques
yielded a relative index of blood flow that showed a significant reduction in the
atrophic nerves (P < 0.0001), averaging 64% =+ 14% temporally. Nasally there
was less reduction in blood flow. The results correlated well with clinical as-
sessment of the degree of optic nerve damage (p = 0.92, P < 0.002), This
study demonstrates that clinical neurogenic optic atrophy induces significant
reductions in overall anterior optic nerve blood flow that are detected by these
noninvasive techniques. [Key words: blood flow, laser Doppler, optic atrophy,
optic nerve, reflectornetry.] Ophthalmology 93:858-865, 1986

The paucity of knowledge about.the role of blood flow
abnormalities in optic nerve disorders is due in part to a
lack of noninvasive techniques for measuring anterior
optic nerve blood flow in vivo.

Disk pallor in optic atrophy was once thought to result
from decreased vascularity, but some recent studies, using
histologic and angiographic techniques, found no de-
creased vascularity in optic atrophy.!~> However, Quigley
and colleagues found an overall decrease in the number
of capillaries and a 27% decrease in the cross-sectional
area of remaining capillaries in experimental total neu-
rogenic optic atrophy.® The decrease in number of cap-
illaries was proportional to a decrease in nerve head sub-
stance, so that the number of vessels in relation to tissue
volume was unchanged from normal. These workers con-
cluded that there is a loss of capillaries in the anterior
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optic nerve that is secondary to nerve fiber loss. Thus, :
vivo assessment of anterior optic nerve blood flow cou
reflect not only the circulatory status but also the de,
of nerve fiber degeneration in the optic nerve. Furthe
more, on the basis of Quigley’s findings it is possible:
predict that any in vivo measure of overall anterior opt
nerve blood flow would show reductions in blood volum
as well as reduced bloed speed. i

We have reported previously on two noninvasive tec
niques for measuring anterior optic nerve blood floy
vivo and noted the importance of evaluating blood volu
and blood speed independently because each paramete
can be affected differently in disease.”® In an animal mq
of neurogenic optic atrophy, reflectometry technigu!
demonsirated a 51% decrease in estimated capillary bl
volume, and laser Doppler showed a 53% decrease
speed of blood flow.” The present study used thes
techniques to e¢valuate human anterior optic nerve bl_OﬁE_’
flow in vivo. The objective was to determine wheth
biood flow changes could be detected in clinical neurs
genic optic atrophy. The results are consistent with.
dictions based on Quigley’s morphologic studies apd \
our previous findings in experimental neurogenic
atrophy.5*
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Measurement sites were approximately 180 pm in di-
ameter, as determined by the fiberoptic entrance aperture
and the camera magnification. The photocurrent signal
from the detector was recorded continuously on a Honey-
well 5600 C Recorder/Reproducer for approximately |
minute. The mean value of the photocurrent, a measure
of the intensity of the scatiered light, was continuously
displayed on a strip chart recorder. The photocurrent sig-
nal 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 main-
taining the position of the incident beam only on anterior
optic nerve tissue during the measurement.

All data analysis was performed without prior knowl-
edge of the clinical diagnosis. For data analysis, the portion
of tape recorded during optimal conditions of eye stability,
incident beam alignment, and detector alignment was
identified as that portion exhibiting the least fluctuation
in the mean photocurrent. The frequency spectrum S(Af)
of the photocurrent was then obtained using a Federal
Scientific UA 500 ubiquitous real-time spectrum analyzer.
Spectra were obtained using a 5 kHz full-scale range with
an averaging time of 6.4 seconds. The results were re-
corded on an X-Y plotter. Amplitude and log frequency
data in the range 70 to 500 Hz at 25 Hz intervals were
entered into a computer for determination of «. All spectta
were fit either to the single logarithmic form predicted by
the theory or to the sum of two logarithmic curves. In the
latter case, an average value of « was determined as pre-
viously described.’ It has been shown previously that using
this approach for data acquisition and analysis there is
typically a £7% standard deviation about the mean for «
values determined from spectra obtained during successive
measurements from the same optic disk site.”

OPTIC DISK REFLECTOMETRY

Spectral reflectometry of the optic disk was used to es-

- timate in vivo the amount of blood present in the tissue

of the optic nerve head. The method consists of measuring
the reflectance RA of a discrete area of the optic disc at
three appropriate wavelengths Aq = 569 nm, A, = 559
nm, and A, = 585 nm. Reflectance ratios r; = RA;/R)
and 1, = Rhy/R) are calculated to eliminate the influence
of variations in the incident light intensity.

Theoretical considerations, which were given in detail
in a previous paper, show that the reflectance ratio can
be expressed by:

1 -v9K
hE[HBO -l @

where v is a measure for the amount of blood (cm), K,
is the known absorption coefficient of hemoglobin (1/cm),
and § is a wavelength-independent parameter.® The index
v is proportional to the volume fraction of blood in the
tissue and inversely proportional to the scattering coeffi-
cient of the tissue. The determination of v therefore does
not allow, a priori, differentiation between changes in

860

blood volume and changes in the scattering properties of:
the tissue. The term in square brackets is the reflectance:
ratio for the bloodless disk (v = 0), and accounts for the
spectral variation of the reflectance of the optic disk an
of the double transmission of light through the ocular:
media. '

Each reflectance ratio r; and r; can be related to y and.
B by equation (2), but with A = A, and A = A,. The un::
known index =y is solved, by elimination of 3, to give;

_ wiry— 1)1+ 1
Kofw-r — 1) — K;-w + K,

Y 3y

where W = (585 — 569/559 — 569), and K¢, K, and K,
the absorption coefficients at 569, 559, and 585 nm, re
spectively. Each absorption coefficient is the product o
the specific absorption coefficient (at a given oxygen sa
uration of the blood), and the hemoglobin concentra
tion.'* Oxygen saturation of blood was assumed to b
80% for all disks, and hemoglobin concentration to be !
g/100 ml. Under these assumptions, values K, = 23
cm™ K, =202 cm !, and K, = 153 cm™! were foun
and used in equation (3) to calculate . A change of 1
saturation from the assumed value (80%) causes an invers
change of 7% in +. This dependence affects measurement
on all disks such that the ratio of v for atrophic and norma
disks are not critically affected (less than 2%) if the bloo
oxygen saturation in both disks is the same. Changes
hemoglobin concentration also affect the v values, bu
not the ratio of -y values, as the hemoglobin concentratio]
of blood in both disks can be assumed to be the same

Data acquisition consists of reflectance measuremen
at the three wavelengths, from selected areas of the anterio
ontic disk. The Retinal Vessel Oximeter, operated in
reflectometry mode, is used for that purpose.'® The fun
was illuminated over an area of about 5° successively:a
three wavelengths (A = 569, | = 559, and A; = 585 nm)
and the light reflected from a 250 X 250 um area of th
optic disk was detected. Microcomputer control of th
instrument allows signal averaging, and the calculati
every 3 seconds of the intensity of the reflecied light sig;
at the three wavelengths and the reflectance ratios 1, ant
r;. Typically, about 20 such 3-second measurements wi
made and averaged for each optic disk site. Measurem
of light intensities reflected from a magnesium oxide:
flectance standard allows correction of the disk data
account for differences in illumination intensities and de
tection sensitivities at the three wavelengths. The averag
reflectance ratios r| and r; are then used to compute
index vy using equation (3). This parameter is express
in units of microns representing the thickness o
equivalent blood layer.

INDEX OF BLOOD FLOW

The two parameters v and « were combined intoz
index of blood flow

F=v-a

where v is the index of blood volume as measured“'
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Fig 1. Case 1. There is marked pallor of the temporal disk in the left eye (right). Severe temporal nerve fiber layer dropout is present with slits in the

nasal nerve fiber layer of the left eye.

Normal (OD)

- Atrophic (OS)

ST IT N ST

IT N

Fig 2. Disk reflectometry
measurements, case 1. All
data points measured at the
superotemporal (ST), infero-
temporal (IT), and nasal (N)
disk sites in the normal (right;
0D) and affected (left; OS)
cyes are shown. The six
groups of data points at the
bottom correspond to the ra-
tios of reflectances measured
at 559 nm/569 nm (r,), and
the six at the top to the ratios
at 585 nm/569 nm (r;). These
ratios, especially r,, were
lower at all three sites in the
eye with optic atrophy than
in the normal eye. The values
for v, the index of blood vol-
ume, calculated from these
data using equation (3), are
shown at the top.
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reflectometry, and « is the index of the speed of blood
flow as measured by laser Doppler. Equation 4 is valid
when used for comparisons of blood flow in the atrophic
optic nerve with the fellow eye, under the assumption
that changes in the scattering coefficient of atrophic optic
nerve tissue are small compared to the circulatory changes.

Time

RESULTS

One case is presented as an example of the results ob-
tained using the two techniques, and then the results for

the total population are given.
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Fig 3. Laser Doppler measurements, case 1. The Doppler-broadened

frequency shift spectra obtained from the superotemporal (ST), infero- -

temporal (IT}, and nasal {N) disk sites are shown for the normal (right;
OD) and affected (left; OS) eyes. The ordinate is amplitude in arbitrary
units. The specira were narrower at all sites in the affected eve than at
corresponding sites in the normal eye. The values for «, the index of
blood speed, are shown for each spectrum (arrows),

Case 1. A 17-year-old white male experienced two episodes
of decreased vision in the left eye over a period of eight months,
During the first episode, visual acuity decreased to 20/400;aCT
scan was normal. During the second episode, vision was wors-
ened by exercise or heat (positive UhtofF sign). Past medical and
ocular histories were negative,

On examination, visual acuity was 20/20 in the right eye and
20/25 in the left. The anterior segment was normal in both eyes
and intraocular pressure was 16 mmHg. There was an afferent
pupillary defect in the left eye. Color vision evaluation dem-
onstrated 75% red desaturation in the left eve on confrontation
testing, and the patient could identify only 2/8 Ishihara plates
with this eye. Goldmann visual field testing demonstrated a
temporal paracentral scotoma in the left eye. There was marked
pallor of the temporal disk and slight pallor of the nasal disk in
that eye (Fig 1). There was severe nerve fiber layer dropout on
the temporal side and slits in the nerve fiber layer on the nasal
side of the left disk (Fig 1). Fluorescein angiography demon-
strated normal filling of the disk and peripapillary choroidal
vasculature, .

362

2.0
Af (kHz)

Table 2. Reflectomeiry and Laser Doppler Results

Reflactometry v {um) Laser Doppler o (Hz)

Patient No. Normal Afrophic Normal Atrophic =
Temporal

1 12.3 5.4 1098 594

2 11.1 48 881 708

3 12.7 48 832 421

4 12.0 5.3 1230 715

5 1.4 6.4 926 552

B 16.5 8.8 745 666

7 10.4 5.7 839 818

8 15.3 .7 933 745

9 12.7 6.1 1148 661
Mean £ SD 127120 66+23 959+163 653+ 17

£ < 0.00001 P < 0402

Nasal

1 16.8 8.8 977 676

2 13.8 134

3 17.5 12.1 1023 666

4 11.6 10.2 572 545

5 14.4 11.8 733 708

6 14.5 10.5 938 813

7 105 12.7 832 663

B 177 16.9 943 726

9 11.6 11.9 751 552
Mean £ S0 14327 120+23 846+153 669+ B

P =006, NS P < 0.004

NS = not significant; SD = standard deviation. :

Temporal data are the averages of superotemporal and inferotempor:
results whenever both were available for an eye. Nasal data are the resulis.
of one set of measurements in each eye of all patients. Significance levels:
were determined using the parametric two-tailed paired t-fest. There we
ne statistically significant differences between temporal and nasal me:
surements in the narmal eyes.

Reflectometry and laser Doppler measurements were obiai
in the superotemporal, inferotemporal, and nasal regions of th
disk in each eye (Figs 2, 3). Compared with corresponding sites.
in the contralateral eye, the affected eye showed substantial Ie
ductions in both the index of blood volume + and the index of
speed & at all sites (Figs 2, 3). Whenever two temporal mea-
surements were available, as in this case, the results were average
into a single value for all subsequent data analysis.

TOTAL POPULATION

The results obtained from temporal and nasa
measurements in each optic nerve of all nine patients usiny
the two techniques are shown in Table 2. The perc
decreases in these results for the atrophic optic nerves a
compared with the corresponding sites in the contralater
eye of each patient are shown in Table 3. .

Temporal disk measurements with e¢ach technig
demonstrated decreases in 4 and « in the atrophic nerve
as compared with the contralateral nerve in each patien_t
In the unaffected eyes, reflectometry measurements e
sulted in a mean value for y of 12.7 + 2.0 um temporally.
This was quite close to the mean value obtained in anothe
study of 15 normal subjects where v = 12.5 + 2.7 yml

Table 3. Per
Biood Fiov
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Table 3. Percent Decrease in Blood Yolume (), Blood Speed («), and
Biood Flow (F) in the Atrophic Anterior Optic Nerves as Gompared
with the Contralateral Normal Optic Nerves

Volume Speed Flow
Patient No. (v {a) R
Temporal
1 56 46 76
2 5 20 65
3 62 49 81
4 56 42 74
5 43 44 66
6 47 11 52
7 45 3 47
8 24 20 39
9 52 42 72
Mean % SD 49 + 1 017 64 + 14
Nasal
1 48 3 64
2 3 — —
3 3 35 55
4 12 5 16
5 18 3 21
6 28 13 37
7 —20 20 4
8 ] 23 26
9 -2 26 24
Mean + 5D 13+ 20 20+ 12 N2

value for « in the atrophic nerves was significantly lower
than that in the normal nerves (P < 0.004). The average
decrease in « was 20 + 2%, which was not significantly
different from the temporal result (paired t-test, P = 0.12).
The blood flow index F in the atrophic nerves was sig-
nificantly lower than that for the normal nerves (£ < 0.02).
The average decrease in F was 31 * 20%, which was sig-
nificantly different from the temporal result (paired t-test,
P < 0.002).

The results of reflectometry and laser Doppler mea-
surements from temporal sites are compared to the clinical
index of disease severity (Table 1) in Figure 4. A statis-
tically significant correlation is seen between the clinical
assessment of optic nerve damage and both the blood
volume index (p = 0.73, P < 0.04), and the blood speed
index {p = 0.82, P < 0.02). The two techniques seemed
to differ in the pattern of correlation with severity of optic
nerve damage. Reflectometry results showed 40 to 50%
decreases in the index of blood volume (v} for grades 1
and 2 severity and exceeded 60% reduction in grade 4.
Laser Doppler showed a more graded correlation, with a
10 to 20% reduction in the blood speed index () for grades

1 and 2 and 40 to 50% for grades 3 and 4. The index of

blood flow F also correlated significantly with the severity
index {p = 0.92, P < 0.002). For the nasal sites, similar
analyses showed no significant correlations.

SD = standard deviation.
Percent decreases in v and « showed no statistically significant lingar
correlations with each other, for either the temporal or nasat data.

(unpublished data). The mean value for v in atrophic
optic nerves, 6.6 + 2.3 um, was significantly lower than
that in the contralateral normal nerves (P < 0.00001).
The average of the individual decreases was 49 + 11%, as
listed in Table 3.

Temporal laser Doppler measurements in the unaf-
fected eyes yielded a mean value for & = 959 163 Hz,
which compared favorably with the results of previous
studies in 20 eyes of 10 normal young subjects, where «
= 969 + 153.% The mean value for « in atrophic optic
nerves, 653 = 117 Hz, was significantly lower than that
in the contralateral normal nerves (P < 0.002). The av-
erage of the individual decreases as listed in Table 3 was
30% = 17%. '

When the data for v and « were combined into the
blood flow index F {using equation [4]), the mean value
of F in atrophic optic nerves was significantly lower than
that in the contralateral normal nerves (P < 0,0001). The
average decrease in this index of blood flow was 64 + 14%
(Table 3).

Nasal disk measurements did not, in general, reflect
the results obtained temporally. In particular, the mean
value of v in the atrophic optic nerves, although lower,
was not significantly different from the value in the con-
tralateral normal nerves (P = 0.06). The average decrease
in v was 13 + 20%, which was significantly different from
the temporal result (paired t-test, P < .001). The mean

DISCUSSION

The results reported herein demonstrate that reflec-
tometry and laser Doppler techniques are applicable to
the study of human optic nerve disease. The 64% decrease
in blood fiow through the temporal anterior optic nerve
microcirculation detected in clinical neurogenic optic
atrophy is in agreement with our previous findings in an
animal model.? In this animal study of experimental neu-
rogenic optic atrophy, histologic microsphere studies
confirmed the noninvasive findings of a decrease in an-
terior optic nerve blood flow. This suggests that changes
in tissue scattering as well as tissue loss due to atrophy
did not artifactually influence biood flow measurements
by the noninvasive techniques of reflectometry and laser
Doppler. In humans, the index of temporal anterior optic
nerve blood volume was found to be 49% lower than in
the contralateral optic nerves, consistent with the reduc-
tion in the overall number of capillaries demonstrated by
Quigley.® The index of temporal anterior optic nerve blood
speed was found to be 30% lower than controis, most
likely due to the decrease in the cross-sectional area of
the capillaries remaining in the atrophic optic nerve head
shown by Quigley.®

The volume changes detected temporally by reflectom-
etry were greater than the changes detected nasally, while
laser Doppler detected similar speed changes both tem-
porally and nasally. Overall blood flow was reduced to a
greater extent temporally, consistent with the clinical ob-
servation that in optic neuritis the temporal disk is usually
more severely affected than the nasal disk.'® This is sup-
ported by the histologic finding that following optic neu-
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ritis due to multiple sclerosis, optic atrophy involves pre-
dominantly the temporal portion of the optic nerve.'

The finding that in optic atrophy the speed of blood
nasally was not significantly different from temporally in-
dicates that even though the disease is most prominent
temporally, a generalized decrease in the speed of blood
flow occurs throughout the anterior optic nerve. The find-
ing that the blood volume index v is lower temporally
than nasally is probably due to the fact that there is greater
tissue loss temporally and thus a greater reduction in the
number of capillaries. It cannot be ruled out, however,
that scattering changes may be more prominent tempo-
rally. Thus, at the present time one must exercise caution
in attempting to draw conclusions concerning the exact
pathogenic mechanisms underlying the changes detected
by these techniques, Further studies must be performed
to evaluate the ways in which tissue scattering changes
induced by gliosis and loss of nerve fibers influence the
measurements. In addition, the use of two different wave-
length ranges by these two techniques may influence the
depth of penetration of incident light at the level of the
anterior optic nerve such that combining the results of
the two techniques into an index of blood flow may be
misleading. Nevertheless, the sensitivity of these tech-
nigues in detecting changes induced by clinical neurogenic
optic atrophy is readily apparent,

Although the case ranking by clinical severity of optic
nerve damage was based on relatively crude clinical as-
sessments, the results correlated remarkably well with the
blood flow measurements, The more severe cases of neu-
rogenic optic nerve damage had greater reductions in an-
terior optic nerve blood flow, suggesting that these mea-
surements could be helpful in providing an objective clin-
ical assessment of the degree of optic nerve fiber
degeneration. Further experimenta} and clinical investi-
gation correlating histologic optic nerve fiber counts and/
or more refined clinical assessment of optic nerve damage
with these noninvasive blood flow measurements in vivo
should establish whether this hypothesis is indeed true, 1t
is interesting to note, however, that in the most “severe”
cases (by clinical criteria) the temporal blood volume in-
dex () was reduced by 50 to 60%, whereas the speed
index (er) was reduced by 40 to 50% as compared with
controls, This finding is in close agreement with similar
measurements made in the animal model of total neu-
rogenic optic atrophy where v was reduced by 51% + 18%
and « was reduced by 53% + 20%.° This suggests that
blood flow reduction in severe clinical neurogenic optic
atrophy is approximately the same as that observed in
total neurogenic optic atrophy in the animal model. The
comparison of human blood flow measurements with the
clinical severity of disease (Fig 4) suggests that these tech-
nigues are sensitive to a broad range of disease severity,
including cases with minimal clinical manifestations.
Further investigations should identify whether these tech-
niques are able to detect minimal changes in blood flow
due to mild or early optic nerve fiber degeneration sec-
ondary to a variety of optic neuropathies.

These techniques seem to hold promise for providing
safe, objective, noninvasive clinical evaluation of the an-
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Fig 4. Comparison-of noninvasive blood flow measurements with the
clinical severity index. Percent decreases in v (index of blood volum(i_)
in « (index of blood speed), and in F (index of blood flow) measured
from temporal disk sites are shown as a function of the clinical seve
index. All three parameters correlated with the clinical severity of optit
nerve damage as shown by the Spearman rank correlation coefficients
{p) and the significances {p).
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terior optic nerve. This approach may allow earlier di-
agnosis of optic nerve damage in diseases such as glau-
coma, enabling earlier treatment and providing an objec-
tive means of monitoring the response to therapy.
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