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Optic Nerve Head Blood Speed as a Function
of Age in Normal Human Subjects

Joseph F. Rizzo, III,* Gilbert T. Feke,f Douglas G. Goger,t Hironobu Ogasawara,t and John J. Weiterf

We used the laser Doppler technique to determine the relation between age and the speed of blood cells
moving through the capillaries of the optic nerve head. We studied 22 normal human volunteers
ranging in age from 16-76 years. The results were best described by a statistically significant quadratic
relationship between capillary blood speed and age. Blood speeds were lowest in the youngest and
oldest subjects and highest in subjects between 27 and 35 years old. A two-phase linear model showed a
statistically significant 20% decrease in blood speed in volunteers between the ages of 31 and 76. The
results were not affected by gender, degree of refractive error, systemic blood pressure, intraocular
pressure, cup/disc ratio of the optic nerve head, or by site-to-site differences in the light scattering
properties of the optic nerve head tissue. Capillary blood speed was, on average, 15% greater from
temporal sites than from nasal sites, corresponding to the equally greater distribution of ganglion cell
axons within the same area. The results provide a baseline of normal age-controlled data that can be
compared to measurements obtained from patients with disorders of the optic nerve head thought to
have a vascular etiology. Invest Ophthalmol Vis Sci 32:3263-3272,1991

Anatomical changes of the human optic nerve asso-
ciated with aging have been previously described.1"4

However, no studies have examined age-related physi-
ological changes specifically related to the optic nerve
head.

The optic nerve head is hypothesized to be an im-
portant site of damage in a number of diseases. In
particular, for chronic open angle glaucoma5"10 and
ischemic optic neuropathy,' °~'7 there is compelling ev-
idence that the neural damage is at least partially re-
lated to the anatomy of the optic nerve head. Evaluat-
ing the circulatory physiology of the normal optic
nerve head—which receives its blood supply primar-
ily from the posterior ciliary circulation, with a small
contribution from retinal arterioles to the superficial
nerve fiber layer1012-18"24—should be useful for under-
standing diseases related to this area.
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The application of laser Doppler velocimetry to
studies of the optic nerve head circulation was first
proposed by Riva et al.25 In conjunction with the theo-
retical method of Stern and Lappe,26 this technique
has been used to characterize the speed of red blood
cells flowing in the capillaries of the optic nerve head
in response to acute increases of intraocular pres-
sure27 and in studies of experimental28 and clinical29

optic atrophy. In this study, we sought to determine
the effect of age on the circulation within the optic
nerve head in normal human volunteers using the
laser Doppler technique. This data could be useful in
understanding the dynamics that underlie vascular
disorders of the optic nerve head.

Materials and Methods

Subjects

Volunteers without a known history of ocular prob-
lems, other than refractive error, were solicited for the
study. Those with a history of systemic hypertension,
diabetes, glaucoma, amblyopia, stroke, transient cere-
bral attack, or transient visual loss were excluded. In-
formed consent was obtained from each subject. Each
subject underwent a neuro-ophthalmological screen-
ing examination performed by one of us (JFR). The
examination included a measurement of Snellen
acuity at distance, color vision (Ishihara), intraocular
pressure by applanation tonometry, systemic blood
pressure, refractive error of each eye, as well as visual
field testing with the Goldmann perimeter, assess-
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ment of pupillary function, and auscultation of the
carotid arteries. Each subject also received a dilated
funduscopic examination, and high magnification
color photographs were taken of both optic nerves to
determine cup/disc ratios. Subjects were subse-
quently excluded if there were findings of carotid
bruit, macular degeneration or other retinopathy, op-
tic neuropathy, or greater than minimal cataract.

Laser Doppler measurements were obtained from
22 of 29 subjects who met the inclusion criteria. The
seven subjects from whom measurements could not
be obtained (ranging in age from 24 to 73 years) were
unable to maintain adequate target fixation.

Six males and sixteen females between the ages of
16 and 76 years were studied. Females and males were
distributed across age groups as follows: 16-22 years:
5 females/1 male; 27-35 years: 4/2; 50-59 years: 3/0;
67-76 years: 4/3). Blood pressures ranged from 100/
60 to 155/88 mmHg. The remaining subject charac-
teristics are summarized in Table 1.

Laser Doppler Technique

Our method of applying the laser Doppler tech-
nique to the measurement of red blood cell speed in
the capillaries of the optic nerve head has been previ-
ously published.2829 When a region of optic nerve
head tissue is illuminated by laser light, the frequency
shift spectrum, S(Af), of the scattered light is broad-
ened in direct proportion to the speed of the red blood
cells flowing through the capillaries. Because the vol-
ume fraction of blood in the tissue of the optic nerve
head is small, approximately 2%,30 most of the light
collected from the point of the illumination is scat-
tered by nonvascular tissue. With our method, S(Af)
is detected by heterodyne mixing of the Doppler-
shifted light scattered by red blood cells with the light
scattered by tissue.

It should be noted that there are a number of im-
portant differences between our method and the
method that has become known as laser Doppler
blood flowmetry.31 In laser Doppler blood flowmetry,
scattered light is collected from a region adjacent to
the point of illumination so all of the collected light
has been Doppler-shifted by red blood cells. Under
these conditions, the scattered light contains informa-
tion on the number and speed of red blood cells.

Table 1. Subject characteristics

OD OS

Intraocular pressure* (mmHg) 17 ± 4 17 ± 4
Cup/disc ratio* 0.32 ±0.13 0.29 ±0.15
Refractive error* (diopters) -0.05 ± 1.2 -0.05 ± 1.3

* Mean ± standard deviation.

Thus, in principle, a measure of blood flow is ob-
tained. However, site-to-site variations in the light
scattering properties of the tissue may affect the flow-
meter output, preventing measurements from differ-
ent tissues or different sites within a tissue from being
reliably compared.32 With our heterodyne detection
scheme, we cannot extract information on the num-
ber of red blood cells in the illuminated tissue. How-
ever, we can, as described below, reliably compare
measurements of Doppler broadening, which is di-
rectly proportional to red blood cell speed, from one
site to another and from one subject to another.

A theory predicting the shape of S(Af) under our
heterodyne detection conditions was developed by
Stern and Lappe.26 In their model, incident laser light
diffuses through the tissue, becoming randomly scat-
tered by nonvascular elements. Scattering by nonvas-
cular tissue does not produce frequency shifts. Fre-
quency shifts are produced only by red blood cell mo-
tion with respect to the tissue. Under these
conditions, S(Af) is composed of a series of spectral
components. The first-order component arising from
single scattering dominates the total spectrum at low
frequencies. This first-order single scattering compo-
nent varies as the negative logarithm of Af:—log(Af).
Furthermore, this logarithmic variation occurs for
any speed distribution that may exist. Higher order
components arising from multiple scattering merge
into a low amplitude, high frequency "tail" that gradu-
ally approaches zero amplitude.

The low frequency portion of S(Af) can be ex-
pressed as:

S(Af) = - K log(Af/«)

where K is a measure of the spectrum's amplitude,
and the frequency a is a measure of the spectrum's
broadening.

Our data acquisition and analysis procedures were
designed to minimize the effects of tissue scattering
and tissue motion on our Doppler broadening mea-
surements. During data acquisition, volunteers were
positioned in front of a fundus camera apparatus
equipped with a helium-neon laser light source (X
= 633 nm) and a photomultiplier (PMT) detector as-
sembly that collected light scattered from the optic
nerve head in a region free of surface vessels. Examina-
tion under red-free light enabled identification of ves-
sels on the nerve head surface. Such vessels were
avoided to ensure that measurements were obtained
exclusively from regions of nerve head perfused by
capillaries. Measurement sites were approximately
180 nm in diameter and were generally located mid-
way between the periphery and center of the nerve
(Fig. 1).
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Fig. 1. Photograph of optic nerve head. Arrows depict representa-
tive sites from which laser Doppler measurements were obtained.

The PMT signal was recorded on a Honeywell 5600
C Recorder/Reproducer (Honeywell Test Instru-
ments Division, Denver, CO) for approximately 1
minute at each measurement site. The signal also was
channeled through a loudspeaker. The audio signal
generated by nerve head tissue was easily distin-
guished from that generated by an individual vessel,
and therefore helped maintain the position of the in-
cident beam on optic nerve tissue free of surface ves-
sels.

For data analysis, the portion of the tape recorded
during optimal conditions of eye stability, incident
beam alignment, and detector alignment was identi-
fied as that portion exhibiting the least fluctuation in
the mean photocurrent, which is a measure of the tis-
sue scattering intensity. The frequency spectrum
[S(Af)] of the photocurrent then was obtained using a
Wavetek 5809 digital spectrum analyzer (Wavetek
Rockland Scientific, Inc., Rockleigh, NJ). Spectra
were obtained using a 5 kHz full-scale range with an
averaging time of 5.12 seconds and were displayed on
an Electrohome video monitor (Electrohome Lim-
ited, Kitchener, Ontario, Canada). The spectrum ana-
lyzer was interfaced to a Hewlett-Packard HP 9816S
computer (Hewlett-Packard, San Diego, CA) pro-
grammed with an algorithm that determined the opti-
mal logarithmic fit to the low frequency portion of the
measured spectrum. Data between 100 and 500 Hz
were used for this fitting procedure. The computer
then determined the Doppler broadening parameter,
a, which was defined as the frequency at which the
logarithmic fit intersected the abscissa. The spectrum

and the logarithmic fit were then plotted by a Hewlett
Packard HP 7470a digital graphics plotter (Fig. 2).

Examination of the frequency shift spectrum
shown in Figure 2 reveals the characteristics predicted
by the model described above. In particular, the first-
order component obeys the predicted logarithmic
variation indicative of single scattering. The spectrum
deviates from the predicted logarithmic shape at fre-
quencies above approximately 800 Hz. This deviation
is due to the effects of multiple scattering. An increase
in tissue scattering would increase the probability of
multiple scattering, thus broadening the high fre-
quency "tail." However, such an increase in tissue
scattering would not affect the width of the first-order,
single scattering component of the spectrum, but
would increase only the amplitude of the spectrum.

Restricting the data window for curve fitting to the
interval 100 to 500 Hz, as we have done, minimized
the effects of tissue scattering on the Doppler broaden-
ing parameter, allowing reliable site-to-site and sub-
ject-to-subject comparison. As shown below, the
Doppler broadenings measured in this study were in-
dependent of the tissue scattering intensities that var-
ied considerably from site to site. A similar finding
was previously described by us in an experimental
study of the effects of optic atrophy on optic nerve
head circulation.28 In that study, the laser Doppler
findings were substantiated by histologic evaluation
of microsphere distribution.

S[Af]

'1093
00 8:00

5000

Doppler Broadening (Hz)

Fig. 2. A Doppler broadened frequency shift spectrum measured
from the infero-temporal region of the optic nerve head of a 59-
year-old female subject. The smooth curve is the computer fit to the
low frequency portion of the spectrum. In this example, the
Doppler broadening parameter, a, which is directly proportional to
the capillary blood speed, is 1093 Hz,
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The effects of tissue motion on our Doppler
broadening measurements also were minimized by re-
stricting the data window for curve fitting to the inter-
val 100 to 500 Hz. As described by Riva et al,27-33 eye
movements produce marked increases in spectral
power at frequencies below approximately 50 Hz. By
conservatively beginning our curve fitting at 100 Hz,
we expect that artifacts related to eye movement were
minimized.

Laser Doppler measurements were obtained from
up to four sites on the optic nerve head in both eyes of
each subject. Five separate Doppler broadened fre-
quency spectra were obtained from the signals re-
corded at each site. The Doppler broadening parame-
ter a for a particular site was obtained by averaging
the five separate a values.

Statistical Methods

While the primary goal of the study was to deter-
mine the relationship between Doppler broadening
and age, the relationship between Doppler broaden-
ing and other characteristics of the subjects also was
examined. These included subject-level characteris-
tics (sex and mean blood pressure); eye-level charac-
teristics (OD or OS, intraocular pressure, cup/disc ra-
tio, and refractive error); and measurement site-level
characteristics (temporal or nasal, and superior or infe-
rior regions of the nerve head).

The relationship of Doppler broadening to the
various subject, eye, and site-level characteristics ini-
tially was examined separately for each characteristic.
Subject-level characteristics were evaluated by com-
puting mean Doppler broadening by averaging all
measurement sites from both eyes of the 22 subjects.
A two-sample t-test was used to compare the mean
Doppler broadenings for males and females. A scat-
terplot was examined and a correlation coefficient
was computed to explore the relationship between
mean Doppler broadening and mean blood pressure.
To study the eye-level characteristics, mean Doppler
broadening taken by averaging the measurements in
each eye of each volunteer was computed. Mean
Doppler broadening for OD and OS were compared
using a paired t-test. The relationship between
Doppler broadening and intraocular pressure, cup/
disc ratio, and refractive error was examined sepa-
rately for OD and OS using scatterplots and correla-
tion coefficients. To examine the relationship be-
tween measurement site-level characteristics and
Doppler broadening, the mean Doppler broadenings
obtained from the same region of the optic nerve head
from both eyes (temporal vs. nasal, superior vs. infe-
rior) were compared using paired t-tests.

To examine the relationship between Doppler
broadening and age, we computed the mean Doppler
broadening per subject separately for temporal and
nasal sites by averaging the results from all temporal
and all nasal sites from both eyes of each subject. In
the subsequent correlation analysis, each mean was
weighted by the square root of the total number of
measurement sites per subject. A weighted quadratic
regression analysis and a weighted two-phase linear
regression analysis were used.

To confirm the findings of the univariate analyses
described above, we also examined the relationship
between Doppler broadening and aging with a multi-
ple regression model. We employed a model devel-
oped by Rosner34 for use with correlated data. This
was necessary because of the likelihood that multiple
measurements of Doppler broadening from the
various sites in a particular subject were correlated. If
this correlation had been ignored, and the data treated
as independent observations, there would have been
an artificial reduction in the standard errors of the
parameter estimates in the model. This would have
led to the possibility of erroneously concluding signifi-
cance of variables that were not significant. Rosner's
model accounts for the correlation between measure-
ments obtained from different sites in each subject by
incorporating these correlations into the calculation
of the standard errors of the regression coefficients.
Using this model, we computed regression coeffi-
cients for each variable. We then simplified the model
by removing variables that did not appear signifi-
cantly related to Doppler broadening. We verified
that groups of variables could be removed by examin-
ing the likelihoods of the original and simplified mod-
els (likelihoods are measures of the difference between
the observed data and the values predicted by the
model). A quadratic regression model and a two-
phase linear regression model were used.

Results

Doppler broadening was measured at 77 sites in 22
volunteers. The majority (64) were temporal sites.
Measurements were obtained from 46 sites in right
eyes and from 31 sites in left eyes. The average coeffi-
cient of variation of the 5 measurements at each of the
77 measurement sites was 8 ± 5% (mean ± standard
deviation).

Figure 3 shows the Doppler broadening measured
at each site plotted as a function of the tissue scatter-
ing intensity. As described above, the mean photo-
current measured at each site was used as a measure of
the scattering intensity. While there were substantial
differences in scattering intensity from site to site, no
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Fig. 3. Doppler broadening plotted as a function of tissue scatter-
ing intensity. No significant correlation was observed.

statistically significant correlation existed between
Doppler broadening and scattering intensity (r2

= 0.03). As discussed above, our measured Doppler
broadenings were not dependent oh tissue scattering
intensities, permitting reliable site-to-site and subject-
to-subject comparisons.

Subject-level Characteristics

The mean Doppler broadening was computed for
each subject by averaging all measurement sites from
each eye. For the six males, the average mean
Doppler-broadening was 778 Hz (SD, 131 Hz). For
the 16 females, the average was 837 Hz (SD, 111 Hz).
The two-sample t-test for the difference between
males and females was not significant.

Mean blood pressure was computed as diastolic
blood pressure +V3[(systolic - diastolic blood pres-
sure)]. This information was available for 11 of the 22
subjects. A scatterplot of mean blood pressure versus
mean Doppler broadening for these 17 subjects
showed no discernible pattern, and the correlation co-
efficient (r = 0.26) was not significant.

Eye-level Characteristics

The mean Doppier broadening was computed for
each eye of each subject by averaging all measure-
ment sites. Twenty-one volunteers had OD sites mea-
sured; the average of the mean Doppler broadening
was 829 Hz (SD, 133 Hz). Sixteen volunteers had OS
sites measured; the average of the mean Doppler

broadening was 815 Hz (SD, 130 Hz). Fifteen volun-
teers had measurements taken from OD and OS. A
strong linear correlation existed between mean
Doppler broadening in OD and OS (r = 0.55; P
= 0.03) of the same subjects (Fig. 4). The paired t-test
comparing mean OD and OS values in the same sub-
jects did not show a significant difference. Based on
these results, Doppler broadening in a given subject
did not depend on whether measurements were ob-
tained from OD or OS.

There were no statistically significant correlations
between mean Doppler broadening and cup/disc ra-
tio or refractive error in either eye. There was a statis-
tically significant correlation between mean Doppler
broadening and intraocular pressure in left eyes (r
= -0149, P = 0.05). However, this correlation was not
present in right eyes (r = -0.08, P - 0.73). Scatter-
plots of mean Doppler broadening as a function of the
cup/disc ratio are shown in Fig. 5.

Measurement of Site-level Characteristics

All 22 volunteers had Doppler broadening measure-
ments from at least one temporal site, and nine had
measurements from at least one nasal site. The aver-
age of the mean Doppler broadening from temporal
sites in the 22 volunteers was 837 Hz (SD, 121 Hz),
compared to an average of 731 Hz (SD, 114 Hz) mea-
sured at nasal sites. The paired t-test based on mea-
surements from the nine volunteers having nasal and
temporal measurements was highly significant (P
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Fig. 4. Comparison of mean Doppler broadening measured in
right and left eyes of the same subjects. Shown is the identity line
representing measurements of equal magnitude in both eyes.
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Fig. 5. Mean Doppler broadening plotted as a function of cup/
disc ratio in right (a) and left (b) eyes. No significant correlation was
observed.

= 0.0013). On average, Doppler broadening mea-
sured from temporal sites was 15 ± 10% greater than
that measured from nasal sites in these subjects. Inter-
estingly, in these subjects, the tissue scattering inten-
sity was, on average, only 1% greater from temporal
sites than from nasal sites, further demonstrating the
independence of Doppler broadening and tissue scat-
tering intensity.

Twenty-one volunteers had at least one superior,
and 20 had at least one inferior site measured. The
average mean Doppler broadening value for superior

sites was 807 Hz (SD = 150 Hz) and the average for
inferior sites was 835 Hz (SD =141 Hz). The paired
t-test based on the 19 volunteers having superior and
inferior sites measured was not significant.

Effect of Age

The results presented so far indicated that the rela-
tionship between Doppler broadening and age might
be influenced by whether the measurement sites were
located temporally or nasally. Therefore, as described
above, the mean Doppler broadening per subject was
computed separately for temporal and nasal sites, and
a weighted correlation analysis was performed to ac-
count for differences in the number of measurement
sites per subject. Figure 6 shows the mean Doppler
broadening for temporal sites for each subject plotted
as a function of age. The data exhibited bimodal be-
havior, suggesting the use of a quadratic fit. The
weighted quadratic regression fit shown in the figure
was statistically significant (R2 = 0.36, P = 0.01). The
mean Doppler broadening for nasal sites for each sub-
ject, plotted as a function of age, exhibited similar
behavior. However, the weighted quadratic regression
fit was not statistically significant (R2 = 0.54, P =
0.10) because only nine subjects had nasal sites mea-
sured.

To confirm the findings of the univariate analysis,
we used a multivariate analysis to account for the pos-
sible influence of the subject-, eye-, and measurement
site-level characteristics on the curve of Doppler
broadening as a function of age. In this analysis, the
Doppler broadenings at each of the 77 measurement
sites were used, and correlations between measure-
ments obtained from different sites in each subject
were accounted for as described above.

1400
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Fig. 6. Mean Doppler broadening for temporal sites for each sub-
ject plotted as a function of the subject's age. Solid line shows the
statistically significant (R2 = 0.36, P = 0.01) weighted quadratic
regression fit to the data. Dashed lines represent the upper and
lower 95% confidence interval bounds about the fit.
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To simplify the multivariate analysis, intraocular
pressure and cup/disc ratio were treated as subject-
level characteristics by using the mean of the OD and
OS values because these characteristics were highly
correlated between the two eyes (the correlation coeffi-
cient for intraocular pressure in OD and OS of the
same subjects was r = 0.87; P = 0.0001). The effect of
mean blood pressure was excluded from the analysis
because measurements were available only in 17 subr
jects. Furthermore, as presented above, Dbppler
broadening was not correlated with blood pressure.
Similarly, the effect of refractive error was excluded
from the analysis because measurements were avail-
able only in 19 subjects, and Doppler broadening was
not correlated with refractive error.

The results of the multivariate quadratic regression
model are presented in Table 2. The removal of sex,
intraocular pressure, cup/disc ratio, and superior/in-
ferior measurement site from this model resulted in a
nonsignificant decrease in the likelihood. The simpli-
fied model is presented in Table 3 and shows the effect
of the only two significant variables: age and whether
the measurement site was temporal or nasal. In the
multivariate analysis, the correlation between
Doppler broadening and intraocular pressure sug-
gested by the univariate analysis was no longer pres-
ent. Clearly, from the multivariate and univariate
analyses, the only information about a measurement
site that was significantly related to Doppler broaden-
ing was whether the site was temporal or nasal.
Whether the site was superior or inferior had little or
no effect on Doppler broadening.

As an alternative to the quadratic regression model
of Doppler broadening as a function of age, we model-
led the measurements by a two-phase linear regres-
sion. The two-phase model was examined based on
various cut-points between 21 and 35 years of age.
The primary criterion for selecting the cut-point was
to optimize the total likelihood. This was achieved
using 30 years as a cut-point. The results of the opti-
mal two-phase modei are shown in Table 4. As with

Table 2. Results of multivariate quadratic regression
model (dependent variable: Doppler broadening)

Table 3. Results of simplified multivariate quadratic
regression model (dependent variable:
Doppler broadening)

Independent
variable

Constant
Age
Age-squared
Female/male
Intraocular pressure
Cup/disc
Superior/inferior
Temporal/nasal

Regression
coefficient

370.07
18.59
-0.20
54.25
-3.39
188.15

-22.20
107.58

Standard
error

155.44
5.44
0.06

45.23
5.35

154.87
27.96
38.98

P

0.0173
0.0006
0.0008
0.2304
0.5259
0.2244
0.4271
0.0058

Independent
variable

Regression
coefficient

Standard
error

Constant
Age
Age-squared
Temporal/nasal

361.06
20.87
-6.23
107.63

106.80
4.67
0.06

39.49

0.0007
0.0002
0.0003
0.0064

the quadratic model, there were only two significant
variables: age and whether the measurement site was
temporal or nasal. For ages <30 years, there were 32
measurement sites in eight subjects. For ages >30
years, there were 45 measurement sites in 14 subjects.

Figure 7 shows a plot of the mean Doppler broaden-
ing for temporal sites for ages >30 years. The
weighted linear regression fit shown in the figure was
statistically significant (r = 0.63, P = 0.015). In the age
range 31 to 76 years, there was a 20% decrease in
Doppler broadening. The weighted linear regression
fit to the plot of the mean Doppler broadening for
temporal sites for ages <30 years showed a 35% in-
crease in the age range 16 to 30 years. However, be-
cause there were only eight subjects in this age range,
the fit was not statistically significant (r = 0.67, P
= 0.07).

Discussion

This study demonstrates that Doppler broadening,
which is directly proportional to the speed of red
blood cells flowing in the capillaries of the optic nerve
head, varies significantly with age. The technique pro-
vided reproducible results with a coefficient of varia-
tion of 8 ± 5%, a percentage that is considerably less
than the age-related variation found between the ex-
tremes of the results measured in the study. As de-
scribed above, the method of application of the laser
Doppler technique used in this study minimized the
confounding effects of eye movements and differ-
ences in tissue scattering properties on the measured
results. In particular, because the measured Doppler
broadenings were independent of tissue scattering in-
tensity over a wide range of intensities, reliable site-to-
site and subject-to-subject comparisons could be
made with some assurance that changes in Doppier
broadening mirrored changes in capillary blood
speed.

The primate optic nerve head blood supply is de-
rived almost exclusively from the posterior ciliary ar-
teries.10-12'18"24 Retinal arterioles also contribute to the
perfusion of the superficial nerve fiber layer of the
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Table 4. Results of simplified multivariate two-phase linear regression model
(dependent variable: Doppler broadening)

Independent
variable

Constant
Age
Temporal/nasal

Regression
coefficient

331.56
18.29
88.61

Age <, 30 years

Standard
error

123.59
6.30

•43.25

P

0.007
0.007
0.042

Regression
coefficient

1040.37
-4.73
107.70

Age > 30 years

Standard
error

99.39
1.43

63.26

P

0.000
0.001
0.089

optic nerve head. However, retinal artenole perfusion
is thought to be less significant over the temporal
aspect of the nerve head because the capillaries in this
region often are derived from the posterior ciliary cir-
culation. The portion of nerve head sampled by our
technique extends to a depth well below the surface
nerve fiber layer. Studies in a variety of tissues35 have
indicated that the usual metric of penetration depth,
the 1/e fraction of the incident intensity, is approxi-
mately one millimeter for the 633 nm wavelength
used in this study. Therefore, the circulatory changes
measured by our technique occur primarily in the
portion of the nerve head supplied by the posterior
ciliary arteries.

Disruption of the blood flow to the optic nerve head
is thought to contribute to the onset of anterior isch-
emic optic neuropathy (AION),10'11"13'18 a relatively
common cause of visual loss in adults.1336"38 Unfortu-
nately, the visual loss is usually permanent or shows
only modest improvement. Approximately 33% of pa-
tients who experience AION in one eye will experi-
ence involvement in the second eye. Currently, there
is no generally accepted treatment for this disease,
and the lack of a good understanding of the etiology
has hampered attempts to develop therapies.39

Age (years)

Fig. 7. Mean Doppler broadening for temporal sites for subjects
> 30 years of age plotted as a function of the subject's age. Solid line
shows the statistically significant (r = 0.63, P = 0.015) weighted
linear regression fit to the data. Dashed lines represent the upper
and lower 95% confidence interval bounds about the fit.

Chronic open-angle glaucoma and low-tension glau-
coma are other diseases of the optic nerve head
for which a vascular etiology has been pro-
posed.10'18:20-40-41

The changes in capillary blood speed inferred from
our measurements would indicate concomitant
changes in capillary blood flow under certain circum-
stances. If it is assumed that optic nerve head capillar-
ies do not dilate with age and that there is not an
age-related increase in the number of capillaries, our
results indicate a reduction in optic nerve head blood
flow with age. In addition, if it is assumed there is
narrowing or reduction in the number of optic nerve
head capillaries with age, the decrease in optic nerve
head blood flow would be even greater than the de-
crease in blood speed measured by our technique.

The reasons and mechanisms underlying the pre-
sumed reduction in blood flow to the optic nerve head
with age are not known. Factors we have considered
include: reduced metabolic requirements of the inner
retina resulting from age-related attrition of ganglion
cells, local alteration in the choroidal blood vessels,
reduction concomitant with a decrease in cerebral
blood flow, rheological changes, stenosis of carotid
arteries, and reduced cardiac output.

Recent publications suggest the age-related loss of
retinal ganglion cells is not dramatic and may not be
significant given the variability in retinal neuronal
numbers between normal individuals.2"4'42 The
amount of age-related depletion in the number of op-
tic nerve axons is controversial, however. Balazsi et
al2 reported a much higher age-related attrition of
axons, approximately 5600 fibers per year. Assuming
Balazsi's mean counts of optic nerve axons and stated
rate of attrition, there would be a 23% loss of axons
from 31 to 75 years of age. This corresponds remark-
ably well to the 20% decline in blood speed we ob-
served over the same age range. Interestingly, our re-
sults also are consistent with the age-related decrease
in cerebral blood flow reported by other investigators,
who found a 29% decline in cerebral gray matter
blood flow between the third and eighth decades.43

Our study did not address the potential effect of-
carotid stenosis, other than to eliminate any volunteer
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who had carotid bruits, a history of neurological
events, or diseases that are highly associated with ath-
erosclerosis. The potential confounding effect of ca-
rotid stenosis could only be conclusively determined
by comparing the results of carotid angiography to the
laser Doppler results. Change in resting cardiac out-
put from the fourth to the eighth decade is only slight
and is therefore not an important consideration.44 It is
likely that the age-related change in optic nerve blood
flow we observed is the result of many interrelated
factors that may be local and systemic.

The observed increase in optic nerve head blood
speed from the second to the fourth decades was inter-
esting and puzzling. This unexpected finding could be
related to an unrecognized difference in the anatomy
of the optic nerve head of younger persons. To this
point, Morrison et al4 recently described the age-effect
upon axonal number and neural area in the optic
nerve head of the rhesus monkey. The plot of age
versus neural area in that report shows a remarkable
similarity to our plots of age versus Doppler broaden-
ing. In particular, the increase in neural area in the
younger monkeys (corresponding to a human age
range of approximately 4 to 32 years) parallels our
finding of an increase in capillary blood speed in our
patients aged 16-30 years. The increase in neural area
in the monkeys was thought to be the result of an
increase in volume of myelin, glia, and connective
tissue. If a similar timetable for maturational change
occurs in humans,1 the increase in blood speed we
observed might be related to changes in the volume of
myelin. In support of this, a 20% increase in white
matter cerebral blood flow has been reported for nor-
mal humans between 18 and 29 years.43 Intuitively, it
might seem unlikely that maturational changes would
still be occurring by the end of the second decade, but
myelinogenesis within the afferent visual pathway is
known to continue into adulthood in some mam-
mals.45"47

A regional variation in optic nerve head blood
speed was observed. On average, the temporal region
displayed a 15% greater speed than the nasal region.
This difference simply may be the result of the larger
number of nerve fibers on the temporal side of the
primate optic nerve head.48 There was no statistically
significant difference in blood speed between the supe-
rior and inferior regions of the nerve head. Indeed,
there is little difference in the number of nerve fibers
between these regions.48

We did not observe a consistent relationship be-
tween capillary blood speed and intraocular pressure,
refractive error, systemic blood pressure, right/left
eye, gender, or cup/disc ratio. This latter finding is
especially interesting because a small cup/disc ratio is
thought to be a predisposing factor for AION.15"17

In summary, we observed a statistically significant
age-related change in Doppler broadening, which is
directly proportional to optic nerve head capillary
blood speed. Regional differences in Doppler broaden-
ing corresponded to regional differences in the density
of axons across the optic nerve head. This study pro-
vides a baseline of normal age-controlled data that
can be compared to similar measurements taken from
patients with diseases of the optic nerve head that are
thought to have a vascular etiology.

Key words: optic nerve, laser Doppler technique, aging,
blood speed, blood flow, capillary perfusion
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