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Abstract. A device that allows for the measurement of ocular fundus
pulsations at preselected axial positions of a subject’s eye is presented.
Unlike previously presented systems, which only allow for observa-
tion of the strongest reflecting retinal layer, our system enables the
measurement of fundus pulsations at a preselected ocular layer. For
this purpose the sample is illuminated by light of low temporal coher-
ence. The layer is then selected by positioning one mirror of a Mich-
elson interferometer according to the depth of the layer. The device
contains a length measurement system based on partial coherence
interferometry and a line scan charge-coupled device camera for re-
cording and online inspection of the fringe system. In-vivo measure-
ments in healthy humans are performed as proof of principle. The
algorithms used for enhancing the recorded images are briefly intro-
duced. The contrast of the observed interference pattern is evaluated
for different positions of the measurement mirror and at various dis-
tances from the front surface of the cornea. The applications of such a
system may be wide, including assessment of eye elongation during
myopia development and blood-flow-related changes in intraocular

volume. © 2009 Society  of  Photo-Optical  Instrumentation Engineers.
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1 Introduction

The measurement of fundus pulsations (i.e., distance varia-
tions between cornea and retina during the cardiac cycle) has
been used for the study of various ocular diseases, which are
associated with alterations in choroidal blood flow, such as
age-related macular degeneration, glaucoma, and diabetic re-
tinopathy, and for the study of the influence of several vaso-
active drugs on ocular blood circulation.'™ Choroidal blood
vessels are difficult to access because they are located behind
the outer retina. Different techniques were proposed to gain
insight into choroidal blood flow based on angiography,8 laser
Doppler ﬂowmetry,9 pneumotonometry,10 and color Doppler
imaging of the posterior ciliary arteries.'' We have introduced
fundus pulsation measurement based on a laser interferomet-
ric method. In previously presented systems, the eye is illu-
minated by a collimated laser beam of long coherence
length.'"* Part of the light is reflected at the front surface of
the cornea, another part at the fundus. Due to a phenomenon
called fundus pulsation, which is described in detail later, the
distance between the front surface of the cornea and the retina
changes with the heart cycle. These two reflected waves gen-
erate concentric circular interference fringes, which are im-
aged onto a linear charge-coupled device (CCD) array. The

Address all correspondence to: Leopold Schmetterer, Medical University of
Vienna, Center for Biomedical Engineering and Physics, Wahringer Strasse 13,
Vienna, 1090, Austria. Tel: 43-1404002981; Fax: 43-1404002998;
E-mail: leopold.schmetterer@meduniwien.ac.at

Journal of Biomedical Optics 054047-1

signal of the CCD array is recorded over time, resulting in a
so-called synthetic interferogram covering information on the
time course of changes in corneo-retinal distance. The maxi-
mum distance change during the cardiac cycle is called fun-
dus pulsation amplitude (FPA). The reflection from the poste-
rior segment most likely occurs from the retinal pigment
epithelium or Bruch’s membrane.” Only the interferogram re-
sulting from the strongest reflection of the posterior pole is
visible. Whereas other interferogram systems may also arise
from other retinal interfaces, they are not visible.

Based on this approach we have shown that the phenom-
enon of fundus pulsation results from the rhythmic filling of
the choroid during the cardiac cycle. During systole the blood
flow entering the eye exceeds the blood flow leaving the eye
through the ocular veins. Hence, the choroid engorges, asso-
ciated with a slight protrusion of the retinal structures toward
the cornea and an outward movement of the sclera due to an
increase in intraocular volume. Whereas the former can be
measured with laser interferometry, the latter cannot be quan-
tified by any means to date. Relying on a mathematical model
of the choroid, we were able to obtain realistic measures of
choroidal blood flow in humans based on FPA
measurements.'* The change in ocular volume during the car-
diac cycle is associated with a change in intraocular
pressure.10 We have shown that there is a high degree of cor-
relation between the pulse amplitude of this intraocular pres-
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Fig. 1 Schematic diagram of (a) the human eye with (b) the main layers in the posterior segment of the eye. AS is the anterior surface of the cornea.

sure change and the FPA in healthy young emmetropic
subjects.s’ls’16 In addition, we have shown that there is an
association between FPA and the pulsatile ocular blood flow
(POBF), as calculated from the time course of the intraocular
pressure changes.™'>'°

One problem with the calculation of POBF from laser in-
terferometric data is associated with the fact that distance
changes between the anterior surface of the cornea and the
submacular sclera cannot be measured.'* We introduce an ap-
proach called low-coherence tissue interferometry (LCTI),
which allows us to measure distance changes between the
cornea and preselected reflecting interfaces at the posterior
pole of the eye, such as different retinal and choroidal layers
in human subjects (see Fig. 1 for a schematic diagram), and
furthermore, scleral structures in animal experiments.

2 Principles of Low-Coherence Tissue
Interferometry

The use of short coherent light for imaging purposes has
gained wide application in ophthalmology. The measurement
of the eye length as well as the determination of intraocular
distances are based on partial coherence interferometry (PCI)
using light of high spatial coherence, but low temporal
coherence.'” " Applications of this technique in vivo have
been reported for measuring the length of the human eye.21’22
This technique forms the basis of the commercially available
IOL master (Zeiss, Jena, Germany) for the measurement of
axial eye length.

For illumination, a superluminescent diode (SLD) with
short coherence length [. is used. The beam is split by an
external Michelson interferometer with unequal arm lengths
into two components, which have a path difference equal to
twice the arm length difference of the interferometer. The two
beams illuminating the eye are reflected at the cornea and at
the various layers of the fundus. If one of the intraocular
distances equals (within [,) the path difference, the beams
reflected at the respective interfaces will interfere.

One of the mirrors of the Michelson interferometer is
mounted on a stepper motor and moved at a constant speed v.
The Doppler shift of the corresponding beam due to this
movement is fp=2v/\. Thus, the superposition of the two
beams is modulated by fp. The beams are focused onto a
photodetector [avalanche photodiode (APD)]. This signal is
amplified and filtered by a bandpass filter with a central fre-
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quency of fp. The envelope of the signal is recorded by a data
acquisition card (DAC) as a function of the position of the
stepper motor (which corresponds to the arm length difference
d of the Michelson interferometer), resulting in a curve called
an optical A-scan. From the positions of the signal peaks in an
A-scan, the respective optical intraocular distances can be ob-
tained directly. The resolution that can be achieved by this
technique is of the order of /.. For a Gaussian-shaped spec-
trum, the coherence length (in air) can be calculated by:

, _21n2>\_§
T om AN

(1)

where \q is the central wavelength and AN the full width at
half maximum (FWHM) bandwidth of the light source. The
advantage of the dual-beam PCI technique for the measure-
ment of eye length is the elimination of the effects of longi-
tudinal eye motions.' 2

The basic idea of LCTI is to combine the principles of PCI
and fundus pulsation measurement. In the previously pre-
sented approach to measure fundus pulsations,]3 the eye is
illuminated by a collimated laser beam of high coherence
length with a wavelength of 783 nm. The beam is reflected at
the front surface of the cornea and at the retina. The wave
originating from the front surface of the cornea is close to
spherical, while the wave reflected from the fundus is plane.
Therefore the two waves generate nonlocalized concentric cir-
cular interference fringes.5 The maximum contrast of the in-
terference pattern is approximately 30 to 40 mm in front of
the eye, depending on the test subject. A distance variation
between cornea and retina causes a change in interference
order AN(¢), which can be determined by counting the fringes
moving through a fixed point. The change in optical distance
AL(t) can then be calculated by AL(r)=AN(z) * \/2, allowing
for the calculation of the FPA.

The plane of maximum contrast is imaged by a lens onto a
linear CCD, which is positioned in the center of the interfer-
ence fringes. Each readout of the CCD array is captured by a
personal computer (PC) and plotted along the time axis, re-
sulting in a synthetic interferogram. By counting the fringes
moving inward and outward, the change of interference order
AN can be drawn as a function of time resulting in a
contraction-dilatation graph.
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Fig. 2 Optical setup: SLD, super luminescent diode; BSC, beamsplit-
ter cube; PBSC, polarizing beamsplitter cube; APD, avalanche photo
diode; and LCCD, linear CCD array. Depth ranging is provided by a
scanning mirror.

To allow for measurements of time-resolved distance
changes between the front surface of the cornea and prese-
lected retinal layers, the following approach is employed.
LCTI comprises a PCI system for the measurement of axial
eye length. In the detection arm, an additional beamsplitter is
introduced and part of the light is directed toward a CCD
array, whereas the other part of the light is directed toward the
APD for the measurement of intraocular distances. This al-
lows for real-time assessment of tissue pulsations as long as
the optical distances between the two interferometer arms and
the optical distance between the two ocular surfaces are
within the coherence length of the light source. Hence, the
corresponding layer is preselected by the position of the mir-
rors within the Michelson interferometer.

The measurement process comprises two steps. First, an
eye length measurement is performed on the test subject. The
peak positions (corresponding to intraocular layers) of the sig-
nal curve are determined automatically by a search algorithm,
and are displayed on the LabView front panel, starting with
the strongest reflecting layer. By selecting any of the peaks,
the stepper motor is driven to that position. In the second step,
the flip mirror is turned out of the optical path, and the plane
~30 mm in front of the eye is imaged onto the linear CCD
(LCCD) array. The signal from the LCCD is recorded by a PC
and displayed in the graphical programming interface Lab-
View. Since the relative movement between the retinal layers
and the cornea is smaller than the coherence length, time re-
solved recording is possible.

3 Method
3.1 Optical Setup

The optical setup is depicted in Fig. 2. As a light source we
use an SLD from Superlum, Russia, with a central wavelength
N\ of 840 nm and an FWHM bandwidth AN of 26.8 nm, re-
sulting in a coherence length /. of 11.6 wm (in air). The typi-
cal FPA, e.g., the maximum distance change between cornea
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and retina, is on the order of 2 to 6 wm, which is consider-
ably below the coherence length of the light source. Hence,
the changes in the interference pattern caused by ocular fun-
dus pulsation are visible as long as the stepper motor is in a
position corresponding to an intraocular layer of the subject’s
eye. The plane =30 mm in front of the cornea is imaged via
two lenses L1 and L2 onto the APD and the CCD camera
(f;=30 mm, f,=80 mm). By using this setup, L1 is posi-
tioned as close to the origin of the interference pattern as
possible, so that the losses due to the divergent corneal reflec-
tion are minimized.

For the length measurement, the stepper motor is moved at
a constant velocity v of 2.88 mm/s, resulting in a Doppler
shift f of 6840 Hz. The signal from the APD is filtered elec-
tronically by a bandpass filter with a central frequency match-
ing fp. After data acquisition, the signal is digitally filtered in
LabView. The sensitivity of the system for the length mea-
surement was measured to be 87 dB.

For the observation of fundus pulsations, we used a CCD
line camera (Sony ILX551, 2048 pixels, 14 X 14-um pixel
size, 8-bit resolution). Via a pellicle (8R/92T), a small part of
the light was guided onto a video camera. Once the subject
was correctly positioned—so that the interference fringes
could be observed on the video monitor—the signal was re-
corded with the linear CCD array operated at a line readout
rate of 300 to 700 Hz. For the online inspection of the fundus
pulsations in LabView, a background subtraction for the
elimination of internal reflections and static interference pat-
terns from the subject’s eye was performed. For the calcula-
tion of the background intensity, a moving average MA (m)
was calculated for each pixel position m using the recursive
formula

MA, (m) = I(m) + MAn_]\ll(m) -(N-1) ’ 2

where I(m) is the current intensity of the respective pixel. For
N, values between 500 and 700 have been chosen. The advan-
tage of this method is the effective removal of static and al-
most static background signals at a relatively low computa-
tional effort, leading to no significant delay in online
inspection.

3.2 Fringe Contrast

For calculation of fringe contrast, we assumed the radius of
curvature of the cornea as 7.8 mm, according to Gullstrand’s
eye model. Furthermore, we assumed the wave reflected at
the anterior corneal surface to be spherical, and the wave
reflected at the retina and refracted by the lens and the cornea
to be plane. For the following calculation, the distance from
the cornea was called d, (where z is the optical axis) with
d,=0 at the front surface of the cornea, and the distances from
the optical axis in x and y directions were called d, and d,,
respectively. The intensity / is then proportional to:

78 2
Bexp(ikr)| , (3)

1(d,d,,d,) = |Aexplikd,) +
’ r

with  r(d,.d,.d)=[d;+d,+(d,+0.0078)*]'"2 and k(\)
=27/N (A=840-10"° m). For computation of contrast at a
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Fig. 3 Contrast of the fringe system plotted against the distance from
the front surface of the cornea and for values of B/A from 3 to 6. A
and B are reflection coefficients of the retina and the cornea,
respectively.

certain position d,, we calculated the intensity at positions of
d, starting from —1 to 1 mm in steps of 10~ mm and deter-
mined the extremes /,,,, and /,;, of this function. The contrast
C is then calculated by:

C=Imax_1min (4)
Imax + Imin

We plotted C for values of d, from 0 to 60 mm and for
values of B/A (reflection coefficient of the cornea in relation
to the reflection coefficient of the retina) from 3 to 6 (Fig. 3).
The maximum values of C occurred at 15.6 mm (B/A=3),
234 mm (B/A=4), 31.2mm (B/A=5), and 39.0 mm
(B/A=6), respectively. Experimental results show the maxi-
mum contrast between 30 to 40 mm in front of the eye,13
which suggests a ratio B/A between 5 and 6. For validation of
this value, we calculated B/A using the formula for the re-
flection coefficient r for normal incidence r=(n;—n,)/(n,
+n,), where n; and n, are the refractive indices of the first
and second medium, respectively, and the refractive indices of
the tear film (n,=1.336—1.357%*), vitreous (n,=1.336"), and
retina (n,=1.4%"). We obtained values of B/A between 6.15

and 6.48, in good agreement with our calculations.
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Fig. 5 Fringe contrast of an artificial eye plotted against the position of
the measurement mirror.

When using light of short coherence length, one has to take
into account that the fringe contrast also strongly depends on
the path length difference of the two reflected beams. The
maximum contrast can be observed when this difference
matches exactly the optical length of the eye. To study the
situation of a slight mismatch in the path length, we observed
the interference pattern of an artificial eye for different posi-
tions of the stepper motor. This artificial eye consisted of a
lens (f=30 mm) representing the cornea and a Teflon disk
located in the focal plane of the lens representing the retina.
For this experiment, the stepper motor was positioned so that
the path length difference between the two interferometer
arms was 150 steps (37.5 um) smaller than the length of the
artificial eye. While observing the interference pattern and
measuring the contrast, the stepper motor was moved step-
wise to a path length difference 37.5 um greater than the
length of the artificial eye. The use of Eq. (4) for estimation of
contrast would overemphasize the influence of single pixels at
the two intensity extremes. Thus, in practice it is more useful
to take the standard deviation of each line scan as a measure
of contrast, which has the advantage of reducing the impact of
the readout noise. The synthetic interferogram recorded dur-
ing these measurements and the contrast curve calculated

%" ]
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b &5 u‘.‘-,b. g‘-

, :'\5 -‘-"
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Fig. 4 Synthetic interferogram recorded from an artificial eye while moving the measurement mirror over a range of 75 um around the optical

length of the sample.
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Fig. 6 Graphical illustration of the localization of the interference
contrast. See text for explanation.

from this dataset are given in Figs. 4 and 5, respectively. As
can be seen in Fig. 4, at closer distances of the moving refer-
ence mirror the highest intensities occur in the peripheral re-
gions of the fringe system, while at greater distances the
maximum intensities are located in the central region. An ex-
planation for this phenomenon can be found by taking a closer
look at the interference between plane and spherical wave
fronts (Fig. 6). Two reflections of the incident beams generate
the interference pattern: the beam coming from the moving
mirror is reflected at the anterior surface of the lens represent-
ing the cornea and produces a spherical wave, while the beam
coming from the fixed mirror is reflected at the Teflon disk
representing the retina. The other reflections do not generate
visible interference patterns, because the path length differ-
ence is not within the coherence length of the light source. If
the path length difference between the two mirrors is smaller
than the optical length of the eye, the corneal reflection
reaches the detection plane earlier than the retinal reflection.
In this case, the maximum interference contrast is observed in
the outer regions of the synthetic interferogram, which be-
comes clear when considering that the wave fronts emitted at
the same time interfere in the peripheral parts of the fringe
system [Fig. 6(a)]. As the path length difference decreases the
maximum contrast is shifted toward the center of the fringe
system [Fig. 6(b)]. At smaller path length differences, inter-
ference fringes can be observed over a wide region in the
synthetic interferogram including the center, leading to an in-
crease in contrast. Pixels with constant low intensities, how-
ever, reduce the contrast as calculated from the interpixel
standard deviation. Thus, the contrast curve in Fig. 5 is asym-
metric and its maximum is shifted from the point where the
two path lengths are identical by about —10 steps. When the
pathway difference matches exactly the length of the eye, the
maximum contrast occurs at the center of the fringe system.
For obvious reasons if the distance is increased even more,
the signal on the CCD is going to zero and the contrast curve
drops. The distance range of the stepper motor, in which a
signal can be observed in the center of the synthetic interfero-
gram, which corresponds to the maximal observable fundus
pulsation amplitude, is approximately 18 wm. This range is
significantly larger than typical FPA values (2 to 6 um).>"
In theory, this method would allow for quantification of the
eye length, but the current acquisition time is too long for
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Fig. 7 Steps of image enhancement demonstrated on a synthetic in-
terferogram recorded in vivo over one pulse period.

in-vivo application. This, however, could be easily enhanced
by a hardware synchronization of the CCD and the stepper
motor.

3.3 Image Enhancement

The algorithms we use to enhance the visual representation of
recorded interferograms are briefly introduced. The main pur-
pose of this process is to achieve an equally distributed inten-
sity, which allows for binarization, and thus, easier analysis of
interference fringes.

The first step takes account of the different sensitivities of
the CCD pixels as well as local irregularities of the interfer-
ence patterns, which may originate from internal reflections of
the system as well as static interference patterns from the
subject’s eye and speckle formation. Each “line” of the dataset
consists of the signal recorded over time at the same pixel
position. For each line, the minimum intensity value jjse min
and the maximum intensity value Jjjpe max are determined. Fur-
thermore, the global maximum Zyjopa;max Of the entire dataset
is determined. Then, for every line the minimum is brought to
0 and the maximum to Igiopamax by applying the following
formula to all data points:

Ig
I'= (I - Iline,min) . lobat s (5)

Iline,max - Iline,min

To reduce the temporal fluctuations of the signal intensity
induced by movements of the patient’s eye, a similar process
is performed for all columns (replacing Jjine max bY Zeol.max and
Bine.min DY Zeol.min in the previous formula) [see Fig. 7(b)].

The remaining inhomogeneities in the signal intensity are
reduced by flat ﬁelding.26 This is achieved by division of the
original data by a low-pass-filtered (blurred) version. The
blurred image is created by convolution of the original data
with an 8 X 8 kernel (1/64[1 ... 1][1 ... 1], which is equal
to averaging over an 8 X 8 neighborhood). Before division, all
data points of the original image with an intensity lower than
40 to 50% of the maximum intensity are set to 0, while the
values of the residual data points remain unchanged. Thus, we
avoid low-illuminated areas of the image to become overem-
phasized. The result of flat fielding can be seen in Fig. 7(c). In
the last processing step, a global threshold of 85% with bina-
rization is applied to the image [Fig. 7(d)].
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Fig. 8 Optical A-scan of the posterior segment of a human eye recorded in vivo from a healthy volunteer at an angle of 0 deg to the vision axis.

The signal peaks indicate the (optical) positions of reflecting interfaces.

3.4 In-Vivo Measurements

Preliminary measurements were performed on young emme-
tropic subjects at two different angles of vision. The signal
peaks in the length measurements represent the positions of
several retinal layers.

The first measurements were performed at an angle of
0 deg with respect to the vision axis. Two peaks, the first one
at 31.20 mm (with respect to equal interferometer arm length)
probably corresponding to the retinal pigment epithelium
(RPE) or Bruch’s membrane, the other at 31.25 mm to chor-
oidal structures (Fig. 8), were chosen for measurement of fun-
dus pulsations. These peaks were easily reproducible in al-
most all length measurements, while the inner limiting
membrane (ILM) is in most cases not observable at 0 deg.
The synthetic interferograms were recorded at the correspond-
ing stepper motor positions [Figs. 9(a) and 9(b)] at a fre-
quency of 600 Hz. The images representing fundus pulsation
data were enhanced by the algorithms explained in the previ-
ous chapter; the last thresholding step was performed without
binarization. The average length of a pulse period was ap-
proximately 1.08 s, and the average fundus pulsation ampli-
tude was 1.7 um. Schmetterer and Wolzt have shown that the
time course of the fundus pulsation is in very good agreement
with the time course of the integrated velocity curve in the
posterior ciliary arteries.” Hence, assuming a nonpulsatile
venous outflow, the duration in which the distance between
the anterior corneal surface and the posterior pole of the eye
decreases corresponds to the duration of choroidal engorge-
ment during the cardiac cycle. By averaging over the pre-
sented pulse periods, we obtained a value of 133 ms for the
described process.

For the second measurements we chose an angle of
~7 deg nasal to the vision axis and, for better identification
of retinal structures, averaged ten consecutive A-scans (Fig.
10). The observed signal peaks can be assigned to the retinal
layers in the following way.”” Peak 1 (31.00 mm) is most
probably caused by light reflected at the ILM, and peak 4
(31.34 mm) by a reflection at the RPE or Bruch’s membrane.
We assume that peak 3 can be assigned to the retinal nerve
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fiber layer, and peaks 5 and 6 to choroidal structures. We
measured the fundus pulsation at stepper motor positions cor-
responding to peaks 1 and 4 [Figs. 11(a) and 11(b)]. We found
an average length of a pulse period of 0.95 s, and an average
fundus pulsation amplitude of 2 wm. The duration of choroi-
dal engorgement was 350 ms for this subject.

Fundus pulsations occurred only at positions that were re-
lated to signal peaks in the length measurements, and disap-
peared when moving the stepper motor out of the coherence
gate. At both angles of vision, we found no significant differ-
ence in the fundus pulsation amplitudes of the (neighboring)
retinal layers, as expected for healthy subjects.

4 Conclusion

We describe a method called LCTI, which allows for the mea-
surement of fundus pulsations at preselected layers of the ocu-
lar fundus. This is feasible as long as the distance of the
respective layers can be resolved with the incorporated PCI,
and as long as the movement of the retinal layer does not
largely exceed the coherence length of the light source. Using
this approach, we were able to study the relative movement
between the front surface of the cornea and several prese-
lected retinal layers.

With some extension the applications of this system may
be wide. In humans it may be difficult to measure the relative
movement of the anterior surface of the cornea and the sub-
macular sclera, because of the high blood volume within the
choroid and the associated scattering and absorption. In ex-
perimental animals, however, a scleral peak can easily be
observed.”’” Real-time measurement of distance changes be-
tween cornea and sclera may have two important applications.
On the one hand it may be possible to measure real-time
growth of axial eye length in myopia models. Although this
would require quite long measurement times of several hours,
such measurements seem feasible because the increase in
axial eye length in one-year-old chicken is approximately
6 um per day,28 which should easily be detectable with the
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volunteer over two pulse periods at the two strongest reflecting layers in Fig. 8 (31.20 and 31.25 mm) and contraction-dilatation graph (time course
of the distance between cornea and the respective layer).
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Fig. 10 Optical A-scan of the posterior segment of a human eye recorded in vivo from a healthy volunteer at an angle of ~7 deg nasal to the vision
axis. The signal peaks indicate the (optical) positions of reflecting interfaces.
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Fig. 11 (a) and (b) Synthetic interferograms recorded in vivo at a frequency of 600 Hz and at an angle of ~7 deg nasal to the vision axis from a
healthy volunteer over two pulse periods at two reflecting layers in Fig. 10 (31.00 and 31.34 mm, which correspond to peaks 1 and 4, respectively)

and contraction-dilatation graph.

present LCTI providing a resolution of less than 0.4 um
(N/2).

On the other hand, LCTI may also be used to gain insight
into pulsatile ocular blood flow. We have previously provided
a mathematical model to relate fundus pulsation to POBF, but
this model was based on conventional FPA measurements
only. Nevertheless, this model showed POBF values that were
close to data obtained by other techniques. Obviously, real-
time measurement of corneo-scleral distance may provide a
much more reliable measure to calculate ocular volume
changes associated with pulsatile inflow of blood into ocular
vessels.

Although LCTI in human subjects is limited to the inves-
tigation of retinal layers and choroidal structures, it could also
be used in clinical studies of human ocular pathologies. Con-
trary to healthy subjects, where the different retinal layers are
moving in parallel, in pathologic cases, e.g., in patients with
macular edema, such a parallel movement may not be ex-
pected.

One could argue that a frequency domain optical coher-
ence tomography (FDOCT) system could be applied for the
analysis of fundus pulsations, which would have the advan-
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tage of a higher sensitivity of the length measurement com-
pared to our system and the ability of transversal scanning.
However, the axial resolution of FDOCT systems is limited to
the order of the coherence length, which is not sufficient for
the (time-resolved) measurement of fundus pulsations. A
phase-resolved measurement would only be possible for short
time spans, since the phase information is destroyed by even
very small movements of the eye. Furthermore, the phase
noise would become problematic when adding up the phase
information over a longer period of time. In current OCT
systems, the phase difference between adjacent A-scans is uti-
lized to gain information about the velocity of moving
scatterers.”*’ However, due to the previously mentioned rea-
sons it presently seems not feasible to obtain stable phase
information in vivo over a longer time, especially when using
a transversal scanner, which would make it necessary to com-
pare the phase values of temporally separated A-scans. Fur-
thermore, the amount of data generated by this method is too
large to be recorded over a time of more than a few seconds.

In conclusion we present a new technique capable of mea-
suring distance changes between preselected ocular surfaces.
Here, we present heart-rate-related distance changes between
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the cornea and different reflecting layers, including ILM and
Bruch’s membrane, in healthy subjects. The applications of
this technology may be, however, much wider, including the
study of eye elongation in myopia models and the study of
ocular blood flow by measuring pulse-related changes in ocu-
lar volume.
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