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Purpose. Anomalies in the pulsatility of the eye have been
associated with many types of ocular pathology. Estimation of
ocular pulsatility is usually obtained by measuring the variation
in the intraocular pressure using tonometry-based instruments.
In this work, the authors present and demonstrate the appli-
cability of a novel and noninvasive Fourier-domain optical
coherence tomography (FD-OCT) system to measure pulsatile
ocular tissue movements.

MerHODS. The authors simultaneously measured the longitudi-
nal movement of the cornea and the retina driven by the
cardiac cycle in 21 healthy volunteers using their custom-made
FD-OCT. They calculated the corresponding fundus pulse am-
plitude (FPA), which is the variation in the distance between
the cornea and the retina.

ResuLts. It was found that in young, healthy subjects, the
cornea and the retina move axially during the cardiac cycle,
with almost equal amplitude but with a phase difference rang-
ing between 1° and 20°. The measured FPA was found to be
mostly due to the relative phase difference between corneal
and retinal movements, and frequency analysis revealed the
presence of the harmonics of heartbeat. The root-mean-square
values for cornea, retina, and FPA movements were found to
be 28 £ 9 um, 29 * 9 um, and 4 * 2 um, respectively. The
dominant frequency component in corneal and retinal move-
ment was found to be the second harmonic of the heartbeat.

Concrusions. The technique described here is useful for a
precise description of FPA and the movement of ocular tissues.
Further investigations and technical improvements will be ben-
eficial for understanding the role of choroidal pulsation in the
pathophysiology of ocular diseases. (Invest Opbthalmol Vis
Sci. 2011;52:8927-8932) DOI:10.1167/i0vs.11-7854
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everal ocular pathologies— exudative age-related macular

degeneration,' carotid artery stenosis,> % normal tension
glaucoma,>® and giant cell arteritis’— have been associated
with irregularities in the pulsatility of the eye. In addition, the
relationship between the pulsatility of the eye and the inci-
dence of glaucoma,® diabetes mellitus,” and central serous
chorioretinopathy'®'" have also been investigated. Ocular pul-
satility has been attributed to the pulsatile nature of ocular
hemodynamics.'?"'* Ocular hemodynamics plays an important
role in the development of many ocular diseases, such as
glaucoma,'> ' age-related macular degeneration,' and diabetic
retinopathy.” In addition, ocular pulsatility can be used to
measure change in ocular volume,'” based on which the rigid-
ity of the eye can be calculated using the Friedenwald equa-
tion.'® The estimation of ocular rigidity is important because it
provides information about the biomechanical properties of
the ocular tissues.

The imbalance between the pulsatile inflow and steady
outflow of the blood causes a volume change in the eye.
During inflow, the blood volume in the eye increases, causing
an increase in intraocular pressure, which returns to its normal
value during the outflow of the blood. Typically, ocular pulsa-
tility is indirectly estimated by ocular pulse amplitude (OPA),
defined as the difference between the minimum and the max-
imum intraocular pressure measured over the cardiac cycle.
Tonometer-based technologies, such as pneumotonom-
etry,"”?° modified Goldmann applanation tonometry,> and dy-
namic contour tonometry,>"*? are used to measure OPA. Nev-
ertheless, because most techniques to assess ocular pulsatility
actually measure pulsatile changes of IOP and require contact
with the ocular surface, various alternative methods based on
the measurement of longitudinal movements of ocular struc-
tures have been proposed. These methods measure a different
aspect of the eye’s response to pulsatile blood flow because
they measure pulsatile anatomic changes rather than tonomet-
ric changes, and they may provide new insights into the phys-
iology of sight and the pathophysiology of eye disease. Further-
more, they also have the advantage of not requiring contact
with the eye.

The movements of the cornea and the retina are highly
complex, with frequency components ranging from 1 to 150
Hz. The high-frequency movements, often called ocular micro-
tremor, are associated with brain stem function,>> whereas
low-frequency movements are attributed to the pulsatile com-
ponent of ocular blood flow.'*32% It has been found that the
longitudinal movement of the cornea is highly correlated with
the cardiac cycle, as measured using ultrasonic transducers®?>
and high-speed videokeratoscopy.>*2¢ Although the transduc-
ers measure ultrasonic echoes to retrieve the movement of the
cornea, videokeratoscopy uses the reflection of concentric
rings projected on the cornea and analyzes its changes to
evaluate the displacement. To assess fundus movement, differ-
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ent technologies based on laser interferometry, such as low-
coherence interferometry (LCI) and optical coherence tomog-
raphy (OCT), have been used. Laser interferometry®’ uses a
collimated laser beam of high coherence length to illuminate
the eye, and the interference pattern resulting from the back-
reflections of different ocular elements are recorded over time
to extract the fundus pulse amplitude (FPA), which is the
change in the distance between the cornea and the retina. For
instance, the FPA has been used for studying ocular blood
flow,?”*® to estimate ocular rigidity,'”*® and to study age-
related macular degeneration.>® However, because the coher-
ence length of the lasers used in these studies was long, it was
not possible to precisely determine which ocular elements
produced the interference patterns obtained. To circumvent
this problem and to measure the distance variations between
two specific ocular elements, LCI was recently used.”* Never-
theless, when using LCI, the information about the amplitude
and direction of the movement of the individual ocular ele-
ments cannot be extracted. OCT has also been successfully
applied to measure separately the movement of cornea, retina,
and lens,>' whereas Fourier-domain (FD) LCI has been shown
in a rat model to be useful for measuring corneal and retinal
displacement separately.>?

In this study, we used a novel, noninvasive instrument
based on FD-OCT to simultaneously measure the movement of
the cornea and the retina at video rate (40 Hz). We tested our
device on 21 healthy volunteers and obtained new information
for characterizing the pulsatile ocular dynamics.

METHODS

Longitudinal movements of the retina at the macular region and of the
corneal apex were simultaneously measured. In this study, 21 healthy
volunteers (11 men, 10 women; age range, 25-35 years) were re-
cruited. All the subjects had good cardiovascular health and no ocular
pathologies other than myopia. The subject’s head was placed on the
head rest while the subject was asked to fixate on a target and blink
normally. The eyes were not dilated before the procedure. These
experiments were approved by the ethics committee of Maisonneuve-
Rosemont Hospital, and the procedure adhered to the tenets of the
Declaration of Helsinki. The procedure and its consequences were
described to all the volunteers, and informed consent was obtained.
Although previous studies have demonstrated that axial length and
refractive error are major factors influencing ocular blood flow mea-
surements,*>>* for this study we did not collect such data because this
was not a clinical trial.

Experimental Setup

A schematic diagram of the optical system used in this work is shown
in Figure 1, in which a superluminescent diode (SLD; Superlum, Cork,
Ireland) with 844-nm central wavelength and 46-nm bandwidth was
coupled to a fiber-based Michelson interferometer. A 2 X 2, 80:20 fiber
coupler was used to split the light into the reference and sample arms.
The sample arm was terminated using a collimator that produced a
3-mm wide beam. The sample beam passed through a lens (f = 100
mm) with a central hole of 2 mm in diameter. After the lens, the central
part of the sample beam remained collimated, but the outer part was
refracted. A scanning system was set up so that the outer part of the
sample beam was stationary and focused on the cornea, whereas the
collimated central part was scanned and focused at the retina. Thus,
using this optical scheme, we obtained simultaneously the reflected
signals from the corneal apex and fundus at the macula region. A 2 X
1, 50:50 fiber coupler was used to obtain two reference signals re-
flected by mirrors mounted on separate motorized translation stages
(Zaber Technology, Vancouver, BC, Canada). The reference signals
were attenuated using neutral density filters to keep their total inten-
sity below saturation level. The reflected signals from the sample and
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FIGURE 1.  Schematic diagram of the optical system developed. An
FT-OCT system, based on two reference arms and a holey focusing
lens, allows simultaneous imaging of the cornea and the fundus at
video rate. The hole in the lens enables scanning of the beam at the
fundus at the macula position and a stationary laser spot at the corneal
apex. The A-scans obtained combine positional information of both
ocular elements. The components used in the system are superlumi-
nescent diode (SLD), optical isolator (I0), fiber couplers (FC), collima-
tors (C1-C4), lenses (L) with focal length (f), reference mirrors (RM1-
RM2), neutral density filter (NDF), scanning mirror (SM), dispersion
grating (DG) and achromatic lens (AC).

reference arms were dispersed using a reflective diffraction grating
(1200 lines/mm) and were focused by an achromatic lens (f = 200
mm) on a linear charge-coupled device camera (Spyder 3; Dalsa Tech-
nology, Bromont, PQ, Canada).

A custom-made oximeter was placed on the ear lobe during mea-
surements to simultaneously record the heartbeat of the subjects using
a data acquisition card (Labjack, Lakewood, CO). The signals from the
linear CCD camera and the oximeter were processed using a dual-core
2.0 GHz computer with custom software (LabView; National Instru-
ments, Austin, TX). Data were acquired for 20 seconds and stored for
later processing.

The bandwidth of the SLD used allowed a theoretical axial resolu-
tion®> of approximately 7 pm in air. Setting the camera exposure time
to 30 us, the total frame rate (or B-scan rate) achieved was 40 frames
per second. Each B-scan consisted of 720 A-scans with 1250 pixels per
A-scan. For scanning, a 2D scanner (Nutfield Technology, Inc., Hudson,
NH) was used, but only one mirror was moved to acquire the B-scans
of the retina along a line. The maximum depth range of the system was
found to be 3.26 mm in free space. The signal-to-noise ratio (SNR) of
the system was 86 dB in the low-frequency range and 47 dB near 80%
of the maximal-depth range, using a mirror as a sample and following
the definition used in previous studies.®* To calibrate the system, one
reference mirror was moved in steps of 100 um, and the correspond-
ing FFT peak position was tracked.

In FD-OCT-based systems, the displacement resolution (i.e., the
smallest position change that can be measured for a well-resolved
peak) depends on the SNR of the system>® and is basically limited by
shot noise.*”*® To experimentally estimate such displacement resolu-
tion of our system, a human cadaver eye was used as a sample. The eye
was mounted on a piezoelectric stage (Piezosystem, Jena, Germany),
which was moved sinusoidally with variable amplitude at 1 Hz. For
filtering out the noise, frequencies lower than 0.75 Hz and higher than
5 Hz were removed. The piezoelectric stage was driven by a sine wave
voltage and moved with amplitudes of 500 nm, 1 wm, and 2 wm. The
SD of the noise, after subtracting the measured movement from the
perfect sine wave fit, was approximately 100 nm.
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Statistical Analysis

The fast Fourier transforms (FFT) of the recorded interferograms were
computed to obtain axial scans (A-scans) containing positional infor-
mation of both the cornea and the fundus. The positions of the corneal
apex and the fundus at the macula were measured from sequential
A-scans using the technique described in our previous work.>* A
detailed explanation of how data were processed is provided as Sup-
plementary Material (http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.11-7854/-/DCSupplemental). Briefly, A-scans were represented by
the FFTs of the acquired interferograms, and the positions of the
reflective interfaces identified in the sample were proportional to the
locations of their corresponding FFT peaks. The accuracy of measuring
movements of a sample strictly depends on the precision in locating
the position of these FFT peaks; optimized accuracy can be achieved
by locating the centroid of the FFT peak in the A-scans or by curve
fitting.>*>°

Finally, to retrieve the FPA, the difference between the positions of
the cornea and the retina were calculated and further Fourier trans-
formed to study their harmonic components compared with those of
the cardiac cycle. Signals were processed by applying a bandpass
frequency filter between the heartbeat and its fifth harmonic. For
statistical data analysis, a paired #test model was used, and P < 0.05
was considered statistically significant.

RESULTS

A typical B-scan obtained with our system is shown in Figure 2,
along with the A-scan at the visual axis. Comparison with
available OCT images®>*° enabled us to positively identify in
the A-scans the corneal epithelium (CEp) and endothelium
(CEn), the nerve fiber layer (NFL), the inner-outer segment
(S-08), the retinal pigment epithelium (RPE), and the chorio-
capillaris (CC). From each B-scan, the position of the front
surface of the cornea and an averaged position of the retina
were located, and their displacement in time was traced. We
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FIGURE 2. (A) Typical B-scan of the eye obtained with our system.

The two reference arms were adjusted to bring the corneal and the
retinal A-scans close together for analysis. (B) Different ocular struc-
tures at different depths of imaged tissue are identified in a single
A-scan along the visual axis, as follows: corneal epithelium (CEp) and
endothelium (CEn), nerve fiber layer (NFL), inner-outer segment (IS-
08), retinal pigment epithelium (RPE), and choriocapillaris (CC).
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FIGURE 3. Top: the axial shift of the retina and the cornea along with

oximeter signal in time. Bottom: Fourier transform showing the fre-
quency components present in the retina and the cornea movement
along with the frequency components of the oximeter signal. The peak
to peak value of the axial sift is almost same for the cornea and the
retina with a slight phase difference.

measured an averaged position of the retina, not the exact
position of a particular layer because the reflected signal from
a layer is more prone to noise over A-scans in time. In Figure 3,
we show a fraction of one recording of the corneal and retinal
movements, along with the oximeter signal measured in a
30-year-old man. The recording was made for 20 seconds, but
for illustration purposes we show only the first 3 seconds of
data.

To investigate the frequency components present in the
movement, we show in the lower panel of Figure 3 the corre-
sponding computed Fourier power spectrum. In Figure 4, we
plot the difference between the corneal and retinal movements
(i.e., the FPA) and the corresponding frequency analysis. Both
Figure 3 and Figure 4 demonstrate the presence of harmonics
in addition to the fundamental frequency of the heartbeat. It
can also be observed in Figure 4 that FPA does not follow a
perfectly regular pattern.

To validate this irregular pattern, we measured the FPA for
20 consecutive A-scans (covering approximately 100 wm). The
FPA measured at each location was subtracted from the neigh-
bor position, approximately 5 um distant. Assuming that adja-
cent positions in the retina should exhibit equal FPA, the
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FIGURE 4.  Top: FPA along with the oximeter signal. Bottom: fre-

quency spectrum of the FPA and the oximeter signal.
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difference obtained provides an estimate of the error in the
measurement. The maximum measured peak-to-peak value of
such difference in the FPA was 1.5 um, and SD was 0.7 um.
These values, after applying a bandpass filter between 1 Hz and
5 Hz, are reduced to 1 um and 0.3 um, respectively. This filter
minimizes errors in the measurement, induced by lateral and
axial eye shifts caused by head movements*! and microsac-
cades.*? We also compared the movements at these 20 con-
secutive locations and found that the phase increased almost
linearly with a phase difference of 1.4° between the 1st and the
20th A-scans analyzed (see Supplementary Fig. S1; http://
www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7854/-/
DCSupplemental).

We show in Figure 5 the frequency components that de-
scribe the movements of the cornea, the retina, and the FPA for
all volunteers as box plots for the first four harmonics only.
After applying a paired #test, the distributions obtained
showed significantly higher second harmonic components for
both the retina (P = 0.019) and the cornea (P = 0.015) but a
reduced contribution of this frequency for the FPA (P =
0.707).

Finally, we calculated the root-mean-square (RMS) for these
movements, which represent the effective movement ampli-
tude. For every measurement on a patient, at least 10 seconds
of data were considered, corresponding to approximately 10
heart cycles. We computed the mean = SD for the RMS of the
cohort, yielding 28 = 9 um, 29 = 9 um, and 4 * 2 um for the
cornea, retina, and FPA, respectively (Fig. 6A). In addition, in
Figure 6B, we plotted the RMS value of the retinal movement
with respect to the corneal movement for each volunteer. It
was found that corneal and retinal movements were highly
correlated with each other (# = 0.99). In all 21 subjects, after
removing the data acquired during eye blinking, we could still
analyze at least 10 cardiac cycles in each measurement. These
results indicate that given the size of our sample, there was no
significant difference (P = 0.77) between the amplitudes of the
displacements of the cornea and the retina. Nevertheless, FPA
can be measured by subtracting the absolute positions of the
cornea and the retina.

The observation of FPA can be attributed to two facts: the
difference between the amplitudes of the movement and the
phase difference between the two movements (see Supple-
mentary Fig. S2, http://www.iovs.org/lookup/suppl/doi:10.
1167/iovs.11-7854/-/DCSupplemental, for an example in one
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FIGURE 5. The movement of each ocular element was decomposed in

frequencies, and the amplitudes corresponding to each harmonic were
compared. The results show that the second harmonic of the cardiac
pulsation is the principal frequency of both the corneal and the retinal
movement. The horizontal segments in the boxes indicate 95th, 75th,
50th, 25th, and 5th percentiles (fop to bottom), the squares inside the
boxes represents the mean of the distribution, and the stars show the
minima and maxima of the distributions.
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FIGURE 6. (A) RMS values of corneal, retinal, and FPA movements.

The horizontal segments in the boxes indicate 95th, 75th, 50th, 25th,
and 5th percentiles (fop to bottom), the squares inside the boxes
represent the mean of the distribution, and the stars show the minima
and maxima of the distributions. (B) Corneal movement was plotted
with respect to retinal movement for each volunteer to show the
correlation between the two.

volunteer). In our sample, the phase difference between cor-
neal and macular movements varied between 1° and 20° for
the fundamental frequency. Such measured phase difference
between the two tissues for all the volunteers is shown in
Supplementary Fig. S3 (http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.11-7854/-/DCSupplemental) as box plots. We
also calculated the phase difference up to the third harmonic
of the heartbeat and obtained 7° = 3°, 6° = 4° and 8° * 4° for
the fundamental, second, and third harmonics, respectively.

DISCUSSION

The system we developed could successfully measure the lon-
gitudinal movements of the cornea and the retina simultane-
ously with micrometer accuracy at video rates. To the best of
our knowledge, the results we obtained with this system allow,
for the first time and with a high degree of certainty, the
conclusion that the cornea and the retina move with a small
phase difference and almost equal amplitudes during the car-
diac pulsations.

We were also able to monitor the corneal and retinal move-
ments as well as the FPA, and were able to observe frequency
components up to the seventh harmonic of the cardiac cycle
(see Supplementary Fig. S4, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.11-7854/-/DCSupplemental). The dom-
inant frequency component for both corneal and retinal move-
ments was found to be the second harmonic, whereas there
was almost equal contribution from the fundamental and sec-
ond harmonic frequencies to the FPA. This is in agreement
with the previous results of Kasprzak et al.,>" in which the
dominant frequency component was found to be the second
harmonic of the heartbeat for both cornea and retina. A pre-
vious study®® showed that the FPA occurs at the fundamental
frequency of the heartbeat, but our results indicated that not
only does the fundamental frequency contribute to the FPA but
that other frequencies are also present and can be dominant.

Thus far, the mechanical properties of the ocular ele-
ments that move at harmonic frequencies of the heartbeat
have not been addressed. Some related studies about the
pulsatile blood flow measured in arteries close to the heart
attributed the presence of frequency harmonics to tissue
properties such as stiffness.*>~4> The technology we pre-
sented in this work provides a straightforward manner with
which to characterize these movements and to build phys-
ical models that explain the dynamics observed in the eye. It
will allow a better understanding of the mechanical forces
that interact within the eye during the cardiac cycle and
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their relevance to ocular pathology. For instance, our system
can be used to study the eye length, which is of particular
importance in myopia studies.*® The FPA measured with our
system could also help in the diagnosis of glaucoma®'”*®
and age-related macular degeneration.*® Furthermore, by
tuning the wavelength of the laser source to improve pen-
etration, our device could accurately describe the pulsatility
of the choroid.

In conclusion, with a custom-designed FD-OCT system, we
achieved, with high accuracy and for long periods of time,
simultaneous measurement of corneal and the retinal posi-
tions, allowing for the first time a precise description of the
eye’s pulsatility. Briefly, during systole the expansion of the
choroid pushes the retina forward, and the propagation of this
pressure pulse reaches the cornea with a delay. The move-
ments of the cornea and the retina are highly correlated (r =
0.99) with each other, and the amplitude of both tissues is
almost equal, but a phase difference allows an FPA with RMS
values of 4 = 2 um.
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