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Abstract. We report on a phase-based method for accu-
rately measuring the ocular pulse in the anterior chamber
in vivo. Using phase-sensitive optical coherence tomogra-
phy with optimized scanning protocols and equations for
compensating bulk motion and environmental vibrations,
a high sensitivity of 0.9 μm∕s minimal velocity is demon-
strated at a wide detection band of 0 to 380 Hz. The pul-
satile relative motion between cornea and crystalline lens
in rodents is visualized and quantified. The relative motion
is most likely caused by respiration (1.6 Hz) and heartbeat
(6.6 Hz). The velocity amplitude of the relative motion is
10.3� 2.4 μm∕s. The displacement amplitudes at the res-
piratory and cardiac frequencies are 202.5� 64.9 and
179.9� 49.4 nm, respectively. The potential applications
of the measurement technique can be found in the evalu-
ation of intraocular pressure and the measurement of bio-
mechanical properties of the ocular tissue, which are
important in several ocular diseases. © The Authors. Published
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Due to the ocular hemodynamics in the elastic eyeball, particu-
larly the vascular volume changes of the choroid, several ocular
elements experience a pulsatile movement, i.e., ocular pulse
(OP).1,2 OP is highly correlated with the biomechanical proper-
ties of the eye and may also act as a surrogate for changes in
choroidal blood flow. The ability to noninvasively monitor
the OP in vivo may play an important role in a number of ocular
diseases such as glaucoma, age-related macular degeneration,

and diabetic retinopathy. Fourier-domain optical coherence
tomography (FDOCT) is a promising noninvasive method for
high-resolution and dynamic eye imaging. Making use of the
high-axial resolution of the FDOCT, the axial displacements
of cornea and retina and the fundus pulse were measured by
tracking the tissue position in sequential structural images.3–5

Generally, the precision of the intensity-based measurement
is limited and is highly dependent on the accuracy of image seg-
mentation. In order to suppress the segment-error-induced noise,
the movement was processed using a bandpass filter at cardiac
frequency.4,5 However, such a bandpass filter at certain frequen-
cies is not desirable for the measurement of the minute OP in the
anterior chamber (termed as aOP and defined as the relative
motion between cornea and crystalline lens). As we know,
the anterior chamber is filled with aqueous humor, and the
aOP would be closely correlated to the intraocular pressure
(IOP). Accordingly, similar to the IOP, the aOP may also be
affected by several factors of different frequencies such as heart-
beat and respiration.6 Therefore, it would be particularly attrac-
tive to capture the aOP at a high sensitivity and a wide
frequency-band to retain the valuable information which
would otherwise be lost.

In contrast, the phase shift ϕ during a time interval τ is inher-
ently sensitive to the subwavelength displacement D of scatter-
ing particles in the phase-sensitive OCT (PhS-OCT),7,8,
according to the relation expressed by ϕ ¼ 4πn∕λ0 ×D,
where n is the refractive index of the ocular tissue which is typ-
ically 1.36, and λ0 is the center wavelength used in OCT. The
detectable displacement range of this phase-based method is
bounded by the system signal-to-noise ratio (SNR) (lower
limit, ∼λ0∕4πn

ffiffiffiffiffiffiffiffiffiffi
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p

) and the π ambiguity (upper limit,
∼λ0∕4n).8 Depending on the choice of the time interval τ, differ-
ent velocity ranges can be achieved. However, there are several
factors that make it challenging to visualize and quantify the
dynamic aOP by the phase-based method. First, due to involun-
tary head movements and microsaccades, the small relative cor-
nea-lens motion is accompanied with a large and time-variant
bulk motion. Accordingly, the time interval (determined by
the B-frame rate in PhS-OCT) should be carefully selected to
make the velocity range cover both the slow relative motion
and the fast bulk motion. Second, since the phase shift is
calculated between successive B-frames in PhS-OCT, the accu-
mulated phase drift ϕdriftðx; iÞ caused by the random environ-
mental vibrations is no longer negligible during such a long-
time interval and requires reliable compensation. Here, we
report for the first time the application of PhS-OCT to visualize
the dynamic aOP in the rodent eye in vivo, along with optimized
scanning protocols and equations for compensating bulk motion
and random vibrations.

Mice (strain C57BL/6) of 10 to 12 weeks of age were used
in this experiment. All mice were raised and treated in com-
pliance with the Association for Research in Vision and
Ophthalmology statement. Mice were anesthetized by intraper-
itoneal injection. A total of six eyes were scanned by PhS-
OCT. The PhS-OCT system is based on a spectral-domain con-
figuration, similar to the system in Ref. 7. A broadband super-
luminescent light source with a central wavelength of 850 nm
and a spectral bandwidth of 100 nm was used to achieve an
axial resolution of ∼3.2 μm in air. A high-speed spectrometer
is used to record the OCT spectrum, providing a 70-kHz line
scan rate and a measured imaging range of ∼6.19 mm in air at
half Fourier space.*Address all correspondence to: Peng Li, E-mail: peng_li@zju.edu.cn
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Based on the structural image, the cornea and lens compo-
nents are generally ∼30 dB above the noise floor [refer to
Fig. 2(a)], i.e., the system phase noise can be considered as
0.03 rad. By tracking the cornea/lens position in the M-mode
structural image [refer to Fig. 2(a)], the maximal velocity of
the bulk motion can reach ∼107 μm∕s, whereas the velocity
of the relative motion is in the range of several micrometers
per second [refer to Fig. 2(c)]. To capture both the bulk and
the relative motions, a B-frame rate of 780 fps was used to pro-
vide a theoretical detectable velocity range of 1.2 to 122 μm∕s at
a wide detection band of 0 to 390 Hz (Nyquist theorem).
Moreover, the slow scanning was stopped for repeated B-scan-
ning in the horizontal meridians. In total, 3000 frames were col-
lected covering a dynamic optical interval of ∼3.85 s.

Figure 1(a) shows a wide-field OCT image of the full mouse
eye using a full-range complex method, which has been detailed
in Ref. 9 and is not elaborated here. In this study, the field of
view is focused on the central part of anterior chamber [as
marked by the rectangle in Fig. 1(a)] for dynamic imaging.
As shown in Fig. 1(b), the raw phase cross-section ϕ0ðx; z; iÞ
can be generated based on the equation

ϕ0ðx; z; iÞ ¼ arg½rðx; z; iÞr�ðx; z; iþ 1Þ�; (1)

where rðx; z; iÞ is the complex OCT cross-sectional signal at the
i’th acquisition of successive frames. The acquisition number i
can be related to the time t by t ¼ iτ, and τ is the time interval
between successive frames. � denotes the complex conjugation
of a complex signal. arg represents the operation of phase
extraction. According to the depth information in the phase
images ϕ0ðx; z; iÞ, the raw cornea phase ϕc0ðx; iÞ and the raw
lens phase ϕl0ðx; iÞ can be separated and, respectively,
expressed as

ϕc0ðx; iÞ ¼ ϕBðx; iÞ þ ϕdriftðx; iÞ (2)

ϕl0ðx; iÞ ¼ Δϕlcðx; iÞ þ ϕBðx; iÞ þ ϕdriftðx; iÞ; (3)

where Δϕlcðx; iÞ is the phase difference corresponding to the
relative motion between the cornea and the lens. ϕBðx; iÞ and
ϕdriftðx; iÞ are the phase changes as a result of the bulk motion
and the random vibrations, respectively. Therefore, as shown in

Fig. 1(c), the relative phase difference Δϕlcðx; iÞ can be
extracted based on the following equation:

Δϕclðx; iÞ ¼ argfrðx; z; iÞr�ðx; z; iþ 1Þ exp½−ϕc0ðx; iÞ�g;
(4)

where the raw cornea phase ϕc0ðx; iÞ is reliably determined by a
histogram-based phase selecting process.7,10

In order to visualize the time-variant aOP, M-mode structural
and phase images are generated along the center A-line of the B-
frame (denoted as x0) as shown in Figs. 2(a) and 2(b). The ante-
rior and posterior corneal boundaries as well as the anterior lens
boundary are segmented based on the derivative of the intensity
signal in the z-direction. As indicated in Fig. 2(b), the residual
phase of the cornea component is around zero (green color), and
the lens component presents a periodical variation versus time
after compensation. Therefore, the compensated lens motion can
be regarded as the relative cornea-lens motion, i.e., the aOP. To
further quantify the aOP, the relative cornea-lens velocity (ΔVcl)
is plotted versus time along the depth z0 [around the center part
of the anterior lens, marked by the red bold arrows in Fig. 2(b)],
based on the following equation:

ΔVclðiÞ ¼ λ0∕4πnτ × ΔϕclðiÞ; (5)

as reported by the red curve in Fig. 2(c). The residual cornea
velocity is also plotted with a root-mean-square level of
0.9 μm∕s (i.e., minimal detectable velocity), as shown by the
blue dashed line in Fig. 2(c). According to the power spectrum
analysis, the relative velocity ΔVcl is mainly composed of two
frequency components at 1.6 and 6.6 Hz, respectively. The low-
frequency component 1.6 Hz is most likely due to the mouse
respiration, whereas the 6.6-Hz frequency component is induced
by the heartbeat. The relative displacement (ΔDcl) pulse is
readily obtained by integrating the velocity ΔVcl versus the
time t, as shown in Fig. 3(a). The waveform of the pulsatile

Fig. 1 (a) Wide-field structural cross-section in the horizontal merid-
ian using a full-range complex method (refer to Ref. 9) to illustrate the
architecture of the full mouse eye. Phase cross-section of the regional
anterior chamber (as marked by the rectangle in a) before (b) and after
(c) phase compensation.

Fig. 2 Dynamic ocular pulse in the anterior chamber (aOP) image.
(a) M-mode structural image generated along the center A-line of
the B-frame. (b) M-mode structural image with phase encoded as
hue. (c) The relative cornea-lens velocity (red line) and the residual
cornea velocity (blue dashed line) versus time. The inset is the
power spectrum of the relative velocity.
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ΔDcl is quite similar to the IOP variations due to the heartbeat
and respiration, as reported in Ref. 6. According to the fre-
quency analysis, the relative displacement is further decom-
posed into two components: the heartbeat-induced and the
respiration-induced, as respectively shown in Figs. 3(b) and
3(c). According to the statistics generated from a total of six
mouse eyes, the velocity amplitude is 10.3� 2.4 μm∕s. The dis-
placement amplitudes at the respiratory and cardiac frequencies
are, respectively, 202.5� 64.9 and 179.9� 49.4 nm.

This preliminary study demonstrates the feasibility of using a
phase-based method for aOP imaging/measurement in vivo. The
method provides a high sensitivity of 0.9 μm∕s minimal veloc-
ity at a wide detection band of 0 to 380 Hz. Further research
could be performed to correlate the aOP to the fundus pulse,

the choroidal blood flow, the IOP, and the biomechanical proper-
ties of the ocular tissue.
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Fig. 3 Relative cornea-lens displacement. (a) Original displacement
deduced from the velocity curve of Fig. 2(c) can be decomposed into
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induced (c).
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