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Abstract

eye segment imaging, and in vivo visual axis parameter (VAP) measurement. In this study, we use two rotating disks to switch the

We demonstrate the feasibility of a four-focus switch Fourier-domain optical coherence tomography system for whole

focus position synchronously, to expand the detection depth range. Three parallel glass plates of different thicknesses are placed on a
rotating disk along the path of the detection beam, so as to switch the focus position of the probing beam from the cornea, the
anterior and posterior of the lens to the retina. On the other synchronously rotating disk, the light path of the reference arm can
simultaneously extend the detecting optical path to match the probing beam. This multistage focusing method can make the probing
beam completely focused on each segment of the human eye during the course of signal collection. Subsequently, we measured VAP
several times, and the results show that our four-focus switch FD-OCT system exhibits good repeatability. In conclusion, we prove
theoretically and experimentally that the proposed four-focus switched FD-OCT system can realize whole eye segment imaging and
VAP measurement, including central corneal thickness, anterior chamber depth, lens thickness, and axial length. Our method will be

beneficial for measurements in ophthalmology.
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Accurate measurements of all visual axis optical low coherence reflectometer (OLCR), which

parameters (VAP) are prerequisites for studying the
development of refractive errors in human eyes,
which is critical for cataract surgery. Significant VAPs
include the central corneal thickness (CCT), anterior
chamber depth (AD), lens thickness (LT), and axial
length (AL). For
measurement of these parameters ranges from 25 to

a normal human eye, the
35 mm in air. Some non-contact optical methods are
being developed to make in vivo measurements of
VAPs!!31, For example, there are two types of devices
that are available for measuring human eyes: 10L-
Master (Meditec, Carl Zeiss, Jena, Germany) and
Lenstar LS900 (HaagStreit AG, CH-3098 Koeniz,
Switzerland). IOL master is the first commercial
optical biometer launched in 1999. In cataract surgery,
it is widely used as the standard of intraocular lens
selection™. The Lenstar LS900 is a kind of non-
invasive biological measurement instrument with

has been widely used in the market®. Recently,
Pentacam-AXL (Oculus, Germany), by using partial
coherence interferometry technology to obtain the
measurement of AL, and obtained the ability of non-
contact These above devices

biometryf®l. were

originally — developed from time-domain low
coherence interferometry. Although the above optical
biometers based on time-domain low coherence
interferometry  provide higher resolution than
ultrasound, their application is limited due to the

penetration of light. Owing to high speed and
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sensitivity, it is well accepted that frequency-domain
optical coherence tomography (FD-OCT) is more
suitable for ophthalmic measurements. For example,
the OA-2000 is a biometer based on Fourier domain
technology by light interference using a swept-source
laser. Swept-source optical coherence tomography is a
relatively new technique of Fourier domain OCT with
better penetrability!”. But as the device use frequency
sweeping technology, the introduction of mechanical
devices will also reduce the stability of the system and
the system is very expensive. Therefore, realizing
whole eye segment imaging and measuring VAPs
simultaneously, using the same FD-OCT system, is a
challenging task. The maximal measurement depth
range of an FD-OCT system is limited by the
spectrometer resolution, which typically lies in the
approximate range of 1-5 mm, for state-of-the-art
systems. The other major limitation is that, owing to
the refractive power of the anterior segment, a
probing beam cannot be focused on the anterior and
posterior segments of the eye simultaneously.
a common FD-OCT

sufficient for

system is not
and VAP
measurement. Consequently, efforts have been made

Therefore,
whole eye imaging
to extend the ranging capability and control the focus
position of the probing beam simultaneously. A
typically adopted solution is to use a dual arm
configuration®'l, The probing beam is split in two,
and focused on the anterior segment and retina. Two
independent and separated reference arms are used to
match the optical paths of the two probing beams. The
measurement scheme can be viewed as a combination
of two FD-OCT systems, where the probing beam for
the anterior segment requires a high depth of field
lens to focus on the cornea and lens simultaneously.

In this study, we propose a four-focus switch FD-
OCT system for whole eye segment imaging and in
vivo VAP measurements. Two rotating disks are used
to synchronously switch the focus position and extend
the detection depth range. Three parallel glass plates
are placed on a rotating disk along the path of the
probing beam, to sequentially switch the focus
position from the cornea and the anterior and posterior
of the lens to the retina. On the other synchronously
rotating disk, the light path of the reference arm can
simultaneously extend the detecting optical path to
match the probing beam. Contrary to previous studies,
we used only one FD-OCT system to realize
independent segment images of the cornea, lens, and

retina. In addition, we measured CCT, AD, LT, and
AL. An added advantage of this multistage focusing
method is that the probing beam can be completely
focused on each segment of the human eye during the
course of signal collection.

1 Materials and methods

As shown in figure la, the optical path can be
extended by inserting a parallel glass plate into the
parallel reference beam!'?). The increased optical path
length AL can be expressed as:

AL = d,(n, - 1) (1)

where d,, and n, are the thickness and refractive index
of the inserted parallel glass plate, respectively. This
method can be used to extend the detection range
from the cornea to the lens in our experiment.
Moreover, a parallel glass plate is used to change the
focusing position by inserting it into the converging
optical path of the probing beam (Figure 1b). The
shifted distance AP can be evaluated from the
principles of geometrical optics as:

AP =d[1-—0 2)
n,> — sin’6

where 6 is the angle of incidence. For the OCT image,
the probing beam diameter and scan angle of the
galvanometer are relatively small. The OCT image
can be viewed as a paraxial condition, i.e., 0= 0, sinf=
0, and cosf~ 1. Then, the shifted distance PP’ of the

focus spot can be presented approximately as:
AP=d0(1—1) (3)

ny

The above theory is applied to develop a four-
focus switch FD-OCT system. Figure 2 shows a four-
focus switch optical schematic for changing the focus
of the probing beam from the cornea and lens to the
retina. In our experimental setup, the equivalent focal
lengths of the probing optical system are 30 mm (lens
L1) and 20 mm (lens L2). The distance between L1
and L2 is 55 mm. The work distance from lens L2 to
the surface cornea is approximately 100 mm. Then,
the probing beam is first focused at the cornea (figure
2a). For a normal human eye model, the average
statistical lengths of AD and LT are approximately
3.15 mm and 3.75 mm, respectively!'3. To change the
focus from the cornea to the anterior and posterior of
the lens according to equation (2) and the Gaussian



968+ EYUFSEMYELR

Prog. Biochem. Biophys. 2021; 48 (3)

@ e § —»i ®)

i I n

==

Reference beam

777

Reference beam

Pl Probing beam

Probing beam

| :
[ dy—*

|
|

Fig.1 The principle of parallel glass plate used to extend optical path and change focus position

(a) Extension of the optical path for the reference beam. (b) Focus switch for the probing beam inserting a parallel glass plate.

Fig. 2 The four—focus switch optical schematic for

changing the focus of the probing beam from the cornea to
the retina

Schematic of the four-focus switch optical probing beam from the

(a) cornea, (b) anterior and (c) posterior of lens, and (d) retina. A2-4:

Inserted parallel glass plates, CL: Collimator, P1-4: The focus of lens

L1 without parallel glass plate and with different thickness of parallel

glass plate, F: The focus of lens L2.

imaging formula, the thicknesses of the inserted
glass A2 and A3 (K9, n,~=1.51 at 850 nm) are
approximately 0.95 mm and 1.85 mm, respectively
(Figure 2b, ¢). When the focus of the probing beam is
shifted to the retina, P4 should overlap with focus F of
L2 (Figure 2d). The thickness of the inserted glass A4

is 8.32 mm in this case (ZnSe, n,=2.51 at 850 nm).
Figure 3a shows a schematic of the four-focus
FD-OCT system. A superluminecent diode (SLD;
Superlum Ltd) light source has a central wavelength
of 840 nm and bandwidth of 64 nm, with an axial
resolution of 4.7 pm in air. The beam from the SLD
was split into the probing beam and reference beam
by fiber couple 1. The optical power of the probing
beam was set to ~0.68 mW, which meets the safety
requirements for continuous illumination according to
eye safety standards!'*l. The reference beam was split
into two arms (reference beam 1 and reference beam
2) to match the optical path of the probing beam by
fiber couple 2. The light emerging at the output of the
interferometer was sent to a homebuilt high-speed
spectrometer that employed a line-scan camera
(SPL2048-140km,  Basler) to  capture the
interferograms formed in the system. The data
acquisition frequency of the linear camera in this
system was set to 100 kHz by reducing the number of
redundant pixels. The spectrometer had a designed
image depth of 2.5 mm in air. A color camera in the
probing beam path was used to help the operator
monitor the eye surface using a dichroic mirror. To
continuously shift the focus and extend the detection
depth, two rotating disks, D1 and D2, were designed
to switch different inserted parallel glass plates
(Figure 3b). D1 and D2 are simultaneously driven by a
servo motor with a synchronous belt (Figure 3c). Disk
D1, with four optical windows, is used to shift the
focus of the probing beam on the cornea (A1, without
parallel glass plate), anterior (A2) and posterior (A3)
surface of the lens, and retina (A4). The thicknesses of
the inserted parallel glass plates A2, A3, and A4 are
analyzed in Figure 2. Near the centers of windows Al
to A4, four windows T were designed to trigger VAP
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Fig.3 The principle of four—focus switch FD-OCT system
(a) Schematic of the four-focus switch FD-OCT system. (b, ¢) Two
synchronous rotating disks D1 and D2. Al, Bl, B4, T: Hole; A2-4,
B2-3: Inserted parallel glass plates, CL: Collimator; L1-6: Lens;
M1, 2: Mirror.

measurement and localize the servo motor for the
OCT image at the corresponding position, where
a laser diode (650 nm) and photodiode are used to
generate the trigger signal. The other disk D2 with
four windows (B1 to B4) was used to match different
detection depths. B1 had no parallel glass plate
inserted into the optical path of reference beam 7,
which corresponds to the case of the focus of the
probing beam at the cornea. When the focus of the
probing beam was shifted to the anterior and posterior
surfaces of the lenses, the thicknesses of B2 and B3
inserted into the optical path of reference beam / were
approximately 4.53 mm and 8.37 mm (ZnSe, n,=2.51
at 850 nm), respectively, based on equation (1). When
the probing beam was shifted to the retina, reference
beam 2 was separated to a greater extent to match the
optical path of the probing beam. To avoid confusion
regarding the reference beams, window B4 without a
parallel glass plate had a different diameter than the
other three windows. The advantage of this design is
that only one reference beam can be reflected and

interfered with the probing beam from the
corresponding position. All inserted parallel glass
plates were coated with an antireflective film to
examine the loss of light detection. The dispersion
compensation parameters were individually calibrated

for different inserted parallel glass plates'>].
2 Experiments and results

In the signal-acquired processing of OCT
segment imaging, the computer accurately controls
the servo motor to retain the position of one segment.
Different driving voltages on the galvanometer were
used to control the B-scan range, and OCT sectional
images of different segments were obtained. Figure 4
shows the sectional OCT image of a normal human
eye of a male volunteer, including the cornea (Figure
4a), anterior and posterior surfaces of the lens (Figure
4b, ¢), and retina (Figure 4d), where every B-scan
frame includes a 1 000 A-scan line. Figure 4b shows
that the cortex lay of the lens is apparent, and the
strong reflective line (Figure 4c), demonstrates that
the probing beam is focused on the posterior surface
of the lens. This result shows that the four-focus FD-
OCT system is sensitive to whole eye segment
imaging, owing to the multistage focusing method.

® ®) f_O.S mm

r 0.5 mm

(d
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Fig. 4 The sectional OCT image of the normal human eye
OCT cross sectional image of the (a) cornea, (b) anterior and (c)

posterior of the lens, and (d) retina.

In the VAP measurement, the rotating speed of
the servo motor was set to 600 r/min, the single
acquisition time is about 0.1 s, which ensured that the
eye was immobile during every signal acquisition in
the normal condition. The linear camera was triggered



*970- EYUFSEMYELR

Prog. Biochem. Biophys. 2021; 48 (3)

to record 30 A-scan lines at every trigger position T
on disk D1. The axial motion between adjacent A-
lines was eliminated with the correlation-based and
phase compensation algorithm!'3], which ensures that
the peak of every A-scan line is averaged accurately.
Four averaged signals from the cornea, anterior and
posterior surface of the lens, and retina were
recombined with the interval distance shifted by the
inserted parallel glass plates. The interval distance
shifted by the inserted parallel glass plate was
measured using an optical grating ruler (KA300,
Nuoxin) with a resolution of 0.2 pumM¢. Figure 5
shows a typical in vivo VAP signal of the human eye.
To simplify the VAP signal processing, a signal
threshold (2.85 in this study) was set to remove the
background. A Labview peak searching algorithm was
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used to determine the boundary signal (4, B, C, D,
and E) of the entire eyel'”. Among them, 4 and B
represent the corneal, C and D represents the anterior
and posterior parts of the lens respectively, and E
represents the retina. The parameters, i.e., CCT, AD,
LT, and AL, correspond to the distance of AB, BC,
CD, and AE, which are obtained using the measured
optical paths to divide their corresponding refractive
indices. The results of three successful experiments
according to Lenstar’ s signal processing method are
presented in Table 1. The results show that the
standard deviation of the three measurements of CCT
is 2.1 um, and the standard deviation of AD, LT and
AL is less than 40 um. These measurement data show
that our four-focus switch FD-OCT system exhibits
good reproducibility.

4 8 12

16 20 24 28

Axial length/mm

Fig.5 1Invivo VAP signal of the human eye

VAP signal created by recombining four averaged A-scan signals of the (A, B) cornea, (C) anterior and (D) posterior of the lens, and (E) retina with

the interval distance of the inserted parallel glass plates.

Table 1 VAP measurement of the human eye

people. A possible solution is to combine the parallel
glass plate A4 with a liquid lens on D1, in which the

focal length can be accurately driven by an externally

Measurement ~ CCT/um AD/mm LT/mm AL/mm
1 542 3.30 3.63 25.10
2 546 3.32 3.58 25.08
3 545 3.33 3.60 25.03
Mean 544 3.32 3.60 25.07
SD 2.1 0.02 0.025 0.036

controlled voltage. A precision translation will be
considered to synchronously adjust the reflection
position of reference beam 2. To realize a practical
measurement system, each inserted parallel glass plate

3 Discussion and conclusion

Although our four-focus switch FD-OCT system
has realized segment imaging and VAP measurement,
there exist some issues that need to be addressed. The
focal length of the probing beam for the retina is
different for myopic or presbyopic eyes. Thus, the
focus at the retina should be adjustable for different

should be fixed on the same rotating disk, where
different parallel glass plates have different radii. The
optical system of the probing light should be further
carefully optimized to eliminate the field curvature of
the inserted parallel glass plate. A fixation system
should also be developed for practical applications,
because it is difficult for patients to concentrate on the
light spot for longer periods of time.

In summary, our preliminary experiment shows
that the proposed four-focus switching FD-OCT
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system is sensitive to the whole eye segment imaging

due to the multistage focusing method, which can

realize segment imaging of the whole eye and

simultaneously measure VAPs, including CCT, AD,
LT and AL. Our method will be beneficial for
measurements in ophthalmology.
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