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Fig. 1 OCT longitudinal resolution enhancement based on measured point spread function™'*

. (a) Measured longitudinal
point spread function of OCT system; (b) measured sample signal of OCT longitudinal line scan; (c) sample signal

after deconvolution
XK R= P,/ GwB) Hh g P b B A B 2 R 5 HE AR K 0. 64 pm, 2 S
) % R R OB B BE L B SR B O AIER D PERER LA SR I B R (SR T 1L 35) AT AR 4141
A5G, SCH AR A A A 3 m W, AR T S BR 2 (8] 4 BEE R 0. 64 pm /1. 35=0.47 pm,
b Wt R A 115 dB, SEK I E O 108 dB, XA OCT BT EE 7> #E, H AT HCOR TR T A 4T 4k fix
(AL B HBR AL 7 dB. AIH MK 0 FE 540 nm SR Z —Y L A& 2(a) 38 i 6% B A R
R 203 BTG IE D 450~700 nm, 525K R 1 T2 1Y) o B R O 226 AR, 0 A ) Y 0

Wavelength /nm Delay /um
500 600 700 800
1.0 T T T
41.0
(@
0.8 9
0.5
= -
& 06f 1 e
2 —_— 26 nm 0 &
g 04 1 g
= -0.5 5
02 1
-1.0
O 1 1 1
400
o
| 200 §
5 g
< 1 2
%’ 170 nm P B
-200
; g
5]
G
1 i 1 i I A . . —400
500 600 700 800 500 600 700 800
Wavelength /nm Wavelength /nm

P2 OCT 0 il 2 Pl v e A B 2 s H B B 9 4 DGO TR TED o (o) ST B IE BT b 1A 6 27 1 S5 A SRS 3 5 (b
S R AR N T ES A ERTE R 0. 64 pm; (o) (D@ E 2 H T+ ¥ 15 5 108 B 28 43

3] 118 552 o R 000 o 3, 11 516 35 R JFG AR 37 5k T T 4%
Fig. 2 OCT measurements ( The vertical dotted lines in the figure indicate the relevant distinct spectral features)™ .
(a) Typical spectrum of crystal fiber emission before spectral shaping; (b) interference signal obtained by scanning
a sample with a reflector, in which the half-height full width of the envelope is 0.64 pm; (c) (d) spectrum and

phase mismatch curve of the actual detection response obtained from the Fourier transform of the interference

signal in Fig.2 (b)
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Fig. 3 Subcellular imaging of mice in vivo ™"

. (a) 2D image of a two-cell stage embryo with conventional 2D microscope,

in the observation plane of which the first cleavage plane (2PB) and Blastomere 2 (BM2) are blocked by Blastomere 1

(BM1); (b) 3D reconstruction of the same embryo after rotational operation to the 3D dataset of FF-OCT, from

which we can see that major structures are all clearly revealed; (c¢) 3D reconstruction of a four-cell stage embryo, in

the plane 1 of which BM1 and BM2 contact with each other; (d) at the opposite angle of view, in the plane 2

perpendicular to plane 1, we can see that BM3 and BM4 contact with each other; (e) 3D reconstruction of a

blastocyst; (f) cross-section view of the same blastocyst, in which blastocoele, trophoblast, and inner cell mass

(ICM) are clearly visible; (g) 3D reconstruction of the segmented nuclei of this blastocyst, in which point O is the

geometry center of the whole blastocyst and point O'is that of the ICM, and Em-Ab axis is defined by the line which

contains the two points O and O’
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Fig. 5 Schematic of the k-linear swept laser
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Fig. 7 Schematic of the experimental setup of OC2T™"
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Fig. 8 Experimental results™"

. (a) A single period of the cos(at®) waveform data used in AWG; (b) a single period of

the waveform measured by AC-coupled balanced amplified photodetector; (c) en-face OCT image of a variable-

frequency resolution target; (d) image of a variable-frequency resolution target; (e) image of a cover glass;

([) image of onion layer
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Fig. 9 Schematic of the stationary-fiber rotary scanning

optical coherence tomography ( OCT) probe

driven by a hollow ultrasonic motor™”
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Fig. 10 OCT images of a grape™"

(d) fused image of Fig. 10(a)—(c) (C-mode scanning image) ;

in Fig. 10 (a)—(d),

to top: the shallow layer, the middle

=R 2

. The focal position is in the (a) shallow layer,

(b) middle layer, and (c) deep layer;

(e)—(h) 4X zoomed-in images of the boxed regions

respectively, in which the white dashed lines divide the images into three layers from bottom

layer, and the deep layer
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Abstract

Significance

Optical coherence tomography (OCT) is a depth-resolved biomedical in wvivo imaging technique

providing cross-sectional and three-dimensional (3D ) images of tissue microstructure with a micrometer-scale

resolution. In the past few decades, OCT has been employed in various applications, including clinical and material
research areas. In this paper, some studies on improving the performance of OCT are introduced. Among them,
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imaging resolution, imaging speed, and multifunctional integration are the basic core indicators of the imaging
system. Recently, research on OCT conducted at the Department of Physics of Tsinghua University has achieved a
series of important advances in improving imaging system performance.

Progress For high-resolution imaging, we achieved ultrahigh-resolution OCT with a supercontinuum by coupling
femtosecond pulses generated from a commercial Ti:sapphire laser into an air-silica microstructure fiber. The visible
supercontinuum from 450 to 700 nm centered at 540 nm was generated. A free-space axial OCT resolution of
0.64 pm was achieved. The sensitivity of the OCT system was 108 dB with an incident light power of 3 mW at a
sample, only 7 dB below the theoretical limit.

For subcellular and long-time in vivo imaging, we developed a novel system of full-field OCT (FF-OCT) for
label-free 3D subcellular in vivo imaging of preimplantation mouse embryos. As the sample received much less
optical dose than in conventional confocal imaging, the preimplantation mouse embryos were alive even after several
days’ live imaging. Various typical preimplantation stages, including zygote, two-cell, four-cell, and blastocyst
(at embryonic day 3.5, E3.5 for short), were investigated with a spatial resolution of 0.7 pm and imaging rate of
24 frame/s. These are the first in vivo studies with mammalian embryos at the beginning of their embryonic lives
for understanding early patterning and polarity.

For high-speed imaging, a high-speed swept source is necessary for system setup. Real-time 3D high-definition
OCT imaging requires 1000 x-scan X 1000 y-scan X 30 times/s refresh rate, i.e., 1000 X 1000 X 30 = 30 MHz,
implying that the laser should have a sweeping speed of at least 30 MHz. Therefore, we devised an all-optical swept
source with an A-scan rate of 40 MHz, the fastest one thus far. The inertia-free swept source, having an output
power of 41.2 mW, tuning range of 40 nm, and high scan linearity in wavenumber with a Pearson correlation
coefficient r of 0.9996, comprised a supercontinuum laser, an optical band-pass filter, a linearly chirped fiber Bragg
grating, an erbium-doped fiber amplifier, and two buffer stages. With a sensitivity of 87 dB and a 6-dB fall-off depth
of 0.42 mm, ultrahigh-speed sweeping OCT based on sweep laser (SS-OCT) imaging of biological tissue in vivo was
demonstrated.

Ultrahigh-speed real-time optical imaging requires the real-time information processing of big image data. Real-
time 3D high-definition OCT has a 1000 pixel ( X) X 1000 pixel (Y) X 1000 pixel (Z) X 30 times/s refresh rate,
indicating that 30-Gbit/s data flow needs to be processed in real time. To address this challenge, we proposed a novel
all-optical computing technique to process the signal in the spectral domain with a fiber-optics system other than
compute interpolation based on fast Fourier transform algorithm (FFT) using an electronic computer, resulting in a
significant reduction of processing time and enahancement of imagin speed. In the so-called optical computing OCT,
the Fourier transform of the A-scan signal was optically processed in real time before the light was detected by a
photoelectric detector. Low-coherence continuous wave (CW) light centered at 1550 nm with an average power of
22 mW and a bandwidth of 40 nm was generated by a superluminescent diode. The CW light was modulated by a
10-GHz-bandwidth intensity modulator, known as the Mach-Zehnder modulator (MZM). The MZM was biased by a
power supply and driven by a cos( at®) waveform signal generated by an arbitrary waveform generator (AWG). With
this optical computing system, a processing rate of 107 A-scan per second was experimentally achieved, which is the
highest speed for OCT imaging to the best of our knowledge.

Because tiny endoscopic probes work as its sample arms, the applied range of the proposed OCT technique can
be expanded to various internal organs such as arteries and esophagus. To further enhance the feasibility of the
proposed OCT technique, we also proposed and fabricated a prototype focus-adjustable endoscopic probe with an outer
diameter of 2.5 mm and a rigid length of 32 mm based on a two-way shape-memory-alloy (SMA) spring and an in-
house hollow-core ultrasonic motor. This novel probe has adjustable focus and hence a larger scanning range, with
high resolution and no sensitivity loss. The focus-adjustable range was more than 1.5 mm, with a 100. 3-dB
sensitivity and the best lateral resolution of ~4 pm. With the use of a hollow-core motor, the probe can provide an
unobstructed 360° field of view. To the best of our knowledge, this is the first demonstration of a focus-adjustable
probe for C-mode scanning in endoscopic OCT. We believe that this novel probe will be useful in future biomedical
applications.

Conclusion and Prospect This paper presents some remarkable research advances at Tsinghua University and is
dedicated to celebrating the 110th anniversary of Tsinghua University.

Key words imaging system; optical coherence tomography; fiber lasers; light propagation in tissues; optical data
processing
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