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Fig. 2 Traditional and smart scanning protocols to obtain time intervals'
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Fig. 3 Comparison of the en-face OCTA images reconstructed by averaging (a) and adaptive (b) multi-time interval algorithms with

boxes which indicate ROI, these zooming areas are shown in (c) and (d). The corresponding 300th B-scan OCTA images are

shown in (e) to (g), and the arrows indicate some significant signal-to-noise ratio and detail improvements" "
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Fig. 4 Robot-assisted optical coherence tomography''”. (a) Schematic of the system setup with system components including SL.D
(super luminescent diode), circulator, fiber coupler (FC), parabolic collimator (C1, C2, and C3), mirror, polarization controller

(PC1 and PC2), optical grating (G), prism (P), galvanometer scanner, CMOS and 6-axis robotic arm; (b) optical diagram of
telecentric sample arm; (c) point spread function of the system; (d) USAF 1951 resolution card image for reading the lateral

resolution, element 2 in group 7 can be seen
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Fig. 5 High resolution vascular image of whole mouse brain"'",

(a) Wide-field high resolution whole brain vascular image (size of

10 mm X 8.1 mm with lateral resolution of 6 pm); (b) low resolution whole brain vascular image (size of 8.8 mm X 8.8 mm with

lateral resolution of 24 um); (c)(e) zooming areas in red box of the high-resolution image, the image on the left of figure (e) is the

profile of a single micro vessel which is used to demonstrate the lateral resolution; (d)(f) zooming areas in red box of the low-

resolution image
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Fig. 6 MIOCT scanner coupled onto the camera port of a commercial microscope'™’ (the OCT beam traverses through the microscope

optical zoom module and the OCT lateral resolution and field of view (FOV) are coupled to the microscope zoom level)
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Fig. 7 MIOCT scanner integrates directly prior to the
microscope objective (this design requires a telescope to
magnify the OCT beam prior to the objective, but the
OCT resolution and lateral FOV are independent of the

microscope zoom level)™”
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Fig. 8 Schematic of polarization isolation of CFBG-based SPML laser *

(PBC/S: fiber polarization beam combiner/splitter; ILP: fiber

optic in-line polarizer; IM: Mach-Zehnder intensity modulator; RE Amp: radio frequency amplifier; CEFBG: chirped fiber Bragg

grating; SOA: semiconductor optical amplifier; CIR: fiber optic circulator; PMF: polarization-maintaining fiber; solid blue two-

way arrows indicate the axis of polarization of light in the PMF, and dashed blue arrows indicate the direction of light
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Fig. 9 Characterization of ultra-high speed sweep-frequency OCT systems'””’. (a) Time trace of swept laser output; (b) time trace of
interferometric signal; (c) spectrum of swept laser; (d) unwrapped fringe phase (red line) of the corresponding interferometric

signal (gray line); (e) axial resolution measured to be 9.5 pm in air from the point spread function; (f) relative group delay over a

single cavity round trip
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Table 1 Imaging parameters of different imaging modalities"™”

Specification High-resolution mode Intermediate mode Long-range mode
Spectral bandwidth /nm 120 17 4
Imaging range /mm ~3.5 ~25 ~100
Beam diameter /mm 3.2 3.2 3.2
Spot FWHM /pm 22 44 440
Lateral FOV /(mm X mm) 85X85 160X 160 1600 < 1600
NA of scan lens 0.032 0.016 0.0016
Rayleigh length /mm 1.6 6.5 650
Working distance /mm 50 100 1000
Scanning mode Pre-objective Pre-objective Post-objective
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Fig. 10 Three distinct resolution modes™. (a)—(b) Live 4D-OCT using high-resolution mode with 120 nm bandwidth;

(c)—(I) intermediate mode with 17 nm bandwidth; (g)-(k) long-range mode with 4 nm bandwidth; (a)(c) 3D views of a fingertip

and a cannula; (b)(d) 3D views of a fingernail; (e)-(f) 3D views of a caterpillar and a snail on a leaf; (g) 3D view of a researcher

wearing laser protection glasses; (h)-(i) 3D views of shaking hands and holding a cup; (j)—(k) the corresponding 2D view and

front view of the cup scene; the displayed images are taken from screen recordings of the live 4D-OCT software
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Fig. 11 Schematic of D-FFOCT system (BS: beam splitter;
OB: objectives; PZT: piezoelectric translation; TS:

translation stage; YAG: yttrium aluminum garnet)
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Fig. 12 Boundary between glioma and normal brain tissue of a mouse (from left to right, HE staining image, microscopy image, and D-

FFOCT image are shown in turn)
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Abstract

Significance Optical coherence tomography (OCT) plays a pivotal role in medical imaging, particularly in enhancing the tumor
resection accuracy. The significance of this technology lies in its ability to improve patient prognosis by providing real-time, detailed
visualization of tumor boundaries and invasiveness, thereby reducing recurrence rates and aiding the precise removal of malignant

tissues.

Progress We introduced a series of research efforts to advance the intraoperative application of optical coherence imaging. Vascular
characteristics are an important basis for intraoperative pathological assessment. We first introduced OCT angiography with adaptive
multi-time intervals, which proposes a time-efficient scanning protocol by adaptive optimization of the weights of different time-
interval B-scan angiograms. This novel OCTA technique achieved better performance, with a visible vascular density increase of
approximately 67% and a signal-to-noise ratio enhancement of approximately 11.6% (Figs. 2 and 3). In the context of intraoperative
applications, we introduced robot-assisted OCTA , which integrated a high-resolution OCT system with a 6-degree of freedom robotic
arm (Fig. 4). Robot-assisted OCTA can achieve wide-field imaging of artificially determined scanning paths. High-resolution vascular
imaging of the mouse brain by robot-assisted OCTA successfully confirmed the effect of unevenly distributed resolution and fall-off
caused by the large-curvature sample (Fig. 5). Thereafter, we introduced a microscope-integrated OCT system that can be well
integrated with current intraoperative equipment and does not need to pause the surgical process (Figs. 6 and 7). Providing real-time
tissue depth information to a doctor can help improve their decision-making ability in delicate surgical procedures such as
ophthalmology and nervous system surgery. Intraoperative three-dimensional (3D) real-time imaging requires an OCT system with
high imaging and processing speeds. Thereafter, we introduced the 10.3 MHz ultra-high speed scanning laser with stretch pulse mode-
locked based on polarization isolation (Fig. 8), which employs a simple and low-cost approach to suppress the transmitted light and
achieves an effective duty cycle of ~100% with only one CFBG and no need for intra-cavity semiconductor optical amplifier (SOA)
modulation, extra-cavity optical buffering, and post amplification (Fig. 9). Real-time 3D OCT imaging is necessary for practical
intraoperative applications, and a series of studies have been conducted to achieve this goal. A home-built 3.28 MHz FDML based
OCT system combined with GPUs (NVIDIA, GeForce GTX690, and GeForce GTX680, USA) achieved real-time processing and
visualization of 3D OCT data (Fig. 10). The imaging range and longitudinal resolution can be flexibly adjusted by changing the spectral
range of the output.

Although OCT offers high-quality structural and vascular imaging, it lacks cellular resolution, which limits detailed tumor
analysis. Dynamic full-field OCT (D-FFOCT) is an optically active rapid pathological imaging technology based on array interference
detection that captures subcellular metabolic motion at millisecond temporal and nanometer spatial scales, and significantly enhances
tumor diagnostics by providing detailed insights beyond conventional OCT capabilities (Fig. 11). Normal and diseased tissues can be
accurately distinguished by analyzing the temporal characteristics of dynamic signals, such as amplitude, frequency, and standard
difference. Through the use of high-power objective lenses and broadband light sources, the resolution can reach sub-microns, and as

an imaging tool for intraoperative tissue sections, it is fast, easy (no freezing or staining is required), and highly accurate. Freshly
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isolated mouse brain glioma sections were imaged using the D-FFOCT system, which showed a clear boundary, distinct cell
structure, and dynamic intensity between the glioma and normal brain tissue (Fig. 12).

Conclusions and Prospects Advancements in OCT technology, including the significantly increased sweep speed of the light
source, improvement of the probe for the intraoperative scene, optimization of the blood flow algorithm, and high-speed data
processing capability supported by the GPU, make real-time intraoperative 3D tomography possible. D-FFOCT imaging with a cell-
resolving ability is an important step forward in the timely pathology of tumor resection. The integration of advanced OCT
technologies into clinical practice heralds a new era of precision medicine in which surgical accuracy is significantly enhanced and
tumor recurrence is minimized. Future studies should focus on further refining OCT capabilities, integrating these advanced
technologies to improve clinical practicability, expanding their applications across different types of cancer, and integrating Al to
automate and enhance diagnostic accuracy. This vision foresees OCT not only as a tool for improved surgical interventions but also as
a pivotal element in the broader strategy of personalized and targeted treatment approaches, offering a beacon of hope for more
effective cancer management and patient recovery paths. The ultimate goal is to establish OCT as an indispensable tool for tumor

surgery and management, revolutionizing patient care and outcomes.

Key words imaging systems; label-free imaging; optical coherence tomography; intraoperative pathology; precision medicine
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