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Super-resolution microscopy is typically not applicable to in situ imaging

through a narrow channel due to the requirement for complex optics.
Although multimode fibres (MMFs) have emerged as a potential platform
for cost-effective and precise endoscopic imaging, they suffer from extreme
sensitivity to bending and other external conditions. Here we demonstrate
imaging through a single thin MMF for in vivo light-field encoded imaging
with subcellular resolution. We refer to the technique as spatial-frequency
tracking adaptive beacon light-field-encoded (STABLE) endoscopy.
Spatial-frequency beacon tracking provides up to1kHz disorder tracking
frequency, thus ensuring stable imaging through long-haul MMFs under
fibre bending and various operating conditions. The full-vector modulation
and fluorescence emission difference are combined to enhance the imaging
signal-to-noise ratio and achieve a subdiffraction resolution of 250 nm. We
integrate STABLE in a white-light endoscope and demonstrate cross-scale
imaginginabronchus model and in vivo imaging in mice models. The

high-resolution and resilience to observation in a minimally invasive manner
paves the way to the expansion of MMF in endoscopy to the study of disease
mechanisms in biomedical sciences and clinical studies.

One of the ultimate dreams of endoscopists would be real-time
high-resolution endoscopy that combines in vivo imaging and thera-
peuticintervention, resultingin an endoscopic diagnosis that matches
aninvitro pathological diagnosis'’. Considerable progress has recently
been madeinendoscopy. Endocytoscopy, confocal laser endomicros-
copy and other techniques have been developed to enablein vivo cel-
lular imaging®®. Meanwhile, super-resolution microscopy enables
spatial resolution at much smaller scales than the subcellular level,
leading to breakthroughs in the fields of biology and life sciences’ .

However, super-resolution microscopy often requires cumbersome
opticsandisthus challenging toimplementin anarrow channel. Infact,
one critical missing ability is to conduct robustin vivo nano-endoscopy,
whichisyettobesatisfactorily established. One promising strategy is
to employ thin multimode fibres (MMFs) as minimally invasive probes
using wavefront shaping. The mode density of MMFs is 2-3 orders of
magnitude higher than those of traditional endoscopes of the same
diameter™*°, but this technology has two critical limitations: the
operational inflexibility due to the strong transmission dependence
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Multimode fiber imaging: a novel and fast-developing field

Zhong Wen®", Xu Liu*", Qing Yang **

2State Key Laboratory of Modern Optical Instrumentation, College of Optical Science and Engineering, International Research Center for Advanced Photonics, Zhejiang

University, Hangzhou 310027, China
b Research Center for Intelligent Sensing, Zhejiang Lab, Hangzhou 311100, China

Multimode fibers (MMFs) are low-cost, mode-division multi-
plexing waveguide mediums that can support the propagation of
thousands of spatial modes within an ultra-compact footprint
(~100 pwm) [1]. Despite these advantages, the spatial degree of
freedom in MMFs is often not fully utilized due to mode coupling
[2]. With the advancement in wavefront shaping technology and
computational power, MMF imaging has become a subject of great
scientific and technological interest because of its unique
properties, such as minimally invasive, high resolution, and high
modulation ability [3-15]. We will present the latest significant
developments in MMFs imaging technologies and provide views
on their future.

When light is launched into the MMF, it excites independent
transmission modes, each of which has different propagation
velocities and experiences distinct polarization mixing [2]. Those
features lead to scattering and randomization of the light propaga-
tion vectors in MMF similar to in the scattering medium. Therefore,
an experimental transmission matrix (TM) calibration is typically
required [5]. This process can be described as

l//out(xvy) = T‘ﬂin("v)’)v (1)

where x and y represent the two-dimensional spatial factors at the
two ends of the fiber. The TM T is obtained by the linear mapping
between the input light-field y;, and the output light-field . In
classical MMF imaging, a series of scan points are generated and
swept across the specimen (Fig. 1a). The image is reconstructed
from the reflection or fluorescent signals of samples. The above pro-
cess is the most utilized process to obtain MMF imaging [5-7]. Here
we focus on MMF imaging based on TM approach.

By employing MMFs, Vasquez-Lopez et al. [6] achieved mini-
mally invasive subcellular optical imaging and neural information
measurement in living mice’s deep brain. A 50 pm core diameter
fiber probe was used to achieve fluorescence imaging of subcellu-
lar neuronal structures, dendrites, and synaptic specialization in
the deep brain region with a resolution of nearly 1.35 pm
(Fig. 1b). Ca®* responses were simultaneously obtained under
auditory stimuli throughout the experiment. Imaging with MMFs
reduced the volume of brain tissue damage by more than 100
times compared to conventional imaging with graded-index
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(GRIN) lens [6]. During the same time, Turtaev et al. [7] achieved
3.5 frames/s high-fidelity MMF in vivo imaging. Recently, Silveira
et al. [8] propose a novel probe of MMF. This probe allows to image
samples on the side of the fiber and not on its distal facet which
allows for less tissue damage [8]. Those studies represent break-
throughs in minimally invasive high-resolution in vivo imaging.
Three-dimensional (3D) microscopic imaging provides more com-
plete structure information of cells than planar imaging methods
and the potential for improved diagnostic accuracy of disease.
Wen et al. [9] designed a compact 3D MMF imaging system
(Fig. 1c), which uses a digital micromirror device to shape the
wavefront of light to correct misalignment and achieve diffrac-
tion-limited imaging at different depths in the sample. In order
to capture the real-time activity of cells, a higher sampling rate
is needed. The TM-based MMF imaging techniques rely on sequen-
tial hologram pattern projection. Thus the bottleneck of existing
scanning schemes is the speed of the spatial light modulator (up
to 22 kHz). By using mode-coupling characteristics in MMFs, Ami-
tonova et al. [10] used compressive sampling instead of point-by-
point sampling (Fig. 1d). And then they combine sparse constraints
and compressed sensing reconstruction to achieve imaging speed
20 times faster than the Nyquist-Shannon limit with a simple
experimental setup [10].

To effectively introduce MMFs endoscope into clinical diagnosis
and keyhole surgery, the imaging system not only requires high
spatial resolution and frame rate, but also needs to extend working
distance and field of vision. Leite et al. [11] first demonstrated the
MMF far-field imaging based on the 17,000 modes modulation. By
modulating the light-field energy on the corresponding spatial-fre-
quency region, the power uniformity of far-field focal points and
the signal-to-noise ratio of imaging can be improved more than
twofold. The MMF imaging is capable of video-level imaging of
macroscopic objects at distances from 20 to 400 mm.

In addition, if 3D information can be extracted from the image,
the clinicians can obtain the depth changes in the surgical field of
vision more intuitively. During the operation, the injury of blood
vessels and nerves can be minimized, and the probability of surgi-
cal complications can be reduced. Most recently, a breakthrough
was published in Science (Fig. 1e) [12]. Stellinga et al. [12] provide
3D information about the scene by MMFs. Different from previous
studies, this scheme extends the laser source from continuous-
wave to pulse-wave (pulse duration is ~700 ps). The image was

2095-9273/© 2022 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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Fast volumetric fluorescence imaging with

multimode fibers
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In this Letter, we propose a compact multimode fiber endo-
scope which employs wavefront shaping with a digital
micromirror device (DMD). An automated single calibra-
tion step allows us to correct for optical misalignment, and
the method achieves accurate focusing at various depths in
the sample through rapid switching of holographic patterns
by the DMD. The speed of calibration is one or two orders of
magnitude faster than existing methods. The method, single
calibration multimode fiber imaging (SCMFI), is compared
with existing methods, and its performance is validated.
We show a near diffraction limited focusing capability at
imaging depths up to 110 pm with near constant lateral
resolutions of 1.4 pm. Finally, we demonstrate the method
for the imaging of small fluorescent beads embedded in a 3D
matrix. The results indicate excellent power penetration and
focusing performance. Combined with the high speed of
SCMF]I, this paves the way for volumetric tissue endoscopy
atdepth. © 2020 Optical Society of America

https://doi.org/10.1364/0L.398177

The optical endoscope is a key technology for the diagnosis
of disease and for guidance of surgical procedures. A multi-
mode fiber can be used as a minimally invasive endoscope,
as it possesses a larger mode capacity, a higher efficiency of
light collection, and a much reduced cost compared to endo-
scopes using fiber bundles [1,2]. However, a limitation of
using multimode fibers for image transmission is that mode
dispersion causes the image to be transmitted in the form of
speckle patterns at the output end of the imaging fiber [2].
With the rapid development of wavefront shaping technology
that prevents optical aberrations introduced by tissue scat-
tering in recent years, the interest in the subject has increased
dramatically [3-12]. Mode dispersion can be compensated
for by measuring the transmission matrix (TM) which, as a
wavefront shaping approach, represents the linear relationship
between the fiber input field and fiber output field. Various

imaging methods based on multimode fibers have been reported

0146-9592/20/174931-04 Journal © 2020 Optical Society of America 4

which make use of the TM approach, including confocal [8,13],
light sheet [14], wide-field [4] and two-photon [9] imaging
modalities.

The technology has attractive features for volumetric imag-
ing. The imaging focus can be adjusted without movement
of mechanical components and without requirement for a
focusing element on the tip of the fiber [15]. This reduces
the complexity and size of the endoscope and thus the risk
of trauma. However, several problems prevail that prevent
widespread application. Currently, multimode fiber endoscope
requires extensive calibration prior to imaging. To realize an
axially adjustable focus, multiple calibration steps must be
executed at different axial distances behind the multimode
fiber, as shown in approach 1, Fig. 1(a). Most fiber endoscope
applications require placing the fiber within tissue involving
bending and temperature changes. This results in a change in
mode of the multimode fiber and requires recalibration [see
Fig. 1(b)]. Although the time for a single calibration is usually
no more than a few minutes [15,16], the entire calibration
time for volumetric imaging can easily reach tens of minutes [as
shown in Fig. 1(c)]. The time-consuming calibration process
is a bottleneck for some practical applications. In contrast, an
appropriate quadratic phase term can be added to the incident
wavefront prior to launch into the fiber. This achieves axially
adjustable focusing requiring only a single calibration step and
greatly reduces acquisition and processing times. However,
for good quality and control of the axially adjustable focus,
one requires a precise alignment of the spatial frequencies of
the incident optical field and those of the fiber. Misalignment
deteriorates the quality of imaging, particularly at depth. By
converting the transformation matrix into the representation
of propagation-invariant modes, misalignment can be perfectly
eliminated [6]. However, the method requires the addition of an
external reference arm, which will cause interferometric stability
problems and increase the complexity of the system [5].

Here we introduce a step multimode fiber endoscope that can
be rapidly focused for imaging at different depths and requires
only a single calibration step for volumetric imaging. We have
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Spatially variant deblur and image enhancement in a
single multimode fiber imaged by deep learning
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A single multimode fiber has been applied in minimally Most MMFs or well-designed fiber probes have a limitation
invasive endoscopy with wavefront shaping for biological on the numerical aperture (NA). The effective NA of the fiber is
research such as brain imaging. Most of the fibers, such as degraded both at large axial distances from the output fiber
step-index and graded-index multimode fibers, give rise to facet and at a large radial axis from the center of the core
spatially variant blur due to limits on the numerical aper- [7]. The degradation leads to variant spatially focuses and non-
ture and collection efficiency. Routines to solve this problem uniform blur images [8]. In addition, photon detectors like the
are based on iterative algorithms, which are often slow photomultiplier tube (PMT) or avalanche photodiode inevitably
and computer-intense. We developed a method to synthesize bring about Poisson noise and Gaussian noise in collecting sig-
datasets for driving a deep learning network to deblur and nals. These noises could further degrade the image quality and
denoise the spatially variant degraded image. This approach block the way to perform the algorithm for restoration.

is fast (5 ms), up to three orders of magnitude faster than Recently, some amended deconvolution methods have been
the iterative way. Furthermore, our method can be applied proposed to deal with the spatially variant blur [8—10]. However,
to different types of fiber endoscopy, and two types of fiber they are still time-consuming and computationally intensive,
are tested here. The performance is verified on fluorescence limiting the way to further application. Deep learning deconvo-
beads and three kinds of biological tissue sections in the lution methods have newly become an effective tool for image
experiment, demonstrating effectiveness in image enhance- restoration at a fast speed, showing a considerable improve-
ment. © 2022 Optica Publishing Group ment over the iterative algorithms [11]. In addition, data-driven

deep-learning-based methods have the potential to map the
variant point spread functions (PSFs) and perform nonlin-
ear deconvolution. There are also many pieces of research
about applying deep learning in a single MMF [12,13], but
most of them focus on unscrambling the intrinsic mode chaos
of MMFs instead of deblurring or denoising images in a
fiber.

In this work, we propose a deep-learning-based approach
for spatially variant deblur in fiber imaging at a fast speed.
Depending on the recorded PSFs, a simple method is devised
to synthesize the space-variant blurred image dataset, which
drives the neural network into the optimal position. Further-
more, we build a new model which is capable of deconvolution
and denoising at the same time. The trained model offers an
increase in speed up to two or three orders of magnitude com-
pared with iterative methods. The performance of this method
was assessed in the context of two types of the most normally
used MMFs, indicating the potential for universal applications.

https://doi.org/10.1364/0OL.469034

Multimode optical fibers (MMF) have emerged as a prominent
imaging tool inside a narrow channel. Compared with micro-
probes such as fiber bundles and gradient-index (GRIN) lenses
in micro-endoscopes, the MMF has huge inbuilt advantages due
to its ultra-thin diameter and capability of tomography [1-3].
Therefore, this tool is particularly appropriate for in vivo deep
imaging when minimal invasiveness and miniature damage are
required, including deep brain imaging. However, the nature of
the fiber scrambles the incident light wavefront and leads to
mode chaos, making the output beam have seemingly random
speckle patterns [4]. The development of wavefront shaping
makes it possible to unscramble the chaos through a spatial light
modulator or digital micromirror (DMD) [5]. Modulation of
light forms a diffraction-limited focus in a 2D or even 3D scan
of the specimen at the distal end of the fiber [6].

0146-9592/22/195040-04 Journal ©2022 Optica Publishing Group  §
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Phase imaging through a single multimode fiber
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Phase imaging techniques are pivotal for achieving high- vivo observation [12,13]. The linear relationship between the
contrast visualization of unstained biological specimens in input optical field and output speckle can be described with the
vitro, which is typically not applicable in narrow spaces. transmission matrix (TM) [14]. Despite the mode scrambling
Recently, multimode fiber (MMF) has shown promise in inside multimode fibers leading to chaos in signal transmission,
enabling high-resolution in vivo endoscopy in biological the light propagating through fibers remains deterministic and
research. Herein, we introduce a novel, to the best of our can be controlled by wavefront shaping (WFS) [15]. With it,
knowledge, phase imaging microscopy technique employing one may organize the light propagated through the MMFs to
a single multimode fiber, showcasing remarkable capabilities form foci to scan the target pixel by pixel. The recent devel-
in high-contrast imaging and quantitative shape reconstruc- opment of MMF imaging has enabled in vivo stable imaging
tion through frequency-domain modulation. Our method, under fiber bending and various operating conditions [13] and
validated through comparisons with reflection and phase- deblurred volumetric imaging [16,17] at high speed [18]. The
contrast results, demonstrates exceptional ability in imaging imaging techniques through the MMF can provide the sample’s
diverse samples, including microspheres, semiconductor microstructure, most of which are based on specific fluorescent
chips, and oral epithelial cells. Notably, the quantitative markers. It is a challenge to obtain high-resolution images of
reconstruction of surface shape achieves a sensitivity of less samples inside the lumen of the body without labeling.

than 100 nm, enabling the extraction of three-dimensional As mentioned above, label-free phase imaging can display
information from single focal plane images. Moreover, our the refractive index changes of objects and provide information
technique excels in contrast enhancement and defocused that would be unobservable in conventional microscopy. Phase
background suppression, presenting a promising avenue for imaging combined with the MMF is significant for biological
minimally invasive, high-contrast, label-free in vivo phase research and in vivo imaging. The oblique back-illumination
imaging. © 2024 Optica Publishing Group microscopy [1] enables in vivo phase imaging compatible with

conventional optical microscopes and fiber bundles; however, it
is unsuitable for MMFs. There is research on MMF phase imag-
ing in optical coherence microscopy to reduce phase noise [19]

https://doi.org/10.1364/0OL.527588

Phase imaging techniques are widely used in biomedical and computational reconstruction [20]. The imaging speed of
research because they provide high-contrast images of sam- the computational reconstruction method is limited by computa-
ples, especially when they are nearly transparent [1-3]. These tional complexity rather than hardware, as is the case with WFS
techniques commonly convert phase differences into intensity methods. Due to current computational complexity and hard-
differences which enables label-free optical imaging of bio- ware performance, the speed is approximately tens of seconds.
logical specimens in vitro, such as differential phase contrast The most used metrology is WFS methods in MMF imaging.
(DPC), differential interference contrast (DIC), and transport However, there is no program based on wavefront shaping to
of intensity equation (TIE) [4]. Phase imaging techniques have modulate a single MMF into a phase imaging microscope.

important applications in observing cell structure and activity In this Letter, we demonstrate an approach for phase imaging
[5], blood screening [6], and disease analysis [7]. Currently, microscopy using a single MMF. We built an experimen-
most phase retrieval microscopies are based on rigid and bulky tal system for phase-contrast imaging, leveraging frequency-
microscopes that are difficult to meet the requirements of in domain coded wavefront modulation. Asymmetric illumination
vivo application. Although some studies have used optical fiber is achieved by selectively switching the MMF output aperture
bundles for replacement [8,9], there are still problems such as to capture a pair of intensity images. The phase-gradient dis-
iterative computation, comparative invasiveness, and high costs tribution of the target is derived through difference calculation
[10,11]. With the property of high information capacity, single using the provided images. The three-dimensional distribution of
multimode fiber (MMF) has been used as a minimally invasive the surface can be quantitatively reconstructed by obtaining the
endoscope in gastrointestinal tract imaging and deep-brain in phase-gradient distribution in mutually perpendicular directions

0146-9592/24/205823-04 Journal © 2024 Optica Publishing Group G


https://orcid.org/0009-0003-9481-8830
https://orcid.org/0000-0001-9213-3959
https://doi.org/10.1364/OL.527588
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.527588&amp;domain=pdf&amp;date_stamp=2024-10-07
20093
高亮


Research Article

ADVANCED
PHOTONICS

Efficient reference-less transmission matrix
retrieval for a multimode fiber using
fast Fourier transform

Jingshan Zhong,** Zhong Wen,>' Quanzhi Li,* Qilin Deng,” and Qing Yang*"*

#Zhejiang Lab, Research Center for Humanoid Sensing, Hangzhou, China

®Zhejiang University, College of Optical Science and Engineering, International Research Center for Advanced Photonics,
State Key Laboratory of Extreme Photonics and Instrumentation, Hangzhou, China

Abstract. Imaging through multimode fiber (MMF) provides high-resolution imaging through a fiber with cross
section down to tens of micrometers. It requires interferometry to measure the full transmission matrix (TM),
leading to the drawbacks of complicated experimental setup and phase instability. Reference-less TM
retrieval is a promising robust solution that avoids interferometry, since it recovers the TM from intensity-only
measurements. However, the long computational time and failure of 3D focusing still limit its application in
MMF imaging. We propose an efficient reference-less TM retrieval method by developing a nonlinear
optimization algorithm based on fast Fourier transform (FFT). Furthermore, we develop an algorithm to
correct the phase offset error of retrieved TM using defocused intensity images and hence achieve
3D focusing. The proposed method is validated by both simulations and experiments. The FFT-based TM
retrieval algorithm achieves orders of magnitude of speedup in computational time and recovers 2286 x
8192 TM of a 0.22 NA and 50 um diameter MMF with 112.9 s by a computer of 32 CPU cores. With the
advantages of efficiency and correction of phase offset, our method paves the way for the application of
reference-less TM retrieval in not only MMF imaging but also broader applications requiring TM calibration.

Keywords: transmission matrix retrieval; multimode fiber; imaging through scattering.
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or directly inverse the scattering process.'”'" However, the cal-
ibration of TM requires measuring the transmitted complex
fields after sending probing incident complex fields. With both
amplitude and phase, the complex fields cannot be measured
directly by a camera. Conventionally, external reference
methods'>™"* build a complicated experimental setup to interfero-
metrically measure the transmitted complex field with an exter-

1 Introduction

Imaging through multimode fibers (MMFs) of tens to hundreds
of micrometers enables high-resolution imaging by a hair-thin
instrument. It provides minimally invasive high-resolution
imaging for locations deep inside living organisms' without
traumatic tissue slices.” Its broad applications include in vivo

endoscopes,” optical tweezers over cellular area,*’ and remote
time-of-flight 3D depth sensing.®

MMF imaging is achieved by exploiting the property of
transmission matrix (TM). With the TM, one can collect the
feedback signal after rapidly scanning foci on the sample®”

*Address all correspondence to Qing Yang, qingyang@zju.edu.cn
These authors contributed equally to this work.
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nal reference beam. These methods suffer from phase instability
of the reference beam, easily caused by mechanical variation
and thermal drift. The internal reference methods”'>'® set parts
of the modulation modes as an internal reference. It reduces the
number of effective modulation modes and uses speckle refer-
ence, which contains dark reference points."' Its retrieved TM
has the phase offset error, excluding applications that require 3D
focusing.® Therefore, it is desirable to develop a simple and sta-
ble method to measure the full TM in MMF imaging.
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