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The increasing demand in medical diagnostics and treatment for minimally-invasive 
procedures coupled with high-resolution imaging has been a driving force in fiber-based 
endomicroscopy. Conventional endoscopic imaging methods face a trade-off between 
imaging resolution, field of view, number of modalities and invasiveness. Complex 
mechanical-scanners or imaging lenses at the endoscope distal side, i.e. the application 
side inside the body, are often required for high-resolution imaging, which typically 
results in more invasive probes, potentially causing increased tissue damage, which must 
be minimized, especially in brain surgery.

Lensless fiber endomicroscopes, empowered by advanced computational imaging 
methods [1–4] and programmable optics [5, 6], can overcome this trade-off and ena-
ble high-resolution imaging through tiny probes which show negligible tissue-damage. 
Utilizing a flexible ultra-thin fiber, such lensless endomicroscopes can easily navigate 
through small openings or penetrate in a needle-like minimally-invasive manner through 
delicate tissues, making them ideal for biomedical microscopic imaging in situ. Imaged 
volumes may include tiny cavities such as in the lung, prostate, kidney, bladder, blood 
vessels, eye and ear especially the cochlea, as well as delicate tissue for instance in the 
brain for tumor classification [6], neuroimaging [7–9] and stimulation [10]. Lensless 
fiber endomicroscopes open the door for dynamic imaging in vivo, providing real-time 

Abstract 

Lensless fiber endomicroscopy, an emergent paradigm shift for minimally-invasive 
microscopic optical imaging and targeted light delivery, holds transformative potential, 
especially in biomedicine. Leveraging holographic detection and physical or computa-
tional wavefront correction, it enables three-dimensional imaging in an unprecedent-
edly small footprint, which is crucial for various applications such as brain surgery. 
This perspective reviews the recent breakthroughs, highlighting potential emerging 
applications, and pinpointing gaps between innovation and real-world applications. As 
the research in this realm accelerates, the novel breakthroughs and existing frontiers 
highlighted in this perspective can be used as guidelines for researchers joining this 
exciting domain.
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insights into cellular and even subcellular processes. Most importantly, fiber-based 
endoscopes enable controlled light delivery, allowing optical excitation, nonlinear con-
trast mechanisms, micro-targeted optogenetic stimulation [10], optical manipulation 
[11], photo-therapy and further applications like photo-acoustics. These emerging capa-
bilities could revolutionize early disease detection, targeted biopsies, and the monitoring 
of treatment responses, significantly improving patient care in clinical settings.

In this perspective, we focus on emerging lensless fiber endomicroscopic imaging 
technologies employing either multicore fibers (MCFs) or multimode fibers (MMFs). 
We outline the strengths and limitations of these imaging methods, while exploring their 
potential for transfer to practical applications in real-world scenarios. This perspective 
will discuss potential future advancements in lensless fiber endomicroscopes, explor-
ing the potential technological breakthroughs and their transfer to applications towards 
clinics.

Commercial endoscopes often use miniaturized cameras and lenses at the probe’s tip 
and offer relatively high-resolution 2D imaging at a fixed focal length. However, such 
‘chip on tip’ designs limit advanced imaging capabilities due to constraints in illumi-
nation control. In contrast, lensless fiber endomicroscopes use optical fibers as wave-
guides for both light delivery and detection, allowing light sources and detectors to be 
positioned externally, eliminating the need for integrating complex components on the 
probe, significantly minimizing footprint. While miniature lenses or metalenses can be 
fabricated at a conventional single-core fiber end, distal scanners would still be required 
for imaging [12]. Avoiding distal scanners requires multiple spatial transmission chan-
nels offered by an MMF or MCF, and holographic detection or control of the light fields 
at the proximal side.

MMFs can transmit thousands of spatial modes simultaneously, thus providing a high 
space-bandwidth product, i.e. effective number of simultaneously imaged pixels, which 
potentially enables high-resolution diffraction-limited imaging at probe diameters of 
only 60 μm [14]. However, the complex light propagation due to modal coupling and 
modal dispersion presents the most prominent challenge for imaging through MMFs. 
Especially, since it depends also on wavelength, polarization and fiber conditions  such 
as temperature and bending [7, 9, 14]. While the propagation through MMFs is complex, 
it is not random. It is characterized by a transmission matrix (TM), which defines the 
relationship between the input and output fields. The TM can be directly measured by 
characterizing the light propagation through the fiber, for instance via holography. In 
general, as many measurements as transferable modes are required for full characteriza-
tion, however, if the TM is known or can be approximated, the fiber distortions can be 
corrected for either by programmable optics, such as spatial light modulators [14] or 
computationally via direct calculation [15] or deep neural networks [16].

MCFs, also called coherent fiber bundles, typically consists of thousands of inde-
pendent single-mode fiber cores, compactly arranged within a diameter of a few 
hundred microns. MCFs use each core as a separate spatial channel to transfer 
information in parallel. The cores ideally exhibit negligible crosstalk compared to 
the modal-coupling in MMFs, at the price of a lower fill factor due to the required 
core-to-core spacing. Each core can effectively act as an individual pixel, allowing 
direct transmission of intensity information independent of fiber bending (Fig.  1d). 
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However, the core-to-core spacing leads to under-sampling of spatial information. 
Neural networks have been employed to address this issue and ‘inpaint’ the missing 
pixels for e.g. cancer diagnostics [17]. However, similar to MMFs, intercore disper-
sion in MCFs leads to bend-dependent spatial-phase distortions, making light field 

Fig. 1  Comparison of different types of endoscopes. a Conventional fiberscope with lens module on the 
fiber tip at the distal side. b Videoscope houses a miniature image sensor and several LED chips embedded 
into the tip. c Lensless fiber endomicroscope enables tailored light delivery and detection through the same 
optical fiber, BS, beam splitter. d Comparison of the facet of the multicore fiber (MCF) and the multimode 
fiber (MMF). e Lensless fiber endomicroscope significantly reduced the invasiveness, especially for brain 
imaging and surgery. f Neuron cell captured using the GRIN lens based endomicroscope, adapted from [13]. 
g Neuron cell captured using lensless multimode fiber endomicroscope, adapted from [8], scale bar 10 μm
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transmission through MCFs with amplitude, phase and polarization a challenge too. 
Overcoming this challenge is possible by wavefront corrections utilizing a spatial 
light modulator (Fig.  1c). One such approach is digital optical phase conjugation 
(DOPC) [5, 18]. Different from MMFs which commonly require a full TM-based cor-
rection, a single phase mask is typically sufficient for correcting the distortions of a 
static MCFs, enabling precise and high-fidelity focusing and imaging by exploiting the 
memory effect. For dynamically-bent MCFs, an in  situ estimation of the distortions 
is required. This can be obtained by nonlinear signal optimization [19], or a virtual 
guide star [5]. The capability to undo MCF phase-distortions facilitates the use of 
MCFs in advanced imaging modalities, such as scanning fluorescence [3], two-pho-
ton [19], and holographic imaging [1–4], significantly enhancing their effectiveness 
and image quality. The ability to correct the excitation-path distortions by wavefront-
shaping opens the path for converting any fiber to a scanning laser endoscope using 
no mechanical scanners at the distal end. Lensless, video-rate, cellular-resolution 
imaging [5] has already demonstrated great potential for early cancer detection and 
tumor diagnosis [17].

Excitation-path correction also allows to work within the limited spectral bandwidth 
of the wavefront correction, which is dictated by the wavelength dependence of the light 
propagation through long fibers [19]. Importantly, raster-scanned focused excitation 
enables nonlinear imaging, such two-photon excited fluorescence [19], and coherent 
anti-stokes Raman Scattering (CARS) [20], offering significant applications in deep-tis-
sue imaging and cell structure visualization. Two-photon imaging provides deeper tissue 
penetration and three-dimensional imaging, which is particularly useful in urology for 
bladder-wall examinations where deeper tissue analysis is required with minimal probe 
size. As a label-free technique, CARS offers chemically-specific imaging, crucial for 
observing molecular details without external markers. The fiber-optic micromechani-
cal characterization of tissues by Brillouin scattering using flexible catheters is also very 
interesting, but has not yet been translated into practical applications [21].

Wavefront shaping can be used to correct the detection path as well. While the cor-
rection is employed for spatially-incoherent light [22], the narrow-band nature of the 
correction is beneficial for coherent reflection or transmission-contrast, opening the 
path to label-free quantitative phase imaging [1]. Phase-contrast is often a key in reveal-
ing cellular and tissue morphology. While MMFs present challenges due to their com-
plex light propagation, MCFs present a more feasible alternative for in situ corrections. 
Recent advancements include proximal holography for reflection-matrix measurement 
and decomposition [3] and distal phase-shifting holography [2], enhancing imaging 
capabilities through dynamically bent MCFs. Holographic lensless endomicroscopy 
significantly enhances the functionality of endoscopes by enabling refocusing capabili-
ties and extending the working distance. This allows for detailed imaging over a broader 
range of depths, crucial for applications like complex tissue analysis and intricate surgi-
cal procedures. Its ability to computationally adjust the focus after image capture pro-
vides versatility in examining areas that are difficult to access, making it especially useful 
in neurosurgery, inner ear investigation, and early cancer diagnostics.

The ability to correct the excitation-path distortions allows not only tight focusing 
for imaging, but also engineered light field delivery to any chosen targets without distal 
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optical elements. A straightforward potential application is in vivo tumor ablation, the 
targeted destruction of cancerous cells by concentrating light with extreme precision, 
while minimizing damage to surrounding healthy tissues [23]. Another attractive emerg-
ing application is optogenetics with cellular resolution selectivity, where wavefront 
shaping allows the precise delivery of light to control genetically modified cells, often 
neurons. This ability is essential for effectively stimulating or inhibiting neuronal activity 
with high spatial precision, offering significant implications for neuroscience research 
and the development of therapies for neurological disorders [10]. Both, ablation and 
optogenetics can benefit significantly by the combination of manipulation and imaging 
with the same probe, for direct process control. Finally, a wavefront-shaped focus can be 
used to realize dynamically-controlled optical tweezers, a tool employed in the manipu-
lation of cells, nanoparticles, and microrobots with remarkable accuracy. One example 
is the rotation of cells in three dimensions for precise optical tomography, providing 
detailed 3D visualization of subcellular structure, enhancing our understanding of can-
cer cells toward flow cytometry in clinics [11].

Lensless fiber endomicroscopy, while in its nascent stages, presents a world of oppor-
tunities. As the field progresses, a balance between innovation, evaluation, and a focus 
on real-world applications will be critical. This perspective underscores the importance 
of not only championing technological advancements but also critically evaluating their 
broader clinical and societal implications.

From deep brain imaging to real-time cancer diagnosis and in vivo intestinal imag-
ing, the potential applications of these technologies are vast, as the diverse appli-
cation fields listed in Fig.  2. However, the journey from lab-scale innovations to 
real-world medical applications is fraught with challenges. The reduction of the 
fiber endoscope’s footprint, achieved by removing the distal optics, is accompanied 
by a decrease in the detection aperture, which can lead to reduced coupling effi-
ciency and signal-to-noise ratio (SNR) according SNR ∼ NA

2,NA ∼ R/Z , with R as 
radius of the fiber and Z as the distance from the fiber facet to the tissue surface. 

Fig. 2  Potential application scenarios of lensless fiber endomicroscopy
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In order to get a sufficient SNR, the distance Z has to be reduced, which also makes 
the field of view smaller. Furthermore, the current solutions are often limited to 
narrow linewidth light field correction, reducing realizable imaging modalities for 
fluorescence. Lastly, the realized systems are complex, either in hardware or in com-
putation, which so far hindered translation to clinical applications. Addressing these 
challenges may require new fiber designs, such as 3D-printed diffractive optical ele-
ments (DOEs) on the fiber tip [24, 25], or innovative computational methods such as 
deep learning [26]. Additionally, incorporating advanced functionalities like micro-
fluidics, active fibers, and microactuators will expand the scope, applicability, and 
versatility of lensless fiber endomicroscopy.

In the design and application of lensless fiber endomicroscopes, a critical trade-off 
exists between robustness, resolution, and diameter. These factors are interdepend-
ent and must be carefully balanced to meet the specific needs of different applica-
tion scenarios. Firstly, the diameter of the fiber plays a crucial role in determining 
both the resolution and robustness. MMFs usually have smaller diameters down to 
60 μm, providing high potential for high resolution imaging. However, MMFs are 
generally more sensitive to mechanical bending and environmental changes, which 
can adversely affect image quality. In contrast, MCFs tend to offer greater robust-
ness but at the cost of relatively lower resolution with a slightly larger diameter 
down to 250 μm. Furthermore, the application scenario greatly influences the choice 
of fiber. For instance, in medical applications such as intravascular or gastrointesti-
nal imaging, where the fiber may be subjected to significant bending and twisting, 
a more robust fiber system may be preferable even if it sacrifices some resolution. 
This ensures reliability and consistency of imaging performance, which is critical in 
a clinical setting. On the other hand, applications like precision industrial inspection 
or laboratory research might prioritize high resolution over robustness because the 
fibers can be controlled and protected from extreme environmental conditions.

Once the technical challenges of lensless fiber endomicroscopy are overcome, it’s 
crucial to bridge the gap between innovation and practical implementation. This 
involves ensuring ease of use, cost-effectiveness, and compatibility with existing 
medical workflows and regulations. Future developments should focus on making 
these devices more user-friendly for clinicians, reducing costs to promote broader 
adoption, and ensuring compatibility with current medical imaging and diagnostic 
practices, especially regarding deep learning. Collaborations between researchers, 
clinicians, and industry are crucial in translating these advanced technologies from 
the lab to the clinic, ensuring they meet practical clinical needs while leveraging 
their advanced imaging capabilities.

As we embrace the future of lensless fiber endomicroscopy, we stand on the brink 
of a transformative era in medical imaging. The potential for minimally invasive, 
high-resolution diagnostics and treatments is immense. With continued innovation, 
collaboration, and a focus on practical implementation, this technology promises to 
revolutionize patient care and open new horizons in medical science. The journey 
ahead is filled with possibilities, and the medical community eagerly anticipates its 
impactful integration into clinical practice.
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Conclusions
Lensless fiber endomicroscopy represents a significant shift towards minimally inva-
sive optical imaging and targeted light delivery, with vast implications in biomedicine. 
Integrating advanced optical technologies such as holographic detection and wavefront 
correction facilitates optical manipulation and three-dimensional imaging through the 
ultra-thin fiber. Lensless fiber endoscopes enable microscopic imaging to extremely nar-
row or previously inaccessible areas, opening new perspectives for critical medical pro-
cedures, from brain surgery to vascular diagnostics. We highlight recent advancements 
and potential applications, while also identifying gaps between innovation and practical 
implementation. We are confident that the insights offered here will pave the way for 
further advancements in fiber endomicroscopy, steering future research in biomedicine.
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