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Techniques for addressing 

image distortion through 

wavefront shaping and 

computational optics could 

pave the way for a new 

generation of extremely thin, 

high-resolution endoscopes 

for medical imaging. 
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renaissance—driven, as with so much recent tech-
nological development in optics, by a combination 
of advances in theory, materials and computa-
tional power. In this article, we review some of 
the recent developments that could dramatically 
downsize the endoscopes of the future.

Early attempts
In 1967, Erich Spitz and Alain Wertz first reported 
the analog transmission of images through an 
MMF, using holography to compensate for the 
severe distortion that takes place when images 
travel through such fiber. Their two-step method 
involved using light from an object presented 
at one end of the fiber to create a hologram on a 
photographic plate at the other, and then reading 
out the hologram with a counterpropagating 
beam sent back through the fiber to reconstruct 
a clear image of the original object. 

This technique—which amounts to using a 
“holographic mirror” to undo the distortion inher-
ent in multimode imaging—came to be known as 
phase conjugation many years later. The obvious 
limitation in the original study was that getting 
a clear image required a double pass through the 
MMF, with the image formed at the same place 
as the original object. Thus, while interesting, 
the technique did not seem especially useful for 
transmitting images from one place to another.

One possible solution, suggested by Amnon 
Yariv in 1976, was to use two identical segments 

or half a century, engineers have sought ways to 
use multimode fiber (MMF) to transmit images. 
Practical image transfer through MMFs has the 
potential to revolutionize medical endoscopy. 
Because of the fiber’s ability to transmit multiple 
spatial modes of light simultaneously, MMFs 
could, in principle, replace the millimeters-thick 
bundles of fibers currently used in endoscopes 
with a single fiber only a few hundred microns 
thick. That, in turn, could potentially open up 
new, less invasive forms of endoscopy to perform 
high-resolution imaging of tissues out of reach of 
current conventional endoscopes.

However, until recently, there has been a catch: 
mode coupling leads to severe distortion, both in 
space and in time, of images transmitted through 
MMF. The solution most commonly pursued to 
address this problem, phase conjugation, has been 
promising in theory but has run into persistent 
practical obstacles.

In the past five years, however, the 
vision of MMF imaging has undergone a 

In the past five years the vision of MMF 
imaging has undergone a renaissance—
driven by a combination of advances in 
theory, materials and computational power. 
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Distortion in multimode fiber imaging  
Images propagated in multimode fiber undergo severe spatial distortion and temporal spread, owing to mode coupling.
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of MMF, so that the distortion due to the first segment can 
be undone by propagating the phase-conjugated beam 
through the second segment. While a clever scheme, the 
idea never reached practical use, in part because of the 
difficulty of ensuring that the two fiber segments were, and 
remained, truly well matched. Practical image transmission 
through MMF remained an open question.

Leveraging recent progress
Since 2011, however, several groups have revived the idea 
of using MMFs as image-guiding devices—and using a 
single-segment configuration, rather than awkward match-
ing of fiber segments, to achieve the goal. In particular, 
progress has been enabled through the use of spatial light 
modulators (SLMs) to shape and optimize the wavefront of 
the input beam for its trip through the MMF. In essence, the 
analog photographic techniques have been replaced with 
digital approaches to phase conjugation, to exploit advances 
in computational power and speed.

In thinking about applications of imaging through MMF, 
it is often appropriate to think of a single MMF segment as 
an optical element, like a lens. However, unlike a lens, the 
MMF needs to be characterized before it can be used, and 
the recording of the hologram in the forward direction can 
be thought of as a calibration step. In the phase conjugation 
experiment of Spitz and Wertz, the system was calibrated 
or trained for transmitting only a single specific image (the 
one used to record the hologram). More recent developments 
have shown that this can be generalized, so that any image 
can be transmitted through a single MMF.

In light of recent progress, a wide variety of functional-
ities common in lens-based microscopes can also be realized 
with MMFs, with the MMF replacing the objective lens as the 
focusing and collecting optical elements. In the remainder of 
this article we describe four examples, and then close with 
some additional thoughts on specific applications, challenges 
and the outlook for the technology.

Scanning fluorescence microscopy
In scanning fluorescence microscopy, a spot of light is 
focused on the object and the spot is scanned across the 
imaging volume in 2-D or 3-D. The same optical element that 
produces the focused spot collects the fluorescence emission 
generated at each scanning position, which is then measured 
by an optical detector. Plotting the detected signal as a func-
tion of the illumination spot’s position creates a 2-D or 3-D 
image of the illuminated object.

In commercial microscopes, a high-quality objective lens 
forms the focused spot and collects the fluorescence. The 

An early effort at MMF imaging

In 1967, Erich Spitz and Alain Wertz reported successful 
transmission of an image through a multimode fiber. In 

their scheme, an image of an object is sent through the 
fiber, and the distorted image that results (owing to mode 
dispersion and coupling) is recorded holographically on a 
photographic plate (top). The hologram is then read out with 
a counterpropagating plane wave that sends the optical field 
back into the same fiber, recovering an undistorted image at 
the same location as the original object (bottom). The distor-
tions are “undone” by reciprocity. 

Bibliothèque nationale de France / E. Spitz and A. Wertz, C. R. Acad. Sci. B 264, 1015 (1967).
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2-D (x-y) scanning is implemented by mechanically actuated 
mirrors; scanning in the axial direction is implemented by 
controlled motion of the objective or the sample in the z 
direction.

To replace the lens with an MMF, the fiber must perform 
two functions: producing the tightly focused, diffraction-
limited spot at the distal end of the fiber, to excite the 
fluorescence; and collecting the resulting fluorescence excited 
by the spot to be constructed into the image. To train the 
fiber to produce a focused spot, a point source illuminates 
the fiber at one end and a hologram of the light from the 
point source is recorded at the  other end. When a phase 
conjugated reconstruction of the hologram is fed back via the 
fiber, an image of the object (the focused spot) forms back at 
the location of the point source.

In principle, this is identical to the original 1967 experi-
ment by Spitz and Wertz—with a crucial difference: a combi-
nation of an electronic camera (either CCD or CMOS) and a 
display device (an SLM) replaces the photographic plate used 
in 1967. This tremendously improves the quality and the flex-
ibility with which phase conjugation can be implemented. 
In particular, since they are created and stored digitally, 
holograms of several thousand different point sources can be 
recorded and stored during the training phase, and read out 
and projected sequentially at the proximal end of the MMF 
via the SLM.

The result is diffraction-limited scanning spots at the 
distal end of the fiber, where the object to be imaged lies, 
that can be rapidly, digitally controlled by the researcher at 

the proximal end. The fluorescence generated by the focused 
spot at the distal end is coupled to the large core of the MMF 
and guided to an optical detector (the same CCD or CMOS 
detector used for training of the spot at the proximal end). In 
this way the combination of the SLM and the MMF replicates 
the functionality of the objective lens and the rotating 
mirrors of a conventional scanning fluorescent micro-
scope—with an image quality comparable to that obtained 
with a standard microscope objective of the same numerical 
aperture as the fiber. 

Wide-field microscopy
Scanning microscopy, while a powerful tool used in many 
disciplines, is relatively slow, as the image is formed one 
illumination point at a time. Wide-field microscopy, in 
contrast, captures the entire image at the same time, and 
therefore can be much faster if the light levels are sufficiently 
high. Remarkably, recently developed techniques allow the 
transfer (projection or reception) of just such arbitrary images 
through the MMF.

MMF wide-field microscopy relies on modeling the MMF 
as a linear system, and measuring the system’s impulse 
response—or, mathematically speaking, its transmission 
matrix. This is accomplished by making a set of measure-
ments similar to the ones described for spot training in 
scanning fluorescence microscopy, with multiple point 
sources at the input to the MMF, and measuring the system’s 
impulse response at the other end of the fiber to approximate 
the transmission matrix.

Given the measurement of the transmission matrix 
M of a linear system, any desired pattern Adistal can be 
projected at the output of the system using the matrix 
inverse—that is, by presenting the pattern Aproximal = 
M–1Adistal at the proximal end. Conversely, if an unknown 
pattern is presented at the distal end, it can be recovered 
from the measurements at the proximal end by digitally 
inverting the effects of propagation through the MMF.

Different basis functions can be used to measure the 
matrix M. Sine waves are often chosen because of their 
compatibility with computationally efficient fast Fourier 
transform algorithms.

Confocal imaging
In biological samples, the contrast obtained with simple 
fluorescence scanning or wide-field microscopy may not be 
sufficient, due to light scattering by tissue below or in front 
of the desired image plane. Confocal imaging can remove 
the out-of-focus contribution and produce clear images in 
conventional microscopes, using a pinhole near the optical 

MMF wide-field microscopy relies on 
modeling the MMF as a linear system, 
and measuring the system’s impulse 
response—or, mathematically 
speaking, its transmission matrix. 

A multimode 
fiber

Wikimedia Commons
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This technique captures the entire image, and is therefore much 
faster than scanning fluorescence microscopy, but requires high 
light levels. This depends on modeling the impulse response 
of the fiber as a mathematical transmission matrix. This matrix 
information is then transferred from the MMF input to the imag-
ing output at the other end of the fiber. 

(Right) Wide-field images transmitted through MMF,  including 
standard USAF resolution test chart and 10-μm polymer beads. 

Revolutionizing endoscopy
Basing medical endoscopes on single multimode fibers (MMFs), rather than bulky fiber bundles, could lead to a new 
generation of ultra-thin endoscopes for imaging difficult-to-access tissues. But achieving that goal requires getting a 
clear image through the MMF, where mode coupling can lead to distortion. Here are two emerging techniques.

With MMFWith objective lens

Desired pattern Projected pattern

Here, light is sent through the MMF to illuminate the tissue to be imaged, and refined 
into a clean focus spot through wavefront shaping with a spatial light modulator 
(SLM). The fluorescent emission stimulated by the focused incident light is collected 
and passed back through the fiber. Scanning the spot across the target allows for 
assembly of the final image. 

(Left) Examples of scanning fluorescence microscopy through MMF, including image 
of neuron and an EPFL logo and “smiley face” used in various experiments. 

With MMFWith objective lens

Illustration: Phil Saunders / spacechannel.org; experimental data: I. N. Papadopoulos et al. Biomed. Opt. Express 4, 260 (2013); D. Loterie et al. Opt. Express 23, 23845 (2015); Y. 
Choi  et al. Phys. Rev. Lett. 109, 203901 (2012); T. Čižmár and K. Dholakia Nat. Commun. 3, 1027 (2012) / reprinted by permission from Macmillan Publishers Ltd., © 2012.

MMF scanning 
fluorescence imaging

MMF wide-field  
imaging
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detector whose center is conjugated with the focal point in 
the sample and blocks most of the out-of-focus light.

With the MMF, the conventional-microscope approach 
cannot be used to image confocally, as the reflection of 
the focal point in the sample produces a 2-D speckle 
pattern at the proximal end. Thus, no confocal location 
is available to guide where a pinhole might be placed. 
Instead, for MMF, knowledge of the transmission matrix 
once again comes into play.

The trick is to use the transmission matrix to digitally 
re-create in the computer the focal point on the object. The 
resulting two-dimensional image is then a bright focal 
spot surrounded by speckle noise, which is caused by the 
out-of-focus contributions. A digital filter mask, placed to 
isolate the main focal spot, is applied, and the intensity of 
the central spot is recorded, with the process repeated for 
every scanning point in the image. The resulting image 
can provide a substantial boost in sharpness for wide-field 
images transmitted through MMF. 

Two-photon microscopy
Two-photon microscopy is another form of fluorescence 
imaging, with some additional advantages, including deeper 
penetration and axial sectioning. However, in contrast to 
the examples discussed so far—which use continuous-wave 
(CW) lasers—applications such as two-photon microscopy 
use very short pulses, with a time duration in the range of 
100 fs. This ultrafast regime creates a possible problem with 
MMFs, in which modal dispersion temporally broadens a 
pulse after propagation. In a typical 30-cm-long MMF, for 
example, a 100-fs pulse broadens to approximately 15 ps.

To get around this problem, our lab has used an approach 
that involves selectively exciting only a group of modes with 
similar group velocities, and controlling the phase of these 
modes to produce a focal spot. We accomplish this through a 
two-step process. The first step consists of focusing light on 
the distal end of the MMF, and recording the digital holo-
gram of the optical field and the short pulse reference beam 
at the other proximal end. Recording the hologram with a 
short pulse reference “freezes” the arrival of a given set of 
modes. The amplitude and phase map of the light pattern are 
then extracted from the recorded hologram, and the process 
is repeated for multiple focus points.

The second step is the reconstruction, which consists of 
presenting the conjugate of the phase map, just recorded, 
to an SLM. The counterpropagated field generates an 
ultrashort focused pulse at the distal end of the fiber. Since 
the power of the counterpropagated field is spatially spread 
across the various excited modes in the large fiber core, 
this approach does not introduce nonlinear effects on the 
delivered focused pulse. Femtosecond pulse propagation 

The added flexibility that MMF 
brings is expected to play a 
significant role in brain research 
(deep brain), inner-ear diagnostics 
and vision imaging and therapy. 

Digital confocal imaging through MMF  
In this image of an epithelial cell, a wide-field image obtained through fiber (left) is substantially sharpened by confocal detection (center), 
revealing structures that come out clearly in the control image, taken with a microscope objective (right). D. Loterie et al. Opt. Express 23, 23845 (2015).

MMF wide-field imaging Digital confocal

20 μm

Control image
(microscope objective)
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and spatial focusing through a 20-cm length of graded-
index (GRIN) MMF was recently reported.

Clinical opportunities for MMF imaging
In clinical settings, fiber-based endoscopic imaging is 
routinely performed with fiber bundles, which have many 
separate light-guiding cores built into one fiber assembly. 
Each core in a fiber bundle transmits only one pixel of the 
image. Light-guiding cores in a bundle have to be separated 
by a certain minimum distance, to avoid light leaking 
from one core to another, so that blurring due to modal 
scrambling is not an issue. However, the resolution of a fiber 
bundle is limited by the inter-core spacing. For example, 
the resolution of a Mauna Kea Cellvizio S-300 fiber bundle 
probe with outer diameter of 300 µm is 3.3 µm.

The large number of modes available in the MMF 
provides higher resolution. For example, an MMF with a 
numerical aperture NA=1, illuminated at 405 nm, yields a 
resolution of 250 nm. The total number of independent pixels 
is 7,500 for a typical fiber bundle, compared with 100,000 
with a standard multimode fiber of the same diameter. This 
difference arises because the light between the cores is not 
guided in the fiber bundle, and thus a large portion of the 
bundle’s cross section is not used for imaging. 

The applications of MMF endoscopes in medicine and 
biology are likely to be for minimally invasive imaging 
in cases where access is difficult. In our laboratory, for 
example, we are exploring a customized endoscope based 
on MMFs for imaging the human cochlea, in the inner ear, 
to diagnose causes of hearing loss. The cochlea is encased 
in thick bone, and the only access to it is through the 
middle ear and the so-called round window, a small open-
ing of less than 1-mm2 diameter between the middle and 
inner ear. Our group, in collaboration with Tina Stankovic 
at the Harvard Medical School, recorded a high-resolution 
image of the cell structure inside a mouse cochlea, with 
the possibility of further development into a diagnostic 
endoscopy tool for humans.

Some challenges ahead
Despite the impressive recent developments in MMF 
imaging, challenges remain before the technology can be 
in widespread use. One challenge relates to SLMs. Phase-
only modulators are light efficient (diffraction efficiency of 
the order of 60 to 70 percent) but are relatively slow (around  
30 to 300 Hz). Amplitude binary modulators are fast  
(20 kHz), but light inefficient (diffraction efficiency around 
10 percent), and they require additional tricks to convert 
the binary amplitude frame into amplitude and phase.

For example, in spot scanning, a 100 × 100 pixel image 
with 1-μm resolution providing the same area in field of 
view requires an acquisition time of 5 minutes with a 30-Hz 
SLM frame rate. For in vivo applications, a sub-Hz imaging 
frame rate is necessary. A 20-kHz SLM frame rate would 
provide two frames per second at full field of view.

Another challenge is related to the bending of the 
fiber. In this case, a closed-loop system that corrects for 
the disturbances to the optical field is necessary. Several 
groups have shown promising results towards this 
critical goal, and it may be possible in the near future to 
build endoscopes with flexible MMFs. For the moment, 
the preferred solution is to use the fiber probe in a rigid 
configuration in which the fiber is embedded into a 
nonflexible needle or cannula.

The added flexibility that MMF brings in terms of 
higher resolution, selection of the imaging plane and 
small size is expected to play a significant role in brain 
research (deep brain), inner-ear diagnostics and vision 
imaging and therapy.  OPN
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