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Abstract: Traditionally, models for neural dynamics in the
brain have been formed through research conducted on
slices, with electrodes, or by lesions to functional areas.
Recent developments in functional dyes and optogenet-
ics has made brain research more accessible through the
use of light. However, this improved accessibility does not
necessarily apply to deep regions of the brain which are
surrounded by scattering tissue. In this article we give an
overview of some of the latest methods in development for
neural measurement and imaging. We specifically address
methods designed to overcome the problem of imaging in-
vivo for regions far beyond the mean free path of photons
in brain tissue. These methods would permit previously re-
stricted neural research.

Keywords: in-vivo; scattering media; image reconstruc-
tion; phase correction

1 Introduction

To motivate the use of light in neuroscience, consider the
striatum of a mouse, a 1.5 mm wide nucleus among the
basal ganglia. It has been known for its role in the co-
ordination of motor control, neural reward and punish-
ment, and learning since the 1800s [1, 2]. Disorders, such
as Parkinson’s disease, motivated much research into the
function of this nucleus over the last two centuries. Early
research, however, was conducted by lesioning the stria-
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tum and produced conflicting results; some reported un-
inhibited movement in which an animal would run un-
controllably [3], while others reported that the lesions had
little effect or even reduced movement [4]. In the 1980’s
a new model grounded on anatomy and clinical specula-
tion suggested the existence of two output pathways from
the striatum; one for stimulating desired movement and
another inhibiting undesired movement [5]. These path-
ways, named the direct and indirect pathways respectively,
are difficult to observe separately for two reasons: (i) they
exist at the same place within the striatum making the
neurons difficult to physically separate [6] and (ii) the
electrophysiological characteristics are indistinguishable,
thereby making electrode measurements ambiguous [5].
The pathways can, however, be distinguished genetically.
Direct pathway neurons (D1 neurons) and indirect path-
way neurons (D2 neurons) express the dopamine receptors
Drd1 and Drd2, respectively. Due to the opposing effects of
these receptors, they exist almost exclusively in their own
pathway with only ~5% of striatal neurons expressing
both [5]. Specific targeting of these pathways can, there-
fore, be achieved by engineering a virus with the genetic
code of a desired indicator protein such that it will only
infect cells expressing the gene for either Drdl or Drd2.
GCaMP, a protein fluorescing green in the presence of cal-
cium, thereby indicating cell activity, was first used to vi-
rally target specific cells of mice in 2004 [7]. The following
yeatr, a similar method was used with Channelrhodopsin-2
(ChR2)- a cation channel which allows for light-mediated
neural stimulation - in transgenic mice [8]. Hence, an all-
optical means for directly stimulating and monitoring neu-
ral activity in targeted cells is now possible. The problem
which remains is that of bringing light to the target areas
in a manner suitable for stimulation and imaging.

2 Challenges in Traditional
Microscopy

The greatest hindrance to effective deep tissue imag-
ing is light scattering. The distance travelled by a non-
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interacting (ballistic) photon can be explained by Beer-
Lambert exponential decay [9]

P(z) = e™™%, )]

where z is the distance along the optical axis and P(z) is
the proportion of incident photons which are ballistic at
z. The mean free path (MFP) is the reciprocal of the scat-
tering coefficient, ps. Anisotropic Mie scattering! caused
by cellular organelles dominates in biological tissue [10].
Scattering heavily favours the forward direction and the
anisotropy can be quantified by a dimensionless parame-
ter, g. A typical value for g in tissues is 0.9 [9, 11-13]. The re-
duced scattering coefficient, y3, takes this large anisotropy
into account and is defined as ys = us(1-g). The transport
mean free path (TMFP), defined as 1/, is the average dis-
tance a photon can travel into a material while maintain-
ing some correlation to its original trajectory [14]. Beyond
this length the majority of photons can be considered to be
diffuse. Figure 1 shows such anisotropic scattering in tis-
sue along the optical axis. Jacques [13] summarised data
collected from 56 sources to estimate y; in biological tis-
sue using a model for wavelength-dependent Mie scatter-
ing such that

, 1 \7?
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where A is the vacuum wavelength in nanometres. For
brain tissue, the constants a and b are 24.2 cm™! and 1.611,
respectively. The model is valid for wavelengths in the
range 400-1300 nm.

Random
walk

Ballistic
regime

Increasing
photon scattering

Figure 1: Light propagation through a scattering tissue. Boarders
showing the MFP (left) and the TMFP (right) for g = 0.9. Reprinted
by permission from Macmillan Publishers Ltd: Nature Methods [11],
copyright (2010).

In an ideal imaging system all excitation photons
would be ballistic which would limit most imaging to

1 Mie regime: scattering particles are the same order of magnitude as
the wavelength, A.
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depths within one MFP. For 488 nm, the excitation wave-
length for GCaMP, Equation 2 gives an estimated MFP of
40 pm with some indication that this value diminishes
with the age of the animal used [15]. Large anisotropy
means that the distortion to the point spread function
(PSF) would not be significant just beyond the MFP; hence,
with deconvolution, or if some resolution loss can be tol-
erated, epifluorescence microscopy could extend as far as
50-100 pm into brain tissue [16, 17]. Confocal microscopy
allows for an increase in depth without significant loss
of resolution as the scattered photons are rejected by an
imaging pinhole. Since only ballistic photons contribute
to the image, the signal decreases exponentially with pen-
etration depth in accordance with Equation 1. This can be
remedied by increasing the input power with depth. For
cellular resolution, the depth can be extended to approxi-
mately 250 pm before multiple scattering events render the
pinhole ineffective [11].

A more subtle problem that must be considered when
using this technique is the amount of light incident on the
sample. For live cell imaging, the illumination power must
be limited to prevent cell damage [18]. Most photons in
deep confocal microscopy are completely rejected mean-
ing that large illumination powers are required. For an
anisotropy parameter of 0.9 at half the TMFP only 0.7% of
photons are ballistic and, therefore, contribute to the im-
age. Reports suggest that a localised high intensity, rather
than a high total photon dose, is the cause of cellular dam-
age [19-21]. Light sheet microscopy accounts for this by us-
ing a cylindrical lens to illuminate a single plane at the ob-
ject. Illumination is aligned perpendicularly to the imag-
ing axis. This method allows for fast acquisition, as it is
scanner free, and optical sectioning, since only the imag-
ing planeis illuminated. Light sheet phototoxicity is so low
that it is reported to be effective at imaging live cells dur-
ing anaphase of mitosis, a highly light-sensitive period of
the cell life cycle [19]. The cumbersomeness of requiring
perpendicular objectives for this technique was mitigated
by Bouchard et al. [22] who describe a method in which
a single objective is used for both excitation and imaging
of in-vivo brain tissue, see Figure 2. This method, known
as swept confocally-aligned planar excitation (SCAPE) mi-
croscopy, fulfils many requirements for in-vivo imaging,
yet the maximum depth possible is no greater than tradi-
tional confocal microscopy, with Bouchard et al. reporting
a depth of 140 pm [22].

Two-photon fluorescence (2P) is currently the leading
technique for deep, non-invasive imaging. It requires the
use of lower energy wavelengths since it depends on the
simultaneous (within ~1 fs) absorption of more than one
photon by a fluorophore. As this is very unlikely, the exci-
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Figure 2: In-vivo SCAPE microscopy set up; CL, cylindrical lens.
Reprinted by permission from the Optical Society of America: Optics
in Life Sciences [23], copyright(2015).

tation must be focussed tightly in space as well as in time
with transform limited pulses. The typical enhancement
achieved in 2P fluorescence by using a pulsed laser instead
of a continuous wave laser is around 10° [9]. This method
has a similar PSF to that for confocal microscopy, which is
the square of the epifluorescence PSF and, as in the confo-
cal system, only ballistic photons contribute to the signal.
The nonlinear absorption makes out-of-focus fluorescence
very improbable. Furthermore, the low absorption of near
infra-red (NIR) light in tissue significantly reduces photo-
toxicity. Yet limitations exist. The emitted photons have
visible wavelengths and, for typical 2P imaging depths,
undergo multiple scattering events on their path to the de-
tector. At the surface of the tissue these photons are diffuse
and have a broad intensity distribution with a full-width-
at-half-maximum (FWHM) 3/2 times the imaging depth re-
gardless of the MFP [9]. As the depth increases, a larger
portion of fluorescence falls outside the reach of the col-
lection optics. Increasing power to combat scattering at
depth eventually leads to surface and out-of-focus fluores-
cence. Furthermore, the increased depth reduces the nu-
merical aperture (NA) rapidly since the outer regions of the
focussing cone of light scatter more [24]. For imaging cells,
the largest reported depths in the brain are around 1 mm
[25-27]. This technique greatly facilitated in-vivo cortical
research in both behaving and anaesthetized animals with
surgically-mounted skull windows [9, 28, 29, 29, 30]. This
method, however, does not reach the basal ganglia and,
for this reason, we turn our attention to implanted devices.
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3 Constraints on Problem

The methods discussed above outline the motivations
behind- and short comings of- using light for deep-brain
research. While strides have been made in deeper non-
invasive imaging, the need for an implanted device re-
mains clear. Although the implanted technologies dis-
cussed in the following sections are not specifically de-
signed for imaging the striatum, we discuss them with ref-
erence to the problem outlined in the Introduction. We
do this as the chosen problem presents us with a rather
complete set of criteria against which an imaging tech-
nique can be critiqued. The depth, ~3 mm, is beyond
any imaging modality available. The required resolution is
sub-cellular for the identification of specific cell types and
structures. For calcium transients to be distinguishable, a
temporal resolution of ~10 Hz is required. For live cells,
the intensity delivered to the tissue must be in the range of
10 Wem ™2 [19]. Gliosis expected around the tip of the im-
plant requires a working distance greater than 5 pm [31]
and, hence, a method for selecting a focal plane. The size
of the implant must be small to minimise damage. Cortical
blood vessels could have spacings as small as 200 um [32].
Some sources claim probes larger than ~300 pm could
have detrimental effects on the mice [33]. Finally, since we
are observing a nucleus largely responsible for coordinat-
ing movement, a flexible probe is preferred.

4 Fibre Probes and Endoscopes

4.1 Electrodes and Photometry

Although we primarily discuss the exclusive use of op-
tics in monitoring and stimulating neural activity, electro-
physiological methods have been used in monitoring cells
which can only be separated genetically. Kravitz and Kre-
itzer [35] described a procedure in which electrodes mon-
itored the electrical activity of a few D1 and D2 neurons.
The neurons in a specific pathway were targeted with ChR2
making them excitable under 480 nm light. The recordings
made by the electrodes while the light was off could be
correlated to those made during optical stimulation, giv-
ing some idea of whether the cell being recorded was D1
or D2. The combined optical fibre and electrodes system
had a total cross-sectional diameter of just over 125 pm.
This method, though clever and minimally invasive, lacks
spatial information of the cells and cannot be performed
with passive observation. The viral targeting and moni-
toring of specific neural cells in mice has since been ex-

Unauthenticated
Download Date | 11/29/16 12:09 AM



DE GRUYTER OPEN

Advances in Fibre Microendoscopy for Neuronal Imaging = 33

Figure 3: Striatum photometry; (a)illustration of implanted excitation(blue) and emission(red) fibres, (b) and (c) bright field and fluores-
cence image of slices for (b) direct-pathway- and (c) indirect-pathway-labelled transgenic mice. White arrows show the implant locations.
Adapted by permission from Macmillan Publishers Ltd: Nature [34], copyright (2013)

tended to a purely optical endeavour. Chronic multimode
fibre implants collect fluorescence from calcium indica-
tors, such as GCaMP, which are expressed in the targeted
cells as shown in Figure 3. The mice are free to move while
the cell activity is recorded, thereby allowing for the cor-
relation of activity in a given pathway with the actions of
the mice [34, 36, 37]. Implanted fibres have also been used
in stimulating ChR2-expressing neurons causing a notable
change in the behaviour of the animal [37]. The benefit of
the purely optical probes over electrodes is that they allow
for direct passive measurement of many cells of a specific
pathway or type. This is done at the expense of some spa-
tial information and temporal resolution offered by elec-
trode arrays. The method has also been extended to mea-
sure the spectrum as well as the intensity from the collec-
tion fibre. It was shown in 2014 that it could be used in
Forster resonance energy transfer (FRET) microscopy [38].

4.2 Implanted Lenses

The above methods present alternatives to imaging in or-
der to satisfy the size constraints, yet developments in en-
doscopy over the past decade have all but met these tight
constraints for in-vivo imaging. Traditionally, rigid Hop-
kins endoscopes comprising of a series of microlenses ar-
ranged in a thin tube were used. These were shown to be ef-
fective in confocal and structured illumination endoscopy
[39], but the rigid body and large diameters of 1-3 mm
made them unsuitable for in-vivo brain imaging. Graded
index (GRIN) lenses somewhat remedied the size problem.
Rather than refracting light through a curved surface, rod-
shaped, GRIN lenses have a radially varying refractive in-
dex. Used as chronic implants, these lenses would enable
optical access to deep brain structures, but would initially
require that the animals remain stationary. The GRIN se-
tups were shown to be effective with fast wide-field, high
resolution two-photon fluorescence, and super resolution
single photon microscopy [15, 40-43]. To allow for move-

ment of the animal, in recent years miniaturised, head-
mounted microscopes, as shown in Figure 4, have been de-
veloped. Betley et al. reported on the use of a 0.5 mm GRIN
lens with a head-mounted microscope for deep brain fluo-
rescence imaging in the arcuate nucleus (ARC) [44]. To do
this, a 0.6 mm diameter cylindrical portion was first carved
out of the brain above the ARC to minimise compression by
the chronic lens. This method fulfils many requirements in
neural imaging yet there are still some drawbacks. Aberra-
tions in the GRIN lenses mean that cell resolution imaging
is often restricted to the central portion of the lens, hence
making the impact on the mouse larger than it need be.
Furthermore, since images are transmitted from a head-
mounted camera, light access to the brain for stimulation
or other imaging techniques is impeded.

4.3 Single-Mode Optical Fibres

When measuring fluorescence or reflected intensity, a
single-mode fibre (SMF) can only transfer one image pixel
value at a time, yet it is not uncommon for an imaging
technique to use such a concept. Scanning confocal mi-
croscopy, for example, does exactly that as each point at
the object is scanned individually. Additionally, the small
core sizes of single-mode fibres makes them effective pin
holes and they have been used for fibre-based confocal mi-
croscopy. This has been shown by scanning the SMF rela-
tive to the optical axis itself [48] and by deflecting the SMF
output beam by means of piezoelectric deflectors [49]. The
drawback to these methods is the requirement for scan-
ning equipment, leading to bulky assemblies at the object
end of the fibre.

An alternative method for SMF endoscopy is to encode
the spatial information spectrally, thereby increasing the
bandwidth. In this method, broadband light coupled into
an SMF at the proximal end is expanded and focussed onto
a grating etched at the distal end. The light is diffracted
by the grating and forms a line of illumination at the ob-
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Figure 4: Commercially available head mounted microscope; (@) mouse with mounted microscope, (b) penetration depth to the ARC, (c)
GCaMP fluorescence in neurons. Scale bar, 15 pm, (d) computationally segmented cells. Reprinted by permission from Macmillan Publish-
ers Ltd: Nature [44], copyright (2015).

Figure 5: The principal behind, and examples of, spectrally encoded endoscopy (SEE). (a) Endoscope set up, comparison to a human hair
(scale bar, 1 mm), and image of distal tip (scale bar, 0.5 mm), (b) Mouse ovarian tumour nodules overlaid on depth profile (scale bars, 0.35
mm), (c) SEE image of cultured epithelial cells labelled with green fluorescent dye, (d) Epifluorescent image of (c). (@) and (b) reprinted by
permission from Macmillan Publishers Ltd: Nature [45], copyright (2006). (c) and (d) reprinted by permission from the Optical Society of

America: Optics Express [46], copyright(2010).

ject. Since diffraction angles are wavelength-dependent,
the spatial information of the object is encoded in the il-
lumination spectrum. Reflected light is gathered and mea-
sured in a spectrometer. To scan the line across the sample
the fibre is rotated. This technique has been used along-
side a Michelson interferometer in order to extract depth
information from a sample in a similar way to optical co-
herence tomography (OCT) [45]. It has also been demon-
strated to work with a random scattering medium in place
of a diffraction grating - thereby eliminating the need for
scanning [50] - and in fluorescent microscopy [46].

In the case of fluorescence imaging, the resolution
was somewhat poor as the number of points which can
be resolved in a line is directly proportional to the band-
width being imaged. In the reflection case, the illumina-
tion bandwidth was 250 nm, whereas green fluorescent

protein (GFP) emission has a typical FWHM of ~56 nm [51].
Figure 5 summarises spectrally encoded endoscopy (SEE).
Fluorescent SEE has been reported to have a low collection
efficiency which, when coupled to the low intensity emis-
sion of labelled cells, caused the method to become slow
requiring dwell times of up to 500 ms per line [46]. Fur-
thermore, the number of resolvable points on a single line
in this method depends on the diameter of the collecting
aperture, which is restricted in fibre endoscopy. Spectral
encoding itself, however, could be used for fast high res-
olution imaging in the reflection regime as demonstrated
by Goda et al. where micrometre resolution was imaged at
an astounding frame rate of 6.1 MHz [52]. Their method is
yet to be realised in fibres or fluorescent microscopy.
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Figure 6: Piezoelectric scanning two-photon endoscope schematic, left, and device, right. Adapted by permission from the Optical Society

of America: Optics Letters [47], copyright(2008).

4.4 Double-Clad Fibres

Double-clad fibres (DCF) are advantageous in imaging as
they can offer both a narrow single-mode excitation beam
through the inner core and a high NA collection objective
through the outer core. They are used in much the same
way as the single-mode fibres. Both fibres can be used in
spectral encoding [53], and with microelectromechanical
systems (MEMS) for scanning excitation [47].

Figure 6 shows a schematic of a two-photon flexible
endoscope. The laser pulse is negatively chirped to com-
pensate for chromatic dispersion in the core of a DCF. The
excitation beam is scanned in a spiral pattern by a piezo-
electric deflector and fluorescence is captured in the outer
core. This method is reported to image a field of view of
475 pm x 475 pm at more than 20 Hz. Since it is a two-
photon excitation process, it offers optical sectioning and
the resolution is high enough for sub-cellular imaging. It
has also been shown that such an endoscope can be used
in trapping and particle manipulation [54]. Two-photon
endoscopes have also been developed in hollow core pho-
tonic crystal fibres [55]. Since the excitation beam travels
through air in the core, dispersion effects are minimal and
no prechirping is required. This allows for a user-selected
excitation wavelength without the need to change the set-
up. The drawback of these methods is that the focussing
and scanning optics at the end of the fibre make it too large
for in-vivo experiments in sensitive areas such as the brain.

4.5 Fibre Bundles

Traditional flexible endoscopes make use of fibre bundles
where each core in the bundle acts as an independent
pixel. The main criticism of fibre bundles is their limited
spatial resolution, which is dictated by the inter-core spac-
ing. The inter-core spacing is in turn limited by the need to
minimise cross talk. The benefit of the bundles, however,

exists in their ability to be used independently of scanning
optics allowing for fast image acquisition. To remedy the
low resolution of the fibre, Ozbay et al. [56] described a
setup in which a non-implanted electrowetting lens, used
for selecting the imaging plane, was used in conjunction
with an implanted 1 mm diameter GRIN lens at the distal
tip of the fibre. This served to demagnify the core spac-
ing and provided a sub-cellular resolution. To correct for
aberrations, the proximal end of the fibre was imaged with
a confocal microscope. A similar technique employed a
micro-mirror array instead of a pinhole which allowed
wide field, structured illumination, and single and multi-
point confocal microscopy [57]. In addition to this, a sep-
arate laser, for ChR2 activation, illuminated a liquid crys-
tal spatial light modulator (SLM) used to generate phase
masks in a plane conjugate to the Fourier plane of the fi-
bre input. This allowed for the generation of arbitrary in-
tensity patterns on the input face which can then be deliv-
ered through the fibre to the targeted neurons. The method
was implemented with a micro-objective too large for im-
plantation. The fibre system was, therefore, head mounted
and imaging depths were shallow.

A common method for axially resolved images in fi-
bre bundles is structured illumination microscopy (SIM).
SIM does not require scanning of many points, giving it an
edge over confocal microscopy in terms of speed. It also
allows for the rejection of out-of-focus light by illuminat-
ing with a series of spatially modulated patterns, leading
to uniform illumination when out of focus. The in-focus
portion of the fluorescence can then be determined from
the modulated signal, whereas the unmodulated fluores-
cence can be rejected [58]. SIM is low in phototoxicity com-
pared to scanning methods, as the light is distributed over
the image plane [59]. Ford et al. [60] and Bozinovic et al.
[61] both describe the use of this method in fibre bundles.
These require further image processing when compared to
conventional SIM, as the quasi-honeycomb structures of
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the core play a role in limiting the resolution and modu-
lating both the excitation pattern and the collected image,
see Figure 7(e). Both of the processing methods ultimately
obtain a lateral resolution of 2.6 pm, near the Nyquist limit
of the fibre as dictated by the cores and the micro-objective
used.

Light sheet microscopy is another method demon-
strated in a fibre bundle setup by Engelbrecht et al. [62]. A
custom-made, cylindrical GRIN lens (cGRIN) is coupled to
an SMF transmitting the excitation beam. The beam is re-
flected at the tip of the cGRIN by a prism, so that the excita-
tion plane is perpendicular to its axis. Fluorescence is cap-
tured by a second GRIN lens running parallel to the cGRIN.
This is summarised in Figure 7. Light sheet microscopy is
fast, optically-sectioned, and among the lowest in terms
of phototoxicity, yet this setup, though miniaturised, re-
mains large for in-vivo research. Engelbrecht et al. reported
the need to cut a small wedge out of the brain for imaging.

The smallest, commercially-available bundles are in
fact only 160 pm in diameter with ~1600 cores. However,
large distal optics are often necessary for both selecting an
imaging plane away from the tissue damaging tip, and to
enhance resolution by demagnifying the inter-core spac-
ing. Methods have been demonstrated for lensless holo-
graphic imaging through fibre bundles which would also
encode depth information of the tissue [63]. This does,
however, require some fibre tip modification to provide a
reference beam for holography. It also does not address the
low resolution problem. Other lensless methods in fibre
bundles stem from imaging techniques which use speckle
correlation to reconstruct an object [64]. This hinges on the
fact that an autocorrelation of a random speckle pattern is
a sharply peaked function, thereby allowing the object au-
tocorrelation to be well approximated by that of the image
[65]. This was recently extended to near diffraction-limited
resolution in lensless bundle endoscopy and could prove
a valuable technique since it is also bend insensitive [64].

4.6 Multimode Fibres

A multimode fibre (MMF) has the capacity to couple light
to several orthogonal modes making it suitable for fast par-
allel communication. The bandwidth of such a fibre could
be up to two orders of magnitude greater than a bundle
of comparable size [68]. Studies of propagation of light
through scattering media have paved the way for the use
of MMFs in imaging. In a scattering medium, a focussed
spot is distorted spatially in amplitude and phase. At imag-
ing intensities the distortion is, however, considered to
be a linear process and can be reversed. An SLM can be
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used to apply an arbitrary phase and amplitude modu-
lation to an input beam and, hence, provide the neces-
sary light field to recover a diffraction-limited focus be-
hind a scattering medium [69, 70]. For imaging, the acqui-
sition of a complex-valued transmission matrix is needed.
This maps each of the orthogonal input modes to each
output mode behind the scattering medium [71]. Once the
transmission matrix is known for a set of input and out-
put modes an image can be reconstructed [72]. An MMF
could be treated much like a scattering medium. An arbi-
trary light field impinging on the proximal end could be
expressed as a superposition of fibre eigenmodes. These
modes travel through the fibre with different propagation
constants, giving a speckle pattern at the distal end that
differs greatly from the field at the proximal face [73].

The imaging performed by Choi et al., outlined in Fig-
ure 8, uses a speckle basis to measure the transmission
matrix and reconstruct images [66]. Although this is con-
venient, it relies on the measurement of a complex valued
speckle pattern at the proximal end of the fibre. For inco-
herent samples with a broad emission, the speckle pattern
is suppressed [74]. This is the case for fluorescence emis-
sion. One solution was to use a bucket sensor to collect all
fluorescence for each given speckle intensity pattern [75].
This method does not have a defined focal plane and is,
therefore, demonstrated only for thin samples. With the
use of an SLM, however, a series of phase masks could be
chosen for imaging such that the focal point at the distal
end of the fibre is scanned over the object [76—79]. Reso-
lution was improved in this scanned-point method by cor-
relating the reflected light field from a given point at the
object with the SLM mask required to generate that point
[67, 80]. This is, in essence, confocal microscopy, but so far
has only been demonstrated in the reflection regime, see
Figure 9. Further resolution enhancements saw the use of
modified fibre tips for an increased NA [81].

One key difficulty with these methods is the acquisi-
tion speed. If we consider our example problem, an im-
age rate of 10 Hz is required for calcium transients; how-
ever, low refresh rates of SLMs (20-100 Hz) mean that im-
ages could require as long as four minutes in acquisition
time [67]. To overcome this CiZmar et al. reported the use
of an SLM to generate many phase masks distributed spa-
tially in the Fourier plane of the SLM. The masks were
then scanned through with a fast acousto-optic deflector
(AOD) [82, 83], see Figure 10. They reported 5.4 Hz imag-
ing of a 36 x 36 pixel image with an SLM [82]. Computa-
tional methods exploiting the sparsity and quasi-sparsity
in the image spectrum have been used in reconstruction
of under sampled images where time constraints limited
extra recordings [84]. This was done both for suppression
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Figure 7: Fibre bundle light sheet microscopy (a) and (b) illustration of light sheet endomicroscope, (c) epifluorescent illumination (d) light
sheet illumination, (e) Fourier transform of (f) imaged through fibre bundle; the diffuse ring corresponds to the core spatial frequencies. The
Nyquist limit is half the radius shown by the dotted white line. (a)-(d) reprinted by permission from the Optical Society of America: Optics
Letters [62], copyright(2010). (e) and (f) reprinted by permission from the Optical Society of America: Optics Express [61], copyright(2008).
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Figure 8: Example of speckle basis fibre imaging; (a) setup for imaging, (b) recorded and reconstructed speckle patterns (scale bar,
100 pm), (c) Sum of reconstructed images (scale bar, 50 um). Reprinted by permission from the American Physical Society: Physical Review
Letters [66], copyright(2012).

Figure 9: Human epithelial cell imaged with (a) fibre total intensity method, (b) fibre wavefront correlations, (c) transmission wide field
control image. Scale bars, 20 pm. Reprinted by permission from the Optical Society of America: Optics Express [67], copyright(2015).
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of noise [85] and in cases where extra measurements were
not physically possible [86]. Enhancement of temporal res-
olution is also demonstrated with the use of digital micro-
mirror devices (DMDs), which have refresh rates on the or-
der of 20 kHz. DMDs, although only offering binary ampli-
tude modulation, were shown to be effective at focussing
and imaging through scattering media [87, 88]. DMDs have
also been used in pixelation-free imaging through fibre
bundles[89].

LASER AOD

MO1  pBS

Figure 10: Fluorescence imaging set up with microlens array (LA)
and acousto-optic deflector (AOD) for increased acquisition speed.
Reprinted by permission from Macmillan Publishers Ltd: Nature
Communications [82], copyright (2012).

Further advancements in MMF microscopy followed
common techniques used in out-of-fibre setups. Pléschner
et al. described a method by which the use of Bessel beams
at the fibre output could be used in light sheet microscopy
[90]. Although this is yet to be realised in a fibre-only en-
doscope, it has a great advantage in imaging live cells as
light sheet methods have very low phototoxicity [19]. Steps
towards two-photon imaging have also been made despite
considerable challenges, as not only does the light suffer
from modal dispersion, it has also been shown that, for
broadband sources, the transmission matrix is wavelength
dependent [91]. The modal dispersion can be compensated
for with an SLM in graded index fibres over long distances
by minimising power in higher order modes [92]. Morales-
Delgado et al. [93] demonstrated spatial and temporal fo-
cussing of a 500 fs pulse of light through a step index fi-
bre recently. They did so by selecting mode groups with
similar phase velocities, thereby minimising modal disper-
sion. The modes within these groups were then modulated
by the SLM to produce the spatially-focussed spot shown
in Figure 11. Carpenter et al. observed Eisenbud-Wigner-
Smith states in graded index fibres [94]. These states are
the eigenstates of the delay operator of the fibre and, as
such, exhibit the same temporal profile at the input and
output. Since the eigenstates form an orthogonal basis
it has been suggested that they could be used in imag-

DE GRUYTER OPEN

ing [95]. Further modifications to two-photon fibre-scopes
involved undertaking phase conjugation through a fibre
bundle [96]. Each core in the bundle carries a few modes
and these could be later separated with a coherence gat-
ing. Using only the fundamental modes in each core effec-
tively suppressed modal dispersion.

One of the biggest setbacks of using a multimode fi-
bre probe for in-vivo imaging is the sensitivity to bending.
Changes in the fibre shape quickly lead to mode scram-
bling and the focus point is lost [82, 97, 98]. Ploschner et
al. formed a theoretical transmission matrix for short seg-
ments of step index fibre with corrections for dopant diffu-
sion and refractive index changes due to internal stresses
arising from bending the fibre [97]. They were able to cal-

| culate a theoretical deformation operator (DO) which de-

scribed how the transmission matrix would change under
a given small deformation. This implies that, in future ap-
plications of multimode endoscopy, the change in shape
could be corrected for if it can be accurately monitored.
The DO is applicable over the whole fibre face so that ar-
bitrary holograms projected with the DO correction will be
displayed accurately at the fibre output. This is in contrast
to the method presented by Caravaca-Aguirre et al. [98]
who used a field programmable gate array (FPGA) feed-
back mechanism to optimise a DMD mask for a single point
intensity. The FPGA means this is done very quickly in the
span of 37 ms, yet the method suffers two drawbacks: (i)
it requires feedback from a distal end photodiode and (ii)
it only corrects for a single point at the output. The use
of a partially reflective coating on the distal end of the fi-
bre has been suggested for dynamic updating of the fibre
transmission matrix [99]. A similar method was employed
by Farahi et al. who used a holographic guide star to deter-
mine the fibre conformation and a database of SLM masks
for correction [100]. Recently, however, it has been demon-
strated that phase conjugation in fibre bundles exhibits
some bend insensitivity [101]. A bend in the fibre causes a
phase difference between the cores and, hence, moves the
focal point at the distal end. For small to moderate bends,
the focus is not destroyed as mode mixing within each fi-
bre core is minimal, giving this technique some promise.
The methods incorporating MMFs in this section easily ful-
fill the size and spatial resolution constraints of our prob-
lem but struggle when it comes to flexibility and temporal
resolution. Although efforts have been made in overcom-
ing limitations of MMF endoscopes there are still more av-
enues to be explored.
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Figure 11: Multimode fibre output analysis of light pulse; (a) and (c) excitation of a large number of modes, (b) and (d) with digital phase
conjugation. (a) and (b) show spatial profile of pulse intensity. (c) and (d) show pulse temporal width at each pixel. Reprinted by permission
from the Optical Society of America: Optics Express [93], copyright(2015).

5 Conclusion

We have given a brief overview of many existing and
emerging technologies which enable deep brain imaging
and neuronal measurement. The example problem posed
presents considerably challenging obstacles pertinent to
this field of research. Since striatal research is very sensi-
tive to cortical damage our attention was largely directed
at lensless fibre techniques. These methods can offer very
thin probes while maintaining a large transmission band-
width. Yet, in spite of their advantages, they have their
short comings: multimode fibre methods suffer inflexibil-
ity while fibre bundles offer low resolution or often end up
requiring distal optics. No single solution fulfils all criteria
and the expected success of these methods is largely de-
pendent on what the user is willing to sacrifice. We there-
fore hope, through this problem, to motivate further devel-
opment of minimally invasive probes and encourage the
reader to use this review as a starting point to investigate
more into this exciting topic.
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