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Multiphoton microscopy is the most widespread method for preclinical brain imaging

when sub-micrometer resolution is required. Nonetheless, even in the case of optimal

experimental conditions, only a few hundred micrometers under the brain surface can

be imaged by multiphoton microscopy. The main limitation preventing the acquisition of

images from deep brain structures is the random light scattering which, until recently,

was considered an unsurmountable obstacle. When in 2007 a breakthrough work by

Vellekoop and Mosk [1] proved it is indeed possible to compensate for random scattering

by using high resolution phase modulators, the neuro-photonics community started

chasing the dream of a multiphoton microscopy capable of reaching arbitrary depths

within the brain. Unfortunately, more than 10 years later, despite a massive improvement

of technologies for scattering compensation in terms of speed, performances and

reliability, clear images from deep layers of biological tissues are still lacking. In this work,

we review recent technological and methodological advances in the field of multiphoton

microscopy analyzing the big issue of scattering compensation. Wewill highlight the limits

hampering image acquisition, and we will try to analyze the road scientists must tackle

to target one of the most challenging issue in the field of biomedical imaging.

Keywords: two photon microscopy, scattering compensation, in vivo brain imaging, adaptive optics in biomedical

imaging, subcellular and synaptic imaging, neurophotonics

INTRODUCTION

The analysis of brain function and dysfunction is inherently bound to the visualization
of neuronal morphology in intact tissues and most importantly is tightly related to the
investigation of synaptic and cellular activity in extended neuronal networks [2]. The first
disruptive advancement in the field of neurophotonics arrived at the beginning of the
90’s, when in the Webb laboratory [3] it was proven that the two-photon microscopy
(2PM), only theoretically envisaged more than 50 years before [4], was indeed feasible.
The advent of femtosecond-pulsed infrared laser sources and the development of advanced
scanning methods opened new routes to researchers aiming to perform imaging of thick
biological samples [5]. A deeper light penetration, a reduced photodamage together with the
possibility to detect non-ballistic fluorescence photons because of the intrinsic confocality
of multiphoton excitation, allowed 2PM to become the gold standard technique for in vivo
brain imaging. Unfortunately, the strongly turbid media distorting incident light avoids clear
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and fully resolved images from deeper layer in the brain to
be obtained, even in small animals. The maximum imaging
depth is in fact related to the ability of incident light to
target the focal plane (ballistic photons) in a diffraction limited
volume. In particular, the repeated scattering of the incident
wavefront is, most of the time, so robust that the spatial
coherence is completely lost beyond a small volume with a
radius comparable to the wavelength of light [1, 6–8]. While
purely morphological imaging of structures deep within a three-
dimensional sample can easily be achieved by chemically fixing
and optically clearing the tissue [9], functional imaging requires
the preservation of physiological condition, and inevitably
requires more complex solutions.

Two non-exclusive strategies are currently adopted to
overcome the physical limitations preventing image formation
in deep brain layers: (i) changing the laser source to increase
the probability of the excitation process to occur; (ii) inserting
Adaptive Optics (AO) in the light path to correct the incident
wavefront after its determination [10]. In the first case, longer
wavelengths, either in the form of two [8] or three photon
excitation (3PM) can yield a substantial increase [11] in the
penetration depth mainly taking advantage of the lower ratios
between scattering and molecule absorption in the mid infrared
(see below). In analogy to what was done with astronomy,
the second approach proposes the adjustment of the incident
wavefront based on the feedback coming from the sample, either
through the aid of wavefront sensors or not.

MODULATING THE INCIDENT LIGHT TO
IMPROVE MULTI-PHOTON
PERFORMANCES

An extensive analysis of 2PM signal degradation by brain tissues
has been conducted by Theer and Denk [12]. In this work,
the authors showed that signal rapidly fades during the travel
across tissues to disappear when the signal to background ratio
(SBR) becomes unitary [12]. This condition typically occurs
between 5 and 6 effective attenuation lengths (la) below the
surface of the tissue. For instance, in the mouse cortex at 775-
nm excitation wavelength the 2PM la is about 130µm and the
resulting penetration depth is 700∼ µm [13]. This means that,
in adult mice, 2PM imaging is limited to cortical layers. The
access to subcortical structures is thus restricted to technical
approaches encompassing invasive optical probes or the removal
of the overlying tissues. A few years after the work by Theer
and Denk, in 2013 Horton and colleagues calculated the trade-
off between tissue scattering and molecule absorption [13],
the two main determinants of signal degradation. This work
allowed to determine the optimal spectral window for two-
photon excitation. The minimal reduction of 2PE due to brain
scattering was in fact registered at wavelengths centered on two
narrow regions around 1,300 and 1,700 nm. In addition, the
imaging depth scales linearly with the attenuation coefficient, but
it scales logarithmically with the average power incident on the
tissue surface and on the duty cycle [8]. In 2003 Theer et al.
had tried to lower the repetition rate of the laser to increase

the pulse power impinging on the sample and therefore limiting
the attenuation coefficient [14]. This trick allowed researchers
to image down to 1mm in the mouse brain, with a significant
improvement of 2PM performances. Despite the increase in the
penetration depth, near infrared excitation wavelengths do not
preserve from the strong attenuation due to brain scattering.
To further improve the overall image quality, Kobat et al. [8]
exploited the 1,300 nm window by performing long wavelength
2PM. The excitation of brain vasculatures filled with dextran
molecules allowed researchers to collect signals down to 1.2mm
below the brain surface. The same authors [15], a couple of years
later showed images at a depth of 1.6mm with a relatively low
power (120mW) at the brain surface. Beside the effective increase
in the penetration depth, these methods collectively suffer from a
few limitations (seeTable 1): (I) The phototoxicity scales with the
incident average power; (II) long wavelengths coupled with 2PM
strongly limit the number of excitable fluorophores, especially
excluding the widely employed green fluorescent protein and
most of its derivates; (III) the image resolution scales down with
the excitation wavelength; (IV) longer wavelength sources are
more expensive and sophisticated than a single mode-locked
pulsed infrared laser.

Some of these constraints can be overcome by exploiting
three-photon absorption at long wavelength (>1,300 nm). In
the early 90’s two separate demonstrations of the feasibility
of 3PE were independently reported [11, 16]. Besides a better
penetration depth due to the reduced scattering, 3PM also
provides an improvement of image quality through an overall
better excitation localization [16]. The emitted fluorescence of
3PE in fact fades off as 1/z4 compared to 1/z2 of 2PM (where
z is the distance from the focal plane). This, in turn brings
a tremendous increase of the signal to noise ratio. Moreover,
the use of long wavelength (>1,500 nm) gives the possibility to
employ a large spectrum of fluorescent molecules commonly
used with single photon fluorescence imaging. Finally, long
wavelength and high-pulse energy excitation at a low repetition
rate significantly increases the amount of excited molecules.
The main disadvantage of such technique is the light source
needed to properly excite fluorophores with three photons [17]
which necessarily has to be a high-power laser with an optical
parametric amplifier (OPA). Furthermore, the low repetition
rate most likely to be used for 3PE may require long scanning
procedures to obtain at least one pulse per effective image pixel.

THE IMPACT OF ADAPTIVE OPTICS ON
2PM PERFORMANCES

From a physical standpoint, the effect of a turbid medium
on the propagation of light can be described as a spatially
dependent phase retardation of the wavefront. While an ideal
spherical wavefront, such as that generated by the objective
would focus in a diffraction limited spot, any distortion from a
spherical formwould subtract power from the intended focus and
redirect it elsewhere in the sample, reducing excitation efficiency
and increasing background noise. The techniques aimed at
mitigating such problems are known as adaptive optics (AO). The
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TABLE 1 | Strategies for improving 2PM deep brain imaging.

Strategy Method Advantage Disadvantage References

Laser source

change

Long-wavelength 2PM - >1mm penetration depth - Increased phototoxicity

- Fewer fluorophores

- Lower resolution

- Sophisticated laser sources

[8, 12, 14, 15]

3PM - >1mm depth

- Large number of fluorophores

- Low energy incident light

- Expensive laser source

- Slow scanning procedures

[13, 16, 17]

Adaptive optics Wavefront sensor - Wide choice of adaptive elements - Exogenous guide star

- Anisoplanatism

[18–24]

Sensorless - Endogenous fluorescence - Numerous iterations [6, 7, 19, 25–28]

OPC Low cost adaptive elements Requires coherent signals [29–31]

principle at the basis of adaptive methods is that, by exploiting
phase modulating optical components, the incident wavefront
impinging onto the surface of a turbid medium, can be shaped
until matches the wavefront in the focal plane affected by the
medium itself [10]. This is particularly important because the
precise focusing of light into the medium at a desired depth
is fundamental not only for high-resolution imaging [32] but
also for optogenetics [33], functional imaging [34] or photo-
dependent therapies [35].

Traditional AO is performed with smooth phase modulators,
such as deformable mirrors, capable of compensating relatively
low-resolution aberrations defined as a continuous function in
the optical system’s pupil. The twomain roads to get to wavefront
determination and correction are with a wavefront sensor of
any kind, or “sensorless.” The first group draws inspiration from
astronomy, the field which drove the development of AO, where
a deformable mirror corrects the wave profile following the
feedback given by a wavefront sensor. In vivo wavefront sensing
AO must necessarily be guided by a point-like light source in
the focal plane inside the sample itself, serving as a guide star
for the wavefront sensor. The wavefront from the guide star
is then measured by a sensor (e.g., Shack-Hartmann-SHWS) to
implement the active correction performed by the adjustable
optical components.

In this configuration, the incident wavefront is determined
by the acquisition of a de-scanned guidestar that can have the
form of exogenous fluorescence molecules [1], second-harmonic
radiating nanoparticles [36], photo-acoustic feedback [37],
focused ultrasonic waves [29] or kinematics targets to extrapolate
intrinsic dynamics [38]. Recently [18], in the Kleinfeld laboratory
has been developed a method to perform 2PM imaging 800µm
under the brain surface with the correction of optical aberration
through signals coming from brain microvessels labeled with
Cy5.5, a strongly red shifted molecule. The robust measurement
of aberration is achieved through a descanned Shack Hartmann
wavefront sensor (formed by a microlens array and an Electron-
Multiplying CCD) producing a spot pattern that feeds the
algorithm piloting the shape of a deformable mirror [18].
This method allowed researchers not only to generate high
quality images deep inside mouse brain but also to collect
functional signals (calcium and glutamate changes) during

in vivo sensori-motor tasks. In a different approach, the two-
photon emission of previously labeled fluorescent neurons is
collected by a SHWS and used to implement an iterative
correction of the wavefront through a Liquid Crystal Spatial
Light Modulator (LC-SLM) over subsets of large brain volumes
[19]. Alternatively, multiple laser lines have been added in
the optical setup to excite fluorescent microspheres injected
into brain tissue [20] while keeping similar adaptive schemes
(SHWS and deformable mirror). Beside the use of SLM and DM,
researchers have developed algorithms to control other optical
components such as Micromirrors [21, 22], adaptive lenses [23]
or ferroelectric SLM [24].

In the case of a sensorless approach, the modulation of the
incident beam wavefront is performed through an optimization
procedure of the two-photon emission (2PE) intensity as a
function of the wavefront correction [25]. The 2PE signal can
be also used to measure the quality of images degraded by a
priori known trial aberrations [6]. This scheme requires a model-
based optimization describing the aberration effect on the chosen
metric. Sensorless methods have the main advantage that it is not
necessary to introduce neither additional optical components in
the detection part of the microscope, nor guide star sources in
the sample. On the contrary, these methods typically suffer from
longer optimization times compared to wavefront sensing [19],
requiring the acquisition of a minimum of N + 1 images in order
to achieve optimal correction with an adaptive element with N
actuators [6, 39, 40], small volumes of proper correction [26], the
introduction of fluorescent beads in the scattering medium [27]
and may require serial images acquisition [28]. Interestingly, to
speed up the optimization process, Galwaduge et al. [7] iteratively
determined the correction across the whole pupil instead of
working on a subset of pixels. Furthermore, differently from
previous approaches, the “whole pupil” scheme takes advantage
only on the 2PE intensity to correct the wavefront without
image acquisition.

A substantial problem in the application of adaptive optics in
microscopy is given by the fact that when scanning, light directed
to different areas of the field of view travels through different
parts of the sample, and needs therefore a different correction,
a phenomenon known as anisoplanatism [41]. Adaptive optics
systems generally only correct an average aberration through
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all the field of view and are effective only on relatively small
regions. An approach to mitigate this problem is to conjugate
the adaptive element to a plane between the objective and the
sample, instead of the pupil of the system [30], or splitting
the pupil in multiple subregions for different areas of the
field of view [42]. These approaches however require high
resolution correctors, which are either very expensive or slow in
their correction.

DYNAMIC SCATTERING COMPENSATION

Traditionally, only correction of smooth wavefronts was
considered possible with adaptive optics, and scattering was
considered an unsolvable problem. The work by Vellekoop and
Mosk proved [1] that scattering can indeed be compensated
through the application of a high resolution, discontinuous phase
modulation bymeans of a high resolution spatial lightmodulator.
While groundbreaking in concept, scattering compensation has
a number of technical difficulties which make application in
multiphoton microscopy challenging. Due to the discontinuous
nature of the correction pattern, Shack Hartmann wavefront
sensors cannot be used, while sensorless approaches can require
millions of measurements to iteratively adjust the wavefront due
to the high number of degrees of freedom of the correction. This
is incompatible with microscopy usage, as the brain tissue can
rapidly change during measurement on a sub-second timescale
[43]. An alternative strategy widely adopted is to measure the
scattering response in a parallel manner by adopting the principle
of time reversal or “optical phase conjugation” (OPC). The
recording of propagating scattered light field both in phase
and amplitude should in fact allow the reproduction of a
backpropagating phase conjugated field. This field, in turn could
retrace its trajectory through the medium and return to the
original input light field [31]. The main disadvantage of this
approach is that interferometry or alternatively coherent waves
mixing is necessary. It is therefore difficult to implement with
fluorescence signals which are incoherent unless coupled with
ultrasound waves [29].

DISCUSSION

A massive technological effort by the photonics community
has produced the development of sophisticated imaging tools.
However, the holy grail of neurophotonics has yet to be
discovered: it is still almost impossible to perform sub-cellular
resolution imaging in deep brain structure without invasive
approaches. A proper compensation of scattering in a three-
dimensional turbid medium is in fact still an unresolved issue,
despite most of the required technologies are available. It is our
opinion that the ideal corrector should be a high resolution
spatial light modulator, with enough speed to provide sensorless
optimization on time scales compatible with experimental needs.
While wavefront-sensing correction has long been considered
the state of the art in adaptive optics for microscopy, its
technical complexity, inability to effectively compensate for
anisoplanatism, and its unreliability for high-order aberrations,

make it, in our opinion, unsuitable for the future challenges
we described in this manuscript. Recent development in pixel
overdrive technologies [44] have started reaching the commercial
market, providing the scientific community with tools capable
of hundreds of Hz modulation. Very fast SLMs would in
turn require high performing optimization procedures. In
addition, real-time optimization of scattering compensation in
dynamically changing scattering media was recently proven
possible through an FPGA implementation [45]. Finally, a
conjugate adaptive optics configuration, such as the one reported
by Park and colleagues [42], would need to be used in order to
achieve the widest possible field of view.

Still, the extremely anisoplanatic nature of scattering
correction would, in the end, require some form of parallelized
correction in multiple, small fields of view. This would require
focusing in multiple diffraction limited spots over an extensive
field of view (which was already proven possible in the original
Vellekoop publication in 2007) and, most importantly, a reliable
method to independently collect the fluorescence signal from
multiple foci. This last critical step is still an open question
while promising initial results have been achieved by exploiting
the temporal separation of excitation pulses [46] and, more
recently, through speckle demixing [47]. An additional problem
is due to the even more pronounced anisoplanatism of the
correction, where the size of the corrected field of view can be
as small as the resolution itself, if the correction is applied in
the pupil.

To our knowledge, the most successful application of
scattering compensation reported to date in multiphoton
microscopy was performed by conjugating a high speed,
high resolution deformable mirror with the highly scattering,
but relatively thin intact skull of an adult mice, to image
microglial cells underneath [42]. Unfortunately, while extremely
impressive, the proposed method cannot be generalized to
thicker scattering layers.

Acquiring high quality images with subcellular resolution of
deep brain structure is a goal that has not yet been realized.
However, the combination of incident scattering compensation
with deconvolution algorithms widely adopted in conventional
imaging to compensate isotropic emission can substantially
improve the performances of 2P systems, giving hope that this
dream can be converted into reality into the next few years.
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