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Multimode fiber-based endoscopes have recently emerged as a tool for minimally invasive endoscopy in tissue, at depths
well beyond the reach of multiphoton imaging. Here, we demonstrate label-free second-harmonic generation (SHG)
microscopy through such a fiber endoscope. We simultaneously fully control the excitation polarization state and the
spatial distribution of the light at the fiber tip, and we use this to implement polarization-resolved SHG imaging, which
allows imaging and identification of structural proteins such as collagen and myosin. We image mouse tail tendon and

heart tissue, employing the endoscope at depths up to 1 mm, demonstrating that we can differentiate these structural
proteins. This method has the potential for enabling instant and 7z sizu diagnosis of tumors and fibrotic conditions in
sensitive tissue with minimal damage. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing
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1. INTRODUCTION

Current medical diagnosis of conditions such as cancer and fibrotic
diseases, which manifest as changes in tissue structure, is largely
based on performing a biopsy and subsequent histopathology
off-site. A minimally invasive technique, which would allow
analogous diagnostics instantly and 77 situ, would dramatically
accelerate decision-making and reduce the need for repeat surgery.
Hence, substantial efforts have been made to develop advanced
optical imaging methods for this purpose, sometimes referred
to as “optical biopsies” [1]. These methods rely on a variety of
label-free optical imaging modalities, often used in combination,
such as coherent anti-Stokes Raman spectroscopy (CARS) [2,3],
two-photon fluorescence and second-harmonic generation (SHG)
imaging [4-8]. These imaging methods are sensitive to the under-
lying tissue structure and composition that indicate the disease
condition.

Since noninvasive approaches to light microscopy are hin-
dered by the scattering effects of biological tissue, they fail to
simultaneously offer sufficient resolution and penetration depth.
Consequently, lens-based endoscopes emerged as powerful can-
didates for performing optical biopsies at depth [9,10]. However,
these devices have footprints that may substantially impact the
normal functioning of tissue. Recently, advances in wavefront
shaping technologies, holographic control of light, and research
into light propagation in complex media [11,12] have enabled the
use of thin (~100 um) multimode optical fibers (MMFs) as laser
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scanning microendoscopes [13—18]. Such endoscopes are rapidly
progressing into useful research tools, even for routine and high
resolution 772 vivo brain imaging in animal models [15,16].

In this paper, we demonstrate second-harmonic generation
imaging (SHGIM) [6] through a minimally invasive MMF-based
endoscope with 125 pm diameter. SHGIM allows label-free imag-
ing of, e.g., collagen, which is particularly relevant for diagnosing
fibrotic diseases as well as for tumor diagnosis, where reorgani-
zation of the collagen-rich extracellular matrix is an indication
of a pathology. The technique has shown promise in the study of
multiple pathologies, e.g., liver and cardiac fibrosis [7,19].

The method relies on SHG in noncentrosymmetric struc-
tures, such as those found in endogenous structural proteins, e.g.,
myosin, microtubulin, and collagen. When these proteins interact
with high-intensity laser pulses, a photon at half the excitation
wavelength is generated and can be easily separated and detected,
similar to fluorescence. SHG has been successfully demonstrated
on fibrillar structures [20], such as striated muscle [21], and micro-
tubules in mossy fibers in the brain [22] and connective tissue
[23].

A particularly promising variation of SHGIM is polarization-
resolved SHGIM [24,25], which relies on a variable polarization
state of the excitation light to probe the second-order nonlinear
susceptibility tensor, xP [26,27]. x@ depends on the sample
composition, chirality, and structural organization, e.g., local
fibril orientation, and thus the polarization response allows us to
probe these properties. Crucially, this method requires control
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of the output polarization of the endoscope. Since MMFs do not
maintain the polarization of light, the implementation is more
complicated than in standard microscopy, where an electro-optic
modulator (EOM) at the microscope input suffices. Here, we
demonstrate a simple scheme for simultaneous spatial and polari-
zation control in MMFs. We then use this scheme to implement
linear polarization-resolved SHGIM through an MME The tech-
nique is demonstrated by imaging and characterizing collagen and
myosin structures from a mouse tail and within the myocardial
walls of a mouse heart, employing the endoscope at up to 1 mm
depth.

Various methods for polarization control in random media have
been demonstrated [28-30], also with some imaging applications
[28]. Although these approaches work well for random media, it
is not straightforward to implement those techniques directly in
an MME and the technique we present here is more suitable for
MMFs. The main obstacle with the methods in [28-31] is the
requirement of strong mode coupling, which is not necessarily
present in MMFs Furthermore, the polarization recovery in the
method reported in [28] requires performing the calibration using
a source with a bandwidth substantially larger than the band-
width of the medium [28]. For a high bandwidth graded index
(GRIN) fiber, the required source bandwidth would be several
tens of nanometers, which is far more than the bandwidth of a
standard 100 fs laser appropriate for bioimaging. Polarization
control resulting in a focused spot with a single linear polariza-
tion in MMFs has been demonstrated [32], but generation of an
arbitrary in-plane polarization state was not demonstrated, nor
was it used for polarization-sensitive imaging. We also note that
polarization control, but without spatial control (that is a static,
but highly polarized speckle pattern, and no imaging) at the end of
an optical fiber has been demonstrated through control of the spa-
tial degree of freedom at the input [31]. This method also requires
strong mode coupling. In that experiment, the mode coupling
was artificially introduced by adding stresses to a 2 m long MMEF.
Such a fiber would not have a bandwidth suitable for nonlinear
imaging using femtosecond pulses [33]. In contrast, here we obtain
both spatial and polarization control at the fiber output (with
no requirements on the degree of mode coupling) as suitable for
imaging.

Furthermore, our method is not limited to linear polarization,
but any in-plane polarization state can be created, e.g., left-handed
and right-handed circular (LHC and RHC). This allows mea-
surements of the SHG circular dichroism (CD), a quantity tied
to the chirality of the sample and sensitive to the out-of-plane tilt
[34]. Normalized SHG CD has shown potential for the study of
pathologies such as pulmonary fibrosis [35] and ovarian cancer
[36], and since it only requires two images to be acquired, it is faster
than linear polarization-resolved SHGIM.

In the ultrathin endoscopes used here, detection of coher-
ently generated signals can become problematic. Signals such as
SHG and CARS are emitted mainly in the forward direction, and
detection relies on backscattering from the tissue. Because of the
small aperture of the detector, the detection efficiency is low [17].
Nevertheless, we demonstrate that the detection efficiency in our
endoscope is sufficient for imaging. This problem does notarise for
the detection of SHG through standard, larger diameter, microen-
doscopes, where SHGIM, although not polarization-resolved
SHGIM, has been demonstrated [9,10,37,38].

Finally, in addition to standalone use as a diagnostic tool, SHG
could also be used as a component of multimodal imaging [9,10].
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Together with two-photon fluorescence and CARS imaging, which
are methods that have already been demonstrated for MMF endo-
scopes [17,18], this would provide a minimally invasive approach
to optical biopsies.

2. MATERIALS AND METHODS

We performed polarization-resolved SHGIM through a multi-
mode GRIN fiber using a femtosecond laser emitting at 1040 nm
as the excitation source. For MMF-based techniques, the imaging
is preceded by a calibration step (described briefly below), taking
about 5 min, in which the light transport through the fiber probe is
characterized. Using this information, focal points can be created
by coupling an appropriately shaped wavefront into the fiber. Each
focal position corresponds to a specific pattern on the spatial light
modulator (SLM) and by displaying a sequence of such patterns,
the focus is scanned across a plane 15 pm from the output facet of
the MME, mimicking a laser scanning microscope.

A Experimental Setup

Figure 1 shows a simplified schematic of the experimental setup
where a femtosecond laser (Chameleon Discovery, Coherent)
emitting at 1040 nm was used as the excitation source. The beam
was expanded to cover an active area of 720 pixels x 720 pixels of
a Meadowlark HSP1920-1064-HSP8 liquid crystal-on-silicon
phase-only SLM, operating in an off-axis configuration. The cal-
ibration module placed at the distal end of the fiber was removed
during endoscopic imaging and was only required to characterize
the light transport through the MME.

The details of the setup and calibration procedure have been
described in [33], and the details of the control of the input polari-
zation, necessary when using GRIN fibers, which do not maintain
the polarization of the propagating light, are described in [17].
In short, by displaying a hologram obtained from the complex
addition of three blazed gratings, the SLM was used to split the
laser beam into a reference beam and two beams that are coupled
into the MME The polarization of one of the beams was rotated
by 90° using a half-wave plate (HWP), and the beams were then
combined on a polarizing beam splitter. This allowed us to control
the two orthogonal polarization states required for full spatial
and polarization control at the fiber output. During imaging, a
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Fig. 1.  Experimental setup: A /2, half wave plate; SLM, spatial light
modulator; POL, polarizer (the dashed polarizer is at an alternative
position, which gives purer polarization (see main text)); PMT, pho-
tomultiplier tube; IPC, input polarization compensation unit. The
calibration unit is removed during imaging.
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photodiode in conjunction with a polarizer monitored the relative
phase between the beams, and any drift was compensated for using
the SLM. In contrast to [17], we used a 10 mm achromatic lens,
instead of an objective lens, to focus the light on the fiber facet, due
to its larger transmission at 1040 nm.

For imaging, light epi-collected through the fiber was reflected
off a dichroic mirror (Thorlabs M254C45), filtered using a
dichroic mirror (Thorlabs DMLP505), a bandpass filter (Thorlabs
FBH520-10) and a shortpass filter (FELH0700) and directed
toward a photomultiplier tube (PMT) (Hamamatsu H10723) for

detection.

B. Calibration and Output Polarization Control

The characterization of the MMF s light transport is performed by
sequentially projecting a set of tightly focused spots onto the core of
the proximal fiber facet. For each input point, the speckle pattern
at the imaging plane, 15 pm in front of the distal facet of the fiber,
was imaged and interfered with the reference beam. The amplitude
and phase relative to the reference beam were then retrieved using
phase-shifting interferometry. Effectively, each camera pixel repre-
sents alocation on the imaging plane where a spot can be formed by
constructive interference by simultaneously setting the appropriate
phase and amplitude for each input point using the SLM.

In order to arbitrarily set the output polarization, two cal-
ibrations must be performed, one for each orthogonal output
polarization state. For this purpose, a half-wave plate in con-
junction with a polarizer is used to change the polarization of the
reference beam by 90° between each calibration. Subsequently, the
relative phase offset between the output spots can be determined
by creating a spot in the same position using both calibrations
simultaneously and, utilizing a polarizer between the fiber and the
camera set at 45°, making the spots interfere while phase shifting
one of them using the SLM to maximize the spot intensity. During
imaging, the polarization state of the spot can be set to any linear,
circular, or elliptical polarization by setting the relative power and
phase of the orthogonally polarized spots. This is done solely by
changing the relative amplitude and phase of the two holograms
on the SLM. In our setup, a polarization ratio for linearly polarized
light of 1:90 was achieved on average (ranging from 1:70 to 1:130).
Fora circularly polarized spot, the ratio was on average above 0.8:1.
It is important to note that in contrast to the relative phase of the
inpur polarizations, which needs to be continuously stabilized
[17], the relative phase between the spots for the two ouspuz polar-
izations only needs to be determined once, during calibration, and
itis then stable during the experiment.

The FWHM of the spot at the imaging plane was 1.9 pum,
similar to what is expected from the NA of the fiber. The expected
resolution for SHG imaging was thus ~1 pum. The focused spot
contained ~60% of the total laser power at the sample surface,
and the rest of the laser power is in a low-intensity speckle pattern
across the entire field of view (FOV). This number is often referred
to as the power ratio of the spot [33]. In contrast to single-photon
imaging, this does not contribute substantially to a background
signal because of the quadratic dependence of the SHG signal on
the laser power. Because of its low intensity, the speckle pattern
likely does not result in additional photobleaching.
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C. Technical Limitations of the Scanning Speed

The scan speed of the current implementation of the endoscope
is limited by a combination of the signal level and collection
efficiency, and the limited update rate of the SLM. A higher NA
fiber would increase the generated signal level (at the price of a
longer calibration time), and thus would lower the signal collec-
tion time. Since the SHG signal is predominantly generated in
the forward direction (forward SHG being over 20 times that of
backward SHG for tendon and over 425 times for muscle tissue
[39]), epi-detection relies on the signal being backscattered from
the tissue. The detection of such backscattered light is limited
by the size of the detector aperture, which is small for an MME
Designing the probe to collect light through the cladding or using
a somewhat larger diameter probe could increase the detection
efficiency. Combining this, submicrosecond per pixel integration
times should be feasible. The SLM takes 4-5 ms to form a new
hologram and move the beam to the next pixel. During this time
no signal is collected. As discussed in [17], potential remedies for
that are overdriving the SLM, potentially reaching 1 kHz update
rates, and, future developments of faster light modulation devices,
e.g., micromirror piston-like microelectromechanical systems
(MEMS) systems [40]. Another possible approach to achieving
higher scan speeds is to use memory-effect scanning similar to what
has been demonstrated for scattering media [28,41-43].

D. Probe Preparation

Nonlinear imaging techniques, such as SHGIM, require short
laser pulses to be delivered to the imaging plane. Hence, our MMF
endoscope is based on GRIN MMFs, since they have a larger
bandwidth (and lower modal dispersion) when compared to their
step index counterparts [33]. This minimizes the pulse length (the
pulse length at the sample plane is <400 fs) and maximizes the
power in the spot. Moreover, GRIN MMFs have been shown to
preserve to a high degree their light transport characteristics when
bent [44]. The GRIN MMF is a custom-drawn fiber with an NA of
0.3 (drawn at CREOL, UCF), a cladding diameter of 125 pm and
a core diameter of 62.5 pm. The fiber is stripped, cleaved, and cut
to flat faceted 3 cm pieces. The distal end, i.e., the end going into
samples, can be polished into a 45° cone tip for ease of insertion.
The angled tip also helps keep tissue residue from sticking onto the
facet. The quality of the spot and FOV are not appreciably affected
by the polishing. Each probe is glued into a ferrule.

E. Sample Preparation

The mouse tail and heart used for the imaging experiments were
harvested from paraformaldehyde (PFA) perfusion-fixed adult
mice (wild type and STOCK Tg(Thyl-EGFP)M]rs/], neither
of which are expected to have defects in the collagen structure).
The sample acquisition procedures followed the Czech guidelines
for animal experimentation and was approved by the Branch
Commission for Animal Welfare of the Ministry of Agriculture of
the Czech Republic (permission No 47/2020). The samples were
further postfixed in 4% PFA in phosphate-buffered saline (PBS)
for 24-48 h and then stored in PBS until imaging. Tail sections
were skinned and glued to a Petri dish prior to imaging. The heart
was halved along the sagittal plane and held in place using a base of
1.5% agarose in PBS. The samples were kept submerged in PBS for
imaging.
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Fig.2. Results from linear polarization SHGIM on mouse tail tendon for two imaging areas (I and II). (a) From top to bottom, sum of the intensity for
all polarization angles, quiver plot of fibril in-plane orientation 8, and parameter maps for p and k from imaging areas I (left) and II (right); (b) modulation
depth for area I and mean signal intensity for the entire FOV; (c) and (d) histograms for p and «, respectively, in imaging areas I and II. Quiver plots were
binned (2:1) for improved visualization of the fibril orientation. All scale bars are 5 um.

F. Imaging

The power in the focused spot ranged from 50 to 300 mW,, depend-
ing on signal strength. The spot was raster-scanned across the
sample with a pixel integration time in the span of 2 to 12 ms. The
PMT signal was collected using a National Instruments (NI) data
aquisition (DAQ) card and averaged over this time. The images
of the tail were taken at the tissue surface. Since the probe did
not pierce the tissue, a probe with a flat facet was used. The heart
was pierced with the fiber itself (polished into a cone tip), and
imaging was done within the myocardium. The pericardium was
imaged before piercing the tissue. With a 2 ms integration time,
we achieved a scanning speed of about 150 pixels per second, each
image taking between 30 and 80 s depending on the pixel step.
Power fluctuations resulting from changing the polarization in
the spot were found to be ~4% and were compensated for prior to
performing the data analysis. Also, placing the polarizer in front of
the camera, in the beam path common to the signal and reference,
instead of in the reference path (see Fig. 1) during the calibration
procedure improves circular polarization purity and uniformity
across the FOV, making this the preferred configuration for SHG
CD imaging, which is sensitive to small deviations from circular
polarization.

The imaging parameters for the data presented in Figs. 2—6 were
as follows: For the mouse tail tendon, the number of polarization
values used per area ranged from 12 to 18, and the pixel integration
time was 2 ms. The pixel step was 0.53 pm for areas III and IV and
0.79 pum for the rest. For muscle tissue adjacent to the tendon, the
pixel step was 0.79 um. The laser power in the focused spot was
~60 mW.

For the heart, 12 images with different polarization directions
were taken in each area. Since the signal from the myocardium was
substantially weaker than the signal from collagen, longer pixel
integration times were used. Pixel dwell times were 2, 8, and 12
ms, and pixel step sizes were 0.79, 0.53, and 1.05 pum for areas I,
II, and III, respectively. The laser power in the focused spot was
~120 mW.

G. Linear Polarization SHGIM

This technique consists in the acquisition of a series of consecutive
images, each at a different linear polarization angle. The modu-
lation of the excitation polarization angle results in an amplitude
modulation of the SHG signal, Isyg, which will be governed by
the effective second-order nonlinear susceptibility tensor, x®,
of the sample. By fitting a mathematical model to the data, x @
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and the orientation of the fibril can be probed. For this work, we
utilized the C symmetry model proposed by Golaraei et al. [45]
that describes the dependence of Ispg on the effective x; in-
plane fibril orientation, &; out-of-plane fibril orientation, o; linear
polarization angle of the exciting illumination, #; and the detected
light polarization angle, ¢:

sy |,0 sin (¢ — 8) sin 2 (8 — 8) + cos (¢ — 8) sin® (0 — 8)

2
)

+ vcos (¢ — 8) cos® (6 — 8) + 2k cos (8 — 8) sin (0 — @)
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Fig. 3.  Peak locations for p and « for linear polarization SHGIM

performed on eight different imaging areas on tendon from a mouse tail.
Error bars denote the standard deviation.

For this work, we have assumed v = 1, a valid approximation
when the second-harmonic emitter is rod-like [46], as for a fib-
ril segment. Since GRIN fibers do not completely preserve the
polarization of the transmitted light, we detect and model the total
intensity given by

Toral X =0 + Lp=r 2. 2

This results in the loss of a known dimension in the search space
and can be unfavorable for any fitting attempts; however, as long as
the quadrant of the in-plane fibril orientation is known, 8, «, and
p canstill be determined.

The parameter k depends on the chirality of the sample and the
out-of-plane tilt [45]. For an in-plane fibril, ¥ = 0, resulting in a
model equivalent to the Cg, symmetry model, employed in several
previous works [34,47], and in this case, p = x 2/ x2), reflecting
only the material proprerties. The Cs symmetry model is better
suited for endoscopic imaging where the orientation of the fibrils
cannot be assumed to be parallel to the imaging plane. Although
birefringence is neglected in this model, imaging near the fiber
facet helps mitigate, although not nullify, its effects [48].

3. RESULTS

We performed polarization-resolved SHGIM on mouse tail ten-
don and muscle to validate the ability to differentiate collagen and
myosin and imaged the myocardium of fixed heart tissue, inserting
the endoscope to a depth >1 mm to demonstrate the capability for
imaging atdepth.

A. Mouse Tail

Linear polarization SHGIM was first tested on muscle and ten-
don using the exposed tissue of a skinned mouse tail. Tendon is a
common test target for SHGIM because of its well-ordered and
easily identifiable collagen structure, making it a good sample for
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Fig.4. Results from linear polarization SHGIM on muscle tissue. (a) Sum of intensities for all polarization angles; (b) quiver plot of fibril in-plane orien-
tation §; (c) and (d) parameter maps for k and p; (e) and (f) histograms for p and k. All scale bars are 5 pm.
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Fig.5. Results from linear polarization SHGIM of a mouse heart for three different positions (I, pericardium; II, ventricular wall; and I, atrial wall). (a)
From top to bottom, sum of the SHG intensity for left- and right-handed circularly polarized excitation, in-plane orientation 8, p and k parameter maps;

(b) p and k histograms. All scale bars are 5 pum.

the validation of the MMF endoscope. The MMF was placed at the
calibrated working distance (~15 pm) above a section of the tail,
which was laid horizontally on the sample holder. Measurements
were taken at eight different areas on exposed tendon from three
sections from two different tails.

The images were analyzed as follows: Since excessive noise in
the signal can lead to local minima in the fit becoming problem-
atic, prior to fitting, each image is denoised using a 2 x 2 median
filter. Images from some areas (detailed below) were additionally

downsampled using bicubic interpolation in a ratio 3:2 to obtain

a cleaner signal. Then, the subset of pixels where the modula-
tion depth of the signal was >30% were selected [see Fig. 2(b)].
Equation (2) was then fitted to the data using a multiple start point
trust-region algorithm using the optimization toolbox version 8.2
in MATLAB 2018b. The plot in Fig. 2(b) shows the normalized
intensity and the fit for the pixel marked with an “x”. The fit
bounds were —0.5 <k < 0.5 and 0 < p < 3. Pixels resulting in
a fit to one or more of the bound values were discarded, as were
those with a coefficient of determination, R?, of less than 0.8. The
results from the fits were then used to create parameter maps for §,
P, and k. The characteristic values for p and « for the sample were
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Results from SHG CD imaging of a tilted and in-plane sample of mouse tail tendon. (a) Sum of the SHG intensity from left- and right-handed

circularly polarized excitation; (b) SHG CD maps; (c) SHG CD histogram. The tilted and in-plane images were taken from two different areas within the

same tail section. All scale bars are 5 m.

determined by plotting a histogram of the parameter and fitting a
normal distribution to five bins on each side of the maximal value.

In Figs. 2(a), 2(c), and 2(d), we see the results from the analy-
sis performed for two different imaging areas (I and II) on the
tendon. Figure 2(a) shows, from top to bottom, the sum of the
image intensities for all polarization angles, a quiver plot for the
in-plane orientation of the fibrils, 8, and the p and k parameter
maps, indicating the tissue composition and out-of-plane tilt of
the fibrils, respectively. The strong alignment of the collagen in
tendon can be clearly seen from the quiver plot of 8. The upper
right-hand corner of the sample is out of focus because the sample
is a thick tissue slice, which is not flat, and the endoscope is placed
above the tissue slice. Figures 2(c) and 2(d), respectively, show the
histograms for p and «. For area I, p = 1.46 £ 0.33 and for area
II, p = 1.68 % 0.22, consistent with reports for collagen [49-51].
The histogram for parameter k peaked at —0.08 £ 0.05 in area
I and —0.06 +0.11 in area II, consistent with fibrils exhibiting
modest tilts. The analysis results from all eight imaged areas are
summarized in Fig. 3. Forareas III, IV, and V, bicubic interpolation
was used prior to fitting. The characteristic values for « were all
consistent with horizontally oriented samples exhibiting modest
tilts of the fibrils. Therefore, p & x2/x? and indeed, p coin-
cides with reports for x 2 / x 2) values for collagen Type I [49-51],
the main constituent of tendons.

Additionally, a measurement was taken on muscle tissue
adjacent to the tendon. The muscle was identifiable due to its char-
acteristic striation. The SHG signal from this area was an order of
magnitude lower than the signal from collagen, and to compensate
for the noisier signal the images were downsampled using bicubic
interpolation prior to fitting. The results are shown in Fig. 4. The
alignment of the myofibrils is reflected in the § plot [Fig. 4(b)].
In the p map in Fig. 4(d), we can observe two distinct regions,
which can also be seen as two distinct peaks in the histogram for
p. The peak value for « at 0.08 = 0.11 suggests a modest tilt of
the myofibrils, and thus p should be comparable to x2 /x2 and

thus reflect only the sample composition. Indeed, the first p peak
at 0.89 £ 0.06 is in the range of literature reports for myosin [52],
the protein responsible for SHG in muscle. The second peak at
1.06 £ 0.07 likely indicates the inclusion of collagen in the tissue
[52]. If a mix of muscle and collagen are responsible for the SHG
signal in a given pixel, p would result in an intermediate value from
the superimposed signals.

B. Mouse Heart

Next, we performed linear polarization SHGIM on a mouse heart
to validate the MMF endoscope in tissue-imaging capabilities.
Here, we first acquired images using circular polarization to pro-
duce SHG in the fibrils, regardless of the orientation, and locate
an imaging target. Once an area of interest was located, we pro-
ceeded to acquire linear polarization SHGIM images by varying
the polarization angle and analyzed the data as for the mouse tail
sample.

Figure 5 shows results obtained for three different imaging
areas (I, II, and IIT) in the mouse heart. Since the scanning method
is SLM-based, we can access the pixels in any order desired, and
it is straightforward to choose a region of interest (ROI) of an
arbitrary shape as shown in area II [Fig. 5(a)]. The scanned area is
highlighted in magenta and represents the pixels whose intensity
exceeded 25% of the maximum intensity from the initial scan
using circular polarization. This allows us to study finer details in
an ROI while keeping the scan time reasonable.

Figure 5(b) shows the histograms for p and «, respectively.
Unlike in the tail tendon sample, the fibrils in the heart cannot be
expected to be in-plane, which is reflected by « # 0, which means
that p > x2)/x2), that is, the value of p is not solely dependent
on the material and structure of the fibril, but also its out-of-plane
orientation. Imaging area I was located at the heart’s surface. The
outer layer of the heart, the pericardium, consists of a collagenous
structure, and the location of the p peak, 1.18 0.19, is within
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the range of values reported for collagen in the literature [51].
Imaging area II was inside the right ventricular wall, while area III
was within the right atrial wall at a depth between 800 and 1000
pm. In the histograms for p, peaks are seen at 0.79 4= 0.19 for the
ventricular wall and at 0.74 = 0.23 for the atrial wall, still within
range of the literature values for x2)/x2) for myosin [26,47]. As
expected, we observed local alignment of the in-plane orienta-
tion of the fibrils, 8, but less long-range order than seen in the tail

tendon sample.

C. SHG CD

Our method is not limited to linear polarization, but any in-plane
polarization state can be created. This allows measurements of
the SHG CD, a quantity, like «, tied to the chirality of the sample
and sensitive to the out-of-plane tilt [34]. Normalized SHG CD is
defined as 2(Jrpcp — fiuce)/(Zrace + fiuce) [53].

We demonstrated SHG CD imaging on a section of the mouse
tail, which was initially lying flat on the sample holder. The
probe was placed above the exposed tendon, and two images were
acquired, using LHC and RHC polarization excitation. Then, the
sample was tilted by an angle, ¢, of approximately 10°, resulting in
the tendons being tilted 10° out of the imaging plane, and another
set of images was taken. During the tilting, the sample was moved
so the images are not of the same area, but lie within the same
general section. SHG CD was then calculated for each area.

Results are shown in Fig. 6. Clearly, the 10° tilt resulted in an
increase in the SHG CD contrast when compared with the in-
plane sample. This can also be seen in the histogram in Fig. 6(c),
where the SHG CD signal distributions had a standard deviation
of 0.11 for the in-plane sample and 0.33 for the tilted sample. In
general, a nonzero SHG CD magnitude is indicative of an out-of-
plane tilt in samples where the chiral component x® # 0. The
sign of the SHG CD depends on the sign and magnitudes of the
chiral terms of x ¥ but also on the sign of the tilt angle &r. A change
in only the sign of the contrast may be understood as flipping the
fibril by @ = 180° [34,54], although the interpretation must be
made with caution [55].

4. DISCUSSION

As the excitation is at 1040 nm (which is a useful wavelength for
SHG because of the availability of powerful lasers), the detected
signal is at 520 nm, which is in the green wavelength range. In
this wavelength range, biological samples often exhibit strong
autofluorescence. This is, however, not a large problem for
polarization-resolved SHGIM, since the autofluorescence sig-
nal is not modulated with the polarization, although care must
be taken to properly characterize the polarization of the output
spot, as optics such as dichroic mirrors, which have a polarization-
dependent reflectivity might otherwise introduce an artificial
polarization dependence of the signal [56]. In this paper, we have
chosen not to analyze the pixels that had a low modulation depth,
indicative of a significant autofluorescence background. Although
astrong fluorescence signal results in excess noise in the modulated
SHG signal, making fitting and detailed analysis difficult, it still
clear what fraction of the signal is SHG, and it removes the risk of
mislabeling autofluorescent structures as collage, myosin, etc.

The excitation powers used here were comparable to those for
SHG imaging in lens-based endoscopes. The total integration time
for all polarization directions was 5-10 times longer, as expected
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from the low NA (0.3) of the MMF and small collection aperture.
As discussed in the Materials and Methods section, we expect to
be able to partly remedy this with a higher NA fiber and a slightly
larger diameter probe.

As we see in the measurements on the tail muscle, the method
reveals when there is a mixture of materials in the sample [57].
This would allow an indication of the collagen content in the
tissue, even if we here do not image in enough detail to resolve,
for instance, thin collagen strands found in healthy heart tissue
[19]. Furthermore, the method actually has the potential of dis-
tinguishing collagen I and collagen IT [58] and selectively images
fibrillar collagen, since nonfibrillar collagen (e.g., Type IV) does
not generate SHG. Additionally, dynamic processes in the muscle
tissue could potentially be studied, since the p parameter is sen-
sitive to the conformation of the myosin molecule and thus the
physiological state of muscle tissue [8].

The parameters p and k cannot be completely decoupled in
this implementation of the method, unless the chirality has been
measured separately. In some instances, this could confuse a mixed
material with a fibril tilted out-of-plane. Nevertheless, it is clear
from the nonzero value for « that the fibril is tilted, although the
exact angle cannot be quantified. For images where even a small
subset of pixels shows k & 0, the subset can be selected and used
to estimate x 2 /x 2. These pixels could alternatively be selected
from an SHG CD image of the same sample area. Furthermore,
for many clinical applications, a scoring system is used, where
the range of values or combinations of multiple values (e.g., fluo-
rescence intensity and SHG parameters) relative to a healthy
specimen indicate whether the tissue is diseased or not. For these
applications, the coupling of p and « islikely less important.

As mentioned above, our method allows scanning in an arbi-
trary pixel order. In addition to allowing selection of arbitrarily
shaped and disjoint RO, it is easy to swap the scan order, to use
all the polarization values for a single pixel before moving onto the
next. This could improve SHG CD imaging, which is prone to
drift-related artifacts [53]. We would get the correct CD value in
each pixel, even if the sample drifts. SHG CD has shown potential
relevance for the study of pathologies such as pulmonary fibrosis
[35] and ovarian cancer [36]. Since it only requires two images to
be acquired, it is faster, and a more robust implementation might
make it more attractive for diagnostic purposes.

SHGIM can be used as a part of nonlinear multimodal imaging
through an MMFE, together with CARS [17] and two-photon
fluorescence [18]. The setup is completely compatible with such
multimodal imaging. As we discuss in [17,33], wavelength tuning
within a small range around the calibration wavelength can be
accommodated using a dispersive prism in front of the fiber, and
for well-separated excitation wavelengths, e.g., for fluorescence and
SHG, an MMF calibration step can be done for each wavelength.
If improvements in the scan speed (see Section 2.D) are imple-
mented, this could be an avenue towards iz sizu tumor diagnosis,
e.g., differentiating gliomas from healthy brain tissue [5,59], where
aminimally invasive endoscope would be an asset.

5. CONCLUSION

In conclusion, we have shown that it is possible to perform SHG
microscopy in a minimally invasive fashion through an MMF
endoscope. Moreover, we can fully control the in-plane polariza-
tion state of the scanning focus at the fiber output, and we use this
to implement linearly polarized SHGIM and SHG CD imaging.
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By imaging fixed mouse tail tendon and muscle as well as heart
tissue, we verify that we, through the polarization modulation,
achieve contrast between the structural proteins myosin and
collagen at a single-pixel level. Furthermore, we can detect the
local orientation of the collagen fibrils. We demonstrate that the
imaging can be performed at a depth of 1 mm into the heart tissue
since the endoscope can be inserted to any depth well beyond light
penetration depth in the tissue. We believe that this work is a step
toward a device capable of performing label-free diagnostics of
tumors and fibrotic diseases 77 situ and at depths not accessible in
vivowith currently available microscopy techniques.
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