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ABSTRACT In this work, we report the implementation of interferometric second harmonic generation (SHG) microscopy with
femtosecond pulses. As a proof of concept, we imaged the phase distribution of SHG signal from the complex collagen archi-
tecture of juvenile equine growth cartilage. The results are analyzed in respect to numerical simulations to extract the relative
orientation of collagen fibrils within the tissue. Our results reveal large domains of constant phase together with regions of
quasi-random phase, which are correlated to respectively high- and low-intensity regions in the standard SHG images. A com-
parison with polarization-resolved SHG highlights the crucial role of relative fibril polarity in determining the SHG signal intensity.
Indeed, it appears that even a well-organized noncentrosymmetric structure emits low SHG signal intensity if it has no predom-
inant local polarity. This work illustrates how the complex architecture of noncentrosymmetric scatterers at the nanoscale gov-
erns the coherent building of SHG signal within the focal volume and is a key advance toward a complete understanding of the

structural origin of SHG signals from tissues.

INTRODUCTION

Collagen is the most abundant protein in mammals and is
the major component of the extracellular matrix. As such,
it is involved in most of the mechanical properties of con-
nective tissues such as their stiffness and elasticity (1-3).
Nowadays, 28 different types of collagen have been identi-
fied, all being constructed from a specific assembly of poly-
peptide chains arranged in a triple helical structure, named
tropocollagen. Among them, fibrillar collagens (mostly
types I and II) self-assemble into a highly regular alignment
of triple helices, with a characteristic 67 nm banding pattern
(2-4). This forms the collagen fibrils that have a cylinder-
like structure of a diameter of 10 to 500 nm (2-4) and a
length that can reach a few tens of microns. At the macro-
scopic scale, the organization of collagen fibrils varies dras-
tically from one tissue to another to comply with their
physiological functions. In this article, we study the collag-
enous structure of cartilage that is formed at the nanoscale
of a hydrated aggrecan gel reinforced by a three-dimen-
sional collagen type II meshwork (5). At the macroscopic
level, the collagen fibrils are arranged in closely linked
leaves that are perpendicular to the surface deep in the carti-
lage and rapidly curve to become parallel to the surface in
the superficial layers (6). Notably, the collagen structure
in this tissue is an important indicator of the progress of
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certain diseases such as osteochondrosis (7) and osteoar-
thritis (8,9).

Huge efforts have been made to study more precisely
the structure of collagenous tissues. At first, this research
used electron microscopy or mechanical imaging, such as
atomic force microscopy and piezoelectric force micro-
scopy, providing nanoscale resolution (10-14). Most of
these works have imaged tissues made of type I collagen,
such as tendon and fascia, mainly because of its preva-
lence in the human body. These techniques revealed,
among other things, that the tropocollagen and the fibrils
it forms are piezoelectric (15-17). Over time, optical
techniques have been developed to study the structure
of the collagen fibrils inside connective tissues in a mini-
mally invasive way. Among these techniques, second
harmonic generation (SHG) has proved itself to be a
powerful tool to quantify the structural organization of con-
nective tissues (18-23) because of its high specificity for
dense noncentrosymmetric media such as piezoelectric
structures. SHG is a nonlinear optical process in which
the radiated light is at exactly half the excitation wave-
length and probes the second-order nonlinear susceptibility
tensor (x®). This coherent imaging technique is charac-
terized by an intrinsic optical sectioning, providing submi-
cron resolution, a high penetration depth in scattering
tissues and a reduced phototoxicity and photobleaching
compared with other optical techniques such as fluores-
cence microscopy.
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In highly anisotropic fibrillar collagen, SHG is coherently
amplified because of the tight alignment of harmonophores
along the collagen triple helix and within fibrils. Many
studies have investigated the exact molecular and structural
origin of SHG signals in biological tissues, mostly in
collagen and collagenous tissues (24-27). In particular,
extensive literature is available about the use of polariza-
tion-resolved second harmonic generation (P-SHG) to mea-
sure the global collagen organization (28-30). However,
because of the coherence of SHG, the signal intensity de-
pends not only on the density and the overall organization
of harmonophores, but also on the relative polarity of fibrils
within the focal volume. Indeed, two identical achiral non-
centrosymmetric structures having opposite polarities (rela-
tive orientation of 180°) will emit m-phase-shifted SHG
signal (14,31,32). Note that, if the contribution of the chiral
components has been discussed at the molecular scale
(33,34), the usual model for SHG in collagen fibrils assumes
a C, symmetry (27,32,35,36), which excludes the chiral
components. Because the diameter of the collagen fibrils
is significantly smaller than the optical resolution, the sec-
ond harmonic generated in the focal volume arises from
the coherent contribution of several fibrils (32). Therefore,
despite numerous studies, the analysis of SHG images re-
mains a complex task and the structural organization of
harmonophores at the submicron scale is still a matter of
debate (35). SHG microscopy is indeed limited in its study
of the nanoscale arrangement of the fibrils polarity because,
in its usual implementation, it measures only the intensity
and not the phase of the signals. This limitation can be over-
come by combining SHG imaging with interferometry.
Interferometric second harmonic generation (I-SHG) has
been originally proposed to characterize the nonlinear prop-
erties of crystals (37-39). To the best of our knowledge, we
were the first to apply this technique on biological samples
and demonstrate its potential to measure the relative orien-
tation of the SHG emitters in tissues. In previous work,
focusing on tendon, we showed that the ratio of fibrils
with opposite polarities globally stays close to one (11),
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but varies slightly locally, revealing two predominant polar-
ities arranged in long and thin fibril bundles (40). Another
technique based on interferometric sum frequency genera-
tion (I-SFG) has recently been demonstrated to probe the
collagen polarity in tendon (41).

In this work, we further investigate the structural origin of
SHG signal in tissues, in particular the role of the relative
polarity of SHG emitters in the coherent amplification of
signal, by studying the collagen architecture within growth
cartilage. However, the more random arrangement of fibrils
in cartilage causes a strong decrease in SHG intensity that in
turn drastically reduces the interferometric contrast within
I-SHG images and impedes the investigation of the local
distribution of the noncentrosymmetric structures. To over-
come this limitation, we implemented I-SHG with a femto-
second laser and applied it to image biological tissues. To do
so, we developed a setup that compensates for the dispersion
introduced in the microscope and effectively optimizes both
the spatial and temporal overlap. At first glance, I-SHG im-
ages of cartilage reveal large domains of constant SHG
phase together with regions of quasi-random phase, which
are correlated to respectively high- and low-intensity re-
gions in the SHG image. We then extract information about
the fibrils polarity inside each of these domains, by means of
numerical simulations. Finally, comparing these results with
P-SHG measurements highlights the crucial role of fibril
polarity in determining the SHG signal intensity.

MATERIALS AND METHODS
Sample preparation

All five samples were harvested from the femoral trochleas (Fig. 1 a) of
1-day-old foals that were part of another research investigation at the
Faculté de Médecine Vétérinaire, Université de Montréal. This study was
carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of The Canadian Council on
Animal Care. The protocol was approved by the Committee on the Ethics
of Animal Experiments of the University of Montréal. Plugs were taken
from the trochleas, fixed in 10% formalin for 24 h and decalcified in

FIGURE 1 (a) Femoral trochleas from 1-day-old
foals. The rectangle represents the region of interest
(ROI) assessed. (b) A 4 um thick section cut from
the same region perpendicular to the articular sur-
face, stained with picrosirius red, and imaged with
polarized light microscopy to reveal the collagen
structure of the articular epiphyseal growth cartilage
overlying the subchondral bone in the lower part of
the image. Scale bar: 2 mm. The nonvascular artic-
ular cartilage has a lamellar appearance at the sur-
face (white asterisk). The vascularized epiphyseal
growth cartilage of the epiphysis (dotted line), lies
between the growth cartilage and ossification front.
The rectangle represents the ROI imaged with SHG.
(c) SHG image of central area of an unstained 10 um
thick cartilage slice in the central area of epiphyseal
growth cartilage. Scale bar: 100 um. To see this
figure in color, go online.
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EDTA for 6 to 7 days. These sections were then fixed in 70% alcohol for 1
to 2 h and embedded in paraffin. Afterward, these blocks were cut in 10 um
thick slices with a microtome (Fig. 1 b). The obtained samples were placed
on cover slips and the paraffin was removed using two xylene baths and
three cycles of varying alcohol concentration baths (100%, 95%, 80%,
0%). All the images shown in this article come from the epiphyseal growth
cartilage (42) of the same sample (Fig. 1 ¢). Importantly, although the
arcade model implies that the surface collagen fibrils could bend in either
direction (horizontal or out of plane here), in the imaged region, the fibrils
are perpendicular to the cartilage surface (vertical here) and therefore lie in
a plane or at least exhibit a very small out-of-plane angle (6,43).

Multiphoton microscope

SHG imaging was performed using a custom-built sample scanning micro-
scope (Fig. 2 a). Note that the asterisk (*) marked objects were not used
for standard SHG microscopy but only in the I-SHG experiments described
in the next section. The laser source was a Titanium-Sapphire (Ti-Sa) oscil-
lator (Tsunami, Spectra Physics, Santa Clara, CA) generating 810 nm, 100 fs
pulses at a 80 MHz repetition rate. The average power was adjusted, using a
half-waveplate and a Glan-Thompson polarizer, to ~30 mW on the sample.
The beam was focused through an objective (Olympus (Tokyo, Japan) Uplan-
SApo, 40x, water immersion, NA 1.15) used in air, so that the effective nu-
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FIGURE 2 (a) Experimental setup used for SHG and I-SHG (*) micro-
scopy. The delay control is achieved through two calcite prisms placed be-
tween two half-waveplates at 810 nm and full-waveplates at 405 nm so that
the fundamental beam exhibits a retardation compared with the reference
SHG beam. The black arrow indicates the optical axis. (b) Interferometric
pattern obtained from the calibration of the glass plate, using a Y-cut quartz
plate as the sample. This is used to link the glass plate angle to the reference
phase. The blue line is the fit on the theoretical pattern described in Stolle
et al. (45), modulated by a Gaussian envelope in red. To see this figure in
color, go online.
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merical aperture was ~0.8, to achieve typical lateral (0.6 um) and axial (2 um)
resolutions at 810 nm excitation. Samples were placed on a translation stage
(MLS203-P2, Thorlabs, Newton, NJ), and the signals were collected through
a condenser with numerical aperture 0.55. Appropriate filters were used to
isolate the second harmonic (two large bandpass filters FF01-720/SP-25
and a small bandpass FF01-405/10-25, Semrock, Rochester, NY), and the
signals were acquired in the forward direction on a photomultiplier tube
(R6357, Hamamatsu Photonics, Japan) set at 800V. We used a pixel dwell
time of 25 us; however, because of the acceleration and deceleration time
of the translation stage, the acquisition time for one SHG image was typically
of a few minutes. At the entrance of the microscope, a half-waveplate
allowed us to adjust the incident polarization on the sample and enabled us
to perform polarization-resolved second harmonic generation (P-SHG).

Interferometric second harmonic generation
setup

The I-SHG technique retrieves the phase of the SHG signal in the sample by
measuring the interference of two SHG signals. The first SHG signal is
generated in a quartz crystal outside the microscope, to provide a reference
SHG beam with a known phase, and the second SHG signal is generated
within the sample. By measuring the intensity as a function of the phase
of the reference SHG (®,.p), the relative phase of the SHG signal from
the sample (®.p) can be retrieved pixel by pixel.

To perform I-SHG, two components need to be added to the SHG micro-
scope setup, namely the reference quartz and the glass window, as previ-
ously described (40.44). First, the laser is loosely focused (focal length of
50 mm) on a 350 um thick Y-cut quartz plate, to generate the reference
SHG beam. To adjust the intensity of this reference beam, the quartz plate
position is moved relative to the focal point of the lens. Both fundamental
and reference SHG beams are collimated by means of a curved mirror to
avoid chromatic aberrations. These two beams are then carried through
the microscope where the sample SHG is generated at the focus of the
objective. On the detector, the two SHG beams interfere to generate the
final signal, which is given, at each pixel, by the following:

H($rr) = Lo + Lexp + 20/ T lexpC08 (Berp — brep), (1)

where I,.r and I, are, respectively, the SHG intensity in the reference
quartz and in the sample. The reference phase (@, is adjusted by rotating
a 1.5 mm thick BK7 glass window. The exact phase relationship between
the two second harmonic beams is calibrated by using a second quartz
plate as the sample, obtaining an interferometric pattern (Fig. 2 b) as
described by Stolle et al. (45). In the actual I-SHG images, only a small
portion of this angle range is used (®,,; = 0° arbitrarily set to ®,.; =
540°) as only one and a half period is required for a complete characteriza-
tion of the phase.

To reconstruct phase images, the interferometric term is isolated by
computing the difference between two raw intensity images taken with a
®,,r difference of  in the following:

I(¢rqf) - I(¢ref + ’IT) =4 V Irc{flexpcos (d)exp - d)ref) . (2)

Finally, the acquisition of 12 pairs of images for reference phases from 0° to
330°, by increments of 30°, and a fit of the intensity as a function of @,
using Eq. 2, allows to recover the relative phase of the sample SHG
(Pexp) in every pixel. As a convention, in all the following images, a red
color will be assigned to the negative phase values on the I-SHG images
and a green color to the positive phase values.

Delay control

To obtain interferences, spatial and temporal overlap must be attained and
both reference and sample SHG must have identical polarizations. In
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previous work (40,44), we used a laser of central wavelength 1064 nm with
a pulse duration of ~15 ps. This allowed us to easily achieve temporal over-
lap, but in consideration, drastically limited the intensity of second har-
monic generated and the image contrast. In this study, to go beyond this
limitation, the laser source was changed for a Titanium-Sapphire oscillator
delivering femtosecond pulses. However, temporal overlap is more difficult
to obtain with shorter pulses. Indeed, because of the high dispersion intro-
duced by the microscope objective, at the focal point the reference and sam-
ple SHG exhibit a delay larger than the coherence time of the laser, which
impedes the interferences.

Using a custom-built Michelson interferometer, we measured the delay
between the two beams to be ~7 ps on the detector. Adjusting the length
of one of the two arms in the interferometer allowed us to compensate
for the dispersion and to retrieve interferences at the focus of the
objective. However, because the two beams have different optical paths,
this setup is very sensitive to alignment and is subject to phase fluctua-
tions. To improve the stability of our measurements, we came back to a
collinear setup, as shown in Fig. 2 a, which ensures both spatial overlap
and stability, and compensates for the dispersion using two calcite
wedges. A half-waveplate for the fundamental beam (full-waveplate for
second harmonic) is placed before the calcite so that the fundamental
and SHG beams polarizations are along orthogonal axes in the calcite
(here the SHG is polarized along the optical axis). This results in a
negative delay (because of abnormal dispersion) between the two beams,
precompensating for the positive delay introduced in the microscope.
After the calcite, the polarization of the fundamental and reference
second harmonic beams are put back together using another half-wave-
plate at 810 nm (full-waveplate at 405 nm) so that at the entrance of
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the microscope the reference SHG has the same polarization as the funda-
mental beam.

RESULTS
I-SHG of growth cartilage

Fig. 3 a shows the SHG image of the studied cartilage sam-
ple. In this image, the black circles correspond to chondro-
cyte lacunae, or spaces in the matrix where the chondrocytes
resided. Here two types of regions can be distinguished.
First, a large part of the image has a speckle-like aspect,
with low average SHG intensity. This is expected from the
general cartilage structure that is comprised of a random-
like collagen type II meshwork (10). However, several re-
gions, mostly around the cells, exhibit a high and almost
uniform SHG signal. Fig. 3 b shows the I-SHG image of
the sample at the exact same position and indicates the
SHG relative phase measured pixel by pixel. Pixels with
low SHG intensity (below 50 counts), such as the pixels
within the cells, are displayed in yellow. They are rejected
from analysis, as their phase is not well defined, and they
do not carry any structural information. We directly observe
that the I-SHG image presents large domains in which the
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FIGURE 3 (a) SHG image and (b) I-SHG image of cartilage (images are graduated in microns). The blue rectangle indicates the ROI used in Fig. 4. Pixels
with SHG intensity below 50 counts are displayed in yellow in the I-SHG image. To see this figure in color, go online.
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phase is constant over distances of the order of 20 to 50 um.
Interestingly, these domains seem to be colocalized with the
high-intensity regions in the standard SHG image.

To investigate the relationship between the intensity and
the phase image, we analyzed in details a smaller region
of interest (ROI), depicted by the blue rectangle in Fig. 3,
a and b, where we can observe different behaviors, in partic-
ular a phase transition. Fig. 4, a and b, show, respectively,
the SHG intensity and phase for this ROL

InFig. 4, a and b, two subregions are identified: the bottom
rectangles indicate a region of high intensity and well-defined
phase, with two opposite main phase values (red and green)
and a transition zone (blue), whereas the top rectangle shows
a region of low intensity and random phase (speckle-like
aspect). The distribution of phase in these regions can be stud-
ied by looking at the phase histograms, shown in Fig. 4, c—f.
This shows that the regions highlighted in green (Fig. 4 d) and
red (Fig. 4 f) have a well-defined phase assembled in a sharp
peaked distribution. As expected from the phase image, these
peaks are approximately w-phase-shifted, denoting opposite
fibrils’ polarity. In contrast, the phase distributions of the
speckle (Fig. 4 ¢) and the transition (Fig. 4 e) regions are
composed of two large peaks, which indicates that both fibril
polarities are present in those regions. Importantly, the green
and red regions exhibit high SHG intensity whereas the blue
and yellow regions show lower signals.

Polarization analysis

To characterize more precisely the different regions identi-
fied in the cartilage, we used P-SHG to investigate the
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role of collagen fibrils anisotropy in these areas. Here again,
four zones are analyzed (Fig. 5 a): pixels from the green and
red phase peaks in Fig. 4 b, the transition zone between
these two peaks (in blue), and the speckle-like region (in
yellow). For each region, we measured the intensity pixel
by pixel, as a function of the input polarization. One such
polar plot is shown in Fig. 5 b and shows the behavior of
the pixels in the red square. On this polar plot, we measure
the maximum intensity I,,, which is obtained when the
incident polarization angle (y) is parallel to the fibrils’
main axis, and the intensity /,,,, which corresponds to an
incident polarization perpendicular to the fibrils, and there-
fore a minimum intensity. Finally, we characterize the
anisotropy of the polarization response using the parameter
(r), calculated pixel by pixel in the following:

I par — I perp
po= 2P 3
I par + 21, perp ( )

This measurement is inspired by the anisotropy parameter
from Campagnola et al. (46) and serves as a measure of
the structural organization of the collagen fibrils in the
studied regions.

Fig. 5, ¢ and d, show, respectively, the mean anisotropy
and the mean SHG intensity over the pixels for the different
ROIs. Statistical analysis has been performed using Origin
9.0 (OriginPro 9.0 SR2, OriginLab, Northampton, MA).
As the normality of the distribution has been rejected using
Shapiro-Wilk’s test, the difference of the distributions has
been determined using the Wilcoxon-Mann-Whitney test.
Fig. 5 ¢ reveals similar anisotropy between the pixels in
the green and the red peaks, indicating the same degree of

FIGURE 4 (a) SHG image and (b) I-SHG image
of cartilage (blue rectangle of Fig. 3). Pixels with
SHG intensity lower than 50 counts are displayed
in yellow. (c—f) The histograms of ®.,;, in the rect-
angles in (a) and (b). The lines over the data are
Gaussian fits. The histogram (c¢) (calculated over
2400 pixels) has two phase peaks at —0.677 with
o = w4 * 7/50 and at 0.347 with ¢ = /3 *+
7/50. The green histogram in (d) (calculated over
1500 pixels) has only one peak at 0.227 with
o = 7w/14 £+ 7/600. The blue histogram in (e)
(calculated over 500 pixels) has two peaks at
—0.837 with ¢ = 7/9 £ 7/150 and at 0.247 with
o = /6 = 7/120. The red histogram in (f) (calcu-
lated over 1500 pixels) has only one peak at —0.767
with ¢ = 7/16 + 7/1000. To see this figure in color,
go online.
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FIGURE 5 (a) SHG image of cartilage. (b) Polar
plot of the SHG intensity as a function of the inci-
dent polarization. The black circles correspond to
the experimental measurements obtained from

Y = 45° to Y = 285°, and the red line shows the
extension of these measurements on a full 0° to
360° range. The blue arrows indicate the maximum
(Ipa) and minimum (/,.,,) intensity used to
compute the anisotropy parameter r. (¢ and d) Bar
plots of respectively the mean anisotropy and the
mean SHG intensity for polarization parallel to

the collagen fibrils over the pixels in the corre-
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alignment in the two bright regions. The blue ROI has a
slightly larger anisotropy, which denotes a higher degree
of alignment. The yellow region presents a lower anisotropy,
i.e., more randomly aligned fibrils. Fig. 5 d shows that, as
expected, the pixels in the yellow region (speckle-like
aspect) present also a low average SHG signal whereas
the red and green pixels have similarly high maximum in-
tensity levels. However, the blue region, located between
the two peaks, presents surprisingly a high anisotropy and
a low value of <I,,>. Note that in the blue ROI, even if
the value of <lI,,> is lower than in the green and red
ROI, the signal reaches 2000 counts that is ~40 times higher
than the noise (50 counts) in our image.

Numerical simulations

To further investigate the link between the SHG intensity
and the phase distributions we implemented numerical sim-
ulations. For a complete description of the model used, see
Rivard et al. (40). Briefly, collagen fibrils are modeled as a
series of parallel cylinders that all have a x® with the same
amplitude and a sign that can vary inside the tissue, repre-
senting the two polarities of the fibrils. The SHG contribu-
tion from each cylinder is then calculated in the far-field
using a Green’s function approach and summed up to calcu-
late the signal on the detector. Here, a beam of waist 1.1 um
and of wavelength 810 nm is sent on the tissue that is
considered having a uniform refractive index of 1.4.

Individually, two fibrils with opposite polarities generate
m-phase-shifted signal. As SHG results from the coherent
summation of several fibrillar responses in every pixel, the
relative polarity between adjacent fibrils can highly affect
the signal intensity. Therefore, the tissue is defined by the
following parameter f that indicates the number of fibrils
with positive polarity:
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sponding rectangles in (a). The error bars indicate
the standard deviations calculated over all the
pixels (respectively 420, 256, 648, and 2601 pixels)
in the ROIs. Statistical significance was tested us-
ing nonparametric Wilcoxon-Mann-Whitney (NS,
no significant difference, *p < 0.05, **p < 0.01).
To see this figure in color, go online.

No_Peak Speckle

_ N
T M@+ M@y @

where N( = X(z)) indicates the number of fibrils in the tissue
with =x®. For tissues with different fratios (1000 random
generated samples for each f value), the SHG signal is
computed and its phase distribution extracted.

The Fig. 6 a presents the fratio as a function of the stan-
dard deviation of the phase distribution (black circles) along
with a spline fitting (black line). This allows to extract the f
ratios from the standard deviations of the phase distribu-
tions found for each region of the cartilage analyzed here.
The colored squares indicate the experimental measure-
ments in the different ROIs. It is worth noting that in the
simulations, the absolute phase of each fibril is known,
allowing to retrieve the exact phase histogram with its
standard deviation. However, when the inverse relation is
investigated, two possible f ratios can be found for each
value of standard deviation, with no possible way of
distinguishing between the two cases. Again, by conven-
tion, we associate negative phase (red pixels) to f ratios
larger than 0.5.

In the ROIs identified earlier, we calculated, using the
spline fit on Fig. 6 a, that the relative number of fibrils
with positive polarity is given by f = 0.30 in the green rect-
angle and /' = 0.72 for the red rectangle. The blue and yellow
regions present phase distributions with two peaks, indi-
cating a f ratio varying on average between f = 0.39 and
f = 0.65 (blue rectangle) and between f = 0.44 and
f=0.59 (yellow rectangle). Here, the measured parameter
was the standard deviation of the phase distributions (o)
from which we extracted the ratio of fibrils with +x®
over the total number of fibrils (f ratio). It is worth noting
that the numerical model used here only describes correctly
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FIGURE 6 (a) fratio as a function of the standard deviation of the phase
distribution. The black dots are obtained by numerical simulations, the
black line is a spline, and the colored rectangles represent the calculated
fratios corresponding to the same-colored regions in Fig. 4. (b) Normalized
value of the mean SHG intensity in function of the fratio. The black dots are
the results from the numerical simulations (average over 1000 random sam-
ples) and the colored rectangles are the experimental </,,,>, correspond-
ing, respectively, to the same-colored rectangles in Fig. 4. Error bars
indicate the standard deviations. Here the x-value of (a) (¢) and the y-value
of (b) (SHG intensity) are measured parameters whereas the fratio is calcu-
lated numerically. The similarity between experimental and calculated data
was evaluated with Pearson’s chi-squared test (p < 2.2 10~'%) using R soft-
ware (R Development Core Team, R Foundation for Statistical Computing,
version 3.0.3). To see this figure in color, go online.

regions of high anisotropy and therefore the fratio extracted
in the speckle-like region (yellow ROI) is not quantitative
but only indicative. Fig. 6 b displays the mean SHG inten-
sity as a function of the f ratio. The black dots have been
calculated numerically using the same simulations as in
Fig. 6 a. We also report the maximum intensities /,,, found
experimentally as a function of the extracted f ratio for the
corresponding regions (colored squares).

DISCUSSION

Our numerical simulations show that in a tissue with a
global fratio equal to 0.5, i.e., a random distribution of po-
larity, the phase constantly varies from pixel to pixel that re-
sults in a very broad distribution on the histogram. On the
contrary, a fratio of 0.0 or 1.0 indicates that only one polar-
ity is present in the tissue and that all pixels will have the
same phase. Therefore, the more the f ratio is away from
0.5, the more the phase is locked to a fixed value and the
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more the histogram is peaked around this value. Interest-
ingly, the very good correlation between the numerical
and experimental points in Fig. 6 b illustrates the strength
of I-SHG in understanding the origin of the signal and indi-
cates that the variations of the f ratio in the field of view is
indeed responsible for the intensity variations observed in
the standard SHG images.

We can now fully interpret the different behaviors
observed in Fig. 5, ¢ and d. First, it appears that the pixels
in the yellow region present simultaneously a low anisot-
ropy, a f ratio close to 0.5, and a low average SHG intensity.
This has been previously discussed in the literature (47) and
results from the coherent summation of the SHG signals
arising from several collagen fibrils with various azimuthal
angles and polarities in the focal volume. On the contrary,
the red and green ROIs in the bottom of Fig. 4 b present a
high anisotropy and a f ratio quite far from 0.5 that results
in a high SHG intensity because of almost fully constructive
interferences. Finally, in the transition zone indicated by the
blue ROI, the anisotropy is still high, the fratio gets closer to
0.5, and the intensity is very low. Indeed, the fratio close to
0.5 reveals an absence of predominant polarity, which re-
sults in a more random phase from one pixel to another,
causing a strong drop of SHG intensity. Hence, it appears
that even a well-aligned region, as revealed by P-SHG,
can generate low SHG intensity if it has a f ratio close to
0.5, and therefore no predominant polarity. It is worth noting
that, in both sides of the low intensity blue area in Fig. 4 b,
despite a predominant polarity, revealed by the constant red
and green color, the fratio is closer to 0.5 than in the red and
green regions. Therefore, a constant color in I-SHG is not
enough to obtain a high SHG intensity and it is really the
f ratio, or equivalently the phase distribution, that governs
the level of signal.

To summarize, by looking at the phase only we can distin-
guish three cases.

1) There is a predominant polarity in the domain (red or
green color) and the f ratio is far from 0.5. This is the
case of the red and green rectangles in Fig. 4 a, which
corresponds to high SHG intensity.

2) There is a predominant polarity (constant color) but the f
ratio is close to 0.5. In this case, f—0.5 is close to 0 but
has a constant sign. This is what happens in both sides
of the blue rectangle that corresponds to a quite low
SHG intensity.

3) There is no predominant polarity (random color in the
phase image). In this case, f—0.5 is always close to
0 and its sign changes randomly from one pixel to
another. This is what happens in the speckle-like region
that corresponds to a dark region in the SHG image.

Importantly, these observations can be generalized to the
whole field of view as shown in Fig. 7 a that merges Fig. 3, a
and b, by displaying the SHG intensity and phase as the
value and the hue of the color, respectively. It appears that
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interferometric contrast
Anisotropy (r)

o

SHG intensity 1 0 SHG intensity 1

FIGURE 7 (a) HSV image merging Fig. 3, @ and b, in which the SHG in-
tensity and phase are represented respectively by the value and the hue of
the color. Red arrows indicate regions similar to the blue ROI in Fig. 4 a
with a phase transition corresponding to a low SHG intensity. Scale bar:
100 um. (b) Image merging the SHG intensity (red) and the map of anisot-
ropy parameter r (green). White arrows highlight regions of high anisotropy
but low SHG intensity (no red). Scale bar: 100 um. (c¢) Correlation histo-
gram between the SHG intensity and the interferometric contrast (Pearson
coefficient 0.6). (d) Correlation histogram between the SHG intensity and
the anisotropy parameter (Pearson coefficient 0.3). To see this figure in
color, go online.

the bright regions correspond to constant phase domains
whereas the transitions between two phase domains are
always low SHG intensity areas as highlighted by the red
arrows.

Fig. 7 b shows the merging of the SHG intensity (in red)
and the anisotropy parameter (in green) in the same field of
view. Similarly to the yellow ROI in Fig. 5 a, we observe
large regions of low anisotropy and low intensity. However,
we observe several regions of high anisotropy and low SHG
intensity as indicated by the white arrows. This is consistent
with the results observed in the smaller area (see blue ROI in
Fig. 5) and reveals that at the scale of the field of view, the
anisotropy parameter is not the only responsible for the var-
iations of intensity in the SHG image of cartilage.

To further investigate the similarities between phase,
anisotropy, and intensity images, on a pixel-by-pixel basis,
we used correlation analysis and determined the Pearson co-
efficient over the entire field of view. When the two images
are perfectly similar, the Pearson coefficient is 1.0 and falls
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to 0.0 when no correlation exists. We obtain a Pearson coef-
ficient of 0.6 for the correlation between interferometric
contrast and intensity image and 0.3 for the correlation be-
tween the anisotropy and the intensity. It is worth noting that
a perfect correlation is not expected as both the anisotropy
and the phase independently affect the intensity. Fig. 7, ¢
and d, allows us to visualize this correlation graphically, dis-
playing the overlap of the intensity distribution (x axis) with
the interferometric contrast and anisotropy parameter distri-
bution (y axis), respectively, where, for a perfect correlation
all points would fall on the diagonal. These values and
graphs indicate a stronger correlation between the phase
and the intensity compared with the anisotropy and the in-
tensity that confirms the qualitative observation on Fig. 7,
a and b. This highlights the crucial role of the phase in deter-
mining the SHG intensity and indicates that the polarity of
collagen fibrils should not be neglected when interpreting
SHG images of collagenous tissues.

The two images in Fig. 7, a and b, carry a lot of informa-
tion about the structure of collagen in articular cartilage.
The dark areas, common in both images, indicate that the
collagen fibrils are organized in a loose, quasi-isotropic
meshwork, both in terms of orientation and polarity. On
the contrary, we observe areas of high anisotropy parameter
and low SHG intensity, which reveals a well-aligned
collagen meshwork but with an almost random polarity.
Finally, the regions of high anisotropy and high intensity
correspond to areas where the collagen fibrils are well
aligned with a constant polarity.

These regions of highly aligned collagen fibrils with simi-
larly polarized domains are almost exclusively located in the
neighborhood region of the chondrocytes, leading us to spec-
ulate on the potential biological roles of the observed struc-
tures. The highly specialized architecture of collagen in the
chondron and territorial matrix has been studied extensively,
particularly to relate its structure to function (48). Notably, it
has been shown (43.,49) that this region in articular cartilage
has a preferential orientation and a more aligned collagen
matrix than the bulk of the extracellular matrix. This is re-
flected in P-SHG images showing regions of high anisotropy
around the cells, which confirm that the collagen fibrils are
more aligned in the neighborhood of chondrocytes than the
fibrils in the disordered meshwork of the interterritorial ma-
trix. The dominant polarity of these regions switches across
the cells, typically in the radial (bone-to-surface) direction.
The consistency of this switching suggests a potential for
local cell signaling. As collagen is piezoelectric in shear
(dis = 1 pm/V) (14,50), this switching of domain will
produce a similar polarity of electrical potential on both sides
of the cell under shear. The predominant direction of the
polarity switch thus conforms to the predominant direction
of shear stresses in cartilage (in a plane perpendicular to
the surface), which are on the order of 2 MPa (51,52).

In addition to the strong alignment, I-SHG indicates that
there is a high level of domain switching within the
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observed regions of dominant polarity. This may facilitate
fibril slipping, and play a role in the different mechanical
properties of the territorial compared with the interterritorial
matrix, in particular the lower elastic modulus observed
around the chondrocytes (53). It may further assist the for-
mation of the radial bundles observed around cells during
development (48). The preferential polarity of fibrils
observed in these healthy samples, however, may provide
seed points for later degenerative changes. Here, larger-
scale local bundling of fibrils drives a loss of cohesive
strength of the matrix (54) and is a physical hallmark of dis-
ease (55). In previous (noninterferometric) SHG studies of
early-stage osteoarthritic cartilage, we observed an increase
in fibril bundling with disease (9), and through mechano-
structural modeling have identified such bundles as a me-
chanically irreversible step in the disease process (8).

CONCLUSIONS

In this article, SHG and I-SHG microscopy have been used
to image the structure and polarity of collagen type II fibrils
in juvenile equine growth cartilage. The organization of
collagen fibrils, measured with P-SHG, exhibits two behav-
iors: regions of random organization and domains of high
fibrillar alignment. As expected, the regions of random
organization generate low and speckle-like SHG intensity.
I-SHG reveals that these regions also have a random phase.
However, it appears that a domain of high fibrillar alignment
does not necessarily result in a strong SHG intensity, de-
pending on its phase distribution. Extracting the f ratio,
which quantifies how predominant a polarity is in a studied
region, we explain the low SHG intensity in the aforemen-
tioned region of high anisotropy as the result of a f ratio
close to 0.5. Indeed, a quasi-random distribution of the fibril
polarity inside the focal volume leads to destructive interfer-
ences and therefore to a sharp decrease in SHG intensity.
Hence, I-SHG provides the first experimental evidence, to
our knowledge, that a preferential orientation, or equiva-
lently a phase relationship between neighboring emitters,
is required to generate a high SHG intensity, even if the
fibrils are well organized.

The distribution of polarity observed in articular cartilage
reveals a high correlation between the cells and the phase
domains. In particular, the presence of two phase domains
around the cells indicates a role of the fibril polarity in
cell signaling. Finally, the flipping of the polarity in the
highly aligned region around the chondrocytes may be
related to the decrease in elastic modulus in the territorial
matrix that suggest an important role of the fibrils polarity
in determining the mechanical properties of cartilage.
Finally, I-SHG appears as a powerful fixation-free technique
to optically investigate the relative polarity of collagen fi-
brils in a wide range of tissues and will provide key insights
into collagen’s piezoelectric properties, which has been
shown to influence the structural and mechanical properties
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of connective tissues as well as their growth, repair, and
signaling mechanisms (56-58).
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