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Abstract:  Collagen and myosin fibrils are endogenous harmonophores
that both give rise to Second Harmonic Generation (SHG). By combining
four polarization SHG images provided by a scanning microscope, we
show that the orientation of the principal axis of the nonlinear susceptibility
tensor ¥® can be determined for each pixel of the image. The ratio
p = xa3/ 15 of the principal components of y (@ of collagen and myosin
was obtained with the same method, and found within the range 1.6 — 1.8
and 0.5 — 0.6 respectively. The orientation of the principal axis of y (@) is
shown to be correlated to the orientation of the fibrils themselves. This
provides a straightforward method, which we call Orientation Field-Second
Harmonic Microscopy (OF-SHM), to reconstruct orientation fields of fibrils
at various scales and resolutions in different biological systems (from
muscle sarcomere to the whole embryo).

© 2008 Optical Society of America

OCI Scodes: (180.4315) Nonlinear microscopy; (160.1435) Biomaterials ; (170.3880) Medical
and biological imaging
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1

Introduction

Most biological tissues possess some degree of order, that determinestheir flexibility and elas-
ticity [1]. These properties are essential in the evolution of multicellular organisms, because
they control transport of fluids, nutrients and oxygen, and endow an ability to respond to chang-
ing environment. For instance, soft connective tissues such as skin structure protect organs,
while tendons or blood vessels connect organs. A primary role is to transmit force or equili-
brate pressures. Thusall these structures need to support strong mechanical stresses and strains,
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such as blood vessel s dilations due to blood pul se waves. Being complex fiber-reinforced com-
posite structures, their rheological properties depend on structural organization and features,
from the microscopic to macroscopic level [2]. Therefore, there is a need to understand both
the biological and mechanical characteristics of the cells and extracellular matrix that comprise
atissue or an organ. In particular, the fibrous content leads to highly anisotropic properties, and
one of the motivations of this work was to image the orientation and amplitude of the nonlinear
susceptibility tensor of fibrillar biomaterials.

Due to the difficulties in accurately visualizing the in-depth microstructure of biological tis-
sues, recent attention has been devoted to non-destructive multiphoton microscopy techniques.
Nonlinear excitation provides now alarge panel of imaging applications[3, 4], based on Two-
Photon Excitation Fluorescence (TPEF) and Second Harmonic Generation (SHG) phenomena.
The inherent localization of the nonlinear excitation at the objective focal volume provides
intrinsic optical sectioning and high in-depth penetration (up to 500 um) to point-scanning
microscopy despite of scattering, while drastically reducing out-of-focus photobleaching and
phototoxicity [5, 6]. TPEF/SHG microscopy is thereforewell suited for in situ and in vivo stud-
ies. In particular, TPEF is an incoherent process whose contrast is proportional to the concen-
tration of fluorophores, while SHG is a coherent phenomenon that arises from supramolecules
deprived of center of inversion (harmonophores) and organized in noncentrosymmetrical meso-
scopic structures. Combining TPEF and SHG contrasts, as well as their polarization depen-
dence, give alot of information about harmonophore organization [7, 8, 9]. As a conseguence
of the coherent nature of SHG, the contrast is proportional to the square of the concentration of
harmonophores, and is strongly dependent on order and polarization [10, 11]. Moreover, cells
and Extra Cellular Matrix (ECM) include a variety of biological macromoleculesthat giverise
to endogenous TPEF and SHG signals[12], allowing multiphoton imaging without staining. In
addition, fibrous proteins such as type-1 collagen and myosin are the main sources of SHG in
living tissues [5, 13, 15].

Due to the complexity of the nonlinear interactions, interpretation of TPEF and SHG image
contrasts on physical groundsis not straightforward. In particular, determination of the orien-
tation fields of fibrils or bundles of fibrils is a ticklish problem. This difficulty, and the com-
plementarity of TPEF and SHG microscopiesisillustrated by the high magnification images of
veal muscle presented in Fig. 1 with a RGB color coding. As shown in the theoretical section,
the average of four images acquired at input laser polarizations 0, 45, 90 and 135° provides
a contrast that is independent of the orientation of the fibrils. The striated appearance of the
myofibrils due to a segmentation over basic contractile units (sarcomeres) is readily observable
as alternating bands Fig. 1(a-f), both in the TPEF and SHG images[14]. Thisunique featureis
adirect consequence of the precise alignment of the filament systems of the sarcomeres. It was
shown that SHG mostly arises from the myosin-containing thick filaments [15], and does not
require an overlap with actin filaments.

With the RGB coding used in this presentation, colocalized signal intensities with almost
same weights would give a yellow color. But as indicated by the images of Fig. 1(c) and (f),
the red and green colors almost not superimposed, the SHG red bands being in between the
TPEF green bands. This alternating structure can be quantified by performing line sections. For
instance, a line section over the TPEF and SHG images along the fibrils is shown in Fig. 1(g)
: the TPEF and SHG signals alternate in antiphase along the fibril axis, with a separation be-
tween two maximawithin 2.7 — 2.9 um. The spatial FFT of line sections of length ~65um are
shown in Fig. 1(h). A sharp pesk at ~0.358 um ! (that corresponds to a period of 2.8 pm)
is observed for both TPEF and SHG signals, indicating the almost perfect periodicity of the
array of sarcomeres along myofibrils. This period is an estimate of the sarcomere length for
this sample. For meat, the sarcomere length determines meat tenderness [16].
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Fig. 1. (color online) : Colocalization of TPEF and SHG signals on vea fresh muscle
with aRGB color coding. Full scale 1024x1024 images, 60xW-NA1.2 objective : (a) TPEF
(red); (b) Isotropic SHG from Myosin (green); (¢) TPEF+SHG (red and green) RGB image.
Scale bar : 40um. (d-e-f) Zoom corresponding to the white rectangle in image (c), scale
bar : 20um. (g) Sections of the TPEF and SHG images along the bundle of mydfibrils; (h)
Spatial Fourier transforms of 65um sections.

A close inspection of the image of Fig. 1(e) revealsthat the dark bands are not perpendicular
to the apparent myosin bundle anywhere. This observation emphasizes the need for a method
that measures the fibril orientation independently of the intensity contrast in the image.

We recently proposed the principle of a method [17] to map the orientation of nonlinear
fibrilsin biological structures, independently of the contrast of the image. Indeed, using acom-
bination of only four SHG images, we demonstrated that the individual collagen fibersfrom rat
liver ECM and the corresponding orientation of the principal axis of the nonlinear susceptibility
tensor are paralel. In this article, we develop further our SHG polarimetric method. The goal
of this work was to assess the feasibility and reliability of quantifying the orientation of col-
lagen and myosin fibrils in different tissues where fibrils form dense arrays, at various optical
resolutions. We also indicate how the ratio of the components of the nonlinear susceptibility
tensor @ (p = Yzzz/ )y fOr axial systems) can be derived from this method by means of his-
tograms. Application to various biological samples containing collagen or myosin emphasizes
the versatility of the method.

2. Theory of SHG polarization analysis and image analysis

The physical grounds of polarization analysis of collagen structures using SHG response can
be found for instance in [10, 18, 19]. The main formula and the principles of our method [17]
are summed up in this part.

Second harmonic fields E2® originate from a nonlinear polarization P2 induced by mixing
of intense electric fields E® at frequency o in the medium, as described by the tensorial equal-
ity P20 = x%yEﬁ’E;}’ , where x (@ is the local nonlinear susceptibility tensor, and subscribes
o, 3,y refer to the laboratory coordinates (X, Y, Z). The Einstein’s convention for implicit sum-
mation of repeated indexes was used. Since the scaffold of alot of natural soft or hard tissues
is composed of fibrils and fibers[20], it is meaningful to assume that the SHG intensity is gen-
erated by rod shaped supramolecules of cylindrical C.. symmetry. When Kleinman symmetries
[21] are also valid, it can be shown that the nonlinear susceptibility tensor y (2 hasonly two in-
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dependent nonvanishing components y z and yx«. From these assumptions, the resulting SHG
intensity for agiven pixel of the image can be written as[10]

1(¢,w) =U +Vcos(2y — 2¢) +Wcos(4y — 4¢) (@

when no polarization analysis is performed at detection. The incident laser field propagates
along Z axis, and is linearly polarized at angle y to X axis (Fig. 28). The symmetry axis z,
of @ is oriented with azimuthal angle ¢ to X axis. The coefficients U, V and W are func-
tions of yzz, ¥, and are aso proportiona to the square of both the input intensity | , and the
local concentration c(r) of harmonophores. Explicit expressionsfor a planar geometry and har-
monophores of C.. symmetry were given in [10]. Defining | | o [yz« lo ¢(r)]? as the intensity
measured when the laser polarization is perpendicular to z,,, we obtained

u = %(3p2+2p+7) )
— Il

vV o= 7(/92—1) €©)

wo= Lp2o2p-g (@

where p = yzzz/ ¥« This parameter will give us information about the structural organization
of the harmonophores (Fig. 2b) within the fibril [15].

(C) external PMT (SHG)

bandpass filter
IR blocking filter

collecting condenser

sample

imaging objective

telescope

E’% 9' X-Y scanner
" 2 from Ti:Sa laser K DM
. : polarizer

i

IR blocking filter

& S ’ internal PMT (TPEF)

Fig. 2. (color online) : (a) Schematic of afibril carrying the nonlinear susceptibility x(2> in
the laboratory frame : laser polarization and C.. symmetry axis Z, angles with respect to X
axisare y and ¢ respectively ; (c) Two interpretations of the polar angle 6 used to calculate
p in Eq.(10) for C.. harmonophore structures.(c) SHG and TPEF experimental set-up, with
laser polarization control. DM= Dichroic mirror, PMT=Photomultiplier Tube.

Z rotating half-wave plate
1
1

Equation (1), or equivalent expressions were mainly used to measure the parameter p (see
for instance [18, 22, 23]), by assuming a priori that z, is parallel to the apparent fibrils. The
value of p is derived by fitting with Eq.(1) the mean image intensity as a function of laser po-
larization. Stoller [10] further used a sophisticated method based on el ectro-optical modulation
of the input laser field to reconstruct the patterns of orientations of z, at a micrometric scale
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by using a sample scanning experiment. However, the proposed setup cannot be implemented
on galvanometer-based scanning microscopes like commercial confocal setups. Moreover the
method implicitly assumed that the orientation of z, is perfectly correlated to the fibril orienta-
tion itself.

Inapreviousarticle[17], we simplified the SHG polarization analysisby showing that 2¢ and
p can be obtained at each image pixel from the combination of only four images acquired with
input linear polarization y, = nr/4, where n=0,1,2,3. This is the minimum number of images
necessary to derive 2¢, and the method is analogue to phase cycling in NMR spectroscopy
[24]. Letting I4(¢) = (¢, vn) be the intensity for the n' input polarization state nz /4, and
combining these four intensities, it is easy to obtain from Eq.(1) that

lo2(¢) = [lo(¢) —12(¢)] /2 = Vcos(29)
131(9) = [13(¢) —11(9)] /2 = Vsin(2¢) )

since the cos(4y — 4¢) contributions cancel.

The intensity differences loz(¢) and I31(¢) fully determine 2¢ within the interval [—r, 7.
Letting ¢ = cos(2¢) and s=sin(2¢), angle 2¢ = atan2(s,c) within [—r, ] is obtained from
the four-quadrant generalized inverse tangent function atan2 defined as

atan2(s,c) = arctan(s/c)ifc>0
atan2(s,c) = mn+arctan(s/c)ifc<0O0ands>0 (6)
atan2(s,c) = —m+arctan(s/c)ifc<O0ands<0

Thisbijectivefunction atan2 within [—r, 7] isastandard ANSI C function, and isimplemented
in many languages. Since ¢ € [—x/2,7/2], the orientation is only defined to a multiple of =.
Thisis consistent for cylindrical uniform fibrils. The local orientations are represented in the
following figures by symmetrical bars, that are supposed to define the tangent to the fibrils
(assuming that the nonlinear susceptibility and the fibril share the same symmetry axis ; this
point is further discussed in the subsequent sections).

Therefore, angle 2¢ is given by 1oz and I3; with the assumption that the sign of V is known.
Applying the method to each image pixel leadsto an image of the orientation ¢ of the symmetry
axis Z, of %@ If this symmetry axis coincide with the fibril direction, as will be shown in the
next sections, then the image of ¢ directly represents the orientation field of the fibril array
within the tissue under study. In the following, the method is abbreviated as OF-SHM, for
" Orientation Field-Second Harmonic Microscopy”.

Since the calculations use differences and ratios of intensities, it avoids problems due to
intensity offsets and scaling. It is important to note that ¢ can be determined unambiguously
even when the values of U, V, W vary from pixel to pixel, as long as the sign of V remains
homogeneous over the image. This property explains the robustness of the estimation of ¢ to
dlight departuresfrom the hypothesisleading to Eq.(1), such as neglecting birefringence effects.
Moreover, ¢ isshifted by z/2if thewrong signisassigned toV. Using Eq.(3) and the results of
[10, 22, 23], we observed that in general, p > 1, that isV > 0 for type | collagen, whilep < 1
andV < 0 for myosin. Thus, in the following, we use the convention that the orientation angle
isgiven by

ifvV>0 20 = atan2(—l317—loz) @)
ifV<0, 20 = atan2(lsy,lo2) (8)

for each meaningful pixel, depending on whether the tissue contains collagen or myosin as a
major component.
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We would like to stress that the apparent sign undetermination of V' in our method is equiv-
alent to the choice of the orientation reference in a classical SHG polarization analysis : the
orientation of the fibrilsis determined from the images to fix areference angle before perform-
ing the polarization analysis. The corresponding hypothesisin our method is to fix the sign of
V in order to align the orientation field with the apparent orientation of the fibrils deduced from
the contrast of the isotropic image. This hypothesis can be applied to determinethe sign of V a
posteriori if it isnot known apriori.

The amplitude of the polarization contrast |V| is estimated by [V|= /13, +13, and a
polarization-independentimagewith intensity U can be obtained by averaging pixel by pixel the
four previousintensitiesU = [Io(¢) +11(¢) + 12(¢) +13(¢)] /4. Such an isotropic SHG image
was already obtained by Gao et al. [25] by adding three images acquired at input polarizations
0, r/3 and 27 /3. However, at |east four polarizations are needed to recover ¢. Notethat U and
IV| depend mainly on the laser power, the local harmonophore concentration and on the y (2
tensor components, that ison p. Therefore, theratio |V | /U, whichisonly afunction of p, leads
to estimates of p, aswill be explained in the last section.

Homemade routines programmed in MATLAB (The MathWorks, Natick, MA) were devel-
oped to implement an automated image analysis. Before combining thefour images| »(¢), three
operationswere performed : (i) the saturated pixels and pixels of zero values of each of the four
polarization images were detected and indexed, which generated four sets of indexes. There-
fore, the union with no repetition of these four sets of indexes defines the set of indexes of non
relevant pixels, that is where any of the four images is zero or saturated. All these pixels were
discarded for the calculation of orientation fields; (ii) the typical salt and pepper noise of SHG
images is attenuated with a 3x3 uniform or gaussian filter (note that both filters give the same
result) ; (iii) Using the same method as in (i), the pixels where | o, or 131 are zero or equal to
the maximum value are discarded. After calculation of U, V and ¢, the pixels where the po-
larization contrast VV or mean intensity U are too small with respect to noise can be assigned a
special color in the colormap coding of the contrast of the images to highlight doubtful regions
of interest.

3. Experimental methods
3.1. Experimental setup and imaging conditions

Our imaging setup (Fig. 2c) was based on a modified confocal microscope composed of
an Olympus IX71 inverted stand and a FluoView 300 scanning head (Olympus, Hamburg,
Germany). A femtosecond Ti:sapphire laser (Mira900-Verdi5 combination, Coherent, Saclay,
France) was coupled to the microscope and was tuned at a wavelength of 810 nm for all ex-
periments. Linearly polarized 200-fs pulses at a repetition rate of 76 MHz with average powers
<50 mW were sent to two different microscope objectives :(i) alow numerical aperture (NA)
model (10x-NAO0.25, Leitz Wetzlar) ; (ii) a high-NA water-immersion model (UplanApo/IR
60xW NA1.2, Olympus). The 60x objective was slightly underfilled by the input laser beam
so as to adapt the divergence of the second harmonic emission to the aperture of the collection
optics. The SHG light was collected in the forward direction by either a 0.3 NA condenser
(IX-ULWCD, Olympus) or a 0.9 NA water-immersion condenser (1X2-TLW, Olympus) to fit
with the 10x or 60x objectives respectively. The illumination wavelength was blocked by a
2-mm thick BG39 filter (Lambda Research Optics, CA). The SHG was detected through a
405-nm (10-nm full width half-maximum) bandpass filter (Edmund Optics, York, UK) by a
compact external photomultiplier tube (PMT) assembly (H5783-01, Hamamatsu Photonics,
Massy, France). The PMT assembly was connected to a transimpedance amplifier (C7319,
Hamamatsu) so as to match the SHG detection to the internal PMTs of the microscope and
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to use the full range of FluoView hardware and software. The laser polarization was rotated to
the four needed orientations by a zero-order half-wave plate (Edmund Optics, UK), mounted
in a motorized rotation stage (PR50CC, Newport). The stage was inserted in the place of the
fluorescent cube turret of the microscope, next to the objective entrance pupil. The TPEF light
was epicollected by the microscope objective, passed the scan mirrors and was detected by
one of the two descanned channels of the confocal microscope. The confocal pinhole was re-
moved from the detection path since two-photon excited fluorescence is inherently localized
at the objective focal volume. The excitation wavelength was blocked by a dichroic mirror in
the scanning head (675dcxru, Chroma Technology, Rockingham, VT, USA) and a 2-mm thick
BG39filter in front of the internal PMT. Full-field TPEF and SHG images with 12-bit intensity
resol ution were acquired from FluoView microscope software, then recorded as TIFF files. The
scan speed was fixed at its lowest value corresponding to 2.68 s per frame (10.2us per pixel for
512x512 images).

Sample preparation

Fresh sheep tendons, and veal cutlets were directly obtained from the butcher the morning of
the experiment days. Then, 100 or 200-um thick sections were cut from the middle of the
tendon, or from the veat muscle, and placed between a microscope slide and a 170-um-thick
cover-glass. To avoid dehydration, the edges of the cover-glasswere sealed with nail polish.

Fertilized chick eggs (gallus gallus) were incubated in humidified atmosphere at 37 °C until
the needed age. The albumen was drained out from a hole in the blunt-end of the egg's shell
before opening a square window in the shell. The embryo was then rescued and washed in a
phosphate buffer solution (PBS), and staged according to Hamburger and Hamilton (HH) [26].
A part of the embryo’s muscles or head were extracted and spread over a cover-glass before
performing TPEF/SHG experiments.

4. Collagen and myosin fibril orientations
4.1. Sheep tendon collagen

As afirst example of application of our OF-SHM method to a dense tissue, we choose tendon
(here sheep tendon) sections for the following reasons. First, type-l collagen accounts for 65-
80% of the dry mass of tendons, and gives a strong SHG signal. Second, the subfascicular units
consist of fibres, fibrils and microfibrils of collagen, that can be easily identified at different
hierarchical levels. Depending on the region of interest and imaging scale, awavy organization
of thefibrils or microfibrils can be detected, but the microfibrilsare mostly arranged into parallel
bundles. Thus the structural organization of tendon insures a high microfibril concentration,
with only small spatial defects that preserve a high optical coherence between the generated
SHG signals, resulting in avery high overall SHG signal.

Figure 3 presents high magnification (60x objective) SHG images of a non uniform region,
that exhibits well separated fibrils with various orientations. The estimated |ateral wyy and axial
w; extents of the two-photon Point Spread Function (PSF) [4] are 0.4um and 2um respectively.
The value of wy, matches approximeately the pixel size. The four imagesin Fig. 3(al-a4) show
how the SHG contrast varieswith laser polarizations. The polarization contrast is rather high, as
expected for asample with a high degree of order. TheisotropicimageU obtained by averaging
the four imagesis presented in Fig. 3(b). From the value of w of our high-NA objective, it can
be deduced that the observed fibrils are mainly in the image plane : the typical length of the
fibrils being larger than 40um, the maximum out-of-planeangleis ~ 1/20 rad < 3°. Thus, we
mainly studied the orientation of the symmetry axis of the nonlinear susceptibility of fibrils
lying in the focal plane. The corresponding orientation field derived from Egs.(5,6,7) is shown
in Fig. 3(c), where a small bar centered on the Region of Interest (ROI) represents the local
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orientation ¢. This orientation has to be compared with the apparent orientation of the fibrils as
they appear in Fig. 3(b).
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Fig. 3. SHG of sheep tendon collagen (60xW-NA1.2 objective, 512x512 images, full scale
235um). (al-a4) Acquisition with four polarizations indicated by the double white arrows;
(b) isotropic image; (c) Orientation field represented by bars directed along the symmetry
axisof the nonlinear susceptibility (one bar for each bloc of 16x16 pixels); (d) Masks select-
ing different fibrils; () Correlation between the apparent orientation of the fibrils (abscissa)
and the orientation of the principal axis of the SHG nonlinear susceptibility (ordinate).

A quantification of the correlation between the two orientations is performed as follows.
We assumed that possible Moire effects due to the fibrillar nature of the sample, and subtle
SHG coherent effects, do not cause significant errors in the apparent fibril orientation as seen
from the isotropic image U. Under this assumption, apparent fibrils are manually selected by
rectangular ROIs to create elongated masks M, that are presented in Fig. 3(d). Then, for each
mask, we calculated : (i) the mean direction of the rectangular mask; (ii) the mean orientation
angle ¢y of the SHG nonlinear susceptibility axiswithin the mask. Circular Statistics[27] gives
the following formula

1

Ya,pem SN(Pgp) ) ©

Y. pem COS(0gp)

where the summations are performed over all the pixels within the mask. The results are pre-
sented in a correlation plot between the supposed fibril orientations and the mean directions of
the SHG symmetry axison Fig. 3(e). Thedataarewell aligned on the bissectrix, with the square
of the correlation coefficient R? ~ 0.97. This high R? value demonstrates that the OF-SHM
method providesfibril orientation with agood reliability. These results are fully consistent with
our previous study, performed at the same scale, on isolated collagen fibrils in rat liver [17],
and extend its applicability to dense systems.

An important question is whether at lower magnification and resolution, OF-SHM polariza-
tion alows the reconstruction of orientation fields of the fibrillar structure even if individual
fibers cannot be resolved. The interest of our method for the study of dense systemsiis illus-
trated in Fig. 4, wherelarge scal e images of sheep tendon were obtained using the 10X objective
(Wyy = Lum and w, ~ 10pm).

The method was tested by using two orientations of the sample, which was physically rotated
in the image plane by 20° with respect to the initia direction. The ROl shown in Fig. 4 give
rather uniform images, where no fibrils can be resolved. Although the contrast is sufficient to
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recognize by eyethe main fibril orientation, it is rather low. Thus performing image analysis to
obtain alocal orientation distribution may be difficult, as shown for instance by the high degree
of complexity of the reconstruction algorithms used to analyze collagen fiber orientation from
linear microscopy images [28]. Moreover, such agorithms only give an indirect measurement
of the fiber orientation based on an intensity contrast that is not related to the intrinsic optical
anisotropy of the system. On the contrary, the OF-SHM analysis directly gives the orientation
of the fibers.
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Fig. 4. SHG of sheep tendon collagen (10x-NAO.25 objective, 256x256 images, full scale
625um). (al-ad) 4 polarization images for the reference orientation. (b) Orientation field
of the a-image by blocks of 16x16 pixels. (c1-c4) 4 polarization images of the sample that
was physically rotated by 20°; (d) Orientation Field of the c-image; (€) Histograms of the
orientations. For clarity, the different histograms were vertically shifted : (Top) histograms
for all the pixels of theimage; (Middle and Bottom) Histograms of the 80x80 ROI at the top
left and bottom right corners of the image respectively; The histograms were normalized
with aweight corresponding to the size of the ROI. Continuous lines are gaussian fits.

The normalized histograms of the orientation for all 256x256 pixels of the two images cor-
responding to the two sample orientations are presented in Fig. 4(e). For circular distribu-
tions, the analogue of the gaussian distribution is the von Mises [27] distribution w(y) ~
exp(kcos(y — wm)), where large concentration parameter x indicate small orientation dis-
order around the mean direction ym. When x> 1, it is is well approximated by a gaussian
~ exp(y — wm)?/205] with k = 1/c7. Both distributions were used to fit the data by a least-
square method, and give almost indistinguishable results with a square of the correlation co-
efficient R? ~ 0.992 for the two orientations. The best fitting parameters were found to be
Ym = 41.3°+0.1, 6y = 6° and yy = 60.1° +0.1, oy, = 6.3° for respectively the reference ori-
entation and the one rotated by 20°. For both orientations, the angular dispersions areidentical,
while the mean angle is modified by the rotation angle, as expected.

The observed angular dispersion oy, ~ 6° is due to at least two contributions : (i) disorien-
tation of the fibrils due to the natural crimp of collagen fibrils; (ii) angular noise coming from
the method. As indicated by Fig. 4(b) and (d), regions of different orientations can be distin-
guished in the wholeimage. To try to unravel the different contributions, we also select ROI's of
80x80 pixels. We expect the first contribution to decrease as the distribution of the orientation
of the fibrils becomes more peaked while the second one should not vary. The corresponding
histograms are presented in Fig. 4(€). Again, the mean angles of both ROIs are shifted by 20°.
Since the lowest dispersion value was vy, =~ 3°, we can infer that the contribution of the OF-
SHM method to the angular dispersion is around 3°. These results confirm the potentiality of
OF-SHM to measure orientation fields when the fibrils cannot be resolved.
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4.2. Myosinin veal muscle and chicken embryo

Musclesare organizedin fiber bundles, thefiber itself being organized hierarchically. It contains
hundreds of paralely aligned myofibrils, laterally interconnected by intermediate filaments.
Each myofibril consists of serially connected sarcomeres, the structural and functional unit in
a muscle fiber, and its length is an important feature for contraction analyzes. The structural
organization of the 3D myofibril array, with series and parallel connections, is an important
parameter to understand muscle properties. The fibrous protein myosin is a good nonlinear
optical source, that gives the opportunity to study muscles by SHG microscopy. In this part, we
will focus only on the validation of OF-SHM microscopy to myosin containing samples, with
the study of a chicken embryo muscle, and by reconsidering the case of veal meat with regards
to the problem pointed out in the introduction.

For the chicken embryo, myofibrils start to be formed from the 6th day of incubation. After
the 8th day of incubation, these myofibrils start to coal esce between them to form muscular cells
[29]. Figure 5 presents a longitudinal section of a striated muscular tissue dissected from the
back of a 6-7th days of incubation chicken embryo, and imaged with a 10x-NAQ.25 objective.
Three bundles of myosin filaments are presented, and the SHG contrast comes from myaosin.
This point can be confirmed by remarking that only V < 0 gives an orientation field (Fig. 5(c))
that fits the orientation of the apparent fibrils as seen on the isotropic image of Fig. 5(b). The
important point shown by Fig. 5(b) is that each bundle contains a series of myofibrils arranged
in an almost paralel fashion. The myofibrils can be well resolved, and the mean interfibril
distance was estimated to be ~ 15um. This is consistent with the fact that at this stage of the
development, myofibrils are not fused yet between them in order to form muscular cells.
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Fig. 5. SHG images from myosin of the muscle of the back of a 7 days chicken embryo
(10x-NAO0.25 objective, 768x768 images, full scale 938um). Scale bar : 100um. The leg-
ends are similar to Fig. 3.

Since the myafibrils can be easily distinguished in the chicken embryo, we performed the
same analysis as the one done for collagen in the previous section. The orientation field shown
in Fig. 5(c) well reproduces the myofibrillar patterns of Fig. 5(b). A linear correlation between
myofibril orientations, as exemplified by the masks presented in Fig. 5(d), and the SHG axis
is given in Fig. 5(e). The data overlap well the bissectrix. A linear regression where the line
fit is forced to zero gives a slope of 1.03 very close to unity, with R? ~ 0.93. This example
demonstrates that OF-SHM also provides reliable orientation fields for myosin.

In the adult case, myofibrilsfuse to form amuscular cell. Figure 6 shows a striated muscular
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tissue from a veal escalope at high magnification (60x), that appears smoother than the mus-
cle in the embryonic case. We then reconsidered the orientation field of veal muscle obtained
by using 10x and 60x magnifications. The orientation field of Fig. 6(c) at 10x magnification
follows the apparent flow of myofibrils as seen on TPEF and SHG images of Fig. 6(a) and (b)
respectively. A good agreement is still observed at the higher 60x magnification, as shown in
Fig. 6(d,ef).

74
I 4

Fig. 6. (Color online) TPEF, myosin SHG and orientation field of veal muscle at two scales.
First raw: 10x-NA0.25 objective, 400x400 images, scale bar 100um. (a) TPEF; (b) SHG;
(c) Orientation field superimposed on theisotropic SHG image. Second raw : 60xW-NA1.2
objective, 1024x1024 images, full scale 235um; (d1-4) 4 polarization images; (e) Orienta-
tion Field; (f) Detail of the orientation field with superimposed isotropic SHG image.
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As explained in the introduction, the direction of the myofibrils may not be perpendicular
to the striated structure due to the sarcomeres. This point is clearly illustrated in Fig. 6(f),
that shows a striated structure that is not perpendicular (116°) to the principal direction of the
myofibril bundle, as indicated either by the bundle border or by the average direction of z
obtained by OF-SHM. This observation rai ses the question of the extrinsic or intrinsic origin of
this ~30° misorientation. Extrinsic origins may come from the physical and optical sectioning
of the myofibril bundles. For the intrinsic origin, we propose the following interpretation. If
the myofibrils are al packed parallel to a given direction with the same starting point, then the
sarcomeres will be in phase with each other, and the dark bands will appear perpendicular to
the packing direction. However, if thefibrils are shifted by the same increment from each other,
the fibrils staying still parallel, the dark bands will be no longer perpendicular to the myofibril
orientations. This example points out the interest in measuring the orientation field to interpret
images provided by second harmonic microscopy.

5. Ratiosp of thenonlinear susceptibility componentsfor collagen and myosin

Besides the orientation of the symmetry axis of y (?) that is collinear to the fibril axis, we would
like to show in this section that our OF-SHM method can provide an estimation of p = ¥ zz/ xz«-
Thisis an important quantity that contains some structural informations about the local organi-
zation of harmonophoresin the supramolecule that gives rise to SHG. For our case of interest,
and under the assumption that the nonlinear susceptibility is built from the arrangement of har-
monophoreswith axial symmetry (Fig. 2b), and that the microscopic hyperpolarizability tensor
of each harmonophore can be well approximated by a single dominant component 3, then p
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is related to the polar angle 6 of the principal axis related to § with respect to the mesoscopic
axial symmetry axis z,, by [23]

p =2/tan’0 (10)

The influence of polar disorder was also considered in [22, 30]. From Eq.(4), theratioV /U is
independent of the laser intensity, harmonophore concentration, and reads

vV 4[p2-1]
U [3p242p+7 (1)

As p varies from 0 to 4+, V /U (p) is aincreasing function varying between -4/7 and 4/3.
Eq.(11) can beinverted to givep > 0 as

b r+2y/4(1+r)—5r?

4—3r

wherer = |V|/U under the hypothesisthat p > 1andr = —|V|/U if 0 < p < 1, since only the
absolute value |V |/U can be measured from our 4-polarizations analysis.
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Fig. 7. Relationship between |V|/U and p from Eq.(12).(a) Histogram of |V |/U for sheep
tendon collagen obtained from a 512x512 image acquired with an 60xW-NA1.2 objective;
(b) Theoretical relationship Eq.(12) between p and [V|/U when0 < p <1 or p > 1; ()
Histogram of p values corresponding to the [V |/U values of Fig. 7(a).

The evolution of p as afunction of |V|/U is presented in Fig. 7(b). When p > 1 (or |V|/U
becoming closer to 4/3), p is a very strongly increasing function of |V|/U. The relationship
is almost linear for small values of [V|/U. In calculating p from Eq.(12), the values of |r|
that are not in therange 0 < |r| < 4/7when p < 1and 0 < |r| < 4/3 when p > 1 should be
discarded. The discrepancy between the measured |V |/U values and these limits are generally
due to noise, simplifying assumptions (for instance the hypothesis y31/x15 = 1 may not be
exactly verified) and also limitations of the model that does not take into account of sample
birefringence and axial field components in the vicinity of the geometrical focal point. Note
that these assumptions are more compelling for the estimate of p than for the estimation of ¢
that does not depend on the value of the coefficientsU, V, and W, but only on the sign of V.
The transformation of the histogram of [V|/U in Fig. 7(a) into the histogram of p in Fig. 7(c)
using Eq.(12) is also illustrated using the data of a SHG image of collagen from sheep tendon.

In the following, we analyze the distribution of p over severa samples of collagen and
myosin. We made the hypothesisthat p > 1 and p < 1 for collagen and myosin respectively.

The mean p value, denoted as < p >, and standard deviation ¢, can be calculated from
raw data, and the results are summarized in Table 1. We used Eq.(10) to calculate the polar
angles corresponding to the values of p. However, in order to obtain symmetric confidence
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Figure Obj <p>=x0, 6+A0 (deg)
Collagen sheep tendon 60xW-1.2 1.8+ 0.3 46.7+2.4

Collagen sheep tendon 10x-0.25 16+0.2 48.3+1.8
Collagen chickenhead (HH 8) 10x-0.25 1.7+ 0.36 47.7+3
Collagen chicken skin (HH35)  10x-0.25 1.4+0.3 50+3

Myosin veal muscle 60xW-1.2 0.6+ 0.2 61.8+4.1
Myosin veal muscle 10x-0.25 0.6+ 0.15 61.6+3
Myosin chicken back 10x-0.25 05+0.1 63.6+2.3

Table 1. Mean values of p for collagen and myosin. < p > and o, are respectively the
mean and standard deviation of p calculated directly from the raw data with usual formula.
The polar angle 6 and itsincertitude A6 were calculated as explained in the text.

interval for angle 6, we defined 6. = atan(/2/(< p > +o0),)), andused 6 = (6, +6_)/2and
AB =10, — 60_|/2. Theseresults are also reported in Table 1 as 6 + A6.

Though the measured values of p , aswell as the corresponding polar angles 6, are in good
agreement with the values reported in literature [10, 11, 15, 18, 22, 23], the error bars are
larger than in conventional procedures using more than four polarization states and an intensity
averaging over many pixels. It is due to the non redundancy of our 4-polarization method. We
also verified that the results are almost independent of the NA value of the objective used for
collagen in sheep tendon, since the confidence interval of both values superimpose.

6. Conclusion and per spectives

In the present study, we have shown that only four SHG images are necessary and sufficient to
estimate the local orientation of the principal axis of the nonlinear susceptibility tensor y (2) of
collagen and myosin, that was proved to be strongly correlated to the fibril orientation. More-
over, the data also lead to an estimation of theratio p of the two non-vanishing components of
%@ Our study shows that the method works well for non-dense and dense arrays of collagen
or myosin fibrils. Thus OF-SHM gives the opportunity to reconstruct the orientation fields of
collagen and myosin fibrils within tissues, with minimum measurement time and photodamage.
The method still have some room for improvements, both to reduce experimental errors as
well as improving the interpretation of orientational fields, and automation. Current work are
under progressto further increase the amount of informationthat can be derived from OF-SHM.
By way of perspectives, we present two preliminary applicationsof orientation field measure-
ments to chicken embryology. Thefirst example, presented in Fig. 8, concerns the formation of
feather buds[31]. Asshownin Fig. 8(c), the orientation field in the inter-bud region is homoge-
neous, and along the main orientation of the fibroblasts that are delineated by collagen fibers as
seenin Fig. 8(b). Within the buds, asingularity appears and the orientation field appearsradial.
The second example, reported in Fig. 9, reveal sthe orientation field within the head of aHH8
chicken embryo. The superposition on Fig. 9(c) of isotropic TPEF and SHG images of Figs.9(a)
and (b) respectively, shows that the fluorescent contribution (TPEF) embodies the collagen
component (SHG). The SHG intensity is stronger along the border of the embryo, indicating
a higher collagen concentration that probably corresponds to an outgrowth or a folding of the
mesoderm at the boundary. The collagen fibrils also appear to organize perpendicular to the
embryo border, as shown by the reconstructed orientation field of Fig. 9(d). Thisis consistent
with the fact that the part of the embryonic ectoderm intended to form the brain and the spinal-
cord (neural plate) isrolled up and inserted under the skin to form the mesoderm. At the end of
this stage, new cells of the mesoderm intercal ate between the first invaginated cells and will be
aligned together in the same direction of migration perpendicularly to the neural crest [32].
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Fig. 8. SHG images of the skin of a9 days (HH35) chicken embryo (10x-NAOQ.25 objec-
tive).(a) Full scale SHG image (1024x1024) ;(b) Zoom of the ROI delineated by the white
rectangle (512x512 image) ;(c) Orientation field. Scale bars : 100um.
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Fig. 9. (color online) Head of a HH8 Chicken Embryo imaged with a 10x-NA0.25 ob-
jective (700x700 image, 940x940un®). (a) TPEF (Red) ;(b) Collagen SHG (green) ;(c)
TPEF+SHG ;(d) Orientation field ;(€) Masks delineating the border of the embryo ;(f) Cor-
relation between the SHG and masks orientations, corrected by 90°.

That collagen fibrils are perpendicular to the embryo border can be proved from the analy-
sis of the orientation field of collagen fibrils along the border of the embryo, as shown by
Fig. 9(d-f). The orientation orthogonal to rectangles delineating the embryo border and the cor-
responding orientation of z, are well correlated (R? ~ 0.925) (Fig. 9(f)). In other words, the
collagen fibrils are in the same direction as the fibroblasts of the mesoderm, that produce the
collagen in the extracellular matrix. Further work is under progress to study the evolution of
orientation fields in the chicken embryo as afunction of development, at various spatial scales.

In summary, our method named Orientation Field-Second Harmonic Microscopy or OF-
SHM, thus provides anondestructiveand potentially noninvasivetechnique to perform in-depth
imaging of nonlinear fibrillar structures (collagen, myosin,...), and to evaluate the structural
organization typical of healthy or diseased tissues. OF-SHM applies up to a few hundreds mi-
crometers in depth, and does not necessitates staining since it uses endogenous signals. Other
applications of OF-SHM may cover analysis of liver or lung fibrosis, skin pathologies, soft
tissue or muscle scarring, neuromuscul ar diseases, electrophysiology...
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