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Abstract. The polarization dependence of second harmonic genera-
tion �SHG� microscopy is used to uncover structural information in
different muscle cells in a living Caenorhabditis elegans �C. elegans�
nematode. This is done by using a generalized biophysical model in
which element ratios for the associated second-order nonlinear tensor
and angular orientations for thick filaments are retrieved using a pixel-
by-pixel fitting algorithm. As a result, multiple arbitrary orientations of
thick filaments, at the pixel-resolution level, are revealed in the same
image. The validity of our method is first corroborated in well-
organized thick filaments such as the nonfibrilar body wall muscles.
Next, a region of the nonstriated muscular cells of the pharynx is
analyzed by showing different regions with homogenous orientations
of thick filament as well as their radial distribution. As a result, differ-
ent sets of the nonstriated muscle cell groups in the pharynx of this
nematode were exposed. This methodology is presented as a filtering
mechanism to uncover biological information unreachable by com-
mon intensity SHG microscopy. Finally, a method to experimentally
retrieve the distribution of the effective orientation of active SHG mol-
ecules is proposed and tested. © 2009 Society of Photo-Optical Instrumentation
Engineers. �DOI: 10.1117/1.3059627�
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Introduction

econd harmonic generation �SHG� imaging is starting to
rove to be a very promising tool in biological research.1 This
s due to the fact that it can provide structural information on
iological samples with very high resolution and �compared
o other scanning microscopy techniques� in a minimally in-
asive way.2 It relies on the nonlinear interaction of tightly
ocused ultrashort laser pulses with noncentrosymmetric mo-
ecular arrangements, causing scattered coherent radiation at
alf the fundamental wavelength.1,2 The quadratic dependence
f the generated signal on the excitation photon flux restricts
he phenomenon into a well-defined active volume, which
rovides the same axial resolution as that of two-photon ex-
ited fluorescence �TPEF�.3 This results in an intrinsic optical
ectioning capability, but the possible photodamage is re-
tricted to the focal point, so cell viability is extended. In
ddition, the use of infrared wavelengths for imaging allows
eeper penetration in thick specimens �several hundred mi-
rons�.

ddress all correspondence to Sotiris Psilodimitrakopoulos, ICFO-Institut de
iencies Fotoniques, Mediterranean Technology Park-Av Canal Olimpic s/n
astelldefels, Barcelona 08860 Spain; Tel: 0034935534071; Fax:
034935534000; E-mail: sotiris.psilodimitrakopoulos@icfo.es
ournal of Biomedical Optics 014001-
In contrast to linear and nonlinear fluorescence, which rely
on photon absorption, SHG is a nonlinear scattering process;
hence, in principle it deposits no energy to the matter with
which the light interacts. Moreover, the SHG contrast can be
endogenous,4 meaning that no additional staining is required.
The energy conservation and label-free characteristics enable
noninvasive imaging, which is highly desirable especially for
in vivo studies. These features have increased the interest of
SHG imaging for biomedical applications.

The most widely studied biological structures that produce
an endogenous SHG signal are collagen,5–9 muscle,4,10–21

microtubules,4,22–24 starch,25–27 and cellulose.25,28,29 The de-
scription of harmonic upconversion in the molecular arrange-
ments of such structures can be attributed to coherently ex-
cited dipolar moments that generate hyper Rayleigh
scattering30 analogous to phase array antennas.31,32 Construc-
tive interference from an entire population of such structures
�called harmonophores� results in the final harmonic signal.
Furthermore, these elementary SHG active scatterers, when
excited with different incoming linear polarizations �or
equivalently by rotating the sample�, provide a SHG response
that is characteristic of the local scatterer geometrical arrange-
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ent. This polarization-dependent SHG �PSHG� can be ex-
loited as a new source of contrast in SHG imaging. PSHG
ata are usually analyzed using a theoretical model that as-
umes certain symmetry to the ��2� tensor. This technique was
nitially proposed to identify fiber orientation in collagen.7 In
similar way, PSHG in combination with the above analysis

as been used to interpret images taken from muscles.14–19,21

y further assuming the single-axis molecule approach for the
HG active molecules, it was possible to calculate the mean
ffective orientation of the harmonophores and to probe myo-
in as the molecule responsible for the contrast.17–19 Recently,
y inserting an analyzer before the signal detection, PSHG
as reported to provide in situ selectivity between myosin

nd collagen.21 However, those results were obtained in myo-
brils aligned along one predefined coordinate axis. More-
ver, in those cases the PSHG intensity was averaged using
arge regions in the image �equal to the diameter of a single or
everal myofibrils�.14–19,21

In this work we use a generalization of the PSHG
echnique7–9,16 to study muscular nonfibrilar structures in a
iving organism, Caenorhabditis elegans �C. elegans�. By us-
ng the generalized model, we show that it is possible to re-
rieve, at the pixel-resolution level, the ratios of the involved
onlinear susceptibility tensor elements, the angle of the thick
laments, and the distribution of the effective orientation of
HG active molecules. All the above are accomplished by
sing samples with no predefined muscle alignment, without
ny rotation of the sample, and without the use of analyzers
efore detecting the SHG signal. In addition, we also show
hat such a generalization can be used to retrieve multiple
rientations of thick filaments in complex nonfibrilar muscle
uch as the ones contained in the pharynx of the nematode. In
ddition, we show that, after fitting the PSHG images to the
odel, the coefficient of determination �r2� can be used as a
ltering mechanism to gain a new way of contrast. This
ethod is able to uncover structures contained within the

harynx of the nematode that are not visible with conven-
ional intensity SHG imaging.

This paper is organized as follows. First, we present the
eneralization of the biophysical model. We follow this with a
iscussion of its applicability and limitations. Then we apply
he model to the well-organized thick filaments of the body
alls, oriented along a predefined axis, to test our results at

he pixel-resolution level. Next, we describe a second experi-
ent in which the orientation of the thick filaments was set to

n arbitrary angle to corroborate the generalized model. After
his, we analyze single-sarcomere pharyngeal muscle cells in
hich thick filaments are nonuniformly oriented. Finally, the
armonophore orientation and experimental distribution is ob-
ained.

Materials and Methods
.1 Caenorhabditis Elegans Muscles
lthough many studies have explored the basic functioning of
uscles and their components, important aspects of sarcom-

re assembly and the contractile process are still not fully
nderstood. C. elegans represents an attractive model system
or microscopy studies33 on muscular function, because it pre-
ents large-sized sarcomeres.34 It also possesses the two types
f muscle: striated and nonstriated. The obliquely striated
ournal of Biomedical Optics 014001-
body-wall muscles of this nematode consist of multiple sar-
comeres, similar to the skeletal muscles in vertebrates.35 The
nonstriated, single-sarcomere muscle cells are analogous to
cardiac muscle cells in mammals and include the pharyngeal
group.35

The sarcomere consists of three differentiated regions. The
isotropic �I� half-bands correspond to thin filaments made of
actin; an anisotropic �A� band includes an overlapping region
of thick filaments with thin filaments; the M-line, in the
middle of the sarcomere, contains only thick filaments. The
elements responsible for the SHG signal inside the sarcomere
are the thick filaments.17 These are rigid structures based on a
tubule-like core that constitutes the backbone of the
filament.36–38 The internal density of the filament core appears
hollow at the poles �similar to collagen type I fibrils�,39 and
they are made up of double-helix chiral myosin rods and
heads. An interaction between the myosin heads and actin
filaments produces muscle contraction and tension.

It has been reported that the SHG source in muscle lies in
the rod domain of myosin’s double helix, and that the myosin
heads do not contribute to the signal.17 Furthermore, electron
microscopy has shown that the spatial arrangement of thick
filaments in the body walls, in the transverse direction, fol-
lows a hexagonal architecture.33 Based on this evidence, our
model attributes hexagonal symmetry to the nonlinear suscep-
tibility tensor in the sample.

2.2 Worm Mounts
The strain juIs76 �unc-25::gfp� II was cultured and grown in
large quantities using methods reported by S. Brenner.40 The
use of this specific strain relates to other research interests,
but it is suitable for SHG muscular imaging because it only
expresses green fluorescent protein �GFP� in a specific set of
neurons. A number of healthy adult hermaphrodites were
mounted on a 2% agar pad with 0.8 �l of 25-mM sodium
azide �NaN3� between two 40-�m glass slides. The choice of
this specific anesthesia allowed us to fully immobilize the
worms, and therefore reduce motion artifacts. The mounts
were sealed with melted paraffin for stabilization and were
only used for a period of less than half an hour to guarantee
the physical condition of the worms. The laboratory tempera-
ture was 21 °C.

2.3 Experimental Setup
The experimental setup was based on an adapted inverted
microscope �Nikon TE2000-U� with the y-z scanning unit
composed of a pair of galvanometric �galvo� mirrors. A lab-
VIEW interface program was written to control the raster
scanning of the galvanometric mirrors and the data acquisition
�DAQ� card. Typical frame acquisition times for a single
500�500 pixel image were about 1 to 2 s. Two 60� oil-
immersion objectives �numerical aperture �NA�=1.4, Nikon
Plain Apo-Achromatic� were used throughout the experiments
for excitation and collection of the nonlinear signals.

For the excitation source, we used a Kerr lens mode-
locked Ti:sapphire laser �MIRA 900f�, which delivers pulses
of 160 fs and operates at a central wavelength of 840 nm
with a repetition rate of 76 MHz. The average power reaching
the sample plane was controlled �using neutral density filters�
to be in the range of 20 to 30 mW. With this regime, no
January/February 2009 � Vol. 14�1�2



o
W
n
s
i
a
i
t
t
2
p
�
o
T
b
a
W
a
i

m
d
c
o
c
o
t
c

2
O
p
i
a

o
s
�
h
s
f
a
c

a
c
g

w
t
t
o
t
�

Psilodimitrakopoulos et al.: In vivo, pixel-resolution mapping of thick filaments’ orientation in nonfibrilar muscle…

J

bservable damage occurred for long imaging periods of time.
e placed a linear polarizer after the galvo mirrors to elimi-

ate any ellipticity or depolarization introduced from the
etup. This was followed by a half-wave plate that was rotated
n steps to change the polarization at the sample plane. For the
nalysis, we defined the lab z axis in the horizontal direction
n our images. This corresponded to the angle origin ��=0� of
he incoming linear polarization. Subsequent linear polariza-
ions were used by rotating them clockwise in steps of
0 deg. Finally, we assessed the effect of several optical com-
onents in our microscope placed before the sample plane
galvo mirrors, lenses, half-wave plate, dichroic mirror, and
bjective� on the depolarization of the fundamental beam.
his was done by measuring the power of the fundamental
eam as a function of the rotation angle of an analyzer placed
t the microscope sample plane and before the power meter.
e found that the fundamental input average power showed

n extinction coefficient ratio of 25:1 under rotation of the
nput polarization.

Since the great majority of the SHG signal generated from
uscular tissues is forward propagated, a proper mount and

etection unit was implemented in this direction. This unit
ontained the collecting high numerical aperture �NA=1.4�
bjective, a BG39 filter, a 10-nm FWHM band-pass filter
entered at 420 nm and a photomultiplier tube �PMT�. The
bjective lens was mounted on a micrometric 3-D transla-
ional stage with tilt correction, and the whole unit was en-
losed to minimize stray or spurious light into the PMT.

.4 PSHG Biophysical Model
ur generalized biophysical model is based on those proposed
reviously.14–18 For clarity, we describe it here while introduc-
ng the generalization, which allows the acquisition of any
rbitrary orientation � of the thick filaments.

Our model first considers that the SHG active volume in
ur experiment ��0.1 �m2�0.8 �m� is smaller than the
ize of a sarcomere, but it includes several thick filaments
considered the source of SHG signal in muscle17� that are
exagonally arranged.33 Therefore, a spatial symmetry corre-
ponding to hexagonal crystal system is assumed. Second, we
urther consider that the thick filaments are at an arbitrary
ngle orientation and parallel to the sample plane of the mi-
roscope �see Fig. 1�.

To be formally correct, we assume that the local hexagonal
rrangement of thick filaments was transduced in a C6 crystal
lass whose susceptibility tensor in its contracted notation is
iven by41

d̄ = � 0 0 0 d14 d15 0

0 0 0 d15 − d14 0

d31 d31 d33 0 0 0
� , �1�

here di�j�=�i�j� /2. The coordinate frame associated with the
hick filaments �x� ,y� ,z�� is chosen with z� along the direc-
ion of the thick filaments �see Fig. 1�. Then the components
f the nonlinear polarization response can be expressed in
erms of an arbitrary incident fundamental electric field
Ex�

� ,Ey�
� ,Ez�

� � as

Px�
2� = 2�14

�2�Ey�
� Ez�

� + 2�15
�2�Ex�

� Ez�
� , �2�
ournal of Biomedical Optics 014001-
Py�
2� = − 2�14

�2�Ex�
� Ez�

� + 2�15
�2�Ey�

� Ez�
� , �3�

Pz�
2� = �31

�2��Ex�
� �2 + �31

�2��Ey�
� �2 + �33

�2��Ez�
� �2. �4�

This results in a radiated SHG electric field given by

E� 2� � k̂ ∧ �P� 2� ∧ k̂� , �5�

where k̂ is the SHG unitary wave vector. The contribution of
each term in Eqs. �2�–�4� to the radiated SHG field given by
Eq. �5� depends on the actual experimental conditions. In this
work, the thick filaments are assumed to be parallel to the
microscope sample plane, i.e., in the y-z plane, while the laser
beam propagates in the x direction. With this geometry, the x
�lab� and the x� �thick filament� axes coincide, and the relation
between the microscopic �filaments� and macroscopic �labo-
ratory� frames corresponds to a rotation characterized by an
angle � �note that this angle is the thick filament orientation
with respect to the lab frame�. In addition, to obtain a close
expression for the collected SHG signal, we restrict such a

SHG-radiated signal to be unidirectional, with k̂= x̂. Since we

consider that k̂ is parallel to the optical axis of the micro-
scope, then there is no contribution of the nonlinear polariza-
tion component Px�

2�.
We further consider a linear polarization of the incident

electric field in which no axial component Ex�
� is introduced

by our high-NA �NA=1.4� objective. In our experiment the
polarization is rotated clockwise with an angle � measured
with respect to the z axis �lab macroscopic frame�. The am-
plitude of the electric field at the focal position, expressed in
the thick filaments coordinate frame, is given by

E� � = E0�sin�� − ��ŷ� + cos�� − ��ẑ�� . �6�

Then, by introducing Eq. �6� into Eqs. �2�–�4� and using Eq.
�5�, the SHG field can be written as

Fig. 1 Schematic representation of coordinate system inside the focus-
ing volume. The beam propagates along the x direction, and the main
symmetry axis is in an angle � with the z axis. � is the angle of the
incoming linear polarization with the z axis. Cylinders represent thick
filaments, and the shadowed region corresponds to the SHG active
volume. Figure is not on a predefined scale.
January/February 2009 � Vol. 14�1�3
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E� 2� � E0
2�2�15

�2� sin�� − ��cos�� − ��ŷ� + ��31
�2� sin2�� − ��

+ �33
�2� cos2�� − ���ẑ�	 . �7�

ince in this study no analyzer is used in the detection path,
he total SHG intensity can be obtained directly �without
ransforming Eq. �7� to the lab frame�:

I2� � I0��15
�2��2
sin2�� − ��cos2�� − �� + ��31

�2�

�15
�2� sin2�� − ��

+
�33

�2�

�15
�2� cos2�� − ���2
 . �8�

his equation includes information on both the tensor ele-
ents and the thick filament orientation. It has to be noted

hat equation �8� has been obtained only by assuming hexago-
al symmetry �based on electron microscopy evidence33� de-
ned in a coordinate system without the need of extra condi-

ions such as Keinman’s symmetry condition. However, due
o the simplifications used, the hexagonal symmetry of the
tructure is in the end reduced into a cylindrical symmetry of
onlinear dipoles around the filament axis.

.5 Single-Axis Molecule Approach
y expanding the model to the microscopic �molecular� frame
nd by considering a coherent summation of the molecular
yperpolarizability tensor �i�j�k�, the different elements in the
acroscopic nonlinear susceptibility tensor can be obtained.

n addition, it is generally assumed that the single-axis mol-
cules posses a unique nonvanishing element �z�z�z�=�.17,18,42

hen the components of the susceptibility tensors are ob-
ained:

�i�j�k�
�2� = �

i�j�k�

�cos 	i�z� cos 	 j�z� cos 	k�z��� . �9�

sing the angles 	 and 
 in spherical coordinates, the differ-
nt tensor elements can be expressed as

�33
�2� = �N�cos3 	� , �10�

�31
�2� = �15

�2� = �N�cos 	 sin2 	 sin2 
� , �11�

�14
�2� = �N�sin2 	 cos 	 sin 
 cos 
� , �12�

here N is the density of molecules, and � � denotes an ori-
ntation average over the distribution of molecular orienta-
ions D�	 ,
�. When the assumption of single-axis molecules
s applied in Eq. �9�, it results in �31

�2� /�15
�2�=1 in Eq. �11�. An

xperimental deviation of this ratio from the unit can be at-
ributed to either experimental errors or to a deviation from
he single-axis molecules approach.

By considering a molecular random distribution in the azi-
uth angle �
�, then D�	 ,
�=D�	�, and Eq. �11� reduces to

31
�2�=�15

�2�=�N�cos 	 sin2 	� /2. Equivalently, Eq. �12� would
esult in �14

�2�=0. However, this aspect cannot be corroborated
ince our model is not able to retrieve information on this
ensor element.
ournal of Biomedical Optics 014001-
Finally, assuming a square distribution for D�	�, the mean
effective molecule or harmonophore orientation can be esti-
mated as18,42

cos2 	e =
�33

�2�/�15
�2�

2 + �33
�2�/�15

�2� . �13�

Alternatively, Eq. �13� can also be obtained by attributing a
Dirac delta distribution to the molecule orientation, i.e.,
D�	�=��	−	e�. Then the meaning of Eq. �13� would corre-
spond to the actual orientation in the analyzed region. The
suitability of the two approaches is discussed in Sec. 3.

2.6 Fitting Method
In order to make apparent the fitting process, Eq. �8� is rewrit-
ten as

I2� � If�sin2 2�� − �� + �a sin2�� − �� + b cos2�� − ���2	 + � .

�14�

using Eq. �14�, information on the thick filament orientation
and nonlinear susceptibility components can be extracted. In
this case, the free parameters If, a, b, �, and � are retrieved
using a fitting algorithm. The number of required polarization
angles � can be estimated by making use of the Nyquist theo-
rem �the sampling rate must be twice the higher frequency
component�. Since the higher frequency in Eq. �14� is
4 /2
 rad−1 �taking into account the power 4�, then the result-
ing polarization sampling should be every 8 /2
 rad−1

�45 deg�. Equation �14� has a period of 180 deg, so the mini-
mum number of polarization angles would be 4. However, we
prefer to use nine measurements at different polarizations and
a fitting algorithm to retrieve the free parameters, which mini-
mizes the impact of experimental errors by increasing the in-
formation. This was based on a nonlinear least-squares fitting
routine �The Mathworks, Champaign-Urbana, IL�.

The difference between Eqs. �8� and �14� is in the extra
term �. This parameter has been added to include both ex-
perimental errors and any deviation from the theoretical
model, so it is not to be considered a simple background
contribution. This is because the minimum value in Eq. �14�,
without considering any background, can be larger than zero
depending on the actual values of a and b. This makes it
difficult to a priori quantify the contribution of � to the de-
tected signal. In addition, � can slightly change from pixel to
pixel. Therefore, it has been included as a free parameter in
the fitting algorithm.

Our fitting algorithm produces an intrinsic indetermination.
This occurs because when a=�31

�2� /�15
�2� and b=�33

�2� /�15
�2�, it

gives the same result at � as b=�31
�2� /�15

�2� and a=�33
�2� /�15

�2� at
�+
 /2. To solve this, we imposed the condition that the
larger of the two coefficients a or b given by the fitting algo-
rithm must correspond to �31

�2� /�15
�2�, and the remaining coeffi-

cient and angle must be chosen accordingly. This assumption
is correct only in the case of muscle18 and therefore must be
revised for other SHG active structures. In addition, since all
the terms in Eq. �8� are positive, the algorithm is forced to
retrieve positive real values for all the parameters in Eq. �14�.
Thus, spurious solutions, usually with negative values for ei-
ther a or b and �, are avoided.
January/February 2009 � Vol. 14�1�4
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Having implemented all these observations, we applied our
tting algorithm to each pixel of a selected region of interest
ROI�. This was done after applying a low-pass filter �equiva-
ent to averaging the four surrounding neighboring pixels� to
emove any possible small-moving artifacts. The average in-
ensity among five different images of the same plane and
olarization was used to obtain an accurate analysis. Under
hese conditions, over 1000 iterations per pixel were used to
djust the experimental data to the model. The free image
rocessing software Image J �National Institutes of Health�
as used for image treatment.

Results and Discussion
.1 Considerations of the Theoretical Model
hree important considerations have not yet been considered
y our model: �1� the SHG signal reaching the collecting ob-

ective with off-axis k̂ vectors �within the NA�; �2� the change
f the polarization state �existence of axial components� due
o the high-NA objective, and �3� the effect of thick filaments

ilted off-plane. The consideration of off-axis k̂ vectors and a
lose equation for the intensity,43 are making the analysis nu-
erically complex The two remaining aspects, axial field

omponents and off-plane filaments, could be included in the
odel by adding an extra � angle to complete the Euler set of

ngles and by using analyzers in detection to determine this
ngle.42 All this would also incorporate the �14

�2� tensor element
n our model, whose inclusion would add complexity to the

odel by introducing extra ambiguities into the equation.
In view of the above discussion, we decided to keep our

impler approach and instead to analyze how these three fac-
ors could affect our results. In all three cases, the main effect
s expected to be an extra contribution of the nonlinear polar-
zation component Px�

2� to the detected SHG signal �although

Py�
2� and Pz�

2� can also change�. In principle, this SHG signal

ue to Px�
2� would drop very fast �nonlinearly� and could be a

riori disregarded. However, our fitting algorithm has the po-
ential to consider its contribution and to minimize its impact
n the retrieved results thanks to the inclusion of the � pa-
ameter.

The experimental background �electronic noise, nonfiltered
undamental signal, or external light� can be estimated by
easuring the intensity in regions without any SHG signal.
his corresponds to �1% of the detected signal. However,

he value of the � parameter is larger and can change from
ixel to pixel. Typically, in an image, � is around 20% of the
etected signal with a change of 2 to 3% from pixel to pixel.
ts nature can be associated with the causes mentioned above,
s well as the existence of other factors such as two-photon
uorescence. A certain dependence of � with the incoming
olarization is expected. However, when determining �, the
tting algorithm does not take into account this dependence,
o it gives an average value. As a consequence, the fitting
lgorithm removes part of the unwanted contributions in-
luded in �. This is shown in Figs. 3�b�, 4�b�, and 5�b�, where
he quality of fitting for most of the pixels was above 85%;
hen � was not included, the quality of fitting was always
elow 70%.
ournal of Biomedical Optics 014001-
A final remark on the method concerns Kleinman’s sym-
metry conditions. In our experiments, these conditions imply
that �14

�2�=0 and �31
�2�=�15

�2�. The determination of the �31
�2� /�15

�2�

ratio can give a measure of the validity of those conditions. In
our case, Figs. 3�c�, 4�c�, and 5�c� show that a large number of
pixels returned an a-parameter value that was different from
unity. This is an unexpected result if Kleinman’s conditions
hold. To further check this fact, the fitting algorithm was run
by assuming Kleinman’s symmetry conditions, i.e., �31

�2� /�15
�2�

=1. The results showed a much lower quality of fitting �below
60%�. In addition, the SHG signal at �=420 nm was very
close to the resonant wavelength of the muscle at �
�430 nm.44 Thus, care must be taken before assuming Klein-
man’s symmetry conditions in experiments of this type.

3.2 Caenorhabditis Elegans Body Walls
In vivo, PSHG imaging of C. elegans body wall muscles for
nine different incoming polarizations are shown in Fig. 2.
Each image presented in this figure was composed by the
mean intensity of five different images of the same polariza-
tion. As expected, there was clear variation of the intensity
among the different SHG images. In this set of experiments,
we found that the minimum PSHG intensity was observed
when the incoming polarization was almost parallel with the
thick filament orientation. Our results showed that the distinc-
tive intensity PSHG fingerprint curve characteristic of muscle
�result not shown� were in agreement to previous results in
which myofibrils were oriented parallel to one axis of the
coordinate system.14–19,21

In this section, we analyze the images using pixel reso-
lution. This is in contrast to previous PSHG studies on muscle
where the results were obtained by averaging the intensity
from large ROIs.14–19,21 Averaging over bigger regions would
give smoother changes among any retrieved values.

We start by using the results in Fig. 2 to run our pixel
resolution fitting algorithm to the selected ROI �where the
thick filaments are mainly parallel to the z axis�, shown in Fig.
3�a�. Figure 3�b� shows the pixels that were fitted with a co-
efficient of determination of r2�95% inside the selected
ROI. Figures 3�c�–3�f� show the a and b parameters, the angle
of thick filaments, and the effective orientation of harmono-
phores, respectively. In these figures, large homogenous re-
gions are shown �indicated with the same color� for the dif-
ferent parameters of the model. As commented previously,
Fig. 3�c� exhibits some deviation from the situation
�31

�2� /�15
�2�=1 necessary for Kleinman’s symmetry to hold,

with the majority of the pixels being around 1.4. For the struc-
turally sensitive coefficient ��2� /��2�, the ratio obtained

Fig. 2 Polarization-dependent SHG images of C. elegans ventral
quadrants of body wall muscles. Incoming linear polarization is indi-
cated by arrows and is rotating in steps of 20 deg. Scale bar shows
10 �m.
33 15
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or the majority of the pixels was at 0.45 �Fig. 3�d��. These
alues are in agreement with those previously reported for
yofibrils.14–19 Figure 3�e� clearly shows that the retrieved

ngle � of thick filaments coincides well with the geometrical
nclination observed in the ROI of Fig. 3�a� �angles between 0
nd 5 deg�. Figure 3�f� shows the effective orientation angle
f the harmonophores calculated using Eq. �13�. The maxi-
um number of pixels presented an angle in the region of
4.1 deg. These results will be discussed further later.

In the next step, the C. elegans body wall muscles were
xamined at an arbitrary inclination with respect to the z axis
see Fig. 4�a��. In this way, it was possible to test if the gen-
ralization of the model including the angle � was valid. To
o that, we followed the same procedure as before. It was
ound that the PSHG fingerprint curve14–19,21 was shifted ac-
ording to the angle �. The results of the fitting for r2

85% are depicted in Figs. 4�b�–4�f�. The values of the dif-
erent parameters are at the same intervals as those acquired
efore �body walls parallel to the z axis�. The maximum num-
er of pixels for the a, b, and 	e parameters was in the regions
f 1.03, 0.38, and 65.5 deg, respectively. In the case of the
ngle � �Fig. 4�e��, the majority of the pixels showed an
nclination for the thick filaments of 58.47 deg—very close to
he real geometrical inclination in the SHG image. This
learly indicates that the method can correctly assess the ori-
ntation of thick filaments, and therefore, the sample does not
eed special alignment before starting the measurements. This
dvantage is crucial, especially when examining complex ar-
hitectures, since it allows the simultaneous pixel resolution

ig. 3 Algorithm fitting results: �a� Average intensity of all the SHG
lgorithm was applied. Scale bar corresponds to 10 �m. �b� Quality
ensor. �e� Orientation of thick filaments ���. �f� Effective orientation o
f fitting �r2� inferior to 95% were rejected from the figures. �Color on
ournal of Biomedical Optics 014001-
mapping of different orientations in the same image.

3.3 Complex Thick Filament Architectures:
The Terminal Lobe of the Caenorhabditis Elegans
Pharynx

Although the orientation of the thick filaments in body walls
could be easily predicted, in more complex structures such as
the pharynx, the analysis should provide information not ap-
parent from conventional SHG intensity imaging. Thus, our
next objective was to analyze complex muscular structures
that possess different orientations of the thick filaments in the
same image.

The pharynx of C. elegans was used to approach this issue.
The pharynx is a single, unified, epithelial bilobed organ com-
posed of 20 cells, and it can be divided into eight distinct
muscle groups, each containing one to three cells. Within the
pharynx we selected a y-z plane of a region in the most pos-
terior lobe �the terminal bulb�. This specific region of the
pharynx was selected because it includes cells from three dif-
ferent muscle groups �pm5, pm6, and pm7� with different
filament orientations. Moreover, the posterior lobe of the C.
elegans pharynx has a highly complex organized structure
where the muscular cells are organized on a threefold radial
symmetry, with marginal cells in between, that rotate under
contraction and allow for both a longitudinal and radial com-
ponent to the motion of the grinder teeth �housed in the pos-
terior lobe� during food intake.33

To test the ability of our model to map the different orien-
tations of the thick filaments in the same image, we performed

s shown in Fig. 2. The red square shows the ROI where the fitting
g �r2�. �c� and �d� Obtained ratios between the elements of the ��2�

onophores �	e�, both in degrees. For clarity, the values with a quality
nly.�
image
of fittin
f harm
line o
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ig. 4 Results of fitting the algorithm to body walls oriented at an arbitrary inclination angle. �a� Average intensity of nine different PSHG images
each step in the incoming linear polarization is 20 deg�. Scale bar is 10 �m. �b� Coefficient of determination �r2�. �c� a=�31

�2� /�15
�2� and �d� b

�33
�2� /�15

�2� are obtained ratios between the elements of the ��2� tensor. �e� Orientation of thick filaments ���. Arrow indicates real inclination at
8.47 deg. �f� Effective orientation of harmonophores �	e� in degrees.
ournal of Biomedical Optics January/February 2009 � Vol. 14�1�014001-7
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he PSHG image analysis to the pharynx �see Fig. 5�. The
esults of the fitting for the several structurally sensitive pa-
ameters of the model can be seen in Figs. 5�c�–5�f�. In these
gures, only values of r2�90% are presented �Fig. 5�b��. The
aximum number of pixels for the a, b, and 	e parameters
as found at the values of 0.94, 0.52, and 63.02 deg, respec-

ively. Figure 5�e� shows the obtained values for the angle �,
hich clearly demonstrates the radial distribution of thick
laments present in the most peripheral regions of both pm6
nd pm7. Also in this figure, the pixel-by-pixel fitting of the
lgorithm resulted in a number of homogenous regions
shown with the same color or totally black�. These regions
re indicative of different angle orientations �different colors�
r different structural characteristics �black� that did not fit to
he algorithm. In all these cases, the different homogeneous
egions can be distinguished from nearby regions. In the case
f differently color regions, the obtained angle orientation
ints at the local contraction direction of the sarcomere.
oreover, the fact that it is possible to choose coefficients of

etermination larger than a predefined value offers a new way
f gaining contrast, because it filters PSHG pixels that do not
t to the model. Here, this fast was used to segment among
ifferent architectures. For example, using r2�90% allowed
s to uncover the several parts of muscular cells that control
his nematode’s grinder in the pumping system �white arrow
n Fig. 5�. This information could not be reached with r2

90% �data not shown� or by our conventional intensity
HG images �see Fig. 5�a��. Also, the above result would not
ave been achieved without the generalization of the model
which allows mapping of different orientations of thick fila-
ents in the same image� and without applying it at the pixel-

y-pixel level.

.4 Effective Orientation of SHG Active Molecules
ince the effective orientation of the harmonophores �see Eq.
13� and Figs. 3�f�, 4�f�, and 5�f�� is measured with respect to
he thick filament, such angles have been associated with the
elical pitch of myosin.17,18 Such an association was made
nly after analyzing images of homogeneous striated fibrilar
uscle samples in large ROIs and by assuming a square dis-

ribution of molecular orientations. In contrast, our pixel-
esolution procedure allows for nonhomogeneous regions to
e analyzed as the different structural parameters are obtained
n a pixel-by-pixel basis. Therefore, the statistical molecular
istribution D�	� in a single pixel is expected to be narrower.
s a consequence, it is more appropriate to consider the local
istribution in Eqs. �10�–�12� as a Dirac delta. As previously
entioned, the effective angle 	e given by Eq. �13� is then

xpected to be closer to the actual harmonophore orientation
n the pixel. This further allows us to experimentally estimate
he actual distribution of effective molecular orientations in
he whole image. Thus, we calculated the frequency distribu-
ion of the angles given by Eq. �13� for our data �Figs. 3�f�,
�f�, and 5�f��. These results, together with the frequency dis-
ribution corresponding to parameters a=�31

�2� /�15
�2� and b

�33
�2� /�15

�2�, are shown in Fig. 6.
The frequency distribution for the ratio �31

�2� /�15
�2� shown in

ig. 6�a� exhibits a “well-behaved” bell-shaped distribution in
ll cases. The FWHM is similar in the horizontal body walls
nd the body walls in an angle, but broader for the pharynx
ournal of Biomedical Optics 014001-
�even if a smaller ROI is considered�. This broadening also
occurs in the frequency distribution of the ratio �33

�2� /�15
�2� �Fig.

6�b�� and as expected, in the frequency distribution of the
effective orientation of harmonophores �Fig. 6�c��. In this last
case, the FWHM of such distribution, �	e, is indicative of the
degree of disorganization of the SHG source molecules. How-
ever, �	e for the horizontal body walls and for those in an
angle were found to be similar, �5 deg, while for the phar-
ynx �	e was �15 deg. These �	e were narrow enough to
allow the accurate determination of the mean 	e found in
other works.45 The nature of the broader �	e in the pharynx
might be attributed not only to the fact that thick filaments are
not well organized, but also because some of these thick fila-
ments may also tilted off of the sample plane.

The single-axis-molecules approach also imposes a ratio of
�31

�2� /�15
�2�=1. As shown in Fig. 6�a�, the body walls in an angle

�Fig. 4�c�� and the pharynx lobe �Fig. 5�c�� are centered at
�31

�2� /�15
�2�=1. This is not the case for the horizontal body walls,

where a value centered at �31
�2� /�15

�2��1.4 was obtained. Al-
though the reason for this is not clear, we note that the re-
trieved distribution for the ratio �33

�2� /�15
�2� and the effective

angle distribution is similarly centered in all three cases. This
makes us believe that the divergence from the expected value
�31

�2� /�15
�2�=1 might be due to experimental errors rather than to

a lack of validity of the single-axis-molecules approach. In
view of these results, we can conclude that the experimental
condition that better matches our theoretical model corre-
sponds to body walls in an angle �Fig. 4�. In this case, the
FWHM harmonophore orientation distribution falls in the
range 63 to 67 deg with a maximum at 	=65.5 deg. This
value is, as previously mentioned,17,18 close to the myosin
helical pith measured using x-ray diffraction, which is
68.6 deg, corroborating the validity of our pixel-resolution
results.

4 Conclusions
In this study we used a generalization of a biophysical model
that allows PSHG microscopy to retrieve the orientation of
the thick filaments in nonfibrilar muscles of a living C. el-
egans. This generalization made the method free of any pre-
defined specimen alignment, and consequently, it provided the
means for mapping multiple different orientations of the thick
filaments in the same image at the pixel-by-pixel level. By
fitting the PSHG images to the model, we also obtained the
local value and frequency distribution for the ratios between
elements of the ��2� tensor and the effective orientation of the
active SHG molecules �harmonophores�. In the latter case, the
obtained values coincided with those of the helical pitch of
myosin, showing the validity of the method.

We examined well-ordered filaments of the body walls of
the nematode oriented parallel and at an inclination angle
from a predefined axis of a coordinates system. In both cases,
the results of the fitting demonstrated that the correct infor-
mation can be retrieved with pixel resolution. Using this back-
ground, we analyzed a region of the complex muscle groups
of cells from the terminal lobe of the pharynx of C. elegans.
In this case the pixel-resolution fitting of the model enabled us
to identify the different orientations and to expose the radial
distribution of the thick filaments. As a result, the specialized
January/February 2009 � Vol. 14�1�8
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ig. 5 �a� Average intensity of nine different PSHG images �each step in the incoming linear polarization is 20 deg� of the C. elegans terminal
posterior� lobe of the pharynx. Scale bar is 10 �m. This image corresponds to a longitudinal section of the lobe where the grinder is located. The
osterior of the worm is upper left and the anterior is lower right. �b� Coefficient of determination �r2�. �c� a=�31

�2� /�15
�2� and �d� b=�33

�2� /�15
�2� are

btained ratios between the elements of the ��2� tensor. �e� Orientation of thick filaments ���. Arrows indicate real inclination and their colors
epresent the intervals of the degree color map on the top. The white arrow indicates the position of the grinder system. �f� Harmonophore
rientation �	e� in degrees.
ournal of Biomedical Optics January/February 2009 � Vol. 14�1�014001-9
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unctionality of a complex muscular system was made appar-
nt. Moreover, it uncovered several parts of muscular cells
hat are part of the pumping system of the nematode. This
ontrast was absent in the intensity-only SHG image.

In conclusion, this study has shown that pixel-resolution
tting of PSHG imaging to a biophysical model can work as a
ltering �contrast� mechanism using the coefficient of deter-
ination �r2�, giving complementary information to common

ig. 6 Frequency distribution for the retrieved parameters: �a� a
�31

�2� /�15
�2�, �b� b=�33

�2� /�15
�2�, and �c� harmonophores orientation �	e�

orresponding to Figs. 3–5.
ournal of Biomedical Optics 014001-1
intensity SHG microscopy. The demonstration of this
achieved advantage in vivo is a first step for the application of
PSHG in biomedical imaging in which the different parameter
distributions can be used to quantify structural information.
This could be of interest, for example, in the diagnosis of
muscular dystrophy or other muscular degenerative diseases.
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