
R E S E A R CH AR T I C L E

Monitoring aging-associated structural alterations in
Caenorhabditis elegans striated muscles via polarization-
dependent second-harmonic generation measurements

Vassilis Tsafas1,2 | Konstantina Giouroukou1,2 | Konstantinos Kounakis3,4 |

Meropi Mari1 | Costas Fotakis1,2 | Nektarios Tavernarakis3,4 |

George Filippidis1*

1Institute of Electronic Structure and
Laser, Foundation for Research and
Technology, Heraklion, Greece
2Department of Physics, University of
Crete, Heraklion, Greece
3Institute of Molecular Biology and
Biotechnology, Foundation for Research
and Technology, Heraklion, Greece
4Medical School, University of Crete,
Heraklion, Greece

*Correspondence
Dr. George Filippidis, Institute of
Electronic Structure and Laser,
Foundation for Research and Technology,
Heraklion 71110, Crete, Greece.
Email: filip@iesl.forth.gr

Funding information
Laserlab-Europe, Grant/Award Number:
871124; HFRI; General Secretariat for
Research and Technology; Hellenic
Foundation for Research and Innovation

Abstract

The in-vivo elucidation of the molecular

mechanisms underlying muscles dysfunc-

tion due to aging via non-invasive label free

imaging techniques is an important issue

with high biological significance. In this

study, polarization-dependent second-

harmonic generation (PSHG) was used to

evaluate structural alterations in the stri-

ated muscles during Caenorhabditis elegans

lifespan. Young and old wild-type animals

were irradiated. The obtained results showed that it was not feasible to detect dif-

ferences in the structure of myosin that could be correlated with the aging of the

worms, via the implementation of the classical, widely used, cylindrical symme-

try model and the calculation of the SHG anisotropy values. A trigonal symmetry

model improved the extracted results; however, the best outcome was originated

from the application of a general model. Myosin structural modifications were

monitored via the estimation of the difference in spectral phases derived from

discrete Fourier transform analysis. Age classification of the nematodes was

achieved by employing both models, proving the usefulness of the usage of PSHG

microscopy as a potential diagnostic tool for the investigation of muscle diseases.
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1 | INTRODUCTION

Aging is directly related to the gradual loss of muscle
mass and strength of the human musculoskeletal system.
The effect of aging on muscles is called sarcopenia.

Sarcopenia syndrome is age-related [1] and occurs in
healthy adults over the age of 50. It represents a high risk
for physical disability due to gradual muscle loss [2]. On
a microscopic scale, the pathological causes of sarcopenia
are due to changes in both the composition and function
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of the molecules and proteins that are structural elements
of the sarcomere. Biochemical studies have revealed that
the myosin molecule undergoes molecular changes over
time, thus contributing to the development of the syn-
drome [2]. Moreover, sarcopenia also occurs at the nema-
tode Caenorhabditis elegans, because its body wall
muscles are known to deteriorate with aging [3, 4].

In our study, polarization-dependent second-harmonic
generation (PSHG) microscopy was employed to extract
quantitative information for the changes that occur in the
structure of the myosin molecules of C. elegans samples
during aging. In particular, the body wall muscles of
C. elegans, which consist of striated muscles, were investi-
gated. Striated muscles are formed from multiple sarco-
meres and are similar to human skeletal muscles [5].
Myosin molecules are some of the main building blocks of
the sarcomeres. Each molecule consists of two heavy
chains, which fold and form a double helix [6]. Myosin is
an ideal emitter of high SHG signals due to its non-
centrosymmetric structure [7, 8].

SHG is a non-linear coherent scattering phenomenon,
which means that no energy is absorbed from the sample,
making this imaging technique suitable for non-
destructive in-vivo biological studies. Advantages of SHG
include the high lateral and axial resolution, which gives
the ability for observation at a cellular level, increased
penetration depth and the capability for intrinsic three-
dimensional sectioning of the irradiated specimens. In
addition, SHG records label-free images from unstained
samples while minimizing photobleaching and phototox-
icity effects. PSHG imaging is an optical microscopy tech-
nique capable of quantifying molecular structural
changes occurring even below the diffraction limit
[9, 10]. Relevant information about the orientation of the
sample's SHG emitters at molecular and supramolecular
scale can be extracted [11, 12]. PSHG imaging has been
used to characterize the molecular architecture of main
endogenous sources of contrast, such as collagen and
myosin, in tissues [13, 14].

Studies have used PSHG measurements for the
functional imaging of muscle cells and the in-vivo
monitoring of conformational changes in myosin
[15, 16]. Moreover, structural modifications of cardiac
myosin filaments have been detected, and the discrimi-
nation of a- and b-myosin in cardiac samples via PSHG
was possible [17, 18]. In the current work, we used
PSHG imaging microscopy to measure aging-related
myosin structural modifications in the striated muscles
of C. elegans samples. A discrete Fourier transform
(DFT) algorithm for the fast SHG signal analysis has
been employed for probing myosin structural alter-
ations. Based on the classical cylindrical mathematical
symmetry model, it was not feasible to extract

significant changes in the calculated anisotropy param-
eter values, due to aging of the nematodes. Subse-
quently, a trigonal symmetry and a general
mathematical model, which characterizes specimens
with unknown structure and is not based on symme-
tries, were employed for the PSHG data analysis. It was
demonstrated that the worms were better described via
the implementation of these two models while the dis-
crimination of the younger from the older animals was
also achieved.

2 | MATERIALS AND METHODS

2.1 | Biological samples

The broad ranges of genetic and molecular techniques
applicable in the C. elegans model organism allow a
unique line of investigation into fundamental problems
in biology. The transparency of the organism makes it an
ideal model system for in-vivo visualization experiments.
Thus, we opted to implement the non-destructive method
of PSHG on living, anesthetized animals to ensure our
results match reality as close as possible. Specifically, we
followed standard procedures for C. elegans strain main-
tenance, crosses and other genetic manipulations [19].
Nematode rearing temperature was kept at 20�C. Before
each experiment, adult animals were anesthetized by
immersing to an anesthetic mixture with a final volume
of 20 μL (15 μL tetramisole sulphate 100 mM, 5 μL
sodium azide [NaN3] 20 mM), and subsequently, they
were mounted on thin glass slides. In this study, wild-
type worms at the first, sixth and ninth day of adulthood
were imaged.

2.2 | PSHG setup

In this work, SHG signals were collected from a custom-
made experimental setup, which has been previously
described in detail [10, 20]. A femtosecond Yb-based laser
oscillator (1028 nm, 200 fs, 50 MHz, 1 W, Amplitude
Systemes) was used for the irradiation of the nematodes.
The laser was guided into a modified Nikon upright
microscope. The power at the focal plane was adjusted
with use of neutral density filters placed in front of the
laser output. The energy per pulse at the sample plane
was 0.5 nJ. A phase retardation wave plate (WPH05ME;
Thorlabs) was employed for the rotation of the laser
polarization by a specific angle in order to create PSHG
data sets. The extinction ratio, using cross polarization
measurements at the sample plane, was measured to be
higher than 25:1 for all linear polarization orientations.
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An objective lens (Carl Zeiss) with a moderate numerical
aperture (NA) of 0.85 was used to focus the laser beam
onto the sample. The raster (xy) scanning procedure was
performed with a pair of silver-coated galvanometric mir-
rors (Cambridge Tech). The samples were fitted into a
motorized xyz translation stage (Standa). The proper
focal plane and the desired specimen area for the perfor-
mance of the raster scanning were selected with this
stage. LabVIEW interface controlled both scanning and
data acquisition procedures. SHG signals were collected
in forward direction using a photomultiplier tube (PMT
Hamamatsu H9305-04) and a second objective lens.
A bandpass interference filter (Semrock 514) and a short
pass filter (Semrock 720) were placed at the PMT input to
cut off the transmitted laser light and solely detected
SHG signals from the samples. Typical time duration for
obtaining a single 2D 500 � 500 pixels (90 � 90 μm2)
SHG image was 1 second. Each pixel is a square with
0.18 μm side. To improve the signal-to-noise ratio (SNR),
10 scans were realized for each image. For each sample,
as will be discussed in detail in Section 2.4, 18 averaged
images constitute a complete PSHG dataset. In addition,
this custom-built imaging apparatus provided the ability to
lighting the biological sample with an illumination source
(white lamp) while the observation occurred through a
charged-coupled device sensor (PLA662; PixeLINK)
attached to the camera port of the microscope.

In our work, the striated muscles of both young and
old animals provide high SHG signals indicating
structures without inversion symmetry centre. Specimens,
where movement was observed during their irradiation
or muscle contractions, were not included in the study.

2.3 | PSHG theory

Myosin thick filaments, which are the main sources of
high SHG from C. elegans body striated muscles [8], are
assumed to be arranged in a cylindrically symmetric dis-
tribution along with muscle fibre and parallel to it [8].
For this reason, the modulation of the SHG signal pro-
duced by the C. elegans body muscles, with respect to the
rotation of the incident linear polarization of the excita-
tion laser, is described by the following equa-
tion [14, 21, 22]:

ISHG ¼E

� sin 2 a� fð Þ½ �ð Þ2þ sin a� fð Þð Þ2þB � cos a� fð Þð Þ2� �2n o
,

ð1Þ

where E is an overall multiplication factor, f denotes the
angle between the initial polarization of the laser and the

projection of the sample's symmetry axis onto the polari-
zation plane and α is the rotation angle of the laser linear
polarization due to the half-wave plate. Furthermore, the
factor B of Equation (1) is called anisotropy parameter
and is a function of the only nonvanishing and indepen-
dent second-order tensor elements. In our case where the
sample's symmetry axis lies onto the polarization plane
(we assume that the laser propagation axis is almost per-
pendicular to the muscle fibre axis), anisotropy parame-
ter B is defined as [10]:

B¼ χ33
χ31

, ð2Þ

while in the macroscopic point of view, B can be
expressed as the ratio of the SHG electric fields when the
linear polarization is parallel (a-f = 0�) and perpendicular
(a-f = 90�) to the sample's symmetry axis.

B¼
ffiffiffiffiffiffiffiffiffi
IkSHG

I ⊥
SHG

s
¼Ek

SHG

E ⊥
SHG

: ð3Þ

For this geometry, as Equation (4) shows, B is also
related with the effective angle θe, which is the most
probable angle between the thick filament's SHG emitters
and sample's symmetry axis. In cases like myosin and col-
lagen, the effective angle θe is in agreement with the
pitch angle of their helices [14].

cos2 θeð Þ¼ B
2þB

: ð4Þ

The Fourier decomposition of Equation (1) is [16]:

ISHG ¼ c0þ c2 � cos 2 � a� fð Þð Þþ c4 � cos 4 � a� fð Þð Þ, ð5Þ

where,

B¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c0þc2þ c4
c0�c2þ c4

:

r
ð6Þ

The form of Equation (5) enables the calculation of
c0, c2 and c4 coefficients (therefore, B) and angle
f through DFT of ISHG values for several different polari-
zation angles α [16, 23]. The advantage of DFT is that the
computational time required, in order to calculate
the anisotropy parameter B and angle f for all of the
500 � 500 pixels of one image, is 104 orders of magnitude
less compared with the utilization of a nonlinear fitting
algorithm needed by Equation (1). Specifically, the time
needed for data processing with the DFT algorithm is
1 second.
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Equation (5) requires both of the cosine terms to have
the same value for angle f. The most general form of ISHG

dependence with respect to the angle a is [24, 25]:

ISHG ¼ b0þb2 � cos 2 �að Þþb4 � cos 4 �að Þ
þd2 � sin 2 �að Þþd4 � sin 4 �að Þ, ð7Þ

which can be written as:

ISHG ¼ b0þb02 � cos 2 � a� f 2ð Þð Þþb04 � cos 4 � a� f 4ð Þð Þ, ð8Þ

and in this form, it is clear that the difference is compared
with Equation (5). In Equation (8), no symmetry axis has
been assumed; thus, angles f2 and f4 (spectral phases) may
differ. This will be pointed out analytically in the next
session.

If SHG emitters are arranged with the polar trigonal
symmetry 3m (referred from now on for simplicity just as
trigonal), then the generated SHG signal as a function of
the previously defined angles a and f takes the following
form [26]:

In the case where χ22 equals to zero and the sample
does not absorb the incident radiation, (thus, Kleinman
symmetry is valid, and χ15 is equal to χ31), Equation (9)
takes the form of Equation (1). This means that cylindri-
cal symmetry is a specific case of trigonal symmetry,
and the ratio of the absolute value of χ22 divided by
χ31 comprises a measure of the balance between these
two symmetries. This ratio, denoted as S (symmetry
parameter), and its increase correspond to the dominance
of trigonal symmetry against the cylindrical one [27, 28].

Via simple trigonometric identities, Equation (9) can
also be written in the general form of Equation (7) as:

ISHG ¼ b0þb2 � cos 2 � a� fð Þð Þþb4 � cos 4 � a� fð Þð Þ
þd2 � sin 2 � a� fð Þð Þþd4 � sin 4 � a� fð Þð Þ,

ð10Þ

where:

b0 ¼E
3 � x222þx231þx233

� �
8

þ x215
2
þ x31 � x33

4

� �
, ð11Þ

b2 ¼E
x233�x231�x222

2

� �
, ð12Þ

d2 ¼E x22 �x15½ �, ð13Þ

b4 ¼E
x222þx231þx233�4�x215�2 �x31 �x33

8

� �
, ð14Þ

d4 ¼E
�x22 �x15

2

h i
: ð15Þ

Finally, Equation (10) can be re-expressed based on
the form of Equation (8) as:

ISHG ¼ b0þb02 � cos 2 � a� f �Δf 2½ �ð Þð Þþb04
� cos 4 � a� f �Δf 4½ �ð Þð Þ, ð16Þ

where:

Δf 2 ¼

atan
2�S�x15x31

S2� x33
x31

	 
2

þ1Þ

2
64

3
75

2
, ð17Þ

and

Δf 4 ¼

atan
4�S�x15x31

4 x15
x31

	 
2

þ2�x33x31
�S2� x33

x31

	 
2

�1

2
64

3
75

4
: ð18Þ

For the trigonal symmetry case, the physical meaning
behind the difference in spectral phases (angles f 2 and f 4)
from Equation (8) is clear now. These angles, which can
be computed through the DFT of SHG signal, are equal with
the angle f minus Δf2 and Δf4, respectively. Equations (17)
and (18) show that these Δf values depend on S. Figure 1
presents that the increase of S also expands the difference
between f 2 and f 4. Thus, a potential increase in the differ-
ence of these two angles is an indicator of the presence of
trigonal rather than cylindrical symmetry in a system.

2.4 | PSHG data analysis

For each sample, 18 2D SHG images of the same area
were recorded, rotating the laser's linear polarization by

ISHG ¼E � χ22 � sin a� fð Þð Þ2þ χ15 � sin 2 a� fð Þ½ �� �2þ χ31� sin a� fð Þð Þ2þχ33 � cos a� fð Þð Þ2� �2n o
: ð9Þ
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10� each time (a = 0�-170�) and thus creating a 3D
matrix (PSHG matrix) with dimensions 500 � 500 � 18.
For the cylindrical symmetry model for each pixel area
(500 � 500), the values of angle f, coefficients c from
Equation (5) and, subsequently, the value of B through
Equation (6), were calculated via the application of DFT
analysis along the third dimension of the PSHG matrix.
However, due to the in-vivo nature of our experiments,
small movements of the samples were possible during
PSHG measurements. To verify the validity of our analy-
sis, the 18 recorded SHG images were first aligned
through Fiji software to ensure that the modulation of
the non-linear signal from a pixel area comes from the
rotation of the incident polarization. Images from sam-
ples that were not sufficiently aligned with the software
were discarded.

First, a specially constructed algorithm, that was
designed and programmed in MATLAB environment,
computed the coefficients c0 and c2 and the angle
f (indicated from now on as fc, due to the cylindrical sym-
metry approach) of the left cosine term of Equation (5)
by applying DFT along the third dimension of the PSHG
matrix. In particular, the algorithm computes the coeffi-
cients b2 and d2 of Equation (7) via DFT analysis. The
coefficient c2 can be equal with the positive or the nega-
tive square root

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

2þd2
2

p
. The way in which this uncer-

tainty is avoided is based on the appropriate c2 sign
selection as described by Wasik et al. [29]. In our case
due to the fact that the expected anisotropy parameter is
significantly smaller than the unit [8, 14], the negative
sign of c2 has been chosen [9], whereas angle f c calcu-
lated via the built-in Matlab function atan2
(f c = atan2(d2=c2, b2=c2)/2). The range of f c based on this
analysis is from �90

�
to 90

�
, because the output of atan2

function is from �180
�
to 180

�
, and there is a division

by 2. Afterwards, the algorithm computed the last
coefficient c4 by assuming as a constant the already
known value for angle fc of the right cosine term and

taking into account that the period of Equation (5) is

180
�
(c4 ¼ 2

18 �
Pi¼18

i¼1
ISHG ið Þ � cos 4 � π

18 � i�1ð Þ� f radsc

� �� �
).

In the interest of calculating average values for the
anisotropy parameter B (<B>) and angle fc (<fc>), erro-
neous pixels, like noise pixels, which were not in line
with Equation (5), had to be excluded. In this study, a
threshold value was used as a filtering criterion as
referred in the literature [10, 12] for the determination of
coefficient R2. Pixels below the threshold value were
excluded from further processing. Specifically, the thresh-
old value of 0.90 was set, in order to ensure that the
results fit into the model while at the same time
maintaining a high enough number of pixels for the sta-
tistical analysis.

The next step was the introduction of the general
model for the data analysis. This was accomplished via
the implementation of an algorithm computing the coef-
ficients b4 and d4 of Equation (7) and through them the
coefficient b04 and angle f 4 of Equation (8) by applying
DFT again along the third dimension of the PSHG
matrix.

There is no need to estimate the values of the coeffi-
cients b0, b

0
2 or angle f 2 of Equation (8) since the way

they are calculated by DFT is identical to that of c0, c2
and angle fc of Equation (5). This is valid under the logi-
cal assumption that the sign of b2, which determines the
sign of b02, remains negative for small deviations from
the cylindrical symmetry. For example, as Equation (12)
depicts, this assumption is always valid for trigonal sym-
metry. However, the recalculation of R2 values is
necessary.

For the calculation of b04, the negative square root of
b4

2þd4
2 is selected since the expected sign of b4 is also

negative, similarly to the aforementioned b2 case. Subse-
quently, the built-in Matlab function atan2 is used for the
calculation of f 4 (f 4 = atan2(d4=b

0
4, b4=b

0
4)/4). As previ-

ously mentioned for the f 2 case, the range of f 4 based on
this analysis is limited from �45

�
to 45

�
. Moreover, the

difference between f 2 and f 4, as will be discussed later, is
one of the main key points of this study. For the calcula-
tion of this difference, the range of these two angles must
be equal. This can be achieved by properly adding or sub-
tracting an extra 90

�
angle (which is the period of the

corresponding cosine) to f 4 if the difference f 2� f 4 is
greater or lower than 45

�
and �45

�
, respectively, since for

small deviations from the cylindrical symmetry, the abso-
lute value of this difference is not expected to exceed
the 45

�
.

As discussed previously, Equation (9) describes sam-
ples where trigonal symmetry is dominant. Equation (9)
can be written in the form of Equation (16) where the

FIGURE 1 Plot diagram of the absolute difference between f2
and f4 based on Equations (17) and (18) for different typical values

of χ15=χ31 and χ33=χ31 as symmetry parameter S increases
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coefficients b0, b
0
2, b

0
4, f 2 and f 4 can be calculated via DFT

analysis. However, for specimens with unknown struc-
ture, the DFT analysis cannot confidently provide infor-
mation about Equation (9) parameters (E, f, χ22, χ15, χ31
and χ33). As mentioned in the previous section, the Fou-
rier form of Equation (7) can describe the SHG signal
modulation with respect to the angle of the laser polari-
zation, even in the case that all the second-order tensor
elements are independent and non-zero. This means that
the b0, b2, b4, d2 and d4 coefficients, which are the only
results that DFT provides, in general, may be affected by
tensor elements that the Equations (11)–(15) of the trigonal
symmetry do not take into account. For that reason and in
order to have an estimation of Equation (9) parameters (tri-
gonal symmetry model), it was chosen to complete the anal-
ysis by fitting the SHG modulation on Equation (9) for all
the pixels areas of each sample. An extra factor called ‘ratio
parameter’ was also calculated for providing quantitative
information. The value of this parameter was defined as the
number of pixels with R2>0.9 divided by the total number
of pixels in the myosin sample area [10]. Introducing this
factor to the aforementioned fitting analysis and the two
DFT methods provides a quantitative measure for the

ability of the extracted results to sufficiently describe the
PSHG data of each sample.

Figure 2 depicts some representative results of our
DFT analysis algorithm based on the cylindrical and the
general model, in a wild-type day-1 adult animal. Mea-
surements were recorded from the striated muscles in the
mid body region of the worm.

For the cylindrical symmetry case, the mean values of
B (<B>) and angle fc (<fc>) as well as the SDs of them,
deriving from pixels with R2 > 0.9, were calculated to be
0.53 ± 0.04 and 31.5

�
± 3.4

�
, respectively. In our case, due

to the fact that a sample-based analysis has been
followed, the precision of <B> and <fc> is determined as
the SD of the corresponding values resulting from all the
image pixels. It is worth to be mentioned that, recent
studies present an alternative, new method where the
precision of the calculated B and fc values can be esti-
mated for each pixel [29, 30].

The extracted value of <B> considering Equation (3)
matches with the lower brightness of Figure 2A for
a = 40

�
(incoming polarization parallel to the sample

symmetry axis) divided to a = 140
�
where the polariza-

tion is perpendicular. In addition, through Equation (4),

FIGURE 2 Results of DFT analysis, B-D, based on Equation (5) and, E-G, based on Equation (8) for the PSHG dataset recorded from

the middle body part of a 1-day old sample. A, Nine of the 18 PSHG dataset images. Each sub-image depicts the same area, and the

brightness is analogue to the SHG recorded signals. The white arrow corresponds to the laser's linear polarization into the sample plane. Τhe
value of angle a is displayed at the bottom left of each sub-image. B,E, The colour of each pixel corresponds to the value of R2 calculated for

this pixel through the DFT analysis. C,D,F,G, Pixels with R2 < 0.9 have been excluded from further analysis and were displayed in black

colour. C, Angle fc computed values. D, Anisotropy parameter B computed values. F,G, Calculated values for angles f2 and f4, respectively
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the value of <B> corresponds to an effective angle of θe
around 63

�
± 1

�
. We have to note that the X-ray mea-

sured myosin helix angle is 68
�
[14]. Moreover, the calcu-

lated value of angle <fc> is close to the minimum
expected value of 33

�
considering that the angle between

the direction of the initial laser's polarization (Figure 2A,
a = 0

�
) and fibre's axis is around 40

�
and that myosin

thick filaments are at an angle of 5
�
-7

�
to the muscle

fibre [31].
By comparing Figure 2C and Figure 2F, it can be

noticed that the calculated values of angles fc and f2 are
similar. However, in the second case, there is an increase
in the number of pixels that present values with R2 > 0.9,
and the same holds true when comparing Figure 2E with
Figure 2B. This increase is mainly due to the fact that the
values of angle f4, calculated from the general model of
Equation (8), differ from those of f2 as shown in
Figure 2G,F, respectively. Furthermore, the increase of
R2 can be expressed quantitatively through the estimation
of the ratio parameter values. The ratio parameter was
calculated to be 0.51 and 0.79 for the cylindrical symme-
try and the general model, respectively.

2.5 | Statistical analysis

For multi-group comparisons, two-tailed unpaired Stu-
dent t test was applied. P values <.05 were considered sig-
nificant (*). Twelve animals were irradiated for each age
group.

3 | RESULTS

PSHG measurements were performed in an attempt to
monitor potential structural changes in striated muscles
of C. elegans samples during aging. Worms were irradi-
ated at different time points in order to cover a wide
range of the animal life span. The target of the present
study was the use of a high resolution, label free, non-
destructive imaging technique as a novel diagnostic tool
and the identification of the best approach for data analy-
sis for revealing sub cellular muscular changes during
animals aging. Initially, the classical cylindrical model
that is widely used for the in-vivo monitoring of alter-
ations in myosin [15, 16] was employed for the analysis
of the extracted PSHG data and the age classification of
the samples. Figure 3 presents the results of the imple-
mentation of the algorithm to a middle-aged C. elegans
sample (6 days) while Figure 4 shows an old (9 days)
worm. Measurements were recorded from the mid body
part of the worms where the striated muscles are located.

In order to examine potential B value variations dur-
ing the aging of the C. elegans, the average values of <B>
for the three age groups (1 day, 6 days and 9 days of
adulthood) were calculated via our PSHG analysis based
on Equations (5) and (6). Twelve samples for each age
category were tested. The obtained results, presented in
Figure 5, depict that no significant difference was
detected in the extracted B parameter values due to aging
of the samples. Thus, it is not feasible to obtain informa-
tion related to structural alterations in the striated mus-
cles of the worms due to aging via this measure. Thus,
after the inability of the cylindrical model to detect
changes during C. elegans aging, the trigonal symmetry
was investigated, and a general model was also applied
for acquiring improved results.

Through our DFT analysis based on Equation (8)
that represents the general model, and the fitting pro-
cedure in Equation (9) that indicates the trigonal
symmetry model it was observed that the difference
between the angles f2 and f4 was increased in the
older age group.

Figure 6A presents the average absolute difference in
the values between the angles f2 and f4 (DIF) calculated
with two different ways. In both cases, by implementing
DFT analysis based on Equation (8) and by using fitting
procedure based on Equation (9), older C. elegans sam-
ples present higher values compared to the younger ones.
However, the mean DIF values showed a statistically sig-
nificant increase for the 9d compared to the 1d samples
only for the analysis derived from the general model.
Figure 6B depicts the calculated S mean values. Higher
S values are an indicator that the trigonal symmetry is
promoted against the cylindrical one. The DIF rise of the
older specimens is accompanied by an increase in
S values (Figure 6). Thus, the recorded results show that
the dominance of trigonal versus the cylindrical symme-
try is enhanced in the striated muscles during the aging
of C. elegans.

In an attempt to investigate the symmetry that better
describes the myosin alterations that occur during the
aging of the worms, the ratio parameter values for
the three approaches (cylindrical, trigonal and general
models) were estimated. Figure 7 presents the mean ratio
values for the 1d, 6d and 9d samples. This figure demon-
strates that the trigonal model is preferable for the
description of the three age groups in comparison to
the classical cylindrical symmetry model. Moreover,
Figure 7 shows that the aging procedure is better delin-
eated by employing DFT analysis based on Equation (8)
(general model) rather than the fitting procedure based
on Equation (9) that represents the trigonal symmetry
model.
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FIGURE 4 Results similar to those depicted in Figures 2 and 3 for a 9-day-old sample. The isolated red line at the bottom of B,E

corresponds to SHG signal arising from collagen from the animal epidermis. These pixels are manually excluded from the other sub-images

and from further processing

FIGURE 3 Results of DFT analysis, B-D, based on Equation (5) and, E-G, based on Equation (8) for the PSHG dataset from a 6-days old

sample. A, Nine of 18 PSHG dataset images. The white arrow corresponds again to the laser's linear polarization into the sample plane, and

the value of angle a is displayed at the bottom left of each sub-image. B,E, The colour of each pixel corresponds to the value of R2 calculated

for this pixel through the DFT analysis. Pixels with R2 < 0.9 have been discarded from further analysis. C, Angle fc computed values. D,

Anisotropy parameter B computed values. F, Angle f2 values. G, Angle f4 values
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4 | DISCUSSION

The results of this study show that the anisotropy param-
eter Β extracted by DFT analysis from the widely used
cylindrical symmetry PSHG model does not present any
changes across the C. elegans lifespan. So, it was not fea-
sible by using this model for data analysis to detect myo-
sin structural alterations during the aging of the worms.
In addition, as Figure 7 presents the results from this
model cannot adequately describe the PSHG data since
the mean percentage of the pixels exhibit R2 values
higher than 0.9 is lower than 50%. The fitting procedure
with the trigonal symmetry model appears improved
mean ratio results and an increase of the mean DIF
values during C. elegans lifespan. By using the most gen-
eral form of ISHG dependence with respect to the angle
a (Equation (8)), the optimum score is obtained (up to
80%). The general model not only represents the PSHG
data better but also the results of the DFT analysis based
on this model that includes all possible structures provide
an indication that the C. elegans' body striated muscles
are undergoing structural modifications during aging.
This indication is quantitatively expressed through the
statistically significant increase of the mean DIF of the
old (9d) compared with the young group of the worms

(1d) (Figure 6). The DIF parameter for one sample
defined as the average absolute difference of the angles f2
and f4, and this difference generally depends on the
second-order tensor elements and thus to the sample's
structure. For example, in the case of a cylindrical sym-
metric sample, the expected DIF value is zero, whereas in
the case of a trigonal symmetry, the DIF value is esti-
mated by Equations (17) and (18). Moreover, we showed
that the observed raise of the DIF can be interpreted as
an enhancement of the trigonal symmetry dominance to
the cylindrical during aging. However, this does not
imply that the younger samples should be exclusively
described via a cylindrical symmetry model since they
also present noticeable non-zero values of S (Figure 6B)
and lower values of the ratio parameter compared to the
other models (Figure 7).

The above indications about changes in C. elegans
striated muscles structure can be correlated with the
already known effects of sarcopenia on this organism.
Sarcomeres of C. elegans exhibit progressive

FIGURE 6 A, Mean DIF computed

with DFT based on Equation (8) and

estimated with a fitting procedure based

on trigonal symmetry's Equations (9),

(17) and (18) for the same samples as

Figure 5. B, Mean <S> (symmetry

parameter) resulting from fitting

procedure of A. The error bars

correspond to the SEM for each case.

*Statistically significant (<.05)

FIGURE 7 Mean ratio values for 1-day, 6-days, and 9-days

adult samples obtained by: DFT analysis based on Equation (5) of

cylindrical symmetry model (DFTc), DFT analysis based on

Equation (8) of the general model (DFTg) and with the fitting

procedure based on Equation (9) of the trigonal symmetry model.

The error bars correspond to the SEM for each case. n = 12

specimens for each age group

FIGURE 5 Mean <B> for 1-day, 6-days, and 9-days adult

worms. The error bars are the SEM of each age group. n = 12

samples were irradiated in each case. The calculated B values are

similar, and no significant difference is detected
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disorganization, with less tight packing and some disori-
entation of myosin molecules with aging [3, 4]. In addi-
tion, a very recent study [17] has observed that there is a
transition of SHG modulation with respect to the laser
polarization in rat ventricles myosin filaments from a
cylindrical to trigonal symmetry line profile during aging.
The obtained results are in accordance with our study.
They suggested that this transition may be due to
changes in the ratio of α/β myosin isoforms ratio, which
differ mainly in their head region. Nevertheless, as and in
our case, it cannot be claimed that the detected changes in
SHG modulation are exclusively arising from the enhance-
ment of the presence of trigonal symmetry. Figure 7 dem-
onstrates that for all the age groups the results of the DFT
analysis based on the general model describe better the
PSHG data. The following factors can interpret this behav-
iour: possible failure in the accurate determination of the
total minimum during fitting procedure and/or the need for
using an even more complicated model that takes into
account more symmetries than the trigonal one.

5 | CONCLUSIONS

The development of label free, non-destructive tech-
niques for the in-vivo monitoring and quantification of
muscular changes at the sub-cellular level due to aging is
a research field with high significance in biology. The
findings presented herein suggest that the very promising
modality of PSHG can be used as diagnostic tool for
detecting myosin structural changes in the striated mus-
cles of wild type C. elegans during their lifespan. Ιt is not
feasible to detect alterations and discriminate age groups
via the implementation of the widely used, classical,
cylindrical symmetry model and the calculation of the
anisotropy parameter values. Nevertheless, the applica-
tion of a trigonal symmetry or a general model for the
analysis of the extracted PSHG data allows age classifica-
tion of the nematodes based on the calculation of the dif-
ference between the angles f2 and f4 (DIF). Moreover, the
obtained results suggest the enhancement of trigonal
symmetry dominance over cylindrical symmetry in the
striated muscles during the aging of the worms.

Further studies on mutants, such as animals with
increased longevity or striated muscle defects, are
expected to attribute additional insights for the thorough
clarification of the morphological changes that the struc-
ture of the myosin molecules undergoes during aging.
Beyond this, several muscle diseases are associated with
sub-cellular changes in myosin molecules. Thus, in the
near future, it would be very interesting and potentially
useful to employ PSHG in studying the progression of
these disorders, via the implementation of models that

take into account more symmetries for the data
processing and by employing state of the art, compact,
user friendly setups.
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