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ABSTRACT
Second harmonic generation (SHG) microscopy has become an important tool for minimally invasive biomedical
imaging. However, differentiation of different second harmonic generating species is mainly provided by morphological
features. Using excitation polarization-resolved SHG microscopy we determined the ratios of the second-order
susceptibility tensor elements at single pixel resolution. Mapping the resultant ratios for each pixel onto an image
provides additional contrast for the differentiation of different sources of SHG. We demonstrate this technique by
imaging collagen-muscle junction of chicken wing.
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1. INTRODUCTION
Second harmonic generation (SHG) microscopy has become an important imaging modality in biomedical optics [1-3].
Biological tissues such as muscles, tendons, skin dermis, and corneas are known strong generators of second harmonic
signals [4-6]. SHG microscopy has been demonstrated to be an effective and minimally invasive imaging tool capable of
probing a wide array of issues in biomedical studies including cell-extracellular matrix interaction, in vivo liver
metabolism, cancer proliferation, cornea pathology, skin thermal effects, and tissue engineering [3-12]. In addition to
morphological information, the excitation polarization dependences of SHG signal can provide structural information
below the resolution of optical microscopy [4]. Furthermore, dependence of SHG signal on excitation polarization can be
used to differentiate the tissues responsible for generating the second harmonic signals [4, 13-16]. Specifically,
variations in the excitation polarization dependences of the SHG signal results from the difference in the second order
susceptibility elements of the χ(2) tensor. By acquiring polarization second harmonic images without sample rotation
[17], χ tensor element ratios can be determined for each pixel of an SHG image. The resulting information can then be
displayed as an image. Since different sources of SHG potentially have different susceptibility tensor elements, the
contrast provided by such imaging allows possible differentiation of localized structural inhomogeneities that are
difficult to differentiate by SHG intensity imaging alone. The differences in the χ tensor elements can potentially be
used as a contrast mechanism not only for different second-harmonic generating molecules but also conformational
changes in the molecule that produces the second harmonic signals. Possible application of this technique includes tissue
engineering of cartilage where monitoring the type and distribution of the collagen produced is critical for determining
the optimal conditions for cartilage production [12].
In this work, we obtained second order susceptibility (χ) tensor-resolved SHG images of the muscle tendon junction
where the SHG polarization dependence has been studied previously. In this case, the SHG generators can be modeled as
cylindrically symmetric coil molecules, where the number of independent χ tensor elements is significantly reduced [4,
13, 14]. Our approach involves using a discrete number of excitation polarization angles in producing χ tensor-resolved
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SHG images. The potential of this technique for in vivo applications led us to perform our work in an epi-illuminated
SHG microscope, despite the increased complexity of interpreting backward SHG signals [18, 19].

2. MATERIAL AND METHODS
2.1 Second harmonic generation microscope
Figure 1 shows a schematic diagram of the epi-illuminated polarization SHG microscope used in our experiment. The
excitation source is a pulsed femtosecond laser (Tsunami, Spectral Physics, Mountain View, CA) tuned to 780 nm. The
power of the excitation is controlled by a half-wave plate (HWP) and a linear polarizer while the polarization property is
controlled by an additional half-wave plate (HWP2) and a quarter-wave plate (QWP). The excitation beam passes
through our custom built scanning system and enters the microscope. The beam is reflected onto the sample by the short
pass, main dichroic mirror (700dcspxruv-2p, Chroma Technology, Rockingham, VT). The SHG signal from the sample
is collected in the backward direction and is selected by the combination of a dichroic mirror and a narrow band pass
filter (435DCXR and HQ390/22m-2p, Chroma technology). The signal is detected in single photon counting mode using
a photomultiplier tube (R7400P, Hamamatsu, Japan), and a custom built discriminator. A computer coordinates the
scanning control and the signal detection to form the final image.

Figure 1. Diagram of experimental setup for the polarization resolved second harmonic generation microscope: HWP,
half-wave plate; LP, linear polarizer; HWP2, half-wave plate; QWP, quarter-wave plate; DM1, main dichroic
mirror; DM2, dichroic mirror; FT, narrow band pass filter; PMT, photomultiplier tube; DISC, discriminator.

2.2 Chi tensor determination
To obtain SHG polarization information, we incident the sample with linearly polarized excitation oriented at different
polarization angles. This was achieved by rotating HWP2 and QWP to compensate for the depolarization effect of the
main dichroic mirror [17]. By varying the combination of HWP2 and QWP angles, we acquired SHG images of the
sample using excitation with arbitrary polarization angle θ. The data collected for a particular field of view consists of a
stack of images with a linearly polarized excitation oriented along various angle,θ. The ability to acquire SHG images
without sample rotation allows us to obtain with ease, the pixel-resolved, tensor SHG polarization images.
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To determine the ratios of the second order susceptibility tensor elements, we assume the molecules responsible for the
second harmonic generation are bundled and well aligned within the size of our point spread function. This assumption
allows us to approximate the susceptibility tensor to be cylindrically symmetric, which reduces the number of
independent χ tensor elements to four [4]. In our experimental setup, the laser is incident along the +y direction, and the
sample lies in the x-z plane with the axis of symmetry along the z’ direction. Under such configuration and coordinate
system, we can write the total second harmonic generation signal intensity, ISHG as [4, 13]

{

}

2
I SHG ∝ E 4 ( χ zxx sin 2 θ + χ zzz cos 2 θ ) 2 + χ xzx
sin 2 (2θ ) ,

(1)

where χzxx, χzzz, and χxzx are independent second order susceptibility tensor elements, E is the amplitude of the incident
electric field, and θ, is the laser polarization angle measured with respect to the fiber z’ axis. Although we assume the
molecules are aligned within a point spread function, the fiber orientation within an image can change. For a fixed laser
polarization angle θe, the angle between the fiber direction θo and the laser polarization angle can change. The angle θ
can be expressed as θ =θe -θo where θe and θo are measured with respect to the fixed z-axis in the plane of the sample.
Since we only measure the relative change in the SHG intensity as a function of the incident laser polarization angle, we
can introduce an overall multiplication factor, c, and rewrite Eq. (1) as

I SHG = c ⋅ {[sin 2 (θ e − θ o ) + ( χ zzz / χ zxx ) cos 2 (θ e − θ o )]2

+ ( χ xzx / χ zxx ) 2 sin 2 (2(θ e − θ o ))} .

(2)

We experimentally measure the SHG intensity ISHG at 21 different excitation polarization angle, θe, and used Eq. (2) to
determine the values of c, the fiber angleθo, and the ratios of the tensor elements χzzz/χzxx, and χxzx/χzxx that gives the best
fit to the experimental data. The use of 21 different polarization angles allows for a more accurate determination of the
fitting parameters given the large intrinsic fluctuations of the SHG signal in an epi-illuminated configuration. Since this
model fitting is done on each individual pixel of the acquired polarization resolved SHG images, the values of each
tensor element ratio can be represented as an image. The variation in the χ tensor elements therefore provides a contrast
mechanism for differentiating different sources of SHG.

3. RESULTS

Fig. 2 SHG image of tendon-muscle junction of chicken wing with different incident laser polarization. The arrow in the
lower right hand corner shows the direction of laser polarization.

To demonstrate this technique, we imaged the tendon-muscle junction of a chicken wing. Since polarization dependence
of SHG from both tendon and muscle has been well studied[4, 13, 14, 20], the tendon-muscle junction is a good
candidate for the testing of our method. Figure 2 shows four images of the junction with different excitation polarization.
The arrow on the lower right hand side of each image shows the direction of the polarization of the incident laser.
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Intensity variations in the SHG images are visible as the incident laser polarization changes. Shown on the upper right of
the image is the fiber pattern found in typical SHG images of tendon. On the other hand, the lower left side of the image
shows the pattern that is found in SHG muscle imaging[4, 13, 14, 21]. The contrast between the muscle and the tendon in
the SHG image is provided by the difference in the SHG intensity from the two sources and the difference in their
morphology. In Fig. 2 although the tendon and the muscle fiber direction are similar, the SHG from tendon is brightest
when the incident laser polarization is approximately parallel to the fiber (Fig. 2 (b)), while the SHG from the muscle is
the brightest when the polarization is at an angle of approximately 45° from the muscle fiber (Fig. 2(c)).

(a)

(b)
Fig. 3 Plot of the polarization dependence of SHG intensity on the incident laser polarization angle for the two marked
points in Fig. 2. (a) and (b) corresponds to the location 1 and 2 respectively. The curve is the model fitting to the data
points. For (a), the χ ratios are χzzz/χzxx = 1.4 and χxzx/χzxx = 0. For (b), the χ ratios are χzzz/χzxx = 0.91 and χxzx/χzxx =
0.71.

We can quantify the incident polarization dependence by plotting the SHG intensity variation with incident polarization
angle. Figure 3 (a) and (b) show respectively the plot of intensity dependence on the polarization for pixel locations 1
and 2 in Figure 2 (a). The error bars are the standard deviation over three repeated image acquisition. The curve in each
of the plots is the model fit to the data points using Eq. (2). By performing the model fit for each individual pixel, we
can display the results of the fitted model parameters as an image. Figure 4 (b) shows the model fitted fiber angle for the
SHG image shown in Figure 4(a). Similarly, the susceptibility tensor imaging is shown in Figure 4 (c) and (d) for the
ratios χzzz/χzxx and χxzx/χzxx of the tendon-muscle junction. We used the brightness to represent the fiber angles and for
the values of the ratios. The corresponding values for the different brightness is shown in the calibration bar on the
upper right of the images.
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As can be seen from Fig. 4(c), the ratio (χzzz/χzxx ) is effective in contrasting the area of SHG that we know through
morphology to be from the tendon and from the muscle. The χxzx/χzxx ratio imaging, however, is not as effective in
showing such contrast. If we inspect Eq. (2) more closely, we see that the χxzx/χzxx term appear as the coefficient of the
term sin 2 ( 2(θ e − θ o )) , which is more sensitive to the smaller variations in the SHG intensity change with polarization
angle.

Fig. 4 (a) SHG image of muscle-tendon junction. (b) fiber angle, and (c), (d) χ tensor ratio (χxzx/χzxx), (χzzz/χzxx) displayed
as an image for the tendon-muscle junction shown in (a). The corresponding calibration bar is shown in the upper right
hand corners of the images.

The histogram distribution of the χzzz/χzxx image (Fig. 4(d)) of muscle-tendon junction is shown in Figure 5. The curve
is a fit assuming the distribution is a sum of two Gaussian functions with centers at 1.3±0.1 and 0.92±0.04. The errors
are one standard deviation of the fitted Gaussian profile. The first peak at 1.3 corresponds to the susceptibility ratio
χzzz/χzxx for tendon, is consistent with previous findings, while the second peak of 0.92 due to the muscle fiber is smaller
than previous findings [4]. This may be due structural differences of muscle at the collagen-muscle junction.
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Fig. 5 Histogram plot of muscle-tendon junction χzzz/χzxx imaging. The line shows the fitting of the histogram using a sum
of two Gaussian function.

4. CONCLUSION
By measuring the dependence of SHG intensity on the incident laser polarization without sample rotation, we can
determine the χ tensor element ratios χzzz/χzxx and χxzx/χzxx to single pixel resolution. The results can be displayed as an
image and used to distinguish the position of different sources of SHG signal. We applied this susceptibility tensor
microscopy technique to the tendon-muscle junction of chicken wing, and found that the ratio χzzz/χzxx can be used to
effectively separate different sources of SHG in an SHG image. Since our experiment was performed on an epiilluminated microscope configuration, this approach can potentially be applied to in vivo studies to differentiate
molecular species responsible for generating second harmonic signals.
.
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