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Abstract—Quantitative assessment of healing after tendon injury is important for orthopedic practice. Although histological
and mechanical recovery are assessed by histological staining and
tensile testing respectively, both tests are destructive and invasive, making it difficult to be applied to single sample. Here, as
a non-destructive and less invasive approach for quantitative assessment of tendon healing, we applied Fourier-transform secondharmonic-generation (FT-SHG) microscopy to an animal model of
tendon healing. FT-SHG microscopy enables orientation analysis
of collagen fibers independently of the SHG image brightness.
The extracted FT-SHG parameter showed a significant difference
between the healing sample and the control sample, indicating the
potential for quantitative parameter of histological recovery. More
importantly, the FT-SHG parameter indicated good correlation
(coefficient of determination, R2 = 0.62) with the Young’s modulus obtained by tensile testing of the same sample. These results
indicate the potential of the proposed method for quantitative evaluation of both histological and mechanical recovery after tendon
injury.
Index Terms—Biomedical imaging, microscopy, nonlinear
optics.

I. INTRODUCTION
ENDONS are mainly composed of collagen (typically, 60
to 80% dry weight), and their function of transmitting
forces generated by skeletal muscles to bones is secured by a
mechanically tough extracellular matrix. Uniform higher-order
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structures of collagen molecules with different sizes result in
microfibrils, fibrils, fibers, and fascicles. All of them are uniaxially oriented along the direction of the long axis of the tendon
because of tolerance for uniaxial force transmission [2]. Such
uniform higher-order structures of collagen can realize high
mechanical strength of the tendons.
Tendon rupture often occurs when an excessive mechanical
force is applied to tendons. It is generally difficult to regain
the same level of mechanical strength as before the injury.
Furthermore, disruption or re-rupture of tendons can be caused
by mechanical overload during the healing process [1]. The
healing process of the ruptured tendon has three stages: (1)
proliferation and differentiation of tenoblasts around the injured
area, (2) production of collagen and other ECM components,
and (3) remodeling of the non-orientated, coarsely distributed
structure of collagen fibers to a uniaxially oriented, densely
distributed structure. Since collagen production and maturation
are directly relevant to tendon healing, direct evaluation of
collagen in tendons would be a promising assessment for tendon
healing.
Histological analysis, such as Picro-Sirius red staining under
the polarized light [3], [4], is a common way to visualize collagen
in tendon tissue, enabling us to evaluate histological recovery
in ruptured tendons. On the other hand, tensile testing can be
used for evaluating mechanical recovery in ruptured tendons by
measuring mechanical properties, such as the Young’s modulus,
ultimate load, ultimate strain, and tensile energy absorption [5].
Unfortunately, histological analysis and tensile testing are both
invasive and destructive, which are hardly applicable to clinical
evaluation after tendon healing. Also, it is difficult to investigate
a relation between the histological recovery and the mechanical
recovery in the same sample.
Recently, second-harmonic-generation (SHG) microscopy
[6] has appeared as a new imaging modality for in situ visualization of collagen fiber in tissues. Collagen fibers in various tendinous tissues have been visualized using optical 3D
sectioning with high selectivity, good image contrast, high spatial resolution, and moderate penetration without staining or
destruction [7]–[10]. Because the SHG light intensity depends
on the structural maturity, density, and orientation of multi-level
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collagen aggregates, SHG microscopy has a potential for an
optical probe evaluating histological recovery without histological processes. Furthermore, the in situ imaging capability of
SHG microscopy enables us to perform tensile testing of the
excised tendon fascicle after histological visualization with SHG
imaging, making it possible to evaluate both the histological
and mechanical recovery for the same sample [11],[12]. From
this perspective, we have previously investigated the correlation
between the mean SHG light intensity and the Young’s modulus
for the same samples of healing tendons in a rabbit model by a
combination of SHG microscopy and tensile testing [12]. However, the coefficient of determination between them remained
low at 0.37 because the SHG light intensity also depends on the
incident light intensity, the optical properties (surface reflection,
absorption, or scattering) of the sample, and the probing depth.
For quantitative analysis of tendon recovery, it is necessary to
invent another quantitative method that is insensitive to changes
in SHG light intensity.
One promising approach to invent a more-quantitative method
is the use of image analysis in SHG microscopy because of its
immunity against changes in image brightness. Among various
types of SHG image analysis techniques, Fourier-transform
SHG microscopy (FT-SHG microscopy) [9], [13], [14], is a
promising method for extracting image texture details, such as
the density, periodicity or directionality, from a two-dimensional
Fourier transform (2D-FT) spectrum of the SHG image. In
this paper, we performed orientation analysis of collagen fiber
during tendon healing based on FT-SHG microscopy and then
assessed the relationship between the image analysis result and
the Young’s modulus to evaluate the histological and mechanical
recovery of the same sample in rabbit model of tendon rupture.
II. MATERIALS AND METHODS
A. Animal Model of Tendon Healing
The experimental protocol used in this study was approved by
the Bioethics Committee for Animal Experiments at Tokushima
University. Based on our previous research [12], we prepared
eight male Japanese white rabbits (eight to ten weeks old, weight
2.0 kg to 2.5 kg) for a rabbit model of tendon healing. We locally
anesthetized the rabbits with 1% lidocaine hydrochloride after
inducing general anesthesia with the inhalation of isoflurane
(5% for induction, 2% for maintenance, each with an air flow
rate of 2 liters/minute). Then, we sharply transected the flexor
digitorum longus tendon in the right hindlimb using a surgical
scalpel. Following the transection, we repaired the disrupted
tendon by intratendinous stitching with a looped nylon suture.
During the post-operative period, the rabbits were individually
housed in a climate-controlled animal care facility. To highlight
a definite difference of collagen structure between the healing
tendon and the control tendon, we performed the comparison at
a single time-point in the tendon healing process. In the fourth
postoperative week, we euthanized the rabbits by administering
an overdose of sodium pentobarbitone (0.15 mg/kg BW). We
excised the flexor digitorum longus tendon in the right hindlimb
as the healing tendon sample (n = 8), and excised the one in the
left hindlimb as the normal sample (n = 8). Samples were kept

Fig. 1. Experimental setup of the SHG microscope. HWP: half-wave plate; P:
polarizer; QWP: quarter-wave plate; GM: galvanometer mirror; RL1 and RL2:
relay lenses; HS: harmonic separator; OL: objective lens; BPF: optical band-bass
filter; PC-PMT: photon-counting photomultiplier.

frozen at −15 °C until evaluation with FT-SHG microscopy and
the subsequent tensile testing. After being thawed at room temperature, each sample was examined by SHG imaging, followed
by tensile testing.
B. SHG Microscope
Fig. 1 shows the experimental setup of the SHG microscope.
Because the setup has been described in detail elsewhere [15],
only a brief description of it is given here. We used a modelocked Cr:Forsterite laser (Avesta Project Ltd., CrF-65P, center
wavelength = 1250 nm, pulse duration = 70 fs, repetition rate
= 73 MHz) in place of a mode-locked Ti:Sapphire laser at 800
nm to enhance the penetration depth and reduce photodamage
in SHG imaging. To cancel the polarization dependence of the
SHG efficiency with respect to the orientation angle of collagen
fibers, the laser light was converted into circularly polarized
light whose power was adjusted by a combination of a half-wave
plate, a polarizer, and a quarter-wave plate. The focal point of
the laser beam was two-dimensionally scanned onto a sample
by a combination of galvanometer mirrors (GM), relay lenses
(RL1 and RL2), and an objective lens (OL; Nikon Instruments
Inc., CFI Plan 50 × H, magnification = 50, NA = 0.9, working
distance = 350 µm, oil-immersion type). The average power
of the laser light was set to be 20 mW at the sample position. Backscattered SHG light from the sample was collected
by the objective lens, was separated by a harmonic separator
(Lattice Electro Optics Inc., LWP-45-Runp625-Tunp1250-B1013, reflected wavelength = 625 nm) and an optical filter
with a sharp band-pass (Semrock Inc., 625/26 nm BrightLine,
pass wavelength = 612 to 638 nm), and was detected by a
photon-counting photomultiplier with Peltier cooling (PMT;
Hamamatsu, H7421-40). Using the GM optics, we acquired
SHG images of a 400 µm × 400 µm region, composed of 256 ×
256 pixels, at a rate of 0.5 images/s. To further expand the lateral
imaging region, we scanned the sample position at intervals of
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radial amplitudes with respect to polar angles, that is to say, an
SHG angular spectrum, as shown by the red points in Fig. 2(c).
When the full width at half maximum (FWHM) of the SHG
angular spectrum was larger than a threshold, the corresponding
ROI was defined as an isotropic region reflecting a non-specific
orientation. On the other hand, when the FWHM of the SHG
angular spectrum was below the threshold, the corresponding
ROI was defined as an anisotropic region reflecting a specific
orientation. For the anisotropic region, we performed curve
fitting analysis of the angular spectrum with a Gaussian function,
and then determined the specific orientation angle from the
center angle of the fitted curve. In this way, we classified each
ROI into one of three regions, similar to the previous research:
a dark region, an isotropic region, or an anisotropic region [13],
[14]. The quantitative parameter from the collagen fiber analysis
gave the orientation angle for only the anisotropic region. On
SHG image, we indicated the dark region in purple, the isotropic
region in yellow, and the anisotropic region with the orientation
angle. Finally, we calculated the number of anisotropic regions
in the large-area SHG image for the normal samples (n = 8) and
the healing samples (n = 8).
Fig. 2. (a) Flowchart of the image analysis for collagen fiber orientation. (b)
2D-FT power spectrum of the SHG image. (c) SHG angular spectrum obtained
by the integration of the pixel brightness of FT-SHG image along different polar
angles.

400 µm using a stepping-motor-driven translation stage every
time an SHG image was obtained by the GM optics. Finally,
we obtained a large-area SHG image with a size of 800 µm
× 800 µm by stitching together 4 SHG images in a matrix of
two rows and two columns. The total image acquisition time
was around 20 seconds for one sample, including the waiting
time for translation of the mechanical stage. During the SHG
imaging experiment, the sample was immersed in physiological
saline solution to avoid tissue dehydration.
C. SHG Image Analysis to Evaluate Collagen
Fiber Orientation
The orientation of collagen fiber is an important property
for evaluating histological recovery in ruptured tendon tissue
because tendon has a characteristic collagen fiber structure with
uniaxial orientation along the main axis. To extract a quantitative
parameter reflecting the collagen fiber orientation, we performed
2D-FT of the SHG image [9], [13], [14]. Fig. 2(a) shows a
flowchart of the image analysis for determining the collagen
fiber orientation. First, we segmented a large-area SHG image
(512 pixels × 512 pixels, corresponding to 800 µm × 800 µm)
into 256 ROIs (16 ROIs × 16 ROIs, size of each ROI = 32 pixels
× 32 pixels, corresponding to 50 µm × 50 µm) for 2D-FT. When
the mean SHG intensity of an ROI was below a threshold, that
ROI was defined as a dark region due to the excessively weak
SHG light and was excluded from the 2D-FT calculation. Then,
we calculated the 2D-FT power spectrum, namely an FT-SHG
image, as shown in Fig. 2(b) for each ROI. We integrated the
pixel brightness of the FT-SHG image along different polar
angles, defined as radial amplitude, and obtained the sum of

D. Tensile Testing
Tensile testing was performed immediately after the SHG
imaging to avoid tissue degradation. We used a commercial
tensile testing machine (EZ-S, Shimadzu Corp., Kyoto, Japan,
load capacity 500 N, load cell precision ±1%) for evaluating
the mechanical strength in the normal and healing tendons. The
cross-sectional area of the excised tendon fascicle was estimated
from the length of major and minor axes in the elliptically
shaped cross-section of the fascicle. The tendon fascicle was then
stretched at a tensile rate of 2 cm/min [16]. The Young’s modulus
was calculated from the stress–strain curve, in which we used
the nominal stress under the assumption that the cross-section
does not change during the tensile test.
E. Statistical Analysis
The data for the occupancy of ROI in dark, anisotropic, and
isotropic regions and Young’s modulus were reported as mean
and standard deviation. P-values < 0.05 represented statistical
significance and were used for statistical tests of the occupancy
of ROI in anisotropic region and Young’s modulus, respectively.
Two group comparisons were made using Student’s t-test. For
the correlation between the SHG analysis and Young’s modulus,
the coefficient of determination (R2 ) was used.
III. RESULTS
A. SHG Imaging and Orientation Analysis
First, we performed SHG imaging for eight normal samples.
Fig. 3(a) shows a typical result of the large-area SHG imaging
(image size 800 µm × 800 µm, pixel size 512 pixels × 512
pixels, 16 directions × 16 directions). Since the SHG image
indicated the best contrast at a probing depth of 100 µm from
the surface of the medial side of the flexor digitorum longus
tendons, we selected this depth for SHG imaging. Strong SHG
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Fig. 4. Comparison of the occupancy of ROI in dark, anisotropic, and isotropic
regions between the normal and the healed samples. The value on the top of bar
plot shows the mean value, and the error bar shows the standard deviation of the
data (n = 8).

Fig. 3. A typical result of the SHG imaging and orientation analysis. (a) Largearea SHG image in normal sample. (b) Collagen-orientation image overlaid on
the original SHG image shown in Fig. 2(a) overlaid with the dark, isotropic, and
anisotropic region. (c) Large-area SHG image in healing sample. (d) Collagenorientation image overlaid on the original SHG image shown in Fig. 2(c). The
purple and yellow boxes respectively indicate the dark and anisotropic region,
whereas the red arrows indicate the isotropic region and its orientation angle.
The image size is 800 µm × 800 µm composed of 512 pixels by 512 pixels.

light was observed in the whole area of the SHG image. Also,
thick collagen fibers were uniformly orientated parallel to the
long axis of the tendon (vertical direction in the image), and
their crimp structures were observed clearly. These observed
structures of the collagen fibers were in good agreement with
the histological findings of normal tendon tissue.
We performed the orientation analysis of the SHG image in
Fig. 3(a). Fig. 3(b) shows the corresponding collagen-orientation
image overlaid on the original SHG image. Because welloriented collagen fibers were visualized in the SHG image with
high image contrast in Fig. 3(a), anisotropic regions (see red
arrows) appeared in 81.2% of all ROIs. The spatial distribution
of the orientation angle of collagen fibers well reflected their
crimp structure, which is a characteristic structure in normal
samples. On the other hand, the isotropic regions of collagen
fiber orientation (see yellow color) were mainly due to neutralization of collagen fiber orientation caused by bending of the
crimp structure within the ROIs.
Next, we evaluated the healing tendon samples. From a visual
inspection, the surface of the amputated portion was connected
with scar tissue 4 weeks after rupturing (not shown). Fig. 3 (c)
shows a typical SHG image of healing samples (image size
800 µm × 800 µm, pixel size 512 pixels × 512 pixels, 16
directions × 16 directions). The image contrast was significantly
lower than that in the normal sample in Fig. 3(a) because of
insufficient remodeling of collagen fibers in scar tissues. More
importantly, the characteristic crimp structure of collagen fibers
in the normal sample was not observed in the healing sample.

The collagen fibers in the healing samples were thin, less oriented, and their distribution was uneven.
Fig. 3(d) shows a collagen-orientation image overlaid on the
image-contrast-enhanced SHG image of Fig. 3(c) for the healing
sample. The collagen fiber orientation appearance was different
from that in Fig. 3(b). Dark regions occupied 57.3% of the
ROIs (see purple color) due to the weak SHG light, whereas
the percentage of ROIs occupied by the isotropic regions (see
yellow color) was similar to that in the normal samples. In
the anisotropic regions (see red arrows), whereas some of the
ROIs indicated collagen fibers uniaxially oriented parallel to the
longitudinal direction of the tendon, most of the ROIs showed
random orientations. These two results imply that the higherorder structure of collagen fibers in the amputated portion is
still immature.
We calculated the percentages of ROIs occupied by dark,
anisotropic, and isotropic regions for each sample. Fig. 4 shows
the mean and standard deviation of the ROI occupancy percentages for the normal samples (n = 8) and the healing samples (n =
8). We then performed statistical testing of the dark, anisotropic,
and isotropic regions between the normal and healing samples
by using Student’s t-test. A large standard deviation in the case
of the healing samples indicates that the degree of healing was
different among individuals even though similar postoperative
conditions were adopted for all healing samples. Nevertheless,
there was a statistical significance between the normal and
healing samples. In other words, FT-SHG analysis is useful for
quantitative analysis of the degree of healing in the ruptured
tendon.

B. Tensile Testing
After the SHG imaging, we immediately performed tensile
testing on the same samples. Fig. 5 shows a typical result of the
stress–strain curve measured by tensile testing. The end of the
stress–strain curve, namely, the break point, indicates rupture of
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Fig. 5. Typical stress-stain curves of (a) normal sample and (b) healing sample
(B). Red lines show the result of the linear fitting to the linear increasing region
in the stress-strain curve.

Fig. 6. Comparison of Young’s modulus between normal and healing sample.
The error bar shows the standard deviation of the data (n = 8). The p value was
calculated by Student’s test (∗ : p < 0.05).

the sample. In the normal sample in Fig. 5(a), the strain superlinearly increased at low stress, linearly increased, and then sublinearly increased with increasing stress. While the super-linear
increase of the strain was mainly due to the crimp structure of the
collagen fibers, the sub-linear increase implies the beginning of
plastic deformation. The linear slope region in the middle of the
stress–strain curve indicates elastic deformation. On the other
hand, the linear slope of the healing samples [Fig. 5(b)] was
significantly less steep than that of the normal samples. Also,
the break points of the healing samples were significantly lower
than those of the normal samples, indicating imperfect recovery
of the mechanical properties.
We performed linear curve-fitting analysis to the linear slope
to determine the Young’s modulus, as shown by the red lines in
Figs. 5(a) and 5(b). Fig. 6 shows a comparison of the Young’s
modulus between the normal samples (n = 8) and the healing
samples (n = 8). The statistical significance was confirmed
between them from Student’s t-test. These results imply that
a four-week postoperative period is still insufficient for full
recovery of the mechanical properties, or that the healing process
is irreversible independent of the postoperative period.
C. Correlation Between Orientation Analysis and
Young’s Modulus
SHG imaging and tensile testing were performed on the
same sample, and their corresponding parameters, namely, the
percentage of ROIs occupied by anisotropic regions (see Fig. 4)

6801608

Fig. 7. Correlation between Young’s modulus and SHG analysis. (a) Correlation between Young’s modulus and ROI occupancy of anisotropic region. (b)
Correlation between Young’s modulus and mean SHG intensity. The blue plot
shows the result of the normal sample, whereas the green plot shows that of
healing sample. The lines show the result of linear fitting to the plots.

and the Young’s modulus (see Fig. 6), were obtained. We then
calculated the correlation between the Young’s modulus and
percentage of ROIs occupied by anisotropic regions as shown
in Fig. 7(a). It is important to note that there was a one-to-one
correspondence between the ROI occupancy and the Young’s
modulus in each sample. The normal samples were distributed in
the region of larger Young’s modulus and higher ROI occupancy,
whereas the healing samples were distributed in the region of
smaller Young’s modulus, with some variance, and lower ROI
occupancy. Some of the healing samples showed larger Young’s
moduli with lower ROI occupancy, implying remodeling of
thick collagen fibers beneath the surface-covering scar tissue.
More importantly, a linear correlation was confirmed between
the Young’s modulus and the percentage of ROIs occupied by
anisotropic regions with a coefficient of determination (R2 ) of
0.63, indicated by the red line in Fig. 7(a).
For comparison, we obtained the mean SHG intensity from the
SHG image, and the correlation between the Young’s modulus
and the mean SHG intensity was similar to that reported in a
previous paper [12]. Fig. 7(b) show the correlation between the
Young’s modulus and mean SHG intensity. The plots for the
normal samples and the healing samples were distributed more
sparsely than in Fig. 7(a). The resulting R2 value remained at
0.48. The reason for the different R2 values between them will
be discussed in the discussion section.
IV. DISCUSSION
2

We improved the R value of correlation between the Young’s
modulus and the SHG parameters by using a FT-SHG approach
instead of the approach based on the SHG light intensity. This
is because the SHG light intensity often depends on the incident light intensity, the optical properties (surface reflection,
absorption, or scattering) of the sample, and the probing depth
of the objective lens. On the other hand, the FT-SHG approach is
less dependent on the SHG light intensity and is more robust to
changes in the experimental conditions than the SHG-intensity
approach. The superiority of the proposed method was highlighted by the difference of R2 value between the proposed
method and the previous method. Although tendon rupture is
a clinically common occurrence, there is no established method
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to evaluate its healing process. MRI [17] and ultrasound imaging
[18] are currently used clinically as non-invasive tendon observation methods. However, both approaches are limited in the
spatial resolution to several hundreds of µm and has no direct
molecular selectivity for collagen. If SHG analysis can estimate
accurately histological and mechanical healing of tendons, this
analysis may become a useful clinical modality and bring new
findings of the mechanism of tendon healing. The state-of-art
fiber-optic probe [19] is an interesting option for a clinical probe
of tendon healing.
The obtained R2 value of 0.63 still has room for improvement regarding the estimation of the Young’s modulus from the
SHG parameters. If the R2 value could be further increased, it
would be possible to estimate the Young’s modulus from SHG
parameters more accurately. It suggests that FT-SHG approach
can be used for the estimation of the mechanical recovery of
healing tendon. The main reason for the unsatisfactory R2 value
was the possibility that we acquired SHG images from scar
tissue at a single probing depth of 100 µm from the surface.
The mechanical recovery of the healing tendon is achieved by
an appropriate three-dimensional (3D) structure and orientation
of the collagen fibers. Extension of FT-SHG analysis from 2D
to 3D will improve the accuracy of the estimation of mechanical
recovery in healing samples. Although 3D FT-SHG analysis is a
time-consuming process due to the acquisition of the 3D-image
dataset and 3D FT analysis, it is possible to accurately analyze
the orientation in collagen fibers that are oriented obliquely to
the imaging plane. Another method to determine the oblique
(off-axis) orientation of collagen fiber is forward to backward
(F/B) SHG analysis [14], [20], [21]. This approach is based
on detecting the ratio between forward and backward scattered
SHG intensity, and one may extract the off-axis orientation as a
difference of the F/B ratio. However, since the F/B ratio is also
sensitive to spacing between fibers, size of fibers, and scattering
components of the tissue [14], [20], [21], it may be difficult to
obtain the information of off-axis orientation separately.
While FT-SHG analysis is a promising approach for evaluating the histological and mechanical recovery in the healing
tendon, its spatial resolution was limited by the size of ROI (
= 50 µm × 50 µm). Although the improved spatial resolution
will enhance the evaluation capability of the histological and
mechanical recovery, the further decrease of ROI size is hampered by the minimum-required number of pixels in ROI for
2D-FT and the focal spot size of OL. This is one drawback
of the image-analysis-based approach of collagen fiber orientation in SHG microscopy. One potential method for analyzing the collagen fiber orientation beyond the spatial resolution
of FT-SHG analysis is polarization-resolved SHG microscopy
[22]–[25]. In this method, a series of polarization-resolved SHG
images are acquired while rotating the linear polarization of the
incident laser light. Then, images of the orientation angle and
higher-order structural characteristics of collagen fibers can be
obtained from the SHG images by curve-fitting analysis with a
model function of the SHG light intensity. This approach can
enhance the spatial resolution to the focal spot size of OL, and
hence will enhance the accuracy of collagen fiber orientation
measurements based on SHG microscopy. Another possibility
to derive information on a single-pixel level is GLCM (Gray

level co-occurrence matrix) -based image analysis [26], [27].
GLCM analysis is a powerful method for analyzing the mutual
dependence of intensity in neighbor pixels, and it has already
been largely used for analyzing SHG images [26], [27]. Since
this method does not require additional optical components
and/or multiple image acquisition, unlike polarization-resolved
SHG microscopy, it would be easy to implement this study.
Finally, we discuss the limitations of this study. First, although
the improvement of R2 value was obtained by using a FT-SHG
approach, this study evaluated only at a single and early time
point of healing (4 weeks after rupturing). The correlation at a
later point such that scar tissue is replaced by the regenerative
tissue need to be tested to prove the usefulness of the proposed
method. Second, the healing degree was determined only from
the viewpoint of the collagen orientation and Young’s modulus
due to the limited number of samples. Comparing to conventional histology to determine the healing degree needs to be
performed in the future study. Third, the measured area was
limited to only the partial area on tendons (800 µm by 800 µm
at a single probing depth). Although multiple image stitching
is a time-consuming process, the image size can increase up to
several cm2 . This suggests that whole tendon imaging is possible
even tendons from larger animal models such as horses and
sheep.
V. CONCLUSION
We performed 2D-FT analysis of SHG images of collagen
fibers for quantitative evaluation of the degree of healing of injured tendons. We extracted two kinds of quantitative parameters
of histological recovery from high-contrast SHG images: (a) the
percentages of ROIs occupied by dark, isotropic, and anisotropic
regions; and (b) the spatial distribution of the collagen-fiber
orientation angle. The percentage of ROIs occupied by the
anisotropic region showed good correlation with the Young’s
modulus obtained by tensile testing. This finding implies that
correct estimation of histological recovery is equivalent to that
of mechanical recovery. This is an important finding obtained in
this study, in which the FT-SHG analysis and the tensile testing
were performed on the same sample. The proposed method will
be a powerful tool for quantitative evaluation of both histological
and mechanical recovery of injured tendons.
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