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Abstract: Tendon-bone insertion is a functionally graded tissue, transitioning from 200 MPa tensile modulus at the tendon end to 20 GPa tensile modulus at the bone, across just a
few hundred micrometers. In this study, we examine the porcine digital flexor tendon insertion tissue to provide a quantitative description of its collagen orientation and mineral
concentration by using Fast Fourier Transform (FFT) based
image analysis and mass spectrometry, respectively. Histological results revealed uniformity in global collagen orientation at all depths, indicative of mechanical anisotropy,
although at mid-depth, the highest fiber density, least
amount of dispersion, and least cellular circularity were evident. Collagen orientation distribution obtained through 2D
FFT of histological imaging data from fluorescent microscopy
agreed with past measurements based on polarized light
microscopy. Results revealed global fiber orientation across
the tendon-bone insertion to be preserved along direction of
physiologic tension. Gradation in the fiber distribution orientation index across the insertion was reflective of a decrease
in anisotropy from the tendon to the bone. We provided elemental maps across the fibrocartilage for its organic and

inorganic constituents through time-of-flight secondary ion
mass spectrometry (TOF-SIMS). The apatite intensity distribution from the tendon to bone was shown to follow a linear
trend, supporting past results based on Raman microprobe
analysis. The merit of this study lies in the image-based simplified approach to fiber distribution quantification and in the
high spatial resolution of the compositional analysis. In conjunction with the mechanical properties of the insertion tissue, fiber, and mineral distribution results for the insertion
from this may potentially be incorporated into the development of a structural constitutive approach toward computational modeling. Characterizing the properties of the native
insertion tissue would provide the microstructural basis for
developing biomimetic scaffolds to recreate the graded morC 2017 Wiley Periodiphology of a fibrocartilaginous insertion. V
cals, Inc. J Biomed Mater Res Part A: 00: 000–000, 2017.
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INTRODUCTION

Orthopedic junctions such as tendon-bone insertions are
complex transitional tissues responsible for load transfer
between soft tissues and bone, and are susceptible to injury
due to stress concentrations.1–4 Native tendon-bone insertion tissues may be fibrous or fibrocartilaginous in nature.5
At the injury-prone attachment sites of the Achilles and
rotator cuff tendons, the insertion is an inhomogeneous
fibrocartilage that is graded structurally and functionally. In
particular, the tendon end is characterized by highly aligned
collagen fibers, while the hard bone end is characterized by
the mineral hydroxyapatite.2,3,6–10 However, following
suture-based surgical fixation of ruptured tendons back to
the bone site, the regenerating insertion is a disorganized
fibrovascular scar marked by discontinuity in both the collagen microstructure and the mineral distribution and
thereby, susceptible to reinjury.8,11,12 For the purpose of

developing tissue-engineered constructs to reproduce the
physiologic heterogeneity during regeneration, it is critical
to understand the natural structure-function properties by
integrating the mechanical behavior of the tissue with its
microstructure and biochemical composition.
Unlike fibrous insertions in healing tissues, native fibrocartilaginous insertions consist of four distinct zones which
have been categorized based on their extracellular matrix
composition.2,3,9 Tendon tissue itself is characterized by
type I collagen and tendon-specific proteoglycans, namely
decorin and biglycan. At the insertion, tendon transitions
into fibrocartilage where types II and III collagen are
expressed along with lesser amounts of types I, IX, and X.
Towards the bony end of the fibrocartilage, there is a welldefined mineralization front expressing cartilage specific
proteoglycan namely, aggrecan, and significant amount of
types II and X collagen. The pure bone region is again rich
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in type I collagen. Aligned tendon fibers insert into bone by
means of continuous gradation in both the collagen fiber
direction as well as the mineral concentration,7,13,14 allowing them to resist pull-out and prevent stress concentration.
In the context of tendon-bone load transfer, previous
studies have investigated geometric and morphological
effects on computational stress singularities occurring at the
interface of two dissimilar materials.15,16 Using finite element analyses of idealized insertions, spatial variation of
the mean orientation angle of the collagen fiber distribution
was shown to have a strong effect on principal stresses and
the locations of stress concentrations.10 Mechanical orthotropy (defined as maximum to minimum tensile stiffness)
was shown to vary by about 50% over the entire insertion,
pointing to the fact that the angular deviation of collagen
fibers dictated the directional variation in stiffness. One of
the objectives in this study was to examine and quantitatively measure the orientation of collagen fibers along the
insertion tidemark and to examine how the native fiber distribution compares to the idealized isotropic, orthotropic,
physiologic, and optimized models mentioned in previous
studies.10
Collagen fiber distribution studies have used quantitative and/or qualitative techniques such as polarized light
microscopy,17,18 small angle light scattering,19–23 fluorescent
microscopy,24 optical coherence microscopy,25 electron
microscopy,26 and second harmonic generation microscopy.27 However, the small angle light scattering requires a
laser technique for measuring the collagen fiber distribution. It suffers from several difficulties, such as the setup of
the equipment is time consuming and requires a relatively
large dedicated space. Optical coherence microscopy is
much more expensive and the required tissue sample is bigger than the insertion tissue. Electron microscopy and second harmonic generation microscopies require addition
sample preparations, such as critical point drying or freeze
dry, resulting in sample shrinkage or tearing, respectively.
Fiber organization at supraspinatus insertions in rats was
measured2,3 using polarized light microscopy, taking advantage of collagen birefringence.18 Tissue sections placed on a
stage between a simultaneously rotating analyzer and polarizer were imaged using a microscope camera. The angle of
minimum light intensity during the incremental rotation,
known as the extinction angle, indicated the orientation of
collagen fibers. This study attempts to overcome the need
for a polarized light microscopy set-up by utilizing histology
image data for the quantitative fiber study at the insertion
tissue.
To quantify the collagen fibers architecture and morphology on two orthogonal planes of the insertion tissue,
we apply 2D Fast Fourier Transform (FFT)28–30 of histological image data from fluorescent microscopy. FFT-based
methods have been used in image analysis to study fiber
architecture in biomimetic scaffolds,30,31 collagen structure
in corneal stroma,27 aortic aneurysms,32 and arteries.33
These methods are also incorporated as plug-ins in the
Image J and Fiji image analysis softwares.34,35 The FFT
method in conjunction with a band pass filter has been
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shown to give more accurate results for orientation and dispersion parameters of fiber networks in comparison to
gradient-based structural tensor methods, which have been
used in the past for fiber distribution studies in arterial
adventitia36 and actin filaments in the lamellipodium.37
Although image analyses using FFT have been performed to
study collagen structure of soft tissues,27,35 this technique
has not been previously applied to study fiber direction evolution across the tendon-to-bone insertion.
Histological studies showed evidence of fiber dispersion
away from the tendon axis at the unmineralized fibrocartilage as well as anchoring of the fibers into bone at the
fibrocartilage mineralization front.2,3,7,10 Previous studies13,14 have examined the microscale spatial distribution of
mineralization across murine rotator cuff insertions using
Raman microprobe analysis. The abundance of mineral and
collagen at any point was measured based on the intensity
of peaks corresponding to the P-O stretch from calcium
hydroxyapatite (Ca10(PO4)6(OH)2) and the C-C stretch from
the collagen protein, respectively. The spectral information
was obtained on a discrete basis at selected points. Complementarily, time-of-flight secondary ion mass spectrometry
(TOF-SIMS)38–47 can be used to obtain spatially continuous
molecular mapping from the upper most monolayer of the
tissue. In the past 20 years, TOF-SIMS has been a widely
used surface analysis technique for obtaining high-quality
spectra owing to its combination of high mass-resolution
(>10,000 M/DM), mass range (0–10,000 amu), spatial resolution (<300 nm), and simultaneous molecular mapping.
In the past, TOF-SIMS has been used for investigating
biological tissues for unknown molecules,42,45,46 polymer
characterization,47 and for identifying impurities on biomaterial surfaces of medical implants.41 The high surface sensitivity is attributed to the collision cascade energy (in the
keV range) being just sufficient for molecular bond-breaking
within the top 1–2 nm. Hydroxyapatite and other biomedically relevant calcium-phosphate phases have been previously characterized using this technique.43,44 For example,
traces of biomineralization were identified based on
calcium-phosphate deposits on the skin surface of a mummy
sample42 using TOF-SIMS. In the current study, we examine
the organic and inorganic constituents of the insertion fibrocartilage based on the intensity distributions of apatite and
collagen protein fragments at the porcine digital flexor tendon insertion.
The peculiarity of the insertion tissue arises from its
gradations in fiber direction and mineral concentration. This
study provides quantitative spatial descriptions of both
these properties. First, through fluorescence microscopy of
Hematoxylin and Eosin (H&E)-stained sections, the microstructure of the insertion tissue is examined along two
orthogonal planes. The corresponding fluorescent images
are analyzed based on FFT to obtain fiber orientation information across and along the insertion boundary. Second, a
continuous description of the apatite concentration and of
collagen protein is provided based on surface mass spectrometry using TOF-SIMS.
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prior to sectioning. 100 mm thick frozen samples sectioned
in the X-Z plane of tendon insertion were obtained at
2208C using a clinical cryostat (Leica CM1950, Leica, Wetzlar, Germany) and the unstained, unfixed samples were
mounted on glass slides. After intermediate storage at 48C,
the sections were left for freeze drying in the vacuum chamber of the TOF-SIMS 24 h prior to the actual analysis.

FIGURE 1. (a) Histological slides were prepared from different depths
in the horizontal plane (X-Z) and the sagittal plane (Y-Z) in the porcine
digital flexor tendon insertion tissue. Brightfield images at 4003 magnification (water immersion) obtained using a Zeiss Axioimager (Zeiss
Inc., Germany) microscope for (b. i–iii) sections on X-Z planes using
H&E staining, (b. iv–vi) VVG staining (scale bar 5 100 lm), (c) sections
on Y-Z planes using H&E and (d) VVG staining. Qualitatively, fiber orientation in the X-Z plane in (b) is centered around the direction of
physiological tension. The section at mid-depth (b.ii) reveals maximum fiber density, the least amount of dispersion, and the least cellular circularity. Closer to the surface, there is lower fiber density and
organization, accompanied by the increased presence of proteoglycans and cellular circularity. It is evident from (d.ii) in the Y-Z plane
that the collagen fibers are deviating away from the tendon axis and
toward the normal to the curved insertion boundary.

This study addresses the quantification of collagen structure through FFT image analysis and provides a fast and
accurate alternative to the polarized light microscopy
method, as well as characterizing the mineral composition
through high spatial resolution spectral analysis using TOFSIMS. The combination of both of these structural aspects
forms the basis for understanding the interconnection of
the collagen fiber structure with the mineralization network
at the insertion tissue to assist with designing effective biomimetic surfaces.

Fiber microstructure and orientation distribution
Image generation. Brightfield images at 4003 magnification (water immersion) were obtained using the Zeiss Axioimager (Zeiss Inc., Germany) microscope at the Cellular
and Molecular Imaging Facility at North Carolina State University. The collagen structures of both planes were imaged
using H&E staining and Verhoeff-Van Geison (VVG) staining,
respectively.
For image analysis using FFT, intrinsic fluorescence of
the H&E stain (i.e., the eosin dye) was being utilized for the
FFT-based orientation analysis and sections at mid-depth in
the horizontal and sagittal planes [shown in Fig. 1(b-ii,c-iv),
respectively] were imaged using a GFP fluorescence filter
set (excitation wavelength 5 450–490 nm and emission
wavelength 5 500–550 nm) at a 403 objective (water
immersion) [Fig. 2(a)]. Image analysis was performed after
cropping out the three regions of interest, namely pure
bone, insertion, and pure tendon, as shown in Figure 2(b)
and five different regions along the insertion boundary as
shown in Figure 3(b,c). Mean fiber orientation angle on
each image is indicated by a, and angle of normal to the
curved insertion boundary (that is, tidemark) is indicated
by b.
Image processing using FFT. Images from fluorescent
microscopy were converted from RGB to grayscale before
converting to the frequency domain by applying 2D discrete
Fourier transformation as shown in Eq. (1) by using the fft2
function in a custom MATLAB (2016b, MathWorks, Natick,
MA) script:31

METHODS

Sample preparation
Digital flexor tendon-bone units were removed from porcine
forelimbs procured from the local abattoir. We chose to
work with the digital flexor tendon is due to that it is one
of the larger insertion tissues that is easy to obtain. Two
samples were preserved for microscopy in 10% buffered
formalin under zero tension over 2–3 days prior to dehydration and decalcification. Specimens were processed for
standard paraffin embedded histology and sectioned in both
the horizontal (X-Z) and sagittal planes (Y-Z), as shown in
the schematic in Figure 1(a). In the horizontal plane, 25 lm
thick sections were obtained at 25 lm intervals throughout
the depth of the insertion tissue [blue planes in Fig. 1(a)]
and in the sagittal plane, 25 lm thick sections were
obtained at 50 lm intervals along the x-axis [or the mediolateral direction indicated by red planes in Fig. 1(a)].
For the purpose of the TOF-SIMS analysis, three samples
were preserved in Hank’s Balanced Salt Solution at 48C

M X
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ux
Fðu; vÞ5
f ðx; yÞe2i2pð M Þ2i2pð N Þ

(1)

x51 y51

In Eq. (1), x and y denote the pixel coordinates on the image
while u and v denote the frequencies corresponding to
changes in the pixel intensity across the image spatial coordinates. Total pixel count is given by M 3 N for each of the
cropped images in Figure 2(b). For example, in the tendon
region (T) the pixel count is 112 3 112. The simplistic case
of the regularly spaced alternating black and white stripes
on an image would correspond to a single harmonic frequency. The actual image being analyzed is thus the inverse
transformation of the superposition of such frequencies in
the x and y-directions.
The fftshift function is applied to the Fourier transform
to cluster the zero-frequency component in the middle of
the spectrum. The transform is converted to a log spectrum
of its magnitude to eliminate its imaginary component. By
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FIGURE 2. (a) H&E stained section in the X-Z plane was used for measurement of collagen fiber orientation in the bone (B), insertion (I), and tendon (T) regions. Fluorescent microscopy of the section was conducted using a GFP fluorescence filter set (excitation wavelength 450–490 nm,
emission wavelength 500–550 nm) at 4003 magnification (water immersion), (b) Mean fiber orientation is represented by a in the cropped
images, (c) FFT was applied to the cropped images. Angle of orientation of the white pixels on the FFT image is represented by !. (d) Orientation distribution based on FFT image pixels reveals similar angles of fiber orientation in the insertion and tendon regions. OI decreases from
bone to tendon, suggesting a decrease in fiber dispersion and an increase in anisotropy, in agreement with previous results based on polarized
light microscopy.2,3

means of noise filtering, the spectrum is shifted by its minimum value for the initial value to be zero and scaled down
by its highest value to produce the FFT as shown in Figure
2(c). The angle of orientation of white pixels on the FFT
image is represented by !.
Orientation distribution. Fiber orientation distribution is
interpreted based on the angular distribution of FFT image
pixels. By fitting the FFT image pixel data onto a circular
distribution, the number of pixels oriented along each incremental angle from 0 to p is obtained. The count of FFT
image pixels associated with each incremental angle is baseline corrected using the minimum value and the result is
normalized as a fraction of the maximum value. By numerical integration, the total area under angular distribution of

the normalized pixel count is obtained. Each individual pixel
count is further normalized by the total area to obtain the
unit area orientation distribution as shown in Figure 2(d). It
should be noted that the orientation distribution corresponds to the angular orientation of the FFT image pixels
with respect to the indicated coordinate system [Fig. 2(c)].
Mean angles of orientation associated with each of the three
regions of interest are calculated as the angles corresponding to the centroids of the respective distributions. Hence,
the peak angle in each distribution corresponds to the
direction of highest frequency content and is presumably
908 out of phase with the orientation of the fibers in the
cropped images in Figure 2(b). For example, in the tendon
region (T), the angle on the FFT (!) corresponding to a
peak value of orientation distribution is 878 as seen in

FIGURE 3. (a) H&E stained section in the Y-Z plane was used for measurement of collagen fiber orientation. (b) A stained tissue section was
imaged using a GFP fluorescence filter set (excitation wavelength 450–490 nm, emission wavelength 500–550 nm) at 4003 magnification (water
immersion). The angle of orientation of the normal to the curved insertion boundary is indicated as b. (c) Regions of interest for image analysis
were cropped out along the insertion boundary. Mean fiber orientation is represented by a. (d) Fiber rotation in the curved boundary was studied based on deviation of collagen fiber direction from the tendon axis (08). The results indicate that the normal to the insertion boundary is not
necessary parallel with the collagen fiber orientation a of tendon tissue.
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FIGURE 4. High resolution TOF images (500 3 500 lm) for (a) samples I, II, and III showing relative intensity distribution for (b) Ca1 ions (sput1
ions), (c) apatite fragment Ca2PO1
tering was employed to destroy organic molecular fragments [C3H1
3,
4 ] in the spectral neighborhood of Ca
and (d) collagen protein fragment CH4N1. (e) The relative concentration of each species across an insertion is calculated over the demarcated
1
13
200 3 500 lm area. The variation of Ca follows a linear trend concurring with previous results from Raman microprobing. The decrease in
CH4N1 from the tendon to the insertion indicates a drop in type I collagen content in the fibrocartilaginous insertion zone.2,3

Figure 2(d). This corresponds to a fiber orientation angle
(a) of 1778 (878 1 908 5 1778) in Figure 2(b). Similarly, in
the insertion region (I), the angle on the FFT (!) corresponding to a peak value of orientation distribution is 838
in Figure 2(d). This corresponds to a fiber orientation angle
(a) of 1738 in Figure 2(b). The fiber orientations [a in Fig.
3(c)] in the Y-Z plane of the tissue are measured in the
same manner and compared with angle of orientation of the
normal to the insertion boundary (b). Orientation index
(OI), used as a measure of fiber dispersion, is calculated as
the difference between the angles bounding the middle 50%
area under the orientation distribution curve. Hence, an
increase in randomization of fiber direction would correspond to shorter peaks and wider orientation indices.
Mineral distribution
TOF-SIMS analyses were conducted in the Analytical Instrumentation Facility at North Carolina State University using
the ION-TOF SIMS 5 (ION TOF, Inc., Chestnut Ridge, NY)
instrument equipped with aBim1
n ; ðn5125; m51; 2Þ liquid
metal ion gun, Cs1 sputtering gun, and electron flood gun
for charge compensation.
For high lateral resolution mass spectral images
acquired in this study, a burst alignment setting of 25 keV
Bi1 ion beam was used to raster a 500 3 500 mm area. The
secondary ion mass spectral data were obtained over a
range of mass/charge ratios from 0 to 160 with the mass
31
1
scale calibrated using Ca1 ; Ca1
2 Po , and CH4 N . High
intensity sputtering was employed to isolate the Ca1 from
organic fragments in its spectral neighborhood such as
C3 H1
3 . Secondary ions were extracted at the detector by preacceleration to a 10 KeV kinetic energy at 2 kV and analyzed based on their respective flight times from the sample
31
to the detector. Mass spectral peaks for Ca1 and Ca1
2 PO
fragments from calcium hydroxyapatite Ca10 ðPO4 Þ6 ðOHÞ2

were chosen to track the apatite gradient across the insertion. The CH4N1 peak was chosen for the indication of collagen type I extracellular matrix protein41 expressed
predominantly in both pure tendon and pure bone zones as
opposed to types II and X expressed only by the fibrocartilage transition.48
Analysis of secondary ion species. Three samples were
studied for their molecular compositions by recording the
31
respective counts of the secondary ions Ca1 ; Ca1
2 Po , and
1
CH4 N ejected from each 2 3 2 lm pixel area. Their
respective relative intensity distributions are shown in Figure 4. Variation of the relative concentration of each species
along the insertion is calculated over a prescribed 200 3
500 lm area in the region of interest for every sample spectral map as follows: Relative intensity of ion q at a distance
h from the tendon end along the insertion is calculated by
the count of ion q at h within a prescribed 200 lm width
divided by the total count within the 200 3 500 lm insertion area; q stands for any of the analyzed secondary ion
31
1
species from Ca1 ; Ca1
2 Po , and CH4 N , and h stands for
the distance from the tendon end ranging from 0 to 500
lm. The count of each species is only a qualitative measure
of its concentration on the test surface and is factored by
the ionization potentials of each species.
RESULTS AND DISCUSSION

Through histological image analyses we examined the
microstructure of 3D tendon-bone insertion tissue along its
two orthogonal planes and obtained fiber orientation distributions across and along the insertion boundary.
Immunohistology results showing three-dimensional collagen structure are summarized in Figure 1. Optical microscopy images (4003 magnification, water immersion) of
H&E and VVG-stained sections of horizontal plane (X-Z
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plane) in Figure 1(b) show variation in fiber organization
through the depth of the insertion (along Y). Results suggest
that global fiber orientations on all planes are centered
around the direction of the physiological tension. This
observation is supported by close proximity of mean orientation angles at the tendon, insertion, and bone regions as
shown later in Figure 2(d). The images reveal the insertion
tissue to be planar collagenous but not multilayered in
terms of the fiber orientation. As previously noted,6 sections
at mid-depth [1200 lm, Fig. 1(b)] reveal maximum fiber
density, the least amount of dispersion, and the least cellular circularity, while closer to the surface there is lower
fiber density and organization, accompanied by the
increased presence of proteoglycans and cellular circularity.
Variations in collagen structures along the medio-lateral
direction (along X) are shown through microscopy images
of H&E and VVG stained sections in the sagittal planes (Y-Z
plane) of the tissue, respectively [Fig. 1(c,d)]. Results suggest the insertion boundary of the digital flexor tendon is a
curved surface in the sagittal plane accompanied by the
rotation of collagen fibers from the direction of the tendon
axis toward the normal to the tidemark at each point on the
boundary. Gradual rotation of collagen fibers away from the
tendon axis at the point of insertion is qualitatively examined and results are presented in Figure 3.
Fiber orientation gradation across insertion regions on
the horizontal plane (X-Z plane) is studied quantitatively
through image analyses of histological data as summarized
in Figure 2. Fluorescent imaging of the mid-depth (1200
lm) horizontal plane (X-Z plane) [Fig. 2(a): H&E staining,
GFP fluorescence filter set with excitation wavelength 5 450–490 nm and emission wavelength 5 500–
550 nm, 403 objective, water immersion] was used to
selectively crop out images from regions of interest, namely
pure bone, insertion, and pure tendon, as shown in Figure
2(b), and FFT was performed using a custom MATLAB
code.31 Results of FFT shown in Figure 2(c) clearly indicate
gradation in the directionality of fiber orientation from the
bone to the tendon region. Although the angle corresponding to peak values of orientation distribution is maintained
across insertion, the progressive increase in the circularity
of the FFT image from the tendon to the bony end is a
reflection of the gradual decrease in the degree of anisotropy. This is in clear agreement with previous results from
polarized light microscopy which also concluded that there
is increased dispersion in fiber orientation at the bony end.6
Angular distribution of FFT image pixels [indicated as ! in
Fig. 2(c)] is obtained as a measure of the collagen fiber orientation distribution in each of the three regions of bone,
insertion, and tendon, and the results are presented in Figure 2(d). Thus, the orientation distribution of FFT at a given
angle (!) indicates the associated number of frequencies in
the frequency domain (or number of white pixels in the FFT
oriented at !). The direction perpendicular to fiber orientation on the image would correspond to a higher number of
associated frequencies and hence higher “orientation distribution.” The OI predictably increases from the tendon to the
insertion to the bone, suggesting a decrease in the
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directionality, that is, decreases in the anisotropy of the
fiber direction.
An important factor in the graded structure of the insertion tissue arises from the fact that collagen fibers from a
strictly unidirectional tendon tissue insert onto a curved 2D
bone surface. This gives rise to the need for collagen fiber
reorientation at the insertion. We investigated the angle of
rotation of fibers with respect to physiological axis in the
sagittal plane (Y-Z plane) section shown in Figure 3(a). By
performing FFT of insertion images at various points along
the tidemark, we compared the mean angle of fiber orientation [indicated as a in Fig. 3(c) and shown as shaded bars
in Fig. 3(d)] against the angle of inclination of the normal to
the curved boundary [indicated as b in Fig. 3(b) and shown
as orange bars in Fig. 3(d)]. The results indicate that the
normal to the insertion boundary (that is, the transition
from tendon to bone or vice-versa) is not necessary parallel
with the collagen fiber orientation a of tendon tissue [Fig.
3(d)]. Current surgical procedures for reattachment of tendon to bone often fail,49–53 owing to the unique transitional
fiber orientation or rotation along the insertion boundary
not being faithfully reconstructed. Our results suggest that
to successfully regenerate the tendon-to-bone transition, it
is of importance to have a complete understanding of a and
b variations (or relationships) along the insertion boundary;
it could be one of key factors enabling advanced treatments
for tendon-to-bone healing.
In previous studies,2,3,6 the four regions of the insertion
were qualitatively discretized using optical microscopy, and
collagen fiber orientation was measured using polarized
light microscopy. The latter takes advantage of inherent tissue birefringence, where a rotating stage is needed to capture the extinction angle as an indication of the fiber
direction. The polarized microscopy measurements showed
the collagen orientation in rat shoulder insertions to be consistent in the tendon and bone insertion regions, with the
distribution being less dispersed in the tendon side. Implementing the FFT method showed the same variation in fiber
distribution across the insertion as the polarized light
microscopy measurements, demonstrating its accuracy
alongside ease of implementation. However, an important
limitation in the FFT-based method is the indistinguishability of collagen fibers against other fibers such elastin, or
other stained features on the image. Also, crimping in the
fibers leads to the loss of high frequency data in the FFT
images. It may be useful to perform image analysis in
stretched configurations of fibers and also to investigate the
fiber rotation model under various biaxial tension protocols.
Further, elastin fibers being the other important structural
component in the tendon connective tissue, their distribution across the insertion may be quantified as part of fiber
study.
Another objective of the study was to track the gradation of mineralization along the insertion and to provide
spatially continuous, high resolution mapping of the molecular fragments of apatite and collagen protein using TOFSIMS as summarized in Figure 4. High resolution TOF-SIMS
images were obtained over 500 3 500 lm areas of three
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frozen insertion section samples as shown in Figure 4a.
Intensity distributions for Ca1 and Ca2PO1
3 [Fig. 4(b,c),
respectively] fragments look qualitatively identical, indicative of a common source of calcium hydroxyapatite
Ca10 ðPO4 Þ6 ðOHÞ2 . “Total count” indicated in Figures 4(b–d)
signifies the number of secondary ions captured in the TOFSIMS detector and “maximum count” indicates the number
of entities detected per 2 3 2 lm pixel area. The count of
each entity detected is hence a function of both its actual
concentration as well as its ionization potential. The count
of Ca1 is one order of magnitude higher than that of
Ca2PO1
3 , in spite of their identical spatial distributions evident from Figure 4(b,c). This is a consequence of fragmenta1
tion of Ca2PO1
3 to Ca as a result of sputtering.
Variations in apatite concentration were examined based
on the relative intensities of Ca1 and Ca2PO1
3 across the
insertion, calculated over a constant area of 200 3 500 lm
to eliminate errors due to inter-sample variability. We
reported linear gradation in mineralization across the insertion based on surface characterization by TOF-SIMS. This is
consistent with previous Raman spectroscopic observations
of the spatial variation of mineral-collagen content across
murine supraspinatus insertions.13,14
We found the intensity distribution of the collagen type
I extracellular matrix protein32 using CH4N1 [Fig. 4(d)] to
mirror the apatite distributions shown in Figure 4(b,c). This
peak was chosen because it is predominantly expressed in
both pure tendon and pure bone zones as opposed to types
II and X which are only expressed by the fibrocartilage tran1
sition. The organic fragment C3H1
4 mirrors that of Ca and
1
Ca2PO3 , showing a decreasing trend with respect to distance from the tendon end. Based on collagen type characterization studies,2,3 drops in CH4N1 may indicate the
fibrocartilaginous insertion zone. A previous study2,3 suggested collagen type I distribution across tendon-bone
insertions mirrors that of collagen type II. The former was
expressed predominantly in the pure tendon and pure bone
zones, with a dramatic decrease in the fibrocartilage. Since
a second peak in collagen type I is not manifested at the
bony end in this study, it may be that the elemental mappings are inclusive only of the fibrocartilage region beyond
#150 mm from the tendon end in the test area. It may be
useful to further characterize the intensity distributions of
other extracellular matrix proteins corresponding to collagen types II and X to confirm this hypothesis.
Spectral analyses using TOF-SIMS provided simultaneous
molecular mapping that could be directly used for the calculation of spatial concentration variations, replacing the tedious peak fitting methods associated with quantification of
Raman spectra. Also, the discrepancies between choosing
Raman peak intensities versus Raman peak areas are
bypassed given that the precise count of each species is
used for the quantification.14 The present technique therefore provides a spatially continuous measurement for the
entire sample area as opposed to pointwise spectral information, as in the case of Raman microprobing.
Wopenka et al.31 found a wider gradient region of 100
lm as opposed to the 25 lm wide region found by

Schwartz et al.13 at the developing murine enthesis in rats.
It is suggested that mineral gradient scales are expected to
change with organism size based on the suggestion that
matrix composition could possibly determine the transport
and concentrations of mineralization inhibitors.13 The 250
lm wide gradient region seen at the porcine digitor flexor
tendon insertion in this study is #10 times the mature cell
diameter in the fibrocartilage, as may be noted from the
scale of Figure 1(b). This confirms the hypothesis that the
gradient region scale is higher for larger organisms and
much larger than a single cell diameter.13
The experiments of this study are performed on porcine
tendon-to-bone insertions (that is, digital flexor tendon to
coffin/pedal bone). Pigs are ideal models for the development of regenerative medicine strategies/processes due to
their similar body size and physiology compared with
humans. However, these results may vary for other joints,
namely the supraspinatus and Achilles tendon insertions,
based on dissimilarities in bone anatomy. Incorporation of
tissues from other locations may also be valuable to this
study.
CONCLUSION

The insertion forms a functionally graded interface between
tendon and bone. This study addresses quantification of
gradual changes in: (1) the orientation distribution of collagen fibers on two orthogonal planes and (2) the relative
concentration of the organic and inorganic tissue components. We have implemented an FFT-based method for
determining collagen organization from histological sections
which is shown to be an efficient replacement for the elaborate polarized light microscopy method. This quantification
of collagen fiber orientation and dispersion across an insertion in this study is verified against measurements from
polarized light microscopy.2,3,10
Features at the micrometer scale are important factors
in the axial and shear moduli of tissue within the tendonto-bone insertion.7 Spectral mapping and micrometer scale
imaging of the insertion tissue was carried out using the
TOF-SIMS technique to capture relative abundances of its
biochemical components. Mineral volume fraction varies
inhomogeneously, although it is approximately linear across
the tendon-to-bone insertion tidemark. Similar compositional analysis of injured and healing tissues could help
explain functional differences relative to that of healthy tissue. The combination of FFT and spectral analyses provides
complementary information about the complex structural
properties of the inhomogeneous tendon-bone insertion tissue, and these results overall can pose important considerations in developing structure- and constituent-based
constitutive models and injury mechanisms under superphysiological loading conditions.
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