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Abstract
Tendon exhibits nonlinear stress-strain behavior that may be due, in part, to movement of collagen
fibers through the extracellular matrix. While a few techniques have been developed to evaluate the
fiber architecture of other soft tissues, the organizational behavior of tendon under load has not been
determined. The supraspinatus tendon (SST) of the rotator cuff is of particular interest for
investigation due to its complex mechanical environment and corresponding inhomogeneity. In
addition, SST injury occurs frequently with limited success in treatment strategies, illustrating the
need for a better understanding of SST properties. Therefore, the objective of this study was to
quantitatively evaluate the inhomogeneous tensile mechanical properties, fiber organization and fiber
realignment under load of human SST utilizing a novel polarized light technique. Fiber distributions
were found to become more aligned under load, particularly during the low stiffness toe-region,
suggesting that fiber realignment may be partly responsible for observed nonlinear behavior. Fiber
alignment was found to correlate significantly with mechanical parameters, providing evidence for
strong structure-function relationships in tendon. Human SST exhibits complex, inhomogeneous
mechanical properties and fiber distributions, perhaps due to its complex loading environment.
Surprisingly, histological grade of degeneration did not correlate with mechanical properties.
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Introduction
Tendon mechanical behavior is nonlinear and is characterized by an initial low stiffness toe-
region, followed by a high stiffness linear-region. This nonlinearity is critical to provide the
joint with functional range of motion (low stiffness) as well as stability and force transmission
(high stiffness). Restoration of both the nonlinear response and linear stiffness are also crucial
for restoring function following repair after injury. The toe-region is commonly associated
with the gradual recruitment of crimped collagen fibers and to fiber realignment due to
interaction between the fibers and extrafibrillar matrix, while in the linear-region, all collagen
fibers are believed to be taut and supporting load (1,2). Despite its crucial contribution to normal
function and repair success, tendon nonlinearity has received little attention and the role of
fiber realignment in tendon mechanical nonlinearity remains unclear. This is due, in part, to
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the lack of a suitable technique to measure fiber alignment and realignment as a function of
stress and strain in tendon.

Several approaches have been used to analyze the fiber architecture of tendon and other fiber-
reinforced soft tissues. Previously utilized techniques include optical and scanning electron
microscopy (3-5), scattering (x-ray, electron, light) techniques (6-8), optical coherence
tomography (2), and an application of fast Fourier transform imaging processing (9). These
techniques often require special tissue preparation (such as tissue fixation), complicated
equipment set-up, and/or long acquisition times, making them unsuitable for measuring fiber
alignment during mechanical testing. Polarized light microscopy has been used successfully
to evaluate fiber orientation for several different fiber-reinforced soft tissues including tendon
(3,10,11), cartilage (12), ligament (13), muscle (14) and mitral valve (15). Besides its use in
microscopy applications, polarized light imaging has been used recently to quantify fiber
angles continuously during mechanical testing of heart valve leaflets (16) and ligament (17).
While no study has yet quantified fiber realignment during tensile testing in tendon, this
relatively simple, non-destructible polarized light imaging technique may provide a suitable
approach for examining this behavior.

A particularly interesting tissue for examining nonlinearity and fiber realignment is the human
supraspinatus tendon (SST), one of the four rotator cuff tendons in the shoulder. Rotator cuff
damage due to degeneration and/or injury is a common cause of significant pain and disability
affecting the young and old alike. Different from many tendons, the SST must regularly
withstand a complex loading environment consisting of multiaxial tensile forces, compression
and shear, which are due to complex neighboring anatomy and the large range of motion of
the glenohumeral joint. This complex anatomy is likely responsible for the unique mechanical
and organizational properties that have been reported for this tendon. Previous work has
described a nonlinear mechanical response of human SST that is consistent with other tendons;
however, SST mechanical properties were also found to be highly inhomogeneous (18,19).
When the SST was split across the width (anterior to posterior) into three separate test samples,
the modulus, failure load and failure stress were found to be highest in the anterior region of
the tendon, then decrease posteriorly (18). In addition, two studies that evaluated differences
in tensile moduli through the thickness (superior to inferior) indicate small to no difference
(18,19). Organizationally, the collagen fiber network of human SST has also been described
as being highly inhomogeneous (20,21). Previous studies using histological methods have
qualitatively described SST as consisting of up to five distinct layers with varying degrees of
collagen fiber alignment through the thickness of the tendon (20). This study also described
an apparent splay in fiber orientation near the tendon-bone insertion, suggesting a higher degree
of alignment away from the insertion which may have implications for relative mechanical
strength along the tendon length. However, the fiber organization of SST has not yet been
thoroughly evaluated using a quantitative approach. In addition, the relationship between fiber
alignment and mechanical properties has not been evaluated, nor has fiber realignment under
load and its potential implications regarding tensile nonlinearity.

Therefore, the objective of this study is to quantitatively evaluate the mechanical properties,
fiber organization and fiber realignment under tensile load of human SST, as well as to utilize
these data to investigate structure-function relationships of this complex tissue. We hypothesize
that (1) mechanical properties will be location-dependent and most stiff in the tendon
midsubstance, (2) collagen fiber organization is inhomogeneous and realignment will occur
primarily in the toe-region of the mechanical test, and (3) there will be significant correlation
between mechanical and organizational properties.
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Methods
Sample preparation

Sixteen supraspinatus tendons (SST) were harvested from human cadaveric shoulders (average
age 57.4±15.0 years). Donors had no reported history of injury to the shoulder or rotator cuff,
and tendons with partial- or full-thickness tears were excluded. All soft tissue was removed
from around the tendon, leaving the supraspinatus muscle-tendon unit attached to the humerus.
Capsule tissue was then carefully dissected away, the supraspinatus muscle was removed and
the tendon was sharply detached from its humeral insertion. Tendon tissue was kept hydrated
with phosphate buffered saline (PBS) during dissection, sample preparation and testing.
Rectangular full-thickness samples (∼20×5mm) were cut parallel (longitudinal) to the tendon
long-axis from three distinct tendon locations (Figure 1; anterior, posterior, medial). In
addition, a full-thickness tendon piece was cut from the region between the anterior and
posterior samples and used for histological processing.

Samples were frozen to a microtome stage (Leica, Wetzlar, Germany) using embedding
medium. After leveling off the tendon surface, approximately 200μm of tissue was removed
prior to cutting an approximately 400μm-thick tissue slice representing the bursal (superior)
tendon surface. The sample was then removed from the microtome, turned over to the opposite
side, and refrozen to the stage. Once again the tendon surface was leveled off and approximately
200μm of tissue was removed. An approximately 400μm-thick slice was then cut representing
the joint (inferior) surface (order of cutting bursal vs. joint samples was randomized). Thus
each shoulder yielded six location-specific test samples (Figure 1): anterior-bursal (AB),
anterior-joint (AJ), posterior-bursal (PB), posterior-joint (PJ), medial-bursal (MB), and medial-
joint (MJ). Six to eight 0.5mm-diameter brass beads (Small Parts, Miramar, FL) were carefully
attached to the tendon surface using a small amount of cyanoacrylate in a grid pattern for strain
measurement. The evaluation of this grid of beads, which was placed in the center region of
the sample according to St. Venant's principle, provides a more accurate measure of the average
strain in this region than other commonly-used techniques (e.g., grip-to-grip strain,
measurements between two stain lines). Cross-sectional area was measured using a non-
contact, laser device (22) and sample ends were glued between pieces of double-sided
sandpaper using cyanoacrylate. Sample width and length were measured using digital calipers.
After allowing time for glue to dry, samples were loaded in custom-built aluminum grips prior
to testing.

Mechanical testing
Clamped samples were placed in a PBS bath and loaded in a tensile testing machine (Instron,
Norwood, MA) integrated with a custom-built polarized light and imaging system to quantify
fiber alignment during testing. This system consists of a linear backlight (Dolan-Jenner,
Boxborough, MA), two linear polarizing sheets (Edmund Optics, Barrington, NJ) oriented
perpendicular to one another on either side of the test sample, a stepper motor (Lin Engineering,
Santa Clara, CA) for polarizer rotation, and a high resolution digital camera (Imaging Solutions
Group, Fairport, NY) for image acquisition (Figure 2). Prior to testing, the stepper motor
encoder count was reset with the polarizer sheets set at a position corresponding to 0° of angular
rotation in order to initialize encoder count values. Tendon samples were ramped to failure at
a constant strain rate of 0.1%/sec from a slack position to ensure that the toe-region was not
inadvertently missed. Based on preliminary studies, a tare stress of 0.0075 MPa was used to
establish the zero stress-strain state. Images were acquired every 5 seconds for optical strain
analysis. In addition, sets of 15 images were acquired every 10 seconds as the polarizers rotated
through a 135° range.
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Data analysis
A custom Matlab program (Matlab, Natick, MA) was used to optically track the center point
of each of the beads placed on the tendon surface for images throughout the ramp to failure.
From these coordinates, two-dimensional Lagrangian strain (E11, E22, and E12) was
calculated using tensor algebra to compute the finite deformation gradient, translation vector
and subsequent strain values (23). Stress was calculated as force divided by initial cross-
sectional area. A bilinear curvefit was applied to the stress-strain data in order to quantify the
modulus in the toe- and linear-regions, as well as the stress and strain values corresponding to
the transition point of the bilinear fit (Figure 3). Poisson's ratio was calculated as the negative
slope of the strain-displacement curve in the transverse direction, divided by the slope of the
strain-displacement curve in the loading direction (24).

Fiber alignment was calculated throughout testing from the sets of 15 polarized images. Briefly,
images of the tendon surface were divided into rectangular areas (15-wide × 30-long = 450
total areas). Pixel intensities were summed by area, per image and plotted vs. corresponding
angle of polarizer rotation. A sine wave was fit to the intensity-angle data using a least-squares
curvefit in Matlab. These curvefits were used to determine the angle corresponding to minimum
pixel intensity, which represents the average direction of the area's collagen fiber alignment.
A limitation of this crossed polarizer method is that fiber angles can only be calculated within
a 90° range (±45° to the predominant fiber direction) rather than the full 180° range of possible
orientations. To overcome this limitation, fibers were assumed to always rotate towards the
loading direction. Angle-time plots were created for each area to evaluate direction of fiber
rotation (towards or away from the loading direction). Areas that exhibited angle values that
moved away from the loading direction were corrected (±90°) as appropriate. After calculating
average angle values for each area, alignment maps and histograms were created by compiling
values from all areas (Figure 4). Circular variance (VAR), a measure of the distribution of
collagen fiber alignment across the tendon surface, was calculated at zero strain, transition
strain (intersection of the toe- and linear-regions) and linear-region strain (2× transition strain).
Fiber realignment in the toe region was evaluated by comparing VAR values at the zero and
transition strains, while linear-region realignment was evaluated by comparing VAR values at
the transition and linear-region strains.

Histology
Full-thickness SST samples (∼20×5mm) taken from the region between the anterior and
posterior mechanical test samples were used for histological analysis. After dissection, tissue
was fixed in 10% neutral buffered formalin for 48 hours. Samples were subjected to a standard
processing protocol, embedded in paraffin and sectioned at 7μm. Representative sections from
four levels evenly spaced through the thickness were stained with hematoxylin and eosin.
Blinded sections were evaluated by two independent graders according to a modified semi-
quantitative tendon degeneration grading scheme (25). According to this grading scale, grade
1 corresponds to a strong sense of collagen fiber organization, low cellularity and low
vascularity (i.e. healthy tendon). Grade 2 shows regions of strong collagen alignment but lacks
consistency and exhibits low to medium levels of cells and vasculature. Grade 3 is demonstrated
by general disruption of collagen organization and medium cellularity and vascularity. Finally,
grade 4 represents complete disorganization of the collagen fiber network and high levels of
cells and vasculature (i.e. highly degenerate tendon). For each section, four images were taken
under a microscope (25× magnification) along the length of the sample. A grade was given for
each image, at each thickness level, resulting in 16 scores per shoulder per grader. An overall
grade was calculated for each shoulder by averaging the combined scores.
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Statistical analysis
Shapiro-Wilk tests indicated non-normally distributed data, so non-parametric statistical tests
were utilized for all data analysis. For all statistical analyses, significance was set at p<0.05,
trends at 0.05<p<0.1 and Bonferroni corrections were made for number of comparisons to
remain conservative in our data interpretation. Mechanical parameter values (toe-region
modulus, linear-region modulus, Poisson's ratio, transition stress, transition strain) were
compared for tendon location (AB, AJ, PB, PJ, MB, MJ) using Kruskal-Wallis tests followed
by Mann-Whitney post-hoc tests. Fiber realignment during testing was evaluated within each
tendon location using Friedman tests to compare VARzero to VARtransition (toe-region
realignment) and VARtransition to VARlinear (linear-region realignment), followed by Wilcoxon
signed-rank post-hoc tests. Spearman rank correlation coefficients were calculated to evaluate
correlations between location-specific median modulus values and location-specific median
VARzero values. Finally, the effect of degeneration on mechanical properties was investigated
by calculating Spearman rank correlation coefficients between histology grade and each of the
mechanical parameters. Due to its non-normality, all data is presented as median and
interquartile range.

Results
Moduli values were highly nonlinear (∼10× linear/toe region ratio) and highly inhomogeneous
(Figure 5). For both toe- and linear-regions, the posterior samples had significantly lower
moduli values than both the anterior and medial samples (compared within bursal/joint level),
and there was a trend for a higher modulus in medial compared to anterior (MB/AB). There
were no differences between bursal and joint moduli values within any of the three locations
(A, P, M). This pattern of inhomogeneity was repeated for the transition stress values (Table
1), however only the MJ-PJ comparison was statistically significant. For transition strain
values, the posterior bursal values were greater than corresponding anterior and medial samples
(Table 1). Median Poisson's ratios for both medial locations were near zero and were
significantly less than anterior (Table 1).

Circular variance values (VAR) demonstrate fiber realignment in the toe-region
(VARtransition-VARzero) of samples from all tendon locations (Figure 6). In addition, there was
significant realignment in the linear-region (VARlinear-VARtransition) of the anterior and
posterior samples, but not medial samples. The degree of fiber alignment at zero strain was
highly dependent on tendon location (Figure 7a). Specifically, the medial samples were more
highly aligned than the anterior and posterior samples (compared within bursal/joint level).
The anterior samples were also more aligned than the posterior samples within the joint samples
(PJ/AJ).

There was a negative correlation between median zero strain variance values and the median
linear-region moduli (rs=-0.83, p=0.058, Figure 7b). There were also significant correlations
(not shown) between VARzero and toe-region modulus (rs=-1.0, p=0.003), transition strain
(rs=0.89, p=0.033) and transition stress (rs=-0.94, p=0.017). The correlation for Poisson's ratio
was not significant (rs=0.6, p=0.24).

Average specimen histology grades were distributed over a large range of scores (∼1.5 – 3.5)
indicating varying levels of degeneration. Due to the semi-quantitative nature of these scores,
a rank statistical test (Spearman) was used to evaluate correlation. There were no significant
correlations of histology grade with any of the mechanical test parameters (toe- and linear-
region modulus, transition stress/strain, and Poisson's ratio), circular variance values or donor
age (not shown).
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Discussion
This study provides a quantitative description of the collagen fiber organization of
supraspinatus tendon samples and examines how that fiber distribution realigns under uniaxial
tension. Fiber distributions were seen to become more highly aligned when samples were
loaded, consistent with work in other soft biological tissues (9,16). We hypothesized that fiber
realignment would occur primarily in the toe-region of the stress-strain response, which would
suggest that nonlinear tendon mechanics may be due, at least in part, to movement of the fibers
through the extrafibrillar matrix. While there was significant realignment in the toe-region for
all tendon locations, there was also significant realignment during the linear-region in four of
the six specimen groups. The medial samples (MB, MJ) were seen to only experience fiber
realignment during the toe-region, perhaps due to the much higher degree of initial fiber
alignment. These results indicate that fiber realignment may contribute to mechanical
nonlinearity, especially in highly aligned tissues. However in the anterior and posterior
locations evaluated in this study, which are much less aligned than the medial samples,
realignment occurred throughout the loading protocol indicating that other factors must also
be responsible for the observed nonlinear stress-strain response. One likely contributor is
collagen uncrimping with load. Collagen fibril crimp was not evaluated in the current study
because of the small scale at which it occurs relative to the fiber-level measurements examined
here. However, several studies have demonstrated that the crimping pattern observed in slack
collagen fibrils disappears when relatively small magnitude levels of strain are applied to
tendon/ligament samples, suggesting that the toe-region stress-strain response is due to the
gradual recruitment of fibril straightening (2,4-6). It is likely that tendon nonlinearity is due to
several contributing/interacting factors, of which both fiber realignment and fibril uncrimping
play a role.

In agreement with our hypothesis, there were strong correlations between the initial fiber
alignment (at zero strain) and mechanical properties. Toe-region modulus, linear-region
modulus and transition stress all exhibited significant negative correlations with VARzero
values. Thus, the degree to which collagen fibers are initially aligned predicts the subsequent
mechanical response, with higher initial alignment (small VAR values) corresponding to higher
(stiffer) mechanical properties. Transition strain, on the other hand, had a significant positive
correlation with zero strain variance values. In other words, samples with less aligned initial
fiber distributions were strained to a larger degree (a longer toe-region) before transitioning to
the linear-region. For example, the median transition value for samples from the highly-aligned
medial locations was 2.6% strain compared to a median value of 6.4% transition strain for the
less-aligned posterior samples. These two groups also experienced very different amounts of
fiber realignment during the toe-region. VAR values decreased by an order of magnitude
greater for the posterior samples than the medial samples during the toe-region (median ΔVAR
= 0.030 and 0.001, respectively). Therefore, not only does the initial collagen fiber alignment
correlate with mechanical behavior, but subsequent realignment data is strongly related as well.
Taken together, these correlations demonstrate strong structure-function relationships in SST
tendon.

This study reports the mechanical properties of samples from six specific locations of the
human SST. In agreement with our hypothesis, the properties were inhomogeneous and most
stiff in the medial samples. While this is the first study to report the mechanical properties of
the medial SST, the pattern of linear-region moduli inhomogeneity for the anterior and posterior
samples agrees with previous work. Specifically, moduli values decreased in an anterior-
posterior direction and there were no consistent differences between bursal-joint samples
(18,19). In our study, the ratio of anterior/posterior linear-region moduli values was
approximately 3.2 compared to an approximate ratio of 2.6 in the study by Itoi et al., with a
approximate range of moduli values of ∼10-140 MPa and ∼45-170 MPa, respectively for the
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two studies (18). Given the differences in testing protocols, this represents strong consistency
between data from these two studies.

In addition to inhomogeneous mechanical parameters, this study also presents quantitative fiber
alignment data demonstrating organizational inhomogeneity for human SST. The fiber
distributions and tensile properties of SST may be due to the complex loading environment of
the rotator cuff. The anterior and posterior locations were less aligned and had smaller moduli
values than the medial location. This may be due to the complex multiaxial loads that these
locations experience, such as off-axis loads near the tendon-bone insertion or due to acromial
impingement. The medial samples, on the other hand, are located away from both the insertion
site and the acromion and exhibit higher moduli and high levels of fiber alignment consistent
with more typical tendons. Finally, it is possible that the less stiff posterior tissue may be
responsible for tear initiation and propagation of supraspinatus tears in the posterior direction
observed clinically.

Surprisingly, there were no significant correlations between mechanical parameters and
histological grade. Sano et al (26) reported a significant negative correlation between ultimate
tensile stress and degeneration score when testing strips of SST still attached to the humerus.
However, this previous study only assessed degeneration at the insertion, did not exclude partial
SST tears prior to testing, and did not evaluate any other mechanical parameters (such as
modulus). It is likely that shoulders with partial- or full-thickness tears have more overall
degeneration than non-torn shoulders; however our study excluded shoulders with tendon tears.
While our histology scores did span a relatively large range of our grading scale, it is possible
that they remain in the lower range of all possible levels of degeneration due to the exclusion
of torn tendons. Alternatively, moduli in human SST could truly be independent of
degeneration, similar to human annulus fibrosus tissue (27,28). Due to a lack of distinction
between normal (“healthy”) and degenerate samples, all data was grouped together for this
study.

This study is not without limitations. First, the crossed polarizer method developed and utilized
in this study can only measure fibers ±45° of the tendon long-axis (90° total range), instead of
the full ±90° that contains all possible fiber orientations (180° total range). While other methods
could have been used to quantify fiber angle, we selected the cross-polarizer method as the
simplest for setup and analysis that would provide the data needed. This required us to make
angle value corrections based on the requirement that fibers must reorient towards the direction
of loading. Second, there is a certain degree of anatomical variability in human cadaver tissue
making it difficult to harvest tissue samples from identical locations across different tendon
specimens. In order to maximize the repeatability of harvest location (across length/width and
through thickness), a single individual prepared every sample according to a consistent
protocol. Given the significant differences observed in this data set, we conclude that this
limitation had a negligible effect.

In conclusion, this study provided insight into the current understanding of tendon fiber
organization, fiber realignment under load and how these organizational characteristics
correspond to mechanical nonlinearity. This study has also provided valuable data regarding
the specific mechanical and organizational properties of human SST. This data is necessary if
clinicians are to properly understand, predict, prevent, and treat supraspinatus degeneration
and injury. This study has greatly enhanced the current understanding of the complex properties
of this tissue and demonstrated the strong correlation between mechanical/organizational
properties. When planning treatment or replacement strategies for SST injury and disease,
surgeons must appreciate this complexity and the nature of SST structure-function
relationships, which indicate the importance of maintaining or restoring the native structural
organization in order to preserve mechanical integrity. In addition, the organizational and
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mechanical data presented here can provide vital guidelines for developing tissue-engineered
tendon replacements. Future work will utilize multiaxial loading and mathematical models to
further investigate properties and structure-function relationships of tendon.
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Figure 1.
Harvest location of six human supraspinatus tendon samples (schematic represents a tendon
taken from a right shoulder)
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Figure 2.
Angled side-view of tendon tensile testing setup showing polarized light and imaging system:
light source, rotating cross-polarized sheets, stepper motor and camera.
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Figure 3.
Example bilinear curvefit of stress-strain tensile data; arrows indicate the zero, transition and
linear strain values
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Figure 4.
Sample alignment maps and histograms at zero, transition and linear strain levels demonstrate
increasing fiber alignment with increased strain (VAR values = 0.12, 0.09, and 0.06,
respectively)
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Figure 5.
Modulus in the toe- (left) and linear-region (right) depict inhomogeneous and nonlinear (note
scale of y-axes) tensile properties of supraspinatus tendon (median and interquartile range;
*=significant, #=trend)
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Figure 6.
Circular variance values (VAR) show inhomogeneous fiber distributions, increasing alignment
in the toe-region (zero to transition strain) of all tendon locations and in the linear-region
(transition to linear strain) of anterior (AB, AJ) and posterior (PB, PJ) samples (median and
interquartile range; *=significant, #=trend)
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Figure 7.
(A) VAR values at zero strain demonstrate organizational inhomogeneity; (B) median VAR
values correlate significantly with mechanical parameters such as linear-region modulus
(rs=Spearman rank correlation coefficient); (both plots depict median and interquartile
range;*=significant)
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