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ABSTRACT
The mechanical properties of tendons measured in vitro have been reported previously. However, attempts to measure the
elastic modulus in vivo have been limited to estimates of the properties based on indirect methods. The purpose of this paper
is to introduce the use of vibrational optical coherence tomography (VOCT) to measure the resonant frequency and modulus
of patellar and Achilles tendons.
VOCT is a non-invasive and non-destructive method that uses infrared light and audible sound to create a displacement of
skin. This displacement of skin subsequently leads to vibrations of subcutaneous tissues as deep as 4 cm. The result of these
vibrations is a measured spectrum of resonant frequencies of all vibrating tissues that are recoded using VOCT. The measured
resonant frequencies are converted into bulk modulus values using a calibration curve.
Results reported in this paper indicate that the cutaneous resonant frequency reflecting the behavior of the patellar and Achilles
tendons is about 440 Hz. The calculated in vivo strain is about 2.5% based on reported stress-strain testing in vitro and the
calculated elastic modulus is about 34 MPa for both tendons. Using VOCT, elastic modulus measurements made in vivo
provide insight into the physiology and pathology of tendon as well as the mechanisms of injury. In addition, alterations in
tendon structure and function due to genetic mutations, mechanical injury, and aging effects can be evaluated. Measurements
using VOCT can also provide a quantitative basis for evaluating treatment efficacies for tendon injuries.
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1. INTRODUCTION
Tendon and ligaments are multi-component elements that

animals is an important mechanism that saves substantial

cyclically transmit force and store elastic energy in the

quantities of muscular energy [4-6]. Extensive research on

absence of permanent changes in length [1-3]. Elastic

the structure and properties of tendons and ligaments has

energy storage in tendons in the legs and feet of many

led to a detailed model of these tissues [3,7-11]. The major
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component of tendon is the collagen fibril that is made up

thickness [18-25]. These measurements have been used to

of quarter-staggered collagen molecules packed into a

identify the type of skin lesions and follow wound healing

quasi-hexagonal packing pattern [3]. The fibrils are in turn

and scarring of skin [18-28]. The image depth using

packed into fibril bundles that make up the fascicular units

optical coherence tomography is limited to about 2 mm,

within the tendon [3].

however, when a sound wave is applied to the skin the
resonant frequencies of the reflected sound waves from

The mechanical properties of model tendons composed of
reconstituted type I collagen fibers have been studied
extensively [12-15]. The modulus and strength of the
fibers requires the presence of end-to-end crosslinks
between collagen molecules in the collagen quarter
staggered packing pattern [13-15]. In the absence of

internal tissues as deep as 4 cm can be measured on the
surface of the skin. Using VOCT it is possible to detect the
resonant frequency and calculate the average bulk
modulus of underlying tissue structures based on the
resonant frequencies observed from the skin vibrational
spectrum.

crosslinks, self-assembled collagen fibers behave in a
predominantly viscous fashion and lack the ability to store

The purpose of this paper is to present preliminary in vivo

energy and return to their original length after unloading

measurements of the resonant frequency and modulus of

[13-15]. However, crosslinked collagen fibers can store

patellar and Achilles tendons. The results of these studies

about 70% of the applied energy during deformation [13-

suggest that the average bulk elastic modulus of human

16] and this energy can be transmitted and dissipated

tendons can be measured in vivo using VOCT.

without causing tendon failure [3,13-16]. Therefore the
ability of tendon to store, transmit and dissipate elastic

2. METHODS

energy required for locomotion is an important property of

Vibrational optical coherence tomography (VOCT)

these tissues [3]. The results of one study suggest that

and vibrational analysis in vivo

measurements of the elastic modulus of tendons can be

VOCT is a non-invasive and non-destructive method that

used to predict the ultimate tensile strength for diseased or

uses infrared light and audible sound to create a

injured tendons [17]. Therefore, it would be useful to non-

displacement of skin [18-28]. The displacement of the skin

invasively measure the elastic modulus of tendons in vivo

causes vibrations in subcutaneous tissues that are reflected

in order to analyze the pathophysiology of tendon injury.

back to the skin. The result is a spectrum of resonant
frequencies that are recorded by measuring the

Recently, we have developed a method to non-invasively

displacement of the skin as a function of frequency. The

image and measure the mechanical properties of human

measured resonant frequencies are converted into modulus

epidermis and dermis in vivo using a combination of

values using a calibration curve developed based on in

optical coherence tomography and vibrational analysis

vitro uniaxial mechanical tensile testing [18-28].

[18-25]. The technique is termed vibrational optical
coherence tomography (VOCT) and provides an image

Experimentally, the VOCT hand piece is placed in a stand,

that can be quantitatively analyzed by scanning the pixel

as described previously [18-28], and then the infrared light

intensity [18-25]. Using VOCT, the resonant frequency

is focused on the area of skin above the patellar or Achilles

and modulus (stiffness) of both the cellular and

tendon. An OCT scanning image of the skin is obtained to

macromolecular components can be measured. The

insure that the epidermis and dermis are normal [18-25].

stiffness of the epidermis and dermis can then be

Cutaneous displacement is generated using audible sound

calculated from the resonant frequency and tissue

by placing a blue tooth speaker near the skin as discussed
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previously

[18-28].

The

spectral-domain

optical

mechanical spectrum generated by the components of the

coherence tomography (SD-OCT) system uses a fiber-

tissues that vibrate [18-28]. Weighted displacement is

coupled superluminescent diode light source with an 840

normalized by dividing by the displacement of the speaker

nm center wavelength and 100 nm bandwidth (full-width

in the absence of the sample. The bulk modulus is obtained

at half maximum) [18-28]. Although the infrared light

from the measured resonant frequency and sample

only penetrates about 0.5 mm to 1 mm into the skin the

thickness and using Figure 1.

audible sound will penetrate about 4.0 cm through the
subcutaneous tissues.
Tests were conducted on 15 volunteers with ages ranging
from 24-70-years old after informed consent was obtained.
All studies were conducted at 75°F and 40% to 50%
relative humidity. A frequency generating app was
downloaded onto the I5 processor within the OCT device.
This app was capable of driving the speaker between 30
Hz and 20,000 Hz [15-28]. The speaker was placed in
several locations near skin on the knee and back of ankle
but was not in contact with the skin. During in vivo
measurements, no sensation of the light or sound is felt
impinging on the skin.

Figure 1: Calibration curve showing relationship between
modulus times the sample thickness versus the resonant
frequency determined in vitro from tensile and vibrational
measurements made on the same material at the same time.

The resonant frequency of each sample is determined by
measuring the displacement of the skin resulting from
sinusoidal driving frequencies ranging from 30 Hz to 600
Hz, in steps of 10 Hz. The peak frequency (the resonant
frequency), fn, is defined as the frequency at which the
displacement is maximized as discussed previously [1528]. The moduli of skin and tendons are calculated from
measurements of the resonant frequency, skin thickness,
and images of the skin. Moduli are then obtained from a
calibration curve that relates resonant frequency and
thickness to modulus values (Figure 1). The moduli of the
samples are obtained by determination of the resonant
frequency from a plot of weighted displacement versus
frequency (Figure 2) and then by dividing by the skin

Figure 2: Weighted displacement versus frequency for
normal skin of the hand. Note the resonant frequency of the
cellular epidermis is seeing at frequencies between 50 Hz
and 70 Hz while that of collagen of the dermis has a
resonant frequency between 100 Hz and 140 Hz (Table 1).

thickness obtained from the OCT image. The skin
thickness is used since vibrations from the subcutaneous
tissues give rise to vibrations on the surface of skin
characteristic of each tissue vibrating. The weighted
displacement

versus

frequency

curve

becomes

a

The original grayscale OCT images of skin are pseudo
color-coded based on the pixel intensities to provide better
images of the tissue components as describe previously
[18-25]. The enhanced OCT images use darker colored
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(blue and purple) regions to reflect lower pixel intensities

further measurements are needed on isolated tissues to

while the lighter (yellowish) regions reflect higher pixel

confirm this hypothesis The peak observed at about 100

intensity regions (Figure 3).

Hz in Figure 4 represents that of the skin as previously
reported: that observed at a frequency of 440 Hz is that of
the patellar tendon.
Both patellar and Achilles tendons were found to have
resonant frequencies of about 440 Hz and moduli of about
34 MPa (Table 1). Normal skin above the patellar tendon
was found to have a modulus of 2 MPa to 3 MPa similar
to that of skin reported previously [18-28].
LaCroix et al. [17] have published a study of ultimate

Figure 3: Enhanced OCT image of normal skin from the

tensile strength versus elastic modulus determine from the

hand (Left) showing the different layers of the epidermis
including the stratum corneum (C), lamina lucidum (L),
papillary dermis (P) stratum basale (B) and the stratum
granulosum (G). Skin on left hand side of the normal skin is
a scar. The skin above the patellar tendon is shown on the
right. Note the black vertical lines are from the hair follicles
that protrude through the skin.

slope of the tensile stress-strain curve. They concluded
that a single plot of this data for tendons from humans and
animals has slope of 0.0932 and a strain at failure 9.7%.
Using this relationship and the modulus calculated from
vibrational studies 34 MPa, then the calculated value of
UTS for these tissues is 365 MPa.

3. RESULTS
Images, resonant frequencies and moduli were measured
for skin, patellar tendon and Achilles tendons on 15
subjects. A typical enhanced OCT image of the skin above
the tendons is shown in Figure 3.This image, resonant
frequency and modulus data indicate that the cutaneous
measurements are similar to measurements reported
previously [18-28] (Table 1). The skin shows the cellular
layers of the epidermis as well as the collagen in the
papillary dermis. Figure 2 is a weighted displacement
versus frequency curve for normal skin away from the

Figure 4: Weighted displacement versus frequency of

tendon illustrating that there is a small cellular peak at

skin above the patellar tendon (left) and Achilles (right).

about 50 Hz - 70 Hz and a collagen peak at about 100 Hz

The patellar tendon exhibits a collagen peak at about 100

- 140 Hz. The resonant frequencies and moduli of skin and

Hz and peaks at 300 Hz, 350 Hz, and 440 Hz. The

the tendons measured are listed in Table 1. In the case of

Achilles tendon has a large peak at 440 Hz.

the tendons, the cellular and collagen peaks of the skin are
overshadowed by the large tendon peak at 440 Hz. For
patellar tendon additional peaks are observed at about 300

The modulus as a function of strain for patellar tendon
calculated from the data reported by Innocenti et al. [29]

Hz and 350 Hz. These peaks likely arise from the synovial

is shown in Figure 5. Using Figure 5 and the experimental

covering and/or fat pad on top of the tendon; however,

modulus 34 MPa, see Table 1, the value of the in vivo
strain appears to be about 2.5% based in vitro testing. This
15
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strain value is consistent with the patellar tendon operating

reflects defibrillation of the collagen fibers that lowers the

at the intersection between the low and high modulus

tendon stiffness [3,9].

regions in vivo.

Table 1: Moduli values for cellular and collagen

Figure 5: Modulus as a function of strain calculated for
patellar tendon from Innocenti et al. [29]. Note patellar
tendon appears to operate at the beginning of the linear
region of the stress-strain curve. The in vivo strain for
patellar tendon in a non-weight bearing state appears
about 2.5%.

4. DISCUSSION
The ability of tendon to bear loads, store, transmit and
dissipate elastic energy depends on the structure and
stability of collagen molecules, fibrils, fibril bundles and

components of skin and tendon measured using OCT and
vibrational analysis. Note that the vibrational spectrum of
skin and subcutaneous tissues are all seen in Figure 4. In
patellar tendon, the peak for skin collagen is between 100 Hz
and 140 Hz similar to that seen for the hand. The modulus for
skin collagen is between 2 MPa and 3 MPa. The peak seen at
440 Hz has a modulus of about 34 MPa for both the patellar
and Achilles tendon. The collagen modulus for patellar
tendon 34 MPa, occurs in a tensile stress-strain curve at a
strain of about 2.5%. The resonant frequencies are given in
Hz and the moduli in MPa. Values for the resonant frequency
for the cellular component of skin over the patellar and
Achilles tendon could not be calculated because the peaks
were too small (NA). The skin collagen peak over the
Achilles tendon was also too small to measure. The standard
deviation of the moduli values is listed in parentheses { }.

fascicles [1-11]. The energy storage capability has been
modelled to involve the flexible regions in the collagen

In this study we present data to evaluate the in vivo

triple helix [30-32]. Their ability to undergo reversible

stiffness of human patellar and Achilles tendons. Using a

deformations is driven by free energy considerations

new technique, termed vibrational optical coherence

involving flexible Gly-X-Y sequences [32].

tomography, it is possible to measure the frequencies at
which the displacement of the major tissue components

An additional requirement for energy storage is the

are maximized [18-28]. The modulus is then calculated

presence of end-to-end crosslinks between neighboring

from a calibration curve developed using uniaxial tensile

collagen molecules that form a continuous stress bearing

data obtained in vitro [25-28]. Our results suggest that the

network [3]. Without these crosslinks deformation of

modulus of patellar and Achilles tendons is about 34 MPa,

collagen fibers is predominantly a viscous event leading to

and the calculated in vivo strain based on in vitro testing

permanent deformation of the collagen fibers and

data [29] is about 2.5%.

premature fiber failure [3,8,9]. The decrease in the
modulus of patellar tendon (Figure 5) prior to failure

These results suggest that under normal physiological
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conditions both tendons operate at the beginning of the

5. CONCLUSION

linear region of the stress-strain curve. This suggests that

Preliminary measurements of the elastic modulus of

the crimp seen morphologically in tendons during tissue

patellar and Achilles tendons in vivo are reported using a

dissection may not exist in vivo. The crimp maybe

new technique, vibrational optical coherence tomography

removed by the tendon pretension required to maintain

(VOCT). The measured modulus in vivo of patellar and

normal tissue metabolism through mechanotransduction

Achilles tendons with no load bearing is 34 MPa. Using

[3,21].

this modulus value and based on in vitro stress-strain
curves for patellar tendons, it is concluded that the

The ability to measure the elastic modulus non-invasively
and non-destructively in vivo may provide the ability to
link elastic modulus measurements, predicted tendon

estimated strain in vivo is about 2.5%. This value
corresponds to measurements found in vitro at the
beginning of the linear stress-strain region.

strength, and tendon pathology. These measurements are
useful to understand tendon failure and injury. Tissue

Use of VOCT to measure the elastic modulus of tendons

analysis using VOCT would add insight into the

in vivo may help clinicians and researchers better

mechanisms of injury as well alterations in tendon

understand failure and injury to this tissue. Such an

structure and function due to genetic mutations,

analysis would add insight into the mechanisms of injury

mechanical injury, and aging effects. It would also provide

as well alterations in tendon structure and function due to

a quantitative basis for evaluating treatment efficacies for

genetic mutations, mechanical injury, and aging effects. It

tendon injuries.

also would provide a quantitative basis for evaluating
treatment efficacies for tendon injuries.
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