OJCRR

ISSN: 2693-4965

Online Journal of

Online Journal of

Cardiology

Research &Reports

Research Article

Cardiology Research & Reports

DOI: 10.33552/0JCRR.2021.05.000603

lris Publishers

Copyright © All rights are reserved by Frederick H Silver

In Vivo Non-Invasive Analysis of the Mechanical
Properties of Vessel Walls using Vibrational Optical
Coherence Tomography

Frederick H Silver!?*, Nikita Kelkar? and Tanmay Deshmukh?
!Department of Pathology and Laboratory Medicine, Robert Wood Johnson Medical School Rutgers the State University of New Jersey, USA

2OptoVibronex, LLC, USA

*Corresponding author: Frederick H Silver, Department of Pathology and

Received Date: February 26, 2021

Laboratory Medicine, Robert Wood Johnson Medical School, Rutgers, the State

University of New Jersey, Piscataway, New Jersey, USA.

Published Date: March 19, 2021

Abstract

In this study we use vibrational optical coherence tomography and ultrasound to image and measure the mechanical properties of arteries

and veins in vivo at rest and after running. Our results suggest that several arteries and veins are tethered together via the surrounding ECM, both
laterally and longitudinally. The collagen fibers and smooth muscle cells of arterial and venous walls give rise to a mechano-vibrational peak at
140-160 Hz with a modulus of between 4 and 5 MPa. Exercise increases the arterial modulus by about 2 MPa and can influence the properties of
surrounding arteries and veins via the adjacent extracellular matrix. It is concluded that lateral vascular tethering results in effective stress transfer
between arteries and neighboring veins. This limits stress concentrations and transmits mechanical information between the arterial and venous
sides of the vascular system. Longitudinal tethering provides mechanical coupling up and down the arterial system that conveys loading information
via the wall shear stress wave that propagates through the vascular tree. In this manner local changes in external and internal mechanical loading

can influence anabolic and catabolic responses in other segments of the vasculature as a result of mechanotransduction.

Abbreviations: ECM= Extracellular Matrix; VOCT= Vibrational Optical Coherence Tomography

Introduction

Blood vessels serve as conduits for the distribution and collec-
tion of blood to and from various tissues and organs of the body.
Collagen and elastic fibers, and endothelial and smooth muscle
cells are the structural materials in blood vessel walls that support
this function. These components are normally under tension as in-
dicated by the contraction of arterial vessel length and diameter
by about 40% when the vessel is cut [1]. Blood pressure induced
strain in the human aorta is between 10% and 20% indicating that
the aorta operates in the beginning part of the high strain region
of the stress-strain curve [2]. Mechanical stress has been report

ed to influence smooth muscle cell phenotype and other behaviors

@ @ This work is licensed under Creative Commons Attribution 4.0 License | OJCRR.MS.ID.000603.

in vivo. The effect of mechanical stress on vascular smooth muscle
cells leads to the production of platelet derived growth factor and
mechanical stretch activated extracellular signal-regulated kinas-
es involved in the MAP Kinase pathway [3, 4]. Specifically, steady
intraluminal pressure in blood vessels activates the extracellular
signal-regulated kinases, the ERK1/2 pathway [4]. Cyclic strain sig-
nificantly reduces DNA synthesis in smooth muscle suggesting that
mechanical loading may down-regulate proliferation of smooth
muscle cells [5].

Mechanical coupling between the cellular components and
collagen, elastic fibers and smooth muscle cells in the extracellular
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matrix (ECM) may regulate the mechanical properties of the vessel
wall. A number of in vitro studies using arterial strips have been
performed to assess the relative contribution of each of these com-
ponents [6, 7]. The literature underscores the role of ECM in mech-
anochemical transduction by cells as a major factor in vessel wall
mechanics [8]. This emphasizes the need to further understand
how external and internal loading affects changes in the mechanical
properties of arteries and veins in vivo.

Numerous studies have examined the mechanical properties of
blood vessels in relation to the histological composition in vitro [9-
11]. The results of uniaxial incremental stress-strain testing studies
indicate that the elastic modulus of arteries is 1.9 + 1.4 MPa while
that reported for veins is higher (6.9 + 4.6 MPa) at high strains [9,
10]. The same study also reported a low strain modulus of 0.033 +
0.012 MPa for arteries and 0.21 + 0.22 MPa for veins in an animal
study [10]. Lang, et al. [12] reported that the incremental elastic
modulus of aorta in vivo is between 3 MPa at 22 years old and about
5 MPa at 50. Recent studies suggest that the modulus of several ar-
teries in vivo is between 3.6 and 4.9 MPa [13-16] which is stiffer
than the dermal collagen network (stiffness of 2 to 3 MPa) in the
neighboring skin [13-16]. In most studies the vascular tissue test-
ed in vitro is preconditioned before performing mechanical testing
in order to give reproducible results. Preconditioning of the vascu-
lar tissue effectively changes the viscous component of the blood
vessel mechanics [10]. Aside from this, the properties of vessels,
especially veins in vivo, may depend on their location and orienta-
tion. Many arteries, veins and nerves are located in close proximity
to each other anatomically and the effects of such positioning can-
not be analyzed thoroughly by in vitro studies. This close proximi-
ty between arteries and veins in vivo suggests that there may be a
tethering of veins to arteries that is mediated by the surrounding
extracellular matrix (ECM). This tethering may be important in reg-
ulation of mechanotransduction by smooth muscle and endothelial

cells altering vessel wall metabolism.

Interpretation of the relationship between internal and exter-
nal mechanical loading on vessel wall structure and properties is
complicated by the lack of calibrated methods to measure the me-
chanical properties of vessels in vivo. In this paper we extend earli-
er findings on the use of vibrational optical coherence tomography
(VOCT) to determine the mechanical properties of vessel walls in
vivo [13]. We compare the behavior of arteries and veins that are

in close proximity to each other in an attempt to understand how
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the surrounding extracellular matrix may influence vessel wall me-
chanical properties and mechanochemical transduction that occurs
throughout mammalian vascular system.

Methods
Subjects

In vivo analysis of radial, brachial, femoral, and posterior tibial
arteries and veins was conducted on 3 subjects (2 men and 1 wom-
an) after informed consent was obtained. Arterial pulse was palpat-
ed to determine the location of the arteries. The precise location
of arteries and veins was further identified using ultrasound and a
linear 7.5 MHz probe. An ultrasound image was obtained at the site
where the vibrational measurements were made.

Measurement of Resonant Frequency and Elastic
Modulus

VOCT is a non-invasive and non-destructive method that uses
audible sound from a speaker to create a transverse tissue displace-
ment as described previously [13-16]. The displacement is detected
using reflected infrared light that is analyzed by optical coherence
tomography. The displacement peaks as a function of frequency cre-
ate a mechanical spectrum that defines the characteristics of each
major structural component of tissues. The resonant frequency of
a component is defined as the frequency at which the maximum
displacement is observed. The measured resonant frequencies of
tissue components are converted into modulus values using a cal-
ibration equation for soft tissues. Calibration is based on in vitro
uniaxial mechanical tensile testing and VOCT measurements made
on the same material [13-16]. This data is used to develop equation
(1) for soft tissues. Since most soft tissues have a density very close
to 1.0, equation (1) is valid for the majority of tissues found in the
body; where the thickness d in meters is determined from OCT im-
ages, fn? is the square of the resonant frequency, and E is the elastic
modulus in MPa.

Soft Tissues E*d=0.0651*(fn?) + 233.16 (1)

The resonant frequency of each component of the sample is
determined by measuring the displacement of the tissue resulting
from sinusoidal driving frequencies ranging from 30 Hz to 20,000
Hz, in steps of 10 to 100 Hz. The maximum displacement occurs at
the resonant frequency, fn, [13-16]. The resonant frequencies and
moduli of human tissues previously measured using VOCT are list-
ed in (Table 1) [13].

Page 2 of 8


https://dx.doi.org/10.33552/OJCRR.2021.05.000603

Online Journal of Cardiology Research & Reports Volume 5-Issue 1

Table 1: Assignment of Resonant Frequency Peaks and Associated Moduli Based on Vibrational OCT Measurements [13].

Bone
Lamellar Bone 990 {10.00} 173 {20}
Subchondral Bone 586 {26.07} 67.81{11.11}
Ear and Lower Nasal cartilage 290 {14.14} 16.2 {1.74}
Upper Nasal Cartilage 380 {14.14} 30.4 {5.89}
Fat, Epidermal Cells 40-70 {12.90} 1.110 {0.25}
Fibrotic Tissue 210 {10} 10.84 {2.48}
Ligament
Anterior Cruciate Ligament (ACL) 525{7.07} 53.9 {2.25}
Meniscus 430 {14.14} 31.4 {3.37}
Muscles
Bicep Muscle 378{16.02} 29.6 {2.62}
Quadriceps Muscle 365 {21.21} 20.5{2.32}
Nerve
Nerve 266 {11.54} 15.86 {2.24}
Normal Skin 110 {7.38} 2.15 {0.29}
Ocular
Cornea, Sclera 140 {14.14} 2.4 {0.14}
Tendon
Achilles Tendon 440 {10.00} 34.0 {5.98}
Flexor Digitorum Profundus Tendon 370 {14.14} 22.7{9.42}
Patellar Tendon 430 {5.77} 33.8{4.62}
Vascular
Carotid Artery 136 {11.54} 4.64 {0.98}
Radial Artery 155{11.98} 3.66 {0.65}
Vein 165 {7.07} 4.84 {0.025}

Measurement of Loss Modulus as a Fraction of the Elastic
Modulus

Viscous loss measurements, which are related to the energy
dissipation of a material, are reported as a fraction of the elastic
modulus. Samples are subjected to three pulses of audible sound
waves at frequencies between 50 and 500Hz in steps of 20 Hz. The
viscous component of the viscoelastic behavior is obtained from
the driving frequency peak by dividing the change in frequency at
the half height of the peak (i.e. 3db down from maximum peak in
power spectrum) by the driving frequency after the third pulse has
ended. This method is known as the half-height bandwidth method
discussed by Paul Macioce [13].

Results

In vivo elastic and viscous properties of arteries and veins were
measured using VOCT and a Vibrational Otoscope (OptoVibronex,
LLC.) An oscillating sound wave is applied to the skin and the re-
flected wave is analyzed based on the vibrations measured at the
skin surface. The frequency at which the maximum displacement
is observed for each tissue component is specific and termed the

resonant frequency.

Figure 1 shows a weighted displacement versus frequency plot
for normal skin over the radial artery in the hand. Note the peaks
at about 70 Hz (cells), 100 Hz (dermal collagen) and 150Hz (blood
vessels) were assigned based on previous calibration studies [13].
Figure 2 shows an image of the femoral artery and vein and the di-
mensions from one of the subjects. Note the close proximity of both
the vessels in vivo with a distance of about 9.5mm between the cen-
ters of these vessels; the artery and vein appear to be connected
on the outer surface by extracellular matrix (ECM). Figure 3 shows
a plot of weighted displacement versus frequency for the femoral
artery at the rest and after running for 5 minutes with the subject’s
heart rate increasing to about 100. In Figure 3 at rest, peaks are
seen at 70 (cells), 110 (dermal collagen) and 160 (blood vessel).
Between 40 and 70 Hz the resonant frequency corresponds to cells,
100 to 120Hz to dermal collagen, 140 to 160Hz to blood vessels,
and 250-270Hz to nerves [13]. After exercise, peaks are seen at
70 (cells), 100 (dermal collagen) and 180 (blood vessels) Hz. Note
the increase in the vascular peak frequency from 160 Hz to 180 Hz
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which is consistent with increased arterial stiffness with increased  blood pressure due to running increases the vascular stiffness by

blood flow. The data in Table 2 indicates that an increase in the

about 2 MPa or about 40% for a number of different arteries.

Table 2: Modulus values calculated from equation 1 for in vivo measurements on arteries and veins before and after exercise using vibrational
optical coherence tomography.

Sample Frequency (Hz) {SD} Modulus (MPa) {SD} Frequency (Hz) {SD} Modulus (MPa) {SD}
Radial Artery 130 {14.14} 4.01 (0.63} 26.67 {11.54} 1.790 {0.82}
Radial Vein 150 {0} 4.83 {0.45} -5{7.07} -0.225 {1.44}
Posterior Tibial Artery 150 {0} 4.82{0.37} 30 {14.14} 2.39{2.19}
Posterior Tibial Vein 140 {0} 4.63 {0.06} 5{7.07} -0.105 {0.45}
Femoral Artery 150 {14.14} 5.12 (1.011} 20 {14.14} 0.94 {0.43}
Femoral Vein 165 {7.07} 6.10 {0.53} -10 {14.14} 0.89 {1.35}
Brachial Artery 145 {7.07} 5.05 {0.71} 35{7.07} 2.02{0.43}
Average {SD}
Artery 143.75 {9.46} 4.70 {0.50} 27.91{6.29} 1.78 {0.61}
Vein 155 {10.49} 5.19{0.77} -3.33{7.63} 0.18{0.61}
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Figure 1: Weighted displacement in micrometers versus frequency in Hz for skin over the radial artery. Note the peaks at about 70 Hz
(Cells), 100 Hz (dermal collagen) and 150 Hz (blood vessels).
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Figure 2: Ultrasound image of a human femoral artery and vein in vivo collected using a 7.5 MHz probe. Note the close proximity of the
artery and vein and the extracellular matrix that connects both vessels.
\ J
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Figure 3: Weighted displacement versus frequency for the femoral artery before (top) and after (bottom) running for 5 minutes.
J

Figure 4 shows the behavior of the femoral vein in vivo before
and after running for 5 minutes. The vascular peak is 150 Hz be-
fore running and about 160 Hz after running. Note that in spite of a
higher heart rate the stiffness of the venous peak does not appear
to change significantly as shown by the data in Table 2. The stiffness
of all the veins studied did not change after running as demonstrat-
ed by the data in Table 2. This observation suggests that a higher
venous blood volume does not produce a significant change in the
stiffness of the vein only a change in shape. Arteries and veins both
in the legs and arms evaluated in this study have similar mechanical
properties in vivo as indicated by the data in Table 2 for the radial,
brachial, femoral, and posterior tibial artery and veins. The average
value of the elastic modulus observed for arteries was 4.70 +/- 0.5
MPa and for veins 5.19 +/- 0.77 MPa. This similarity between the

modulus at rest of arteries and veins indicates that ECM tethering
may provide a means for eliminating stress concentrations that
may occur in anatomic areas where arteries and veins are in close
proximity.

Figure 5 shows a plot of loss modulus as a fraction of the elas-
tic modulus as a function of frequency before and after running for
the femoral artery of a subject. Note most of the energy loss occurs
at low frequency and appears similar to the energy dissipated by
skin at low frequencies [13-16]. The plots for femoral vein before
and after running are similar to Figure 5. This data suggests that
most of the energy dissipation by blood vessels in normal subjects
occurs via the ECM that ties them together. In skin, this dissipation
has been attributed to fluid flow and proteoglycan rearrangement
on the surface of collagen fibrils [13-16].
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Discussion

The role of elastic tissue, collagen, and smooth muscle in the
mechanical properties of vessel walls are important parameters
needed to evaluate the state of health and disease of human blood
vessels [9, 10, 17]. The mechanical properties of relaxed vessels
have been attributed to the properties of elastic tissue and colla-
gen [18]. Elastic tissue is believed to bear the load at low distention
pressures [19] and has a modulus of 0.5 MPa [18]. In contrast, at
high extensions the behavior of vessel walls has been attributed
to collagen [19, 20] and a collagen and smooth muscle unit con-
taining series elements [9, 10]. The modulus of collagen fibers in
skin, cornea and sclera is estimated to be about 2 to 3 MPa under
physiologic conditions [13-16]. It can be as high as about 10 MPa in
scar tissue or 34 MPa in tendons and ligaments under physiologi-
cal conditions [13-16]. The relationship between collagen network
structure and mechanical properties is an important parameter to
understand elastic energy storage and auxiliary pumping efficiency
of elastic arteries.

The results reported in this paper suggest that both arteries
and veins in vivo exhibit elastic moduli that are between 4 and 5
MPa which is significantly higher than the low strain modulus ob-
served in the stress-strain curves of human or pig vessels studied in
vitro [10, 11]. This suggests that in pulsating arteries and in veins
the vessel wall is under tension due to the active contraction of
smooth muscle cells. Tethering between arteries and veins via the
surrounding ECM produces no stress concentrations at the inter-
faces between these vessels. Based on ultrasound images, arteries
and veins appear to be connected to each other via the surrounding
ECM. Under these conditions the smooth muscle must contribute
significantly to the behavior of both arteries and veins since these
vessels are anatomically in parallel with each other. Thus, stretching
of arteries transmits stress to the veins that are in close proximity
via the ECM that tethers them together. Arterial diameter increases
that result from increased blood flow lead to increases in moduli.
Increased venous blood flow causes changes in the shape of veins

without an associated increase in the modulus.

The modulus of collagen that is found in other tissues (dermis
and cornea) is much less than the modulus of blood vessels report-
ed in this paper (4 to 5 MPa) [13]. This suggests that the ECM found
between connecting the arteries and veins not only provides a teth-
ering effect that transmits forces between arteries and neighboring
veins. It also links them in a parallel arrangement and acts to trans-
mit mechanical loading throughout the vasculature, up- and down-
stream. Arterial diameter increases store energy elastically while
tethering by the surrounding ECM would limit tissue deformation
and transmit loading forces to other parts of nearby arteries and
veins. This would occur when the mechanical pulse wave moves up
and down the vessel wall providing loading to segments of the wall
not directly linked anatomically. In addition, diameter increases
and increases in the arterial moduli would change stresses in the
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tethered veins and in other segments of the artery that would alter
mechanotransduction pathways. This would up- or down-regulate
tissue metabolism that could lead to either new vessel formation
or to stenosis and calcification under abnormal flow conditions. In-
creased blood volume and arterial diameter increases could stim-
ulate new capillary and venule formation that would be needed for
sustained oxygen delivery to tissues during prolonged exercise.

The mechanical coupling between the cellular components and
collagen and elastic fibers in the ECM has been addressed in several
studies. A number of in vitro studies using arterial strips have been
performed to assess the relative contribution of each of these com-
ponents [6, 20-24]. An elastic component has been proposed to be
connected in series with smooth muscle or with a parallel elastic
element and smooth muscle [21]. A possible basis for the elastic
component comes from structural studies that suggest that aortic
smooth muscle cells are bound together in series by their basement
membranes and collagen fibrils [22]. Based on these anatomical
studies, the vascular peak observed in this study between 140 to
160 Hz probably represents the series elastic component of colla-
gen and smooth muscle with a modulus of 4 to 5 MPa.

Isometric smooth muscle contraction has been shown in vitro
to increase the arterial wall modulus from 3.84 to 9.92 MPa [22].
The large increases in stress and modulus that occur with isomet-
ric smooth muscle contraction are due entirely to the generation
of tension in the smooth muscle and its associated series elastic
component [20]. Activation of smooth muscle increases the elastic
modulus from a maximum of about 4 MPa for the whole canine ca-
rotid artery to almost 13 MPa in vitro [6]. Our results suggest that
the collagen and smooth muscle cell networks are in series in the
vessel wall model. Since veins have lower smooth muscle content
[20], they do not get appreciably stiffer with exercise.

Conclusions

The relationship between internal and external mechanical
loading on vessel wall mechanical properties has been studied in
vivo using VOCT. In this paper we extend earlier findings of the me-
chanical properties of vessel walls in vivo [13]. Our results suggest
that many arteries and veins are tethered together via the surround-
ing ECM, both laterally and longitudinally. The mechanical proper-
ties of this lateral tethering are influenced by the series connections
between collagen fibers of arterial walls and smooth muscle cells
that give rise to a mechano-vibrational peak at 140-160 Hz. This
peak has a modulus of between 4 and 5 MPa. Exercise increases the
arterial modulus by about 2 MPa and this change in stiffness can in-
fluence the surrounding arteries and veins via the tethering by the
ECM. Lateral tethering results in effective stress transfer between
arteries and neighboring veins limiting stress concentrations and
transmitting mechanical information between the arterial and ve-
nous sides of the vascular system. Longitudinal tethering transmits
loading information up and down the arterial system via wall shear

wave propagation. This wave propagates up and down the vascular
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tree. In this manner external and internal mechanical information
can influence anabolic and catabolic changes via mechanotransduc-
tion. These loading changes lead to changes in the composition and
mechanical properties of the overall vascular system.
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