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ABSTRACT

Numerous musculoskeletal injuries are caused by earthquakes, such as lacerations,
fractures, and soft-tissue contusions or sprains. And there are 3-20% of influenced
people suffering crush injuries, in which injuries of the lower limb (74%) are the
most common. Moreover, there were 2.26 million amputees in China by 2006. After
Whenchuan and Lushan earthquakes, the number of amputees has considerably

increased. It attracts a vast amount of public attention in contemporary society.

After the amputees wearing prostheses, there are a number of health problems in
the residual limbs which are disruptive to amputees’ daily lives. These problems
hinder their clinical rehabilitation and may even threaten their physical health. The
development of these problems including blisters, edema, pressure ulcers, damage
to deep soft tissue and muscle atrophy is related to the biomechanical mechanism,
while the fundamental mechanisms of these problems have not been fully
elucidated. Thus, studies on residuum disorders are of great significance in

biomechanical research.

The spatial vasculature of the residual limb is changed significantly by lower-limb
amputation. Changes in the vasculature affect the hemodynamic status and oxygen
transport in the circulatory system. And understanding the hemodynamic status and
oxygen transport in the residuum is beneficial in evaluating the residuum status.

Few investigations have focused on the blood flow and oxygen transport



systematically in the circulatory system of the residual limb due to the complex

vasculature.

In order to understand the blood flow and oxygen transport systematically in the
arterial system of the residual limb after amputation, computational and
experimental investigations about oxygen distribution and hemodynamic responses

were implemented in this study and included four parts as follows.

First, computational fluid dynamics models of the descending branches of the
lateral femoral circumflex artery (DLFCA) coupled with oxygen transport in both
the residuum and the sound limb were established, and three inflow velocities were
applied at inlet to figure out the effect of exercise on oxygen transport in residuum
DLFCA. Consequently, the investigation of oxygen transport in the residuum
vasculature was suggested to be valuable in understanding the health status of the
residuum after amputation, and the joint consideration of WSS and oxygen
distribution was required in determining the rate of the atherosclerosis development
in residuum arteries. Additionally, exercise was indicated to be favourable for
enhancing oxygen content in DLFCA of the residual limb and reducing the

possibility of the formation of the atherosclerotic plaque in residuum arteries.

Second, the oxygen concentration in the arteries could not be noninvasively

monitored in clinical research, and a three-dimensional (3D) numerical simulation



of the systemic arterial tree is complicated and requires considerable computational
resources and time. Thus, transmission line equations of oxygen transport in the
arteries were firstly proposed according to the theory of oxygen transport and fluid
transmission line equations. And these equations were numerically verified through
the comparison between a 3D computational simulation of oxygen transport in the
vascular model and a lumped parameter model of oxygen transport. These
transmission line equations are treated as the theoretical basis for the establishment
of the lumped parameter model of oxygen transport, and this model can be applied
for numerically predicting the oxygen distribution in the systemic arterial tree with
fewer computational resources and less time. Moreover, these transmission line
equations of oxygen transport can also be regarded as the theoretical basis for

developing transmission line equations of other substances in blood.

Third, transmission line equations of mass transport in arteries have been proposed,
and these equations offer a more efficient scheme for investigating the systemic
distribution of the substance in the arterial tree. Whereas, the derivation of these
equations in arterioles and capillaries is lacked. Transmission line equations of mass
transport in arterioles and capillaries were developed, and these equations were
derived based on the transmission line equations of mass transport in arteries and
mass transport theory in microvessels. These equations were verified through the
comparison of the numerical prediction based on the developed equations with the

previous in vitro experimental studies. The transmission line equations of mass



transport in arterioles and capillaries are not only applied in constructing the lumped
parameter model of mass transport for predicting the systemic distribution of the
substance concentration in the microvascular tree, but also regarded as the
supplement to the theoretical basis for establishing the lumped parameter model of

the entire vascular system including arteries, arterioles, and capillaries.

Forth, oxygen distribution in the residual limb changes due to the vasculature
transformation after trans-femoral amputation, and changes in oxygen content play
a significant role in the developments of health problems of the trans-femoral
residuum. Oxygen content in the residual limb mainly depends on oxygen transport
in the residuum vasculature. Few studies focused on oxygen transport in the arteries
of the residual limb. We developed a coupling computational model of blood flow
and oxygen transport in the residuum arteries to predict oxygen distribution, and
the Windkessel model and the lumped parameter model of oxygen transport were
applied as the boundary conditions at outlets of the vascular model. The boundary
condition with the lumped parameter model of oxygen transport was verified
through the comparisons between the non-elongated vascular models with the
lumped parameter models and the elongated models. Moreover, an in vitro
experiment with a three-dimensional (3D) printing replica of the residuum
vasculature was carried out to validate the computational simulation. The proposed
boundary condition with the lumped parameter model was determined to be reliable

for simulating the effect of downstream vessels on oxygen transport in the vascular



model. According to the numerical results of the 3D computational model with the
developed boundary condition of oxygen transport, the effect of inflow velocity on
oxygen distribution was indicated to be much smaller than that of backflow during
a pulsation cycle. Moreover, with the joint consideration of Sh, WSS, and oxygen
content in tissues, the adjustment of inflow and backflow during a cycle was

proposed to alleviate the risk of the residuum disorder.
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CHAPTER 1 INTRODUCTION

There are a number of musculoskeletal injuries due to earthquakes, such as
lacerations, fractures (22%), and soft-tissue contusions or sprains (6%) (Mulvey et
al., 2008). And there are 3-20% of influenced people suffering crush injuries
(Gonzalez, 2005), in which injuries of the lower limb (74%) are the most common

(Briggs, 2006).

In the meantime, there were 2.26 million amputees in China by 2006, of which 630
thousand amputees needed prostheses (Luo and Sun, 2009). After Wenchuan and
Lushan earthquakes, the number of amputees has considerably increased (Zhao et

al., 2008). It attracts a vast amount of public attention in contemporary society.

After the amputees wearing prostheses, there are a number of health problems
related to the biomechanical mechanism. More specifically, friction and pressure
would result in poor skin micro-circulation and skin problems, like blisters, edema,
pressure ulcers and so forth (Lyon et al., 2000, Sanders et al., 1997). Moreover,
muscle atrophy of the residuum is very common after amputation (Fraisse et al.,

2008, Schmalz et al., 2001).

Skeletal muscle atrophy is considered as a problem with a decrease in the mass of
the muscle after amputees wearing prostheses (Fraisse et al., 2008). It could cause

the reduction in skeletal muscle strength of the residual limb, especially for the



patients with the short residuum (Isakov et al., 1996). And muscle wasting may be
the main contributor to skeletal muscle atrophy (Lee and Vandenburgh, 2013).
Skeletal muscle atrophy of the residual limb, regarded as a common disorder after
trans-femoral amputation (Fraisse et al., 2008), has been always hindering efficient
clinical rehabilitation and athletic capacity recovery for amputees. In general, the
patient wants to wear the prosthesis for a long time. However, due to the residuum
muscle atrophy, some patients’ prosthetic sockets need to be accommodated
periodically. It not only causes inconvenience to patients’ daily lives, but also
impedes athletic recovery for patients. If there is no accommodation of prosthetic
sockets conducted for the patients who still suffer muscle atrophy in time, muscle
atrophy could contribute to a number of problems, such as prosthetic socket
loosening, abnormal gait, increasing friction and local stress concentration which
could aggravate skin ulcers (Sanders et al., 2000, Sanders et al., 2009). Convincing
arguments could be made that skeletal muscles are predominantly composed of
protein, especially actin and myosin which are the main components of thick and
thin filament. And there is a significant relationship between muscle force and the
number of thick and thin filaments overlapping. More specifically, when the amount
of thick and thin filaments overlapping has an increment, the corresponding muscle
strength would increase as well. In other words, the homeostasis between muscle
protein synthesis and degradation directly affects muscle quality, furthermore, has
an influence in the muscle force and strength in the residual limb after trans-femoral

amputation. Specifically, when the amount of synthesis in muscle protein is more



than that of degradation, there is manifestation of muscle hypertrophy appeared in
the residual limb after trans-femoral amputation, vice versa, there would be the
manifestation of muscle atrophy in the residual limb (Caron et al., 2009). In
summary, there is a significant correlation between the change in muscle quality
and the change in the physiological components of skeletal muscle in the residual

limb after amputees wearing trans-femoral amputation.

In summary, these issues are increasingly disturbing amputees’ daily lives after
amputees wearing prostheses. Furthermore, these problems even would threaten

physical health of these amputees at times.

Although a number of studies were carried out for understanding the relationship
between the developments of these problems and the biomechanical status of the
residual limb (Lee et al., 2004, Mak et al., 2001, Renstrom et al., 1982), the
underlying mechanisms of these issues have not been clearly figured out. Since
amputation significantly affects the arterial vasculature in residual limb
(Dillingham et al., 2005, Gudmundsson et al., 2002, Erikson and Hulth, 1962),
blood flow and oxygen distribution in residuum arteries transform in comparison
with those of the sound contralateral limb (Yan et al., 2017). Change in oxygen
concentration distribution of residual limb due to the vasculature transformation is
supposed to be a factor in the developments of these health problems. Specifically,

friction and pressure at the interface between residuum and socket cause impaired



microcirculation in superficial tissue of the residual limb. Poor microcirculation
hinders oxygen transport and contributes to blisters, edema, and pressure ulcers
(Lyon et al., 2000, Sanders et al., 1997). Moreover, muscle disuse is generally
regarded as a reason for the development of muscle atrophy (Ferreira et al., 2008,
Powers et al., 2005). Muscle disuse changes the spatial structure of arteries and
results in the regression of microvascular structure and function, which leads to
hypoxia in muscles. Thereafter, hypoxia induces muscle dysfunction and further
causes muscle atrophy (Ottenheijm et al., 2006, Caron et al., 2009). In terms of
muscle disuse, oxygen content plays a key role in the development of muscle
atrophy. In summary, since oxygen in tissues of the residual limb is derived from
blood flow in arteries, investigations of blood flow and oxygen concentration
distribution in the transformed arterial vasculature are required for more fully

elucidating the mechanisms of these problems in residuum.

There were several studies about arterial responses in the residual limb after trans-
femoral amputation, and these studies mainly focused on changes in the geometry
of the arterial trees in residuum (Dong et al., 2016), the relationship between
hemodynamic state and health problems after lower-limb amputation (Dong et al.,
2015) , and oxygen transport in an artery of the residual limb (Yan et al., 2017).
Specifically, Dong et al. utilized a modified Hausdorff distance to determine the
transformation of the spatial structure of the residuum arterial tree after amputation

and suggested that using prothesis significantly affected the arterial vasculature of



the residual limb. Thereafter, she reviewed hemodynamic issues in preoperative
assessment, operation, and complications after amputation, and it was concluded
that more detailed researches about hemodynamic parameters and mass transport in
residuum arteries were necessitated. Additionally, numerical simulations of the
descending branches of the lateral femoral circumflex artery (DLFCA) in residual
limb and sound limb were conducted to investigate blood flow and oxygen transport
in these arteries. Nevertheless, few studies concentrated on oxygen transport in the

arterial tree of the residuum after trans-femoral amputation.

Obviously, oxygen transport systems in the human body are supposed to be more
complicated and efficient than the simple process of oxygen diffusion. The transport
process of oxygen to cells has been composed of two specialized delivery systems
(Fournier, 2011). At first, the circulatory system is one of the oxygen delivery
systems, which utilizes the blood to take oxygen into the capillaries near the tissue.
The hemodynamics could affect the oxygen transport in the blood of the circulatory
system. In the capillaries, the red blood cells (RBCs) would release the oxygen. And
then oxygen is transported close to the tissue by the coupling process of diffusion
and convection. Hemoglobin, which exists in the RBCs, plays a significant role in
the other delivery system of oxygen. The physiologic phenomenon of oxygen bound
to the hemoglobin has increased the solubility of oxygen in the plasma. In the
skeletal muscle, there is a significant correlation between sarcoplasmic myoglobin

and oxygen transport (Wittenberg and Wittenberg, 1989). And it is concluded that



myoglobin has an impact on the oxygen concentration in the skeletal muscle
(Millikan, 1939, Wittenberg, 1970, Wittenberg and Wittenberg, 1981, Kreuzer et al.,
2011). In addition, exercise would contribute to the increment of myoglobin
concentration in the myofibrils (Pattengale and Holloszy, 1967). The size of cells

may affect the myoglobin content (Taylor et al., 1987).

Oxygen concentration distribution in microvessels and large arteries is supposed to
be obtained through the experimental measurement and numerical prediction.
Numerous measurements of oxygen concentration in blood were performed through
using invasive procedures (Masamoto et al., 2008, Buerk and Goldstick, 1982,
Vazquez et al., 2010, Yaseen et al., 2011). The most common technique for in vivo
noninvasively measuring oxygen concentration in the microcirculation of brain and
muscle was the near-infrared spectroscopy (NIRS) (Ferrari and Quaresima, 2012,
Murkin and Arango, 2009, Wolf et al., 2007), whereas the depth of the detection
site significantly affected the accuracy of the measurement (Wolf et al., 2007).
Nevertheless, there were few in vivo noninvasive methods of systematically
measuring oxygen concentration distribution in the circulatory system. The 3D
computational fluid dynamic (CFD) simulation coupled with mass transport was
utilized for determining oxygen concentration in the vessels (Tarbell, 2003, Murphy
etal., 2015, Chen et al., 2014). Most of these numerical investigations emphasized
oxygen distribution in local regions and neglected the systemic distribution of the

oxygen concentration in the vascular tree. The oxygen distribution in the entire



vascular system could be acquired from a 3D CFD simulation coupled with mass
transport. This simulation is complicated and requires considerable computational
resources and time in terms of systemic circulation due to the complex vasculature
of the arteries and microvessels. It is currently almost impossible for most of the
research groups and clinical measurements to perform a 3D simulation of the

systemic arterial tree or microvascular tree in the residual limb.

Few investigations have focused on the blood flow and oxygen transport
systematically in the circulatory system of the residual limb due to the complex
vasculature. First, to understand the difference of hemodynamic responses and
oxygen distribution between the sound limb and the residual limb and the effect of
exercise on the residuum, CFD models of the DLFCAs coupled with oxygen
transport in both the residuum and the sound limb were firstly established, and three
blood velocities with the gradual increment caused by exercise were applied at the
inlet of the residuum vessel. Second, to predict the systemic distribution of oxygen
concentration with the consideration of hemodynamics, the transmission line
equations of oxygen transport in arteries and microvessels were firstly proposed
according to the theory of oxygen transport and fluid transmission line equations.
These transmission line equations can be applied for numerically predicting the
oxygen distribution in the systemic arterial tree with fewer computational resources
and less time, and also be regarded as the theoretical basis for developing

transmission line equations of other substances in blood. Third, to investigate the



oxygen concentration distribution in the arteries of the residual limb, a coupling
computational model of residuum arteries using transmission line equations of
oxygen transport and blood flow was developed. In this model, a novel boundary
condition with the lumped parameter model of oxygen transport was applied to
simulate the effect of downstream vascular beds on oxygen transport in residuum
arteries. Forth, to validate the computational model of oxygen transport in the
residuum vasculature, an in vitro experimental platform with a 3D printing replica

of the residuum vasculature was established.



CHAPTER 2 LITERATURE REVIEW

2.1 Residuum changes after amputees wearing prostheses

After the amputation, the changes of the residual limb may affect the fitting of the
prosthetic socket (Lilja et al., 1998). The decrease of postoperative oedema would
contribute to the decrease in the volume of the residual limb in the early
rehabilitation phase (Lilja and Oberg, 1997). And it is demonstrated that a negative
power function could quantify the volume change of the residuum followed by the
time for definitive prosthetic fitting. In addition, Lilja et al. suggested that it was
proper for the amputees to wear the definitive prosthesis four months after
amputation. The volume of the residual limb not only changes, but the internal
structure also transforms. In terms of measuring the changes of residuum muscles,
magnetic resonance imaging (MRI) is a useful and non-invasive tool (Zhang et al.,

Jaegers, 1993).

2.2 Health problems after amputees wearing prostheses

2.2.1 Poor skin micro-circulation and skin problems

After the amputees wearing prostheses, there are numerous health problems related
to the biomechanical mechanism. More specifically, friction and pressure would
result in poor skin micro-circulation and skin problems, like blisters, edema,
pressure ulcers and so forth (Lyon et al., 2000, Sanders et al., 1997). Lyon et al.,

which conducted a questionnaire study of 210 patients after amputation, found that



there were many problems of skin surface existed in lower-limb prosthesis users. In
order to have a good knowledge of skin suffering capacity to the mechanical loading,
Sanders et al. have developed an instrument for conducting the mechanical loading
experiment which could figure out the relationship between skin and mechanical
loading. And the damage of deep soft tissue is attributed to high stress in
osteotomized bone ends (Portnoy et al., 2009). In order to explore the stress and
strain in the soft tissue of the residual limb, Portnoy et al. developed a finite element
model of the residual limb after trans-tibial amputation with a geometric model
related to the MRI images of a specific amputee. Through this computational
analysis, it is found that there is an individual difference of biomechanical
information in the soft tissue of the residual limb among different amputees, which

would contribute to the increment in the risk of deep pressure ulcer or deep tissue

injury.

2.2.2 Muscle atrophy

Muscle atrophy of the residuum is very common after amputation (Fraisse et al.,
2008, Schmalz et al., 2001). Fraisse et al. collected numerous research papers
related to muscle atrophy from PubMed and Reedoc databases, for the sake of
having a review about muscle changes in the residual limb after trans-tibial
amputation in terms of different academic viewpoints. It is concluded that the

manifestation of muscle atrophy in the quadriceps is most significant after
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amputation and the circumstance of walking gait have been transformed a lot.
Moreover, in order to find out the effects of muscle atrophy on thigh muscle changes
after trans-tibial amputation, Schmalz et al. conducted a measurement in the
physiological properties of thigh muscle belonged to the amputated limb, which
revealed that muscle atrophy is most obvious in ventral muscles among trans-tibial

amputees.

The amputees have the manifestation of muscle atrophy in the residual limb
immediately after amputation (Baumgartner and Langlotz, 1980). In contrast, the
muscle area of sound side has an increment with an initial reduction (Lilja et al.,
1998). Moreover, physical activity, postoperative bandaging and prosthetic fitting
could have an impact on the amount of muscle atrophy in the residual limb
(Renstrom et al., 1982). In summary, it is concluded that both muscle atrophy and
the decrease of postoperative oedema would cause the reduction in the muscle area,
and the volume change of the residual limb is consistent with the decrease of muscle

area in the rehabilitation phase (Lilja and Oberg, 1997, Golbranson et al., 1988).

2.2.3 Summary

These issues are increasingly disturbing amputees’ daily lives after amputees
wearing prostheses. Furthermore, these problems even would threaten physical

health of these amputees at times. As a consequence, a large number of researches
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have been carried out to investigate the mechanism of these problems and develop
possible interventions to mitigate these. A computational model was employed in
the analysis of the biomechanical circumstance between the surface of the residual
limb and the prosthetic socket (Lee et al., 2004). And it is suggested that there has
been a different distribution of stress and strain in different regions of the residual
limb surface, which could be caused by the biomechanical mechanism of loading
transfer. Mak et al. collected a number of research papers based on the investigation
of the residuum biomechanical state, in order to analyse the causes and positions of
pressure ulcers and soft tissue problems (Mak et al., 2001), and it is concluded that
the consideration related to the mechanical understanding should be involved in the
design of each components in the prosthesis, which would improve the
biomechanical state in the surface of the residual limb. A measuring study has been
employed to figure out the physiological properties of thigh muscle after trans-tibial
amputation through using different measuring instruments (Renstrom et al., 1982).
Thus, it is demonstrated that the decrease of muscle fibre size was the main
contributor to muscle atrophy. Although there have already been these studies
involved in the investigations of the reasons for these problems after amputees
wearing prostheses, the fundamental mechanisms of these problems related to
biomechanical and physiological understanding have not been fully elucidated
according to the above investigations up to now. As a consequence, studies about
these disorders of the residual limb after the amputation are still of great

significance in biomechanical research.
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2.3 Effects of muscle atrophy on prosthetic fitting

There are many research directions involved in the studies of stump muscle atrophy
after amputees wearing prostheses. In general, the patient wants to wear the
prosthesis for a long time. However, due to the residuum muscle atrophy, some
patients’ prosthetic sockets need to be accommodated periodically. It not only
causes inconvenience to patients’ daily lives, but also impedes athletic recovery for

patients.

If there is no accommodation of prosthetic sockets conducted for the patients who
still suffer muscle atrophy in time, muscle atrophy could contribute to a number of
problems, such as prosthetic socket loosening, abnormal gait, increasing friction
and local stress concentration which could aggravate skin ulcers (Sanders et al.,
2000, Sanders et al., 2009). At the first stage, Sanders et al. carried out the
experiment about the measurement of shear stress distribution between the surface
of the residual limb and the prosthetic socket after trans-tibial amputation through
using shear stress transducers. And it is demonstrated that muscle atrophy of the
residual limb would contribute to the changes in pressure and shear stress
distribution of different regions in the interface between the prosthetic socket and
the stump. Thus, it is beneficial to make an optimal design for the prosthesis based
on the biomechanical information which has been provided by these measuring

instruments. In the recent time, a new way to measure the volume change of the
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residual limb after trans-tibial amputation has been developed through measuring
the biofluid volume before and after doing a short-term ambulation. As a result, the
experimental results have provided some useful statistical information about the
morphologic properties of the residual limb. Furthermore, the compared results may
be useful for the optimal design of the prosthetic design and the intervention of

residuum muscle atrophy after amputation.

2.4 The mechanisms of residuum muscle atrophy after
amputation

Apparently, it is very significant for the improvement of amputees’ restoration and
prosthetic design to understand the pathological and biomechanical mechanism of
residuum muscle atrophy after amputees wearing prostheses. Majority of researches,
which are mainly focused on disuse muscle atrophy of the residual limb after
amputation, have been conducted in terms of measurements in the physiological
and mechanical properties of thigh muscle (Schmalz et al., 2001). More specifically,
in order to find out the effects of muscle atrophy on thigh muscle changes after
trans-tibial amputation, Schmalz et al. conducted a measurement in the
physiological properties of thigh muscle belonged to the amputated limb, which
revealed that muscle atrophy is most obvious in ventral muscles among trans-tibial
amputees. In conclusion, it was suggested that muscle atrophy of residuum sartorius
and quadriceps femoris, which was related to the disuse atrophy, was the most

obvious after amputation.
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Moreover, there were a number of studies involves in investigating the
physiological and biomechanical state of different components in the residual limb,
for the sake of having a good knowledge of the relationship between the residuum
composition and muscle atrophy after amputation. More specifically, Sherk et al.
conducted the experimental measurement of morphologic properties of different
components in the residual limb among trans-tibial and trans-femoral amputees
through using the x-ray imaging method, for the sake of exploring the relationship
between the muscle and the adipose tissue in the residuum (Sherk et al., 2010).
Furthermore, the experimental measurement would be useful for figuring out the
mechanism of muscle atrophy based on the amount of the adipose tissue in the
residual limb. Consequently, it is demonstrated that there was a clear correlation
between muscle atrophy and adipose tissue in the residual limb, especially for trans-

femoral amputees.

In order to understand the impact of electrical loading on the muscle changes,
Boonyarom et al. made the rats suffered muscle atrophy through making their limbs
disuse, and stimulated the limb muscle which suffered muscle atrophy electrically
for a short-term experiment (Boonyarom et al., 2009). As a result, it is found that
morphologic and histologic properties of muscle fibres, which have suffered a
decrease in overlapping numbers of thin and thick filaments due to the disuse

atrophy, would be transformed by the frequency of electrical stimulation.
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For investigating the physiological and biomechanical mechanism of muscle
atrophy, furthermore, to alleviate muscle atrophy of the residual limb after trans-
femoral amputation, a number of scholars have investigated this disorder in terms
of mechanical mechanism and microscopic pathological characteristics based on
many measuring instruments. More specifically, there is a significant correlation
between the reduction of muscle strength and muscle atrophy in the residual limb
(Renstrom et al., 1982, Isakov et al., 1996, Tugcu et al., 2009). For the sake of
demonstrating the relationship between the length of the residual limb and muscle
atrophy after amputees wearing trans-tibial prostheses, Isakov et al. carried out a
experimental measurement in the morphologic and physiological properties of
muscle in the residual limb through using a new instrument based on electrical
theory. As a consequence, it is found that there is a significant correlation between
muscle atrophy and muscle strength in the residual limb, which are related to the

change in the length of the stump after amputation.

In addition, in order to investigate the changes in the micro-structure of skeletal
muscles in the residuum, an experimental measurement has been conducted to
demonstrate the physiological and biomechanical properties of thigh muscle in the
residual limb after trans-tibial amputation through using different measuring
instruments (Renstrom et al., 1982). And it is demonstrated that the decrease of
muscle fibre size was the main contributor to muscle atrophy. Meanwhile, the

overlapping number of thick and thin filament in the residuum muscle could
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influence muscle atrophy as well. For the sake of figuring out whether there existed
a relationship between the physiological properties of bone and skeletal muscle in
the residual limb after trans-tibial amputation, Tugcu et al. carried out an
experimental measurement of muscle strength and the properties of bone in the
thigh of the residual limb through using the X-ray measuring instrument.
Consequently, it is demonstrated that there may not existed a correlation between
the physiological properties of bone and muscle atrophy in the residual limb after

amputees wearing prostheses.

Additionally, skeletal muscle apoptosis also plays a significant role in the muscle
atrophy of the residual limb after amputation (Ferreira et al., 2008, Nagano et al.,
2008). More specifically, Ferreira et al. conducted the experiment which made the
limbs of the mice disuse for different time, and then measured the physiological and
morphologic properties of skeletal muscle in the disuse limb, in order to
demonstrate the correlation between muscle disuse and muscle atrophy in the limb
in terms of the number of skeletal muscle cells. Subsequently, the measurement of
muscle mass was employed after the short-term unloading for identifying the
change in the number of skeletal muscle cells with time. Eventually, it is suggested
that the change in the number of skeletal muscle cells could provide some evidences
for the assessment of muscle atrophy in the early stage of muscle atrophy after

skeletal muscle disuse.
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In the meantime, for the sake of investigating the relationship between muscle
atrophy and the biochemical mechanism of muscle apoptosis in the disuse limb of
rats, Nagono et al. conducted the experiment of rats which suffered different
temperature for a short time after a short-term limb disuse. And they also studied
the molecule pathway of skeletal muscle cells and the micro-physiological
characteristics of skeletal muscle in the limb after a short-term disuse. The results
have revealed that there is a significant relationship between muscle atrophy and
the molecule pathway of skeletal muscle cells in the limb after disuse, which
determines that the molecule pathway of skeletal muscle cells is the main

contributor to the biochemical mechanism of muscle atrophy.

On the other hand, it is due to the fact that skeletal muscles are predominantly
composed of protein, especially actin and myosin which consist of thick and thin
filament. And there is a significant relationship between muscle force and the
number of thick and thin filaments overlapping. More specifically, when the amount
of thick and thin filaments overlapping has an increment, the corresponding muscle
strength would increase as well. In other words, the homeostasis between muscle
protein synthesis and degradation directly affects muscle quality, furthermore, has
an influence in the muscle force and strength in the residual limb after trans-femoral
amputation (Fitts et al., 2000, VANDENBURGH et al., 1999, Fitts et al., 1986, Stein
et al., 1999). Specifically, when the amount of synthesis in muscle protein is more

than that of degradation, there is manifestation of muscle hypertrophy appeared in
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the residual limb after trans-femoral amputation, vice versa, there would be the
manifestation of muscle atrophy in the residual limb (Dan et al., 2011). In summary,
there is a significant correlation between the change in muscle quality and the
change in the physiological components of skeletal muscle in the residual limb after

amputees wearing trans-femoral amputation.

Molecular signalling pathways

The homeostasis between skeletal muscle protein synthesis and degradation could
be regulated by molecular signalling pathways (Glass, 2005). Specifically, in order
to conclude the effects of molecular signalling pathways in the residual limb on the
changes in the muscle quality after amputation, Glass et al. found that a number of
scholars investigated the impact of protein molecular pathways in the skeletal
muscle of the residual limb on the changes in the morphologic and biomechanical
properties of the skeletal muscle after suffered the stimulation, which caused by the
environment. The conclusion based on the review paper would provide theoretical
basis for doing the research of the physiological and biomechanical mechanism of

muscle atrophy in the residual limb after trans-femoral amputation.

In addition, for the sake of investigating the influence of one specific protein
pathway on the muscle atrophy of the disuse limb, Bodine et al. carried out the
biochemical experiment of the skeletal muscle protein molecular pathways after

disuse coupling with the biomechanical mechanism, which would be beneficial to
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find out the relationship between the biochemical and biochemical properties of
skeletal muscle in the disuse limb (Bodine et al., 2001). Through the test of muscle
protein molecular pathways in the disuse limb, it is concluded that activation of the
Akt/mTOR pathway could prevent disuse muscle atrophy, which have provided an

efficient way to treat skeletal muscle atrophy in the disuse limb.

And for the sake of investigating the influence of myostatin on the amount of
skeletal muscle protein in the disuse limb based on the biochemical properties of
skeletal muscle protein, Trendelenburg et al. have conducted a biochemical test of
several protein factors which could control the muscle protein molecular pathways
and identified the impact of different protein factors on the myostatin which is the
main contributor to the changes in the amount of skeletal muscle cells in the disuse
limb (Trendelenburg et al., 2009). Consequently, it is convinced that insulin-like
growth factor 1 (IGF-1) among these factors of protein controlling could promote
protein synthesis through inhibiting the activities of myostatin through affecting the

pathways of skeletal muscle protein in the disuse limb.

Oxygen

On top of that, it is worth pointing out that the generation of muscle protein should
necessitate oxygen consumption (Wagenmakers, 1998). Specifically, in order to
study the influence of oxygen metabolism on the amount of skeletal muscle protein

based on the biochemical properties of muscle protein pathways, Wagenmakers et
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al. studied the amount of skeletal muscle protein after having the oxygen exercise
through the biochemical measurement, and he tested the effects of TCA-cycle on
the coupling function of oxygen metabolism and the amount of protein in the
skeletal muscle. He has concluded that TCA-cycle is the main contributor to the
changes in the protein homeostasis and biochemical process of oxygen metabolism

in the skeletal muscle.

In addition, for the sake of figuring out the relationship between skeletal muscle
protein metabolism and oxygen metabolism, Chance et al. carried out the
measurement of the muscle mass after subjects having a consistent exercise, which
would provide the significant evidences of the controlling function of oxygen
metabolism in the skeletal muscle. Thus, it is noted that, based on the connection
between oxygen and oxidative metabolism, the biochemical process of oxygen

would have an influence on the homeostasis of muscle protein in skeletal muscle.

Moreover, the previous findings indicated that oxygen could have a significant
impact on energy metabolism in skeletal muscle (McCully and Hamaoka, 2000).
More specifically, McCully et al. conducted the experimental measurement of the
oxygen concentration distribution in the skeletal muscle after having an exercise
through using NIRS, in order to investigate the role of oxygen concentration
distribution on the biochemical process of energy in the skeletal muscle. And it is

suggested that the measurement of NIRS is an efficient way to have a good
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knowledge of oxygen concentration distribution in the skeletal muscle and the

amount of muscle energy metabolic process.

It is concluded that there existed an evident difference in regulated mechanism of
oxygen concentration distribution in different skeletal muscles after the mechanical
loading (Kushmerick et al., 1992). More specifically, through making use of the
technique of particle magnetic physical capacity, Kushmerick et al. have measured
the amount of oxygen concentration in the slow- and fast-twitch muscles which
have suffered the mechanical loading under the constant temperature, for the sake
of demonstrating the oxygen concentration distribution in different muscles after
mechanical loading. This technique of particle magnetic physical capacity is
beneficial to quantify the amount of oxygen in the skeletal muscle, which is helpful
for investigating the oxygen concentration distribution in the skeletal muscle of the

residual limb which has suffered muscle atrophy after the trans-femoral amputation.

Convincing arguments could be made that hypoxia in the skeletal muscle of the
residual limb would facilitate muscle protein degradation with a decrease in muscle
protein synthesis, which would contribute to skeletal muscle atrophy in the
residuum after trans-femoral amputation (Caron et al., 2009). Specifically, Caron et
al. has measured the amount of muscle protein from skeletal muscle for a constant
time under the environment which was lack of oxygen, in order to make out the

relationship between muscle atrophy and oxygen concentration in the residual limb
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after amputees wearing prostheses. This study has provided the theoretical basis for
the research of oxygen transport in the residual limb which would be beneficial to
understand the mechanism of muscle atrophy in the residual limb after amputation
in terms of oxygen concentration distribution in the vasculature of the stump. On
the basis of the above investigations, oxygen concentration distribution in the
vasculature of the residual limb plays a significant role in residuum muscle atrophy
of trans-femoral amputees, and it is helpful to resolve the disorder of muscle atrophy

based on the studies about oxygen transport in the vasculature of the residual limb.

2.5 Oxygen transport and hemodynamics

Meanwhile, it should be noted that the spatial vasculature of residuum has been
changed significantly due to lower-limb amputation. The amputation would
contribute to partial loss of the vasculature directly, and muscle atrophy would
cause spatial structure changes and lumen reconstruction of branch vessel. In
addition, the pressure in prosthetic socket causes extrusion of some vessels (mainly
vein). In other words, there may be differences between residuum and contralateral

normal limb in terms of the hemodynamic state.

Oxygen transport in human body mainly consists of convection and diffusion
(Pittman, 2000). In the vascular system, the convection-diffusion equation is
generally used to numerically describe the oxygen transport in blood. Hemoglobin

is the oxygen carrier in vessels. Most of studies about oxygen transport in vessels
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concentrate on 3D CFD simulations coupled with oxygen transport. In addition,
oxygen transport in muscle tissues is mainly affected by diffusion, while myoglobin
regulates oxygen transfer from microcirculation to the mitochondrion in muscle
cells. Krogh cylinder is conventionally regarded as the theoretical basis for
proposing the numerical model of oxygen transport in capillaries and tissues (Krogh,

1919).

2.5.1 3D computational simulations of oxygen transport in

arteries

Moreover, a vast amount of research has already proved that there is a remarkable
correlation between hemodynamic parameters and oxygen transport in the
vasculature of other circulation systems (Qiu and Tarbell, 2000, Liu et al., 2010,
Coppola and Caro, 2008, Tada and Tarbell, 2006, Bateman et al., 2003), some of
which has employed the coupled numerical analysis of hemodynamic state and
oxygen transport in the artery through utilizing theories of fluid dynamics and mass

transfer.

At first, in order to investigate the oxygen concentration distribution in the
vasculature of the arterial circulation, Qiu et al. has established a computation fluid
dynamic model of coronary arteries which consisted of a curved vasculature

geometric model through coupling the simulation of oxygen transport in the
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vasculature and in the arterial wall. As a consequence, the results reveal that the
geometric model and hemodynamic parameters of the vasculature in the circulation

system play a significant role in oxygen concentration distribution.

Subsequently, for the sake of figuring out the correlation between the spiral flow
and oxygen concentration distribution in the artery, Liu et al. have employed three
computational fluid dynamic models which are composed of different geometric
model of arteries through using the theoretical method of oxygen transport in the
vessels. As a result, it is found that there is a significant correlation between the
spiral flow and oxygen concentration distribution, which provides a theoretical
basis for the research of oxygen transport in the circulation system in terms of

meaningful physiology.

Then Coppola et al. have established three numerical models of different arterial
geometries, in order to understand the relationship between oxygen concentration
distribution in the arterial vessels and the geometric characteristics of the vessels
coupling with the comparison with the wall shear stress. Eventually, convincing
argument should be made that the hemodynamic characteristics belonged to
different geometries of the vessels have a cooperative influence in the wall shear

stress and oxygen transport in the vessels of the circulation system.

For the aim of investigating the oxygen concentration distribution in the bifurcation
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artery, Tada et al. has built a fluid mechanics model coupling with the theoretical
knowledge of oxygen transport in the circulation system, using a commercial
software FLUENT. And the results reveal that the geometric structure of the
bifurcated artery plays a significant role in the distribution of oxygen concentration
and WSS. Moreover, for the sake of exploring the oxygen concentration distribution
in the micro-fluid circulation system of the human body, it is concluded that there
is a significant correlation between oxygen transport and the physiological

properties of the micro-fluid circulation system by Bateman et al.

Most of these numerical investigations emphasized the oxygen distribution in local
regions and neglected the systemic distribution of the oxygen concentration in the
vascular tree. The oxygen distribution in the entire vascular system could be
acquired from a 3D CFD simulation coupled with mass transport. This simulation
is complicated and requires considerable computational resources and time in terms
of systemic circulation due to the complex vasculature of the arteries and
microvessels. It is currently almost impossible for most of the research groups and
clinical measurements to perform a 3D simulation of the systemic arterial tree or

microvascular tree.

2.5.2 Lumped parameter model of blood flow

The lumped parameter model of blood flow based on the fluid transmission line

26



model is a useful tool in predicting the systemic distribution of blood flow and
pressure in the arterial tree. Noordergraaf et al. (Noordergraaf et al., 1963)
developed a lumped parameter model of the whole circulatory system, including
the left ventricle, and compared the results with the human longitudinal
ballistocardiogram. The input impedances, wave travel, blood flow, and pressure in
the lumped parameter model of the human systemic arterial tree were compared
with the measured data. These comparisons indicated that the lumped parameter
model was reliable in obtaining the behaviors of a real circulatory system
(Westerhof et al., 1969). Lacourse et al. (Lacourse et al., 1986) applied the lumped
parameter model of the upper circulatory system to simulate stenosis at different
locations of the arterial tree and investigate the effects of atherosclerosis on the
systemic distribution of hemodynamic parameters. The lumped parameter model of
blood flow could be used not only to determine the effects of cardiovascular
diseases on the systemic hemodynamics of the circulatory system, but also to
predict the hemodynamic responses of clinical interventions. Liang et al. (Liang et
al., 2014a, Liang et al., 2014b) developed a lumped parameter model of the entire
circulatory system based on patient-specific clinical data to predict the effects of
the Fontan operation on the systemic hemodynamic data. The terminals of the
arterial tree in the aforementioned models were simulated with rather simple
boundary conditions (e.g., constant resistance condition or Windkessel condition).
Thus, the effects of wave propagation were not involved in these numerical

simulations. Herein, Olufsen (Olufsen, 1999) added the consideration of wave
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propagation in the development of a lumped parameter model by attaching a

structured tree to the outflow condition of the systemic arterial tree.

2.5.3 Oxygen transport in the arterial tree

The systemic distribution of the oxygen concentration in the arterial tree was not
investigated in most of studies. Only a simplified mathematical expression that
included the hemoglobin concentration was coupled with the lumped parameter
model of blood flow to calculate the oxygen concentration from a systemic
circulation perspective (Broomé et al., 2013, Yao et al., 2008). The expression
included the hemoglobin concentration, the oxygen saturation, and the volume of
the vascular segment. The volume of the vascular segment was related to the
lumped parameter model of blood flow. Acquiring the systemic distribution of the
oxygen concentration in the entire circulatory system was suggested to be helpful
for understanding the relationship between the oxygen distribution and
developments of diseases, and further improving the clinical interventions.
Moreover, the effects of hemodynamics on the oxygen concentration distribution
were neglected in the numerical investigations with the lumped parameter model of
blood flow. Hemodynamics plays a significant role in oxygen transport in the
arteries and should be considered for an accurate calculation (Tada, 2010, Liu et al.,

2010, Tsai et al., 2003).
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Convection and diffusion of oxygen transfer are the main components of oxygen
transport in the vascular system. Both of them correlate with the oxygen
concentration. And there exists a correlation between convection and diffusion in
oxygen transport. In mass transport, convection enhances diffusion (Fannjiang and
Papanicolaou, 1994, Fannjiang and Papanicolaou, 1997), which is due to the
convective flow. Moreover, the fluid flow contributes to a faster rate of substance
transfer than the diffusive term (Wilkinson, 2000), which further increases the
gradient of substance concentration and thus causes the augmentation of the
diffusive flux. This is due to the Fick’s first law which correlates the diffusive flux
to the concentration gradient. In summary, convection increases diffusion in mass
transport and relates to the gradient of diffusion. In addition, in terms of heat transfer,
there is the similar rule that the heat generation due to the fluid flow linearly

correlates to the diffusion gradient (Ramachandran, 2014).

In terms of oxygen transmission in arteries, convection dominates diffusion
(Douglas and Russell, 1982), whereas diffusion slightly affects convection (Cussler,
2009). Moreover, blood flow is hardly affected by oxygen diffusion (Ramachandran,
2014), and convection is caused by blood flow (Patankar, 1980b). Thus, diffusion
hardly affects convection. In terms of heat and mass transfer, diffusion hardly
affects the forced convective flow (Deen, 1998), thus, diffusion has little effect on
convection as well. Overall, in terms of oxygen transport in the arterial tree,

convection plays a significant role in diffusion, while diffusion rarely has an
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influence on convection. Thereafter, the convective transport of oxygen is equal to
the diffusive flux out of the blood (Tsai et al., 2003), and the diffusion term from
blood to vascular walls is the major source of oxygen consumption in the arterial

tissue (Popel, 1989).

2.5.4 Effects of oxygen transport in downstream arteries

and microvessels

These numerical studies mainly focused on the local distribution of oxygen
concentration in arterial wall and hardly paid attention to the overall nature of
oxygen distribution in the arteries. Moreover, oxygen concentration at the outlet
boundary conditions of numerical investigations was generally simplified as a
constant value. Thus, effects of the downstream arteries and microvessels on
oxygen transport in arteries of interest were ignored in these computational

simulations.

Ignorance of arteries and microvessels causes a decrease in the accuracy of the
numerical prediction of oxygen distribution and blood flow in the vessels of interest.
In terms of blood flow, the values of pressure or flowrate fraction at the outlet of
the vascular model are assumed to be constant without the consideration of effects
of the downstream vasculature. Compliance and resistance of the downstream

arterial bed and microvascular bed are neglected in these settings of outlet boundary
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conditions. Several schemes have been developed for coupling the effects of the
downstream vessels in the 3D computational fluid dynamic (CFD) simulations of
the arteries. Lumped parameter models and one-dimensional vascular tree model in
these numerical methods are conventionally applied at outlets of these
computational models (Schaaf and Abbrecht, 1972, Stettler et al., 1981,
Stergiopulos et al., 1992, Stergiopulos et al., 1999, Stergiopulos et al., 1995,
Olufsen et al., 2000). Studies have proved that blood flow closely correlates with
oxygen transport in arteries and microvessels (Qiu and Tarbell, 2000, Liu et al.,
2011, Coppola and Caro, 2008, Duling, 1972, Prewitt and Johnson, 1976, Sullivan
and Johnson, 1981). Oxygen consumption in tissue is primarily supplied by oxygen
transfer from blood to tissue. The way of transferring oxygen from blood to tissue
is dependent on blood flow in arteries, arterioles, and capillaries. Eventually,
oxygen in tissue is derived from mass transport from microvessels to tissues in
microcirculation. Moreover, oxygen content in arteries of interest relates to oxygen
transport in the downstream arteries and the corresponding microcirculation
(Ivanov et al., 1999, Pittman and Duling, 1975, Swain and Pittman, 1989). In
summary, to acquire a more precise prediction of oxygen concentration distribution
in the artery of interest, the consideration of effects of oxygen transport in the
downstream vessels is required in the 3D simulation of blood flow and oxygen
transport. Although the 3D model of the whole vascular tree including the artery of
interest, the downstream arteries, and microvessels is supposed to be used for

performing the coupling of the artery of interest and the downstream vessels, it
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needs considerable computational resources and consumes a large amount of time.
Most of research groups barely have enough resources to perform the simulation of

the entire vascular tree.

2.5.5 Oxygen transport in muscles

Oxygen transferring from microvessels to muscles is dominated by oxygen
diffusion under near-constant oxygen tension in the sarcoplasm. The gradient of the
oxygen tension between blood and tissue is the driven force of oxygen transfer to
the mitochondrion in muscles. Moreover, oxymyoglobin transport enhances oxygen
diffusion in muscles, and the augmentation mediates a high proportion of oxygen
transmitted flux from interstitium to muscle fibers. Thereafter, the oxygen

consumed in the mitochondrion is carried by myoglobin as well.

The difference of oxygen tension in the muscle fiber is small and is approximated
to 2-3 torr (Wittenberg and Wittenberg, 1985, Katz et al., 1984), while the difference
between blood and sarcoplasm is large and is about 15-20 torr (Hellums, 1977,
Federspiel and Popel, 1986). Oxygen diffusion from capillaries to muscle tissues
mainly depends on the gradient of oxygen tension, and the gradient is mainly
influenced by the difference. The change in blood flow affects the oxygen tension
in vessels, and further alters the difference. Thus, blood flow is a factor to influence

the oxygen transport from blood to tissues. Moreover, oxygen in the vascular
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system includes dissolved oxygen and hemoglobin-bound oxygen, while dissolved
oxygen and myoglobin-bound oxygen are the components of oxygen in muscles.
Previous studies have suggested that changes in blood flow affect the
concentrations of oxygen, hemoglobin, and myoglobin (Stainsby and Otis, 1964,
Shoemaker et al., 1996). In summary, blood flow plays a significant role in the
oxygen transport in vessels and muscle tissues. Additionally, the working myocytes
during exercise require more oxygen to perform contractile function. The number
of open capillaries increases during exercise and enhances the blood flow in the
capillary beds. Thus, the change in blood flow is supposed to alter oxygen content

in muscles.

Currently, studies about blood flow and oxygen transport in arteries and tissues of
the residual limb are few and only focuses on the microcirculation in the residuum
skin (Macchi et al., 2004, Mak et al., 2001, Zhang and Roberts, 1993). The
relationship between blood flow in residuum arteries and oxygen distribution in
vessels and tissues is ignored. Amputation and muscle atrophy change the spatial
structure of residuum arteries, and further affect the blood flow and oxygen
transport in vessels and muscles after amputation (Troedsson, 2013). As a
consequence, investigations about blood flow and oxygen transport in residuum
arteries are needed to more precisely evaluate the status of the residuum muscles
and to understand the correlation between oxygen transport and developments of

health problems in the residuum.
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2.6 Objectives

To propose transmission line equations of oxygen transport in arterioles and
microvessels for predicting oxygen concentration distribution in the whole
circulatory system with less computational cost and time.

To apply transmission line equations of blood flow and oxygen transport in the
development of the coupling computational model of blood flow and oxygen
transport for more precisely predicting oxygen concentration distribution.

To investigate the oxygen concentration distribution in the arterial system of the
residual limb after trans-femoral amputation using the coupled numerical model.
To numerically and experimentally validate the lumped parameter model of oxygen

transport that is developed on the basis of the transmission line equations.
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CHAPTER 3 METHODS
3.1 Subjects

Our research team selected six unilateral trans-femoral amputees as volunteers
according to medical records and regarded three of them as the follow-up subjects.
We used a computed tomography (CT) system (Siemens Somatom Definition Flash,
Siemens Healthcare Sector, Germany) to obtain the vasculature images of the
residuum and the contralateral sound limb. Moreover, the hemodynamic parameters
of the main blood vessels were measured by using Doppler ultrasound (iU22,
Philips Medical Systems, Bothell, WA, USA), such as the blood flow, pressure,
velocity and resistance coefficient. The application for the ethical review of this
study has been approved by the Human Subjects Ethics Sub-committee of The

Hong Kong Polytechnic University.

Table 3-1 The inclusion criteria of amputees.

Category Criterion
Age 18-60 years old
Amputation time Within one year
Residuum status Medium or long
Postoperative status Accepted a good postoperative
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A 21-year-old female volunteer with the left mid-thigh amputation was selected as
the subject. This study acquired the angiographic images and hemodynamic

parameters of the subject as the numerical analysis data.

3.2 Computational models of DLFCASs in the residual limb

and the sound limb

Methods introduced in this section are applied in the establishment of the
computational simulations of DLFCAs in both sides of a trans-femoral amputee

(see chapter 4).

3.2.1 Geometric model and meshing

In the first place, the angiographic images of the residuum and the contralateral
sound limb were imported into the medical image processing software (MIMICS
v10.0 Materialise, Leuven, Belgium) to carry out three-dimensional reconstruction.
These images were collected from a 21 years old female volunteer who underwent
left mid-thigh amputation. And there were 717 slices with the thickness of 1 mm in
the angiographic imaging. The field of view, the image resolution, and the pixel

size were 377x377 mm?, 512x512 pixels, and 0.736 mm, respectively.

It should be noted that muscle atrophy of residuum sartorius and quadriceps femoris,

which was related to the disuse atrophy, was the most obvious after amputation
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(Schmalz et al., 2001). And the descending branch of lateral femoral circumflex
artery is the main vessel which supplies nutrition and oxygen for these muscles
(Standring et al., 2005). Consequently, the geometric models of the vessels in both
the residuum and the contralateral sound limb were established and entity modelled

in a general-purpose pre-processor (Gambit 2.4) (shown in Fig. 3-1).

/V
Outlet A

[ Outlet B
/

Figure 3-1 Geometric models of the vessels in both the contralateral sound limb (A)

and the residual limb (B).

3.2.2 Meshing

Subsequently, the geometric models were employed into Gambit 2.4 for meshing
(shown in Fig. 3-2). And there were 126853 mixed elements in the vascular model
of the contralateral sound limb (shown in Fig. 3-2A), which consisted of 56663
tetrahedral elements in the interior and 70190 high quality wedge elements within

the boundary layer. In addition, there were 75076 mixed cells in the vascular model
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of the residual limb (shown in Fig. 3-2B), which included 30361 tetrahedral
elements in the interior and 44715 high quality wedge elements within the boundary
layer. It was beneficial for enhancing the computational accuracy to mesh more

elements within the boundary layer.

A | B |
Inlet -~ }3* x Inlet -~ . /GL\
/V
Outlet A
{ OutletB Q  Outlet

Figure 3-2 Meshed models of the vessels in both the contralateral sound limb (A)

and the residual limb (B).

3.2.3 Computational fluid dynamics (CFD) analysis

The meshed models were imported into the commercial CFD software (FLUENT
v10.0) for numerical analysis. And this simulation employed a couple numerical
analysis of hemodynamics and oxygen transport through using theories of fluid

mechanics and mass transfer.
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Blood flow

Assumptions

Three assumptions were employed in this numerical analysis of blood flow: (1)

blood is a homogeneous, incompressible fluid (Ku, 1997); (2) the walls of vessels

are rigid and no-slip (Friedman et al., 1992, Moore et al., 1994); (3) blood flow is

steady and uniform.

Governing equations

For the sake of investigating the effects of blood constitutive models on blood flow

and oxygen transport, two blood constitutive models were considered: Newtonian

and non-Newtonian (Casson).

In the simulation of blood flow, three-dimensional continuity equation and Navier-

Stokes equation were employed.
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Where U; was the velocity vector of blood, and P was the pressure. Moreover,

L and u were the density and dynamic viscosity of blood, respectively: p
=1055 kg/m? (Wentzel et al., 2001). In the Newtonian model, x =3.5x10- kg/m-s.
Through utilizing the mathematic expression of Newtonian fluid in terms of Casson

equation (\/; =k, +k1\/} ), the apparent viscosity of the Casson model could be

. 1 :
derived as pu = 5 \/D_ (ko + k4|24 D, ) . Where ; and 5 were shear stress

. . 2 2 .
and shear strain, respectively; k, and A, were Casson yield stress and Casson

viscosity, respectively; [} was the second invariant of strain rate tensor. The
modified viscosity was applicable for the Casson model. And the apparent viscosity
of the Casson model was employed into a commercial software (Fluent, version 6.3,

ANSYS, Inc.) through compiling a user-defined C-like function (UDF).

Boundary conditions

A zero-pressure boundary condition was applied at the outlet: P wtle = 0. Since it
was concluded that exercise would contribute to an increase in the velocity of blood
flow (Shoemaker et al., 1996), it was necessary to investigate the impact of exercise

on the oxygen transport in the descending branch of lateral femoral circumflex

artery. In order to find out the effects of different velocities on the oxygen transport
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of the vessels, the profile with three velocities was applied at the inlet of the vascular

model:

{VZ e =0:091m/ s (velocityd),  0.245m/s (velocityB),  0.321m/s (velocityC)
Vi =0

inlet
(Shoemaker et al., 1996).

Oxygen transport

Oxygen transport equation

Oxygen transport of the blood flow could be composed of convection and diffusion

terms, which was expressed by the equation as follow:

H - H
1+[ b]_ds u-VPO,=V-| D, 1+[ b] D, _ds VPO, (3.2)
a dPO, a D, dPO,

Where po, was the oxygen tension in blood flow. The ability of hemoglobin to
carry oxygen in blood was expressed by [H»]. And & was the oxygen solubility.
D and D were the diffusion coefficients of free oxygen and oxyhemoglobin.
The ratio of oxyhemoglobin to total hemoglobin, S referred to as the saturation

PO, (Fournier, 2011).

function, was given by the Hill equation: §=—-"2
PO," + PO,

For the sake of investigating the contribution of hemoglobin to oxygen transport,
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two cases were considered: (1) with hemoglobin, i.e., oxygen in blood included free

oxygen and oxygen carried by hemoglobin; (2) without hemoglobin ([#5 ]= 0).

Table 3-2 The parameters in oxygen transport.

Parameter Value Source
[Hb] 0.2 mL Ox/mL blood (Back et al., 1977)
a 2.5x10° mL O/mL (Schneiderman and Goldstick, 1978)
blood/mmHg
Dy 1.2x107° m?%/s (Stein et al., 1971)
D, 1.5x10° m?/s (Caro et al., 1978)
n 2.7 (Moore and Ethier, 1997)
POs 26.6 mmHg (Moore and Ethier, 1997)

The user-defined scalar (UDS) in FLUENT was used for solving the oxygen

transport equation with the user-defined C-like function (UDF).

opp, 0O o9, —
—~+—| pu,p -1 =9 k=1,...,N 33
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Where ¢k was an arbitrary scalar. 1, and S@ were the diffusion coefficient and

source term, respectively, which were supplied for each of the N scalar equations.

42



Boundary conditions

At the inlet of the vessel, the boundary condition of oxygen tension was set as

POanlet=85mmHg; the flux of oxygen tension at the outlet was specified as

PO,

5 =0 ; and oxygen tension of the vascular wall was set as
n

POz‘Wa” = 60mmHg (Moore and Ethier, 1997, Buerk and Goldstick, 1982, Liu et

al., 2009).

Computational settings in FLUENT

This software applied the finite volume method to solve the equations of blood flow
and oxygen transport, and the solver was based on pressure. More specifically, the
computational model utilized the three-dimensional single precision and segregated
solver. In the solution controls, the SIMPLEC method was set for pressure-velocity
coupling; the solution of pressure applied standard discretization; and the first-order
upwind was employed in the discretization of momentum and oxygen tension. The
residual value of 0.0001 was selected as the absolute convergence criterion of all

the variables.

3.3 Computational simulation and experimental study of

oxygen transport and blood flow in the residual limb
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A more precise prediction of oxygen distribution in the 3D vascular model needs
the consideration of effects of the downstream vessels on oxygen transport. The
lumped parameter model of oxygen transport in the downstream vascular bed is
employed as the boundary condition of oxygen transport at the outlet of the 3D
vascular model in order to realize the effects of the downstream vessels. The
transmission line equations of oxygen transport are treated as the theoretical basis

of the development of the lumped parameter model and expressed as follows:

oJ oJ

- adiff = ROJcon + LO a;on
X
aJ. oc) G4
- a;:” = _Jdl,;[ From blood to wall - _Zﬂa (ngr—a
where J,, and J,, are the convective flux and the diffusive flux, respectively;
con diff

« 1s the radius of the vessel; r-direction and , -direction represent the radial

direction and the direction of blood flow; L, and R, represent the properties of

% ot %

X X

1
oxygen convection per unit distance and are equal to —— and ﬁ[—LJ ,

respectively. The electrical analogue including resistance ( R ) and current sink is
assumed to be the representation of the lumped parameter model of oxygen
transport (Fig. 3-3). In the coupling model of the 3D vascular model and the lumped
parameter model of oxygen transport, the convective flux at outlet of the 3D model
is regarded as the inlet boundary condition of the lumped parameter model, while
the diffusive flux at the beginning of the lumped parameter model is applied in the

setting of the outlet boundary condition of the 3D model. Moreover, the diffusive
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flux at end of the lumped parameter model (J:,!ﬁ-) is set through using the oxygen

gradient between the terminal artery and the first-order arteriole.

Inlet Outlet
( < ) Jcon R Jalhff
Jdi/f

Current Sink

l

Figure 3-3 Schematic diagram of the coupling model of the 3D vascular model and
the lumped parameter model of oxygen transport. The convective flux and diffusive
flux (J,, and J, a4 ) Of oxygen transport are analogous to current and voltage in
the circuit. R is the resistance of oxygen transport in the entire vascular tree and
represents the remaining portion of oxygen content. The current sink represents the
total flux of oxygen diffusion from blood to arterial wall. J, c'bﬁ- is the diffusive flux

of oxygen transport at the end of the downstream arteries.

In the CFD simulations of the 3D arteries, the governing equations were the
continuity equation and the Navier-Stokes equation. Blood was assumed to be
homogeneous, incompressible, and Newtonian fluid (Ku, 1997, Friedman et al.,
1992, Moore et al., 1994). Since the difference in hemodynamic parameters of
femoral arteries between the simulation ignoring the elasticity of the vascular wall
and that with the consideration of the elastic vascular wall was proved to be
relatively small (Kim et al., 2008), the elasticity of the arterial wall was neglected

in these simulations. The convection-diffusion equation was treated as the
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governing equation of oxygen transport (Liu et al., 2010, Yan et al., 2017).
Parameters in the governing equations of blood flow and oxygen transport were

same to those in our previous study about oxygen transport of residuum DLFCA.

We applied the commercial software (Fluent, version 6.3, ANSYS, Inc.) to perform
the CFD simulation coupling with oxygen transport. The numerical investigation
of the convection-diffusion equation was conducted through applying the user-
defined scalar (UDS) and the user-defined C-like function (UDF) in Fluent.
Moreover, a UDF was compiled to apply the lumped parameter model of oxygen
transport in the setting of the outlet boundary condition of the 3D computational
model. The residual value in Fluent was generally treated as the convergence
criterion and was set as 0.0001. The settings in Fluent were derived from our

previous study as well.

This study was divided into three parts; first, three regular vascular models were
employed to numerically verify the developed boundary condition with the lumped
parameter model of oxygen transport; second, the computational simulation of the
residuum arteries after trans-femoral amputation was carried out, and the developed
boundary condition of oxygen transport was applied in this simulation; third, the in
vitro experiment with the 3D printing vascular model of the residuum arteries was
conducted to validate the computational simulation. And methods elucidated in this

section were used in numerical verifications of the developed boundary condition
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of oxygen transport, in the computational simulation of oxygen transport and blood
flow in arteries of the trans-femoral residuum, and in the experimental validation

of the computational model of residuum vasculature (see chapter 7).

3.3.1 Numerical verification

Three regular vascular geometries were used in this numerical verification and
included a straight vessel, a 90° curved vessel, and a bifurcated vessel (Fig. 3-4).
The values of the geometric parameters were listed in Tab. 3-3. The effect of the
outlet boundary conditions of oxygen transport and blood flow would be almost
eliminated with the elongation of the vascular model (Ma et al., 1994, Ma et al.,
1997). Thus, for the sake of verifying the boundary condition of the lumped
parameter model of oxygen transport, the straight vessel and these two branches of
the bifurcated vessel were straightly extended, while the curvature angle of the
curved vessel was increased by 100° to minimize the effect of the boundary
condition (Austin and Seader, 1973). The flowrate profiles were set as the inlet
boundary conditions of blood flow in these vascular models (Fig. 3-5). The pressure
at the outlets of the elongated straight vessel and the 190° curved vessel was set as
zero, while the pressure at the outlets of the original straight vessel and the 90°
curved vessel was calculated based on the elongated model. The constant resistance
models were applied at the outlets of the elongated bifurcation vascular model, and

the values of the resistances were set as 4.712x10° Pa-s/m?® (External carotid artery)
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and 2.8897x10° Pa-s/m? (Internal carotid artery) (Boileau et al., 2015). The pressure
at the outlet of the non-elongated bifurcation model was derived from the elongated
bifurcation model as well. Oxygen tensions at the inlets of the straight models, the
curved models, and the bifurcated models were set as 85 mmHg, 85 mmHg, and
85.3 mmHg, while those at the arterial walls were determined as 60 mmHg, 48
mmHg, and 55.5 mmHg (Richardson, 2008, Santilli et al., 1995, Moore and Ethier,
1997). Zero gradient of oxygen tension was employed in the settings of the outlet
boundary conditions of oxygen transport in these elongated models, whereas the
lumped parameter models of oxygen transport in the extension portion of these
elongated models were regarded as the boundary conditions of the outlets in the

non-elongated models.

Table 3-3 Values of the geometric parameters in three vascular models.

Model Parameter Value Parameter Value
. Ds 18 mm
Straight vessel L. 200 mm
dc 4.4 mm
Curved vessel R. 22 mm
Olc 90°
Dee1 6 mm Dics 5.16 mm
Dc2 6 mm Dics 4.26 mm
Bifurcated vessel Dici 6.26 mm Deci 4.16 mm
Dic2 6.66 mm Dec2 3.41 mm
Dic3 6.66 mm Dec3 3.41 mm
Dic4 6.19 mm B 50°
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Figure 3-4 Schematic diagrams of the regular vascular models of (a) the straight
artery, (b) the 90-degree artery, and (c) the bifurcated artery. Ds and L are the
diameter and the length of the straight artery; dc, Re, and a. are the diameter of the
curved artery, the radius of the curvature and the angle of the curvature, respectively;
Deey (y=1, 2), Dics (6=1, 2, 3,4, 5, 6), Dece (¢=1, 2, 3), and B are the diameters of the
common carotid artery, the diameters of the internal carotid artery, the diameters of

the external carotid artery and the bifurcation angle, respectively.
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Figure 3-5 Flowrate profiles at inlets of three arteries.
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3.3.2 Computational simulation of residuum arteries

The geometric model of the residuum arteries after trans-femoral amputation was
built through the reconstruction with the angiographic images of an amputee (Fig.
3-6a), which was based on our previous study (Yan et al., 2017). The vascular
model included common femoral artery (CFA), superficial femoral artery (SFA),
deep femoral artery (DFA), lateral femoral circumflex artery (LFCA), and medial
femoral circumflex artery (MFCA). The blood velocity profile in the femoral artery
of the residual limb was measured by Doppler ultrasound (iU22, Philips Medical
Systems, Bothell, WA, USA) and was applied at inlet of the CFD model (Fig. 3-
6b). The three-element Windkessel model, which was established on the basis of
the fluid transmission line equations, was used for developing the boundary
conditions of the outlets in residuum arteries (Fig. 3-6¢). The resistances and the
capacitance in the Windkessel model were derived from the literatures (Seeley,
2011, Reymond et al., 2009) and blood velocity data measured by ultrasound (Fig.
3-6d). In terms of oxygen transport, the oxygen tensions at inlet and wall were
specified as 75.9 mmHg and 60 mmHg (Buerk and Goldstick, 1982). And the
aforementioned boundary conditions of oxygen transport in this study, which were
based on the coupling model of the 3D CFD analysis and the lumped parameter
models of oxygen transport in the downstream vessels, were employed at the outlets

of the vascular model.
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Figure 3-6 The geometric model of the residuum arteries (a), the blood velocity
profile at inlet (b), the electrical analogue of the Windkessel model (¢) and the

values of parameters in Windkessel models of different outlets (d).

3.3.3 In vitro experiment

The in vitro experiment was established using a 3D printing vascular model
(Materialise, Leuven, Belgium) of the residuum vasculature in order to validate the

computational simulation of oxygen transport and blood flow in these residuum
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arteries (Fig. 3-7). The 3D printing vascular model was fabricated according to the
digital 3D model of the residuum vasculature which has been developed based on
the angiographic images. The material of the printing model is TuskXC2700T, and
the transparent stereolithography is used on the internal and external surfaces of the
vascular model. The printing layer thickness, the standard accuracy, and the wall
thickness are 0.1 mm, +0.2%, and 2 mm, respectively. A peristaltic pump
(Masterflex L/S, Cole-Parmer, USA) was used for producing the corresponding
pulsatile inflow with the computational simulation. Electronic proportional valve
(EPV-375B, Hass Manufacturing Company, USA) and airtight container were
applied to simulate the resistance and the capacitance of the Windkessel model at
each outlet of the vascular model. The setting of the proportional valve and the
development of the airtight container were based on the values of the resistance and
the capacitance. In addition, flowrate in the experiment was measured by the
electromagnetic flowmeter (FMG71B-A, Omega Engineering, Inc., USA).
Thereafter, the measurements of oxygen concentration in the solvent were
performed at inlet and each outlet of the vascular model through using the oxygen
analyzer (JPBJ-608, INESA Scientific Instrument Co., Ltd., China). To implement
oxygen consuming of the downstream arteries, two valves were installed at the
upside and downside of the downstream tube, respectively. More specifically,
oxygenated water in the tube was removed through the downside valve to simulate
the oxygen loss, meanwhile the same amount of oxygen-free water was produced

through mechanical ventilation with nitrogen in oxygenated water and introduced
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in the upside valve to remain the total amount of fluid. The amount of the oxygen
loss was determined through the measurement of oxygen concentration in the
removed oxygenated water. Moreover, the temperature remained unchanged during
the experiment. In this experiment, the solvent was water, while the settings and the
parameters of the corresponding computational model were adjusted according to
the development of the in vifro experiment. The experimental results were
compared with those in the corresponding computational simulation to validate the

coupling model of the 3D CFD analysis and the lumped parameter model of oxygen

transport.
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Figure 3-7 Schematic diagram of the development of the experimental platform.
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CHAPTER 4 COMPUTATIONAL SIMULATIONS OF
BLOOD FLOW AND OXYGEN TRANSPORT IN
DLFCAS OF THE RESIDUAL LIMB AND THE SOUND
LIMB

Computational simulations of blood flow and oxygen transport in DLFCAs of the
residual limb and the sound limb were carried out to determine the differences of
hemodynamic responses between the residual limb and the sound limb. Moreover,
in order to figure out the effects of exercise on blood flow and oxygen transport in
the residuum artery, three velocities during rest, exercise, and steady-state exercise

were employed at inlet of the vascular model.

Angiographic images of residuum arteries in a trans-femoral amputee were applied
to reconstruct the geometric model. Section 3.2 in chapter 3 introduces details in
the computational simulations of DLFCAs. This chapter introduces the blood flow
and oxygen distribution in the residuum DLFCA under different inlet velocities,
moreover, the differences of blood velocity and oxygen concentration between the

sound limb and residual limb are showed.

4.1 Velocity of blood flow
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4.1.1 Different velocities at the inlet (residuum)

The profile with three velocities was applied at the inlet of the residuum vascular
model: 0.091 m/s (velocityA); 0.245 m/s (velocityB); and 0.321 m/s (velocityC),
which was beneficial for finding out the effects of different velocities on the

velocity of blood flow in the vascular model.

Newtonian

For the sake of investigating different velocity distribution in the vascular model
based on different velocities at the inlet boundary, three velocities were selected for
the vascular model with Newtonian fluid. For Newtonian fluid, it was shown that
different inlet boundaries with various velocities could contribute to different
velocities of blood flow in the vascular model (shown in Fig. 4-1). Specifically, the
increase in the velocity of the inlet caused the increment of the blood velocity in the
vessel. However, the streamline distribution of three inlet boundaries was the same.
In summary, the change in the velocity at the inlet boundary could cause different
velocities of blood flow in the vessel, whereas could not transform the streamline

distribution of blood flow.
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Velocity {m/s)

B

Figure 4-1 The velocity of blood flow with Newtonian fluid: velocityA (A),

velocityB (B), and velocityC (C).

Non-Newtonian (Casson)

In addition, Casson fluid was employed into this vascular model, in order to find
out the difference of velocity distribution between Newtonian and non-Newtonian.
As shown in Fig. 4-2, it was noted that the velocity of blood flow increased followed
by the increment in the velocity at the inlet boundary for non-Newtonian fluid. For
most regions of the vascular model, there was no difference of streamline
distribution among three inlet boundary conditions. However, the streamline

distribution in the region close to the outlet was disturbed in terms of velocityB and
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velocityC (shown in Fig. 4-2B and Fig. 4-2C). Specifically, there existed an
elongated recirculation close to the outlet of the vascular model. In summary, the
increment of the velocity at the inlet boundary could contribute to the increase in
the velocity of blood flow in terms of non-Newtonian fluid, and result in the

formation of recirculation in the region near the outlet of the vascular model.

A

B

Velocity (mfs)

Figure 4-2 The velocity of blood flow with non-Newtonian fluid: velocityA (A),

velocityB (B), and velocityC (C).

For Newtonian and non-Newtonian fluid, the increment of the velocity at the inlet

boundary could cause the increase in the velocity of blood flow. The streamline
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distribution of three inlet boundaries was the same for Newtonian. In terms of non-
Newtonian, there was no difference of streamline distribution in most regions of the
vascular model among three inlet boundary conditions, while an elongated
recirculation was formed near the outlet for velocityB and velocityC. And the
increase in the velocity at the inlet boundary would cause the formation of
recirculation in the region close to the outlet for non-Newtonian fluid. Through
comparing the results of Newtonian with those of non-Newtonian, it was found that
the velocity of blood flow did not change in this vascular model, and the streamline
distribution of non-Newtonian fluid transformed in the region near the outlet with

the increment of the velocity at the inlet boundary.

4.1.2 Vascular models of both residuum and contralateral

sound limb

The DLFCA in contralateral sound limb was regarded as the reference. The blood
flow of this branch in the residual limb was compared with that of the contralateral
sound limb, which was beneficial to find out the difference of blood flow between

the amputated limb and the contralateral sound limb.

Newtonian
Firstly, the inlet boundary with velocityA and Newtonian fluid were applied in two

vascular models of residuum and contralateral sound limb. As shown in Fig. 4-3, it
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should be noted that the spatial vasculature of the DLFCA in the residual limb
changed significantly due to the amputation and muscle atrophy, through the
comparison with the DLFCA in contralateral sound limb. The velocity of blood
flow in this vascular model of residuum was different from that of the contralateral
sound side. Meanwhile, there lied the difference of the streamline distribution
between the two vascular models (shown in Fig. 4-3), which was result from the

change in the spatial vasculature of the residuum DLFCA.

A

.|

Velocity (m/s)

Figure 4-3 The velocity of blood flow with Newtonian fluid: contralateral sound

limb (A) and residuum (B).

Non-Newtonian (Casson)

Secondly, the inlet boundary with velocityA and non-Newtonian model were
employed in two DLFCA models of residuum and contralateral sound limb, which
would illustrate the effects of non-Newtonian model on the velocity and streamline
distribution. Followed by the results of two DLFCA models with Newtonian fluid,

there still existed the difference of the blood velocity and the streamline distribution
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between two vascular models of residuum and contralateral sound limb (shown in

Fig. 4-4).

A

L

Velocity (m/s)

Figure 4-4 The velocity of blood flow with non-Newtonian fluid: contralateral

sound limb (A) and residuum (B).

Through comparing the results of Newtonian fluid with those of non-Newtonian
fluid in two DLFCA models of residuum and contralateral sound limb, it was
convinced that there was no difference of the blood velocity and streamline
distribution between Newtonian and non-Newtonian, based on Fig. 4-3 and Fig. 4-
4. On top of that, the change in the spatial vasculature of the DLFCA in the residual
limb was the main contributor to the difference of the velocity and streamline

distribution between two DLFCA models of residuum and contralateral sound limb.

4.2 Wall shear stress (WSS)
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The wall shear stress (WSS) of the vessel plays a significant role in the evaluation
of vascular diseases. WSS value, which is smaller than 0.4 Pa, is unfavorable for
the vessel (Palumbo et al., 2002). And it may contribute to the development of
vascular diseases. The region of the vascular wall with WSS value smaller than 0.4

Pa is referred to as low WSS region.

4.2.1 Different velocities at the inlet (residuum)

The boundary conditions with three velocities were employed at the inlet of the
residuum DLFCA model: 0.091 m/s (velocityA); 0.245 m/s (velocityB); and 0.321
m/s (velocityC), which was helpful for understanding the impact of different

velocities at the inlet boundary on WSS distribution.

Newtonian

As shown in Fig. 4-5, there existed low WSS regions only in residuum DLFCA
model with velocityA at the inlet boundary for Newtonian fluid. More specifically,
the low WSS regions were observed in the curved regions of the vascular model
close to the inlet and outlet (shown in Fig. 4-5A). There was no low WSS region in
the residuum DLFCA model with velocityB and velocityC based on Fig. 4-5B and
Fig. 4-5C. And the value of WSS increased followed by the increment of the
velocity at the inlet boundary. That is, the increase in the velocity at the inlet

boundary of the DLFCA would contribute to the increment of WSS and cause the
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decrease in low WSS region. Consequently, the increase in the velocity at the inlet

boundary may reduce the risk of vascular diseases.
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Figure 4-5 WSS with Newtonian fluid: velocityA (A), velocityB (B), and velocityC

(©).

Non-Newtonian (Casson)

For non-Newtonian fluid, the low WSS region was only observed in the DLFCA
model with velocityA at the inlet boundary (shown in Fig. 4-6A), as well. And the
low WSS region was observed in the curved region of the vessel near the outlet. In

addition, there was no low WSS region in the vascular model with velocityB and
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velocityC at the inlet boundary, as shown in Fig. 4-6B and Fig. 4-6C. The value of
WSS had an increment followed by the increase in the velocity at the inlet boundary

for non-Newtonian, which was consistent with the results of Newtonian.

z

’ A

X

?3 Low WSS
region

Figure 4-6 WSS with non-Newtonian fluid: velocityA (A), velocityB (B), and

velocityC (C).

For Newtonian and non-Newtonian, the low WSS region was only observed in the
arterial wall of residuum DLFCA with velocityA at the inlet boundary. And the
increase in the velocity at the inlet boundary of the vascular model would result in

the increment of WSS, and cause the decrease in low WSS region. Thus, the
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increase in the velocity at the inlet boundary may reduce the risk of vascular
diseases. Through comparing the results of Newtonian and non-Newtonian, it was
illustrated that the area of low WSS region in the vascular model with non-
Newtonian fluid was smaller than that of the vascular model with Newtonian fluid,
which was consistent with the numerical simulation results of the previous study

(Fan et al., 2009).

4.2.2 DLFCA model of contralateral sound limb

Although the WSS of DLFCA model in the residual limb plays a role in the
evaluation of amputees’ health status, it is necessary to investigate the WSS of the
vascular model in contralateral sound limb. Two blood constitutive models
(Newtonian and non-Newtonian) with velocityA at the inlet boundary were applied
in the DLFCA model of the contralateral sound limb, for the sake of investigating
the WSS distribution of the vascular model in the contralateral sound limb after

amputation.

Newtonian and non-Newtonian (Casson)

As shown in Fig. 4-7, the low WSS regions were observed near the bifurcation and
the outlet of the DLFCA model in terms of both Newtonian and non-Newtonian.
Specifically, there existed the largest low WSS region just before the bifurcation of

the vascular model with Newtonian and non-Newtonian, which was consistent with
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the computational results of the previous research (Fan et al., 2009). The area of
low WSS region in the DLFCA model with Newtonian fluid was larger than that of
the vascular model with non-Newtonian fluid based on the comparison of
Newtonian with non-Newtonian (shown in Fig. 4-7), which was consistent with the

results of the DLFCA model in the residual limb.
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Figure 4-7 WSS distribution of the DLFCA in contralateral sound limb: Newtonian

(A) and non-Newtonian (B).

4.3 Sherwood number

It should be noted that hypoxia (low oxygen tension) would occur in the region of
the vascular wall where Sherwood number was smaller than the Damk&hler number
(Tarbell, 2003, Okamoto et al., 1983, Qiu and Tarbell, 2000). Sherwood number,
which could be given by the expression ( Sk = k % ), 1s known as the dimensionless
coefficient for mass transfer process. In the equation, k& denotes the coefficient of

mass transfer; A represents the mean diameter of the vessel; and D is defined as
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the diffusion coefficient of oxygen. The Damkdhler number is regarded as the

dimensionless wall consumption rate coefficient which could be expressed as

QTa

Y= (Fournier, 2011). Where Q is known as oxygen consumption
KDP,

Da

rate of arterial tissue; A represents the mean diameter of the vessel; 7' is defined
as the thickness of the arterial wall; K is referred to as Henry’s law constant; D
denotes the diffusion coefficient of oxygen; and the bulk oxygen partial pressure is
expressed by ). The estimated value of the Damkéhler number was 39 for
simplification (Tarbell, 2003). The post-processing with the user-defined C-like

function (UDF) in FLUENT was employed for calculating the Sherwood number.

4.3.1 DLFCA in residuum

For investigating the effects of different velocities on the oxygen transport of the
residuum DLFCA, the boundary conditions with three velocities were employed at
the inlet of the vascular model: 0.091 m/s (velocityA); 0.245 m/s (velocityB); and
0.321 m/s (velocityC). In the meantime, two settings were applied in the user-
defined scalar (UDS) in FLUENT with the UDF: (1) with hemoglobin, i.e., oxygen
in blood included free oxygen and oxygen carried by hemoglobin; (2) without
hemoglobin ([#b ]= 0 ), which was helpful for investigating the contribution of
hemoglobin to oxygen transport in residuum DLFCA with Newtonian and non-

Newtonian.
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Newtonian

Although the blood is regarded as a complex non-Newtonian fluid (Batra and Jena,
1991, Johnston et al., 2006, Chen and Lu, 2006), the investigation of the oxygen
transport in the Newtonian fluid is still required (Tarbell, 2003, Liu et al., 2010, Qiu

and Tarbell, 2000, Coppola and Caro, 2008, Tada and Tarbell, 2006).

As shown in Fig. 4-8, in terms of three velocities at the inlet boundary, hypoxia
zones were observed near the inlet and in the middle of the residuum DLFCA model
with hemoglobin in oxygen transport. Followed by the increase in the velocity at
the inlet boundary, the Sherwood number within the wall of the vascular model
increased in terms of oxygen transport with hemoglobin. Thus, the number and area
of hypoxia zones in the residuum DLFCA reduced with the increment of the
velocity at the inlet boundary. Consequently, the increase in the velocity at the inlet
boundary of the DLFCA was main contributor to the decrease in the number and
area of hypoxia zones within the vascular wall, which was beneficial for oxygen

transfer with hemoglobin in the vessel.

The Sherwood number of the residuum DLFCA model without hemoglobin
increased due to the increment of the velocity at the inlet boundary (shown in Fig.
4-9), which was consistent with the results with hemoglobin. For the residuum
DLFCA model without hemoglobin, the increase in the velocity at the inlet

boundary would still cause the increment of the Sherwood number; thereby
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contribute to the reduction of the number and area of hypoxia zones within the

vascular wall.
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Figure 4-8 Sherwood number with hemoglobin in Newtonian fluid: velocityA (A),

velocityB (B), and velocityC (C).

Compared with the Sherwood number of the residuum DLFCA model with
hemoglobin, it was indicated that the Sherwood number without hemoglobin
decreased remarkably based on Fig. 4-8 and Fig. 4-9. In other words, in terms of
the DLFCA in the residual limb, the value of Sherwood number without

hemoglobin was lower than that with hemoglobin, which was consistent with the
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computational results of the previous study (Moore and Ethier, 1997, Liu et al.,
2010). Thus, it was found that the number and area of hypoxia zones in residuum
DLFCA model without hemoglobin were larger through the comparison with the

results of oxygen transport with hemoglobin.
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Figure 4-9 Sherwood number without hemoglobin in Newtonian fluid: velocityA

(A), velocityB (B), and velocityC (C).

Non-Newtonian (Casson)
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Figure 4-10 Sherwood number with hemoglobin in non-Newtonian fluid: velocityA

(A), velocityB (B), and velocityC (C).

For non-Newtonian fluid, in terms of three velocities at the inlet boundary, hypoxia
zones were observed near the inlet and in the middle of the residuum DLFCA model
with hemoglobin in oxygen transport (shown in Fig.4-10). The increase in the
velocity at the inlet boundary caused the increment of the Sherwood number within
the wall of the vascular model in terms of oxygen transport with hemoglobin; thus,
contributed to the reduction of the number and area of hypoxia zones in the

residuum DLFCA model with non-Newtonian fluid.

70



As shown in Fig. 4-11, in terms of the residuum DLFCA model with non-
Newtonian fluid, the Sherwood number without hemoglobin increased followed by
the increment of the velocity at the inlet boundary, which was consistent with the
results with hemoglobin. For the residuum DLFCA model with non-Newtonian
fluid, the increment of the velocity at the inlet boundary would still contribute to
the increase in the Sherwood number in terms of oxygen transport without
hemoglobin; and cause the decrease in the number and area of hypoxia zones within

the vascular wall.

Through the comparison with the results of oxygen transport with hemoglobin, it
was demonstrated that the Sherwood number without hemoglobin decreased
remarkably in terms of the residuum DLFCA model with non-Newtonian fluid
(shown in Fig. 4-10 and Fig. 4-11). For non-Newtonian fluid, the value of Sherwood
number without hemoglobin was lower than that with hemoglobin. And it was
indicated that the number and area of hypoxia zones with hemoglobin were smaller
in terms of residuum DLFCA model with non-Newtonian fluid, compared with the

results of oxygen transport without hemoglobin.
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Figure 4-11 Sherwood number without hemoglobin in non-Newtonian fluid:

velocityA (A), velocityB (B), and velocityC (C).

4.3.2 DLFCA in contralateral sound limb

It is necessary to investigate the Sherwood number of the DLFCA model in
contralateral sound limb, although the Sherwood number of the vascular model in
the residual limb plays a role in the evaluation of oxygen transport in the vessel.
Two blood constitutive models (Newtonian and non-Newtonian) with velocityA at
the inlet boundary were employed in the DLFCA model of the contralateral sound

limb, in order to investigate the oxygen transport of the vascular model in the
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contralateral sound limb after amputation. And two settings were applied in the
user-defined scalar (UDS) in FLUENT with the UDF: (1) with hemoglobin, i.e.,
oxygen in blood included free oxygen and oxygen carried by hemoglobin; (2)
without hemoglobin ( [#b» ]=0 ), which was beneficial for investigating the
contribution of hemoglobin to oxygen transport in the DLFCA of contralateral

sound limb.

Newtonian

For Newtonian fluid, the hypoxia zone was observed near the inlet of the vessel, in
terms of oxygen transport with hemoglobin (shown in Fig. 4-12A). As shown in
Fig. 4-12B, the hypoxia zones were observed near the inlet, just before the
bifurcation and near the outlet of the vascular model without hemoglobin.
Obviously, the value of Sherwood number with hemoglobin was higher than that
without hemoglobin in the DLFCA of contralateral sound limb, which was
consistent with the results of the DLFCA in the residual limb. The number and area
of hypoxia zones without hemoglobin were larger than that with hemoglobin in

terms of the vascular model with Newtonian fluid.
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without hemoglobin (B).

Non-Newtonian (Casson)

As shown in Fig. 4-13A, in terms of non-Newtonian fluid, the hypoxia zone was
observed near the inlet of the DLFCA model with hemoglobin. For oxygen
transport without hemoglobin, the hypoxia zones were observed near the inlet, just
before the bifurcation and near the outlet of the vascular model (shown in Fig. 4-
13B). And for non-Newtonian fluid, it was demonstrated that the value of Sherwood
number without hemoglobin was lower than that with hemoglobin in the DLFCA
of contralateral sound limb, which was consistent with the results of the DLFCA in
the residual limb. Thus, the number and area of hypoxia zones with hemoglobin
were smaller than that without hemoglobin in terms of the vascular model with non-

Newtonian fluid.
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without hemoglobin (B).

For the DLFCA model with both Newtonian and non-Newtonian in the contralateral
sound limb, the value of Sherwood number without hemoglobin was lower than
that with hemoglobin within the vascular wall, which was consistent with the results

of the vascular model in the residuum.

4.4 Summary

In terms of the residuum DLFCA model with both Newtonian and non-Newtonian
fluid, the increment of the velocity at the inlet boundary could cause the increase in
the velocity of blood flow. Through comparing the results of Newtonian with those
of non-Newtonian, it was found that the velocity of blood flow did not change in
this vascular model, and the streamline distribution of non-Newtonian fluid
transformed in the region near the outlet with the increment of the velocity at the

inlet boundary. In addition, through comparing the results of Newtonian fluid with
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those of non-Newtonian fluid in two DLFCA models of residuum and contralateral
sound limb, it was convinced that there was no difference of the blood velocity and
streamline distribution between Newtonian and non-Newtonian. On top of that, the
change in the spatial vasculature of the DLFCA in the residual limb was the main
contributor to the difference of the velocity and streamline distribution between two

DLFCA models of residuum and contralateral sound limb.

The low WSS region was only observed in the arterial wall of residuum DLFCA
with velocityA at the inlet boundary in terms of both Newtonian and non-
Newtonian fluid. The increase in the velocity at the inlet boundary of the vascular
model would result in the increment of WSS and cause the decrease in low WSS
region. Thus, the increase in the velocity at the inlet boundary may reduce the risk
of vascular diseases. Through comparing the results of Newtonian and non-
Newtonian, it was illustrated that the area of low WSS region in the vascular model
with non-Newtonian fluid was smaller than that of the vascular model with
Newtonian fluid, which was consistent with the numerical simulation results of the

previous study (Fan et al., 2009).

For oxygen transport with hemoglobin and without hemoglobin, the increase in the
velocity at the inlet boundary of the residuum DLFCA model with Newtonian fluid
was main contributor to the decrease in the number and area of hypoxia zones

within the vascular wall, which was consistent with the results of the vascular model
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with non-Newtonian. Thus, it was suggested that the increment of the velocity in
the residuum DLFCA model would be beneficial for oxygen transfer in the vessel.
And the value of Sherwood number without hemoglobin was lower than that with
hemoglobin in the residuum DLFCA model in terms of both Newtonian and non-
Newtonian fluid, which was consistent with the computational results of the
previous study (Moore and Ethier, 1997, Liu et al., 2010). Moreover, for the
DLFCA model with both Newtonian and non-Newtonian in the contralateral sound
limb, the value of Sherwood number without hemoglobin was lower than that with

hemoglobin within the vascular wall as well.
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CHAPTER 5 TRANSMISSION LINE EQUATIONS OF
OXYGEN TRANSPORT IN ARTERIES

Oxygen plays a significant role in the physiological status of the tissues in human
body. Oxygen transport in arteries, arterioles, and capillaries is the main way to
supply oxygen and nutrients for the tissues. Moreover, oxygen diffusive flux from
the blood to arterial wall is the main component of oxygen consumption in the
arterial tissue. Abnormality of oxygen tension distribution contributes to the
hypoxia in the arterial wall (Moore and Ethier, 1997), which further causes the
development of the atherosclerotic plaque (Crawford and Blankenhorn, 1991,

Zemplenyi et al., 1989, Matsushita et al., 2000).

Numerous studies about numerical predictions and experimental measurements in
microcirculation and large arteries were conducted to determine the oxygen
concentration in vessels and tissues. Buerk et al. (Buerk and Goldstick, 1982)
carried out in vivo measurement of arterial oxygen content in the dog blood vessels
using the oxygen tension (PO>) electrode which penetrated into the lumen, and it
was indicated that the arterial PO values in the thoracic aorta and femoral artery
were 84 mmHg and 89 mmHg, respectively; Vazquez et al. (Vazquez et al., 2010)
positioned the oxygen sensors with tips in tissue and blood in order to
simultaneously record tissue and arterial PO, and the results showed that the
changes in arterial PO; could directly affect the tissue oxygenation and function;

Yaseen et al. (Yaseen et al., 2011) conducted the tracheotomy and cannulation of
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the femoral artery, and then used the confocal phosphorescence lifetime microscopy
to measure arterial PO,; and Masamoto et al. (Masamoto et al., 2008) carried out
arterial blood sampling for measuring systemic PO, and placed a microelectrode
beneath the cortical surface to record PO in the cortex. According to these
literatures, it was suggested that there were few non-invasive ways to measure the
oxygen concentration in arteries. Thus, for the sake of investigating the oxygen
distribution in the arterial blood and arterial wall, numerous numerical simulations
of oxygen transport in the arteries were performed (Moore and Ethier, 1997, Buerk
and Goldstick, 1982, Liu et al., 2010, Qiu and Tarbell, 2000, Tada, 2010).
Specifically, computational fluid dynamic (CFD) models coupled with the
convection-diffusion equation of oxygen transport were established in these
simulations to predict the distribution of oxygen concentration. In summary,
experimental investigations and numerical simulations of the oxygen transport
mainly focused on the PO; distribution in local regions of the arteries and tissues,
whereas most of them did not consider the systemic distribution of oxygen
concentration in terms of the whole circulatory system perspective. Nevertheless, a
simplified mathematical expression including the hemoglobin concentration was
applied in the lumped parameter model for calculating blood oxygen concentration
in terms of the systemic circulation perspective (Broomé et al., 2013, Yao et al.,
2008), and the effects of hemodynamics on oxygen concentration distribution were
neglected in the expression. However, hemodynamics plays a significant role in

oxygen transport in the arteries (Tada, 2010, Liu et al., 2010, Tsai et al., 2003).

79



In fact, a mathematical model for predicting blood flow in terms of the systemic
circulation perspective has been employed for a few years (Noordergraaf et al.,
1963, Westerhof et al., 1969, Raines et al., 1974, Reymond et al., 2011). Lumped
parameter model of blood flow, which was on the basis of fluid transmission line
model, was widely used for predicting blood velocity and pressure in the whole
circulatory system (Lacourse et al., 1986, Snyder et al., 1968, van de Vosse and
Stergiopulos, 2011). With reference to fluid transmission line equations,
transmission line equations of oxygen transport were firstly developed in this study.
Lumped parameter model of oxygen transport, which is established based on the
transmission line equations of oxygen transport, is supposed to be valuable for
predicting the systemic distribution of oxygen concentration in the whole

circulatory system.

5.1 Theoretical considerations

5.1.1 The integrated form of oxygen transport equation

In the derivation of the oxygen transmission line equations, mass transport equation
in cylindrical coordinates is firstly applied.

oC v 0
_+__
ot r or

(rC)+

vy OC | GC_E{IQ( ac} 1 9°C  oC

C L) 2l 0 s, (5
r o0 oz plror\ or) 1t of? 622} G-h

where », 6 and : are radial coordinate, angular coordinate and axial coordinate,

respectively; C is the concentration of the solute; I and p are the diffusion
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coefficient of the solute and the density of the fluid, respectively; V., V, and V,
are the components of the fluid velocity in , -direction, @-direction and : -
direction in the cylindrical coordinate system, respectively; S is the source term,
and it is supposed to be zero in terms of oxygen transport in the blood vessel. V.
and V, are usually assumed to be zero in the numerical simulation of blood flow.

Subsequently, each term of equation (5.1) multiplies », which yields

o(rC)  a(rC) E{a(ra_c}ﬁ(rc)}

+v, =—|=
ot oz plor\  or oz*

(5.2)

Then we integrate each term of equation (5.2) over the cross-section of blood vessel
and use the Leibniz rule for differentiating an integral (Equation (5.3)) to rewrite

these integrals.

0 (Al p() Of (x,1) 0B (1) da (1)
EL([) S (e)de=[ Tdﬁ{f[ﬂ(t),t]7—f[a(t),t]7
(5.3)
Thus, equation (5.2) is transformed into
R R 2 R
o], 27erdr)+vz o[\ 2mrcar) v RZﬂa(rader—i- (1, 272rerr)  654)
ot 0z plJo or r 0z

where R is the radius of the vessel. The oxygen content of the whole cross-

R
section (M) is presented by the expression: M :J.o 27rCdr . Moreover, the first

term at the right-hand side of equation (5.4) could be rewritten by

R27z‘£(ra—c dr=27z(ra—c ::0R=272'R(6—Cj .
o or\_ or or or ) _p

81



Consequently, the integration of the oxygen transport equation without the

consideration of hemoglobin over the cross-section of blood vessel is showed as

follow:
2
paﬁ+pvza£=2ﬁR[Fa—Cj +l“a A:[ . (5.5
ot 0z or ) _p 0z

Thus, in this equation, p and V, are the blood density and blood velocity,
respectively; M is the oxygen content of the whole cross-section in the vessel; :
-direction is the direction of blood flow; [ is the diffusion coefficient of oxygen

in the blood; and R is the radius of the vascular lumen.

The convective flux is expressed as J,, =pv,M , and the diffusive flux is

oM

expressed as J, . = 1“6—. In the equation (5.5), - represents the direction of
zZ

diff
fluid flow. X isutilized to replace - in the following. Therefore, the equation (5.5)

should be transformed into

o(J 0 0 oC
| Zem N = (T V=—AJ,. ) +27R| T — . 5.6
at[ v, ] Ox w") 8x< d’ff) g [ or jr_R (>:6)

In the mathematic derivation of the aforementioned equation, three assumptions are
applied: the vessel is treated as a uniform tube; the velocity distribution is uniform
over the entire cross-section of the vessel; and the value of vascular radial
deformation is much smaller than the radius. These assumptions were employed in

the derivation of fluid transmission line equations as well (Raines et al., 1974,
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Horsten et al., 1989).

5.1.2 Transmission line equations of oxygen transport

In mass transport, the distribution of solute concentration is mainly influenced by
the convective flux and diffusive flux. And there exists a correlation between the
convective flux and diffusive flux (Patankar, 1980a). The convective flux could
cause the increment of oxygen concentration gradient, and then enhance the
diffusive flux (Fannjiang and Papanicolaou, 1994, Fannjiang and Papanicolaou,
1997). In contrast, the diffusion is supposed to affect the convective flow which
dominates the convective flux (Cussler, 1984). There exists the similar relationship
between the convective flux and diffusive flux in oxygen transport as well (Buerk
and Goldstick, 1982). Moreover, the heat generated by convection is proportional

to the gradient of the thermal diffusion in heat transfer of the plane coquette fluid

oP
T =ZxQ
flow (Ramachandran, 2014). The fluid transmission line equations ( 0 1 )
_=E=__p
& Z

are regarded as the theoretical reference for the development of the transmission
line equations of oxygen transport in this study, where P is the pressure, Q is
the volumetric flow rate, z, is the transverse impedance, z, 1is longitudinal
impedance, and X represents the direction of fluid flow as well. In conclusion, the
transmission line equations of oxygen transport are developed:

oJ

i
- lff‘ /JCUVI = ZCUH
ox

(5.7)
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And

_aJ

)y =2y (5.8)

where the ratio of the gradient of diffusive flux to convective flux is defined as the

convective impedance and denoted as z and the ratio of the gradient of

con 2

convective flux to diffusive flux is defined as the diffusive impedance and denoted

as Zdi[f .

In oxygen transport, on one hand, diffusion is mainly influenced by convection (Jim
Douglas and Russell, 1982); on the other hand, convection is dominant by blood
flow (Patankar, 1980a), and diffusion rarely has an impact on convection (Cussler,
1984, Ramachandran, 2014, Deen, 1998, Wilkinson, 2000). Based on mass balance
of oxygen transport in a vessel, the following relationships were figured out:
convective transport = diffusive flux out of the blood = oxygen consumption (Tsai

et al., 2003). Consequently, the equation (5.8) could be rewritten as

=—27R (Fa_cj , (5.9)

or

oJ,

con  __

==J
Ox iff

From blood to wall

oC
where —2ﬁR(F8—J is the diffusive flux of oxygen from blood to vascular
r r=R

wall.

Since there is phase difference between the pressure gradient and volumetric flow

rate, one of the fluid transmission line equations could be written as

oP 0
o Zy0 0 o (5.10)
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where R and L represent the resistivity and inertance, respectively. There
exists phase difference between the gradient of diffusive flux and convective flux

as well. Thus, equation (5.7) is supposed to be rewritten as

(a]dlﬁn (9._]
— W _RJ +I —o. 5.11
a con 0 81‘ ( )

In summary, the transmission line equations of oxygen transport in a vessel are

developed as follow:

oJ,
—_Gd!ﬁ = ROJcon +L0 %
X
5.12
a‘]con _ = 2 R F8C | ( )
- P Vi |promblood to wall g E =R

where R, and L, represent the properties of oxygen convection and will be

elucidated in the following.

5.1.3 Derivation of the expressions for Ry and Ly

Oxygen transport equation (Equation (5.6)) is rewritten as

1 GJCM 1 8\/( 8Jcon aJdg[f
ZF_?E o +F - Ox i |From blood to wall * (513)

Subsequently, using equation (5.11) to subtract equation (5.9) in the corresponding

side, we yield:

Ay dJ,, aJ,,
- ox " ox :ROJCM +L0 ot +Jdiﬁ From blood to wall * (514)

According to the comparison of equation (5.13) and equation (5.14), &, and L,
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are given by the follow expressions:

o Lo _of 1
2 ot ot v

X X

(5.15)

Since interval transit time of mass transport is defined as the reciprocal of velocity
(Meier and Zierler, 1954, Boulding, 1996, Roberts et al., 1973, Roberts et al., 2000),

L, represents the transit time of oxygen per unit distance. Moreover, the first

derivative of transit time versus time is equal to 1-H (t) , where H (t) is the
cumulative frequency function of transit time and represents the fraction of oxygen
transmission (Meier and Zierler, 1954, Zierler, 1965). Thus, &, is supposed to
represent the fraction of remaining oxygen convection per unit distance.
Consequently, both L, and R, belong to the characteristics of oxygen

convection in oxygen transport of a vessel.

In conclusion, transmission line equations of oxygen transport are given by the

oJ .. oJ

- - = ROJcon + LO v

: . ox ot
following expressions: oy o , where

- ==y =27R| I'—
Oox " |From blood to wall or R
1 ov, O 1
b= Tl Ty, o |
x/ . Ly and R, are the transit time of oxygen per unit
R
1%

distance and the fraction of remaining oxygen convection per unit distance,

respectively.
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5.2 Verification

A three-dimensional (3D) fluid-structure interaction (FSI) model coupled with
oxygen transport equation and a lumped parameter model of oxygen transport were
employed for numerically verifying the development of the transmission line

equations of oxygen transport.

In the FSI analysis, a straight tube with 9-mm radius and 200-mm length was
regarded as the geometric model. The governing equations of blood flow were 3D
Navier-Stokes equation and continuity equation. In terms of transient structural
simulation, momentum balance equations were solved with fluid-solid interface
boundary and constraint conditions. Mass transport equation was used for
describing oxygen transport in blood. The density and dynamic viscosity of blood
were set as 1050 kg/m? and 3.5%1073 kg/m's (Wentzel et al., 2001), respectively.
The thickness of the tube wall was 2 mm. In addition, the density, Poisson’s ratio
and elastic modulus of the wall were set as 1060 kg/m?, 0.49 and 5.11 MPa,
respectively. The diffusion coefficient of oxygen in blood was 1.2x10 m?/s (Stein
et al., 1971). In terms of blood flow, the pulsatile profile of flow rate according to
in vivo measurements was applied at inlet (van de Vosse and Stergiopulos, 2011),
as shown in Fig. 5-1. A pressure boundary condition coupled with constant
resistance model was applied at outlet, and the value of the resistance was 0.0865
mmHg s/cm?. In terms of oxygen transport, the oxygen tension at inlet was set as

85 mmHg, and oxygen tension at the inner surface of the vascular wall was
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specified as 60 mmHg (Buerk and Goldstick, 1982, Qiu and Tarbell, 2000, Moore
and Ethier, 1997). The commercial finite element package ANSYS (version 14.0,
ANSYS, Inc., USA) was used to simulate blood flow and oxygen transport.
Specifically, the user-defined scalar (UDS) in ANSYS Fluent was added for
simulating oxygen transport in blood, and the user-defined C-like function (UDF)

was compiled in the setting of inlet and outlet boundary conditions.
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Figure 5-1 Flow rate at inlet of the vessel.

On the other hand, lumped parameter models of blood flow and oxygen transport
in the same tube were developed for numerically predicting oxygen concentration
distribution. The numerical analysis of lumped parameter model of blood flow was
conducted at first in order to provide the blood velocity for the further calculation
of parameters (L, and £)) in the lumped parameter model of oxygen transport. In
these computational models, the tube was divided into ten segments, and the length
of each segment was 20 mm which was short enough for precisely calculating the

blood velocity in the lumped parameter model of blood flow (Noordergraaf et al.,
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1963, Noordergraaf, 1978). The electric circuits related to transmission line
equations of blood flow and oxygen transport were used to represent the lumped
parameter models of blood flow and oxygen transport in each segment, as shown
in Fig. 5-2. In the electrical analogue of blood flow, the current and voltage were
related to the flow rate and pressure, respectively. In the electrical analogue of
oxygen transport, the current and voltage represented the convective flux and
diffusive flux of oxygen, respectively. The material properties and boundary
conditions in lumped parameter models were the same as those of the 3D FSI model.
The fourth-order Runge-Kutta method was employed in numerical investigations

of these lumped parameter models.
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Figure 5-2 Lumped parameter representations of a basic segment. a Electrical
analogue of blood flow with resistance (R "), inductance (L) and capacitance (C’).
R’, L’ and C’ represent the resistivity, inertance and compliance, respectively. b
Electrical analogue of oxygen transport with resistance (R), inductance (L) and

current sink. R and L represent the properties of oxygen convection. Current sink is
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related to the diffusive flux of oxygen from blood to vascular wall.

In summary, the distribution of oxygen concentration in the tube was acquired
through numerical analyses of the 3D FSI model coupled with oxygen transport and
the lumped parameter model of oxygen transport. As shown in Fig. 5-3, the
difference of the oxygen convective flux at the end between the 3D model and
lumped parameter model was quite modest. Consequently, the lumped parameter
model of oxygen transport based on transmission line equations of oxygen transport
could provide the numerical prediction of oxygen concentration distribution which
was in accordance with the results of the 3D computational simulation. According
to this comparison between the lumped parameter model and 3D computational
model, the transmission line equations of oxygen transport are supposed to be
reliable.
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—=-Straight LPM

0.8 |
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Figure 5-3 The convective flux of oxygen at the end of the tube.

The geometry of the 3D computational model which is compared with the lumped
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parameter model is a straight tube. It reveals that the transmission line equations of
oxygen transport are reliable in terms of the straight vessel. The geometries of
numerous vessels in the entire vascular system are complex and curved. It can be
assumed that the curved vessel is divided into a large number of straight tube
segments. Since the transmission line equations are applicable to the straight
vascular model, the equations are supposed to be reliable in terms of curved vessels,

which is also the same for other vessels with branching and complex structure.

5.3 Discussions

This study introduces the process for deducing the development of transmission line
equations of oxygen transport in a vessel. More specifically, fluid transmission line
equations are regarded as the theoretical reference for the establishment of oxygen
transmission line equations. On top of that, the theory of oxygen transport in a
vessel, which indicates that the transmitted flux of oxygen convection is equal to
the diffusive flux out of the blood, is the theoretical basis for proposing transmission
line equations of oxygen transport. The mathematical expressions of the parameters
(L, and R)) in oxygen transmission line equations are derived on basis of mass
transport equation, and these parameters represent the properties of oxygen
convection in oxygen transport. Transmission line equations of oxygen transport
could be employed as the theoretical basis for establishing the lumped parameter
model of oxygen transport which is coupled with the lumped parameter model of

blood flow. The lumped parameter model of oxygen transport is able to provide
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numerical predictions for systemic distribution of oxygen concentration in the
circulatory system. Having a good knowledge of the systemic distribution of
oxygen concentration is supposed to be helpful for assessing the status of human
body and further offering valuable guidance for the prevention and intervention of

diseases.

In previous studies, oxygen concentration in blood was estimated based on an
empirical formula which was mainly related to the hemoglobin in terms of the
whole circulatory system (Broomé et al., 2013, Yao et al., 2008). And the value of
the hemoglobin concentration which was included in the empirical formula was set
as a constant in each part of the circulatory system. Indeed, the hemoglobin
concentration is one of the determinant factors for the oxygen concentration in
blood. The effects of hemodynamics on the oxygen concentration were not
considered in the establishment of the empirical formula. Whereas, hemodynamics
plays a significant role in the hemoglobin concentration and oxygen concentration
in a vessel. The hemoglobin concentration and oxygen concentration are mainly
affected by the convective flow in terms of the hemodynamic effects. Thus, in this
study, oxygen convection which is determined by the convective flow is involved
in the development of the transmission line equations of oxygen transport.
Hemodynamics is treated as a significant factor for calculating oxygen
concentration in these transmission line equations of oxygen transport. Although

the effect of hemoglobin is not taken into consideration in the development of the
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oxygen transmission line equations, oxygen concentration which is numerically
predicted with the consideration of oxyhemoglobin transport could be derived from
the results of oxygen lumped parameter model developed on the basis of these
equations. That is due to the fact that oxygen concentration calculated with
oxyhemoglobin transport was linearly related to the numerical results without the
consideration of hemoglobin in the computational fluid dynamic (CFD) simulation
(Moore and Ethier, 1997). In summary, transmission line equations of oxygen
transport could provide a more precise estimation of systemic oxygen distribution
in comparison with the previous methods in the numerical simulation. In addition,
the systemic distribution of oxygen concentration could be also acquired from the
3D CFD model of the whole arterial system except the aforementioned numerical
methods. It needs a large number of computational cost and time to conduct the 3D
simulation which consists of the CFD analysis and mass transport computation in
the entire arterial system (Xiao et al., 2013, Randles et al., 2015). And the numerical
analysis of oxygen lumped parameter model based on the transmission line
equations of oxygen transport is supposed to require much less computational
resources and time in comparison with the 3D simulation, which demonstrates the

significance and value of these equations.

In addition to oxygen, the prediction of other substances concentration in blood is
beneficial for the assessment and intervention of disease as well, such as contrast

agents for vascular imaging, low-density lipoprotein (LDL) and targeted drugs.
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More specifically, determining the systemic distribution of contrast agent
concentration is helpful for the optimization of vascular imaging quality (Landis et
al., 2000, Bernardino et al., 1994, Calamante et al., 2007); the accumulation of LDL
is a risk factor for development of atherosclerosis in an artery (Tarbell, 2003, Ross,
1993), and thus it is beneficial for assessment of atherosclerotic development to
figure out the systemic distribution of LDL concentration in the arterial system;
numerical kinds of targeted drugs have a detrimental effect on normal tissues due
to their toxicities, and it is beneficial for improving targeted drug therapies to
understand drug delivery in blood vessels (Langer, 1998, Liu and Kurzrock, 2014,
Vasir and Labhasetwar, 2005). Transmission line equations of oxygen transport
established in this study could be used as a theoretical reference for developing
lumped parameter models of the delivery of the aforementioned substances in blood,
and these equations should be modified according to critical characteristics of
corresponding substance delivery. Specifically, in order to consider biological and
chemical interactions between these substances and blood, the source term in mass
transport equation should be added and adjusted on the basis of their biological and
chemical properties in blood; since diffusion coefficients of different substances in
blood are different, the diffusive term of each substance in transmission line
equations of mass transport is supposed to be transformed with substitution of
diffusion coefficient; moreover, the parameters (L, and &) in transmission line
equations represent properties of convection term, and thus their values mainly

depend on blood flow. The systemic distribution of substance concentration is
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obtained from numerical investigations of these lumped parameter models with less
computational cost and time. Acquiring the concentration distribution of these
substances in the entire vascular system provides guidance for the prevention and
treatment of vascular disease. As a consequence, the transmission line equations
can be widely applied to determine the concentration distribution of substances in

the whole arterial system.

Oxygen delivery in arteries plays a significant role in the physiological status of
human body, and prediction of oxygen concentration distribution in the entire
vascular system is beneficial for the assessment and intervention of numerous
diseases. In order to obtain the distribution of oxygen concentration in the entire
arterial system, transmission line equations of oxygen transport are developed in
this study with reference to the development of fluid transmission line equations.
And the systemic distribution of oxygen concentration could be predicted from a
lumped parameter model of oxygen transport which is mainly composed of oxygen
transmission line equations. The transmission line equations are widely used as the
theoretical basis for the establishment of lumped parameter models of other

substances except oxygen in blood.

Although transmission line equations of oxygen transport are innovative and
important, there exist a few limitations in the development of the equations. Firstly,

the effect of hemoglobin on oxygen concentration distribution is neglected in the
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derivation of the transmission line equations. More physiological properties of
oxygen in blood will be involved in the further development of these equations for
the sake of more precise estimation of oxygen concentration distribution in the
arterial system. Secondly, the diffusive flux of oxygen from blood to arterial wall
dominates the distribution of the convective flux in blood, and it is difficult to obtain
the value of the diffusive flux into arterial wall. In general, oxygen consumption in
the arterial wall could be regarded as an estimation of the diffusive flux into wall,
which would affect the numerical prediction of oxygen concentration in the lumped
parameter model of oxygen transport based on these transmission line equations. A
noninvasive method to measure the gradient of oxygen concentration near the
arterial wall is beneficial to acquire the accurate value of the oxygen flux into wall,
and it would enhance the accuracy of oxygen concentration prediction in the lumped

parameter model of oxygen transport.
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CHAPTER 6 TRANSMISSION LINE EQUATIONS OF
MASS TRANSPORT IN ARTERIOLES AND
CAPILLARIES

Understanding the concentration distribution of the substances in the entire
circulatory system could offer guidance for the assessment and treatment of
diseases (e.g., oxygen, contrast agents for vascular imaging, low-density lipoprotein
(LDL), and targeted drugs). Specifically, an abnormality in the oxygen tension (PO>)
distribution causes hypoxia in the arterial wall (Moore and Ethier, 1997), which
further contributes to the development of atherosclerosis plaque (Crawford and
Blankenhorn, 1991, Lattimore et al., 2005, Zemplenyi et al., 1989, Matsushita et al.,
2000). Acquiring the systemic distribution of contrast agent concentration is
beneficial in the optimization of vascular imaging quality (Landis et al., 2000,
Bernardino et al., 1994, Calamante et al., 2007). LDL accumulation is a risk factor
for the atherosclerosis development in an artery (Tarbell, 2003, Ross, 1993), and
thus determining the LDL concentration distribution in arteries is helpful in
evaluating the development of atherosclerosis. A number of targeted drugs and
chemotherapeutic drugs detrimentally affect normal tissues due to their toxicities.
Consequently, understanding drug transport in the whole vascular system is
beneficial for the improvement of targeted drug therapies (Langer, 1998, Liu and

Kurzrock, 2014, Vasir and Labhasetwar, 2005).

There are few in vivo noninvasive methods of systematically measuring the
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concentration distribution of the substances in the circulatory system. And a 3D
CFD simulation of an entire vascular tree coupled with mass transport is
complicated and requires considerable computational resources and time due to the
complex vasculature of the arteries and microvessels. It is currently almost
impossible for most of the research groups and clinical measurements to perform a
3D simulation of the systemic arterial tree or microvascular tree. An efficient
scheme is required for understanding the oxygen distribution in terms of the

systemic circulation perspective.

The numerical analysis of the lumped parameter model of blood flow, which is
performed according to the fluid transmission line model, is a useful way to obtain
the systemic distribution of blood flow and pressure in the arterial tree. Mass
transport was not involved in most of numerical simulations of lumped parameter
models. In the previous chapter, the transmission line equations of oxygen transport
in arteries were developed with reference to fluid transmission line equations (Yan
et al., 2018), and these proposed equations could provide an efficient scheme for
investigating the systemic distribution of oxygen in the arterial tree. Moreover,
these equations could also be treated as the theoretical basis for obtaining the
systemic distribution of other substances in the arterial tree. However, the derivation

of these equations in arterioles and capillaries is lacked.

The cellular metabolism in tissues necessitates the nutrient derived from the
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substance transfer in microcirculation, where the substance transfer from the blood
to the tissue mainly depends on transport from the arteriole and capillary to the
tissue (Barrett and Suresh, 2013). The concentration distribution of the substance
in microvessels plays a significant role in the function of the tissue (Herbst et al.,
1979, Tateishi et al., 1997, Tsukada et al., 2004) and has an influence on the
treatment and recovery of the diseases (Sonveaux et al., 2004, Brunstein et al., 2006,
Wang et al., 2007, Ratliff et al., 1984). An empirical expression comprised of time,
longitudinal distance, and diffusion coefficient was proposed for predicting the
concentration distribution of the substance in capillary based on Taylor-Aris
dispersion theory (d'Orlye et al., 2008, Lewandrowska et al., 2013, Bello et al., 1994,
Beard and Wu, 2009), while effects of convection on diffusion in mass transport
were not considered in these numerical predictions. Mass transport in microvessels
consists of convection and diffusion as well (Leonard and Jorgensen, 1974), and a
portion of diffusion arises from convective flow in capillaries (Adler, 1985, Leonard
and Jorgensen, 1974, Overman and Miller, 1968). We proposed transmission line
equations of mass transport in the arteriole and capillary to systematically
understand the concentration distribution of the substance, and these equations were
derived based on the transmission line equations of oxygen transport in arteries and
mass transport theory in microvessels. The verification was carried out through the
comparison of the numerical prediction based on the developed equations with the

previous in vitro experimental studies.

6.1 Theoretical considerations
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6.1.1 Transmission line equations of mass transport in the

arteriole

The blood flow in the arteriole is assumed to be Poiseuille flow. In terms of

cylindrical polar coordinates (7, 0, - ), the velocity is given by the expression:

2
V=2I7[1—%] (6.1)

where 7 is the average velocity over the cross-section of the vessel, and . is the

radius. Mass transport equation is described by

@+V@—D 620+12(r@) 6.2
ot oz o2 ror\ or , (6.2)

where . isthe concentration of the substance, and p 1is the diffusion coefficient.

The concentration (<) is divided into two parts (cross-sectional average and -
dependent), writing C(l” zZ l‘) (Z l‘) +C(7”Z f) , where Z’(Z,f) is the cross-sectional
average concentration and independent on the radius. C'(’”,ZJ) is the part of the

concentration related to the radius, and its cross-sectional average is zero, that is,

é(r,zt)=0,

The mass transport equation is transformed into

o o g .o o’c az' 10( ac
— (6.3)
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Taking the cross-sectional average of each term in equation (6.3), we obtain
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The second term at the right-hand side is rewritten as
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equation (6.4) can be written as follows:
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Subsequently, subtracting equation (6.5) from equation (6.3) yields:
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The concentration variation in the »-direction is assumed to be almost smoothed

!

out after a short time (Taylor, 1953), which means ¢>c¢ and % = 0. Moreover,

we apply the hypothesis that the gradient of ¢ in the ,-direction is much greater

than that in the :-direction. In summary, we simplify equation (6.6) to

N 2maD ( acj| rea
62 r or 6}’ ra* . (6.7)

Substituting (6.1) into (6.7) yields:

_ _ 2maD ac |r:a
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Integrating equation (6.8) twice finds

+lInr+h

I7 1 4 8 Zﬂ-aD(gcjlra 2
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Since the value of the radius () could be zero, we find B=/=0. In addition, the
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j27zrc'(r, z, t) dr
0

¢(rzt) U—
cross-sectional average of is zero, namely, 7a . The
solution of equation (6.8) is

_ 4\ o 2maD de rea — 5 _ 2maD ge r—a
, V1, " oc or » | Va© oc or
c'=—|—1r"—— |—+ re— —+
D\ 4 8a2 Oz 47za2D 12D oz 87D (6 10)
e
Furthermore, we use equation (6.1) and equation (6.10) to determine 97 :
JZm’V a‘Cdr B
po_y % arok
oz ra® 48D oz* (6.11)

Consequently, the mass transport equation in terms of the cross-sectional average

concentration (Z’(ZJ)) is derived through the substitution of equation (6.11) into

(6.5):

oF o 272 g2 27mD(2€j|ra e ZﬂaD(gC)|ra

c v _IpLe gc —r:Deff_ch—r (6.12)
ot oz 48D ) a2 ra’ 7 6z* za’

where Dy is defined as the effective diffusion coefficient.

The convective flux in terms of the average concentration is expressed as

I, = ,0175, and the diffusive flux is expressed as J,, . =—pD, .Z—C, where o
- z

eff

is blood density. Subsequently, equation (6.12) is changed into: /,,, J, dff

oc
ZﬂapD(] _
aJ r=a
O Jen |y Yo _ Ay | f” , (6.13)
o\ V oz oz a

Based on the previous transmission line equations of oxygen transport in arteries

(Yan et al., 2018) and mass transport in microcirculation (Tsai et al., 2003),
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transmission line equations of mass transport in arterioles are developed as follows:

aJ, oJ
ﬂ con
——=RJ,,, +L,—*, 6.14
Py R, P (6.14)
2rapD o —
a‘]con — a”' (6 15)
Oz ra’ ’ '
27mpD(ch s
where — > r represents the cross-sectional average of the diffusive
a

flux of the substance from the blood in arterioles to the tissue, and :-direction is

the direction of blood flow. According to equations of (6.13), (6.14) and (6.15), R,

0(1
_—_
and I, are determined by the following expressions: ot\VJ . Our

previous study demonstrates that L is defined as the transit time of substance per
unit distance and £, is the portion of the remaining substance convection per unit
distance. [, and L, represent the resistivity and inertance of the convection to
mass transport of substances in arterioles. In summary, the transmission line

equations of the substance transfer in an arteriole are derived as follows:

oJ diff oJ
—F =-RJ [ —con
82 R() con 0 Gt
5 D , (6.16)

a‘]C‘Oi’l ”ap or T

Oz ra’

-2l
where o\v )
1
LO = ?

103



6.1.2 Transmission line equations of mass transport in the

capillary

Krogh cylinder, which includes a capillary and a part of the surrounding tissue, is
applied in the modeling of the capillary (Krogh, 1919). The surrounding tissue is a
cylindrical annulus in the model. Thus, the blood velocity in the Krogh cylinder is

assumed as follows:

V( )_ v, O<r<a 617
)= 0, al.<r<a0’ (6.17)

where @; and 4@, are the radii of the capillary and the entire cylinder. The value

of a, is usually determined by 4, = ! _, where p’ is the capillary density.
P

Blood velocity (7 ) in the capillary is regarded as a random variable with the
normal distribution. And the probability function ( P (V) ) is conventionally

specified by

e—(V—Vm)2/20V2

Poro,

P(V)= (6.18)

where r, and o, are the mean velocity and the standard deviation of velocity,

respectively. The mean velocity (7, ) in the capillary is denoted as the following

expression:
Fla *
=, (6.19)

where £ is the volume flow rate of blood per unit tissue volume and ! is the

length of the cylinder.
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Mass transport in the capillary model can be described by the convection-diffusion

equation as well:

oc dc o*c 10( éc
il Y 5 ) P
ot - )62 (az rﬁr( Gr)j. (6.20)

Same as the derivation of the transmission line equations of mass transport in the
arteriole, we separate the substance concentration in the capillary model into the
cross-sectional  average part and » -dependent  part,  writing

c(r,zt)=¢(zt)+¢(r,21t). The average concentration of the substance (¢(2?)) over

the cross-section is determined by the following expression:

z t)— r z t)dVZ/rrdr 5 (621)

+00

where I P(V)c(r,z,t)dV is the mean concentration.
Subsequently, the derivation process, which is same as that in the development of
the transmission line equations of mass transport in the arteriole, is employed in the
transformation of the convection-diffusion equation in the capillary model. Thus,
mass transport equation in the capillary model is changed into the form which is

consistent with that in the arteriole:

oc
S 2ra D(j _
— — 7 2— o r=a,
ge Foe o [a } or

- 4 ,
oz? ra,

(6.22)

ot 0z 0z

oc
2ra D( j
where —+ is the diffusive flux at the boundary from the Krogh-

za,

cylinder model to outer tissue and is assumed to be zero (Frankel and Brenner,

2006); ¥ is the cross-sectional average velocity of the Krogh-cylinder model and
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. — a, o0 . 757 .
is calculated by 7 :LJ‘ ”j” V| P(v)av 2zrdr = FI; the expression of 7 s
za,? 0 d-o Oz

obtained on the basis of equation (6.21):

o _ 1 5 J-aa.er(V)V—dac V2rxrdr
0z za, 0 J-o Oz (6 23)
LI, 1 242 2 g 24 4FP N o’
:_@Kai —g](ay a; ' w°p'T+2F°1 )—[47@0 oy a;” + P ln(al.\/;rp) ey

As a result, the mass transport equation in the capillary model is given as follows:

oc . oc o’c
“ivrnZ==p," %, 6.24
51? 82 o 622 ( )
2,2
where D, = D+L a’ —L' (ayzai47r2p'2 +2F212)— 4np'cya’ +ﬂ ln(ai«/ﬂp’) .
8D o o

Moreover, according to the previous definitions of the convective flux and the

diffusive flux, this equation is transformed into:

N Ve, Vg _ Vg 6.25
Fl & & oz )

According to the definition of Péclet number ( Pe), the gradient of the convective
flux along the flow direction is converted into the expression with the diffusive flux:

aJcon P aJdiﬁ' N, con aJ diff 1 oJ diff
- =—re - = — o= Y
Oz Niotar _ 1 0z

: (6.26)

oz 1574 Ndiff

where N,,,, Ny and N, are the rate of convection, the rate of diffusion and
the total rate of mass transport (Beard and Wu, 2009, Cussler, 1984), respectively.

Substituting equation (6.26) into equation (6.25) yields

oJ,
La‘]con =—| 1+ 1 diff .

(6.27)
Fl at N[()[a[ _ aZ
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Regarding the previous transmission line equations in the artery and arteriole as
reference, the transmission line equations of mass transport in the capillary model

are expressed by

oJ oJ

- - = ROJcon + LO <o
0z . t (6.28)
o ., Y aig
= Gy + Gy

where R, and L, represent the resistivity and inertance of the convection to mass
transport; (4 and ( represent the permeability and compliance. Since the
capillary behaves as the rigid vessel (Fung et al., 1966, Leonard and Jorgensen,
1974), the compliance of the capillary wall could be ignored. Based on the
aforementioned understanding of the resistance, the resistance to diffusion is
correlated with the time-derivative of the velocity. Moreover, the experimental
studies showed that the time-varying nature of capillary flow hardly altered the
oxygen gradient (the diffusion) in comparison with the constant velocity model
(Aroesty and Gross, 1970, Graeser et al., 1969). Thus, the resistance of the
convection to the diffusion is neglected as well. In summary, the transmission line

equations of mass transport in the capillary model are developed as follows:

a aJ

iff con

— = , 6.29
aJCUH
= Gl gy (6.30)

L, and G are determined by the comparison of a new equation, which is derived

through the substitution of equation (6.30) into equation (6.29), with equation (6.27):
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0
£l (6.31)

According to the proposed transmission line equations in the artery and equation
(6.31), Ly is the transit time per unit distance, and G is the ratio of the rate of
convection to the total rate per unit distance. Moreover, L, represents the
inertance of the convection to mass transport of substances in the capillary, and G,
represents the proportion of the convection which is converted into the diffusion. In
summary, the transmission line equations of substance transfer in the capillary are
expressed by the following equations:

aJdiff a‘]can
-,
oz ot , (6.32)

6JC0’1
= Gyl

where

6.2 Verifications

The transmission line equations of mass transport and mass dispersion phenomenon
in the arteriole are consistent with the developed equations of oxygen transport in
the artery. The transmission line equations of oxygen transport are determined to be
reliable in our study through the comparison of the lumped parameter model of
oxygen transport with the 3D computational model. Thus, the transmission line

equations of mass transport in the arteriole is supposed to be reliable. In addition,
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eight studies (shown in Tab. 6-1) which concentrated on the concentration
distribution of the substance in the capillary were employed in the verification of
the transmission line equations of mass transport in the capillary. The corresponding
lumped parameter models of mass transport based on the transmission line
equations of mass transport were established to investigate the concentration
distributions of different substances in different capillaries. We used an electric
circuit (shown in Fig. 6-1), which was proposed according to the transmission line
equations of mass transport, to show the basic element of the lumped parameter
model of mass transport in the capillary. Moreover, the parameters and boundary
conditions applied in the lumped parameter models were derived from the previous

studies correspondingly.

Table 6-1 The previous studies used in the verification of the transmission line

equations of mass transport.

Category Sub-category Previous study
Straight Beard et al.
. Bello et al.
Capillary geometry
Coiled Lewandrowska et al.
Rectangular cross-section Yan et al.
Substance category Drug Yeetal.
Nanoparticle d’Orlyé et al.
Animal experiment Rat brain Tao etal.
Thorne et al.
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Figure 6-1 Electrical analogue of mass transport with inductance ( L, ) and
conductance ( (Gy), which represents the basic element of the lumped parameter
model. The convective flux and diffusive flux of the substance in the capillary is

regarded as the current and voltage in the circuit, respectively.

0 200 400 600 800 1000
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--TLE

Time () Time (min)

Figure 6-2 Comparisons of concentration distributions of substances in straight
capillaries (a and b) (Bello et al., 1994, Beard and Wu, 2009), in ¢ coiled capillary
(Lewandrowska et al., 2013), in d capillary with rectangular cross-section (Yan et
al., 2015), in terms of e drug (Ye et al., 2012) and f nanoparticle (d'Orlye et al.,
2008), in rat brains (g and h) (Tao and Nicholson, 1996, Thorne and Nicholson,

2006). The method with transmission line equations of mass transport is abbreviated

to TLE.
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The substance concentration distributions in capillaries were determined through
the literatures and the lumped parameter models of the substance transport based
on the transmission line equations of mass transport. The differences of the
substance concentration distributions between the experimental studies and the
lumped parameter models were quite modest as shown in Fig. 6-2. As a
consequence, the concentration distribution of the substance in the capillary could
be provided by the lumped parameter model of mass transport based on the
transmission line equations of mass transport, and the results of the lumped
parameter model were consistent with those of the measurements in previous
studies. In summary, the transmission line equations of mass transport in the
arteriole and capillary are reliable for investigating the concentration distribution of

the substance in blood.

Few in vivo non-invasive methods can be used in the measurement of the systemic
distribution of the substance in capillaries. Most of studies focused on the numerical
predictions of the substance distribution in the Krogh-cylinder model, in vitro
experiments of investigating the concentration distribution of the substance in
capillaries with different geometries, experiments of measuring the distributions of
different substances in the capillary tube, and measurements of the substance
distribution in animal experiments. Thus, the numerical prediction proposed by

Beard et al. and the 3D simulation were selected as the references for verifying the
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theoretical prediction with the transmission line equations of mass transport.
Thereafter, three capillary geometries (straight, coiled, and rectangular cross-
section), two types of substances (drug and nanoparticle), and two animal
experiments of measuring the substance concentration in rat brains were included
in the selection of these studies which were compared with the lumped parameter
model of mass transport for the verification of the transmission line equations of

mass transport in capillaries.

6.3 Discussions

The processes of proposing the transmission line equations of mass transport in
arterioles and capillaries are introduced in this study. Specifically, the developed
transmission line equations of oxygen transport in arteries are applied as the
theoretical reference for the development of the transmission line equations of mass
transport in arterioles and capillaries. Moreover, mass transport theory in an
arteriole demonstrates that the changes in the convective flux of the substance
transfer is converted into the diffusive flux from the blood to the tissue, which is
treated as the basis of developing the transmission line equations of mass transport
in arterioles. This theory is applicable for the development of the transmission line
equations of mass transport in capillaries as well. Meanwhile, the Krogh cylinder
model is introduced in this development, and the model is usually used for the
numerical investigation of the concentration distribution of the substance in the

capillary with the surrounding tissue. Consequently, the transmission line equations
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of mass transport in capillaries are proposed on the basis of mass transport theory
in capillaries and the Krogh cylinder model. Additionally, the convection-diffusion
equations in arterioles and capillaries are transformed into the forms including the
cross-sectional average concentration based on the Taylor-Aris dispersion theory.
The mathematical expressions of the parameters (&, and ;) in the transmission
line equations of mass transport in arterioles and the parameters (L, and ) in
the equations of capillaries are found through the transformation of the convection-
diffusion equations with the replacement of the concentration by the cross-sectional
average variable. [, and I inthe equations of arterioles represent the properties
of the convection in mass transfer, while L, and ( in the equations of
capillaries represent the properties of the convection and diffusion, respectively.
The transmission line equations of mass transport in arterioles and capillaries can
be applied in constructing the lumped parameter model of mass transport for
predicting the systemic distribution of the substance concentration in the
microvascular tree. Investigating the concentration distribution of the substance in
the microvascular system of the corresponding tissue is supposed to be beneficial
in the evaluation of the organ function, the assessment and intervention of illnesses,

and the disease recovery.

The parameters in the transmission line equations of mass transport in arterioles and
capillaries depend on the transformation of the convection-diffusion equation which

includes the replacement of the concentration with the cross-sectional average
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concentration based on Taylor-Aris dispersion theory. Taylor-Aris dispersion theory
offers an efficient scheme for understanding the convection-diffusion mass
transport process (Frankel and Brenner, 2006), and is conventionally applied to
determine the diffusion coefficient in the in vitro measurement of the substance

distribution (Bello et al., 1994, Cottet et al., 2010). This theory is applicable for the

thin tube which satisfies the condition o >690 (Taylor, 1954), where [ and a
a

is the length and the radius of the tube, respectively. The average length and average
diameter of arterioles are 950 um and 7 pum (Wiedeman, 1963). The average
capillary length is 412 pum, and the capillary diameter is from 5 um to 10 um (Tsai
et al., 2003). Therefore, Taylor-Aris dispersion theory is applicable in the arteriole
and capillary. Some scholars used Taylor-Aris dispersion theory to develop an
empirical expression for numerically predicting the substance concentration
distribution in the capillary (Bello et al., 1994, d'Orlye et al., 2008, Lewandrowska
et al., 2013, Beard and Wu, 2009). The expression is analogous to the probability
function of the normal distribution and is composed of time, longitudinal distance,
and effective diffusion coefficient. Whereas, the effect of substance convection on
diffusion in mass transport is not involved in the expression for estimating the
substance concentration. The concentration distribution of the substance in the
capillary is mainly dependent on convection and diffusion. The change in the
convective flux along the flow direction significantly affects the amount of the
diffusive flux. Thus, the mutual relationships between convection and diffusion are

considered in the development of the transmission line equations of mass transport
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in the capillary to acquire a more precise prediction of the substance concentration
distribution. Specifically, the convection in mass transport equation is converted
into the diffusion based on the definition of Péclet number, and the equation which
expresses the correlation between the gradient of the convective flux and the
diffusive flux is proposed according to the phenomenon that the transmitted flux of
the convection is converted into the diffusion in the capillary with the surrounding
tissue. The interaction between convection and diffusion in mass transport theory
is regarded as the theoretical basis for developing the transmission line equations

of mass transport in arterioles and capillaries.

The 3D CFD simulation of the entire vascular system can be carried out to obtain
the systemic distribution of the substance concentration in arteries, arterioles, and
capillaries. The entire vascular system is comprised of complex arterial vasculature
and a large number of microvessels. This simulation would cost considerable
computational resources and consume an amount of time (Xiao et al., 2013, Randles
et al., 2015). Whereas, the aforementioned numerical analysis with the empirical
expression and the method with the transmission line equations of mass transport
simplify the spatial structure of the whole vascular system and just require fewer
computational resources and time to investigate the substance concentration
distribution in arteries, arterioles, and capillaries. Thereafter, since the influence of
convection on diffusion is considered in the development of the transmission line

equations, the lumped parameter model of mass transport based on the transmission
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line equations provides a more precise prediction of the concentration distribution
of the substance in the whole vascular system in comparison with the previous
numerical studies. Joint consideration of the correlation between convection and
diffusion in the transmission line equations of mass transport is helpful for
enhancing the accuracy of the prediction of the substance concentration in the
vascular system, which further indicates the advantage and significance of these

equations.

The prediction of the substance distribution in the microvascular system could be
acquired through the numerical analysis of the lumped parameter model of mass
transport based on the transmission line equations and offers quantitative guidance
for the evaluation of the organ function, the assessment and treatment of illnesses,
and the disease recovery. Mass transfer from arterioles and capillaries to the tissue
is the principal source of the substance in tissue, and the content of the substance in
arterioles and capillaries plays a significant role in the function of the corresponding
tissue. Tissue needs nutrients to perform normal function, and the nutrients
generally come from blood in arterioles and capillaries. Nutrients primarily transmit
through blood flow in the vascular system including arteries, arterioles, and
capillaries. Thus, having a good knowledge of the concentration distribution of
nutrient is fundamental for evaluating the tissue status. For instance, low oxygen
concentration causes a reduction of protein in muscle tissue (Caron et al., 2009).

The status of the tumor is assessed through the prediction of the change in
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microvascular vasculature (Kimura et al., 1996, Deb et al., 2012). Vascular imaging
with contrast agent provides an evaluation of the spatial structure of microvessels
(Turetschek et al., 2001). Vascular imaging quality mainly depends on the
concentration distribution of the contrast agent. Having a more precise prediction
of the distribution of the contrast agent is in favor of improving the vascular imaging

quality and further enhances the monitoring of tumor growth.

Since the substance in microcirculation is derived from blood in arteries, the
development of the lumped parameter model of mass transport in the microvascular
system requires the data of the mass flux from arteries to microvessels. The mass
flux is generally equal to that at the terminal site of the lumped parameter model of
mass transport in arteries. Understanding the systemic distribution of the substance
concentration in the whole circulatory system needs the coupling method of the
lumped parameter models of mass transport in arteries, arterioles, and capillaries.
Figuring out the interactions among these three lumped parameter models is of great
significance in establishing the coupling model of mass transport in the entire
vascular system. The development of the boundary condition of mass transport in
each model is a way to realize the interactions among these models (Esmaily
Moghadam et al., 2013, Grote and Kirsch, 2004). Based on the law of mass
conservation and the continuity of mass flux, the convective flux at the outlet of an
artery is distributed into the inlet fluxes of convection in the downstream arterioles,

while the sum of diffusive fluxes in the arterioles is applied in the outlet boundary
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condition of the artery (Fig. 6-3). This development of the boundary conditions in
arteries and arterioles is applicable at the interfaces between arterioles and
capillaries as well. Thereafter, mass transfer in human body mainly depends on
blood flow in the entire vascular system including arteries, arterioles, and capillaries.
In summary, in order to investigate the distribution of the substance concentration
in the whole vascular system, the combination of the transmission line equations of
mass transport in arteries, arterioles, and capillaries is utilized as the theoretical
basis of the derivation of the lumped parameter model in the entire vascular tree,
and the interactions among these three types of vessels are realized through
employing the aforementioned boundary conditions. The transmission line
equations are used to establish a lumped parameter model of oxygen transport in
the vascular system including arteries, arterioles, and capillaries, and the
distribution of oxygen concentration along the vascular system is numerically
predicted through using the model. On the other hand, the model is also applied for
acquiring oxygen consumption along the vascular system when oxygen distribution
in tissues of human organs is obtained. Thereafter, oxygen tension in main organs
is listed in Tab. 6-2. Consequently, based on the transmission line equations of mass
transport, having a good knowledge of oxygen distribution in tissues is beneficial
for understanding the oxygen consumption along the vascular system (Fig. 6-3).
Moreover, the lumped parameter model of mass transport in the whole vascular
system is used to predict the concentration distribution of targeted drug and

chemotherapeutic drug in vessels and tissues, which is further helpful for improving
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the efficiency of drug therapy. Enhancing the drug concentration in the targeted site
and diseased region needs the clear understanding of the systemic distribution of
drug in vessels and tissues. In addition, numerous targeted drugs and
chemotherapeutic drugs affect normal tissues detrimentally due to their toxicities.
Predicting the concentration distribution of drug in the entire vascular system is
beneficial in alleviating the adverse effect on normal tissues. Determining the drug
concentration distribution in vessels and tissues provides guidance for putting
forward several ways of improving the efficiency of targeted drug therapy and
chemotherapy. Clinicians can use the lumped parameter model of mass transport in
the whole vascular system to find out the systemic distribution of drug
concentration in vessels and tissues and further optimize the injection site and
system. The purposes of the optimization are to increase the drug content in the
targeted site and diseased region, and to decrease the drug content in normal tissues
eventually. In conclusion, transmission line equations of mass transport in arterioles
and capillaries developed in this study are treated as a complement to the theoretical
basis for constructing the whole lumped parameter model of mass transport in the
circulatory system, which is valuable for improving the assessment and treatment

of diseases.
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Table 6-2 Oxygen tension in main human organs.

Organ  Oxygen tension (mmHg) Source

Brain 37 (Samaja, 1988)

Heart 27 (Woodson and Auerbach, 1982)
Kidneys 65 (Samaja, 1988)

Legs 34 (Jorfeldt and Wahren, 1971)
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Figure 6-3 Mass transfer in the vascular system.
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This study derives the transmission line equations of oxygen transport in arteries,
arterioles, and capillaries. These equations are included in the lumped parameter
model of oxygen transport in order to numerically predict the oxygen concentration
distribution in the systemic arterial tree. I believe that my study makes a significant
contribution to the literature because the developed method allows us to reduce the
computational requirements for estimating the oxygen concentration distribution. A
3D simulation of oxygen transport in the entire vascular system needs a large
number of computational resources and time to obtain the systemic distribution of
oxygen concentration in the vessels. The advantages of the proposed lumped
parameter model are presented in two aspects according to the transmission line
equations: in mathematics, partial differential equations are converted into ordinary
differential equations, which simplifies the numerical analysis; in physics, the
complex vascular network is divided into a few lumped parameter elements, while
it requires a large number of grid elements to acquire accurate results in the 3D
simulation. Moreover, my method is also more accurate than the previously
proposed empirical expression because the hemodynamics is considered as a
significant factor for calculating the oxygen concentration in the transmission line
equations. The advantages and disadvantages of the 3D computational model, the
empirical expression, and the transmission line equations of oxygen transport in

terms of the systemic circulation perspective are summarized in Tab. 6-3.
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Table 6-3 Advantages and disadvantages of the 3D computational model, the

empirical expression, and the transmission line equations of oxygen transport

Method Advantage Disadvantage

Considering hemodynamics .
Numerous computational

3D model and complex vascular .
. resources and time
geometries
Empirical Reducing computational Ignoring hemodynamics and
expression  requirements complex vascular geometries

Simplifying numerical
analysis and complex
vascular network

Transmission
line equations

Difficult to calculating
parameters in equations

There exist some limitations of these novel transmission line equations of mass
transport in arterioles and capillaries. First, for the sake of having a better
understanding of the substance distribution, these equations are supposed to be
adjusted with the consideration of more physiological properties of substance
transmitting in the microvascular system. Second, the transmitted flux of substance
from microcirculation to tissue affects the accuracy of the numerical prediction of
the substance distribution in the microvascular system and is composed of the
diffusive fluxes from arteriole and capillary to tissue. In terms of arteriole, the
diffusive flux is hardly measured by noninvasive methods and is generally
substituted with the substance consumption in the surrounding tissue at rest. Since
the Krogh cylinder model utilized as the capillary model in the development of the
transmission line equations of mass transport includes the surrounding tissue, the
mass flux in the lumped parameter model of mass transport contains the diffusive

flux from capillary to tissue. Third, the substance consumption in the surrounding
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tissue of a capillary is ignored in the development of the transmission line equations
of mass transport, which has an impact on the time-varying nature of the substance
concentration in the capillary model with the surrounding tissue. A noninvasive way
of measuring the consumption in the local tissue around a capillary is required for
more precisely determining the concentration distribution of the substance, and this

consumption will be considered in our future study.
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CHAPTER 7 USE OF TRANSMISSION LINE
EQUATIONS OF OXYGEN TRANSPORT FOR
UNDERSTANDING OXYGEN DISTRIBUTION IN
TRANS-FEMORAL RESIDUUM ARTERIES

Health problems in residual limb after trans-femoral amputation have an adverse
effect on amputees’ rehabilitation process and might further be harmful for their
physical health. The underlying biomechanical mechanisms of these issues have not
been clearly figured out. The spatial structure of residuum vessels changes
significantly after amputation, and the change in vasculature affects blood flow and
oxygen transport in residuum arteries. Moreover, change in oxygen distribution of
the residuum plays a significant role in the fundamental mechanisms of these
problems. Consequently, as oxygen in tissues of the residual limb is derived from
blood flow in arteries, investigations of blood flow and oxygen concentration
distribution in the transformed arterial vasculature are required for more fully

elucidating the mechanisms of these problems in residuum.

Previous studies about arterial responses in the residuum after trans-femoral
amputation mainly concentrated on changes in the residuum vasculature (Dong et
al., 2016), the relationship between hemodynamic state and health problems after
amputation (Dong et al., 2015), and oxygen transport in an artery of the residual
limb (Yan et al., 2017). Nevertheless, studies focusing on oxygen transport in the

arterial tree of the residuum after trans-femoral amputation were few.
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A number of numerical investigations of oxygen transport in 3D arteries were
performed and coupling models of blood flow and oxygen transport were employed
in these 3D simulations to predict the oxygen concentration distribution in the
arteries (Moore and Ethier, 1997, Buerk and Goldstick, 1982, Qiu and Tarbell, 2000,
Tada, 2010). The convection-diffusion equation was conventionally applied as the
governing equation of oxygen transport in these computational models. These
studies mainly focused on the local distribution of oxygen concentration in arterial
wall and hardly paid attention to the overall nature of oxygen distribution in the
arteries. Moreover, oxygen concentration at the outlet boundary conditions of
numerical investigations was generally simplified as a constant value. Thus, effects
of the downstream arteries and microvessels on oxygen transport in arteries of

interest were ignored in these computational simulations.

Ignorance of arteries and microvessels causes a decrease in the accuracy of the
numerical prediction of oxygen distribution and blood flow in the vessels of interest.
In terms of blood flow, the values of pressure or flowrate fraction at the outlet of
the vascular model are assumed to be constant without the consideration of effects
of the downstream vasculature. Compliance and resistance of the downstream
arterial bed and microvascular bed are neglected in these settings of outlet boundary
conditions. Several schemes have been developed for coupling the effects of the

downstream vessels in the 3D computational fluid dynamic (CFD) simulations of
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the arteries. Lumped parameter models and one-dimensional vascular tree model in
these numerical methods are conventionally applied at outlets of these
computational models (Schaaf and Abbrecht, 1972, Stettler et al., 1981,
Stergiopulos et al., 1992, Stergiopulos et al., 1999, Stergiopulos et al., 1995,
Olufsen et al., 2000). Studies have proved that blood flow closely correlates with
oxygen transport in arteries and microvessels (Qiu and Tarbell, 2000, Liu et al.,
2011, Coppola and Caro, 2008, Duling, 1972, Prewitt and Johnson, 1976, Sullivan
and Johnson, 1981). Oxygen consumption in tissue is primarily supplied by oxygen
transfer from blood to tissue. The way of transferring oxygen from blood to tissue
is dependent on blood flow in arteries, arterioles, and capillaries. Eventually,
oxygen in tissue is derived from mass transport from microvessels to tissues in
microcirculation. Moreover, oxygen content in arteries of interest relates to oxygen
transport in the downstream arteries and the corresponding microcirculation
(Ivanov et al., 1999, Pittman and Duling, 1975, Swain and Pittman, 1989). In
summary, to acquire a more precise prediction of oxygen concentration distribution
in the artery of interest, the consideration of effects of oxygen transport in the
downstream vessels is required in the 3D simulation of blood flow and oxygen
transport. Although the 3D model of the whole vascular tree including the artery of
interest, the downstream arteries, and microvessels is supposed to be used for
performing the coupling of the artery of interest and the downstream vessels, it
needs considerable computational resources and consumes a large amount of time.

Most of research groups barely have enough resources to perform the simulation of
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the entire vascular tree.

We have proposed transmission line equations of oxygen transport for simulating
oxygen mass transfer in the entire vascular tree (Yan et al., 2018). In this study, the
transmission line equations of oxygen transport were applied as the theoretical basis
for developing the lumped parameter models of oxygen transport in the downstream
vascular beds of the residuum arteries. These lumped parameter models were used
in the settings of the outlet boundary conditions of the thigh arteries in the residual
limb after trans-femoral amputation. The 3D computational model of the residuum
vasculature coupling with the lumped parameter model of oxygen transport was
established to provide a more accurate estimation of oxygen distribution in arteries
of the residual limb after trans-femoral amputation. Moreover, the in vitro
experiment with a 3D printing vascular model of the residuum arteries was carried

out to validate the aforementioned computational simulation.

Details in the numerical simulation and the in vitro experimental study are
introduced in section 3.3. In order to acquire a more precise prediction of oxygen
distribution in the 3D vascular model, the boundary condition with the lumped
parameter model of oxygen transport was employed at outlets of the residuum
arteries, which added the consideration of effects of downstream vessels on the
residuum vasculature. The study in this chapter is divided into three parts; first, the

proposed boundary condition of oxygen transport is verified through the
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comparisons between elongated models and non-elongated models with this
boundary condition; second, blood flow and oxygen distribution in residuum
arteries are numerically predicted in the CFD simulation coupled with oxygen
transport, and the effect of downstream vascular beds on oxygen transport in
residuum vasculature is considered in the numerical prediction; third, the
comparison between the in vitro experiment and the computational simulation is
conducted to validate the computational model of oxygen transport in residuum

arteries.

7.1 Results in numerical verifications, computational

simulation, and in vitro experiment
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Figure 7-1 Oxygen convective fluxes at the ends of the non-elongated vessels and
at the corresponding locations of the vessel with elongation. In the bifurcated model,
the external carotid branch was abbreviated to bifurcatedEC, while the internal

carotid branch was abbreviated to bifurcatedIC.

The comparisons between the elongated vessels and the non-elongated vessels were
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carried out in terms of three regular geometries of vascular models in order to
numerically verify the boundary condition of oxygen transport with the lumped
parameter model of oxygen transport. The results of these computational
investigations showed that the difference of oxygen content between the
computational models with elongations and those with lumped parameter models
was quite modest (Fig. 7-1). The developed boundary condition of oxygen transport
with the lumped parameter model was supposed to be consistent with the extension
of the vascular model, which could further describe the effect of downstream
vascular tree on oxygen distribution in the artery of interest. In summary, the
proposed boundary condition of a lumped parameter model of oxygen transport
showed consistency with the elongation of the vascular model and provided a
reliable and efficient method to demonstrate the response of downstream vascular

bed to the oxygen transport in the vascular region of interest.
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Figure 7-2 Comparisons of the oxygen convective fluxes between the

computational simulation and the experimental measurement.

129



In addition, an experimental platform with a 3D printing replica of trans-femoral
residuum vasculature was built to validate the computational simulation of oxygen
transport and blood flow in the residuum arterial tree with the lumped parameter
model of oxygen transport and blood flow of the downstream vessels. The measured
oxygen convective flux in the experimental study was in accordance with that of
the numerical prediction in the computational model as shown in Fig. 7-2. The
maximum difference of the convective flux in SFA between the experimental
measurement and the numerical investigation was 19.02%, which the maximum
difference of this flux in LFCA was 15.30%. Moreover, the maximum differences
in SFA and LFCA were observed at peak values of the systole and diastole,
respectively. As a consequence, the computational simulation of the residuum
arteries with the lumped parameter model of oxygen transport was generally
determined to be reliable through the comparison between the simulation and the

experiment.

Velocity (m/s)

-0.9 VS —Ultrasound measurement
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Figure 7-3 Comparison of blood velocity in residuum DFA between the ultrasound

measurement and the numerical simulation of the residuum vasculature.
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For the sake of precisely understanding blood velocity distribution and oxygen
concentration distribution in the vessels of interest, the Windkessel model and the
lumped parameter model of oxygen transport were coupled in the computational
simulation of blood flow and oxygen transport in the arterial vasculature of the
residuum limb. These numerical methods were applied to add the effects of
downstream vascular beds on blood flow and oxygen transport in this simulation.
And parameters in the Windkessels model were derived from the ultrasound data
and literatures. Blood velocity in residuum DFA obtained by the ultrasound
measurement was compared with the velocity predicted through the numerical
investigation of the residuum arteries with the Windkessel model and the lumped
parameter model of oxygen transport. It was indicated that the numerical prediction
of'blood velocity in residuum DFA was consistent with the ultrasound measurement
(Fig. 7-3). The maximum difference of blood velocity between the ultrasound
measurement and the numerical investigation was 15.94%. The difference of blood
velocity between the measurement and the simulation was quite modest, thus, the
computational model of residuum vasculature in this study was validated in terms

of blood flow.
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Figure 7-4 The distributions of Sherwood number at five moments of a cycle.

A dimension number (Sherwood number) was applied to describe the oxygen
distribution in the arterial wall of the residuum vasculature. Sherwood number is

defined as the ratio of convection rate to diffusion rate in mass transport and is
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generally abbreviated to Sh. Sh is a dominant factor in evaluating the development
of hypoxia in the arterial wall and plays a significant role in determining the
appearance region of atherosclerosis (Qiu and Tarbell, 2000, Tarbell, 2003,
Okamoto et al., 1983), as hypoxia causes the development of atherosclerotic plaque
(Ogawa et al., 1990, Matsushita et al., 2000, Hulten and Levin, 2009). In this study,
Sh was regarded as an index for evaluating the status of the arteries in the residual
limb. Oxygen concentration distribution in residuum vasculature was obtained
through conducting the numerical analysis of the computational model, while we
acquired the Sh distribution at the arterial wall of the residuum vessels. Forward
blood flow hardly caused the changes in the Sh distribution of the residuum arteries,
whereas backflow contributed to the increment of the Sh values at the arterial wall
(Fig. 7-4). Low Sh values were observed at regions with the most complex
geometries in the spatial vasculature. Specifically, these regions located at the
curved branches of the entire arterial tree. The geometry of the residuum
vasculature was indicated to be the main factor for determining the Sh distribution
at the vascular wall during forward blood flow in a cycle. The increase in Sh at the
arterial wall referred to the augmentation in the flux of oxygen transfer into the wall
during flow recirculation, thus, backflow supplied more oxygen for the vascular

wall at the diastolic phase of a cycle.
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Figure 7-5 The distributions of wall shear stress at five moments of a cycle.

Wall shear stress (WSS) significantly affects the development of atherosclerosis and
plays a key role in the function of the vascular wall as well (Palumbo et al., 2002,

Chatzizisis et al., 2011). Low WSS (< 0.4 Pa) has a detrimental effect on the arterial
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wall and leads to the formation of the atherosclerotic plaque. The values of WSS in
the residuum arteries were calculated by this numerical simulation. The distribution
of WSS depended on the blood velocity and the spatial vasculature. The increase in
velocity caused the increment of WSS, and the reduction of velocity contributed to
the decrease in WSS. Thereafter, backflow led to the appearance of low WSS region,
and low WSS regions were found near the recirculation zone. Higher WSS was
observed in MFCA and LFCA, as their diameters were smaller. Low WSS zones
located at the curved portions of the vessels, and there barely existed low WSS
zones in the straight tube. Specifically, most of low WSS zones were observed in
CFA, SFA, and DFA, as backflow appeared in these three arteries. In summary, the
WSS distribution in residuum vasculature closely correlated to blood velocity in a
cycle and the geometries of these arteries. The geometries of arteries and blood flow
in residual limb significantly altered due to the trans-femoral amputation and
muscle atrophy, and the changes in the geometries and blood velocity further had

an influence in the distributions of WSS and Sh.

7.2 Summary and discussion

A coupling computational model of blood flow and oxygen transport in residuum
arteries was employed to understand the status of the residual limb in terms of
hemodynamic responses and oxygen distribution. The Windkessel model and the
lumped parameter model of oxygen transport were treated as the outlet boundary

conditions of blood flow and oxygen transport in this computational model for the
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sake of considering the effects of downstream vascular beds on hemodynamic
responses and oxygen concentration distribution, and parameters in these numerical
models were derived from literatures and the clinical measurement. The novel
boundary condition of the lumped parameter model of oxygen transport was
developed on the basis of transmission line equations of oxygen transport proposed
in our previous study, while the Windkessel model was generally applied as the
boundary condition at outlet of the vascular model and was established based on
the fluid transmission line equations. The developed boundary condition of oxygen
transport was numerically verified through the comparisons between the elongated
models and the non-elongated models with the lumped parameter models of oxygen
transport, and three regular vascular models (straight, curved, and bifurcated vessels)
were employed in this verification. Moreover, oxygen transport in the
computational model of residuum vasculature was validated through carrying out
the in vitro experiment with a 3D printing replica of arteries in the residuum limb,
while blood velocity measured by the ultrasound was compared with the numerical
result of this computational model to validate this simulation of blood flow in
residuum arteries. Consequently, the proposed boundary condition of the lumped
parameter model of oxygen transport was supposed to provide a reliable estimation
of oxygen concentration distribution in residuum vasculature and offer an efficient
scheme for simulating the effect of downstream vessels on oxygen transport in the

artery of interest.
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In this study, the effect of hemoglobin was not considered in the computational
simulation of oxygen transport in residuum vessels. Indeed, oxyhemoglobin
transfer is the key factor to oxygen transport in the circulatory system. The
computational simulation of oxygen transport without the consideration of
hemoglobin could offer a reliable prediction of oxygen distribution in an artery as
well. This is because oxygen concentration predicted by the simulation with
oxyhemoglobin transport linearly correlated to that in the computational model
without considering hemoglobin (Moore and Ethier, 1997). And a number of
computational investigations of oxygen transport in arteries, which did not involve
the effects of hemoglobin, have been conducted to understand the relationship
between oxygen distribution and the status of vessels (Qiu and Tarbell, 2000, Liu
et al., 2010, Tada, 2010, Caputo et al., 2013). Thus, the numerical simulation of
oxygen transport in residuum arteries is available for determining the correlation
between oxygen distribution and residuum status under the assumption that the
effect of hemoglobin on oxygen transport is ignored. In addition, the arterial wall
in this computational model of residuum vessels was assumed to be rigid. The
previous study has found that the elasticity of the arterial wall slightly affected the
hemodynamic response in the CFD model of thigh arteries (Kim et al., 2008).
Moreover, numerous scholars applied the assumption of rigid vascular wall in the
numerical investigations of blood flow and oxygen transport and acquired the
qualitative distribution of oxygen concentration in vascular models (Qiu and Tarbell,

2000, Liu et al., 2010, Kolandavel et al., 2006). Consequently, the prediction of
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oxygen concentration distribution in the computational model of residuum

vasculature was determined to be reliable under these aforementioned assumptions.

Three regular geometries of vessels were employed to numerically verifying the
developing boundary conditions of the lumped parameter model of oxygen
transport. The comparison between the non-elongated model with this oxygen
boundary condition and the elongated model was conducted, and the influence of
the boundary condition of oxygen transport on oxygen concentration distribution in
these regular models was suggested to be similar with that of the elongation of the
vascular model. Thereafter, the effect of the oxygen boundary condition at outlet of
the vascular model on oxygen transport was proved to be almost eliminated in the
elongated model. The prediction of oxygen distribution in the vascular model with
the developed boundary condition of oxygen transport was herein supposed to be
reliable in understanding oxygen transport in arteries. Vascular geometries in the
circulatory system are mainly composed of straight, curved and bifurcated vessel.
These basic vessels are the main components of the branching and complex
vasculatures in the entire vascular system. Parameters used in the proposed
boundary condition of oxygen transport would be adjusted to be applicable in these
complex vasculatures. Thus, straight, curved and bifurcated vessels were selected

in the verification of this developed boundary condition of oxygen transport.

Blood velocity and oxygen distribution in arteries of the residual limb were
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calculated by the computational simulation of the residuum vasculature with the
employment of the lumped parameter model of oxygen transport. The numerical
analysis of this computational simulation was validated by the comparison with the
experiment of fluid flow and oxygen content in 3D vascular replica. We found that
the oxygen content in the experimental measurement was slightly more than that of
the computational model. This was because oxygen consumption in the arterial wall
of the 3D residuum vasculature cannot be involved in the vascular replica of the in
vitro experiment. Whereas, the oxygen consumption was considered in the
computational simulation of the residuum arteries through setting the oxygen
concentration at the wall as a lower value than that at inlet of the vascular model.
Thus, oxygen content at the end of the computational vascular model reduced by
the amount of the oxygen consumption in arterial wall in comparison with the
experimental data. Additionally, the blood velocity numerically predicted in the
computational model was compared with that of the ultrasound measurement, and
the difference was quite modest. Overall, the computational model of the residuum
arteries developed in this study could offer the reasonable estimation of oxygen

distribution and hemodynamic parameters in the vasculature of the residual limb.

Sh is an important index to determine the amount of oxygen transmitted into the
arterial wall, and oxygen content in the wall is a significant factor in the
development of the vascular diseases. The Sh distribution in the residuum

vasculature was acquired in the computational simulation with the boundary
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condition of the lumped parameter model of oxygen transport. As the lumped
parameter model of oxygen transport provided a numerical scheme for coupling the
effect of downstream vessels with the 3D computational model of residuum arteries,
the prediction of Sh distribution in vasculature of the residual limb was supposed
to be more precise. We found that the change in blood velocity of the residuum
vasculature hardly affected the Sh distribution during forward blood flow, which
was consistent with our previous study. Our previous study has indicated that the
difference of Sh distribution among different blood velocities in the residuum artery
was quite modest (Yan et al., 2017), and the boundary condition of zero flux was
utilized in the computational simulation of oxygen transport. The velocity of the
forward blood flow herein had a slight effect on Sh distribution in the arteries of the
residual limb. Moreover, the mean Sh under the maximum forward velocity was
15.92 in this study with the lumped parameter model of oxygen transport, while the
mean Sh under the minimum velocity was 42.4 in the previous computational
investigation with zero-flux boundary condition. As the effect of the downstream
vascular beds on oxygen transport in the residuum artery was not considered in our
previous computational simulation, the Sh value in the computational model with
the zero-flux condition was higher than that with the lumped parameter model of
oxygen transport. The numerical investigation of residuum vasculature with the
developed boundary condition of oxygen transport provided the prediction of
oxygen distribution with lower Sh value during forward blood flow. Smaller Sh in

the residuum arteries enhances the rate of the development of atherosclerotic plaque
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(Tarbell, 2003, Okamoto et al., 1983, Matsushita et al., 2000), and severe
atherosclerosis in the arterial system of the residual limb causes reamputation
(Martin et al., 1967, Dillingham et al., 2005). The possibility of the atherosclerosis
development predicted by the computational simulation with the lumped parameter
model of oxygen transport is supposed to be higher than that with the zero-flux
boundary condition of oxygen transport. Thus, a high rate of the formation of
atherosclerotic plaque in arteries of the trans-femoral residual limb was figured out
by the coupling computational model of blood flow and oxygen transport in residual
vasculature during forward blood flow, as applying the developed boundary
condition with the lumped parameter model of oxygen transport contributed to
smaller Sh in the vascular model. In summary, a smaller amount of oxygen content
in the residuum vasculature was predicted by the computational model with the
lumped parameter model of oxygen transport during forward blood flow, and the
effect of the downstream vessels on oxygen transport in residuum arteries, which
was implemented by the lumped parameter model of oxygen transport, was the key

factor to the reduction of the oxygen content in the computational investigation.

Additionally, the result of the computational investigation showed that backflow
caused the increase in the Sh values in the residuum arteries. The flux of oxygen
transmitted into the arterial wall of the residuum vasculature raised with the
reference to the increment of Sh at the wall during flow recirculation, thus,

backflow supplied more oxygen for the vascular wall at the diastolic phase of a
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cycle. The backflow brought the specified amount of oxygen from the downstream
vascular beds back to the residuum vasculature, which played a dominant role in
the augmentation of oxygen content during the diastolic phase of a cycle. The
increased amount of oxygen in residuum arteries during flow recirculation mainly
depended on the backflow velocity and oxygen content in backflow. Oxygen
transport and blood flow in the downstream vessels of the residuum vasculature
intrinsically affect the backflow velocity and oxygen content in backflow. In terms
of blood flow, the effect of the downstream vessels was simulating through applying
the Windkessel model as the outlet boundary condition of the computational model
of the residuum vasculature, while the lumped parameter model of oxygen transport
was treated as the boundary condition of oxygen transport at outlet of the vascular
model to consider the effect of oxygen transport in downstream vessels.
Consequently, backflow in the residuum vasculature enhanced the amount of
oxygen in the arteries, and blood velocity and oxygen content of the backflow were
determined by the Windkessel model and the lumped parameter model of oxygen
transport, respectively. The increment of the backflow was supposed to lead to a
more marked augmentation of oxygen content in the residuum arteries during a
whole pulsatile cycle in comparison with the increase in blood velocity of the
forward flow. However, backflow caused the reduction of the WSS at the arterial
wall of the residuum vasculature. As low WSS detrimentally affects the arteries,
backflow had an adverse influence on the arteries of the residual limb in terms of

WSS. In summary, backflow contributed to the augmentation of oxygen content in
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residuum vasculature which was beneficial to reduce the rate of the atherosclerosis
development in residuum arteries, whereas, the decrease in WSS caused by
backflow enhanced the possibility of the formation of the atherosclerotic plaque
and had a detrimental effect on the arteries of the residual limb. Thus, the joint
consideration of WSS and oxygen distribution was required to enhance the
advantageous effect and alleviate the adverse effect of backflow on the arteries of
the residual limb. Specifically, appropriately enhancing backflow in the branches
of the residuum vasculature during the systolic phase of a pulsation cycle at inlet
would lead to the increment of oxygen content and be beneficial to reduce the rate
of the formation of the atherosclerotic plaque, as the WSS value was much higher
than the threshold value of low WSS and the Sh value was quite lower at the systolic
phase. Moreover, a modest decrease in backflow of the branch vessels during the
diastolic phase could contribute to the increase in WSS and further have a favorable
effect on the residuum arteries, as the WSS value became lower and the Sh value
became higher at the diastolic phase of a pulsation cycle. In terms of arteries in the
trans-femoral residuum, the adjustment of the backflow in branches vessels during
a pulsation cycle would be favorable to alleviate the risk of vascular disease under

the joint consideration of hemodynamic response and oxygen distribution.

Backflow is modestly adjusted to reduce the rate of the development of vascular
disease. Oxygen is brought back to the residuum arteries by backflow, and the

oxygen supply from arteries to muscular tissues is impeded. Oxygen content in
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tissues of the residual limb decreases due to the hindrance of the backflow in
residuum vasculature. Low oxygen concentration induces muscle dysfunction and
contributes to muscle atrophy in the residuum (Ottenheijm et al., 2006, Caron et al.,
2009). As a consequence, backflow causes the reduction of oxygen content in
muscular tissues of the residual limb and further has a detrimental effect on the
residuum muscles. Thus, oxygen content in tissues is another key factor in
determining the adjustment of inflow and backflow in order to alleviate the risk of
the development of vascular disease and muscle atrophy in the residual limb. In
summary, backflow in branch vessels of the residuum vasculature positively
correlates with Sh at the arterial wall and associates inversely with the WSS and
oxygen content in tissues, while inflow positively correlates with Sh, WSS, and
oxygen content in tissues. With the joint consideration of Sh, WSS, and oxygen
content in tissues, enhancing inflow and backflow during the systolic phase is
beneficial for arteries and muscles in the residual limb, while augmentation of
inflow and reduction of backflow during the diastolic phase contribute to the

decrease in the risk of the residuum disorder.

Although the novel computational model of the residuum vasculature with the
lumped parameter model of oxygen transport can provide a reliable prediction of
the oxygen distribution in residuum arteries and offer the basis for proposing a way
to alleviate the risk of the residuum disorder, the numerical model has several

limitations. As oxygen consumption in downstream vessels is hardly acquired by
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the noninvasive measurement, the value of the oxygen consumption used in the
development of the lumped parameter model of oxygen transport is derived from
literatures. Oxygen consumption in downstream vascular beds affects the amount
of oxygen brought back by backflow. A method for noninvasive measurement of
oxygen consumption in vascular beds and tissues is beneficial for proposing a
precise adjustment of inflow and backflow at a pulsation cycle, and this adjustment
further leads to the reduction of the risk of vascular disease. Thereafter, the
distributions of other substances in arteries except oxygen affect development and
intervention of vascular disease as well, such as low-density lipoprotein (LDL). The
lumped parameter model of other substances transfer can be established with
reference to the lumped parameter model of oxygen transport and be regarded as
the boundary condition in the computational simulation of the residuum vasculature,
which provides a more precise prediction of the distributions of other substances.

Investigations of other substances transfer will be carried out in the future study.
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK
8.1 Conclusions

For sake of determining the blood flow and oxygen transport systematically in the
arterial system of the residual limb after amputation, theoretical developments,
computational simulations, and experimental investigations about oxygen

distribution and hemodynamic responses were implemented in this study.

1) Computational fluid dynamics models of the descending branches of the lateral
femoral circumflex artery (DLFCA) coupled with oxygen transport in both the
residuum and the sound limb were established, and three inflow velocities were
applied at inlet to figure out the effect of exercise on oxygen transport in
residuum DLFCA. Consequently, the investigation of oxygen transport in the
residuum vasculature was suggested to be valuable in understanding the health
status of the residuum after amputation, and the joint consideration of WSS and
oxygen distribution was required in determining the rate of the atherosclerosis
development in residuum arteries. Additionally, exercise was indicated to be
favourable for enhancing oxygen content in DLFCA of the residual limb and
reducing the possibility of the formation of the atherosclerotic plaque in

residuum arteries.

2) The oxygen concentration in the arteries could not be noninvasively monitored

in clinical research and a three-dimensional (3D) numerical simulation of the
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3)

systemic arterial tree is complicated and requires considerable computational
resources and time. Thus, transmission line equations of oxygen transport in
the arteries were firstly proposed according to the theory of oxygen transport
and fluid transmission line equations. And these equations were numerically
verified through the comparison between a 3D computational simulation of
oxygen transport in the vascular model and a lumped parameter model of
oxygen transport. These transmission line equations are treated as the
theoretical basis for the establishment of the lumped parameter model of
oxygen transport, and this model can be applied for numerically predicting the
oxygen distribution in the systemic arterial tree with fewer computational
resources and less time. Moreover, these transmission line equations of oxygen
transport can also be regarded as the theoretical basis for developing

transmission line equations of other substances in blood.

Transmission line equations of mass transport in arteries have been proposed,
and these equations offer a more efficient scheme for investigating the systemic
distribution of the substance in the arterial tree. Whereas, the derivation of these
equations in arterioles and capillaries is lacked. Transmission line equations of
mass transport in arterioles and capillaries were developed, and these equations
were derived based on the transmission line equations of mass transport in
arteries and mass transport theory in microvessels. These equations were

verified through the comparison of the numerical prediction based on the
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4)

developed equations with the previous in vitro experimental studies.
Parameters in the equations of arterioles represent the properties of the
convection in mass transfer, while those in the equations of capillaries represent
the properties of the convection and diffusion, respectively. The transmission
line equations of mass transport in arterioles and capillaries are not only applied
in constructing the lumped parameter model of mass transport for predicting
the systemic distribution of the substance concentration in the microvascular
tree, but also regarded as the supplement to the theoretical basis for establishing
the lumped parameter model of the entire vascular system including arteries,

arterioles, and capillaries.

Oxygen distribution in the residual limb changes due to the vasculature
transformation after trans-femoral amputation, and changes in oxygen content
play a significant role in the developments of health problems of the trans-
femoral residuum. Oxygen content in the residual limb mainly depends on
oxygen transport in the residuum vasculature. Few studies focused on oxygen
transport in the arteries of the residual limb. We developed a coupling
computational model of blood flow and oxygen transport in the residuum
arteries to predict oxygen distribution, and the Windkessel model and the
lumped parameter model of oxygen transport were applied as the boundary
conditions at outlets of the vascular model. The boundary condition with the

lumped parameter model of oxygen transport was verified through the
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comparisons between the non-elongated vascular models with the lumped
parameter models and the elongated models. Moreover, an in vitro experiment
with a three-dimensional (3D) printing replica of the residuum vasculature was
carried out to validate the computational simulation. The proposed boundary
condition with the lumped parameter model was determined to be reliable for
simulating the effect of downstream vessels on oxygen transport in the vascular
model. According to the numerical results of the 3D computational model with
the developed boundary condition of oxygen transport, the effect of inflow
velocity on oxygen distribution was indicated to be much smaller than that of
backflow during a pulsation cycle. Moreover, with the joint consideration of
Sh, WSS, and oxygen content in tissues, the adjustment of inflow and backflow

during a cycle was proposed to alleviate the risk of the residuum disorder.

8.2 Directions of future studies

Although this study is innovative and valuable for providing a reliable prediction
of the oxygen distribution in residuum arteries and offering the basis for developing
a way to alleviate the risk of the residuum disorder, there exist a few limitations in
the development of the transmission line equations of oxygen transport and the
establishment of the computational simulation of oxygen transport in residuum

arteries.
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First, the effect of hemoglobin on oxygen concentration distribution is neglected in
the derivation of the transmission line equations. More physiological properties of
oxygen in blood will be involved in the further development of these equations for
the sake of more precise estimation of oxygen concentration distribution in the

arterial system.

Second, the transmitted fluxes of oxygen from blood to arterial wall and from
microcirculation to tissue affect the accuracy of the numerical prediction of the
oxygen distribution in the residuum arteries and the microvascular system. A
noninvasive method to measure the gradient of oxygen concentration near the
arterial wall and between microvessels and tissues is favourable to acquire the
accurate values of the oxygen fluxes into wall and tissues, and the method would
enhance the accuracy of oxygen concentration prediction in the lumped parameter

model of oxygen transport and the vascular model.

Third, as oxygen consumption in downstream vessels is hardly acquired by the
noninvasive measurement, the value of the oxygen consumption used in the
development of the lumped parameter model of oxygen transport is derived from
literatures. Oxygen consumption in downstream vascular beds affects the amount
of oxygen brought back by backflow. A method for noninvasive measurement of

oxygen consumption in vascular beds and tissues is beneficial for proposing a
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precise adjustment of inflow and backflow at a pulsation cycle, and this adjustment

further leads to the reduction of the risk of vascular disease.

Forth, the distributions of other substances in arteries except oxygen affect
development and intervention of vascular disease as well, such as low-density
lipoprotein (LDL). The lumped parameter model of other substances transfer can
be established with reference to the lumped parameter model of oxygen transport
and be regarded as the boundary condition in the computational simulation of the
residuum vasculature, which provides a more precise prediction of the distributions
of other substances. Investigations of other substances transfer will be carried out

in the future study.

In addition, the animal experiment and more clinical trials will be beneficial for the
validation and development of the proposed theory and the computational
simulation. Specifically, the transmission line equations of oxygen transport can be
used for understanding the systemic distribution of oxygen concentration in the
entire arterial system of the animal, and the measurement of oxygen concentration
in the animal would be employed to validate this numerical prediction. My study
finds that backflow is a key factor for comprehending the development of muscle
atrophy, and the change in the spatial structure of residuum arteries increases
vascular resistance and further leads to the augmentation of backflow. Conducting

more clinical trials is beneficial for making these findings more convincing.
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