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ABSTRACT

The development of the modern era of bioengineering and the advances in our understanding of
the cardiovascular system have been intertwined over the past one-half century. This is true of
bioengineering as an area for research in universities. Bioengineering is ultimately the beginning
of a new engineering discipline, as well as a new discipline in the medical device industry.
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HISTORICAL PERSPECTIVE

As discussed by both Citron and Nerem* and also Bergman and Nerem,? the medical device industry
evolved in the second half of the 20" century. First, there was kidney dialysis, a technology accredited
to the pioneering work of a Dutch physician, Willem Kolff. Beyond the treatment of chronic kidney
failure, Kolff's technologies formed the foundation to the membrane oxygenator. In turn, this led to
cardiopulmonary bypass being performed safely for extended periods of time. There followed the
development of prosthetic heart valves with the first implant being performed in 1952. This was
followed by the first successful open heart surgery in 1953.

Clinically-practical electrical stimulation therapies for cardiac rhythm disorders began to emerge in
the 1950s. In 1958, Dr. C. Walton Lillehei collaborated with Earl Bakken, an electrical engineer, in the
use of the world’s first transistorized battery-powered cardiac pacemaker that was externally powered.
However, a few years later, in 1960, William Chardack implanted the first pacemaker that was
completely internal, i.e. within the body. This was possible because of the mercury/zinc battery that
had been designed by Wilson Greatbach, an engineer who passed away in 2011. This was the start of
the medical device/implant industry. This industry grew in the last 50 years to become a major industry
with $200 billion in annual sales, with a workforce of 300,000, and an industry that invests seven
percent of revenues back into R&D.

Bioengineering in universities has developed in parallel to the development of the medical
device/implant industry. Back in the 1950s and 1960s, bioengineering involved the application of the
traditional engineering disciplines to problems in medicine and biology. However, this all began to
change in the 1970s with the establishment of academic departments, called either biomedical
engineering or bioengineering. This development grew slowly until the 1990s when there was an
acceleration in the formation of such academic units. This was due to many factors; chief among these
was the impact of the biological revolution and the significant investments made by the Whitaker
Foundation. Worldwide, there are now more than 100 departments of this type, and the field of
biomedical engineering/bioengineering is now recognized as being its own academic discipline, an
engineering discipline based on the science of biology.

Cardiovascular research and orthopaedic research have been two major areas of focus in the
evolving discipline of bioengineering. Three areas of cardiovascular research in bioengineering will be
discussed in this article. Each section focuses on a certain area of cardiovascular research in which this
author has been personally involved.

HEMODYNAMICS AND ATHEROSCLEROSIS

An important research area in the historical development of bioengineering is the role of
hemodynamics in the disease atherosclerosis, particularly in the early atherogenic stage of the
disease. In the 1960s, there was already evidence that the pattern of atherogenesis appeared to
correlate with the pattern of blood flow. As studies developed, it became clear that there was greater
predilection of the disease in low-shear stress regions. The vascular endothelium, which was in contact
with the flowing blood and the associated shear stress environment, became a focus on the effects of
the hemodynamic environment on vascular endothelial biology.? These studies included the effects of
flow, the effects of cyclic stress and in some cases even pressure; however, the major focus was on the
study of the influence of flow and the associated shear stress environment. Much of this research
over the years has been done in vitro with cultured vascular endothelial cells exposed to a variety
of flow environments either using a parallel-plate flow chamber* or a cone-plate device.> The flow
environments studied have included steady laminar flow, a purely oscillating flow, and pulsatile type
flows, either with a reversing or a non-reversing waveform.®” Although a key indicator of the influence
of flow is the change in morphology, as illustrated in Figure 1, and the reorganization of the cytoskeletal
network,® there are also changes in gene expression and protein expression. For a flow environment
where there is a non-zero mean flow component, vascular endothelial cells elongate and align their
major axis parallel to the direction of flow. There is reorganization of F-actin, such that the fibers also
are aligned with the flow; and if the actin cytoskeleton is disrupted, then the vascular endothelial cells
do not elongate and align. This thus indicates that the change in morphology is due to a reorganization
of the F-actin. Interestingly, there is no morphological change (no elongation nor alignment of the
vascular endothelial cells) for a purely oscillatory flow.? With respect to gene expression, some genes
are upregulated and some downregulated. Obviously, much has been learned about vascular
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Figure 1. In vitro images of morphology and F-actin for bovine aortic endothelial cells for static conditions (A and
B) and after 24 hours of laminar shear stress (C and D) with flow left to right; scale of F-actin images a factor of
ten different from the morphology images.

endothelial biology from these in vitro studies and later confirmed with in vivo studies using a variety
of animal models.

Interestingly, some life scientists studying atherosclerosis in the 1970s did not believe that the
physical forces associated with the hemodynamic environment could have any influence at all on cell
behavior and the cellular processes involved in the initiation of the disease. Today, the concept of an
important role for hemodynamics is widely accepted. In fact, it now is clear that the function of a cell is
determined by the signals associated with the microenvironment in which the cell resides. This
“symphony” of signals, what | call Nature’s Orchestra, is made up of the soluble molecules to which the
cell is exposed, the other cells which are in contact, the substrate to which it is adhered (extracellular
matrix and/or some type of synthetic material), and the mechanical environment in which the cell
resides, i.e. the physical forces to which it is exposed.

One may speculate that the reason much was learned about vascular endothelial function from
in vitro studies was because these monolayer studies mimicked the fact that the vascular endothelium
is @ monolayer in vivo. As the environment in cell culture is not physiologic, there have been efforts to
engineer a more physiologic in vitro environment.*® This has included using a co-culture of vascular
endothelial cells with vascular smooth muscle cells.* It also included using a three dimensional
architecture. It is now clear that smooth muscle cells in a three-dimensional environment have different
characteristics than such cells in a two-dimensional environment.*

Even with the advances made, much due to the involvement of engineers in the study of vascular
biology, there is more to be done. This includes continuing to develop in vitro models that are more
physiologic and better at simulating in vivo environments. It should also be noted that, although there
were many engineers who learned biology to be leaders in this field, there were also life scientists
who became more like engineers in their approach in the study of vascular biology. Thus, the
bioengineering community that emerged from studies in this area has been very much an
interdisciplinary one, and this provided the foundation for the emergence of bioengineering as a
discipline in its own right, a discipline based on the science of biology, a discipline in which biology
and engineering are very much integrated.

HEART VALVE ENGINEERING

Heart valves engineering is another area, in which engineers have been involved and which has
fostered the growth of bioengineering. Initially, much of the engineering effort was focused on the
development of improved prosthetic valves to be used as defective valve replacements. This certainly
was important to the emerging medical device/implant industry in the 1970s and 1980s, and it was an
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area in which university researchers became very active. A key issue was to optimize the fluid
mechanical characteristics of such heart valves implants.*®> Engineers have begun to make a
contribution to the area of heart valves engineering in another way, in order to learn more about the
basic biology of heart valves, a tissue that resides in an extremely dynamic mechanical environment.
Our knowledge about the biology of blood vessels has increased considerably over the last few
decades; this was largely driven by studies aimed at achieving a better understanding of the biology
and pathobiology associated with atherosclerosis. However, the same situation is not paralleled in the
area of heart valves. Although there were clinical problems associated with heart valves, there
seemingly was not satisfactory motivation to study the basic biology of heart valves. However, this has
changed now. Several bioengineering laboratories are participating in this, and the area of heart valves
has became an important part of bioengineering research.

One example is the heart valve team from Georgia Tech and Emory University School of Medicine in
Atlanta, Georgia. This team includes the laboratories of Professors Hanjoong Jo and Ajit Yoganathan,
and Robert M. Nerem. An issue being investigated is whether there is any difference between
endothelial cells on the different sides of the aortic valve leaflets, i.e. the ventricularis side as compared
to the fibrosa side. Whereas the hemodynamic environment on the ventricularis side may be
characterized as a unidirectional, time varying laminar flow, on the fibrosa side it is a reversing pulsatile
flow (Figure 2). The question thus is whether there are differences between these two sides? If so, are
these differences due to the very different hemodynamic environments on each side, or alternatively
due to fundamental differences between the endothelial cells? Is the difference between the
endothelial cells on the two sides genetic or is it environmental? We found over 700 genes
downregulated and over 300 genes upregulated by oscillatory flow as compared to steady laminar
flow. However, no significant difference has been found when fibrosa side and ventricularis side
endothelial cells are exposed to the same shear stress conditions. There is no side-dependency and no
apparent difference other than differences in their respective hemodynamic environment.** Also,
miRNA array analysis yielded 30 shear-sensitive miRNAs and three side-specific miRNAs. Moreover,
miRNA validation confirmed four of 17 shear-sensitive and one of three side-dependent miRNAs.
Although there is clearly much more to do, we are slowly beginning to better understand the biology
of heart valves.
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Figure 2. lllustration of difference in the hemodynamic environment for the fibrosa side versus the ventricularis
side of the aortic heart valve and the influence on calcification and sclerosis.

The above is only an example; however, the biology of heart valves including their biomechanical
properties has become a major topic with several sessions at virtually every bioengineering conference.
It thus has become very much a part of the evolution of bioengineering as a field and the intertwining of
this field with cardiovascular research.

TISSUE ENGINEERING AND REGENERATIVE MEDICINE

Tissue engineering is another research area where bioengineering has had a significant involvement,
and thus has been intertwined with the growth of this new engineering discipline. It was only in 1987
that the term “tissue engineering” was created; and it was in 1988 that a conference called “tissue
engineering” was first held at Lake Tahoe, California. The focus was on fabricating replacement tissues
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and organs outside of the body using cells and scaffolds for later implantation into the body.* This
field of engineering was driven largely by clinicians and engineers. However, a much broader
interdisciplinary effort evolved in the 1990s as stem cells received more interest. Furthermore, the field
of tissue engineering broadened into what now is called regenerative medicine and includes, in
addition to replacement, also repair and regeneration.’® Clinical targets being pursued include targets
in the cardiovascular system. Chief among these are the development of a small-diameter blood vessel
substitute for the use in coronary bypass surgery, repair of a damaged myocardial wall following a
heart attack and the development of a valvular substitute for use in defective heart valve replacement.

The tissue engineering of a heart valve substitute is in fact what has stimulated much of the interest
in the biology of heart valves."” Furthermore, the pediatric population is one of the main targeted
patient populations. A young child that has a heart valve with a congenital defect will need a larger
sized replacement every few years. If one had a replacement valve made of living cells that would grow
over time as the child grows, then only a single surgery would be needed. To date there has been some
success with the two major efforts of the laboratories of John Mayer in Boston Sacks et al.*® and Simon
Hoerstrup in Zurich, Switzerland,* with both laboratories having engineers as part of their teams. The
successful tissue engineering of a heart valve requires a combination of the right cells, a scaffold to
provide the initial architecture, and the signals necessary to drive the process. Although none of the
current efforts has progressed to human studies yet, large animal experiments have been conducted.
Furthermore, from this one can see that there is a real role for engineering.

The tissue engineering of a small-diameter blood vessel substitute in many ways may be viewed as
one of the field’s “holy grails”.*° This is because there are many patients who need the coronary bypass
procedure but do not have native vessels available for use. Here again success depends on the right
combination of cells, a scaffold either biologic or a synthetic material, and the necessary signals. In this
area some progress has been made, and at least three efforts have been able to move into clinical
trials. First is the work of Shinoka and colleagues, who reported in 2001 the first clinical use of a
tissue-engineered blood vessel (TEVB), based on an autologous cell-seeded biodegradable scaffold, to
repair cardiac defects in the low-pressure circulation of children.2® Although the cells initially were
taken from excised tissue and cultured in vitro, later studies were performed with cells isolated from the
bone marrow and then directly seeded into the scaffold in the operating room.?* This approach was
used in more than 4o patients with considerable success.>” Dr. Shinoka moved to Yale University,
where he received FDA clearance to start a clinical trial.?

Another important effort has been that of Dr. Laura Niklason and her co-workers. This was based on
the 1999 report of the use of a tubular synthetic, biodegradable scaffold composed of polyglycolic acid
and seeded with smooth muscle cells as a vascular graft.>® In a recently published study by by
Niklason’s startup company, Humacyte,** the TEBVs showed good patency in both coronary and
carotid bypass models. Perhaps the most important achievement in that study was to produce a small
diameter human TEBV with a burst pressure in excess of 3000 mmHg. These vessels, which were
produced in 10 weeks in a pulsating bioreactor and decellularized, showed better compliance than that
of a human saphenous vein, but still considerably less than that of human arteries.

The third promising approach has as its foundation in the research conducted in 1990s by the
laboratory of Dr. Francois Auger in Quebec, Canada. The innovation here was to create sheets from the
matrix secreted by cells, with these “self-assembled” sheets then rolled into the many distinct layers
that compose a natural blood vessel. This method was used to construct the first tissue-engineered
human blood vessel that was truly biological and that displayed physiological mechanical properties.®
In 2000, Cytograft Tissue Engineering, Inc. was founded with the purpose of developing this new
technology and bringing it to the clinic. The company aimed to simplify the complex in vitro model that
was developed in Auger’s laboratory, while retaining its many biological advantages. This was done by
eliminating the medial layer of SMCs. The argument for eliminating this layer was based on contractility
having little effect on the patency of a TEBV substitute. However, by eliminating the medial layer, the
mechanical properties of this TEBV substitute were significantly altered. Preliminary results from initial
human trials of this type of graft were reported a few years ago.2 This trial involved the use of the graft
as an arterio-venous (AV) shunt for hemodialysis access. Biomechanical testing indicated an average
burst pressure in excess of 3000 mmHg. Furthermore, production of the graft proved to be

?http://news.yale.edu/2012/04/13/rebuilding-heart-saving-life
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reproducible. More recently an expanded study was published.?”-?® Cytograft is focusing its clinical
trials in Europe and Asia, and the Phase Il clinical studies for hemodialysis access employs both
autologous and allogeneic grafts. Of interest is that the new allogeneic model has the potential of
reducing the overall production time to 3 weeks. Furthermore, it allows 1000 of grafts to be fabricated
from a single master cell line.

The more recent approaches of Niklason and her co-workers, L'Heureux and the Cytograft team
involve creating a biological scaffold made up of extracellular matrix components. Still, a major issue is
cells’ source. If one is to use an autologous cell approach, then the concept of a TEBV off-the-shelf
availability is not possible to implement. On the other hand, the use of an allogeneic cell approach
could lead to off-the-shelf availability. Such approach might use allogeneic smooth muscle cells
and/or fibroblasts. However, one must again emphasize that, if allogeneic endothelial cells are to be
used, then one must incorporate some type of immune-suppressive strategy. Alternatively one could
possibly recruit endothelial cells from the patient into a non-endothelialized TEBV which has been
implanted. For all the progress in the last decade, it still appears that we are a few years away from
having a TEBV substitute achieving FDA approval.

Another important area is that of the heart itself*® and the use of a cell-based therapy for
myocardial repair. Although there have been a variety of studies, they have not been particularily
encouraging. This is because there has been only modest improvements in left ventricular function no
matter what cell type is used. Also, cell engraftment has been poor, and it is very unlikely that
significant repair/regeneration actually occurred. The fact that the use of different cell types leads to
very similar results suggests that it is a paracrine effect, not one of cell replacement. A review of this
area was published in 2011.3° One important question is “what is the best method for delivering the
cells to effect cardiac repair”? This is an area where engineers can contribute with one example being
the work of Simpson et al.>!

A critical issue in tissue engineering and regenerative medicine is that of cell source. Because of this,
the field of stem cell technology has taken on an important role in the field of tissue engineering and
regenerative medicine.?* Engineers are also contributing to the advances being made in this field.>?
Here again there have been studies of the role of physical forces, in this case in the modulation of stem
cell behavior. One example is the use of flow and the associated shear stress to influence the
differentiation of mouse embryonic stem cells to endothelial cells.?*

There is an emerging tissue engineering and regenerative medicine industry.?> In the translation
of the benchtop research to patient therapies, there is a real role for engineers. There also is a
recognition that there is a need for the further development of bioprocessing systems for stem cell
biomanufacturing. These systems will need to provide for the scaleup in cell numbers needed for a
patient therapy and also the systematic assessment of the cell population required to provide for
quality control and thus regulatory approval.

CONCLUDING DISCUSSION

Over the past half century, bioengineering has emerged as an engineering discipline in its own right. At
the same time, there have been major advances in our understanding of cardiovascular disease and in
the development of therapeutic approaches. As described here, there has been an intertwining of these
advances; and although one might argue that cardiovascular research would have advanced without
the involvement of bioengineers, at the same time engineers have made major contributions.

The participation and contribution of bioengineers to cardiovascular research has been illustrated
here using three specific areas: hemodynamics and atherosclerosis, heart valve engineering, and
tissue engineering. These are areas in which the biomechanical aspects of the problem proved to be
important. This was true in terms of the role of flow and the associated shear stress in the development
of atherosclerosis, the fluid mechanic characteristics of prosthetic heart valves and more recently side-
specific differences in the function of valvular endothelial cells, and in the development of innovative
therapies using tissue engineering and regenerative medicine approaches.

There have been other contributions by bioengineers that have led to advancements in our
understanding of the cardiovascular system and disease processes. This includes imaging, which
engineers have contributed to the advancement of technologies that range from ultrasound to
computerized tomography to magnetic resonance imaging to position emission tomography. This
resulted in lower usage of surgical biopsy as a diagnostic. Engineers also have contributed to our
understanding of the electrophysiological characteristics of the heart and to cardiac rhythm therapies.
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After all, it was only over half century ago that critical contributions of engineers led to the implantable
pacemaker and to the establishment of the medical device industry.

The story told here, however, has been based on biomechanics and its role in various aspects of the
cardiovascular system. Furthermore, it may be argued that it was individuals with an engineering
background that recognized the importance of biomechanics in biology and in physiology. As noted
earlier, the mechanical environment to which cells are exposed is part of the symphony of signals that
orchestrates function, both normal and pathological. The result is that biomechanics has not only
contributed to our understanding of the cardiovascular system, but it also has contributed to the
establishment of the discipline of bioengineering. Looking into the future, there will be the continuing
involvement of bioengineers including biomechanicians in cardiovascular research, and with this there
will be continuing advances in our understanding of the cardiovascular system, including the basic
biology and pathobiological aspects of disease as well as the development of new therapeutic
approaches.
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