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“ There's actually a major health crisis today in terms of the »

shortage of organs. The fact is that we're living longer.
Medicine has done a much better job of making us live
longer, and the problem is, as we age, our organs tend to fail
more, and so currently there are not enough organs to go
around. In fact, in the last 10 years, the number of patients
requiring an organ has doubled, while in the same time, the
actual number of transplants has barely gone up. So this is
now a public health crisis.

Anthony Atala
Surgeon and Professor of Urology
tinyurl.com/pzyr55b

Over the past decade, 3D printing has garnered considerable attention due to its broad ap-
plications, its ease of customization, and its increasing affordability. What began as the
straightforward replication of simple objects has now progressed into a sophisticated in-
dustry for the fabrication of detailed products, which stands to threaten conventional
forms of manufacturing and change the face of consumerism. More recently, the techno-
logy has found a footing within the medical field with the promise of applying 3D printing
for the process of organ generation. With the reality of an aging population, the need for re-
placement organs globally will increase proportionately, while the number of donors re-
mains static. In the field of urology specifically, the need for organ transplants is ever
increasing as the number of patients in renal failure continues to rise. This article reviews
the development of biological 3D printing, or biofabrication, within the field of urology
and examines both the pros and the cons of this emerging technology. The cost implica-
tions of this technology for healthcare facilities are considered, as well as the entrepreneur-
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ial opportunities that arise from the emergence and evolution of 3D printing.

Introduction

Not long ago, it was thought that space travel was bey-
ond the scope of human capacity, yet astonishingly,
technological advances allowed a human to walk on the
surface of the moon in 1969 — a feat unimaginable to hu-
mans living a mere century before. Since that time, hu-
manity has seen the emergence of a number of truly
impactful scientific and technological breakthroughs
such as the development of personal computers, the es-
tablishment of the World Wide Web, and the complete
mapping of the human genome. In line with such im-
pactful discoveries, research has progressed to include
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the concept of three-dimensional (3D) printing, which
may be one of the top ten most disruptive technologies
of the coming decade (Hyman, 2011; tinyurl.com/m9vdytj).

What is of concern to manufacturers is that the process
of 3D printing has the potential to pose a significant
threat to traditional forms of manufacturing. In fact, 3D
printing has most recently been described as a sort of
"futuristic hot glue gun" (Hart, 2012, tinyurl.com/8xosxgm).
Such sophisticated technology is truly remarkable in
that it provides access to items with complex interior
designs using digital templates created using well-
known computer-aided design (CAD), computer-aided
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engineering (CAE), and computer-aided manufacturing
(CAM) software (Diaz Lantada and Lafont Morgado,
2012; tinyurl.com/p7kdxx4). This technology is predicted to
have a significant impact on consumerism, allowing
customers to instantly manufacture a series of tangible
items using readily available and inexpensive personal
printing systems (Hyman, 2011; tinyurl.com/m9vdytj). This
innovation will eliminate the need for consumers to
travel to conventional "brick and mortar" stores to pur-
chase physical products and will ultimately spark a retail
movement which will transition from selling the physical
(i.e., manufactured goods) to selling the virtual (i.e., pay-
ing for intellectual property or software files) (D'Aveni,
2013: tinyurl.com/puxnkgz; Hyman, 2011: tinyurl.com/m9vdytj).

Although the applications of 3D printing in the manu-
facturing world are evident and numerous, this techno-
logy has the potential to have a multitude of
applications transcending numerous industries. As one
can imagine, application of the art of 3D printing within
the medical field, such as in the synthesis of replace-
ment organs, could have the potential to effect signific-
ant social change.

The inherent benefit of 3D printing technology is that
the resulting goods are completely customizable, where
subsequent alteration does not require significant re-
tooling but rather only involves changing small portions
of code in a design file (D'Aveni, 2013; tinyurl.com/
puxnkgz). This new approach holds significant benefits
for the medical field, such as in the design of custom-
ized prosthetic limbs, for the generation of ceramic scaf-
folds for use in bone replacement therapies (Leukers et
al., 2005; tinyurl.com/lswrb%s), and for applications in or-
gan biofabrication, also known as organ printing (Kasy-
anov et al., 2011; tinyurl.com/kvfodab). As the world's
population continues to grow as a result of extended life
expectancy, there will be a considerable increase in the
need for replacement organs (Atala, 2011; tinyurl.com/
62ew9wl). In fact, over the past ten years, the need for or-
gan transplants has doubled in number; however, unfor-
tunately, the number of organ donors has remained
static, leading to a global health crisis (Atala, 2011;
tinyurl.com/62ew9wl). The advent of both open source and
3D printing technologies will allow physicians the world
round to offer revolutionary and customized medical
solutions to patients while mitigating the organ short-
age crisis (Ozbolat and Yu, 2013; tinyurl.com/km8bqw5).

As a secondary consideration, the concept of biofabrica-
tion will become invaluable in the realm of teaching
hospitals. Ready access to biologically perfect organ rep-
licas via 3D printing could provide specimens from
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which medical students could be taught. These biologic-
al models would enable young physicians to hone their
diagnostic and surgical skills (Diaz Lantada and Lafont
Morgado, 2012; tinyurl.com/p7k4xx4). Organ models de-
rived from 3D printers could further be combined with
3D reconstruction technologies or virtual training in or-
der to create opportunities for more multi-disciplinary
training (Diaz Lantada and Lafont Morgado, 2012;
tinyurl.com/p7k4xx4).

In this article, the applications of 3D printing will be dir-
ectly applied to the field of urology, focusing on the pros
and cons of this technology in the area of organ genera-
tion. The benefits and challenges faced by medical facil-
ities keen on adopting this technology will be
investigated, and some of the entrepreneurial opportun-
ities that such innovation creates will be discussed.

Application of 3D Printing to the Field of Urology

The current statistics regarding the possibility of renal
disease and the number of patients living with the ill-
ness are staggering. In Canada, Turin and colleagues
(2012; tinyurl.com/m2ugz22) estimate that 1 in 40 males
and 1 in 60 females will develop end-stage renal disease
in their lifetime. Furthermore, the number of patients in
the end stages of renal disease has tripled over the past
20 years, with the greatest increase being observed
among older patients (Canadian Institute for Health In-
formation, 2011; tinyurl.com/pyy7rzd). In 2009, over 37,000
people in Canada were living with end-stage renal dis-
ease; approximately 3,000 of them were on the waiting
list for a kidney transplant in 2009, but only about 2,000
kidney transplants were performed (Canadian Institute
for Health Information, 2011; tinyurl.com/pyy7rzd). These
patients must endure regular dialysis visits until a suit-
able organ can be located for transplant.

In a recent TED Talk, Anthony Atala (2011; tinyurl.com/
62ewdwl) demonstrated the power of 3D printing in the
field of urology by illustrating its potential application
to the science of kidney regeneration. This technology
holds significant promise, especially considering the
high death rate and costs associated with treating the
disease, as discussed in the next section. Atala's re-
search demonstrated how large organs with complic-
ated vascular systems are difficult to replicate, but given
sophisticated 3D imaging technologies, physicians can
gain an accurate representation of the organ's charac-
teristics. A biological blueprint can then be formulated
from which a new organ can be printed, employing the
patient's own cells, in as little as seven hours (Atala,
2011; tinyurl.com/62ew9wl).
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The process of biofabrication is not unlike that of regu-
lar printing; however, it involves the deposition of living
cells and other biological material that can be grown in-
to new human organs (Song et al., 2010; tinyurl.com/
pvyrdrx). Bioprinting is flexible in that it can accommod-
ate a broad variety of materials including organ-specific
cells, blood vessels, smooth muscle, and endothelial
cells (Ozbolat and Yu, 2013; tinyurl.com/km8bqw5). If suc-
cessful, this technology could ultimately revolutionize
the field of nephrology, reducing or eliminating the
need for kidney donation from living or deceased
donors, and would eliminate complications arising
from immune suppression and transplant rejection.

Managing End-Stage Renal Failure

Given the changing demographics in Canada and else-
where in the world, healthcare systems globally will be
further financially burdened in the coming years due to
an aging population and consequently, medical sys-
tems will be severely strained as they attempt to meet
the complicated and costly needs of their aging popula-
tions. As a result, the possibility of providing 3D-prin-
ted replacement kidneys presents an attractive solution
for nephrology departments, thereby severing the long-
term patient dependence on the department and its re-
sources.

Currently, the annual cost to administer dialysis in
Canada is around $60k per patient (requiring three vis-
its a week to the hospital for haemodialysis treatments
lasting roughly four to five hours each) where compar-
atively, a kidney transplant costs roughly $23k per pro-
cedure followed by $6k in annual costs for
anti-rejection medications (Canadian Institute for
Health Information, 2011; tinyurl.com/pyy7rzd). Further
options exist such as peritoneal dialysis, which allows a
patient to dialyze at home using a portable cycler and a
series of solutions of varying concentrations. From the
perspective of a hospital's nephrology department, this
form of dialysis is preferable — second only to organ
transplant — because it does not require the patient to
come into the hospital three times weekly, is less costly,
reduces the demand for dialyzing machines, and re-
duces the need for nursing staff. However, although
less expensive than haemodialysis, this option requires
daily dialysis (using a cycler) or multiple sessions with-
in a 24-hour period (employing gravity) and remains a
cost to the healthcare system while placing a social bur-
den on the patient.

Considering the social and financial costs of current
therapy options, the technology of 3D kidney printing
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holds promise for not only providing a superior quality
of life for suffering patients but also reducing the long-
term costs of care. In the sections that follow, the bene-
fits and challenges of 3D printing within the field of uro-
logy are examined with a focus on the problem of
kidney transplants specifically.

Benefits of 3D Printing within the Field of
Nephrology

Improved survival rates and quality of life

Despite modern advances in medicine, 36 Canadians
died of end-stage renal failure while awaiting a kidney
transplant in 2012 alone (Sher, 2012; tinyurl.com/
pwbhaap). Unfortunately, this equates to 36 lives that
could have potentially been saved by 3D printing tech-
nology, which could help meet the ever-growing organ
demand and reduce the number of deaths from renal
disease.

From a social perspective, being on dialysis is extremely
debilitating. Haemodialysis, as an example, requires
that the patient be dialyzed multiple times a week. Al-
though this treatment must be incorporated into the
patient's routine, it can be both physically and mentally
exhausting. Dependence on a machine for one's exist-
ence can leave a patient feeling completely isolated and
depressed. The surgical input of a port through which a
patient receives their therapy can make simple tasks
such as bathing or swimming either challenging or im-
possible. Ultimately, end-stage renal failure can leave a
patient feeling completely helpless. The development
of 3D biofabrication could reduce the waiting times for
organ transplants, and minimize the dependency on
dialysis for many patients.

More relevant models and less dependency on animal
testing

The process of tissue regeneration is very complicated.
The growing of organ tissues has been tested and im-
proved upon using animal test subjects, typically mice
and rats. The advent of 3D printing means that both sci-
entists and physicians can come to more relevant res-
ults using biofabricated models while lessening the
need for animal involvement as part of the research and
development process (Hart, 2012; tinyurl.com/8xosxgm).

Reduction or elimination of organ waiting lists

There are 93,000 people in the United States (Dan-
ovitch, 2013; tinyurl.com/odrl7hf) and 3,000 people in
Canada (Canadian Institute for Health Information,
2011; tinyurl.com/pyy7rzd) waiting for a kidney transplant.
Unfortunately, as noted by Atala (2011; tinyurl.com/
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62ew9wl), the need for kidney transplants continues to
grow while the number of donations has remained
steady. The advent of on-demand kidney fabrication (in
addition to other organ fabrication) should, in the
short- to medium-term, reduce the stress on organ
waiting lists and should eventually reduce the amount
of time that patients spend awaiting an organ.

Elimination of organ rejection

When a patient receives an organ, from a living or a de-
ceased donor, the organ is matched to the recipient
based on blood- and tissue-type compatibility. Al-
though significant advances have been made with re-
spect to the development of post-operative kidney
anti-rejection medications (Kidney Foundation of
Canada, 2013; tinyurl.com/n5w4skc), organ rejection re-
mains a hurdle that is difficult to overcome given the
frequent lack of perfect organ match. However, the abil-
ity to print a living organ, with the appropriate vascular
system built from the patient's own cells, nearly elimin-
ates the risk of kidney rejection. The costs associated
with both anti-rejection medications and hospital care
for patients suffering from organ rejection would be
substantially reduced.

Reductions in the illegal trade of organs

The scarcity of organs available to patients internation-
ally has spurred an underground market for the sale of
both organs and tissues. The need for organs is further
amplified in some countries where formal programs for
the donation of kidneys from deceased patients are
hindered by sociocultural, political, or legal reasons
(Shimazono, 2013; tinyurl.com/nmv5kw). The trading of or-
gans across international borders is of considerable
concern and remains a significant health policy issue
for organizations such as the World Health Organiza-
tion (Shimanozo, 2013; tinyurl.com/nmv5kw). However, us-
ing 3D printing technology to build replacement organs
such as kidneys will help to increase the supply of vi-
able organs and to meet the increasing international de-
mand, thereby reducing the incidence of illegal "organ
harvesting" activities for the black market.

Challenges of 3D Printing within the Field of
Nephrology

Complexity of printing process

3D printing brings about images of technology with the
same complexity as printing with an inkjet printer (San-
gani, 2013; tinyurl.com/Ib56t7d); however, the process of
biofabrication is complex and requires many sequential
steps. As described by Kasyanov and colleagues (2011;
tinyurl.com/kvfodab), the process begins with the genera-
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tion of a prototyping blueprint specific to the patient.
Although kidneys are similar from person to person,
each kidney bears unique features. This uniqueness re-
quires the generation of a kidney design that is specific
to each patient. Next, robotic printers follow the biolo-
gical process of tissue growth using sophisticated biore-
actors that accelerate the process of tissue maturation.
To further complicate the matter, intricate vascular
trees must be incorporated into the system in order to
ensure viability of the organ once it has been printed.
Altogether, the process is extremely complicated — far
more complicated that the common examples of con-
sumer 3D printing, such as printing a rubber duck or a
replacement bolt.

Complexity of design software

Unfortunately, physicians cannot simply convert X-ray
and MRI images into design templates from which bio-
logical scaffolds can be replicated. For example, due to
shrinkage of the model after printing, a kidney's vascu-
lar tree — through which blood will be circulated —can-
not readily be predicted (Diaz Lantada and Lafont
Morgado, 2012; tinyurl.com/p7kdxx4). Because such size
changes cannot be accurately predicted and incorpor-
ated into a printing file, the design process needs to be
iterative. The required interventions complicate the
design and execution process while increasing the cost
(Diaz Lantada and Lafont Morgado, 2012; tinyurl.com/
p7kdxxd).

Mimicking kidney functions

It is not enough to produce a structural replica of an or-
gan; the new organ must be able to perform all its re-
quired functions before being transplanted into a
patient. As an example, if a bioprinted kidney is incap-
able of secreting erythropoietin (which serves to stimu-
late red blood cell production), then the organ is
worthless. In order for the printed organ to fully replace
the real organ, complex structures containing cells of
different types must be printed (Ozbolat and Yu, 2013;
tinyurl.com/km8bqws5).

Potential trivialization

Some researchers have expressed the concern that the
readily accessible nature of products via 3D printing
will cause people to be careless with their health (Ratto,
2012; tinyurl.com/kdarmur). The ease of obtaining a re-
placement item might encourage people to engage in
risky behaviours, thinking that 3D organ replacements
offer a quick and simple remedy. However, the availab-
ility of replacement organs must not be taken for gran-
ted and must not be perceived as an excuse for
increased risky behaviour such as heavy drinking,
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which increases the risk of sclerosis of the liver, or
smoking, which increases the risk of lung cancer. Even
once the technology is further refined, the biofabrica-
tion of replacement organs, and the surgery and care as-
sociated with them, will by no means constitute a trivial
solution and should not be regarded as such.

Technological limitations

Although the field of biofabrication has developed con-
siderably over the past years and remains promising for
the future, the technology surrounding 3D bioprinters
is still in the developmental stages (Diaz Lantada and
Lafont Morgado, 2012; tinyurl.com/p7k4xx4). Even though
there are many biological applications for the techno-
logy, most are not currently feasible given the existing
technology limitations. The research field of tissue en-
gineering has seen explosive growth over the past five
years where testing is still primarily limited to animal
specimens (Diaz Lantada and Lafont Morgado, 2012;
tinyurl.com/p7k4xx4). However, it is anticipated that such
prototyping technologies will continue to be developed
at an accelerated rate in the coming years.

A key area for further research focuses on the complex
stages of organ replication, which must be strictly
defined and standardized to improve overall organ
quality and production efficiency (Diaz Lantada and La-
font Morgado, 2012; tinyurl.com/p7k4xx4). Such standardiz-
ation will allow physicians to benefit from the
technology and to assist each other throughout the fab-
rication process. Given the numerous possibilities that
biologically based 3D printing presents the medical
field, research must become more multidisciplinary,
bringing researchers, universities, private companies,
doctors, research facilities, and biomedical engineers
together via the collective exchange of information
(Diaz Lantada and Lafont Morgado, 2012; tinyurl.com/
p7kdxx4). Cooperation among numerous disciplines will
not only prove to develop the technology more quickly,
making it accessible to deserving patients, but it will
drive innovation as more applications are unveiled.

Recommendations to Nephrology
Departments and Hospitals

Although much work remains to develop and refine the
process of 3D printing for the biofabrication of organs,
such as kidneys, hospitals should become engaged in
the development and advancement of the research so
that they may one day offer the fruits of this technology
as solutions to their patients' needs. In the short-term,
research funds would need to be allocated to research-
ing nephrologists that can work collectively with other
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research facilities in refining the technology. Research
objectives should include the development of sophistic-
ated printers that have the ability to print cells or ag-
gregates in a layer-by-layer fashion, for example, by
sequentially depositing layers of a gel that is impreg-
nated with a patient's cells (Mironov et al., 2003;
tinyurl.com/lyywbus). Ozbolat and Yu (2013; tinyurl.com/
km8bqw5) suggest a focus on improving cell and bioman-
ufacturing technologies in addition to technologies for
in vivo integration. However, one of the largest
obstacles for 3D organ printing is vascularization, or
the development of blood vessels within the printed or-
gan, which is required to keep the organ viable and
functioning after transplantation (Ozbolat and Yu,
2013: tinyurl.com/km8bqw5; Mironov et al., 2003: tinyurl.com/
lyywbus).

Further, the adoption of such new technology will ne-
cessitate the standardization of kidney bioprinting tech-
niques and design software. Such software, as
previously indicated, can be very complex (Diaz
Lantada and Lafont Morgado, 2012; tinyurl.com/p7k4xx4)
and is further complicated by the intricate nature of the
body's vascular system (Kasyanov et al., 2011;
tinyurl.com/kvfodab). As a result, significant financial re-
sources would have to be expended by healthcare facil-
ities to purchase such proprietary software in addition
to providing in-depth training programs to surgeons.
Such training programs should include the fundament-
al aspects of prototyping and bioengineering, given that
surgeons would now be assuming the roles of bioengin-
eers.

As with the introduction of any new technology, there is
likely to be some degree of resistance, which may im-
pede the adoption of the technology. Support from all
levels of management and the identification of champi-
ons for the technology are key ingredients for encour-
aging adoption, as would be training and other
opportunities to expose staff to the new technology.

Entrepreneurial Opportunities

As an emerging technology, 3D printing is a rich field
for entrepreneurs. However, given the ongoing explora-
tion into biofabrication using 3D printing technology, it
is not possible to delimit the full scope of entrepreneuri-
al opportunities in this domain. Thus, just a few ex-
amples of such opportunities are listed below:

1. Printer supplies and maintenance: Given the highly
sophisticated and intricate nature of biological 3D
printers, the printing apparatuses will require regular
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maintenance to maintain the highest levels of accur-
acy and precision. A company equipped to deal with
printer maintenance could similarly provide repair
services and printing supplies.

2. 3D print shops: To take advantage of this new techno-
logy, hospitals may have to purchase bioprinting ma-
chines, which will further necessitate the
construction of printing or manufacturing labs that
would preferably be adjoined to operating rooms for
utmost efficiency (Diaz Lantada and Lafont Mor-
gado, 2012; tinyurl.com/p7k4xx4). Alternatively, hospitals
could partner with third-party print shops that spe-
cialize in biofabrication.

3. Research and development: Currently, most 3D print-
ing uses readily available materials, such as poly-
ethylene, which are deposited layer-by-layer to yield
a tangible object. Organ biofabrication, however,
uses gels and matrices that are impregnated with
donor cells and are then used in the printing process.
Although, large pharmaceutical and biotechnology
companies may come to dominate this space, oppor-
tunities exists for niche R&D companies.

4. Software development: Bioprinting software will re-
quire continual iteration and improvement as the 3D
printing technology evolves and matures. Given that
the scope of biological printing will likely continue to
change, the need for specialized biological blueprint
software will increase accordingly. As per the
evolving nature of the technology, such firms could
attempt to establish partnerships with researchers,
bioengineers, physicians, and hospitals that are cur-
rently researching this technology. Such relation-
ships could provide an opportunity for a company to
grow and mature in conjunction with the techno-
logy. Software firms not only have potential to con-
tribute to the early stages of software design but can
also hope to seek long-term benefits by offering tech-
nical support and software training services to the
hospitals that carry their software.

Conclusion
Although the process of 3D organ printing hold much

promise for patients suffering from renal failure, the
technology remains in the development phases. The
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replication of complicated venous systems embedded
in most organs remains a significant hurdle and makes
organ biofabrication more complicated than, for in-
stance, the 3D printing of simple mechanical parts.
However, these obstacles may be overcome in the near
future through collaborative research partnerships.

Beyond the current paradigm of printing and then
transplanting a biofabricated organ, the future holds
the prospect of printing 3D mini-organs, which will ful-
fill only a certain lacking function of a major organ
(Ozbolat and Yu, 2013; tinyurl.com/km8bqw5), and would
not necessitate replacing the entire organ, thereby
avoiding invasive surgery. Similarly, there is the pro-
spect of in situ biofabrication, where a replacement or-
gan would be directly printed into a patient while they
undergo a surgical procedure (Ozbolat and Yu, 2013;
tinyurl.com/km8bqws5).

Thus, the technology continues to advance at an aston-
ishing rate, targeting human problems which were pre-
viously deemed to be insurmountable or even hopeless.
Despite the challenges that remain, as time progresses,
sustained research and development may continue to
yield groundbreaking discoveries in 3D biofabrication
to improve the lives of those suffering from renal failure.
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