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1.1 HISTORY OF MEDICAL DEVICES

The fields of medicine and surgery are as old as the origin of man. There are
surviving records of medical procedures and theories dating back thousands of
years, from the ancient Egyptians to the Babylonians, Hebrews, Indians, Chinese,
and Greeks. Internal diseases were poorly understood and often blamed on super-
natural beings and treated by medicine men during religious ceremonies. External
injuries and diseases, on the other hand, were often treated surgically with tech-
niques developed independently by multiple civilizations, some using concepts
similar to those used currently. Application of dressings to wounds has been nearly
universal throughout the history of man, with recorded evidence of the usage of
leaves, clay, tar, bark, snow, sand, down feathers, and animal hides (Bishop, 1960).
Both cobwebs and heated cautery irons have been used to control bleeding in mul-
tiple cultures, and suture needles have been developed using tools such as bone
splinters and thorns. Insect jaws have been used as sutures in at least three con-
tinents, typically by encouraging a termite to bite through the wound with its
powerful jaws and subsequently removing its body. Fracture fixation has been
practiced by many civilizations, using materials such as hardened animal hides,
clay, and wood. Many other early surgical tools have been discovered across the
world, such as bark and feather quills for wound drainage and cleaning by the North
American Lakota Indians, as well as bamboo, shells, sharks’ teeth, and bones as
surgical scalpels in New Britain in the South Pacific. Relatively modern embodi-
ments of surgical tools were used as far back as Roman times, with metal forceps,
scalpels, speculas, surgical needles, urinary catheters, and cautery irons discovered
in the buried ruins of Pompeii, dating from the first century CE (Greenhill, 1875).
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The Middle Ages was a relatively slow period in the advancement of medical
tools and interventions. More significant was the increasing study and understand-
ing of anatomy, physiology, pharmacology, surgery, and other fields relevant to
medicine. These advances were particularly evident in the Middle East and Europe,
where comprehensive texts were written on these topics, often to be lost, redis-
covered, and translated. Persian and Arabic physicians were credited with many
significant achievements in medicine during the Islamic Golden Age from the eighth
century CE until the Mongol invasions in the thirteenth century. In Europe, the birth
of universities in the twelfth century and the Renaissance in the fourteenth cen-
tury likewise encouraged the study and advancement of medicine. Consequently,
surgical and patient care techniques slowly began to improve, leading to bet-
ter patient outcomes. These improvements began to accelerate in the nineteenth
century.

Before the nineteenth century, surgery was largely performed without anesthesia,
in nonsterile environments, and without the benefit of preoperative visualization of
internal anatomy of the patient. The introduction of analgesics such as ether and
chloroform in the 1840s was a major advance, as patients were no longer subjected
to tremendous pain while conscious, and surgeons were able to perform longer and
more complex procedures. Before this time, the best surgeons were often those
who could operate the fastest, and surgery was mostly limited to a few procedures,
such as bladder stone removal, vessel ligation, leg amputation, and excision of
superficial tumors (Tilney, 2011). The acceptance of asepsis, or sterilization, in
the late nineteenth century significantly reduced postoperative deaths, which had
often occurred at hospitals in as many as 80% of patients. The discovery of the
X-ray in 1895 and the subsequent birth of radiology enabled physicians for the first
time to study the anatomy of the body. Together, these achievements transformed
the surgical discipline and led to a rapid expansion of interventions that could be
successfully performed.

Throughout history, war was a major catalyst for advances in medicine and
surgery, allowing physicians and surgeons to practice and popularize experimental
tools, drugs, and techniques, many of which still benefit the global population at
present. The introduction of firearms and canons in the Battle of Crécy in 1346 and
machine guns in the 1870 Franco-Prussian War underscored the need for improved
battlefield care, as these weapons led to more severe wounds, more rapid infections,
and deaths due to tetanus (Tilney, 2011). The Crimean War in the 1850s highlighted
the poor conditions on and off the battlefield, where large armies were used and
the wounded were cared for in overcrowded, unsanitary conditions. During this
war, five out of six deaths resulted from cholera, dysentery, and malaria, and
above-knee amputations had a 90% mortality rate because of infection. Typhus,
typhoid, and dysentery caused two-thirds of deaths in the American Civil War,
and many others died from wound infections. However, this period of warfare also
saw the introduction of nursing teams, the foundation of the Red Cross, improved
surgical techniques, and the occasional use of analgesics and antisepsis. World War
I saw significant improvements in asepsis, successful abdominal and plastic surgery
techniques, the introduction of blood transfusions, and large-scale immunization of
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soldiers against typhoid. World War 1II led to improved burn management, use of
blood banking and intravenous fluids, a better understanding of pharmaceuticals,
and the standardization of care. Introduction of plastic fluid bags, tubing, and tools
following World War II was a major development in asepsis, as contamination from
patient to patient was virtually eliminated.

In the twentieth century, advancements in antibiotics, pharmaceuticals, and anes-
thesia improved outcomes for patients worldwide and brought modern medicine to a
more global population. At the same time, innovations in materials, manufacturing,
electronics, and computing accelerated the use of technology in medicine and led
to the birth of the medical device industry. Some notable technological advances in
the twentieth century include electrocardiology (ECG) (1903), stereotactic surgery
(1908), endoscopy (1910), electroencephalography (EEG) (1929), dialysis machines
(1943), disposable catheters (1944), defibrillators (1947), ventilators (1949), hip
replacements (1962), artificial heart (1963), diagnostic ultrasound (1965), balloon
catheters (1969), cochlear implants (1969), laser eye surgery (1973), positron emis-
sion tomography (PET) (1976), magnetic resonance imaging (MRI) (1980), surgical
robotics (1985), and intravascular stents (1988) (Challoner, 2009).

Recent technological innovations have spawned entirely new approaches to
surgery. For example, traditional open surgeries that are associated with large inci-
sions and extensive patient trauma have recently began to give way to minimally
invasive techniques, such as laparoscopy. In these procedures, small “keyhole” inci-
sions are made on the patient’s body, significantly reducing trauma and recovery
times. Precision tools have been developed to operate through these small open-
ings and allow clinicians to perform an array of tasks from outside of the body.
Interventional devices, such as catheters, are now commonly fed deep into the vas-
culature from needle incisions in the skin to deliver medication, measure pressure,
or widen obstructed blood vessels. Some techniques, such as tissue ablation, can
now be performed either laparoscopically, with a catheter, or even noninvasively
from outside of the skin surface. Many minimally invasive procedures have already
began to move toward robotic control or automation.

Implantable devices have also continued to mature. The use of new biocom-
patible and nonthrombogenic materials and coatings has led to vast improvements
in a range of implant technologies, from coronary stents to hip replacements and
cardiac assist devices. Computer-aided design, finite-element modeling, and pre-
cision machining have enabled implant designers to better customize implantable
devices for individual patients or conditions. Likewise, miniaturization of electron-
ics, improved battery technologies, and advanced telemetry systems have enabled
the implantation of robust sensing and stimulation systems, such as cardiac pace-
makers, deep brain stimulators, and cochlear implants.

Some of the greatest changes in modern medicine have occurred in the field
of imaging. Improvements in 3D imaging techniques, such as computed tomog-
raphy (CT) and MRI, have given clinicians an unprecedented view of patients’
internal anatomic and pathophysiologic processes. In addition to facilitating diag-
nosis, imaging techniques have been adapted to guide interventions, facilitating
more targeted and less invasive delivery of therapy. A current trend is an increased
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use of image fusion, or the combination of multiple imaging technologies. These
techniques merge data from disparate sources such as ultrasound, MRI, CT, and
PET, to give a more complete picture of a patient’s disease state. Image fusion
can be used as a preoperative, intraoperative, or postoperative tool in fields such
as neurosurgery and prostate surgery.

All of these technological advances have led to rapid worldwide growth in the
medical device industry. At present, the global medical device industry has esti-
mated worldwide sales greater than $300 billion (Zack’s Equity Research, 2011).
The US medical device market is the world’s largest market, with an estimated
value greater than $105 billion in 2011 (Espicom Healthcare Intelligence, 2011).
Both the US and worldwide markets are expected to continue to grow rapidly
because of the development of new products, aging populations, geographic expan-
sion, and emerging markets.

The next two decades will likely see the introduction of a new generation
of medical technologies. Some potential advances include micro- and nanoscale
implantable devices and coatings, tissue-engineered organs, increased use of
portable and wearable devices, devices enabling new minimally invasive and
noninvasive surgical and therapeutic techniques, advances in real-time image
fusion, automation of surgical tasks, and telesurgery. Medical devices and
technologies will be increasingly available to the growing worldwide population
through the use of lower cost materials and manufacturing techniques, as well
as by increased competition from manufacturers in countries with lower labor
costs. Additional cost savings and improved worldwide access can be achieved
by developing simpler devices or techniques that can be used by a broader
range of clinicians with lower skill sets or less training. Medical simulation and
telementoring technologies may further broaden access to clinicians in rural or
underserved areas, by providing these clinicians with high quality training tools
and remote guidance from expert surgeons and physicians.

1.2 MEDICAL DEVICE TERMINOLOGY

The US Food and Drug Administration (FDA), which governs the manufacture and
distribution of medical technology, describes a medical device as “an instrument,
apparatus, implement, machine, contrivance, implant, in vitro reagent, or other
similar or related article, including a component part, or accessory, that is intended
for use in the diagnosis of disease or other conditions or in the cure, mitigation,
treatment, or prevention of disease, in man or other animals or intended to affect
the structure or any function of the body of man or other animals. Also, it does not
achieve any of its primary intended purposes through chemical action within or on
the body of man or other animals and is not dependent on being metabolized for
the achievement of any of its primary intended purposes” (FDA, 2010).

In other words, a medical device is any product, not including drugs or vaccines,
used in the care or treatment of patients (or animals) for disease prevention, or
for diagnosis of a disease or condition. This definition includes products such
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as bandages, bedpans, and in vitro laboratory kits, as well as prosthetic limbs,
pacemakers, and X-ray systems.

A convenient way to categorize today’s medical devices is with the North Amer-
ican Industry Classification System (NAICS) (U.S. Census Bureau, 2007). This
system assigns products with a six-digit code, based on the industry and/or business
sector that the product falls within. According to the International Trade Associa-
tion (ITA) of the US Department of Commerce, all medical devices fall within one
of eight NAICS categories (ITA, 2009). These categories are as follows:

L]

L]

L]

In Vitro Diagnostic Substances: Includes chemical, biological, or radioac-
tive substances used for diagnostic tests performed in test tubes, petri dishes,
machines, and other diagnostic test-type devices (NAIC 325413). This group
comprised roughly 10% of the US medical device market in 2007, measured
by the value of shipments (ITA, 2009).

Surgical Appliances and Supplies : Includes a wide range of products such as
orthopedic devices, prosthetic appliances, surgical implants, surgical dressings,
crutches, surgical sutures, personal industrial safety devices (except protective
eyewear), hospital beds, and operating room tables (NAIC 339113). These
products made up 28% of the US medical device market in 2007 (ITA, 2009).

Ophthalmic Goods: Includes prescription eyeglasses, contact lenses, sun-
glasses, eyeglass frames, reading glasses made to standard powers, and pro-
tective eyewear (NAIC 339115). Ophthalmic goods made up approximately
5% of the total market in 2007 (ITA, 2009).

Dental Equipment and Supplies : Includes dental equipment and supplies used
by dental laboratories and offices, such as dental chairs, dental instrument
delivery systems, dental hand instruments, dental impression material, and
dental cements (NAIC 339114). This group accounted for 5% of the market
in 2007 (ITA, 2009).

Dental Laboratories: Includes dentures, crowns, bridges, and orthodontic

appliances customized for individual application (NAIC 339116). These com-
prised about 4% of the market in 2007 (ITA, 2009).

Surgical and Medical Instruments: Includes medical, surgical, ophthalmic,
and veterinary instruments and apparatus, except for electromedical, elec-
trotherapeutic, and irradiation products (defined later). Examples include
syringes, hypodermic needles, anesthesia apparatus, blood transfusion equip-
ment, catheters, surgical clamps, and medical thermometers (NAIC 339112).
This group was 26% of the medical device market in 2007 (ITA, 2009).

Electromedical and Electrotherapeutic Apparatuses: Includes MRI equip-
ment, medical ultrasound equipment, pacemakers, hearing aids, electrocar-
diographs, electromedical endoscopic equipment, and other related products
(NAIC 334510). This group comprised roughly 19% of the medical device
market in 2007 (ITA, 2009).

Irradiation Apparatuses: Includes X-ray devices, CT systems, fluoroscopy
systems, and other diagnostic or therapeutic products using p-rays, y-rays,
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X-rays, or other ionizing radiation (NAIC 334517). These devices made up
about 8% of the medical device market in 2007 (ITA, 2009).

Clearly, there are various types of products that are classified by NAICS and ITA
as medical devices. However, many medical devices are not necessarily considered
devices in the engineering sense of the word. Some, including dental cements and
acoustic scanning gels, are materials. Others may be considered supplies, such as
surgical masks, surgical drapes, and test kits, or general equipment, such as hospi-
tal beds and surgical tables. The bulk of the remaining products are used directly
for diagnostic, therapeutic, or surgical action on patients and can be classified as
tools, instruments, devices, or systems. These types of products are mostly con-
fined within the latter three NAICS categories—surgical and medical instruments,
electromedical and electrotherapeutic apparatus, and irradiation apparatus. There
are notable exceptions—implantable devices, such as breast implants and stents,
fall within the surgical appliances and supplies group and surgical instruments used
for dental applications, such as dental drills, fall within the dental equipment and
supplies group.

The terms tools, instruments, devices, and systems are used frequently in this
book and can be thought to fit into a technological spectrum of varying complexity
(Fig. 1.1). In general, fools are the simplest and usually do not have moving
parts. The term instrument can be interpreted broadly, but often has moving parts
and may use electric power. Both tools and instruments are usually controlled
by a clinician to perform an action on a patient. In engineering, the term device
is usually reserved for more complex active products that are powered or that
are capable of transduction of energy from one form into another. However, in
medicine, many passive products are also considered as devices, especially those
that are implantable. Systems are the most complex, are usually powered, and

Tool Instrument

Tongue depressor Laparoscopic .v_.;. g
Drainage tube Electrocautery
Suture needle  Biopsy needle f

Scalpel Dental ¢
Intubator i

Figure 1.1 Examples of tools, instruments, devices, and systems that fall within the
spectrum of medical technologies. Complexity increases from left to right. All of these
technologies are often included under the umbrella of the term medical device. Note that
passive implantable devices, such as vascular stents and artificial hips, are usually consid-
ered devices rather than supplies, tools, or instruments, because of their high complexity
and usage.
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sometimes include one or more tools, instruments, or devices. Many instruments
or devices cannot operate or be controlled without a full system in place. However,
it should be acknowledged that these four terms are often used interchangeably,
and the fact that any of these four terms can be used synonymously with the term
medical device adds further confusion. A spectrum representing these terms is
illustrated in Figure 1.1, along with a few examples that fall within each category,
or across multiple categories. Note that the term apparatus, which is used by the
NAICS, is a general term that also encompasses all four terms but is not used
commonly in engineering or in this book.

This book focuses on medical instruments, devices, and systems used for the
most advanced techniques practiced at present in medicine and surgery, includ-
ing minimally invasive, image-guided, and interventional procedures. These terms
are also often confused and should be clarified as well. Minimally invasive proce-
dures are those in which tools, instruments, or devices are inserted through small
incisions to perform procedures with minimal patient trauma. Some examples of
minimally invasive instruments or devices are biopsy needles, laparoscopic instru-
ments, microsurgical instruments in ophthalmology, and catheters. Image-guided
procedures are procedures performed with the assistance of an imaging technique,
such as ultrasound, fluoroscopy, CT, or MRI. Real-time image-guided techniques
are performed with the imaging device or system capturing images during the pro-
cedure, or intraoperatively. Image-guided procedures may also be performed with
the images captured before the procedure, or preoperatively. Interventional proce-
dures are typically performed with both minimally invasive and image-guidance
techniques. A good example of an interventional device is a vascular catheter,
as most are inserted through small incisions made with a needle, and under the
guidance of ultrasound or fluoroscopy. Another example is a probe used during
stereotactic neurosurgery, which is inserted into the brain through a small inci-
sion in the skull under the guidance of 3D CT or MRI image data. Devices that
are placed using interventional techniques, such as stents that are placed using
catheters, are considered interventional devices.

Finally, some clarification is given regarding the study of medical devices. Bio-
engineering and biomedical engineering are broad fields that focus on the design
and development of medical devices and technologies, used for any of a num-
ber of medical applications. Both are multidisciplinary, in that they include or
overlap with many other fields. In bioengineering/biomedical engineering graduate
programs, students can have backgrounds in many disciplines such as mechanical
engineering, electrical engineering, chemical engineering, computer science, mate-
rials science, physics, physiology, biology, and chemistry. Some have backgrounds
in business, law, or medicine.

Bioengineering is often used synonymously with biomedical engineering.
However, bioengineering is a broader term that encompasses biomedical engi-
neering and is defined as the investigation of biological topics using engineering
principles. Bioengineering includes not only medical devices as defined by the
FDA but also fields such as biotechnology, which is related to the development of
pharmaceuticals and pharmaceutical-based products. Biomedical engineering, on
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the other hand, is the application of engineering principles directly to human health
and focuses more on medical devices than on bioengineering. The distinction
between the two fields is perhaps best illustrated by the development of artificial
organs. Artificial organs such as electromechanical artificial hearts, ventricular
assist devices, or prosthetic limbs use mechanical- or electrical-based technologies
and, therefore, fall more specifically under the realm of biomedical engineering.
The growth of artificial organs and tissue using biological materials, referred to
as tissue engineering, is primarily a bioengineering discipline and has not yet
been commercialized or categorized by NAICS. This book deals mostly with the
biomedical engineering and traditional medical devices, as defined by the FDA and
categorized by NAICS, but is also highly relevant to the greater bioengineering
field.

1.3 PURPOSE OF THE BOOK

It is not possible to thoroughly describe the full spectrum of medical devices in
a single textbook. We have therefore attempted to focus on the most advanced
technologies, particularly those that are applicable to minimally invasive, image-
guided, and interventional techniques. The aim of this book is to introduce readers
to the instruments, devices, and systems used in various medical disciplines and to
provide a brief historical context and glimpse into the future within each field.



