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Innovation on the Front Lines
of Medicine

Engineers working in leading medical centers find practical
solutions to real-world healthcare challenges.
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Introduction

E ngineering and medicine have been intertwined for a very long time. The re-
lationship has led to everything from X-rays to pacemakers, magnetic res-
onance imaging, and artificial hearts. In recent years, the relationship has been
getting closer, stronger, and more important to the advance of health care.

That reality is reflected in the funding decisions of the U.S. National In-
stitutes of Health (NIH). “For the last approximately two decades, there has
been growth in the NIH’s support for biomedical engineering research,” says
Roderic I. Pettigrew, executive dean of Engineering Medicine at the Texas
A&M Colleges of Engineering and Medicine Houston Methodist Hospital, and
the founding director of the NIH’s National Institute of Biomedical Imaging
and Bioengineering (2002 -2017). Indeed,

Pettigrew points out, from 2004 to 2014, overall The core Strength of medical centers is

their inherent focus on finding practical

NIH research funding remained fairly flat, but .
solutions to real-world problems.

funding for biomedical engineering projects
increased nearly 500 percent.

“NIH awards are highly merit-based and rigorously reviewed. The best
ideas win out,” Pettigrew says. “So a lot of the most promising ideas have
been proposed by investigators in engineering departments, collaborating
with life scientists and focusing on health problems.”

Engineers are driving innovation in settings from university labs to bio-
medical startup companies. A key focal point of this work, however, is the
independent medical center—typically, large hospitals that treat patients day
in and day out. Today, these centers are turning out new medical devices,
artificial organs, and groundbreaking approaches to understanding disease —
not to mention patents and biomedical spinoffs.

These medical centers bring together a variety of skills and disciplines in
the pursuit of innovation. But their core strength is an inherent focus on find-
ing practical solutions to real-world problems. The engineering department at
a medical center is charged with helping to improve patient care, and it has
a first-hand view of the kinds of problems that need to be solved. In such an
organization, “you’re constantly hearing about patient care,” says Suzanne
Maher, senior scientist at the Hospital for Special Surgery (HSS) Department
of Biomechanical Engineering in New York City. “You’re hearing about what
the surgeons like or don’t like or what they are worried about. You're in an
environment where at the end of the day, everybody is working together to
improve patient care. And you’re part of that.”
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At the Forefront of Innovation

The medical center’s emphasis on solving real-world problems means that
research is “extremely applied” at Cleveland Clinic, says Geoffrey Vince,
chair of Biomedical Engineering at the clinic’s Lerner Research Institute. The
clinic employs some 66,000 people, including 3,500 physicians, “and yet,
about 40 percent of all the patents at Cleveland Clinic come from this depart-
ment of 200 people,” he says.

Many centers have invested in building robust, research-oriented engineer-
ing departments. At Mayo Clinic in Rochester, Minn., there are a number of
engineering groups with varying responsibilities, such as facilities or industrial
engineering. One of those groups—the Division of Engineering—is focused
on leading-edge research.

“We’ve got a staff of 67 people in the division; 50 of them are engineers,

a number have PhDs, although most of those have master’s degrees,” says
Kevin Bennet, chair of the division. At university research hospitals, engi-
neering work is often performed under specific grants by graduate students
for a finite amount of time. At Mayo Clinic, however, “we are an embedded
engineering group, and our engineers are full-time career employees,” Bennet
explains. This approach creates continuity and fosters expertise, and Bennet
notes that the engineers in his division have anywhere from 10 to 35 years of
experience at Mayo.

The embedded approach also gives those engineers a degree of access
that can be valuable in innovative problem-solving. “Because we’re clinic

employees, it’s very simple for us to collaborate with our physicians, talk with
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patients or be in the operating room,” says Bennet. In contrast, outsiders
such as engineers from medical device companies find it difficult to obtain
formal, temporary clearance to do so.

Today, medical centers work on a wide range of innovations. For example:

e When treating children who have glioblastoma brain cancer, physicians
have traditionally given the patient a drug to see if it works on their specif-
ic cancer. If it doesn’t, they try another one, and then another, and so on
until they find the right one. Researchers at Cleveland Clinic are using a
microfluidic “lab on a chip” to grow cancer cells from actual patients into
organoids, and then quickly test a range of medicines on those organoids.
“There are 47 anti-cancer drugs approved by the FDA for glioblastoma, and
we can test all of those drugs in 24 hours to find out which one works the
best for that particular child,” Vince says.

¢ Afew years ago, researchers at Mayo Clinic came up with a small wear-
able device that measures a patient’s EKGs and sends the results world-
wide via wireless technology to doctors and nurses. Recently, the clinic
has been building on that foundation to create a “bloodless blood test,”
Bennet says. “By analyzing the wave form of the EKG, we can figure out
ionic concentrations in the blood and determine, for example, what sort of
pharmaceuticals a patient is taking.”

e The Walter Reed National Military Medical Center uses 3-D printing to
create custom prosthetics, including some for specialized activities such
as ice skating. Engineers are also working on osseointegration, in which
prostheses can be attached to bone, rather than soft tissue, helping to alle-
viate a range of complications. Related programs help prosthetic users and
others adapt. For example, one program uses cameras and force plates
that measure a person’s balance and gait to help medical staff personalize
physical therapy regimens or modify prosthetic devices. Walter Reed also
uses a virtual realty environment to help injured personnel re-learn how to
walk and move around.
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Developing Deeper Insights

IVl uch of the engineering work taking place in medical centers is helping
physicians develop a clearer picture of the challenges they face and
providing them with new insights that help in planning treatments. For exam-
ple, a few years ago, engineers at Mayo Clinic used 3-D printing to create a
precise model of a liver shared by conjoined twins, which allowed surgeons
to better understand how they could divide the liver so that both twins would
be healthy after they were separated. Since then, that has become a common
practice at the clinic, with data from MRIs and CT scans being used to create
3-D models to help doctors plan complex surgeries.

Arlen Ward is a modeling and simulation principal at Centennial, Colora-
do-based Systems Insight Engineering. He has used computer models to
help a number of device startups at medical centers. He typically uses these
tools to explore the interactions of proposed medical devices and human tis-
sue. In many procedures, such as using heat for cauterization or microwaves
to ablate tumors, these interactions can be quite complex.
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“When you apply energy to the tissue, the blood flow transfers some of
that heat away as the body responds and blood vessels dilate,” Ward says.
“The physiology changes over time, and the tissue properties themselves are
changing with the treatment. So there are a lot of competing things happen-
ing in that space. Simulation helps us look at all of those to find the dominant
factors and design to those, rather than taking guesses about which one is
going to be the driving factor.”

In addition, Ward says that the ability to visualize those interactions “lets
us communicate more technical information in an intuitive way. And then
the computer can do thousands of iterations and find the one that is a good

balance of those factors.” . .
Medical-center engineers are often

helping physicians take a more data-
driven approach to medical challenges.

Medical-center engineers are often helping
physicians take a more data-driven approach
to medical challenges. For example, to treat
certain knee injuries, doctors may look for ways
to encourage cartilage and soft tissue to regrow to repair the damage. Some
approaches use biodegradable “scaffolding” material that gives soft tissue a
framework to grow on. However, the outcomes of these treatments vary wide-
ly, and the reasons for that variability have not been well understood.

The primary focus in this field has been on finding ways to facilitate the
growth of cells, as opposed to designing for the physical demands being put
on the scaffolding and regenerating tissue. At HSS, Suzanne Maher decided
that rather than “rely on that biology-based approach, we could bring some
mechanical engineering thinking to the problem.”

To gather data about the workloads that are put on knees, she and her
team put sensors into cadaver knees, which they then put through activities
that mimic walking, climbing stairs, etc. However, she says, the use of physi-
cal models limited the ability to test variables. So the team used the data from
the cadaver studies to develop computational models of knees, which makes
it possible to change variables such as patient weight or stiffness of cartilage.

“The idea is that by varying these features, we can get a better sense as
to what’s driving the knee-to-knee variability that we see,” she says. Those
insights will potentially help surgeons plan treatment and designers develop
more robust scaffolds.

Often, innovation can mean continuing to build on past innovations. Years
ago, Cleveland Clinic’s Geoffrey Vince pioneered an approach to identifying
cholesterol deposits in the heart. Now, he is applying that concept to help
assess stroke risk. Currently, doctors use ultrasound to examine the carotid
artery in the neck to locate built-up areas of plaque. But that offers an incom-
plete view, at best. That’s because many strokes are caused by plaque from
areas with little build up that break off and travel to the brain.

Now, Vince says, “we’re coming up with a way of predicting the composi-
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tion of a blockage, not just the amount of blockage.” The traditional ultra-
sound looks at the strength of the signal being bounced back by different
materials in the body to essentially determine their density. Vince’s approach,
on the other hand, “looks at the frequencies of the ultrasound image that’s
coming back in a spectral analysis. So if we send out a 10 MHz signal and

it hits bone, we get a range of signals coming back between 9 MHz and 11
MHz.” Other frequency signatures are associated with materials such as skin
and cholesterol. Looking at these together, researchers can understand the
makeup of each plaque deposit.

A key challenge, Vince says, has been sorting through the complex ultra-
sound signals. Ultrasound data is “has a very low signal-to-noise ratio,” he
says, and to sort through it, Vince and his team used machine learning to
teach the system to identify the various signatures of the plaque components
and then map them on an image of the patient’s artery.

Going forward, Vince plans to use this tool to gather plague data from
patients coming through the clinic over the next several years. The team will
then track those patients over time to determine which types of plaque are
more likely to cause stroke—and ultimately, help physicians target preventa-
tive treatments.
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Breaking New Ground

Q uite often, medical center engineers find themselves helping to improve
and even fundamentally change the way medical problems are treated.
This can require them to bring a fair amount of engineering creativity to the
table. At Mayo Clinic, engineers are collaborating with neurosurgeons on
deep brain stimulation (DBS) systems, which are used to treat a variety of
problems —often, to help control Parkinson’s tremors or epileptic seizures.
Currently, the calibration of a DBS for an individual patient is done by having
a doctor adjust settings while asking the patient for feedback—a fairly inexact
and inefficient process. Now, Bennet and his team have created an electrom-
eter that measures neurotransmitter levels in the brain in real time. Bennet

hopes to eventually use this device to create
- i “It’s half the size of a grain of rice, and it
a closed-loop implanted system that uses g ’

algorithms to sense abnormal activity in various achieves a sustained, constant release
regions of the brain and automatically adjust of immunotherapy for weeks, precisely
the DBS activity to address the problem. where it is needed, inside of the tumor.”
In creating the electrometer, the team found
that the electrode materials available on the market did not have the longevity
needed for a human-implanted device.
“They were failing us,” Bennet says, “so we decided to make our own with
conductive diamond.” In just four weeks, the engineering division designed
and built a custom reactor to manufacture what they needed. “Four hours
after it was done, we had the first diamond,” he says. “That was a lot of fun.”
At HSS, Maher is drawing on her mechanical engineering background to
help re-think traditional methods of treating injured knees. For some types
of injury, physicians often cut away a circular segment of damaged cartilage
and bone and replace it with a plug of similar tissue from a cadaver—called
an osteochondral allograft—and then hope that those cells thrive and join up
with the surrounding tissue.
Maher and her team are working to replace that approach with a non-de-
gradable implant that fills that gap.
“It uses a cartilage analog that is a polymeric hydrogel, and a metal bone
analog,” she says. “The idea is that you put it into the joint exactly where the
defect is, and the implant then functions long-term in the joint to carry loads
the way that the original native tissue did.”
A key challenge, Maher continues, was figuring out how to keep the implant
in place and make it an integral part of the knee. To that end, the bone-analog
metal was given a porous surface that bone cells can grow into. In addition,
she says, “we designed a porous peripheral version of our cartilage analog.
We basically dehydrate the implant, then put it into the knee where it rehy-
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drates so that the porous spongy layer presses against the cartilage and the
cells move in to seal the gap.

“We’re asking the biology to do very little—we aren’t trying to make cells
regrow the missing tissue,” Maher adds. “We’re just asking the biology to
integrate with our device to hold it in place.”

That approach promises to do away with the challenges of matching graft
donor geometries with recipient defects or to work in narrow time windows
because of the perishable nature of the live grafts. Instead, surgeons can rely
on devices that can be stored for long periods of time and brought to the
operating room at a moment’s notice.

Meanwhile, Alessandro Grattoni, chair and professor of Houston Methodist
Research Institute’s Department of Nanomedicine, is using nanotechnology
to create new ways to deliver medicines. He and his team have developed a
platform that uses nanofluidic membranes to release drugs from an implant-
ed device in a sustained and controlled fashion. These devices are loaded

with medicine, which then diffuse through a . . ..
g Nanodevices are loaded with medicine,

which then diffuse through a nanochannel
membrane out into the body.

nanochannel membrane out into the body. The
flow is regulated by the size and electrostatic
charge of channels, much like the neck in an
hour glass controls the flow of sand.

These devices can release drugs for extended periods of times—months or
even years—making them useful in the long-term prevention or treatment of
chronic pathologies such as metabolic disorders, muscle-wasting illnesses,
and cancer. The implants offer flexibility in terms of size and shape . For ex-
ample, Grattoni and his team have developed a small subcutaneous implant
(1.5 cm x 1 cm x 4 mm) designed to deliver HIV-prevention medicine over a
six-to-12 month period. Another type—called a “seed” —is designed to be
placed via a trocar needle into tumors, where it can release immunotherapy
medicines for cancer radio-immunotherapy.

“It’s half the size of a grain of rice, and it achieves a sustained, constant
release of immunotherapy for weeks, precisely where it is needed, inside of
the tumor,” Grattoni says.

The size and charge of nanochannel are key. They need to be tailored to
the specific drug molecule to be used and the planned duration of treatment.
However, determining the correct channel size requires a deep understanding
of the physics of molecular transport in fluidic systems ranging in size from
100 nanometers down to the ultra-nanoscale, or smaller than 5 nanometers.

“The physics of molecule transport and diffusion at the ultra-nanoscale
is not fully understood and there is a fundamental limitation in physically
observing molecular motion in such tiny channels,” Grattoni says. He and his
team developed a larger-scale fluidic system to directly observe the transport
via microscopy techniques. “We moved from the nano- to the microscale and
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studied microparticles in confining microchannels,” he says, “but once you
transition to this larger size, mass becomes a critical factor, and on a long
timescale—days to weeks—the gravitational pull may actually modify the
trajectory of particle in a way that impedes your study.”

The solution, ultimately, was to send the larger model to the International
Space Station, where gravity was no longer a significant factor.

These nanochannel devices promise to replace oral and intravenous drug
administration for various chronic diseases and conditions. This would
provide an opportunity to lower the amount of a drug that is used, avoid a
‘rollercoaster’ in drug concentration in the body and minimize the adverse
side effects commonly associated with oral and intravenous delivery. The
nanochannel devices will eventually allow physicians to use locally targeted
doses, and help address the issue of poor patient adherence to treatment.
And because they can be refilled via an injection, “we avoid repeated proce-
dures of surgical implantation and explanation,” Grattoni says.
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Reaching Across Disciplines

E ngineers can play a vital role at today’s medical centers by providing the
knowledge needed to generate new ideas and turn them into reality. But
with the complexity of today’s medical challenges and the technology used to
address them, doing so effectively will depend on collaborating with people
from other disciplines. In particular, that will mean engineers learning to speak
the same language as medical personnel and becoming familiar with their
challenges—and vice versa.

That’s the goal of the new Engineering Medicine (EnMed) initiative at Texas
A&M and Houston Methodist Hospital. EnMed is designed to not only bring

those worlds together, but to develop a new i L
At medical centers, it is important to not

. only bridge the gap between medicine
and engineering, but to also work closely
with a wide range of players.

engineering and medicine “blended mind” in
individual students, and create “physicianeers.
Students will earn both a medical and an
engineering degree. In life, these disciplines
are “seamlessly integrated,” says the school’s
dean, Roderic Pettigrew —who is himself an engineer and a physician.

To complete the program, and support the goal of training invention-mind-
ed physicians, “students will be required to invent something,” says Petti-
grew. To that end, they will work with the program’s partner, Houston Method-
ist Hospital, to identify real-world problems and develop practical solutions.
“This is not a hollow requirement,” Pettigrew says. “The curriculum will be
set up for it, the facilities will be set up for it, and there will be guidance to
make it happen. We expect these students will be well-equipped to efficiently
problem-solve and innovate.”

At medical centers, it is important to not only bridge the gap between
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medicine and engineering, but to also work closely with a wide range of
players. In bioengineering, says Cleveland Clinic’s Geoffrey Vince, “collabo-
ration is paramount, because innovation occurs where fields collide.”

For HSS’s Suzanne Maher, cross-discipline communication and collabora-
tion has become a critical part of her job. Indeed, she regularly interacts with
radiologists, sports-medicine surgeons, tissue engineers, molecular biolo-
gists, material scientists, polymer chemists, and statisticians—not to mention
other mechanical engineers like herself. Working with that broad array of dis-
ciplines “forces you to challenge your assumptions and how you think about
problems,” she says, “If you’re patient with building that relationship, great
things can come out of it that are truly out-of-the box ideas.”
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