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In science, there is a need to balance
research in domain sciences and
the infrastructure to support that

research. Basic research mediated through
peer review is understood to produce
useful discoveries.  But outcomes of
infrastructure development and imple-
mentation—whether it is hardware,
instrumentation, software repositories,
databases, tools, or workforce—are more
difficult to reliably assess and predict.
NIH is actively addressing this issue and
the investment will be an integral part of
discovery, and, in the case of biomedical
research, improved understanding of
human health and treatment of disease.

In 1999, NIH Director Dr. Harold
Varmus asked eminent scientists David
Botstein and Larry Smarr to lead a
working group to examine strategies for
biomedical informatics and computa-
tional biology at NIH. The resulting
Biomedical Information Science and
Technology Initiative (BISTI) report
(http://www.nih.gov/about/director/
060399.htm) recommended increased
resources for basic computational
grants; workforce development; imple-
mentation of information storage, cura-
tion, analysis and retrieval (ISCAR);
and improved access to cyberinfrastruc-
ture.  This report laid the groundwork
for establishing a number of initiatives
and dialogues at NIH. 

In response to the BISTI report, NIH
developed new computational program
announcements (PAR 06 410/411) and set
up several review study sections focused on
computing to foster basic biocomputation-
al research and infrastructure.  Through
the NIH Roadmap for Medical Research,
NIH established seven National Centers
for Biomedical Computing (NCBCs,
http://www.bisti.nih.gov/ncbc/) with the

goal of creating “the networked national
effort to build the computational infra-
structure for biomedical computing for the
nation.”  The NCBCs are required to bal-
ance the domain sciences and computing,
as well as develop cores devoted to compu-
tational science, biomedical computing,
and driving biological projects.  

The Centers gathered in Bethesda,
MD, in July 2006 for the first all hands
meeting (http://www.bisti.nih.gov/ahm
2006/). The output described an impres-
sive array of new scientific results and
generated new collaborations.  Meeting
participants helped develop a resource
compendium of existing multi-agency
programs, initiatives, and communities
(http://www.bisti.nih.gov/ahm2006/
Building%20Bridges%20Compendium.
htm). We have built bridges between a
number of programs represented in the
Compendium and the NCBCs through
a new postdoctoral program.

Efforts to coordinate across the
NCBCs have taken place under the
Software and Data Integration Working
Group wiki (http://na-mic.org/Wiki/
index.php/SDIWG:Software_and_Data
_Integration_Working_Group).  

The goals of the SDIWG, in concert
with the NCBC program, are to advance
the domain sciences, promote software
interoperability and data exchange, cap-
ture the collective knowledge of software
engineering and practices among the
Centers, and publish this knowledge wide-
ly. In furthering this, three working groups
are dealing with how to access and query
resources, scientific ontologies and termi-
nologies in biomedicine, and cross-Center
domain science. The SDIWG has been a
hotbed of discussion about the roles of
infrastructure and workforce in biomed-
ical computing. The working group deal-
ing with querying resources has developed
a set of attributes for describing resources
that will be a foundation for web-based
tools some have called the “resourceome.”
The SDIWG also promotes the impor-
tance of software repositories and modern
software engineering practices across the

seven NCBCs. For example, such infra-
structure is used in the medical image
processing toolkits ITK/VTK. Similar
approaches have been adopted by other
Centers such as the physics-based simula-
tion toolkit Simtk.org and the LONI
imaging pipeline.

Advances in infrastructure and work-
force under the NCBCs have highlighted
another challenge that was in BISTI
report: What is the biomedical comput-
ing and computational biology commu-
nity doing about ISCAR? The time is
right to employ the engineering princi-
ples of project development, which pro-
ceeds from an inventory, requirements
analysis, design, prototype, testing and
production process. Different infrastruc-
ture requires that this linear process cycle
back at different stages. Requirements
analysis, for example, might need to be
revisited several times over the lifecycle of
a project.  Indeed, it can be argued that
any strategic effort contains all of the
stages of project development in varying
degrees. This back-to-basics approach can
be seen in efforts such as the NIH
Roadmap Inventory and Evaluation of
Clinical Research Networks (IECRN),
the Blueprint Clearinghouse for
Neuroimaging Informatics Tools and
Resources, the Blueprint Neuroscience
Information Network, the Internet
Analysis Tools Registry (IATR) and the
yellow pages and resourceome working
group of the NCBCs.  

The importance of ISCAR was high-
lighted at the December Knowledge
Environments for Biomedical Computing
(KEBR) meeting in Bethesda, MD, where
special sessions highlighted attributes of
successful informatics projects that
address key considerations for knowledge
environments, including information
representation, sociocultural issues, and,
perhaps most important of all, how to
ensure that the domain sciences commu-
nity is an active participant in the devel-
opment of infrastructure. ■■

Infrastructure and Workforce 
Needs in Biomedical Informatics

and Computational Biology

www.biomedicalcomputationreview.org

GuestEditorial
PETER LYSTER, PhD

g u e s t  e d i t o r i a l

DETAILS

Peter Lyster is a Program Director at
the Center for Bioinformatics and
Computational Biology, NIH/NIGMS
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Unraveling the Complex
Functions of Proteins
At the birth of a new field, a confer-

ence can act as a midwife, making sure
the infant enters the world smoothly.
Such was the case for the Automated
Function Prediction (AFP) conference
held at the University of California, San
Diego, at the end of August 2006. The
field, in which researchers try to compu-
tationally determine a protein’s function,
appears to have arrived in good health. 

“I feel we went quite far in creating an
identity for this field,” says Adam Godzik,
PhD, program director in bioinformatics
and systems biology for the Burnham
Institute for Medical Research in La Jolla,
California. The conference drew inde-
pendent researchers who worked together
for the first time to establish a common
language, Godzik says, as well as a compi-
lation of available methods and a way to
evaluate the success of various techniques. 

For decades, biochemists have tried to

solve the riddle of what individual pro-
teins do. They’ve done this in the lab,
painstakingly slowly. But scientists now
sequence genomes far faster than they
can assign functions to the corresponding
proteins. When there were only a few
sequenced genomes, this problem was rel-
atively small in scale and seemed manage-
able. But, says Iddo Friedberg, PhD, the
conference organizer and a postdoctoral
associate in Godzik’s lab, “By sheer scale
the problem has changed.” 

Now, using computational methods,
researchers can tease through to answers
much more quickly. At the AFP confer-
ence, those adept at the process charted
the future of this discipline. 

Their approach weaves together meth-
ods biologists have used for years. They
include physical analysis of a protein’s
structure; genomic context, in which
researchers compare a protein’s position in
a gene to those of similar genes elsewhere
with known functions; and what Friedberg

calls “guilt by association,” or informa-
tion gleaned in the laboratory about what
the protein does when a cell undergoes a
particular process. But because they’re
using computers and high-level algo-
rithms, AFP researchers can now analyze
more information faster and come to
more robust conclusions about the work-
ings of previously mysterious proteins.
Visit http://BioFunctionPrediction.org
for more information. 

Godzik was pleased with the progress
the conference made in crystallizing the
field. “Until now,” he says, “automated
function prediction has been a black art.” 
—Brittany Grayson

Neurons Seek Their
Own Solution 

Each cell in our nervous system is an
instrument in a complex symphony of
electrophysiologic communication. A
neuron’s signaling abilities arise from its

array of ion channels—tunnels
within the cell’s membrane that
act as gatekeepers of electrical
charge. But how does a cell
determine the types of channels
it needs and where in its mem-
brane they should sit? The
results of a new computer model
suggest that even with markedly
different patterns of ion chan-
nels, neurons still can come to
play the same tune. 

The work supports a growing
paradigm shift in neurophysiol-
ogy, says Erik De Schutter,
MD, PhD, professor of neuro-
biology at the University of
Antwerp, Belgium, lead author
of the study. “We used to think
of [ion channels] as LEGO
blocks,” he explains—with a pre-
determined number, type and
position regulating how the
neuron fires. 

More recently, physiological
experiments have suggested that
cells with wildly different ion
channel compositions could
have similar firing patterns. But
researchers have consistently
attributed such variability to

NewsBytes

AFP conference participant Jurgen Schulze, PhD, receiving an immersive experience of protein functional sites
in the virtual reality cave at California Institute for Telecommunications and Information Technology. The soft-
ware supports collaborative viewing of proteins at multiple sites on the internet. Courtesy of Jurgen P. Schulze.
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experimental error, clinging to the
notion of a “platonic ideal” of a neuron
with an unchangeable firing pattern. 

To look at the problem more closely,
De Schutter and Pablo Achard, PhD, a
postdoc in his lab, computationally
modeled the Purkinje cell, an especially
complex type of neuron best known for
forming as many as 200,000 synapses.
The team’s model specified 10 types of
ion channels and broke the cell into four
different regions that the channels could
occupy. Using a mathematical approach

called the phase-plane method, the
model neurons were permitted to evolve
their ion channel densities to produce
all four firing patterns that Purkinje cells
display. To the researchers’ surprise,
about 20 possible combinations of ion-
channel densities fit the bill. The results
were published in the July 2006 issue of
PloS Computational Biology.

The work suggests, De Schutter says,
that neurons are preprogrammed for a
particular type of firing pattern. Each cell
then decides locally how to distribute ion
channels to achieve its signaling goal.
How well the model predicts real biologi-
cal properties is not clear and is difficult
to test experimentally. Neurophysiologists
can record impulses from just a few neu-
rons at a time; the sheer quantity of
recordings needed for a thorough com-
parison with the model doesn’t yet exist.
“My estimate is you’d need about two

people working full time for a year for
that data,” De Schutter says.

Regardless, the model provides a
more nuanced version of how physiolo-
gists should conceive of their cells, says
Eve Marder, PhD, a professor of biolo-
gy at Brandeis University who studies
both physiology and modeling in neu-
rons. “The assumption has been that

One neuron firing pattern can be
produced in a variety of ways.
Here, typical voltage traces of dif-
ferent computational models (red)
have to be compared with the
experimental data (blue). The
image shows a view of a small slice
of the complex landscape for
which thousands of parameter sets
have been tested. Fitness has been
color coded: Good models form a
brown island surrounded by a blue
sea of bad models. In other parts
of parameter space (not shown)
similar isolated islands of good
models can be found.

there was a single solution and the vari-
ance was your fault,” Marder says. “This
paper is a beautiful example showing
that we shouldn’t be thinking about a
single solution to capture what a neuron
is doing, but a family of solutions.” 
—Alla Katsnelson

Two Ways to Merge
Cell membranes fuse with other

membranes to allow material in and out.
If incoming material includes invading
viruses, that can be bad news for the
cells. Until recently, the process of mem-
brane fusion has been poorly under-
stood. Now, a powerful computer model
shows that neighboring membranes can
merge in two distinct ways—a fact that
was previously unknown. The work
could help researchers clarify how virus-
es invade cells, and possibly lead to ways
to fight viral infections.

“Ultimately we’d like to be able to
control fusion in biological systems
and induce or inhibit it for therapeutic
purposes,” says Peter Kasson, PhD, a
chemistry postdoctoral scholar at
Stanford University and leader of the
study. This paper takes steps in that
direction. “Our model helps provide
an explanation for how you get these
two fusion processes,” he says.

Previously, scientists debated whether
membranes fuse by joining directly from

“This paper is a beautiful example 
showing that we shouldn’t be thinking
about a single solution to capture what 
a neuron is doing,” says Eve Marder,

“but a family of solutions.”
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their initial contact or by going through
a “hemifused” halfway point, where the
outside layers have merged but the
insides remain separate. “We show that
both could happen,” says Kasson. The
work was published in the August 8,
2006, issue of the Proceedings of the

National Academy of Sciences.
Observing two membranes combin-

ing in a lab is difficult because it happens
so quickly—on the order of microsec-
onds. Earlier models haven’t represented
membranes in as much detail, over such
long timescales, or with as many simula-
tions as this one does, says Kasson.

The team ran 10,000 separate simu-
lations of membrane fusion using a dis-
tributed computing network called
Folding@Home, in which people
around the world donate screensaver
time to biological research. In each sim-
ulation, the fusing membranes began
with different starting conditions and
evolved based on laws of physics and
chemistry. The result: The simulated
membranes merged through either of
the two routes rather than exclusively
through one or the other. 

Erik Lindahl, PhD, professor of
bioinformatics at Stockholm University,
Sweden, thinks the project sets the pace
for future work in the field. “The key
thing is that they’re not doing one simu-
lation, they’re doing many,” he says. “In
ten years nobody will publish a single
simulation anymore.”

Siewert-Jan Marrink, PhD, head
of the molecular dynamics group at
the University of Groningen, the
Netherlands, and creator of a previous
model of membrane fusion, agrees. “I
do consider this work to be a signifi-
cant step forward,” he says. “In my
original publication of the fusion
process of the same system I was only
able to look at a few events, but I
could not tell how relevant these were.
In Kasson’s work this has become pos-

sible. Only by comparing many inde-
pendent instances of the

process can global assess-
ments be made.”

Kasson is delighted
that his model explains
experimental observa-
tions and can help in
planning new experi-

ments. “That’s the
most exciting part,”
he says, “when we
can come full circle.”  

—Clara Moskowitz

Cancer Proteins 
Show Off Their

Networking Skills 
New research suggests that cancer

proteins, like influential people, have
the most connections. These results,
from an extensive study of how human
proteins interact with one another,
could help explain why cancer wreaks
such havoc in cells.

“We haven’t gotten to the bottom
of what the increased connectivity
really means, but perhaps highly con-
nected proteins, once mutated, are
more likely to cause disease,” says co-
author Paul Bates, PhD, who heads
the Biomolecular Modelling Laboratory
at the Cancer Research UK London
Research Institute. The research was
published in the September 15, 2006,
issue of Bioinformatics.

Bates and his graduate student Pall
Jonsson built a model of the human pro-
teome that contained more than 108,000
interactions using experimental informa-
tion on proteins in other species, includ-
ing yeast and worms. The typical protein
can connect with a limited number of
other proteins. The researchers scored
the data and linked proteins known to
interact, leading to a protein-protein
interaction network, also known as the
“interactome.” Then, using information
from a 2004 census of 346 human genes
known to mutate in cancer, Bates and
Jonsson mapped 509 human cancer pro-
teins onto their network.

The average cancer protein was
linked to 23 other proteins in the net-
work, more than twice as many as the
typical protein. By analyzing protein
clusters, the researchers also found the
proteins from cancer genes tend to
occupy intersections between protein
communities that govern crucial func-
tions such as regulating cell growth and
death. This makes sense, says Bates, as
proteins that are changed by cancerous
mutations tend to disrupt many cellular
functions. Bates adds that understand-
ing the network properties around
these proteins could help researchers
identify drug targets.

Shinichiro Wachi, a doctoral candi-

NewsBytesNewsBytes

As a pore forms between two vesicles, the phosphate groups from the membrane’s outer
leaflet (red from one vesicle, green from the other) mingle with one another in the pore
region. Courtesy of Peter Kasson. 

“Ultimately we’d like 
to be able to control
fusion in biological 

systems and induce or
inhibit it for therapeutic

purposes,” says 
Peter Kasson.  



date at the University of California,
Davis, says the results are hard to inter-
pret. The mapped cancer proteins were
based on genetic information rather than
experimental data on how they interact,
he says. “A gene may perform a function
in the cell, but the mutation could either
reduce the function or result in higher
activity. … It could go either way,” says
Wachi, who has studied the network
properties of proteins in lung cancer tis-
sues. Wachi also cautions that because
the list of cancer genes is changing dra-
matically, the researchers may soon need
to re-examine their model.

Bates would like to do further analy-
sis. “We’ve only got 108,000 interac-
tions. There’s likely to be more than
that—400,000, maybe 700,000,” he says.
“We want to increase the map and vali-
date it further.”
—Rachel Courtland
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Watching Blood Vessels
Grow and Shrink 

Microscopic capillaries grow on
demand, snaking toward hungry cells need-
ing their blood supply. Understanding how
to control this process could help scien-
tists promote wound healing or halt can-
cer in its path. A new computer model
simulates how a key molecule (VEGF, or
vascular endothelial growth factor) sum-
mons vessels to sprout: It spills out of a
hungry cell and travels toward a vessel,
with increased concentrations in areas
with few vessels. The two-dimensional
model also predicts the actual number
of VEGF molecules at that edge, anoth-
er novel advance. 

”There have been over 10,000 papers
published on VEGF and not one shows
a molecular-level computation,” says
Aleksander Popel, PhD, professor of bio-
medical engineering at the Johns Hopkins

A sampling of protein communities identified in the interactome. Each community is labeled by the general classes of functions in which
it belongs. Cancer proteins are shown as triangles. Note that this figure shows only one community assignment per protein, although
they can belong to more than one.  Courtesy of Pall Jonsson and Paul Bates.

The average 
cancer protein is
linked to 23 other

proteins in the 
network, more
than twice as 
many as the 

typical protein. 
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University School of Medicine. The work
appeared in the September 2006 issue of
PLoS Computational Biology.

VEGF promotes the growth of blood
vessels, a process known as angiogenesis.
Developing treatments to halt or pro-
mote angiogenesis is rife with complex
issues: Too much VEGF can lead not
only to cancer but also to abnormal

blood vessel growth. And VEGF con-
centration is not the only issue; to con-
trol vessel growth one needs to control
the VEGF gradient across the tissue—a
challenging task. Previous computation-
al models have addressed this question
in vitro. But this model takes that work a
step further, modeling VEGF gradients
in a complex in vivo environment.

Feilim Mac Gabhann, PhD, now a
postdoctoral fellow at the University of
Virginia, built the model from electron
micrographs and in vitro data on the size
and shape of vessels, muscle cells, and
the organic matrix between them. He

simulated different sce-
narios to analyze how
VEGF moved between
muscle and vessel. He found that VEGF
concentrations increased dramatically
when the model mimicked oxygen-
starved muscle. In addition, the model
predicted a 12 percent change in VEGF
concentration over 10 microns—a char-
acteristic no other research had attempt-
ed to quantify. This gradient may be sig-
nificant for capillary sprouting, the
researchers suggest.

“This research is right on the edge,”
says Dan Beard, PhD, professor of phys-
iology at Medical College of Wisconsin.
“They are just at the point where they’ve
put everything together. They are ready
for applications where there is potential
for big payoffs.” But Beard warns they
need to prove the model truly mimics in
vivo angiogenesis—a task the team
admits will be difficult.

Mac Gabhann and Popel next want
to mimic drug activity to watch mole-
cules interacting with VEGF. If a drug
can reduce VEGF to a trickle instead of
a flow so that vessels don’t grow, it might
help fight cancer. If a drug increases
VEGF diffusion, or guides blood vessel
formation more precisely, it might help
with wound healing. “We can model the
behavior of therapeutics that you just
can’t do in vivo,” Mac Gabhann says.
—Megha Satyanayarana 

Opening Airways 
Scientists are breathing new life into

airway modeling. Using a three-dimen-
sional mathematical model of the deli-
cate passages in the lungs, researchers
have found that strongly collapsed air-
ways are actually easier to reopen than
partially collapsed ones.

“Everybody I have mentioned it to
has said, ‘No, but surely, that’s the
wrong way around,’” says Matthias

Heil, PhD, a reader in applied mathe-
matics at the University of Manchester,
United Kingdom.

Heil and Andrew Hazel, PhD, a
mathematics lecturer at the University of
Manchester, created a model of the respi-
ratory tracts to study how a stream of air
can open a closed airway. The work was
published in the August 2006 issue of the
Journal of Biomechanical Engineering. 

A surfactant layer of proteins and
lipids normally lines airways, reducing
surface tension along the fluid-covered
walls. However, many premature babies
lack surfactant, and adults who have
gulped air filled with smoke or noxious
fumes can destroy their surfactant layers.
In these cases of respiratory distress syn-
drome, the surface tension increases, the
airways collapse, and the fluid lining
becomes a blockage. Doctors treat this
collapse by forcing pressurized oxygen
vigorously into the airways to redistribute
the fluid. They often add surfactant to
avoid damaging lungs with over pressure. 

“You want to reopen the lung as soon
as possible,” says Heil. “The easiest way
to do this is to apply an enormous
amount of pressure, but then you can
actually damage the lung tissue. So
there’s a fine balance to be found.”

Heil and Hazel’s three-dimensional
model surpassed previous two-dimen-
sional models by taking the fluid’s vis-
cosity, inertia, and surface tension into
account. With this more realistic model,
they revealed that less pressure is
required to reopen airways that have col-
lapsed more completely. The smaller
cross-section of fully collapsed airways
means a smaller volume of fluid to redis-
tribute. This takes less energy, and less

A computational model of pulmonary air-
way reopening.  An air finger propagates
(from right to left) into a strongly-collapsed
fluid-filled airway. The finger reopens the
airway and deposits a thin layer of fluid on
its wall. The grey and cyan surfaces show
the airway wall and the air-liquid interface,
respectively. Courtesy of Matthias Heil and
Andrew Hazel.

This image shows skeletal muscle (gray cir-
cles) interspersed with capillaries color-
coded to show the amount of VEGF bound
to each capillary. Red capillaries have more
VEGF bound and may sprout new vessels in
response to the signal. Courtesy of
Aleksander Popel and Feilim Mac Gabhann.

“We can model 
the behavior of 

therapeutics that you 
just can’t do in vivo,”
Mac Gabhann says.

NewsBytes
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air pressure, than moving around fluid
that clogs a partially collapsed airway. 

However, the researchers acknowl-
edge shortcomings in their model.
Airways are not infinitely long tubes, as
Heil and Hazel assumed. “The airway
branches are relatively short before they
branch again,” says Heil. “You have this
tree structure, and that is something we
do not take into account.”

Oliver Jensen, PhD, professor of
applied mathematics at the University of
Nottingham, United Kingdom, says the
new model is a step forward compared to
older ones. “They’ve developed an
absolutely wonderful tool,” says Jensen.
He notes the model also should apply to
other systems with fluid-lined tubes, such
as blood vessels. 

For doctors who treat collapsed air-
ways, Heil and Hazel’s work eventually
could lead to fine-tuned air pressure for
different patients. For now, when doctors
sit down to use a ventilator, says Jensen,
“It’s nice if they can at least understand
what is happening in the airways.”
—Sarah CP Williams

New Algorithm 
Finds Stories in

Biomedical Literature
A good story ties up all the loose

ends. A new data-mining tool takes a
stab at doing the same. Dubbed story-
telling, the algorithm may make it easier
to unearth unexpected connections in
the avalanche of freshly published
research, or among high-throughput
datasets. For example, storytelling can sift
through tens of thousands of PubMed
abstracts to discover scientific links
between two apparently unrelated topics;
or draw connections across a knowledge
structure such as the Gene Ontology. 

“What we are trying to do is link data
sets very far apart,” says Richard Helm,
PhD, associate professor of biochem-
istry at Virginia Polytechnic Institute.
“In the end, we link data set A with data
set Z in the form of a story.” The work
was presented at the Twelfth ACM
SIGKDD International Conference on
Knowledge Discovery and Data Mining
(KDD 2006), in August 2006.

Researchers might not have time to
find complex relationships waiting for
discovery in the literature, but story-
telling does. It finds key documents
bridging from one research publication
(the starting point) to another (the end
point). Using System X, a Virginia Tech
supercomputer, the algorithm first clas-
sifies each PubMed article’s abstract into
an organized branched set of terms. It
can then make thousands of compar-
isons and join related publications into
a chain connecting start to finish.

For example, Helm and his col-
leagues, used storytelling to dig through
the literature seeking ties between two
remotely related papers: one on tomato
genes expressed in yeast and another on
how chemical stress affects yeast gene
expression. The supercomputer boiled
down 140,000 yeast publications to nine
abstracts—stepping stones from paper
one to paper two. The results included a
paper that identified a novel protein,
expressed only when yeast cells are
exposed to cadmium, which researchers
might not have immediately connected
with the first two papers. Although the
paper might have surfaced in an ordi-
nary PubMed search, it would have
required much sifting to find it. While
not every search will yield treasures,

hopefully most results from storytelling
will provide new insights and hypotheses
that researchers can test at the bench,
Helm says.

Bud Mishra, PhD, professor of com-
puter science and cell biology at New
York University, thinks storytelling can
help biologists make new connections.
“In some sense it closely resembles what
biologists do, and it works in the same
way that biologists think,” says Mishra. 
—Brian Lee

A Fast Lane 
Through the Stomach
What goes into the stomach must

come out, but perhaps not in the same
order in which it entered, as gastroen-
terologists have long assumed. A two-
dimensional computer model of human
stomach digestion reveals a previously
unknown narrow pathway that can fun-
nel liquids from the top of the stomach
to the intestines within 10 minutes. 

“There are very few times you discover
something that you weren’t expecting to
find when you designed the experiment,”
says James G. Brasseur, PhD, professor
of mechanical engineering, bioengineer-
ing and mathematics at Penn State
University and one of the researchers

As shown here, one might use storytelling to understand the pathways into and out of a quiescent
state. Datasets evaluating desiccation-tolerant cyanobacteria (left, coccoid cells stained red and encased
in an extracellular matrix, the exterior of which is stained green) could potentially be linked to studies
involving the metabolic arrest and recovery of primary human fibroblasts (right, Live/Dead stain; image
taken 72 hours after a two week metabolic arrest).  Storytelling allows the biologist to link disparate
datasets, allowing for the development of new hypotheses that can be tested at the bench and re-eval-
uated within the algorithm, ultimately resulting in new insights into the process of interest. Courtesy
of Richard Helm.
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who created the model for studying drug
delivery. But this was one such time. 

The curious finding could help
explain the wide variability in drug acti-
vation time: A drug might get swept along
in this fast digestive current one time,
and not another. The work appeared
online in the Journal of Biomechanics in
August 2006. 

In 2004, Brasseur and research associ-
ate Anupam Pal, PhD, had published a

computer simulation of gastric flow and
mixing. In the current work, they used
the same basic simulation, but studied
gastric emptying. They gave unique num-
bers to thousands of points (fluid parti-
cles) uniformly distributed around the
stomach. They then watched the order in
which these particles left the stomach
during a 10 minute simulation, while
keeping track of each particle’s position
at each time-step. When they then ran
the simulation in reverse, they could
watch the particles’ changing positions.
After color-coding the points by time of
leaving, they observed a ribbon-like path
of gastric emptying that originates in the
top of the stomach and passes along its
side of least curvature. The entire ani-
mated sequence can be seen at
http://mne.psu.edu/Brasseurlab/gastric/. 

The researchers dubbed their discov-
ery the “Magenstrasse,” which means
“stomach road” in German. It is a sort
of passing lane, where digested matter
reaches the intestines more quickly than
food and liquids outside the road. “We
do not know if the Magenstrasse has a
physiological function or if it is only a
byproduct of the contraction waves in
the distant stomach,” says Brasseur.
The team showed that when the simu-
lation excluded contractions known to
exist at the bottom of the stomach, the
Magenstrasse didn’t form.

“Brasseur’s modeling has revealed a
potential new mechanism of liquid
emptying that can explain why some
patients take a very short time to
absorb drugs in their bloodstream,”
says Michael Fried, MD, director of
the division of gastroenterology and
hepatology at the University Hospital
Zurich, Switzerland. He says pharma-
ceutical companies who wish to achieve
constant and reproducible patterns of
absorption of drugs must take this
study into account. However, Fried
notes, the model “has to be validated in
animals or in humans.”

Brasseur agrees more research is
necessary. “We would need further
studies that checked how the path
works with nutrients and drugs of dif-
ferent densities,” he says. He believes the
Magenstrasse would still exist if the stom-
ach contents are thicker than the viscous
liquid used in his team’s simulations, but
it may assume a different shape.
—Maria José Viñas

Stem Cells’ Existential
Crisis Explained

To differentiate or not to differenti-
ate? That is the question constantly faced
by embryonic stem cells. And they seem
to answer it decisively at the behest of a
molecular trio of transcription factors. A
new computational model shows how it
is possible for three proteins to control
the switch in the observed, clear-cut man-
ner. The model also gives researchers a
hypothesis they can test in the lab. 

“We’ve shown that these three players
are able to define the embryonic stem

cell switch,” says Carsten Peterson,
PhD, professor of computational biology
at Lund University in Sweden and lead
author of the study. By explaining this
either/or molecular circuitry, the model
could eventually help scientists harness
stem cells for treatments. The work
appears in the September 2006 issue of
PLoS Computational Biology.

Embryonic stem cells have two defin-
ing traits: They can divide forever to
remain stem cells, and they are pluripo-
tent, meaning they have the potential to
become any type of somatic cell in the
body—gut, muscle, skin, blood or nerve.
But whether in a Petri dish or the body,
stem cells receive a barrage of molecular
signals that they must interpret and
respond to with a binary decision.
“Either you are a stem cell or you com-
mit yourself,” says Peterson.

Over the last few years, biologists
have discovered that a handful of pro-
teins determine an embryonic stem cell’s
fate. Three in particular—named OCT4,
SOX2 and NANOG—seem to coordi-
nate the decision by cueing the actions
of hundreds of target genes. 

Peterson’s team derived mathematical
equations governing the rate at which
these three transcription factors bind
and unbind to DNA, thereby regulating
the expression of differentiation genes
and stem cell genes. The team then used
the Systems Biology Workbench to simu-
late how this trio controls other genes to
engineer opposing outcomes: self-renew-
al or differentiation. They infer that the
proteins reinforce one another’s actions
through a positive feedback mechanism,
creating a bistable switch: either on or
off, with no middle ground. When all
three proteins are active, stems cells
remain stem cells; when the trio is inac-
tive, the cells differentiate, with no mid-
dle ground. Peterson and others hypoth-
esize that stem cells receive external sig-
nals to control the switch. Because of the
positive cascade of interactions, the cells
effectively ignore slight changes in those
signals and respond with a single out-
come every time. 

The model was based on previous
work by Laurie Boyer, PhD, a postdoc-
toral fellow at the Whitehead Institute in

NewsBytesNewsBytes

This image of Brasseur’s two-dimensional stomach
model shows the initial locations of all particles
that left the stomach over the course of 10 minutes.
The pattern of gastric emptying suggests the exis-
tence of a Magenstrasse in the stomach. The
dashed line shows the shape of the stomach after
10 minutes. Courtesy of James Brasseur.
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Cambridge, Massachusetts. She thinks
other components must function with
the trio of proteins. However, she says,
the work “provides a testable model to
explain how OCT4, SOX2 and NANOG
may contribute to these seemingly oppos-
ing activities.”

The heart of the model—explaining
how stem cells reconcile their dual iden-
tities—is vital, says Boyer. “If you are ever
going to realize the therapeutic potential
of these cells, you really need to find the
key for understanding how embryonic
stem cells balance their ability to self-
renew or differentiate.”
—Ewen M. Callaway

Connecting the
(Microarray) Dots from

Drug to Disease 
Normal cells, diseased cells and cells

on drugs share a common language:
They all produce their own patterns of
gene expression. And the patterns can be
compared in useful ways—given a disease
in which a certain set of genes are up-
and down-regulated, one would like to
find a drug that specifically counteracts
those changes. A powerful new web-
based tool allows researchers to draw just
such connections. Researchers from all
around the world can use the tool, called
the Connectivity Map, to identify poten-
tial new drugs for a variety of diseases,
and potential new uses for existing drugs.

“The objective is to connect diseases
with the genes that underlie them and
the drugs that treat them,” says Justin
Lamb, PhD, a senior scientist at the
Broad Institute of Harvard and MIT. He
and his colleagues described their work in
the September 29, 2006, issue of Science.

The advent of DNA microarrays
more than a decade ago made the

tures exposed a possible new treatment for
children with drug-resistant acute lym-
phoblastic leukemia. The researchers also
have used the database to seek novel treat-
ments for obesity and Alzheimer’s disease. 

The Connectivity Map also can
unveil how drugs work on a molecular
scale, says Lamb. For instance, similar
genomic patterns in the database point-
ed to a connection between a compound
called gedunin and a class of well-under-
stood drugs. This implies gedunin might
operate in a similar fashion to disrupt
hormone signals in cancerous cells. 

Having completed the Connectivity
Map’s pilot stage, the team intends to
expand to cover all drugs approved by
the Food and Drug Administration.
One limitation is that it is restricted to
specific cells in a petri dish, which neg-
lects other interactions that occur in a
human body, says Eric Schadt, PhD,
senior scientific director of Rosetta
Inpharmatics in Seattle. Still, Schadt
says, “It’s a great piece of work. It’s a
great tool, and it will be well-used.” 

“The whole field is on fire with these
large-scale experiments,” Schadt adds.
“It’s the only way you can uncover these
networks that drive diseases. I think it’s
right on the money.”
—Marcus Woo ■■

Connectivity Map possible by allowing
scientists to study thousands of genes all
at once. Lamb and his colleagues used
microarrays to determine which genes
were turned up or down in cells treated
with 164 different biologically active
compounds (mostly drugs). They also
gathered together previously published
gene expression data for various dis-
eases, including obesity, Alzheimer’s
Disease, and various types of cancer.
Using pattern-recognition software the
team developed, any researcher around
the world can query the database at
http://www.broad.mit.edu/cmap to
identify drugs or diseases with patterns
that are either the same as or opposite to
a particular gene signature of interest. 

The most exciting use of this
approach is in suggesting potential drug
therapies for real diseases, Lamb says. In
one of the team’s initial tests, gene signa-

A+ represents hypothetical factors that activate OCT4 and SOX2. In response to increas-
ing that signal, the OCT4-SOX2 dimer and NANOG switch from all off to all on. B- rep-
resents factors that repress NANOG, which has the effect of turning the switch off.
Courtesy of Carsten Peterson.

The Connectivity Map lets users compare the gene expression signature of any cell state of interest (left)
with a reference database of profiles from cultured human cells treated with various drugs. Pattern-
matching algorithms score each reference profile for the direction and strength of enrichment with the
query signature to produce a “connectivity score.” Here the columns for the first and second drug treat-
ments show a positive connection to the state of interest; the third has no relationship to it; and the
fourth has a negative connection. From: The Connectivity Map: using gene-expression signatures to
connect small molecules, genes, and disease, by Lamb, et al., Science 2006 Sep 29;313(5795):1929-35.
Reprinted with permission from AAAS. http://www.sciencemag.org/cgi/content/full/313/5795/1929
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Computational
Biomechanics

Computational
Biomechanics

Making Strides 
Toward Patient Care

BY REGINA NUZZO, PhD

Simulations of gait, like the one illus-
trated here, are being used by
researchers in biomechanics to quanti-

fy how individual muscles contribute to
an observed movement. This simula-
tion represents one of the most
detailed muscle-actuated simulations
generated to date. The motions of the
body segments are generated by
forces applied over time by about one

hundred separate muscles. The
insights gained from simulations

like this one are helping shed new
light on movement abnormalities
commonly observed in individu-
als with cerebral palsy, stroke,
and other neuromuscular
impairments. Image courtesy
of Chand John, Frank C.

Anderson, and Scott Delp.



Winter 2006/07 BIOMEDICAL COMPUTATION REVIEW 11www.biomedicalcomputationreview.org

T
o understand how muscles contract
and joints flex, researchers have dis-
sected cadavers and experimented

with animals. They can describe how
bones, muscles, and tendons connect in a
complicated geometry; how mus-
cles exert forces on joints; and
even how sparks in the brain can
trigger a muscle’s contraction. 

Meanwhile, and mostly inde-
pendently, clinicians have been
treating people for sports
injuries, stroke, and movement
diseases such as cerebral palsy
and osteoarthritis. Using trial
and error, they’ve assessed which
rehabilitative strategies and sur-
gical interventions work best.  

Until recently, these two per-
spectives have not been well inte-
grated. Clinical observations
might miss the interplay of forces
that lead to an injured knee,
while static equations regarding
the flexion of a dead man’s knee
may by themselves be of little
help in treating a torn ligament.
Researchers were missing the cause-and-
effect models that linked the physical
forces with the clinical outcomes.

Now, computational models are bridg-
ing the gap between micro and macro,
between brain signals and gross human
movement, and most recently, between
research and clinic—helping to bring bio-
mechanics knowledge from the bench all
the way to the bedside. “Computational
biomechanics moves us beyond intuition,
so that we’re able to understand how a
basic cadaver study might relate to a
movement disorder,” says Frank (Clay)
Anderson, PhD, senior research associ-
ate at the Neuromuscular Biomechanics
Lab at Stanford University.  

Computer models can let surgeons
explore different types of surgery on a
patient before attempting the real
thing.  Or generate graphic simulations
of athletes sprinting or cerebral palsy
patients walking with a stiff-kneed gait.
Some models can provide personalized
recommendations for rehabilitation;
others let researchers design new and

improved implants that last longer than
ever before. Flexible models allow
researchers to tweak variables and ask
“why?” and “what if?” in ways that bring
the power of computational biome-

chanics straight to the patient—picking
up where intuition and trial-and-error
treatments leave off.  

BUILDING A
SHARED FOUNDATION

Unlike their forebears in the field of
traditional biomechanics, many computa-
tional biomechanics researchers come
from an engineering background. When
innovative engineers tried to apply stan-
dard mathematical and computational
techniques to interesting biological prob-
lems, they soon learned that what works
for planes and cars doesn’t always work
for muscles and bones. So the first chal-
lenge for these new “computational bio-
mechanists” was to learn the language of
biology. Starting in the 1970s, they dug
into biology and began sharing their
tools—multibody dynamics, control theo-
ry, and finite element modeling, for exam-
ple—in journals and at conferences that
had previously served only physical thera-
pists, rehabilitation medicine experts,
neurologists, and orthopedic surgeons. By
the late 1980s, the rehabilitation commu-

When innovative engineers
tried to apply standard 

mathematical and 
computational techniques 

to interesting biological 
problems, they soon learned
that what works for planes 

and cars doesn’t always work
for muscles and bones.

Walk, run, bend, reach. 
The elements of human movement have

fascinated research scientists for centuries.
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nity had welcomed these new approaches,
and computational biomechanics as a
field had come into its own.

At the same time, advances in com-
puting were infusing the field with new-
found power. With the increases in com-
puter speed in the late 1980s and 1990s,
researchers could suddenly analyze their
biomechanics models computationally

with numerical algorithms rather than
just analytically with pencil-and-paper
mathematics. In the mid-1990s, parallel
computing took off, and within the
decade new and better algorithms, bor-
rowed from control theory in robotics,
were available. Ten years ago, a pair of
simulated legs walking a single step would
take approximately 1,000 hours to com-
pute. Today, researchers can churn out
similar calculations in about an hour.

But even from the beginning, one
important challenge faced computation-
al biomechanics researchers: the need to
develop ways to work with each other.
With no standard modeling or software
framework in the community, computa-
tional biomechanics labs were spending
up to five years developing a single mus-
culoskeletal model. Collaborating and
building off of others’ progress was near-

ly impossible. “Everyone had to reinvent
the wheel, one graduate student at a
time,” says Scott Delp, PhD, professor
and chair of bioengineering and head of
the Neuromuscular Biomechanics Lab
at Stanford University. “It really held up
the field.”

To help remedy that situation, in the
early 1990s, Delp and Peter Loan, a bio-

mechanist and software engineer, intro-
duced a new modeling environment,
called Software for Interactive
Musculoskeletal Modeling (SIMM). This
general software package let users create,
alter, and evaluate models of many struc-
tures—all within a common platform.
Since then, hundreds of labs have adopt-
ed SIMM to create and analyze comput-
er models that range from a human
climbing stairs to a Tyrannosaur nimbly
trotting on hind limbs. The common
tool also allowed researchers to more
easily share models, and interdiscipli-
nary studies started to focus on clinical
applications of biomechanics.

At the same time, funding agencies
were taking notice. Biomedical comput-
ing tools—and the development of an
infrastructure to support them—began to
find a deserving place alongside tradi-

tional laboratory science. In 2004, NIH
announced the award of $79.7 million in
funding to establish four National
Centers for Biomedical Computing.
One of these was Simbios, the Center for
Physics-Based Simulation of Biological
Structures at Stanford University, which
includes neuromuscular dynamics as a
driving biological project.

The neuromuscular dynamics group
at Simbios, in an effort led by Delp and
Anderson, is now developing OpenSim,
an open-source software system for bio-
mechanical modeling and simulation.
Freely available and incorporating mod-
ern plug-in technology, the new software
could be a boon for researchers who need
simulation software. “Having a common
platform will radically change the field,”
says Thomas Buchanan, PhD, a profes-
sor of mechanical engineering at
University of Delaware. “This will really
take the field in a whole new direction.”  

REPLACING AND
REPAIRING JOINTS

The design of joint replacements is
one of the most mature applications of
computational biomechanics. Ideally, arti-
ficial hips and knees need to withstand

“Computational biomechanics moves us beyond intuition, so that 
we’re able to understand how a basic cadaver study might relate 

to a movement disorder,” says Frank “Clay” Anderson.
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in a diverse set of situations—in patients
ranging from frail to heavy-set, for activities
from sitting down to climbing stairs. 

Bartel and his team build computa-
tional models that incorporate vari-
ables surgeons and implant designers
can manipulate, such as implant mate-
rials and geometric design, as well as
environmental variables beyond their

control, such as a patient’s varying
activity level and individual bone
strength. Collaboration with Thomas
Santner, PhD, a professor of statistics

loads up to several times a person’s body
weight and should function seamlessly
over a lifetime. Forty years ago, however,
joint replacements were far from perfect.
Implants often wore down or broke out-
right under the rigors of everyday use. 

Then, with the help of advanced mus-
culoskeletal computer models, researchers
started to better understand the loads
applied to natural joints under
normal conditions. When they
brought these models to the
drafting table, they were able to
design better artificial joints. By
the 1980s, prosthetic joints had
improved dramatically. Now, arti-
ficial joints far outperform their
old-style predecessors in durabili-
ty and reliability.

Today, researchers continue to
improve implant designs in
increasingly refined ways. Donald
Bartel, PhD, a professor of
mechanical and aerospace engi-
neering at Cornell University, is
working to build real-world variability into
the prosthetic design process. He uses bio-
mechanical and statistical models to create
artificial hips that are designed to function

at Ohio State University, has led to
robust statistical optimization methods
that consider both the design variables
and the environmental variables and
then optimize the design of the
implant. “The methodology allows us

In 1995 it took 4,000 hours of parallel computing time to generate a half a second of walk-
ing in the image shown here. Contrast that with the transparent walker shown on the
magazine cover and the previous pages: With twice the number of muscles, 2 seconds of
walking took 20 minutes on an ordinary desktop PC. Advances in computing speed pro-
duced some of these improvements, but mostly they result from advances in algorithms.
Images, courtesy of Frank (Clay) Anderson, come from Anderson’s dissertation work at the
University of Texas, Austin, under Marcus G. Pandy.

“Having a common 
platform will radically

change the field,” says
Thomas Buchanan. 
“This will really take 
the field in a whole 

new direction.” 
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to say whether variation in the environ-
mental variables will swamp out any-
thing we do in the design,” Bartel says.
“It helps us decide where to put our
efforts and resources.”

In addition to designers, orthopedic
surgeons may benefit from computation-
al biomechanics. A common surgery for
hip dysplasia involves cutting out a por-
tion of the hip socket and reorienting it
to provide better alignment with the
femoral head. The hope is that the proce-
dure will distribute stresses in the hip
more evenly, thus relieving the patient’s
pain and also decreasing the wear and
tear on the hip’s cartilage. But the surgery
is tricky and not always successful.
Surgeons have been guided mostly by
their own experiences and intuition.
“There’s little attention paid to the actual
mechanics of the hip, either in its initial
state or how it might be altered after sur-

that the standard surgical evaluation
process for hip dysplasia patients will
include a model of the patient’s individ-
ual stress-strain distribution, which pre-
dicts how the joint will change under
increasing loads. That detailed informa-
tion could then steer surgeons in decid-
ing not only which patients are likely to
benefit from surgery, but how to plan the
surgery itself. Weiss and his team have
already started to put this into practice:
So far, they’ve collected CT scans from 15
hip dysplasia patients as well as two
healthy volunteers and are using the
images to build models of their hips.

PHYSICAL THERAPY
APPLICATIONS

Sometimes joint injuries or other
joint problems are better resolved with-
out surgical intervention. For example, a
common, painful knee soft tissue

gery,” says Jeffrey Weiss, PhD, associate
professor of bioengineering and orthope-
dics at the University of Utah.

To help surgeons make better deci-
sions about where to cut, Weiss and his
collaborators at University of Utah—
Chris Peters, MD, professor of ortho-
pedics, and Andrew Anderson, doctor-
al student in bioengineering—tailor com-
putational biomechanical models to
individual patients. They use CT images
and biomechanical measurements to
determine a patient’s specific hip geom-
etry, standing loading patterns, and
joint reaction forces. Using finite ele-
ment analysis—a common way to model
the mechanics of systems with complex
geometries—the model predicts the con-
tact stresses at the hip during inactivity
as well as during everyday activities. 

Ultimately, this process might become
routine. Weiss and his colleagues hope

Finite element predictions of bone displacement in the direction of primary joint loading between a normal pelvis (left) and a pelvis with
acetabular dysplasia (right) during simulated walking.  The pelvic bone of the patient with hip dysplasia deformed much more than that of
the normal hip joint, indicating that hip dysplasia may predispose the joint to early degeneration. Courtesy Jeffrey Weiss.
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injury—a torn anterior cruciate ligament
(ACL)—often requires invasive recon-
structive surgery. But, mysteriously, some
athletes can recover and perform well
without it. To find out how “copers”
manage to compensate for their damaged
ACL, Buchanan and his collaborators
are combining musculoskeletal models
with patient data from MRI scans, elec-
tromyographic (EMG) recordings, and
kinematic experiments. “Our hypothesis
is that some people have a way of using
their muscles that allows them to stabi-
lize the knee joint without relying on
that ligament,” Buchanan says. “The
question is whether it’s possible to train
other people to use the same technique.”

Indeed, biomechanics simulations
might be a boon for individualized
physical therapy. B.J. Fregly, PhD, an
associate professor of mechanical and
aerospace engineering at the University
of Florida, is interested in designing
customized treatments for patients with

knee osteoarthritis. In fact, Fregly him-
self suffers from early-stage osteoarthri-
tis, a remnant from his days of soccer,
basketball and track in high school and
college. Treatment for osteoarthritis
often involves replacing the damaged
knee with an artificial joint or—only
slightly less invasive—undergoing a high
tibial osteotomy. The latter is a proce-
dure in which a surgeon cuts the tibia
close to the knee and adds or removes a
wedge of bone, so that the patient then
becomes slightly knock-kneed. The goal
is to shift some of the load away from
the diseased inner portion of the knee
and place it on the still-healthy outer
portions of the knee. Fregly originally
wanted to use computational biome-
chanics to help surgeons better plan for
high tibial osteotomies in individual
patients. But when he ran up against a
dearth of surgical patients to study,
Fregly decided to ask a different ques-
tion: Could he plan an individualized

therapy program that would give him
the same benefits as high tibial osteoto-
my surgery? 

First, Fregly and Jeff Reinbolt, PhD,
now a postdoc at Stanford, built a com-
puter model of Fregly’s gait. They took
a general, full-body walking model and
calibrated it to his own movement data.
After an iterative process of adjusting
the model to match each joint individu-
ally and then fine-tuning the entire
model globally, Fregly had a walking
simulation that closely resembled his
own natural stride. Then the team used
inverse dynamic optimization, a numer-
ical technique often used in computer
animation, to predict the overall joint
loads and motions that would minimize
the load on the inside of the knee. They
used this optimizer to determine which
small changes in Fregly’s gait would like-
ly reduce the loading in his knees in
much the same way that a high tibial
osteotomy would. 

To reduce damaging loads on the inner side of his own early-stage osteoarthritic knee, B.J. Fregly measured the moment arm of the ground
reaction force vector relative to his knee center before training (above left); then predicted the optimal moment arm (above center); and
then trained himself to walk in a way that mimicked the optimum (above right). Note that the distance between the left knee center and
the ground reaction force vector (in green) is reduced (relative to pre-training) by the optimization. This reduction is comparable to what
the patient (Fregly) achieved post-training. The moment arm reduction for both the optimization and post-training resulted in roughly a
40 percent reduction in the first peak of the knee adduction moment curve, which is likely to be clinically significant. Courtesy of B.J. Fregly.
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tial mechanisms of injury during athlet-
ic activities. Thelen and Bryan
Heiderscheit, PT, PhD, assistant pro-
fessor in the department of orthopedics
and rehabilitation at University of
Wisconsin, recently investigated ham-
string strain injuries in sprinters. 

They first used motion capture
equipment to measure whole-body
motion while athletes sprinted on a
high-speed treadmill at speeds up to 20
mph.  They then fit scaled muscu-
loskeletal models to the measured
motion, which allowed them to estimate
how the hamstring muscles are
stretched during sprinting. They have
shown that the greatest hamstring
stretch—and potentially the time of
greatest risk for injury—occurs late in

the swing phase of the sprinting
gait cycle. This is when the foot

is still off the ground and the
leg is being decelerated by the
hamstrings before hitting the

ground again.
To better understand

the dynamics of the
movement, Thelen used
an algorithm developed
with Anderson to effi-

ciently compute the mus-
cle excitation patterns that

produce the measured hip and
knee motions of their sprint-

ing volunteers. The muscle
excitation patterns were
inputs to a simulation of
the crucial late sprinting

stage. The model, like
many other simu-

lations of human movement,
used a standard, computation-
ally intensive technique called
forward dynamics, in which
the differential equations of a
dynamic model are integrated
forward in time. Thelen and
his colleagues have used these
sprinting simulations to com-

pute the forces and work done by the
hamstrings, and they’ve also examined
how small changes in the system may
affect injury risk. Their results show
that strengthening core muscles
attached to the pelvis, such as the hip
flexors or abdominal obliques, have
substantial influence on how the ham-
string muscles are stretched and loaded.
This suggests that exercises to improve
coordination and strengthen core mus-
cles might reduce injury risk.
“Determining how individual muscles
influence injury risk is very difficult to
answer experimentally,” Thelen says.
“But these simulations give us a way to
estimate the effects.”

NEUROMUSCULAR
APPLICATIONS

Neuroprostheses for patients with
spinal cord injury represent one of the
most dramatic success stories of compu-
tational biomechanics. For the past 30
years, clinicians have performed experi-
ments using electrodes to stimulate par-
alyzed muscles in coordinated patterns.
Their work has led to the creation of
implanted functional electrical stimula-
tion (FES) systems that allow partially
paralyzed patients to hold a fork and
feed themselves, brush their teeth, or
run a comb through their hair.

Over time, biomechanical models
have come to play a greater role in FES
systems. “Basically, as the functions
that we would like to restore have
become more and more complex, our
ability to implement this by intuition
and trial and error is decreasing,” says
Robert Kirsch, PhD, associate profes-
sor of biomedical engineering at Case
Western Reserve University and a mem-
ber of the Cleveland FES Center.
“That’s why a number of years ago I
began migrating toward the use of com-
putational models to serve as a test bed
for potential interventions.” He com-

Fregly’s customized simula-
tion suggested he modify his
walk in two ways: rotate his pelvis
forward, and flex his knees a bit—
both of which served to bring his
knees toward the midline of his
body. After nine months of train-
ing, Fregly managed a nearly 40
percent reduction in a critical
measure for knee loading. Since previous
studies have suggested that the maximum
reduction a high tibial osteotomy surgery
can offer is 50 percent, Fregly is encour-
aged by these results, which have recently
been accepted for publication. “These
modifications were completely intuitive in
retrospect, of course.” Fregly says. “But no
one had ever come up with them before
with just an experimental, trial-and-error
approach.” Now, he’s conducting a pilot
study of 10 patients with knee osteoarthri-
tis to see if the same approach works for
others as well as it worked for him. Early
results are promising: The first subject
learned the new motion in one training
session and managed a 45 percent reduc-
tion in knee loading.

Fregly and his team’s simulation and
optimized suggestions can be computed
for an individual in about a half-hour.
The pilot study might help the
researchers determine whether every
patient needs to have a customized
simulation built, or whether
Fregly’s simple gait sugges-
tions are generalizable to
most knee osteoarthritis
patients. Fregly eventual-
ly hopes to bring this kind
of individualized rehabili-
tation to patients with a
variety of other conditions
as well, including patello-
femoral pain and foot
ulcers from diabetes.   

To extend the train-
ing rationale further,
prevention of sports injuries
might be an even more effective
strategy than rehabilitation. Yet
it’s not always clear exactly how
and when injuries tend to
occur. Darryl Thelen, PhD,
associate professor of mechani-
cal engineering at University of
Wisconsin, uses computational
biomechanics to analyze poten-

Thelen and his colleagues performed simulations of
sprinters in order to estimate hamstring muscle force,
work and fiber stretch during the swing phase of
sprinting. Courtesy Darryl Thelen.

“Determining how individual
muscles influence injury risk

is very difficult to answer 
experimentally,” Thelen says.

“But these simulations give us a
way to estimate the effects.”
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pares the high-stakes process to design
in the aerospace industry. “If you’re
building an airplane, you test it in a
wind tunnel before you actually fly it.
In our case, we’d like to test many dif-
ferent FES systems before we actually
try them in human subjects.”

Since there’s a limit to the number
of electrodes that can be implanted in a
patient, surgeons need to choose their

muscles for implantation carefully.
Several combinations of muscles are
often feasible candidates for implanta-
tion. Kirsch and his colleagues can cus-
tomize simulations of each patient’s
neuromuculoskeletal system so that cli-
nicians can explore which system of
electrodes and muscles would bring
about the greatest clinical benefit. 

Kirsch, whose specialty is arm func-
tionality, first measures the patient’s
strength in various muscles and looks
at restrictions in range of motion in the
elbow and shoulder. Then he and his
colleagues fit a musculoskeletal model
of the upper arm to the patient’s indi-
vidual data. Like many other
researchers, Kirsch didn’t build this
model from scratch; he works with an
elbow-and-shoulder model originally
developed by Frans Van der Helm,
PhD, at Delft University of Technology
in the Netherlands, which Kirsch has
adapted for particular use in spinal
cord injuries. Kirsch says that the goal

of this work is not to build the most
detailed possible model, but rather to
create customized models that best pre-
dict surgical outcomes—and thus allow
clinicians to circumvent the costly trial-
and-error process.

Although individualized models
like these are immensely helpful for
planning patient treatment, clinicians
can also glean useful knowledge from

biomechanical models of an entire
group of patients. Stroke survivors, for
instance, often displaying a rather
slow, asymmetrical shuffle. In order to
best rehabilitate these patients, clini-
cians would like to know exactly what
neuromuscular combinations are caus-
ing these changes in the first place. Jill
Higginson, PhD, assistant professor of
mechanical engineering at University

of Delaware, is building musculoskele-
tal models of both stroke survivors and
healthy older adults.  

Higginson and her colleagues want to
understand the muscle excitation pat-
terns—stemming from faulty neural com-
munication—that lead to the characteris-
tic stroke gait. Using dynamic optimiza-
tion techniques, they’re building simula-
tions that will help highlight exactly
which patterns of muscle coordination
are common to stroke patients.
“Ultimately, we want to see what hap-
pens if you change the muscular excita-
tion pattern,” Higginson says. “We can
run that through the simulation.” 

The hope is that clinicians could
then develop rehabilitation strategies
that retrain the stroke patients’ neuro-
muscular system. To that end, Thomas
Buchanan is working with colleagues at
the University of Delaware to develop
two new types of therapy programs.
One, developed with help from Stuart
Binder-MacLeod, PhD, a professor of

This schematic elucidates the primary algorithms used for computational biomechanics simulations across multiple scales. Courtesy of
Scott Delp and Clay Anderson.

“If you’re building 
an airplane, you test 

it in a wind tunnel
before you actually 
fly it,” says Kirsch. 
“In our case, we’d 
like to test many 

different FES systems
before we actually 

try them in 
human subjects.”
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physical therapy, would use electrodes to
stimulate particular muscles, stepping in
for the damaged brain until it regains
more function. For the other, Sunil
Agrawal, PhD, a professor of mechani-
cal engineering, is helping to design
robots to physically guide and reinforce
patients’ movements during physical
therapy. Both approaches use computa-
tional biomechanics methods to deter-
mine which particular muscles most
need support.

Biomechanical simulations are also
helping guide individualized treatment
for other disorders. People with cerebral
palsy, for instance, often display charac-
teristic abnormal movements that
include stiff-knee gait, crouch gait, and
excessive hip rotations. Clinicians prefer
to intervene at a relatively young age,
using a combination of strengthening
exercises, braces, casts, and in severe
cases, surgery. But common procedures
such as detaching and rearranging ten-
dons, or dividing and realigning bones
in the leg are extremely invasive and not
always successful.

Scott Delp and his colleagues are
developing musculoskeletal models of
cerebral palsy patients based on MRI
scans and kinematic measurements.
The researchers want to identify the par-
ticular biomechanical causes of walking
abnormalities in specific individuals.
“Once we know the underlying cause,
we can determine the best treatment,”
Delp says. They can then work with sur-
geons to simulate the effects of different
kinds of surgery on an individual
patient, perhaps even devising new tech-
niques. Recently, these cerebral palsy
models helped Delp and his colleagues
investigate ways to avoid a common
weakening of the calf muscle after cer-
tain tendon-lengthening surgeries.
Simulations had suggested a specific
modification during surgery that might
improve results. After turning to the lit-
erature, the researchers discovered that
50 years ago a similar surgical technique
had been published but had been large-
ly ignored. Delp and his team published
their findings, including simulation
results and theoretical evidence.
Surgeons are now reporting good results
in treating cerebral palsy patients with
the rediscovered procedure.

“With general 
models, you can 

uncover fundamental
principles,” Delp says.

“But it’s not clear to
which patients those

general principles 
actually apply. We 
need to customize
treatment for the 

individuals.”

A graphical representation of a shoulder and elbow musculoskeletal model, with mus-
cles indicated by the red lines, and muscle wrapping surfaces represented by the blue
ellipsoid (thorax), sphere (humeral head) and cylinders (humerus, ulna and radius).
Courtesy of Dimitra Blana and Robert Kirsch.

CHALLENGES
FOR THE FUTURE

At present, most clinical applications
of computational biomechanics rely on
generic models rather than fully cus-
tomized simulations. It’s a good first
step, but future treatment decisions will
demand greater specificity. “With gener-
al models, you can uncover fundamental
principles,” Delp says. “But it’s not clear
to which patients those general princi-
ples actually apply. We need to cus-
tomize treatment for the individuals.”
With data from individualized simula-
tions and treatment outcomes,
researchers could then turn from purely
descriptive studies to analyses more
focused on predicting clinical outcomes.

Researchers currently try to scale mus-
culoskeletal models to individual patient
geometry as much as possible, but full
individualization on a large scale is still
prohibitive. “It would be nice to have a
simple way to adjust the models to the
individuals,” Kirsch says. “We can do it
now through painstaking manual meas-
urements, but that’s not practical for wide-
spread deployment into the clinic.” Some
researchers are working on ways to use
MRI, CT and ultrasound data to more
quickly and routinely scale flexible mus-
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person. “With new work in imaging, we
can see how a muscle is loaded during
functional movement,” Thelen says. “A
lot of macro models don’t capture the
full soft tissue complexity. Imaging cou-
pled with models could potentially
improve our representation and under-
standing of soft tissue function.”

As increasingly sophisticated bio-

mechanical models produce prodi-
gious amounts of data, researchers will
also need to develop statistical meth-
ods to help interpret the results. “Like
a lot of biology, computational biome-
chanics is overwhelmed by an incredi-
ble wealth of data,” Delp says. “A sim-
ulation can spit out 100 columns of
data for each millisecond. We need a

way to quickly and objectively
extract which factors are most
important therapeutically.”

As with any simulation, com-
putational biomechanical mod-
els need to prove both their accu-
racy and their worth. Modelers
need to work closely with experi-
mentalists to demonstrate that
their simulations are not only
internally consistent but also
accurately represent reality. And
as clinical studies increase in
number, researchers will gather
evidence showing whether the
use of simulations does in fact
improve treatment outcomes.
“Improving clinical outcomes is
our grand challenge,” Delp says.
“Achieving this goal requires
that experts in biomechanical
simulation stay connected to the
realities of the clinic.” 

Finally, researchers must try
to package simulations for every-
day use and start to put them in
the hands of biologists and clini-
cians. “Collaborations are essen-
tial,” says Harry Hoyen, MD,
professor of orthopedics at Case
Western Reserve University
Medical School, who works with
Robert Kirsch on FES systems to
restore function to the shoulder
in partially paralyzed patients.
“The clinician’s work and the sci-
entist’s work go hand in hand.
Our results are still relatively in
the beginning stages. But it’s
astonishing at present what we’ve
been able to accomplish.” ■■

culoskeletal models to individual patients.
These imaging techniques might also

prove useful in further refining existing
musculoskeletal models with soft tissue
dynamics in vivo. Researchers have thus
far relied on static imaging work as well
as extensive analysis of cadavers. But
these methods are no substitute for
examining soft tissue details in a living

“The clinician’s work and the scientist’s work go hand in hand. 
Our results are still relatively in the beginning stages,” says Hoyen. 

“But it’s astonishing at present what we’ve been able to accomplish.”

Delp and Allison Arnold, PhD, have modeled the various abnormal gaits observed in patients with
cerebral palsy to help them evaluate appropriate treatments. Here, they used MRI images to create a
musculoskeletal model of an individual with a crouched internal-rotation gait. The rotational moment
arms of the medial hamstrings, adductors and other muscles were evaluated at the body positions cor-
responding to the subject’s internally rotated gait. Photo courtesy of Eugene Bleck; images previous-
ly published in Arnold and Delp (2004), The role of musculoskeletal models in patient assessment and
treatment. In: Treatment of Gait Problems in Cerebral Palsy, Ed. Gage, MacKeith Press, London.
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Algorithms That Mimic
Nature’s Tricks

T
oday’s computers are fast, cheap, and effective at crunching numbers—yet
they still cannot equal the versatility of even the smallest of Earth’s life forms
when it comes to processing information. “Somehow living systems are able
to do all the things that are very hard to engineer in computers,” says

Melanie Mitchell, PhD, professor of computer science at Portland State University.
To name just a few of these biological feats, Mitchell cites “pattern recognition, self
repair, robustness to certain kinds of noise, and adaptation to changing environments.”

In hopes of designing algorithms and software to do what nature does with
such ease, computational scientists have scrutinized biological systems looking
for useful ideas and inspiration. They do this because biological systems stand as
proof that incredibly complex information processing systems are possible. The
brain, the immune system, genes, and social insects are the envy of engineers,
who’ve yet to achieve anything close to what these biological systems do on their
own. Indeed, according to Carver Mead, PhD, microelectronics pioneer and
Caltech professor emeritus, “engineers would be foolish to ignore the lessons of
a billion years of evolution.” 

Nature has created brains that can process data, and spot patterns and learn from
them; generated new life forms that evolve to fit their environments; produced organ-
isms capable of working in concert as colonies and swarms; and formed organized
systems to fight disease and repair damage. Each of these is a jumping-off point for a
type of biologically inspired computation.

In the cases highlighted here, biology serves as a metaphor, inspiring new
approaches, rather than as a mechanism for computation itself (though there are some
scientists at work at creating logic gates and other computational tools within bio-
molecules and even living cells). Biological phenomena are not copied point-by-point
in some sort of computational translation—the digital imitation is far more abstract.

Mimicking nature’s tricks has yielded some very creative means of digital problem
solving. Some such problems are computational, such as the classic “traveling sales-
men” problem (minimizing the cost of a visit to N different cities). But bio-inspired
computation has also helped improve designs for circuits, racecars and robots; predict
moving targets like patterns in the stock market; and come full circle—from biological
inspiration back to biological applications such as modeling immune systems; helping
understand the visual cortex; and identifying protein segments.  
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NEURAL NETWORKS: 
IF THE BRAIN CAN

DO IT, WHY CAN’T
COMPUTERS?

The brain is a remarkable compu-
tational tool that has fascinated com-
puter scientists for decades. Risto
Miikkulainen, PhD, professor of com-
puter science at the University of Texas,
Austin, names speech recognition,
accurate motion, and vision as just a

handful of things that the brain can
accomplish that, so far, computational
science still struggles to achieve. “It
looks like the standard [computational]
approaches that we have are not going
to get us there. Therefore, we should
look at how the brain is doing it,” says

Miikkulainen, who specializes in brain-
inspired artificial neural networks.

Today’s computers are based on con-
cepts first proposed in the 1940s by
Hungarian-born polymath John von
Neumann, who developed early high-
speed calculating machines that
processed information according to a
set of serial instructions. By contrast,
rather than following a series of direc-
tions one by one, the human brain’s
100 billion neurons handle massive

amounts of information in parallel. 
Mathematician Walter Pitts and psy-

chiatrist Warren McCullough conceptu-
alized artificial neural networks in 1943
and the field expanded in the 1950s and
1960s, when “perceptrons”—the earliest
artificial neurons that could process

information—were developed. 
Artificial neural networks are net-

works of perceptrons loosely analogous to
networks of biological neurons. An acti-
vation in the “input layer” flows through
weighted connections to the neurons in
the “hidden layer(s),” and on through
similar connections to the “output layer.”
Each neuron calculates a weighted sum of
its inputs and generates an output that is
a nonlinear function of the sum. The
weights are adjusted according to a learn-

ing rule local to each neuron. 
A neural network learns by running

test cases and measuring the network’s
solution against the one desired. Errors
are sent backward (using “back-propaga-
tion”) through hidden layers in the net-
work, all the while readjusting the
weights it gives to various connections.
By training the network with numerous
examples—for instance, of how to recog-
nize letters written in handwriting—arti-
ficial neurons can classify never before
seen inputs, even when confronted with
incomplete or noisy inputs. 

Miikkulainen sees four major branch-
es of neural network research today.
“The field has matured tremendously,
which means it also has splintered into
subfields,” he says. Some neural network
researchers, working directly with biolo-
gists and animal data, are interested in
biological applications, such as under-
standing the way the visual cortex works.
Then there are those focused on the
mathematical underpinnings of neural
networks, pursuing how nonlinear statis-
tics can improve performance. A third
area centers on high-level cognitive sci-
ence, looking at topics like natural lan-
guage processing—how children (and pos-
sibly computers, someday) learn to speak. 

A fourth grouping of researchers—in
the engineering world—have discovered a
wide range of applications for neural net-
works. For instance, they can help recog-
nize unanticipated patterns in the stock

In “neuroevolution,” a neural network evolves by genetic algorithms as it learns. In this diagram, inputs
record sensor data and other information available to a moving robot, while outputs are the robot’s
actions. In between the two are hidden nodes containing weighted connections. As the network learns,
it adds connections and hidden nodes and varies the weights of the connections, enabling the network
to produce new, more accurate outputs. In this case, the robot learns from its surroundings whether to
turn left, right, or move forward. Image courtesy of Risto Miikkulainen and Ken Stanley.

“Somehow living systems are able to do all the things that 
are very hard to engineer in computers,” says Melanie Mitchell, 

such as “pattern recognition, self repair, robustness to certain 
kinds of noise, and adaptation to changing environments.”
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different from the way an electrical engi-
neer might design them, but they are
very successful,” says Mitchell. In the
world of biology, genetic algorithms have
helped design new proteins and identify
protein segments. 

Peter Bentley, PhD, a computer sci-
entist who leads a digital biology

market, identify faces for law enforce-
ment, or classify credit applicants as a
good bet. “It’s being used as a standard
toolbox for solving really hard problems
in engineering,” Miikkulainen reports. 

In addition to back-propagation, sev-
eral other new approaches to neural net-
work learning have emerged in recent
years. One of the most promising is
“neuroevolution,” which uses a learning
process inspired by evolution to con-
struct the network. A large population
of neural networks represents various
answers to a problem; the top perform-
ers are selected and recombined to cre-
ate even better networks. Miikkulainen
has evolved neural networks to control a
complex rocket and to warn automobiles
of collision dangers. To understand
how, we must delve deeper into evolu-
tionary computation. 

EVOLUTIONARY COMPUTATION: 
ALGORITHMS AND PROGRAMS
WITH ANSWERS THAT ADAPT

The central idea behind evolutionary
computation is that any possible solution,
or part of a solution, can be treated as a
“chromosome,” where digital bits of infor-
mation are analogous to genetic material.
First, programmers create a group of
potential answers. These then perform a
task, are evaluated using a pre-defined fit-
ness metric, and the best are “mated” in a
process that borrows from the theory of
genetic change: Digital information mim-
ics mutation, crossover, and inversion of
genes to give birth to a new generation.
The process repeats, and the most fit solu-
tion survives for the next generation.

Evolutionary computing is sometimes
the best approach when approximate
solutions can be refined by variation and
testing. In computer science, the most
commonly used evolutionary tool is the
genetic algorithm, which was pioneered
in the 1960s and 1970s by John
Holland, PhD, professor of psychology,
electrical engineering, and computer sci-
ence at the University of Michigan. This
computational method targets optimiza-
tion and search problems. Numerous
patented inventions have been designed
by genetic algorithms, including several
electronic circuits. “Genetic algorithms
will design circuits in ways that are very

research group at University College
London, has explored innovative genetic
applications. One is a racing car setup
that allowed his group’s virtual Formula
One car to outperform its competitors
in a computerized race. Running simu-
lations, his team evaluated 68 variables
in the car’s design and evolved a model

Neuroevolution draws from the strengths of both neural networks and genetic algorithms.
Connection weights are broken down into “chromosomes,” which are represented numer-
ically. Initially, a random population of networks is created and tested on a particular prob-
lem; in each generation, the genetic algorithm selects top performers to “mate” and create
a new generation with different “chromosomes.” Hundreds of networks are tried until a
solution emerges. Image courtesy of Risto Miikkulainen and Tino Gomez.

Evolved neural networks learn “intelligent driving” in the auto collision prevention work by Risto
Miikkulainen and his colleagues. The first image above shows the robotic car’s early attempt to drive a
twisty course. The car hugs the inside of the turn, which minimizes driving distance but slows the car’s
speed considerably. After some 400 generations, the network has learned to steer outward when enter-
ing and exiting a turn, maintaining maximum speed while at the same time avoiding the course’s walls.
Images courtesy of Risto Miikkulainen, Nate Kohl and Ken Stanley.
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that beat out those created by human
experts. Another project is a self-repair-
ing robot: Bentley and UCL PhD candi-
date Siavash Haroun Mahdavi created
a snake-like machine for remote recon-
naissance missions. “Digital chromo-
somes” control the snakebot’s muscle
wires, effectively acting as a brain to
manage its movement. If the robot is

damaged, genetic algorithms try differ-
ent genetic combinations, mating the
top performers in each generation until
the snakebot begins to go forward. 

In the 1980s and 1990s, the field of
evolutionary computing grew with con-
tributions from researchers such as
Stanford consulting professor John
Koza, PhD, who formulated genetic pro-
gramming, an effort that allows comput-
ers to generate and run new programs
“automatically.” Genetic programming
divides a program into its basic parts,

cal biological roles of real life forms, such
as a host and parasite. Hosts change to
fight off parasites better, while at the
same time, parasites attempt to overcome
hosts’ ever-evolving defenses. “The solu-
tions you get to problems are often much
more robust,” comments Mitchell, who
is using coevolution methods to explore
nanoscale computing architectures. In
her project, each host is a candidate cel-
lular automaton that is part of an array of
similar automata capable of simple pro-
cessing tasks. The automata collectively
perform computations without central-
ized control.  One sample computation is
to synchronize the entire array of proces-
sors from any given starting point. The
parasites are inputs. When the hosts and
parasites coevolve, an evolutionary arms
race ensues, with better and better hosts
being faced with increasingly challenging
parasites. At the end of the process, the
resulting hosts are arrays in which the
processors can synchronize successfully
and robustly in the absence of any central
controller. Mitchell is investigating the
usefulness of coevolutionary computing
in accomplishing other tasks that require
such decentralized, distributed comput-
ing architectures.

ANT ALGORITHMS AND
SWARM INTELLIGENCE:

FINDING THE RIGHT PATH
While the big picture of evolution

intrigues some computer scientists, oth-
ers take inspiration from the way ants so
quickly line up for a glob of peanut but-
ter on a kitchen counter. These insects’
ability to find the shortest path to a des-
tination piqued the interest of Marco
Dorigo, PhD, research director of the
IRIDIA lab at the Université Libre de
Bruxelles. Dorigo realized that the com-
putational implications were tremen-
dous: Numerous optimization problems
could be attacked using ant-inspired
techniques. He developed the ant colony
optimization metaheuristic, a computa-
tional tool that harnesses the power of
ants’ movement.

When ants search for food, they leave
a trail of pheromones directing other ants.
Dorigo’s ant colony optimization employs
digital ants using pheromone-like signals
to tell each other which paths they are try-

represented by a “parse tree,” where pro-
gram pieces subdivide at nodes and
become separate branches. The branches
are exchanged for one another in a
process similar to genetic mutation and
combination, and a computer then runs
the whole program to test its worth. Like
other evolutionary computing strategies,
genetic programming can help control

robots, design circuits, and solve prob-
lems in molecular biology. A debate con-
tinues in the field as to the relative value
of genetic programming compared with
other evolutionary methods, according
to Mitchell. Bentley comments that
genetic programming surged in populari-
ty for a time, only to subside again after
computational scientists tested its limits. 

Evolutionary computing has also
spawned the subfield of coevolution.
Two populations—one of candidate solu-
tions, one of problems—mimic the typi-

“Genetic algorithms will design circuits in 
ways that are very different from the way an 

electrical engineer might design them, but they 
are very successful,” says Mitchell.

This battle-ready snakebot could someday act as
a spy in enemy territory. Made of modular units
that snap together, the robot’s inner layer of
copper wires power movement, which is con-
trolled by a genetic algorithm. The wires are
protected by an outer layer of foam. If one sec-
tion of the snakebot is damaged, the algorithm
tries out new types of movement until the self-
healing robot takes off. Image courtesy of
Siavash Haroun Mahdavi.
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ing out. Ants travel back and forth, and
the ones with the shortest paths return
fastest, spreading their signals to the next
group of ant followers. Soon, the paths
begin to converge on the most efficient
trails to the desired destinations.

This technique is perfect for solving
extremely complex (NP-hard) combinato-
rial optimization problems, of which the
classic “traveling salesman” problem is

the best known example. Commercial
applications—such as how to optimize
trucking routes for a distribution compa-
ny—are starting to appear. “We use the
artificial ants moving on particular math-
ematical representation of the problem,
and they find very good solutions,” says
Dorigo. At least two companies, the
Swiss AntOptima and the American
Icosystem, base business applications on

ant colony optimization. Their products
target task scheduling, vehicle routing
and telecommunications network rout-
ing. Newer ant algorithms can also assist
in data mining, an application that stems
from ants’ ability to locate and cluster
small objects, Dorigo explains.

But computer science’s interest in
insects does not stop there. Other “swarm
intelligence” work deals with the move-

ment of a swarm of insects or
flock of birds, defining very sim-
ple rules that determine how
small creatures can move success-
fully in formation. Computer
graphics expert Craig Reynolds
defined such rules for his “Boids”
simulation of the behavior of a
bird flock. When each member
follows the rules of separation
(steer to avoid crowding local
flockmates), alignment (steer
towards the average heading of
local flockmates), and cohesion
(steer to move toward the average
position of local flockmates), the
artificial birds flock together
across an obstacle-filled space.
Graphics artists have used this
concept to create real-looking
armies and herds in movies such
as The Lord of the Rings. 

Taking this approach fur-
ther, Dorigo has developed a
group of “Swarm-bots”—simple
robots that work together using
the rules of swarm intelligence
to get around and accomplish
tasks—such as moving a heavy
object—by working together.
Such inventions could eventual-
ly aid the military in war zones
or map areas inaccessible or
dangerous to human beings,
like disaster areas, the ocean
floor, or even another planet.

Swarm intelligence may even

Ants’ ability to find the shortest 
path between two destinations has
inspired computer scientists to find 
new ways of solving optimization 
problems. Ant-like thinking has been
captured in ant colony optimization 
algorithms pioneered by Marco Dorigo.

Craig Reynolds used the princi-
ples of swarm intelligence to
simulate these schooling fish.
In this demo—part of Reynold’s
PSCrowd graphics project—
10,000 autonomous fish inter-
act at 60 frames per second on
a Sony PLAYSTATION3. Image
courtesy of Craig Reynolds.
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humans fight off disease? That is the inspi-
ration behind artificial immune systems, a
field that took shape in the mid-1980s and
has grown considerably since.

Computer science professor Stephanie
Forrest, PhD, of the University of New
Mexico, helped launch the field. “The
thing I seized on was how the immune sys-
tem performs computation in interesting
ways,” she says. She draws from the basic
underpinnings of immunology to create
systems that can identify an intrusion. 

Although the immune system is not
usually thought of in the context of com-
putational abilities, it is truly remarkable
in this respect. “The immune system is a
very sophisticated pattern recognizer. It
notices unusual peptides in the body,”
Forrest says. Using computational tricks
like parallel processing, combinatorics
and memory, it responds to foreign anti-
gens by seeking to eliminate them. 

Mimicking biology, Forrest has devel-
oped ways for computers to differentiate
between their own “cells” (self) and
harmful intruders (non-self) by tagging a
computer’s program content with “digi-
tal peptides.” The peptides consist of a
call pattern—lines of code sent between
software and the computer’s operating
system—that allows the computer to rec-
ognize its own materials. A computer
equipped with Forrest’s defenses houses
databases of normal signals for each
program it contains. Lacking the all-
important recognizable call patterns,
intruding material is identifiable by lym-
phocyte-like detectors, which then iso-
late it. After discovering an anomaly,
Forrest’s security system slows the com-
puter down, giving programmers a

chance to find and fix problems before
the whole computer or network is over-
whelmed. A San Mateo, California-
based company, Sana Security, offers a
commercial product based on the fun-
damentals of this research.

A host of other applications follow
the same line of thinking. For instance,
a pattern-recognition approach can
detect and isolate unusual loan applica-
tions in a pool of standard-looking
paperwork, Forrest says. 

A former Forrest student, Yale postdoc
Fernando Esponda, PhD, is drawing
upon immunology to develop “negative
databases,” The idea stems from the
immune system’s ability to respond to
pathogens precisely because they lack
known markers. Immune cells keep a neg-
ative database: Non-self is defined by
what is not in the “self” database.
Esponda asked whether other data sets
could be searched “negatively.” For
instance, he wondered, “Can I, instead of
storing all of the entries in my personal
address book, efficiently store a represen-
tation of all of the entries that are not in
my address book? The answer is yes,”
Esponda says, if all the entries are of
finite, given length. This unexpected
application could have uses in fields
where information security is paramount.

Forrest calls this a promising approach
for privately collecting information. “For
example, people might be more willing to
tell you what sexually disease they don’t
have,” she says, which could give epi-
demiologists a fairly good sense of how
many people do indeed have a specific
disease. Another potential application
could allow two banks to communicate

Marco Dorigo’s “Swarm-
bots” are small, simple
robots programmed to
cooperate according to
the rules of swarm intel-
ligence. Here, the bots
pull together to negoti-
ate a set of stairs—a task
that one could not effec-
tively do on its own
because of its size, but
that it can accomplish
when linked to others in
a “swarm.” Image cour-
tesy of Marco Dorigo

record your next CD. Bentley and col-
league Tim Blackwell, PhD, of
University College London wrote a pro-
gram that mimics insects swarming
around musical notes, improvising a jazz
tune with a real musician. Swarm Music
software divides music into three dimen-
sions, pitch, loudness and note duration,
and then releases a swarm of digital insect-
like “particles” around the 3D space to
seek out the musician’s notes. According
to the inventors, the resulting riffs sound
human in origin.

Someday, swarms of nanobots—the
tiny robots that have served as a science
fiction villain in books like Michael
Crichton’s Prey—may become a reality. In
the last two years, engineers at NASA have
tested a robot prototype for nanobots that
would form “autonomous nanotechnolo-
gy swarms” (ANTS), moving of their own
accord and repairing themselves as need-
ed. Scientists hope to miniaturize the bots
for use in space exploration.

ARTIFICIAL IMMUNE
SYSTEMS TO PROTECT PCS

AND PERSONAL DATA
Computers are notoriously prone

to viruses—programs that invade and
incapacitate them. Every year in the
United States alone, viruses, hacking,
spyware and other computer crimes
cost businesses $67 billion, according
to a 2006 FBI survey. The FBI also
reported that some 52 percent of com-
puter users experienced intrusion into
their computer systems.

But what if computer scientists dealing
with such attacks could mimic the way
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about their transactions with each other
without giving away the private informa-
tion (names, dollar amounts or other
data) contained in their records. 

While negative databases are far from
the nitty-gritty of immunology itself,
they are an excellent example of how a
biological system can provide a wholly
different philosophical approach—one
that specialists in the field might never
have uncovered without a little help
from the natural world.

WHAT’S NEXT FOR
BIOLOGICALLY INSPIRED

COMPUTATION?
Biologically inspired computation

shows that computers need not be
rigid logic boxes. Instead, software
learns. Computer programs evolve.
Artificial insects find their way—and
guide humans. Machines heal.

In a sense, these advances are not
surprising: Computer programming has
steadily gained complexity ever since the
construction of the first von Neumann
machine. And as people have learned
more about biology, it makes perfect
sense to apply this knowledge to com-
putation. Biologically-based computa-
tional strategies are an effort to catch up
with those evolved by nature over eons. 

Computational scientists will undoubt-
edly continue to seek biological inspira-
tion for improving their work. The overar-
ching challenge that remains is to create
computational techniques so flexible that
they can respond to the complicated real-
world situations that nature holds in store.
The motivation is clear: From global
warming to drug-resistant bacteria, from
the hardship of modern warfare to rising
cancer rates, humans have a lot of prob-
lems to solve, and today, our tool of choice
is the computer.  ■■

The human immune system inspired NASA scientists to create software that helps find faults in complex machines. Their algorithm,
part of the Multi-level Immune Learning Detection (MILD) software tool under development at NASA Ames Research Center in
California’s Silicon Valley, uses sensor data to track patterns of system faults. Using the concept that an anomaly in these patterns sig-
nals a problem—the same notion that drives the human immune response—scientists hope to spot trouble in spacecraft, aircraft, and
other large machines early. Scientists tested the MILD software in this aircraft flight simulator at NASA Ames. The software, still under
development, was created by NASA scientist Kalmanje Krishnakumar and MILD co-investigator Dipankar Dasgupta of the University
of Memphis. Image courtesy of NASA Ames Research Center.

The overarching 
challenge that

remains is to create 
computational 

techniques so flexible
that they can respond

to the complicated
real-world situations

that nature holds 
in store. 
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Now, with just a few mouse clicks, anyone with a
computer and an Internet connection can create
graphic images of RNA molecules (using

ToRNADo) or generate the ion environments that sur-
round these highly charged molecules (using ISIM). This
user-friendliness is a striking trait shared by Simtk.org’s
new tools for visualizing and simulating RNA,
and it’s a sign of things to come.

“With ToRNADo and ISIM, we’ve creat-
ed a paradigm for what constitutes an easy-
to-use application,” says Jeanette
Schmidt, PhD, Executive Director of
Simbios at Stanford University. 

Despite their comparable GUIs, the
two programs differ significantly in
how they were developed, the com-
plexity of the underlying science,
and the breadth of their
appeal, says Christopher
Bruns, PhD, the
Simbios computa-
tional biologist who
created ToRNADo and built
the user-interface for ISIM. 

ToRNADo is a relatively straightforward RNA visualiza-
tion tool that can create atomic-level or coarse-grained pic-
tures of known RNA structures. It has broad applicability
(it already has hundreds of users) and was built from the
user-interface down. Eventually it will meet up with the
Simbody multibody dynamics engine in the SimTK tool
kit. “When that happens we’ll have a tool that can be used
not only for visualization but also for simulation,” Bruns

says. Ultimately, with the same simple interface,
users will be able to make the RNA structure

move dynamically.  
By contrast, ISIM was built

from the bottom up. Its interface
hides complex computations

that formed the basis of sev-
eral publications by J.
Andrew McCammon,
PhD, and his colleagues
at the University of
California, San Diego as
well as a 2006 dissertation

by then–Stanford student Mark Engelhardt, PhD. For
Bruns, the challenge was to take that complexity and put an
easy-to-use wrapper around it. And easy it is, with four buttons
to click: choose your molecule, choose the ion conditions, sim-
ulate the ions, and view the results. But, unlike ToRNADo,

the application is highly specialized. Biology labs that
do experiments to count ions around RNA mole-

cules will use ISIM to help plan experimentation.

Of course, ToRNADo and ISIM are exciting not only
because they have helped Simtk.org develop user-friendly
GUIs. They are valuable research tools for basic science.
“ToRNADo can provide some nifty coarse-grained repre-
sentations,” says Bruns, “We have a special interest in
coarse-grained views because that makes larger problems
become more tractable.” And ISIM advances efforts to
simulate the molecular dynamics of RNA, Bruns says.
“Simulating the ion environment more accurately will
improve our understanding of how these important bio-
logical molecules fold and function.” 

Together, the new tools provide the building blocks 
for numerous future applications, Bruns says. The 
ISIM wrapper will help
Simbios create user-
friendly applications
from complex computa-
tion, while ToRNADo
provides a model for
enhancing simple appli-
cations by bridging to
underlying computa-
tional tools. “This is an
important step for build-
ing best-of-breed tools
for simulating mole-
cules,” says Bruns. ■■

Now Available:
User-Friendly 

RNA Dynamics Applications

SimbiosNews
s i m b i o s  n e w s

BY KATHARINE MILLER

Simbios is a National Center for 
Biomedical Computing located 
at Stanford University.

This molecular surface of yeast phenylalanine
transfer RNA was generated using ISIM

and visualized using Pymol. It shows
areas of negative (red) and posi-

tive (blue) electrostatic poten-
tial as well as locations
where high concen-

trations of magne-
sium ions appear
in the ion atmos-
phere around the

molecule (green).  

SimTK’s ToRNADo software produced this image showing
the structure of the Tetrahymena ribozyme (Protein Data
Bank ID 1GRZ). Blue cylinders represent double helical RNA
duplexes, while ropes show the RNA backbone, colored
according to the nucleotide sequence.  
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Optimizing the solution to a problem occurs com-
monly in engineering and in nature.  The Particle
Swarm Optimization (PSO) algorithm borrows

ideas from nature and is a fairly new method of opti-
mization compared to established approaches such as
Genetic, Simulated Annealing and Clustering algo-
rithms. It mimics the social behavior of groups of animals
in order to search for the minimum value of an objective
function by manipulating system design variables. The
swarm consists of several individual “particles,” each with
a position in the design space representing a distinct
design. Particles are free to move through the design
space and to evaluate their fitness at discrete time steps
during the optimization. Social behavior is mimicked in
the sense that any promising region found in the design
space by a particle is reported to the remainder of the
swarm, which is then drawn toward it. This attraction
ensures that the immediate neighborhoods of minima
found are explored. Any sampled locations yielding
improved values become new attraction points, which
eventually ensure search convergence.

The swarm attraction is achieved through a simple
mathematical relationship which manipulates the veloc-
ity vectors of individual particles. The velocity of parti-
cle i is updated at discrete time steps k. It is a function
of its current position x and velocity v and a function
of the distance from two attraction points—the ‘cog-
nitive’ component which is that particle’s best loca-
tion p and the ‘social’ component which is the
entire group’s best location g. Each attraction point
is associated with a weighing factor and a random
number between 0 and 1.

v i
k+1 = wkv i

k + c1r1 (pi
k – x i

k) + c2r2 (gk – x i
k)

It is standard practice to set the cognitive and social
scaling parameters c1 = c1 = 2 to allow the product c1r1 or

c2r2 to have a mean of 1.
These scaling values result
in particles overshooting
the attraction point half
the time statistically, thereby maintaining
separation in the group and allowing for a greater area to
be searched. The position/design vector x i

k of individual
particles is updated at each time step by simply adding the
calculated velocity vector to the current position vector.

x i
k+1 = x i

k + v i
k+1’ 

The variable wk in the velocity function is a modifica-
tion on the original PSO algorithm and was added to con-
trol the swarm search area. During the initial stages of the
optimization it is desirable to set wk at a higher value,
ensuring large distances between sampled positions and a
widespread search pattern. Once the approximate region
of the global minimum is found, however, this value
should be reduced to allow for a refined search in order to
pinpoint the exact optimum location like a pack of preda-
tors closing in on their prey. The best possible rate for this
reduction is unfortunately problem dependent, and

affects the efficiency of the algo-
rithm. Too fast of a reduc-

tion may lead to regions
in the design space not
being explored and risks
convergence to a local
and not global opti-
mum. Too slow of a
reduction over-samples
the design space, wast-
ing unnecessary fitness

evaluations. To date, several
reduction schemes have been pro-

posed, among which a dynamic method
which monitors changes in the objective fitness

value shows promise.
The inherent parallelism of the swarm

behavior has allowed it to be implemented for
use on massively parallel computer clusters and
multi-core processors. This has enabled opti-
mization of previously intractable problems
where simulation time and complexity of the
design space were barriers. The PSO algorithm
has been successfully used to solve a wide rang-
ing array of engineering problems, with exam-
ples including system identification in biome-
chanics, structural optimization, diagnosing
Parkinson’s disease, and optimizing power dis-
tribution networks to name but a few.  ■■

DETAILS

Dr. Schutte recently obtained his PhD at the University of Florida
and is currently employed by the Materials Sciences Corporation
in Pennsylvania. His graduate studies focused on particle swarm
optimization applied to structural problems and the use of paral-
lel processing.  Currently he is involved in the design and testing
of composite materials for structural applications.

INFORMATION
For further information on Particle Swarm Optimization visit
http://www.particleswarm.info/

Under TheHood
BY JACO SCHUTTE, PhD

Particle Swarm Optimization:
Taking a Cue from Mother Nature

u n d e r  t h e  h o o d
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Using the Allen Brain Atlas’s 3-D visualization tool,
Brain Explorer, one can view gene expression in the
mouse brain for more than 21,000 genes, including
mannosidase 1, alpha (top) and transmembrane pro-
tein 16B (bottom). These images are produced by
quantifying raw colorimetric in situ hybridization data on
sequential brain sections and mapping this information onto
a common 3-D reference framework. Each sphere represents a
volume of 100 µm3, and the size of an individual sphere is

directly related to the density of labeled cells in that volume.
Color coding indicates expression level, from low (blue-green)
to high (red).  Courtesy: Chinh Dang, Director of Technology at
the Allen Institute for Brain Science.

In three dimensions, researchers can now visu-
alize the location and activity of more than
21,000 genes in a normal mouse brain.  The

Allen Brain Atlas, funded with $100 million in
seed money from Microsoft co-founder Paul
Allen, is freely available on the web at www.brain-
map.org, providing an enormous mine of infor-
mation for brain researchers. 

The atlas was created using in situ hybridiza-
tion to show where each gene is turned on in a
series of thin tissue sections spaced evenly
throughout the brain. It’s overlaid on a “refer-
ence” atlas that demarcates the boundaries of all
the significant brain structures. 

One early finding of the project is that very few
genes are turned on in only one region of the brain—
paving the way for a better understanding the bene-
fits and potential side effects of drug treatments.

Allen Brain 
Atlas Launched

s e e i n g  s c i e n c e
SeeingScience




