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TAKES A VIRTUAL APPROACH
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Medical electronics

THE MYSTERY SHROUDING THE INTERIOR OF A PATIENT'S bedy lifted
a little further last year. One noteworthy step was the simultaneous application
of a pair of imaging techniques (not just one) to internal organs and tissues.
Another was a virtual approach to endoscopy, enabling physicians to inspect
organs for disease without invading the body with a catheter or other device.

The most dazzling revelations, though, arose from the race to decode the
human genome—that is, to uncover the sequence of each gene’s four chemical
bases: adeninc, thymine, guanine, and cytosine. Late last year, researchers
said they had decoded most of the genes on Chromosome 22, and by the spring,
90 percent of the human genome will be decoded.

Other cellular techniques have also borne fresh fruit. For example, an appli-
cation of mass spectroscopy has made it possible to inspect the proteins of a
cell all at once, instead of picking them out and analyzing them individually.

THE WORKING DRAFT

The labyrinthine task of mapping human
genetic material has been under way for about a
decade, with a consartium comprising some 1100
scientists of the Human Genome Project in
18 countries currently at work. The largest efforts
arc being mounted by the Sanger Centre in
Cambridge, England; Washington University in
St. Louis, Mo.; and the National [nstitute of
Health's National Human Genome Research
Institute in Bethesda, Md. Fighting diseases more
effcctively is the chief goal.

“The intention of the enterprise is to find out
how differences in the genes of individual
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humans lead to a risk of disease,” observed Francis
Collins, the genome institute’s director. At the
49th Annual Meeting of the American Society
of Human Genetics, in San Francisco last
Octaber, he announced that all but 10 percent
of the three billion bits of information compos-
ing some {00 000 human genes will have been
decoded by the spring of 2000,

Using large, automatic gene-sequencing
machines, the remaining gaps could be closed
within threc more ycars, he said. The present
state of knowledge of the genome is referred to
as a draft, in the sense that gaps still have to
be closed and many of the base sequences are
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still short of the 99,99 percent accuracy desired

As for Chromosome 22, it is one of 23 pairs of human chro-
mosomes and is on the small side. But its gencs ave associated with
such maladies as schizophrenia, movement disorders, and
DiGeorae syndrome, which causes facial abnormalities and heart
problems. The chromosome has 43 million bases, of which only
33.4 million have been sequenced so far. But the bases decoded
in some 545 genes arc thought to include regions containing pro-
tein-making genes, which are of most interest.

Notably, 60 percent af the three billion human bases will be
sequenced in just six or seven months, whereas only 30 percent were
sequenced in the first nine years, (The other 10 percent are going
slowly because they arc inherently difficult to decipher.) The speedup
is due in part to a new generation of heavy-duty automated sequenc-
ing machines, and in part to the emergence of competition to be
first. In Junc 1998, a private company, Celera Genomics of Rockille,
Md., jumped in with its own sequencing technique. Backed in part
by scientific instrument maker Perkin-Elmer Carp., Norwalk, Conn.,
it aims not only to sequence the genome but to patent those genes
of commercial interest. The consortiuny, on the other hand, wants
to prevent the patenting of human genes, and so has presented its
data daily on the Waorld Wide Weh. Once made public, the genes
cannot be patented.

Sequencers used by the consortium, for example, separatc IDNA
fragments in thin capiltary tubes instead of on large flat gels. The
separation principle stays the same: tell-tale fluorescent markers—
one for each of the four bases—are attached systematically to the
end of all the fragments derived from an unknown piece of DNA,
Placed in an electric field, these fragments move, or migralc, at
speeds that vary with their size. At the “finish line,” a laser detects
the markers, whose order of arrival reveals the sequence of bases
within the piece of DNA.

[n traditional sequencing with large gels, the limiting factor was
the relatively slow speed at which the IDNA fragments migrated.
But in the capillary tubes, whase inside diameteris 75 ym, the IDNA
fragments separate faster, although in the same way. What's more,
the process of loading the IDNA fragments into the tubes can be
automated so the sequencers can run day and night.

The technology was developed largely with funding from the
LLS. Department of Energy, one of the major sponsors of the
Human Genome Project. The licensee is Amersham Pharmacia
Biotech UK Lid., Buckinghamshire, United Kingdom.

"Clearly the advent of capillary sequencers has been a boost: it
saves time and money,” said Collins. "Now we are loaking forward
to even more savings by using smaller volumes of material.”

MICROARRAYS REVEAL GENE ACTIVITY
Decoding the human genome is just the beginning. “Next we
must learn how genes are switched on and off and how they wark
and interact,” said Claus Bertram, director of the Institute for Human
Cenetics, University of Heidelberg, Germany. The idea is to study
the activity of genes before and after something has been done to

[1] Researchers can design experi-
ments of their own using an instru-
ment such as Genetic MicroSystems’
desktop GMS 417 Arrayer. It can put
down precise spots of DNA or other
materials on sample slides of about
22 by 75 mm. A companion laser
scanner [not shown| then rapidly
detects the presence and quantity of
the fluorescent signal at each spot on
the array [slide, near right]. A variety
of software packages are available
for gene mapping on the chip and
other applications.

their cells—say, a drug has been added or the cells irradiated.

The development of machines smaller and cheaper than the ones
used currently in big and well-funded laboratorics plays a role here.
For example, at around LIS $53 000, the GMS 417 arrayer from
Cenetic Microsystems Inc,, Waoburn, Mass., is within the afford-
ability range of relatively small rescarch facilitics, which can devote
the smaller machines to individual projects.

The arrayer relies on a [INA chip, or array, basically a glass
microscope stide roughly 25 by 75 mm in arca. On this slide thou-
sands of droplets of IDNA fragments can be placed [Tig. 1].
Fabricated chemically, these are short picces of single-stranded
DNA containing parts of the genes under study; they are not in
the typical double-stranded form whete every base in a sequence
has an opposing partner.

Lixtracts then made from the original “untainted” cells also con-
tain single-stranded copics af the DNA. Rather as in sequence
analysis, rescarchers couple fluorescent dyes to these DNA copics.

The next step is to lay the dye-marked cell extract on top of the
chip. When the bases on the DNA chip and their matching bascs
in the cell extract make contact, they form double strands of DNA.
After a rinsing process, only these double strands of fluorescent-
marked DNA copies remain on the slide.

A view through a microscope reveals a fluorcscent mosaic of spots,
cach representing a matched pair of genetic strands. Their colors
indicatc what bases have joincd. Today no enc need stare through
a microscope counting spots and noting their color. [nstead, alaser
scanner reads the mosaic and passes the data on to a computer, whose
algorithms may cventually answer a question such as which genes
have been switched to a new state by a certain added drug.

Progress has been made in miniaturizing the underlying chem-
istry—the spots on a DNA chip and the spaces in between are
50-300 pm across, But the cost of the laser scanning cquipment is
steep. Hoping to both reduce costs and improve performance,
Genetic MicroSystems last year intraduced a new laser-based GMS
418 Aray Scanner to work with its GMS 417 Arrayer. The $60 000
system’s focused laser beam is scanned by means of an oscitlating
lens weighing a {raction of 2 gram, while a motor moves the stage
holding the slide. The “flying objective” microscope can scan a
22-by-75-mm slide in about four minutes with (0-pm resolution.

“This concept is extremely attractive for capturing a high-res-
olution image of a large ficld of view such as a DNA array,”
explained Jean Monfagu, the company's chairman and president.

A more elegant way to detect the double-stranded DNA on the
chip relies on direct electronic detection, under study by Rainer
Hintsche at the Fraunhofer Institute for Silicon Technology, Itzehoe,
Cermany. Since the IDNA bases are charged molecules, the electric
field surrounding them changes as the cellular extract is added to
the chip and as some bases move from single- to double-stranded
DNA. This change can be detecied by microcapacitors attached to
the chip, with the magnitude of the effect depending on the base
pair. The usc of a laser scanner would be unnecessary.

" This procedure would really merge DNA chip technology

GMS 417
Arrayer
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with electronics and make a pocket-sized
machine possible,” noted Jérg Hoheisel, a
researcher at the German Cancer Rescarch
Center, Heidelberg.

Others are also developing better and
cheaper ways to prepare the single-strand
DNA chips. The market leader in sueh
chips—that is, the glass slides to which DNA
is already attached—is the GeneChip from
Affymetrix Inc., a Santa Clara, Calif., equip-
ment maker that recently acquired Genetic
MicroSystems. Aflymetrix relies on pho-
tolithography techniques barrowed from
semiconductor fabrication. fnsicad of putting
down circuit patterns, the photosensitive
technology deposits DNA strands and then
defines them in tiny spots of material.

The arraycr from Genetic MicroSystems
lays cven smaller amounts on a [DNA chip.
It passes a pin down through a film of lig-
uid that contains the fragments and is held
by surface tension in an open ring. Packard
Instrument Co., Meriden, Conn., has devel-
oped an ink-jet-like machine for depaositing
the droplets of DNA fragments, Class capil-
lary tubes spit out submicroliter volumes
under piczaclectric control.

DECODING PROTEINS
For some scientists, there are other things
worth decoding besides gencs, In an anal-
ogy to genomics, these scientists speak of
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Spectrum: You are also a founding member of Drexel's
Scaling Signals and Systems Laboratory. Can you tell us

what its work involves?

o e Or< oritne T vy Srieidice
cXEnp e we siug, he elocioe
ot s % RO T R RN AH L ST W
dezo.on algor s for i
27 S

s Introuced o ne

kel 16 aczeierat-on siress
A0 oL

ssindusod o

<.k

L4

A Ls

: TR IR
Grodal Mg rane
Tatopaiioo s

£ merned

cucTent arasich
stivry

16GIE.S A1 Sy ters, For
Lephalogesam (LEG) v
¥, 10 OCTICR dGiD
ity an: just
shaod nased o
s grals te manor g loss of ronecioasaess oxperienied Ly

harn pabi
heart -atevar oty

gronal dunam ¢ of 'he &
Ima 1fl 0 o Le Drair,
Laf MicrosLon ¢ and L 1 male selent.

What does “scaling” refer ta in the name of your lah?

proteomics, which involves analyzing the
different proteins making up a given cell,
Protéins are made up of 20 different build-
ing blocks, the amino acids.

"Proteamics also strives to find out about
the differences between diseased and healthy
cells, thereby identifying new markers for
diagnosis and targets for therapy,” Jasminka
Godovac-Zimmermann, a researcher at the
Centre for Molecular Medicine in Ulniversity
College, London, told IEEE Spectrun:. She stud-
ies how the protein pattern of cells changes
under the influence of so-cailed signal mol-
ccules. Every protein in a cell can be char-
acterized by its molecular mass. That's why

mass spectrometry (MS) has become the
“proteomicists’ dearest toy. Having evolved
from studying the chemistry of small mole-
cules within a decade, Maldi MS, for short,
is today the key technology in proteomics.

Maldi stands for matrix-assisted laser des-
orption/ionization mass spectrometry. In this
instrument, a chemical helper is needed to
get the relatively huge protein malecules to
carry a charge and “fly” through the spec-
trometer's electric field. A laser aimed at the
cellular material adds charge to the proteins,
which are torn from a cellular extract and
accelerated. But the proteins themschves usu-
ally show only poor resonance absorption of
the Jaser energy—hence the need for the
highly absorbant chemical helper,

to iy, and se o,

laraer vats
itihe

iy namic

5. ance
: .J.f '.-m EEE

1675 QOri e
arant t.l..!.‘ 0°

sich
¢ N AU
es More

LTS OF ST

B0

ise1hg arger Dather

h."l 'f.‘ -lu.'.
e global co'lecx
0ty -nler'v'l ne {arL gnerty Suih

wre siaing reasures can b
1A O LMY EX by, T

Houel, Rrocesy ang
Y PN 2 “ulngl‘-
22l 0 ko yot o

When the technique was used in protein
research about 10 years ago, the proteins
compaosing the cell had to be reconstructed
from ionized fragments because the laser shot
destroved the malecules. Today, the tech-
nigue has been refined and the proteins arc
not destroyed, their masses are calculated
from the flight times they need to arrive at
a detector, often simply an electron multi-
plier. Once ionized, a so-called time-of-flight
(TOF) mass spectromeler speeds up the var-
ious proteins to the same kinctic cnergy.
Small proteins are sensed by the detector
before the heavier oncs arrive.

At present, advances are being made in
scvetal areas, First, the methods for provid-
ing a "runway” for the proteins are changing,
in an analogy to the shift in DNA analysis
from gels to chips. For example, "helper”
chemicals are not needed by the Protein
Chips from Ciphergen Biosystems Inc., Palo
Alto, Calit. These are thin strips of aluminum
coated with molecules that are capable of
latching onto proteins out of a cellular
extract. The laser ionizes the proteins divectly
from the surface of the strips, and researchers
now speak of Seldi (surface-enhanced laser
desorptionfionization} instead of Maldi,

[n fact, with the help of a second mass
spectrometer, proteins can be characterized
still further. In Tandem-MS, the protein
decays inta its amino acid components,
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which can be detected in the second spec-
trometer, Not only the mass but also the
detailed composition of the protein can be
found. In still another technique, the proteins
are thrust into a magnetic chamber for analy-
sis. Happily, this technique is gentle: inves-
tigators can analyze bath the mass and the
chemical composition of the proteins.

SEEING DOUBLE

Computed tomography {CT) and mag-
netic resonance imaging (MRI) are routine
for imaging organs within the human hody,
whether for diagnesing illness or for man-
itoring the progress of a prescribed ther-
apy. The techniques generate images that
slice up the patient virtually {nonsurgically),
and that provide a physician with threc-
dimenstonal information of the patient’s
anatomy, But seeing images of just the size,
shape, and location of the body's organs
and tissues can be inadequate for gauging
their condition. Critical diagnestic ques-
tions might include: Is the blood flow to
the myocardium adequate? Or has a tumor
metastasized to other organs?

Answers arc often obtained using diag-
nostic metheds collectively known as func-
tional imaging, which looks at physiology
and melabolic processes in Llissues and
organs. The maost versatile and common
functional imaging methods are PET and
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Spect, acronyms for positron emission
tomography and single-photon emission
computer tomaography, respectively.

In PET, a positron-emitting tracer is
injected intravenously and spreads rapidly
through the body. A physician looking for
an answer to a specific physiological ot diag-
nostic question would pick a radionuclide
tracer for its biochemical characteristics
whereby it accumulates in specific tissues,

The most common radiolabeled agent
imaged with PET is fluorodeoxyglucase
labeled with flucrine-18. This agent is
metabolized using the same pathway as ghu-
cosc and, therefore, homes in on metabol-
ically active tissue such as the brain, the
myocardium, or malignant tumors,

The radionuclide emits a positron that
annihilates, resulting in the simultancous
cmission of two antiparallel 511-keV gamma
rays. These are detected in coincidence by
one of two means: either a ring of bismuth
germanate scintillation crystals coupled to
photomultiplier twbes placed around the
patient or a pair of sodium iodide scintilla-
tion cameras at opposite sides of the patient.

Upon absorbing the gamma rays, the
scintillation detectors generate electronic
signals indicating the photon energy and
location af the events. Those signals are dig-
itized and read into a computer, where a
tomographic reconstruction algorithm turns
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them into onc or more cross-sectional
images. Between them they comprise a 3-D
distribution of the radionuclide in the patient,
Moare specifically, the picture indicates the
tracer's regional concentration, thus dcelin-
eating the metabalic activity of a specific tis-
sue, hence how it is unctioning and whether
it has been affected by disease.

Spect relics on the detection of gamma-
emiiting radiopharmaceuticals labeled with
technecium-99m or other radionuclides that
are used, for example, to determine the extent
of metastatic discasc in the skeletal system,
perfusion in the myocardium, kidney func-
tion, blood flow in the brain, ane a wide vari-
ety of other physiological parameters.

Today, CT, MRI, and Spect are on hand
at most LLS. and western European hospi-
tals. PET is available at many major medical
centers and is becoming more widely avail-
able. However, "PET or Spect cxaminations
typically are perfarmed in different rooms of
a clinic and often on different days than CT
or MRI examinations,” nated Bruce Hase-
gawa, a facully member at the University of
California, San Francisco (LICSE), Depart-
ment of Radielogy. “ Thus it can be difficult
to correlate the anatomical and physiologi-
cal information in a precise way "

To avercome this problem, Hasegawa and
his colleagues combined two machines: they
placed a Spect scintillation camera adjacent
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BRUCE HASEGAWA

to a CT, so that both can image a patient
without requiring the patient to be moved
hetween scans, according ta their report last
October at the IEEE Medical Imaging Con-
ference in Seattle [Fig. 2]. The combined
imaging system has multiple clinical appli-
cations, especially for diagnosis of cancer and
coronary artery disease.

The combination not only made it eas-
ier to correlate anatomical and physiologi-
cal information, according to Hasegawa, but
also provided a framework for obtaining
more accurate functional information than
is possible with Spect alone.

Far examplc, after emission, a large frac-
tion of radionuclide photens arc absorbed by
the body. The effect is known as photon
attenuation and can have enough of an.effect
on the apparent density of photons in the
radionuclide image to mislcad the physician
into a misdiagnasis. However, CT produces
a 3-D map of attcnuation coefficients in the
body, information that can be incorporated
into the reconstruction of the Spect image
to correct it for photon attenuation artifacts.

Similarly, a PET/CT imaging system has
been developed by a research group headed
by David Townsend of the department of
radiology at the University of Pittsburgh.
Some 70 patients have been imaged with the
PET/CT system, according to Townsend,
with more patients being imaged daily.

These combined imaging approaches
have drawn the attention of industry. GI
Medical Systems, Milwaukee, Wis., has
installed two CT/Spect prototypes, one at
Vanderbilt University, Nashville, Tenn., and
the other at Rambam Medical Center in
Israel. Both General Electric and the joint

14

venture CTI/Siemens, in Knoxville, Tenn,,
are interested in the CT/PET approach.

Naot et usable on patients, but with great
promise for experimental siudies, are com-
binations of smaller versions of these imag-
ing tools. Over the past four years, re-
searchers at the University of California at
Los Angeles (LICLA) Crump Institute for
Biological Imaging have developed an
experimental methed that combines PET
and MRI. This approach is complicated
because MRI systems rely on strong mag-
netic fields that are perturbed by foreign
metallic objects. "Our big problem was to
avoid electromagnetic intetference between
the PET scanner and the MR tomography
system,” recalled Arion Chatziioannou of
the UCLA team led by Simon Cherry.

The group solved this problem by cou-
pling the scintillation detectors to optical
fihers. These transmitted an aptical signal
to photomultiplier tubes placed at some dis-
tance from the resonance imager—far
enough away to avoid perturbations cither
in the magnetic resonance system or in the
radionuclide signal gencrated by the pho-
tomultipliers. The group is now working to
enhance the sensttivity of the PET detector.

“Qur new system will have two or three
concentric detector rings,” said Chatziio-
annou, to improve the overall detection prob-
ability of gamma rays.

PAINLESS TRIP WITHIN THE BODY
While researchers experiment with dual-
mode imaging, the classic solo CT tech-
nique is not fading away, One of its promis-
ing applications is in virtual endoscopy. To
examine the bowel for precancerous lesions,

[2] A scintillation camera [to
left of patient] in a system at
the University of California,
San Francisco, is used in sin-
gle-photon emission com-
puted tomagraphy {Spect).
The camera genarates radio-
nuclide tomograms for eval-
uating the functional or
physiological status of a part
of the body. A picture of the
patient’s anatomy is gained
after a scan with computed
X-ray tomography (CT)
[shown at patient’s feat].
For a patient with a neu-
roblastoma (a childhood
cancer), a CT image of the
anatomy [top] is combined
with a Spect image [middle]
after the patient is injected
with a radioactive tracer
that accumulates in the
tumor. The combined image
pinpoints the site of the
tracer uptake [hottom].

for instance, it is customary to insert an opti-
cal-fiher probe into the organ and then look
through the probe. Besides being uncom-
fortable, this procedure may cause an infec-
tion or or even perforate the bowel.

Three-dimensional images of the colon,
rcconstructed [rom computerized two-
dimenstonal data, were obtained some years
ago at the State University of New York at
Stony Brook. Looking at these images on
a computer screen, a physician can exam-
ine the instde of the calon just as if a cam-
era were inside the bady. Details for study
can be chosen by virtually navigating
through the 3-1 images. But this can be
donc faster by predesigning the path
through the colon.

“Designing such a virtual path is a rela-
tively simple task, because the colon resem-
bles a twisted tube, which is not a complex
structure,” Taosong He, of the Bell Labora-
tories division of Lucent Technologies Inc.,
Holmdel, NJ., told Spectrum,

Far trickier than imaging the colon is
imaging a branching organ like the lungs. Via
the virtual CT camera on the computer
screen, the physician must examine each and
cvery section of the organ where anomalics
may lurk. As with the colon, too, unneces-
sary "surfing” of the lung can be climinated.
Taosong He calls the solution “reliable nav-
tgation”—a concept he described at Octo-
her's Seattle imaging conference. The physi-
cian's control of the virtual camera is limited
to an automatically computed path, Taosong
He hopes ta evaluate his concept through
clinical trials "in the near future.”

Spectrum editor: Alfred Rosenblatt
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