
1053

Laser-Induced Autofluorescence
of Human Arteries

Michele Sartori, Donald Weilbaecher, Giuseppe L. Valderrama,

Shoishi Kubodera, Robert C. Chin, Michael J. Berry,

Frank K. Tittel, Roland Sauerbrey, and Philip D. Henry

A new technique for imaging the intimal surface of arteries through optic fibers has been
devised. With the aid of an optical multichannel analyzer, we recorded in real time fluorescence
spectra during excitation of the arterial surface with an argon ion laser. Spectral parameters
were used to detect atherosclerotic plaques and to discriminate normal tissue from lipid rich and
calcified atheromas. By digitizing relative intensity values and the ratios of the peak at 550 nm
to that at 520 nm into a gray scale, we generated pseudocolor maps of the arterial wall of 10
human aortas. Specific color distributions were congruent with the distribution of calcified
tissue visualized by soft x-ray radiography and the distribution of lipid delineated by staining
with Sudan IV. Thus, bidimensional maps obtained by laser spectroscopy can be used to identify
the presence and composition of atherosclerotic lesions. Fluorescence imaging may prove to be
an important application of laser techniques for the diagnosis and treatment of atherosclerosis.
(Circulation Research 1988;63:1053-1059)

The feasibility of ablating atherosclerotic plaques
with laser light transmitted through fiber optic
catheters has been conclusively demon-

strated,1-7 but the risk of perforating the arterial wall
with this new angioplastic procedure remains an unre-
solved problem.8-10 Two factors contribute to perfo-
ration: arterial puncture, due to the sharp tip and
stiffness of optical fibers, and extension of the laser
injury across the arterial wall.1112 The transmural
extension of the laser injury is the result of an incom-
plete control of the ablation process. The recent
development of blunt fiber tips obtained by arming the
fiber ends with metal caps has reduced the risk of
perforation.13 However, such modified tips act only
by thermal mechanisms and do not take advantage of
direct and specific effects of laser light on tissue. It
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appears that for laser ablation to become a safe
procedure, a monitoring device is needed that yields
instantaneous feedback information about the prog-
ress of ablation. The device should distinguish
between atherosclerotic and nonatherosclerotic tis-
sue and, if possible, provide an estimate of wall
thickness. Although angioscopic visualization of the
intimal surface may be useful for detection of rup-
tured atherosclerotic plaques and thrombi,1415 sur-
face imaging may not give the structural information
required to make laser ablation safe and predictable.16

Recently, we have become interested in using
low-energy lasers as a diagnostic tool for the char-
acterization of the superficial and deep anatomy of
the arterial wa l l . - The aim of the present study
was to determine whether autofluorescence of arter-
ies induced by low power laser radiation might yield
useful information about transmural arterial anat-
omy. The results indicate that radiation with an
argon ion laser at a power well below its ablation
threshold induces a fluorescence that can be used to
derive arterial maps delineating calcific and noncal-
cific atheromatous lesions.

Materials and Methods
Fifty-seven segments of fresh human cadaver

aortas and 80 segments of coronary arteries col-
lected from 33 different subjects (aged 1 month to 78
years) were used for this study. For each subject,
one segment of the thoracic and abdominal aorta
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FIGURE 1. Instrumental setup. An argon laser light is
delivered to the tissue sample via an optical fiber. The
fluorescence emitted by the tissue is collected by a second
fiber and conveyed to a spectrometer equipped with an
optical multichannel analyzer (OMA III). The latter is
connected to a computer for data storing on disk and
processing for image construction.

and one segment of each of the epicardial coronary
arteries were chosen. Segments were selected to
obtain an approximately equal number of normal
and atherosclerotic specimens. The arteries were
opened and pinned intimal side up on a corkboard.
Paper rulers were glued to the sides of the arteries
as a reference system of the intimal topography. A
soft x-ray radiogram of the arterial sample was
obtained for identification of calcium deposits within
the arterial wall. The corkboard was then mounted
on a translation^ stage.

A prism-tuned continuous wave argon ion laser
was used as a source for the fluorescence excitation
(Figure 1). The laser radiation was coupled into an
optical fiber and delivered to the tissue sample. The
excitation intensity at the fiber tip was 400
mm2. The fluorescence radiation emitted from the
tissue surface was guided by a second optical fiber
to a spectrometer equipped with an OMA HI detec-
tor system. The spectral resolution of the optical
setup was about 0.5 nm. The fiber for delivery of the
laser light and the fiber for the fluorescence collec-
tion leading to the spectrometer were mounted
parallel and in direct contact to each other in a fixed
fiber holder. Both fiber tips were kept perpendicular
in close contact to the intimal surface. The core
fiber diameter was 600 ^m, and all fiber ends were
polished. Experiments were initially performed with
various argon ion laser excitation wavelengths rang-
ing from long ultraviolet wavelength at 351 nm to
visible green light at 514 nm.17-19 Since 458 nm
appeared to discriminate best between normal and
atherosclerotic samples, we selected this wave-
length for the present series of experiments. A filter
with a cutoff wavelength of 470 nm (10% transmis-
sion) was employed in front of the spectrometer to
suppress the signal at 458 nm due to back-reflected
laser light from the tissue. The OMA III was
connected to an IBM minicomputer displaying,
plotting, and storing on disk the autofluorescence

FIGURE 2. Autofluorescence spectra of human arteries.
A: Normal left anterior descending coronary artery (LAD).
Note the three peaks characteristic of nonatherosclerotic
arteries at 520, 550 and 600 nm. B: Spectrum oflipid rich
plaque of atheromatous LAD. There is almost complete
fusion of the peaks at 550 and 520 nanometers. Sharp
peaks at 458 nm and other wavelengths are artifacts from
the laser excitation source. C: Spectrum derived from a
calcified segment of LAD. Notice how, in addition to
fusion of the first two peaks, the intensity of the fluores-
cence is remarkably higher than in the normal and lipid
rich tissue; 16,000 vs. 4,500, and 3,000, respectively.

spectra for further processing in an imaging system.
The data collection time for a single fluorescence
spectrum was 3 seconds.

After collection of each spectrum, the site of the
intimal surface probed by the laser beam was marked
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FIGURE 3. A: Values in arbitrary units of the ratio
(R) of the peak intensities at 550 to 520 nm for
normal (NL), lipid rich (L), and calcified (C) aortic
tissue. A significant difference is found between
normal and atherosclerotic tissue. B: Peak inten-
sity (PI) values in relative units of the peak at 520
nmfor the same three sample groups. The fluores-
cence intensity of calcified atheromas is approxi-
mately four times higher than that emitted by
noncalcific plaques or normal tissue.

NL

with India ink, and the sample was repositioned to
excite a new point of the arterial surface. In this way,
five to 10 fluorescence spectra were obtained from the
same arterial segment. Immediately after fluorescence
collection, the samples were dismounted, cut in small
tissue segments encompassing single India ink marks,
and frozen to liquid nitrogen temperature. Multiple 5
fim thick transverse sections at the level of the India
ink mark were then obtained from every tissue block.
The sections were alternatively stained with hema-
toxylin/eosin or Oil Red O. Arterial sites were defined
as normal or nonatherosclerotic when no atheroscle-
rotic plaques were evident macroscopically at the site
of the fluorescence collection and when light micro-
scopic examination of the sections obtained from the
tissue cylinder underlying the site of radiation failed to
reveal any of the following changes: 1) intima to
media thickness >1.5, 2) accumulation of extracellu-
lar or intracellular lipid, 3) accumulation of connective
tissue (fibrosis), and 4) accumulation of calcium salts.
Atheromas exhibiting positive Oil Red O stain but
failing to show bone-dense opacifications by soft
x-ray radiography were defined as lipid rich. Areas of
tissue appearing as bone-dense structures by x-ray
radiography were defined as calcified plaques.

Statistics
All data were expressed as mean±SD. Wilcox-

on's rank sum test was used to assess the signifi-
cance of the difference between group means. A
value of p<0.05 was considered significant.

Results
Figure 2 illustrates spectra from three arterial

tissue types. The fluorescence intensity is plotted
versus the wavelength in nanometers. Figure 2A
represents an example of a typical fluorescence
spectrum obtained from a segment of a normal
coronary artery. Three fluorescence peaks are seen
at wavelengths of approximately 520, 550, and 600
nm. Sharp peaks are artifacts caused by ion laser
plasma tube emissions and by stray light at the
excitation wavelength of 458 nm. Figures 2B and 2C
illustrate the fluorescence spectra collected from a
lipid rich atheroma and a calcified atheroma of the
same coronary artery. Compared with Figure 2A,
the spectra in Figures 2B and 2C diflFer by exhibiting
increased 550 nm peaks, which fuse with the peaks
at 520 nm. Apart from this characteristic spectral
change common to both lipid rich and calcified
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tissue, the calcined coronary sample is character-
ized by a pronounced increase in fluorescence inten-
sity. The fluorescence of the calcined sample (Figure
2C) is four times more intense than the fluorescence
originating from the normal tissue (Figure 2A) or
the lipid rich plaque (Figure 2B). Virtually identical
relations between spectral profile and tissue com-
position were demonstrable for aortic samples, which
suggests that the fluorescence-tissue relation
depicted in Figure 2 may have general validity for
the characterization of arterial tissue.

On the basis of these observations, we first
explored the possibility that the change in spectral
profile expressed as the ratio of the peaks at 550 nm
to those at 520 nm might be useful in differentiating
normal from atherosclerotic tissue. Figure 3A is a
plot of ratio values for spectra from normal, lipid
rich, and calcified samples. Ratio values for athero-
sclerotic samples were significantly higher than
those for normal samples (1.048±0.165 and
0.91 ±0.04 vs. 0.716±0.061, both p<0.001). Accord-
ingly, it appeared that ratio values in excess of 0.8
were characteristic of atherosclerotic plaques.

Noting a very strong fluorescence intensity at sites
of arterial calcification, we then determined whether
fluorescence intensities at 520 nm might be useful as
a signal for the presence of calcific atheromas. Figure
3B illustrates the intensity values of the peak at 520
nm for areas of normal, lipid rich, and calcified aor-
tic tissue. Peak intensity values for calcified athero-
mas are significantly higher than normal and lipid
rich tissue (13,917±4,227 vs. 4,383±1,661 and
2,943±1,840, p<0.001). This confirms that calcified
tissue, in addition to exhibiting an abnormal spectral
profile, is distinguished by a high fluorescence at 520
nm compared with noncalcific tissue.

To determine the relation between atheromas and
fluorescence, we removed the atheromatous gruel
by microdissection and recorded spectra after dis-
section. Figures 4A and 4B illustrate the spectral
changes before and after atheroma was peeled.
Note that the spectrum recorded after complete
removal resembles that of a normal artery. Figure
4C shows that ratio values at the site of atheroscle-
rotic lesions were reduced significantly by removal
of the plaques. Therefore, it appeared that the
presence of atherosclerotic tissue was responsible
for the observed changes in fluorescence.

Reproducibility of Fluorescence Data
Serial recording of spectra showed that the rela-

tive intensities (ratio values) of the fluorescence
signals remained unchanged over a 30 minute period.
Spectra of arteries kept frozen at liquid nitrogen
temperature up to 2 weeks were identical to the
spectra of the arteries immediately after harvesting.

Bidimensional Mapping
The parameters derived from the spectral profile

(ratio values) and from the peak intensity of the
fluorescence spectra (amplitude of the 520 nm peaks)
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FIGURE 4. Change in spectral profile of an atheroscle-
rotic aortic sample after removal of the plaque by micro-
dissection. A: Before removal; B: after removal; C:
values of ratio (R) (550/520 nm)for 10 sample sites before
and after removal.

were used to generate bidimensional images of 10
aortic segments exhibiting normal areas alternating
with calcified or lipid rich lesions.

A coordinate system producing a square grid
(individual square size, 2.5 x 2.5 mm2) was pro-
jected on the arterial surface (Figure 5A). At the site
of each intersection of the coordinate lines, an
autofluorescence spectrum was recorded and stored
on disk. Then the ratio of the 550 to 520 nm peaks
and its x,y coordinates were fed into a digital image
processor (PSI COM 327). The difference between
maximum and minimum ratio values recorded in the
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FIGURE 5. Color photograph and x-ray photograph of a segment of aorta used to generate fluorescence maps. A: The
aortic segment has been open flat on a corkboard. The black spots at 2.5 mm intervals are India ink marks corresponding
to the fluorescence collection sites and are identified in the x,y axis by the paper rulers glued to the arterial margins. Lipid
rich areas of the intimal surface appear with more intense pink colors because the photograph has been taken after
staining the artery with Sudan IV. B: Soft x-ray photograph at the same magnification as A. Areas of calcification appear
as bone dense structures.

plane of observation was divided into 128 equal
intervals, and a color was assigned to each interval.
Red corresponded to the highest, blue to the lowest,
and intermediate colors to intermediate ratio val-
ues. To generate maps with smooth color transi-
tions a two-dimensional cubic spline interpolation
was applied. With the same approach, the peak
intensities in relative units at 520 nm were digitized
for each x,y coordinate to produce maps of fluores-
cence intensity. The color photograph of an aorta
stained with Sudan IV and the radiograph of the
same aorta (Figures 5A and 5B) indicate how fluo-
rescence images by the ratio and intensity methods
(Figures 6A and 6B) reflected the distribution of
calcific and noncalcific plaques. The ratio map
(Figure 6A) detects both noncalcific lipid rich lesions
(pink or Sudan-positive areas in the photograph) as
well as calcific lesions (yellow or Sudan-negative
areas in the photograph and bone-dense areas in the
x-ray). The intensity map (Figure 6B) localizes a
large calcium deposit at the top right corner of the
tissue segment. Smaller calcium deposits evident on
radiographs are not visualized by the intensity map
because the deposits are situated in areas interposed
between the sites sampled by laser radiation indi-
cated in the photograph by the black India ink marks.

Since ratio maps distinguished atherosclerotic from
nonatherosclerotic tissue and intensity maps calcific
from noncalcific tissue, we combined the maps to
produce images discriminating the various types of
tissue identified by the two fluorescence methods

(Figure 6C). The following color assignments were
made for the combination maps: 1) black, areas of
high ratio and high intensity representing calcific
zones; 2) blue, areas of high ratio and normal intensity
representing noncalcific lipid rich atheromas; and
3) purple, areas of normal ratio and normal intensity
representing nonatherosclerotic (normal) tissue. Note
in Figure 6 that black corresponds to the calcific zone
detected by x-ray radiography and blue delineates the
noncalcific lipid rich (sudanophilic) zones. Nonathero-
sclerotic zones exhibiting neither radiopaque deposits
nor sudanophilia show up in purple.

Discussion
The present study demonstrates that low-power

laser-induced fluorescence provides useful informa-
tion about arterial wall structure. In both aortas and
coronary arteries, spectra with high ratios of the
peak at 550 nm to that at 520 nm were related to the
presence of abnormal accumulations of lipid or
calcium. On the other hand, high relative intensity
at 520 nm signaled the presence of calcification. By
digitization of the ratio and intensity parameters,
bidimensional color maps delineating calcific and
noncalcific lesions were generated.

Laser spectroscopy for the diagnostic character-
ization of tissue was first used by Alfano et al.20

They excited rat organs with an argon ion laser at
488 nm and were able to detect cancerous tissue in
liver, prostate, and bladder. Interestingly, the spec-
tra recorded by these authors showed three peaks at

 by guest on February 22, 2018
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


1058 Circulation Research Vol 63, No 6, December 1988

FIGURE 6. Autofluorescence maps of the human aorta described in Figure 5. A: Map obtained by digitizing the ratio of
the peak at 550 to 520 nm. All the areas of atherosclerotic tissue (lipid and calcified) appear as yellow and red color.
Normal regions are blue. B: Map derived by digitizing the intensity of the peak at 520 nm. Only the calcified plaque at
the right top corner is visualized. C: Map obtained by overlapping A and B. The result is a three color map in which the
normal tissue appears in purple, the lipid rich regions in blue, and the calcified region in black.

approximately 520, 550, and 600 nm, which appear
to correspond to the spectral peaks observed in this
study. Kittrell et al21 excited carotid human arteries
with an argon laser at 476 nm and observed signifi-
cant spectral differences between normal and athero-
sclerotic arteries. However, in their preliminary
report, the authors analyzed only the spectral region
between 530 and 800 nm such that the peak at 520 nm
remained undetected. More recently, two other
groups have reported a significant difference in the
fluorescence signals derived from normal and abnor-
mal aortas excited by long ultraviolet lasers or visible
light.22-23 It appears that these preliminary reports
are in general agreement with the present findings.

The identification of arterial wall fluorophores
responsible for the observed atherosclerotic fluores-
cence changes would require fractionation and
extraction of nonatherosclerotic and atherosclerotic
tissue and characterization of the fluorescence prop-
erties of the extracts. Such studies would be inter-
esting, but might prove complex and difficult.
Changes in fluorescence spectra at the site of ath-
erosclerotic lesions might not only reflect changes
in the abundance of specific fluorophores, such as
flavins,24 but might be attributed to blood re-
absorption phenomena.25 Surface fluorescence may
be the effect of fluorophores that occur in deep
arterial wall and emit broad unstructured spectra in
the range between 500 nm and 600 nm. Absorptions
at 540 nm and 580 nm by blood overlying the deep
source of unstructured fluorescence could account
for the structured (triple peak) spectra recorded
from the intimal surface.

The similarity between the spectra obtained from
normal human arteries and normal human lung
tissue26 suggests that fluorophores determining the
observed spectral profiles are widely distributed in
tissues. Flavins in mitrochondria are well known to

exhibit a strong fluorescence in the 500-600 nm
wavelength region.

The change in the spectral profile observed with
removal of atheromatous material indicates that the
presence of atheromas is responsible for the modifi-
cation of the fluorescence emitted by the arterial wall.

At the present time, the major obstacle to the safe
clinical application of lasers has been the risk of
perforation. Since the lumen of arteries with
advanced atherosclerosis is often eccentric, local
arterial wall thickness may vary considerably
between neighboring segments and between cross-
sectional sectors of the same segments. As a result,
minor changes in the direction of laser ablation may
either appropriately ablate atheromatous material
or lead quickly to perforation. Therefore a fluores-
cence laser technique able to detect the presence of
plaque material may prove very useful. Enhance-
ment of the fluorescence signal could be further
achieved by injection of chromophores with selec-
tive accumulation in atherosclerotic tissue.27 The
possibility of conveying the excitation light and the
emitted fluorescence through optical fibers indicates
that fluorescence detection could be performed via a
catheter system. With the use of an optical multi-
channel analyzer, the collection time is reduced to a
few seconds, which would permit a characterization
of the intimal structure in real time. One could
envision a computer-controlled system in which
ablation at high power would be under automated
control of the low power fluorescence signals.28-29

The potential significance of our study lies in the
demonstration that lasers may be useful for the
diagnostic evaluation of atherosclerosis. Experi-
ments in vivo will be required to establish the utility
of laser fluorescence as a diagnostic tool.
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