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ABSTRACT

The use of high resolution, in vivo confocal imaging for noninvasive assessment of tissue pathology may offer
a clinically important adjunct to standard histopathological techniques. To augment the present understand-
ing of both the capabilities and limitations of in vivo confocal imaging, we investigated cellular sources of
image contrast in amelanotic tissues, how contrast can be enhanced with external agents and how contrast is
degraded by the scattering of overlying cells. A high-resolution reflected light confocal microscope was
constructed and used to obtain images of various types of unstained amelanotic cells in suspension in real
time before and after the addition of contrast agents. Reflectance images were compared to phase contrast
images and electron micrographs to identify morphology visible with real time reflected light confocal mi-
croscopy. Mechanisms which decrease image contrast, including interference effects and scattering in over-
lying layers of cells, were considered. In amelanotic epithelial cells, fluctuations in the nuclear index of
refraction provide signal which can be imaged even under several overlying cell layers. Acetic acid is an
external contrast agent which can enhance this nuclear backscattering. Image contrast is degraded by the
presence of multiple scattering in overlying cell layers. The degradation of image contrast by cell scattering
depends on the scattering phase function; in vitro models which use polystyrene microspheres to approximate
tissue underestimate the actual degradation caused by cell scattering. The loss in contrast can be explained
using a finite difference time domain model of cellular scattering. We conclude that near real time reflected
light confocal microscopy can be used to study cell morphology in vivo. Contrast degradation due to overly-
ing tissue is a concern and cannot adequately be modeled using conventional tissue phantoms; however,
acetic acid may be used to substantially increase intrinsic contrast, allowing imaging at significant depths
despite distortion from overlying layers. © 1998 Society of Photo-Optical Instrumentation Engineers. [S1083-3668(98)00804-1]
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1 INTRODUCTION

The use of high resolution, in vivo confocal imaging
for noninvasive assessment of tissue pathology may
offer a clinically important adjunct to standard his-
topathological techniques. Confocal microscopy ob-
tains images in the superficial layers of tissue that
are opaque to conventional microscopes by reject-
ing out of focus light.1 Previous work has demon-
strated the potential for in vivo confocal imaging in
the superficial layers of the liver,2 the transparent
cornea,2–4 and the epidermis,5–8 where much of the
confocal signal arises from backscattering of mela-
nin. Prior studies9 suggest that confocal imaging
has the ability to image multiple cell layers in scat-
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tering amelanotic tissues as well. To augment the
present understanding of both the capabilities and
limitations of in vivo confocal imaging, it is impor-
tant to investigate the cellular sources of image con-
trast and how contrast is degraded by the scattering
of overlying cells.

The appearance of cells viewed confocally is
highly dependent on cell morphological and bio-
chemical structure. In recent images of skin,7 it was
shown that the cells containing melanin appeared
to have bright cytoplasm and dark nuclei. Images
were obtained through the epidermis and into the
dermal papillae, up to 150 mm below the surface.
The potential for in vivo pathology was demon-
strated by the positive correlation between nuclear
to cytoplasm (N/C) volume ratios measured by the
confocal microscope and the N/C ratios measured
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Fig. 1 Schematic of the confocal microscope built to acquire cellular images from reflected light.
in conventional histology of the imaged sites. In im-
ages of the corneal epithelium,4 the appearance of
the cells differed among layers. In the superficial
epithelium, the nucleus had a reflective center re-
gion surrounded by a dark band and a reflective
cytoplasm. In deeper layers, the dark band was not
visible and the brightness of the cytoplasm was de-
creased. In the basal layer, the nuclear signal was
faint compared to the reflections from the cell bor-
ders. Jester2 imaged the superficial layers of several
organs exposed by laparotomy in a rat. The hepa-
tocytes in the liver appeared to have nuclei with
bright centers, identified as nucleoli, and a sur-
rounding dark band.

To accurately interpret confocal images, it is nec-
essary to understand how contrast varies with tis-
sue composition. Monte Carlo simulations10 have
demonstrated that fluctuations in refractive index
are the largest source of contrast in confocal images
of scattering tissue. However, the relationship be-
tween cell morphology and the refractive index
profile is not well understood, and little experimen-
tal work has been completed to confirm Monte
Carlo predictions.

This paper describes a study designed to (1) un-
derstand which features of epithelial cell morphol-
ogy can be probed using near real time in vivo re-
flected light confocal microscopy, (2) understand
how these features can be enhanced by application
of exogenous contrast agents, and (3) understand
how contrast in the images is degraded by the pres-
ence of such effects as interference and multiple
scattering. We constructed a high-resolution re-
flected light confocal microscope to obtain images
at 15 frames per second. We used this system to
obtain images of various types of unstained amel-
anotic cells in suspension in real time before and
after the addition of contrast agents. We compared
these reflectance images to phase contrast images
and electron micrographs to identify the features of
cells visible with near real time reflected light con-
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focal microscopy. In addition, mechanisms, which
decrease image contrast, including interference ef-
fects and scattering in overlying layers of cells, are
considered. A finite difference time domain (FDTD)
model of cellular scattering is used to explain an
observed loss of contrast. We conclude that near
real time reflected light confocal microscopy can be
used to study cell morphology in vivo; in amelan-
otic epithelial cells, fluctuations in the nuclear index
of refraction provide signal which can be imaged
even under several overlying cell layers. Acetic acid
is an external contrast agent, which can enhance
this nuclear backscattering. The degradation of im-
age contrast by cell scattering depends on the scat-
tering phase function, in vitro models which use
polystyrene microspheres to approximate cell scat-
tering underestimate the actual degradation caused
by cell scattering.

2 METHODS

2.1 INSTRUMENTATION

A confocal microscope was constructed as shown in
Figure 1. The microscope consisted of a laser, scan-
ning system, intermediate optics, and a detector.
Light from a Ti:sapphire laser (l5808 nm) was
spatially filtered and recollimated to a diameter of 5
mm. A beam splitter transmitted 50% of the colli-
mated light to a scanning system that deflected the
laser light by angle in the x and y directions around
the optical axis. The scanning system consisted of
an 8 kHz resonant galvanometer and a 15 Hz gal-
vanometer mounted at right angles (General Scan-
ning VSH-8). A scan lens (f580 mm doublet)
brought the light exiting the scanning system to a
focus at the back focal plane of a 253 (Zeiss 461625,
0.8 NA, 160 mm) water immersion objective. The
oscillations of the scan system mirrors scanned the
laser light in a raster pattern at the focal plane of
the objective lens. The light reflected backward
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from the focal plane of the objective, within the NA
of the objective, returned through the scanning sys-
tem. A beamsplitter reflected half of the de-scanned
light to lens L2 (f550.4 mm). A 15 mm diameter
pinhole at the focus of L2, a conjugate image plane,
rejected light backscattered from outside the focal
volume illuminated. The dimensionless pinhole ra-
dius corresponding to the L2 and 15 mm pinhole
combination was 3, previously noted11 as the radius
for ideal confocal performance. An avalanche pho-
todiode (APD) (Hamamatsu C5460) converted the
light passing through the pinhole to a voltage. A PC
video card sampled the APD voltage at intervals
provided by the scan system electronics to con-
struct images at a rate of 15 frames per second. The
resulting image was a map of the reflectance values
from the focal plane of the microscope. The user
saved images of interest to a 5123512 pixel com-
puter file with 256 gray levels. Alternatively, a
super-VHS VCR recorded dynamic events. A
computer-controlled translation stage with 1 mm
resolution scanned samples through the focal plane.

The microscope’s lateral resolution was quanti-
fied using a mirrored grating. The lateral resolution
was defined as the distance to go from 90% to 10%
of the signal at an edge transition from light to
dark. The axial resolution was measured as the
FWHM of the signal peak created by translating a
mirror through the focus of the objective. To illus-
trate the lateral resolution, a grating with 3 mm line
separation (300 lines/mm) and a group of 1 mm
diameter polystyrene microspheres in contact with
each other were imaged.

2.2 CELL AND TISSUE STUDIES

To determine the contrast available from cellular
structure in human breast cancer cells, in vitro cell
suspensions were imaged with the confocal micro-
scope. The cell suspensions contained epithelial
cells from the MCF-7 McGuire (early-stage malig-
nancy) cell line. Before imaging, the cells were al-
lowed to settle onto a layer of gelatin (n51.36) to
stabilize the image while minimizing the back-
ground signal from the supporting surface. No
dyes or contrast agents were used. A comparison of
the confocal images to images from a phase contrast
microscope and electron micrographs of similar
cells identified the cellular structure providing sig-
nal contrast.

Because optical interference effects had previ-
ously been reported as a problem in reflectance
confocal imaging,12,13 we imaged several different
cell types with varying shape and size including
human red blood cells and algae cells. The resulting
confocal images were monitored for stability over
time and for interference patterns such as fringes or
speckle.

To investigate the effect of multiple scattering by
overlying cell scattering on image contrast, images
of cells were taken through multiple layers of cells.
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The layers were created by centrifuging the breast
cancer cells into a pellet. Multiple images were ac-
quired at different depths within the layers of cells
in the pellet resting on a gelatin base. To explore the
effects of the cell scattering on the microscope’s lat-
eral resolution, a 300 lines/mm mirrored grating
was imaged under several layers of cells. The effect
of overlying scattering on the axial resolution was
quantified by measuring the FWHM of the signal
peak from the index mismatch between the saline
cell suspension and the underlying microscope
slide.

Methods to improve image contrast were ex-
plored as well. Acetic acid is used for contrast en-
hancement in colposcopic inspection of the cervix.
To assess the effect of acetic acid on the contrast in
confocal imaging, breast cancer cells were imaged
before and after exposure to 3% acetic acid. 5-
aminolevulinic acid (ALA) is a clinically approved
chromophore known to concentrate within neoplas-
tic cells.14 ALA was evaluated as a potential con-
trast agent by imaging the breast cancer cells before
and after immersion in a 1% solution of ALA.

3 RESULTS

An average lateral resolution of 0.8 mm was mea-
sured from the image of a mirrored grating (500
lines/in.) shown in Figure 2(a). Figure 2(b) shows
the signal peak created by translating a mirror
through the focus of the objective peak; a FWHM
axial resolution of 2 mm was measured from this
signal. Figures 2(c) and 2(d) show images of a grat-

Fig. 2 (a) Confocal image of the 500 lines/in. grating in which
each line is 25 mm wide. (b) Plot of intensity versus depth relative to
the focal plane for a mirror translated through the focal plane. (c)
Confocal image of a 300 lines/mm grating where each line is
separated by 3.3 mm and (d) a cluster of 1 mm diameter polysty-
rene microspheres.
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Fig. 3 (a) Confocal image of a breast cancer cell. (b) Phase contrast image of a breast cancer cell. (c) Electron micrograph of a breast
cancer cell taken from Ref. 15.
ing with 3 mm line separation (300 lines/mm) and a
group of 1 mm polystyrene spheres in contact with
each other.

A confocal image of a breast cancer cell in sus-
pension is shown in Figure 3(a) along with images
from a phase contrast microscope [Figure 3(b)] and
an electron micrograph [Figure 3(c)] taken from
Ref. 15. Comparing these images reveals that the
majority of the confocal signal is returned from the
nucleolus and the clumps of chromatin material
within the nucleus. The outline of the cell mem-
brane is distinguished by the absence of signal
rather than distinct signal from the membrane.

Although no optical interference effects were ob-
served in the breast cancer cell images, distinct in-
terference patterns were observed in images of
other types of cells. Figure 4(a) shows an image of a
red blood cell, with characteristic circular interfer-
ence fringes. Figure 4(b) is a typical image of algae
cells which display one or two fringes at the periph-
ery of the cells.

To approximate tissue, images were acquired
from a multilayer cell pellet of breast cancer cells at
a number of depths. Figure 5 shows microscope im-
ages from a superficial layer [Figure 5(a)] and a
layer 150 mm deep [Figure 5(b)]. In the superficial
layer, it was possible to observe distinct structure
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within the nucleus and the outline of the cell. This
particular image showed several distinct clusters of
chromatin material within the nucleus. At a depth
of 150 mm (approximately nine layers of cells), the
contrast in the image was degraded as shown in
Figure 5(b). Based upon the relative sizes, the bright
areas are the nuclei and the signal in-between is
from the cytoplasm. Although it was possible to
distinguish individual nuclei, any detail about the
structure within the nuclei was reduced. It was not
possible to distinguish where one cell membrane
began and another ended.

The observed loss of contrast might be explained
by a loss of spatial resolution due to refraction of
the light by the overlying cells. If so, this would
differ from measurements of spatial resolution in
tissue phantoms using suspensions of 1.0 mm diam-
eter polystyrene microspheres which have a scatter-
ing coefficient and phase function similar to that of
tissue. It has been reported16 that lateral resolution
is maintained through more than five optical
depths of scattering from spheres. To compare the
effects of cell scattering and polystyrene sphere
scattering on lateral resolution, a 300 lines/mm
grating was imaged under several layers of cells
[Figure 6(a)] and a suspension of 1.0 mm diameter
polystyrene spheres with a similar optical density
Fig. 4 (a) Confocal image of a red blood cell with (Inset) illustration of the typical red blood cell shape and dimensions. (b) Confocal image
of algae cells with apparent (F) fringes.
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[Figure 6(b)]. The cell scattering in Figure 6(a) re-
duced the signal from the grating by a factor of 10.
Assuming the attenuation of cell scattering follows
Beer’s Law, the optical thickness of the cells over
the grating is 1.2 optical depths. The image of the
grating is badly distorted by the overlying cells.
The signal from the grating is lost in some places,
indicating that the depth of focus has been moved
off the plane of the grating. In other places, what
should be a straight edge is curved. An image of
the same grating is shown in Figure 6(b) under two
optical depths of scattering from a suspension of 1
mm diameter polystyrene spheres. Very little, if any
distortion is observed with the polystyrene spheres.
Due to the distortion caused by the cells, it is not
possible to quantify the lateral resolution in Figure
6(a).

The effect of cellular scattering on the micro-
scope’s axial resolution was measured from the
peak at the junction between the cell solution and a
microscope slide. A typical scan from the 1.33/1.51
index mismatch is plotted in Figure 7 with and
without overlying cells. The FWHM of the signal
peak in Figure 7 increased from 2 mm without cells
to 4.5 mm with the addition of the cells. The small
peaks from individual cells to the left of the glass
surface indicate that the cell layer was approxi-
mately 45 mm thick. The average FWHM axial reso-
lution from ten locations was 3.962.4 mm with the
addition of cells.

To evaluate a potential method to increase the
contrast in the confocal images, we imaged the
breast cancer cells before [Figure 8(a)] and after ex-

Fig. 5 Confocal image from (a) the superficial layer of cells and
(b) a layer of cells 150 mm deep in the centrifuged pellet of cells.

Fig. 6 300 lines/mm grating under (a) multiple layers of cells and
(b) two optical depths of scattering from 1 mm polystyrene spheres.
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posure to acetic acid [Figure 8(b)]. In the images of
native cells, the nuclei and cell membranes are re-
solvable; however, the contrast varies from cell to
cell. The addition of acetic acid to the native cells
causes a dramatic increase in the signal from the
nuclei and the intracellular contents resulting in in-
creased image contrast. The presence of a dark
band surrounding the nuclei is apparent after add-
ing the acetic acid. This is consistent with changes
in the index profile noted with phase contrast mi-
croscopy. Figure 8 shows phase contrast images of
these cells pre- [Figure 8(d)] and post- [Figure 8(e)]
exposure to acetic acid. The addition of acetic acid
results in increased fluctuations in the nuclear in-
dex of refraction and increased index difference be-
tween the nucleus and cytoplasm. ALA was also
evaluated as a contrast agent. Figure 8(c) shows the
effects of ALA on the native cells. In this case, the
signal from the entire cell increased. However, the
contrast between the nucleus and the cytoplasm is
diminished. The same illumination power was used
for all of the images in Figure 8.

4 DISCUSSION

It is apparent from Figures 3(a), 5(a), and 8 that
confocal reflectance imaging has the potential to
image cellular structure in amelanotic epithelial
cells. The chromatin within the nucleus provides
the strongest signal in the breast cancer cells, allow-
ing the user to resolve the outline of the nucleus
and some information about the structure within
such as the nucleolus and the density of chromatin
material. The observed nuclear contrast might be
used to assess the pathological measures of nuclear
shape and texture. In general, the amount of signal
from the intracellular bodies is less than that from
the nucleus. In the absence of distinct signal from
the cell membranes, it is not possible to discern one
cell’s cytoplasm from that of adjacent cells when
the cells are bound together. This is consistent with

Fig. 7 Axial scan through a 1.33/1.51 index mismatch with and
without overlying cells. The data have been normalized to the peak
signal value.
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Fig. 8 Confocal images of breast cancer cells in (a) saline, (b) saline after the addition of 6% acetic acid, and (c) in saline after the addition
of 2% ALA. Phase contrast images of breast cancer cells in (d) saline and (e) after the addition of 6% acetic acid.
the observations from Figure 5(b). As such, it will
be necessary to measure the ratio of nuclear diam-
eter to internuclear spacing rather than the typical
measure of nuclear to cytoplasm ratio. The corre-
spondence between the two measures has already
been demonstrated for in vivo imaging of human
epidermis.7 Additionally, it should be pointed out
that there may be important diagnostic information
in the orientation of cells with respect to each other,
since loss of organization occurs during neoplastic
progression. In cell suspensions, this information is
lost since cell orientations vary randomly.

It is important to understand the physiological
source of contrast in confocal imaging in order to
develop the diagnostic potential of this technology.
Monte Carlo predictions that refractive index
changes are a primary source of contrast in confocal
imaging are supported by the correspondence be-
tween images obtained though phase contrast
microscopy, in which intensity is related to refrac-
tive index,17 and confocal microscopy. Both confo-
cal and phase images demonstrate that the appear-
ance of a cell is altered by the addition of acetic
acid. It is hypothesized that acetic acid causes
crosslinking between proteins in the nucleus, alter-
ing nuclear structure. Phase contrast images of cells
after the addition of acetic acid display increased
index fluctuations in the nucleus [Figure 8(d)]. The
increased variations in refractive index result in
more scattering, giving the nucleus a brighter ap-
pearance when viewed with a confocal microscope.
The confocal images of the cells before and after
acetic acid demonstrate the sensitivity of confocal
imaging to changes in cellular biochemical and
morphologic composition. In addition, the images
suggest it is possible to develop methods to en-
hance contrast of diagnostically valuable subcellu-
lar structure.

The results also demonstrate several mechanisms
by which the contrast available to confocal imaging
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can be degraded. Contrast loss to interference ef-
fects will be dependent upon the geometry of im-
aged cells. The geometry of the average red blood
cell18 is shown in the inset to Figure 4(a) to illustrate
the origin of the observed interference. When the
focal plane is located in the center of the blood cell,
both faces of the cell membrane are within the 2 mm
axial resolution of the microscope and both contrib-
ute signal. Light reflected from both faces is inci-
dent at the detector and depending on the separa-
tion between the faces, interferes constructively or
destructively. Based upon the average dimensions
of the red blood cell, approximately three to four
interference fringes should be observed between
the center and edge of the cell. This is consistent
with the number of fringes in Figure 4(a). The same
rationale explains the fringes observed at the edges
of the algae cells in Figure 4(b). At the edge of the
cell, both faces of the plant cell wall are within the
focal volume resulting in interference between
them. In the interior of the cell, the separation
between interfaces is greater than the axial resolu-
tion and no interference is observed. Interference
effects will occur any time two or more reflective
structures occupy the focal volume (;1 mm
31 mm32 mm) at the same time.

Figures 6(a) and 7 illustrate that the refraction of
overlying cells can distort and degrade the resolu-
tion of confocal images. It is important to note that
the scattering of 1.0 mm diameter polystyrene mi-
crospheres does not produce this same effect; al-
though the scattering coefficient is greater than that
of the cells, the phase functions are sufficiently dif-
ferent to yield dramatically different results for
high-resolution imaging. To further investigate the
beam distortion caused by scattering in the overly-
ing layers, a model of light propagation through
inhomogeneous media was used. The model is
based on the FDTD method, which is a numerical
solution to Maxwell’s equations for inhomogeneous
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media. In the FDTD approach, the scattering object
is discretized on a three dimensional lattice whose
maximum grid spacing is l/10. The electric and
magnetic fields at each point in the lattice are com-
puted as the incident field is propagated through
the lattice. The details of the FDTD simulation can
be found in Ref. 19. Due to computational limita-
tions arising from the fine discretization, the model
is limited to a volume of approximately 15 mm/
side. To illustrate the observed differences in reso-
lution degradation resulting from the polystyrene
based phantom and the overlying cells, two situa-
tions were modeled. In the first case, a cell contain-
ing an inhomogeneous nucleus as well as cytoplas-
mic organelles was considered and in the second
case a volume of gelatin containing 1 mm diameter
polystyrene spheres was used with a volume num-
ber density equal to that of the phantom used in the
experiments described previously. A focused
Gaussian beam (NA50.8) was propagated through
both the cell and the phantom and the steady state
fields throughout each volume were computed. The
beam profile at its focus, transverse to the direction
of propagation, is plotted in Figure 9 for the cell
and the phantom. While there was little difference
in the FWHM values of the beam profiles, the cell
causes considerably more beam spreading than the
tissue phantom, where the side lobes are signifi-
cantly greater for the beam passing though a cell
than a phantom.

Since resolution is dependent upon the point
spread function of the focused beam, Figure 9 indi-
cates that the resolution of an object located below a
layer of cells will differ from that of an object below
polystyrene based tissue phantom. In the case of
propagation through a cell, the wave encounters a
spatially dependent refractive index profile that
varies continuously throughout the cell. The mag-
nitude of the refractive index fluctuations is small
compared to the index mismatch between a poly-
styrene sphere and gelatin. However, the number
of spheres per volume (5.53106/mm3) is small so

Fig. 9 Field distribution of a focused Gaussian beam in the FDTD
model after propagating through a cell or a polystyrene sphere
tissue phantom.
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that the average spacing between spheres is large
compared to the scale of the index fluctuations in
cells. The fundamental difference between these
scattering mechanisms demonstrates that polysty-
rene spheres may not be an appropriate model to
study the effects of tissue scattering on high-
resolution confocal reflectance imaging.

To understand some of the difficulty of in vivo
imaging, it is necessary to consider the impact of
distortion and resolution degradation on cellular
imaging. The images of the grating under the cells
overemphasize the effects of the distortion on cellu-
lar imaging. The confocal signal from the grating is
lost if the focus is axially displaced by a few mi-
crons. If the focus is laterally displaced by a few
microns, the lines appear to run into each other.
The axial resolution measurements indicate that
axial displacements up to 5 mm were observed. For
cellular imaging, the signal will not be lost if the
focus is displaced by a few microns. Instead, the
signal from adjacent structure will be included in
the sample. Considering that epithelial nuclei are
5–10 mm in diameter and are separated by 10–20
mm, it is expected that any detail within the nuclei
will be washed out but the signal from adjacent nu-
clei will be distinct. This conclusion corresponds
well with observations in Figure 5(b). The other sig-
nificant effect of the distortion is the displacement
of the nuclei boundaries in the image plane. The
impact of distorting the shape of the nuclei by a few
microns in any direction is unclear at this point and
should be addressed in future work.

The magnitude of the cell distortion is overesti-
mated by the experiments with the cells suspended
in saline. Cells in the native epithelium will be
bound together, so that a photon traversing the
cells would be incident on a cell membrane, the cy-
toplasm, possibly a nucleus, and then on to the next
cell. Suspending the cells in saline adds at least two
additional index mismatches to that path by sepa-
rating the membranes and placing saline between
them. The refractive index of the cytoplasm is ap-
proximately 1.37 and the index of the lipid cell
membrane is approximately 1.45.20 Adding the sa-
line with an index of 1.33 will increase the amount
of refraction occurring at the cell membranes as
well as the number of mismatches. Barer21 has dem-
onstrated that changing the index of the suspension
medium can have a significant effect on the scatter-
ing of cells. As such, these experiments represent a
worst case scenario for the effects of cell scattering.

Although loss of resolution and contrast degrada-
tion will be a concern in in vivo confocal imaging
regardless of the particular optical system em-
ployed (tandem light path, scanning slit, spinning
disk, etc.), the numerical data presented in this
work are most relevant to confocal instruments of
similar design to the microscope used in this study.
Signal to noise (S/N) and signal to background
(S/B) ratios can vary significantly for instruments
with different optical pathways.22 For instance,
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SMITHPETER ET AL.
both S/B and S/N are much higher in our confocal
microscope than in a spinning disk or slit detection
system. The acceptable levels of degradation, which
will still allow diagnostically useful imaging, will
depend on numerous parameters concerning a par-
ticular system’s optical design.

Figure 8(a) illustrates the potential improvement
in image contrast with the application of acetic acid.
Although the mechanism of the enhancement is un-
clear, acetic acid is apparently increasing the refrac-
tive index variations within cells. Previous work9

predicts the penetration depth in ideal confocal sys-
tems is limited by the signal to noise ratio (S/N). In
a S/N limited confocal microscope, the additional
signal created by acetic acid would extend the
maximum penetration depth. Pertinent questions
which should be addressed in future work are the
viability of cells after exposure to acetic acid and
the ability of acetic acid to diffuse to subsurface lay-
ers of cells.

5 CONCLUSIONS

Contrast in confocal images of amelanotic cells is
derived from index variations. In the breast cancer
cells used for this study, the majority of signal arose
from chromatin material in the nucleus. Confocal
imaging of reflected light does have the potential to
provide clinical indicators of cell pathology includ-
ing the equivalent of N/C ratios, nuclear shape and
texture. However, this work also demonstrates the
difficulty in achieving the potential contrast due to
scattering of the light in overlying layers. More
work is needed to characterize the resolution losses
from overlying cell scattering, however, the worst
case portrayed here is a reduction in information to
a N/C volume ratio estimate. The application of
acetic acid shows potential for increasing confocal
contrast over that of native cells. Unlike most pre-
vious work in which images are obtained in real
time but then enhanced via time intensive image
processing techniques, we present images as they
appear at the time of acquisition without any post-
processing. These images are representative of
what would be possible for clinical applications re-
quiring near video rate imaging and demonstrate
the promise of this emerging technology for aiding
standard histopathologic diagnosis.
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