Sources of contrast
in confocal reflectance imaging
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The relationship between optical properties and image contrast in confocal imaging is investigated. A
Monte Carlo simulation has been developed to analyze the effects of changes in scattering, index of
refraction, and absorption in a three-layer medium. Contrast was calculated from the computed

signal-to-background ratios for changes in tissue optical properties.
source of contrast is changes in refractive index.

1. Introduction

Three-dimensional reflectance imaging such as con-
focal or optical coherence tomography uses light
reflected from a small localized volume of tissue to
form images. In confocal imaging a pinhole aper-
ture placed at the detector allows light from a small
volume to be detected while light from outside that
volume is rejected. Useful images are obtained
when changes in the physiological structure of the
tissue being imaged produce changes in the detected
light, yielding contrast. However, the ability to
differentiate between normal and abnormal tissue
depends on the ability to interpret the source of
reflected light within the sample. Intuitively, there
are two possible sources of signal contrast in reflected-
light images at the microscopic scale (~5 pm): local
changes in refractive index and changes in local
absorption. Despite recent reports of in vivo confo-
cal and optical coherence images at the cellular
level,’-3 the relative contributions of each of these
sources to contrast are not yet well understood.
Signal contrast is the most important factor in
image quality when the signal-to-noise ratio is less
than ~5.4 Above this signal-to-noise ratio, image
quality is determined by the modulation transfer
function of the system. Below this, however, imag-
ing of cellular structures relies on the ratio of the
detected photons originating from the sample vol-
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ume to those detected photons originating from
outside the sample volume. When imaging is done
in turbid media, this ratio will generally be low, so an
understanding of the source of contrast is important
in evaluating images and in choosing the wavelength
or combinations of wavelengths to maximize the
contrast of the desired target.

Tissue optical properties are typically character-
ized by the scattering coefficient i, anisotropy factor
g, absorption coefficient 1,, and refractive index n.
In this paper we address the relative contributions of
the refractive index, scattering coefficient, and ab-
sorption coefficient to signal contrast in a confocal
geometry. To isolate the contributions of each pa-
rameter, a Monte Carlo simulation has been devel-
oped.

2. Monte Carlo Simulation

To investigate the effects of optical properties on
image contrast, a Monte Carlo simulation was devel-
oped with the confocal excitation and collection
geometry shown in Fig. 1. Photons from a focused,
Gaussian beam were injected into the tissue by
varying the starting point on the tissue surface along
the x axis so that each photon had initial coordi-
nates®:

x =r/-In(1 - §/2]'2,
y=0,z2=0, (1)

where £ is a uniformly distributed random number
between 0 and 1 and r, is the 1/e2 radius of the spot
size of the beam on the tissue surface given by
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Fig. 1. Confocal geometry for the Monte Carlo simulation. The
optical properties of the object layer are varied whereas the
properties of the top and bottom layers are matched and constant.

where D is the diameter of the beam at the objective
lens, & is the height of the lens above the surface of
the tissue, and f is the focal length of the lens. The
tissue was assumed to have cylindrical symmetry,
and photons were launched along a radial line
defined by the x axis as in Eq. (1). The initial
directional cosines (n,, B, 1) for each photon are a
function of the starting coordinates (x, v, z):
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where z;is the depth of the focal plane in the tissue
and is given by
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where n; and n,;, are the refractive indices of the
tissue and the outside medium, respectively. In the
case in which n; = ng,, Eq. (4) simplifies to z; = f — h.

After the photons were launched, they were propa-
gated according to standard Monte Carlo methods in
a multilayered medium® with a Henyey—Greenstein
phase function used for scattering. For each photon
being backscattered and returning to the top surface
of the tissue, the coordinates (x4, v, at which it
intersected the detector plane were computed with a
geometric ray trace.” The photon was counted as
detected if (x;? + y,2V? < 0.5d,, where d, is the
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detector diameter. At each focal depth the total
number of detected photons was divided by the total
number of photons launched to determine the frac-
tion detected.

A three-layer, semi-infinite tissue model was used
to assess the individual contributions of optical
properties to signal contrast by imaging a layer of
tissue located between two other layers. The prop-
erties of the object layer (Fig. 1) were varied whereas
the properties of the top and bottom layers were
fixed. By scanning the focal plane of the confocal
system through the object layer, the change in signal
level between the three layers could be calculated as
a measure of contrast. The resulting images of the
object layer provided information about the effects of
varying optical properties on signal contrast. To
scan the focal plane of the confocal system through
the layers, the height of the objective lens above the
tissue was varied and the fraction of photons de-
tected at each lens height was recorded.

The optical properties used in the simulations are
summarized in Table 1. In all simulations the
refractive index of the outside medium was assumed
to be 1.0 and the anisotropy factor, g, of all tissue
layers was 0.9. The anisotropy factor was not var-
ied because, even for layered tissues, g changes
little.® The individual contributions to contrast were
measured by changing one property of the object
layer while the other properties were identical to
those of the surrounding layers. The difference in
refractive index between the layers was incremented
in steps of 0.05 to a maximum difference of 0.4. For
each increment a separate simulation was run.
The scattering and absorption mismatches varied
from 50 to 500 cm 1.

The optical properties of the surrounding layers
were chosen to be representative of soft-tissue opti-
cal properties in the near-IR region (800 nm).8 The
absorption coefficient (1 cm™1) was assumed to be
much less than the scattering coefficient (100 cm™2).
The thickness of the object layer was 50 pm in all
simulations, and its location beneath the surface
was either 1, 2, or 3 optical depths (OD), where 1 OD
is defined as the reciprocal of the total attenuation
coefficient, p,:

1 1
oD =—= :
ut ps+pa
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The lens parameters used in the simulation were a
diameter of 8 mm and a focal length of 10.1 mm,
giving a numerical aperture of 0.4. The detector,
which acted as the effective confocal pinhole, had a

Table 1. Range of Optical Properties Used in Monte Carlo Simulation

Layer de n pslem™)  pglem™) g
1 100-300 pm 1.3 100 1 0.9
2 50 pm 1.3-1.7 100-400 1-500 0.9
3 lcm 1.3 100 1 0.9

ad is the thickness of each layer.



diameter of 8 pm. This numerical aperture with a
pinhole diameter of 8 pm gave the simulated confo-
cal system an axial resolution of 16 pm (full width at
half-maximum|, which was calculated by simulating
a mirror passing through the focal plane and record-
ing the detected signal as a function of focal plane
depth. This is in agreement with the theoretical
axial resolution for the same system parameters,
calculated to be 15 pm (full width at half-maximum).?

The signal-to-background ratio was computed from
each simulation. It is defined as the ratio of the
detected fraction of photons when the properties of
the object layer are different from the surrounding
layers to the detected fraction when the tissue is
homogeneous. To compute the ratio, each simula-
tion was divided by the background signal obtained
from a homogeneous sample in which the properties
of all three layers are equal. Because of the refrac-
tive-index of mismatch at the object layer, the focal-
plane depth at a given lens height A differed slightly
from the case of the homogeneous tissue. Therefore
it was necessary to interpolate the background sig-
nal from the homogeneous tissue to find the value
that matched each focal-plane depth of the mis-
matched sample.

3. Restults

A. Refractive Index

The effects of changes in the refractive index of the
object layer on the signal-to-background ratio from
the three-layer sample are shown in Figs. 2 and 3.
When the inhomogeneity is at 1 OD (100 pm), the
mismatches in the refractive index at the front and
back surfaces of the object layer are manifested as
separate peaks in the signal-to-background ratio.
An expanded view of the signal-to-background ratio
when An = 0.05 (ny, = 1.35) is shown in the inset in
Fig. 2. Although the amplitude of the signal to
background is much smaller for the An = 0.05 case, a
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Fig. 2. Signal-to-background ratio as a function of the focal-
plane depth in the tissue with the object layer located at a depth of
100 um (1 OD) for a range of index mismatches. The value for An
on each curve indicates the refractive-index mismatch between
the object layer and the surrounding layers. Inset: expanded
view of the case in which An = 0.05.
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Fig. 3. Signal-to-background ratio as a function of the focal-
plane depth in the tissue with the object layer located at a depth of
300 um (3 OD) for a range of index mismatches.

change in signal can be seen at the edges of the object
layer.

As the depth of the object layer increases to 3 OD
(300 nm) below the surface (Fig. 3), changes in the
signal-to-background ratio from the presence of the
object layer are apparent for index differences as low
as 0.1. At 3 OD the faces of the object layer can be
observed only at large index mismatches (>0.2).
Below this, although an object produces changes in
the signal-to-background ratio, it is difficult to iden-
tify its front and back surfaces. Figure 3 illustrates
that scattering starts to play a role as the depth of
the focal plane increases in the tissue. The ampli-
tude from the back faces of the object layer is less
pronounced than that from the front face because
more photons have been scattered out of the beam
path and are rejected by the confocal geometry.
With small changes in index, An = 0.1, the reflection
from the back face of the object layer becomes
obscured because of multiply scattered photons.

B. Scattering

The effects of different scattering coefficients of the
object layer on the signal-to-background ratio at 1
OD are shown in Fig. 4. In these simulations the
refractive indices were the same for all layers. A
large increase in scattering results in a single peak
in the signal-to-background ratio as opposed to two
peaks in the case of index mismatches. The peak is
observable when the change in scattering is 50 cm™!
(Ms,00; = 150 em ™) and the top layer is at 1 OD (100
pm). Beyond the object layer the signal-to-back-
ground ratio can fall to less than one because of the
increased scattering and light loss in the object layer.

The signal to background for different changes in
the scattering coefficient when the object layer is
located 3 OD from the surface is illustrated in Fig. 5.
The object layer produces changes to varying degrees
in the signal-to-background ratio, depending on the
magnitude of the scattering increase between the
layers. As the scattering coefficient of the object
layer is increased, the number of photons detected
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Fig. 4. Signal-to-background ratio resulting from changes in the
scattering coefficient of the object layer. The mismatch in the
scattering coefficient indicated on each curve is the difference in
scattering between the object layer and the surrounding layers
(1 = 100 em™1). The front surface of the object layer is located
at a depth of 100 pm (1 OD).

from that layer increases as demonstrated by the
increase in the signal-to-background ratio.

C. Absorption

The signal-to-background ratio when the object layer
has absorption properties different from the other
layers and is located at 1 OD is shown in Fig.
6. When p,s = 200 cm™1, there is little drop in the
signal to background. At extremely high absorp-
tion (p, = 500 cm~1) the change in signal level from
the background is quite evident. The back face of
the object layer cannot be distinguished for the case
of absorption changes as it was for refractive-index
changes because most photons reaching the bound-
ary between the object and the bottom layer are
either absorbed or scattered and subsequently re-
jected by the confocal geometry.

At depths greater than 2 OD, there is little change
in the signal-to-background ratio from changes in
absorption, even for large changes (Ap, = 500 cm™Y).
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Fig. 5. Signal-to-background ratio resulting from changes in the
scattering coefficient between the layers. The scattering indi-
cated on each curve is the difference between the object layer and
the surrounding layers (u;; = 100 cm~1). The front surface of the
object layer is located at a depth of 300 um (3 OD).
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Fig. 6. Signal-to-background ratio with a highly absorbing object
layer. The object layer is located at a depth of 100 um (1 OD).

The signal-to-background ratio at 3 OD (not shown)
contains little variation for all absorption values.

4. Discussion

To understand the relative contributions of tissue
optical properties to contrast, we calculated a mea-
sure of contrast from the signal-to-background ratio.
Contrast was defined as

Ps_Pb

PP, ©

contrast =

where P, is the maximum value of the detected
fraction of photons in the case in which the object
layer had different optical properties than the other
layers and P, is the detected fraction of photons from
the homogeneous tissue, or the background level, at
the same focal plane depth as P,. For example, P,
was located near the interface of the top and object
layers in the case of index mismatches.

The contrast as a function of change in the refrac-
tive index, when the object layer is located 1, 2, and 3
OD (100, 200, 300 pm) from the tissue surface is
shown in Fig. 7. As the change in index decreases,
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Fig. 7. Contrast as a function of the increase in refractive index,
An = ny — nj, with the object layer at three different depths [100
pm (1 OD), 200 um (2 OD), 300 pm (3 OD)].



0.5

0.4 o

0.1

00 T T T T T T
[ 50 100 150 200 250 300 350

Ay, (em™)

Fig. 8. Contrast as a function of change in scattering, Ap; = pge —
g1, with the object layer at three different depths [100 um (1 OD),
200 um (2 OD), 300 um (3 OD)].

the contrast approaches zero. As expected, the
largest contrast produced for a given change in
refractive index occurs when the inhomogeneity is
located at 1 OD. At greater depths, fewer photons
reach the inhomogeneity because of multiple scatter-
ing, and some of these photons backscattered from
the inhomogeneity are scattered out of the confocal
path and not detected.

Equation (6) was also used to calculate the contrast
produced by changes in scattering between layers.
In this case the maximum signal, P,, was located in
the center of the object layer where the signal peak
occurs. The contrast produced by scattering changes
for depths ranging from 1 to 3 OD is illustrated in
Fig. 8. As in the case of refractive-index changes,
the contrast decreases with depth, and at 3 OD there
is little contrast unless the changes in scattering are
large (>250 cm™1).

The amount of contrast produced solely by scatter-
ing is significantly less than that produced by index
mismatches. Scattering in tissue is typically for-
ward directed with anisotropies, g, of 0.9 or greater.
Therefore few photons are backscattered and de-
tected, resulting in poor signal-to-noise ratios and
image quality. When the object to be imaged is at a
depth of 1 OD, the small fraction of photons that are
backscattered can be detected because most of them
exit the tissue without further scattering. As the
depth of the layer or object to be imaged increases,
the magnitude of the signal decreases and the noise
increases. The signal decreases because more pho-
tons are scattered out of the illumination beam and
do not reach the sample volume at the focal plane as
the depth of the object increases. Of those that do
reach the sample volume and are backscattered,
many are not detected because of scattering out of
the confocal geometry on the return trip, thus de-
creasing the actual signal. In addition, the noise
level, considered to consist of background photons
that are detected but originate outside the focal
volume, 19 increases from photons backscattered out-
side the sample volume in such a way as to be

detected. This leads to a reduction in both the
signal-to-background ratio and contrast.

The contrast produced by changes in absorption
between the layers is shown in Fig. 9. In this case
the signal level, P,, was measured at the middle of
the object layer. The decrease in the contrast pro-
duced by an absorber at 1 and 2 OD is greater than
the decrease between depths for changes in refrac-
tive index or scattering. This suggests that absorb-
ers are more difficult to image at more than 1 OD
with a near-IR source because absorption of tissue in
the near-IR and visible region is minimal.

In Figs. 7-9 the contrast is plotted against changes
in optical properties. When they are compared
directly, it appears that the refractive index pro-
duces the most contrast followed by absorption and
then scattering. However, we must consider the
changes in optical properties encountered in actual
tissues to determine the sources of contrast in in vivo
images. In Fig. 10 the contrast produced by changes
in refractive index, scattering, and absorption at 1
OD is plotted for comparison. The arrows repre-
sent the changes in each property that are likely to
be found in tissue. The difference in refractive
index between cellular components is the primary
source of index variation in tissue. For example,
the difference between the index of the extracellular
fluid and the cell membrane can be as much as
0.05-0.1 (arrow labeled Cells).! In addition mela-
nin, which has been found to be a significant source
of contrast in in vivo confocal images,? has an index
of refraction of ~1.7 (arrow labeled Melanin).12
From Fig. 10 it is evident that changes in index of
refraction are the largest source of contrast for the
optical properties typically found in tissue, whereas
absorption changes produce the least contrast be-
cause of the small changes in the absorption coeffi-
cient.8

In comparing the relative contributions of the
scattering coefficient and refractive index, we must
take the sample volume of the confocal system into
consideration. The scattering coefficient repre-
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Fig. 9. Contrast as a function of change in absorption with the
object layer at three different depths [100 um (1 OD), 200 pum (2
OD), 300 um (3 OD)|.
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Fig. 10. Comparison of contrast produced by changes in the
refractive index, scattering, and absorption at 1 OD. The arrows
represent changes likely to be encountered in actual tissue.

sents an average effect of local variations in the
refractive index within and around cells. For local
changes in refractive index to be detected, the vol-
ume of tissue interrogated must be small. Other-
wise the index variations over an area are detected.
In low-resolution confocal systems!? that image the
macroscopic structure of tissue, changes in bulk
optical properties are detected. The results from
this research are directly applicable to the imaging
of macroscopic tissue structure. Changes in scatter-
ing are more likely to produce contrast than changes
in absorption as demonstrated in Fig. 10. Micro-
scopic changes in refractive index are not detected
because the sample volume is greater than the scale
of the index changes so that an average effect of the
index changes is detected.

In confocal systems used for tissue imaging with
lateral and axial resolution of less than ~5 pm, it is
possible to detect the index variations between cell
components.? In these systems, contrast is pro-
duced by the changes in refractive index between cell
components, and only single-scatter photons are
detected. Therefore changes in macroscopic scatter-
ing do not produce any contrast but serve only to
limit the number of detected single-scatter photons
from index changes, decreasing the contrast. Scat-
tering and absorption of photons outside the sample
volume decrease the number of photons reaching the
sample volume. Similarly scattering and absorp-
tion of photons reflected from the sample volume
decrease the number of photons reaching the tissue
surface and being detected.

In actual tissue the cellular structures providing
the changes in index have varying shapes. The
amount of backscatter from a particular location,
which is characterized on the macroscopic level by
the scattering coefficient and anisotropy factor, de-
pends on the magnitude of the change in the refrac-
tive index and the size and shape of the structure
within the sample volume. In the simulations pre-

3446 APPLIED OPTICS / Vol. 35, No. 19 / 1 July 1996

sented here the effects of the magnitude of the index
change were investigated. Because the layers of
the simulated tissue were planar, the effect of shape
was not considered. Therefore these results are a
first-order approximation to the signal obtained from
microscopic imaging.

5. Conclusions

This research has demonstrated that the refractive-
index changes in tissue are the greatest source of
contrast in confocal images of the microscopic struc-
ture of tissue. Scattering degrades the signal-to-
background ratio and contrast levels by reducing the
number of single-scatter photons produced and de-
tected. Absorption changes in tissue in the near-IR
are not large enough to produce significant contrast
at more than 1 OD.
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