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Abstract

Numerical studies are conducted to evaluate the noninvasive imaging method of temporal log-slope difference mapping (TLSDM). Emphasis
is placed on the parametric examination of tumor’s size, enhanced absorption contrast ratio, and embedment depth on the imaging quality and
accuracy. It is found that the imaging quality and accuracy are predominantly determined by the tumor size and its embedment depth. The
TLSDM method can detect a small tumor of 10 mm in size when the tumor is embedded at a shallow depth down to 10 mm. With decreasing
tumor size and/or increasing embedment depth, both image quality and accuracy worsen. The imaging method requires the enhanced absorption
contrast ratio be 20:1 or above.
© 2006 IPEM. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Early diagnosis is known to represent an important oppor-
tunity to reduce both the morbidity and mortality that result
from cancer. X-rays are commonly utilized for cancer screen-
ing and diagnosis. Chest X-rays, computed tomography (CT),
and mammography are the most commonly used noninvasive
modalities, but these methods can be costly and induce radi-
ation exposure. MRI is rapidly developed as a noninvasive
diagnostic technique, although the facility of MRI is very
large and expensive. Ultrasound is also an ideal noninvasive
diagnostic technique. Nevertheless, a great need still exists
for new noninvasive methods that pose less safety concerns,
are low cost, portable, and can be made widely available to
large segments of the population.

Light except ultraviolet is generally benign against human
tissue; therefore, the safety concern is minimized when light
is used as the source for biomedical imaging. Light can also
be generated cheaply and conveniently. For instance, the cost
of a diode laser is in the range of several to dozens of dol-
lars. The instrument for light generation and detection can be
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portable. Recent studies [1–7] reveal that optical imaging can
provide not only structural and functional information, but
also cellular and molecular information. For example, diffuse
optical tomography (DOT) has recently attracted great scien-
tific and engineering interests [1–5] because this technology
holds the promise of providing information, both physiologi-
cal and morphological, about the interior of living tissues and
organs.

Unlike X-ray-based CT that depends on the ballistically
transmitted component, optical tomography has to deal with
highly diffused and scattered components during forward
modeling and inverse image reconstruction. As we know,
efficient and accurate modeling of light transport in turbid
tissues is a formidable task [8,9] because the equation of
radiative transfer has an integro-differential format. Instead
the diffusion approximation [8] is often adopted because
of its simplicity in algorithm and computational time effi-
ciency, although it has been proven to be inappropriate when
absorbing regions exist in the turbid tissue. Further, the
image reconstruction is an ill-posed inverse problem [5], in
which the tissue optical properties from a given experimen-
tal setup and a given set of measurements are determined
through an optimization process using predicted boundary
measurements in forward modeling of light transport with
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pre-assumed optical tissue parameters. An inverse optimiza-
tion process may easily require dozens of and hundreds of
times of iterative forward modeling. Thus, the CPU time
required for optical image reconstruction could be thousands
of times longer than that used for CT image reconstruction
based on X-ray if the rigorous radiative transfer method were
to be employed in the forward modeling. This bottleneck
problem is one of the reasons that impede clinical use of
DOT techniques and brings in a big challenge to researchers
working in this field.

In a recent experimental study [10], it was found that the
profile of log-slopes of transient radiation signals could be
used to indicate the location of a highly absorbing inho-
mogeneity in a tissue phantom. Generally, the absorption
coefficient of a cancerous tissue is higher than that of a
healthy tissue, because the increased blood volume in the
tumor leads to a higher concentration or accumulation of oxy-
and deoxy-hemoglobin (two natural near-infrared absorbing
chromophores inside human body). Several recent reports
have shown that the light absorption in cancerous regions can
be greatly enhanced by the addition of absorbing dyes. For
example, indocyanine green (ICG) dyes were used in many
recent studies [1,3] for this purpose. When ICG is injected
into the blood stream, it binds immediately and totally to
blood proteins, ensuring that it is confined almost entirely
to the vascular compartment except for incidences of abnor-
mal blood capillaries with high permeability, as in the case
of tumor hypervascularity. The strong absorption will have a
greater attenuation effect on the light transport. This results
in an increase of decaying steepness in the time-resolved
signals. By measuring the temporal slopes of the logarithmi-
cally decaying signals over all detection points, a log-slope
distribution on the tissue surface can be obtained. The area
with large log-slope values may represent the presence of
tumors. In this surface mapping approach, image construc-
tion is direct and requires neither forward modeling nor
inverse optimization processes; thus, the bottleneck computa-
tional problem associated with inverse image reconstruction
is avoided.

However, the image boundary of a direct log-slope map-
ping is very fuzzy. Further, the attenuation of detected light
in the edge area is extremely high due to light escape from
the boundary. To eliminate these effects, the authors recently
proposed an innovative method—the temporal log-slope dif-
ference mapping (TLSDM) method [11]. There are four steps
in the TLSDM approach. (1) We first measure the temporal
log-slopes of reflected radiation signals from a native tissue
and form a map of log-slope distributions on the detection sur-
face. (2) Then, we administer absorption contrast agents into
the tissue, measure the temporal log-slopes of the absorption-
enhanced tissue, and form another map of log-slopes. (3)
After that, we conduct a subtraction operation between the
two maps before and after administration of absorption con-
trast agents and acquire a new map. (4) Finally, a filtering
process is applied to highlight the image contrast and to sup-
press unwanted noise. We found that this TLSDM approach

is very time efficient in imaging construction (only a few sec-
onds in a PC) and has the potential as a screening method for
breast cancer diagnosis.

The research on the use of time-resolved light signals
can be retraced to the pioneering work of Chance et al.
[12] and Patterson et al. [13], in which the optical proper-
ties of tissues were obtained from fitting the experimental
data (time-resolved reflectance) with a standard solution for a
semi-infinite homogeneous medium. They used information
like the measured time of maximum signal and the asymp-
totic log-slope of the reflected pulse at long time. Liu et al.
[14] and Wu et al. [15] used early-arriving photons to recon-
struct tomographic images in which the effort in imaging
reconstruction is substantially reduced as compared to con-
ventional DOT methods, but the detection and distinction of
early-arriving photons in thick and turbid media may confront
new challenges.

In this manuscript, we intensively examine the TLSDM
approach for noninvasive imaging of tumors through
simulation-based studies of important parameters, such as
the absorption contrast ratio, tumor’s size, and embedment
depth. These parameters determine under what conditions the
TLSDM method is suitable. The Monte Carlo (MC) method
[16] is utilized to simulate the transient laser radiation trans-
port in the tissue and obtain the time-resolved signals.

2. Simulation model

We consider a cuboidal tissue model with a side length
of 20 mm. A cubical tissue mode is more realistic and chal-
lenging than a semi-infinite slab tissue model. The boundary
effect would be obvious in a finite-shaped tissue. The tissue
is embedded with a spherical tumor of different sizes at var-
ious embedment depths (centered in the x- and y-directions).
Fig. 1 shows the sketch of the tissue model and probing sys-
tem. The laser delivery and detection system can be a 6-to-1
reflectance fiber such that the incident laser beam and the
detector for collecting backscattered signals almost coincide.

Fig. 1. The tissue model with an embedded tumor and the probing system.
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An ultrashort laser pulse of 1 ps in pulse width is delivered
across a circular area with an effective radius of 0.1 mm. The
radiation intensity distribution is assumed to be of a Gaus-
sian profile. For the sake of simulation, the backscattered
photons are recorded via the same light-delivery fiber. The
scanning grid for the probe consists of a 19 × 19 equally
spaced mesh with a mesh size of 1 mm on the detection
surface.

The near-infrared optical properties of the tissue model
have been assigned to mimic biologic tissue. We assume the
reduced scattering and absorption coefficients of the native
tissue are 1.0 mm−1 and 0.005 mm−1, respectively. These
typical values are selected in line with the studies in literatures
[1–6,8–11]. For simplicity, the refractive index for both the
tissue phantom and tumor in the present model are assumed
to be n = 1.4. It should be mentioned that different values
may exist for normal and diseased tissues [17]. Optical prop-
erties of living tissues vary with physiological functions and
are wavelength-dependent. The measured optical properties
for different individuals in the literature were also different.
All these will tremendously complicate the clinical use of
conventional DOT techniques. However, such a complex-
ity can be overlooked in the present method because the
TLSDM method is based on the imaging of the contrast of
enhanced absorption in the tumor, rather than a detection of
real property profile like conventional DOT methods. There-
fore, as along as the property variations are insignificant, we
can assume a homogeneous profile of optical properties for
the tissue model before administration of absorption contrast
agents. After injection of an absorbing dye, both the scat-
tering coefficient and index of refraction are assumed to be
unchanged. However, the absorption coefficient in the cancer-
ous tumor region increases substantially because of the close
affinity of the agents to the tumor. For example, the absorption
coefficient for cancerous tissue may rise to 0.2 mm−1; while
it only slightly increases to 0.01 mm−1 in the healthy tissue
region. This corresponds to an absorbing dye uptake ratio of
39:1. The absorption contrast ratio between the absorption-
enhanced tumor and the healthy tissue is therefore 20:1. It
should be mentioned that the uptake distribution of absorbing
dyes is simplified here.

The MC method used in the simulation has been well
described in our previous publications [16]; and thus, is not
repeated. Different photon bundles of 107, 108, and 109 pho-
tons were considered in the simulations, respectively. The
results were consistent and satisfactory although large pho-
ton numbers always gave better results. For each detection
node of the imaging grid, it requires one MC simulation. The
transient reflected signals are then recorded in the detector
and used for analyzing the temporal log-slope at the node.
After repeated MC runs for all detection nodes, the temporal
log-slope distribution on a detection surface is obtained. Such
calculations are not necessary in real experimental measure-
ments. The means for determining temporal log-slopes from
time-resolved radiation signal curves and for constructing a
temporal log-slope mapping were discussed by Guo et al.

[11]. This study focuses on parametric examination through
numerical simulation.

3. Experiment

A simple experiment was conducted to demonstrate
the present method. A rectangular tissue phantom is pre-
pared from a mixture of polystyrene matrix and silica
microspheres of 1 �m (±10%) in diameter. The silica
microspheres are used as scattering agent and have a concen-
tration by volume of 0.86%. The tissue phantom measures
16.1 mm × 96.6 mm × 39.1 mm in height, length, and depth,
respectively. A tiny graphite cylinder of 1.6 mm on diameter
is implanted at the center of the phantom as shown in Fig. 2(a).
The graphite is highly absorbing against light. The tissue
phantom is held on a translation stage and is free to move from
left to right during scanning process. The pulse laser source is
generated via a frequency-doubled Nd3+:YAG mode-locked
laser that has a pulse width of 60 ps at a repetition rate of
76 MHz. The detector is an optical fiber and positioned at
a fixed distance of 9 mm away from the laser incident spot.
The signal is delivered to an optical oscilloscope (Hamamatsu
OOS-01).

The log-slopes are obtained from the measured decaying
signals in the interval of 400–500 ps. The log-slope value
obtained when the scanning detector is far away from the
embedded graphite is the base value, representing the case
without “dye” injection; while the log-slope values obtained
when the scanning detector is in the proximity above the
graphite represents the case after “dye” injection. The nor-
malized log-slope profile is shown in Fig. 2(b). After 70%

Fig. 2. (a) Experimental sketch and (b) measured log-slope profile.
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cut-off filter, an image is obtained. The whole imaging area
is about 8 mm with a core size of about 4 mm. The image is
larger than the real graphite size of 1.6 mm. One reason could
be that the incident laser spot is separated from the detector
(about 9 mm away) in order to facilitate the use of a window
laser output in our experiment.

4. Results and discussion

Now the numerical parametric study is applied to tumor’s
diameter to investigate the limit of this optical technique in
detecting early stage tumors. All the results thereafter are
based on the simulation model shown in Fig. 1. The tempo-
ral log-slope difference mappings for tumors with diameter
of 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm, respectively, were
numerically obtained. The tumors were embedded 10 mm
deep inside the tissue. The absorption contrast ratio between
the cancerous and healthy tissues was assumed to be 20:1

after the administration of absorbing dyes. The image for the
tumor of 2 mm in diameter was found to be unclear (the log-
slope variation is in a narrow range between 0 and 0.10); and
thus, not presented here. However, for all other cases where
tumor’s diameter was not less than 4 mm, the presence of
tumor in the tissue phantom was detectable (the log-slope
variation is larger than 0.25). Fig. 3(a–d) shows the TLSDM
images of tumors of 4 mm, 6 mm, 8 mm, and 10 mm in diam-
eter, respectively. All the images in the present article are
processed after a filtering treatment with a cut-off value of
70% (i.e., the log-slope difference values less than 70% of
the corresponding maximum value are cleared). From Fig. 3,
it is seen that, both the image size and the contrast quality
(represented by the variation range of the temporal log-slope
differences) improve as the tumor size becomes large. For
the tumor of 10 mm in diameter as shown in Fig. 3(d), the
TLSDM image matches well with the actual tumor projec-
tion (the area indicated by the white circle in the figures) on
the detection surface. The difference between the image and

Fig. 3. (a) TLSDM images for various sizes of tumor with an enhanced absorption contrast ratio of 20:1 and embedded 10 mm deep in the tissue: (a) 4 mm in
diameter, (b) 6 mm in diameter, (c) 8 mm in diameter, and (d) 10 mm in diameter.
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Fig. 4. TLSDM images of a 6 mm-in-diameter tumor embedded 10 mm deep in the tissue with various enhanced absorption ratios: (a) 10:1 and (b) 35:1.

its actual projection is about 1 mm which pushes to the limit
of the detector scanning resolution. Also this image has the
largest quality contrast and the value of temporal log-slope
difference varies from 0 to 1.2. For the tumor of 8 mm in
diameter, the TLSDM image as shown in (c) has a diameter
close to 10 mm. Thus, the image is about 2 mm larger than the
actual tumor projection. The difference between the TLSDM
image and the projection of the tumor of 6 mm in diameter
is generally less than 4 mm. However, the TLSDM image
for the tumor of 4 mm in diameter as shown in Fig. 3(a) is
obviously swelled and its contrast quality value varies in a rel-
atively narrower range between 0 and 0.30. We can conclude
with confidence that this TLSDM imaging method can detect
10 mm small tumors embedded to 10 mm deep with a resolu-
tion of 1 mm when the enhanced absorption contrast is 20:1.

Next, the parametric study deals with the absorption
coefficient enhancement in tumor. This study is impor-
tant, because the concentration of injected absorbing dyes
may vary and the uptake and washout of the dyes are
strong functions of time. We considered several enhanced
absorption coefficients for a tumor of 6 mm in diameter
embedded at a depth of 10 mm. The considered absorp-
tion coefficients for the tumor are 0.10 mm−1, 0.20 mm−1,
0.25 mm−1, 0.30 mm−1, and 0.35 mm−1, respectively. The
TLSDM image for an enhanced absorption coefficient of
0.20 mm−1 has been discussed in Fig. 3(b). Fig. 4(a and b)
displays the TLSDM images of the tumor with an enhanced
absorption coefficient of 0.10 mm−1 (absorption contrast
ratio 10:1) and 0.35 mm−1 (absorption contrast ratio 35:1),
respectively. In general, the magnitude of temporal log-slope
difference is proportional to the absorption contrast ratio. It
is seen that the image in Fig. 4(a) is hardly accurate. Thus, an
absorption contrast ratio of 10:1 is insufficient for the small
tumors to be detected. However, it is found that an absorp-
tion contrast ratio of 20:1 or above is sufficient for obtaining
a quality TLSDM image. Comparing Fig. 4(b) with Fig. 3(b),

it can be concluded that the larger the absorption contrast, the
better the image quality (i.e., the larger the value of temporal
log-slope difference). However, further increase of absorp-
tion contrast ratio above 20:1 does not improve the accuracy
of the image size. The image in Fig. 4(c) still has a slightly
swelled boundary like Fig. 3(b).

Finally, it is necessary to perform embedment depth study
to investigate the potential of the TLSDM method under dif-
ferent conditions. The tumor may be located close to the
skin surface or deep inside the tissue. The 6 mm-in-diameter
tumor was considered to be embedded at 4 mm, 7 mm, 10 mm,
13 mm, and 16 mm below the detection surface, respectively.
The absorption contrast ratio was remained at 20:1. At a shal-
low depth (4 mm), the presence of the tumor was clearly
imaged. Thus, the image in this extreme case is not pre-
sented here. Fig. 5(a–c) illustrates the TLSDM images of
the tumor embedded 7 mm, 13 mm, and 16 mm deep in the
tissue, respectively. The TLSDM image for the tumor embed-
ded 10 mm deep was shown in Fig. 3(b). It is observed that,
as the embedment depth increases, the temporal log-slope
difference in the tumor region starts to diminish and soon
blends in with the background. The image for the case of
7 mm embedment depth shown in Fig. 5(a) has better image
quality and accuracy as compared with the image of the tumor
embedded 10 mm deep shown in Fig. 3(b). At 13 mm embed-
ment depth, the presence of the tumor is still identifiable.
However, a swelled image size is very obvious and the image
contrast quality value represented by the temporal log-slope
difference becomes small. At the deepest location (16 mm),
the TLSDM image for this small tumor is not identifiable.

The TLSDM method was designed to accommodate the
requirements of a cost-effective and rapid screening tool
to detect the presence of tumors in human tissue before
performing a comprehensive tomographic scan or biopsy
examination. The presence of a slightly fuzzy boundary or
swelled image size is basically acceptable. In this study, the
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Fig. 5. TLSDM images of a 6 mm-in-diameter tumor with an enhanced absorption ratio of 20:1 for different embedment depths: (a) 7 mm, (b) 13 mm, and (c)
16 mm.

pre-assigned scanning grid resolution is 1 mm. Further refin-
ing the grid may lead to a higher accuracy. However, a very
fine grid might be impractical when an optical fiber (core size
is usually in the range of 0.1–1 mm) or fiber array were to be
used as the probing head. Instead, a streak camera could be
used for detection of ultrafast laser signals and it will greatly
improve both the spatial and temporal resolutions. Neverthe-
less, such a device is very costly. The 13 mm embedment limit
may be overcome when the tumor size increases. In the dic-
tionary of cancer terms [18], stage I breast cancer is defined
as “the tumor is 2 cm or smaller and has not spread outside
the breast”.

It should be born in mind that some simplifications have
been adopted in the present simulations. The potential rela-
tionship between tumor size and vascularity is not addressed
here. Smaller tumors may not have undergone significant
angiogenesis and, therefore, may have a significantly reduced
contrast agent uptake. The uptake of dyes in a real situation

is hardly uniform in the cancerous region as well as in the
healthy tissue region. Further, the uptake of dyes might results
in changes in the refractive index and scattering coefficient.
However, such changes should be negligible in most region of
the tissue because the dye volume is very small as compared
with the tissue and the dye is generally nonscattering. The
spatially varying scattering, absorption, and refractive index
distributions within a tissue could be significant in some cir-
cumstances. These variations are basically negligible in the
present method when they are much smaller than the contrast
change due to uptake of dyes.

The time for experimentally acquiring temporal signals
is comparable to the signal measurement time in conven-
tional DOT techniques. However, the current method saves
huge effort and time in imaging reconstruction procedure. A
general DOT technique requires a time-consuming inverse
optimization and a tedious imaging algorithm to reconstruct
the image of tissue optical property distribution. While the
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present method calculates directly the temporal log-slope
distribution from decaying signals and the imaging recon-
struction procedure takes only a few seconds in a general PC.

5. Conclusions

The influences of the three important parameters on the
TLSDM images were numerically examined. It is found that
the enhanced absorption contrast ratio between the tumor
and surrounding healthy tissue should not be less than 20:1
in order to acquire quality and accurate images. Further
increasing absorption contrast does not improve the imaging
accuracy; nevertheless, it does improve the image quality.
The accuracy of the TLSDM imaging method is predom-
inantly determined by the tumor size and its embedment
depth. The results showed that small tumors of 10 mm in
size can be accurately projected. When the tumor size is less
than 6 mm, the TLSDM images are not very ideal. When the
tumor is embedded at a shallow depth down to 10 mm, a clear
and quality TLSDM image is easily obtainable. With further
increasing embedment depth, the image starts to blend in with
the background and diminish when the embedment is 16 mm
in depth.
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