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ABSTRACT

In response to an invitation by the editor-in-chief, I would like to present the current status of time-domain
imaging. With exciting new photon diffusion techniques being developed in the frequency domain and
promising optical coherence tomography, time-resolved transillumination is in constant evolution and the
subject of passionate discussions during the numerous conferences dedicated to this subject. The purpose of
time-resolved optical tomography is to provide noninvasive, high-resolution imaging of the interior of living
bodies by the use of nonionizing radiation. Moreover, the use of visible to near-infrared wavelength yields
metabolic information. Breast cancer screening is the primary potential application for time-resolved imaging.
Neurology and tissue characterization are also possible fields of applications. Time-resolved transillumination
and optical tomography should not only improve diagnoses, but the welfare of the patient. As no overview of
this technique has yet been presented to my knowledge, this paper briefly describes the various methods
enabling time-resolved transillumination and optical tomography. The advantages and disadvantages of these
methods, as well as the clinical challenges they face are discussed. Although an analytic and computable
model of light transport through tissues is essential for a meaningful interpretation of the transillumination
process, this paper will not dwell on the mathematics of photon propagation.

Key Words contrast; diaphanography; image quality; optical tomography; resolution; time-of-flight; tissue

optics.

1 INTRODUCTION

Viewing hidden lesions or abnormalities in the in-
terior of living bodies is the objective of non-
invasive medical imaging. Various techniques to do
this are available, such as radiography, magnetic
resonance imaging (MRI), positron-emission to-
mography (PET), or echography. Each of these tech-
niques has advantages for a specific diagnostic pro-
cess and drawbacks that limit their use as a
continuous, noninvasive, and nondestructive moni-
toring system for living organisms.

Besides the classical diagnosis of broken bones,
radiography has found applications in diagnosis of
coronary and blood vessel lesions or diseases (an-
giography), breast cancer screening (mammogra-
phy), or tomography (scanner). However, x-rays are
known as ionizing radiation, so that their use for
continuous monitoring or frequent screening is not
recommended. Particularly adapted to the diagno-
sis of lesions in soft tissues, MRI is a powerful im-
aging technology that makes it possible to study
tissue metabolism quantitatively (measurements of
adenosine triphosphate, ATP), but it is necessary to
use a contrast agent, its sensitivity is somewhat low,
and the technique is expensive. PET has found nu-
merous applications in neurology by precisely lo-
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cating brain functional areas, but similarly to MRI,
a contrast agent is necessary and PET images suffer
from poor spatial resolution. Ultrasound is a benign
form of imaging and echography has found numer-
ous applications in blood flow and heart function
measurements, breast cancer screening, and gyne-
cology. A precise characterization of tissues in cer-
tain cases is, however, difficult because of the simi-
larity of mechanical properties of different tissues.
Thus the most competitive and flexible technique
remains conventional x-ray radiography, yielding
micrometric resolution at a relatively low cost.
Transillumination, or diaphanography,'™ is a con-
venient alternative to radiography. It provides full
images of body content and metabolic information
with nonionizing radiation in the visible to near in-
frared (NIR) range. The ideal use of diaphanogra-
phy is the direct differentiation of neoplastic from
normal tissues, but also the diagnosis of other tis-
sue abnormalities, such as dysplastic tissues, cysts,
lymph gland metastases or inflammations. Further-
more, a tissue characterization based on spectro-
scopic signature should improve a diagnosis by
giving information on metabolism. The direct con-
sequences are a reduction in the patient’s physical
and emotional trauma, and a reduction of health
costs because the technique can be performed on an
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Fig. 1 Conventional diaphanography setup.

outpatient basis and eliminates histology and the
need for a surgical environment.

Transillumination, a term describing any method
for viewing the interior of an object by shining light
through it (Fig. 1), has been used as a diagnostic aid
since the mid-1800s in inflammatory diseases of the
sinuses or for differentiating between solid tumors
of the testis and hydroceles. Later, diaphanography
was one of the first diagnostic aids used to detect
and diagnose various breast lesions. Cutler” started
to evaluate breast lesions in 1929 after observations
on breast specimens and suggested the possibility
of establishing some points of difference between
tumors of different density (Fig. 2). Interest in this
method rapidly decreased, however, because of the
poor spatial resolution of the technique, and the

(a)

method was replaced by mammography. Today, di-
aphanography is occasionally used as a comple-
mentary examination before biopsy. Other applica-
tions of transillumination cover the broad field of
oximetry, where the current metabolic status of a
patient or an organ is monitored bgy real-time mea-
surements of oxygen saturation.”” Similarly, brain
lesions can be detected by shining a light through
the skull and observing the distribution of blood
within the brain, thus detecting and locahzmg oxy-
gen insufficiency, hemorrhages, or blood clots."

The fundamental problem encountered in dc im-
aging or imaging that is not time resolved is the
strong blurring of the images caused by light scatter
within tissues. As a result, a host of authors have
developed and investigated various time-resolved
imaging techniques. By reducing the contribution
of multiple scattered light, the resolution and the
contrast of the obtamed images is 1mpr0ved Thus
spatial f1lter1ng, confocal conflguratlon 7 streak
cameras,'% Kerr gatmg,28 -1 };)hoton countlng,32 34
and ultrafast photodetectors >37 holography,®*
Raman amplification,**® optical parametric ampli-
fication (OPA),** and finally heterodyne
detection”™ have yielded numerous interesting re-
sults on imaging capability and image quality im-
provement. Generally these techniques have been
targeted at breast cancer detection.

2 APPLICATION FIELDS

The characterization of biological tissues is one of
the challenges of modern medicine. Therefore, a
time-dependent light propagation method that
would lead to the eventual differentiation and char-
acterization of tissues would provide useful infor-
mation for the diagnosis of pathologies and in
physiology.

Another promising field where time-resolved op-
tical tomography could be applied is neurology.
Blood flow in the brain is an indicator of the cere-

(b)

Fig. 2 Diaphanography of a right healthy breast (a) and a left breast displaying a dense tumor (b).2
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bral activity of brain regions, and can vary from one
region to another. Therefore, measurements provid-
ing tomograms of brain activity with NIR radiation
would offer a useful tool to neurologists and signifi-
cantly improve the detection of brain dysfunctions
or lesions. Congenital brain lesions often originate
from hemorrhage, hypoxemia due to blood supply
deficiency, or blood clots in arteries or veins of the
brain. Systematic screening of neonates or even pre-
mature infants would prevent irreversible processes
in brain and nervous functions. Such tomographic
measurements would also improve the early detec-
tion of strokes, fast-growing tumors (due to an in-
creased vascularization), degeneration of the brain
(senility, dementia praecox), and Alzheimer disease.
They could be used to detect cognitive difficulty
(memory, vigilance, perception) related to such psy-
chic disorders as depression, schizophrenia, or even
drug addiction. Furthermore, therapy could be con-
trolled and evaluated continuously.

The major concern, however, of time-resolved
transillumination is breast cancer detection. In 1991,
one woman out of ten developed breast cancer, and
one-fourth of the diseased patients died.”*>® While
76.6% of breast cancer patients survive 5 years after
surgery, only 63% are alive 10 or more years later.
Indeed, breast cancer is the leading cause of mortal-
ity for women aged 35 to 50. The continuous climb
in the incidence of breast cancer and the fast-
growing process of breast carcinomas™ requires a
systematic and regular screening of women 40 and
older. For the last 10 years, screening produced a
70% early detection rate for breast cancer in women
50 and older with a detection rate above 98%.°%¢!
However, breast cancer also strikes 3% of women
under 35 and in 90% of the registered cases it is
lethal because of late detection.®” Therefore, a regu-
lar screening of younger patients 35 and below is
necessary. Moreover, the use of x-rays in mammog-
raphy is suspected to induce 0.2% of the breast
cancers.®** A regular mammographic screening in
younger patients is thus unacceptable. Mammogra-
phy has also inherent shortcomings in the diagnosis
of benign breast lesions. A bad contrast between tis-
sues is sometimes observed. The neoplasms most
often overlooked by mammography are embedded
in dysplastic tissue of a high radiodensity that pre-
vents radiographic visualization of the tumor. Di-
aphanography is not affected by dysplastic tissue in
its ability to detect tumors. Furthermore, by the
time microcalcifications of 100 um or more, which
reveal the presence of a tumor on a mammogram,
are detected, the surrounding lesion can have
grown to several millimeters. Diaphanography
should help in the early detection of the tumor be-
fore the formation of the microcalcifications, in the
preclinical stage. Although mammography is the
best screening tool, giving an image resolution and
contrast that enables a precise and reliable diagno-
sis, novel techniques, such as time-resolved transil-
lumination and optical tomography, have to be con-
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sidered in order to bypass the drawbacks of
mammography and provide better differentiation
and early detection.

3 LIGHT TRANSPORT THROUGH TISSUES

The propagation of light through biological tissues
is a subject of growing interest in many medical
applications, particularly in laser medicine. For
theoretical reasons, biological tissues are generally
considered turbid media. Light is transmitted with
varying degrees of scattering and absorption. In the
visible to NIR range, scattering dominates because
of the inhomogeneities of tissues and cellular struc-
tures, and particle sizes on the order of an optical
wavelength. Scattering occurs at such discrete loca-
tions as the interfaces between cells; in the compo-
nents of the cells;®® in solutes such as glucose, man-
nitol, or sucrose in body fluids; or along neurons
when electrical impulses are transmitted.®®®” Ab-
sorption also occurs at discrete locations where
chromophores, such as hemoglobin (in the red
cells), myoglobin (in the muscle cells), cytochrome
(in the mitochondria), or chromatin (in the nuclei),
are present. These pigments have a particular ab-
sorption spectrum that allows them to be differen-
tiated and for the three first-named chromophores,
there is also a difference between the reduced and
oxidized state that is generally used for a metabolic
state signature.®**

The three fundamental optical interaction coeffi-
cients characterizing a turbid medium are the ab-
sorption coefficient 3., , the scattering coefficient %, and
the single scattering phase function p(s,s’). The ab-
sorption and scattering coefficients, within the con-
fines of radiative transfer theory, represent the
probability per infinitesimal path length for a pho-
ton to be absorbed or scattered. The phase function
describes the angular dependence of each scattering
event. Two other parameters encountered, derived
from the fundamental interaction coefficients, are
the average cosine of scattering or anisotropy pa-
rameter ¢ and the reduced scattering coefficient
2/=2; - (1—g). All these parameters describe accu-
rately how light propagates through tissues. To ob-
tain the optical characteristics, one has to convert
measured quantities into parameters according to a
particular theory of light transport in tissues (see
Refs. 70 and 71 for a complete review of the optical
properties of tissues).

It is therefore essential to discuss a theoretical
model to understand the process of light transport
through turbid media. Many models that predict
light distribution within tissues have been
developed.”””® The most commonly used models
refer to the diffusion approximation of the radiative
transfer theory”*”> or Monte-Carlo simulation.”®””
In radiative transfer theory, the diffuse photon flu-
ence rate U(7,t) should satisfy the time-dependent
diffusion equation where S(7,t) is the source term
and c,, the speed of light in the tissue [Eq. (1)].
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Fig. 3 Schematic diagram of the spatial and temporal dispersion
observed on short light pulses propagating through turbid media.
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Although an analytical solution does not exist for
the general case, some are solutions provided for
particular geometries and happen to fit experimen-
tal measurements. The fluence rate can then be ac-
curately calculated for biological tissues where 2,
< 3. In Monte-Carlo simulations, each photon is
considered independently and its trajectory, modi-
fied by scattering and absorption events, is com-
puted. Thus, following the random path of a very
large number of photons to reduce statistical dis-
crepancy, the fluence rate can be computed with ac-
curacy also.

3.1 LIGHT DISPERSION

As a light pulse propagates through a turbid me-
dium, it undergoes both temporal and spatial dis-
persion (Fig. 3). Plotting the time dispersion of the
output intensity, the transmitted photons can be
classified in three categories: the ballistic or coherent
photons, propagating straight; the less scattered or
partially coherent photons, undergoing only a few
scattering events; and the multiple scattered photons.
Ballistic photons are mainly observed in tissuelike
phantoms made out of suspensions of micro-
spheres, or fatty droplets such as milk or Intralipid.
However, in real biological tissues, it is mostly im-
possible to observe a ballistic transmission, due to
both discrete steps and continuous variations in the
dielectric constant of tissues.”*?** The less scat-
tered photons are also called the snake photons,
which is from my point of view somewhat confus-
ing; therefore I prefer to speak about the less scat-
tered photons. The multiple scattered photons are
responsible for the spatial dispersion. This is the
source of image blurring and resolution deteriora-
tion. Since the distinction between the less and mul-
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Fig. 4 Schematic representation of a 3-D turbid medium into
which photons are released at the origin in an incidence normal to
the input surface. The cigar-shaped volume contains all the possible

paths of photons within a given time #, and each section of the
volume represents the expected resolution.

tiple scattered photons is somewhat unclear, one
can assume that the less scattered photons are those
necessary to create an informative unblurred image.

Actually, the intensity measured over a very
small period of time, or integration time, after the
first-arriving photons emerge from the sample will
depend on the absorption and scattering
properties®”® of the cigar-shaped volume of me-
dium surrounding the optical axis (Fig. 4). This vol-
ume contains all the possible paths that could be
taken by the detected light during the selected inte-
gration time. The size of each transversal section of
this volume represents the spatial resolution of the
final image as a function of the position of an object
along the optical axis. If the period of time is con-
strained, the volume gets narrower, and the spatial
resolution increases. To improve the resolution ob-
tained with dc imaging, one has to discriminate the
first-arriving photons from the pack of multiple
scattered photons by using an adequate filter to get
the narrowest possible volume. These first-arriving
photons enclose the less scattered ones.

3.2 MECHANISM RESPONSIBLE FOR THE
IMAGE

The formation of the image provided by time-
resolved transillumination is mainly due to the dif-
ferential transmittance of radiation in different
tissues.””® The tissue architecture as well as the
shape and content of each cell strongly influence
the transmittance of light. Biological tissues are
usually composed of a dense assembly of cells
which are in general several microns in diameter.
Moreover, the spectroscopic study of hemoglobin
shows that blood has absorption peaks in the red
and NIR region so that a strongly perfused part of
the body should appear as a shadow, and other
relatively more translucent tissues, such as bone,
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Fig. 5 Attenuation spectrum through a 3-mm-hick slab of breast
tissue®! with the contribution of hemoglobin (1), fat (2), and water

3).

adipose tissue or skin, should look brighter. For
breast tissues (which are principally composed of
adipose and fibrous tissues), there is a window be-
tween 700 and 1100 nm where the lowest percent-
age of light is absorbed (Fig. 5). A cancerous lesion,
however, is suspected to contain more blood than
the surrounding tissues. It should be then easily
differentiated from the surrounding tissues, which
are normally perfused. Furthermore, the cancerous
cells are known to have a larger nucleus than nor-
mal cells. This nucleus contains chromatin, a chro-
mophore responsible for light absorption.

If light-absorbing lesions are present in tissues,
the transmitted signal is modified as a function of
the position of the lesion (Fig. 6). Compared with
the time distribution obtained without inhomoge-
neities, the presence of one opaque object on the
optical axis will delay the output signal and an im-
age is only formed by multiple scattered
photons.?*3 When there are two objects on either
side of the axis, the output signal decays abruptly.
Indeed, it appears that the ballistic and less scat-
tered photons are mainly affected by central ab-
sorption, whereas multiple scattered photons are
influenced by peripheral absorption.® Therefore, by
using information carried by narrow regions of the
output signal, time-resolved imaging enables a bet-
ter detection of a lesion through improved resolu-
tion and contrast.

4 AVAILABLE TECHNIQUES

Time-resolved transillumination and optical tomog-
raphy are obtained through the detection of the bal-
listic photons, if any, and the less scattered photons
over a very short period of time. From the pioneer-
ing experiments combining Raman amplification
and Kerr gating to obtain tomographic views of a
bovine heart in vitro, " to the latest investigations on
in vivo images of compressed breasts with a streak

TIME-RESOLVED OPTICAL TOMOGRAPHY
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Fig. 6 Schematic representation of the time distribution distur-
bance as a function of the position of an absorbing object in the
sample.

camera,” a host of authors have proposed various
techniques for time-resolved transillumination and
optical tomography. These methods could be classi-
fied as (1) direct or ballistic methods, based on
time-of-flight selection; and (2) indirect methods,
based on such intrinsic properties of light as coher-
ence or polarization. The indirect methods select
the first arriving photons “naturally.” Published re-
sults pertains to the evaluation of resolution and
improving contrast by gating the detected signal, or
the feasibility of a proposed technique to obtain im-
ages of objects in turbid media with improved reso-
lution. Generally, the studies are aimed primarily at
detection of breast cancer and secondarily at local-
ization of lesions. The detection of a lesion is
achieved by recording a 2-D image with sufficient
contrast, while localization needs ranging, or more
views and tomographic reconstruction to obtain the
3-D images, by which the size, shape and position
of the object can be determined. Detection is a
simple task, whereas the accuracy of localization
depends on how exact the information about ab-
sorption and scattering is in the sample, particu-
larly for ranging.

4.1 BALLISTIC METHODS

The typical experimental setup for ballistic mea-
surements consist of a pulsed femto- or picosecond
laser source combined with an ultrafast photodetec-
tor (Fig. 7). Generally the narrow beam or confocal
configuration is used to further hinder multiple
scattered photons from reaching the detector. The
sample is placed on a X-Y translation stage to be
able to record 2-D images by scanning. The mea-
surement procedure is completed by sampling the
intensity of each pixel as a function of time, to ob-
tain a time-space intensity mapping. The image is
finally numerically reconstructed by attributing to
each pixel the intensity measured over the selected
integration time (Fig. 8).

The use of narrow beam scanning'® or confocal
configuration,'” as well as spatial filtering'® with
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Fig. 7 Typical experimental setup for time-offlight measurements
with an ultrafast photodiode.

small apertures in the back Fourier plane of the op-
tics has been proposed to obtain a simple first-
arriving light filter without the use of expensive
ultra-fast detectors. Although part of the multiple
scattered photons are discarded, the selectivity for
the ballistic and less scattered photons is not good
enough for a sufficient improvement of the resolu-
tion. Therefore, the addition of fast detection is nec-
essary. The most versatile and widely used device is
the streak camera.'™ The wuse of photon
counters®*>* or ultrafast photodiodes®*® has also
been proposed. Although these methods have pro-
vided numerous promising experimental results,
one of their drawbacks is the time-consuming scan-
ning of the sample needed to obtain 2-D images.
This is overcome by using an ultrafast Kerr gate,
which was once proposed to photograph light in
flight.”*% Instead of processing the image on a com-
puter, a direct 2-D recording is made by allowing
only the ballistic and less scattered photons to pass
through the Kerr gate®® Although the method
makes time-resolved imaging possible, the wave-
length used to transilluminate the sample is gener-
ally in the green region (second harmonic genera-

(a)

Fig. 8 Reconstructed image of a 5-mm cancerous lesion in a 20-mm-thick sample of breast tissue,

tion of an infrared pump laser), which is strongly
absorbed by tissues. This prevents its use in clinical
situations, where a thickness of at least 40 to 50 mm
for a compressed breast is common.

4.2 INDIRECT METHODS

Another way to obtain direct images is offered by
indirect methods. These are either based on holog-
raphy, on Raman amplification, or on OPA. It has
been demonstrated that holography is an effective
way to remove the multiple scattered photons from
the detected signal. The multiple scattered photons
are totally incoherent relative to the reference pulse,
so that they do not contribute to the formation of
the hologram. The integration time is set by the ref-
erence pulse, which is generally identical to the in-
cident pulse on the sample. By using the basic
method of light in flight®*® in the so-called chrono-
coherent imaging (CCI) configuration,** holo-
grams of the first-arriving light can be recorded on
a conventional film or plate. A classical Mach-
Zehnder interferometer (Fig. 9) also fulfills the re-
quirement for time-resolved imaging.**** The holo-
grams are recorded on a CCD (charge coupled
device) camera and reconstructed numerically.**
The use of a CCD camera overcomes the problems
encountered with classical hologram recording on
plates or films, such as lack of sensitivity and, for
time-resolved transilluminations, a long exposure
time. Moreover the background noise is numeri-
cally removed and images are averaged over a large
number of frames to reduce the speckle noise. In-
deed, the natural instability of living objects is a
great advantage for holographic time-resolved im-
aging. The effectiveness of hologram averaging de-
pends on the speckle decorrelation between succes-
sive images. When the exposure time is reduced,
the speckle pattern obtained is stationary, so that
with a time interval between two exposures longer
than the correlation time of speckle, the speckle pat-

(b)

37

dciimage (a) and image with 40 ps integration time (b).

12 JOURNAL OF BIOMEDICAL OPTICS * JANUARY 1996 * VoL. 1 No. 1



beam
splitter mirror
source N\
) spatial filter
mirror vius
mirror delay lens
mirror line sample e
mirror
lens
) N beam
mirror | splitter
spatial filter lens
lens
"2 # CCD camera
IIT
&7

computer

Fig. 9 Schematic representation of the experimental setup for
time-resolved optical tomography with the Mach-Zehnder
interferometer. 42

tern vanishes by averaging. Another effective indi-
rect method is optical heterodyne detection called
coherent detection imaging (CDI).>’™ Since a het-
erodyne system is both a sensitive receiver and a
directive antenna, it yields high spatial resolution
as well as high angular selectivity for the formation
of images by ranging. The main drawback of holog-
raphy and heterodyne detection is the loss of coher-
ence as a result of strong scattering. Experiments
have been performed in biological tissues with a
limited thickness of about 10 mm. This is far from
common clinical conditions. For larger parts of the
body, the whole object wave would have com-
pletely lost its phase relative to a reference wave.
Therefore, holography and heterodyne detection
are confined to less scattering tissues or thin parts
of the body.

All the aforementioned ballistic and indirect
methods for time-resolved imaging suffer from the
very low detected intensity. Actually, the signal-to-
noise ratio (SNR) decreases as the number of pho-
tons is constrained and the improvement in image
quality is overcome by the noise. Therefore, an im-
age is formed by averaging numerous successive
exposures to reduce the statistical noise. To over-
come this problem, Raman amplification**** and
OPA®™ have been proposed to reduce exposure
time. The output signal is amplified over a very
short period of time, so that gains on the order of
10° are achieved during the integration time set by
a reference pump pulse. Full 2-D images can be ob-
tained with a single shot. However, the main draw-
back of signal amplification (as well as optical het-
erodyne detection) is the high angular selectivity, so
that in practice only ballistic photons can be de-
tected. Therefore, in clinical use, where ballistic
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Fig. 10 Schematic plot of the resolution Ax [from Eq. (2) and Eq.
(3)] and the contrast as a function of the integration time or the
coherence time Af.

transmission is barely observed, the technique does
not offer a profitable time-resolved imaging tech-
nique.

5 RESOLUTION AND SNR

For clinical purposes, time-resolved imaging has to
improve the resolution of conventional diaphanog-
raphy. The resolution of dc images has been esti-
mated at about 15 to 20 mm for a compressed
breast. Indeed, by reducing the integration time, the
resolution and contrast of the images obtained by
time-resolved transillumination are improved (Fig.
10).

Furthermore, it has been shown that the position
of an heterogeneity in the sample influences the
resolution and the contrast.***' Tt appears that the
worst case is a lesion located in the central plane of
the sample (Fig. 4). Therefore, the resolution Ax of a
time-resolved imaging system is referred to an ob-
ject located in the central plane.

Theoretical studies based on the diffusion ap-
proximation, Monte-Carlo simulations, or random
path models, have shown that the curve describing
the resolution Ax as a function of the integration
time At and sample thickness z,,, follows square
root behavior [Eq. (2)].20378

2 (cpr Atttz
"3 2.0
+Zma) 1M 2. 2)

Similar curve shapes have been obtained using ho-
lography, and instead of the integration time, the
resolution is plotted as a function of the coherence
time of the reference pulse [Eq. (3)].°

Ax=1.95-c,- At -z - (3)

These theoretical predictions have been confirmed
by experimental results on phantoms and tissues.

X [1—zpal/ (cy- At
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Although the resolution and the contrast improve
when the integration time is constrained, the SNR
decreases strongly due to noise augmentation. This
noise is basically composed of anatomical or struc-
tural noise and photon or quantum noise. The ana-
tomical noise arises from the smaller inhomogene-
ities in the sample. Since the integration time is
constrained, these inhomogeneities yield sharper
contours on the image and could mask a lesion
while the photon noise is principally responsible for
the SNR deterioration. Indeed, the number of pho-
tons detected is insufficient to create an informative
image.®® Considering the light attenuation of a
50-mm breast or an infant’s head, the average trans-
mitted intensity is 6 to 10 orders of magnitude
weaker than the incident one. To achieve time-
resolved imaging, less than 1% of this transmitted
light has to be detected.” To improve the SNR
value, one would try to increase the input intensity
or peak power of each pulse, but dosimetry sets the
limits for the application of reasonable energy to
human tissues without damage. The ANSI Z136.1-
1986 indicates that no damage will occur to skin
from a 1-ms duration, 694.3-nm pulse with 0.2
J/cm? energy or from a 1-ms duration, 1064-nm
pulse with 1.0 J/cm? energy. Since the usual wave-
lengths for tissue transillumination are in the NIR
range, the absorption can be considered as low, so
that an estimated 0.8 J/cm? can be selected as a safe
limit. It is also possible to combine measured tem-
poral distributions with analytical results from the
d1ffus1on approximation of the radiative transfer
theory.” By numerically solving the analytical time
dispersion, a curve fit on the experimental time dis-
tribution is obtained, and the optical parameters of
the tissue are determined. The analytical result is
considered a high SNR representation of the mea-
sured data (the analytical model is supposedly free
from noise). This method, however, does not im-
prove the resolution and the contrast for very small
integration time due to the difficulty of fitting a
theoretical curve on noisy measured time distribu-
tions. Since the noise appears to be difficult to by-
pass, it appears necessary to introduce the noise
component in evaluating the imaging performance
of time-resolved transillumination and optical to-
mography.

The aforementioned predictions of the expected
resolution do not take into account the noise and
the contrast changes observed as the integration
times is reduced. Indeed, the consequent noise in-
crease at short integration times compensates for
the improvement of the resolution.*> An optimum
for the integration time has to be determined to ob-
tain an informative image between a blurred dc im-
age (integration time too long) and a noisy image
(integration time too short). One can define the less
scattered photons as those detected during that op-
timal time. It is then convenient to have a method
for an objective quantitative evaluation of the qual-
ity of a time-resolved image to determine this opti-
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Fig. 11 Comparison of the width of the LSF (dotted line) and the
IQI (continuous line) as a function of the integration time At for
measurements through 20 mm of breast tissue.%”

mum. By combining the variance o*(Af) of a Gauss-
ian curve fitted on the measured line spread
function (LSF), the noise pattern (Wiener spectrum)
W(At), the contrast C(Af), and a correcting constant
v, which is function of an estimated fixed value of
the SNR for high detection probability, one can de-
termine the resolution as the size Ax of the smallest
detectable object or image quality index (IQI).*
This had been formerly progosed for the evaluation

of mammography [Eq. (4)].%%®

WA |/

Ax~2 —C(At) . 4)

O'Z(At)+ y-

As an illustration, the in vitro IQI of a 20-mm
sample of breast tissue has been determined as a
function of the integration time and compared with
the width of the measured LSE It appears that the
IQI values approximate the width of the LSF for
integration times above 50 ps, but a minimum
value of 3 mm at 40 ps is observed and the IQI
values increase again for integration times shorter
than 30 ps (Fig. 11).¥ The LSF curve does not pass
through the origin due to the uncertainty of the
measurements. Actually, it is difficult to properly fit
a Gaussian curve on the noisy LSF profile for short
integration times. For thicker samples, the position
of the minimal value of the IQI is shifted to higher
integration times and resolution values. With in vivo
compressed breasts (=40 mm), the best measured
resolutlon was about 10 mm for a 60 ps integration
time,® which is within the theoretical predictions
[Eq. (2)]. No informative images have been ob-
tained with shorter integration times. Submillimet-
ric resolution seems then to be hardly reachable un-
der clinical conditions. Actually, the resolution limit
is restricted by the input intensity, depending on
the dosimetric requirements.



6 OUTLOOK

Recent progress in time-resolved transillumination
and optical tomography has shown that spatial
resolution as well as contrast are improved by de-
tecting only the less scattered photons, while ballis-
tic transmission can be barely observed under clini-
cal conditions. The diversity of the techniques
proposed to achieve time-resolved imaging is proof
of scientists” eagerness to provide a high-resolution
imaging device for the surgeon and the availability
of affordable tools for that purpose. Unfortunately
none of the proposed methods satisfies the clinical
requirements for replacing conventional mammog-
raphy. The drawbacks related to time-consuming
scanning; long exposure time; incoherent transmis-
sion in thick parts of the body; high angular selec-
tivity, which limits the detected intensity to the bal-
listic photons; and a mostly low detected intensity
at short integration times, have to be overcome. De-
spite this doubtlessly pessimistic statement, the re-
sults obtained so far are encouraging. It is yet not
established which experimental procedure will
eventually find the most use in medicine. Experi-
mental data on in vivo measurements have shown
that ultrafast detection devices are not necessary in
clinical conditions, where integration times in the
tens of picoseconds are needed. Furthermore, it ap-
pears that time-resolved transillumination and op-
tical tomography are limited to a certain optical
thickness, hindering their use for imaging thick
limbs or the chest. However, for a compressed
breast, or an infant’s head, the problem should find
an acceptable solution. To evaluate the eventual
practical benefit of time-resolved imaging, system-
atic clinical investigations are inevitable. Future in-
vestigations will also indicate which medical fields
will profit most from time-resolved imaging.
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