Time-gated transillumination of
biological tissues and tissuelike phantoms
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The applicability and limits of time-resolved transillumination to determine the internal details of
biologicaltissues are investigated by phantom experiments. By means of line scans across a sharp edge,
the spatial resolution (Ax) and its dependence on the time-gate width (At) can be determined.
Additionally, measurements of completely absorbing bead pairs embedded in a turbid medium demonstrate the physical resolution in a more realistic case. The benefit of time resolution is especiallyhigh for
a turbid medium with a comparatively small reduced scattering coefficient of approximately pL,'= 0.12
mm- 1 . Investigations with partially absorbing beads and filled plastic tubes demonstrate the high
sensitivity of time-resolving techniques with respect to spatial variations in scattering or absorption
coefficients that are due to the embedded disturber. In particular, it is shown that time gating is
sensitive to variations in scattering coefficients.
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1.

Introduction

The noninvasive diagnosis of tissue by light is of great
interest for the examination of organs as well as for
preventive or other medical routines.1 2 Of particular interest in this area is the transillumination of the
female breast for a preventive checkup. For detecting breast cancer at an early stage, transillumination
with light may be considered a promising alternative
to potentially harmful x-ray mammography. Because of the enormous multiple scattering of light in
the tissue, however, this approach suffers from restricted spatial resolution. But the separation of
multiply scattered photons with long path lengths
from those with short path lengths enables an improvement in spatial resolution to be achieved by
means of time resolution. Chance et al.3 4 and Delpy
et al.5 have introduced the time-resolved technique to
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domain or frequency-domain methods have been
realized for imaging through highly scattering media.
In the frequency domain, phase-resolved methods
that use intensity-modulated light have been investigated by different authors.6 -9 In the time domain,
the improvement in spatial resolution is achieved by
means of a time-of-flight restriction of scattered
photons.10 The transmitted light can be measured
by the use of a streak camera" or by a fast microchannel plate photomultiplier tube.12 The presented timedomain experiments were performed with a streak
camera.
Several authors have published time-resolved in
vitro experiments at a specimen thickness of several
centimeters.14,5 In spite of these measurements,
the benefit of time gating for realistic samples was not
investigated systematically. Published time-resolved
experiments often refer to an unrealistic specimen
thickness of less than 10 mm or have been performed
on turbid media with optical properties that do not
correspond to biological tissue. In addition the optical tissue parameters (reduced scattering coefficient
p,', absorption coefficient WLA)depend not only on the
type of tissue but also on the optical wavelength
used.16 Until now, there have been hardly any publications presenting time-resolved in vivo experiments
of the female breast.
Therefore in this paper we present in vivo experiments that we performed on volunteers by using a
Ti:sapphire laser to determine the optical properties
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of the human female breast at the wavelength of the
isosbestic point of oxyhemoglobin and deoxyhemoglobin ( = 800 nm).
Further measurements were carried out on different tissue-equivalent phantoms (turbid media with
inserted absorbers) to clarify the benefits offered by a
time-resolved transillumination technique in quantitative terms. The benefit of time gating was investigated for a wide range of optical properties of both the
surrounding turbid medium and the embedded inhomogeneity. In this way measurements on an edge
embedded in a turbid medium and on phantoms with
completely and partially absorbing objects of different
shapes were examined.
2.

Experimental Setup

The experimental setup for time-resolved light transillumination'0 can be seen from Fig. 1. The laser
system for the phantom experiments consists of a
mode-locked Nd:YAG laser (repetition frequency 82
MHz, pulse width 100 ps) with subsequent pulse
compression (7 ps) and frequency doubling (X = 532
nm). Time-resolved in vivo experiments were performed with a mode-locked Ti:sapphire laser (82
MHz, 80 fs) at a wavelength of X = 800 nm.

A beam for triggering the synchroscan streak camera (S1 photocathode, Hamamatsu C3681) and a
reference beam are derived from the main beam.
Unlike the probe beam, the reference beam does not
traverse the phantom to be examined but is incident
upon the streak camera slit on the detection side to
determine the temporal zero. Light from the probe
beam is scattered in the phantom and finally reaches
the detection side after many scattering events.
This diffuse light from the detection side of the
phantom is imaged onto the slit of the streak camera
with a 1:1 magnification. The slit has a dimension of
50 pum x 6 mm, and the numerical aperture of the
streak-camera optic is 0.22. The streak camera records the temporal profile of the incident light intensity and displays it as a spatial profile (time resolution
10 ps). The phantom is located on an x-y stage and
can be moved in the horizontal plane under computer
control.

Milk was used as the turbid medium (whole-milk
powder from Tbpfer, D-87463 Dietmannsried/Allgdu,
Germany), and the optical parameters were set by the
dilution of the milk and by the addition of ink (Encre
Noire from Waterman, France). To obtain a reduced
scattering

coefficient of .L,' = 4.5 mm-'

at a wave-

length of X = 532 nm, a quantity of 230-g milk powder
has to be stirred into 1.5-L water (see Section 3).
If the milk is diluted, the reduced scattering coefficient cannot simply be calculated with a linear relation because of the modified consistency of the milk.
At high concentrations the fat droplets in the emulsion are not independent of each other and therefore
the Mie-scattering function is changed if the milk is
diluted. As a consequence ps' = 0.9 mm-' is obtained when only 30-g milk powder is dissolved in
1.5-L water.
The experimental setup was tested with different
scattering media in order to control the linearity of
the intensity and of the time scale. For each phantom a line scan was performed in the 500-ps full range
of the streak camera to evaluate time gates from 15 to
250 ps and in the 2-ns full range to evaluate time
gates from 250 to 1500 ps. The continuous-wave
(cw) case was determined from a third line scan with
the streak camera in the static mode. The intensity
of the probe beam was adjusted according to the
optical properties of the turbid medium. For a phantom with a reduced scattering coefficient of
,u' = 1 mm-' and a thickness of 40 mm, the intensity
was 100 mW, and a measuring time for each scan
point of - 10 s was required for obtaining a good
signal-to-noise ratio.
To record a complete dispersion curve with a total
temporal width of 6 ns, several 2-ns measurements
were combined. This was accomplished by the delay
of the trigger signal for 1.75 ns by the use of an
electrical delay unit. The correct overlap of each
2-ns segment was controlled by reference pulses in
regular intervals of 1.75 ns. To obtain the correct
dispersion curve, a precise shading correction and
dark subtraction was performed for each measure-

ment.
3.

Determination

of Scattering and Absorption

Coefficients

Fig. 1. Schematic setup for time-resolved transillumination of
turbid media.
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For all quantitative experiments it is necessary to
deduce the optical properties of the turbid medium
from the temporal dispersion curve. The diffusion
model was used to determine the absorption coefficient pA and the reduced scattering coefficient As' =
pu(l - g) (g is the anistropy factor of scattering).
A solution of the diffusion equation for a homogeneous medium was used according to Eq. (14) in
Patterson et al.17 It turned out that the diffusion
model permits a good description of light propagation
in turbid media with a specimen thickness of 40 mm
as long as the reduced scattering coefficient was
greater than 0.5 mm, i.e., as long as many scattering
events occurred within the specimen. When the
calculated temporal dispersion curve is fit to the

measured curve, both the reduced scattering coefficient pu' and the absorption coefficient A-A can be
determined.'
To examine this approach, theoretical curves were fitted to the measured dispersion
curves (displayed normalized) for phantoms consisting of milk with two different concentrations of ink
and having a thickness of 40 mm (Fig. 2). Time zero
is given by the incidence of the laser pulse upon the
scattering medium. Excellent agreement between
the measured and the calculated curves was found.
To obtain an estimate for the optical properties of

1

the female breast at the wavelength close to the
isosbestic point of oxyhemoglobin and deoxyhemoglobin, in vivo measurements with a Ti:sapphire laser
(X = 800 nm) were performed. The mamma was
slightly compressed to ensure a constant thickness.
To avoid a changed blood perfusion, the compression
was much weaker than in conventional mammography. The probe beam with a total power of 100-150
mW was expanded to a diameter of 10 mm to keep the
power density below the maximum permissible exposure of 2 mW/mm 2 (see Ref. 19), which corresponds
to the solar constant. This power density causes
only a negligible heating of the skin of the mamma.
Additionally, a beam blocker permitted the volunteers to interrupt the probe beam during the measurement. Besides this, the identical experimental setup
was used (Fig. 1).
Measurements on compressed mammae were carried out with different volunteers of between 25 and
43 years of age. Figure 3 shows measured dispersion curves for three volunteers and the corresponding theoretical curves calculated according to the
diffusion model. The dispersion curves range over a
period of 6 ns with a mean time of flight of more
than 2 ns. This means that most photons travel the
tenfold geometric distance between entry and exit of
the mamma because of the immense scattering and
the relatively weak absorption of the tissue. For
volunteers 1 and 2 (D = 45 mm), the signal overcomes
1
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Fig. 2. Measured dispersion curves on phantom and associated
theoretical fit curves.
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the background noise after a time of flight of 510 ps,
which is more than twice the minimum time of flight
of a photon without scattering. For volunteer 3
(D = 59 mm), this time shifts to 830 ps, which is
approximately three times as much as the minimum
time of flight (refractive index 1.4).17 The stronger
noise on signal for curve 3 is due to the greater
thickness of the compressed mamma of volunteer 3
compared with volunteers 1 and 2. The corresponding optical parameters of the fit curves can be seen in
Table 1. In summary, reduced scattering coefficients ranging from its' = 0.72 mm-' to its' = 1.22
mm-1 and corresponding absorption coefficients from
AA = 0.0017 mm-1 to P-A = 0.0032 mm-' were
measured for human breast tissue in vivo at a
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Fig. 3. In vivo dispersion curves of the compressed mamma
(thickness D) and corresponding theoretical fit curves for three
volunteers.
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wavelength of 800 nm. Because breast tissue is
inhomogeneous, consisting of fatty, glandular, and
fibrocystic tissue, only a mean value for the optical
properties of the mamma could be determined.
Nonideal geometric conditions related to the compression of the mamma may be a source of error.
However, repetition of the measurement after a short
break gave consistent results within a maximum
temporal shift of 100 ps. Even good agreement
between the dispersion curves of the right and the left
mammae was found. For the present experimental
setup it is impossible to determine the anisotropy
factor g directly, and therefore the scattering coefficient P-scould not be calculated. The use of g values
from the literature does not solve the problem, as
publishedg values for different types of human breast
tissue vary strongly. Values are given fromg = 0.92
for fibroglandular tissue and g = 0.95 for adipose
tissue to g = 0.88 for carcinomas2 0 ( = 700 nm),
whereas Peters et al. specifyg for all types of tissue in
the range 0.945-0.985 as being invariant with wavelength.2 ' The use of these strongly varying g values
yields strong variations of the scattering coefficient
P-s= P-t/(1 - g) so that a determination of Ps alone is
of limited value. As a consequence, the optical parameters were fitted only with respect to the reduced
scattering coefficient ps' and the absorption coefficient P-Afor all phantom experiments.
Table 1 compares the optical properties of the
human breast and milk for two wavelengths. The
phantom experiments were carried out at a wavelength of 532 nm because of the simple and easy
handling of this experimental setup. The in vivo
experiments were performed at 800 nm. This wavelength range is of special interest for medical diagnosis, as this is the isosbestic point of oxyhemoglobin
and deoxyhemoglobin, and a variation of the wavelength that correlates with a change of P-A yields
specific diagnostic information. To simulate the in
vivo tissue properties reasonably well by milk at X =
532 nm, the optical properties of milk at this wave-
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Fig. 5. Spatial resolution versus end-of-gate time and light intensity (the measurement symbols represent different time gates).
The squares correspond to the top horizontal scale and the circles
correspond to the bottom scale.

length have to be adjusted to the optical properties of
human breast tissue at a wavelength of 800 nm.
This can be achieved by the dilution of the milk and
the addition of ink. When one part of whole milk
was diluted with seven parts of water, the reduced
scattering coefficient increased to a breast tissuelike
value of 0.9 mm-'. Absorption was neglected in
most of the phantom experiments, as signal traces
recorded at short times with P-A 0.003 mm-' (the
greatest values found in the in vivo experiments)
show no significant difference from those recorded

with P-A< 0.001mm-'.
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Fig, 6. Influence of an increase in absorption on the achievable
improvement in spatial resolution by time gating.

4.

Phantom Experiments

Systematic measurements on phantoms were performed to determine the improvements that were due
to time-resolved detection. For the possible application to breast cancer detection, turbid media with a
wide range of optical parameters were investigated,
with special emphasis on the optical properties of
human breast tissue determined above. In general,
the scattering medium to be transilluminated had a
thickness of 40 mm. All embedded objects were
placed in the central plane of the turbid medium,
where the strongest reduction of the spatial resolution that is due to the scattering occurs. The influence of the reduced scattering and absorption coefficient of the turbid medium on the resolution in the
time gating experiments is shown by means of the
width of the measured edge-spread function (Subsection 4.A). The case of totally absorbing objects embedded in the highly scattering medium demonstrates
the spatial resolution achievable by the time-resolved
technique (Subsection 4.B). The detectability of spatial variations in reduced scattering and absorption
coefficients is investigated in Subsection 4.C.
A.

Edge-Spread Function

Quantitative statements about the spatial resolution
available by time-resolved detection are obtained
from line scans across a sharp edge placed in the
central plane of a turbid medium.22 2 3 The optical
parameters of the scattering medium selected for
these experiments are Ps' = 0.9 mm-' and P-A < 0.001
mm-'. Figure 2 shows a temporally dispersed pulse
associated with these optical parameters (curve 1)
and defines an end-of-gate time tE and a time gate At.
The end-of-gate time tE is given with respect to the
incidence of the laser pulse into the scattering medium, whereas At represents the width of the time
gate from which the image information is derived.
A photon without scattering would traverse a phantom with a thickness of 40 mm in a minimum time of
flight of 187 ps (refractive index 1.4). As the probability that a photon is not scattered is vanishingly small,
detectable amounts of scattered light occur only after
350 ps, which is approximately twice the minimum
time of flight (optical parameters p.' = 0.9 mm-' and
PA < 0.001 mm). Consequently the time gate At
starts at t = 350 ps, at which the signal overcomes the
background noise. This point depends on the actual
optical parameters of the scattering medium.
Below, the normalized intensity profiles result from
integration over the respective time gates. Edgespread functions represent the detected intensity
profile for a fixed At when a sharp edge is scanned in
the central plane of the scattering medium. Figure 4
shows the edge-spread function for five different time
gates, the edge being located at a position x = 30 mm.
At the position of the edge, the normalized edgespread function shows values of 0.3-0.4, depending
on the time gate. Because of immense scattering,
most photons traverse the central plane in the turbid

medium several times at different positions, and
therefore the edge-spread function at the position of
the edge is less than 0.5. With a decreasing time
gate, this value increases because the respective
photons are less scattered.
Finally, the width of the resulting edge-spread
function is determined according to Fig. 4. The
slope of the tangent is determined by a least-squares
procedure, and the intersections with the horizontal
saturation lines of the edge-spread function define
the spatial resolution Ax. Because of the relatively
poor signal-to-noise ratio at short integration times,
the spatial resolution Ax (line resolution) is defined as
the full width of the edge-spread function and not the
common distance between the 10%value and the 90%
value.
Figure 5 shows appropriate Ax values for various
times gates At. The axis above shows the end-ofgate time tE measured with respect to the incidence of
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the laser pulse upon the scattering medium. For the
cw case we used the width obtained by integrating the
entire dispersion curve within the first 5 ns because
this width was also attained for the cw measurement.
The smallest time gate used was At = 60 ps. For the
cw case a width of 22 mm was measured, whereas for
At = 60 ps the width was reduced to 11.5 mm, i.e.,

= 0.9 mm-',

under the present conditions (

0.001 mm-') the maximum gain factor of
spatial resolution attainable by time resolution is 1.9
for a time gate of 60 ps. Reducing the time gate still
further mainly increases the noise. The intensity
loss that is due to time gating is seen if the spatial
resolution is plotted as a function of the light intenPA

<

sity (Fig. 5). The light intensity is normalized to the
cw case and is shown on a logarithmic scale. It
becomes evident that with a shorter time gate, any
gain of spatial resolution must be paid for by a very
fast reduction of signal light intensity.
In Fig. 6 the influence of increasing absorption is
investigated. The absorption coefficient is increased
from P-A < 0.001 mm-' to A = 0.012 mm-' by the
addition of ink. As seen in Fig. 2, the increased
absorption reduces the number of scattered photons
at late times. Consequently the spatial resolution is
improved even in the cw case (last symbol on each
curve).2 4 For short gate times the improvement is

1
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Fig. 8. Line scan across pairs of blackened beads with diameters
of 6, 7,and 8mm. Reduced scatteringcoefficients ofthe surround(a) pus' = 0.9 mm-, (b) pus'= 0.12 mm-.
ingmedium:
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Fig. 9. Line scan across a chain of blackened beads with diameters
of 2-7 mm. Reduced scattering coefficients of the surrounding
1
medium: (a) Lu'= 0.9 mm-', (b) pLs'= 0.12 mm- .

not evident. The overall benefit of time gating becomes smaller, and the resolution gain factor is
reduced from 1.9 (Fig. 6, curve 1) to 1.6 (Fig. 6,
curve 2).

Complementary measurements on phantoms with
different reduced scattering coefficients were performed to study the influence of Ps' on the improvement achievable in spatial resolution by time gating.
Figure 7 shows the spatial resolution as a function of
the end-of-gate time tE for reduced scattering coefficients of (a) ' = 0.12-4.5 mm-' and (b) p-s' =
0.048-0.12 mm-'. The spatial resolution for the cw

B.

Detectability of Completely Absorbing Objects

To corroborate the statements of Subsection 4.A,
measurements were also performed on bead pairs to
determine the physical resolution in a more realistic
case. Pairs of blackened beads with a separation
equal to their diameter were placed in the central
plane of the scattering medium. The measurements
were performed on phantoms with S' = 0.9 mm-l
[Fig. 8(a)] and

= 0.12 mm-' [Fig. 8(b)] and bead

P-s'

diameters of 6, 7, and 8 mm. In the cw case the
individual beads cannot be resolved at either the large

case (last symbol on each curve) becomes worse with a
decreasing reduced scattering coefficient up to p-s' =

-

0.12 mm-l [Fig.7(a)]. This behavior is due to scattering and not to absorption and has also been verified
by Monte Carlo simulations.2 5 If the reduced scattering coefficient is decreased further (-s' < 0.12 mm-'),
the turbid medium gradually becomes transparent
and the resolution for the cw case is again improved

|

1

[Fig. 7(b)]. Time-gated detection is especially advan-

tageous when the spatial resolution of the cw case is
lowest, i.e., near PS' = 0.12 mm-' under the present
condition of low absorption A < 0.001 mm-' and a
specimen thickness of 40 mm. The resolution gain
factor attainable by a time-gating method rises from
1.6 at P-s = 4.5 mm-' to 2.8 for

Medium: pt=0.9mtnml tA< 0.001mmBeads: tA=. 7 mm7
1: cw case
Specimen thickness 40mnn 2: At=30ps

,s' = 0.12 mm-'.

If Ps' is decreased further, the benefit of time gating
becomes smaller. For typical optical parameters of
the human breast tissue of Table 1, one expects an
improvement of the spatial resolution, which is due to
time-gated detection, by a factor of 2.
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or the small reduced scattering coefficient. At the
larger reduced scattering coefficient, however, the
individual pairs can be seen with higher contrast than
in the case of a smaller one. The time gate for the
measurement with PS' = 0.9 mm-' has avalue of At =
30 ps. A still shorter integration time hardly improves the spatial resolution, but merely impairs the
signal-to-noise ratio. For P-s' = 0.12 mm-' with a
time gate of At = 15 ps, the performance limit of the
time-resolving system is gradually reached. The time
gate starts at the times of flight of 350 ps [Fig. 8(a)]
and 180 ps [Fig. 8(b)],where the signal overcomes the
background noise. With time gating, even the 6-mm
beads can be distinguished in both cases and more
clearly for smaller reduced scattering coefficients
than for larger ones. In Fig. 9 measurements for (a)
P-s' = 0.9 mm-' and (b) P-s' = 0.12 mm-' with PA <
0.001 mm-' on a phantom consisting of a bead chain
with diameters of 2 to 7 mm are shown for completeness. For Ps' = 0.12 mm t with a time gate of At =
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15 ps, the 4 to 7-mm beads can be seen as separated
[Fig. 9(b)], whereas even the 7-mm beads are not
resolved in the cw case. A measurement with a
greater reduced scattering coefficient P-s'= 0.9 mm-'
[Fig. 9(a)] shows that beads with diameters 2 6 mm
are distinguished in the time-resolved detection.
C.

Detectability of Partially Absorbing Objects

The detection of completely absorbing objects in the
surrounding scattering medium represents a special
case that is of limited importance for practical applications. To demonstrate the sensitivity of the timeresolving technique for objects encountered in medical diagnostics, measurements were performed on
partially absorbing objects that differ from their
environment in terms of scattering and absorption.2 6 2 7
Figure 10 shows a line scan over pairs of beads from
Plexiglas with diameters of 6, 7, and 8 mm in a turbid
medium with P-s' = 0.9 mm-' and PA < 0.001 mm-'.
The surfaces of the beads have been polished and are
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therefore smooth and clear. With a short integration time of At = 30 ps, the 6-mm bead pair can be
resolved. In the cw case, however, not even the pairs
themselves can be detected in contrast to the case in
which the bead pairs were blackened (Fig. 8).
Apparently the improvement of resolution originates
from the fact that the path length of photons that
traverse the Plexiglas bead pair is shorter. Therefore the absorption of the beads is of special importance. Figure 11 shows line scans over bead pairs
with bead diameters of 10 mm. The absorption in
the beads is

P-A =

0.7 mm-' [Fig. 11(a)] or

Fig. 13. Scan across bead pairs from partially absorbing plastic in
surrounding media with absorption coefficients (a) A < 0001

P-A =

0.07

mm-' [Fig. 11(b)] with negligible scattering. The
line scan of the strongly absorbing beads [Fig. 11(a)]
yields results that are analogous to those of the
blackened beads (see Fig. 8), i.e., a signal reduction
can be observed in cases of both time-gated and cw
detection. With reduced absorption within the beads
[Fig. 11(b)], signal shape and amplitude depend
strongly on the time gate At. For cw detection and
longer time gates of At > 480 ps a signal reduction is
observed, whereas for shorter time gates of At < 480

=

0.0069 mm- 1 , (c) P-A

=

0.020 mm- 1 .

ps the signal is increased, and a strong improvement
in resolution occurs. The beads in the scattering
medium appear to be more transparent with decreasing integration time.
For examining this observation in more detail,
measurements were made on plastic tubes (8-mm
diameter) filled with successively diluted ink. Figure 12 shows a series of measurements in which the
absorption coefficient in the tubes was changed from
P-A = 0.014 mm-' to A = 0.50 mm-'.
Scattering
within the tubes was negligible. The result of Fig.
12(a) with A = 0.014 mm-' is analogous to the
measurements on Plexiglas beads, i.e., the tube is
transparent. If the absorption coefficient increases
to A = 0.13 mm-' [Fig. 12(b)], a signal increase is
observed for integration times shorter than At = 480
ps, whereas the signal is reduced for longer integration times up to the cw case. If the absorption
coefficient in the plastic tube is raised further to P-A =
0.25 mm-' [Fig. 12(c)], then the integration time at
which the conditions tip over to a signal increase is

even shorter. If the absorption coefficientattains
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Fig. 14. Scan across a plastic tube filled with condensed milk,
which differs only in terms of scattering from the surrounding
medium.

values of P-A= 0.50 mm-' [Fig. 12(d)], then the tube
appears to be absorbing in all cases, even at the
shortest integration time of At = 30 ps. This behavior is understandable, as photons from the surrounding scattering medium traverse the plastic tube several times because of the low scattering there and the
high scattering of the surrounding medium. Because of the absorption occurring in the tube and
depending on the number of traverses, either an
increase or a reduction of the signal is obtained. The
number of traverses depends on the respective time
gate. The smaller the time gate, the less frequently
the tubes are traversed by the corresponding photons.
This explains phenomenologically why the tip-over
integration time becomes successively shorter with
increasing absorption within the plastic tubes.
All experiments shown above were made with
negligible light absorption in the scattering medium.
In general, increasing absorption within the medium
improves the spatial resolution in the cw case, and
time gating is less advantageous (Fig. 6). Figure 13
shows a series of measurements with gradually increasing absorption coefficients PA of the surrounding
medium. A pair of beads with PA = 0.029 mm-l and
negligible scattering similar to the measurement of
Fig. 11(b) has been used (10-mm diameter). In Fig.
13(a) the turbid medium has a reduced scattering
coefficient P-s' = 0.9 mm-' and negligible absorption.
As the absorption coefficient within the beads is
smaller than that of the beads in Fig. 11(b), the signal
reduction in the cw case is not as large as in Fig. 11(b).
If the absorption coefficient in the medium increases
to PA = 0.0069 mm-' [Fig. 13(b)]the signal reduction
at the bead position of the cw case practically vanishes.
For P-A= 0.020 mm-' in the scattering medium [Fig.
13(c)]the beads can be distinguished even in the cw
case. Because of the increasing absorption coefficient in the surrounding medium, the signal reduction at the bead position has changed into a signal
APPLIED OPTICS / Vol. 33, No. 28 / 1 October 1994
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Scan across a plastic tube filled with ink-tinted

milk,

which differs only in terms of absorption from the surrounding
medium.

increase for the cw detection and longer time gates.
For shorter time gates of At = 240 ps, the influence of
the increased absorption coefficient is hardly noticeable because of the shorter optical path length of the
corresponding photons. The use of time gating improves the spatial resolution but is not as beneficial as
in the case of negligible absorption of the turbid
medium.
Figure 14 shows a line scan across a plastic tube
filled with condensed milk. The surrounding turbid
medium has a reduced scattering coefficient Ps' = 0.8
mm-', whereas for the tube P-s' = 2.6 mm-' (absorption coefficient PA < 0.001 mm-'). With a time gate
of At = 30 ps, the tube can be detected as a significant
signal reduction, whereas the cw case permits hardly
any detection. Finally, Fig. 15 shows an object with
the same scattering but higher absorption than the
surrounding medium. The tube with ink-tinted milk,
imaged with a time gate of At = 30 ps, is resolved with
better spatial resolution than for the cw detection.
The full width at half-maximum (FWHM) is reduced
from 22 mm for the cw detection to 11 mm for a time
gate of At = 30 ps. However, the contrast is not
improved. If this result is compared with that of
Fig. 14, it can be seen that time gating improves the
detection of inhomogeneities if they differ from their
environment in terms of scattering.2 8
5.

Summary

The optical parameters of the female breast were
determined by in vivo experiments at a wavelength of
X = 800 nm (Table 1). Systematic phantom experiments with a wide range of reduced scattering and
absorption coefficients for both the highly scattering
medium and embedded objects have been performed.
The variety of different embedded objects permits the
estimation of the benefit of time gating for breast
imaging.

The phantom experiments described here show
that the use of time-resolving techniques in the
transillumination of turbid media offers a clear gain
in spatial resolution. For completely absorbing objects, this gain depends on the optical parameters of
the surrounding medium, shown by measurements
on blackened beads (Subsection 4.B). For comparison of the spatial resolution achieved for cw illumination with that achieved for time gating, a gain factor
calculated from edge-spread functions has been introduced. For a specimen thickness of 40 mm the
greatest benefit from time gating is obtained for
comparatively small reduced scattering coefficients
near P-s' = 0.12 mm-', which unfortunately represent
a minority of biologicalapplications. With an increasingly reduced scattering coefficient P-s' > 0.12 n -',
the gain in spatial resolution is reduced. The gain
factor, determined from edge-spread functions, is 1.6
for ,u' = 4.5 mm-', 1.9 for p.u' = 0.9 mm-', and 2.8 for
P-s' = 0.12 mm-'. With increasing specimen thick-

nesses these gain factors are decreased, and the
reduced scattering coefficient for which the maximum gain factor is achieved shifts to smaller values.
With time-resolved detection, completely absorbing
bead pairs with a diameter of 6 mm can be distinguished for a turbid medium with p-s' = 0.9 mm-',
whereas 4-mm bead pairs can be separated at P-s' =
0.12 mm-' (specimen thickness 40 mm). For the cw
detection not even a bead pair with a diameter of 8
mm can be separated in both cases, the large and the
small reduced scattering coefficients.
Increasing absorption within the scattering medium reduces the benefit of time gating. For highly
absorbing scattering media, the use of time-resolved
detection is not profitable. If the immersed objects
are only partially absorbing, the measurements show
that the time resolution is especially advantageous.
In this case time-resolved experiments should permit
obtaining information on the relative optical properties of the inhomogeneity and the surrounding medium.
The conclusion is that the spatial resolution of
time-gated breast imaging is not considerably better
than 10 mm. It is impossible to detect photons at
very short times of flight (the so-called ballistic and
snake photons) and therefore femtosecond pulses and
ultrafast shutters are not useful for time-gated breast
imaging. For finally deciding what practical benefit
time gating offers, further in vivo experiments are
necessary. Nevertheless, the question of how to
realize time gating for practical applications is still
unclear. At the present less than 1% of transmitted
light can be used for time-resolved imaging, and long
measurement times restrict practical applications.
However, different approaches have been published
to overcome this limitation.7 2 9
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