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Previous experimental and theoretical investigations of the utility of time-resolved methods as a
means of optical imaging through the human breast have indicated that a spatial resolution of
approximately 1 cm is achievable by isolating the shortest path length photons which propagate
through the tissue. Studies have also shown that resolution may be improved further by extrapo-
lating the measured distribution using an appropriate model of photon transport. The experiments
described here were performed in order to observe the relationship between achievable spatial
resolution and the thickness of the medium. For a given time gate, an improvement in the spatial
resolution was observed as the object thickness was reduced. Overall, the results indicate that a
breast compression of about 1 cm may improve the limiting spatial resolution by as much as 7 mm.
Less encouraging is the implication that temporal extrapolation over several orders of magnitude in
intensity is required to achieve a comparable improvement in spatial resolution. ©1997 American
Association of Physicists in Medicine.@S0094-2405~97!01503-4#
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I. INTRODUCTION

During the past decade, biomedical optics has evolved f
little more than a curiosity, practiced by a small group
researchers principally involved in other fields, to a large a
rapidly expanding discipline in its own right, with an in
creasing number of scientific journals and international c
ferences devoted to it.1–3One of the most significant goals o
this new discipline is the development of a diagnostic im
ing modality based on near-infrared~NIR! radiation. This
work has been motivated by a number of potential clini
applications, perhaps the most challenging of which is
production of a more effective, less expensive, and safe
ternative to x rays as a means of detecting breast diseas

The aspect of optical methods which distinguishes th
from existing diagnostic imaging modalities such as x-ray
radioisotope imaging, magnetic resonance imaging, and
trasound, is the overwhelming dominance of scatter. No li
can penetrate more than a few millimeters of breast tiss
for example, without being scattered a large number
times. Thus if optical imaging is to become a viable diagn
tic technique, it must rely exclusively on whatever inform
tion is encoded in scattered light. The simplest measurem
that can be made is the intensity of transmitted scattered
using a continuous wave~cw! source. Initial attempts to im
age the breast using cw intensity measurements reve
high transmittance of NIR wavelengths at safe exposure
els with high contrast between healthy tissue and some ty
of tumor.4,5 However, the very poor spatial resolution~2 cm
or worse! demonstrated by breast transillumination metho
indicated that they had no utility as a screening metho5

Fortunately, the search for information encoded in scatte
light need not be limited to straightforward measurements
361 Med. Phys. 24 (3), March 1997 0094-2405/97/24(3)
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intensity. The technological breakthrough which has led
the surge in interest in biomedical optics is the ability
record the temporal distribution of light transmitted throu
tissue, the temporal point spread function~TPSF!, or the
equivalent in the frequency domain. Time domain measu
ments, with which this paper is concerned, generally invo
a source of picosecond pulses and an ultrafast detector.

Researchers have approached the task of imaging u
time-resolved measurements~or their frequency equivalent!
in two ways. The so-called indirect approach is based on
assumption that, given a set of measurements of transm
light between pairs of points on the surface of an obje
there exists a unique three-dimensional distribution of int
nal scatterers and absorbers which would yield that set. T
imaging becomes a task of solving an inverse problem us
an appropriate model of photon transport. A review of t
current work on indirect methods has recently been provi
by Arridge and Hebden.6 In principle, the measurement
could be of any type, even total transmitted intensity. Ho
ever, in practice time resolved measurements are consid
necessary to avoid the overwhelming dependence on sur
interactions that characterize cw measurements. The sec
direct approach is based on the principle that photons wh
are least scattered provide inherently better spatial resolu
and contrast since they propagate closest to a straight
through the tissue. Imaging therefore involves appropri
filtering, or ‘‘gating,’’ to isolate this transmitted componen
from the majority of the multiply scattered light. A broa
variety of gating techniques have been proposed and te
experimentally.7 Some methods rely on a fraction of photo
being able to propagate without loss of initial coherence8–11
361/361/8/$10.00 © 1997 Am. Assoc. Phys. Med.
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362 Hall, Hebden, and Delpy: Spatial resolution as a function of thickness 362
or polarization state,12,13while other methods gate accordin
to the lengths of the photon paths.14–20

This paper represents the third in a series of papers w
concern an examination of the spatial resolution performa
of time-resolved imaging methods applied to diagnostic
aging, and to breast imaging in particular. As in the previo
papers,21,22 a simple technique borrowed from the field
x-ray imaging is employed to derive quantitative estimates
the spatial resolution achieved when time gating is used
image through a thick slab of material with tissuelike optic
properties. The first paper published in 1992 revealed tha
expected, an increase in spatial resolutionDx correlates with
a decrease in minimum photon flight time.21 The experi-
ments also illustrated the degrading effect on the signal
noise ratio~SNR! as the width of the time gateDt is de-
creased, and an increasing proportion of transmitted ligh
discarded. Consequently the scarcity of detected pho
with the shortest flight times limits the achievable gain
resolution. Research described in a second paper,22 published
in 1995, indicated that straightforward time gating would
unlikely to achieve a spatial resolution better than 1 cm
lesions located furthest from the surface of the breast. T
conclusion has been confirmed using imaging studies inv
ing a solid breastlike phantom.19 The second paper also de
scribed an attempt to overcome this limit on spatial reso
tion performance. This involved improving the estimate
the intensity of short path length photons by fitting a ma
ematical model to all or part of the TPSF. The model is th
used as a noise free estimate of the original data. So-ca
temporal extrapolation is essentially a SNR enhancem
technique which depends on how accurately the model
infer the true population of short path length photons fro
the available data. Encouragingly, and somewhat surp
ingly, this technique demonstrated a significant gain in p
formance, achieving a spatial resolution of approximatel
mm through 51 mm of a breastlike medium.

The objectives of the work described in this paper ha
been twofold. First, to experimentally measure the relati
ship between the spatial resolution achieved using a ti
gated technique and the thickness of the object being
aged. It was anticipated that a study of the likely depende
of resolution and SNR on tissue thickness would indicate
merits, if any, of breast compression for a clinical impleme
tation of the method. The second objective was to confirm
otherwise the effectiveness of the temporal extrapola
technique using a series of separate measurements, an
serve the range of object thicknesses over which its app
tion has a significant effect.

II. THEORY

A. Evaluation of spatial resolution

As for similar investigations reported previously,21,22 the
spatial resolution measurements described here utilize
method described by Bentzen.23 This involves measuring the
edge response function~ERF! of the imaging system by re
cording the modulation in signal corresponding to the det
tion of a sharp boundary between media of highly contra
Medical Physics, Vol. 24, No. 3, March 1997
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ing transmittance. For a linear system, the derivative of
ERF is the line spread function~LSF!. Assuming that the
LSF can be represented by a Gaussian distribution, Ben
provides an approximate analytic expression for the fin
integral of a Gaussian consisting of an inverse polynomia
least-squares fit of this expression to the measured ERF
vides a width parameters corresponding to the standard d
viation of the corresponding Gaussian LSF. It can
shown21 that, using a common definition of spatial resolutio
Dx as that corresponding to a 10% response on the mod
tion transfer function~MTF!, Dx is approximately equal to
2.93s. Despite being applied to a technique as obviou
nonlinear as time-resolved imaging, so far this method
yielded consistently sensible evaluations of the spatial re
lution performance.

B. Temporal extrapolation method

Temporal extrapolation was originally suggested by He
den and Delpy,24 who employed it to improve the resolutio
of time-gated images of small spheres embedded in a s
tering liquid phantom. The technique involves least-squa
fitting of a mathematical model of photon migration to all
part of the TPSF in order to improve the estimation of t
short path length photons. The model is considered to re
sent a high SNR estimate of the original data and images
created using the predicted intensities of short path len
photons. The argument in support of this method is based
the observation that the transmitted intensity of photons
all path lengths are influenced to some degree by the op
properties along the straight line between source and de
tor. For a small inhomogeneous region located along this
embedded deep within an otherwise homogeneous med
the influence of the region on the detected transmitted p
tons will increase with decreasing flight time. Hence t
model fitting provides a means of extrapolating a TP
known to be smooth and continuous, to shorter flight tim
where the resolution is higher. Obviously, this techniq
cannot generate high resolution information from data
which it is not already contained, and therefore relies up
how accurately the model can infer the true population
short path length photons from longer path length photo
Despite the limitations of using relatively simple photo
propagation models, previous studies employing tempo
extrapolation have so far been highly encouraging.19,22,24

III. EXPERIMENTAL METHOD

A. Solid edge phantom

One of most important recent developments in biomed
optics research has been the design and production of s
tissue-equivalent phantoms. These have enabled experim
to be performed that would have otherwise have been hig
impractical if not impossible. Recent research at Univers
College London~UCL! has resulted in the design of tw
specific recipes,23,24 each of which can be used to genera
solid plastic blocks with optical properties matched to hum
tissues at NIR wavelengths. In order to study the spatial re
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lution performance of time-resolved methods as a function
tissue thickness, a phantom was required which~i! contained
a sharp opaque boundary from which the ERF could
evaluated, and~ii ! had an adjustable thickness. To avoid d
ficulties associated with having to retain liquids in suitab
vessels, it was decided to manufacture a single solid ph
tom which could be machined to successively smaller thi
nesses. The phantom constructed for the experiments
scribed here is illustrated in Fig. 1. It consists of
rectangular block of clear polyester resin in which is s
pended a uniform distribution of titanium dioxide particle
The concentration of particles provides a transport sca
coefficientms8 of about 0.75 mm21 at a wavelength of 800
nm, and a small quantity of NIR dye provides an absorpt
coefficientma of about 0.006 mm

21. These optical propertie
fall within the range of reported values for human bre
tissues measuredin vivo.20 The refractive index at 800 nm i
about 1.56.

The phantom material was initially cast into a rectangu
slab of dimensions 155 mm365 mm355 mm with a thin
rectangular black plastic mask located in the midplane
illustrated in Fig. 1. The mask, which had a measured opt
density of about six at 800 nm, was positioned parallel
and halfway between the two largest sides of the slab,
with the vertical edge located halfway between the t
smallest sides. Reduction of the phantom thickness from
mm to smaller values was achieved by milling away the t
largest surfaces of the phantom by equal amounts so tha
opaque mask remained in the midplane. The principal dis
vantage of this approach is that, having completed the
periment for a series of thicknesses, the experiment could
be repeated with the same phantom! Nevertheless, bec
of the time and effort required to manufacture solid pha
toms, this method appeared significantly more attractive t
having to generate a series of phantoms with different th
nesses. Furthermore, using a single phantom also ens
that the optical properties are always identical for each m
surement.

B. Time-resolved imaging

Time-resolved measurements of the distribution of lig
transmitted through tissue phantoms are obtained at U

FIG. 1. The variable thickness solid phantom used for measuring the ER
the imaging system.
Medical Physics, Vol. 24, No. 3, March 1997
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using an experimental imaging system described in de
elsewhere.19,22,24The principal components of the system a
a Ti:sapphire pulsed laser and a streak camera. For the
periments reported here, the laser was operated at a w
length of 800 nm and with a mean output power of abou
W. The phantom was illuminated with the beam of picose
ond pulses over an area about 3 mm in diameter, and l
transmitted through the phantom directly opposite the be
was relayed to the input slit of the streak camera via
optical fiber bundle. The streak images produced by the c
era were averaged along the spatial direction to produce
tensity versus time profiles, TPSFs, with a temporal reso
tion which varied between 20 and 30 ps. A reference pu
was also recorded directly from the laser which enabled
absolute time delay produced by the phantom to be de
mined.

To generate a set of time-dependent edge response f
tions for each thickness, the phantom was translated horiz
tally a distance of 50 mm in 1 mm steps and a TPSF w
recorded at each position. The vertical edge of the m
intercepted the optical axis at precisely midway through
50 mm translation. The time over which the transmitted s
nal was integrated was varied between 2.5 and 150 s,
sistent with maintaining a reasonably constant SNR. Fo
given phantom thickness, the integration time increased
the mask moved across the beam, but integration times
came smaller as the thickness of the phantom was redu
Preprocessing of the data involved performing several s
dard corrections for various sources of noise and system n
linearity. This included subtraction of the dark current pr
duced by the charge-coupled device mounted on the rea
the streak camera, a shading correction to account for
variation in gain across the face of the detector, and cor
tion for the nonlinear sweep of the streak camera along
temporal axis. The full temporal window recorded by t
camera was about 3.5 ns for the larger thicknesses and a
2.3 ns for the smaller thicknesses.

The experiment was repeated for seven different thi
nesses from 55 to 25 mm at 5 mm intervals over a period
one month, and then once more for a thickness of 15 m
The reason for the later addition of a 15 mm measuremen
explained in Sec. IV. Each experiment resulted in a set of
TPSFs which were processed in several discrete steps a
scribed in detail elsewhere.22 These include absolute tempo
ral alignment of the TPSFs and removal of a low pow
background noise component. A recent modification to
experimental system is the addition of a computer contro
digital meter which automatically monitors the laser outp
power during each experiment. This allows each measu
TPSF to be corrected for any small fluctuations in sou
intensity which would otherwise distort the ERFs genera
from the data.

IV. RESULTS

A. Spatial resolution evaluated from data profiles

For each phantom thickness a set of ERFs were obta
directly from the corresponding set of TPSFs in a man

of
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identical to that employed for a previous study.22 This in-
volved numerically integrating the intensity of each TP
between zero~the time at which an unscattered photon wou
be detected! and a range of specified integration times. ER
were generated by displaying the integrated intensity
each integration time,Dt, as a function of the spatial dis
placement across the edge of the mask. The value ofDt was
incremented in 100 ps intervals from 100 to 1700 ps, wh
was the approximate temporal width of the narrowest TP
The Bentzen model was then fitted to each ERF to prod
an estimate of the width parameters and hence the spatia
resolutionDx. The values ofDx, and their associated unce
tainties derived from the fitting process are plotted aga
Dt for each phantom thickness in Fig. 2.

In agreement with previous investigations, Fig. 2 confir
that for a given phantom thickness there is a steady impro
ment in spatial resolution asDt decreases. Here, however,
is also observed that for a given value ofDt the spatial
resolution is worse for larger thicknesses. The spatial res
tion Dx is expected to increase withDt, converging asymp-
totically toward the value obtained when all the availab
light is used. The asymptotic value ofDx corresponds to the
resolution expected using cw transillumination methods.
smaller thicknesses the resolution obviously reaches the
ymptotic value at a shorter integration time because
TPSF’s are correspondingly narrower. Although each cu
would be expected to converge toward the same minim
value ~equal to the system response function! as Dt de-
creases, there is a limit below which the integrated inten
becomes too small to evaluate the spatial resolution. He
the missing data at shorter integration times for larger thi
nesses.

FIG. 2. The estimated spatial resolution as a function of integration time
all phantom thicknesses derived directly from the transmittance data.
Medical Physics, Vol. 24, No. 3, March 1997
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B. Spatial resolution evaluated from a photon
transport model

The temporal extrapolation method was again explored
a means of evaluating the spatial resolution performance
integration times over which the recorded flux of photo
was below the measurable limit. Several different models
photon transport have been explored for this purpose.27–29

However, experiments performed so far have indicated
the effectiveness of temporal extrapolation is not particula
sensitive to the choice of model providing that it is able
reproduce the shape of each measured TPSF. Prev
implementation of the diffusion model developed by Patt
son et al.27 has shown that, providing the four free param
eters~ma , ms8 , a temporal offsett0, and amplitudeA! are
allowed to vary during the fitting process, excellent fits a
obtained even in situations where media contain gr
inhomogeneities.19,22

By employing a protocol identical to that use
previously,22 the diffusion model was least-squares fitted
each of the TPSFs. Fitting was performed over the first 15
ps of the data. Although the assumption of homogeneity
clearly unrealistic for this experiment, the diffusion mod
represented the shape of each TPSF very adequately ove
fitted range, albeit with fit parametersma andms8 that were
not particularly meaningful when the embedded mask w
furthest across the optical axis. Typical results achieved
this process are illustrated elsewhere.22 Models derived from
the fitting procedure were used to generate a second s
ERFs for each phantom thickness in a manner identica
that employed for the original TPSFs. The ERFs were
quired for values ofDt at 50 ps intervals in the range from
50 to 500 ps, and at 100 ps intervals from 600 to 1700
Spatial resolutionDx was then evaluated for each new ER
using a least-squares fit to the Bentzen model. The value
Dx and their associated uncertainties are plotted againsDt
for each phantom thickness in Fig. 3. The ability to exte
the gain in spatial resolution using temporal extrapolation
clearly demonstrated.

Although the uncertainties in the values obtained for
largest thicknesses and the smallest values ofDt were sev-
eral millimeters, Fig. 3 clearly indicates a convergence of
curves toward a minimum atDt50. A number of factors
dictate the size of the minimumDx, and the smallestDt at
which that minimum is reached. First, there is the dep
dence on the spatial extent of the detector and the illumin
ing beam. Their contribution to the spatial resolution me
surement was evaluated empirically by scanning the be
across the edge of an opaque sheet. Since there was no
tering involved, the total integrated intensity was sufficient
acquire an edge response, which yielded a value ofDx equal
to about 1.5 mm. Second, the minimumDx is limited by the
inherent inability to define a value ofDt with greater preci-
sion than the temporal resolution of the system. If tempo
resolution is denoted bydt, then each value ofDt essentially
has a corresponding uncertainty of around6dt. Because the
number of detected photons rises dramatically with flig
time, this uncertainty inDt will produce an overestimate o

r
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365 Hall, Hebden, and Delpy: Spatial resolution as a function of thickness 365
the spatial resolutionDx. However, this effect will only be
significant whenDt is of the order ofdt, which was esti-
mated to be never worse than 30 ps overall. A third and
less quantifiable factor which limits spatial resolution is t
presence of systematic noise in the data. The potent
most serious source of systematic noise is the temporal
linearity, which is an unfortunate feature of data acquir
with a streak camera. Despite attempts to reduce its in
ence, residual temporal nonlinearity certainly produces
additional uncertainty inDt which is difficult to quantify and
which is likely to vary from experiment to experiment. Th
occurrence of temporal nonlinearity and attempts to cor
for its effects are discussed further elsewhere.19,22 Finally,
another factor which almost certainly influences the mi
mum spatial resolution as exhibited in Fig. 3 is the limit
accuracy with which the extrapolation process is able to p
dict the true intensity of short flight-time photons. The err
in the extrapolated values will naturally be largest when
extrapolation is attempted over a greater interval. It is a
important to note that a model based on diffusion theory
an inaccurate predictor of photon behavior at short fli
times, and therefore the extrapolated intensities forDt less
than about 100 ps are inherently unreliable. Extrapolat
errors may be the cause of the apparent convergence o
extrapolated values in Fig. 3 toward a value of around 8 m
at an integration time of 50 ps, which is significantly high
than the limit expected due to other contributing effects.

For phantom thicknesses of 25 mm or larger, there was
measurable flux of photons for integration times less th
100 ps. Thus a further measurement for a thickness o
mm was obtained in order to acquire a direct evaluation
the minimum spatial resolution for a value ofDt at or near
the inherent temporal resolution of the system. A measu
ment of the ERF atDt530 ps yielded a spatial resolution o
about 5 mm. This provides a reasonable empirical estim

FIG. 3. The estimated spatial resolution as a function of integration time
all phantom thicknesses derived from the least-squares fits of a diffu
model of photon transport.
Medical Physics, Vol. 24, No. 3, March 1997
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of the minimum spatial resolution achievable with the sy
tem when all contributing systematic factors are includ
and independent of the extrapolation process. For a lin
imaging system, a combination of blurring effects produce
spatial resolution characterized by the geometric mean of
blurring produced by each effect individually. Although th
effect of the detector and beam size probably contribute
such a manner to the measured value ofDx, contributions
due to uncertainty inDt or extrapolation errors certainly d
not.

C. Spatial resolution as a function of detected
intensity

As has frequently been stressed, the factor which u
mately limits the spatial resolution performance of tim
gated imaging is the availability of photons with sufficient
short path lengths through the object. Although experime
have demonstrated the utility of temporal extrapolation
predict the very small intensities of photons having the sh
est path lengths, the technique can only hope to be effec
over a finite range dependent on the SNR of the origi
data. The rapid decrease in detected intensity as integra
time is decreased is illustrated in Fig. 4. These curves re
sent the normalized integrals of diffusion model TPSFs
tained for homogeneous slabs having the same thickne
and optical properties as the phantom described above, in
absence of the opaque mask. Although, as already mentio
above, a diffusion model becomes increasingly unreliable
shorter photon flight times~particularly below 100 ps!, these
curves indicate the enormous difficulty of measuring or e
mating the intensity of light at short integration times f
thick objects. This difficulty, and the limited effectiveness
temporal extrapolation, can be emphasized further by us
the curves in Fig. 4 to redisplay the spatial resolution m

r
n
FIG. 4. The normalized integrals of diffusion model TPSFs obtained
homogeneous slabs having the same thicknesses and optical propert
the phantom.
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surements shown in Figs. 2 and 3 as a function of the rela
fraction of integrated intensity. This is shown in Fig. 5. Sp
tial resolution estimates obtained only by extrapolation
indicated using open circles, while estimates obtained
rectly from the data are indicated using filled circles. Er
bars, which would be the same as indicated in Fig. 3, are
shown for reasons of clarity. Note that since the integra
intensities were calculated for a homogeneous medium,
5 can be considered representative of the resolution pe
mance for detection of relatively low contrast embedded f
tures ~such as a breast! rather than the phantom containin
the large opaque mask. The figure indicates, rather disc
agingly, that extrapolation over several orders of magnitu
in detected intensity is only rewarded by an improvemen
spatial resolution of a few millimeters.

V. DISCUSSION

There have been several recent theoretical and experim
tal studies of the spatial resolution performance of tim
resolved imaging techniques.21,22,30–37Unfortunately com-
parison of the results of these studies has been hindere
the variety of the definitions for spatial resolution. For e
ample, Miticet al.30 performed ERF measurements on a 4
mm-thick liquid phantom, defining resolution as the ba
width of a right-angled triangle fitted to the ERF. A spat
resolution of 12 mm was demonstrated. Studies by de Ha
et al.31 involved comparison between time-resolved me
surements ofin vitro breast tissue and Monte Carlo simul
tions. Instead of measuring spatial resolution directly,
researchers defined the ability to visualize small structure
terms of the image quality index~IQI!, which is equal to the
diameter of the smallest detectable object. IQI depends o
three of the most fundamental image parameters: cont

FIG. 5. The spatial resolution measurements shown in Figs. 2 and 3 r
played as a function of the relative fraction of integrated intensity obtai
from the curves of Fig. 4.~Filled circles5estimates from the experimenta
data, open circles5estimates from temporal extrapolation.!
Medical Physics, Vol. 24, No. 3, March 1997
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spatial resolution, and the SNR. In this case, however, sp
resolution was defined in terms of the spread of light on
surface of a slab illuminated from behind at a single poin

A theoretical relationship between spatial resolution a
sample thickness has been explored by several researche
diffusion-based analysis by Moonet al.32 suggested that for
minimum integration times sufficient to collect light above
detectable threshold, the spatial resolutionDx scales with the
thicknessd of the sample asDx'0.2d. A subsequent study
by the same researchers33 inferred that there can be no im
provement upon this diffusion limit of spatial resolution fo
samples thicker than;35 transport lengths by using arb
trarily short time gates. However, once again spatial reso
tion was defined in terms of the photon distribution on t
exit surface. A definition of resolution more consistent w
that employed here was used by Joblin,34 who investigated
resolution performance in the specific case of an imag
system involving a gating mechanism with a finite contra
such as the Kerr cell. Spatial resolution was defined as
full width at half-maximum of the photon distribution at th
midplane of a slab using a confocal geometry. Analy
based on the diffusion equation indicated that for some ty
of gating mechanism there exists a minimum gating ti
below which the image resolution is not improved. From
consideration of the minimum detectable intensity and
finite contrast ratio of a typical Kerr gate mechanism, Job
deduced that the limiting resolution would be approximat
20% of the medium thickness.

The most comprehensive theoretical examination of s
tial resolution of time-resolved imaging systems has be
conducted by Gandjbakhcheet al.,35,36 who employed a
model based on random walk theory to calculate the LSF
photons as they cross the midplane of a homogeneous sla
finite thickness. A relationship was derived between the s
tial resolution~precisely equivalent to that defined here! and
the excess time,txs by which a photon is delayed by scatte
ing in reaching the detector. Strong support for the model
been provided by previous comparisons with experimen
results obtained for media with two different values ofms8
but similar thickness.37 This comparison involved an as
sumption thattxs could be substituted byDt, which is rea-
sonable over the earliest region of the TPSF where the
tected intensity increases rapidly and most of the detec
photons will have flight times at or neartxs5Dt. A surprising
feature of the model is the suggestion that the spatial res
tion is independent of medium thickness. However, whate
contributions to the data there may be from detector temp
nonlinearity, extrapolation error, and other sources of unc
tainty in the resolution measurements, Figures 2 and
clearly show that the spatial resolution achieved at a gi
Dt has dependence upon the phantom thickness. This
pears to be true even at larger thicknesses and small va
of Dt where the approximation oftxs5Dt is most valid.

Overall, the implications of this work for the likely per
formance of a breast imaging modality based on time ga
are moderately encouraging. Figure 3 supports previ
claims that subcentimeter spatial resolution is achievable
objects with breastlike properties and thicknesses. It is a
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important to note that, using a confocal arrangement as
ployed here, lesions located nearer to either the detecto
source will be imaged with superior spatial resolution. Mea
while the data presented here can also be used to asses
benefit derived from compression of the breast. Publis
measurements of the effective attenuation coefficient
breast tissue38,39 suggest that the total intensity transmitt
across the breast will increase by about a factor of 3 for e
centimeter of compression. This implies that for a giv
source and detector sensitivity, a 1 cmcompression allows a
further 67% of the available transmitted light to be discard
by reducingDt without a net loss of signal. Figure 5 ind
cates that the combination of a 1 cm compression and a
factor of 3 decrease in the fraction of available signal c
improve spatial resolution by perhaps as much as 7 m
Unfortunately part of this gain will be offset by the requir
ment for shorter exposure times due to the discomfort cau
by significant compression. Less encouraging is the impl
tion from Fig. 5 that extrapolation over several orders
magnitude in intensity is required to obtain a similar gain
resolution. However, it is feasible that the future emplo
ment of models able to predict the behavior of the shor
path length photons with more accuracy may yield hig
resolution than that currently achieved using a simple mo
based on the diffusion approximation.
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