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Femtosecond transillumination optical coherence tomography
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We describe a new technique, femtosecond transillumination optical coherence tomography, for time-gated imaging
of objects embedded in scattering media. Time gating is performed with a fiber-optic interferometer with
femtosecond pulses and coherent heterodyne detection to achieve a 130-dB dynamic range. A confocal imaging
arrangement provides additional spatial discrimination against multiply scattered light. By time gating ballistic
photons, we achieve 125-,um-resolution images of absorbing objects in media 27 scattering mean free paths thick.
We derive a fundamental limit on ballistic imaging thickness based on quantum noise considerations.

Optical imaging of biological tissue is attractive
because optical radiation is nonionizing and spectro-
scopic information on tissue pathology may be ob-
tained. For these reasons, transillumination breast
imaging has become an active area of investigation
as a possible alternative to mammography. Time-
and spatially resolved optical imaging methods
attempt to increase image resolution by discrimi-
nating against multiply scattered light. Spatially
resolved methods, including confocal imaging,' opti-
cal heterodyning,2 and spatially incoherent imaging
techniques,3 reject transmitted light having certain
directionality or spatial coherence properties.

A short pulse of light propagating through tis-
sue will be lengthened by multiple scattering.
A shadowgram of hidden objects may be recon-
structed by time gating the early-arriving least-
scattered light from the later-arriving diffuse, or
multiply scattered, light. Incoherent time-gating
methods, including electronic,4 streak camera,5'6
and various nonlinear gating7l 9 techniques, do
not require a uniform phase front across the
entire detector aperture. In contrast, coherent time-
gating methods detect only light with spatial and
phase coherence. Coherent approaches are based
on both traditional10 and electronic1" time-resolved
holographic and interferometric12 methods.

In this Letter we describe femtosecond transil-
lumination optical coherence tomography, a novel
coherent imaging technique for simultaneous time-
and spatially resolved imaging in scattering media.
Time-resolved photon migration is investigated for
what is to our knowledge the first time with the
use of coherent detection. The coherent portion of
a pulse transmitted through a scattering medium
is found to emerge in separate ballistic and diffuse
components. Time-gated imaging of hidden objects
is demonstrated by selection of only ballistic light.
Imaging with ballistic light achieves high resolution;
however, quantum noise and tissue damage thresh-

olds fundamentally limit the detection of ballistic
light to breast tissue samples thinner than -4 mm.
Purely spatially resolved ballistic imaging techniques
are shown to be inferior to time-gated methods.

In transillumination optical coherence tomography,
short-coherence-length light transmitted through a
specimen is temporally resolved by interferometric
detection. Short pulses (50 to 400 fs) at 830 nm
are generated by an 80-MHz mode-locked Ti:A1203
laser and coupled into a fiber-optic Mach-Zehnder
interferometer (Fig. 1). Light retroreflected from a
reference delay mirror is recombined with tempo-
rally broadened light transmitted through the sam-
ple. Interference is observed only for the component
of the transmitted pulse that is coherent with and
temporally overlaps the reference pulse. The mode-
locked Ti:A1203 laser was chosen because of its high
output power and broad wavelength tunability; how-
ever, short-coherence-length cw sources may also be
used.

In the sample path, a confocal imaging arrange-
ment provides directional rejection of scattered and
spatially incoherent photons by the single-mode fiber
aperture.13 The fiber coupling requirement is equiv-
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Fig. 1. Schematic of the fiber-optic transillumina-
tion optical coherence tomography system. 2-D, two
dimensional.
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Fig. 2. Coherence-gated images of a resolution chart em-
bedded in 27 scattering MFP's of 1-pum-diameter micro-
spheres for various coherence-gate delays.

alent to the directional selection properties of spa-
tially resolved imaging with an optical heterodyne
receiver,2 as well as spatially incoherent imaging

3techniques.
The system can detect coherent transmitted light

as small as 10-13 of the incident optical power of
45 mW. Heterodyne gain is produced by the inter-
ference of the strong reference beam with the weak
signal beam emerging from the sample. A piezoelec-
tric fiber stretcher phase modulates the interference
signal at 10 kHz, and use of lock-in detection filters
out the predominant 1/f mechanical noise. Dual
balanced detectors are used to cancel random laser in-
tensity fluctuations and achieve quantum shot-noise-
limited detection.

We obtained two-dimensional images of objects em-
bedded in scattering media by fixing the reference
path length, or the coherence-gate delay, and mea-
suring the magnitude of the interference signal while
raster scanning the sample. A standard U.S. Air
Force resolution chart was sandwiched between two
5-mm-long cuvettes containing 1-,tim-diameter latex
microspheres suspended in water. The optical thick-
ness of the medium was 27 scattering mean free
paths (MFP's) (No-L = ,utL = 27, where N = 1.9 X
109 cm-3 is the number density, o- = 1.4 x 10-8 cm2

is the scattering cross section computed from Mie
theory, ,-L = 26.7 cm-' is the scattering coefficient,
and L = 1 cm is the total thickness).

Figure 2 displays the time-gated bar-chart images
for various coherence-gate delays. Each 130 x 100
pixel image covered an actual area of 6.5 mm X 5 mm
and required an l-min acquisition time. The total
energy deposited per pixel was 2.3 mJ (4 x 10' pulses
at 0.56 nJ/pulse). The upper-left-hand image is a
reference image of the test chart measured through
water alone. The lower-right-hand image was ob-
tained through the scattering suspension with an
optimal coherence gate set to select only unscattered
ballistic light. The 125-,um-wide group II, element
1 bars are resolved. With a slightly nonoptimal co-
herence gate (0.3-ps delay), the chart is degraded
but still visible (lower-left-hand image). With a 1.3-
ps gate delay, the image consists almost entirely of

diffuse light, and no bars are resolved (upper-right-
hand image).

To investigate coherent photon migration, we
measured the temporal behavior of the transmitted
pulse through uniform scattering media. A 5-mm-
long cuvette containing various concentrations of
1-/.tm-diameter latex microspheres suspended in
water was placed in the sample arm. Light leaving
the single-mode fiber was focused by a 12-mm focal-
length diode collimating objective into the center
of the cuvette. We measured the time-resolved
coherent scattering profiles by scanning the reference
arm path length and detecting the interference
signal.

Figure 3 shows the normalized magnitude of the in-
terference signal versus the coherence-gate delay for
increasing optical thickness, measured in the num-
ber of scattering MFP's computed from Mie theory.
The delay is displayed in normalized units of ct/nL,
where t is the actual time delay, c/n is the speed
of light in the medium, and L is the sample length.
For readability, the interference signal amplitudes
are normalized to the same peak height; however,
the absolute magnitudes attenuate with increasing
scatterer concentration. For relatively transparent
suspensions (0 to 15 MFP's) the laser power was
attenuated to prevent detector saturation. Without
attenuation, self-phase modulation in the fiber optics
produced a reduction in the coherence length.

According to Fig. 3, the coherence-gated trans-
mitted light consists of an unscattered ballistic
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Fig. 3. Time-resolved scattering profiles of coherent
photon migration through various concentrations of
1-gm-diameter microspheres. Linear plot of normal-
ized interference signal magnitude versus normalized
coherence-gate delay for concentrations of microspheres
ranging from 0 to 50 MFP's. Points a, b, and c relate the
coherence-gated images in Fig. 2 to a specific normalized
delay on the time-resolved scattering profiles. Inset:
attenuation of ballistic (circles) and diffuse (squares) peak
powers obtained from the scattering profiles.
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component and a temporally broadened diffuse
component. The diffuse component contains the
fraction of multiply scattered light that retains
enough spatial and phase coherence to permit both
confocal and coherent detection, respectively. The
profiles demonstrate that a substantial amount of
late-arriving light is coherent for samples thicker
than 20 MFP's. The division into ballistic and
diffuse components is qualitatively similar to earlier
studies of time-resolved scattering with incoherent-
gating techniques.'4"5 The points a, b, and c in
Fig. 3 correspond to the normalized delay where
the resolution chart images of Fig. 2 were obtained.
Imaging of the ballistic light only (point a) results
in theoretically diffraction-limited images, while
selecting increasingly later diffuse light (points b and
c) leads to progressively reduced image resolution.

The inset of Fig. 3 shows the exponential atten-
uation of the ballistic and diffuse peaks versus an
increasing number of scattering MFP's, or equivalent
sample thickness. The transmitted ballistic compo-
nent attenuates by l1e for every additional scattering
MFP. This exponential decay with sample thick-
ness implies that ballistic imaging may be performed
only through relatively thin samples. A fundamen-
tal limit on both coherent and incoherent ballistic
imaging through turbid media may be established
by noting that the ballistic light must be detectable
above the quantum shot-noise limit. For the case
of perfect detector quantum efficiency, this limit is
described by

Lballistic = u 2 (1)

where a signal-to-noise ratio of one has been assumed
as the detectivity limit, Lballistic is the maximum
sample thickness, out is the total attenuation co-
efficient (equal to the sum of the absorption and
scattering coefficients), E is the total optical energy
delivered per spatial resolution element during
detection, and hz' is the photon energy.

Tissue optical damage thresholds limit the maxi-
mum intensity that may be delivered to each pixel
during detection, establishing a maximum ballistic
imaging sample thickness through Eq. (1) of IttL 
36 MFP's."6 For applications in early breast cancer
diagnosis, the MFP's for both fatty and fibroglandu-
lar breast tissue are typically less than 100 ,um,'7"18
defining a maximum ballistic imaging thickness of
-4 mm. Linear increases in optical power, data ac-
quisition time, and number of averages affect only
the maximum thickness as the logarithm and do not
alter the limit appreciably.

Ballistic imaging with pure spatial discrimination
techniques is further limited because a substantial
amount of diffuse light may still be spatially coherent
at the detector even when significant scattering has
occurred. According to Fig. 3, high-resolution imag-
ing with the use of spatially resolved methods is
limited to the regime in which the ballistic compo-
nent intensity overwhelms the delay-integrated dif-
fuse component intensity, i.e., to specimens thinner

than -15-20 scattering MFP's (less than -2 mm of
breast tissue) for this imaging geometry.

Since ballistic imaging with any optical imaging
technique is fundamentally limited by quantum noise
to thin tissue samples, a practical time-domain imag-
ing system must rely on the gating of early-arriving
diffuse light. The inset of Fig. 3 shows that, com-
pared with ballistic light, the transmitted coherent
diffuse component attenuates by approximately a
factor of 10 more slowly in the exponential with
sample thickness. Thus early-arriving diffuse-light
gated images should be possible through tissues of
the order of centimeters thick.
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