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Noninvasive biomedical imaging based on ultrafast
photonic methods are being actively pursued by a
number of groups. Several time-domain approaches
for bone and thick tissue imaging based on streak
camera, Kerr-Fourier gate and electronic time-gated
imaging techniques are discussed in this paper.

IMAGING an object located in a highly scattering medium
is a challenging problem with a wide range of applications
in different fields: medicine, industry, defence and space.
A better understanding of photon migration in turbid
media has resulted in a surge of research interest in
optical biomedical imaging. Limitations of X-ray imaging
in detecting small lesions in tissues, in distinguishing
malignant tumors from benign ones, and the concern
regarding potentially harmful effects of ionizing radiation
have led to a renewed interest in the development of non-
invasive and non-ionizing optical diagnostic and imaging
methods'? since the early 1980s. Advances in ultrashort
light pulse generation and high-speed optical detection
systems have provided the technological support for the
development of various optical imaging modalities. A
number of different experimental schemes based on cw,
time-resolved, and frequency-domain methods, as well as
space gating, and polarization gating have evolved over
the years for selectively choosing different components of
scattered light (ballistic, snake or diffuse) for imaging in a
highly scattering medium.

In this paper we briefly describe photon migration in a
highly scattering random medium in the diffusion appro-
ximation. We illustrate some of the time-resolved imaging
modalities — streak camera, Kerr-Fourier imaging and
picosecond electronic time-gated imaging — developed at
the Institute for Ultrafast Spectroscopy and Lasers, City
College of the City University of New York, for bio-
medical optical imaging.

Photon migration in a turbid medium: Ballistic,
snake and diffuse light

Light transport in various random media such as tissucs
can be quantitatively characterized by a few key optical
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parameters”‘“: the scattering coefficient (1= no;), the
absorption coefficient (i, = n’c,), the total extinction (or
attenuation) coefficient (i), and the mean cosine of the
scattering angle (g), where n, n’, o, and o, are the
scatterer density, absorber density, single particle scatte-
ring cross-section and single particle absorption cross-
section, respectively. The absorption length (I, = 1/4,) is
the mean distance a photon travels in the medium before it
is absorbed. The scattering mean free path (I, = 1/1) is
the mean distance between scattering. The anisotropy of
scattering is described through the factor g. The transport
mean free path (L) is given as: L,=1/nc,=1/(1-g),
where ©,, is the momentum exchange scattering cross-
section of the scatterer. Transport length describes an
average of propagation. For small particles I~ [, while
for large particles [, > I.. The total extinction coefficient
is given by the sum of the scattering and the absorption
coefficients (tir = L + (4,).

When an ultrashort laser pulse is incident on a turbid
medium, multiple scattering due to random fluctuations
in the refractive indices spreads the incident pulse
temporally into a coherent (ballistic) component (I)
and a diffuse component (I;) (refs 33-35) as shown in
Figure 1.

The ballistic part consists of the photons that travel
undeviated in the forward direction while the diffuse
component consists of the multiple scattered photons. The
ballistic component which arises from coherent inter-
ference of scattered light in the forward direction is
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Figure 1. An ultrashort luser pulse propagating through a random
medium spreads into a ballistic, snake and a diffuse component. The
ballistic photons travel along the straight linc path, the diffuse photons
undergo random walks and the snake photons traverse zig zag paths
slightly off the straight line path through the medium (after ref. 5).

885



SPECIAL SECTION:

attenuated with the distance of propagation d in the
medium as:

I.= e #d (1)

where J, and ur are the incident intensity and the total
extinction coefficient (i, + U4,), respectively. This cohe-
rent component, though most desirable for optical ima-
ging, is extremely difficult to detect because of the strong
attenuation. That leaves us with the scattered photons
forming the diffuse component.

Photon migration in a random medium is generally
described by the Transport Theory>*%. The difficulty in
finding analytical solutions to the transport equation in
many cases has led to several approximations, of which
diffusion approximation is the most commonly used
theory in thick-tissue optics (thickness > 7f). When the
diffuse intensity is expanded in a series of spherical
harmonics and only the first two terms are taken, that

gives the diffusion approximations'”:

1,(F, A, 1) = O(F, z)+ij(7, £)-A, 2
4

where ¢(r,f)=vn(r,t). And v and n are the velocity of
light and the photon density in the medium respectively
and f(?, 1) =—DA-Vn(7, 1), with the diffusion constant D
given as

D= v ok
{u, +(A-glud 3

(with absorption being negligible).
The temporal profile of the photon density has been
obtained from the solution of the diffusion equation:

an(al—'t,f) =DVZN(7, t)_iv_n(F, N+5(r)d(), 3)

where the & function term represents the photon source
impulse at time ¢ = 0 and position ¥ =0. The first term on
the right hand side of the equation is the diffusion term,
and the second term is the absorption term.

As shown in Figure 1, the early part of the diffuse
components is called the snake component that consist
of photons that have undergone only a few forward
scattering and have traveled along paths slightly deviating
from the straight line path. For a weakly absorbing
medium, the snake components intensity within a time
interval Ar can be written as'>:

opaie (A1) = IoAC_bL“‘ = ]er—LH.\nakc’ 4)

where A and b are fitting parameters. The exponent b is
highty dependent on the time gating interval At, and the
proportional factor A changes by a factor of 10 as time
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interval changes from 10 ps to 2000 ps. The snake photon
intensity decreases exponentially by a factor of about b1/,
(eq. (4)), while the ballistic component decreases expo-
nentially by a factor of L/. Since transport length (/) is
much larger than absorption length (/) for tissues the
snake component decreases much more slowly than the
ballistic component as the tissue thickness increases. One
can define a snake scattering length as [, = l/b. For
L=05mm, /.24 mm, [,=60mm, and At =10 ps, we
obtain b~ 0.9 and A ~ 1.0 x 107 for €q. (4). These snake
photons play a crucial role in thick tissue imaging where
detecting the coherent component is almost impossible.

Several detection schemes have been developed over
the years based on frequency domain'**'% and time-
resolved approaches to sort out ballistic, snake and diffuse
photons for imaging in a turbid medium. Time-domain
methods based on streak camera®'>#, optical Kerr gate”,
electronic time gate’”?, stimulated Raman amplifica-
tion'é, cross-correlation second harmonic generationS'B,
heterodyne detection'?, optical coherence tomographym,
upconversion time-gate” and holographic method'”** have
been developed. Keeping the scope of this paper in mind,
we briefly describe in the following sections the streak
camera, Kerr—Fourier gate and picosecond electronic
time-gated optical imaging techniques.

Time-resolved imaging with streak camera

Streak camera is used for direct measurement of the
temporal profile of a short pulse with a time resolution as
low as 1 ps. Combined with a spectrometer it can be used
to yield a temporal and spectral 3D intensity profile of the
pulse. The desired signal is first projected onto the camera
slit and an optical image is formed on a photo-cathode of
the streak tube. Electrons generated in proportion to the
incident intensity are accelerated forward and swept by
the onset of a high-speed voltage synchronized to the
incident light. These electrons then get multiplied in a
micro-channel plate and are bombarded against a phos-
phor screen forming a streak image that gives the tempo-
ral intensity profile of the incident pulse. In addition to
high time resolution, the camera is sensitive to very low
light-and can be used for photon counting experiments.

Biomedical imaging requires the ability to discern
various tissue types in a complex biological structure like
breast or brain. Here we describe how one can probe the
difference in the optical properties of different tissues
with time-resolved streak camera measurements. By sui-
tably time gating the snake photons one can obtain
information that otherwise would not have been possible.
Taking advantage of the higher scattering properties of fat
tissue, we were able 10 locate a thin strip of chicken fat
inside a thick slab of chicken breast tissue'’.

A schematic diagram of the experimental setup for
time-resolved measurements is shown in Figure 2.
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Ultrafast 100 fs laser pulses (repetition rate: 82 MHz,
A; 620, beam diameter: 3 mm) of 0.1 nJ per pulse were
generated from a colliding pulse mode-locked dye laser
system. The main beam was focused into a 0.3 mm spot
by a long focal length lens and was allowed to pass
through the random scattering medium. Two samples of
different dimensions were prepared by embedding a thin
strip of chicken fat in the middle of a thick, smooth
chicken breast tissue. The samples were prepared by
sandwiching the thin strip of fat between the two soft
pieces of chicken breast tissues. These samples were
pressed between two parallel glass plates to keep them
uniformly thick. The first sample had a 2 mm thick, 5 mm
wide and 40 mm high fat strip embedded in the middle of
a 26 mm thick, 70 mm wide and 40 mm high chicken
breast tissue. The sample holder was mounted on a
translation stage to let the laser beam scan across the fat
strip (Figure 3 a). The transmitted signal was detected by a
synchroscan streak camera with a 10 ps resolution. Small
apertures were used to collect the transmitted photons
scattered in the forward direction. These measurements
were repeated on a second sample with a 2.5 mm thick,
7 mm wide and 40 mm high strip of fat inside a 40 mm
thick, 70 mm wide and 40 mm high chicken breast tissue.
The transport mean free path (/) and the absorption
length (l,) for the fat and the chicken breast tissues were
obtained from fitting the diffusion equation to the trans-
mitted intensity profiles. The values for fat and chicken
breast tissues at 625 nm were measured to be: ;= 0.5 mm,
I, = 139.3 mm, and [, = 2.5 mm, [, = 51.7 mm, respectively.
Figure 3 b shows two temporal profiles of transmitted
pulses propagating through the 26 mm thick tissue: the
dotted curve is for the case when the line of beam inci-
dence passes through the center of the fat strip and the
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Figure 2. Experimental sctup for the detection of snake photons 1o
image translucent objects hidden inside highly scattering random media
(afier ref. §).
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solid curve is when the line passes about 5 mm away from
the center of the strip. There is a significant difference in
the intensities of the early parts of the two transmitted
signals while the later portions merge with each other.
This difference at the early part is due to much stronger
scattering in the fat tissue compared to the chicken breast
tissue. Since the absorption length is much larger com-
pared to the transport mean-free path in both tissues, the
loss of light due to absorption is negligible compared to
the loss due to scattering. This pronounced intensity
difference in the early portion of the profile suggests the
suitability of snake photons in obtaining the maximum
contrast for imaging.

The straight line propagation time through a 26 mm
thick tissue is about 116 ps. The time-integrated inten-
sities for four different time windows, 220-820 ps, 120—
967 ps, 120~170 ps and 120-130 ps, were calculated from
the transmitted signal for various positions of incidence
on the sample. The last window captures 10 ps of snake
light. The results are plotted in Figure 4. The integrated
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Figure 3, a. A cross-section of the chicken breast tissue sample in the
plane of the scanning with a thin fat strip embedded in it. The thickness
(L) of the breast tissue was 2.6 and 4 cm for the two samples. The
thickness (1) for the fat strip was 2 and 2.5 mm and the width (w) was §
and 7 mm sespectively. b, Temporal profiles of two transmitted pulses
through the 2.6 cm thick sample: the dotted curve is for inctdence
through the center of the fal sirip, while the solid curve Is at a S mm
distance away from the center (atter ref. 14).
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Figure 4. Time integrated intensity from the transmitted signal through a 2.6 cm thick sample at
different time gates versus different beam incidence positions. @, 220-820 ps; b, 120-967 ps;

¢, 120-170 ps; and d, 120-130 ps (after ref. 14).

intensity using the 220-820 ps time-gate (Figure 4 a),
which collects most of the transmitted pulse except the
snake photons, shows an almost straight line without
revealing the position of the fat tissue. Figure 4 b shows
the integrated intensity for the whole signal; and the
inclusion of the snake photons, though dominated by the
late arriving diffuse photons, reveals a very shallow dip
around the position of the fat tissue. This case is equi-
valent to cw transillumination.

The 120-170 ps time-gate, which eliminates a signi-
ficant portion of the diffused transmitted signal, displays
a dip in the integrated intensity curve at the fat region
(Figure 4 ¢). The spatial resolution is significantly imp-
roved with the 120-130 ps time-gate (Figure 4 d) by
eliminating the late arriving photons further. By choosing
mostly the snake photons (for 10 ps window), not only
is the location of the fat tissue correctly predicted,
but the edges of the strip are also resolved. The relatively
flat bottom of the curve matches well with the width of
the fat strip inside the breast tissue with a millimeter
resolution,

These measurements were successfully repeated on a
4 cm thick sample with a fat strip inside it. As in the
2.6 cm thick sample, the integrated intensity curve shows
a nearly flat line at the region of the fat strip, and it rises
sharply once we scan past the edges of the fat strip
(Figure 5).
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Figure 5. Time integrated intensity from the transmitted signal
through a 4 cm thick sample with a 2.5 mm thick fat strip within a
20 ps window (308-328 ps} versus different beam positions of
incidence (after ref. 14),

The ability to discern different tissue types with slightly
varying scattering properties is a key step in the deve-
lopment of optical mammography and tomography sys-
tems. Currently work is in progress to extend this research
to two-dimensional breast imaging on human subjects by
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using a pair of multi-fiber source and detcctor bundles
with automated data acquisition using a 2 ps synchroscan
streak camera. Multi-dimensional images can be recon-
structed from these time-resolved intensity profiles by
selectively choosing various time slices in inverse recon-
struction algorithms.

Time-resolved two-dimensional Kerr-Fourier
imaging

Kerr-Fourier imaging uses optical Kerr effect, a third-
order nonlinear process, in conjunction with a 4F imaging
setup for simultaneous space- and time-gating. In optical
Kerr gate an ultrafast shutter is opened when an intense
laser pulse induces a transient birefringence in a Kerr
active material like carbon disulfide placed between a pair
of crossed polarizers, allowing a part of the signal pulse
coincident with the triggering pulse in time and space to
pass through. A standard 4 F Fourier imaging technique is
introduced to this Kerr gate scheme to obtain the Kerr—
Fourier gate (KFG) imaging setup as shown in Figure 6.

In our case the KFG was used to image droplets of
water and intralipid at various concentrations released
into a scattering medium of intralipid suspension in water.
A pico-second mode-locked Nd*: glass laser system
provided an 8 ps laser pulse train at 1054 nm to illuminate
the sample and its second harmonic at 527 nm was used to
trigger the Kerr material, carbon disulfide (CS)Y. Two
lenses were introduced into the Kerr cell such that the
signal from the sample kept at the front focal planc of the
first lens was transformed on to the Kerr cell located at
the back focal plane. A second lens was put between the
Kerr cell and the CCD camera keeping thcm at the front
and the back focal plane respectively, in order to
retransform the Fourier spectrum and image on to the
detector.

A two per cent diluted (of 10% stock) intralipid
suspension in water was used as the scattering medium in
a 50 mm x 50 mm x 50 mm cell. The phantom droplets of
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Figure 6. Schematic diagram of a typical Kerr-Fourier imaging
setup.

CURRENT SCIENCE, VOL. 77, NO. 7, 10 OCTOBER 1999

diluted intralipid at various concentrations and pure water
were dropped from a controlled burette into the scattering
medium and two-dimensional images were recorded. The
delay time between the stopper opening and the recording
time was between 2 and 10s. Figure 7 shows two two-
dimensional KF images of water droplets emerging from
the burette inside the scattering medium. The water
droplets were brighter than the host scattering medium as
there was less loss of light duc to little scattering and
absorption in water drops. Similar two-dimensional
images of 1, 2, 3 and 5% intralipid droplefs were
obtained. The image of the 1% droplet was brighter than
the host medium due to less scattering and the 2% droplet
was almost invisible and the images of the 3 and 5%
droplets were darker than the host due to stronger
scattering.

The high sensitivity of this Kerr-Fourier scheme
marked by its ability to differentiate objects with small
differences in scattering properties at a signal level
attenuated by a factor of about 107'° from the incident
intensity underlines the scope of this ultrafast detection

Figure 7. Eurly time two-dimensivnal shadow images of a water
droplet at a delay of (@) 2 s and (b) 10 s from the release of the dropper
(alter sef. 37).

8%9



SPECIAL SECTION:

modality in biomedical imaging. The feasibility of recon-
structing three-dimensional images from multiple two-
dimensional shadowgrams obtained from KFG measure-
ments using a backprojection algorithm has been
demonstrated™.

Two-dimensional electronic time-sliced imaging

This approach uses an electronically controlled time-gate
to select the information carrying snake photons to obtain
2-dimensional images directly. Ultrashort laser pulses of
about 130 fs duration at 800 nm, at an 82 MHz repetition
rate from a self-modelocked Ti : sapphire laser (Spectra
Physics Tsunami) were amplified with a regenerative
amplifier. The average amplified beam power used in the
transillumination imaging experiment was approximately
400 mW at a repetition rate of 1 kHz. The beam was
expanded and the central part of it was selected using an
aperture to illuminate the sample. This was done in order
to make the spatial intensity distribution of the beam
smoother and to reduce the intensity difference between
the center and the periphery of the beam. Light trans-
mitted through the sample was recorded using an ultra-
fast electronic-gated imaging camera system (La Vision,
Pico-Star) consisting of a time-gated image intensifier
unit fiber optically coupled to a charge-coupled device
(CCD) camera. The transmitted light from the sample was
collected by a camera lens and directed to the image inten-
sifier. The imaging system provided an electronic gate
pulse whose full-width-at-half-maximum (FWHM) duration
could be adjusted to a minimum of approximately 80 ps,
and whose position could be varied in steps of 25 ps over
a range of 20 ns. The transillumination signal recorded by
the system at a particular gate position was a convolution
of the transmitted light pulse with the gate pulse centered
on the pate position. The image recorded by the CCD
camera was displayed on a personal computer.

Measurements using this electronic time-sliced imaging
technique have been performed on several tissue®, bone
and other model biomedical samples®. As displayed in
Figure 8 4, a breast tissue sample consisting of a cancerous
piece placed between two normal pieces of 5 mm nominal
thickness and lateral dimensions between 8 and 14 mm
was prepared. The pieces were compressed between two
glass plates to provide uniform thickness and good
physical contact between the adjacent pieces of tissue.

Two-dimensional time-sliced transillumination images
of this combined breast tissue sample for 0 and 200 ps
gate positions are shown in Figure 8 b, respectively. The
zero position was defined to be the arrival time of the
light pulse through a 5 mm thick glass cell filled with
water, Figure 8 ¢ shows two integrated intensity profiles
along a horizontal area covering all three regions of the
tissue sample, indicating the spatial distribution of
transmitted light intensity.
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In both the 0-ps and the 200-ps images, the cancerous
and normal regions are visually separated. The spatial
intensity distribution of the O-ps image, displayed by the
thick line in Figure 8 ¢, shows a marked dip in the profile,
indicating much lower light transmission through the
cancerous region. The width of the dip corresponds to the
width of the cancerous region. The situation is completely
reversed in the second image of Figure 8 b. The cor-
responding spatial intensity profile, shown by a thin line
in Figure 8 ¢, exhibits a peak, indicating higher light
transmission through the cancerous region.

This difference in the relative light transmission
between the normal and the cancerous human breast
tissues at 0 and 200 ps can be attributed to the higher
scattering of light by the cancerous tissue. Photons
transiting through the cancerous region are scattered more

Ops
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Figure 8. a, A photograph of the composite breast tissue sample;
b, time-sliced transillumination images for gate delays of O ps and
200 ps; ¢, normalized spatial intensity profiles of the 0 ps image (thick
linc) and 200 ps image (thin line) integrated over a horizontal area of
20 pixel vertical width {after ref. 31).
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and, consequently, come out later compared to those
transiting through the normal region. This results in the
intensity profile peak at the cancerous region for the
200 ps image.

In another case, transillumination measurements were
performed in vivo on a human palm in order to image the
metacarpal bones®’. Figure 9 shows a two-dimensional
image of the palm obtained using the time-sliced detec-
tion. The 3-cm diameter (approximately) beam was cen-
tered on the middle finger as shown in the figure and the
time-gate was set at Ops to collect the image-bearing
photons. The images of the three metacarpal bones (ring,
middle and index) are clearly resolved at this time-window.
The darker parts show the location of the bones and the
lighter parts show the gaps between them. A spatial profile
was obtained by integrating the intensity over a 25 pixel
wide vertical region that gave a contrast of about 0.66 for
the middle finger. The vein going across the region between
the middle and the ring fingers appears as the vertical
darker part next to the bright central region. Some of the
early arriving photons passing through this region are
absorbed by the vein resulting in the dark line.

Time-gate position: 0 psec

:

L
K
&=

1

S0

Intensity (a. u.)

A1 N T "

50 100 150 200
Pixels

Figure 9. Two-dimcnsional image of the metacarpal bones of a
human palin (after ref. 32),

CURRENT SCIENCE, VOL.. 77, NO. 7, 10 OCTOBER 1999

Similar measurements on bones in thick tissues and a
small hole in a bone embedded in tissue have also yielded
good two-dimensional images*. In vivo measurement of
metacarpal bones yielding high contrast two-dimensional
images is highly encouraging to pursue this avenue in
development of viable optical alternatives for monitoring
bone tumor, bone marrow malignancy, osteoporosis, arth-
ritis, rheumatic disorders and other bone injuries. The
ability to obtain two-dimensional images directly in a few
seconds of data accumulation is significant from patient’s
point of view in real-life applications.

Spectroscopic imaging

In a complex tissue structure like breast or brain, a small
variation in absorption properties of different tissues can
play a significant role in providing key fingerprints in
discerning the various tissue-types. Some of the key
absorption chromophores in breast tissues are hemoglobin
(Hb, HbO,), water and fat. The absorption characteristics
obtained from the transmission measurements on a 3 mm
thick human breast tissue® is shown in Figure 10.
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Figure 10. Attenuation spectrum through a 3 mm thick human breast
specimen showing the contribution from oxy-hemoglobin (1), fat (2)
and water (3) (after ref. 39).
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Figure 11. Schematic diagram of the experimental arrangement for
two-dimensional NIR spectroscopic imaging.

891



SPECIAL SECTION:

Fibrous

o

b A=1225nm €  A=1250 nm
b d ——— 1225 DT
~ 250 F 1250 nm
3
S 200 |
8
[ =
E 150 |
E=y
g 100 f
2
=
s0 I
0 P L 1 2 3 PR
L] 20 40 60 80 100 120 140
£ Pixels
Figure 12. g, Black and white photograph of the fatty tissue

specimen used in the spectroscopic imaging; b, ¢, the wransillumination
images at 1225 nm and 1250 nm respectively; d, corresponding
intensity profiles integrated over the region marked by white dashed
lines (after ref. 26).

It has been shown by setting the probe wavelengths to
absorption bands of tissue components, one can obtain
two-dimensional transillumination images with marked
distinction between fatty and fibrous human breast
tissues”®!. This spectral measurement was a part of an
investigation to study the effectiveness of using Fourier
space-gate and polarization-gate in two-dimensional near-
infrared transillumination imaging.

The experimental setup for this experiment is displayed
schematically in Figure 11. A Cr*" : forsterite laser pumped
by a Nd : YAG laser provided 1225 nm and 1250 nm light
for transilluminating a section of 35 mm X 14 mm X 5 mm
human breast tissue. The specimen had a section of fatty
tissue with fibrous tissue on two sides (Figure 12 a). The
1225 nm wavelength falls in the absorption band of fat
while 1250 nm is completely nonresonant with it. Two-
dimensional transillumination images of this sample at
1225 nm and 1250 nm are shown in Figure 12 b and c.
The fatty region is darker and clearly distinguished from
the fibrous regions on the two sides in the 1225-nm image
as it is tuned to the absorption band. On the other
hand, the 1250 nm-image shows no appreciable difference
between the regions. Two spatial intensity profiles inte-
grated over the areas highlighted by white dashed lines in
the corresponding images are displayed in Figure 12 d.

892

Because of the absorption due to fat, the intensity profile
for the 1225-nm image shows a distinct dip in the fat
region. No such dip is observed in the other profile. This
result shows that spectroscopic differences can be used to
obtain high contrast optical images of tissues by tuning to
suitable wavelengths. This spectral technique can be used
in conjunction with other time-resolved measurements to
improve image quality.

Conclusion

Ultrafast photonic methods based on various time-gating
approaches have opened up new avenues in non-invasive
optical imaging. We have briefly reviewed some of the
currently pursued time-domain methods. The ability to
obtain physiological information from spectroscopic
fingerprints of the molecular constituents of tissue like
water, fat, oxy- and deoxyhemoglobin by carefully selec-
ting wavelengths in the visible and near-infrared region
makes these optical approaches more promising than X-
rays and other imaging modalities.

Non-invasive and non-ionizing spectroscopic optical
tomography systems based on time-resolved modalities
are on the horizon.
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