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Parotid Gland Tissues Investigated by Picosecond
Time-Gated and Optical Spectroscopic
Imaging Techniques
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Abstract—Near-infrared (NIR) time-resolved and spectre-
scopic transillumination imaging techniques are used to investigate
normal tissues and Warthin’s tumor of human parotid glands.
The time-sliced imaging arrangement uses 120-fs, 1-kHz repeti-
tion-rate, 800-nm pulses from a Ti : sapphire laser and amplifier
system for sample illumination and an uwitrafast gated intensified
camera system (UGICS) for recording two-dimensional (2-D)
images using transmitted light. Images recorded with earlier
temporal slices (approximately first 100 ps) of transmitted light
highlight the tumor, while those recorded with later temporal
slices (later than 200 ps) accentuate normal tissues. The spectro-
scopic imaging arrangement uses 1210-1300 nm tunable output
of a Cr: forsterite laser for sample illumination, a Fourier space
gate to discriminate against multiple-scattered light, and a NIR
area camera to record 2-D images. The tumor region in the
specimen appears brighter than the normal region in spectro-
scopic images recorded with light of different wavelengths. A
wavelength-dependent variation in the ratio of light transmission
through the tumor to that through the normal parotid gland is
observed. Differences in scattering and wavelength-dependent
absorption characteristics of normal parotid gland and Warthin’s
tumor provide a consistent explanation of these observed features.
Histopathological analysis of the specimen sheds light en the
probable origin of the differences in scattering and absorption
characteristics.

Index Terms—Near-infrared imaging, optical biomedical
imaging, parotid gland, photon propagation in highly scattering
media, time-gated imaging, transillomination imaging, Warthin’s
tumor.

1. INTRODUCTION

PTICAL biomedical imaging techniques are attraciing in-
O terest as promising noninvasive means for detection and
diagnosis of tumors and abnormalities in human body [1]-[11].
Body organs that are potentially amenable to optical imaging in-
vestigation inciude breast, brain, gastro-intestinal tract, obstetric
and gynecological tract, prostate, skin, salivary glands, arteries,
and bones. Development of appropriate and effective optical
modalities for in vive clinical imaging of lesions in any of these

Manuscript received Aprit 9, 2001. This work was supported in part by US-
AMRMC, DDOE, and the NASA IRA Program.

S. K. Gayen, M. Alrubaiee, and R. R. Alfano are with the Institute for Ulira-
fast Spectroscopy and Lasers, New York State Center for Advanced Technology
for Ultrafast Photonic Materials and Applications. Department of Physics, The
City Coellege of the City University New York, New York, NY 10031 USA,

H. E. Savage and S. P. Schantz are with the New York Eye and Ear [nfirmary,
-wew York, NY 10003 USA and also with Strang Cancer Prevention Center, New
York, NY 10021 USA.

Publisher ktem [dentifier § 1077-260X{01)11189-5.

organs is an involved process. An important step in this devel-
opment process is testing of the efficacy of the method on ex
vivo tissue specimens of the target organ, which in turn provides
key information about light transport and optical spectroscopic
characteristics of the types of tissues under investigation. We
have initiated such a study of ex vivo normal and abnormal tis-
sues from different organs using a variety of near-infrared (NIR)
optical imaging techniques. In this paper, we present results
of time-sliced and spectroscopic two-dimensional (2-D) NIR
imaging experiments on excised normal tissues and Warthin’s
tumor of the parotid gland.

Time-sliced imaging [6], [10], [12] is an extension of the con-
cept of time-resolved early-light imaging [13]-[17] wherein a
sequence of 2-I» images of the sample under investigation is
recorded using different temporal slices of light emergent from
the sample, in addition to the early-arriving part. Differences in
light transport properties of constituent tssues in a sample are
highlighted in the 2-D images obtained with different temporal
slices of the transmitted light. We use ultrashort pulses of light
from a femtosecond Ti:sapphire laser to illuminate the sample
and a time-gated camera with a variable gate position to record
2-D images with the gated fraction of the forward transmitted
light.

Spectroscopic imaging [18] uses light of different colors
to exploit any spectroscopic difference for enhancing image
contrast and exploring diagnostic potential. In a spectroscopic
imaging measurement, one uses light of different wavelengths
te record 2-D transillumination images of the sample under
investigation. If a part of the sample happens to have a different
response to light at a particutar wavelength than the rest, then
“resonant” {or “near-resonant”) images recorded with light of
that wavelength {or a wavelength near the resonance) provide
contrast between that part and rest of the sample [18]. ‘Compar-
isons with “nonresonant” images that are obtained using light
of wavelengths away from the resonance help accentuate the
contrast even further.

The parotid glands, located in the tissue inferior and ante-
rior to the ears, are the largest of the three main pairs of sali-
vary glands [19]. They secrete the serous {thin, watery) com-
ponent of the saliva, and the parotid duct delivers the secretion
into the mouth. Diseases of the parotid glands include Warthin’s
tumor (cystadenoma Iymphomatosum) [20], and pleomorphic
adenoma. In this article, we present resulis of optical imaging
experiments On an ex vive tissue specimen with normal parotid
gland tissue and Warthin’s tumor. Warthin’s tumor is the second
most common benign tumor that accounts for 5% to 10% of
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all parotid gland tumors. The tumor commonly is a round to
oval encapsulated mass 1 cil to 10 cm in diameter with a char-
acteristic lymphoid component. It is located in the parotid or
preparotid lymph nodes in 99% of the cases [21], [22]. The cut
surface of the tumor is gray in color and has cystic or cleftlike
spaces filled with a gray or light brown mucinous secretion. Tall
columnar cells that overlie lymphoid tissue line the cystic or
cleft like spaces.

The remainder of the article is organized as follows. Sec-
tion 11 presents an outline of the experimental methods, and a
brief description of the samples used in the experiment. Sec-
tion III presents optical imaging results along with histopatho-
logical analysis of the samples. In Section IV, we discuss the
implications of the experimental results.

II. EXPERIMENTAL METHODS

A. Time-Sliced Imaging

Experimental arrangement for time-sliced imaging, shown
schematically in Fig. 1{a}, made use of approximately 120-fs
duration, 1-kHz repetition-rate pulses from a Ti:sapphire
laser and amplifier system {23] for sample illumination, and
an ultrafast gated intensified camera system (UGICS) for
“recording 2-D images using picosecond-duration slices of
light transmitted through the sample. The laser output was
tunable over the 750-850 nm spectral range with an average
power of 3 W. We used approximately 200 mW at 800 nm
for experiments reported here. A beam expander expanded the
beam and an aperture selected a 3-cm diameter central part of
it to iltluminate the sample.

The UGICS was a compact time-gated image intensifier
unit that was fiber-optically coupled to a charge-coupled
device (CCD) camera. It provided an electronic time gate
whose FWHM duration could be adjusted to a minimum of
approximately 80 ps. The temporal position of the gate could
be electronically varied over a 20-ns range with a minimum
step size of 25 ps. The CCD camera had a 384 x 286 pixels
sensing element with a pixel size of 23 pm x 23 ym. A 24-mm
focal-length f/2.8 camera lens collected the signal transmitted
through the tissue sample and directed it to the sensing element.
The transillumination signal recorded by the UGICS at a
particular gate position was a convolution of the transmitted
light pulse with the gate pulse centered on the gate position.
A personal computer stored and displayed the resulting 2-D
images.

B. Spectroscopic Imaging

The experimental arrangement for near-infrared (NIR) spec-
troscopic imaging, displayed in Fig. 1(b), used the 1210-130(0
nm continuous-wave mode-locked output of a Crtt - forsterite
laser to illuminate the sample. A set of calibrated neutral density
filters helped maintain the average optical power of the incident
beam al approximately 35 mW for all the wavelengths used in
the imaging experiment. A beam expander expanded the beam
and an aperture selected a 3-cm diameter central part of it to il-
luminate the sample.

A Fourier space gate [24] selected out a fraction of the less-
scattered image-bearing photons from the strong background
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Fig. 1. Schematic diagram of the experimental arrangement for: (a)
time-sticed imaging and {b) spectroscopic imaging. Kecy: A = aperture,
L = lents, M = mirror, CCD = charge-coupled device, UGICS = ultrafast gated
intensified camera systen.

of the image-blurring diffuse photons. A 50 mm focal-length
camera lens placed on the optical axis at a distance of 50 mm
from the aperture in the Fourier gate collected and collimated the
fow-spatial-frequency light filtered by the aperture and directed
it to the 128 x 128 pixels sensing element of an InGaAs near-
infrared (NIR) area camera.

C. Sample

Excised parotid gland tissue specimen used in the experi-
ments reported in this article was obtained from the New York
Eye and Ear Infirmary (NYEE!) under Internat Review Board
approvals at the City College of New York and NYEEL The
specimen came from the left parotid gland of a 37-year-old male
patient. It was a gray/brown nodule surrounded by normal sali-
vary gland parenchyma. The nodule itself was focally cystic
with a papillary appearance. The clinical diagnosis was a be-
nign Warthin’s tumor of the left parotid gland.

The specimen was received on ice. It was held between two
glass plates and slightly compressed to ensure same overall
thickness for optical imaging measurements, The dimensions of
this slightly compressed sample were 20 mm x 10 mm x 5 mm.
Light transited through the 5 mm path length of the sample for
transitiumination imaging measurements reported here. After
NIR imaging experiments, the sample was placed in formalin
and transferred to NYEEI for histological analysis.
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. Fig. 2.
.- parotid gland tissue sample with normal parotid gland (N) and Warthin’s tumor
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Time-sliced 2-D images (left frames) of a 20 mm x 10 mm X 5 mm

{T) for gate positions of {a) 50 ps, (b} 100 ps, and (c} 250 ps, Correspording
spatia intensity profiles integrated over the same horizontal area highlighted
by white dashed boxes in the images are shown in the right side frames. The
zere position was taken to be the time of arrival of the light pulse through a
3-mm-thick quartz cell filled with water.

III. REsSULTS

A. Time-Sliced Imaging

Time-sliced 2-D transillumination images of the parotid
gland sample for gate positions of 50 ps, 100 ps, and 250 ps
are displayed in the left frames of Fig. 2(a)-(c), respectively.
The zero position was taken to be the time of arrival of the light
pulse through a 5-mm-thick quartz cell filled with water. The
corresponding frames to the right present the spatial intensity
profiles of the respective images integrated over the same hori-
zontal area in all the figures. The salient feature of the images
is the differences in time-dependent brightness of the normal
tissue and Warthin’s tumor in the sample. In the early 50-ps
image of Fig. 2(a) only the tumor is visible. The corresponding
horizontal spatial profile exhibits peak in the tumor region and
hits the baseline in the normal tissue region. At this early time,
markedly more light is transmitted through the tumor than the
normal parotid gland tissue. With time the image of normal

- arotid gland tissue gains in brightness and the corresponding
“sggion of the spatial profile rises above the baseline, as the

typical sampling of Fig. 2(b) for the delay position of 100 ps
shows. At later times (250 ps) the image of the normal gland
becomes brighter than the tumor, the corresponding spatial
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Fig. 3. Spectroscopic 2-D images {left frames) of the parotid gland tissue
sample with normat parotid gland (N) and Warthin's tamor (T) for lght of
wavelengths (a) 1223 nm, {b) 1250 nm, and (c) 1285 am, Corresponding spatial
intensity profiles integrated over the same horizoatal area highlighted by white
dashed boxes in the images are shown in the right frames. No time gating was
used. (d) Spatial profiles of the ratio of intensities Jésp{A). as described in the
text, for the reference wavelength of 1285 nm, and probing wavelengths of 1225
and 1250 nm.

profile peaks in the normal gland position indicating higher
light transmission through the normal gland than the tumor
[Fig. 2(c)i.

These results indicate that light transits faster through
Warthin’s tumor than normal parotid gland tissue. Lower
scattering or/and higher absorption of light by the tumor may
account for the observed temporal behavior, Since there is no
known absorption of 800-nm light by parotid gland tissues, we
attribute these time-dependent differences in the relative light
transmission through Warthin’s tumor and normal parotid gland
tissues to the differences in the light scatering characteristics
of these components of tissues.

B. Spectroscopic Imaging

Spectroscopic images of the specimen recorded using light
of wavelengths 1225, 1250, and 1285 nm appear in the left side
frames of Fig. 3(a)—{(c), respectively. Corresponding spatial pro-
files integrated over the same horizontal area in all the images
appear in the right side frames. The salient feature of the images
is the higher brightness of the Warthin’s tumor region compared
to the normal parotid gland region for all three wavelengths.
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Since no time gating is used in spectroscopic imaging, the re-
sult is indicative of higher overall light transmission through the
tumor than that through the normal parotid gland.

Another subtle feature is the wavelength dependence of
relative light transmission through the tumor and the normal
tissue. We examined the variation in relative brightness with
wavelength by monitoring the tumor-to-normal intensity
ratio, Rrx(A) = Toumer{A)/ Tnormal(A), where Tinmer(A) and
Thormat(A), are the averaged intensities through the Warthin’s
tumor and normal parotid gland regions, respectively, of the
spatial profile at wavelength A. The values of Rpn{A) for 1225,
1250, and 1285 nm are 2.9, 2.0, and 1.7, respectively.

Even more instructive is the ratio of intensities Rsp(A) =
I(M)/I{)\Rr). where I{A} and I(AR), are the values of inten-
sities at probing wavelength A and selected reference wave-
length A, respectively, measured at the same location in the
respective images. The horizontal spatial profiles of Rgp(A) for
Mg = 1285nm and A = 1225 and 1250 nm averaged over
the width of the dashed lines in the images of Fig. 3(a}-(¢) are
shown in Fig. 3(d). These profiles were obtained by taking the
ratio of spatial profile at wavelength A to that at 1285 nm. The
salient feawure of the Rgp{)) profiles in Fig. 3(d) is that the
tumor region tends to have a higher value of the ratio (>>1) than
the normal region {<1}.

The transition region between the Warthin's tumor and
normal parotid gland appears brighter than the rest of the tumor
in the spectroscopic images and the corresponding spatial
intensity profiles tend to peak around pixel 50. The peak is
more prominent in the spatial profile of Fig. 3(c) than in other
profiles. A histological examination of the specimen revealed
that although this region was composed of the same lymphoid
and epithetial elements as the rest of the tumor, the tissue in this
aren was less dense and had more lymphoid tissue than epithe-
lial tissue compared to the rest of the tumor. These differences
lead to higher light transmission through the transition region.
This result indicates the sensitivity of spectroscopic imaging to
variations in tissue density and morphology.

V. DISCUSSION

The results of both the time-sliced imaging and spectroscopic
imaging experiments show the ability of the two techniques to
select between the Warthin’s tumor and normal parotid gland
tissues. The contrast between the Warthin’s tumor and the
normal parotid gland is most dramatic in the images recorded
with earlier and later time slices. We observed similar contrast
between normal and cancerons regions in the time-sliced
images of human breast tissue specimens as well [6], [25].

Spectroscopic images exhibit three main features: {(a) overall
higher light transmission through the tumor; (b) a wave-
tength-dependent variation in tumor-to-normal intensity ratio,
Rrn(A); and (¢) a variation in the spatial profile of the ratio,
Rgp(A) between the tumor and normal regions of a specimen.
We attribute the higher light transmission through the Warthin’s
tumor compared to that through the normal parotid gland at
all three wavelengths to lower light scattering by the tumor.
This attribution is consistent with the results of the time-sliced
imaging experiment carried out with 800-nm femtosecond
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Fig. 4. Histological micrograph of a epresentative section from: (a) the
normal parotid gland used in the optical imaging experiment showing fat cells
(FC). glandutar atveoli (GA), and ducts {Duct) and (b) the Warthin’s tumor
showing double layers (columnar and cuboidal) of ductal epithelium {DE},
clefis of the duct {CD). papitlary projections (PP) of the ductat epithelinm,
cystic spaces (CS). and areas of lymphoeid tissue (LT).

light pulses. The wavelength dependent variation in Rrn{A)
and Rsp()) is expected to be associated with difference in
absorption by the normal parotid gland and tmor.

In order to obtain a better appreciation of the origin of the dif-
ferences in scattering and absorption characteristics of normai
parotid gland and Warthin’s tumor, we turned to the histopatho-
logical analysis of the sample. Histopathology provides detailed
information about the structurat differences between the normal
and abnormal tissues and sets the standard against which the
performance of any new technique should be evaluated.

Fig. 4(a) presents a histological micrograph of a repre-
sentative section of the normal parotid gland tissue used in
the optical imaging experiment, The key features are the fat
cells (FC), glandular alveoli (GA), and ducts (Duct). Fig. 4(b)
is 4 micrograph of a similar representative section from the
Warthin’s tumor in the specimen under same magnification.
The features in the histology of the Warthin’s tumor are double
layers {columnar and cuboidal} of ductal epithelium (DE),
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clefts of the duct (CD), papillary projections (PP) of the ductal
epithelium, cystic spaces (CS), and areas of lymphoid tissue
(LT). The contrast with the histology of the normal paretid
gland is quite distinct.

Light scattéring depends on the size, shape, and relative re-
fractive indices of the scattering entities. The aforementioned
structural differences between the tumor and normal parotid
gland are likely to lead to different light scattering and spectro-
scopic characteristics. A quantitative evaluation of the role of
different scatterers is highly involved that will require indepen-
dent measurement of the optical and scattering characteristics
of each of the different scattering entities, and modeling of their
distribution in the tissue ultrastructure.

A particularly significant difference observed in the micro-
graphs of the two representative sections that has important con-
sequences for NIR imaging experiments 1s the paucity of fat
(adipose) cells in the Warthin's tumor, and their abundance in
the normal parotid gland. Two characteristics of adipose tissues
may shed light on the observed results of NIR imaging experi-
ments. First, adipose tissues scatter light more effectively than
other types of tissues, such as, fibrous, glandular, and ductal
[6], [25], {26]. Second, adipose tissue has a broad optical ab-
sorption band centered on 1203 nm {26]. The histological anal-
ysis shows that the normal parotid gland tissue has a much
higher abundance of adipose cells than that in Warthin's tumor.
Light transiting through the normal tissue will be more scat-
tered by the adipose cells, traverse longer distance within the
sample, and arrive later in fime than that transiting through the
Warthin’s tumor. It thus provides an explanation of the results of
time-sliced imaging experiments that show early-light images
highlighting the tumor, while the late-light images accentuate
the normal parotid gland.

The resuits of spectroscopic imaging arrangement may be ex-
plained as well. The normal part of the sample appears darker
in the spectroscopic images Fig. 3(a)~(c) as the more abundant
adipose cells there contribute to higher scattering (more loss of
light) than the tissues in the tumor. Adipose cells in the normal
parotid gland are one of the major contributors to the scattering,
but may not be the sole reason for higher scattering by normal
tissue.

The light wavelength of 1225 nm is closer to the adipose ab-
sorption peak at 1203 nm, 1250 nm is in the wing of the ab-
sorption band, while 1285 nm is away from the absorption reso-
nance. Consequently, among the three wavelengths presented in
Fig. 3(a)y-(c), 1225-nm light is absorbed the most by the adipose
cells in the normal part of the specimen, 1285-nm light the least,
with the 1250-nm light in between. This wavelength-dependent
absorption contributes to the observed decrease in the ratio be-
tween 1225 nm to 1285 nm. The tumor-to-normal ratio R (A)
thus acts as a parameter to differentiate between normal tissue
and Warthin’s tumor of the parotid gland. The use of this ratio
for in vive application requires knowledge of the suspect region
and a normal region, and evalaation of the ratio between trans-

imitted intensities through the abnormal to normal region.

The ratio Rgp{A) is a more promising parameter since it in-
volves measurements of two 1ntensities, one at areference wave-
length and the other at a wavelength near-resonant with adipose
ahsorption, at the same location and evaluation of the ratio. In

obtaining the spatial profiles of Rgp(A} displayed in Fig. 3(d),
we used 1285 nm that is far-removed from the adipaose reso-
nance peak at 1203 nm as the reference wavelength, and 1225
and 1250 nm that fic within the adipose optical absorption band
as probing wavelengths. We obtain a higher contrast between
the tumor and normal regions in the Rgp{A) profile that uses
intensities at 1225 nm, the wavelength closer to the resonance
peak, However, in both the Rgp(A) profiles using [225 nm and
1250 nm, the ratio values tend to be more than one for the tumor
region, and less than | for the normal region. Assuming that this
trend holds, a measurement of Rgp (A} value at a location in the
specimen may identify it as either tumor {Rsp > 1} or normal
(Rsp < 1), and no comparison with another region is needed.
More measurements on a larger number of samples with dif-
ferent stages of tumor progression will be needed to build up
statistics for establishing the values of parameters Rgp and Ry
that will be indicative of the status of tissue (tumor or normal)
with requisite specificity.

In summary, the results of these experiments further demon-
strate the potential of NIR time-sliced and spectroscopic
imaging techniques for detection and diagnosis of tumors in
optically accessible suspect body organs.
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