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Toward transduodenal diffuse optical tomography
of proximal pancreas
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We demonstrate the feasibility of diffuse optical tomography (DOT) of the proximal pancreas by using optical ap-
plicator channels deployed longitudinally along the exterior surface of a duodenoscope. As the duodenum that
nearly encircles the proximal pancreas forms a natural “C-loop” that is approximately three-quarters of a circle
of 5-6 cm in diameter, a multichannel optical applicator attached to a duodenoscope has the potential to perform
transduodenal DOT sampling of the bulk proximal pancreas wherein most cancers and many cystic lesions occur.
The feasibility of transduodenal DOT is demonstrated on normal porcine pancreas tissues containing an introduced
gelatinous inclusion of approximately 3 cm in diameter, by using nine source channels and six detector channels
attached to a duodenoscope. Concurrent ultrasonography of the gelatinous inclusion in the porcine pancreas paren-
chyma provided a coarse, albeit indispensable, anatomic prior to transduodenal DOT in reconstructing a contrast of

optical properties in the pancreas.
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The pancreas is difficult to access nondestructively by
diagnostic methods due to its challenging anatomic loca-
tion. Partially because of this difficult accessibility, ma-
lignancies of the pancreas are often discovered at a late,
nonresectable stage, leaving the patients and physicians
with very limited options of effective clinical manage-
ment [1]. The overall prognosis of malignancy of the
pancreas is poor, currently estimated to have an approx-
imately 756% mortality rate in the first year of diagnosis
and a five-year survival rate of only 6% [2] after decades
of efforts to find better treatment strategies [3]. One type
of pathological condition of the pancreas requiring care-
ful risk stratification is intraductal papillary mucinous
neoplasm (IPMN), a cystic lesion with a thick gelatinous
interior that forms in major pancreatic duct or accessory
duct or is mixed [4]. It is established that the primary-
duct-type IPMN has high risk to become malignant
and thus is recommended for resection [5]. However,
resection of the branch duct type IPMN has been contro-
versial [6] due to lack of consensus on the malignant
potential [7] as well as lack of specific radiological
or surrogate imaging markers for risk stratification
of it [8].

Optical approaches have been explored for early de-
tection of pancreatic cancer and differentiating between
cancerous and noncancerous such as inflammatory pan-
creatic tissues that often have nonspecific symptoms.
Chandra et al. [9] reported highly specific reflectance
spectroscopy and fluorescence measurement of speci-
mens of pancreatectomy and xenografts of pancreatic
carcinoma in nude mice by #n situ probing using an op-
tical applicator consisting of three closely positioned fi-
bers. Liu et al. [10] studied the light scattering markers of
the duodenal mucosal layer that indicated or predicted
early stage malignant development in the pancreas. Ifti-
mia el al. [11] demonstrated that optical coherence
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tomography (OCT) imaging discriminates the morpho-
logical features of pancreatic cystic lesions of different
risk potentials.

Among the lesions of the pancreas that are malignant
or have malignant potential, the majority are discovered
in the head of pancreas [12], and a cystic lesion of at least
2 cm in size is not uncommon [13]. To aid in the decision
making for surgical intervention and potential resection
of a particular lesion, a preoperative imaging evaluation
of the lesion is essential. The optical fingerprints poten-
tially expressed in the duodenal mucosal layer [10] could
prospectively predict the existence of, albeit do not di-
rectly “image,” a lesion in the pancreas. An optical appli-
cator that probes tissue using reflectance geometry [9] is
limited in nondestructively interrogating a large nonsu-
perficial lesion. Intraductal OCT probing [11], which re-
veals high-resolution morphological features over a 2 mm
depth, of a cystic lesion of significant size may involve
multiple needle-invasive procedures. An optical method
to nondestructively image the bulk pancreas is of consid-
erable interest.

This Letter demonstrates the feasibility of transduode-
nally imaging the proximal pancreas by a diffuse optical
tomography (DOT) method. As conceptualized in
Fig. 1(a), the proximal pancreas is nearly encircled by
the duodenum in a “C-loop” geometry that approximates
three-quarters of a circle. As pancreatic tissue is scatter-
ing-dominant at wavelengths greater than 600 nm [14],
it may be feasible to perform DOT sampling of the proxi-
mal pancreas, which has a cross-sectional dimension of
5-6 cm in diameter and a thickness of less than 2 cm,
through the duodenum by deploying multiple channels
of optodes along a duodenoscope.

Figure 1(b) shows a prototype optical-applicator
with 15 optical fibers deployed along the exterior surface
of a duodenoscope. Figure 1(c) depicts the designed
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Fig. 1. (a) Natural “C-loop” of duodenum renders the possibil-
ity to optically sample the entire proximal pancreas. (b) A total
of 15 fibers (nine for source and six for detector) have been
attached onto a duodenoscope. (¢) Designed positions of the
15 fibers along the duodenoscope. The inset illustrates that
the bare fiber as the optode is obliquely positioned with respect
to the duodenoscope and that the optode has an inward- and
forward-looking geometry for source illumination and detector
collection. (d) The duodenoscope-attached optical applicator is
passed through a porcine duodenum; a red guiding light trans-
mitted through the duodenum from the most distal source is
visible as shown by the arrow.

locations of the nine source optodes (marked by circle,
400 pm core diameter) and six detector optodes (marked
by cross, 600 pm core diameter) that are longitudinally
positioned on the duodenoscope. The nine source chan-
nels (S1 to S9) are separated to three groups, each con-
sisting of three adjacent channels. The six detector
channels (D1 to D6) are separated to two groups, each
also consisting of three adjacent channels. The two de-
tector groups separate the three source groups. Com-
pared to uniformly interspersing each source with
each detector, the shown positioning of the source or de-
tector channels increases the minimum source-detector
distance while the maximum source-detector distance is
set by the dimension of the geometry. This optode con-
figuration reduces the total dynamic range of the signals
and better accommodates the measurement by a single
CCD detector. The targeted arc distance between adja-
cent channels in each source or detector group was
10 mm, and the targeted arc separation between the
neighboring source and detector groups was 20 mm.
After forming the duodenoscope to the “C” shape,
however, the positions of the optodes shifted and were
measured individually. The proximal ends of all of these
fibers were terminated with sub-miniature version A
(SMA) 905 connectors. Figure 1(d) is the photograph
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of a porcine duodenum, through which the duodeno-
scope-attached optical applicator was inserted, and the
most distal source channel (S1) was made visible by the
transmitted 705 nm guiding light. Also photographed in
Fig. 1(d) is a convex ultrasound (US) transducer, which
was placed as a concurrent anatomic reference to the
DOT measurement of tissue. The measurement configu-
ration involving US imaging as shown in Fig. 1(d) could
become more relevant to transduodenal imaging of the
pancreas should an endoscopic US transducer probe
passing through the instrument channel of the duodeno-
scope be used.

This study performed continuous-wave (CW) DOT
measurement at 705 nm, at which wavelength the re-
duced scattering coefficient of normal pancreatic tissue
was shown close to 1.4 mm™ [14]. The schematic of the
DOT measurement system is given in the upper panel of
Fig. 2, and the lower panel of Fig. 2 includes photographs
of the fiber channels branched from the duodenoscope
and the measurement system placed in the Biomedical
Surgical Laser Laboratory in the Center of Veterinary
Health Sciences of Oklahoma State University. The
705 nm light from a thermally stabilized laser diode
was coupled through a 200 pm fiber to a 1 x 9 fiber switch
(Piezosystem) for sequential delivery to the nine source
channels of the duodenoscope-attached optical applica-
tor. The six detector fibers were coupled to a spectrom-
eter (Princeton Instruments Spectropro2300i) to which
an intensified CCD camera (Acton Research PI-MAX
Gen-II) was mounted. The acquisition time corresponding
to each source channel took between 250 ms and 1 s, de-
pending upon the gain setting of the CCD. An ALOKA
Proscan 7 console and a convex transducer (UST-9120)
were used for concurrent ultrasonography. The DOT im-
age reconstruction was rendered by NIRFAST [15,16].

Given only 54 measurements at CW and at a single
wavelength, this DOT system is limited in the capacity
to recover tissue optical heterogeneities. Therefore this
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Fig. 2. Top panel shows the schematic of the system for US-
coupled transduodenal DOT. The dashed arrow points to the
tissue/applicator setup contained in a blue receptacle, of which
the photograph is shown in the left. The fiber bundle branched
from the duodenoscope for optical tomography measurement is
also marked by the solid line pointing to two photographs.
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DOT work only considered the absorption contrast that
could have been contaminated by the scattering contrast
in the reconstruction. The demonstration was further im-
paired by the difficulty to accurately profile the imaging
geometry because the distal end of the duodenoscope
could not be articulated to a perfect circle and after form-
ing to the C-shape the medium-facing concave surface of
the duodenoscope became irregular, which further dis-
torted the positioning of the obliquely attached optodes.
For the purpose of calibration, the duodenoscope-
attached optical applicator was placed in a cylindrical
retainer made from black acetal materials, as illustrated
in Fig. 3(a). The measured optode positions, the radial
and azimuthal coordinates shown in Fig. 3(b) and the
height variations marked in Fig. 3(c), are set in an
approximate imaging volume of a cylinder of 55 mm in
diameter and 18 mm in thickness corresponding to the
volume of the intralipid framed by the duodenoscope. An
example of the signals corresponding to the 54 source-
detector pairs measured from, or calculated for, the
homogenous medium is shown in Fig. 3(d). The medium
used for calibration purpose was a 0.5% bulk intralipid
solution with an absorption coefficient of 0.003 mm™!
and reduced scattering coefficient of 0.50 mm™!.

An inclusion of 16 mm in cross-section was positioned
at four quadrangles of the imaging geometry to test the
system performance in reconstructing an object of ab-
sorption contrast at different azimuthal locations. The lo-
cations correspond to 4:30, 7:30, 10:30, and 1:30 o’clock
positions as marked by the dashed circles in Fig. 3(e) and
3(f). The 1:30 o’clock position, since it is located near the
opening of the “C-loop”, was expected to be the least ac-
curately reconstructed among the four positions. The
DOT reconstruction incorporated the spatial informa-
tion, namely the size and position, of the object, assuming
absorption contrast only. When a black object was used
as the inclusion, the inclusion was clearly reconstructed,
as shown in Fig. 3(e), with the peak absorption coeffi-
cients at 0.054, 0.051, 0.045, and 0.072 mm™! respectively
for the four locations. When an object of known absorp-
tion coefficient of 0.0061 mm™! was used, the object was
clearly identified at only one location and poorly recov-
ered at three other locations, as shown in Fig. 3(f), and
the peak absorption coefficients were 0.0029, 0.0028,
0.0086, and 0.0031 mm™! respectively for the four loca-
tions. It is worth noting that, without implementing the
size and position of the object to the DOT image recon-
struction, the inclusion was unremarkable even when the
black object was imaged.

To mimic transduodenal DOT of the pancreas tissue
under endoscopic or transabdominal US guidance, the
optical applicator-attached duodenoscope that was in-
serted into a segment of duodenum and the convex
US transducer were formed into C-shape associated po-
sitions, as photographed in Fig. 1(d), on a black acetal
platform by using multiple pieces of isolated retainers.
The entire black platform was then immerged in a
0.91% bulk intralipid solution to produce an effective
transduodenal imaging volume of 2 cm in thickness.
The absorption coefficient and reduced scattering coef-
ficient of the medium were 0.003 and 0.91 mm™!, respec-
tively. Two specimens of normal porcine pancreas were
stacked to approximately 2 cm in thickness to fill the
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Fig. 3. (a) Applicator configuration for testing the perfor-
mance of the system in reconstructing an object of absorption
contrast at different azimuthal locations. The medium-facing
side of the duodenoscope was modified to nearly flat by using
black filling materials to make the geometry closer to a cylinder.
The interfacing of the medium with the air at the top surface,
however, was unaltered. (b) The top view of the mesh shows
the measured optode locations. Circles: sources; crosses: detec-
tors. Slight variation of the radial positions of the optodes can
be observed. (c) The perspective view of the mesh shows the
notable variation of the elevational positions of the optodes.
(d) Example pattern of CW amplitudes (natural log scale) cor-
responding to 54 source-detector pairs measured from a
homogenous medium. (e) DOT of a 16 mm black inclusion
placed in the four quadrangles of the imaging geometry. The
reconstruction incorporated the spatial prior information in-
cluding the position and size of the object. (f) DOT of a
16 mm phantom inclusion of known absorption coefficient of
0.0061 mm™! placed at the same positions as the black object
of (e). The reconstruction incorporated the spatial prior
information including the position and size of the object.

space between the duodenoscope and the US transducer.
A segment of porcine duodenum of approximately 3 cm
in diameter containing thick aqueous solution of porcine
gelatin (Sigma Life Science, St. Louis, Missouri) was
placed between the porcine pancreas and the duodeno-
scope, as shown by the photograph at the top panel of
Fig. 4. The arrow at the leftmost US image at the middle
panel of Fig. 4 marks the gelatinous solution housed by
the duodenum. The middle US image in Fig. 4 corre-
sponds to replacing the gelatinous inclusion with a piece
of porcine liver (arbitrary shape), and the rightmost US
image indicates a void space produced in the pancreas
tissue and filled by the background intralipid solution.
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Fig. 4. Top panel: A segment of porcine duodenum containing
thick gelatinous solution was placed in the stacked porcine pan-
creas. The duodenoscope was inserted in a duodenum, part of
which can be seen in the photograph at the left, for transduo-
denal DOT of the stacked porcine pancreas in the intralipid sol-
ution. The schematic at the right side shows the side view of the
imaging configuration. Middle panel: Ultrasonography shows
the inclusion made from porcine gelatin (left), the inclusion
of porcine liver (middle), and the inclusion of intralipid filling
a void-space of the pancreas (right). Bottom panel: Recon-
structed transduodenal DOT images corresponding to the inclu-
sions shown at the middle panel. The reconstruction assumed
an absorption object of 3 cm in diameter at the shown 7:30
o’clock position.

The irregular shape of the optical applicator-attached
duodenoscope is observable from the US image. The vol-
ume of the tissue to be imaged is, for convenience, rep-
resented by a cylinder of 56 cm in diameter and 2 cm in
thickness. The inclusions shown in US were estimated to
have a 3 cm diameter. The bottom-panel presents the
three inclusions reconstructed by incorporating the inac-
curate, but indispensable, size and location of the inclu-
sion in the tranduodenal DOT. A remarkable and
relatively homogenous contrast was reconstructed in
the delineated region corresponding to an inclusion
made of either the duodenum-enclosed gelatinous
material or the intralipid-filled tissue-voided inclusion.
However, the inclusion corresponding to porcine liver
tissue of unrestricted shape was poorly differentiable.

In summary, DOT imaging of the proximal pancreas
seems feasible. Pancreatic tissue is highly scattering,
and the proximal pancreas has a cross-sectional dimen-
sion of 5-6 cm in diameter, a size suitable for DOT sam-
pling. As the proximal pancreas is encircled over
approximately three-quarters of the peripheral by the
duodenum “C-loop,” optical applicator channels attached
to a duodenoscope can perform transduodenal DOT sam-
pling of the bulk proximal pancreas. This feasibility is
demonstrated on normal porcine pancreas tissues con-
taining a gelatinous inclusion by CW DOT at a single
wavelength, with coarse spatial information of the inclu-
sion provided by US. It is expected that DOT, utilizing
spectroscopy measurement, time- or frequency-domain
detection, and accurate anatomic information available
from imaging modalities such as high-volume computed
tomography and fiducial markers, has the potential to
provide radiological optical contrast of the lesions in
proximal pancreas.
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