
I
u
o

S
E
C
D
R
T

C
J
A
D
B

E
D
R
T

H
E
D
R
T

S
H
E
C
D
R
T

A
E
C
D
R
T

E
D
R
T

1
L
m
i
t
m

A
C
o
s

Journal of Biomedical Optics 15�1�, 017004 �January/February 2010�

J

ntegration of single-fiber reflectance spectroscopy into
ltrasound-guided endoscopic lung cancer staging
f mediastinal lymph nodes

tephen Chad Kanick
rasmus Medical Center
enter for Optical Diagnostics and Therapy
epartment of Radiation Oncology
otterdam 3015 GE
he Netherlands

or van der Leest
oachim G. J. V. Aerts
mphia Hospital
epartment of Pulmonary Diseases
reda, The Netherlands

and
rasmus Medical Center
epartment of Pulmonary Diseases
otterdam 3000 CA
he Netherlands

enk C. Hoogsteden
rasmus Medical Center
epartment of Pulmonary Diseases
otterdam 3000 CA
he Netherlands

lávka Kaš~áková
enricus J. C. M. Sterenborg

rasmus Medical Center
enter for Optical Diagnostics and Therapy
epartment of Radiation Oncology
otterdam 3015 GE
he Netherlands

rjen Amelink
rasmus Medical Center
enter for Optical Diagnostics and Therapy
epartment of Radiation Oncology
otterdam 3015 GE
he Netherlands

and
rasmus Medical Center
epartment of Pulmonary Diseases
otterdam 3000 CA

Abstract. We describe the incorporation of a single-fiber reflectance
spectroscopy probe into the endoscopic ultrasound fine-needle aspi-
ration �EUS-FNA� procedure utilized for lung cancer staging. A math-
ematical model is developed to extract information about the physi-
ological and morphological properties of lymph tissue from single-
fiber reflectance spectra, e.g., microvascular saturation, blood volume
fraction, bilirubin concentration, average vessel diameter, and Mie
slope. Model analysis of data from a clinical pilot study shows that the
single-fiber reflectance measurement is capable of detecting differ-
ences in the physiology between normal and metastatic lymph nodes.
Moreover, the clinical data show that probe manipulation within the
lymph node can perturb the in vivo environment, a concern that must
be carefully considered when developing a sampling strategy. The
data show the feasibility of this novel technique; however, the poten-
tial clinical utility has yet to be determined. © 2010 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.3290822�
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Introduction
ung cancer causes the most cancer-related deaths in both
en and women worldwide.1 For patients diagnosed with lim-

ted stage non-small-cell lung cancer �NSCLC�, treatment op-
ions are dependent on the presence of metastatic cancer in the

ediastinal lymph nodes.2–4 For patients diagnosed with
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gy, Rotterdam 3015 GE, The Netherlands. Tel: 31-10-7032102; E-mail:
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NSCLC, treatment in the absence of metastatic cancer in-
volves surgical resection of the tumor; however, in the pres-
ence of metastatic cancer, the treatment of choice is systemic
chemotherapy combined with radiotherapy.2 Following diag-
nosis of NSCLC, the mediastinal lymph nodes are imaged,
usually with a computed tomography �CT� scan and/or posi-
tron emission tomography �PET� scanning, but the specificity
of these imaging modalities are not reliable enough to prop-
erly diagnose cancer, and histopathological examination of
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ny enlarged lymph node is required. The gold standard pro-
edure for mediastinal staging is surgical biopsy of the lymph
ode2 �termed mediastinoscopy�. A novel alternative method
o stage lymph nodes is the endoscopic ultrasound fine-needle
spiration �EUS-FNA�, which utilizes an ultrasound probe to
isualize the lymph node being sampled, offering the clinician
ccess to mediastinal lymph nodes with lower costs and less
atient morbidity than mediastinoscopy.2–4 However, EUS-
NA has a low sensitivity and is associated2 with a false nega-

ive �FN� rate of �23% �compared with the 9% FN rate of
ediastinoscopy�. The high EUS-FNA FN rate is attributable

o localized malignant areas within the node that were not
ampled during the biopsy. This complication necessitates the
ampling of multiple sites within the node or requires the
resence of a cytologist on-site. On average, five sampling
ites within the node are biopsied during EUS-FNA, a total
hat cannot be easily increased because more samples would
equire more punctures into the node and longer procedure
imes; factors that would negatively affect patient comfort.

Incorporation of a fiber optic reflectance device into the
US-FNA procedure may assist in the identification of malig-
ant regions within the lymph nodes during biopsy, poten-
ially reducing the FN rate of the current procedure. The fiber
ptic device would enable rapid optical sampling from mul-
iple local tissue regions throughout the lymph node, with the
ptical properties accurately estimated within small volumes
�0.1 mm3� of tissue optically interrogated during measure-
ent. The schematic in Fig. 1 shows a proposed sampling

trategy for EUS-FNA with the incorporated optical device,
ith the optical fiber sampling multiple ��10 to 50� samples

cquired within the same time required for one biopsy acqui-
ition in the current procedure. This strategy would result in
haracterization of a larger volume of the lymph node than is
chieved with the current procedure, reducing the chance that
alignant areas are not biopsied.
Reflectance spectra measured in the UV-VIS wavelength

ange contain information about tissue absorption and scatter-
ng properties;5 information that can be used6–8 to describe
issue physiology �e.g., vascular oxygen saturation, blood vol-
me fraction� and morphology �e.g., tissue/cell/organelle size
nd density�, and can be used to differentiate between normal
nd malignant tissue. Classical reflectance spectroscopic de-
ices that utilize multiple optical fibers to deliver and collect

Node
�
�

�
�
�

Needle

Optically Sampled Volume

Single Fiber Probe

Fig. 1 Schematic of proposed sampling strategy.
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light during measurement6–8 are too large to fit through the
EUS-FNA biopsy needle �with an inner diameter of
�460 �m�. This application requires the use of a single op-
tical fiber with fiber diameters in the range of 200 to 400 �m
that could be incorporated into the narrow channel of the
EUS-FNA device.

The concept of single-fiber �SF� reflectance spectroscopy
has been previously proposed,9,10 but these studies were lim-
ited to qualitative analysis of spectra because they lacked an
accurate description of the relationship between the photon
path length and the tissue optical properties. Recently, our
group developed a novel empirical relationship between the
SF photon path length and both the absorption coefficient and
reduced scattering coefficient within an optically sampled tur-
bid medium.11 This advancement enables quantitative analysis
of SF reflectance spectra measured in the UV-VIS wavelength
range that provides information about the wavelength-
dependent optical properties and enables quantitative extrac-
tion of tissue physiological and morphological parameters.

The aims of this study are to investigate the feasibility and
identify the technical challenges associated with incorporating
an SF spectroscopy device into the EUS-FNA procedure for
lung cancer staging. A mathematical model is developed to
analytically describe the SF reflectance spectra measured in
lymph node tissue in vivo; work that requires characterization
of the basis set of chromophores in lymph tissue. The model
is applied to a set of clinical pilot data and used to extract
physiological and morphological parameters from the SF re-
flectance spectra measured in normal and metastatic lymph
nodes. This paper also presents the practical and technical
challenges associated with the novel technique.

2 Methods
2.1 Clinical Study

Recently, we conducted a clinical pilot study to utilize the
combined EUS-FNA with incorporated SF spectroscopy tech-
nique during a staging procedure for lung cancer, with data
collected at the Erasmus Medical Center and Amphia hospi-
tals �both located in the Netherlands�. The experimental pro-
tocol was approved by the Institutional Review Board �IRB�
at both locations. Data acquired from an initial patient en-
rolled within the study were used to develop a mathematical
model for analysis of the lymph node spectra; in that case,
multiple spectra were acquired from a single lymph node that
was subsequently determined to contain metastatic cancer by
cytology. The mathematical model was then applied to data
acquired from 12 patients enrolled in the clinical pilot study,
with multiple spectra recorded from seven normal nodes and
eight nodes containing metastatic cancer as confirmed by cy-
tology �throughout this paper lymph nodes containing meta-
static cancer are referred to as metastatic lymph nodes�. Each
node was sampled with a new sterile SF reflectance probe. SF
measurements were performed with the SF probe extended
through the EUS-FNA needle and allowed to rest with no
external pressure applied to the probe during spectral acquisi-
tion. Previously it has been shown that pressure exerted by a
fiber optic probe on tissue during measurements can have ef-
fects on the tissue physiology.12 This study considers the ef-
fects of probe pressure on the measured physiological param-
January/February 2010 � Vol. 15�1�2
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ters by performing a subset of measurements on two lymph
odes while pressure was applied to the SF probe tip during
easurement.
The experimental setup utilized here has been described in

etail previously.11 In brief, the setup utilized a single optical
ber �internal core diameter of 320 �m� connected to a bifur-
ated fiber with one arm leading from a halogen light source
HL-2000-FHSA; Ocean Optics; Duiven, the Netherlands�
nd the second arm leading to a spectrophotometer �SD 2000;
cean Optics; Duiven, the Netherlands�. Figure 2 shows a

chematic of the fiber probe. Spectral reflections at the probe
ip due to the refractive index mismatch between fiber and
ample are minimized by polishing the SF probe tip at an
ngle of 15 deg. A calibration procedure was described
reviously11 to account for other internal reflections, variabil-
ty in lamp-specific output, and in fiber-specific transmission
roperties.

.2 Mathematical Model of SF Reflectance Spectra
F reflectance spectra �RSF� were analyzed using an analyti-
al model to describe the wavelength-dependent optical prop-
rties, and in turn, extract physiological and morphological
nformation �throughout this manuscript, terms shown in bold
re wavelength dependent�. Previously, a similar model was
tilized6–8 for analysis of other tissues �e.g., lung, breast, and
ral mucosa�, and is given as

RSF = �a1� �

�0
�a2

+ a3� �

�0
�−4�e−�a

tissue�LSF	. �1�

ere, the term within the square brackets is the background
cattering model that is a combination of Mie and Rayleigh
cattering, given by wavelength-dependent power law func-
ions with fitted parameters specifying the Mie amplitude
a1�, Mie slope �a2�, and Rayleigh amplitude13 �a3�. Attenu-
tion due to absorption within the tissue is modeled using the
odified Beer-Lambert law and is a function of both the tis-

Probe

SpectrographLight Source

Single Fiber

Bifurcated Fiber

Fig. 2 Schematic of SF reflectance probe machinery.
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sue absorption coefficient ��a
tissue� and the SF photon path

length ��LSF	�. The basis set of chromophores in lymph tissue
is not well characterized, therefore, our initial model assumed
that absorption was attributable to oxygenated and deoxygen-
ated hemoglobin �HbO2 and Hb, respectively� within the local
microvasculature ��a

vasc�, and is given in Ref. 6 as

�a
tissue = �a

vasc = �Cv
StO2�a
HbO2 + �1 − StO2��a

Hb� . �2�

Here, � is the blood volume fraction, StO2 is the microvascu-
lar hemoglobin oxygen saturation, Cv is a factor that accounts
for the effect of discrete blood vessels on the absorption co-
efficient and enables estimation of the average vessel diameter
dv. Previously,11 we showed that the photon path length is
dependent on �a, the reduced scattering coefficient ��s��, and
the fiber diameter �dfiber�, and is given as

�LSF	 =
1.34dfiber exp�0.17dfiber�

��s�dfiber�0.23
0.52 + ��a
tissuedfiber�0.52�

. �3�

This model structure requires specification of �s� at one wave-
length, for which we choose �s��800 nm�=1 mm−1, and the
background scattering model estimates the wavelength-
dependent change in �s�; the effect of this assumption on
model estimates is considered in Sec. 4.

Inspection of the data showed that absorption from an un-
known chromophore was present within the SF reflectance
spectra. Absorption from this unknown chromophore was ac-
counted for by fitting absorption of an uncharacterized chro-
mophore ��a

unknown� with a Gaussian curve; a procedure that
was described previously.13 This fitting technique estimated
the wavelength of the absorption maximum for �a

unknown,
which was similar to that of bilirubin as observed in vivo.14

The observation of bilirubin in measurements of in vivo tissue
is reasonable because it is an endogenous compound that is a
heme breakdown product and is found bound to albumin in
human serum. Absorption from albumin-bound bilirubin
within the SF spectra was considered by incorporating the
contribution of bilirubin into Eq. �2�, as

�a
tissue = �a

vasc + �a,spec
bil-al Cbil-al. �4�

Incorporation of Eq. �4� into Eq. �1� allowed the model to
estimate the albumin-bound bilirubin concentration �Cbil-al�.

Model analysis of measured SF spectra yielded estimates
of StO2, �, dv, Cbil-al, and Mie slope �a2�. The Mie amplitude
�a1� was not compared between measurements on different
nodes because the value of a1 was dependent on the specific
distance between the probe and spectralon during calibration
measurements, a factor that was not uniformly controlled for
all probes used in this study. Parameter estimation was
achieved using a Levenberg-Marquardt algorithm to minimize
the chi-squared metric between measured reflectance data and
model predictions, and confidence intervals on parameter es-
timates were calculated from the square root of the diagonal
of the covariance matrix.13 Statistical comparison of param-
eters estimated in normal and metastatic nodes was performed
using a nonparametric Wilcoxon rank sum test, with signifi-
cance determined by calculated p values. In this study, spectra
January/February 2010 � Vol. 15�1�3
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hat showed evidence of a blood pool within the detection
olume were identified as ��40% and excluded from the
omparative analysis.

.3 Bilirubin-Specific Absorption Coefficient
ilirubin, human serum albumin �HSA�, and 99% dimethyl

ulfoxide �DMSO� were obtained from Sigma-Aldrich
Zwijndrecht, The Netherlands�. Phosphate-buffered saline
PBS� was purchased from Gibco-Invitrogen �DH Breda, the
etherlands�. Two stock solutions of bilirubin �concentra-

ions: 0.2 and 3 mM� were prepared by dissolving bilirubin in
MSO and the solutions were stored in the dark at 4 °C until
se. Stock solution of HSA �concentration: 0.25 mM� was
repared in PBS �pH 7.4�. The solutions of bilirubin-HSA
omplexes were prepared by mixing the stock solutions of
ilirubin and HSA in PBS �pH=7.4�. The final concentration
f HSA in complexes was kept constant �1 �M� and the con-
entration of bilirubin was varied between 0.25 and 20 �M.
omplexes containing bilirubin concentrations in the range
.25 to 3 �M were prepared with the 0.2-mM bilirubin stock
olution, while complexes containing bilirubin concentrations
n the range 5 to 20 �M were prepared with the 3-mM bi-
irubin stock solution. The bilirubin-HSA complexes prepared
n PBS had a maximum residual content of DMSO of 1.5%;
his percentage is too low to have an effect on the complexes
ithin solution. After preparation, the bilirubin-HSA com-
lexes were stored in the dark in a water bath at 37 °C for
2 h to enable a complete equilibrium of the drug with the
lbumin. The bilirubin/HSA binding kinetics are known to be
emperature dependent,15 so the 37 °C temperature was cho-
en to mimic the biological conditions in vivo.

Absorption spectra were recorded using a quartz cuvette
1�1 cm� in an UV-VIS spectrophotometer �UV-2101 PC,
chimadzu Deutschland GmbH, Duisburg, Germany� in the
avelength range 240 to 800 nm with a slit width combina-

ion that resulted in a spectral resolution of 0.5 nm. A distinct
hift of the absorption maximum of bilirubin to a longer
avelength position was observed when bound to HSA, com-
ared with bilirubin free �unbound� in the PBS. Therefore, it
as important to consider the amount of bound and unbound
ilirubin within the solutions, a factor that depended on the
ilirubin/HSA concentration ratio. No changes in the wave-
ength position of the absorption maximum were observed for
olutions with bilirubin concentrations �1 �M, a concentra-
ion that corresponds to a bilirubin/HSA ratio of 1:1. For mo-
ar ratios of bilirubin/HSA higher than 1:1, a spectral shift to
horter wavelength was observed that indicates saturation of
he HSA binding sites and presence of free, unbound bilirubin

olecules within the solution. This procedure enabled the de-
ermination of the specific absorption coefficient of bilirubin
ound to HSA ��a,spec

bil-al �.

Results
.1 Mathematical Model of RSF in Lymph Tissue

In Vivo
igure 3�A� shows a representative single fiber reflectance
RSF� spectrum from the first �metastatic� lymph node
ampled in the pilot study. We measured RSF at a resolution of
pixels /nm, and the data were smoothed by averaging data
ournal of Biomedical Optics 017004-
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points into bins of 10 pixels, which enabled the calculation of
a standard deviation that represents noise within the signal.11

The line through the data set shows the mathematical model
of the spectra �with absorption attributable to oxygenated and
deoxygenated hemoglobin� and the dashed line below shows
2� the residual error �=data—model predictions�. This model
provided estimates of StO2 �30.3�3.7%�, � �1.5�0.1%�, dv
�29.0�4.0 �m�, and Mie slope �−1.159�0.041�. The Ray-
leigh amplitude estimate approached zero, indicating that this
spectrum could be described by only Mie scattering �a finding
that was confirmed in measurements on subsequent nodes�.
Although the fit in Fig. 3�A� seems reasonable, a detailed
inspection of the residual error shows deviation between the
model fit and the data in the 400- to 500-nm wavelength

Fig. 3 SF reflectance model fit and 2� the residual with �A� absorp-
tion attributed to oxygenated and deoxyenated hemoglobin, �B� �a,spec

bil-al

as measured in this study, and �C� model fit with bilirubin included in
the basis set of chromophores.
January/February 2010 � Vol. 15�1�4
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ange. Deviation in the 400- to 450-nm range is attributable
o the Soret band of hemoglobin, an issue that was described
n detail previously.16 Deviations in the 450- to 500-nm range
re attributed to improper specification of the basis set of
hromophores, an issue that can have a profound effect on the
stimated parameters.13 Therefore, we followed a systematic
rocedure to account for the absorption of an uncharacterized
hromophore ��a

unknown� with a Gaussian curve. Inclusion of
he Gaussian resulted in a model fit that no longer showed the
istinct deviation in the 450- to 500-nm wavelength range
data not shown�. Interestingly, the Gaussian predicted an ab-
orption maximum at 470 nm, an observation that suggested
ilirubin as the potential unknown absorber.

Figure 3�B� shows the specific absorption coefficient of
lbumin-bound bilirubin as measured in this study �with an
bsorption maximum of 0.0127 mm−1 �M−1 at 466 nm�. The

SF model was reconfigured with bilirubin added as a chro-
ophore contributing to the total tissue absorption coefficient;
odel predictions are shown in Fig. 3�C�. The resulting model
t showed excellent agreement with the data and reduced the
ean residual error between model and data by 64%. The
odel with bilirubin added to the chromophore set provides

n estimate of Cbil-al �15.2�2.0 �M� as well as different
arameter estimates for StO2 �11.8�1.8%�, � �1.9�0.1%�,
nd dv �50.1�4.1 �m� compared with estimates from the
odel fit without bilirubin; other parameters did not change

y more than 10%. These observations suggest that bilirubin
ontributes meaningfully to the total absorption detected
ithin the lymph tissue in vivo, and that incorporation of bi-

irubin into the basis set of chromophores influences the esti-
ated values of the other model parameters. As a result, bi-

irubin concentration was added to the set of physiological
arameters extracted from the SF measurements in lymph tis-
ue.

.2 Model Analysis of Clinical Pilot Data
igure 4 shows representative RSF spectra from both normal
nd metastatic lymph nodes, and the line through each data
et shows the mathematical model for each respective spec-
rum. These spectra show differences that are attributable to
he differences in tissue composition and morphology. Param-
ters estimated by the fitted mathematical model indicated

400 500 600 700 800
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ig. 4 Representative SF spectra and model fits from measurements
n normal and metastatic lymph nodes, as confirmed by cytological
xamination.
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major differences between these two representative spectra in
StO2 �85.9�2.3 versus 11.9�1.8%�, � �7.6�0.2% versus
2.0�0.1%�, and dv �20.8�17.0 versus 50.0�4.1 �m� for
the normal and metastatic nodes, respectively. Data for all
nodes measured in the clinical pilot study are shown in Table
1, which displays the mean values for each of the five param-
eter factors for all spectra measured in both normal and meta-
static nodes. Significant differences between normal and
metastatic nodes were found in StO2 and � �with p values of
�0.01�. Differences in the mean values of dv, Cbil-al, and Mie
slope were not significant. These results indicate that physi-
ological differences between normal and metastatic nodes
could be detected by the SF reflectance measurement.

3.3 Effect of SF Probe on Lymph Node Environment
To observe the effect that manipulation of the SF probe has on
the lymph node environment, we performed rapid measure-
ments over a time frame with pressure applied to the probe,
maintained for a time interval, and then released. Figure 5
shows temporal profiles of StO2 and � as measured in one
normal 
Fig. 5�A�� and one metastatic 
Fig. 5�B�� lymph node.
The x axis of each plot provides the time with respect to the
onset of the application of pressure. The data for time �0 s
show measurements with the probe placed into the lymph
node, but no additional pressure being applied. Horizontal
dashed lines indicate the onset of pressure �at time=0 s� and
the subsequent release of pressure at 26 s in Fig. 5�A� and at
22 s in Fig. 5�B�. The data in both plots show decreases in
both StO2 and � as pressure is applied to the probe and main-
tained; this temporal functionality was also observed for dv
�data not shown�. These observations showed a distinct effect
of pressure on physiology, and are attributed to the pressure
compressing the tissue surrounding the probe tip, which im-
pairs blood flow to the local vasculature. Pressure-induced
changes to morphology �scattering� were not considered to be
substantial ��20%�, and showed no temporal functionality.
The data in the plot in Fig. 5�B� also show dramatic increases
in the volume of blood sampled by the probe after the release
of probe pressure; an observation that indicates the onset of
bleeding and formation of a blood pool. These results indicate
that the pressure exerted by the SF probe can have major
effects on the physiological environment of the lymph node
being sampled.

Table 1 Mean physiological and morphological parameters ex-
tracted from SF reflectance measurements of normal and metastatic
lymph nodes in vivo.

Parameter
Normal

�7 nodes�
Metastatic
�8 nodes�

Hemoglobin saturation �%� 83.9±10.0 46.8±24.9a

Blood volume fraction �%� 13.5±7.6 3.2±2.6a

Average vessel diameter ��m� 13.9±10.9 8.9±5.0

Bilirubin ��M� 23.2±12.4 10.2±5.5

Mie slope −0.71±0.34 −1.13±0.38
aIndicates significant differences with p�0.01 for the Kruskal Wallis test.
January/February 2010 � Vol. 15�1�5
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Discussion
his study shows the feasibility and presents the technical
spects of incorporating an SF reflectance spectroscopy de-
ice into the EUS-FNA technique for lung cancer staging in
ivo. Preliminary clinical data are used to develop an analyti-
al model of RSF measured in lymph tissue in vivo. A system-
tic mathematical methodology is used to characterize the ba-
is set of chromophores in lymph tissue using a Gaussian
urve.13 The estimated absorption maximum for the Gaussian
as similar to that of bilirubin as observed in vivo.14 How-

ver, previous studies have utilized a specific absorption co-
fficient of bilirubin as measured in chloroform for analysis of
n vivo spectra,17 a problem because the absorption maximum
f bilirubin in chloroform is18 at �453 nm, while bilirubin
ound to serum albumin shows an absorption maximum at
466 nm. Our attempts to utilize the specific absorption co-

fficient of bilirubin as measured in chloroform yielded poor
odel fits that showed observable features within the residual

data not shown�. It is well-known that the specific absorption
oefficient of a compound depends on the surrounding matrix;
his motivated measurement of bilirubin absorption in an en-
ironment that mimics the in vivo situation, i.e., in the pres-
nce of albumin. Incorporation of the albumin-bound bilirubin
pectra into the model resulted in a high-quality fit, with a
arge reduction in the mean error about the model and with an

ig. 5 Effect of single fiber probe pressure on physiological environ-
ent, with changes observed in hemoglobin saturation and blood

olume fraction over time for one �A� normal and one �B� metastatic
ymph node. The x axis shows time with respect to the onset of pres-
ure by the probe on the lymph tissue. Horizontal dashed lines indi-
ate the onset and release of pressure.
ournal of Biomedical Optics 017004-
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observable improvement in the residual plot. Physiological
parameter estimates were also affected by the inclusion of
bilirubin in the model. Specifically, we observed changes in
StO2 �30.3 versus 11.8%�, � �1.5 versus 1.9%�, and dv �29.0
versus 50.1 �m�, as calculated by the model without and with
bilirubin incorporated, respectively. These results highlight
the impact that improper specification of the in vivo chro-
mophore set can have on estimates of model parameters.13

While this study does not obtain independent confirmation of
the presence of bilirubin within the sampled lymph nodes, the
data strongly suggest that bilirubin is an important source of
absorption within lymph tissue in vivo. Definitive confirma-
tion of these results would require analysis of the bilirubin
content within the tissue extracted during the EUS-FNA pro-
cedure; while this is beyond the scope of the current study, it
could be incorporated into a future protocol.

Analysis of RSF spectra measured in this clinical pilot
study were capable of detecting differences in the physiology
between normal and metastatic lymph nodes. The data shown
in Table 1 indicate that metastatic nodes presented lower StO2
and lower � than normal nodes. Previous studies that investi-
gated the vascular supply of metastatic lymph nodes reported
the presence of aberrant vessels, displacement of vessels, and
avascular areas, with the primary source of perfusion from the
peripheral vasculature.19,20 In advanced stages of metastatic
lymph nodes, the regular vascular network throughout the
center of the lymph node may be destroyed or displaced due
to the tumor cells, a problem that can be exacerbated by cen-
tral necrosis or keratinization within the node.21 These obser-
vations are consistent with the description of a compromised
vascular network that provides an explanation of the de-
creases in StO2 and � observed in metastatic lymph nodes
compared with normal nodes within the current study. Inter-
estingly, studies of the physiological environment of tumors
in the breast, lung, and oral cavity6–8 show reduced StO2 and
increased � compared with normal functioning tissue in each
case. The difference in changes to � between normal and tu-
mor tissue and normal and metastatic lymph nodes can be
described by the difference in the respective local environ-
ments. Solid tumors have an increased � compared with nor-
mal tissue because the tumor cells up-regulate angiogenesis,
increasing blood supply to meet the needs of highly prolifer-
ating cells.22 In metastatic lymph nodes, neoplastic cells infil-
trate the node from outside and are usually located in the
peripheral areas; therefore, when the metastatic site�s� up-
regulate angiogenesis, the effect is not uniform throughout the
node and results in increased peripheral vascularization.21 The
subsequent proliferation of the metastatic site�s� in the periph-
eral areas of the node exacts a mechanical pressure to the
center of the node, compressing blood vessels and increasing
the resistance to blood flow,23 factors that result in a reduction
in � �and StO2� within the node.

It is important to put the results associated with the com-
parison of the physiology between normal and metastatic
lymph nodes into the proper clinical context. The EUS-FNA
is utilized in lung cancer staging to provide definitive confir-
mation about the presence of metastatic cancer within lymph
nodes that appear enlarged on a CT scan. The current study
compares the tissue parameters of normal �not enlarged�
lymph nodes with metastatic �enlarged� lymph nodes; how-
January/February 2010 � Vol. 15�1�6

115.200.143. Terms of Use:  http://spiedl.org/terms



e
e
e
c
l
d
f
t
t
t
t
y
f

t
o
O
r
p
s
w
a
i
q
r
�
S
r
i
w
b
v

t
d
i
n
v
M
n
H
p
j
c
t
t
i
n
s
o
i
s
p
T
o
e
t
t
s
t

Kanick et al.: Integration of single-fiber reflectance spectroscopy into ultrasound-guided endoscopic lung cancer staging…

J

ver, it is the discrimination between benign nodes that are
nlarged due to infection or nonmalignant disease and nodes
nlarged due to presence of metastatic regions that is the clini-
ally relevant question. Previously, it has been reported that
ymph nodes enlarged due to immune response present vessel
ilation and hypervascularity, with a relationship between per-
usion and volume of the enlarged nodes.24 These observa-
ions suggest that differences in the vascular networks be-
ween benign enlarged and metastatic lymph nodes may
ranslate into differences in physiology that are detectable by
he SF reflectance measurement. However, this hypothesis has
et to be tested experimentally and will be addressed by a
uture study.

The authors anticipate the need to address some specific
echnical challenges prior to widespread clinical acceptance
f the combined EUS-FNA and SF spectroscopy technique.
ne such concern is the lack of a relationship between the SF

eflectance intensity and �s�. The spectral analysis algorithm
resented in this paper requires an assumption of �s� at a
ingle wavelength 
we chose �s��800 nm�=1 mm−1� and the
avelength-dependent changes in scattering across the spectra

re described by a background scattering model. The error
ntroduced to parameter estimates due to this assumption was
uantified by varying the assumed �s��800 nm� across a wide
ange that is representative of biological tissue
0.5–2.0 mm−1�, with resulting changes to the estimates of �,
tO2, dv, and Mie slope of 20%, �1%, 14%, and �1%,
espectively. While these results indicate the error is small, it
s desirable to not require the assumption within the model, so
e are currently developing a stable optical phantom that can
e used to calibrate a measured SF reflectance intensity to a
alue of �s�.

Another technical challenge is avoiding the perturbation of
he lymph tissue in vivo environment with the optical probe
uring sampling. The sampling strategy described in Fig. 1
nvolves manipulation of the SF probe throughout the lymph
ode being sampled in an attempt to characterize a larger
olume of the node than is achieved by the current procedure.
anipulation of the probe to different locations within the

ode requires the application of pressure to the probe tip.
owever, the data in Fig. 5 indicate that the application of
ressure can compress the surrounding tissue and induce ma-
or changes in the tissue physiology; specifically to the mi-
rovasculature. This is problematic because pressure applied
o a normal node can result in reduced � and StO2, factors
hat were associated with metastatic nodes; this phenomenon
s displayed in Fig. 5�A�. Moreover, the pressure effects do
ot introduce any unique characteristics into the measured
pectra, making it difficult to develop a system to provide
nline identification and correction. Note that pressure-
nduced changes in scattering were not substantial and
howed no time dependence. Another concern associated with
robe manipulation is tissue damage that results in bleeding.
his can lead to the optical detection of a blood pool instead
f native tissue, as observed in Fig. 5�B�. However, this is not
xpected to be a serious problem for the technique, because
he presence of blood pools can be identified by establishing a
hreshold blood volume fraction �as was performed in this
tudy�. In this study, the authors utilized a sampling strategy
hat is expected to minimize the effect of pressure on the
ournal of Biomedical Optics 017004-
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measurements with spectra acquired in the following manner:
the EUS-FNA probe was inserted into the node, the SF probe
extended and was allowed to rest with no external pressure
being applied during the SF measurement. Therefore, while
we have confidence that these pressure effects did not influ-
ence the data set presented in Table 1, the implementation of
the sampling strategy outlined in Fig. 1 may prove to be in-
feasible.

In conclusion, this paper showed the successful incorpora-
tion of the EUS-FNA with incorporated SF reflectance spec-
troscopy as demonstrated in the clinical theater. A mathemati-
cal model was developed to extract physiological and
morphological parameters from the SF reflectance spectra
measured in lymph nodes in vivo; analysis included incorpo-
ration of albumin-bound bilirubin into the basis set of chro-
mophores. Model analysis was performed on spectra mea-
sured in a clinical pilot study and results indicate that the SF
measurement is sensitive to differences in tissue physiology
between normal and metastatic lymph nodes. Moreover, clini-
cal observations show that probe pressure can have major
effects on the physiological environment of the lymph node;
effects that must carefully be considered when developing a
sampling strategy. The data presented in this study show the
feasibility of this novel technique, however, the clinical utility
of this technology will be based on the ability to assist in the
classification of enlarged lymph nodes as either benign or
metastatic; a question that will be investigated in future stud-
ies.
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