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Abstract. Light-tissue interactions that influence vascular
contrast enhancement in narrow band imaging (NBI) have
not been the subject of extensive theoretical study. In order
to elucidate relevant mechanisms in a systematic and quan-
titative manner we have developed and validated a Monte
Carlo model of NBI and used it to study the effect of device
and tissue parameters, specifically, imaging wavelength
(415 versus 540 nm) and vessel diameter and depth.
Simulations provided quantitative predictions of contrast—
including up to 125% improvement in small, superficial
vessel contrast for 415 over 540 nm. Our findings indicated
that absorption rather than scattering—the mechanism often
cited in prior studies—was the dominant factor behind
spectral variations in vessel depth-selectivity. Narrow-band
images of a tissue-simulating phantom showed good agree-
ment in terms of trends and quantitative values. Numerical
modeling represents a powerful tool for elucidating the factors
that affect the performance of spectral imaging approaches
such as NBI. © 2012 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1.JBO.18.1.010504]
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1 Introduction

Narrow band imaging (NBI) is a spectrally selective, reflec-
tance-based technique that has seen extensive clinical imple-
mentation and study in recent years.! NBI provides enhanced
visualization of small, superficial blood vessels at 415 nm wave-
length and larger, deeper vessels at 540 nm wavelength.> This
ability may facilitate endoscopic detection of gastrointestinal
abnormalities such as specialized intestinal metaplasia, colon
and esophageal cancer,' as well as pathology in other areas such
as oral mucosa.’ In early NBI work by Gono et al.,>* 415 and
540 nm wavelengths were selected to correspond with peaks in
the absorption spectrum of hemoglobin (Hb). Increased vascular
contrast was attributed to wavelength-dependent variations in
tissue optical properties,>* however; minimal quantitative
insights into the relative impact of scattering and absorption
were provided. In subsequent studies, the depth-selectivity
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provided by NBI was attributed to the fact that photons at
415 nm scatter with minimal penetration depth in mucosal tis-
sue, resulting in high contrast for small vessels at shallow depth
whereas at 540 nm, tissue scattering is lower, enabling visuali-
zation of deeper vessels.> While tissue scattering is certainly a
key factor in determining the depth-dependency of contrast, the
claim that differences in scattering between 415 and 540 nm are
sufficient to provide the primary mechanism of NBI depth-
selectivity has not been rigorously validated. Furthermore,
there is a general lack of theoretical and fundamental experimen-
tal data on NBI light-tissue interactions in the literature. The
purpose of the current study was to improve understanding of
NBI systems currently in clinical use by evaluating the basic
light—tissue interaction mechanisms that influence NBI and
determining the relative significance of scattering and absorp-
tion on contrast in NBI. This has been achieved using a voxel-
based Monte Carlo model capable of simulating reflectance
distributions and their variation with optical properties and ves-
sel diameter and depth. Validation of the model was performed
via experimental measurements of a tissue phantom.

2  Methods

In the Monte Carlo simulations performed for this study, a
volume of generalized epithelial tissue (e.g., esophagus) was
represented as a three-component structure incorporating a
0.1-mm-thick epithelial layer, a 0.9-mm-thick mucosal layer
and a single cylindrical blood vessel of varying diameter and
depth, shown in Fig. 1.° Two sets of optical properties were
used to represent the mucosal region: (1) a “normal” case in
which the effect of diffuse vasculature is simulated using
bulk optical properties that incorporate Hb absorption’ and
(2) a “blood free mucosa” (BFM) case in which the contribution
of Hb absorption has been removed by setting mucosal absorp-
tion at the same level with epithelial absorption. The primary
purpose of the BFM case is to provide a comparison that illus-
trates the effect of mucosal absorption. The cylindrical blood
vessel had a diameter (D) of 20 to 400 ym, and depth (Zy)
of 20 to 400 um.* Effective absorption coefficients (u,) and scat-
tering coefficients (u,) of epithelium,® normal mucosa,” and
blood’ for the 415 and 540 nm bands were obtained by weight-
ing optical property spectra over bandwidths of 30 and 20 nm,
respectively (Table 1). A material grid array comprised of cubic
voxels measuring 10 ym on each side was used to define the
tissue region.’ The lateral dimensions of the grid were
3 x 3 mm? for large vessels (D > 200 ym) and 1.4 X 1.4 mm?
for small vessels (D < 100 um). Further details of our model are
available elsewhere.

To validate the simulation results, measurements were per-
formed using a fiberoptic-coupled Xenon light source (Ocean
Optics, Dunedin, Florida), band pass filters (415 =+ 15 nm
and 540 4 10 nm, Newport Corp., Irvine, Californai), and a
CCD camera (Apogee Imaging Systems, Roseville, California)
with a macro zoom lens, shown in Fig. 2. Liquid phantoms cor-
responding to normal and BFM cases were constructed with
deionized water, hemoglobin (Hb) powder (Sigma-Aldrich,
St. Louis, Missouri), and polystyrene microspheres (1.0 ym
diameter, Polysciences Inc., Warrington, Pennsylvania). In order
to achieve target optical property values based on the literature,
shown in Table 1, microsphere concentrations were calculated
with Mie theory and Hb concentrations determined using a
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Fig. 1 Diagram of simulated tissue geometry and an OCT image of the
capillary tube phantom (inset).

spectrophotometer (Shimadzu Inc., Columbia, Maryland). An
inset in Fig. 1 contains an optical coherence tomography
(OCT) image of the capillary tube phantom with inner/outer
diameters of 100/120 ym and immersed in the liquid phantom.
Each reflection image was comprised of 200 X 200 pixels
(~10 x 10 mm?).

In both simulated and experimental images, contrast (C) was
quantified using Weber’s law,>

I, -1
c=2"_"7
I

ey
where I, is the background intensity and 7y is the intensity at the
vessel region. Intensity values represent local reflectance nor-
malized to maximum reflectance intensity, thus [, Iy, and
C are dimensionless. In the case where C was less than 10%,
C was assigned a zero value.

3 Results

Simulated reflectance distributions are presented for two vessel
sizes (20 and 400 pm) at two different depths (50 and 300 ym)
based on 415 and 540 nm bands and the normal mucosa case,
and are shown in Fig 3. In these images, contrast appeared high
for the 50 um depth case but low for 300 ym. For the 20 ym
vessel cases at shallow depths, the 415 nm band appeared to
produce higher contrast than the 540 nm band, and in the
400 um vessel cases greater contrast was seen at Zy = 300 ym
for 540 nm as compared to 415 nm. A quantitative summary of
depth selectivity—contrast as a function of depth—is shown in
Fig. 4. One of the key spectral differences is the much lower
contrast at 540 nm (~0.4) compared to 415 nm (~0.8), particu-
larly for small superficial vessels as seen in Fig. 4(a). Since bulk
effects of mucosal scattering or absorption would tend to
increase with vessel depth, this effect is attributable to spectral
differences in u, within the imaged blood vessel (2381 cm™! at
415 nm versus 274 cm™! at 540 nm). These spectral differences

I CCD camera ®

.ight
source

Filty

-~

Optical
Laptop fiber

Phantom

Fig. 2 Photograph of experimental setup with capillary tube phantom
image displayed.

in contrast for superficial vessels decrease with increasing vessel
diameter until 400 ym diameter vessels, seen in Fig. 4(c), show
equivalent contrast at both wavelengths. Another apparent trend
is the effect of vessel diameter on the depth-dependence of con-
trast. In general, decay in contrast with depth becomes weaker as
vessel diameter increases. This is likely due to the fact that a
reduction in light intensity caused by absorption in small vessels
is more easily recovered through scattering, as compared to
larger vessels which require a greater depth to diffuse.

Results for normal and BFM cases in Fig. 4 illustrate the sig-
nificance of Hb absorption on key NBI mechanisms.

If the primary cause of spectral differences in vessel depth-
selectivity is mucosal scattering, the difference in contrast
between 415 and 540 nm for normal cases should be similar
to that for corresponding BFM cases. In order to remove the
aforementioned effect of spectral differences in absorption
within the imaged vessel, the inset in Fig 4(a) shows curves nor-
malized to the most superficial data point. Since spectral
differences in contrast do not increase significantly with depth
for small vessels, it is unlikely that either mucosal scattering or
absorption play a significant role. For larger, deeper vessels,
there is relatively little difference between corresponding BFM
cases at 415 and 540 nm. For example, the 415 nm BFM case
shows lower contrast than the 540 nm BFM cases by approx-
imately 14% for D =400 ym and Zy, = 300 gm. This is evi-
dence that spectral variations in mucosal scattering have a
minor impact on contrast.

Similarly, if the impact of mucosal absorption was signifi-
cant, this would result in a difference between normal and BFM
cases. This effect was not seen at 540 nm, whereas the 415 nm
normal case shows a much lower contrast than the correspond-
ing BFM case, particularly for larger vessels and greater depths.
This is a key result in that it shows that mucosal Hb absorption
has a dominant influence on depth dependence of contrast at
415 nm, but not at 540 nm. The greater impact of Hb absorption
relative to tissue scattering on spectral variations in depth-
sensitivity can be traced to the magnitude of changes in optical

Table 1 Optical properties implemented in model (4, and y in cm™, g is unitless).

Epithelium Mucosa Blood
Ha
Wavelength (nm) Ha U g Normal BFM U g Ha Us g
415+15 3 105.4 0.95 26.2 3 287 0.89 2380.9 1241 0.9
540+10 1.8 80.5 0.95 4.4 1.8 210 0.89 274.4 337 0.9
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Fig. 3 Examples of simulated reflectance distributions for vessel sizes (D) of 20 um (a) and 400 um (b) and vessel depths (Z,) of 50 um (top row) and

300 pum (bottom row).
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Fig. 4 Simulated contrast as a function of Zy for vessel sizes of (a) 20 gm, (b) 100 gm and (c) 400 pm, including normal and BFM cases at 415 and
540 nm. Inset in (a) presents the same curves normalized to the most superficial data point.
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Fig. 5 Experimental contrast results for the capillary tube phantom at
three different depths.

properties. When illumination changes from 540 to 415 nm,
mucosal pu, increases by 37%, whereas mean mucosal g,
increases by nearly 500% and Hb u, by 750%. The finding
that tissue scattering has less of an impact on spectral changes
in NBI depth-selectivity than absorption stands in contrast to
prior claims in the literature that were largely unsupported by
experimental or numerical data.>’

Experimental results measured with the capillary tube tissue
phantom, shown in Fig. 5, provide validation of our numerical
model. These results show good agreement with the correspond-
ing trends for a 100 ym diameter vessel as in Fig. 4(b).
Specifically, Fig. 5 shows overlap between the 415 nm BFM
case and both 540 nm cases, and that contrast levels for the
415 nm normal cases are significantly lower than the other three
cases. The mean discrepancy between these experimentally
measured contrast values (normal and BFM) and the corre-
sponding simulation data is 0.07 (23%).

4 Conclusions

Our modeling-based approach has provided unique and quanti-
tative insights into NBI light—tissue interactions. While tissue
scattering is a key factor in contrast degradation with depth, sim-
ulations indicate that the magnitude of change in mucosal
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from 415 to 540 nm is insufficient to have a major impact
on contrast. Spectral variation in Hb absorption in superficial
vasculature, however, likely has a strong impact on contrast
in these vessels and in larger, deeper vessels. Finally, we believe
that further basic studies of NBI may lead to a better understand-
ing of these devices, as well as improved device design, novel
applications, and greater clinical efficacy.
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