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ABSTRACT

Narrow band imaging (NBI) is a spectrally-selective reflectance imaging technique that is used as an adjunctive
approach to endoscopic detection of mucosal abnormalities such as neoplastic lesions. While numerous clinical studies
in tissue sites such as the esophagus, oral cavity and lung indicate the efficacy of this approach, it is not well
theoretically understood. In this study, we performed Monte Carlo simulations to elucidate the factors that affect NBI
device performance. The model geometry involved a two-layer turbid medium based on mucosal tissue optical
properties and embedded cylindrical, blood-filled vessels at varying diameters and depths. Specifically, we studied the
effect of bandpass filters (41515 nm, 54010 nm versus white light), blood vessel diameter (20-400 zm) and depth (30
- 450 pm), wavelength, and bandwidth on vessel contrast. Our results provide a quantitative evaluation of the two
mechanisms that are commonly believed to be the primary components of NBI: (i) the increased contrast provided by
high hemoglobin absorption and (ii) increase in the penetration depth produced by the decrease in scattering with
increasing wavelength. Our MC model can provide novel, quantitative insight into NBI, may lead to improvements in its
performance.
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1. INTRODUCTION

Mucosal cancers arising in oral cavity, pharynx, and digestive system are responsible for nearly 140,000 deaths
annually in the US[1], thus representing a major public concern. It is reported that the invasion of tumors into
submucosal layers is associated with the increasing of microvessel density and intrapapillary capillary loops (IPCLs) can
become less transparent than the normal mucosa and more dilated and elongated, causing roughness in the vessels
surface at later stages of carcinoma [2]. Pathological study has shown that intratumoral microvessel density increases in
proportion to the progression of esophageal Barrett’s-associated adenocarcinoma [3]. Therefore, good visualizations of
vasculature may provide useful information for early detection of mucosal cancer.

Many clinical studies have indicated that narrow band imaging (NBI) has the potential to improve detection of
mucosal neoplasia. Sharma et al. [4] used a NBI system associated with magnifying endoscopy to evaluate microvessel
features of esophagus, thus providing valuable optical data for diagnosis of patients with Barrett’s esophagus. A similar
NBI system was also used to distinguish types of IPCLs for early detection of oral neoplastic lesions by Takano et al. [5],
of superficial esophageal lesions by Yoshida et al. [6], of gastroesophageal reflux disease by Ishihara et al. [7] and
Sharma et al. [8].

Furthermore, NBI was reported as a promising technique in predicting the invasion depth of early colorectal cancer
in mucosa [9-11]. The NBI system used in these studies has a common set of optical filters with centre wavelengths at
415, 445, and 500 nm (bandwidth of 30 nm for each filters) which were selected to enhance the visualization of capillary
vessels and were estimated to have penetration depths of 170 um, 200 um and 240 um, respectively [6, 12]. This filter set
was proposed as the first trial case for clinical tests in Gono’s study which classified mucosal patterns into three classes
with diameters ranging from 10 to 500 ym and explained the changes in image contrast of each class as due to tissue and
blood absorption and scattering [13]. In addition, narrow band filters with center wavelengths of 415 nm (bandwidth 30
nm) and 540 nm (bandwidth 10 nm) have been used to enhance mucosal capillary patterns [14], to diagnose biliary-tract
diseases [15], and to image colon cancer in vivo [16]. Previous studies also reported that superior visualization of small
vessels (diameter 10 to 20 um) at shallow depth can be obtained with narrow band filters having center wavelength at
415 nm [13].
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The basic theory of NBI is based on hemoglobin (Hb) absorption and tissue scattering. Hb has absorption peaks in
blue (415 nm) and green (540 nm) regions of the spectrum while mucosal scattering decays monotonically with
wavelength. Thus, 415 nm can be used to visualize thin mucosal vasculature in superficial regions while 540 nm can be
used to visualize thicker vessels at deeper regions. Image contrast in NBI techniques have been quantified in various
study [6, 17]. In a study to distinguish IPCL from background mucosal, Yoshida ef al. showed that image contrast of
narrowband illumination was superior to that of conventional broadband illumination, and that contrast reached
maximum (0.9620.31) when blue filter was used. Using only green filter (540+10 nm) and broadband light in
visualizing blood vessels in laparoscopic surgery on a pig, Akabari et al. also showed that image contrast strongly
improved (with absolute difference of 0.18) when using green filter [17].

While the basic mechanisms of NBI appear to have been established, a quantitative understanding of the effect of
tissue and device parameters has not been achieved. In this study, we have developed and implemented Monte Carlo
(MC) algorithms to calculate contrast as a function of vessels depth and diameter, with a focus on 41515 nm, 540+10
nm and white (400-650 nm) light. This was accomplished by incorporating mucosal layered tissues and vessel-like
structures into a three-dimensional (3-D), voxel-based MC model [18]. In addition, the effect of wavelength and
bandwidth on image contrast was investigated.

Voxel-based MC algorithms have been developed to represent complex media by Pfefer er al [18] and applied to
selective photothermolysis of port wine stains. This approach can reproduce arbitrary 3-D heterogenous structures such
as skin comprised of epidermis, dermis and blood vessels. Subsequent work has applied 3-D MC models to applications
such as brain and bone imaging [19, 20]. However, visualization of vasculature with NBI has not been addressed with
MC or other advanced numerical modeling approaches.

2. METHODS
2.1 Representation of mucosal tissue morphology

Since most mucosal tissues have two layers, epithelium and stroma, with distinguished optical properties (OPs) of
absorption coefficient (u,) and reduced scattering coefficient (u,") [21, 22], a material grid array was generated to specify
the geometries of tissue-simulating media. Each integer in the array represented a voxel corresponding to a material —
epithelium, stroma or blood vessel. An example of a material grid is shown in Fig. 1. The number of voxels in x, y and z
directions was 140, 140 and 100, respectively. The size of each voxel was 10 um in each direction. Thus, the tissue-
simulating medium used in each simulation had dimension of 1.4 mm x 1.4 mm x 1.0 mm. The thickness of epithelium
was 30 um and that of stroma was 970 um. A single cylindrical blood vessel was located in the stroma layer in y
direction and was symmetric in x direction. The vessel diameter ranged from 20 to 400 um, corresponding to those
found in mucosal tissues [13]. Vessel depth was defined as the distance from the top surface of the epithelium to the
vessel’s top boundary, and ranged from 30 to 450 um. Each simulation was performed using 300 million photons. The 3-
D voxel-based MC simulations of photon propagation are described in detail elsewhere [18].
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Fig. 1 Voxel-based grid geometry of a tissue-simulating medium in the x-z plane
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2.2 OPs of mucosal tissues and of human blood

The tissue-simulating media had two different layers with unique, spectrally varying OPs of epithelium (u,; and u,;")
and stroma (u,, and uy,"). OPs of epithelium and u,," were extracted from prior work by Drezek ef al. [21]. As for u,,,
absorption was assumed to be due to two constituents: Hb and collagen [22]. OPs of human blood (u, and u') are
mainly determined by two factors: Hb concentration and hematocrit level [23]. The normal Hb concentration for adults
ranges from 11.5 to 13.7 g/dL [24] and the normal hematocrit level in adult blood ranges from 36% to 47% [25]. In this
study, the OPs of blood were extracted from Friebel ef al.’s studies with the Hb concentration set as 12.9 g/dL, and the
hematocrit set as 42.1% [23]. In addition, Hb was assumed to be fully oxygenated. Similar human blood OPs were also
described elsewhere[26]. The OPs used in this study are displayed graphically in Fig. 2.
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Fig. 2 OPs of (a, b) mucosal tissues and (c) oxygenated human blood

2.3 Contrast calculation

The direct results of a 3-D voxel-based MC simulation was a reflectance image in the x-y plane on the top surface of
the tissue-simulating medium (Fig. 3a). The image was quantified with contrast that was calculated as Contrast=(1,-1,)/1,,
where /, is intensity of background area and /, is intensity of blood vessel area (Fig. 3b). This method was based on
Weber’s law that had been applied in different NBI studies [13][27]. Since blood is the dominated tissue absorber in the
ultraviolet-visible range, 7, is larger than /,. Thus, it is most likely that contrast has a positive value. In this study, contrast
was a dependent variable that was expressed as a function of vessel size, vessel depth, wavelength, and bandwidth of
illumination spectra.
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Fig. 3 (a) Reflectance image in x-y plane from a 3-D voxel-based MC simulation and (b) its contrast calculation in the x direction

2.4 Illumination spectra and weighting of OPs for single-simulation method

Fig. 4 shows the illumination spectra of conventional white light system (Fig. 4a) and of a NBI system with
bandpass filters of 41515 nm (Fig. 4b) and 540+10 nm (Fig. 4c) from journal papers[28, 29]. In order to perform fast
MC simulations over a specific bandwidth, OPs were weighed to the normalized illumination spectra over the whole
bandwidth. The intensity-normalized sum of weighted OPs was used to obtain the reflectance image from the whole
bandwidth through a single MC simulation. We called this method as single-simulation method. An example of
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weighting OPs to normalized illumination spectra is shown in Fig. 5. Table 1 shows weighted OPs for 415+15 and
540£10 nm bands and for white light of 400-650 nm. Each set of OPs were used to simulate reflection distribution over
accordingly bandwidth.

Although the single-simulation method reduced simulation time by using the weighted OPs for a single MC
simulation over a bandwidth, the idea need to be validated with multi-simulation method. In the multi-simulation method,
one MC simulation was performed every 5 nm with the average OPs within the 5 nm range as inputs. Each MC
simulation would generate a reflectance image. All the reflectance images within the whole bandwidth were weighted
with the normalized illumination spectrum and summed to get the final reflectance image. The contrast of the final
reflectance image from the multi-simulation method was used as a standard to evaluate the single-simulation method.
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Fig. 5 Weighting OP spectrum with normalized illumination spectrum of 415+15 nm bandpass filter
Table 1. Averaged OPs for 415+15 and 540410 nm banfpass filters and for 400-650 nm white light source
Bandwidth (nm) sy (cm™) uy' (cm™) Ly (cm™) uo' (cm™) Ly (cm™) U (cm™)
415+15 3.0 5.4 9.4 31.8 2392.6 124.3
540+10 1.8 3.8 2.1 23.0 274.6 33.7
400 - 650 1.9 4.1 3.2 24.4 356.6 40.6
3. RESULTS

3.1 Validation of the single-simulation method with the multi-simulation method

Error! Reference source not found.Table 2 compares contrast values from the single-simulation method with
those from the multi-simulation method. Results are presented for NBI bands of 415£15 and 540+10 nm and white light
of 400-650 nm for vessel diameters of 50 and 100 um. As shown from the table, 14 out of 20 cases for the 415+15 and
540+10 nm bands had contrast difference of no more than 1% between the single- and multi-simulation methods. One
exception of the 41515 nm band cases was for the 100 pm diameter vessel at depth of 450 pm, which shows 18.8%
contrast difference between the single- and multi-simulation methods. That was because the contrast values from both
methods were low and the noise level was high. The results indicate that the single-simulation method was accurate to
calculate the contrast for the 415+15 and 540+10 nm bands. However, the percentage difference of contrast values for
between the single- and multi-simulation methods ranges from 52.9% to 85.5 when white light was used, indicating that
multi-simulation method should be used to accurately simulate white light reflection. Therefore, all the data provided for
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narrow band simulations were from the single-simulation method and those for 400-650 nm white light simulations were
from the multi-simulation method unless specified.

Table 2. Comparison of contrast values from the single-simulation method with those from the multi-simulation method

50 um diameter vessel 100 pm diameter vessel
Vessel depth (um) 25 75 125 175 225 50 150 250 350 450

415+15 [ Single-simulation 0941 | 0.712 | 0419 | 0.240 [ 0.140 | 0.898 [ 0.461 | 0.179 [ 0.071 | 0.034
nm Multi-simulation 0.940 [ 0.715 | 0.422 | 0.237 | 0.144 | 0.896 | 0.460 [ 0.183 | 0.070 [ 0.029
band % difference 01% | 04% | 0.7% | 09% | 3.2% | 02% | 0.2% [ 2.2% | 2.1% | 18.8%
540£10 | Single-simulation 0.655 | 0.524 [ 0.340 | 0.220 | 0.143 0.861 | 0.541 0.272 | 0.137 | 0.063
nm Multi-simulation 0.653 | 0.523 | 0.348 [ 0.221 | 0.143 0.860 | 0.536 [ 0.269 | 0.134 [ 0.063
band % difference 03% | 0.1% | 2.4% | 04% | 02% | 0.1% [ 1.0% 1.0% | 2.0% | 0.2%
400-650| Single-simulation 0.739 | 0.584 [ 0.382 | 0.238 [ 0.158 | 0.885 [ 0.535 | 0.264 [ 0.124 | 0.058
nm Multi-simulation 0.413 | 0327 | 0.212 | 0.132 | 0.085 | 0.579 | 0.343 [ 0.167 | 0.079 [ 0.037
% difference 79.0% | 78.8% | 80.6% | 79.4% | 85.5% | 52.9% | 55.9% | 58.5% | 58.4% | 55.1%

3.2 Contrast as a function of vessel diameter and depth

Fig. 6 shows contrast as a function of vessel depth for vessel diameters of 20, 50, 75, 100, 200 and 400 um (Fig. 6 a-
f respectively) when 415+15 nm and 540+10 nm band-pass filters (Fig. 6a-f) and 400-650 nm white light (Fig. 6 b, d and
e) were used. In general, as vessel depth increased, contrast decreased. This was because the penetration depth of
photons is limited by scattering so as blood vessel depth increased, the probability of a photon being absorbed by the
vessel decreased.

For small vessels at superficial depths (diameters of 20, 50 um, depths of 30-250 um), the 415 nm band produced
higher contrast than the 540 nm band (Fig. 6a, b). This was because blood absorption at 415 nm is significantly higher
than that at 540 nm. On the other hand, for larger vessels in deeper regions (diameters of 75-400 um, depths of 150-450
um), the reverse was seen. This was because tissue scattering was also crucial in determining contrast. As shown in Fig.
2b and Table 1, tissue scattering was lower at 540 nm than 415 nm. Therefore, the probability for a photon to reach a
blood vessel and return to the surface was higher when using illumination at 540 nm region. As a result, the contrast at
415 nm decreased faster with depth than that at 540 nm. An illustration of the relative contrast at 415 and 540 nm was
seen for a vessel diameter of 75 um (Fig. 6¢), which showed that, compared with 540 nm illumination, the 415 nm
produced higher contrast for depths less than 125 ym and lower contrast for depths greater than 125 ym.

Our results indicate that 540 nm always had better contrast than white light (Fig. 6 b, d, e). The 415 nm band had
better contrast than white light for smaller and shallower vessels, but a little worse contrast for larger and deeper vessels.
That was because the longer wavelength region of the white light was less scattered than the 415 nm and could penetrate
deeper. For a vessel diameter of 100 um (Fig. 6d), the 415 nm band increased contrast by 55% at 50 um depth and the
540 nm band increased contrast by 68% at 350 um depth compared to white light.

Fig. 7 shows the same data as Fig. 6, but with curves grouped by wavelength. This figure indicates that for any
given vessel depth, diameter had less effect on contrast for 415 nm than for 540 nm. The difference between the two
wavelengths was most evident at shallow depths. The lack of change in contrast for 415 nm was due to the high Hb
absorption which causes even small vessels to absorb nearly all the photons reaching them. At 540 nm, larger vessel
path length was required to attenuate the vast majority of photons passing through the vessel. Thus, small vessels were
difficult to visualize at this wavelength, even at shallow depths. Fig. 7 also indicates that the change in contrast as a
function of depth (slope of the curves) tended to decrease with increasing vessel size for 415 nm, whereas 540 nm
showed little change.
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Fig. 6 Contrast as function of vessel depth for vessel diameters of (a) 20, (b) 50, (c) 75, (d) 100, (e) 200, and (f) 400 um using 415+15, 540+10, and
400-650 nm illuminations
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3.3 Contrast as a function of wavelength and bandwidth

We further investigated the relationship between contrast and wavelength for vessels with diameters of 50 and 100
pum at different depths within the wavelength range of 400-650 nm by performing simulations at 5 nm intervals (Fig. 8).
Results indicate that contrast was dominated by competing effects of Hb absorption and tissue scattering; the former
acted to increase contrast and the latter to degrade it. The relative impact of each of these two factors depended on
vessel size and depth. In Fig. 8a, the peak values of contrast located at 415, 540 and 575 nm concurred with the
absorption peaks of Hb, showing the essential effect of Hb absorption on contrast improvement. These graphs indicate
that as depth increased, contrast decreased faster at shorter wavelengths because of the higher scattering coefficients.

However, the ratio between Hb absorption coefficients at 415 and 540 nm is 8.7, whereas, in Fig. 8a, the maximum
ratio was 1.5. The graph demonstrated why the 575£15 nm band was also used in a prior NBI study [30]. From Fig. 8b,
there was also a small peak at the depth of 150 um for a 100 pm diameter vessel. This might be a reason why the 445 nm
band was used [31]. For the 50 um diameter vessel, 415 nm generated significantly higher contrast than 540 nm for
depths less than 125 pm. On the other side, 540 nm showed higher contrast than 415 nm for the 100 um diameter vessel
at depths of more than 150 um. Since different tissues have different morphologies, it might be possible to identify
optimal wavelength bands on the basis of vessel size and depth.

The effect of bandwidth on image contrast was also evaluated for a 50 pm diameter vessel at 415 nm and 540 nm
regions (Fig. 9), based on contrast values from the data in Fig. 8a. At 415 nm, contrast was not affected by illumination
bandwidth (1.4% reduction for 30 nm bandwidth and 125 um depth). On the other hand, at 540 nm contrast decreased
with illumination bandwidth at all vessel depths (21.1% reduction for 30 nm bandwidth and 125 pum depth). This was
because Hb absorption near 415 nm is so high that moderate changes in absorption still presented a condition where
photon absorption was extremely strong in blood vessels. However, for 54015 nm, the lower Hb absorption at
wavelengths above and below 540 nm resulted in reduced contrast with increasing bandwidth.
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Fig. 8 Contrast as a function of wavelength at different vessel depths for vessel diameters of (a) 50 ym, (b) 100 um
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4. DISCUSSION AND CONCLUSION

Our study quantitatively shows that 41515 nm band produced higher contrast than 540£10 nm band for smaller
vessels at shallower depth. The reverse was true for larger vessels at deeper region. This phenomenon agreed with Gono
et al.’s NBI studies on human tongue [13]. They show that the contrast of small vasculature patterns in superficial layers
reach a maximum at 415 nm while contrast of large vasculature patterns at deeper region are optimal at 540 nm and 575
nm wavelengths [13]. While these studies explained the basic effects of Hb absorption and tissue scattering, they did not
quantify the effect of vessel depth on contrast and didn’t specify the location of imaged vessels. The overall superior
contrast of narrow band light to white light shown in our studies (Fig. 6 b,d&e) was comparable to that reported in other
NBI studies [6, 32, 33]. However, we also quantified that white light might produce images with higher contrast than the
41515 nm band for large vessels (diameter 200 xm) at deep region.

Previous studies also mentioned that better contrast could be obtained by using narrower bandwidth, for example
540+10 nm versus 540+40 nm [13]. This was due to the cut off of wavelengths that consisted of smaller Hb absorption
[13]. In this study, we established the similar conclusions for 540 nm region as shown in Fig. 9b. For the center
wavelength of 415 nm cases, however, our results indicate that increasing bandwidth in certain range did not decrease
contrast. In that case, a broader band might be preferred.

NBI contrast was strongly affected by blood vessel depth and diameter, as well as wavelength (Hb absorption and
tissue scattering). By showing contrast as a function of vessel depth, vessel size, wavelength and band width based on
model simulations, we were able to identify potentially optimal wavelengths for visualizing specific vessel geometries.
For example, Fig. 6¢c suggested that the 41515 nm band had better contrast than the 540+10 nm band for vessel
diameter of 75 um at depths of less than 125 um, while the 540£10 nm band provided better visualization for the same
vessel size at depths greater than 125 um. Overall, our study showed that a MC modeling approach can provide novel,
quantitative insight into NBI, and may lead to improvements in performance.

Disclaimer: The mention of commercial products, their sources, or their use in connection with material reported herein
is not to be construed as either an actual or implied endorsement of such products by the Department of Health and
Human Services.
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