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We develop a prototype endoscope system that can perform high-dynamic-range structure imaging and
hyperspectral imaging. The system is used to successfully acquire the oxyhemoglobin spectrum of blood capil-
laries and obtain in vivo images of the various vascular pattern structures of the underside of the human tongue
with high intrinsic contrast and high dynamic range. The dynamic range of the acquired high-dynamic-range
mucosa image is 116.5 dB, which is 68.2 dB higher than that of the mucosa images acquired by a normal
low-dynamic-range CCD. Our results demonstrate the system’s tremendous potential for the clinical diagnosis
of gastrointestinal diseases.
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Rapid lifestyle and environmental changes in recent times
have made humans more susceptible to various gastroin-
testinal (GI) diseases, particularly GI cancer. The early
diagnosis of cancer can significantly increase the chance
of survival and aid in improving the quality of life post
treatment[1]. Precancerous lesions have, in part, virtually
the same vascular architecture as those of invasive
carcinomas and, further, the microvascular network of
tumors differs in many aspects from the normal-tissue mi-
crovascular architecture[2]. Moreover, certain important
endogenous early cancer biomarkers, such as nicotinamide
adenine dinucleotide plus hydrogen, flavin adenine dinu-
cleotide, collagen, and oxyhemoglobin and deoxyhemoglo-
bin exhibit abnormal metabolic activity and distinct
reflectance-based spectral signatures pertaining to early-
stage cancer development[3,4]. To detect these early can-
cers, it is important to precisely observe the fine structure
pattern of the mucosa[5] and detect changes in the early
cancer biomarkers. Therefore, a hyperspectral high-
dynamic-range (HDR) multimodal endoscopic mucosa
imaging technique that can provide complementary struc-
ture imaging of various mucosal vascular patterns with
high dynamic range and reflectance-based hyperspectral
imaging (HSI) would be highly beneficial for GI clinical
diagnosis purposes.
With regard to clinical gastroenterology, biophotonics-

based in vivo diagnostic tools such as optical imaging
exhibit potential as an early cancer detection technology.
Most cancer screening techniques rely on white-light vis-
ual examination[3]. However, these techniques result in the
loss of morphological and architectural details of vascular
patterns since light–tissue interactions are sensitive to in-
trinsic changes in absorption and scattering and, further,
such interactions are wavelength-dependent[6].
The HSI technique has exhibited potential in the

diagnosis of cancer in the gastrointestine[7,8]. However,
existing HSI techniques have the drawback of low optical

throughput, thereby resulting in low brightness of the ac-
quired images for most spectral channels; consequently,
most HSI techniques can only provide assessment of tissue
pathophysiology based on the spectral characteristics of
the target tissue, which limits HSI application for in vivo
screening. For imaging of highly scattering tissue, the im-
aging system’s dynamic range plays a crucial role in the
image quality[9]. Biophotonics-based optical imaging
and HSI techniques only provide device-referred low-
dynamic-range (LDR) images due to the intrinsic low dy-
namic range of normal image sensors, which results in the
loss of details in bright and dark areas of the tissue image.
On the other hand, HDR images can represent a greater
range of luminance levels more faithfully in the real-tissue
scenes, which are scene-referred and can compensate for
the loss of details.

In this Letter, we describe a hyperspectral high-
dynamic-range endoscopic mucosal imaging (HHDREMI)
prototype system based on a HSI technique and, further,
we propose a novel method to acquire the HDR mucosa
image. The method takes advantage of the light–tissue
interactions and the intrinsic spectral-sensitivity charac-
teristics of the LDR CCD, thus providing HDR images
of the mucosa, particularly the mucosal vascular patterns,
with high intrinsic contrast and reflectance-based hyper-
spectral information of the mucosa.

The schematic of the HHDREMI prototype system is
shown in Fig. 1. The system is composed of four subsys-
tems. The hyperspectral light source unit is based on a xe-
non arc lamp (PE150AF, PerkinElmer Optoelectronics),
which has an integrated parabolic reflector collecting light
from the light bulb and producing a collimated output
beam. Twenty-four sequential narrowband bandpass in-
terference filters centered from 400 to 630 nm at 10 nm
intervals with FWHMs of 10 nm and ∼60% peak transmis-
sion (Shenyang HB Optical Technology Co., LTD, China)
are mounted in a motorized filter wheel positioned in the
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path of the collimated beam. Consequently, 24 monochro-
matic spectral-channel light beams are produced sequen-
tially as the filter wheel rotates. An optical fiber bundle
directs the beams to the mucosa after the optical taper
focuses the light onto the bundle. A combination of lenses
is attached to the distal end of the fiber bundle. The lens
combination generates a 5.0 cm diameter illumination
spot at a working distance of 2.0 cm. A 582 pixel ×
752 pixel monochrome CCD (ICX279AL, Sony) posi-
tioned at the tip of the optical fiber bundle is used to spec-
trally resolve the reflectance images from the mucosa.
Analog signals read from the monochrome CCD are se-
quentially transformed into digital signals in the image
processing unit. An S-video cable is used to connect the
image processing unit to the medical monitor (LMD-
2451MD, Sony), which is used to display the reflectance
images from the mucosa.
The structure of the vascular pattern of the GI mucosa

is similar to that of the human tongue[2,10], and the vascular
patterns of the human tongue are categorized into three
classes: the capillaries found in the superficial mucosa
are designated the C1 pattern, the thicker vasculature in
the deeper layers is designated as the C2 pattern, and the
thick veins are designated the C3 pattern[3]. Therefore, we
considered that examination of the mucosal underside of
the human tongue was appropriate for our in vivo experi-
ments. The study volunteers were instructed to gargle
with normal saline to keep the oral cavity, particularly
the mucosal underside of the human tongue, clean before
imaging the mucosa. The volunteers were further in-
structed to keep their tongues curled up and still during
imaging. The optical fiber bundle tip of the HHDREMI
prototype system was placed at ∼10 mm from the
mucosal site.
The most popular approach for generating HDR images

is to combine differently exposed LDR images of the same
scene captured by a camera[11]. In our study, we proposed a
novel method to acquire LDR images with the same expo-
sure, which in turn were used to reconstruct the HDR

image. The Cermax lamp spectrum is flat to a large extent
except for one slight spike at 470 nm. The optical filters in
our prototype endoscope system have the same FWHM
and peak transmission as the spectrum. Besides, as the
filter wheel rotates sequentially at a constant speed con-
trolled by the DC motor, it can therefore be assumed that
the images of the 24 spectral channels were acquired with
approximately the same exposure. When the monochro-
matic photons of each spectral channel reach the surface
of the mucosa, they interact with the mucosa. Sub-
sequently, some photons are emitted from the mucosa
after interaction. The amount of photons emitted from
the mucosa differs for different wavelengths since the
light–tissue interactions are wavelength dependent[6].
The monochromatic CCD detects the photons and pro-
vides the corresponding analog signal according to its
spectral-sensitive characteristics. The relative response
of the CCD is wavelength-dependent; the response mono-
tonically increases for wavelengths from 400 to 550 nm,
and it monotonically decreases for the wavelength range
of 550 to 630 nm. The relative response exhibits a maxi-
mum of unity for the wavelength of 550 nm, and the
responses are 0.60 and 0.85 for wavelengths of 400 and
630 nm, respectively. The relative response difference of
the CCD contributes to the brightness variation in the
various spectral-channel images.

The mucosa images of all spectral channels were
acquired in 4.2 s, and these images are available online
as Media 1, and are 8-bits LDR images. Neglecting the
read noise of the CCD and quantization noise of the
A/D convertor, the dynamic range of the 8-bit mucosa
image can be calculated as DRL ¼ 20 logðImax∕IminÞ ¼
20 logð255∕1Þ ¼ 48.3 dB, where the maximum gray level
Imax corresponds to the full-well capacity and the mini-
mum level Imin is typically set to 1, corresponding to
the minimum signal (read noise) detected by the CCD.
Each spectral-channel image in Media 1 only provides par-
tial information on all the vascular patterns of the mucosa.
From Media 1, we can clearly observe the dense capillary
bed (the C1 pattern) distributed in the superficial layers of
the mucosa and the thicker vasculature (C2 pattern) dis-
tributed in the deeper layers in the images corresponding
to the spectral-channel range of 400 to 580 nm. However,
the thick veins (C3) cannot be observed in these images.
The C1 pattern gradually becomes blurred in the image
corresponding to the 590 nm spectral channel and
eventually disappears in 600 nm spectral-channel image.
Further, the thick veins of the C3 pattern (that are distrib-
uted over the top left and top right sections of the mucosa)
begin to appear in the 590 nm spectral-channel image, and
their distribution can be observed in the spectral-channel
images corresponding to the range of 590–630 nm.
However, the C1 and C2 patterns cannot be observed
at all in the spectral-channel images corresponding to
the range of 590–630 nm.

Figure 2 shows the grayscale average of the mucosa im-
ages of the 24 spectral channels. The brightness variation
range over the 400 nm spectral-channel mucosa image to

Fig. 1. Schematic setup of the HHDREMI prototype system.
LSU, light source unit; NBIF, narrowband bandpass interference
filters; XAL, xenon arc lamp; FW, filter wheel; SNI, sequential
monochromatic illuminations; IPU, image processing unit.
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the 630 nm spectral-channel image is comparatively large,
though the images were acquired with the same exposure.
The 630 nm spectral-channel image exhibits the highest
grayscale average, which is 45 times that of the 400 nm
spectral-channel image with the lowest grayscale average
of all the mucosa images. In addition, the spectral-channel
images in the range of 400–460 nm exhibit low brightness;
however, the microvascular network and architecture of
the C1 pattern can be observed in high detail. The
spectral-channel images corresponding to the range of
590–630 nm are brighter than the other images, and they
only show specific vein networks and the architecture of
the C3 pattern. It is clear that the details of the vascular
network and architecture in bright or dark areas of the
mucosa are lost in images with lower and higher grayscale
averages.
After acquiring the sequential LDR mucosa images that

exhibit a large brightness variation range, we recon-
structed the HDR mucosa images in the radiance domain
by using the acquired LDR mucosa images, except the
400 nm spectral-channel image and 410 nm spectral-
channel image because they are too dark to show any
mucosa structure. Figure 3 illustrates the procedure of
HDR image reconstruction in the radiance domain.
Assume p LDR images I i ∈ RM×N (i ¼ 1; 2;…; p) repre-
senting the same mucosal scene are acquired at exposures
Δtj (j ¼ 1; 2;…; p) and Ei is the mucosal scene radiance of
each pixel, which is a constant. The intensity Zij , where i

is the spatial index and j indexes over the exposure time
Δtj , and Ei have the following relationship:

Zij ¼ f ðEiΔtjÞ; (1)

where f is called the camera response function (CRF).
Eq. (1) can be rewritten as follows:

gðZijÞ ¼ ln Ei þ ln Δtj ; (2)

where g ¼ ln f−1. To estimate the value Ei and the differ-
ent finite values Zij that g can assume, minimizing the ob-
jective function is used to solve the problem. The objective
function is as follows:

Θ ¼
Xq

i¼1

Xp

j¼1

fωðZijÞ½gðZijÞ− ln Ei− lnΔtj �g2

þ λ
XZmax−1

z¼Zminþ1

½ωðzÞgnðzÞ�2; (3)

where q is the number of pixels used for the computation,
ωðZÞ is the weighting function, and λ is a smoothing
parameter. A robust calibration algorithm based on a poly-
nomial mode is used to estimate the CRF of the system. To
improve the robustness of the mode, a constraint is added
to make the pixels with zero brightness map onto the zero
mucosal radiance. A symmetric weighting function is de-
signed to reduce the influence of the unreliable pixels, like
saturated pixels. This is based on the fact that the pixel
values near the center are the most reliable. The SVD
method is used to minimize Eq. (3). After obtaining the
function g, the radiance Ei can be acquired by Eq. (2). De-
spite the small imaging duration, the images exhibited
tongue-motion artifacts since the volunteers could not keep
their tongues entirely still. In addition, the stitching of mis-
aligned images always causes blurry artifacts in the final
HDR images. The sequence of the LDR images used for
the HDR image synthesis have the feature of large varia-
tions of intensities to represent the whole dynamic range
of the real mucosal scenes, which poses the difficulty in us-
ing a pixel-based method for image registration, and the
feature of some saturated pixels, which offers a great
challenge in using a feature-based method because some
features that exist in an image may not occur in another
one and, therefore, we registered the images by means of
the technique of performing joint geometric and photomet-
ric registration[12] before reconstruction of theHDRmucosa
image. Because there are no devices available to display the
HDR image, we depict the reconstructed HDRmucosa im-
age reproduced by tone mapping in the 16-bit format here.
The algorithm of iCAM is used for tone mapping, which is
based on the color appearancemodel and hierarchicalmap-
ping[13]. For the reconstructed HDRmucosa image, the dy-
namic range is DRH ¼ 20 logðImax × emax∕ðImin × eminÞÞ.
Theminimumgray level Imin is 1, but themaximumdetect-
able gray level becomes Imax × emax∕emin, where emax and

Fig. 2. Gray scale average of the mucosa images of the 24 spec-
tral channels. The insets show different levels of the gray scale
average.

Fig. 3. Procedure of the HDR mucosa image reconstruction in
the radiance domain.
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emin denote themaximum andminimum exposures, respec-
tively, used in the exposure pattern[14]. In the case of the
HDR image, the ratio emax∕emin becomes gmax∕gmin since
the photoelectric transduction of the monochromatic
CCD and the A/D convertor are linear. Here, gmax denotes
the maximum grayscale average of the LDRmucosa image
sequence and gmin denotes the minimum grayscale average
of the images. The dynamic range of the reconstructed
HDR image isDRH ¼ 20 logð65536 × 104.1∕ð1 × 10.9ÞÞ ¼
116.5 dB. This value is 68.2 dB more than that of the 8-bit
LDR mucosa images.
Figure 4 shows the 570 nm spectral-channel LDR mu-

cosa image [Fig. 4(a)] and the HDR mucosa image
[Fig. 4(b)], an enlargement of the 570 nm spectral-channel
LDR mucosa image [Fig. 4(c)], and an enlargement of the
HDR mucosa image [Fig. 4(d)]. To quantitatively evalu-
ate the image quality, we calculated the average gradient
(AG) of the LDR mucosa images and the HDR mucosa
image. The AG has been chosen because it matches well
with the perceived visual quality, and we used the AG to

measure the clarity and layering of the image, which also
reflects the contrast of the tiny details and the features of
the texture transform in the image. The obtained AG val-
ues are included in the bottom right of Figs. 4(a) and 4(b).
The 570 nm spectral-channel image [Fig. 4(a)] shows the
maximal AG among the mucosa images of the 24 spectral
channels. The AG of the HDR mucosa image is 135 times
that of the 570 nm spectral-channel image. When com-
pared with the other spectral-channel images, the HDR
mucosa image is representative of a wider brightness range
of the real mucosa scene and exhibits better layering. In
addition, the integrated vascular network and architec-
ture of the mucosa can be observed in the HDR mucosa
image with high contrast. The microvascular branching
architecture (indicated by the yellow arrow) can be clearly
observed in Fig. 4(d) when compared with that in
Fig. 4(c). The thick vascular branching architecture indi-
cated by the red arrow is blurred in Fig. 4(c), while this
architecture is clearly visible with high contrast in
Fig. 4(d). The successive branching architecture from
the large vascular component to the fine capillary network
[indicated by the green arrow in Fig. 4(d)] can be clearly
discerned with higher contrast than that in Fig. 4(c).

Besides HDR mucosa structure imaging, we used our
HHDREMI prototype system to also perform reflectance-
based HSI, which is an emerging imaging modality for
medical applications and offers great potential for non-
invasive disease diagnosis and surgical guidance in a
new area of the spectrum. Figure 5 shows two spectral
curves corresponding to the blood-capillary and “no-
blood-capillary” regions, which are indicated by the red
and purple dots, respectively, in the top left inset. The
red solid line corresponds to reflectance from blood capil-
laries and the purple dashed line corresponds to that from
regions in which there are no blood capillaries. The dom-
inant spectral feature of the spectral curve of the blood
capillary region corresponds to oxyhemoglobin absorption
peaks (marked by two arrows) at 540 and 570 nm.

Fig. 4. (a) 570 nm spectral-channel mucosa image with (c)
enlargement showing the vascular network; and (b) HDR mu-
cosa image with (d) enlargement showing the vascular network.

Fig. 5. Spectral curves corresponding to blood-capillary and
“no-blood-capillary” regions.
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In conclusion, we propose and demonstrate a novel
HDR imaging method that exploits light–tissue inter-
actions and the intrinsic spectral-sensitive characteristics
of the normal LDR CCD. The HHDREMI prototype
system presented in this Letter is used to successfully per-
form in vivo HSI and HDR structure imaging of various
vascular patterns with high endogenous contrast of the
mucosal underside of the human tongue. Further increase
in the spectral resolution to more precisely detect spectral
information corresponding to early cancer biomarkers can
be achieved by replacing the sequential optical filters with
smaller-FWHM filters[15] or utilizing acousto-optic[16]

or liquid crystal tunable filters[17]. Besides HSI, other
modalities such as autofluorescence imaging[18,19] and
photoacoustic imaging[20] can also be integrated into the
prototype endoscope system. The results of our study
demonstrate that the proposed prototype endoscope sys-
tem can be used to more precisely diagnose GI diseases,
particularly in the early detection of GI cancers.

This work was supported in part by the National High
Technology Research and Development (“863”) Program
of China under Grant No. 2012AA040505. The authors
are grateful to engineers Mingda Chen, Bingyi Liu, and
Xiguang Wang for their assistance.

References
1. M. J. Horner, L. A. G. Ries, M. Krapcho, N. Neyman, R. Aminou, N.

Howlader, S. F. Altekruse, E. J. Feuer, L. Huang, A. Mariotto, B. A.
Miller, D. R. Lewis, M. P. Eisner, D. G. Stinchcomb, and B. K.
Edwards, SEER Cancer Statistics Review, http://seer.cancer.gov/
csr/1975_2006/ (National Cancer Institute, 2009).

2. M. A. Konerding, E. Fait, and A. Gaumann, Br. J. Cancer 84, 1354
(2001).

3. R. T. Kester, N. Bedard, L. Gao, and T. S. Tkaczyk, J. Biomed. Opt.
16, 56005 (2011).

4. G. Zonios, L. T. Perelman, V. Backman, R. Manoharan, M.
Fitzmaurice, J. Van Dam, and M. S. Feld, Appl. Opt. 38, 6628
(1999).

5. K. Gono, T. Obi, M. Yamaguchi, N. Ohyama, H. Machida, Y. Sano,
S. Yoshida, Y. Hamamoto, and T. Endo, J. Biomed. Opt. 9, 568
(2004).

6. J. M. Kainerstorfer, P. D. Smith, and A. H. Gandjbakhche, IEEE J.
Sel. Top. Quantum Electron. 18, 1343 (2012).

7. M. Hohmann, A. Douplik, J. Varadhachari, A. Nasution, J. Mudter,
M. Neurath, and M. Schmidt, Proc. SPIE 8087, 80872N (2011).

8. S. Kiyotoki, J. Nishikawa, T. Okamoto, K. Hamabe, M. Saito, A.
Goto, Y. Fujita, Y. Hamamoto, Y. Takeuchi, S. Satori, and I.
Sakaida, J. Biomed. Opt. 18, 026010 (2013).

9. R. Huber, D. C. Adler, and J. G. Fujimoto, Opt. Lett. 31, 2975
(2006).

10. A. Amar, A. F. Giovanini, M. P. Rosa, H. O. Yamassaki, M. B.
Carvalho, and A. Rapoport, Rev. Assoc. Med. Bras. 48, 204
(2002).

11. E. Reinhard, G. Ward, P. Debevec, and S. Pattanaik, High Dynamic
Range Imaging: Acquisition, Display, and Image-Based Lighting
(Morgan Kaufmann, 2005).

12. F. M. Candocia, IEEE Trans. Image Process. 14, 181 (2005).
13. M. D. Fairchild and G. M. Johnson, J. Electronic Imaging 13, 126

(2004).
14. S. K. Nayar and T. Mitsunaga, in Proceedings of IEEE Conference

on Computer Vision and Pattern Recognition (CVPR) (2000).
15. W. Zhuang, Y. Hong, Z. Gao, C. Zhu, and J. Chen, Chin. Opt. Lett.

12, 101204 (2014).
16. S. G. Kong, M. E. Martin, and T. Vo-Dinh, Anglais 28, 770

(2006).
17. J. G. Rosas and M. Blanco, J. Pharm. Biomed. Anal. 70, 691 (2012).
18. L. Liu, C. Yan, W. Li, B. Li, and S. Xie, Chin. Opt. Lett 12, 051705

(2014).
19. E. L. P. Larsen, L. L. Randeberg, E. Olstad, O. A. Haugen,

A. Aksnes, and L. O. Svaasand, J. Biomed. Opt. 16, 026011
(2011).

20. W. Song, Q. Wei, R. Zhang, and H. Zhang, Chin. Opt. Lett 12,
051704 (2014).

COL 13(7), 071701(2015) CHINESE OPTICS LETTERS July 10, 2015

071701-5

http://seer.cancer.gov/csr/1975_2006/
http://seer.cancer.gov/csr/1975_2006/
http://seer.cancer.gov/csr/1975_2006/
http://seer.cancer.gov/csr/1975_2006/

