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Abstract. Surgical light is important for helping the surgeon easily identify specific tissues during an operation.
We propose a spectral reflectance comparison model to optimize the light-emitting diode light spectrum in the
operating room. An entropy evaluation method, meant specifically for surgical situations, was developed to
evaluate images of biological samples. White light was mixed to achieve an optimal spectrum, and images
of different tissues under the light were captured and analyzed. Results showed that images obtained with
light with an optimal spectrum had a higher contrast than those obtained with a commercial white light of different
color temperatures. Optimized surgical light obtained using this simple and effective method could replace the
traditional surgical illumination systems. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.10

.105012]
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1 Introduction

A surgical lighting system (SLS) is a kind of lighting technique
that is usually used to help doctors distinguish organs or tissues
more accurately during surgery.! Lighting in the hospital envi-
ronment will vary from very simple bedside lamps to operating
theater lighting units. The quality of an operating theater’s
lighting is defined by a combination of the light’s illumina-
tion, shadow control and color rendering index (Ra), and
temperature.” The light beam characteristics, pattern and color,
and its luminance are of major importance.

Lighting in the operation room has long been provided by
traditional light sources, such as incandescent, fluorescent, hal-
ogen, and gas discharge lamps.® Traditional surgical lights com-
posed of xenon, halogen, or metal halide were widely used
because of their high luminance and Ra (Ra > 95). This
meets the surgeons’ requirements of brightness and color ren-
dering. However, a conventional lighting environment produces
a lot of heat leading to the waste of energy and a short
lifetime.*®

Recently, light-emitting diode (LED)-based surgical light has
begun to be used. LED lights are smaller, save energy, have a
longer life, and have greater portability over traditional light
sources. In addition, traditional light sources have their own
spectrum distribution, so extra filters were needed to change
the spectrum.” LED lights can solve that problem by light mix-
ing and can be widely used in modern surgical situations.>° The
world’s first surgical procedure using LED lighting was per-
formed in 2000.'° In 2008, Rahman et al.'' used an LED
light for early oral cancer detection. LED-based surgical light
that improves texture visibility by switching to light sources
with different spectra is now available.'>"> Lee et al.! obtained
optimal illumination to differentiate objects with distinct absorp-
tion and scattering properties.

*Address all correspondence to: Zhenrong Zheng, E-mail: zzr@zju.edu.cn
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With the rapid development of lighting materials, much
research has been done to find a surgical light that not only pro-
vides bright lighting with a high Ra but also helps the surgeon
identify specific tissues during an operation.'”" The early
detection and effective diagnosis of focal lesions can improve
the success ratio of surgery.® For example, Wang et al.?!
found that inspection of the oral cavity, which contains mucous
membrane, the tongue, and parts of the larynx, was a fundamen-
tal diagnostic tool for doctors to investigate diseases such as
viral infection, enterovirus, herpetic gingivostomatitis, and
oral cancer. They also describe a color image reconstruction
method that enables both direct visualization and direct digital
image acquisition from one oral tissue by using various light
sources and color compensating filters. Shimada et al.?? tried
to place a light module composed of different colored LEDs
at the tip of the retractor to observe kinds of tissues, such as
arterial blood, liver, lung, and nerve. They found that a light
source suitable for use in distinguishing these tissues from
their background can be obtained by mixing blue or bluish
green light, with a wavelength of about 495 nm, and red
light of about 615 nm. Meanwhile, Burton et al.** incorporated
an LED array into microscopy and endoscopy systems and stud-
ied contrast enhancement under LEDs of multiple colors, alone
or in combination.

However, previous research was based only on analysis of
the biological properties of tissues and the evaluation of images
was focused on their gray level contrast. We aimed to develop a
new methodology to enhance tissue luminance contrast based on
a spectral comparison that is valid for the entire visible light
band. Luminance contrast was an important contrast perception
stressed in the display and is more easily calculated compared to
color contrast calculation. Wang and Chen®* proved that lumi-
nance contrast was one of the main factors that could substan-
tially affect visual performance and display quality. They found
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that the effect of luminance contrast on subjects’ visual acuity
and perception was significant and consistent. Meanwhile,
Alexander Toet showed that most degradations of digital video
images are luminance related (blur and low contrast), while
color defects are often negligible in unprocessed images.?
Therefore, any color space where luminance is one of the coor-
dinates, is adequate for enhancement and restoration. In fact,
luminance contrast and adjustment were applied in much
research to achieve image contrast enhancement. For example,
Chen et al. utilized the grayscale of the image in a more con-
trolled and efficient manner to get a better image quality.”® Tsai
and Yehet al.>’ proposed an automatic and parameter-free con-
trast enhancement algorithm focused on luminance distribution
shaping for color images. They transformed the RGB color
space into an HSV color space to extract the image luminance
distribution information, and the original image was enhanced
by a piecewise linear-based enhancement method. Caselles
et al.”® proposed a novel approach for shape preserving contrast
enhancement of both gray and color images, achieved by means
of a local histogram equalization algorithm which preserves the
level-sets of the image. The color image was showed in a YIQ
color space and a local histogram modification algorithm has
been applied to the luminance image Y (maintaining IQ) to
achieve high contrast results.

2 Methods

2.1 Specimen

Porcine heart tissues were cleaned and fixed on the lab table
under LED illumination. Anticoagulant heparin was dropped into
fresh arterial blood of adult sheep to prevent condensation. The
ethics committee of Zhejiang University approved the study.

2.2 Apparatus

The light source used here is the LED ceiling system constructed
by Zhejiang University, which is an LED panel with a size of
3 m X 1.5 m integrated with 1700 LEDs (11 kinds of LEDs,
specifications shown in Table 1). The 11 high power LEDs con-
sisted of eight color LEDs and three white LEDs with different
correlated color temperatures (CCTs), whose spectral distribu-
tions (SPD) are all given in Fig. 1. The luminance level of each
LED can be controlled via the LED control circuit and software
was developed to generate the light with the target SPD based
on a light matching algorithm and the feedback signal from a
spectrometer.

Images of specimens were obtained using a charge-coupled
device (CCD) camera. A commercially available 8-bit CCD cam-
era DFK 31BUO3 with a pixel resolution of 1024 X 768 pixels
is used here. It was made by the Imaging Source, Germany.
It is interfaced using a Universal Serial Bus (USB2.0).
Output RAW image files were analyzed by using self-developed
software based on MATLAB. Reflection spectra were acquired
using a spectroradiometer. The spectrometer adopted is PR655
SpectraScan produced by Photo Research Inc. For PR655, the
measurement range covers 380 to 780 nm with an average band-
width of 4 nm. The spectral data also can be transported through
the USB port. Before the experiments, the camera and the spec-
trometer were all calibrated with the D65 standard light source.

A multispectral imaging system was used in the acquisition of
spectral reflectance of porcine fat tissues. It was self-developed
by the Department of Information Science and Electronic
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Table 1 Light-emitting diode (LED) specifications.

Typical
Minimum spectral

Nominal ~ Measured Iluminous half- Numbers

A(mm)or A (nm)or flux (Im)  width in LED
Color temperature temperature at 350 mA  (nm) panel
Royal blue  445-450 447 100 24 160
Blue 475-480 479 30 33 160
Cyan 505-510 506 70 30 160
Green 520-525 522 90 30 160
Amber 592-594 593 30 28 160
Orange red 610-620 615 70 28 160
Red 620-630 626 40 29 160
Crimson 650-660 657 30 29 160
Warm white 3000 K 3000 K 30 N/A 140
Neutral 4100 K 4000 K 130 N/A 140
white
Cool white 5650 K 5582 K 80 N/A 140

Engineering of Zhejiang University.?® As illustrated in Fig. 2,
the multispectral imaging system consists of a monochrome
camera and a filter wheel. The filter wheel contains 11 filters
and is installed between the camera and the lens. With this sys-
tem, the spectral reflectance of a sample can be obtained at
pixel-level resolution and with a spectral resolution ranging
from 400 to 700 nm with 10-nm intervals. In their system,
they developed an improved reflectance reconstruction method
by adaptively selecting training samples for the autocorrelation
matrix calculation in the Wiener estimation. The 11 filters were
all specifically designed. With adaptive Wiener estimation
method, only 11 image channels were used in the system
and it can output 30 reflectance data with a 10-nm interval.

2.3 Spectral Reflectance Comparison Model for
Wavelength Selection

Using different colored LEDs in surgical lighting requires a
method to select the proper wavelengths. The traditional wave-
length selection method was focused on the color difference of
tissues in multipictures, which required a lot of time to complete
the complicated calculation in the data process. Here, the spec-
tral reflectance comparison (SRC) model was developed to find
the wavelengths, which made the biggest difference in reflec-
tance comparison between blood vessels and background tis-
sues. Tissues under these wavelengths will have a strong
gray contrast in the display image, which will help the surgeon
easily identify them. Only the spectral reflectance of target tis-
sues was necessary for the whole data processing, which took
much less time and was easily applied. Therefore, the spectral
reflectance is vital to the selection of the wavelengths used to
mix white light. We measured spectral reflectance using spec-
troradiometer PR655 and then performed multispectral analysis
to prove that the measurement was correct.
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Fig. 1 Measured spectra of light-emittig diodes (LEDs) used. Intensity is in arbitrary units.

Fig. 2 Sketch of the multispectral imaging system.

(a)

1.0
0.8
0.6
0.4
0.2

Filter wheel

Lens

400

(b)

1.0
0.8
0.6
0.4
0.2

500

600

400

500

600

700

(©) .

The spectral reflectance of fat measured with a spectroradi-
ometer is shown in Fig. 3(a). For multispectral image analysis,
we selected two regions of interest (ROIs) in the specimen, each
containing fat tissue [Fig. 3(c)] and obtained their spectral
reflectance [Fig. 3(b)]. Comparison of the results of the two
methods showed that they matched. However, the spectral res-
olution of the spectroradiometer chosen was 4 nm while that of
multispectral imaging system was 10 nm. Thus, we adopted
direct measurement with the spectroradiometer as it had better
resolution.

We obtained the reflectance spectra of blood and background
tissue separately using the same incident light. Equation (1)
demonstrates the comparison of two tissues’ spectral reflectan-
ces by the ratio of their reflectivity:

C() = [Rn(W)/ T/ [Rs(1)/1(A)] = R (1) /Ro(4), (1)

where Ry, (4) and R, (1) are the reflectance spectra of blood and
background tissue, respectively, and /(1) is the incident light.
R.,(4) was obtained by scanning the background tissue directly
using the spectroradiometer.

Fig. 3 (a) Spectral reflectance of fat in regions of interest (ROI) [circled in (c)] scanned by a spectror-
adiometer directly. (b) Spectral reflectance of two sampling points [marked in (c)] obtained by multispec-

tral image analysis. (c) Fresh porcine specimen.
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2.4 Image Evaluation

The standard image evaluation method focuses on gray level
contrast. We added entropy analysis to the evaluation process
to evaluate the image quality with respect to tissue texture and
the details that were shown. Contrast was quantified using our
evaluation function in Eq. (2), which combines entropy analysis
and brightness contrast:

255 2
F = k(z P,»lOgZP,»)

i=0
+ {(Mzm:llij/m2>/<uilij/”2)r- @)

We define the parts of Eq. (2) as follows:

255 m n
i= i=

ij=1

where k is a correction factor, P is the probability of every gray
value occurring in the image, and [ is the gray value of the pixel.

A is the entropy of the ROIs in the input image. Image
entropy is used in the evaluation of the texture of images P;
is the probability of gray value i occurring in the image and
changes from O to 1, where 1 means that the image is a solid
color and entropy is 0. A higher entropy value indicates that
the image has more detail, which means the texture is refined.
Thus, A expresses the distribution of gray values in the ROIs and
the amount of information in them. When the image is a solid
color, there is no information and A is O.

While A characterizes the texture of the tissue, B reflects the
gray level contrast of two different tissues in an image. For
example, our experiment focused on the contrast between
blood vessels and background tissue. An image with these
two parts could be acquired by a CCD camera and then changed
into a grayscale image. The gray values of the pixels in the blood
vessels and background parts of the image are calculated sep-
arately. m and n are the number of pixels selected in the images
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of the blood vessels and the background tissue, respectively. The
average gray value for the two tissues is calculated and then the
value for blood vessels is divided by that for the background to
form B. A higher B value means a higher brightness contrast.

The correction factor k& is defined according to the purpose of
the evaluation. A higher k means that there is more emphasis on
image resolution; otherwise, k highlights the gray level contrast
of two specific tissues. In our processing analysis, & is defined as

k= Bmax/Amaxv 3)

where A, is the maximum entropy of the comparative images
and B, is the maximum brightness contrast of the comparative
images. k is set to ensure that the emphasis on image informa-
tion and gray value contrast is appropriate. k can be adjusted as
needed.

3 Experiment and Results

3.1 Spectral Reflectance Comparison Model
Validation

The spectroradiometer scanning region is a circular zone [as in
Fig. 3(c)]. The artery vessel was too small to fill the zone, so we
obtained reflectance spectra of blood vessels by scanning the
fresh ovine blood (into which heparin was dropped) instead.
Figure 4 showed the wavelength selection process. Incident
lights of artery vessels and background myocardium tissue
were the same and the spectral radiance is shown in Fig. 4(a).
Reflectance spectra of two tissues were measured as in Figs. 4(a)
and 4(c). The SRC results, C(1), shown in Fig. 4(d), imply that
the spectral components between 450 and 550 nm contribute the
most to the identification of blood vessels that have a meat
background.

To verify the accuracy and stability of the measured results,
an ovine heart was set and imaged (shown in Fig. 5) under eight
monochromatic LEDs (data given in Table 1). The gray level
contrast (G) values of blood and background myocardium tissue
in each image were calculated and are shown in Fig. 5.
Meanwhile, the gray level contrast of the artery vessel and back-
ground myocardium changed with the LED wavelengths and
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14
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(d)
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Fig. 4 (a) Spectral radiance of incident light. (b) Reflectance spectral radiance by PR655 scanning of
fresh ovine blood. (c) Reflectance spectral radiance of ovine myocardium tissue measured directly.
(d) Comparison of spectral reflectance, C(4), of blood and background myocardium tissue.
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Fig. 5 Ovine heart imaged using eight monochromatic LEDs with wavelengths from 447 to 657 nm.
(Lower right) Graph of contrast value obtained by spectral comparison (black curve) and the analysis

of the eight images (red curve).

could be extracted by SRC (Fig. 4); the extracted result is plotted
in Fig. 5 (bottom right panel). We found that the trends of the
two results were similar.

3.2 Contrast Enhancement

Based on the preliminary reflectance comparison result in
Fig. 4(d), light in the 450 to 550 nm range was found to be help-
ful in identifying blood vessels. Therefore, we chose LEDs with
wavelengths of 479, 506, and 522 nm between our 11 kinds of
LEDs to mix the light. In addition, we added a 593-nm wave-
length light in the selection group to mix with white light. Then
warm (3000 K), neutral (4100 K), or cool (6000 K) white light
was mixed with the selected LEDs. Specimens (cleaned ovine
heart tissues) were imaged under the three compound lights and

20

80 -
(0]
fem |
=
A i 60 -
he]
[0}
S 404
B £
[e]
P4

100 Commerical White LED
I Compound White Light

the three commercial white LEDs separately (two examples are
shown in Fig. 6). In Fig. 6(a), region A, which contained both
heart artery vessel and background myocardium tissue, was
used for brightness contrast analysis using the evaluation func-
tion. Region B, which contained mainly artery vessels and back-
ground myocardium tissue, was used to analyze the gray level
contrast [B in F, Eq. (2)]. The result of the analysis is shown in
Fig. 6(b). A higher F value means a higher illumination quality.
The gray level contrast values of the specimen under mixed
white light and different CCTs were higher than those under
commercial white LEDs.

Figures 7(a)-7(c) are images of the ovine heart taken under
mixed white light and Figs. 7(d)-7(f) are images taken under
commercial warm, neutral, and cool white LEDs. The contrast

Cool (5500 K) Neutral (4000 K) Warm (3000 K)

Fig. 6 (a) Ovine heartimaged under white light, where region A was used for entropy analysis and region
B for gray contrast analysis. (b) Evaluation function value F (normalized) for six LED illuminations; mixed
white light (black bars), and commercial white LEDs (red bars) with different correlated color

temperatures.
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Fig. 7 Images of ovine heart taken in (a) cool (5500 K), (b) neutral (4000 K), and (c) warm (3000 K) mixed
white light and in (d) cool, (e) neutral, and (f) warm broadband LED. All images were captured under the

same white balance of stubborn 5500 K.

Gray Contrast 23
F Value 83.27

—

Gray Contrast 23
F Value 77.04

(b)

Fig. 8 Gray image of ovine heart captured in (a) mixed cool white light (5500 K), with the white balance
set at 5650 K and (b) commercial cool white light (5500 K), with the white balance set as a standard bulb.

of blood vessels and background tissues is low in Fig. 7(f), while
details were lost in Fig. 7(e). The images in Figs. 7(a)-7(c) have
higher contrast and sharpness.

3.3 Validation Using the New Approach

The traditional image evaluation method focused mainly on gray
value contrast, which ignores the value of the details of the tissue
in the image. Our evaluation function [Eq. (2)], which includes
entropy analysis, can solve this problem because it balances the
two parts. Figure 8 shows gray images of the same tissue under
two different lighting conditions. The gray value contrast of
artery vessels and background myocardium tissue in the two
images was the same (gray contrast = 23); however, the
image captured under the mixed white light had a higher F
value (83.27) than the image taken under the commercial
white LED (77.04).

The two images in Fig. 8 would show the same quality per-
formance with the traditional image evaluation method because
only the gray level contrast is considered. However, there is
more detail and texture information in the red box region of
the ovine heart in Fig. 8(a) than in that of Fig. 8(b). The
mixed white light with an optimal spectrum achieved a better
performance as diagnostic lighting.

4 Discussion and Conclusions

We have successfully replaced the traditional lamps used in sur-
gery with Philips LEDs to provide efficient illumination. LED
lights are smaller, save energy, and last longer. However, the
most significant advantage of LED light is that the spectral
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components can be adjusted based on the absorption spectra
of living body tissues to offer high-quality illumination with
contrast enhancement. In our study, we compared reflectance
spectra to enhance the tissue contrast. Based on the analysis
of the results of the spectral comparison, images of ovine
heart tissues were captured under customized LEDs and com-
mercially available Philips LEDs. The contrast acquired by the
new evaluation method demonstrates that the features are more
visible when customized LED illumination is used. Thus, an in-
expensive and highly efficient light source with a flexible SPD is
available for use in surgery to provide illumination for signifi-
cant tissue identification.

Only blood and external tissues were used as specimens in
our experiment. We discussed the spectral components that con-
tributed to the contrast of artery vessels and background myo-
cardium tissue, but more experiments are needed using different
organs if LED illumination is to be used for clinical situations.
The optimal light for blood and background tissues discrimina-
tion may lead to the low contrast of other tissues. Thus, a trade-
off may need to be made between the contrasts of different pairs
of tissues during the wavelengths selection.

In the experiment, we used ex-vivo tissues as the specimen
because the spectrum reflectance of in-vivo tissue was difficult
to measure. Additionally, the image of in-vivo tissues was hard
to obtain and analyze in time. This may affect the wavelength
selection. In a later experiment, an endoscope technique can be
used to capture the tissue image and complete the in-vivo case
research. In addition, the focus on contrast enhancement in this
paper was put on the CCD display because the image display is
an import tool in operations. However, in many cases, doctors
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complete the operation using their eyes directly, thus the
research about light optimization with human eyes is also
vital. Therefore, the contrast of different tissues under human
eyes is also an important part of SLS lighting to study.

Meanwhile, the performance of the LEDs with color render-
ing must be taken into consideration because it is an important
characteristic of medical light sources. The customized LEDs
used in our experiment were monochromatic light, which
leads to a low Ra of about 40. The average Ra of a medical
white LED needs to be at least 85. We needed to improve
the Ra if LED light is to be used in the hospital. We solved
this problem by mixing customized LEDs with the original
broadband lamps. The proportion of each can be adjusted to
control the balance between the contrast value and Ra. The
rapid development in LED technology indicates that LEDs
will be used extensively in the surgical field.
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