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Dual-Mode Hyperspectral Bio-Imager with a Conjugated Camera
for Quick Object-Selection and Focusing

Xinli Yao®» 2, Shuo Lil 2, and Sailing He!» 2 3> *

Abstract—A dual-mode hyperspectral imager using field of view scanning needs no moving macro
parts. It could work in dual-mode (macro imaging and micro imaging) and is equipped with a
conjugated camera for quick object-selection and focusing. By adjusting the imaging lens and achieving
the image clarity on the conjugated camera, we could find the correct location and focusing of the ROIs
simultaneously instead of inefficiently checking the hyperspectral image after the whole scanning process.
The whole system was applied to the study of spectral characteristics of blood oxygen in human hands
and the microscopic identification of algae, showing a great potential of clinical and marine applications
of our system.

1. INTRODUCTION

Hyperspectral imaging, which combines spectroscopy and digital imaging, has been widely used in
remote sensing, medicine, agriculture, food detection and other fields [1-6]. The most common
working modes of hyperspectral imaging are point scan, push-broom and staring imaging. Push-broom
hyperspectral imaging technology has a good compromise between spatial resolution, spectral resolution
and acquisition time [7], and is a relatively mature technique. However, push-broom modes require
moving macro parts, which limits its imaging range and compact size. Moreover, it is difficult to
quickly localize and focus on the ROIs. It mainly depends on the experience of the operator to focus
on the line spectral image [8,9], and it often requires push broom imaging several times to determine
the imaging position, which is very time consuming.

Light could pass through a certain thickness of biological tissue, and various substances in biological
tissue will absorb light at different wavelengths, so the reflectance spectra of tissues or organs contains
relevant useful information [10-12]. With hyperspectral imaging, non-invasive detection of human
tissues or organs can be realized. Liu et al. used hyperspectral images and the support vector machine
to analyze medical tongue images and obtain much better tongue segmentation results [13]. Hadox et al.
found that retinal hyperspectral imaging may predict brain amyloid beta load [14]. Cai et al. studied the
blood concentration in human hands using spectral images at 580 nm [15]. Hyperspectral information
also provides valuable information for the identification of normal and cancerous tissues, diagnosis of
diseases, etc. [2, 16].

Red tide and other marine disasters seriously damage or destroy marine ecological environ-
ments [17,18]. Some red tide algae are toxic to other marine organisms and human life and should
be monitored. Hyperspectral detection of algae uses remote sensing by satellites at an altitude of about
800km and local remote sensing by aircraft below 3km [19-21]. The identification of common algae
mainly relies on morphological characterization with high magnification microscope [22,23]. In addi-
tion, the spectral information can also provide a basis for algae identification. Mehrubeoglu et al. used
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hyperspectral data and some linear spectral unmixing algorithm to analyze mixed algal cultures con-
taining two algae of known volumes at a macro level [24]. Volent et al. mounted a hyperspectral imager
(400-700 nm) on a stereo-microscope and compared the absorption, transmittance and reflectivity of
algae to distinguish in vivo optical signatures of different pigment groups [25]. Wei et al. developed a
hyperspectral microscopic imaging system and used the Fisher algorithm to identify the species of three
microalgae [26].

However, all of the above imaging methods require a moving platform whether it is for macro
imaging or micro imaging and don’t have quick object-selection and focusing in practical operation.
In this paper, we built a dual-mode hyperspectral imager based on field of view scanning, which could
realize scanning in the staring state (no moving macro part) and work in two modes: macro imaging and
micro imaging by changing the imaging lens and relay lens. In addition, our system is equipped with a
conjugated camera for gray-scale imaging, which shares the same imaging lens with the hyperspectral
camera. By adjusting the imaging lens and observing the image on the conjugated camera, we can judge
whether the ROIs selection and focusing are correct. This method no longer requires a complete scanning
processor are construction of the hyperspectral image to confirm the selection of ROIs, thus realizing
quick object-selection and focusing. The system was applied to sensing of bio-samples, including the
spectral characteristics of blood oxygen in human hand (macro imaging) and identification of algae
(micro imaging), which shows the great potential for clinical and marine applications.

2. METHODS

The schematic of the dual-mode hyperspectral bio-imager is presented in Fig. 1. The key component
of the system lies in the galvanometer mirror, which transforms the traditional push-brooms can into
the field of view scan. The beam splitter is used to divide the optical path into two channels: gray-
scale imaging channel and hyperspectral imaging channel. The final image planes of the two channels
are conjugated and share the same imaging lens. The imaging lens images the scene on the entrance
pupil, which is between an aspheric achromatic lens (AAL-1, Edmund, #49-665) and the imaging lens.
After being collimated by aspheric achromatic lens AAL-1, the light of the image on the entrance pupil
reaches the beam splitter, 10% of the light is reflected into the gray-scale imaging channel (conjugated
camera), and then focused on the CMOS-1 (ZWO, ASI120MMmini) by another aspheric achromatic
lens (AAL-2). 90% of the light is transmitted into the hyperspectral imaging channel. The collimated
light (after AAL-1) is reflected by the galvanometer mirror and form an image through an aspheric

CMOS-2

Figure 1. Schematic diagram of the dual-mode hyperspectral bio-imager. AAL: aspheric achromatic
lens; BS: beam splitter; GM: galvanometer mirror; PGP: prism-grating-prism.
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achromatic lens (AAL-3) on a plane containing a slit (50 um), which is the relay plane of entrance
pupil just like CMOS-1. Only a line region of the image will pass through the slit, and the light in the
line region will be collimated by an aspheric achromatic lens (AAL-4) and reach a prism-grating-prism
(PGP) pair for dispersion. After being dispersed by PGP, the light of the line region is expanded in
the spectral dimension and focused on the CMOS-2 (ZWO, ASI174MM) by an aspheric achromatic lens
(AAL-5). In general, a push-broom imaging spectrometer can obtain hyperspectral images by collecting
different line regions of the same image, and the moving part is indispensable. In this paper, we use
the galvanometer mirror (Thorlab, GVS012) to change the angle of the incident light continuously, so
that the image moves on the relay image plane (slit), which is also equivalent to collecting different
line regions of the same image, so as to realize scanning imaging in the staring state. Since CMOS-1
(for gray-scale imaging) and CMOS-2 (for hyperspectral imaging) are conjugated and the two channels
share the same imaging lens, we can quickly allocate and focus the ROIs by observing the image clarity
on the conjugated gray-scale imaging camera.

An infinity-corrected optical system is a common optical structure of modern microscopy. A light
beam emitted from an object passes through the microscopic objective which does not form an image
and enters as a collimated beam in the tube lens which forms an intermediate image. In the above
hyperspectral imaging system, image relay is realized by two aspheric achromatic lenses, and the beam
between the two lenses is collimated. Therefore, the imaging lens and AAL-1 in Fig. 1 can be replaced
by the microscope objective, and the aspheric achromatic lens (AAL-2 or AAL-3) in the subsequent
optical path can be used as the tube lens to convert the system into a microscope and realize dual-mode
imaging.

For an imaging spectrometer detector, one dimension records the spatial data from a line region
of image (serves as the spatial axis), and the other dimension records the spectral data (serves as the
spectral axis), as shown in the coordinate axis in Fig. 2(a). Before the application of homemade imaging
spectrometer, the pixel index of the spectral axis needs to be converted into wavelength values. The
spectral image of a mercury lamp can be obtained by irradiating the slit of imaging spectrometer with
the mercury lamp, as shown in Fig. 2(a). The mercury lamp can emit multiple extremely narrow
spectral lines. In this paper, we choose 404.6 nm, 435.8 nm, 546.1 nm, 578.0 nm, 750.4 nm, 763.5 nm
and 772.4nm spectral lines for wavelength calibration, and the corresponding pixel indices are 54, 147,
646, 553, 1023, 1058, 1082, respectively. The relationship between the wavelength and pixel index
can be fitted by polynomial [27]. In this paper, the third-order polynomial is selected for wavelength
calibration, and the fitted curve is shown in Fig. 2(b), whose wavelength range is 387-821 nm. Fig. 2(c)
is the spectral curve of the mercury lamp after wavelength calibration, in which the full width at half
maximum of the spectral line of 546.1 nm is about 3.5 nm.
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Figure 2. (a) The spectral image of mercury lamp captured by the CMOS-2 (the vertical axis is the
spectral axis; the horizontal axis is a spatial axis); (b) The relationship between the wavelength and
pixel index fitted by third-order polynomial; (¢) The spectral curve of the mercury lamp measured by
our homemade imaging spectrometer after wavelength calibration.
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3. RESULTS AND DISCUSSION

3.1. Spatial Consistency Verification and Imaging Test

By changing the voltage of galvanometer mirror to deflect at different angles to image the line regions at
different positions, the system can complete hyperspectral imaging. In order to understand the spatial
correspondence to different voltages, we image the checkerboard with our hyperspectral camera. The
two-dimensional spatial images are shown in Fig. 3(a), which are obtained by the y-direction movement
of the z-line scanning corresponding to the voltage range of 1.8-2.3V, 2.3-2.8V, 2.8-3.3V, 3.3-3.8 V.
As can be seen from Fig. 3(a), these four spatial images occupy 2.5 grids in the y-direction. In order
to quantify this spatial data, the intensity values of the corresponding pixel points are taken out at
the blue line position in Fig. 3(a) and drawn in Fig. 3(b). The pixel points occupied by the five white
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Figure 3. (a) The two-dimensional spatial images of the checkerboard, with the y-direction movement
corresponding to the voltage range of 1.8-2.3V, 2.3-2.8V, 2.8-3.3V, 3.3-3.8 V, are obtained by our
hyperspectral camera; (b) The intensity values of the corresponding pixel points of the blue line position
in Fig. 3(a); (c) Photo of the test scene; (d) Image of the test scene taken by the gray-scale camera; (e)

Hyperspectral cube image of the test scene taken by our hyperspectral camera; (f) Reflected spectra of
the four black-dot regions in Fig. 3(c).
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grids are 80, 80, 78, 78, 79 respectively from left to right, which shows that the spatial position of the
hyperspectral imaging system based on galvanometer mirror is basically consistent in different fields of
view, without shape distortion.

In order to verify the imaging capability of the system, including hyperspectral imaging and gray-
scale imaging, we image the test scene in Fig. 3(c) under sunlight. Fig. 3(d) is an image taken by the
conjugated camera, and Fig. 3(e) is a hyperspectral cube image captured by the hyperspectral camera,
which is obtained by rendering 200 spectral image sequences with the spectral module in Python. The
color of the two-dimensional spatial image in Fig. 3(d) is determined by the intensities at wavelengths
of 650 nm, 530 nm and 450 nm in the hyperspectral cube as the R, G, B components, which is consistent
with the color in Fig. 3(c). From the comparison of Fig. 3(d) and Fig. 3(e), we see that the field of
view of hyperspectral image is larger than that of gray-scale image, because the scanning field of view
corresponding to 1.8-3.8 V is larger than the field of view of gray-scale imaging camera.

The reflected spectra are extracted and plotted (Fig. 3(f)) for four regions in Fig. 3(c) (indicated
by black dots), which are standard white plate (STD-WS), red part on the apple, yellow and green
patterns on the carton. All the observed spectra show many hollows on the spectral line, especially at
760nm. This is because the scene is illuminated by sunlight, which gets partially absorbed by water
vapor and gas when the sunlight passes through the atmosphere [28,29]. The reflected spectra of the
three color dot regions have peaks in the corresponding color bands. All of the above shows the imaging
ability and spectral acquisition accuracy of our system.

3.2. Spectral Characteristics of Blood Oxygen in Human Hand

To study the spectral characteristics of blood oxygen in human hands, we image a real hand and a
printed photo of a human hand as an example of a fake hand. As shown in Fig. 4(a), a real human hand
is on the left and a printed photo of a human hand is on the right (as a fake hand). To eliminate the
unwanted influence due to different illuminations and detectors, the spectra were corrected with white
reference. The acquired raw spectra can be corrected with the following equation:

R,(\) — D
Ro(\) —D (1)

where R(A) is the reflectance spectrum; R,(\) is the raw spectrum reflected by the object; R, () is the
spectrum of the standard white plate; and D is the dark noise of the detectors.

We extract the reflectance spectra of the palm part in the hyperspectral cube and average it over
a small area centered at each spatial pixel. The averaged reflectance spectra of the real palm and
fake palm are shown in Fig. 4(b). The spectrum of the real palm shows a “W” shape in the band
of 500-600 nm, with absorption peaks at 540 nm and 576 nm. This is because oxygenated hemoglobin
(HbO3) in the blood absorbs strongly at 540 nm and 576 nm [30], resulting in a decrease in reflectivity.
The reflectivity peak bands of the printed fake palm are 440 nm, 520 nm and 650 nm, which correspond
to the blue, green and red respectively. This is because the printed fake palm is printed with a RGB
primary color ink. Through the above analysis, we can distinguish between real and fake hands using
spectral characterization and see the presence of HbOs.

In order to further study the blood oxygen absorption characteristics of human hand, the reflectance
spectrum is converted into the absorbance spectrum through the following equation:

A(A) = —lg(R(N)) (2)

where A()\) is the absorbance spectrum, and R(\) is the reflectance spectrum. Then the absorbance
spectra of the palm and finger were extracted and plotted in Fig. 4(c), showing prominent peaks at
540nm and 576 nm. In addition, there is also an absorption peak at about 420nm. This is the
characteristic absorption of hemoglobin and porphyrin complexes in the UV visible region [31], known
as the Soret band, which has blue shift or red shift depending on different binding substances. Fig. 4(c)
shows that the absorbance of finger region of the human hand in each absorption band of HbOs is greater
than that of palm region. This is because finger’s blood oxygen saturation can reach 98% (measured
with a blood oxygen meter in advance), while the palm’s blood oxygen saturation is lower than the
finger’s. We extracted the corresponding intensity image at 576 nm from the hyperspectral cube, and
calculated its absorbance intensity image through Equations (1) and (2). As shown in Fig. 4(d), the

R(\) =
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Figure 4. (a) Photo of a real human hand and a printed photo of a human hand (as a fake hand);
(b) Averaged reflectance spectra of the fake palm and real palm; (c¢) Absorbance spectra averaged over
a finger region and a palm region of the human hand; (d) Absorbance intensity image at the 576 nm
band.

numerical absorbance value of the palm region is smaller than that at the finger region. Hence, the
absorbance intensity at 576 nm can provide a qualitative assessment of the distribution of blood oxygen
concentration.

The above analysis is for oxygenated hemoglobin, which is the main existing state of hemoglobin in
human hands. Hemoglobin also has a state without bound oxygen, due to the aerobic consumption of
human tissue. The absorbance spectrum of such hemoglobin is distinct from oxygenated hemoglobin.
According to the data given in Reference [30], the molar extinction coefficient curves of hemoglobin and
oxygenated hemoglobin are drawn in Fig. 5(a). From the curve in Fig. 5(a), we can see that there are
absorption peaks at 416 nm, 540 nm, and 576 nm of oxygenated hemoglobin, which is consistent with our
above conclusion; the absorption peaks of hemoglobin are at 433 nm and 556 nm, and the wavelength
corresponding to the Soret band has a red shift compared with oxygenated hemoglobin. We imaged a
normal hand and a hand with poor blood circulation. The hand with poor blood circulation is achieved
by tightening a bandage on the wrist, and the blood oxygen in the hand will be exhausted after a certain
amount of time, and the spectral characteristics of the hand will be changed due to the reduction of
oxygenated hemoglobin to hemoglobin.
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Figure 5. (a) Molar extinction coefficient curves of hemoglobin and oxygenated hemoglobin; (b) RGB
rendering image of a normal hand; (¢) RGB rendering image of a hand with poor blood circulation; (d)
Absorbance spectrum of a normal hand; (e) Absorbance spectrum of a hand with poor blood circulation.

The hyperspectral rendered images of a normal hand and a hand with poor blood circulation are
shown in Figs. 5(b)—(c) (the white circular object is a standard white board). Figs. 5(d)—(e) show
the absorbance spectra of a normal hand and a hand with poor blood circulation, respectively. In
Fig. 5(d) the peaks of the absorbance spectrum of the normal hand are at 420 nm, 540 nm and 576 nm,
which are consistent with the peaks of molar extinction coefficient of oxygenated hemoglobin. The
peaks of the absorbance spectrum of the hand with poor blood circulation are 430 nm and 552 nm,
which are consistent with the peaks of molar extinction coefficient of hemoglobin. The above results
demonstrate that the spectral characteristics of the hand would change with the hemoglobin state when
the blood circulation of the hand is restricted. The comparison of Fig. 5(b) and Fig. 5(c) shows that
the color of the normal hand is different from that of the hand with poor blood circulation, and the
hand with poor blood circulation is darker. However, due to differences of skin color, it is difficult to
judge the blood circulation state of a hand directly through RGB imaging. By using the hyperspectral
imaging technology, the state of hemoglobin can be analyzed based on the spectral dimension, which
demonstrates the potential for the preliminary diagnosis of some vascular occlusive diseases.

3.3. Microscopic Hyperspectral Imaging for Algae

As mentioned in Section 2, the system can work in two hyperspectral imaging modes (macro imaging and
micro imaging). Here, we used the micro imaging with a 10x objective to observe five microalgae and
one macroalgae. We put five kinds of microalgae (Chaetoceros, Synechocystis, Chlorella, Phaeocystis
and Chlamydomonas reinhardtii; all their sizes are less than 10 um) into a glass dish and detected the
reflectance spectra. The RGB rendering images and the averaged reflectance spectra corresponding
to the five microalgae are shown in Figs. 6(a)—(j). It is difficult to distinguish the microalgae directly
by color in RGB images because of their small size and weak reflection. In contrast, their spectral
characteristics are different and can be classified. In general, the microscopic classification of microalgae
requires the observation of morphology by high magnification microscope (about 100x). However, when
our system is operated in the micro imaging mode, an objective with low magnification (instead of a
high magnification microscope) can be used to distinguish the microalgae according to the spectral
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Figure 6. (a) RGB rendering image of Chaetoceros; (b) Reflectance spectrum of Chaetoceros; (c)
RGB rendering image of Synechocystis; (d) Reflectance spectrum of Synechocystis; (e) RGB rendering
image of Chlorella; (f) Reflectance spectrum of Chlorella; (g) RGB rendering image of Phaeocystis;
(h) Reflectance spectrum of Phaeocystis; (i) RGB rendering image of Chlamydomonas reinhardtii; (j)
Reflectance spectrum of Chlamydomonas reinhardtii.
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Figure 7. (a) RGB rendering image of mixed microalgae; (b) Reflectance spectra averaged over the
blue circle region in Fig. 6(a); (c) Reflectance spectra averaged over the red circle region in Fig. 6(a).

information.

We mixed Phaeocystis and Chlamydomonas reinhardtii, put them into a glass dish, and obtained
their hyperspectral cube. The RGB rendering image of mixed microalgae is shown in Fig. 7(a). The
averaged reflectance spectra of microalgae corresponding to the blue and red circles in Fig. 7(a) are
plotted in Figs. 7(b)—(c). It is hard to distinguish the species of microalgae from their morphology
or color in Fig. 7(a). From the trend and absorption peak of spectral curve, using the spectral curve
obtained in Fig. 6, it can be determined that the microalgae corresponding to Fig. 7(b) is Phaeocystis,
and the microalgae corresponding to Fig. 7(c) is Chlamydomonas reinhardtii.

In addition, we also cultivated large Chlamydomonas reinhardtii (macroalgae, particle size is about
100 um) for microscopic hyperspectral imaging. The RGB rendering image is shown in Fig. 8(a). Due
to the large particle size, the color of macroalgae is obvious, and flagella can be observed. There are
some red scattering points which indicate the eyespot that falls off Chlamydomonas, as shown in the
red box in Fig. 8(a). The eyespot allows Chlamydomonas to swim towards the light for photosynthesis.
The reflectance spectra of the cell wall and eyespot of the macroalgae were extracted and normalized,
as shown in Fig. 8(b). The spectrum of eyespot is similar to that of cell wall, with absorption peak
at 660 nm and reflection peak at 525 nm, which is a characteristic of chlorophyll. The reflectance of
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Figure 8. (a) RGB rendering image of a large Chlamydomonas reinhardtii; (b) Normalized reflectance
spectra of the cell wall and eyespot of the large Chlamydomonas reinhardtii; (¢) Image showing the
locations of eyespots.

the eyespot at 575-625 nm region is higher than that of the cell wall, which is due to the presence of
red photosensitive protein in the eyespot. The intensity image of hyperspectral cube at 600 nm band
was extracted, and threshold segmentation and mathematical morphology processing are carried out, as
shown in Fig. 8(c). The red dot in Fig. 8(c) shows the locations of the eyespot. Through the appropriate
processing of hyperspectral cube, the position of eyespot can be accurately localized. Further spectral
analysis of Chlamydomonas could obtain more biologically specific information, such as the spectral
characteristics of photosensitive proteins in eyespots, which provides some supporting information for
the subsequent treatment of blindness.

4. CONCLUSION

In this paper, we have developed a compact hyperspectral system with no large moving parts by using
a galvanometer mirror to scan the field of view. The system has two channels, namely, the gray-scale
imaging and hyperspectral imaging. The cameras of the two channels are conjugated, and thus the
system can quickly locate the ROIs and get focused there by observing the gray-scale camera. The
system can successfully distinguish the real hand and fake hand, qualitatively obtain the distribution
of blood oxygen concentration, and distinguish the difference between the normal hand and the hand
with poor blood circulation. It shows the great potential application in the real or fake face recognition,
blood oxygen quantitative calculation and vascular disease detection.

We have also used a low magnification objective to replace the front imaging lens and a relay
lens. The whole system then functions as a microscope with higher dimensionality of information than
ordinary microscopes. By applying this system, we have obtained hyperspectral cubes of five different
kinds of microalgae and distinguished them by hyperspectral information without relying on morphology
or any high magnification objective. In addition, the hyperspectral imaging of large Chlamydomonas
reinhardtii has also been carried out, and the spectral characteristics of its eyespot and cell wall have
been analyzed.
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