Hyperspectral three-dimensional absorption imaging using snapshot optical

tomography

Cory Juntunen,' Andrew R. Abramczyk,! Isabel M. Woller,? and Yongjin Sung"[]

L College of Engineering and Applied Science, University of Wisconsin, Milwaukee, Wisconsin 53211, USA

2College of Health Sciences, University of Wisconsin, Milwaukee, Wisconsin 53211, USA
(Dated: April 1, 2022)

Hyperspectral imaging (HSI) records a series of two-dimensional (2D) images for different wave-
lengths to provide the chemical fingerprint at each pixel. Combining HSI with a tomographic data
acquisition method, we can obtain the chemical fingerprint of a sample at each point in three-
dimensional (3D) space. The so-called 3D HSI typically suffers from low imaging throughput due
to the requirement of scanning the wavelength and rotating the beam or sample. In this paper we
present an optical system which captures the entire four-dimensional (4D), i.e., 3D structure and 1D
spectrum, dataset of a sample with the same throughput of conventional HSI systems. Our system
works by combining snapshot projection optical tomography (SPOT) which collects multiple pro-
jection images with a single snapshot, and Fourier-transform spectroscopy (FTS) which results in
superior spectral resolution by collecting and processing a series of interferogram images. Using this
hyperspectral SPOT system we imaged the volumetric absorbance of dyed polystyrene microbeads,
oxygenated red blood cells (RBCs), and deoxygenated RBCs. The 4D optical system demonstrated
in this paper provides a new tool for high-throughput chemical imaging of complex microscopic

specimens.

I. INTRODUCTION

Hyperspectral imaging is a key technique which is com-
monly used to interrogate samples and extract important
information from the spectra. This information can be
used to detect multiple fluorescent probes, indicating a
disease or a harmful strain of bacteria. Hyperspectral
imaging can also be used to measure the amount of light
a sample absorbs, which is known as absorption spec-
troscopy. Absorption spectroscopy is one of the most
widely used techniques for analytical chemistry[I]. For a
homogeneous sample with known thickness (e.g., solution
in a cuvette), the ratio of incident to transmitted light
intensity is measured for varying wavelengths. The ab-
sorption spectrum can provide the types and concentra-
tions of various atoms and molecules in the sample. For
a sample that is homogeneous along the light propaga-
tion direction but heterogeneous in the transverse direc-
tions, hyperspectral imaging can provide the absorption
spectrum at each pixel in the two-dimensional (2D) im-
age. This, however, requires the thickness at each pixel
is given or measured with complementary methods such
as atomic force microscopy[2]. Various efforts have been
made to increase the speed of hyperspectral imaging at
the cost of spectral resolution[3] 4]. Snapshot hyperspec-
tral imaging has also been demonstrated using various
methods such as a computer-generated hologram|[5] or a
coded aperture[6]. For a sample heterogeneous along all
three dimensions, hyperspectral three-dimensional (3D)
imaging is necessary. To obtain the absorption spectrum
at each voxel within the sample’s volume, 3D imaging can
be performed while changing the wavelength of the inci-
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dent light, which provides a four-dimensional (4D) data
cube. For 3D imaging, a series of 2D images, called pro-
jection images, is typically recorded while rotating the
sample (sample-rotation tomography) or varying the an-
gle of the incident beam onto the sample (beam-rotation
tomography)[7]. The 3D absorption map at the selected
wavelength can be calculated by applying a tomographic
reconstruction algorithm to the projection images. This
tomographic measurement of 3D absorption coefficient
inside the sample’s volume is distinguished from the to-
pographic reflectance measurement on a 3D surface, for
which various other methods are available such as light
field imaging and time of flight imaging[8]. To obtain the
4D (3D structure and 1D spectrum) data cube, the 3D
measurement can be repeated while varying the wave-
length using a tunable filter. When a high spectral reso-
lution is required, Fourier transform spectroscopy (FTS)
is preferred, which obtains the spectrum of interrogated
light from a series of interferograms recorded for vary-
ing optical path differences (OPDs)[9]. Hyperspectral 3D
absorption imaging has been demonstrated by combining
FTS with sample-rotation tomography in the infrared [10]
and X-ray wavelength ranges[I1]. In the visible wave-
length range, a wavelength-scanning laser has been com-
bined with beam-rotation tomography[12]. Additionally,
studies have demonstrated spectroscopic optical coher-
ence tomography to exhibit depth-resolved attenuation
coefficient, the sum of absorption coefficient and scatter-
ing coefficient, for various wavelengths[I3] 14].

Although hyperspectral 3D absorption imaging can
provide the abundant structural and chemical infor-
mation of a specimen, its adoption as a common in-
spection tool has been hampered due to the extremely
low imaging throughput. The low imaging through-
put is due to the need for scanning mechanisms for
both changing the wavelength and obtaining the 3D im-
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age using sample rotation or beam rotation. The to-
tal data acquisition time to record the 4D data cube
can take several hours for sample-rotation tomography
and several tens of minutes for beam-rotation tomogra-
phy. Various methods have been demonstrated to col-
lect the projection images in a single snapshot at the
cost of spatial resolution[I5H20]. The so-called snap-
shot optical tomography opens new opportunities for
high-throughput multi-dimensional imaging. Extend-
ing our recent demonstration of snapshot absorption
tomography[20], here we demonstrate hyperspectral 3D
absorption imaging with moderate spatial resolution (1.3
pum), high spectral resolution (5 nm), and fast data ac-
quisition speed (40 seconds for the entire 4D data cube).

II. SNAPSHOT OPTICAL TOMOGRAPHY FOR
HYPERSPECTRAL 3D ABSORPTION IMAGING

A. System design

The instrument developed in this study consists of
three parts: an illumination module, a SPOT system,
and an FTS module. The illumination module was de-
signed to generate focused light at the sample plane with
a large convergence angle so that the sample is illumi-
nated from all different directions. The SPOT system
captures the light rays propagating along different direc-
tions to create a 2D array of projection images. The FTS
module is used to obtain the spectrum at every point of
the projection images. Figure 1(a) shows a schematic di-
agram of the illumination module. For the light source
(LS), we used a high-power light emitting diode (Thor-
labs, SOLIS-3C). The broadband light from the LS is fed
to the illumination module using a liquid light guide (3
mm core diameter), which is focused onto the pinhole (P)
with diameter of 600 pm using two achromats L1 and L2.
The light after the pinhole is refocused onto the sample
plane (SP) using the achromat L3 (f = 100 mm) and the
oil-immersion condenser lens CL (Nikon, 1.4 NA). Figure
1(b) shows a schematic diagram of the SPOT system and
the FTS module. A high-NA, oil-immersion objective
lens (Nikon, Plan Apo VC 60X, 1.4 NA), OL, was used
to record high-angle projection images. A micro-lens ar-
ray (RPC Photonics, S600-f28), MLA, with the pitch of
600 nm and the focal length of 16.8 mm was placed in a 4-
f telecentric configuration with the OL. Between the OL
and MLA, two relay lenses (not shown) with the demag-
nification of 2.5 times were inserted. For this design, 6 x 6
projection images were formed at the intermediate image
plane, IIP1, i.e., the back focal plane of the MLA. Two
achromatic lenses (L4 and L5) relayed the images from
ITP1 to ITP2 and IIP3 through the beam splitter (BS) and
with the magnification of 3.125. An iris diaphragm was
inserted between L4 and L5, which served as the aper-
tures stop for all the projection images. Another pair of
achromats (L6 and L7) of the same focal length relayed
the images from IIP2 and IIP3 to the image plane (IP),

where the camera was located. For the FTS module,
we tested both a plate beam splitter and a cube beam
splitter. The chromatic aberration was less with the plate
beam splitter; however, the interference fringes due to the
plate surfaces made it difficult to choose. The lenses in
the illumination module, the SPOT system, and the FTS
module are achromats. All the lens pairs were arranged
in 4-f telecentric configurations. Noteworthy, the FTS
module was inserted between L4 and L7, so that a colli-
mated beam incident onto the SP remains collimated as it
propagates through the beam splitter; thereby, the chro-
matic aberration can be minimized. The mirror M1 was
mounted on a translation stage (Physik Instrumente, P-
721.CDQ) with the travel range of 100 pm, the resolution
of 0.7 nm, and the repeatability of £5 nm. The stage was
controlled in a closed loop using a capacitive sensor and a
digital piezo controller (Physik Instrumente, E-709.CR).
To record the images, we used a scientific complementary
metal-oxide-semiconductor (sCMOS) camera (pco.edge
5.5) with the pixel size of 6.5 ym. For this design, the
overall magnification was 39, the field of view 48 um, and
the pixel resolution 0.16 ym. The lenslet NA was 0.22,
and the diffraction limit was 1.3 pm for the wavelength
of 600 nm.

B. Sample preparation

For the demonstration of imaging performance, we im-
aged 6 pm blue- and red-dyed polystyrene beads (Poly-
sciences, 15715-5, 15714-5). A drop of undiluted bead
solution was spread on a microscope slide (1 mm thick-
ness) and covered with a No. 1 glass coverslip. The cov-
erslip was fixed to the microscope slide with tape. For
imaging single red blood cells (RBCs), a drop of blood
was obtained from a healthy adult donor and mixed in a
1.5-mL tube with 1 mL of 1x phosphate-buffered saline
(PBS; Corning, 21-040-CV) without calcium and mag-
nesium. For oxygenated RBCs, 20 pL of blood solution
was pipetted out from the tube, spread on a microscope
slide, and covered with a No. 1 glass coverslip. For de-
oxygenated RBCs, 200 L of blood solution was mixed
in a 1.5-mL tube with the same volume of 2 % sodium
metabisulfite (Sigma, 799343-500G) solution (dissolved
in distilled water). Then, 20 pL of the mixed solution
was pipetted out from the tube, spread on a microscope
slide, and covered with a No. 1 glass coverslip. The
experimental protocol using human blood was approved
by the Institutional Review Board at the University of
Wisconsin-Milwaukee.

C. Data acquisition

For the observation, we mounted the sample on the
translation stage of the microscope, then adjusted the
objective focus using one of the projection images near
the center. The axial position of the condenser lens was
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FIG. 1. Schematic diagram of the system developed in this study. (a) Illumination module, and (b) hyperspectral SPOT
system. LS: light source; L1-L7: lenses; M1, M2: mirrors, OL: objective lens; MLA: micro-lens array; TL: tube lens; BS: beam
splitter; AS: aperture stop; SP: sample plane; ITP1, ITP2: intermediate image planes; and IP: image plane. Two emission beam
paths are traced from a point-like emitter at the sample plane to the image plane.

adjusted to have the sample located in the center in all
the projection images. The exact location of the con-
denser lens is not critical, as the projection images are
co-registered in the data processing step. For FTS, two
copies of the projection images formed at ITP2 and IIP3
need to overlap on the camera, for which the orienta-
tions of the mirrors M1 and M2 were adjusted. After
the initial alignment, the scanning mirror M1 was axi-
ally moved to the center of travel range. Then, the axial
position of the mirror M2 was manually moved to the
zero-OPD position while monitoring the image intensity
on the camera; the intensity is the highest when M2 is
at the zero-OPD position. For each sample, 1000 inter-
ferogram images were acquired with the step size of 50
nm; the total travel range was 50 pym, which corresponds
to the OPD of 100 pm. The images were recorded in a
global shutter mode with the camera exposure time of 0.5
msec and the dynamic range of 16 bit. The total data ac-
quisition time was about 40 seconds. We used LabVIEW
(National Instruments, version 15) for synchronous con-
trol of the translation stage and the camera. The stack
of images shown in Figure 2(a) represents the raw inter-
ferogram images recorded for varying OPDs. One of the
interferogram images consisting of 32 projection images
is shown as an example, which was acquired for a 6 pm

blue-dyed bead. One of the projection images is mag-
nified and shown on the right. Figure 2(b) shows the
detector counts for varying OPDs at two locations in the
magnified image: (i) one within the bead region and (ii)
the other in the background region.

D. Data processing

The raw interferogram images were first processed with
the FTS data processing as follows. The translation stage
positions recorded during data acquisition are loaded
along with the interferogram images of the projection
images, which are saved into arrays as interferograms
at each pixel. The interferograms are shifted along the
stage coordinate axis so that the peak of the envelope
of the interferogram is at the center. The interfero-
grams are detrended and apodized with the Norton-Beer
medium apodization function[9]. The Fourier transform
is computed by the non-uniform fast Fourier transform
(NUFFT) function[2I], resulting in the spectral inten-
sity of the sample projection images at selected wave-
lengths. Figure 3(a) shows a stack of spectral images,
each of which consists of 32 projection images. One of
the spectral images at 600 nm is shown in Figure 3(a)



Detector count
N

1
-100 -50 0 50 100

Optical path difference (um)

Detector count
w B [6)]

N

1
-100 -50 0 50 100
Optical path difference (1zm)

FIG. 2. Example raw images acquired with the developed system. (a) An example interferogram image (i) acquired for a 6 pm
blue-dyed bead, which consists of a multitude of projection images. One of the projection images is magnified and shown on
the right (ii). Scale bar: 5 um. (b) Example interferograms at the center of bead (i) and the background region (ii).

(i) and a magnified image is shown in (ii) as an example.
These images were obtained by applying the FTS data
processing to the data shown in Figure 2(a). One of the
projection images is magnified and shown on the right.
Figure 3(b) shows the fluorescence emission spectra mea-
sured at the same two locations in the magnified image:
(i) one within the bead region and (ii) the other in the
background region.

The grid of projection images is automatically detected
using a threshold to find a binary mask, then using
a built-in circle finding algorithm of MATLAB (Math-
works, Inc., version R2021a) to find the inner illumina-
tion regions. The oval outer illumination regions are
found by extrapolating the average distances between
the inner illumination regions. These images are co-
registered automatically using a built-in MATLAB func-
tion for the intensity-based image registration. The pro-
jection images are then normalized with the background
images by elementwise division at each pixel. These nor-
malized projection images are detrended and deblurred
using Richardson-Lucy deconvolution implemented as a
built-in MATLAB function. The viewing angle of each
projection image can be calculated from its location in
the array and the focal length of the objective lens. The
2D Fourier-transform of each projection image is found
using the 2D fast Fourier transform. The Fourier trans-
forms of the projection images are mapped onto their
corresponding planes resulting in a 3D array. After reg-

ularization using the positivity constraint[22], the 3D in-
verse Fourier transform is performed, which results in a
3D absorption map. More detailed explanation of the re-
construction process and related theory can be found in
our recent paper|20]. This process is repeated, providing
the 3D absorption profile for each wavelength.

III. RESULTS AND DISCUSSION

Using the developed system, we imaged blue and red-
dyed polystyrene beads of 6 pum diameter. Figure 4 shows
an example of tomographic reconstruction: a horizontal
(a) and vertical (b) cross section of the 3D absorption
map for the bead at 600 nm, as well as 2D cross sec-
tional slices at 0.85 pm intervals (c¢) from the 3D re-
constructed image. The horizontal cross section shows
a uniform distribution of absorption coefficient within
most of the bead region. The value slightly decreases
at the boundary due to the moderate spatial resolution
(1.3 pm). The bead is shown shrunk along the optical
axis direction (Z) due to the regularization, which was
necessary to mitigate the missing-cone artefact originat-
ing from the limited angular coverage. The missing-cone
artefact of beam-rotation tomography and the regular-
ization to suppress it has been extensively studied[23].
Figure 5(a) shows the measured absorption spectra of
the blue- and red-dyed beads in the wavelength range of
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FIG. 3. Fourier-transform spectroscopy (FTS) data processing. (a) An example absorption image (i) at the wavelength of 600
nm, which was reconstructed from the raw interferogram images in Fig. 2(a). One of the projection images is magnified and
shown on the right (ii). Scale bar: 5 um. (b) Example spectra at the center of bead (i) and the background region (ii).

450 — 700 nm at 10 nm wavelength steps. The sample
size was 5 for each bead type. In Figure 5(a) and 5(b),
the centerline is the mean, and the shaded band repre-
sents the standard deviation. The shapes of the curves
match well with our previous measurements on similar
dyed beads (Phosphorex, 1010KB and 1010KR), which
were acquired using beam-rotation tomography in tan-
dem with a wavelength-scanning laser source.

To demonstrate the potential for imaging biological
samples, we imaged single RBCs with the developed op-
tical system. Figure 5(b) shows the absorption spectra of
oxygenated and deoxygenated RBCs for the same wave-
length range of 450 — 700 nm. The wavelength step size
was reduced to 5 nm to capture the characteristic peaks
of the absorption spectra. The sample size was 3 for the
oxygenated RBC case and 6 for the deoxygenated RBC
case. For oxygenated RBCs, the hemoglobin Q bands
are clearly seen at 540 and 575 nm. The absorption coef-
ficients at the observed peaks are 22.06 4 8.88 mm™!
at 540 nm and 25.07 &+ 5.45 mm~! at 575 nm. For
deoxygenated RBCs, the two bands are fused to form
one peak at 555 nm, at which the absorption coefficient
is 22.80 £ 7.39 mm~'. In our previous study[l2], the
absorbance peaks representing the hemoglobin Q bands
for the oxygenated RBCs were also observed at 540 nm
and 575 nm and the single fused peak of 555 nm for
the deoxygenated RBC. The measured absorption co-

efficients are lower than the values that we previously
obtained using beam-rotation tomography. The differ-
ence may be attributed to the small number of projec-
tion images (32 instead of 200), a biological variation, or
both. Importantly, the method we demonstrate in this
paper has much higher throughput (40 seconds instead
of about 20 minutes) while providing the same informa-
tion. This massive improvement in throughput is enabled
by collecting the projection images in a single snapshot.
The speed is limited by the FTS system, specifically cap-
turing 1000 interferogram images to achieve high spec-
tral resolution. Noteworthy, we have shown that deep
learning can greatly reduce the interferogram sampling
in FTS[24]. This leaves the potential for further increas-
ing the throughput of the developed system, which is left
for our future work.

In this work, we have demonstrated high-throughput
hyperspectral 3D absorption imaging by combining snap-
shot optical tomography with FTS. Built upon our
recent demonstration of hyperspectral 3D fluorescence
imaging[24], this work is enabled by using a specially-
designed trans-illumination module for snapshot absorp-
tion imaging[20]. To minimize chromatic aberration, we
have adopted achromats for all the lenses except for the
MLA and changed the location of FTS module in the
imaging beam path. Using the developed system, we im-
aged dyed microspheres of 6 pm diameter. Although the
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FIG. 5. Absorption coefficient of dyed beads and RBCs. (a) Absorption spectra of the blue- and red-dyed beads, and (b)
absorption spectra of the oxygenated- and deoxygenated-RBCs (labeled as SMB).

spatial resolution was moderate, we were able to recon-
struct the beads’ horizontal and vertical cross sections
with the accuracy similar to that of beam-rotation to-
mography. Further, we also demonstrated that we could
reconstruct and distinguish the absorbance between oxy-
genated and deoxygenated RBCs, allowing the potential
for this system to be used for other biological specimens
also without dyes.

Hyperspectral imaging allows visualization of multiple
biological markers within a single tissue specimen [25H27].
It has also been shown to provide higher sensitivity and
specificity than conventional three-color (RGB) imaging
in the histopathological analysis of samples and disease
detection[28] [29]. Hyperspectral imaging in the infrared
range has been used for various applications such as clas-
sification and quantification of the type and amount of
lipids in a biofuel-producing algae cell[30], or classifying

and quantifying microplastics found in drinking water,
which is a growing topic of concern|31H33]. Hyperspec-
tral 3D absorption imaging demonstrated here allows ac-
cess to each voxel in the 3D volume. This additional
dimension of information allows for more accurate classi-
fication and quantification of complex, nonhomogeneous
specimens at micrometer scales. With the unprecedented
throughput of the demonstrated system, acquiring the
4D data cube is now feasible for many applications, in
which the sample can rapidly change the morphology or
chemical composition, and thus must be imaged in a cer-
tain time window.



IV. CONCLUSION

In this paper, we have developed an optical system
combining SPOT and FTS which has the capability of
measuring the 3D structural and chemical information
of a sample with high throughput and specificity. The
hyperspectral SPOT system was demonstrated by imag-
ing dyed microspheres and oxygenated and deoxygenated
red blood cells (RBCs). The results obtained with the
new high-throughput system matched previously pub-
lished data obtained with a wavelength-scanning laser
and beam rotation tomography. The combination of un-
precedented tomographic throughput of SPOT and supe-
rior spectral resolution of FTS gives potential for this de-
veloped system to be used for many applications includ-

ing absorbance based chemical analysis, unstained bio-
logical samples, or samples dyed with fluorescent probes.
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