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Spectroscopic Microtomography in the Visible Wavelength Range
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We demonstrate spectroscopic microtomography in the visible wavelength range (450–700 nm) using
digital holographic tomography, a wavelength-scanning source, and a variable-optical-path-length strat-
egy. This multidimensional imaging system can directly measure the absorption-coefficient and refractive-
index spectra of a three-dimensional specimen. We apply the system developed to characterize three types
of polystyrene beads (undyed, blue dyed, and red dyed) as well as oxygenated and deoxygenated single
red blood cells.
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I. INTRODUCTION

Spectroscopic microtomography measures a four-
dimensional hyperspectral data cube, the absorption spec-
trum at each voxel within a three-dimensional microscopic
specimen. Numerous spectroscopic techniques can provide
the total attenuation by or absorbance of a specimen in
the visible wavelength range. However, only a few have
depth-sectioning capability. For example, spectroscopic
optical coherence tomography uses coherence gating to
resolve depth and has been applied to in vivo functional
imaging [1,2]. Confocal light absorption and scattering
spectroscopic microscopy detects and characterizes small
structures beyond the diffraction limit [3]. Spectroscopic
microtomography has also been demonstrated in the x-
ray [4,5] and infrared [6,7] ranges with use of synchrotron
radiation [5,6] and recently with tabletop sources [4,4]. X-
ray imaging can provide the electronic structure of a speci-
men with high spatial resolution, whereas infrared imaging
can reveal rich molecular fingerprints of a specimen by
exciting numerous vibrational modes.

Here we demonstrate spectroscopic microtomogra-
phy in the visible wavelength range (450–700 nm)
using digital holographic tomography (DHT) together
with a wavelength-scanning source and a variable-
optical-path-length strategy. DHT typically measures the
three-dimensional refractive-index map of a transparent
specimen by scanning the illumination angle, rotating the
sample, or scanning the objective-lens focus [8–13]. For
the demonstration, Shack-Hartmann sensors [13], interfer-
ometers [8–11], and transport-of-intensity methods [12]
have been used. Several efforts have recently been made
to perform DHT at multiple wavelengths [14,15]. Of
note, previous work focused on measuring the refractive
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index of a specimen using only the phase information,
while the absorption information is discarded or used
only for numerical propagation of the measured light
field. The refractive index and the absorption constant
can be calculated from the real part and the imaginary
part, respectively, of the susceptibility, which is causal.
Thus, they are related by the Kramers-Kronig relations;
one spectrum measured over a sufficiently broad range
determines the other spectrum. With use of these relations,
the refractive-index spectrum of hemoglobin solution was
estimated from a measured absorption spectrum [16–18].
Here we directly measure the four-dimensional absorp-
tion and refractive-index maps without relying on the
Kramers-Kronig relations.

II. METHODS

We build a visible spectroscopic microtomography sys-
tem on an off-axis Mach-Zehnder interferometer, which
has been widely used for digital holographic imaging [19].
Figure 1(a) shows a schematic diagram of the setup. For
the light source, we use a supercontinuum laser (NKT
Photonics, WL SC400-4) coupled with a tunable filter
(NKT Photonics, LLTF-VIS). After the tunable filter, there
is single-mode laser light at a selected wavelength in
the range from 400 to 1000 nm and with a bandwidth
(FWHM) of 1.0–2.5 nm. The laser beam is collimated with
use of an objective lens (Mitutoyo, ×10 M Plan APO)
and then split by beam splitter BS1 into two beams: one
passing through the sample, and thus called the “sam-
ple beam,” and the other, called the “reference beam,”
propagating in the free space. For the condenser and objec-
tive lenses, we use the same ×100, 1.3-numerical-aperture
lenses (Olympus, UPlanFl). The reference beam is com-
bined with the sample beam after beam splitter BS2. BS2
is slightly rotated to tilt the reference beam with respect
to the sample beam and generate an interferogram with
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(a)
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FIG. 1. Spectroscopic microtomography using DHT. (a) The
setup. (b) Parameter setting for different wavelengths: (i) mir-
ror position in the reference arm for variable optical path length
(VOPL), (ii) exposure time normalized by the value for 632 nm,
and (iii) magnification change. BS1, BS2, and BS3, beam split-
ters; CL, condenser lens; DGM, dual-axis galvanometer mirror;
F, optical fiber; L1 and L2, lenses; M1, mirror; OL, objective
lens; SCL, supercontinuum laser; TBPF, tunable bandpass filter;
TL: tube lens

straight fringes [19]. For each wavelength, we record 200
images for various angles of incidence onto the sample.
The angle of incidence is changed with two galvanometer
scanners (Cambridge Technology, 8310KM60) installed at
intermediate image planes. The maximum angle of inci-
dence is 50◦ with respect to the optical axis. With variation
of the angle of incidence, the direction and spacing of the
interference fringes changes in the recorded raw images.
For hyperspectral imaging, the wavelength is scanned
from 450 to 700 nm with a 5-nm step size. We record
the images using a 14-bit charge-coupled-device camera
(Allied Vision, Pike F-421B) with 2048 × 2048 pixels of
7.4-μm pixel size. The pixel resolution is 0.067 μm, and
the largest field of view is 136 × 136 μm2. The imaging
resolution of DHT has been well characterized [14]; it is
twice the coherent diffraction limit (i.e., about 0.2 μm in
the transverse plane and 0.4 μm in the vertical plane, with
the exact value depending on the wavelength).

Using a Michelson interferometer, we measure the
coherence length of the laser light after the tunable filter,
which is about 20 μm at 632 nm. With a Mach-Zehnder
interferometer, the current design requires the optical-path
difference between sample and reference arms to be less

than the coherence length. As the sample beam and the ref-
erence beam propagate through different optical elements,
their optical path lengths vary differently as the wavelength
is scanned. To compensate for this difference, the reference
arm is made to have variable optical path length with use of
beam splitter BS3 and mirror M1 mounted on a motorized
stage (Thorlabs, MTS50-Z8). With use of the motorized
stage with 50-mm travel range and 1.6-μm bidirectional
repeatability, high fringe visibility can be achieved for all
the measured wavelengths. The position of M1 providing
the highest fringe visibility at a wavelength of 632 nm is
found by our moving the mirror across the entire travel
range. Then mirror M1 is moved from −0.2 to 1.2 mm as
the wavelength is scanned from 450 to 700 nm as shown in
Fig. 1(b)(i). The laser power at the fiber end as well as the
transmittance of optical components varies with the wave-
length. To maximize the signal strength while preventing
pixel saturation, we adjust the camera exposure time as
shown in Fig. 1(b)(ii). Because of the chromatic aberra-
tion, the imaging magnification slightly changes as the
wavelength is scanned. Figure 1(b)(iii) shows the magnifi-
cation change, which is estimated with use of the projected
area of the bead. We use LabVIEW (National Instruments,
version 15) for synchronous control of the tunable filter,
the two galvanometer mirrors, the motorized stage in the
reference arm, and the camera. For each specimen, we
acquire 10 200 interferograms (51 wavelength steps and
200 images for each wavelength), which takes about 15
min without optimization. The camera frame rate lim-
its the data-acquisition speed of the current system. The
data-acquisition speed can be significantly increased with
use of a complementary-metal-oxide-semiconductor cam-
era [20]. Before the experiment, we acquire one set of
background images, (i.e., the images without the sample in
the field of view). The background images are subtracted
from the sample images acquired later to compensate for
nonuniform illumination and optical aberration.

Polystyrene beads (undyed, blue dyed, and red dyed) of
10-μm diameter were purchased from Phosphorex (118,
1010KB, and 1010KR). Index-matching liquid of refrac-
tive index 1.560 (at 589.3 nm and 25◦) was purchased from
Cargille (1809X). The refractive-index dispersion curve
for the liquid was provided by the manufacturer and used
in the data processing. The transmittance, also provided by
the manufacturer, was 100% for all the measured wave-
lengths and the sample thickness. For imaging single red
blood cells (RBCs), a drop of blood is obtained from a
healthy adult donor and mixed in a 1.5-ml tube with 1 ml of
1× phosphate-buffered saline (PBS; Corning, 21-040-CV)
without calcium and magnesium. For oxygenated RBCs,
20 μl of blood solution is pipetted out from the tube, mixed
with the same volume of PBS on a glass coverslip, and
covered with another coverslip. The deoxygenated RBC
sample is prepared similarly except PBS is replaced with
2% sodium metabisulfite (Sigma, 799343-500G) dissolved
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FIG. 2. Data processing in DHT. (a)
The coordinate system (i) used for the
analysis and an example raw image
(ii) of a 10-μm blue-dyed polystyrene
bead at 600-nm wavelength. Enlarged
images of two regions in (ii) are
shown in (iii) and (iv). (b) The com-
plex scattered field—that is, the ampli-
tude (i) and phase (ii)—extracted from
the interferogram. (c) Mapping of
the complex scattered field onto the
Ewald sphere, which is shown as
solid lines. (U, V, W) are the spatial-
frequency components corresponding
to (X , Y, Z), where X and Y are the
transverse coordinates in the sample
space and Z represents the optical axis.

in distilled water [21]. The experimental protocol using
human blood was approved by the Institutional Review
Board at the University of Wisconsin-Milwaukee.

Figure 2(a) shows an example raw image of a blue-dyed
polystyrene bead at 600-nm wavelength. The two regions
in the field of view, magnified on the right, show that the
sample-induced phase alteration modulates the fringe pat-
tern. The change in image intensity can be related to the
sample’s absorption, although it is not clearly seen in the
raw interferogram. Figure 2(b) shows the amplitude (i)
and phase (ii) images extracted from the raw interfero-
gram with a standard fringe-analysis technique [19]. The
amplitude image is contaminated with speckle noise; how-
ever, it clearly shows highly nonuniform absorption by
the blue-dyed bead. The phase image, on the other hand,
shows smooth phase variation, which is proportional to
the bead’s surface profile. The other raw interferograms
are similarly processed to generate the amplitude and
phase images corresponding to different viewing angles
and wavelengths. The scalar diffraction theory simplified
with the first-order Born or Rytov approximation [22]
relates the measured scattered field to the object’s scatter-
ing potential. The first-order Born approximation is more
appropriate when the sample is thin, whereas the first-order
Rytov approximation is more accurate when the sample is
thick but the refractive-index jump at discrete boundaries
is small [14]. This condition is fulfilled in all our imag-
ing experiments; the maximum refractive-index contrast is
about 0.03 for the real part and 0.002 for the imaginary
part. For each wavelength, the complex scattered fields
(i.e., the amplitude and phase images) are mapped onto the
Ewald sphere in the three-dimensional spatial-frequency
space [22]. For example, the solid line in Fig. 2(c) rep-
resents the boundary of the Ewald sphere, onto which the
complex scattered field, Fig. 2(b), corresponding to zero
incidence angle is mapped. The gray region in Fig. 2(c)

represents the support of the object’s three-dimensional
spatial-frequency spectrum after the mapping is complete.
The three-dimensional inverse Fourier transform of the
spatial-frequency spectrum provides the object’s scatter-
ing potential, and thus the complex-refractive-index map
in three dimensions. The real part of the complex refractive
index is simply called the “refractive index,” and the imag-
inary part is called the “absorption constant” k. The absorp-
tion constant can be converted to the absorption coefficient
μa, which is widely used in absorption spectroscopy, by
μa = (4π/λ)k. Because of the finite numerical aperture of
the lenses, angle-scan tomography does not sample some
spatial-frequency components near the origin of the coor-
dinates. The missing-cone region, which is also seen in
Fig. 2(c), distorts the image along the axial direction and
underestimates the refractive index. Several regularization
techniques (see, e.g., Refs. [23–26]), have been proposed
to alleviate this problem. Full recovery of the missing-
cone region is still a challenging and important task for
future studies. This contrasts with well-studied missing-
angle problems where the angular spectrum is uniformly
undersampled [27,28].

III. RESULTS AND DISCUSSION

Using the spectroscopic microtomography system, we
image three types of polystyrene beads (undyed, blue dyed,
and red dyed) and single RBCs (oxygenated and deoxy-
genated) in the wavelength range from 450 to 700 nm.
Figure 3 compares the refractive-index [Fig. 3(a)] and the
absorption-constant [Fig. 3(b)] tomograms of a blue-dyed
bead at two different wavelengths: 450 and 600 nm. As
expected, the bead exhibits different refractive-index val-
ues at the two wavelengths, while strong absorption is
observed only at 600 nm, one of the absorption peaks.
The distribution of the refractive index within the bead
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(a)

(b)

FIG. 3. Example tomographic
reconstruction of a 10-μm blue-
dyed polystyrene bead: the real
(a) and imaginary (b) parts of the
complex-valued refractive index.
In (a),(b), multiple horizontal cross
sections at 2-μm interval are
shown in (i), and (ii) and (iii) show
the center cross sections at 450 nm
and 600 nm, respectively.

is uniform, whereas that of the absorption constant is
nonuniform, possibly due to the laser speckle noise and
heterogeneous distribution of the dye. In DHT, absorption
measurement is more sensitive to laser speckle noise than
the phase measurement. This may be because the absorp-
tion is directly extracted from the intensity of the raw
interferogram, whereas the phase information is obtained
from the fringe distortion. Figure 4(a) compares the prob-
ability density of the refractive index within the center
cross section for different wavelengths (450, 520, and 600
nm) and different types of beads (undyed, blue dyed, and
red dyed) . The regularization algorithm increases the
accuracy of refractive-index measurement [23]; thus, the
peak position or the average refractive index is accurate.
The FWHM of each peak is, however, as broad as 0.01,

which is attributed to the remaining missing-cone artifact.
Figure 4(b) compares the probability density of the absorp-
tion constant for the different wavelengths and bead types.
The absorption constant is on the order of 0.001, which is
much smaller than the refractive index. Despite different
widths, each probability-density distribution has a distinct
peak, which is shifted to the right when the bead absorbs
light of a specific wavelength.

Figure 5(a) compares the refractive index for the three
types of beads in the wavelength range from 450 to 700
nm. For each bead type, we measure five beads. The graph
shows the mean value, with the error bar representing
one standard deviation. Figure 5(b) compares the absorp-
tion coefficients, with the shaded bands representing one
standard deviation. The standard deviation is nonuniform

(a)

(b)

FIG. 4. Probability density
of refractive index (a) and
absorption constant (b) within
the reconstructed bead. The
results for undyed, blue-dyed,
and red-dyed polystyrene beads
are shown in (i), (ii), and
(iii), respectively. Each graph
compares the distributions for
three different wavelengths:
450, 520, and 600 nm.
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(a) (b)

FIG. 5. Spectroscopic microtomography of three types of
polystyrene beads (undyed, blue dyed, and red dyed): (a) refrac-
tive index and (b) absorption coefficient.

across the wavelengths, which may be attributed to the
variation of the laser power and the fringe visibility at
different wavelengths. In Fig. 5(a), the refractive-index
profile for undyed beads matches well with the refractive-
index dispersion of bulk polystyrene [29]. The refractive-
index profiles for blue-dyed and red-dyed beads slightly
deviate from the refractive-index profile for undyed beads
due to the absorption peaks seen in Fig. 5(b). The
absorption-coefficient distributions are significantly differ-
ent from each other and well represent the characteris-
tics of dyes. The blue-dyed beads have two absorption
peaks: 43 ± 7 mm−1 at 605 nm and 50 ± 8 mm−1 at
650 nm. The red-dyed beads have one absorption peak:
70 ± 9 mm−1 at 520 nm. The exact dye types are unknown
(bead-manufacturer proprietary information).

Figure 6(a) compares the refractive index of 11 oxy-
genated and six deoxygenated single RBCs in the wave-
length range from 450 to 700 nm. The refractive index
is shown as the increment from the value at 700 nm.

(a) (b)

FIG. 6. Spectroscopic microtomography of oxygenated and
deoxygenated single RBCs: (a) refractive-index increment with
respect to the value at 700 nm and (b) absorption coeffi-
cient. “Normal” refers to the oxygenated RBCs, “SMB” refers
the RBCs deoxygenated with sodium metabisulfite, and “back-
ground” refers to the value in the medium. The scale bar in (a) is
5 μm.

For oxygenated RBCs, the refractive-index profile shows
small peaks near 545 nm and at 580 nm, which were also
observed for oxygenated hemoglobin solutions [2,16–18].
The refractive index of oxygenated RBCs decreases by
0.011 ± 0.003 as the wavelength increases from 450 to 700
nm. The amount of increase is comparable to some of the
previously reported values (e.g., 0.004 [16] and 0.018 [17])
but is significantly greater than another previously reported
value (0.001 [18]). In the deoxygenated (with sodium
metabisulfite) group, we observe two types of cells with
distinct morphology: spheroidal and flat. The refractive-
index increment matches well with the previous results
obtained with a subtractive Kramers-Kronig analysis for
deoxygenated hemoglobin solutions [16]. The refractive
index of deoxygenated RBCs decreases by 0.015 ± 0.002
as the wavelength increases from 450 to 700 nm. This is
also comparable to a previously reported value (0.012) for
deoxygenated hemoglobin solutions [16]. Figure 6(b) com-
pares the absorption coefficient of 11 oxygenated and six
deoxygenated single RBCs in the same wavelength range.
The absorption spectra for oxygenated and deoxygenated
single RBCs match well with previous absorbance mea-
surements on hemoglobin solutions [16,17,30] and single
RBCs [31]. For oxygenated RBCs, the hemoglobin Q
bands are clearly seen at 540 and 575 nm. The absorption
coefficients at the observed peaks are 48.6 ± 7.7 mm−1

at 540 nm and 52.1 ± 6.3 mm−1 at 575 nm. For deoxy-
genated RBCs, the two bands are fused to form one peak
at 555 nm, at which the absorption coefficient is 49.0 ±
4.7 mm−1.

DHT using the refractive index as imaging contrast
has been explored as a minimally invasive, label-free
tool for imaging and quantification of some biologi-
cal processes. This study demonstrates the potential of
DHT using absorption as imaging contrast. Figures 5
and 6 clearly show the advantage of absorption mea-
surement when the sample’s absorption is not negligible.
The refractive-index profiles decrease monotonically in
most of the wavelength range, and the values are not
much different among different bead types or between oxy-
genated and deoxygenated RBCs. In contrast, the absorp-
tion profiles clearly distinguish the three different types
of beads and the RBCs in different oxygenation states.
The refractive index and absorption coefficient of RBCs
are important parameters determining the absorption and
scattering properties of a living tissue [32,33]. While exist-
ing spectrophotometers can provide the average absorp-
tion coefficient of a homogeneous sample by assuming
its thickness, the method demonstrated here can directly
measure the absorption coefficient of a heterogeneous
specimen with unknown height. Single-cell imaging and
spectroscopy of RBCs have been shown to reveal intrigu-
ing mechanochemical coupling (mechanically induced cell
deoxygenation) [31,34], which was not observed in a
bulk measurement. As DHT is nondestructive and does
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not require any special sample preparation, the same
specimen can be further analyzed with complementary
techniques, including nuclear-magnetic-resonance spec-
troscopy, Raman spectroscopy, fluorescence spectroscopy,
or atomic force microscopy [35].
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