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A compact volume holographic imaging (VHI) method that can detect fluorescence objects lo-
cated in diffusive medium in spectral selective imaging manner is presented. The enlargement of
lateral field of view of the VHI system is realized by using broadband illumination and demag-
nification optics. Each target spectrum of fluorescence emitting from a diffusive medium is probed
by tuning the inclination angle of the transmission volume holographic grating (VHG). With the
use of the single transmission VHG, fluorescence images with different spectrum are obtained
sequentially and precise three-dimensional (3D) information of deep fluorescent objects located in
a diffusive medium can be reconstructed from these images. The results of phantom experiments
demonstrate that two fluorescent objects with a sub-millimeter distance can be resolved by

spectral selective imaging.
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1. Introduction

Fluorescence molecular imaging has been explored
as an effective noninvasive technique in the study
of tissue organization and biological understanding
of disease for its high performance, low cost and

fCorresponding author.

targeting selectivity.! Many three-dimensional (3D)
fluorescence imaging modalities have been proposed
over the past few years such as laser-scanning mi-
croscopy, confocal microscopy and Fresnel inco-
herent correlation holographic imaging. Although
these fluorescence microscopy techniques achieved
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good resolution, the imaging depth is quite limited
due to the highly scattering and absorption nature
of photons propagating through a diffusive medi-
um.?? Fluorescence molecular tomography is an
outstanding technique in detecting fluorescent tar-
get immersed in the diffusive medium.* However,
when the fluorophores are closely situated within
scattering medium, the precise reconstruction of the
fluorophores from acquired fluorescence images
becomes challenging, because the scattering prop-
erty of the medium leads to a highly ill-posed in-
verse problem that can reduce the spatial resolution
of reconstruction.”

Multi-spectral fluorescence imaging is considered
as an effective way to improve the 3D reconstruc-
tion of underlying fluorescence source.®” A variety
of commercially available components have been
developed to obtain multi-spectral fluorescence
emitted from the object, such as filter wheel,
acousto-optic tunable filter (AOTF), liquid crystal
tunable filter (LCTF), and thin film tunable filter
(TFTF). Filter wheel is the most common method
to perform spectral selective imaging, but it has a
complex mechanical and optical structure. The
switching speed of LCTF is typically several tens of
milliseconds, and that of the AOTF is in the range
of microseconds. However, both filter technologies
suffer from the polarization-dependent property,
which leads to poor light transmission efficiency
(approximately 40%) and the additional drivers
make the imaging system more complex and ex-
pensive.>’ As a newly developed spectral selecting
technique, TFTF has sharp edge cut-offs and high
out-of-band optical densities. But TF'TF needs an
array of thin film tunable filters to cover a wide
wavelength range, because each single TFTF has a
limited bandwidth.!'®

Holographic components, for example the vol-
ume holographic gratings (VHGs), have been suc-
cessfully applied to a variety of 3D imaging
applications such as the long working distance sur-
face profilometry,'! the volume grating based con-
focal microscopes,'? and the real-time 3D imaging
with multiplexed volume holographic grating.'?
VHG is manufactured by recording the 3D inter-
ference patterns of two or more mutually coherent
beams into materials such as phenanthrenequinone
doped poly-(methyl methacrylate) (PQ-PMMA)
photopolymer, photo-thermal-refractive (PTR)
glass, and dichromated gelatin (DCG).'*'% Due to
the unique high angular/spectral selectivity, VHGs

are capable of diffracting the Bragg-matched com-
ponents of the incident beam with the efficiency
close to 100%. Many efforts have been made in
applying VHG into imaging systems to determine
the depth and intensity information of fluorescent
objects in the volumetric environment.'” An N-
ocular volume holographic imaging (VHI) system
combining several VHG sensors with computational
algorithms has been proposed to improve the depth
resolution of VHI system for imaging broadband
fluorescence beads located in a transparent medi-
um.'® The most recent example is the multi-depth
VHI system.'?2? By exploiting the property of re-
cording multiplex gratings in one volume, the multi-
depth VHI system can obtain both spatial and
spectral information of the object in real time and
with an imaging depth of 0.2 mm.

In this paper, we present a compact and cost
effective spectral selective VHI system. It consists of
a demagnification system and a classic 4F trans-
mission geometry VHI system. With the help of
single transmission VHG, the imaging system sys-
tem can acquire fluorescence spectral information of
the fluorescent objects located several millimeters in
diffusive medium in a spectral selective imaging
manner and resolve the sub-millimeter distance
between the immersed fluorophores.

This paper is organized as follows. The basic
principles of the spectral selective VHI system for
detecting a variety of single-colored fluorescent
objects in diffusive medium and the reconstruction
algorithm are described in Sec. 2. The experimental
setup and results are presented in Sec. 3. The per-
formance of the spectral selective VHI system is
discussed in Sec. 4. Finally, a summary of our work
is presented in Sec. 5.

2. Principles

The spectral selective VHI system is composed of
two main parts: a demagnification imaging system
and a 4F transmission geometry VHI system. The
4F transmission geometry VHI system was built
with a single transmission VHG, which was recor-
ded by two planar beams. Due to the Bragg selec-
tivity of VHG, the lateral FOV of the 4F
transmission VHI system is a function of the
bandwidth of broadband illumination and the nu-
merical aperture (NA) of the VHI system. Because
of the narrow bandwidth of illumination beam and
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the finite NA of objective lens, typical VHI system
with fixed physical aperture can only obtain a nar-
row FOV. In our work, the lateral FOV of the
spectral selective VHI system is enlarged by using
broadband fluorescence illumination and the
demagnification imaging system.

2.1. Principles of VHG

The imaging capability of VHG is based on the
Bragg selectivity and degeneracy properties of vol-
ume holograms. For a transmission grating, the
diffraction efficiency is proportional to the incident

intensity?*
L|Ak
n o sin ¢? <u>, (1)
27

where Ak, is the Bragg mismatch factor, which is
caused by angular or wavelength detuning from the
Bragg matching condition.

Due to this Bragg selectivity, the diffraction peak
efficiency can reach 100% under Bragg-matched
condition in theory. The transmission VHG used
here is recorded in a 2.1 mm-thick crystal of PQ-
PMMA material with a green color laser
(A, = 514nm) and has a ~ 1 inch clear aperture. It
is provided by the Center for Optoelectronic Bio-
medicine, National Taiwan University. Experimen-
tally measured diffraction intensity and the rigorous
coupled wave simulation results of angular selec-
tivity at 514nm are shown in Fig. 1(a). The
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measured results are normalized by the Bragg-
matched diffraction intensity I, = ;(34.3°). Only
the simulation result of spectral selectivity is pro-
vided in Fig. 1(b) for lacking of the wavelength
tunable laser with narrow bandwidth (bandwidth
< 1.0nm). In both the simulation and experiments,
the thickness of the VHG is 2.1 mm, the wavelength
of the probe beam is 514 nm, and the incident angle
is 0, = 34.3°.

The wavelength degeneracy property offers VHG
the capability of imaging within a wide wavelength
range. When the VHG is probed at an appropriate
angle, wavelength different from the recording beam
can also be diffracted at its maximum efficiency. To
illustrate the operation principle, a schematic that
shows the procedure and the K-sphere diagram of
probing the transmission VHG with different
wavelengths are given in Figs. 2(a) and 2(b) re-
spectively. Beams with different wavelengths are
diffracted with high efficiency by rotating the VHG
to the Bragg-matched angles. And the Bragg-mat-
ched angle can be calculated from Eq. (2).

O = ¢ — cos™! {)\m cos(¢p — GpQ)] , (2)
)‘PQ

where 6,; and \,; represent the incident angle and
wavelength of probing beam, 6,, and ), represent
the incident angle and wavelength of signal beam in
recording geometry, and ¢ is the inclination of K-
vector of the VHG with respect to its corresponding
hologram normal.
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Fig. 1. (a) The normalized experimentally measured diffraction intensity and simulation result of the angular selectivity curve of
the single transmission VHG. (b) Numerical simulation result of the wavelength selectivity of the single transmission VHG.
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Fig. 2. (a) Schematic for illuminating VHG with collimated beam consisting of multiple wavelengths. The wavelength changes of
the diffraction beam correspond to the angles between the normal vector of the VHG and the z-axis. The dash normal vectors
indicate that the VHG is in different rotation positions around z-axis. (b) The K-sphere diagram for grating recording geometry
with one wavelength (green) and probed by another wavelength (red). Note that small rotations around z-axis should be applied to
the VHG to match Bragg condition for different wavelengths. ,; and \,; represent the incident angle and wavelength of probing
beam, respectively, 6,5 and ), represent the incident angle and wavelength of signal beam in recording geometry, respectively. ¢ is
the inclination of K-vector of holographic grating with respect to its corresponding hologram normal. K,,, K;, and K represent the
K-vector of probe beam, diffraction beam, and holographic grating, respectively.

2.2. FOV of VHI system with
demagnification optics under
fluorescence illumination

The imaging system utilizes the Bragg selectivity
and degeneracy properties of VHG to acquire
broadband fluorescence images. The schematic of
illuminating the 4F VHI system with a point source
is shown in Fig. 3. The probing beam is used as the
illumination of the VHI system. A transmission
VHG, recorded with wavelength \,, is placed on the
Fourier plane between the objective lens and the
collector lens. The collector lens is placed behind the
VHG to map the diffracted beam onto a charge-
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Fig. 3. Schematic of the 4F transmission geometry VHI sys-
tem. L is the thickness of the VHG, f and F are the focal length
of the objective lens and the collector lens.

coupled device (CCD). When the system is probed
with the monochromatic illumination, a corre-
sponding slit pattern is mapped onto the detector,
so the resulting diffraction pattern of broadband
illumination is a superposition of slit patterns cor-
responding to different monochromatic spectrum.
Since the Bragg wave-vector pair only allows the
volume hologram to diffract the Bragg-matched
component of the probing beam and image a slit
pattern on the image plane. When the wavelength
of probing beam is different from the recording one,
the Bragg angle-wavelength coupling degeneracy
would require a displacement of the point source in
the x direction by an amount of Ax to meet the
Bragg condition. The relationship between the lat-
eral FOV, AX and ), is given in Eq. (3) under

paraxial condition.

2D0,A\

oV, =——
© NAygsh,’

(3)

where FOV,, is the lateral FOV, NAyg;g is the NA
of the VHI system, and D is the diameter of the
objective lens.

The schematic shown in Fig. 4 is the imaging
system, which is used to detect single fluorescence
spectrum objects located in a diffusive medium
in spectral selective imaging manner. A pair of

achromatic lenses (AC508-100-A, AC254-030-A,
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Fig. 4. Schematic of the spectral selective VHI system for detecting fluorescent objects within diffusive medium. Light source
provides uniform excitation illumination in the transmission mode. The fluorescence emitting from the fluorescent object in the
phantom is collected through the demagnification system and forms a real image on the detector, CCD, after being diffracted by

VHG. LP: long-pass filter.

Thorlabs, NJ, US) with f; =100mm and f, =
30 mm is used to build the demagnification imaging
system. Another pair of achromatic lenses (AC254-
100-A, AC254-075-A, Thorlabs, NJ, US) with
Jeot =100 mm and fi,,, = 75 mm, and a CCD cam-
era (Clara, Andor Technologies, Belfast, Northern
Ireland) form the 4F transmission geometry VHI
system. The optical field emitted by the fluor-
ophores located in diffusive medium is transformed
by the combination of lenses and subsequently dif-
fracted by the VHG. In the configuration of the
experiments, the imaging object appears on the
front focal plane of lens 1. When the object is il-
luminated by a plane wave, the fluorescence emitted
from the fluorophores within diffusive medium is
collected by the demagnification lens pair (L1 and
L2). And a spatially demagnified image is acquired
on the front focal plane of collimating lens.

To fit the whole diameter of the phantom into
the lateral FOV, the 10:3 demagnification lens pair
is placed in front of collimating lens of the classic 4F
transmission VHI system. To verify the improve-
ment of lateral FOV, both the classic 4F transmis-
sion VHI system and the spectral selective VHI
system with demagnification system are experi-
mentally measured [Fig. 5]. The test target was il-
luminated with the broadband light source (FWHM
spectral bandwidth ~ 34nm) which was acquired
with a fluorescence filter (FF01-542/27-25, Sem-
rock, NY, US) and Xe lamp (Max 302, Asahi
Spectra, Tokyo, Japan). When the VHG is illumi-
nated with a broadband probing beam, the lateral
FOV is larger than 4.0 mm, and the calculated value
with Eq. (3) is 3.93 mm.

With the demagnification optics, the spectral
selective VHI system achieves a three times larger
lateral FOV than only wuses the classic 4F

transmission geometry VHI system. However, the
trade-off is the degradation of the spatial resolution.

2.3. Tomographic reconstruction with
Tikhonov regularization

In continuous wave domain, the diffusion equation

coupled with Robin-type condition is a widely used

mathematical model to describe the photon propa-
gation in a diffusive medium.?*
{ —VI[D(r)VG(r)] + p,(r)G(r) = S(r) reQ
0G(r
2D = Q
G(r)+2D(r)q In 0 r € 08,
(4)

where D(r) denotes the diffusion coefficient at po-
sition r, and p, is the absorption coefficient. G(r)

Fig. 5. Lateral FOV of (a) the classic 4F transmission VHI
system and (b) the VHI system with demagnification system.
The test target is illuminated with a broadband light source
(FWHM spectral bandwidth ~ 34nm). The lateral FOV is
enlarged more than three times with the demagnification
system.
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and S(r) are the Green’s function and continuous
wave source term, respectively. V denotes grad
operator and n is the outward normal vector of the
surface. (1 is the domain of the imaging object with
a boundary of 0€), and g is coefficient related to the
internal reflection at the boundary.

In this paper, the diffusion equation is solved
using Kirchhoff approximation (KA) method.””
And then, the inverse problem is described in the
form of linear system matrix equation

o = WX, (5)

where X is the distribution of the unknown fluo-
rescent object to be reconstructed, W is a weight
matrix describing the maps between the unknown
distribution of fluorescent object and the measured
fluorescent data, and ® is a column vector con-
taining the fluorescent measurements of all perspec-
tives. In order to overcome the ill-posedness of linear
system matrix equation, L2-norm regularization
term is introduced in the optimization function:

argmin ||WX — @[, + o X[, (6)
X>0

where « is the regularization parameter. Tikhonov
regularization method is used to obtain its minimal-
norm least-squares solution iteratively.?’ With the
generalized inverse of matrices, the minimization of
Eq. (6) can be solved as follows

X=Xy — (W'W o) "W H (WX — @),
(7)

where k is the number of iterations, and I is an
identity matrix.

3. Experimental Results

3.1. Experimental setup and data
acquisition

To evaluate the performance of the spectral selec-
tive VHI system in detecting different kinds of sin-
gle-colored fluorescent objects in a diffusive
medium, two cylindrical transparent glass phan-
toms (diameter 10.0 mm, height 50.0 mm) filled
with 1% Intralipid were prepared. Quantum dots
(QDs) with different emission peak wavelengths
can be excited with the same excitation wavelength
and exhibit steep spectral slopes, so QDs can be
detected more easily with spectroscopic method
compared to other fluorophores. Two kinds of QDs
(PL-QDN-530 and PL-QDN-620, PlasmaChem,

Germany), which emit at a peak wavelength of
530 +20nm (green) and 620 +20nm (red), re-
spectively, were chosen as the fluorescence probe.
Both the green and red hydrosoluble QDs powers
were dissolved into 1.0mg/mL aqueous solution
respectively. The inclinations of the transmission
VHG were 36.066° and 42.694°, for acquiring fluo-
rescence images of the green and red QDs.

Capillary quartz tubes (diameter 1.0 mm) were
used to fabricate the fluorophores within the
phantom [Fig. 6]. In the first phantom, the first
capillary tube filled with ~ 1 L red QDs solution
was planted in the center of the phantom, and the
depth to the boundary of the phantom was 5.0 mm.
The second tube filled with ~ 1 uL green QDs so-
lution was placed beside the first one and the edge-
to-edge distance of the two fluorescence objects was
0.8 mm. In the second phantom, the capillary tube
filled with ~ 1 uL green QDs solution and the one
filled with ~ 1 uL red QDs solution were placed
2mm away from the boundary. And the edge-
to-edge distance of the two capillary tubes was
0.8 mm. The two phantoms were illuminated with a
488 nm laser in sequence for acquiring fluorescence
images.

Before acquiring fluorescence images, the spectral
selective VHI system was calibrated with a tunable
laser (Argon Ion 543 AP-A01, Melles Griot,
CA, US) and each rotational angle of VHG were
calculated from Eq. (2) in advance to guarantee
that each target wavelength can meet the Bragg
condition. The inclination angles of the grating for
different target fluorescence spectrum were sequen-
tially switched during data acquisition.

During the acquisition of fluorescence images,
uniform illumination was provided by the tunable
laser. The fluorescence originating from the objects
with the peak wavelengths around 530nm and
620nm was filtered by a 500nm long-pass filter
(FEL0500, Thorlabs, NJ, US) and collected by
spectral selective VHI system. For 360° full per-
spective imaging, the imaging object was rotated
about its axis with an angular separation of 10°
with the aid of a computer-controlled rotation
stage. The rotation of the transmission VHG
was excuted through a compact rotation stage
(URS50BPP, Newport, CA, US). The CCD camera
was set to 4 x 4 pixel binning for detecting the
diffracted fluorescence. 36 white-light images were
captured with an angular separation of 10° for 3D
profile configuration of the phantom.?”
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Fig. 6. Illustration of the phantom experimental setup. (a) The cross-section of the fluorophores in the first phantom and vertical
section along the brown dashed dotted line. (b) The cross-section of the fluorophores in the second phantom and vertical section
along the brown dashed dotted line. The two phantoms are cylindrical glass tubes (out diameter 10.0 mm) containing 1% Intralipid.
Capillary quartz tube (outer diameter ~ 1.0 mm) filled with ~ 1L red QDs solution (the pink circular spot) and the capillary
quartz tube filled with ~ 1uL green QDs solution (the green circular spot) were positioned at different depth within the diffusive
medium.
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Fig. 7. Cross-sections and 3D reconstruction results of single-colored fluorescent objects. (a)—(d) Cross-sections at the height of
Z = 1.3 cm. (a) Real position of the two single-colored fluorescent objects in the phantom. A capillary quartz tube that contains red
quantum dot solution is placed at the center of the phantom (pink spot), and another tube that contains green quantum dots is
placed 0.78 mm beside the center one (green spot). Reconstruction results with measurements at the center wavelength of (b)
530nm and (c) 620 nm, respectively. (d) Fusion image of the reconstructed objects at 530 nm and 620 nm. (e) Real positions of the
two single-colored fluorescent objects in three dimensions. Reconstructed 3D objects with measurements at the center wavelength of
(f) 530 nm and (g) 620 nm, respectively, and (h) the fusion result of (f) and (g). The geometric centroids of both the reconstructed
objects and the real objects are depicted with two blue dashed lines. The separation between the two reconstructed capillary tubes is
calculated to be 0.59 mm. The red circles on the cross-sections indicate the phantom boundary, while the red circles on the 3D
images indicate the position of cross-sections.
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Resconstruction results of the two single-colored fluorescent objects planted 2.0 mm to the boundary. (a)—(d) Cross-sections

at the height of Z = 1.1 cm. (a) Real positions of the two single-colored fluorescent objects in the phantom. The distance between the
two capillary quartz tubes is 0.8 mm. Reconstruction results with measurements at the center wavelength of (b) 530 nm and (c)
620 nm, respectively. (d) Fusion image of the reconstructed objects at 530 and 620 nm. (e) Real positions of the two single-colored
fluorescent objects in three dimensions. Reconstructed 3D objects with measurements at the center wavelength of (f) 530 nm and (g)
620 nm, respectively, and (h) the fusion result of (f) and (g). The red circles on the cross sections indicate the phantom boundary,
while the red circles on the 3D images indicate the position of cross sections.

3.2. Results

The resconstruction results of the first phantom
experiment are shown in Fig. 7. Figure 7(a) shows
the true position of the two capillary tubes in the
diffusive medium. Figures 7(b) and 7(c) show the
2D reconstruction results of 530nm and 620 nm,
respectively. Figure 7(d) is the fusion results of
Figs. 7(b) and 7(c). In Fig. 7(d), the separation
between the two reconstructed single-colored fluo-
rescent objects is well resolved. The corresponding
3D reconstruction results of fluorescence objects are
shown in Figs. 7(e)-7(h). The real separation be-
tween the centers of the two capillary quartz tubes
is 1.78 mm. The geometric centroid of the recon-
struction results of the two capillary quartz tubes is
calculated to be 1.59mm. The reconstruction
results show good agreement between the recon-
structed objects and the real objects. According to
the reconstruction results, the two closely planted
fluorophores located in the diffusive medium were
clearly resolved by using the proposed spectral se-
lective VHI imaging system.

Figure 8 shows the reconstruction results of the
fluorophores planted close to the boundary of
the phantom. Both single-colored fluorescent
objects can be reconstructed with a high spatial

resolution. However, the reconstructed objects de-
viate slightly from the real positions, and this may
be improved by using better algorithms such as the
L1 regularization. *!

4. Discussion

The results of phantom experiments indicate that
with broadband fluorescence illumination, the pro-
posed VHI system can achieve a large lateral FOV
and perform spectral selective imaging of macro-
scopic objects. Combined with corresponding re-
construction algorithm, the imaging method can
selectively detect the closely planted macroscopic
fluorescent objects located in diffusive medium with
sub-millimeter resolution.

The procedures of acquiring emitted fluoresence
from the diffusive medium with the conventional
fluorescence molecular imaging system and the
spectral selective VHI system are quite different. In
the conventional imaging system, different kinds of
fluorescence are collected with imaging lens after
being filtered by appropriate band-pass filters and
directly forming the fluorescence image on the de-
tector plane. While in the spectral selective VHI
system, only the wavelengths of the fluorescence
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beam that satisfied Bragg-matched condition can be
diffracted. And the diffraction beam forms a corre-
sponding fluorescence image onto the CCD through
the collector lens.

Although the VHG exhibits perfect angular/
spectral selectivity, the diffraction curve is approx-
imately flat due to the Bragg degeneracy, and the
diffraction intensity does not fluctuate significantly
around its mean value (about 11.3%), with the
fluorophores located 2mm away the central posi-
tion, under the broadband fluorescence illumination
condition. The wavelength degeneracy of volume
holograms extends the lateral FOV of VHI system,
but the separation between the target wavelengths
should be wide enough to reduce the crosstalk of the
two spectrum which is brought by the wavelength
degeneracy. In the proposed system, the separation
between two target wavelengths should be larger
than 40 nm.

The rotation of VHG is executed through a
compact precise rotation stage. The rotation stage
provides precise and continuous 360° motion and
allows for rotating speeds up to 40.0°/s with a
resolution of 0.00022°. Therefore, the wavelength
switching speed of this imaging system is compa-
rable to LCTF, while its spectral resolution is better
than LCTF and AOTF.?® The imaging time cost of
the system mainly depends on the integration time
of the detector and the rotation time for full per-
spective imaging. The imaging rate of the CCD
camera is set to be 0.5 frame/s to acquire fluores-
cence image with high contrast. The rotation stage
for mounting the imaging object can provide ro-
tating speeds up to 55.5 ms/deg. And the total time
of obtaining 36 fluorescence projections for one
spectrum is 92s. The imaging time cost can be
grately reduced by adopting the off-the-shelf VHGs
with high diffraction efficiency and reconstruction
algorithms that require fewer projections.?’

When wavelength switches, wavelength error
might be introduced by the absolute accuracy of
VHG mechanical rotation part. The relationship
between the wavelength error and the absolute ac-
curacy of the mechanical rotation part is given by’

)\0 — Al Sin(eB — AG)
20 _2PVB =)
Ao sin(fg) ' ®)

where )\ is the target wavelength, \; is the actually
achieved wavelength of the mechanical rotation, 6g
is the Bragg-matched incident angle corresponding
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Fig. 9. The relationship between the wavelength error caused

by the VHG mechanical rotation part and the particular ro-
tational position.

Table 1. Diffraction efficiency of the
volume holographic grating at 488, 532
and 633 nm.

Wavelength (nm) 488 532 633
Efficiency (%) 8.09 410 283

to the target wavelength, and A#@ is the absolute
accuracy of the VHG mechanical rotation part. The
wavelength error of the proposed system, intro-
duced by the absolute accuracy at the particular
rotational position, is plotted in Fig. 9. During the
experiment, the peak emission wavelengths of each
kind of QDs are chosen as the target wavelength
channel of switching. The maximum wavelength
error is less than 0.8 nm, while the bandwidth of the
fluorescence is larger than 40nm. Therefore, the
wavelength error caused by the VHG rotation part
is much smaller than the fluorescence bandwidth.

The diffraction efficiencies of the VHG at 488,
532 and 633 nm are respectively measured and listed
in Table 1. In spite of the relatively low diffraction
efficiency of the self-recorded VHG in our configu-
ration, fluorescence images with high contrast are
obtained at low fluorescence levels. The available
incident angle on the hologram is between 25.0° and
55.5° due to the mechanical constraints on the in-
cident angle of the camera, which corresponds to a
spectral coverage of 392nm to 755 nm.

5. Conclusions

In conclusion, we have proposed a compact and cost
effective VHI method for fluorescence molecular
imaging. This spectral selective VHI system can
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operate in the wavelength-scanning mode within a
wide wavelength range by continuously switching
the rotational position of single transmission vol-
ume holographic grating, instead of rotating bulky
fluorescence filter wheel or using expensive spec-
trum selective components. This imaging system
can be a flexible tool with which to obtain the ac-
curate three dimensional sub-millimeter informa-
tion as well as the spectral information of different
fluorophores in diffusive medium by performing
spectral selective fluorescence imaging. Besides, the
spectral selective imaging system can be integrated
with existing imaging systems to detect fluorescent
targets with unknown wavelength features. Future
works include improving the imaging quality of the
VHI system by combing different illumination and
imaging schemes and enhancing the performance of
the reconstructions algorithms.
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