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Abstract. A wavelength-coded volume holographic imag-
ing (WC-VHI) endoscope system capable of simultaneous
multifocal imaging is presented. The system images light
from two depths separated by 100 μm in a tissue sample
by using axial chromatic dispersion of a gradient index
probe in combination with two light-emitting diode sources
and a multiplexed volume hologram to separate the
images. This system is different from previous VHI sys-
tems in that it uses planar multiplexed gratings and
does not require curved holographic gratings. This results
in improved lateral imaging resolution from 228.1 to
322.5 lp∕mm. This letter describes the design and fabrica-
tion of theWC-VHI endoscope and experimental images of
hard and soft resolution targets and biological tissue sam-
ples to illustrate the performance properties. © 2017 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.22.10

.100501]
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Optical instruments capable of microscopic imaging of tissue
samples during surgical procedures can provide important infor-
mation for the detection of cancer and other life-threatening
diseases. Confocal microscopy and optical coherence tomogra-
phy methods are capable of providing optical sectioning during
in vivo procedures.1,2 However, drawbacks to these systems
include long image capture times and mechanical scanning
requirements that increase system complexity, cost, and weight.
Introduction of volume holographic imaging (VHI) techniques,
a method analogous to slit scan confocal microscopy, has shown
the capability of simultaneous multidepth imaging.3–6 VHI im-
aging removes the need for mechanical scanning through the use
of multiplexed volume holographic elements.7–15

Of particular interest in the development of VHI systems is
the use of wavelength-coded methods to address the issue of

contrast reduction caused by the hologram channel crosstalk
and hologram Bragg degeneracy properties.16,17 In previous
wavelength-coded VHI (WC-VHI) designs, a separate wave-
length and wavefront curvature is encoded in each hologram.
The wavefront curvature recorded in the hologram selects
light from a specific depth within the tissue as in the standard
reflectance mode VHI system. The different encoded wave-
lengths do two things. First, the separation between wavelengths
is large enough so that there is essentially no crosstalk between
image channels. The second advantage is that the intensity of
each source can be independently adjusted to equalize the
brightness of each image. This improves image quality; how-
ever, Bragg degeneracy still exists, which limits contrast when
light emitting diodes (LEDs) are used as the optical sources. In
addition, since the holograms have curved fringes and are
recorded at different wavelengths than the reconstruction wave-
length, chromatic aberration results along the dispersive axis
and reduces image resolution.

In this work, a WC-VHI endoscope system that uses wave-
length coding in combination with the axial chromatic
dispersion of a gradient index (GRIN) probe to eliminate the
need for curved fringe holograms is described. This is accom-
plished by using the axial chromatic dispersion to focus light
from the two wavelengths at separate depths. Since the two
wavelengths are sufficiently separated, a planar grating can
be used to diffract each wavelength band. Since planar gratings
can be Bragg matched when the recording and reconstruction
wavelengths are different, the image resolution does not
degrade. Chromatic dispersion has been used for depth section-
ing in other systems such as confocal microendoscope
designs.18–20

Figure 1 shows the schematic of the endoscope probe indi-
cating the imaging planes within the sample and the overlap of
the images at the output for viewing by the microscope objec-
tive. In the WC-VHI endoscope, three 2.7-mm diameter GRIN
lenses and two 3.0-mm diameter windows are used to form the
probe, which is essentially a unit magnification relay. The LED
sources used for this experiment have peak wavelengths of 660
and 730 nm with a full width half maximum of 20 nm. The
resulting total axial chromatic separation between the two focal
planes for the two wavelengths is 100 μm. The overlap of the
surface and depth at the output of the endoscope probe is due to
the axial chromatic dispersion of the endoscope optics.

Figure 2 shows the experimental set up of the WC-VHI sys-
tem using planar gratings to separate the surface (blue) and
depth (red) images. The holographic element is placed after a
relay (not shown) such that the hologram pupil is matched to
the objective lens pupil. The WC-VHI system is designed
such that the surface channel information is encoded in a holo-
gram, which reconstructs with the 660-nm wavelength source,
and the depth channel is encoded with the 730-nm source. Each
hologram in the multiplexed element diffracts light returning
from the sample at a different wavelength in a different direction
so that the two images are separated on the camera aperture. The
axial point spread function was measured using the 660- and
730-nm LED illumination sources and found to be ∼0.50 mm
for both sources. This is consistent with degenerate VHI as
described by Castro et al.3

A Coherent Innova 300 Argon laser, 514.5 nm, was used to
record the volume holograms. The volume holograms were
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recorded in a 1.8-mm thick (d) sample of phenanthraquinone-
doped poly methacrylate that has an index of refraction of
n ¼ 1.49. The holograms were designed as thick volume holo-
grams to provide high diffraction efficiency in a single diffrac-
tion order with high angular and wavelength selectivity.21,22 The
grating periods for the surface and depth holograms are
Λsurface ¼ 460.8 nm and Λdepth ¼ 525.2 nm and have Q param-
eters, Q ¼ 2πλd

nΛ2 , that are significantly greater than 10 and well
within the volume hologram regime. The holograms are
phase transmission gratings with a diffraction efficiency for vol-

ume phase transmission holograms given by η ¼ sin2ðν2þξ2Þ12
ð1þξ2

ν2
Þ

(with ν ¼ πn1d
λcrcs

; ξ ¼ ϑd
2cs
), where cr ¼ cosðθrÞ and

cs ¼ cosðθsÞ, where θr and θs are the reconstruction and dif-
fracted beam angles,21 respectively, d is the hologram thickness,
and n1 is the refractive index modulation. The diffraction

efficiency of the surface hologram was 27% at 660 nm and
39% for the depth hologram at 730 nm. The construction angles
for the object and reference beams with 514.5-nm light are
determined from the K-vector or Bragg matching relation:
~K ¼ ~kref − ~kobj, where ~kref and ~kobj are the reference and object

propagation vectors, respectively, and ~K is the grating vector,
which has a magnitude of 2π

Λ . The object beam angles are
33 deg for the surface channel and 30 deg for the depth channel,
in air relative to the normal to the hologram surface. The refer-
ence beam angles for the surface and depth channels are
34.8 deg and 28.6 deg, respectively. These angles were derived
from reconstruction of the surface channel with 660-nm light
and the depth channel at 730 nm. A general schematic of the
recording setup is depicted in Fig. 3.

A USAF 1951 bar target is used to assess the overall system
dependence on the light sources, the hologram performance, and
the image resolution. To verify that crosstalk between imaging
channels is negligible, each source is turned on separately
and the signal is viewed on the camera. The resulting effect
using the 660-nm source is shown in Fig. 4(a) and using the
730-nm source is shown in Fig. 4(b). It is seen that when the
660-nm source is turned on, little to no signal reaches the camera
from the 730-nm hologram, and vice-versa. A comparison of the
pixel count data for the different test configurations shows
that the pixel values for the dark region are 92% lower than
the focused image and an out-of-focus image is 72% lower
than the focused imaged. This test verifies that the hologram
performs as designed and confirms that each source fills half
of the camera aperture.

The resolution performance is measured with both sources
turned on. The results are shown in Figs. 4(c) and 4(d) for
the surface and depth focus positions, respectively. Upon visual
evaluation, both channels are capable of imaging group 8,
element 3 (322.5 lp∕mm), which corresponds to a line pair
width of 3.1 μm. The measured contrast for group 8 elements
1 to 3 is also given. This is an improvement in lateral resolution
from the reflectance endoscope system that had a resolution of
4.2 μm using curved fringe holograms with the other optics
being the same.6

Biological samples were used to evaluate imaging depth per-
formance when a tissue volume was illuminated. The resulting
images, shown in Fig. 5, utilize postprocessing background sub-
traction methods in ImageJ software.23 Onion skin and mouse
fat samples were selected for their large and easily recognizable
cellular structures. In addition, low-contrast mouse lung and
intestine samples were also imaged and are shown in Fig. 5.

The surface channels for all of the samples show well-
defined cellular walls. In the cases of the onion skin and the
fat sample, the depth image also provides subcellular details.
However, the lung and intestine samples do not provide the

Fig. 1 The schematic of the endoscope assembly depicts the focal plane positions in the object for the
surface and 100 μmwithin the sample. Each focus region corresponds to a specific wavelength based on
the chromatic effects of the endoscope probe. In this configuration, the blue (solid) line corresponds to the
660-nm LED source and the red (dashed) line corresponds to the 730-nm LED source.

Fig. 2 A schematic of the WC-VHI system showing the spectral sep-
aration of the surface and depth images by the multiplexed holo-
graphic element. Surface and depth information overlaps prior to
the hologram. One of the multiplexed holograms diffracts the 660-
nm light from the surface position on the sample, and the second holo-
gram diffracts the 730-nm light from the depth position.

Fig. 3 Hologram recording geometry for the surface (dashed) and
depth (solid) multiplexed gratings.
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Fig. 4 (a) The image with the 660-nm LED turned on and (b) the image with the 730-nm LED on. No
appreciable crosstalk can be observed between the two channels. (c) and (d) A resolution of
322.5 lp∕mm (3.10 μm∕lp) for both the surface and the depth channels. The data below the figures
show the contrast measurements of the vertical and horizontal bar targets in selected group 8 elements.

Fig. 5 Biological sample images. (a) Onion skin, (b) mouse fat, (c) mouse lung, and (d) mouse intestine
are used in the evaluation. The surface channel in each case shows well-defined cell structure. (a) and
(b) Higher contrast samples perform better in the depth channel with more cellular information being
present. (c) and (d) Lower contrast and results in loss of feature recognition.
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same contrast or detail for the depth images due to the lower
contrast of the tissue.

The presence of the higher background in the depth image
can be attributed to lower contrast tissue features and the lack of
depth selectivity and background rejection due to Bragg degen-
eracy of the hologram. The WC-VHI design reduces crosstalk
between the channels but does not reject background within a
channel. The latter is the result of Bragg degeneracy by the vol-
ume hologram because the wavelengths from a source illumi-
nate all positions within the tissue volume. Nonetheless, the
WC-VHI system has a lower amount of backscatter than was
observed for the reflectance endoscope utilizing only one
source.

In summary, initial results indicate that the WC endoscope
utilizing an axial chromatic dispersion system is capable of mul-
tifocal imaging with greater resolution than the single wave-
length reflectance system.6 The 100-μm difference in image
depth is large enough to view variations in the cellular structure
of onion skin as well as animal tissue samples such as mouse fat.
In addition, the evaluation of lower contrast tissue samples, such
as lung and intestine samples, shows significant loss of image
feature characteristics at depths of 100 μm due to the lack of
background rejection within the image channel due to Bragg
degeneracy of the hologram and unstructured illumination. In
future work, different structured illuminations will be incorpo-
rated to eliminate this problem.
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