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Abstract

In this review, we introduce digital holographic techniques and recent progress in multi-

dimensional sensing by using digital holography. Digital holography is an interferomet-

ric imaging technique that does not require an imaging lens and can be used to perform

simultaneous imaging of multidimensional information, such as three-dimensional

structure, dynamics, quantitative phase, multiple wavelengths and polarization state of

light. The technique can also obtain a holographic image of nonlinear light and a three-

dimensional image of incoherent light with a single-shot exposure. The holographic

recording ability of this technique has enabled a variety of applications.

Key words: digital holography, digital holographic microscopy, quantitative phase imaging, incoherent digital hol-

ography, multimodal imaging, multiwavelength 3D imaging

Introduction

Holography [1–4] is a technique used to record a wave-

front diffracted from an object. Both amplitude and phase

information of an object wave are recorded by utilizing the

interference of light. A medium containing the information

is called a ‘hologram’. A three-dimensional (3D) image can

be reconstructed from a hologram by utilizing the theory

of diffraction of light. Holography has been utilized as

both a natural 3D display and a lensless 3D image record-

ing technique. One of the most remarkable features of hol-

ography is that 3D motion-picture recording of any

ultrafast physical phenomenon can be achieved with light-

in-flight recording, even for light pulse propagation in 3D

space [5].

In recent years, there have been rapid improvements in

electronic devices such as image sensors, spatial light mod-

ulators (SLM) and computers. An SLM with high pixel

density enables natural, colorful and high-quality lensless

3D motion-picture image formation on a holographic dis-

play [6–9]. A lensless image sensor with high pixel density

and a large number of pixels can capture an image of fine

interference fringes digitally, and a computer with high
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computational performance can then reconstruct a holo-

graphic image numerically with high throughput from a digit-

ally recorded hologram. Digital holography (DH) [10–16] is

a technique in which a digital hologram that contains an

object wavefront is recorded, and both 3D and quantita-

tive phase images of an object are reconstructed using a

computer. This technique has potential application to the

fields of microscopy [14, 17, 18], quantitative phase

imaging (QPI) [14, 17, 19], particles and flow measure-

ment in 3D space [20], 3D imaging of biological speci-

mens [21], multiple 3D image encryption [22], 3D object

recognition [23], 3D tomographic imaging of amplitude

and phase distributions [24], 3D surface shape measure-

ments with nanometer accuracy in the depth direction

[25], ultrafast 3D optical imaging with an ultrashort

pulsed laser [26], and holographic 3D imaging with a sin-

gle photo detector [27, 28].

There has been an increase in demand for sensing multi-

dimensional information, such as 3D space, time, wave-

length, state of polarization, refractive index and various

light waves, including second harmonic generation (SHG),

coherent anti-Stokes Raman scattering (CARS), stimulated

Raman scattering (SRS), evanescent waves and natural

light. Holography has the ability to record a multidimen-

sional image and various light waves with a single-shot

exposure of a lensless monochrome image sensor [29].

Until now, multidimensional imaging techniques based on

DH have emerged in coordination with electronic devices

and signal theory. As an example, the development and

improvement of high-speed cameras and the application of

digital signal processing help the technique to capture the

3D dynamics of multiple living micro-biological specimens

simultaneously at a frame rate of more than 10 000 fps

[30]. In this article, we review digital holographic techni-

ques and recent multidimensional digital holographic

imaging and various light-waves sensing applications.

Digital holography

DH [10–16] is an interferometric imaging technique. DH

requires two waves to generate a hologram and to obtain

amplitude as well as quantitative phase images simultan-

eously. The two waves are called an ‘object wave’ and a

‘reference wave’, respectively. Two types of representative

configurations are generally adopted in DH: off-axis DH

[11] and phase-shifting DH [31, 32]. Figure 1 schematic-

ally shows these techniques. Two laser light waves are gen-

erated by dividing a laser beam with a beam splitter, and

one laser light beam illuminates an object. The light dif-

fracted from the object is the object wave, which illumi-

nates an image sensor. The other light beam, serving as a

reference wave, directly arrives at the image sensor. These

waves interfere with each other, and an interference fringe

image is formed on the image sensor plane. In Fig. 1a, the

optical axis directions of the two waves differ from each

other. The incident angle difference between the two waves

results in a fine fringe pattern, and the image sensor

records a single off-axis hologram. In Fig. 1b, two illumin-

ation waves come from the same direction and an image

sensor records multiple in-line holograms by changing the

phase of a reference wave with a phase modulator.

Figure 2 schematically illustrates the image-reconstruction

procedure of DH using the Fourier-transform method [11],

which is frequently used for off-axis DH. A 2D Fourier

transform (FT) localizes the object-wave information, and

the large angle difference separates the object wave from

unwanted image components of the hologram in the spa-

tial frequency domain νx−νy. Due to the filtering in the spa-

tial frequency domain, only the object-wave information is

obtained. After the calculation of a 2D inverse FT (IFT),

removal of the spatial carrier generated by tilting the refer-

ence wave, and calculation of diffraction integrals, focused

intensity and quantitative phase images are obtained from

a single hologram. A 2D fast Fourier transform (FFT) is

used to accelerate the calculation, and methods to calculate

diffraction integrals are described in [12–16]. Although

spatial characteristics, such as field of view and resolution,

are partially sacrificed to obtain intensity and phase images

of an object from a hologram, single-shot holographic

imaging can be achieved. Figure 3 shows an example of

experimental results obtained from a single off-axis holo-

gram. From a single hologram of polystyrene beads, whose

diameters were 5 μm, transparent and phase images were

retrieved as shown in Fig. 3a and b, and the 3D rendering

shown in Fig. 3c was obtained from the phase image.

Figure 1b shows multiple holograms with different

phases sequentially recorded with a phase modulator, such

as a piezo-driven mirror, an SLM, an acousto-optic modula-

tor, or an electro-optic modulator. Based on phase-shifting

interferometry [31, 32], only the object-wave information is

extracted with multiple phase-shifted holograms. After

extraction, a holographic image of an object is obtained by

calculating diffraction integral(s). Although recording of

multiple holograms is required, the full space-bandwidth

product of an image sensor can be utilized to record an

object wave, and both a wide field of view and high reso-

lution are obtained. To achieve high temporal resolution

with phase-shifting interferometry, parallel phase-shifting

DH, which uses space-division multiplexing of multiple

phase-shifted holograms, was proposed by Awatsuji and

Wyant around the same time [33–36]. By using a single-

shot phase-shifting technique, a larger recordable space-

bandwidth product is obtained in comparison to an off-axis

configuration with the FT method [37].
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The measurement speed is determined by the frame rate

of the image sensor, the data transfer speed, and the calcu-

lation time for the image-reconstruction procedure. A mod-

ern high-speed camera has a frame rate of 1Mfps, and

such a camera has been used to perform digital holo-

graphic recording with a frame rate of 106 fps [38]. In con-

trast, the high calculation cost is a problem that should be

solved. It takes much more time to compute the diffraction

integral(s) with a commercially available computer because

of the demanding calculation requirements for the 2D

FFTs. Use of a graphics processing unit (GPU) and a field-

programmable gate array (FPGA) are possible solutions to

achieve holographic image reconstruction with extremely

high throughput [39, 40].

Multidimensional imaging and various light-

wave recording by DH

Quantitative phase imaging

DH obtains both amplitude and phase distributions of an

object wave simultaneously and quantitatively. The applica-

tion of DH to microscopy is called digital holographic micros-

copy (DHM). DHM is also called 3D microscopy [14, 18]

Fig. 1. Schematic diagrams of (a) off-axis and (b) in-line digital holography systems with phase-shifting interferometry. Object and

reference waves are generated from the same laser light source.

Fig. 2. Image-reconstruction procedure in off-axis digital holography with the Fourier transform method.

Fig. 3. (a) Intensity and (b) phase images of polystyrene beads whose diameters are 5 μm, which are obtained with a hologram at

a wavelength of 532 nm. (c) 3D rendering image obtained from (b).
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and quantitative phase microscopy [14, 17, 19]. QPI is an

emerging field in 3D shape measurement, where it enables a

high axial resolution on the scale of the light wavelength,

and in biological imaging, where it is possible to visualize or

quantify optical-path-length differences [14, 17, 19]. The

path difference is a product of the physical thickness of an

object in the axial direction and the difference in refractive

index between the object and the surrounding medium.

Figure 4 is an example of QPI for a HeLa cell, which is

obtained with an off-axis digital holographic microscope

that is described in Ref. [41]. As shown in Fig. 4, a transpar-

ent cell was recorded and imaged without labeling. Cuche

et al., Takaki et al. [17, 42], and several other research

groups presented not only 3D intensity imaging but also QPI

with DHM around the year 2000. Mann et al. [19] demon-

strated label-free imaging of cells with high axial resolution.

After that, they showed QPI with higher resolution and

quantitative phase movies of cells [43]. Label-free imaging of

cells has also been performed successfully by many research-

ers to observe dynamics and to achieve time-lapse imaging

without staining [44–46]. Kemper and Gert [47] demon-

strated QPI with DHM for living cells and Watanabe et al.

[48] reported cancer cell identification without staining using

QPI . Another aspect of DHM is that its measurement per-

formance is strongly affected by vibrations, and the construc-

tion of apparatus insensitive to disturbances is an important

research theme. A common-path interferometer is stable and

is suitable for QPI with a high tolerance against vibrational

disturbances. Popescu et al. [49] constructed a common-path

setup with a grating and 4f optical system and demonstrated

its stability. Then, Lue et al. [50] presented another simple

common-path DHM with Fresnel mirrors. QPI can be used

in the fields of not only DH but also electron microscopy

[51] and interference-less technique [52].

As a promising application of DHM, quantitative phase

tomography has been actively researched [24]. A combination

of DH and coherence tomography or diffraction tomography

makes it possible to conduct complex-amplitude tomo-

graphic 3D imaging of an object such as a transparent

material [24,53–58]. DHM has employed multidirectional

illumination [24, 55, 58], low-coherence light [53], rotation

of a specimen [54, 56], or multiple wavelengths [57] and

multiple recording of sub-holograms to conduct phase tomo-

graphic 3D imaging of a specimen. Multidirectional illumin-

ation and recording of sub-holograms has also been applied

to achieve super-resolution complex amplitude imaging [59–

61].

A quantitative phase image contains information about

the optical thickness distribution of a specimen, where

optical thickness means the product of physical thickness

and refractive index. Therefore, it is difficult to separate

physical thickness and refractive index by ordinary DH.

However, simultaneous measurements of physical thick-

ness and refractive index distributions have been per-

formed by recording multiple phase images at multiple

illumination angles [24], multiple viewing angles [54] or

multiple wavelengths [62] or by using low-coherence light

and mechanical scanning [63]. By utilizing a tomographic

imaging technique, a 3D refractive index distribution has

been visualized. Kim et al. [64] demonstrated tomographic

imaging of the 3D refractive index distribution of cells

with multiple illumination angles, and subsequently, Yoon

et al. [65] applied this technique to the characterization of

white blood cells. Chowdhury et al. [66] alternatively pro-

posed quantitative phase tomography utilizing structured

illumination to visualize depth-resolved 3D refractive index

distributions.

Multiwavelength 3D imaging with holographic

multiplexing

One of the particular features in holography is its ability to

simultaneously record multidimensional object waves that

contain intensity in 3D space, phase, wavelength and

polarization information [29]. Multiwavelength object-

wave information contains the wavelength dependencies of

absorption, reflectance and refractive index. Thanks to the

recording of complex amplitude information at multiple

Fig. 4. Phase image of a HeLa cell. Left: 2D phase image. Right: 3D surface plot of the phase

image.
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wavelengths, multiwavelength DH can be applied to not

only color 3D imaging [67] but also dispersion imaging

[68], 3D shape measurement with a wide depth range by

using multiwavelength phase unwrapping [25], depth-

resolved 3D imaging [53], simultaneous measurements of

3D morphology and refractive index distribution [62], and

even tomographic 3D imaging of dispersion [69].

Wavelength information is obtained generally by using

temporal [70] and spatial [71] divisions and space-division

multiplexing [67, 72]. However, holographic techniques

make it possible to record multiwavelength/color information

using a monochrome image sensor and to reconstruct it from

wavelength-multiplexed image(s). Therefore, a wavelength fil-

ter is not required and multiwavelength information can be

rapidly recorded without any color absorption. As a result,

DH can realize multiwavelength 3D imaging with high light

use efficiency. In holography, multiple wavelength informa-

tion is obtained also by utilizing temporal frequency-division

multiplexing (TFDM) [73–75], spatial frequency-division

multiplexing (SFDM) [29,76–78] and phase-division multi-

plexing (PDM) [79–82]. Figure 5 illustrates the schematics of

TFDM, SFDM and PDM. DH with TFDM records a series

of wavelength-multiplexed holograms with a monochrome

image sensor by changing the optical path of a reference arm.

The periods of intensity changes at certain wavelengths are

different from each other. A 1D FT is calculated for each pix-

el in the recorded images and wavelength information is sepa-

rated in the temporal frequency domain. DH with TFDM has

been used to perform not only 3D shape measurement with

multiwavelength phase unwrapping [73, 74] but also multi-

color 3D imaging of incoherent light [75]. DH with SFDM

generates different spatial carrier frequencies for respective

wavelengths by using single or multiple reference beams. The

spatial carrier frequency ν is sinθ/λ. Therefore, wavelength

information can be separated in the spatial frequency domain

by changing θ [29, 77, 78] for respective wavelengths or util-

izing the difference of λ [76]. SFDM has the ability to record

multiwavelength holographic images with a single-shot

exposure at the expense of recordable spatial information,

and therefore is suitable for observing dynamics in 3D scenes.

3D motion-picture imaging of micrometer-order movements

of a mirror has been demonstrated [77] and high-speed color

3D motion-picture recording at 20 000 fps with a mono-

chrome image sensor by using SFDM was reported [78].

SFDM was also applied to DHM to measure the dispersion

distributions of cells with a single-shot exposure because mul-

tiwavelength DH can obtain quantitative phase images at

multiple wavelengths [52]. Another suitable method to record

multiwavelength object waves with high light efficiency is

PDM [79–82]. Figure 5c represents the principle of PDM. A

monochrome image sensor records 2N + 1 wavelength-

multiplexed holograms sequentially while changing the

phases of holograms at respective wavelengths with a phase

modulator, such as a mirror with a piezo actuator or an

SLM, whereN denotes the number of wavelengths measured.

Wavelength information is superimposed on space and spa-

tial frequency domains, and is separated in the polar coordin-

ate plane by introducing phase shifts, as in Fig. 5c. From the

recorded wavelength-multiplexed phase-shifted holograms,

object waves at the respective wavelengths are separately

obtained with the phase-shifting interferometry selectively

extracting wavelength information [79–82] and without any

FTs. PDM of multiple wavelengths was presented in 2013 ini-

tially [79], and then color 3D imaging by using PDM was

experimentally demonstrated [80]. Multiwavelength imaging

with holographic multiplexing (MIHOM) using 2N

wavelength-multiplexed phase-shifted holograms was pro-

posed as a multiwavelength 3D imaging technique [81],

which can be said as a computational coherent superposition

scheme with 2N wavelength-multiplexed intensities. The ori-

ginally proposed scheme involved the 2π ambiguity of the

phase, but PDM with arbitrary and regular phase shifts was

also proposed [82]. As an example of holographically multi-

plexed recording, we show three-wavelength digital holo-

graphic imaging with DHM based on PDM. A constructed

multicolor in-line digital holographic microscope was based

on PDM [82]. A preparation of stained mouse kidney cells

was set as a specimen. Figure 6 shows the experimental

results. The DHM obtained wavelength-multiplexed phase-

shifted holograms and therefore conducted holographically

multiplexed recording without a wavelength filter. As seen in

Fig. 6a–c, the image reconstructed by the PDM resembles the

photograph, and the PDM obviously separates wavelength

information from the recorded monochrome images. DHM

based on PDM also successfully visualized an in-focus image

of stained cell nuclei with 1 μm-order diameters shown in

Fig. 6d by calculating diffraction integrals.

3D imaging of incoherent light with DH

Ordinary DH uses a coherent light source such as a laser to

record a hologram. This is because spatially and temporally

coherent light is needed to generate an interference fringe

image. However, in order to achieve 3D imaging for incoher-

ent light such as fluorescence, spontaneous Raman scattering,

or sun light, there is a lot of literature introducing incoherent

holography and DH to realize 3D incoherent imaging with

holography [83]. Basic configurations are often discussed

with incoherent DH. Incoherent holography and DH fre-

quently adopts common-path [83–90], Michelson [91–98],

triangular [99], Mach-Zehnder [75] and optical scanning

[100–102] interferometers to record incoherent hologram(s).

Fluorescence 3D imaging with incoherent DH was initially

performed in 1997 [100] after which image-quality
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improvements were shown by several groups [85, 98, 101].

As a common-path incoherent interferometer, Fresnel inco-

herent correlation holography (FINCH) [83–90] is an actively

researched implementation. Rosen and Brooker [85] demon-

strated 3D fluorescence imaging of particles with a 1 μm-

order diameter by a FINCH system, and subsequently, Abe

and Hayasaki [98] performed 3D mapping of multiple fluor-

escence nanoparticles having diameters of 500 nm with a

Michelson interferometer. Kim [94] proposed a multicolor

natural light holographic camera and captured an image of a

3D scene. It is noted that, in a self-reference interferometer

using two object waves to obtain an incoherent hologram,

Fig. 5. Schematic diagrams of multiwavelength digital holography with (a) temporal frequency-division multiplexing (TFDM),

(b) spatial frequency-division multiplexing (SFDM) and (c) phase-division multiplexing (PDM) of multiple wavelengths, respectively.
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the Lagrange invariant is violated [103]. This means that

the product of magnification M and the maximum angle of

a reconstructed object wave θmax is larger than that of an

ordinary coherent imaging system. The magnification of

FINCH is higher than that of an ordinary incoherent

imaging system while the angle θmax in the system is the

same as that in a coherent imaging system. As a result,

super-resolution imaging can be performed. The difference

between FINCH and the initially presented common-path

incoherent holography [83] is the uses of an SLM and

digital signal processing. The SLM generates two waves

with different radii of curvature from an incoherent object

wave to obtain an incoherent hologram. Incoherent DH

including FINCH frequently adopts in-line phase-shifting

interferometry because of the short coherence length of

incoherent light and high-quality 3D imaging with a large

space-bandwidth product. However, phase-shifting interferometry

generally requires multiple exposures and loses temporal

resolution.

To realize single-shot incoherent 3D imaging with DH, inco-

herent DH setups with off-axis configurations [88, 95, 104]

and single-shot phase-shifting interferometry [105, 106] have

been proposed. In off-axis incoherent DH, Kelner and Rosen

proposed a single-path FINCH system [88]. Hong and Kim

[95] demonstrated single-shot incoherent 3D imaging with a

Michelson interferometer. Quan et al. [104] introduced a

method to realize common-path, stable, single-shot and inco-

herent DHM using a dual-focus lens and gratings. In single-

shot in-line incoherent DH, incoherent DH and single-shot

phase-shifting interferometry were successfully combined.

Single-shot, common-path, in-line phase-shifting incoherent

DH was presented to realize single-shot lensless 3D imaging

of natural light with high temporal resolution [105, 106].

Figure 7 shows the results obtained by Quan’s system, which

Fig. 6. Experimental results. (a) Photograph of a specimen illuminated by three lasers. (b) In-line wavelength-multiplexed phase-

shifted hologram. (c) Image reconstructed by the PDM on the image sensor plane. (d) Image obtained by the PDM and the calcula-

tion of diffraction integrals. Magnified image was focused at a depth of 8mm from the image sensor plane. Scale bar in (a) is 20 μm.

Fig. 7. Reconstructed images of two pinholes serving as point sources. These pinholes are placed at different depths. (a) The reconstructed

images of point sources in the upper and lower sides. (b) Peak intensity obtained by calculating multiple diffraction integrals at multiple recon-

struction distances and applying Gauss fitting. The depth information of each pinhole is derived from each peak intensity obtained after Gauss fit-

ting. The depth positions of the magnified images of the pinholes were derived as 620 and 1190mm, respectively.
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is described in Ref. [104]. A single incoherent hologram of

two pinholes with 10 μm diameters, which were placed at

different depths, was recorded and the respective focused

images were reconstructed successfully.

As a method different from FINCH, a remarkable single-

path incoherent DH method called coded aperture correl-

ation holography (COACH) was recently proposed [107].

In COACH, coded phase-modulation (CPM) distributions

are displayed on an SLM and point spread functions (PSFs)

of CPMs at respective depths are measured in advance.

After that, incoherent light in 3D space is recorded, and cor-

relations between PSFs and recorded images are calculated.

As a result, a 3D image of incoherent light is reconstructed

without calculating diffraction integrals, while the Lagrange

invariant is not violated. With COACH, incoherent 3D

imaging [107], incoherent color 3D imaging [108], 3D

imaging of a scattering object without interference [109]

and single-shot COACH [110] have been demonstrated.

Other multidimensional imaging and special

techniques in DH

DH has the ability to perform multiplexed recording of not

only multiple wavelengths but also the polarization of a

light wave and multiple object waves. The polarization of

light is also an important physical parameter obtained by

light wave recording. The polarization distribution of a 3D

object can be recorded by sensing two object waves polar-

ized in orthogonal directions and is obtained with SFDM

[29, 111, 112], temporal division [113] and space-division

multiplexing [114]. By using polarization-imaging DH,

birefringent materials such as polarization optical elements

[112] and biological polymers [114] were observed with-

out staining. By recording multiple object waves, multiple

physical information is simultaneously acquired. Object

waves that reflected and transmitted a specimen were sim-

ultaneously captured with a single CCD image sensor.

These waves were successfully and separately reconstructed

and holographic reflection and transmission images were

simultaneously visualized [115]. Multiplexed recording of

multiple object waves were also applied to multiple 3D

image encryption/decryption [116].

DH can be applied to not only multidimensional sens-

ing but also holographic recording of various light waves

such as nonlinear holographic 3D imaging. Nonlinear

coherent light such as SHG, CARS and SRS waves can be

recorded as a hologram by modulating not only an object

wave but also a reference wave. Holographic imaging of

nonlinear coherent light such as SHG [117, 118], CARS

[119], SRS [120] and evanescent waves [121] has been

Fig. 8. A schematic diagram of multimodal digital holographic microscopy, which is an

implementation for recording a hologram and fluorescence light simultaneously. The left

part of the system is a conventional epifluorescence microscope, and the right part is off-

axis DHM for QPI.

62 Microscopy, 2018, Vol. 67, No. 2

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jm
ic

ro
/a

rtic
le

/6
7
/2

/5
5
/4

8
6
8
6
2
3
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



performed. Holographic SHG imaging was used to visual-

ize the 3D distribution of collagen in mouse tail dermis

and epidermis [118]. CARS holography acquired a 3D

image of polymeric beads with a single-shot exposure and

no staining [119]. Time-resolved imaging of methane gas

and its pressure were demonstrated with SRS holography

[120]. Holographic imaging of evanescent waves was used

to perform complex amplitude imaging of transparent

objects such as water droplets and fused quartz plano-

convex lens [121].

DH also has the ability to simultaneously record an

interference fringe image and incoherent light, such as fluor-

escence and phosphorescence light [122, 123]. Fluorescence

imaging in biology has proven valuable in detecting certain

cells or cell components. In order to understand cell activ-

ities thoroughly, simultaneous detection of fluorescence and

phase information from the same measuring object is

desired. Several research groups have proposed single-shot

implementations to record fluorescence light and quantita-

tive phase images simultaneously [41, 122, 123]. Quan

et al. [41] constructed a multimodal microscope that com-

bines a conventional epifluorescence microscope and an

off-axis digital holographic microscope. Figure 8 is a sche-

matic diagram of multimodal DHM (MDHM), which is an

implementation with two recording devices for recording a

hologram and fluorescence light respectively. MDHM pro-

vides QPI and 2D fluorescence imaging. Recording device 1

in Fig. 8 only captures fluorescence light and recording

device 2 only obtains an off-axis hologram. The recording

devices are controlled by a computer for synchronization.

Figure 9 is an example of a mouse brain slice recorded at

the same time. From the 2D fluorescence image, neurons

that expressed GFP were clearly imaged in Fig. 9a, while

the boundary of white matter and grey matter was vague in

the same image. From phase images in Fig. 9b and c, the

boundaries were clearly imaged, as the white matter

appeared darker due to the phase delay caused by the high-

er refractive index of lipid, compared to the surroundings

of cells which are mainly composed of water.

Image recovery for a defocused incoherent object image

enables simultaneous 3D imaging of coherent and incoherent

light without interference. The first method is to utilize PSF at

each depth for the calculation of deconvolution [124, 125].

Fig. 9. Part of a mouse brain slice measured in fluorescence and phase. (a) 2D fluorescence imaging of neurons. (b) 3D surface plot of phase.

(c) Phase image in 2D, the boundaries between white and grey matters are indicated in dashed lines with arrows.

Fig. 10. Experimental results of obtaining a 3D fluorescence image

from defocused one. (a) Recorded fluorescence image, (b) hologram,

(c) fluorescence images recovered from (a) by the method of Ref. [128]

and (d) reconstructed phase images.
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Second is COACH [107–110]. Structured illumination with

multiple recording [126] and scanning in the depth direction

[127] are also effective methods to visualize 3D images of

coherent and incoherent light simultaneously. In particular,

in Ref. [126], simultaneous depth-resolved 3D imaging of

quantitative phase and fluorescence was performed by using

structured illumination. Alternatively, a method of utilizing

depth information obtained by DH was recently proposed by

Quan et al. [128]. The method adopts MDHM and performs

appropriate phase-compensation of the fluorescence image

and numerical calculations of diffraction integrals with the

obtained depth information in free space. Figure 10 shows an

example of the recovery of defocused fluorescence images to

demonstrate the simultaneous 3D imaging of coherent and

incoherent light. Microbeads were immersed in water and

freely moved. Figure 10a and b shows simultaneous record-

ing of a 2D fluorescence image and a hologram by MDHM,

respectively. As shown in Fig. 10c, the defocused fluorescence

bead was successfully recovered. Phase images were also

reconstructed as shown in Fig. 10d. From the results, both

3D fluorescence and phase imaging were realized.

Summary

In this review, we introduced digital holographic techniques,

multidimensional imaging and its applications in holog-

raphy, and recent progress in DH. DH has contributed to

imaging science by performing quantitative phase, 3D inten-

sity, motion picture and time-lapse imaging. DH can be

applied to multidimensional imaging, complex amplitude 3D

tomography, nonlinear holographic sensing and incoherent

3D imaging. Natural light, including fluorescence and spon-

taneous Raman scattering light can be recorded as a holo-

gram, and lensless multicolor 3D motion-picture recording

of incoherent light can be enabled by exploiting holographic

techniques and improvements of electronic devices. DH with

multidimensional imaging systems will extend the imaging

ability to label-free living cells, transparent materials and

dynamically changing phenomena.

Acknowledgements

We appreciate Ms. Kris Cutsail for checking the grammar of this

article. One of the authors (T.T.) sincerely thanks Shu Tahara for

encouragement.

Funding

Japan Science and Technology Agency (JST), PRESTO (Grant num-

ber JPMJPR16P8), Japan; Konica Minolta Science and Technology

Foundation; Research Foundation for Opt-Science and Technology;

The Nakajima Foundation; JSPS KAKENHI under (Grants

15H03580 and 16J05689), Japan.

References

1. Gabor D (1948) A new microscopic principle. Nature 161:

777–778.

2. Leith E N, and Upatnieks J (1962) Reconstructed wavefronts

and communication theory. J. Opt. Soc. Am. 52: 1123–1130.

3. Hariharan P (1996) Optical Holography: Principles, Techniques

and Applications, (Cambridge University Press, New York).

4. Kubota T (2014) 48 years with holography. Opt. Rev. 21:

883–892.

5. Kubota T, Komai K, Yamagiwa M, and Awatsuji Y (2007)

Moving picture recording and observation of three-dimensional

image of femtosecond light pulse propagation. Opt. Express 15:

14348–14354.

6. Takaki Y, and Okada N (2009) Hologram generation by hori-

zontal scanning of a high-speed spatial light modulator. Appl.

Opt. 48: 3255–3260.

7. Takaki Y, Matsumoto Y, and Nakajima T (2015) Color image

generation for screen-scanning holographic display. Opt.

Express 23: 26986–26998.

8. Ito T, Shimobaba T, Godo H, and Horiuchi M (2002)

Holographic reconstruction with a 10-μm pixel-pitch reflective

liquid-crystal display by use of a light-emitting diode reference

light. Opt. Lett. 27: 1406–1408.

9. Yamaguchi T, and Yoshikawa H (2011) Computer-generated

image hologram. Chin. Opt. Lett. 9: 120006.

10. Goodman J W, and Lawrence R W (1967) Digital image form-

ation from electronically detected holograms. Appl. Phys. Lett.

11: 77–79.

11. Takeda M, Ina H, and Kobayashi S (1982) Fourier-transform

method of fringe-pattern analysis for computer-based topog-

raphy and interferometry. J. Opt. Soc. Am. 72: 156–160.

12. Schnars U, and Jüeptner W (2005) Digital Holography,

(Springer, Berlin Heidelberg).

13. Kreis T (2006) Handbook of Holographic Interferometry:

Optical and Digital Methods, (John Wiley & Sons, Weinheim).

14. Kim M K (2011) Digital Holographic Microscopy: Principles,

Techniques, and Applications, (Springer, New York).

15. Picart P, and Li J-C (2013) Digital Holography, (Wiley,

Hoboken).

16. Poon T C, and Liu J P (2014) Introduction to Modern Digital

Holography with MATLAB, (Cambridge University Press,

New York).

17. Cuche E, Bevilacqua R, and Depeursinge C (1999) Digital hol-

ography for quantitative phase contrast imaging. Opt. Lett.

24: 291–293.

18. Takaki Y, Kawai H, and Ohzu H (1999) Hybrid holographic

microscopy free of conjugate and zero-order images. Appl.

Opt. 38: 4990–4996.

19. Mann C J, Yu L, Lo C M, and Kim M K (2005) High-

resolution quantitative phase-contrast microscopy by digital

holography. Opt. Express 13: 8693–8698.

20. Murata S, and Yasuda N (2000) Potential of digital holog-

raphy in particle measurement. Opt. Laser Technol. 32:

567–574.

21. Xu W, Jericho M H, Meinertzhagen I A, and Kreuzer H J

(2001) Digital in-line holography for biological applications.

Proc. Natl. Acad. Sci. 98: 11301–11305.

64 Microscopy, 2018, Vol. 67, No. 2

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jm
ic

ro
/a

rtic
le

/6
7
/2

/5
5
/4

8
6
8
6
2
3
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



22. Alfalou A, and Brosseau C (2009) Optical image compression

and encryption methods. Adv. Opt. Photon. 1: 589–636.

23. Javidi B, and Tajahuerce E (2000) Three-dimensional object

recognition by use of digital holography. Opt. Lett. 25:

610–612.

24. Noda T, Kawata S, and Minami S (1992) Three-dimensional

phase-contrast imaging by a computed-tomography micro-

scope. Appl. Opt. 31: 670–674.

25. Gass J, Dakoff A, and Kim M K (2003) Phase imaging without

2π ambiguity by multiwavelength digital holography. Opt.

Lett. 28: 1141–1143.

26. Takeda M, and Kitoh M (1992) Spatiotemporal frequency

multiplex heterodyne interferometry. J. Opt. Soc. Am. A 9:

1607–1614.

27. Clemente P, Durán V, Tajahuerce E, Torres-Company V, and

Lancis J (2012) Single-pixel digital ghost holography. Phys.

Rev. A 86: 041803.

28. Clemente P, Durán V, Tajahuerce E, Andrés P, Climent V, and

Lancis J (2013) Compressive holography with a single-pixel

detector. Opt. Lett. 38: 2524–2527.

29. Lohmann A W (1965) Reconstruction of vectorial wavefronts.

Appl. Opt. 4: 1667–1668.

30. Tahara T, Yonesaka R, Yamamoto S, Kakue T, Xia P,

Awatsuji Y, Nishio K, Ura S, Kubota T, and Matoba O (2012)

High-speed three-dimensional microscope for dynamically

moving biological objects based on parallel phase-shifting

digital holographic microscopy. IEEE J. Sel. Topics Quantum

Electron. 18: 1387–1393.

31. Bruning J H, Herriott D R, Gallagher J E, Rosenfeld D P,

White A D, and Brangaccio D J (1974) Digital wavefront

measuring interferometer for testing optical surfaces and lenses.

Appl. Opt. 13: 2693–2703.

32. Yamaguchi I, and Zhang T (1997) Phase-shifting digital holog-

raphy. Opt. Lett. 22: 1268–1270.

33. Wyant J C (2003) Dynamic interferometry. Opt. Photon.

News 14: 36–41.

34. Sasada M, Fujii A, Awatsuji Y, and Kubota T (2004) Parallel

quasi-phase-shifting digital holography implemented by simple

optical set up and effective use of image-sensor pixels.

Technical Digest of the 2004 ICO International Conference:

Optics and Photonics in Technology Frontier (International

Commission for Optics), pp 357–358.

35. Millerd J, Brock N, Hayes J, Morris M N, Novak M, and

Wyant J (2004) Pixelated phase-mask dynamic interferometer.

Proc. SPIE 5531: 304.

36. Awatsuji Y, Sasada M, and Kubota T (2004) Parallel quasi-phase-

shifting digital holography. Appl. Phys. Lett. 85: 1069–1071.

37. Tahara T, Awatsuji Y, Nishio K, Ura S, Kubota T, and

Matoba O (2010) Comparative analysis and quantitative

evaluation of the field of view and viewing zone of single-shot

phase-shifting digital holography using space-division multi-

plexing. Opt. Rev. 17: 519–524.

38. Xia P, Awatsuji Y, Nishio K, and Matoba O (2014) One mil-

lion fps digital holography. Electron. Lett. 50: 1693–1695.

39. Shimobaba T, Sato Y, Miura J, Takenouchi M, and Ito T

(2008) Real-time digital holographic microscopy using the

graphic processing unit. Opt. Express 16: 11776–11781.

40. Shimobaba T, Kakue T, and Ito T (2016) Review of fast algo-

rithms and hardware implementations on computer holog-

raphy. IEEE Trans. Ind. Inform. 12: 1611–1622.

41. Quan X, Nitta K, Matoba O, Xia P, and Awatsuji Y (2015)

Phase and fluorescence imaging by combination of digital holo-

graphic microscopy and fluorescence microscopy. Opt. Rev.

22: 349.

42. Takaki Y, and Ohzu H (2000) Hybrid holographic micros-

copy: visualization of three-dimensional object information by

use of viewing angles. Appl. Opt. 39: 5302–5308.

43. Mann C J, Yu L, and Kim M K (2006) Movies of cellular and

sub-cellular motion by digital holographic microscopy.

Biomed. Eng. OnLine 5: 21.

44. Jourdain P, Pavillon N, Moratal C, Boss D, Rappaz B,

Depeursinge C, Marquet P, and Magistretti P J (2011)

Determination of transmembrane water fluxes in neurons eli-

cited by glutamate lonotropic receptors and by the contra-

nsporters KCC2 and NKCC1: a digital holographic

microscopy study. J. Neurosci. 31: 11846–11854.

45. Pavillon N, Kühn J, Moratal C, Jourdain P, Depeursinge C,

Magistretti P J, and Marquet P (2012) Early cell death detec-

tion with digital holographic microscopy. PLoS One 7:

0030912.

46. Miniotis M F, Mukwaya A, and Wingren A G (2014) Digital

holographic microscopy for non-invasive monitoring of cell

cycle arrest in L929 cells. PLoS One 9: 0106546.

47. Kemper B, and Gert B (2008) Digital holographic microscopy

for live cell applications and technical inspection. Appl. Opt.

47: A52–A61.

48. Watanabe E, Hoshiba T, and Javidi B (2013) High-precision

microscopic phase imaging without phase unwrapping for can-

cer cell identification. Opt. Lett. 38: 1319–1321.

49. Popescu G, Ikeda T, Dasari R R, and Feld M S (2006)

Diffraction phase microscopy for quantifying cell structure and

dynamics. Opt. Lett. 31: 775–777.

50. Lue N, Kang J W, Hillman T R, Dasari R R, and Yaqoob Z

(2012) Single-shot quantitative dispersion phase microscopy.

Appl. Phys. Lett. 101: 084101.

51. Bajt S, Barty A, Nugent K A, McCartney M, Wall M, and

Oaganin D (2000) Quantitative phase-sensitive imaging in a

transmission electron microscope. Ultramicroscopy 83: 67–73.

52. Zhang F, Pedrini G, and Osten W (2007) Phase retrieval of

arbitrary complex-valued fields through aperture-plane modu-

lation. Phys. Rev. A 75: 043805.

53. Kim M K (1999) Wavelength-scanning digital interference hol-

ography for optical section imaging. Opt. Lett. 24: 1963–1965.

54. Charrière F, Marian A, Montfort F, Kuhn J, Colomb T, Cuche

E, Marquet P, and Depeursinge C (2006) Cell refractive index

tomography by digital holographic microscopy. Opt. Lett. 31:

178–180.

55. Choi W, Fang-Yen C, Badizadegan K, Oh S, Lue N, Dasari R

R, and Feld M S (2007) Tomographic phase microscopy. Nat.

Method 4: 717–719.

56. Kozacki T, Krajewski R, and Kujawińska M (2009)
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