
Time-domain optical coherence tomography with
digital holographic microscopy

Pia Massatsch, Florian Charrière, Etienne Cuche, Pierre Marquet,
and Christian D. Depeursinge

We show that digital holography can be combined easily with optical coherence tomography approach.
Varying the reference path length is the means used to acquire a series of holograms at different depths,
providing after reconstruction images of slices at different depths in the specimen thanks to the short-
coherence length of light source. A metallic object, covered by a 150��m-thick onion cell, is imaged with
high resolution. Applications in ophthalmology are shown: structures of the anterior eye, the cornea, and
the iris, are studied on enucleated porcine eyes. Tomographic images of the iris border close to the pupil
were obtained 165 �m underneath the eye surface. © 2005 Optical Society of America
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1. Introduction

Modern medicine and therapy rely on early and pre-
cise diagnosis to permit localized and specific treat-
ments to be used with optimum outcomes. In
particular, imaging the various epithelia at the sur-
face of organs inside or outside the body is of partic-
ular importance for the early detection of dysfunction
and lesions. Three-dimensional (3D) imaging of com-
plex microscopic and submicroscopic processes in tis-
sues, down to the cellular level, is still a challenging
issue. Rapid, sensitive, noninvasive methods with
high-resolution capability are thus needed for diag-
nosis of lesions or tissue dysfunctions. Digital holo-
graphic microscopy (DHM) offers new opportunities
likely to fulfill these requirements.

Optical coherence tomography (OCT) still seems
the most popular imaging method capable of giving
cross-sectional views of a 3D semitransparent ob-
ject.1,2 It has been used extensively to image tissues
in a depth reaching 2 mm. A plurality of clinical ap-

plications has been developed. The first clinical ap-
plication and nowadays the most important one is
ophthalmology, in which detailed views of the differ-
ent parts of the eye, the retina in particular, can be
obtained. OCT also finds applications in the observa-
tion of different mucosa, such as in the esophagus and
of the skin. It is based on the measurement of the
interference between the incident ray reflected by the
object and a reference beam reflected by a moving
mirror. Reducing the coherence length of the irradi-
ating beam brings discrimination in depth. Basically,
this technique measures the reflected signal at a sin-
gle point of the scattering object, and one can obtain
an image along a line by sliding the reference mirror
on a distance equivalent to the desired depth of the
image. Full 3D image of the scattering object is finally
obtained by additional scanning of the object in the
transverse directions. The traditional approach in-
sures a high sensitivity and a large dynamic range,
but limited lateral resolution, because the numerical
aperture (NA) of the focusing lens must be kept low to
preserve the depth of focus, and special arrange-
ments with adaptive focusing may allow the use of
higher NA objectives. As a result of a compromise
between decreased lateral resolution and improved
axial resolution, cellular structures could be observed
with the so-called ultra-high-resolution OCT.3 High
spatial coherence of the emitting source combined
with a low temporal coherence could be achieved by
using ultrashort laser pulses ��50 fs�. Various imag-
ing modalities have been proposed to yield tomo-
graphic images: the early studies and now most of the
instruments present cross-sectional images, i.e., im-
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ages in the x–z plane, containing the axis of the beam
propagation. However, other modalities have been
proposed4: en face tomographic images show images
along the x–y plane, i.e., in the plane normal to the
beam propagation. As possible drawbacks of the scan-
ning approach in time-domain OCT, its potential
slowness and sensitivity to motion artifacts should be
mentioned. For that reason, the concept of parallel
OCT was proposed.5 It consists of multiplying the
number of scanned lines by making them work in
parallel. Ensuring low crosstalk between the chan-
nels requires the design of a matrix of uncorrelated
and low-coherence emitters. The realization requires
also an important amount of energy to provide suffi-
cient emitter power. Recently, it was established by
Dubois et al.6 that ultra-high-resolution (1.8 �m
� 0.9 �m for transverse x axial resolution), full-field
OCT can be achieved with a white-light thermal
source. High transverse resolution can be achieved
thanks to a relatively high NA microscope objective
�NA � 0.3�. The Linnik configuration is used, and
careful adjustment of the wave fronts is necessary for
direct viewing of the sample.7,8 A drawback of the
bright-field approach is its limited dynamic range
��90 dB�, owing to a large amount of parasitic light
that originates from multiple scattered photons and
that may blind the camera. This fact significantly
restricts the observation depth. Because of the lim-
ited depth of focus in this optical arrangement, an-
other possible drawback is the necessity to move the
sample along the z axis. Practically, this feature re-
stricts the use of the method to in vitro applications.

DHM offers another perspective by providing an
enlarged depth of focus, without compromise of the
high NA of the microscope objective required for good
lateral resolution. This large depth of focus is pro-
vided by the possibility of numerically reconstructing
the image of the object at a variable reconstruction
distance, which is considered a freely adjustable pa-
rameter in the numerical reconstruction process.
DHM is of particular interest from the point of view
of its robustness and flexibility. One particular fea-
ture of digital holography makes it possible, in the-
ory, to catch all the 3D configuration of the scattering
object on a single hologram. This basic feature of
holography is exploited in the so-called in-line holog-
raphy, where the 3D arrangements of isolated scat-
tering centers are computed from a single hologram.
Nevertheless, the hypothesis of the validity of the
first Born approximation, i.e., that each photon is
diffracted only once in the sample without multiple
diffraction, which is at the basis of the in-line holo-
graphic approach, is usually not met in dense scat-
tering media such as biological tissues, and multiple
scattered photons introduce an excessive speckle or
background noise in the reconstruction process. Co-
herence gating can be introduced in the hologram
generation process to eliminate part of the undesir-
able contribution to the hologram, mainly originating
from scatterers outside the region of interest. Short-
coherence holography developed with photorefractive
media (multiquantum wells) was proposed in 1995

(Hyde et al.9) to isolate surfaces or slices in the re-
construction process that was performed optically in
this case.10 In 1997, Cuche et al.11 proposed to com-
bine short-coherence and DHM technology to create a
new tomographic modality. In 2000, Indebetouw and
Klysubun12 proposed a method of imaging through
scattering media with depth resolution by use of low-
coherence gating in spatiotemporal digital hologra-
phy. The source is an extended white-light source.
However, the optical arrangement limits severely the
possibility of using a high NA microscope objective,
and the lateral resolution is insufficient to observe
cells. In the following two years, two papers were
published on the use of short coherence in digital
holography.13,14 Researchers report the use of lens-
less instruments and generally describe them as su-
perior because of the absence of aberrations
introduced by the lenses and of the broad spectrum
available for imaging. However, there are several im-
portant advantages to using lenses or microscope ob-
jectives: in lensless systems, the NA is limited by the
optical setup, encompassing the sample, the CCD
chip, and the mirror or beam-splitter cube needed for
beam recombination. NAs of approximately 0.2 are
achieved experimentally. Such achievement means
that important losses of the high spatial frequency
components must be conceded and that observation
of fine cellular structures cannot be recorded with
such devices. The holographic method developed here
rests on the use of microscope objectives, and very
high NAs higher than 1 are possible. Small details
can therefore be observed, in particular the cellular
structure of epithelia. DHM with short-coherence
sources therefore seems a possible alternative to cur-
rent time-domain OCT.

2. Basic Principle of Optical Coherence Tomography
with Digital Holographic Microscopy

A hologram results from the interferences between
an object wave being scattered by a sample and a
reference wave. Figure 1 shows the principle of OCT
with DHM. The configuration is basically that of a

Fig. 1. Sketch of the optical system used to achieve OCT with a
short-coherence digital holographic microscope. B.E., beam ex-
pander; M.O., microscope objective.
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Michelson interferometer. A hologram is formed by
the interference of a beam diffracted by a volume
object and a reference wave reflected by a moving
tilted mirror. In this way not only the amplitude but
also the phase distribution of the object wave is en-
coded. When the hologram is reilluminated by a dig-
ital replica of the reference wave, the original object
wave front is reconstructed digitally.

In digital holography the hologram is recorded on a
charge-coupled device (CCD) camera and recon-
structed numerically on a personal computer, giving
direct access to the phase and amplitude of the re-
constructed wave front. The method has been
adapted to microscopy and a new imaging technique
called DHM was born.15–18 This technique has been
applied for biological cells investigation. With a Pen-
tium 4 2.8 Ghz, 3D phase reconstructions of 512
� 512 pixels have already been achieved at a rate of
15 frames�s.

When this technique is combined with the use of
light with low temporal coherence, it is possible to
perform optical tomography of the specimen. A series
of holograms resulting from the interference of the
reference beam and the light diffracted at different
depths in the specimen are formed, and each of these
holograms provide, after wave-front reconstruction,
cumulated phase and amplitude data along the opti-
cal path, yielding a detailed tomographic image of the
object. The thickness of a tomographic layer is half of
the coherence length of the light source in the me-
dium owing to the reflection setup, which is basically
the axial resolution of the system. With a coherence
length of 24 �m, the axial resolution is supposed to be
12 �m in air; an experimental measurement gave a
value of 11 �m. The reconstructed image can be cal-
culated anywhere in the coherence length thanks to
the digital focusing capability of DHM (see Section 4
for details on the reconstruction process). In the re-
search presented here, all the images are calculated
at the center of the coherence length in the sample
where the intensity is maximum, but as in classical
microscopy, the reconstructed images contain blurred
information from the planes out of the focus plane
that are still in the coherence length but at a sensibly
lower intensity compared with the in-focus informa-
tion.

3. Experimental Setup

The holograms were recorded with an off-axis exper-
imental configuration, similar to the digital holo-
graphic reflection microscope described by Cuche et
al.,18 which scheme is summed up in Fig. 1. The
microscope was designed to image horizontal objects,
in particular biological samples. The microscope ob-
jective has a magnification of 10� and a NA of 0.35.
The low-coherence source is a linearly polarized Ti:
sapphire laser (Coherent Model MIRA-900) operated
at a wavelength of 800 nm and producing 80�fs
pulses, corresponding to a coherence length of 24 �m
in air. A neutral density filter was used for the ad-
justment of the intensities in the reference arm and
the object arm of the interferometer. One or two beam

expanders, including pinholes for spatial filtering,
are introduced in the arms of the interferometer to
produce clean plane waves. The sample is illumi-
nated through the microscope objective with a colli-
mated beam. A variable delay could be introduced
between the object wave and the reference wave so
that sliding the coherent gate allows scanning of the
sample in depth. The hologram detection was
achieved by a standard 512 � 512 black and white
CCD camera with a lens-on-chip configuration that
renders approximately the entire detector area light
sensitive. The pixel size was 11 �m � 11 �m. A
frame-grabber board installed on the computer was
used to perform hologram digitalization. A signal-to-
noise ratio (SNR) of 60 dB is achieved with the CCD
for the hologram acquisition.

4. Reconstruction Process

The reconstruction process and the method of adjust-
ing the reconstruction parameters have been de-
scribed by Cuche et al.17,18 It consists of simulating
the standard optical reconstruction of the digitized
hologram with purely numerical steps. The intensity
on the hologram is given by

IH(x, y) � OO* � RR*
Ç

zero order

� O*R
Ç

real image

� RO*
Ç

virtual image

, (1)

where O and R are the object and the reference fields
impinging on the hologram respectively. A digital ho-
logram is recorded by a black-and-white CCD camera
and transmitted to a computer. The digital hologram
IH�k, l� is an array of N � N (usually 512 � 512 or
1024 � 1024), 8-bit-encoded numbers resulting from
the two-dimensional sampling of IH�x, y� by the CCD
camera,

IH(k, l) ��
k�x��x�2

k�x��x�2 �
l�y��y�2

l�y��y�2

IH(x, y)dxdy, (2)

where k, l are integers and �x, , �y define the sam-
pling intervals in the hologram plane (pixel size).
Classically, the reconstruction is achieved by illumi-
nation of the hologram with a replica of the reference
wave, generating a transmitted wave front 	
� RIH. This field propagates toward an observation
plane, where a 3D image of the object can be ob-
served. Here, taking advantage of the digital record-
ing of the hologram, the transmitted wave front
	�
, �� is simulated by multiplication of the hologram
intensity distribution IH�k, l� by a so-called digital
reference wave RD�k, l�. Assuming that a plane wave
is used as reference, the digital reference wave RD is
defined

RD(k, l) � exp[i(kx k�x � ky l�y)], (3)

where kx, ky are two phase reconstruction parame-
ters, which must be adjusted to match as closely as
possible the propagation direction of the experimen-
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tal reference waves R. The computed wave front � is
now defined in the hologram plane xy and can be
evaluated at any distance from hologram plane by a
numerical calculation of the scalar diffraction in the
Fresnel approximation. The reconstructed wave front
	�
, ��, at a distance d from the hologram plane, in
an observation plane 
�, is computed by use of a
discrete expression of the Fresnel integral

	(m, n) � A�(m, n)exp� i
�d (m2�
2 � n2��2)�

� FFT�RD(k, l)IH(k, l)exp� i
�d(k2�x2

� l2��2)��
m, n

, (4)

where m and n are integers ��N�2 � m, n � N�2�,
FFT is the fast Fourier transform operator, A
� exp�i2d�����i�d�, and ��m, n� � exp	��i���
�m2�
2�d
 � n2��2�d�� is the so-called digital phase
mask with parameters d
 and d� digitally adjusted to
correct the phase aberration due to the microscope
objective. �
 and �� are the sampling intervals in the
observation plane.

Considering only the virtual images of Eq. (1), the
propagated wave front corresponding to the com-
puted digital reference wave is

	 � RDR*O, with RD(k, l)
� exp[i(kx k�x � ky l�y)], (5)

where kx and ky are two parameters adjusted to
achieve identical propagation directions for R and
RD. The off-axis geometry allows separation of the
different diffraction orders, so the area corresponding
to � can be selected in the reconstruction plane. The
useful part of the spectrum used for the reconstruc-
tion is only a fourth of the hologram spectrum, what
corresponds to a loss of a factor 2 in the resolution if
we compare the reconstructed image with a standard
focal plane image.

5. Demonstration of the Principle of Short-Coherence
Digital Holographic Microscopy: Vision through an
Onion Cell Layer

Performing tomography by short-coherence DHM for
layers hidden behind biological structures is demon-
strated. A reflecting 1951 USAF glass slide resolution
target is hidden behind a monocellular onion mem-
brane, and holograms are recorded at the surface and
at the level of the USAF test target [Fig. 2(a)].

The amplitude reconstruction of holograms re-
corded with the coherent gate at the surface and at
the level of the USAF test target are presented in Fig.
2. Effects of hologram filtering are present in the
lower left corner of the images. A cell pattern corre-
sponding to the reflection of the membrane is visible
in the amplitude image [Fig. 2(b)]. In the amplitude
reconstruction of the USAF test target, [Fig. 2(c)],

located 150 �m below the surface of the onion mem-
brane, the element number “2” of group 3 is clearly
visible, covered by the shadow of the onion layer sim-
ilar to the reflected amplitude in Fig. 2(b). It is thus
possible to image an object hidden behind a complex
biological structure.

6. Application of Short-Coherence Digital Holographic
Microscopy to Obtain Tomographic Images of a
Biological Sample: a Porcine Eye

Several experiments were performed in the attempt
to image the structures in the anterior part of enu-
cleated porcine eyes; 3D tomography of the cornea
and of the border of the iris close to the pupil are
presented. Schematic images of the eye and the cor-
nea are shown in Figs. 3(a) and 3(b). The anterior
part of the eye contains the following structures to be
imaged: the cornea, the iris, and the lens. The first
layer of the cornea consists of a transparent epithe-
lium formed by a multiply layered stack of living cells
with a nucleus and cytoplasm.

The main structures of the 550��m-thick cornea
are the epithelium, the stroma, and the endothelium.
The epithelium is the 40��m-thick external cell layer
of the cornea. New epithelial cells are continuously
growing on the stromal side, and old cells are evacu-
ated by the blinking movements of the eyelid. The
stroma is the relatively homogenous bulk structure
in the middle of the cornea, separated from the epi-
thelium by Bowman’s membrane and from the endo-
thelium by Descemets’s membrane. The endothelium
is the 10��m-thick monocellular layer lining the in-
terior of the cornea. The endothelium is a nonregen-
erative tissue, and the observation of the size and the
shape of endothelial cells provides important infor-

Fig. 2. En face tomographic images of the complex object com-
posed of a USAF test target (part of it containing the number “2”)
covered by an onion cell layer. These images have been obtained by
the reconstructions of holograms taken with coherence gates at the
level of the surface of the onion cells and at the level of the USAF
test target. (a) Sketch of the sample. (b) En face image from the
hologram taken with the coherence gate at the surface. (c) En face
image from the hologram recorded 150 �m below the surface, at
the level of the USAF test target.
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mation on the condition of the eye. A tear film covers
the cornea. It has a layered structure with a lipid
component “floating” as a 100�nm-thin oil layer on
the surface, over a 6–10��m-thick aqueous layer. Un-
der this tear film cover, a mucin layer is adjacent and
adherent to the corneal epithelial surface. Note that
Bowman’s membrane is absent in porcine eyes, used
in our experiments. The porcine cornea and epithe-
lium are also thicker than the corresponding human
tissues, 700–800 �m for the cornea and 50–60 �m for
the epithelium, whereas the endothelium seems to be
slightly thinner, approximately 6 �m.19

7. Cross-Sectional and En Face Tomography of the
Cornea of a Porcine Eye

To be able to penetrate far enough into the eye and
extract information from the entire thickness of the
cornea, immersion of the eye in a physiological solu-
tion (0.9% NaCl water solution) was performed and
the microscope objective placed in the solution. A
stack of holograms was recorded on the cornea of a
freshly enucleated porcine eye. Holograms were re-
corded every 8 �m in the region of the epithelium and

endothelium and every 40 �m in the middle of the
stroma. The graph in Fig. 3(c) shows the backscat-
tered signal throughout the whole thickness of the
cornea. Each point was obtained by calculation of the
average intensity over an area of 10 � 10 �m2 in the
reconstructed image plane, normal to the scanning
direction. The double peak to the left corresponds to
the relatively thick epithelium and the peak to the
right to the thin monocellular endothelial layer. The
thickness of the epithelium was estimated to be
50 �m and the thickness of the cornea to approxi-
mately 800 �m. These values match well the thick-
ness of the porcine cornea measured by other
methods.19 An estimation of the endothelial thick-
ness was not possible because this layer is thinner
than the depth resolution of the method.

The cross-sectional image of the section in the cor-
nea is presented in Fig. 3(d). The axial resolution of
this image is defined by the depth resolution of short-
coherence DHM (approximately 11 �m). The pixel
size is set to 8 �m, the minimal step length used
during recording. The holographic setup determines
the resolution in the plane of the cornea section: ap-
proximately 1 �m for the characteristics of the mi-
croscope objective used in these measurements.
Experimentally, this resolution, which is close to the
diffraction limit, could be verified. A pixel size of 1 �m
was retained in agreement with the resolution of
DHM, and the resolution was proved sufficient to
observe subcellular details of the epithelial layer in-
side the 40��m-thick layer [Fig. 3(e)]. The main re-
flective layers appear slightly tilted relative to the
optical axis (y axis in the image). This tilt is due to the
use of low-coherence light in combination with the
off-axis geometry of the holographic setup (beam
walk-off), because the fringes on the hologram origi-
nate from different depths in the object. The recon-
structed image then corresponds to an oblique object
slice slightly tilted at an angle in relation to a plane
perpendicular to the illumination.

8. Cross-Sectional and En Face Tomography of the
Iris of a Porcine Eye

Imaging of the iris was motivated not only by the
interest of monitoring this structure but also for il-
lustrating the performances of short-coherence DHM
to image biological structures in a highly scattering
translucent media.

Tomography of the porcine iris was performed at
the pupil border of a freshly enucleated porcine eye
immersed in water. A stack of holograms was re-
corded, and a 3D reconstruction of the iris was per-
formed slice by slice. The voxel size is 1 �m in the x–y
directions, whereas the voxel size in the z direction,
determined by the path-length difference of the ref-
erence wave between two consecutive holograms in
the stack, is 4 �m. Several planes in the recon-
structed volume are presented in Fig. 4. Figure 4(i) is
the en face view given by the amplitude reconstruc-
tion, 50 �m beneath the iris surface; the inhomoge-

Fig. 3. Sketches representing (a) the eye and (b) the cornea with
its fine structure. (c) Backscattered intensity, obtained by scanning
through the cornea. The double peak corresponds to the thick
epithelium. The single peak to the right corresponds the endothe-
lial monocellular layer. (d) Cross-sectional image of the whole cor-
nea. The two interfaces of the epithelium are visible at the top of
the image, and the endothelial layer is visible at the bottom. (e) En
face image of porcine corneal epithelium in situ. This tomographic
image yields details at the cellular level: image of nuclei and cy-
toplasm. (The upper right and the lower left parts of the image
contain no information because of the convex form of the cornea).
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neous character of the iris tissue is observed. Figure
4(ii) is en face view given by the amplitude recon-
struction, 165 �m beneath the surface; we can ob-
serve that the tissue is more uniform at this depth. In
Fig. 4(i), both sets of a–e and A–D show cross-
sectional sections through the iris. The round border
of the iris is visible as well as the inhomogeneities at
the iris surface. It should be stressed that the voxel
size of these cross-sectional views is not square. They
measure 1 �m � 4 �m, although they have quadratic
representation in the illustrations. These results are
promising even though imaging at the cellular level is
not possible with the present depth resolution.
Larger structures can be observed, and the penetra-
tion into the iris tissue is good. A potential applica-
tion is to study the zonular apparatus, hidden behind
the iris, with a setup adapted to the dimensions and
the location of these structures. The zonular fibers
and the ciliary body play an important role in visual
accommodation, and high-resolution ultrasound
biomicroscopy has already been used to image these
structures in vivo,20 but at a lower lateral resolution.

9. Discussion and Conclusion

The objective of this study, which was to demon-
strate the feasibility of performing tomography of
biological material with short-coherence digital ho-
lographic microscopy, can be considered met: First,
it has been shown that observation of scattering
objects (part of USAF test target) imbedded in bio-
logical material, such as onion cells, is possible with
a high transversal resolution, since the system is
simply diffraction limited. It was also demonstrated
that imaging different structures in the eye, such as

the cornea epithelium and the iris, could be carried
out successfully. It was also shown, for the first time
to our knowledge with short-coherence DHM that
details could be obtained at the subcellular level on
the image of cornea epithelium. The lateral resolu-
tion is similar to that obtained by Dubois et al.6 with
full-field OCT, but the axial resolution is worse
�11 �m�. This worsening is due to the bandwidth of
the source, which is only 15 nm in our short-
coherence DHM setup and must be compared with
the several hundreds of nanometers for a white-
light source. This quantity could also be much im-
proved in holography by use of sources with a
broader bandwidth, but a minimal bandwidth must
be fixed to preserve the formation of the hologram,
i.e., because of the of axis configuration, the coher-
ence length must be sufficient to allow interference
fringes formation over the entire chip of the camera.
This necessity is the main drawback to axial reso-
lution. However, the resolution of short-coherence
DHM is better than the resolution of ultrasound
(35 �m axial),21 and complementary information
might be obtained. Many studies still need to be
conducted to improve the significance of the de-
tected signal. In particular, the phase information,
which results from the numerical reconstruction in
digital holography, is not used in the present study.
Its potential interest is great, however, and should
be taken into account in the evaluation of the role of
the refractive index of tissues along the optical path
length. DHM is also of prime interest in measure-
ment in both the study and the imaging of biological
and turbid media.

This research has been supported by the Swiss Na-
tional Science Foundation (SNSF) grants 21-67068.01
and 205320-103885�1.
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