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olographic optical coherence imaging of rat
steogenic sarcoma tumor spheroids

ing Yu, Mirela Mustata, Leilei Peng, John J. Turek, Michael R. Melloch,
aul M. W. French, and David D. Nolte

Holographic optical coherence imaging is a full-frame variant of coherence-domain imaging. An opto-
electronic semiconductor holographic film functions as a coherence filter placed before a conventional
digital video camera that passes coherent �structure-bearing� light to the camera during holographic
readout while preferentially rejecting scattered light. The data are acquired as a succession of en face
images at increasing depth inside the sample in a fly-through acquisition. The samples of living tissue
were rat osteogenic sarcoma multicellular tumor spheroids that were grown from a single osteoblast cell
line in a bioreactor. Tumor spheroids are nearly spherical and have radial symmetry, presenting a
simple geometry for analysis. The tumors investigated ranged in diameter from several hundred
micrometers to over 1 mm. Holographic features from the tumors were observed in reflection to depths
of 500–600 �m with a total tissue path length of approximately 14 mean free paths. The volumetric
data from the tumor spheroids reveal heterogeneous structure, presumably caused by necrosis and
microcalcifications characteristic of some human avascular tumors. © 2004 Optical Society of America

OCIS codes: 170.4500, 110.4500, 090.2880, 190.5330, 190.5970.
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. Coherence-Domain Imaging and En Face Data
ormats

oherence-domain imaging is performed with several
cquisition formats that use short-coherence inter-
erometry to image inside scattering media.1–7 The
ost common format is based on optical coherence-

omain reflectometry8 with a rapid-scan delay line
hat uses heterodyne detection to demodulate the co-
erent interference and differentiate it from the scat-
ered background. This generates the so-called A
can that produces an optical echo gram as a function
f depth. When the A scan is combined with lateral
canning along a single dimension, it generates the B
can that converts reflectometry data into a section
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s a function of depth and one lateral space dimen-
ion. The B scan is the most common data format
or coherence-domain image visualization. A stack
f B scans produces a data volume with voxels that
an be rendered in three dimensions for enhanced
isualization approaches. Any subset can be ex-
racted from the data volume, including the en face
ormat that gives a two-dimensional image at a fixed
epth and is also known as the C scan.
En face images also can be generated directly by

se of a fixed delay and by means of rapidly scanning
n two lateral directions. The fixed delay requires a
ifferent demodulation approach, such as heterodyne
etection with a frequency-shifted reference. When
ombined with on-chip smart-pixel technology with
arallel data acquisition, this can generate video-rate
ovies.9 The smart-pixel arrays currently operate

t 58 � 58 pixels.10

A direct en face imaging approach with much
igher pixel density uses direct acquisition into a
CD camera.11 By acquisition of several successive

mages at a fixed delay but with different reference
hases, the coherent part of the image can be differ-
ntiated from the diffuse scattered background.
his generates images with pixel numbers over a
illion. The phase modulation and acquisition can

lso be fast enough to approach video rates. The
echnical drawbacks of this approach are the need for
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nterferometric stability during the time to acquire a
ingle image set and the limited dynamic range in
urrent CCD cameras that limits the detection sen-
itivity.
Spatial interference in holograms presents an al-

ernative en face method to demodulate the coherent
nterference between the signal and the reference
eams. Holography has long been recognized as a
echnique for imaging through inhomogeneous me-
ia, for example, with phase-conjugate hologra-
hy.12,13 Techniques for making transmission
olograms through fog were proposed that relied on
he incoherence of scattered light.14,15 Holography
ith laser pulses that gate the first-arriving light

hrough scattering media was proposed early16 and
as later refined for biomedical applications.17,18

This early research relied for the most part on
tatic holograms that needed to be exposed and de-
eloped and then illuminated with a reconstruction
aser, all of which removed any possibility of probing
nto scattering media in real time. This set the
tage for the development of holographic optical co-
erence imaging �OCI� that relies on dynamic holo-
raphic media that are constantly updating.
hotorefractive materials are particularly attractive
s dynamic holographic coherence gates because they
re not saturated by the incoherent background the
ay that holographic film or CCDs are. The pho-

orefractive effect also supports dynamic holography
ith refresh rates easily compatible with video frame

ates and is capable of much higher rates.19,20

Holographic OCI was initially developed with bulk
hotorefractive crystals and volume holograms.21

owever, the implementation with volume holo-
rams made readout difficult because of the need to
atch the Bragg diffraction angle. In addition, the

pdating rates for the crystals were relatively slow.
hese initial problems were removed when the pho-

orefractive crystals were replaced with photorefrac-
ive semiconductor devices.22

Photorefractive quantum wells �PRQWs� are
emiconductor optoelectronic devices23–25 that use
emiconductor growth processes to produce semi-
onductor structures that have enhanced optical
roperties based on quantum localization of elec-
rons in very thin layers �7.5 nm�. The enhanced
ptical properties make these devices candidates
or many adaptive interferometric and imaging
pplications.22,26–29

Holographic OCI in PRQW devices was first dem-
nstrated with video-rate image acquisition,30,31 with
ater-increases in acquisition speed up to 470 frames�
20 for an acquisition time of only 2 ms, which would
ake it possible to image fast changes in metabolic

rocesses. The imaging depth range for OCI is cur-
ently approximately 15 mean free paths in double
ass.31 The axial �longitudinal� resolution of OCI
as achieved 14 �m with short-coherence sources,32

nd the lateral resolution is typically 10 �m,33 al-
hough this is a function of the optics and the mag-
ification. Resolution down to 1 �m in a high-
agnification configuration should be possible.
1

The first holograms of light reflected from within
iving tissue were demonstrated by holographic OCI
pplied to multicellular tumor spheroids.34 The
ata were recorded in so-called fly-throughs, in which
succession of en face images were acquired at suc-

essive depths from within the spheroids. When the
y-throughs were halted at a specified depth, called a
unctuated fly-through, quantitative information re-
ated to cellular and subcellular motility could be
xtracted from the statistics of the speckle holo-
rams.35 This has important consequences for po-
ential intraoperative applications of holographic
CI for the assaying of biologically significant areas

f tissue at low magnification and for extraction of
ubcellular motility information from within the tis-
ue.
In this paper we present a complete technical de-

cription of holographic OCI applied to image living
issue. The samples are rat osteogenic sarcoma tu-
or spheroids that are grown from a single osteoblast

ell line in a bioreactor. The spheroids are nearly
pherical and have radial symmetry, presenting a
imple geometry for analysis. They are character-
zed by an outer shell of healthy cells in close contact
ith nutrients and oxygen in the growth medium, a

hin inner shell of apoptotic cells undergoing pro-
rammed cell death, and an inner core of necrotic
issue with microcalcifications and necrotic voids
lled with extracellular debris. The tumors range in
iameter from several hundred micrometers to over a
illimeter.
The technical details of OCI as they relate to this

umor imaging application are described in Section 2,
ncluding image acquisition and filtering to remove
rtifacts from dust and imperfections on the current
eneration of holographic film, plus procedures for
ext-generation film fabrication that will remove
ost of these defects. The details of the tumor

rowth and structure are presented in Section 3. In
ection 4 we present the holographic fly-through data
ets of several tumors, including three-dimensional
isualization of the tumors and statistical analysis of
he observed holographic features.

. Holographic Optical Coherence Imaging
xperimental Setup

olographic OCI shares much in common with opti-
al coherence tomography �OCT�. Both are
oherence-domain imaging techniques that use
hort-coherence light sources to define depth and lon-
itudinal resolution. Both seek to differentiate co-
erent backscatter from diffuse backscatter by use of
oherent interference with a reference wave followed
y demodulation. In OCT, the preferred mode is
emporal heterodyne detection at a single point with
ignal filtering to perform demodulation. In OCI,
he interferometric detection mode is spatial hetero-
yne across a full field of view with holographic read-
ut �diffraction� performing the role of demodulation.
September 2004 � Vol. 43, No. 25 � APPLIED OPTICS 4863
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. Holography as Spatial Heterodyne

he coherence gating function of holographic OCI is
hown schematically in Fig. 1. The image field, con-
aining spatially and temporally coherent light as
ell as diffuse light, is incident on the dynamic ho-

ographic film at one angle, and a plane reference
eld is incident from a different angle. The finite
rossing angle between the image field and the ref-
rence field produces interference fringes at the film
ith a fringe spacing of

� �
�

2 sin �
, (1)

here � is the half-angle between the beams and � is
he wavelength. Only the coherent part of the im-
ge field produces the interference whereas the dif-
usely scattered light presents a random speckle that
s typically outside the coherence length and hence
roduces no persistent fringes. The periodic fringes
odulate the optical properties of the photorefractive

lm through the gradient of the intensity,24 making
he film partially insensitive to high background.
The incoherent background still presents an erasure
echanism, but does not saturate the dynamic range

f the film as it would for films that respond to inten-
ity rather than gradient in intensity.�
The periodic modulation in the optical properties of

he film in turn behaves as a diffraction grating that
iffracts the reference field in the direction of a CCD
amera, where it is imaged onto the CCD plane. In

ig. 1. Principle of holographic coherence gating in a PRQW film.
he film responds only to the gradient in intensity rather than to

he intensity itself. This allows the weak holographic fringes to
e recorded while the high-intensity diffuse light passes through.
n the degenerate four-wave mixing geometry, the reference is also
he readout, diffracting from the film into the camera. This ap-
roach is direct imaging with the hologram acting as a coherence
lter that depth gates coherent backscattered light from the dif-
use specimen.
864 APPLIED OPTICS � Vol. 43, No. 25 � 1 September 2004
rinciple, only the coherent image-bearing part of the
mage field produces the hologram and is read out by
he reference field. Because none of the diffusely
cattered light from the image field reaches the cam-
ra, this is a so-called background-free mixing geom-
try. In practice, the image field contains speckle
hat does have spatial intensity gradients that can
rite holograms and diffract light. However, the

patial bandwidth of this background disperses the
iffracted light and limits the amount of background
aptured by the reconstruction optics. Further-
ore, this background speckle can be time averaged

t the camera by use of a vibrating mirror with a
requency slower than the holographic film, but
aster than the frame rate of the camera.

The preceding description of holographic recording
nd readout can also be phrased from the point of
iew of spatial heterodyne and demodulation. The
mage field presents a spectrum of spatial frequen-
ies, and the interference fringes present a spatial
arrier frequency that is modulated by the image
pectrum. This is shown schematically in Fig. 2�a�,
or the case of image speckle alone and in the pres-
nce of the reference wave. The Fourier transform
f Fig. 2�a� is shown in Fig. 2�b� compared with an
ncoherent background speckle that is chosen to be
00 times stronger in intensity. The image field
odulation of the spatial carrier frequency produces

idebands that can rise by many orders of magnitude
bove the background spectrum at that spatial fre-
uency. In the example in Fig. 2, there is an 8 order-
f-magnitude discrimination between coherent image
peckle and incoherent background at the carrier fre-
uency. It is in this sense that holographic record-
ng is background free. The process of demodulation
s simply diffraction of the reference from the image-

odulated carrier into the imaging optics of the cam-
ra. There is a constraint that the spatial frequency
f the carrier must be higher than the spatial band-
idth of the image. In practice, this requires that
ach coherent speckle from the signal wave contain at
east three interference fringes. In practice, dust
nd other defects on the holographic film provide
ther more serious sources of background, but these
an be removed by postacquisition filtering.

With this analogy, holographic OCI uses spatial
eterodyne in much the same way that OCT uses
emporal heterodyne. However, there is a funda-
ental difference between temporal and spatial mix-

ng. In spatial heterodyne, many optical modes are
nterfering in parallel whereas in temporal hetero-
yne only a single optical mode is active at a time.
he increase in parallelism from OCT to OCI can be
s large as A��2, where A is the field of view of OCI
nd � is the wavelength. For A � 1 mm2, the gain in
aralellism is 106, which is roughly the pixel count on
CCD camera. In this sense, the spatial multiplex-

ng of OCI provides an increase in voxel rate by at
east 6 orders of magnitude, all other factors being
he same �which is not true in practice�.
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. Degenerate Four-Wave Mixing Optical Layout

he experimental setup for the degenerate mixing is
hown in Fig. 3. It uses a low-coherence light source
n a modified Mach–Zehnder interferometer with an
maging-system in the sample arm and a delay stage
n the reference arm, with a PRQW-device and a CCD
amera. The low-coherence light source used in our
CI experiments is a diode-pumped Ti:sapphire laser

Clark MXRNJA-5� operating at a wavelength of 837
m with a 120 fs pulse duration and a repetition rate
f 100 MHz. The center wavelength and the band-
idth of the laser span the excitonic spectral band-
idth of the PRQW. Samples are positioned in the

ignal arm in a reflection geometry.
A mirror in the reference arm of the interferometer

s vibrated at approximately 500 Hz by a piezoelectric
tack. The purpose of this moving mirror is to elim-
nate pixel cross talk and stray speckle �nonimage
peckle� in the en face images. This vibration has a

ig. 2. Simulation of holography as spatial heterodyne. �a� The
mage speckle from the diffuse object is spatially modulated
hrough interference with the reference by a carrier wave with a
patial carrier frequency 1��. �b� The spatial spectrum of the
mage �dotted curve� and hologram �solid curve� shows the strong
idebands in the hologram that rejects the zero order by many
rders of magnitude. DR, dynamic range.
1

ufficiently low frequency that allows the holographic
lm to track the induced fringe motion without di-
inishing the diffracted intensity, while the fre-

uency is sufficiently high that the camera time
verages over many cycles, averaging out the inter-
ixel speckle. This feature of holographic OCI �dif-
erent response times between the holographic film
nd the camera� allows it to reject interpixel cross
alk while retaining the full spatial coherences �and
esulting speckle� arising from structure in the tis-
ue. This presents one advantage of the holographic
CI relative to phase-shifted full-field optical coher-
nce microscopy,36 which does not differentiate be-
ween the two types of speckle.

The nonlinear mixing in the PRQW device is in a
egenerate four-wave mixing configuration. In de-
enerate mixing, the readout beam is the reference
eam �hence it has a frequency degenerate with the
ignal and reference waves�, whereas in nondegener-
te mixing �used by the Imperial College group� the
eadout beam is a separate beam that may have a
ifferent wavelength and come from a different light
ource. Both configurations image the first-order
iffracted beam of the readout into a CCD camera.
The nondegenerate configuration has some advan-

ages over the degenerate. First, use of a separate
eadout wavelength allows conventional filters to re-

ig. 3. Holographic OCI experimental layout. �a� The general
ayout shows the illumination source and the modified Mach–
ehnder interferometer in a degenerate four-wave mixing config-
ration. The sample is interrogated in reflection and the
olarization is selected by the polarizing beam splitter �BS�. A
ey element in the reference arm is the piezomirror that vibrates
t a rate that is tracked by the holographic film, but not by the
amera, thereby time averaging the parasitic cross talk �non-
mage-bearing� speckle. �b� Shows the details of the Fourier op-
ics used to filter the optical images. The hologram is recorded in
n image plane. ND, neutral density filter.
September 2004 � Vol. 43, No. 25 � APPLIED OPTICS 4865
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ect the background as well as incoherently scattered
ight of the reference off of imperfections in the holo-
raphic film. Second, it is possible to use any photon
nergy for the signal and reference that is above the
andgap of the semiconductor device �approximately
.5 eV� to write the holographic gratings, allowing
pectroscopic information to be extracted from the
ample. The readout remains tuned to the resonant
avelength of the photorefractive device.
The degenerate configuration has different advan-

ages. First, only a single light source is needed for
oth hologram writing and readout, simplifying the
ptical setup. Second, use of the reference as the
eadout prevents additional hologram erasure �that
s experienced in the nondegenerate case because of
he independent readout�. In the degenerate config-
ration, higher reference intensities generate
righter holographic reconstructions, whereas in the
ondegenerate configuration the reference must be
atched to the signal intensity to prevent hologram

rasure. In practice, this leads to a factor of 6-dB �in
he CCD camera� higher hologram readout for the
egenerate configuration and eliminates any need to
djust the reference power if the signal power is
hanging due to changes in the optical density of the
pecimen across the field of view. In our application,
umor spheroids present just such a variation in op-
ical thickness because of their spherical shape.
ur use of the degenerate configuration therefore
elps us to record balanced images across a tumor
ection.
Because OCI is a full-frame parallel acquisition
ode, the input laser needs to be distributed over

arge areas on the sample. This requires a higher-
ower laser in OCI to keep intensities comparable to
onventional OCT at each pixel. The Ti:sapphire
emtosecond laser provides sufficient power to ac-
uire holograms of a highly scattering specimen. In
ddition, a telescope is used in the signal arm of the
nterferometer to decrease the diameter of the input
aser beam by a factor of 3. The laser beam diameter
n the sample is approximately 1.0 mm with a power
f 200 mW. Two lenses are used to form a 4-F image
ystem to project the image of the sample onto the
olographic film. A spatial filter is located at the
ourier plane of the image system to reject part of the
cattered light from the sample. The signal inter-
eres with the reference at the PRQW when the op-
ical path lengths between the signal and the
eference are matched to within a coherence length of
he laser by an adjustment of the translation stage in
he reference. The interference fringes are im-
rinted onto the holographic film.
The active layer of the PRQW device is grown by
olecular beam epitaxy, which consists of a multiple

uantum-well layer composed of a 100 period 70-Å
aAs well and a 60-Å Al0.2Ga0.8As barrier on a semi-

nsulating GaAs substrate. After the growth, the
ayer is epoxied on glass and the substrate is removed
y etching. An electric field �dc of 10 kV�cm� is ap-
lied in the plane of the device. This configuration is
alled the transverse-field geometry that uses the
866 APPLIED OPTICS � Vol. 43, No. 25 � 1 September 2004
ranz–Keldysh effect. The holograms are recon-
tructed by degenerate four-wave mixing in the
RQW. The first-order diffracted signal from the
eference is imaged onto the surface of a cooled CCD
amera �RTE�CCD 1317, Princeton Instruments�
ith a 150-mm focal-length lens, and an aperture is
sed to cut off the zero orders. The acquisition time

n these experiments is set to 100 ms for a field of
iew that covers 157 � 185 pixels with a fivefold
ignal averaging to give a total time per acquired
rame of 500 ms. The efficiency of the four-wave
ixing is optimized by adjustment of the wavelength

nd bandwidth of the laser, the size and positions of
he apertures, and the relative intensities between
he signal and the reference.

The reference delay stage is controlled by a stepper
otor that is scanned in fixed steps to allow the ac-

uisition of image frames from successive depths in
he samples. The depth resolution of the OCI sys-
em is 34 �m, determined by measurement of the
ross-correlation widths of the diffracted signals by
se of a single reflective surface at the sample posi-
ion. The transverse resolution is 19 �m, deter-
ined by measurement of the hologram of a U.S. Air
orce test chart. The basic data set from a single
y-through is a data cube of approximately 200 by
00 en face pixels by 200 depth sections with 10-�m
pacing.
The details of the Fourier optics in the imaging arm

f the interferometer are shown in Fig. 3�b�. The
mage from the tumors is relayed to the PRQW device
hrough four lenses with a demagnification of 3:1. A
ourier plane is available for spatial filtering through
n aperture. This aperture controls the spatial co-
erence and speckle size at the quantum-well plane.
or efficient hologram readout, there must be more
han approximately three fringes per speckle.

. Postacquisition Image Processing

lthough holographic OCI is in principle background
ree, imperfections in the holographic film that arise
uring the numerous device fabrication stages scat-
er light from the hologram plane into the camera,
roducing a static background. This scatter tends to
e highly localized �dust particles on the film or small
ir bubbles in the epoxy supporting the semiconduc-
or film� and hence produces hot spots in the CCD
mage. The holograms between these hot spots are
ot affected and may be read out essentially back-
round free. If a hot spot does occur within the field
f view of a tumor spheroid, it can be filtered with
ostacquisition processing, unless the hot spot satu-
ates the camera and causes data dropout. This
ropout is minimized in practice when relatively
lean portions of the film are selected to image
hrough. This pragmatic approach is not ideal, but
eads to successful acquisition of images from inside
he tumor spheroids. In the future, commercially
anufactured PRQWs will become available that
ould mostly eliminate this current limitation.
The static scatter from imperfections in the holo-

raphic film is suppressed in each frame by back-
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round subtraction, followed by a high-pass Fourier
lter along the z axis of the acquired data cube. The
catter is independent of the delay and therefore is
resent as a dc baseline shift in the hot pixels. The
ata are conditioned prior to background subtraction
nd Fourier filtering by means of logarithmically sat-
rating the high background while the linear scaling
f the holographic image is retained. The image is
ransformed according to

AT � y0 ln�1 � A�y0� , (2)

here y0 is a scale factor, roughly three times the
agnitude of the highest tissue hologram brightness.
his transformation achieves logarithmic saturation
f large pixel values, and the linear holograms are
etained through the approximation ln�1 	 x� 
 x to
ield linear scaling for small x from the holograms of
nterest. The logarithmically conditioned holo-
raphic section near the top of a tumor is shown in
ig. 4�a� after background subtraction. Post-
ourier-filtered images can be presented either as

hresholded images on the in-phase �real� part of the
ltered data or as the modulus of the filtered data, as
hown in Fig. 4�b�. These filtered images constitute
he final data for the tumor spheroid.

. Rat Osteogenic Sarcoma Tumor Spheroids

or instrument development and modification for
he study of biological tissue, it is necessary to have
steady and abundant source of living tissue. It is

easible to use animals �i.e., rodents�, but that
ould require killing numbers of animals, involve
nesthesia during the imaging process, and compli-
ate tissue collection. Fortunately, there is a well-
haracterized in vitro model that can be used to
imulate multicellular tissues.37–42 Multicellular
pheroids of normal cells or neoplastic cells �tumor
pheroids� are balls of cells that can be easily cultured
p to several millimeters in size in vitro. The sphe-
oids can be used to simulate the optical properties of
variety of tissues such as the epidermis and various

pithelial tissues and can be used to simulate the
istological and metabolic features of small nodular
umors in the early avascular stages of growth.42 As
umor spheroids are cultured, they undergo cell apo-

ig. 4. Postacquisition image processing. �a� The background-
ubtracted holographic X,Y section of tumor T0508A-03 with a
iameter of 600 �m that is 200 �m deep inside the tumor. �b� The
ame section after Fourier filtering along the z axis to remove the
emaining background.
1

tosis and necrosis in their center in a manner sim-
lar to naturally occurring nodular tumors.38 In
ddition, if certain tumor cell lines are used, the sphe-
oids will develop microcalcifications that can bear
imilarities to those found in the human breast.
To create tumor spheroids, rat osteogenic sarcoma
MR-106 cells were cultured in Dulbecco’s modified
agle’s medium with 10% fetal calf serum, 100-u�ml
enicillin, 100-�g�ml streptomycin, and 1%
-glutamine in sterile 60-mm non-tissue-culture
lastic dishes. The non-tissue-culture plastic
auses the tumor cells to form the spheroids in 7–10
ays, which are then transferred to a rotating biore-
ctor �Synthecon, Houston, Texas� where they are
aintained in suspension for several weeks. The

pheroids can be grown up to several millimeters in
iameter and are thus large enough to simulate the
hickness of different mammalian tissue �skin epider-
is is 70–120 �m thick over most of the human

ody�. An advantage of this continuous culture
odel is that fresh spheroids of varying size are eas-

ly prepared on a daily basis. Overall, the tumor
pheroids provide a reasonable tissue model that
oes not require special handling of animal subjects.
Tumor spheroids are shown in Fig. 5 by various

orms of conventional microscopy. A transmission
ow-magnification microscope image of a 700-�m-
iameter tumor is shown in Fig. 5�a�. The tumor is
ighly spherical and translucent. Diffuse light can
e seen around the edges in the transmission image,
ut little light passes through the full diameter. A
ow-resolution scanning electron microscope image of

ig. 5. �a� Transmission low-magnification microscope image of a
00-�m-diameter tumor spheroid. �b� Conventional scanning
lectron micrograph of a different 700-�m tumor spheroid showing
ndividual cells on the surface. �c� Optical thin-section micro-
raphs of a 900-�m-diameter tumor spheroid, showing a thin out-
rmost shell of healthy cells approximately 100 �m thick, with
nnercore necroses and microcalcifications. �d� Enlargement of
he rectangular section showing details of the healthy shell and the
nner necroses.
September 2004 � Vol. 43, No. 25 � APPLIED OPTICS 4867
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different 700-�m-diameter tumor spheroid is
hown in Fig. 5�b�. The tumor is roughly spherical
ith approximately 10-�m-size cells on the surface.
o image the interior structure by conventional mi-
roscopy, spheroids were fixed with 3% phosphate-
uffered glutaraldehyde, postfixed with 1%
hosphate-buffered osmium tetroxide and embedded
n epoxy resin �Polybed 812, Polysciences, War-
ington, Pennsylvania�. Spheroids were serial thick
ectioned �1 �m� and stained with Toluidine blue for
ight microscopic examination. A medial optical sec-
ion of a 900-�m-diameter tumor spheroid is shown
n Fig. 5�c�, where individual cells at the perimeter
re clearly visible. A shell of healthy cells approxi-
ately 100 �m thick on the outside �in close proxim-

ty to nutrients and oxygen� encloses the necrotic
ore. A blow-up of an outer region is shown in Fig.
�d� showing the healthy shell in more detail and a
ortion of the necrotic region. Deeper inside the tu-
or are regions of cellular apoptosis and necrosis

hat become larger and more frequent toward the
enter of the spheroids.

Overall, the tumor spheroids exhibit a roughly ra-
ial symmetry, but are mostly homogeneous without
trong structural features or distinct morphology
hanges that can be detected with histology. This
as the disadvantage that correlative histology can-
ot be performed to connect features observed in the
CI data sets with features observed in the histology.
he OCI data sets will exhibit generally featureless
peckle images arising from the homogeneously dis-
ributed necroses inside the spheroid. On the other
and, the radial symmetry has the advantage that
tatistical trends, such as density of necroses as a
unction of radius, shared by the OCI data sets and
he histology should correlate positively, as we show
n Sub section 4.C.

. Holographic Optical Coherence Imaging of Tumor
pheroids

e have acquired data on numerous tumor spheroids
anging in diameter from 300 �m to over 1 mm. The
rincipal data-acquisition mode is called a fast fly-
hrough. This mode consists of a stack of frames,
ach from successively deeper inside the tumor.
he interframe time is short �1500 ms in the current
ystem� relative to the hologram temporal correlation
imes �several seconds� and thus is a succession of
reeze frames of both persistent �structural� and vari-
ble �cell motility� features. This mode is used to
rovide fingerprint volumetric data sets of tumors.
onsecutive fly-throughs of the same tumor followed
y image cross correlation provide repeatability tests
nd preliminary measures of persistence versus vari-
bility. For presentation of the data, we extract se-
ected X,Y �en face� and Y,Z �B-scan� sections from the
ata volume, as well as three-dimensional volumetric
isualizations. A quantitative analysis of the tumor
peckle structure is presented that shows a clear
rend in the speckle brightness as a function of radius
rom the geometric center of the tumors with increas-
868 APPLIED OPTICS � Vol. 43, No. 25 � 1 September 2004
ng brightness correlating with regions of greater ne-
rosis observed histologically.

. Tumor Sections and Volumetric Rendering

uring imaging, the tumors are immersed in growth
edium and rest on the bottom of a plastic Petri dish.
he Petri dish is not optically flat and presents a
peckled reflection that is used to find the zero path in
he reference arm and used to accurately locate the
ottom of the tumor spheroids. The data from a
ingle tumor spheroid consist of a data volume com-
osed of a stack of en face images. The coordinate
ystem defining the voxel location uses X,Y for the en
ace image and Z for increasing depth starting from
he beginning of the reference scan. The top of the
umor is imaged first, followed by the bulk of the
umor, and finally passing through the Petri dish
upport at the bottom of the tumor.
The typical voxel count of a fly-through data set is

00 � 200 � 200 � 86 voxels, corresponding to a
ypical volume of 1 mm � 1 mm � 2.5 mm � 2.5 mm3,
cquired in a total of 100 s of integration time. This
ives a voxel rate of 80,000 voxels�s and a volume
ate of 25 � 106 �m3�s. The voxel count is currently
imited by the nonoptimized CCD handshaking with
he acquisition computer. In principle, no computer
cquisition is needed because this is a direct imaging
pproach and could be recorded directly to a conven-
ional digital tape. The achievable rate with our
urrent system when recorded directly is 1 � 106

ixels per frame � 200 frames per fly-through � 200
106 voxels in a 100-s total integration time. This

ould yield a voxel rate of 2 � 106 voxels�s. For
omparison, a smart pixel OCT array has achieved 5

106 voxels�s.9 However, an OCI rate five to ten
imes higher should be practical with additional im-
rovements in holographic film quality and camera
ensitivity.
Selected X,Y sections from a 600-�m-diameter tu-
or T0508A-03 are shown in Fig. 6, showing every
fth frame beginning at the top of the tumor on the
pper left and proceeding past the middle of the tu-
or to the Petri reflection on the lower right. The

op of the tumor is at frame 68 and the Petri dish is
t frame 150. The tumor was chemically cross
inked with gluteraldehyde, preventing cellular mo-
ion during the fly-through. The size of the individ-
al frames is 175 pixels along X and 200 pixels along
. The lateral scale is set by 5.2 �m�pixel at the
ample. The shadow of the tumor can clearly be
een in the diffuse Petri dish reflection. The Fourier
perture in the optical system cuts off the specular
eflection from the Petri dish that would otherwise
aturate the film. The middle of the tumor is at
rame 108 �approximately 300 �m deep or 600 �m of
otal path�. The holograms are still strong at this
epth, but weaken for deeper planes, disappearing
round frame 140 �approximately 550 �m deep or 1.1
m of total path�.
A selection of Y,Z �B-scan� sections is shown in Fig.
for the same 600-�m tumor beginning at the side of

he tumor and scanning through the tumor, showing
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very eighth frame starting at the top left and pro-
eeding to the bottom right. The aspect ratio is not
:1, giving the spheroid an oval appearance. The
etri dish reflection is on the right of each frame.
he medial cross section is near frame 100. An en-

argement of the medial frame at X � 106 is shown in
ig. 8�a� and is compared with an integrated projec-
ion in Fig. 8�b�. The integrated projection is the
um of all B scans and provides a pseudotransillumi-
ation image of the full tumor. A medial X,Y cross
ection at a depth of 300 �m from the top is shown in
ig. 8�c�. It is clear from Fig. 8 that the strongest
cattering occurs from the center of the tumor, which
s statistically consistent with the results of histology.

edial cross sections from representative tumor

ig. 6. Selected X,Y �en face� sections of a 600-�m-diameter tu-
or �T0508A-03�. The fly-through has 200 frames with a depth

tep of 7.4 �m �in the tumor�. Only every fifth section is shown.
he top of the tumor is at frame 68, and the Petri dish reflection is
t frame 150. The medial cross section is at frame 108.

ig. 7. Reconstructed Y,Z sections �B scans� through the same
pheroid and data volume of Fig. 6. The aspect-ratio is not 1:1,
howing the tumor as elliptical. The Petri dish reflection is on the
ight of each frame, and the illumination is from the left. The
edial cross section is frame 100.
1

pheroids are shown in Fig. 9. Each image is auto-
caled separately.
On the basis of these images, we estimate that we

re able to penetrate nearly 550 �m deep into the
umor along the center line, with a total tissue path
f 1.1 mm. The momentum transport length in the
umor spheroids has been measured independently to
e 80 �m. We are therefore able to penetrate an
ptical thickness of approximately 14 mean free
aths in this application. This is consistent with the
est calibrated performance demonstrated previously
or holographic OCI.31

The holographic OCI B scan of the 600-�m-
iameter tumor spheroid is compared with an OCT B
can of a different tumor in Fig. 10. The OCT sys-
em was a rapid-scan system at Case Western Re-
erve University in Cleveland, Ohio, that was

ig. 8. Selected views of the 600-�m-diameter tumor spheroid of
igs. 6 and 7. �a� Medial cross section presented as a Y,Z B scan.
ote the size and shape of the shadow on the back of the tumor and

n the Petri dish reflection. �b� Integrated view produced by sum-
ation of the data volume along the x axis. This is equivalent to

ransillumination data. �c� Medial en face cross section at a depth
f 300 �m from the top of the tumor.

ig. 9. Medial X,Y sections of five different tumors of increasing
ize. Each image is autoscaled separately �the small tumor pre-
ents the weakest hologram, whereas the strongest holograms
ome from the 1-mm-diameter tumor�.
September 2004 � Vol. 43, No. 25 � APPLIED OPTICS 4869
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ptimized for voxel rate and resolution, but not sen-
itivity. The OCT data are presented on a pseudo-
inear scale for direct comparison with OCI. Both
ata sets share the same overall appearance, except
or the image resolution, which is related to the dif-
erent resolutions of the systems. Both show the
hadow at the deep portions of the tumor, and both
how stronger scattering from the center of the tu-
or. The superior spatial resolution and signal-to-

oise ratio of the OCT B scan is evident, but the OCI
mage is a single section of an entire data volume.
he spatial resolution difference is not fundamental,
nd improvements in OCI should approach the spa-
ial resolution of OCT. Improvements in holo-
raphic film quality will in addition improve
ensitivity and the signal-to-noise ratio.
A volumetric reconstruction of a 640-�m-diameter

umor spheroid is shown in Fig. 11 �sample
508.004�. The shadow on the Petri dish is clearly
isible beneath the tumor. The tumor consists of an
uter shell of weak holographic speckle �seen as a dim

ig. 10. Comparison between OCT and holographic OCI data
ets. These are medial cross sections of different tumors. The
CT system was a rapid-scan system operating at a 1.3-�m-
avelength �courtesy of A. Rollins, Case Western University�.
he superior spatial resolution and signal-to-noise ratio of the OCT
scan is evident, but the OCI image is a single section of a data

olume. The spatial resolution difference is not fundamental, and
mprovements in OCI should approach the spatial resolution of
CT. Improvements in holographic film quality will improve sen-

itivity and the signal-to-noise ratio.

ig. 11. Three-dimensional volumetric reconstruction of a 640-
m-diameter of a multicellular tumor spheroid showing the
hadow on the Petri dish and the internal holographic features of
he necrotic core.
870 APPLIED OPTICS � Vol. 43, No. 25 � 1 September 2004
alo surrounding the outside of the tumor�, with
arger and stronger holographic speckle occurring to-
ard the center of the spheroid. This follows the

tructure observed in the histology of similar tumors
iscussed in Section 3.

. Image Correlation Analysis

utocorrelation measures the average feature size
oth laterally and longitudinally. The average au-
ocorrelations for tumor T0508A-03 are shown in Fig.
2. The lateral full width at half-maximum sizes
re 45 and 50 �m for the X and Y directions, respec-
ively. We obtained the longitudinal speckle size by
erforming the autocorrelation analysis in the Y,Z
ections. The Z autocorrelation width is found to be
0 �m, which is consistent with the coherence length
f the light source.
The lateral and longitudinal feature sizes of the

olograms are consistent with the resolution of the
ptical system from which we can conclude that the
ominant holographic features are primarily due to
ubresolution objects, i.e., a collection of scattering
bjects that have a size smaller than the optical res-
lution. Any long-range structure that would repre-
ent a specific structure internal to the tumor �such
s extended necrotic voids with sizes larger than the
esolution size of the imaging�, if present, is much
eaker and would appear as sidelobes in the auto-

orrelation traces. Therefore the tumor images ob-
erved in the holographic OCI data sets most likely
rise from subresolution structural features �cell
embranes, microcalcifications, nuclei, organelles�.
e currently see no strong evidence for the observa-

ion of a specific macroscopic structure inside the
umors. This conclusion must remain tentative un-
il holographic OCI can be performed in microscopy
ith cellular resolution, which is the subject of future

esearch. It is important to reiterate that the holo-
rams are not composed of random speckle because of
ur use of the vibrating mirror in the reference arm

ig. 12. Average autocorrelation analysis of the X,Y images of a
y-through with line plots of the autocorrelation peak, showing

ateral resolution of approximately 50 �m and longitudinal reso-
ution of 30 �m.
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hat time averages random speckle at the CCD cam-
ra.
The cross correlation between two data sets on the

ame tumor gives a measure of similarity. Con-
ersely, by taking the cross correlation between two
ifferent tumors, we can obtain a measure of dissim-
larity. Clearly, the similarity should be signifi-
antly greater between two identical tumors
ompared with two different tumors. Two inte-
rated X,Y projections for the same chemically fixed
umor taken approximately 30 min apart are com-
ared in Fig. 13 �top�. A similar structure is appar-
nt in both projections. Two consecutive fly-
hroughs of a healthy tumor are shown in Fig. 13
bottom�. In this case, some similar structure is ob-
erved, but there are noticeable differences.
learly, the state of health of the tumor �healthy

ompared with chemically cross-linked� is reflected in
he repeatability observed in consecutive fly-
hroughs. This observation is quantified in the data
ross correlation for the two sets, shown in Fig. 14.
he cross correlation between the fly-throughs of the
hemically fixed tumor shows a strong autocorrela-
ion peak that approaches 90%, whereas the cross
orrelation of the fly-throughs of the healthy tumor
how only a weak peak slightly above 60%. Finally,

ig. 13. Consecutive fly-through X,Y pseudotransillumination
ross sections of a cross-linked tumor �top� and a healthy tumor
bottom�. The holographic features in the cross-linked tumor are
ighly repeatable. In the healthy tumor, some features are per-
istent, but most are not. The dynamic nature of the healthy
umor arises from cellular motility and can be used as an index of
ellular health.
1

he cross correlation between two different tumors
hows no peak at all above the 50% background.
he broad background of the cross-correlation traces
elates to the size of the tumor, which is the same in
ll three traces.
From this quantitative cross-correlation analysis,
e can conclude that when the tumors are chemically
xed, they produce static specklelike holographic fea-
ures with high stability and repeatability even over
ours. The structure may arise from subresolution
eatures in the tumor, but the structure is repeatable.
his therefore represents an important test for the
olographic technique when applied to tissue. How-
ver, for living tumors, the cellular and subcellular
otility produces a constantly changing specklelike

attern arising from cellular motility �most likely mo-
ion of the cellular membranes�. It is interesting to
ote that cellular and subcellular motion that mani-
est itself as dynamic �time-varying� speckle in this
pplication becomes a cellular thermometer, provid-
ng cellular-scale information even though the spatial
esolution is incapable of resolving individual cells.
his may make it possible to holographically image
ver broad areas and still record information relevant
o cellular processes.

. Speckle Image Statistics: Comparison with Histology

s stated above, the image arises from subresolution
tructure in the sample. In the TEM images dis-
ussed in Section 2, the observed microcalcifications
ere typically smaller than the OCI imaging resolu-

ion �40 �m� and therefore are not likely to be resolv-
ble. To explore these aspects of the tumor
olograms, we studied the statistics of the holo-
raphic feature brightness and compared them with
he statistics obtained by histology on similar �al-
hough not identical� tumors.

To perform a statistical analysis on the speckle

ig. 14. Cross correlations of the consecutive fly-throughs of Fig.
3. The cross-linked tumor shows an autocorrelation peak of
0%, whereas the healthy tumor �with dynamic speckle� shows a
orrelation of only 60% relative to a random 50% cross correlation
etween two dissimilar tumors.
September 2004 � Vol. 43, No. 25 � APPLIED OPTICS 4871
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rightness, we first compensate for the exponential
xtinction suffered by the coherent propagation of the
ight through the tumor tissue. We achieved this by

ultiplying the hologram brightness by an exponen-
ial function of the tissue path length with an effec-
ive extinction coefficient that balances the hologram
rightness around the geometric center of the spher-
id. After compensation, the hologram brightness is
ntegrated within shells of increasing radius from the
eometric center of the spheroid. From these we
xtract the average brightness of the holographic fea-
ures as a function of tumor radius for a selection of
umor sizes. The results of this analysis for three
umors with diameters of 350, 625, and 750 �m are
hown in Fig. 15. All tumors show stronger bright-
ess toward the center of the tumor, with gradually
ecreasing intensity approaching the rim. Further-
ore, the smallest tumor showed only weak holo-

raphic features, whereas the large tumor showed
he brightest.

These results may be a measure of the increased
ecrotic density toward the center of the tumor sphe-
oids that is observed in histology on similar tumors.
he outer shell of healthy osteoblasts present a
ostly homogeneous medium with weak speckle aris-

ng from cell membranes and cell organelles. Inside
he tumor, microcalcifications and necrotic voids
resent a strongly heterogeneous medium with
trong scatter that is seen as increased brightness of
nternal features relative to surface features. Small
pheroids with diameters of 300–400 �m have the
ewest and weakest necroses. The statistical analy-
is of the speckle features from the tumor spheroids
herefore agrees with the overall morphology of the
umor spheroids, but it remains to identify features
hat are larger then the system optical resolution

ig. 15. Intensity dependence of the holographic features as a
unction of radius from the center for three tumors of different size.
he small tumor shows the weakest holograms and the largest

umor shows the the strongest holograms. All show a general
ecrease of average intensity toward the rim of the tumor. These
esults agree statistically with histology performed on separate
umors.
872 APPLIED OPTICS � Vol. 43, No. 25 � 1 September 2004
hat may represent an extended structure inside the
umors. This is the subject of future research.

. Conclusion

e presented holographic images in reflection from
oherence-gated depths within living tissue. All
revious holographic recording of biological tissue
as either been in transillumination or else without
oherence gating in reflection. Holographic OCI
herefore presents the first depth-resolved holograms
f its kind to our knowledge. Our ability to record
iffuse reflection holograms is a consequence of the
igh sensitivity of the PRQW devices. These devices
xhibit the largest dynamic holographic sensitivity of
ny known material. The development of holo-
raphic OCI with these sensitive films provides a
omplementary imaging modality to OCT. Holo-
raphic imaging is direct, intrinsically en face; and
undamentally parallel in that it records multiple
patial modes simultaneously. Furthermore, the si-
ultaneous acquisition of multiple spatial modes

rovides a means to record spatial phase coherences
ithin tissue that is inaccessible to OCT.
Our chosen targets of multicellular tumor sphe-

oids have the advantage of homogeneity and labo-
atory control over shape and size that are essential
or parametric studies of a new imaging modality.
owever, the homogeneity of the spheroid tissue pro-

ides no clear large-scale morphology �tissue con-
rast� with which to perform comparative histology,
t least for the current generation of experiments.
onetheless, the strong statistical dependences of ne-

rotic density observed in histology of these tumors
atches closely the statistical dependences observed

n the brightness of the recorded holographic fea-
ures.

Future developments in holographic OCI include
mprovements in the holographic films to remove op-
ical defects from fabrication and the implementation
f Fourier-domain holography to allow us to directly
bserve spatially coherent phase within tissue.
hese improvements will extend the range and sen-
itivity of the technique, as well as demonstrate
nique capabilities.

This research was supported by the National Cen-
er for Research Resources of the National Institutes
f Health under grant R21 RR15040-02 and by the
ational Science Foundation under grant ECS-
200424.
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