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Description

Background of the Invention

Field of the Invention

[0001] The present invention relates to an optical co-
herence microscope (OCM) for study of problems in de-
velopmental biology and biotechnology. More particu-
larly, the invention is used for imaging cells located up
to four millimeters or more below the surface of living
tissue.

Description of the Related Art

[0002] Optical coherence microscopy (OCM) is a
technique developed recently to image objects embed-
ded in an opaque medium (e.g., flesh) up to a depth of
1 to 2 mm. It has been applied successfully on a proto-
type basis in ophthalmology (Swanson et al., 1993) and
dermatology (Schmitt et al., 1995) to image tissue struc-
tures and interfaces. Moreover, OCM has been used to
measure the optical properties of tissue and thereby
provide information on the physiological state of tissue.
OCM has recently become a subject of interest for the
study of developmental biology.
[0003] Understanding of developmental mechanisms
has come from studies of gene expression patterns, tis-
sue geometry, and/or cell morphology, all performed on
fixed tissue. From these "snap-shot" views, researchers
must infer the dynamics of the underlying cellular and
molecular events. Recently, biological imaging technol-
ogies have been introduced that permit the non-destruc-
tive analysis of cell migration, differentiation, and neu-
ronal interconnection during embryonic development.
For example, fluorescent or absorbing compounds can
be used to label cells which are then followed with a con-
ventional light microscope equipped with a video cam-
era or with a confocal microscope. The confocal micro-
scope adds significant depth resolution, offering the
possibility of obtaining a three-dimensional image by
combining optical sections through the depth of an em-
bryo. The image formation rate of the confocal micro-
scope is sufficiently fast to follow the dynamic behaviors
of cells as they migrate or of retinal cell axons as they
extend, actively sense, and retract projections toward
cells in the tectum (O'Rourke et al., 1994). However,
light scattering in embryonic tissue reduces the signal-
to-noise ratio of a confocal microscope, limiting the
depth of the specimen that can be explored to about 200
µm (Schmitt et al., 1994b). A second imaging technolo-
gy is magnetic resonance imaging (MRI), recently ex-
tended to the microscopic domain so that it can now re-
solve a 12µm cube in living embryos (Jacobs and Fra-
ser, 1994). Although an MRI microscope is indifferent to
optical opacity, it is both expensive and slow, requiring
nearly an hour to generate a high-resolution image.
[0004] It is worth noting that other recently developed

imaging techniques also experience image degradation
with depth into tissue. For example, green fluorescence
protein (GFP) has been modified and expressed in the
plant Arabidopsis thaliana, yielding beautiful images of
developing roots. However, the images are obtained
with a confocal microscope and are limited to depths
less than 100 µm in this preparation. Development of
the primary meristem in the seed embryo occurs several
hundred micrometers into the tissue, too deep for con-
focal microscopy. Similar limitations apply to 2-photon
microscopy (Potter et al., 1996) and fluorescence reso-
nance energy transfer (Helm and Tsien, 1996).
[0005] Optical Coherence Microscopy. An optical co-
herence microscope uses the principles of confocal mi-
croscopy, with an additional coherence gate that ex-
cludes back-scattered light from out-of-focus planes, re-
sulting in a signal-to-noise ratio that is enhanced by 6
orders of magnitude (1zatt et al., 1994a,b). A resolution
of 10 µm has been achieved in both the lateral and depth
directions (Huang et al., 1991b). Optical fiber and solid
state sources/detectors are typically used, so the instru-
ment is inherently rugged. OCM overcomes the depth
limitation of confocal microscopy and is currently faster
than MRI. And at an estimated cost of under $10,000
the instrument is two orders of magnitude less expen-
sive than the MRI microscope.
[0006] The coherence gate in OCM is achieved by su-
perposing a Michelson interferometer on the confocal
microscope. Back-scattered light from the specimen in-
terferes coherently with light returning from an added
reference arm only when the two optical paths are equal.
The amplitude of interference fringes (their "visibility")
becomes the signal; this signal is appreciable only for
light back-scattered from a narrow range of depths in
the specimen. The depth range over which interference
occurs is related to the coherence length of the source.
For example, the depth range, which is also the depth
resolution, is roughly 10 µm when the spectral width of
the source is 30 nm (λ = 830 nm, Swanson et al., 1992).
At a particular depth, a lateral image (optical section)
can be formed by translating the beam; the spot size of
the focused beam (easily less than 10 µm) determines
the lateral resolution.
[0007] History of Reflectometry . When optical fibers
were introduced into the communications industry in the
1970s, the need immediately arose for a method of test-
ing and locating flaws in fiber cables. The first reflectom-
eters (Barnoski and Jensen, 1976), which operated in
the time domain, simply measured the round trip time of
flight to a reflecting fiber flaw. Typical pulse widths were
a few nanoseconds, so spatial resolution was about one
meter.
[0008] In the 1980s there appeared low-coherence
reflectometers which operate in the frequency domain
(Danielson and Whittenburg, 1987; Takada et al., 1987;
Youngquist et al., 1987). In this technique a spectrally
broad (30 nm) light source operating in the near infrared
(800 to 1300 nm) is employed in a Michelson interfer-
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ometer, one leg of which is the fiber under test. The light
source has a coherence time of 70 femtoseconds, a
considerable improvement over the timedomain pulse
widths. As the reference path length is varied, the inter-
ferometer output is monitored for interference fringes
that occur when light is reflected or back-scattered from
a point a distance along the tested fiber equal to the ref-
erence path length. The spatial resolution along the test-
ed fiber is one-half the coherence length because the
fiber is traversed twice in that leg of the interferometer.
(Actually the geometrical spatial resolution is even
smaller by a factor of n, where n is the refractive index
of the fiber.) For a spectral width of 30 nm, the geomet-
rical spatial resolution along a fiber is 7 µm.
[0009] Shortly thereafter ophthalmologists adapted
this low-coherence reflectometer to measure the length
of the eye (Fercher et al., 1988; Hitzenberger, 1991).
Finally lateral scans were added, and both lateral and
depth data were interpreted in terms of images of the
sample, usually 2-D images with one lateral and one
depth dimension (Huang et al., 1991 a,b). The image
presumably represents the spatial variation of the opti-
cal properties of the sample, primarily the scattering co-
efficient.
[0010] One example of a low-coherence reflectome-
ter system that introduce optical path length variations
and frequency shifts by utilizing a scattering or reflecting
surface attached to a translation stage is discussed in
International Application WO 95/33970. This system us-
es an optical cam in its reference arm. The radius of the
cam varies and has a step transition in the peripheral
face of the cam to insert a Doppler induced frequency
variation.
[0011] Polarization Effects. Interference occurs at the
output of the OCM only between the same polarization
components of the electric fields returning from the ref-
erence mirror and the sample, respectively. Birefrin-
gence effects in the optical fibers or in the sample may
alter the relative magnitude and phase of the two polar-
ization components emitted by the source and hence
reduce the amplitude of the interference fringes at the
photodetector. To eliminate problems in the fibers, some
workers have used polarization-preserving fibers and
linearly polarized light to eliminate polarization-disper-
sion effects that lead to different optical path lengths for
different polarization states (Clivaz et al., 1992). Koba-
yashi et al. (1991) constructed a polarization-insensitive
reflectometer by separating the two polarization states
at the output of the interferometer and measuring their
interference fringes with two independent detectors.
The sum of the detector outputs is independent of bire-
fringence effects in the fibers or the sample. On the other
hand, Wang et al. (1994) devised a simple, inexpensive
means of circumventing birefringence effects. They ju-
diciously twist the reference fiber, introducing stress bi-
refringence, until the polarization states of the reference
and sample fields are matched and the amplitude of the
interference fringes is maximized. Rather than compen-

sate for and eliminate birefringence effects, Hee et al.
(1992) have constructed a low-coherence reflectometer
to exploit polarization changes in the sample. With this
device they were able to measure the birefringence
properties of a calf coronary artery.

Summary of the Invention

[0012] The present invention provides a high resolu-
tion optical coherence microscope system for visualiz-
ing structures below a surface of a biological sample.
The system includes a light source emitting light in a
wavelength of between 700 and 1500 nm. the light being
directed along a sample path and a reference path. The
length of at least one of the paths is a modulated path
having a selected amplitude of modulation that is equal
to or less than about 3 fringes of the wavelength. The
modulation may occur at a frequency of at least about
50 kHz, 100 kHz, 300 kHz or at a higher frequency. The
light directed along the sample path may scan the bio-
logical sample, the scan resulting in an image of a por-
tion of the biological sample; the portion may be be-
tween about 100 µm and about 4000 µm below the sur-
face of the sample.
[0013] The image may include one or more layers.
Each layer may be derived from multiple voxels all cor-
responding to substantially the same depth below the
surface of the sample. The image may include at least
about 50 distinct layers, each of the layers derived from
a distinct group of voxels, with all voxels for each distinct
layer corresponding to substantially the same distinct
depth below the surface of the sample. The image like-
wise may include blended voxels of several layers, such
that the image may be a three-dimensional rendering of
the portion of the biological sample. The OCM system
of the invention further may include a coherence volume
about a plane at which the length of the sample is equal
to the length of the reference path, such that the coher-
ence volume exists below the surface of the biological
sample.
[0014] The light from the sample path may enter the
sample and taper to a beam waist diameter of not more
than 20 µm within the sample. The beam waist is coin-
cident with the coherence volume, such that resolution
of structures within the sample is a distance less than
or equal to the diameter of the beam waist.
[0015] The invention further provides a method of vis-
ualizing a structure beneath a surface of a biological
sample, employing the OCM system described herein.
The OCM system also allows a method of analyzing a
biological function based on visualization of in vivo
changes in structures beneath a surface of a biological
sample. The function to be analyzed may include, for
example, gene regulation, development, messenger re-
sponse, and stress.
[0016] The invention also provides a method of visu-
alizing a structure beneath a surface of a biological sam-
ple. The method may include the steps of: providing light
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having a wavelength between 700 and 1500 nm; divid-
ing the light into a sample light path and a reference light
path; modulating the length of at least one of the light
paths at an amplitude no greater than about 3 fringes of
the wavelength; directing light from the sample path into
the biological sample, such that the light tapers to a
beam waist at a selected depth below the surface of the
sample, and such that the beam waist is coincident with
a coherence volume about a plane of equal path length
of the sample path and the reference path; and detecting
an image at the selected depth below the surface of the
sample to visualize the structure.
[0017] In accordance with this method, the directing
step may be repeated at least 100 times, and after each
directing step, the method may include the additional
step of translocating the sample light path to a different
position in the biological sample. The image thus visu-
alized may indicate a difference between a mutant bio-
logical sample and a non-mutant biological sample. The
image may include a pattern of light scatter, wherein the
pattern correlates with a characteristic of the biological
sample, such as, for example, gene activity, differentia-
tion, cell elongation, cell dormancy, stress response,
and pathogen response.

Brief Description of the Drawings

[0018]

Figure 1 presents the optical schematic of a fiber-
optic optical coherence microscope (OCM).
Figure 2 is an image of a Ronchi ruling visualized
through 1.2 mm of a highly scattering solution of pol-
ystyrene latex spheres.
Figure 3 is a typical plots of OCM fringe amplitude
versus depth, averaged over horizontal slices in a
plant preparation.
Figure 4 is a typical plots of OCM fringe amplitude
versus depth, averaged over horizontal slices in a
frog preparation.
Figure 5 illustrates that relationship between noise
in the reference beam versus reference beam pow-
er.
Figure 6 shows the impedance of mounted and un-
mounted piezos as a function of the driving voltage
frequency.
Figure 7 shows the displacement of the piezo per
volt applied at each of the resonance frequencies.
Figure 8 illustrates the phase dependence of the
output fringe signal.
Figure 9 shows the experimental values for the
powers of the interferometer output signal in the first
two harmonics as a function of the piezo driving volt-
age.
Figure 10 is an optical schematic of a modified
OCM.

Detailed Description of the Preferred Embodiment

[0019] The present invention discloses an optical co-
herence microscope capable of addressing fundamen-
tal problems in developmental biology. Results for two
exemplary developmental systems, the frog Xenopus
laevis and the plant Arabidopsis thaliana, are presented
herein. The invention is likewise suitable for application
to numerous other taxa including, for example, Dro-
sophila, zebrafish, and virtually any agriculturally or sci-
entifically important plant. The present invention is also
broadly applicable to other biological systems wherein
the events, structures, cells, and/or processes to be vis-
ualized are not accessible to light microscopy. The in-
vention is particularly suitable for developmental biology
studies of structures and events within 4mm, preferably
within 3 mm, more preferably within 2mm, and most
preferably within 1mm, of a tissue surface. Likewise, the
invention contemplates use of the disclosed OCM for
other purposes, such as, for example, diagnostics and
functional genomic analysis. Following the methods dis-
closed herein, data for a three-dimensional image
formed by stacking successive lateral images from dif-
ferent depths can be acquired in less than a minute. Ac-
cordingly, the present invention is particularly well suited
for high throughput functional genomic analysis, each
OCM having the capability of tracking development and
other gene-regulated events in many plants per day. In
this aspect of the invention, 25, 50, 100, 250, 500, or
more plants may be screened per day, depending on
the nature of the screening.
[0020] Developmental Biology - Xenopus laevis. The
resolution of the OCM makes it ideally suited for follow-
ing development within amphibian embryos, where sin-
gle cell size is typically greater than 10 µm and critical
developmental events take place within the first few
hundred micrometers. More conventional microscopy
(confocal microscopy, video microscopy) is not suitable
for following much of the embryonic development be-
cause of the highly scattering nature of the frog embryo
cytoplasm and the optical aberrations inherent in con-
focal imaging deep into tissues (Schmitt et al., 1994b).
Recently, using an MRI microscope, Jacobs and Fraser
(1994) were able to follow events within the interior of a
frog embryo during gastrulation and neurulation. Sur-
prisingly, they observed that the deeper cells (meso-
derm) and the surface cells (ectoderm) extended at dif-
ferent rates. Previous analyses performed on explanted
fragments of embryonic tissue had suggested that the
ectodermal and mesodermal tissues extended the em-
bryonic axis roughly in concert (Keller, 1986). It is desir-
able to examine the exact relationships between these
tissues as it is largely believed that signals flowing from
the mesoderm to the ectoderm play a primary role in the
establishment and patterning of the embryonic nervous
system.
[0021] Developmental Biology - Arabidopsis thaliana.
The plant body is predominantly formed post-embryon-
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ically through the activity of specialized tissues called
meristems (Steeves and Sussex, 1989). Current under-
standing of the molecular mechanisms governing the
function and formation of meristems is very limited. Re-
cently however, advances in the understanding of mer-
istem formation have been made through the genetic
analysis of the small crucifer Arabidopsis thaliana (May-
er et al., 1991; Barton and Poethig, 1993). In Arabidop-
sis two meristems, the primary root and shoot apical
meristems, are formed embryonically, while the second-
ary (lateral) root and-shoot meristems appear post-em-
bryonically. Molecular and genetic approaches have
been used in order to identify genes required for the for-
mation of the root meristems (Williams and Sussex,
1995; Laskowski et al., 1995). As a result it is now pos-
sible to assign stages to developing lateral root meris-
tems based on their morphological characteristics.
[0022] The shoot apical meristem of Arabidopsis lies
below the surface, and an embryo of Arabidopsis lies
within a layer of pigmented cells. As a result, until now
the development in the embryo of the primary root and
shoot apical meristems could be visualized only by fixing
and sectioning or dissection of the embryo from the ma-
ternal tissue. These procedures obviously prevent con-
tinuous observation of development within the same
meristem.
[0023] Post-embryonically, the shoot apical meristem
forms the vast portion of tissues and organs in a plant
(e.g. leaves). Leaves are directly initiated on the flanks
of the shoot apical meristem through an asymmetrical
expansion of the meristem, leading to a bulge, which
after further unidirectional expansion becomes clearly
delimited as a leaf primordium (Steeves and Sussex,
1989). Surgical experiments have demonstrated that
previously initiated leaf primordia have an inhibitory ef-
fect on the positioning of the subsequent primordium,
causing it to form on the point farthest from the two pre-
viously initiated leaves (Snow and Snow, 1962). Wheth-
er this inhibitory effect is due to chemical or physical fac-
tors is still unclear (Smith and Hake, 1992; Hernandez
and Green, 1993; Green, 1994 ). Traditional approach-
es to study phyllotaxy (the pattern of leaf initiation) have
required some sort of dissection to remove overlying tis-
sues in order to see the shoot apical meristem. Use of
OCM to follow non-invasively the pattern of leaf initiation
in Arabidopsis avoids altering the biochemical and phys-
ical environment of the plant. It is possible to view proc-
esses in the apical meristem, shoot apex, and other
deeply buried tissues and organs. For example, OCM
permits detection of organ initiation, dorsoventrality, and
other processes deeply buried in 1 to 2 millimeters of
tissue at a resolution of at least 10 µm. These dimen-
sions fall within the optimal ranges of OCM and are not
suited for analysis by other techniques. As one example,
OCM permits observation of altered patterns of phyllo-
taxy arising from genetic mutations or exogenous appli-
cation of hormones. Furthermore, a high amount of
backscattered light detected in cells and tissues by

OCM correlates strongly with cells and tissues known
to be active in transcription and differentiation. Hence
OCM provides a tool to follow any active process, nat-
ural or induced in vivo. The present invention thus ex-
pressly contemplates uses of OCM embodiments of the
invention in various approaches to following active bio-
logical processes including, for example, functional ge-
nomic analysis, developmental studies, tracking re-
sponses to biological signals such as hormones and
pathogen elicitors; and the like.
[0024] Optical Coherence Microscope. The micro-
scope of the invention is capable of imaging cells locat-
ed below the surface of living tissue, even though light
scattering in the specimen would render it opaque to a
conventional or confocal light microscope. Depth pene-
tration is achieved by use of a near infrared superlumi-
nescent diode light source with a coherence length of
20 µm together with a coherence gate based on a
Michelson interferometer. This combination excludes
light back-scattered from out-of-focus planes, giving a
depth resolution of 10 µm. Lateral resolution of 10 µm
or better is achieved by focusing the illuminating beam
down to a small spot. Two-dimensional lateral scanning
of the beam spot produces an optical section at a fixed
depth in the sample. A three-dimensional image is ob-
tained by stacking successive optical sections at differ-
ent depths. Such three-dimensional scans typically take
less than a minute.
[0025] Figure 1 presents the optical schematic of a fib-
er-optic OCM. The superluminescent diode (SLD) is a
laser diode with end facets that have been anti-reflection
coated so that no lasing occurs, and hence the full spec-
tral breadth of the transition appears in the output. The
center wavelength lies in the near infrared (e.g., 850 nm)
where the absorption coefficient of biological tissue is
near its minimum. Assuming a Gaussian spectral pro-
file, a 30 nm full-width-at-half-maximum (FWHM) spec-
tral width of the SLD yields a final depth resolution
(FWHM of the Gaussian visibility function) of 11 µm / n,
where the refractive index, n, of tissue is close to 1.40
(Bolin et al., 1989). The helium-neon laser beam (633
nm) serves simply to visualize the focused spot, and
both beams are coupled into single-mode optical fibers.
The two fibers are combined in a fused region called a
"2 x 1 coupler".
[0026] Each source beam is split and sent along the
two paths of the Michelson interferometer by the 2 x 2
coupler, a similar fused region of two fibers that mixes
their spatial modes. The sample path fiber is terminated
with an aspheric collimating lens, and the beam is then
focused by a doublet lens to a spot diameter of 9 µm.
The sample fiber/focusing lens assembly is mounted on
a 3-D scanning stage consisting of a 1-D translation
stage powered by a DC motor and a pair of galvo-scan-
ners in an x-y mount. The closed-loop galvo-scanners
raster-scan the horizontal plane while the closed-loop
DC motor steps along the depth dimension, so the waist
of the focused beam explores a sample volume and an
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OCM image is formed. The reference path fiber is also
terminated with an aspheric collimating lens and is led
to a reference mirror (retroreflector) that is mounted on
another translation stage driven by a closed-loop DC
motor. As the sample fiber/focusing lens assembly is
stepped along the depth dimension, the reference mirror
is translated to keep the beam waist coincident with the
coherence volume (position of equal path lengths in the
interferometer). This last point is important because the
Rayleigh range of the focused beam is roughly 60 µm,
so the beam rapidly expands and the lateral resolution
quickly degrades as the coherence volume deviates
from the beam waist.
[0027] In one embodiment, the instrument may also
include matching piezoelectric cylinders around which
are wrapped the reference path fiber and the sample
path fiber. In response to an applied voltage the circum-
ference of each cylinder changes slightly, resulting in a
change in the optical path length of the fibers. If the pi-
ezoelectric cylinders are driven (180° out of phase) by
a triangular voltage signal with a frequency of, for ex-
ample, 8.3 kHz, the resulting changes in the fiber
lengths modulate the optical path length difference be-
tween the two arms of the interferometer. If the ampli-
tude of the piezo-driving voltage is chosen so that the
optical path length variation is ± 1.5 λ, the interference
pattern at the interferometer output will be modulated at
100 kHz, a frequency that is easily isolated by an elec-
trical bandpass filter to increase the signal-to-noise ra-
tio. Alternative embodiments may employ a piezoelec-
tric stack with a mirror attached thereto as a way of
achieving high frequency length changes in a light path.
That embodiment is described in more detail in Example
1 below.
[0028] Scanning Techniques. Two different general
methods can be used to scan a sample and create an
OCM image. First, one can perform a 2-D lateral scan
at a fixed depth, then increment the depth, then perform
another lateral scan, etc. A 3-D image of a sample vol-
ume is then constructed by successively stacking 2-D
optical sections that are parallel to the surface of the
sample. In contrast, most researchers (see, for exam-
ple, Huang et al., 1991 a) perform a longitudinal (depth)
scan at a fixed transverse point, then translate the beam
laterally in a single direction and repeat the longitudinal
scan, etc. Typically a 2-D optical section is then formed
which is perpendicular to the sample surface, having
one depth dimension and one lateral dimension. Each
longitudinal scan is accomplished by translating the ref-
erence mirror at speeds as high as 160 mm/s (Hee et
al., 1994). The light reflected from the moving reference
mirror is then Doppler shifted by as much as 380 kHz,
and the electrical bandpass filter can be set at that fre-
quency. In this case there is no need for the modulation
of the interference pattern provided by the piezoelectric
crystals included in Figure 1. However, with this Dop-
pler-shift technique it is difficult to keep the beam waist
coincident with the coherence volume, resulting in de-

graded lateral resolution. For the imaging of embryos, it
is preferable to scan in both lateral directions to create
an optical section at a given depth.
[0029] Focusing the Beam. The lateral resolution of
an OCM image is determined by the size of the focused
beam. Thus, for good resolution, it is beneficial to use a
focused spot less than 10 µm in diameter. In one em-
bodiment of the OCM (see Figure 1), the sample fiber
is terminated with an aspheric collimating lens (f = 6.2
mm, OZ Optics) so that the emerging beam has a I/e2

diameter of 1.4 mm and a divergence half-angle of 0.4
mrad. The subsequent focusing doublet lens (f = 10 mm,
Melles Griot, 06LAI001) is designed to minimize spher-
ical aberration at 830 nm and yields a nearly diffraction-
limited spot size with a I/e2 diameter of 8 µm.
[0030] A selected focusing arrangement can be test-
ed by imaging a Ronchi ruling through 1.2 mm of a highly
scattering solution of polystyrene latex spheres. The
Ronchi ruling consists of 10 µm wide stripes of chrome
deposited on a glass cover slip. The chrome stripes are
separated by 10 µm stripes of clear glass. The highly
scattering solution serves as a tissue phantom and con-
sists of 0.523 µm diameter polystyrene latex spheres.
The solution has a scattering coefficient µs, of 40/cm and
a reduced scattering coefficient µs' = (1-g)µs of 10/cm
where the asymmetry parameter g equals the mean co-
sine of the scattering angle. The sphere solution repre-
sents nearly 5 optical depths and appears opaque to the
unaided eye or through a conventional microscope.
From a detailed analysis of images like Figure 2, the I/
e2 diameter of the beam waist was determined to be 8.8
± 0.2 µm, just slightly larger than the diffraction-limited
spot size of 8 µm.
[0031] Image Acquisition Time. In designing and con-
structing an OCM for imaging in developmental biology
and biotechnology, a critical factor is the time needed to
acquire an image. Certainly this time should be short
compared to the mean time between cell divisions, and
it would be helpful if the acquisition time were short
enough to eliminate gross motion of the embryo. The
fundamental physical phenomenon that places a mini-
mum on the acquisition time is photon noise. For exam-
ple, to obtain 3% precision in the collected signal at each
voxel in a 3-D image of an embryo, assuming Poisson
statistics, there must be about 103 photons in the col-
lected signal for an average voxel. Thus, to image a 500
µm cube at a resolution of 10 µm in each direction, and
a scan step of 5 µm in each direction, then data must
be collected from 100 x 100 x 100 = 106 voxels. The
total number of photons required is therefore 106 x 103

= 109 photons.
[0032] The collected signal is proportional to the am-
plitude of the interference fringes at the output of the
interferometer. The interference term is proportional to
the electric field back-scattered from a voxel, so the col-
lected signal is proportional to the square-root of the
back-scattered power (Izatt et al., 1994a). If P0 is the
power incident upon the interferometer, and P(z) is the
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power returning from a voxel at depth z, then:

[0033] Interpretation of OCM Images. Although sev-
eral OCM images of living biological tissue have been
reported in the literature (Swanson et al., 1993; Hee et
al., 1994; Schmitt et al., 1994c,d, Bouma et al., 1995),
a great deal of work remains to be done in identifying
the precise optical characteristics of the sample that
give rise to features in the OCM image. Schmitt et al.
(1993, 1994a) have shown that in weakly scattering me-
dia the power returning from a sample volume at depth
z in an OCM instrument is given by

where P0 is the power incident upon the interferometer,
µt = µs + µa is the total attenuation coefficient equal to
the sum of the scattering and absorption coefficients of
the medium (units of 1/m), µback is the back-scattering
coefficient (1/m), and /coh is the coherence length of the
source. In equation (2). P0 exp(-µtz) is the power reach-
ing a depth z in the sample without being scattered or
absorbed, µback/coh/2 is the fraction of that power that is
back-scattered and can coherently interfere at the out-
put of the interferometer, and exp(-µtz) is the fraction of
the back-scattered light that reaches the surface of the
medium without being scattered or absorbed. As point-
ed out by Schmitt et al. (1993). OCM data can be used
in conjunction with equations (1) and (2) to deduce val-
ues for µt and µback in tissue. Indeed, Clivaz et al. (1992)
have used OCM to measure the scattering properties,
refractive index, and thickness of arterial walls.
[0034] Schmitt et al. (1994a) used Monte Carlo simu-
lations to show that the single-scattering model of equa-
tion (2) is valid in a medium up to 4 or 5 optical depths
(4 or 5/µt). Using OCM, Schmitt et al. (1993) measured
µt to be about 5/mm (and µback to be about 1.5/mm) in
the dermis of the human finger and forearm. At greater
than 4 to 5 optical depths, multiple scattering begins to
become important, and resolution may be degraded. On
the other hand, Izatt et al. (1994a) show that OCM has
its greatest advantage over confocal microscopy be-
tween 5 and 15 optical depths.
[0035] Schmitt et al. (1994c) studied the walls of
freshly excised rat coronary arteries with OCM. Using
focused beam spots with diameters ranging from 8 to
17 µm, they measured higher total attenuation coeffi-
cients with larger beam spots. They concluded that the
increase in measured µt was a result of degradation of
spatial coherence across the beam with increasing
beam diameter. They speculated that this degradation
was due to spatial fluctuations in the refractive index in
the artery walls, and suggested a theoretical framework

signal ∝ P0sqrt (P(z))P0) (1)

P(z) = P0 exp(·2µtz)•µback/coh/2 (2)

based on the mutual coherence function of the beam
that might begin to describe quantitatively the observed
loss in spatial coherence.
[0036] A thorough interpretation of OCM images of bi-
ological tissue requires an elucidation of the origin of
scattering and absorption in tissue. For example, one
can imagine two types of scattering from a cluster of
cells: (1) scattering from cell organelles which should
lead to scattering over all scattering angles, perhaps
slightly weighted toward forward angles, and (2) Fresnel
reflections from refractive index mismatches such as
might occur at the extracellular/intracellular interface.
The latter scattering should be highly directional and is
referred to as the "specular" reflection. Of course both
types (1) and (2) arise from inhomogeneities in the re-
fractive index, but the angular dependence is quite dis-
tinct. Moreover there is a phase change of 180° in type
(2) scattering when the reflection is from a medium with
a higher refractive index.
[0037] Calibration of the OCM. It is desirable to devise
numerous calibration procedures for the OCM. One im-
portant calibration procedure is to use the OCM to ex-
amine tissue phantoms with carefully constructed opti-
cal properties and physical dimensions. For example,
the longitudinal scan of an OCM can be tested by ex-
amining phantoms consisting of homogeneous layers of
highly scattering solutions with depths defined precisely
by microscope cover slips. The solutions can be made
of polystyrene latex spheres or Intralipid, a fat emulsion
used for intravenous feeding in hospitals. The spheres
are available in precise diameters; Mie theory can be
used to calculate the scattering coefficient of sphere so-
lutions as well as the asymmetry parameter g, the mean
cosine of the scattering angle. intralipid contains a wide
continuum of particle sizes, but its optical properties
have been studied exhaustively because it is less ex-
pensive than the latex spheres (Driver et al., 1989; Flock
et al., 1987, 1992; van Staveren et al., 1991). Values for
µt for solutions of spheres and Intralipid can be meas-
ured with a spectrophotometer using a successive dilu-
tion technique.
[0038] Lateral and depth resolution can be checked
by placing a resolution target or a microscope calibration
reticle at an interface between layers in a tissue phan-
tom. (See the image of a Ronchi ruling in Figure 2.)
Slopes, intercepts, and discontinuities in data from a
longitudinal scan can be used to deduce µt and µback for
the various layers in a phantom (Schmitt et al., 1993).
Longitudinal scans of a solution of polystyrene spheres
(used also in Figure 2) showed that measured fringe vis-
ibility falls off exponentially with depth as predicted by
equation (2), and a value for µt of 38.4 ± 0.2 /cm. A series
of spectrophotometer measurements yielded µt of 40.0
± 0.1 /cm. The discrepancy is probably due to the small
contribution of multiply-scattered photons.
[0039] Images from the OCM. Image acquisition may
be directed by a computer system running visualization
software such as, for example, LabView (from National
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instruments). As an example, an image may consist of
500,000 voxels and cover a volume of 1 mm x 1 mm x
1 mm. Of course, the invention may be applied to imag-
es of any number of voxels, whether fewer than 500,000
voxels or more than many millions of voxels. Desired
voxel number will be selected based on the volume to
be imaged and the resolution desired. Horizontal slices
of images may be viewed during data acquisition, and
after collection a 3-D image can be viewed quickly as a
time series of horizontal slices displayed on a computer
monitor. More extensive examination of a 3-D image
may be accomplished by transferring the image to a Un-
ix workstation running an advanced software package
such as, for example, AVS 5.0 (Advanced Visualization
Systems). A particularly useful way to extract informa-
tion from an image is to rotate a volume rendering of the
image, noting alignment of structural features. In a vol-
ume-rendered image, the contribution of a voxel at the
rear of the image volume is "blended" with contributions
from all voxels along the line projecting forward to the
final pixel in the 2-D image. Several of the Figures in-
cluded herewith are simply volume-rendered images
viewed from a single perspective, then printed on a color
laser printer. The information content of these laser
printer images is significantly less than the rotating vol-
ume-rendered images on the computer monitor.
[0040] Optical Properties of Frog and Plant Tissue.
From the images collected of frog and plant tissue, av-
erage values have been deduced for the total attenua-
tion coefficient µtotal = µs + µa where µs and µa are the
scattering and absorption coefficients. As the 850 nm
beam enters the sample, the incident power is attenu-
ated with depth due to scattering and absorption. Fig-
ures 3 and 4 are typical plots of OCM fringe amplitude
versus depth, averaged over horizontal slices in plant
and frog preparations, respectively. Fringe amplitude is
proportional to the square-root of power backscattered
from the sample, so it should decay exponentially with
depth according to exp(-µtotal • depth). Fitted values for
µtotal are 15 and 10/mm for plant and frog tissue, corre-
sponding to optical depths (I/e attenuation lengths) of
70µm and 100µm, respectively.
[0041] Design of the Modified OCM. The modified
OCM is faster than the original instrument because the
x-y scans are performed by galvo-scanning mirrors in-
stead of DC motor translators. In addition, a piezo-
mounted reference mirror produces output fringes at
125 kHz instead of the 2 kHz frequency achieved by
wrapping optical fiber around a piezocylinder.
[0042] Other modifications to the OCM are contem-
plated by the invention. For example, a lower response
time for the electrical filters that selectively pass the first
two harmonics of the fringe frequency can be achieved
by widening the bandpass of these filters. In addition,
the rms integrated circuit that may be used to measure
the amplitude of the fringe signal has an inherently low
dynamic range. Digital signal processing (DSP) is there-
fore a desirable alternative to analog circuits. A DSP so-

lution can permit modifications to the filter characteris-
tics in software, with the response time to be determined
by the integer number of fringe periods that are sam-
pled. The dynamic range thus can be improved over the
analog rms chip because multiplications are performed
digitally.
[0043] In addition, photodetector noise at 100 kHz is
25 pW/sqrt(Hz), a factor of 8 greater than the manufac-
turer's specification (New Focus, Model 1801). By sub-
stituting a similar silicon photodiode/amplifier hybrid
from Advanced Photonix (Model SD 100-41-21-23 1) a
noise level of 1 pW/sqrt(Hz) was achieved. The amplifier
in the Advanced Photonix photodetector has a band-
width of 400 kHz compared with 125 MHz for the New
Focus detector. Also, the Advanced Photonix photodi-
ode operates with a reverse bias of 15 Volts, while the
New Focus diode has no bias. This reduction in photo-
detector noise reduced overall noise levels to the rage
of fundamental photon noise. Figure 5 illustrates that the
typical OCM interferometer output of 25 µW is accom-
panied by photon noise that is primarily Bose-Einstein.
This ultimately means that the OCM achieves its maxi-
mum signal-to-noise ratio when the reference beam is
cut to 3 µW.
[0044] The low amplitude path length modulations of
the invention are important in achieving good axial res-
olution of the image, consistent with the coherence
length of the light source. Desirable amplitudes in path
length are most meaningfully expressed as a function
of the fringe of the wavelength of the light source being
used, where one fringe is defined as υ λ. An amplitude
of about 3 fringes is preferred, an amplitude of about 2
fringes is more preferred, and an amplitude of about 1
fringe or less is most preferred. For example, with a
wavelength of 850 nm, 3 fringes - 1275 nm, 2 fringes -
850 nm, and 1 fringe = 425 nm.

EXAMPLES

Example I - Modifications to the OCM system

A. Obtaining high-frequency modulation of path
length by attaching a lightweight reference mirror to
a piezoelectric stack.

[0045]

1. Fast phase modulation. Fast phase modulation
was achieved in the Michelson interferometer of the
OCM system by attaching a lightweight reference
mirror to a piezoelectric stack and driving the stack
at a resonance frequency of about 125 kHz. The
electrical behavior of the piezo stack and the me-
chanical properties of the piezo-mirror arrangement
were examined. A displacement amplitude at reso-
nance of about 400 nm was achieved using a stand-
ard function generator. Slow drifts in the pathlength
difference of the two interferometer arms caused
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variations in the measured rms intensity of the AC-
coupled output fringe signal. By driving the piezo
stack at an optimal amplitude (a displacement of
0.42 λ, or slightly less than 1 fringe) and summing
the powers in the first two harmonics of the piezo-
driving frequency, drift-insensitive measurements
of the output fringe signal were achieved.

Piezoelectric crystals are used in a variety of
forms for phase modulation in interferometry. The
mirror in the reference arm of a Michelson interfer-
ometer is often attached to a piezo stack that is driv-
en at frequencies up to 10 kHz, well below its res-
onance frequency. With driving amplitudes of some
ten to a hundred volts, pathlength modulations of
the order of a few µm can be achieved. In fiber optic
interferometers, the fiber can be wound in a large
number of turns around a hollow piezoelectric cyl-
inder. Driving the cylinder up to frequencies of a few
kHz will cause it to expand and contract radially,
stretching and relaxing the fiber accordingly and
thus providing the modulation of the optical path
length. However, this method typically requires tens
of meters of fiber, making the interferometer sensi-
tive to thermal fluctuations that result in phase wan-
der of the output fringe signal. Other problems with
this approach may include static polarization mis-
match and dynamic birefringence modulation,
which requires a Faraday rotator for compensation.
Fibers coated with piezoelectric films have also
been used. When a voltage is applied to the piezo
jacket, the fiber is squeezed radially and thus in-
creases in length. In this way, fast phase modula-
tions can be achieved, but the modulation ampli-
tude is typically small. In order to produce a change
in optical path length of 1µm at 100 kHz, a fiber coat-
ed over a length of 20 cm would require more than
100 V of driving amplitude.

In order to minimize the time required to collect
an OCM image, it was desirable to develop a meth-
od of phase modulation with a frequency greater
than 100 kHz and a displacement amplitude of the
order of 1 µm. This Example describes the use of a
piezoelectric stack that is driven at a resonance fre-
quency of 125 kHz to produce a displacement am-
plitude of 400 nm with a peak-to-peak driving volt-
age of only 6.7 V.
2. Tests of the electrical behavior of the piezoe-
lectric stacks. Piezoelectric stacks manufactured
by NEC Corporation of Japan (available from Thor-
labs Inc., Newton, NJ, type AE0203·D04) were test-
ed for possible use in the Michelson interferometer
of the OCM of the invention. The dimensions of
these piezos are 2.5 mm x 5 mm x 5 mm, and the
manufacturer's specifications indicate a displace-
ment of about 3 µm at 100 V DC. Since the imped-
ance of the piezo decreases initially with increasing
frequency (Z = 1/ωC where C . 100 nF), the larger
currents necessary to maintain this applied voltage

might lead to overheating of the stack at higher fre-
quencies. In any case, a high power function gen-
erator would be necessary for operation at higher
frequencies. Driving the piezos at their resonance
frequency, however, proved to be a method for cir-
cumventing these problems.

The electrical behavior of the unmounted piezo
was tested by measuring its impedance as a func-
tion of frequency (see Figure 6). At frequencies well
below resonance, the piezo behaves like a capaci-
tor, with the impedance inversely proportional to the
frequency and the voltage lagging the current by ap-
proximately 90 degrees. At 255 kHz the unmounted
piezo experiences a minimum in impedance, and
voltage and current are in phase. This frequency is
commonly referred to as the electrical resonance
frequency of the piezo. At 330 kHz a maximum in
impedance occurs, and again voltage and current
are in phase - the electrical antiresonance frequen-
cy of the piezo. Between resonance and antireso-
nance the impedance increases with frequency,
while the voltage leads the current by about 90 de-
grees. At frequencies higher than the antireso-
nance, the piezo again shows a capacitor-like be-
havior.

Several unmounted piezos of the same model
were tested, and their electrical characteristics
were found to be consistent within a few percent.
These measurements were repeated for a different
brand of piezo stack with slightly larger dimensions
(3.5 mm x 3.5 mm x 9 mm, from Piezomechanik,
Munich, Germany). The same type of behavior was
observed, with the impedance minimum and maxi-
mum occurring at 153 kHz and at 191 kHz, respec-
tively, hence at lower frequencies than for the small-
er NEC piezos.

In order to use the piezo stack for phase mod-
ulation, a small, lightweight mirror (1.5 mm x 1.5
mm, x 0.1 mm, from Edmund Scientific Co., Bar-
rington, NJ) was attached to its face with cyanoacr-
ylate ("super glue"). The piezo stack with the at-
tached mirror was either glued directly onto a stand-
ard adjustable mirror mount or glued onto a 25 mm
diameter aluminum disk of 5 mm thickness, which
was then held by a mirror mount. Although gluing
the lightweight mirror to the piezo did not alter its
electrical behavior, attaching the stack to the alumi-
num disk or the mirror mount significantly changed
the piezo's electrical resonance characteristics. In-
stead of the single electrical anti-resonance of the
unmounted piezo, several anti-resonances at fre-
quencies both lower and higher than the original
one appeared. Figure 6 also shows the impedance
of the mounted piezo as a function of the driving
voltage frequency. This piezo had been glued to an
aluminum disk with an epoxy intended for fiber optic
connectors (F 120, from Thorlabs Inc., Newton, NJ).
3. Mechanical behavior of the piezo-mirror in a
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Michelson interferometer. The mechanical be-
havior of the piezo-mirror was tested in one arm of
a Michelson interferometer with a helium-neon la-
ser (633 nm) as a light source. In the measurements
with the mounted piezo, it was observed that the
frequencies of maximum piezo displacement are
those of maximum impedance. The mechanical res-
onance of the piezo is thus coincident with its elec-
trical anti-resonance. In the following, those fre-
quencies are referred to as resonances for which
the piezo experiences a maximum in displacement.
Figure 7 shows the displacement of the piezo per
volt applied at each of the resonance frequencies.
For a particular resonance frequency, the piezo dis-
placement was observed to increase linearly with
increasing driving voltage amplitude. However, the
displacement per volt varies for the different reso-
nances of the same piezo and decreases at higher
frequencies. Although the displacement per volt is
higher at the 56 kHz resonance by almost a factor
of three, the piezo in the Michelson interferometer
was instead driven at the 125 kHz resonance be-
cause of its higher frequency (see Section 5).

Both the positions of the resonances and the
corresponding displacement amplitudes were de-
pendent on the details of mounting the piezo in a
way that could be understood at least qualitatively.
Attaching the stack with super glue resulted in lower
resonance frequencies and larger displacement
amplitudes than in the case where the softer epoxy
was used. This result is interpreted to mean that the
very thin layer of super glue between the piezo and
the mounting substrate forces the piezo to expand
in the free direction only. This results in a larger dis-
placement of the mirror than when a thicker layer of
the more elastic epoxy is used, presumably be-
cause the epoxy can be squeezed by the expanding
piezo. Also, if the piezo mounted with super glue
expands primarily in the free direction, its center of
mass translates, in contrast with the piezo in epoxy,
which may expand and contract about its center of
mass. The piezo mounted with super glue then has
a greater effective mass as it resonates, yielding
lower resonance frequencies.

Similarly, the disk on which the piezo is mount-
ed can play an important role in determining the po-
sitions of the resonance frequencies. The difference
between epoxy-glued NEC piezos on 5- and 10-mm
thick aluminum disks, both of 25 mm diameter, was
examined. They exhibited essentially the same res-
onance frequencies between 100 and 360 kHz, but
the lowest resonance, which also has the largest
displacement amplitude, was shifted from 56.7 kHz
for the thinner to 85.6 kHz for the thicker aluminum
disk. Plate theory predicts that the resonance fre-
quency of the lowest (drumhead) mode for a 25-mm
diameter, 5-mm thick aluminum disk should be
around 80 kHz and a factor of two higher for the

10-mm. thick disk. The formula used is valid under
the assumptions that the disk is held rigidly at its
periphery and that the thickness of the disk is small
compared to its diameter. Neither of these assump-
tions is well fulfilled in the present case. Further in-
vestigation using a finite element analysis software
package (SAP 2000 Nonlinear V6.15) revealed that
the resonance frequencies are very sensitive to the
precise mounting conditions, with the observed fre-
quencies roughly consistent with the three-point
mounting technique employed in these tests. Meas-
urements with two three-point mirror mounts of dif-
ferent masses yielded the same mechanical reso-
nances and piezo amplitudes. These measure-
ments and calculations support the conclusion that
the lowest frequency resonance for the stack-
epoxy-disk system is probably a fundamental vibra-
tion of the disk, while the higher frequency reso-
nances can be attributed to the "piezo-in-epoxy"
part of the system.

The results for resonance frequencies and dis-
placement amplitudes for the same brand of piezo
and the same mounting technique for the piezo did
not differ by more than a few percent. Operating the
piezo-mirror system in the OCM Michelson interfer-
ometer for hours at a time over the course of one
year has not caused a shift in the resonance fre-
quency or a change in the piezo displacement.
Even after hours of continuous operation, the stack
does not heat up noticeably, and the system main-
tains a high degree of stability. With a driving volt-
age of 6.7 V peak-to-peak, the described NEC piezo
with superglue-mounted mirror, epoxy-mounted on-
to a 5 mm thick aluminum. disk, provides a displace-
ment of around 400 nm at a resonance frequency
of about 125 kHz, making it ideally suited for phase
modulation in the OCM of the invention.
4. Calculations determining the optimum mod-
ulation amplitude. The superluminescent diode
(SLD) light source in the tested OCM has a wave-
length of 850 nm. Therefore, a piezo displacement
of 400 nm produces a total pathlength difference be-
tween sample and reference arms in the OCM of
less than one wavelength (λ), i.e., modulation is
over less than one fringe. For such small pathlength
modulations, the interferometer output fringe signal
will take on distinctly different shapes depending on
the initial phase relation between the sample an d
reference beams.

Figure 8 illustrates this point for a modulation
of one-half fringe (piezo displacement of 0.25 λ).
Graph (a) in Figure 8 shows the piezo displacement
which is simply of the form d0 sinωt, where the peak-
to-peak displacement 2-D0 is taken to be 0.25 λ.
Theoretically, the interference term in the corre-
sponding interferometer output intensity is given by:
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where α is related to the piezo displacement
amplitude by α = 4πd0/λ, and I0 is equal to 2 sqrt
(Iref/sample), where Iref and Isample are the intensities
returned from the reference and sample paths.
Graph (b) in Figure 8 plots Iout for an initial phase
difference between the sample and reference
beams of φ = 0; Graph (c) is a similar plot for φ = π/
2. The two signals are clearly different in shape and
have different Fourier components, including
different DC components. In Graph (b) the strongest
component is the one at 2ω, the second harmonic
of the modulation frequency. In Graph (c) the
signal's dominant Fourier component is the one at
ω, the fundamental of the driving frequency. By
inspection of the graphs, it also becomes clear that
the rms values for the AC-coupled signals are
different. (The interferometer output must be AC
coupled in the OCM to eliminate the huge DC
component Iref.) Therefore random phase drifts
between the sample and reference beams will lead
to drifts in the rms value of the AC coupled
interferometer output.

Calculating the Fourier components of the sig-
nal (1), the power P1, in the fundamental frequency
ω and the power P2 in the second harmonic 2ω can
be expressed as:

Thus the sum of the powers in the first two harmon-
ics P1 + P2 is independent of φ only for those piezo
amplitudes for which J1

2(α) = J2
2(α). The lowest val-

ue of α for which this occurs is α = 2.63, leading to
a piezo displacement 2-D0 of 0.419λ. At this partic-
ular modulation amplitude, the sum P1 + P2 is inde-
pendent of drifts in the pathlength difference be-
tween the two arms and is therefore a useful meas-
ure of the AC-coupled interferometer output fringe
intensity.

Figure 9 shows the experimental values for the
powers of the interferometer output signal in the first
two harmonics as a function of the piezo driving volt-
age. For each setting of the driving voltage, the
powers at 122 kHz and at 244 kHz were observed
with a spectrum analyzer as they varied with the
drifting phase, and their maximum values were plot-
ted. The solid and dashed lines indicate the best fits
to the equations P1 = k1J1

2(r1x) and P2 = k2J2
2(r2x),

where k1, k2, r1, and r2 are fitting parameters. As
expected, the fitted values of k1 and k2 were the

/out = /0cos(αsinωt + φ)

P1 = 2 I0
2 J1

2(α)sin2φ (2)

P2 = 2 I/0
2J2

2(α)cos2φ (3)

same to within 1%, and the values of r1x and r2x at
a piezo voltage of x = 5.95 Volts peak-to-peak were
within 1% of 2.63. At this point the sum of powers
P1 + P2 was observed to be independent of phase
drift.
5. Discussion. A high fringe frequency has been
achieved by driving a piezo at this same frequency
and using a piezo resonance to obtain a modulation
amplitude of roughly one fringe. It is also possible
to achieve high fringe frequencies by driving a piezo
at low frequencies but with large displacement am-
plitudes. By wrapping 100 m of fiber around a piezo
tube, Cruz et al. reached fringe frequencies of 1
GHz with a peak-to-peak pathlength difference of
14 mm. In this case, phase drift ceases to be a prob-
lem because of the long train of fringes before the
phase break associated with piezo reversal. How-
ever, the large interferometer path differences in-
herent in this approach are incompatible with the
operation of the OCM of the invention.

The OCM of the invention collects three-dimen-
sional images by performing a series of fast two-
dimensional scans in planes normal to the incident
beam and at regular depth intervals in the sample.
These two-dimensional "en face" scans are per-
formed at depths determined by the interferom-
eter's equal path length position in the sample. Be-
cause the typical depth interval for the OCM is about
5 µm, modulation in the path length difference must
be limited to about 1 µm during one of the en face
scans. Larger modulations would degrade the
depth resolution of the OCM. Hence a piezo stack
driven at its resonance frequency has provided both
a high fringe frequency for fast OCM image acqui-
sition and a small modulation amplitude for good
depth resolution.
6. Conclusion. A piezoelectric stack, when glued
to an aluminum disk, displays a number of mechan-
ical resonances between 50 and 350 kHz. The pie-
zo is driven at its 125 kHz resonance for fast phase
modulation in a Michelson interferometer. With a
driving voltage amplitude of 6 V peak-to-peak, a pi-
ezo displacement of about 360 nm (0.42 λ) is
achieved. The long-term performance of the piezo
under these conditions is reliable; in particular, no
heating or other damage to the stack has been ob-
served. The measured rms value of the AC-coupled
interferometer output experiences large variations
due to phase wander between the reference and
sample arms of the interferometer. However, for a
piezo displacement of 0.42 λ, the sum of the powers
of the first two harmonics of the driving frequency
provides a measure of the interferometer output
that is independent of phase drifts.
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B. Modifications to the basic OCM design to
enhance speed of image capture.

[0046] A modified OCM was constructed that is capa-
ble of collecting a million-voxel image in less than a
minute. An optical schematic of the instrument appears
as Figure 10. The key changes in design from the orig-
inal OCM involve the introduction of galvo-scanning mir-
rors for the x-y scans and the use of a piezo-mounted
mirror for the production of interferometer fringes.

1. Galvo-Scanning Mirrors. A pair of orthogonal gal-
voscanners (Model 6800-XY, Cambridge Technolo-
gy Inc.) deflects the collimated beam emerging from
the sample fiber and varies its angle of incidence
upon the focusing lens, thereby scanning the fo-
cused waist of the beam across the x-y plane in the
sample. The galvoscanners can be operated at up
to 1 kHz. The beam spends about 20 microseconds
on a voxel, so a linear scan along the x-axis of 100
voxels takes 2 milliseconds. The fast x-axis galvo
is operated at slightly less than 500 Hz. A miilion-
voxel image could therefore be taken in 20 seconds,
though overhead in processing each x-y scan and
moving the DC motor actuators along the z-axis in-
creases the collection time to 40 to 60 seconds. The
galvoscanners were calibrated by imaging a Ronchi
ruling with a period of 20µm.
2. Generating Fast Interferometer Fringe. The
brightness of a voxel in an OCM image is propor-
tional to the amplitude of the OCM interferometer
fringes. At each voxel, the amplitude of the fringes
must be determined. The modified OCM spends
just 20 microseconds on a voxel, so the frequency
of the fringes must be at least 50 kHz. To achieve
this frequency, a small reference mirror (1.5mm x
1.5mm x 0.1 mm, Edmund Scientific Co.) was glued
to a piezoelectric stack (AED203·D04, Thorlabs)
with a resonant frequency of 250 kHz. When the
mirror and stack were epoxied to an aluminum disk
(diameter = 25mm, thickness = 5mm), the resonant
frequency split into a number of resonances, a
strong one being at 120 kHz. At this resonance, a
driving voltage of 6 volts peak-to-peak is sufficient
to displace the mirror by 0.42 x 850 nm = 357 nm
(peak-to-peak). This modification is reviewed in
more detail in Example IA, above.

The mirror/piezoelectric stack forms the rear
end of the retroreflector in the reference arm of the
OCM interferometer. As the mirror is oscillated pie-
zoelectrically at 120 kHz, the path length difference
in the interferometer varies and 120 kHz fringes ap-
pear at the output. The fringes are isolated with a
narrow bandwidth electrical filter, and the output is
then sent to an rms circuit. A commercially available
integrated circuit is the AD63 7 (Analog Devices)
that measures the amplitude of the fringes to better
than 10% in approximately two periods of the fringe

signal. Two periods at 120 kHz amount to 17 micro-
seconds, so the beam spends 20 microseconds on
each voxel.
3. Elimination of interferometer phase noise. Like
all Michelson interferometers, the path length differ-
ence between the sample and reference arms of the
OCM drifts slowly by roughly a half-wavelength
(one fringe) due to air currents, temperature effects,
etc. This phase drift causes the fringe signal to shift
power from the fundamental piezoelectric driving
frequency (120 kHz) to higher harmonics and to a
DC offset. As a result, the output of the rms circuit
may vary by 30 to 50% even when the scattering
power of the voxel remains constant. This problem
is solved by constructing the electrical filter to pass
the fundamental and first harmonic frequencies. In
addition, using a sinusoidal driving voltage for the
piezo stack, the amplitude of motion of the refer-
ence mirror is adjusted to 0.42 x 850 nm = 357 nm
(peak-to-peak). At this amplitude the output of the
rms circuit is independent of the phase drift in the
OCM interferometer. This is a useful result for re-
ducing noise in an OCM image.
4. Elimination of birefringence drift. The design of
the modified OCM has another notable advantage
over that of the original OCM. In the original OCM,
about 10m of optical fiber was wrapped under ten-
sion around a piezoelectric cylinder. A driving volt-
age was applied to the cylinder, stretching and con-
tracting the fiber, and causing the optical path length
of the fiber to oscillate. A fiber/cylinder system was
inserted into each of the sample and reference arms
of the OCM interferometer. These two piezoelectric
cylinders were driven 180° out of phase to produce
fringes at the output of the OCM interferometer. The
stretching of these long lengths of fiber led to no-
ticeable stress birefringence, and "paddles" were
incorporated to twist the fiber systematically until
the optical path lengths for the two polarization
states of the beam were equal. The setting of the
paddles was subject to drift, leading to distorted vis-
ibility curves of the interferometer fringes.

[0047] In the modified OCM, the lengths of the optical
fiber in the sample and reference arms are just 1 meter.
No stretching of the fiber occurs, and no distortion of the
Gaussian visibility curve over time has been noted.

Example II - Software for Viewing 3-D OCM Images

[0048] Three-dimensional OCM images can be gen-
erated by adapting available visualization software,
such as, for example, AVS (Advanced Visual Systems)
Version 5.0 to display 3-D OCM images on Unix work-
stations. For greater convenience VISUALIZATION EX-
PRESS, also by AVS does not require a Unix worksta-
tion. VISUALIZATION EXPRESS is written in OpenGL,
which allows graphics applications to be ported to many
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software/hardware platforms. This software was adapt-
ed to create a custom graphical user interface called "In-
tuitive Network" within Visualization Express and
achieved increased flexibility and power. The following
is a brief description of the fundamental principles of this
image-display software package.
[0049] Principles of Volume-Rendering. During image
acquisition, the OCM assigns a single number to each
of the roughly one million voxels scanned in the sample
volume. To first approximation, this number is a meas-
ure of the light scattering power of the associated voxel.
To visualize one of these 3-D data volumes, all voxels
must be projected onto a 2-D computer screen for view-
ing. The process of projecting voxels, including assign-
ing the relative weights of voxels deep within the volume
versus near the surface of the volume, is called volume
rendering.
[0050] The basic algorithm for volume rendering is ray
tracing. Every pixel in the 2-D image to be generated on
the computer screen determines a ray that is drawn from
the pixel on the 2-D screen through the 3-D data volume.
A "parallel projection" is employed, in which projected
rays are parallel to each other. All voxels in the volume
along a ray contribute to the value of the corresponding
pixel on the 2-D computer screen. Because a ray does
not always go through the centers of voxels that it inter-
sects, there are different ways to compute (or "blend")
the contributions of voxels along the ray. For example,
one may consider all voxels in the vicinity of the ray and
calculate the sum of their voxel contents weighted in-
versely by their distances to the ray. Alternatively, for
simplicity and therefore reduced computational cost,
one may use only those voxels penetrated by the ray
and sum their voxel contents (unweighted).
[0051] Another feature involved in the blending of vox-
els along a ray is the "opacity" factor. The content of
each voxel is multiplied by the opacity factor as the sum
is formed along a given ray. If the opacity factor for all
voxels is zero, no voxel contributes to a pixel, and the
pixel is black. If the opacity factor for all voxels is one,
the voxel contents are summed along the ray and the
resulting pixel may contain a large number, perhaps a
number representing saturation. Small values for the
opacity factor tend to avoid saturation and allow voxels
deep in the image volume to contribute meaningfully to
the corresponding pixel. That is, small values of the
opacity factor tend to impart a more "transparent" ap-
pearance to the image volume.
[0052] Use of False Color. The OCM of the invention
assigns a raw number (grey level) to a voxel based upon
its measured light scattering power. AVS VISUALIZA-
TION EXPRESS uses false color to help distinguish dif-
ferent grey levels in the raw voxel contents. Two differ-
ent ways were used for implementing false color in the
volume-rendering algorithms available in AVS Express.
The simpler way, named "SFP", is to apply the ray-trac-
ing algorithm for volume rendering (described above) to
the raw greyscale contents of voxels. The resulting 2-D

greyscale pixels are then color coded, e.g., weak pixels
are assigned the color blue and strong pixels are colored
red. However, in this method a particular region of the
3-D volume may change color drastically as the volume
is viewed from different vantage points. For example,
two green voxels can be superposed along a particular
line of sight to yield a red pixel.
[0053] More preferred is a second method of imple-
menting false color in AVS Express. In the volume-ren-
dering method named "DC", the raw contents of voxels
are color coded, i.e., values for red, green, and blue are
assigned to each voxel based upon the voxel's raw grey
level. Then the ray tracing algorithm for volume render-
ing is executed separately for all three colors to generate
a colored 2-D image on the computer screen. This DC
method does indeed superpose two green voxels to
yield a strong green pixel. In this way, a region of the
image volume with a particular light- scattering strength
will retain its color, at least approximately, as the volume
is rotated on the screen.
[0054] The software allows anatomical, morphologi-
cal and histological aspects of plants, frogs, and other
organisms to be examined. Examples of AVS software
settings are as follows:

Ray Tracing Algorithm: Direct Composite
interpolation: trilinear
Control Points

Control Point 1 position: 2
Control Point 2 position 23

Range 1 settings:
Transparency Left = 1.0

Hue = 0
Saturation = 0
Value = 0

Transparency Right = 1.0
Hue = 0.66
Saturation = 1.0
Value = 1.0

Range 2 settings:
Transparency Left = 0.91

Hue = 0.66
Saturation = 1.0
Value = 1.0

Transparency Right = 0.95
Hue = 0
Saturation = 1.0
Value = 1.0

Range 3 settings:
Transparency Left = 0.69

Hue = 0
Saturation = 1.0
Value = 1.0

Transparency Right = 1.0
Hue = 0
Saturation = 1.0
Value = 1.0

23 24



EP 1 147 398 B1

14

5

10

15

20

25

30

35

40

45

50

55

Example III Developmental biology of the plant
Arabidopsis thaliana

[0055]

A. To study meristem formation in the developing
embryo, plants were grown in four-inch pots in soil
in a growth chamber under 16-hour day lengths, to
accelerate the transition to reproductive growth.
During flower formation, Arabidopsis internodes
elongate extensively. Thus a single silique, with its
developing embryos inside, was easily placed be-
tween two glass microscope slides without disturb-
ing the rest of the plant or removing the silique from
the plant. The silique was mounted shortly after fer-
tilization to follow the development of the embryos
over the course of the few days (from a globular em-
bryo to a fully expanded embryo). The OCM images
allowed precise observation of development of a
single embryo over time. The pattern of develop-
ment in wild-type embryos was compared with
those of mutant embryos to gain better insights into
the altered embryogenic patterns.
B. The OCM was also used to study the temporal
changes in the shoot apical meristem and shoot
apex during successive leaf initiations. For these
observations, the plants were grown in four-inch
pots in soil under an 8-hour day length to inhibit the
transition from vegetative to reproductive develop-
ment. These growth conditions permitted observa-
tion of meristem activity over many consecutive leaf
initiation events. As humidity variations appeared to
have significant effects on plant growth rates, it is
preferable to maintain the plants in a humidity. con-
trolled growth chamber. In addition to allowing pre-
cise regulation of the environment in which the
plants grow, such a chamber allows growth of pop-
ulations of plants under long-day conditions (for
studies on embryo formation) and short day condi-
tions (for studies on phyllotaxy) at the same time.

In this procedure, the volume and shape of the
shoot apical meristem and shoot apex over the
course of several days was observed. The meris-
tem and shoot apex were examined from above to
ensure that each leaf, no matter where it initiated,
was imaged with equal fidelity. By this approach, in-
sights are gained into the changes in the shoot apex
and shoot apical meristem as it undergoes devel-
opmental changes, such as forming successive
leaves, and the processes of mutants may be char-
acterized in comparison to wild-type plants.
C. Studies of Plant Images. An image of a plant
shoot (Arabidopsis thaliana) was obtained using the
OCM of the invention. The volume of the image is
600µm x 600µm x 400µm (width x width x depth)
with a voxel size of (10µm)3. In a top view straight
down along the beam and along the shoot axis, the
petioles of the cotyledons and leaves 1 and 2 were

visible growing out from the center of the plant
shoot. The shoot apical meristem was evident when
the image was cropped as a highly scattering region
at the base of the leaves. The gl-1 (glabrous) mutant
of Arabidopsis thaliana was used to avoid high light
scatter from trichomes.

[0056] A rotated image of the leaf and meristem re-
gion was visualized, having a volume of (200µm x
200µm x 120µm) (width x width x depth) with a voxel
size of (2µm)3. As a side view, with the beam incident
from the top of the figure, the leaves were seen growing
out from the center of the shoot. The meristem and shoot
apex were evident at the base of the leaves.
[0057] Several images in a series were taken for each
of ten Arabidopsis seedlings during days 5 through 12
of development when leaf primordia were formed and a
spiral pattern of leaves emerged. In these images it was
possible to identify the shoot apical meristem and/or as-
sociated leaf primordia, supporting the conclusion that
OCM can follow non-invasively the morphological de-
velopment of a single plant. The images may indicate
that the regions of highest light scattering correspond to
areas of highest cellular activity. Leaf primordia and the
presumed shoot apical meristem scatter highly, and are
sites of rapid cell division. Accordingly, high cellular ac-
tivity may serve as an intrinsic probe for OCM.
[0058] In an OCM image of a 5-day-old Arabidopsis
plant, the "opacity" parameter (see Example III on the
image. rendering software) was adjusted so that opacity
was high. With this setting, weakly scattering tissues
(blue) surrounding strongly scattering tissues (red/yel-
low) hid the strongly scattering regions from view. The
overall effect was that the "outside" of the plant was vis-
ible, as in a scanning electron micrograph. By cropping
or slicing into the image plane of the strongly scattering
tissue, the red/yellow was exposed.
[0059] In another OCM image of the same 5-day-old
plant, the opacity parameter was adjusted low so that
voxels deep in the tissue could be seen. Using these
procedures, it was possible to unambiguously identify
many of the larger (> 30 µm) organs at the shoot apex.
Identifying the smaller leaf primordia was more difficult.
To urambiguously identify the smaller organs, frequent
observations were made, e.g., every hour or two, to ob-
serve their increase in size during development. All im-
ages were acquired with the original OCM which re-
quires 3 hours for a million-voxel image. Therefore a sin-
gle image averages over significant growth, and this av-
eraging is probably a factor in the resolution of the im-
age. The modified OCM has an image acquisition time
of 5 minutes or less for similar images. Use of the mod-
ified OCM would produced a series of images more
closely spaced in time, and allowed identification of leaf
primordia as they emerged from the meristem.
[0060] In a side-by-side comparison of an OCM image
of a living plant with a histological section of a different
plant, the OCM image included leaves and a small,
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strongly scattering region that was consistent with a leaf
primordium. The histological section of a comparable
plant supported this interpretation. The OCM image was
cropped from the top and was an "outside" image (high
opacity), so that the meristem below was not visible. In
following the development of an individual plant, it is
helpful to detect an emerging leaf primordium as early
as possible. While the resolution of the histological slide
was clearly superior, only the OCM images were able to
follow the subsequent development of the emerging leaf
primordium.
[0061] In direct comparison of OCM and traditional
sections, plants were imaged with OCM and fixed for
traditional analysis. The OCM image showed leaf pri-
mordia and cotyledon petioles. The amount of light scat-
ter was proportional to the color. A simple spectrum was
set up such that red was the highest amount of light scat-
ter, orange-yellow was less, green less, blue-black
least. Cells and tissues that were active (e.g., transcrip-
tion and differentiation) produced the greatest amount
of light scatter.
[0062] In optical sections and traditional plastic sec-
tions deeper in a plant, an OCM image of deeply buried
tissue was visualized. The leaf primordia were seen and
a recently formed stipule was also seen. Stipules, which
are known to be very active transcriptionally, produced
a large amount of backscattered light in OCM, and
hence appeared as red on the OCM image.
[0063] In OCM and traditional section of developing
organs and the apical meristem, one leaf primordium
was seen as just adopting a dorsoventral symmetry
whereas a less mature leaf primordium was seen as not
being dorsoventral, still retaining centric features. Thus,
OCM can detect these differences. The more advanced
leaf primordium appeared as a red, rectangular-shape
and the less advanced leaf primordium appeared as a
red, round-shape. The meristem, detectable in a plastic
section in a different focal plane also appeared as a red
rectangular shaped object. Thus, OCM can follow and
predict developmental changes taking place deep within
tissues in vivo in a non-destructive manner.
[0064] A comparison was conducted of OCM and
scanning electron micrography of an Arabidopsis mu-
tant, shootmeristemless. The shootmeristemless mu-
tant is known to lack a shoot apical meristem (Barton
and Poethig, 1993). In wildtype plants, the apical mer-
istem appeared as a red, highly light scattering struc-
ture. As predicted, in the shootmeristemless mutant
there was no such structure. Instead a gap indicating a
lack of a shoot apical meristem was detected.
[0065] Thus, the OCM can be used, not only to visu-
alize structures in a biological sample, but also to visu-
alize developmental stages, processes, and events, to
contrast mutants with non-mutants or to grade mutant
or allelic series, and the like. The effect of a variety of
factors on light scattering can also be used to charac-
terize biological samples with respect to such factors,
including, for example, gene activity, differentiation, cell

elongation, cell dormancy, stress response, pathogen
response, and the like. Uses of light scattering compar-
isons employing the OCM of the invention will be evident
to those engaged in such comparisons, for correlating
light scattering or other OCM image characteristics with
a variety of conditions, structures, and events of interest.

Example IV - Developmental biology of the frog
Xenopus laevis

[0066]

A. Xenopus embryos are mounted in a small, trian-
gular well cut in a layer in the bottom of a petri dish
coated with silicone rubber. A 100 µm thick sheet of
gelled agarose is placed over the top of the embryo
and secured in place with thin cactus spines stuck
into the silicone rubber. This method of stabilizing
the embryo keeps the embryo in a defined position
and orientation, without the danger of distorting the
cell movements under study. During gastrulation, a
set of three-dimensional images through the thick-
ness of the animal pole of the embryo is collected.
These three-dimensional data sets are processed
and rendered into a time-lapse movie. As the reso-
lution of the OCM is smaller than the single cells,
these images are adequate to follow the tissue
movements of gastrulation. Alternatively, two-di-
mensional images may be collected, in the plane
bisecting the embryo along its midline. This offers
rapid frame rates, and therefore better details on the
cell movements within this reduced field of view.
B. Additionally, the OCM system is used to examine
the morphological patterning of the mesoderm after
it involutes. This process is critical for the resulting
structures, such as the notochord and the somites,
as well as for the nervous system. Interactions be-
tween the notochord and the spinal cord affect the
dorsoventral patterning of the nervous system, and
interactions with the somites result in segmentation
of the sensory nervous system and the ventral roots
of the motoneuron axons formed by the spinal cord.
The experimental arrangement described above is
used to stabilize the embryos, and the OCM is em-
ployed to collect images needed for 2- and 3-dimen-
sional time-lapse movies.
C. Studies of Frog Embryo images. An image was
taken of a frog embryo that was lightly fixed (2%
paraformaldehyde overnight at 4°C in stage 41 of
development). The head region that was imaged
was (1.6mm x 1.6mm x 1.3mm) (width x width x
depth). The voxel size was (20 µm)3. In the figure
the embryo (tadpole) was on its right side and was
viewed along a body axis from tail to head, so that
the ventral-dorsal axis pointed left to right. The
beam was incident from the top of the image. The
bulge of the left eye was clearly evident at the top
of the image. Red and yellow areas denoted highly
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scattering regions, and blue and black denoted
more transparent regions.

[0067] Another image of the same frog embryo was
taken, but at slightly higher magnification. The volume
imaged was (600µm x 600µm x 420µm) (width x width
x depth), and the voxel size was (6µm)3. The beam was
still incident upon the embryo's left side from the top of
the image. The view was again along the body axis, but
looking toward the tail, so the dorsal side was on the left
and the ventral side was on the right. The 600µm long
segment that was imaged was further down the body
from the head. The 420µm depth was oriented top-bot-
tom in the figure, and the 600µm dorsal-ventral width
lay left-right. The 3-D image was been carefully rotated
so that the view was straight down the axis of the spinal
cord--a rotation of just one degree about the beam axis
(top-bottom axis) would obscure the structure that was
obvious at the selected viewing angle.
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Claims

1. A high resolution optical coherence microscope
system for visualising structures below a surface of
a biological sample, the system comprising:

• a light source;

• a reference mirror;

• a focusing lens for focusing light on the biolog-
ical sample;

• a photodetector;

• a piezoelectric device;

• a sample optical path for receiving light from the
light source and directing the light to the focus-
ing lens, said sample path having a sample
path length, wherein the light directed along the
sample path enters the biological sample and
tapers to a beam waist diameter within the sam-
ple;

• a reference optical path for receiving light from
the light source and directing the light to the ref-
erence mirror, said reference path having a ref-
erence path length;

• wherein the length of at least one of the optical
paths is modulated by the piezoelectric device,
and wherein a light beam from the sample op-
tical path scattered back from the biological
sample is combined with a light beam from the
reference path reflected from the reference mir-
ror, wherein the combination of light beams pro-
duces an interference fringe signal on the pho-
todetector when the sample path length and the
reference path length are substantially the
same to within the coherence length of the light
source, wherein an amplitude of modulation is
equal to or less than 1.5 of the wavelength; and
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• a scanner arranged to scan the beam waist
across a first plane substantially normal to the
direction of the incident light beam, and to then
move the beam waist deeper into the sample
and to scan another plane while the position of
the reference mirror is translated to keep the
equal path lengths of the sample and reference
paths coincident with the beam waist, and that
the fringe amplitude is recorded at each volume
element voxel during the scan of the sample re-
sulting in a three-dimensional data set that is
volume-rendered to provide a three-dimension-
al visualisation of the sample.

2. The system of claim 1, wherein the powers in a
fringe signal at a fundamental frequency,. f,. and a
second harmonic of the fundamental frequency, 2f,
are summed to provide a measure of the amplitude
of the fringes.

3. The system of claim 1 or 2, wherein the modulation
occurs at a frequency of at least about 50. kHz.

4. The system of claim 1 or 2, wherein the modulation
occurs at a frequency of at least about 100 kHz.

5. The system of claim 1 or 2, wherein the modulation
occurs at a frequency of at least about 300 kHz.

6. The system of any of claims 1 to 5, wherein the light
directed along the sample path scans the biological
sample, and wherein the scan results in an image
of a portion of the biological sample, wherein the
portion is between about 100 µm and about 4000
µm below the surface of the sample.

7. The system of claim 6, wherein the image compris-
es a first layer, the first layer derived from a first plu-
rality of voxels all corresponding to substantially a
same first depth below the surface of the sample.

8. The system of claim 7, wherein the image further
comprises a second layer, the second layer derived
from a second plurality of voxels all corresponding
to substantially a same second depth below the sur-
face of the sample.

9. The system of claim 8, wherein the image compris-
es at least about 50 distinct layers, including said
first and second layers, wherein each of the layers
is derived from a distinct plurality of voxels, and
wherein all voxels for each distinct layer correspond
to substantially a same distinct depth below the sur-
face of the sample.

10. The system of claim 8, wherein the image compris-
es blended voxels of a plurality of layers including
said first and second layers, and wherein the image

is a three-dimensional rendering of the portion of
the biological sample.

11. The system of any of claims 1 to 10, further com-
prising a coherence volume about a plane at which
the length of the sample is equal to the length of the
reference path, wherein the coherence volume ex-
ists below the surface of the biological sample.

12. The system of claim 11, wherein the light from the
sample path enters the sample and tapers to said
beam waist diameter, wherein the beam waist di-
ameter is not more than 20 µm within the sample,
and wherein the beam waist is coincident with the
coherence volume, such that lateral resolution of
structures within the sample is a distance less than
or equal to the diameter of the beam waist.

13. The system of any of claims 1 to 12, wherein the
light beam directed along the sample path scans the
biological sample, and wherein the scan results in
an image of a portion of the biological sample,
wherein the portion is between about 100 microm-
eters and about 4000 micrometers below the sur-
face of the sample.

14. The system of any of claims 1 to 13, wherein the
amplitude of modulation is equal to about 0.42 of
the wavelength.

15. The system of any of claims 1 to 14, wherein the
coherence length of the light source determines the
depth resolution of. the microscope system.

16. The system of any of claims 1 to 15, wherein the
piezoelectric device is a piezoelectric stack having
the reference mirror mounted thereon.

17. The system of any of claims 1 to 16, wherein the
light has a wavelength between 700 and 1500 nm.

18. The system of any of claims 1. to 17, wherein the
modulation of the path length occurs at a frequency
of at least 50 kHz.

19. The system of any of claims 1 to 18, wherein the
amplitude of modulation of the path length is less
than 0.50 of the wavelength.

20. The system of any of claims 1 to 18, wherein the
amplitude of modulation of the path length is equal
or less than 1.0 of the wavelength.

21. A method of visualising a structure beneath a sur-
face of a plant sample, employing the system of any
of claims 1 to 20.

22. A method of analysing a biological function based
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on visualisation of in vivo changes in structures be-
neath a surface of a plant sample, employing the
system of any of claims 1 to 20.

23. The method of claim 22, wherein the function is se-
lected from the group consisting of gene regulation,
development, messenger response and stress.

24. A method of visualising a structure beneath a sur-
face of a plant sample comprising the steps of:

• providing light;

• dividing the light into a sample light path and a
reference light path;

• modulating the length of at least one of the light
paths with a piezoelectric device, wherein the
modulation of the path length occurs at a fre-
quency, f, and wherein an amplitude of modu-
lation is equal to or less than 1.5 of the wave-
length;

• directing light from the sample path into the
plant sample with a focusing lens, wherein the
light enters the plant sample and tapers to a
beam waist within the plant sample;

• scanning the beam waist across a first plane
substantially normal to the direction of the inci-
dent light beam;

• combining a light beam from the sample light
path scattered back from the plant sample with
a light beam from the reference light path re-
flected by a reference mirror, wherein the com-
bination of light beams produces an interfer-
ence fringe signal on a photodetector when the
sample light path length and the reference light
path length are substantially the same to within
the coherence length of the light source;

• moving the beam waist to a different depth with-
in the plant sample and scanning another plane
while the position of the reference mirror is
translated to keep the equal path lengths of the
sample and reference light paths coincident
with the beam waist; and

• recording the fringe amplitude at each volume
element, voxel, during the scan of the plant
sample resulting in a three-dimensional data
set that is volume-rendered to provide a three-
dimensional visualisation of the plant sample.

25. The method of claim 24, wherein the powers in a
fringe signal at a fundamental frequency, f, and a
second harmonic of the fundamental frequency, 2f,

are summed to provide a measure of the amplitude
of the fringes.

26. The method of. claim 24 or 25, wherein the directing
step is repeated at least 100 times, and wherein af-
ter each directing step, the method comprises the
additional step of translocating the sample light path
to a different position in the plant sample.

27. The method of any of claims 24 to 26, wherein the
image indicates a difference between a mutant
plant sample and a non-mutant plant sample.

28. The method of any of claims 24 to 26, wherein the
image comprises a pattern of light scatter, and
wherein the pattern correlates with a characteristic
of the plant sample.

29. The method of claim 28, wherein the characteristic
is selected from the group consisting of gene activ-
ity, differentiation, cell elongation, cell dormancy,
stress response, and pathogen response.

30. The method of any of claims 24 to 29, wherein the
amplitude of modulation is equal to 0.42 of the
wavelength.

31. The method of any of claims 24 to 30, wherein the
light has a wavelength between 700 and 1500 nm.

32. The method of any of claims 24 to 31, wherein the
modulation of the path length occurs at a frequency
of at least 50 kHz.

33. The method of any of claims 24 to 32, wherein the
amplitude of modulation of the path length is less
than 0.50 of the wavelength.

34. The method of any of claims 24 to 32, wherein the
amplitude of modulation of the path length is equal
or less than 1.0 of the wavelength.

Patentansprüche

1. Optisches Kohärenzmikroskopsystem mit hoher
Auflösung für das Sichtbarmachen von Strukturen
unterhalb einer Oberfläche einer biologischen Pro-
be, wobei das System umfasst:

• eine Lichtquelle;

• einen Referenzspiegel;

• eine fokussierende Linse für das Fokussieren
von Licht auf die biologische Probe;

• einen Photodetektor;
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• eine piezoelektrische Vorrichtung;

• einen optischen Weg der Probe zum Empfan-
gen von Licht von der Lichtquelle und zum Len-
ken des Lichtes auf die fokussierende Linse,
wobei der besagte Weg der Probe eine Weg-
länge der Probe darstellt, in welcher das ent-
lang dem Weg der Probe gelenkte Licht in die
biologische Probe eintritt und sich innerhalb
der Probe bis zu dem Durchmesser der Strahl-
taille verjüngt;

• einen optischen Referenzweg zum Empfangen
von Licht aus der Lichtquelle und zum Lenken
des Lichtes auf den Referenzspiegel, wobei der
besagte Referenzweg eine Referenzweglänge
aufweist;

• wobei die Länge von mindestens einem der op-
tischen Wege durch die piezoelektrische Vor-
richtung moduliert wird und wobei ein Licht-
strahl von dem optischen Weg der Probe, wel-
cher von der biologischen Probe zurückge-
streut wird, mit einem Lichtstrahl von dem Re-
ferenzweg vereinigt wird, welcher von dem Re-
ferenzspiegel zurückgeworfen wird, wobei die
Vereinigung der Lichtstrahlen ein Signal eines
Interferenzstreifens auf dem Photodetektor er-
zeugt, wenn die Weglänge der Probe und die
Referenzweglänge im wesentlichen dieselben
innerhalb der Kohärenzlänge der Lichtquelle
sind, wobei eine Amplitudenmodulation gleich
oder kleiner als 1,5 der Wellenlänge ist; und

• einen Abtaster, der angeordnet ist, um die
Strahltaille quer über eine erste Ebene, die im
wesentlichen senkrecht zu der Richtung des
einfallenden Lichtstrahles steht, abzutasten
und um dann die Strahltaille tiefer in die Probe
hinein zu bewegen und um eine andere Ebene
abzutasten, während die Lage des Referenz-
spiegels einer Translation unterzogen wird, um
die gleichen Weglängen der Probenwege und
der Referenzwege übereinstimmend mit der
Strahltaille zu halten, wobei die Streifenampli-
tude an einem jeden Volumenelement, Voxel,
während des Abtastens der Probe aufgezeich-
net wird, was zu einem dreidimensionalen Da-
tensatz führt, welcher mit seinem Volumen wie-
dergegeben wird, um eine dreidimensionale
Sichtbarmachung der Probe zu liefern.

2. System gemäß Anspruch 1, wobei die Leistungen
in einem Streifensignal bei einer Grundfrequenz f
und bei einer zweiten Harmonischen der Funda-
mentalfrequenz 2f aufsummiert werden, um ein
Maß für die Amplitude der Streifen zu liefern.

3. System gemäß Anspruch 1 oder 2, wobei die Mo-
dulation bei einer Frequenz von mindestens etwa
50 kHz stattfindet.

4. System gemäß Anspruch 1 oder 2, wobei die Mo-
dulation bei einer Frequenz von mindestens etwa
100 kHz stattfindet.

5. System gemäß Anspruch 1 oder 2, wobei die Mo-
dulation bei einer Frequenz von mindestens etwa
300 kHz stattfindet.

6. System gemäß irgendeinem der Ansprüche 1 bis 5,
wobei das entlang dem Weg der Probe gelenkte
Licht die biologische Probe abtastet und wobei das
Abtasten zu einer Abbildung eines Teiles der biolo-
gischen Probe führt, wobei dieser Teil zwischen et-
wa 100 µm und etwa 4000 µm unter der Oberfläche
der Probe liegt.

7. System gemäß Anspruch 6, wobei die Abbildung ei-
ne erste Schicht umfasst, wobei die erste Schicht
aus einer ersten Vielzahl von Voxeln abgeleitet ist,
welche alle im wesentlichen einer gleichen ersten
Tiefe unter der Oberfläche der Probe entsprechen.

8. System gemäß Anspruch 7, wobei die Abbildung
weiterhin eine zweite Schicht umfasst, wobei die
zweite Schicht aus einer zweiten Vielzahl von Vo-
xeln abgeleitet ist, welche alle im wesentlichen ei-
ner gleichen zweiten Tiefe unter der Oberfläche der
Probe entsprechen.

9. System gemäß Anspruch 8, wobei die Abbildung
mindestens etwa 50 verschiedene Schichten um-
fasst, einschließlich der besagten ersten und zwei-
ten Schichten, wobei jede der Schichten aus einer
bestimmten Vielzahl von Voxeln abgeleitet ist, und
wobei alle Voxel für eine jede bestimmte Schicht im
wesentlichen einer gleichen bestimmten Tiefe unter
der Oberfläche der Probe entsprechen.

10. System gemäß Anspruch 8, wobei die Abbildung
vermischte Voxel aus einer Vielzahl von Schichten
umfasst, einschließlich der besagten ersten und
zweiten Schichten, und wobei die Abbildung eine
dreidimensionale Wiedergabe des Teiles der biolo-
gischen Probe ist.

11. System gemäß irgendeinem der Ansprüche 1 bis
10, welches weiter ein Kohärenzvolumen um eine
Ebene herum umfasst, bei welcher die Länge der
Probe die gleiche ist wie die Länge des Referenz-
weges, wobei das Kohärenzvolumen unter der
Oberfläche der biologischen Probe vorhanden ist.

12. System gemäß Anspruch 11, wobei das Licht von
dem Weg der Proben in die Probe eintritt und sich
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bis zu dem besagten Durchmesser der Strahltaille
verjüngt, wobei der Durchmesser der Strahltaille
nicht mehr als 20 µm innerhalb der Probe beträgt,
und wobei die Strahltaille mit dem Kohärenzvolu-
men übereinstimmt, so dass die seitliche Auflösung
von Strukturen innerhalb der Probe einen Abstand
kleiner ist als der Durchmesser der Strahltaille oder
gleich groß ist wie derselbe.

13. System gemäß irgendeinem der Ansprüche 1 bis
12, wobei der entlang dem Weg der Probe gelenkte
Lichtstrahl die biologische Probe abtastet und wo-
bei das Abtasten zu einer Abbildung eines Teiles
der biologischen Probe führt, wobei dieser Teil zwi-
schen etwa 100 Mikrometer und etwa 4000 Mikro-
meter unter der Oberfläche der Probe liegt.

14. System gemäß irgendeinem der Ansprüche 1 bis
13, wobei die Amplitude der Modulation die gleiche
ist wie etwa 0,42 der Wellenlänge.

15. System gemäß irgendeinem der Ansprüche 1 bis
14, wobei die Kohärenzlänge der Lichtquelle die
Tiefe der Auflösung des Mikroskopsystems be-
stimmt.

16. System gemäß irgendeinem der Ansprüche 1 bis
15, wobei die piezoelektrische Vorrichtung ein pie-
zoelektrischer Stapel ist, auf welchem der Refe-
renzspiegel montiert ist.

17. System gemäß irgendeinem der Ansprüche 1 bis
16, wobei das Licht eine Wellenlänge zwischen 700
und 1500 nm aufweist.

18. System gemäß irgendeinem der Ansprüche 1 bis
17, wobei die Modulation der Weglänge bei einer
Frequenz von mindestens 50 kHz stattfindet.

19. System gemäß irgendeinem der Ansprüche 1 bis
18, wobei die Amplitude der Modulation der Weg-
länge kleiner als 0,50 der Wellenlänge beträgt.

20. System gemäß irgendeinem der Ansprüche 1 bis
18, wobei die Amplitude der Modulation der Weg-
länge gleich oder kleiner als 1,0 der Wellenlänge ist.

21. Verfahren zur Sichtbarmachung einer Struktur un-
ter einer Oberfläche einer Pflanzenprobe unter An-
wendung des Systems gemäß irgendeinem der An-
sprüche 1 bis 20.

22. Verfahren zur Analyse einer biologischen Funktion,
das auf der Sichtbarmachung von in vivo Struktur-
veränderungen unter einer Oberfläche einer Pflan-
zenprobe beruht, dies unter Anwendung des Sy-
stems gemäß irgendeinem der Ansprüche 1 bis 20.

23. Verfahren gemäß Anspruch 22, wobei die Funktion
aus der Gruppe bestehend aus Genregulierung,
Entwicklung, Messenger-Antwort und Stress aus-
gewählt wird.

24. Verfahren zur Sichtbarmachung einer Struktur un-
ter einer Oberfläche einer Pflanzenprobe, welches
die folgenden Schritte umfasst:

• ein Bereitstellen von Licht;

• ein Teilen des Lichtes in einen Lichtweg für die
Probe und in einen Lichtweg für die Referenz;

• ein Modulieren der Länge von mindestens ei-
nem der Lichtwege mit einer piezoelektrischen
Vorrichtung, wobei die Modulation der Weglän-
ge bei einer Frequenz f stattfindet und wobei
eine Amplitudenmodulation gleich oder kleiner
als 1,5 der Wellenlänge ist;

• ein Lenken des Lichtes von dem Weg der Pro-
be in die Pflanzenprobe mit Hilfe einer fokus-
sierenden Linse, wobei das Licht in die Pflan-
zenprobe eintritt und sich innerhalb der Pflan-
zenprobe bis zu einer Strahltaille verjüngt;

• ein Abtasten der Strahltaille quer über eine er-
ste Ebene im wesentlichen senkrecht zu der
Richtung des einfallenden Lichtstrahles;

• ein Vereinigen eines Lichtstrahles von dem von
der Pflanzenprobe zurückgestreuten Lichtweg
der Probe mit einem Lichtstrahl von dem von
einem Referenzspiegel zurückgeworfenen
Lichtweg der Referenz, wobei die Vereinigung
der Lichtstrahlen ein Signal eines Interferenz-
streifens auf einem Photodetektor erzeugt,
wenn die Länge des Lichtweges der Probe und
die Länge des Lichtweges der Referenz im we-
sentlichen dieselben innerhalb der Kohärenz-
länge der Lichtquelle sind;

• ein Bewegen der Strahltaille zu einer anderen
Tiefe innerhalb der Pflanzenprobe und ein Ab-
tasten einer anderen Ebene, während die Lage
des Referenzspiegels einer Translation unter-
zogen wird, um die gleichen Weglängen bei
den Lichtwegen der Probe und der Referenz
übereinstimmend mit der Strahltaille zu halten;

• ein Aufzeichnen der Streifenamplitude an ei-
nem jeden Volumenelement, Voxel, während
des Abtastens der Pflanzenprobe, was zu ei-
nem dreidimensionalen Datensatz führt, wel-
cher mit seinem Volumen wiedergegeben wird,
um eine dreidimensionale Sichtbarmachung
der Pflanzenprobe zu liefern.
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25. Verfahren gemäß Anspruch 24, wobei die Leistun-
gen in einem Streifensignal bei einer Grundfre-
quenz f und bei einer zweiten Harmonischen der
Fundamentalfrequenz 2f aufsummiert werden, um
ein Maß für die Amplitude der Streifen zu liefern.

26. Verfahren gemäß Anspruch 24 oder 25, wobei der
Lenkungsschritt mindestens 100-mal wiederholt
wird und wobei nach jedem Lenkungsschritt das
Verfahren den zusätzlichen Schritt der Translokati-
on des Lichtweges der Probe in eine andere Posi-
tion in der Pflanzenprobe umfasst.

27. Verfahren gemäß irgendeinem der Ansprüche 24
bis 26, wobei die Abbildung einen Hinweis auf einen
Unterschied zwischen einer Pflanzenprobe eines
Mutanten und einer Pflanzenprobe eines Nicht-Mu-
tanten liefert.

28. Verfahren gemäß irgendeinem der Ansprüche 24
bis 26, wobei die Abbildung ein Muster einer
Lichtstreuung umfasst, und wobei das Muster mit
einer kennzeichnenden Eigenschaft der Pflanzen-
probe in Korrelation steht.

29. Verfahren gemäß Anspruch 28, wobei die kenn-
zeichnende Eigenschaft. aus der Gruppe beste-
hend aus Gentätigkeit, Differenzierung, Zellstrek-
kung, Zellruhe, Stressantwort und Pathogenant-
wort ausgewählt wird.

30. Verfahren gemäß irgendeinem der Ansprüche 24
bis 29, wobei die Amplitude der Modulation die glei-
che ist wie etwa 0,42 der Wellenlänge.

31. Verfahren gemäß irgendeinem der Ansprüche 24
bis 30, wobei das Licht eine Wellenlänge zwischen
700 und 1500 nm aufweist.

32. Verfahren gemäß irgendeinem der Ansprüche 24
bis 31, wobei die Modulation der Weglänge bei ei-
ner Frequenz von mindestens 50 kHz stattfindet.

33. Verfahren gemäß irgendeinem der Ansprüche 24
bis 32, wobei die Amplitude der Modulation der
Weglänge kleiner als 0,50 der Wellenlänge beträgt.

34. Verfahren gemäß irgendeinem der Ansprüche 24
bis 32, wobei die Amplitude der Modulation der
Weglänge gleich oder kleiner als 1,0 der Wellenlän-
ge ist.

Revendications

1. Système de microscope à cohérence optique haute
résolution pour une visualisation de structures en
dessous d'une surface d'un échantillon biologique,

le système comprenant:

• une source de lumière ;

• un miroir de référence ;

• une lentille de focalisation pour focaliser la lu-
mière sur l'échantillon biologique ;

• un photodétecteur ;

• un dispositif piézoélectrique ;

• un chemin optique d'échantillon pour recevoir
de la lumière provenant de la source de lumière
et diriger la lumière vers la lentille de focalisa-
tion, ledit chemin d'échantillon possédant une
longueur de chemin d'échantillon, où la lumière
dirigée le long du chemin d'échantillon entre
dans l'échantillon biologique et se rétrécit jus-
qu'à un diamètre de taille du faisceau à l'inté-
rieur de l'échantillon ;

• un chemin optique de référence pour recevoir
de la lumière provenant de la source de lumière
et diriger la lumière vers le miroir de référence,
ledit chemin de référence possédant une lon-
gueur de chemin de référence ;

• où la longueur d'au moins un des chemins op-
tiques est modulée par le dispositif piézoélec-
trique et où un faisceau de lumière provenant
du chemin optique d'échantillon rétrodiffusé à
partir de l'échantillon biologique est combiné
avec un faisceau de lumière provenant du che-
min de référence réfléchi à partir du miroir de
référence, dans lequel la combinaison des fais-
ceaux de lumière produit un signal de frange
d'interférence sur le photodétecteur lorsque la
longueur de chemin d'échantillon et la longueur
de chemin de référence sont substantiellement
identiques à l'intérieur de la longueur de cohé-
rence de la source de lumière, dans lequel l'am-
plitude de modulation est égale ou inférieure à
1,5 de la longueur d'onde ; et

• un scanneur adapté pour balayer la taille du
faisceau à travers un premier plan substantiel-
lement normal par rapport à la direction du fais-
ceau de lumière incident et pour ensuite dépla-
cer la taille du faisceau plus profondément dans
l'échantillon et pour balayer un autre plan tan-
dis que la position du miroir de référence est
translatée pour garder les longueurs de chemin
de l'échantillon et de chemin de référence éga-
les et les faire coïncider avec la taille du fais-
ceau, l'amplitude de frange étant enregistrée à
chaque élément de volume, voxel, durant le ba-
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layage de l'échantillon résultant en un ensem-
ble de données tridimensionnelles qui est ren-
du en volume pour offrir une visualisation tridi-
mensionnelle de l'échantillon.

2. Système selon la revendication 1, dans lequel les
puissances dans un signal de frange à une fréquen-
ce fondamentale, f, et un deuxième harmonique de
la fréquence fondamentale, 2f, sont additionnées
pour donner une mesure de l'amplitude des fran-
ges.

3. Système selon la revendication 1 ou 2, dans lequel
la modulation a lieu à une fréquence d'au moins en-
viron 50 kHz.

4. Système selon la revendication 1 ou 2, dans lequel
la modulation a lieu à une fréquence d'au moins en-
viron 100 kHz.

5. Système selon la revendication 1 ou 2, dans lequel
la modulation a lieu à une fréquence d'au moins en-
viron 300 kHz.

6. Système selon l'une quelconque des revendica-
tions 1 à 5, dans lequel la lumière dirigée le long du
chemin d'échantillon balaye l'échantillon biologique
et dans lequel le balayage donne une image d'une
portion de l'échantillon biologique, où la portion est
entre environ 100 µm et environ 4000 µm en des-
sous de la surface de l'échantillon.

7. Système selon la revendication 6, dans lequel l'ima-
ge comprend une première couche, la première
couche étant dérivée d'une première pluralité de
voxels correspondant tous substantiellement à une
même première profondeur en dessous de la sur-
face de l'échantillon.

8. Système selon la revendication 7, dans lequel l'ima-
ge comprend en outre une deuxième couche, la
deuxième couche étant dérivée d'une deuxième
pluralité de voxels correspondant tous substantiel-
lement à une même deuxième profondeur en des-
sous de la surface de l'échantillon.

9. Système selon la revendication 8, dans lequel l'ima-
ge comprend au moins environ 50 couches distinc-
tes, incluant lesdites première et deuxième cou-
ches, dans lequel chacune des couches est dérivée
d'une pluralité distincte de voxels et dans lequel
tous les voxels pour chaque couche distincte cor-
respondent substantiellement à une même profon-
deur distincte en dessous de la surface de l'échan-
tillon.

10. Système selon la revendication 8, dans lequel l'ima-
ge comprend des voxels mélangés d'une pluralité

de couches incluant lesdites première et deuxième
couches et dans lequel l'image est un rendu tridi-
mensionnel de la portion de l'échantillon biologique.

11. Système selon l'une quelconque des revendica-
tions 1 à 10, comprenant en outre un volume de co-
hérence autour d'un plan au niveau duquel la lon-
gueur de l'échantillon est égale à la longueur du
chemin de référence, dans lequel le volume de co-
hérence existe en dessous de la surface de l'échan-
tillon biologique.

12. Système selon la revendication 11, dans lequel la
lumière provenant du chemin d'échantillon entre
dans l'échantillon et se rétrécit jusqu'audit diamètre
de taille du faisceau, dans lequel le diamètre de
taille du faisceau ne dépasse pas 20 µm à l'intérieur
de l'échantillon et dans lequel la taille du faisceau
coïncide avec le volume de cohérence, de sorte que
la résolution latérale de structures à l'intérieur de
l'échantillon est une distance inférieure ou égale au
diamètre de la taille du faisceau.

13. Système selon l'une quelconque des revendica-
tions 1 à 12, dans lequel le faisceau lumineux dirigé
le long du chemin d'échantillon balaye l'échantillon
biologique et dans lequel le balayage donne une
image d'une portion de l'échantillon biologique, où
la portion est entre environ 100 micromètres et en-
viron 4000 micromètres en dessous de la surface
de l'échantillon.

14. Système selon l'une quelconque des revendica-
tions 1 à 13, dans lequel l'amplitude de modulation
est égale à environ 0,42 de la longueur d'onde.

15. Système selon l'une quelconque des revendica-
tions 1 à 14, dans lequel la longueur de cohérence
de la source de lumière détermine la résolution de
profondeur du système de microscope.

16. Système selon l'une quelconque des revendica-
tions 1 à 15, dans lequel le dispositif piézoélectrique
est un empilement de couches piézoélectriques
avec le miroir de référence monté sur celui-ci.

17. Système selon l'une quelconque des revendica-
tions 1 à 16, dans lequel la lumière possède une
longueur d'onde comprise entre 700 et 1500 nm.

18. Système selon l'une quelconque des revendica-
tions 1 à 17, dans lequel la modulation de la lon-
gueur de chemin a lieu à une fréquence d'au moins
environ 50 kHz.

19. Système selon l'une quelconque des revendica-
tions 1 à 18, dans lequel l'amplitude de modulation
de la longueur de chemin est inférieure à 0,50 de la
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longueur d'onde.

20. Système selon l'une quelconque des revendica-
tions 1 à 18, dans lequel l'amplitude de modulation
de la longueur de chemin est égale ou inférieure à
1,0 de la longueur d'onde.

21. Procédé de visualisation d'une structure en des-
sous d'une surface d'un échantillon végétal, em-
ployant le système selon l'une quelconque des re-
vendications 1 à 20.

22. Procédé d'analyse d'une fonction biologique basé
sur la visualisation de changements in vivo dans
des structures en dessous d'une surface d'un
échantillon végétal, employant le système selon
l'une quelconque des revendications 1 à 20.

23. Procédé selon la revendication 22, dans lequel la
fonction est choisie dans le groupe constitué des
éléments : régulation génique, développement, ré-
ponse à un messager et stress.

24. Procédé de visualisation d'une structure en des-
sous d'une surface d'un échantillon végétal com-
prenant les étapes consistant:

• à fournir de la lumière ;

• à diviser la lumière en un chemin optique
d'échantillon et un chemin optique de
référence ;

• à moduler la longueur d'au moins un des che-
mins optiques avec un dispositif piézoélectri-
que, dans lequel la modulation de la longueur
de chemin a lieu à une fréquence, f, et dans
lequel l'amplitude de modulation est égale ou
inférieure à 1,5 de la longueur d'onde ;

• à diriger la lumière provenant du chemin
d'échantillon dans l'échantillon végétal avec
une lentille de focalisation, où la lumière entre
dans l'échantillon végétal et se rétrécit jusqu'à
une taille du faisceau à l'intérieur de l'échan-
tillon végétal ;

• à balayer la taille du faisceau à travers un pre-
mier plan substantiellement normal par rapport
à la direction du faisceau de lumière incident ;

• à combiner un faisceau de lumière provenant
du chemin optique d'échantillon rétrodiffusé à
partir de l'échantillon végétal avec un faisceau
de lumière provenant du chemin optique de ré-
férence réfléchi par un miroir de référence, où
la combinaison des faisceaux de lumière pro-
duit un signal de frange d'interférence sur un

photodétecteur lorsque la longueur de chemin
optique d'échantillon et la longueur de chemin
optique de référence sont substantiellement
identiques à l'intérieur de la longueur de cohé-
rence de la source de lumière ;

• à déplacer la taille du faisceau à une profon-
deur différente à l'intérieur de l'échantillon vé-
gétal et à balayer un autre plan tandis que la
position du miroir de référence est translatée
pour garder les longueurs de chemin de
l'échantillon et de chemin optique de référence
égales et les faire coïncider avec la taille du
faisceau ; et

• à enregistrer l'amplitude de frange à chaque
élément de volume, voxel, durant la balayage
de l'échantillon végétal résultant en un ensem-
ble de données tridimensionnelles qui est ren-
du en volume pour offrir une visualisation tridi-
mensionnelle de l'échantillon végétal.

25. Procédé selon la revendication 24, dans lequel les
puissances dans un signal de frange à une fréquen-
ce fondamentale, f, et un deuxième harmonique de
la fréquence fondamentale, 2f, sont additionnées
pour donner une mesure de l'amplitude des franges

26. Procédé selon la revendication 24 ou 25, dans le-
quel l'étape de direction est répétée au moins 100
fois et dans lequel, après chaque étape de direc-
tion, le procédé comprend l'étape supplémentaire
de translocation du chemin optique d'échantillon à
une position différente dans l'échantillon végétal.

27. Procédé selon l'une quelconque des revendications
24 à 26, dans lequel l'image indique une différence
entre un échantillon végétal mutant et un échan-
tillon végétal non mutant.

28. Procédé selon l'une quelconque des revendications
24 à 26, dans lequel l'image comprend un modèle
de diffusion de lumière et dans lequel le modèle est
en corrélation avec une caractéristique de l'échan-
tillon végétal.

29. Procédé selon la revendication 28, dans lequel la
caractéristique est choisie dans le groupe constitué
d'une activité génique, d'une différenciation, d'un al-
longement cellulaire, d'une dormance cellulaire,
d'une réponse au stress et d'une réponse à un pa-
thogène.

30. Procédé selon l'une quelconque des revendications
24 à 29, dans lequel l'amplitude de modulation est
égale à 0,42 de la longueur d'onde.

31. Procédé selon l'une quelconque des revendications
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24 à 30, dans lequel la lumière possède une lon-
gueur d'onde comprise entre 700 et 1500 nm.

32. Procédé selon l'une quelconque des revendications
24 à 31, dans lequel la modulation de la longueur
de chemin a lieu à une fréquence d'au moins 50
kHz.

33. Procédé selon l'une quelconque des revendications
24 à 32, dans lequel l'amplitude de modulation de
la longueur de chemin est inférieure à 0,50 de la
longueur d'onde.

34. Procédé selon l'une quelconque des revendications
24 à 32, dans lequel l'amplitude de modulation de
la longueur de chemin est égale ou inférieure à 1,0
de la longueur d'onde.
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