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Optical imaging detector

Field of the invention

The present invention relates to an optical imaging detector and a method for fluorescence
and bioluminescence imaging of an imaged object that can be used for tomographic imag-

ing.

Background of the invention

The qualitative and quantitative acquisition of morphological, functional and biochemical
parameters using imaging methods is the basis for a plurality of medical research and ap-
plication areas. An overview over known imaging methods is given in “Scaling down im-
aging: Molecular mapping of cancer in mice”, R. Weissleder, Nat Rev Cancer (1/2002),
Volume 2, 1 - 8. Known imaging methods, which are applied e.g. in tumor research, in-
clude optical imaging techniques.

Such imaging methods for in-vivo examination known in the state-of-the-art are optical
imaging techniques including fluorescence or bioluminescence imaging. In fluorescence
imaging, light of one excitation wavelength illuminates the imaged object, resulting in a
shifted emission wavelength that can be collected by a photo detector such as a CCD-
camera. The imaged object is labelled for this purpose using a variety of fluorescence
probes. Smart probes have been developed, that can be activated and detected only when
they interact with a certain target, e. g. a small molecule, peptide, enzyme substrate or anti-
body. Bioluminescence imaging is used to detect photons that are emitted from cells that
have been genetically engineered to express luciferases, catalysts in a light generating reac-
tion, through the oxidation of an enzyme-specific substrate (luciferin). Unlike fluorescence
approaches, the imaged object does not need to be exposed to the light of an external light
source, the technique being based upon the internal light produced by the luciferases.
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Planar optical imaging and optical tomography (OT) are emerging as alternative molecular
imaging modalities, that detect light propagated through tissue at single or multiple projec-
tions. A number of optical-based imaging techniques are available, from macroscopic fluo-
rescence reflectance imaging to fluorescence imaging/tomography that has recently dem-
onstrated to localize and quantify fluorescent probes in deep tissues at high sensitivities at
millimeter resolutions. In the near future, optical tomography techniques are expected to
improve considerably in spatial resolution by employing higher-density measurements and
advanced photon technologies, e. g. based upon modulated intensity light or very short
photon pulses. Clinical optical imaging applications will require high efficient photon col-
lection systems. OT has recently found applications, such as imaging of breast cancer,
brain function and gene expression in vivo. Primary interest for using optical imaging
techniques lies in the non-invasive and non-hazardous nature of optical photons used, and
most significantly in the availability of activateable probes that produce a signal only when
they interact with their targets — as compared to radiolabelled probes which produce a sig-
nal continuously, independent of interacting with their targets, through the decay of the
radioisotope. In OT, images are influenced greatly by the spatially dependent absorption
and scattering properties of tissue. Boundary measurements from one or several sources
and detectors are used to recover the unknown parameters from a transport model de-
scribed, for instance, by a partial differential equation. The contrast between the properties
of diseased and healthy tissue can be used in clinical diagnosis.

In the state of the art optical imaging detectors are known either with (non-contact) CCD
based or with (contact) fibre-optics based optical imaging designs.

The majority of existing optical imaging approaches are CCD based. CCDs (charge
coupled devices) are charge coupled imaging sensors that serve for highly sensitive detec-
tion of photons. The CCD camera is divided into a multiplicity of small light-sensitive
zones (pixels) which produce the individual points of an image. The grid of the pixels is
formed by a circuit structure on a semiconductor crystal (usually silicon). The method of
operation of the CCD camera is based on the liberation of electrons by impinging light in
the semiconductor material. A photon falling onto a pixel liberates at least one electron that
is held fixed by an electrical potential at the location of the pixel. The number of electrons
liberated at the location of the pixel is proportional to the intensity of the light incident at
that location. The number of electrons is measured in each pixel, with the result that an
image can be reconstructed. CCDs should be cooled since otherwise more electrons would
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be read out which would not be liberated as a result of the light incidence but rather as a
result of heating. In order to define an optical field-of view, the CCD detector is typically
coupled to a lens.

However, almost all of the commercially available CCD based imaging designs generate
only planar images of the integrated light distribution emitted from the surface of the im-
aged object, e.g. an animal. Market leader in the small animal optical imaging instrumenta-
tion arena is Xenogen Corp. Alameda, USA. The principle design of known CCD based
optical imaging systems as used for in vivo fluorescence and bioluminescence imaging
comprises a CCD camera, which is arranged at a certain distance to the imaged object
(non-contact measurement) and aimed at this object in order to detect photons emitted
from the object. Since CCD detectors need to be equipped with a lens which does impose a
minimal focal length CCD cameras tend to be rather bulky instruments yielding large im-
aging compartments. If eventually used for tomographic imaging a CCD-based camera
system needs to be rotated around the imaged object in order to collect projection views or
a multitude of cameras needs to be used in parallel. In another potential application lens-
based CCD camera systems of the prior art cannot be positioned within the field-of-view of
another imaging modality with the purpose of dual-modality image acquisition such as
positron emission tomography (PET) for simultaneous PET/optical imaging.

Known fibre optics based optical imaging designs are being used in a way that the fibre
ending tips are placed in contact with the object to be imaged. One of the reasons is that a
particular fibre ending tip does not have a distinct well-defined field of view which would
allow for backtracking a photon’s incoming direction. That means, for non-cylindrical im-
aging objects, such a mice, the object needs to be put into a cylindrical compartment which
is filled with an appropriate liquid having specific optical properties. This is considered a
significant drawback because of animal handling issues, experimental complexity and
study management.

Summary of the invention

Therefore, the present invention is based on the object of avoiding the disadvantages of the
prior art and particularly of providing a highly compact optical imaging detector with a
high detection sensitivity, a high intrinsic spatial resolution and a high time resolution.
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These objects are achieved by means of an optical imaging detector for fluorescence and
bioluminescence imaging of an imaged object, the detector comprising at least one micro-
lens array with a plurality of micro-lenses.

The micro-lenses of the micro-lens array are arranged to collimate light emitted from the
imaged object onto a photo detector or (for certain applications) to project light towards the
imaged object onto a part of the object to be imaged. By using an array of micro-lenses a
position sensitivity can be achieved.

Each micro-lens has preferably a diameter in the range from 0.1 to 2 mm. By way of ex-
ample with a lens diameter of 1 mm and an overall array size of 1 cm times 1 cm one mi-
cro-lens array assembles 100 lenses allowing for 1 mm spatially separated lens pitch —
which subsequently corresponds to the intrinsic spatial detection resolution of the optical
system. The micro-lens array can for example have a square, rectangular or hexagonal pat-
tern. An optical collimator can be positioned in front or behind of each micro-lens array
with the purpose of averting light cross-talk between individual micro-lens detector pairs.
Such an optical collimator is preferably a multi-hole collimator which is adapted to the
micro-lens array.

An optical imaging detector in the context of the present invention is a device capable of
acquiring images of at least part of an imaged object by detecting fluorescent or biolumi-
nescent signals (i.e. light) emitted from the imaged object. The imaged object can be any
object known by those skilled in the art, which is accessible by optical imaging. Preferably
the imaged object is an intact living organism like a small animal or sections of a human
being such as breast or head.

According to one embodiment of the present invention the optical imaging detector is de-
signed as a non-contact detector. The detector is not in contact with the imaged object,
unlike the fibre-optics based optical imaging design with fibre ending tips being placed in
contact with the object. The non-contact detector of the present invention has significant
advantages in view of simplifying the handling of the imaged object (e.g. a living animal),
reducing the experimental complexity and simplifying the study management.

The optical imaging detector according to the present invention preferably comprises at
least one photo detector.
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A photo detector is a sensor, which is arranged to detect photons emitted from the imaged
object. The photo detector comprises for example at least one CCD camera or at least one
photo diode. Preferably the at least photo detector is a position sensitive photo detector,
which detects photons and the position of their entering the photo detector. Examples for
position sensitive photo detectors are a CCD (charge-coupled device) based detector, an
APD (avalanche photo diode) array, a photo diode array or a CMOS (complementary
metal-oxide semiconductor) sensor. An APD array or a photo diode array contains a plural-
ity of APDs or photo diodes respectively, which is arranged in an array.

A CMOS (complementary metal oxide semiconductor) sensor is an active pixel sensor,
which includes an array of photo sensitive diodes, one diode within each pixel. Each pixel
has its own amplifier, allowing pixels to be read individually which leads to the position-
sensitivity of the CMOS sensor.

Preferably the optical imaging detector according to the present invention further com-
prises a photo detector which is located at the focal plane of the micro-lens array or which
is connected to the micro-lens array via optical fibres.

In one preferred embodiment of the present invention, each micro-lens is connected to an
optical fibre. The advantage of this embodiment is that each fibre coupled photo detector
has its own individual dynamics. Preferably each micro-lens is connected to a photo detec-
tor element, e.g. a photo diode, or to a light source via an optical fibre. These optical fibres
can take on two different purposes: either the light collected by the micro-lenses will be
tracked through the fibres to the photo detector element for detection or light from the light
source (e.g. laser diode) is tracked through the fibres to the imaged object, e.g. for fluoro-

chrome excitation.

In another preferred embodiment of the present invention, the at least one position sensi-
tive photo detector is positioned at a focal plane of one of the micro-lens arrays. In this
case, no optical fibres are needed to transfer photons from the micro-lenses of the micro-
lens array to the photo detector, thus simplifying the detector construction.

One immediate advantage of using optical detectors with micro-lens arrays, as compared to
CCD cameras, lies in the locally adaptive dynamic range of the optical system, if parti-
tioned photo detectors such as fibre coupled photo detector arrays are used that allow for
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individual detector element read-out. As a consequence, the dynamic range of the over-all
tomographical optical system is greatly improved, allowing for fast (parallel) fully tomo-
graphic projection data acquisition, independent of laser excitation position and pattern.
The use of optical imaging detectors with photo detectors coupled to the micro-lens array’s
focal plane has the advantage that detection sensitivity as well as intrinsic spatial resolution
(the two main characteristics of static imaging) are higher than for fibre-based systems.
Furthermore, time resolution (another very important property) is higher than achievable
with a rotatable CCD camera detector system. Diametric sampling efficiency is superior
and the described optical imaging detector of the present invention can be significantly
smaller in its physical dimension than e.g. lens-mounted photo detectors such as CCD
cameras allowing for system integration. This is particularly characteristic for a preferred
embodiment of the present invention where photo detectors are directly positioned and
aligned at the micro-lens array’s focal plane. Micro-lens arrays are known in prior art and
have so far been used as coupling elements between optical fibre bundles, for the forma-
tion of two-dimensional light fields or for light field photography.

With the optical imaging detector for fluorescence and bioluminescence imaging according
to the invention it is possible to perform simultaneous fully 3-dimensional acquisition of in
vivo distributions of optical markers/probes, which neither requires the detector to be in
contact with the image object, nor a bulky lens-equipped fully rotatable CCD camera. The
latter cannot simultaneously acquire projection views at a comparable high number of
views due to the physical size of the imager. Furthermore, the optical detector assembly
constitutes a very thin detector that can be used within space-limited environments. One
particular application is the integration of such an optical imaging detector within a small
animal PET scanner, which is not possible with a lens-equipped camera.

The optical imaging detector according to the present invention can comprise at least one
light source arranged to illuminate at least part of the imaged object. For example in fluo-
rescence imaging the at least one light source illuminates at least part of the imaged object
with light of an excitation wavelength in order to excite fluorescence probes within the
imaged object, resulting in the stimulated emission of light with a shifted wavelength.

The optical imaging detector can further comprise at least one filter on front of each micro-
lens array for filtering out light of the at least one light source. Such a filter can be pro-
vided e.g. for the purpose of filtering out laser excitation light, when the detector is used
for fluorescence imaging. For bioluminescence imaging no filter is needed. The filter is
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preferably removable or replaceable. Different filters can be used for different optical
probes/markers needing excitation light of specific wavelength which require appropriate
filter arrangements.

The optical imaging detector according to the invention can be used to image an object
either from a single view (planar projection) or in tomographic manner. For tomographic
imaging two approaches exist: either an optical imaging detector in the form of a single
imaging device capable of acquiring a single view is rotated 360° around the imaged object
while acquiring data or an optical imaging detector comprising a number of similar imag-
ing devices capable of acquiring individual single views, which devices are allocated in a
cylindrical assembly around the long-axis of the imaged object to acquire projection data
simultaneously. In either approach the individually acquired views are used to mathemati-
cally calculate tomographic slices through the imaged object. An optical imaging detector
in the form of a single imaging detector, taken from a tomographic design concept can also
be used to image an object in planar mode. Tomographic imaging can only be performed if
light (i.e. in this application preferably photons emitted by fluorescent or bioluminescent
probes) can penetrate the object to be imaged. Tomographic imaging yields more informa-
tion than planar imaging and is particularly useful in biomedical applications if one wants
to assess functional and molecular processes in vivo.

Preferably the optical imaging detector according to the invention comprises at least two
opposed micro-lens arrays. Thereby photons emitted by the imaged object in opposite di-
rections can be detected. In a preferred embodiment of the present invention a plurality of
planar or curved micro-lens arrays is arranged in a ring structure. The optical imaging de-
tector comprising micro-lens arrays arranged in a ring structure has the advantage (for ex-
ample over a CCD based system) of allowing the complete and three-dimensional tomo-
graphic optical imaging of an object with an improved dynamic range (sensitivity).

The present invention therefore also refers to a non-contact three-dimensional optical im-
aging method, wherein imaging data of the imaged object is acquired solely by an optical
imaging detector according to the present invention (comprising micro-lens arrays ar-
ranged in a ring structure, which are coupled to photo detectors) with the purpose of imag-
ing optical photons emitted from the imaged object, the micro-lens array ring structure
surrounding the imaged object.
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In a preferred embodiment of the present invention, the optical imaging detector is
mounted on a rotatable gantry. Preferably, the gantry (and with it the detector) is rotatable
(e.g. around a longitudinal axis of the imaged object) and translatable (e.g. along the longi-
tudinal axis of the imaged object). The gantry with the optical imaging detector can be ro-
tatable around its vertical and/or its longitudinal axis. The gantry can be rotatable for 360°
to allow an arbitrary radial positioning of the optical imaging detector and to allow tomo-
graphic imaging. A gantry holding two opposing micro-lens arrays, one on each side of the
imaged object, can e.g. rotate at 180° single-step mode around the imaged object during
data acquisition in order to acquire tomographic data.

The optical imaging detector according to the invention is preferably radially relocatable in
relation to the imaged object. Thereby the system can be adapted to different objects to be
imaged. For example two opposed detector blocks, each comprising a micro-lens array,
can be adjusted in their separation (being radially relocatable) in order to optimize detec-
tion efficiency with different-sized imaged objects (e.g. laboratory animals).

The present invention can be applied in medical imaging in general. Arrays of major appli-
cations can be positioned in molecular biology, genetic research, oncology, cancer re-
search, pharmacology and drug research. Primary tasks and intended applications for the
optical imaging detector according to the present invention are as follows: to image spe-
cific cellular and molecular processes, €. g. gene expression, or more complex molecular
interactions such as protein-protein interactions, to monitor multiple molecular events si-
multaneously, to track single or dual-labelled cells, to optimize drug and gene therapy, to
image drug effects at molecular and cellular level, to assess disease progression at a mo-
lecular pathological level, to create the possibility of achieving all of the above goals of
imaging in a single, rapid, reproducible and quantitative manner. For further applications
specific use of the present invention is to monitor time-dependent experimental, develop-
mental, environmental and therapeutic influences on gene products in the same animal (or
patient), to study the interaction of tumour cells and the immune system, to study viral in-
fections by marking the virus of interest with a reporter gene, and others. There is also an
enormous clinical potential for the non-invasive assessment of endogenous and exogenous
gene expression in vivo (gene (DNA), message (RNA), protein, function), for imaging
receptors, enzymes, transporters, for novel applications in basic and translational research
(gene therapy), for early detection of disease, for guidance of therapeutic choices, for
monitoring drug action, for aid of pre-clinical drug development, for non-invasive and re-
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petitive monitoring of gene therapy and for optimizing clinical trials of human gene ther-
apy.

The present invention is explained in greater detail below with reference to the drawing.

Description of the figures

Figure 1 shows schematically a first embodiment of an optical imaging detector according
to the present invention.

Figure 2 shows schematically an optical imaging detector according to the present inven-
tion with a plurality of detector blocks according to figure 1 arranged in the ring structure.

Figure 3 shows schematically a cross-section of the optical imaging detector according to
figure 2.

Figure 4 shows schematically an optical imaging detector according to the present inven-
tion with a plurality of detector blocks and light sources arranged in a ring structure.

Figure 5 shows schematically a cross-section of the optical imaging detector according to
figure 4.

Figure 6 shows schematically a dual-modality imaging system with a ring of y-ray detector
arrays surrounding a ring of micro-lens arrays of a second embodiment of an optical imag-

ing detector according to the present invention.

Figure 7 shows a variation of the embodiment according to figure 6 with a larger number

of micro-lens arrays.

Figure 8 shows a cross-section of the embodiment of figure 6.

Figure 9 shows a micro-lens array with a network of optical fibres, which can be used in an
optical imaging detector according to the invention.
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Figure 10 shows a micro-lens array with an optical collimator, which can be used in an
optical imaging detector according to the invention.

Figure 1 shows schematically a first embodiment of an optical imaging detector according

to the present invention.

The figure shows a cross-section of a detector block 20. An optical imaging detector ac-
cording to the present invention can comprise one such detector block 20 or a plurality of
detector blocks 20. The detector block 20 contains a micro-lens array 21 with a plurality of
micro-lenses 22, which are arranged in a two-dimensional lattice. Preferably all micro-
lenses 22 have identical geometrical and optical properties, but if necessary for an applica-
tion, these properties can vary with reference to the individual micro-lenses 22 of the mi-
cro-lens array 21. The diameter of the micro-lenses 22 is chosen based upon application-
required spatial resolution properties. Exemplarily lens diameters of 0.48 mm and of
1.0 mm have been selected for two different applications.

The detector block 20 further comprises a filter 23 positioned in front of the micro-lens
array 21. The filter 23 is that part of the detector block 20, which is closest to the imaged
object (not shown). The micro-lens array 21 is mounted behind the filter 23 in radial exten-
sion to the imaged object. The filter 23 is provided e.g. for filtering out laser excitation
light when the detector block 20 is used for fluorescence imaging. The filter 23 is not
needed for bioluminescence imaging.

On the other side of the micro-lens array 21 an optical collimator 24 is positioned between
the micro-lens array 21 and the photo detector 26. This photo resist collimator 24 has pref-
erably a hole order and pitch similar to the micro-lens order and pitch of the micro-lens
array 21. The collimator 24 is provided to avoid cross-talk between individual fields-of-
view of the micro-lenses 22. The thickness of the collimator 24 in radial extension depends
upon the space between the back facing surface of the micro-lens array 21 and the virtual
focal plane of the micro-lenses 22.

Next to the collimator 24 a large-field photo detector 25 is mounted. The photo detector 25
is positioned at the focal plane of the micro-lens array 21. This photo detector 25 can be a
CCD based detector, an APD array, a photo diode array, a CMOS sensor and any other
position sensitive light detector. Preferably the photo detector 25 is a CMOS sensor, which
shows many advantages in view of its performance (sensitivity, noise characteristics, time
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resolution, etc.) and in view of its cost. The photo detector 25 transforms the incoming
light, which passes the filter 23, the micro-lens array 21 and the optical collimator 24, into
an electrical signal.

The micro-lenses 22 of the micro-lens array 21 are distanced by a certain pitch, which
should be equal to or a multitude of the photo detectors 25 pitch in order to avoid Moiré
artefacts in the acquired image. Exemplarily in one experimental setup micro-lenses 22 are
used with a lens diameter equal to lens pitch of 0.48 mm. The pitch of an employed CMOS
sensor is chosen to be 1/10 of this (0.048 mm). The photo detector 25 is a position sensi-

tive sensor consisting of a two-dimensional lattice of individual sensor elements.

The overall dimensions of all previously described detector parts 21, 23, 24 and 25 used
for image formation and detection should be equal. That is, if the size of a micro-lens array
21 is chosen to delineate a field-of-view of 1 cm x 1 cm so should be the sizes of the sensor
25, collimator 24 and filter 23 as well. This is, however, not required for the sole purpose
of detection. In principle, detector parts 21, 23 and 24 might be replaceable allowing for
modification of imaging characteristics. If additional electronics parts and signal transmis-
sion elements 26 are necessary, as in the shown CMOS design, these should be placed out-
side of the detector’s field-of-view.

The detector block 20 of figure 1 can either be used for two-dimensional (i.e. planar) or, if
assembled or rotated in a certain manner, for fully 3-dimensional tomographic imaging. In
most application scenarios a detector block 20 is positioned at a certain distance, but not in
contact with the imaged object, with its micro-lens array detector surface oriented orthogo-
nal to the imaged object or portions thereof. The sensitive size of such a detector block 20
can be selected arbitrarily (being constrained by technological processes) but should be
governed by the size of the imaged object or portions of it. Exemplarily the detector block
size is chosen to be 5 mm (transaxially) x 70 mm (axially) such that a whole mouse (in
axial extension) can be imaged by view. In another specific application the detector size is
chosen with 25 mm (transaxially) x 70 mm (axially). In this case the detector’s field-of-

view covers an entire mouse.

Figure 2 shows schematically an optical imaging detector according to the present inven-
tion with a plurality of detector blocks according to figure 1 arranged in a ring structure.
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A multitude of the previously described detector blocks 20 is arranged in a ring structure
surrounding an imaged object 27, in this case a mouse phantom. Each detector block 20
comprises a micro-lens array 21 (without filter), a collimator (not shown), a photo detector
25 and electronics parts and signal transmission elements 26. The shown optical imaging
detector can be used for tomographic bioluminescence imaging.

Figure 3 shows schematically a cross-section of the optical imaging detector according to
figure 2.

Figure 4 shows schematically an optical imaging detector according to the present inven-
tion with a plurality of detector blocks and light sources arranged in a ring structure.

A multitude of the previously described detector blocks 20 according to figure 1 is ar-
ranged in a ring structure surrounding an imaged object 27, in this case a Derenzo phan-
tom. Each detector block 20 comprises a micro-lens array 21, a filter (not shown) a colli-
mator (not shown), a photo detector 25 and electronic parts and signal transmission ele-
ments 26. A plurality of light sources 28 arranged in a ring structure surrounds the ring
structure of detector blocks 20. The light 29 of the light sources 28 illuminates the imaged
object 27 through gaps 30 between the detector blocks 20. The shown optical imaging de-
tector can be used for tomographic fluorescence imaging.

An application-specific light source 28 to excite a fluorescence probe might be one of the
following: a single or multitude of radially relocatable lasers (laser diodes) with selectable
wavelength and power. In figure 4 the number of lasers equals the number of detector
blocks 20. Detectors and lasers are preferably mounted on a rotatable and axially translat-
able common gantry (not shown). Alternately a single laser (or other light source 28) with
selectable wavelength and power can be placed outside the detector block assembly while
light is transmitted via fibre optics, and possibly splitted using optical switches, to the im-
aged object 27, or a single or multitude of bright-field light sources with selectable wave-
length and power in form of thin tubes can be oriented parallel to the object's 27 long axis
and placed at the gaps 30 between the detector blocks 20. The latter design can have a fan
beam collimator per light source 28 to limit the light source’s 28 beam pattern towards the
imaged object 27, avoiding direct illumination of the photo detector 25 behind its filter 23.
The entire optical imaging detector assembly is preferably rotatable around the long axis of
the ring structures. Also feasible is the individual rotation of the detector blocks them-
selves. The rotation improves spatial sampling. Without this rotational feature the number
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of transaxial laser positions and detector views is fixed with the number of excitation lasers
and detector elements, respectively (20 in the shown example). Rotation is only needed for
the arc length of 360° divided by the number of lasers and/or detectors, respectively. In
order to excite/illuminate the object at any location along its axial extension the laser(s)
can also be translated along the axis of rotation.

Figure 5 shows schematically a cross-section of the optical imaging detector according to
figure 4.

Figure 6 shows schematically a dual-modality imaging system with a ring of y-ray detector
arrays surrounding a ring of micro-lens arrays of a second embodiment of an optical imag-
ing detector according to the present invention.

This dual-modality imaging system comprises a PET scanner with a plurality of gamma-
ray detector arrays 6, which are arranged in a ring form 7, surrounding the imaged object 5.
The dual-modality imaging system further comprises a plurality of micro-lens arrays 10,
each containing a plurality of micro-lenses. The plurality of micro-lens arrays 10 is ar-
ranged in a ring structure 11, surrounding the imaged object 5, the ring structure 11 being
arranged within the ring form 7 of gamma-ray detector arrays 6. Therefore, the micro-lens
arrays 10 form the system’s inner (optical) ring. This embodiment of a dual-modality im-
aging system uses a radial cylindrical lattice of micro-lens arrays, which are mounted in
front of the PET detector blocks. The PET detector blocks 6 for the detection of high en-
ergy (511 keV) isotopic photons are distanced in radial extension to the micro-lens arrays
10 of the optical detectors. Although the PET detectors 6 can consist of state-of-the-art
detection materials (pixelized crystals optically mounted to position-sensitive photo multi-
plier tubes), they can be custom-manufactured to reflect the block geometry specified for
the micro-lens array blocks 10. Even though parts of the optical detection system (micro-
lens array 10, optical fibres 12, fibre mounting plates) are within the field-of-view of the
PET sub-system, the optical system is insensitive for isotopic photons and the PET system
is (nearly) unaffected by the optical parts as the high energy photons penetrate the incorpo-
rated materials with very small attenuation and scattering. The optical micro-lens system is
“stripping away” optical photons while they have no effect on isotopic photons. Optical
fibres 12 are attached to the micro-lenses, leading to the outside of the ring form 7 through
spaces 13 between the gamma-ray detector arrays 6. The network of optical fibres bundles
integrated into the system can be used to guide laser excitation light from an external
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multi-wavelength laser (not shown) to the imaged object 5. Individual fibres 12 can be
activated selectively, allowing for a variety of laser excitation patterns.

The network of optical fibres bundles integrated into the system can also be used to guide
emitted light collimated by the micro-lenses of the micro-lens arrays 10 from the imaged
object 5 to external photo detectors, e.g. photo diode arrays, for detection (not shown).
These photo detectors are part of the optical imaging detector according to the present in-
vention. The optical fibres 12 are connected to the focal points of the micro-lenses. They
are fixed by a multihole plate in this position. Due to the flexible fibres 12 it is not required
that the photo detector geometry (photo element size and pitch) of the optical imaging de-
tector according to this embodiment of the present invention is similar to the micro-lens
geometry.

The number of micro-lens arrays 10 per ring structure 11 is defined by the size of the im-
aged object 5 and the size of the lens array 11. Considering exemplarily the geometry of a
small animal (mouse) system, for a transaxial object diameter of 3 cm and a given lens
array size of 1 cm x 1 cm, the ring consists of ten radially allocated lens arrays. Micro-lens
arrays are available commercially (SUSS MicroOptics SA, Neuchatel, Switzerland) and
are currently manufactured from 0.5 cm to 1.27 cm in square size. Each lens array consists
of a square, rectangular or hexagonal pattern of packed micro-lenses which are each manu-
factured with a radius in the range of 0.1 mm to 2 mm. The micro-lens arrays 10 and the
gamma-ray detector array 6 can be mounted on a common rotatable and translatable gantry
(not shown), which allows for unconstrained arbitrary orbital positioning of the optical
detectors and optical fibre bundles.

Micro-lens arrays are available from SUSS MicroOptics SA, Neuchétel, Switzerland. Op-
tical fibres, lasers and CCD cameras are available from several manufacturers (Roper Sci-
entific, Inc., Duluth, GA, and others).

Integrated into the system as shown in figure 6 are also (not shown) axially moveable opti-
cal filters for wave-length separation. In case of non-tomographic optical imaging, the op-
erator will position the laser/detector blocks at an optical orbital position for light meas-
urements depending on the present optical probe distribution within the object.
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Figure 7 shows a variation of the embodiment according to figure 6 with a large number of
micro-lens arrays.

The imaged object 5 is along its whole length surrounded by a ring structure 11 of micro-
lens arrays 10, which is arranged within a plurality of gamma-ray detector arrays 6 in ring
form 7. Six rings of twenty gamma-ray detector arrays 6 each are mounted in a row. Each
gamma-ray detector array 6 has an electrical connection 14. The optical fibres 12 which
are attached to the micro-lens arrays 10 exit the PET scanner through the spaces 13 be-
tween the gamma-ray detector arrays 6 in the form fibre bundles 15 and are e.g. connected
to photo detectors (not shown). The ring structure 11 is formed by eight rings of ten micro-
lens arrays 10 each.

Fig. 8 shows the cross section of the embodiment as shown in Fig. 6.

In this illustration, the arrangement of the components of the dual-modality imaging sys-
tem with the optical imaging detector according to the present invention (micro-lens arrays
10, optical fibres 12, photo detector (not shown)) around the imaged object 5 can be seen.
The system further comprises an optical collimator 16 in front of each micro-lens array 10.

Fig. 9 shows a micro-lens array, which can be used for the present invention, with each
micro-lens being connected to an optical fibre.

The micro-lens array 10 (in a square pattern) contains a multi-hole plate 17 and a plurality
of mounted micro-lenses 18. A network of optical fibres 12 is mounted on the multi-hole
plate 17 such that the focal points of the individual micro-lenses 18 correspond locally to
single fibre ending points. The optical fibres merge into a fibre bundle 15.

Fig. 10 shows a micro-lens array with an optical collimator.
In addition to the fibre bundles 15, the optical fibres 12, multi-hole plate 17, and micro-

lenses 18, Fig. 10 shows a multi-hole collimator 16, which is mounted in front of the mi-
cro-lenses 18, each hole 19 of the collimator 16 corresponding to one micro-lens 18.
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Micro-lens array
Micro-lenses
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Patent Claims

An optical imaging detector for fluorescence and bioluminescence imaging of an
imaged object (5, 27), characterized by at least one micro-lens array (10, 21) with a
plurality of micro-lenses (18, 22).

The optical imaging detector according to claim 1, wherein each micro-lens (18, 22)
has a diameter in a range from 0.1 to 2 mm.

The optical imaging detector according to one of claims 1 or 2, wherein an optical
collimator (16, 24) is arranged next to each micro-lens array (10, 21).

The optical imaging detector according to any of claims 1 to 3, wherein the optical
imaging detector is a non-contact detector.

The optical imaging detector according to any of claims 1 to 4, wherein the optical
imaging detector comprises at least one photo detector (25).

The optical imaging detector according to claim 5, wherein the at least one photo
detector (25) comprises at least one CCD camera.

The optical imaging detector according to one of claims 5 or 6, wherein the at least
one photo detector (25) is a position sensitive photo detector.

The optical imaging detector according to claim 7, wherein the position sensitive
photo detector is at least one sensor selected from the group of CCD based detector,
APD array, photo diode array or CMOS sensor.

The optical imaging detector according to any of claims 7 or 8, wherein the at least
one position sensitive photo detector is positioned at a focal plane of one of the mi-
cro-lens arrays (21).

The optical imaging detector according to any of claims 1 to 8, wherein each micro-
lens (18) is connected to an optical fibre (12).
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The optical imaging detector according to claim 10, wherein each micro-lens (18) is
connected to a photo detector or to a light source via the optical fibre (12).

The optical imaging detector according to any of claims 1 to 11, wherein the at least
one micro-lens array (10, 21) has a square, rectangular or hexagonal pattern.

The optical imaging detector according to any of claims 1 to 12, comprising at least
two opposed micro-lens arrays (10, 21).

The optical imaging detector according to any of claims 1 to 13, wherein a plurality
of planar or curved micro-lens arrays (10, 21) is arranged in a ring structure (11).

The optical imaging detector according to any of claims 1 to 14, wherein the optical
imaging detector is mounted on a rotatable gantry.

The optical imaging detector according to any of claims 1 to 15, comprising at least
one light source (28) arranged to illuminate at least part of the imaged object (5, 27).

The optical imaging detector according to claim 16 comprising at least one filter (23)
in front of each micro-lens array (10, 21) for filtering out light of the at least one
light source (28).

The optical imaging detector according to any of claims 1 to 17, wherein the optical
imaging detector is radially relocatable.

A method for non-contact 3-dimensional optical imaging of an imaged object,
wherein imaging data of the imaged object is acquired by an optical imaging detector
with a plurality of micro-lens arrays, each micro-lens array having a plurality of mi-
cro-lenses, the micro-lens arrays being arranged in a ring structure surrounding the
imaged object.
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