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Combining Different Modalities for 3D Imaging of Biological Objects

A resolution enhanced NaI(Tl)-scintillator micro-SPECT device using pinhole collimator
geometry has been built and tested with small animals. This device was constructed based on
a depth-of-interaction measurement using a thick scintillator crystal and a position sensitive
PMT to measure depth-dependent scintillator light proˇles. Such a measurement eliminates
the parallax error that degrades the high spatial resolution required for small animal imaging.
This novel technique for 3D gamma-ray detection was incorporated into the micro-SPECT
device and tested with a 57Co source and 98mTc-MDP injected in mice body.

To further enhance the investigating power of the tomographic imaging different imaging
modalities can be combined. In particular, as proposed and shown in this paper, the optical
imaging permits a 3D reconstruction of the animal's skin surface thus improving visualization
and making possible depth-dependent corrections, necessary for bioluminescence 3D recon-
struction in biological objects. This structural information can provide even more detail if the
x-ray tomography is used as presented in the paper.

The investigation has been performed at the Veksler and Baldin Laboratory of High
Energies, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2005



INTRODUCTION

Single Photon Emission Computed Tomography (SPECT) is widely used
in clinical and research laboratories. SPECT detects radiolabeled agents at the
picomolar level revealing normal and perturbed biochemical and physiological
function and provides non-invasive methods to perform in vivo radiopharma-
ceutical studies, molecular imaging, gene therapy and to evaluate tumor therapy
results. Small animal SPECT devices usually use pinhole collimators to go to
sub-millimeter resolution. Good description of the SPECT technique can be found
in [1Ä3].

A common problem with SPECT is the need for anatomical co-registration,
so that signals may be associated with organs and tissues. One approach is the
addition of x-ray Computed Tomography (CT). Another option of co-registration
for a small animal device is optical imaging. Both of these approaches were
adopted here.

We have developed a NaI(Tl)-scintillator pinhole-collimated micro-SPECT
device featuring a novel technique for 3D position measurement in thick scintil-
lators [4Ä7]. As was previously mentioned, in micro-SPECT the small pinhole
size provides the sub-millimeter resolution. However, interaction parallax in the
detector could degrade the potential pinhole resolution. To minimize this effect,
we have initially used a restricted ˇeld of view but are currently developing a
detector featuring a depth-of-interaction (DOI) measurement with an extended
ˇeld of view. The device was built and tested with phantoms and small animals.

Fig. 1. The principle of measuring the
Depth of Interaction (DOI) in a blackened
crystal. The lower plane of the crystal is at-
tached to a photocathode of a PSPMT. The
diameter of the light spot is proportional to
the vertical position of an interaction

To provide the DOI measurement, a Hamamatsu R2486 Position-Sensitive
Photomultiplier Tube (PSPMT) is mounted to the base of the detector crystal.
The scintillator crystal is blackened on all sides except the side in contact with
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the photocathode. This eliminates the light from total internal re�ections within
the crystal, with the width of the scintillation light proˇle determining the DOI.
The principle of measurements is illustrated in Fig. 1.

Optical imaging has become a powerful tool in biology and medical research.
Cooled charge coupled devices (CCD) permit the acquisition of images at very
low intensity levels for a wide range wavelengths. Optical imaging is a fast and
convenient method of biological interrogation.

A 3D reconstruction algorithm for optical imaging was proposed and tested
with animals and phantoms. In this paper, we describe the micro-SPECT de-
vice integrated with a new 3D optical imaging system. Simultaneously with
micro-SPECT scanning, the animal is photographed with a digital camera from
multiple angular positions to reconstruct a 3-dimensional optical image. We use
a mathematically deˇned algorithm to do the optical 3D processing [8, 9].

Finally, we added x-ray CT capabilities to the system using a clinical mam-
mography instrument (LORAD M III), a phosphor screen and a digital camera.
3D reconstruction follows suggestions of Reader et al. [10]. Figure 2 shows a
photograph of the set-up.

Fig. 2. Photograph of the device. Left Å digital camera, middle Å rotating animal holder,
right Ä pinhole and PSPMT

Thus, the paper describes a micro-SPECT system, an Optical Imaging system
(including 3D Surface Rendering and Bioluminiscence Imaging), and an x-ray CT
system.

1. METHODS AND RESULTS

1.1. Coordinate Reconstruction in Micro-SPECT. We used the Hamamatsu
R2486 PSPMT with preampliˇers that were developed for our small animal South-
western Medical Center PET scanner [11, 12]. However, the front-end ampliˇers
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were modiˇed to be able to integrate the long NaI(Tl) signal. A CAMAC crate
containing three LeCroy 2248A ADCs (12 channels each) was used to digitize the
32 PSPMT signals (16 for X-direction, 16 for Y -direction). The integration gate
width for each ADC was set to 700 ns. The 32 channels of LRS ADC 2248A
were interfaced to a CAMAC Crate Controller model CC-32 (WIENER) that was
connected to PC via PCI-bus to provide a readout rate of about 103 events/s.

Two additional ADC channels were used to measure the signals from the
PSPMT dynode and the external calibration generator. The dynode signal spectra
were used to measure the total energy deposited by the gamma ray, while the
pulse generator signal was used for the correction of spectra pedestals.

Fig. 3. A �ood image from a 57Co
source. Despite generally correct
shape of photocathode, one can see
some distortions resulting in non-
uniform density, besides the obvi-
ous edge effects

To measure the X−Y position of the
gamma-ray interaction site, the anode wire pro-
ˇles were ˇtted to Gaussian distributions. The
width of the Gaussian (σ) was used to mea-
sure the Z position of the interaction. In the
case of a blackened crystal, the diameter of a
light spot on the photocathode is proportional
to the distance from the point of interaction to
the surface of total internal re�ection, or Depth
of Interaction (DOI).

The Gaussian ˇts of the wire proˇles that
give the X and Y coordinates of interaction
are sensitive to the equalization of gains of all
the channels. For the equalization of the gains,
we used the anode wire spectra when the crys-
tal was irradiated with a 57Co source. Fig-
ure 3 shows a �ood image from the 57Co point
source. While the shape of the distribution ap-
proximates the PSPMT's photocathode shape,
distortions result in a non-uniform density.

To control the distortion of coordinates we made an exposure of the crystal
with a remote 57Co source through a 2 mm thick lead mask with regularized
holes of 1 mm diameter at exact 5 mm steps (Fig. 4, Left). To correct the
obvious distortions, we interpolated the measured X and Y coordinates between
the coordinates for the neighboring holes. The result after the corrections is
presented in Fig. 4 (Right). The residual distortions are less than 0.3 mm.

To prove that the principle of DOI measurements illustrated in Fig. 1 is
working, we measured correlations between the X and Y light spot sizes. If
the principle is working, then the X and Y light spot sizes that are proportional
to the depth of interaction in the crystal should follow each other. Of course,
additional signal broadening in the dynode system of PSPMT could mask the
effect. Figure 5 (left panel) presents a plot of (σx − σy) vs (σ2

x + σ2
y)1/2 for the
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Fig. 4. Left Å exposure of the crystal through the lead mask with regularized holes.
Right Å result after corrections

Fig. 5. Left plot presents plot (σx − σy) vs (σ2
x + σ2

y)1/2 for the events from the 57Co
source �ood exposure. Right plot shows the distribution of (σx−σy) presenting the typical
slice of the left plot

events from the 57Co source �ood exposure. It can be seen that there is a tendency
of σx and σy to follow each other well as expected. Figure 5 (right panel) shows
the distribution of (σx − σy) presenting the typical slice of the left plot. The
R.M.S. in (σx − σy) is 0.7 mm. We have reasons to believe that the X and Y
spot size measurements are practically independent. We could conclude then that
the R.M.S. in σx, σy is about 0.5 mm, and the R.M.S. in (σx + σy)/2 would
be about 0.35 mm. Therefore, for typical total internal re�ection angles of about
45◦, accuracy in the Z direction (depth in the crystal) is given by σz ≈ 0.35 mm.
We note that such a DOI accuracy in crystals is the best reported.
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Fig. 6. Dynode charge amplitude spectrum (energy distribution) for the events from 57Co
source. The FWHM energy resolution is about 25%. Signals with low amplitudes were
suppressed by the gate discriminator

Figure 6 shows the dynode amplitude spectrum (energy distribution) of the
events from 57Co. The FWHM energy resolution is about 25%. We expect
∆E/E ∼ 17% if retro-re�ection layer on the upper surface of the crystal is used.

Summary of gamma camera characteristics is given in the Table.

Basic characteristics of the gamma camera

Active area 50 mm

Field of view 40 × 40 mm2

Intrinsic spatial resolution 1 mm FWHM

NaI(Tl) scintillator dimensions 6 mm thick, 60 mm in diameter

Front shielding Pb, 3.5 mm thick

Pinhole Pb, diameter 0.8 mm, 90 degrees

1.2. Scan of a Mouse and Image Reconstruction. After the tests with the
57Co source, we made a live scan of a normal 25 g nude male mouse after admin-
istration of 1 mCi of 99mTc methylenediphosphonate (MDP), a gamma-emitting
radionuclide agent used primarily in skeletal imaging. Due to the scanner's lim-
ited ˇeld of view, the scan was performed with two translations in the vertical
direction. For each translation, the same 18 evenly spaced angular positions were
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Fig. 7. Maximum intensity voxel projections of the mouse reconstructed image with 99mTc
MDP. Left Å full body of the mouse. Right Å details of the head

scanned over 360 degrees. The dwell time of each projection was about one
minute. The duration of the full session was about one hour, and about one
million events were detected in the list mode.

We reconstructed the micro-SPECT 3D image using the Maximum Likelihood
Expectation Maximization (ML-EM) algorithm of Shepp and Vardi [13] for list-

Fig. 8. Volume rendering of 99mTc MDP mouse head (center). Projections of the central
slices 0.5 mm thick are also shown
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mode data by
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Here qk
i is the expected count in line of response (LOR) i if the voxel intensity is

nk
i (at the kth iteration), aij is the probability of an emission from voxel j being

detected along LOR i; M is the number of measured events and I is the number
of all possible system LOR's. J is the number of voxels in the image.

Figure 7 shows Maximum Intensity Projections (MIP) of the mouse. Details
of the skeletal bones of the mouse are perfectly visible. Figure 8 presents the
image of volume rendering of the mouse head. Projections of the central slices
of 0.5 mm thick are also shown. Typically, about 100 ML-EM iterations was
necessary to get the image.

1.3. 3D Optical Imaging. Bioluminescent imaging (BLI) has already be-
come established as a valid technique to assess gene expression in living animals
and promises to offer new insight into developmental biology and gene therapy
[14Ä17]. The technique is being widely embraced in many disciplines with re-
cent reports relating to cardiovascular development, tumor growth and assessing
diverse promoter elements [18Ä22]. To date, BLI has been limited to planar
imaging, and commercial camera systems exist that offer high sensitivity [23].
However, planar imaging has several shortcomings [24] that limit its effectiveness
as a visualization tool by hampering the precise localization of cell populations,
and as a quantitative tool in estimating cell numbers (e.g., tumor burden in se-
lected organs).

The emission nature of optical imaging looks fairly obvious. 3D optical
imaging could be considered as a version of SPECT imaging, though an optical
objective lens is a rather unusual collimator.

All the optical imaging cases can be broken down into three main groups.
First, the case when light sources of any form are placed in a transparent medium.
The second case is the imaging of re�ected or diffused light from non-transparent
objects. The third case, the most interesting for bioluminescent imaging, is the
case when light sources are placed in a murky medium of a living tissue. We
have experimented with all three types of cases.

The general method to produce a 3D image is to use a back-projection of
measured intensities into a space occupied by the object. An optical objective lens
is a complex optical system and the back-projection task does not appear to be
straightforward, even for the simplest case (see Fig. 9). To simplify the problem,
we only use the central line in Fig. 9. Thus, the optical center of the objective
lens acts as a pinhole. Indeed, its position coincides with the point around which
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Fig. 9. Simpliˇed schematics of optical imaging. O Å the object, I Å the image

the image is inverted, a point that can be experimentally determined. The back-
projection line is produced when the center of a pixel at the image is connected
to the optical center of the objective lens. After this procedure, the powerful
methodology of medical imaging can be applied for 3D reconstruction of the
image. We have adopted an approach that is closely related to 3D processing
in other medical imaging modalities [8, 9]. Particularly, we used the ML-EM
algorithm to reconstruct the 3D optical image. Other iterative approaches perhaps
could be used as well.

Fig. 10. Experiments with optical phantom

To test our approach, we considered a simple experimental setup. Schematics
explaining the experimental setup were presented in [8]. Figure 10 illustrates the
experiment.

First, two red light emitting diodes (LEDs) of about 3 mm in size served
as objects. Twelve angular views with a step of 30◦ were acquired by a digital
camera (Sony DSC-P51) to produce a tomographic 3D image of the objects.
Figure 11 shows a MIP representation of the 3D ML-EM reconstruction, the
voxel size is 0.25×0.25×0.25 mm3. It can be seen that reconstruction was quite
a success.
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Fig. 11. MIP-projection of the 3D reconstruction of two light emitting diodes of 3 mm in
size

Fig. 12. 3D reconstruction of a sculptural portrait, 8 cm high. Left Å the photograph,
middle Å the MIP image with voxel size 0.25×0.25×0.25 mm3, right Å 0.5 mm central
slice of the 3D image

Fig. 13. The wax phantom and two photographs of LED emissions taken at orthogonal
views

Second, Fig. 12 shows the 3D reconstruction of a sculptural portrait of about
8 cm high. 36 angular positions were detected with usual ofˇce luminescent
lamps. Figure 12 shows that the method works ˇne for not only emitted, but also
for re�ected (diffused) light.

The third case of turbid media is the most problematic for absorption and
scattering processes can distort the image. The corrections that have to be made
for scattering processes in living tissue are most complicated. The main problem
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in consistent 3D reconstruction of a light source in a tissue is the deconvolution of
light scattering processes in the media. We experimented with light reconstruction
in scattering media using a wax phantom and two light sources produced by
LEDs. The scattering phantom was a truncated cone of wax of 55 mm in hight
and about 40 mm in diameter with red light emitting diodes placed inside two
holes with 15 mm center-to-center distance. Figure 13 shows the phantom and
two photographs of the phantom in dark, with the LEDs on, made at orthogonal
views.

Fig. 14. Left panel Å a central slice of the 3D image after ML-EM reconstruction.
Right Å image of the LEDs after ML-EM with deconvolution. Bottom panel Ä overlay
of two images

ML-EM without deconvolution (i.e. system modeling) reconstructs a distri-
bution conˇned essentially to the outer surface of the phantom. Figure 14 (left
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Fig. 15. Images of a nude mouse, left Å the photograph, right Å a MIP image after 3D
reconstruction

panel) presents a 0.5 mm slice of the reconstructed image. Figure 14 (right)
presents the results of our ˇrst attempt of deconvolving light scattering assuming
a simple shift-invariant scattering kernel. This is patently a false assumption,
which however, would serve to indicate further avenues for progress. The slice
is again 0.5 mm thick. Figure 14 (bottom panel) is a superposition of these two
images. Further computational efforts needed to make the reconstruction with a
shift-variant kernel are beyond the scope of this paper.

Several experiments with optical imaging were performed using live nude
mice anesthetized with iso�urane.

Figure 15 compares a photograph of a nude mouse taken in our scanner
(Fig. 2) using digital camera (Canon EOS 300), and MIP image of the recon-
structed 3D surface. It can be seen that a 3D image of a mouse surface could
present a good complementary modality for an anatomical location of scanned
organs by micro-SPECT.

Figure 16 shows the MIP projection of the sum of 3D micro-SPECT and 3D
optical images of the same nude mouse in our scanner. The ˇgure demonstrates
that the co-registration of the two images is accurate.

To illustrate the power of 3D optical imaging we present Fig. 17, which is the
overlay of two 3D MIP images of the nude mouse with HeLa-Luc human tumor
cells in the thighs. This ˇgure shows initial results using two HeLa-Luc tumors
growing in the thighs of a nude mouse, obtained using the system described in
[25] using our algorithm. For the ˇrst image, the mouse was illuminated by
white light, while the second is a bioluminescence image following D-luciferin
injection. The ˇgure shows that adding a micro-SPECT to 3D optical modality
would be a very powerful tool.
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Fig. 16. The MIP projection of
the sum of 3D micro-SPECT
and 3D optical images of the
same nude mouse

Fig. 17. Presented here is the overlay of
two 3D MIP images of the nude mouse with
HeLa-Luc human tumor cells in thighs, fol-
lowing D-luciferin injection

1.4. X-Ray CT. High efˇciency in biological research studies requires that
functional images obtained through metabolic markers to be co-registered with
detailed anatomical images. Although the optical 3D surface of an animal can pro-
vide some topographic information, tomographic data through x-ray CT provides
more detail. We have established a straight through approach for obtaining the
2D planar x-ray images that are required for CT. A schematic of the experimental
setup is shown in Fig. 18.

Fig. 18. Diagram of the setup for x-ray CT

The animal was irradiated using soft x-rays from a clinical mammography
machine (LORAD M III) that had a Molybdenum target and 0.1 mm spot size.
An insert from standard mammography ˇlm cassette (KODAK LANEX) was used
as a phosphor screen. A high voltage of 30 kV and current of 17 mA was used
with an exposure time of 3 s. The phosphor light was captured using a digital
camera (Canon EOS 300) with an ISA of 1600 and aperture of 3.5. A dose of
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about 10 cGy per scan is introduced. Although a more efˇcient phosphor screen
could be used, this example demonstrates the proof of principle.

According to the ML-EM algorithm for transmission tomography projection
data [10], a linear attenuation coefˇcient of voxel j after k + 1 iterations is

µk+1
j = µk

j

I∑
i=1

xijbi exp
[
−

J∑
c=1

xicµ
k
c

]

I∑
i=1

xijti

. (2)

Here µk
j is a linear attenuation coefˇcient of the voxel j after k iterations; xij is

an intersection length of line of response (LOR) i with voxel j; tj is transmission
projection data (a number of detected photons) for the LOR i; bi is blank scan
data (a scan taken with no attenuating object in ˇeld of view) for the LOR i; I
is a number of lines of response intersecting the voxel j; and J is a number of
voxels along the LOR i. Figure 19 shows two orthogonal MIP images of a nude
mouse after 10 ML-EM iterations with voxel size 0.125 × 0.125 × 0.125 mm3.
36 plane images were used to reconstruct a 3D density map.

Fig. 19. Two orthogonal MIP views of CT normal mouse

2. DISCUSSION

Recently, small animal micro-SPECT has become commercially available,
but is rather expensive (e.g., Gamma Medica). Here, we demonstrate a simple
approach using inexpensive components, which we are using as a test bed for
further developments of algorithms, detectors, and reporter agents.
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One way to improve the spatial resolution in our micro-SPECT device is to
increase the magniˇcation scale factor. In the experiments here, we used mag-
niˇcation factor of about 1 to reduce the edge effects on the PSPMT. By using
a Hamamatsu R3292 PSPMT, a magniˇcation factor of 2 to 3 times is possi-
ble, with the only limiting factor of pinhole diameter remaining. The practical
limit for the pinhole diameter is about 0.5 mm, dictated by overall system efˇ-
ciency. A multi-pinhole system could improve system efˇciency, hopefully with
minor signal-to-noise degradation. When the pinhole diameter is included in 3D
reconstruction with system modeling, an outstanding spatial resolution becomes
possible.

The ultimate goal is correlation of several imaging modalities. Currently,
commercial systems favor pairs of instruments, with insertion of an animal bed
sequentially into each of the two devices, e.g., micro-SPECT and micro-CT or
MRI. Optical imaging offers an alternative approach, which is directly compatible
with micro-SPECT. We have demonstrated two approaches to optical imaging:
ˇrstly, 3D surface rendering (Fig. 15) plus co-registration with micro-SPECT
(Fig. 16). Ultimately, full 3D optical tomography will be particularly valuable.
Figure 17 shows initial results using two HeLa-Luc tumors growing in the thighs
of a nude mouse, obtained using our algorithm.

The main scattering mechanism of light in tissue is refraction due to spatial
variations in the refractive indexes of the tissue medium. Monte Carlo simu-
lation of photon scattering in biological tissues has been successful. Following
this direction, we intend to introduce scattering corrections into small animal op-
tical images similar to the deconvolution approach adopted for PET scattering
corrections and system modeling [12].

We have outlined a possible algorithm for 3D optical image reconstruction.
While the algorithm works well in the non-scattering case, scattering corrections
are expected to be large in a realistic tissue media case. Although the decon-
volution mechanism for light diffusion looks straightforward, its computational
effectiveness should be optimized and is a topic of separate work.

An application of Fluorescence Molecular Tomography without angular ro-
tation was presented recently [26]. The approach is based on a method involving
a normalized Born approximation with using diffusion theory through an iter-
ative procedure. The approach looks very promising and is in line with our
understanding of the deconvolution mechanism.

We should note, that our approach in optical imaging is different from popular
Diffuse Optical Tomography (see, for example [27]), that could be considered as
a variant of transmission imaging. In our case the optical imaging is based on
the emission radiation.

Finally, in our work a simple and practical way to get tomographic im-
ages simultaneously with micro-SPECT, optical imaging and x-ray micro-CT was
demonstrated.
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CONCLUSION

Optical imaging (e.g. bioluminescence) holds great promise for increasing
the available information from small animal studies. The combination of micro-
SPECT imaging and 3D bioluminescence optical imaging into a single device
would open new avenues in multi-modality imaging for biology and medicine.
Among the disadvantages of optical imaging, was the absence of 3D image
reconstruction algorithms. Accordingly, we proposed and tested a novel 3D
reconstruction algorithm for optical imaging [8, 9].

In conclusion, the combination of micro-SPECT, 3D bioluminescence opti-
cal imaging and micro-CT offers a new methodology for the measurement and
interpretation of biological processes. To optimize micro-SPECT detector resolu-
tion, a novel technique of 3D gamma-ray detection was incorporated in a device,
and tested with a 57Co source and 99mTc-MDP injected in mice. An ability of
straightforward micro-CT incorporation in the system was demonstrated.
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