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Abstract—We have evaluated the performance of two three-di- and an absolute sensitivity at the center of the field of view
mensional (3-D) reconstruction algorithms with data acquired (FOV) of 208 cpsiCi. The physical performance character-
from microPET, a high resolution tomograph dedicated to small jstics of microPET have been described in detail elsewhere

animal imaging. The first was a linear filtered-backprojection . . . .
algorithm (,%Bg) with reprojection of the missing gatél, and [1]- Traditionally, 3-D image reconstruction is performed with

the second was a statistical maximuma posteriori probability ~ linear algorithms [2]-[4], but the promise of higher resolution
algorithm (MAP). The two algorithms were evaluated in terms of and superior noise performance from algorithms that accurately
their resolution performance, both in phantoms andin vivo. Sixty  model the system response and the statistical properties of the
independent realizations of a phantom simulating the brain of a 4415 have led to the development of 3-D iterative algorithms
baby monkey were acquired, each containing three million counts. . : .
Each of these realizations was reconstructed independently with [5]_[9_]' In this Work,.we. compare results obtained US'”Q G
both algorithms. The ensemble of the 60 reconstructed realiza- 3-D filtered backprojection method (FBP), PROMIS, with
tions was used to estimate the standard deviation as a measurethose obtained using a fully 3-D maximuarposteriori(MAP)
of the noise for each reconstruction algorithm. More detail was method [9]. Studies in simple and complex phantoms iand
recovered in the MAP reconstruction without an increase in noise ;4 stydies of the rat brain are presented and compared with
relative to FBP. Studies in a simple cylindrical compartment . .
phantom demonstrated improved recovery of known activity autoradlogr_aphy as a gold standard. The_ main focu; to date has
ratios with MAP. Finally, in vivo studies also demonstrated a P€€n on using the system model to provide resolution recovery
clear improvement in spatial resolution using the MAP algorithm.  with the MAP algorithm [9]. A more detailed analysis of the
The quantitative accuracy of the MAP reconstruction was also noise characteristics and relative quantitative accuracy of the
evaluated by comparison with autoradiography and direct well - \jAp yeconstruction in comparison with FBP is presented here
counting of tissue samples and was shown to be superior. L . .
for both phantom anith vivo studies, and the two reconstruction
Index Terms—mage reconstruction, positron emission tomog- methods are also compared in terms of absolute quantitation to

raphy, small animal imaging. the widely accepted gold standard of digital autoradiography.

I. INTRODUCTION

HE APPLICATION of positron emission tomography Il. MATERIALS AND METHODS

(PET) to imaging of small laboratory animals, such a
mice and rats requires the highest spatial resolution possible,
while still maintaining adequate signal-to-noise ratio in the microPET is a high-resolution PET scanner, designed for
reconstructed images. We have recently developed an #&naging small laboratory animals [10]. It consists of a ring
imal PET scanner, microPET, dedicated to high-resolutiai 30 position sensitive scintillation detectors, each with an
imaging of small laboratory animals. This tomograph is a fully x 8 array of 2 x 2 x 10-mm lutetium oxyorthosilicate
three-dimensional (3-D) PET system with an intrinsic detect@eSO) crystals, coupled via optical fibers to a multichannel
resolution of 1.58-mm full-width at half maximum (FWHM) photomultiplier tube. The detector ring diameter of microPET

is 172 mm, with an imaging FOV of 112 mm transaxially by 18
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for a128 x 128 x 24 imaging volume using an UltraSPARC 140 [: B C
workstation with 192 Mbytes of RAM. & i \
The MAP reconstruction algorithm used the factored systet ‘\f‘," éw‘ ‘
model that we developed in [9] to account for photon pair non .
colinearity, depth-dependent geometric sensitivities, and inte ®

cyrstal scatter and penetration. A preconditioned conjugate gr
dient algorithm was used to maximize the log posterior density
functhn and d_'ffers from that described in [9] On_ly n th_e ulse qfig. 1. (A) Picture of aslice from the baby monkey brain phantom, illustrating
the shifted-Poisson [11] rather than the true Poisson likelihoad.design and physical size. (B) Digital image of the same slice. (C) Same slice
The shifted Poisson model is used to account for the increadétred to approximately match the resolution of the MAP reconstruction.
variance caused by random subtraction and requires an estimate
of the random rate in the sinogram. This was computed for eagh Recovery and Spillover Comparison
sinogram from the total number of events in the delayed window oo . -

A cylindrical phantom, measuring 4 cm in diameter and con-

by assuming randoms were uniformly distributed after normal-. . . . .
E&g;gmg circular cross-section compartments of diameter 3mm, 4

Idzliilr?k?u t-irohnevF\jirtlr? rauggdn'eni ﬂ;i;:UdtﬁsdEarteiseerr]]t:rd h?&igi?na Gi m, and 10 mm was imaged in microPET. The cylinder was 3.5
; ghbor g . gy .— " cmlong and had axial symmetry. The background chamber was
The smoothing parametgr in the prior controls the image . . : 18 i
: . .2~ filled at a concentration of 8Ci/ml with *°F, whereas the cir-
resolution/variance tradeoff. For a const@nthe resolution is X . o
ﬁldh’:lr compartments were filled witfiN at an initial concentra-

count dependent [12]: as the count level increases, the res . .
tion decreases while the variance remains almost unchange Iqp of 92Ci/ml. The phantom was scanned dynamically over
9 -min time period, during which time, the compartment to

contrast, with a}flxed_fllter response in .FBP’ resolution rema'rﬁ)sackground activity ratio changed from roughly 10:1to 1:10.
unchanged while variance increases with count level. Of cour

in both cases, the increased number of counts leads to an?%gmns of interest (ROI's), matching the cross section of the

o . . . . circular compartments, were drawn on the MAP and FBP im-
crease in signal-to-noise ratio. By using a count-normalized

we can effectively remove dependence of resolution on coufy .. Another ROl was drawn over the background and was lo-
rate; i.e., thes vaI)L/Je selected g the user is normalized b thce ted such that it would experience insignificant partial volume

P . y . °a by or spillover effects. The apparent activity ratio between the com-
total number of counts in each frame and this normalized value

is used to reconstruct that frame. For the reconstructions ShOg\’gr%rit/mjrr]zt::[i2n\?vrzgﬁli/%;2u:12avgsrecdomga\fedll Vggﬂ;& er known true
here, we used a normalized value/bf 1.0 unless stated oth- ’ '
erwise and a total of 20 iterations. The reconstruction time was
90 min for a128 x 128 x 24 imaging volume on the same work- "
station. The same cylindrical compartment phantom as in Section C
We note that the? normalization described above, and use@bove was filled with a total of 0.5 mCPF and an activity
to process data described in this paper, compensates onlyrfsjo of 4.22:1 (background= 20 pCi/cc, 10-mm diameter
global scaling in the count level; i.e., the resulting image reg§ompartment= 4.74 nCi/cc). A data set containing 170 mil-
olution is unaffected by changes in the data acquisition peri#igin total counts was acquired and reconstructed with both the
for a fixed source distribution. The resolution of the image &BP and the MAP algorithms. For the MAP reconstructions,
spatially variant for reasons described in [13]. To compensakd different smoothing parametefiswere used ranging from
for this effect and produce uniform resolution, we can use tifel25 to 16, producing images with different spatial resolutions.

Resolution versus Noise Comparison

spatially variant smoothing method described in [14]. The FBP image was at first reconstructed with a ramp filter and
subsequently smoothed with a Gaussian kernel to spatial reso-
B. 3-D Baby Monkey Phantom lutions ranging from intrinsic (1.8 mm) to 3.0 mm. In addition,

A small baby monkey brain phantom constructed in an andne FBP reconstructed image was deconvolved with linear de-

ogous fashion to the 3-D Hoffman brain phantom [15], with aﬁonvolution to produce images with higher resolution than the

outer diameter of 4 cm and an active cross section of 3.3 cm wagp-filtered reconstructions. The resulting resolution of these
filled with 0.77 mCi of 8F and imaged for 120 frames, with 30-g€constructed sets of images was estimated by drawing a ra-
imaging time per frame. To generate data with essentially 4i! Profile from the center of the 10-mm cold cylindrical re-
equal number of counts, the 120 frames were added in the pSY and extending it over the hotter background. These profiles
14120,24119, ..., 6061, resulting in 60 frames each within Were then correlated to simulated profiles of the same edge with

2.5% of three million counts. A calculated attenuation corre§NOWn resolutions and the known contrast from well counter
tion was applied to the data using.avalue of 0.095 cm*. Each measurements.lln addition, ROI's were d_rawn over the uniform
frame of the 60 realizations was reconstructed with both algBdckground region, small enough not to include Partlal volume
rithms, generating an ensemble of 60 independent realizatiGieCcts: @nd the standard deviation in these ROI's was used as
that allowed an image of the standard deviation to be estimafdestimate of the noise in the reconstructed images.

for the MAP and FBP algorithms [16]. A slice from the phantom
was also digitized and blurred to the resolution of the MAP ré&
construction and is shown in Fig. 1 for visual comparison with A normal Sprague—Dawley rat was injected with 3 mCi of
the reconstructed images. 18F_fluorodeoxyglucose (FDG). After a 40-min uptake period,

In Vivo Studies
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the rat was anesthetized and placed in a stereotactic headhol
[17] and scanned on microPET for 60 min. Images were re
constructed with FBP (ramp filter) and MAP. A second rat was & 7O
injected with 2 mCi of FDG. Following the uptake period of Vb RO A
45 min, the rat was sacrificed with an overdose of pentobal c

bitol to prevent any further redistribution of FDG. The rat was
then decapitated, and the head was placed on a bed of dry i

The whole head was then imaged in the microPET scanner fi p E F
30 min. Following scanning, the frozen whole head was packe
in dry ice and rapidly sliced in 4 thick slices. The slices OH /' N
- » - ¥
were placed on phosphor storage plates and exposed along w W >4 é’
14C standards for three days. The phosphor plates were sub: ' S X

quently read out using a Fuji BAS 5000 system to produce dic
ital autoradiograms of the distribution of FDG in the rat head
for comparison with MAF’([3 -1 0) and FBP microPET im- Fig. 2. Images A-C correspond to FBP, whereas images D—F correspond
. ) . . to MAP reconstructions (A). Reconstruction of the summed data set. (B)
ages. A calculated attenuation correction was applied to bothgkonstruction of a single realization. (C) Image of the standard deviation in
these studies. This correction was based on finding the contomtsnstructions.
of the head [18] and usgdvalues of 0.095 cm! for tissue and
0.115 cnt! for bone, assuming a skull thickness of 1 mm. All
animal protocols were approved by the UCLA animal research 6
committee.

I1l. RESULTS AND DISCUSSION

A. 3-D Baby Monkey Phantom |

- FBP

Relative Activity
FoS

3+ -
Figs. 2 and 3 show the results from the 3-D monkey brain r::smev \
phantom. A (FBP) and D (MAP) in Fig. 2 are reference recon- 2r T MAPsder ]
structions of the data summed across all frames (180 million gL
counts). B and E are reconstructions of individual realizations e
(three million counts) with FBP and MAP, respectively. C and 0 b= ] > 3 )
F in Fig. 2 are the point-to-point noise images, estimated from Position (mm)

the standard deviation of the 60 realization ensemble according

to (1), where$ is the standard deviation in an image pixel, Fig.3. Horizontal profiles through the summed and standard deviation images
i i i ; i i ; of Fig. 2. Notice better recovery and reduced spillover in the profile through
is the value of the image in that plxel n measurer_nem IS the the MAP image, suggestive of higher spatial resolution. The standard deviation
total number of measurements, ands the value in that pixel profiles llustrate that the noise is comparable in the two reconstruction methods.

as measured with the reference images

levels, containing 3, 6, 12, 24, 38, 96, and 180 million counts
1 _ each. Fig. 4 is a plot of the mean ROI value as a function of the
S=4\— z:(mZ —m)2. 1) - :
N —1¢ total number of counts in the frame. The ROl values in the MAP
=0 reconstructions are consistently higher than is the FBP across
When the image D in Fig. 2 is compared with the images @l count levels, because of a reduced partial volume effect, indi-
B and C in Fig. 1, it is clear that the additional structures se€ating improved contrast recovery for the MAP reconstructions.
in the MAP reconstruction compared with the FBP represeft the same time, the absolute ROI values are constant for both
true features of the phantom. In the profiles illustrated in Fig. 8gconstruction algorithms at all frame count levels, which range
the MAP reconstruction demonstrates better recovery of stri@sross almost two orders of magnitude. This is expected from
ture and smaller partial volume and spillover effects suggestitfee linear FBP algorithm, but it proves that the MAP reconstruc-
of higher spatial resolution than does the FBP. To better illuion has virtually no bias caused by variations in count levels.
trate the magnitude of the noise levels in the standard deviation ) )
images of C and F in Fig. 2, Fig. 3 also has horizontal profilds Recovery and Spillover Comparison
through the images of C and F in Fig. 2. In addition, an ROl was Figs. 5 and 6 show a comparison of the measured activity
drawn over the standard deviation images of C and F in Fig.ratio compared with the true ratio for the different sized com-
tracing the objects outline. Inside that region, the average st@artments in the cylindrical phantom. Notice better recovery
dard deviation was 0.486 for the FBP and 0.484 for the MAWhen the compartments have higher concentration than in the
reconstructions, indicating that the noise levels are comparatidackground (Fig. 5) and less spillover when the compartments
In order to evaluate the possible bias caused by variationshiave lower concentration than in the background (Fig. 6) for the
the count levels in the two reconstruction algorithms, an R®MAP reconstruction compared with FBP. The partial volume
was drawn in the cortical area of the monkey brain phantom. Thad spillover effects in this experiment are exacerbated because
count levels in this ROI were measured for seven added framiethe finite wall thickness of the compartments in the cylinder

N
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Fig. 4. ROI values in cortical region of the monkey brain phantom, asfg. 7. Measured resolution versus noise curves for MAP and FBP.
function of the total number of counts in the study.

m e 7 oMAP *. FBP have higher spatial resolution. This advantage is especially pro-

Lo R e nounced at higher spatial resolution levels. As the spatial resolu-
tion in the images decreases (FWHM increases), the benefits of
the MAP reconstruction become less pronounced. For the FBP
reconstruction with a ramp filter, the quantitative improvement
in resolution of the MAP reconstruction is 20% with matched
noise levels. As the spatial resolution of both the reconstructed
images becomes better, the relative resolution improvement of
the MAP reconstruction over FBP becomes more significant for
matched noise levels.

12

activity ratio

-

medium large
compartment size D. In Vivo Studies

Fig. 5. Comparison of known activity ratio (11.4: 1) between compartments Fig. 8 shows a comparison of coronal slices through MAP
and background, to measured ROI ratio. In all cases, MAP reconstructiongq FBP reconstructions in a normal rat brain. The MAP recon-
provide a better estimate of the true activity. . . " .
struction clearly demonstrates an improvementin resolution and
better delineation of anatomical structures over FBP with a ramp
filter. The MAP shows improved separation of cortical and sub-

0.7

06 cortical structures, without an associated increase in the image
005 noise level. Image A in Fig. 9 shows a coronal anatomical slice,
= selected from the digital whole-hedd@8FDG autoradiograph,
50-4 which had an intrinsic spatial resolution of 0.2 mm. B and C
203 in Fig. 9 are MAP and FBP reconstructions, respectively, of the
802 corresponding slice, measured with microPET from the same

rat head and the same isotope injection. Again, in those images,

the improvement in spatial resolution of MAP over ramp-fil-

tered FBP is clear. In the same figure are also illustrated the
compartment size ROI's used for the quantitative evaluation of the reconstruction

Fig.6. C i fk tivity ratio (1 : 10) bet tment aollgorithms.

batkground, to measred ROI ato. n all cases, MAP reconstructons provideP10: 10 SHOWS the absolute tissue activity concentration in

a better estimate of the true activity. 11Ci/g measured from ROI's defined over cortical and subcor-

tical structures in the autoradiograph and the reconstructed PET

and the deliberate choice of large ROI's that are matching tifBages. In this figure, the cortical regions and the white matter
compartment size. This choice highlights the quantitative df'® quantified more accurately with MAP rather than with FBP.
ferences between MAP and FBP. The graphs present strong-@i}e reason that the striatum measurement is inadequately quan-

idence that the MAP reconstruction is recovering resolution piified by both reconstruction methods is because of its small
yond that seen using FBP and a ramp filter. physical size and its location next to the cortex.

C. Resolution versus Noise Comparison IV. CONCLUSION

The image spatial resolution versus noise as measured in th# is clear from the phantom arid vivo data that MAP re-
compartment phantom s illustrated in Fig. 7. Itis clear from tha@bnstruction is able to recover resolution beyond that possible
figure that at all matched noise levels, the MAP reconstructionsing FBP with a ramp filter. This leads to better visualization of
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FBP

" 8 & ® »

Fig. 8. In vivo coronal images from MAP and FBP reconstructions, illustrating FDG distribution from the front to the back of a normal rat brain. The MAP
reconstruction is capable of separating cortical from subcortical structures and clearly shows a significant improvement in spatial reiodwti@m iwcrease
in noise.

A: Autoradiography B: MAP

Fig. 9. Coronal slices from digital autoradiography, as well as corresponding microPET images of the same rat reconstructed with MAP and=fBg,thieistr
cortical regions where the quantitative ROI's were drawn.

o W Autoradiography (uCg) 3 MAP (1Cig) %A FBP (CVg) count level [13] results in a count-independent contrast recovery
for the MAP reconstructed images for a specific object. This is
20 verified in the monkey brain phantom ROI's across images re-
constructed with counts spanning two orders of magnitude.
_@ A remaining concern is the impact of the spatially variant
(:3; 15 - resolution of the MAP method evaluated here, particularly in
- dynamic studies where changes in tracer activity will result in
:§ 10 - time-varying resolution and associated partial volume effects
§ within ROI's. This may in turn produce confounding effects
5 in parameter estimates in kinetic modeling experiments. In this

. , case, the methods described in [14] for compensating for spa-
ol ;_25 X/,J R o tially variant resolution through the use of a spatially variant

L Front cortexL. Pariet cortex White matter Left Striatum smoothing prior may prove effective.

Given the improvement in resolution and quantitative accu-
racy seenn vivo with the 3-D MAP algorithm, we anticipate
Fig. 10. Absolute'®FDG activity concentration as measured in corticathat it will become widely used in PET studies of small ani-
and subcortical structures in the rat brain, with ROI's in the whole hegghg|s in which resolution is often the critical issue. Routine ap-
autoradiograph and the PET images. . . L . . .

plication of a 3-D MAP in quantitative dynamic studies awaits

) ) ) ) ~ further validation in the effects of isotope redistribution using
structgre in small animal studle_s and improves quantification %toradiography and well counting of tissue samples as a gold
reducing partial volume and spillover effects. From the study &5 dard.
the monkey brain phantom, it appears that this improvement in
resolution can be achieved without a degradation in noise com-
pared with FBP images reconstructed at their highest resolution.
The quantification of the MAP algorithiim vivo, as compared  The authors would like to acknowledge valuable assistance
with autoradiography, showed significant improvements corfrom CTI PET Systems Inc., Dr. C. Michel, R. Sumida, J. Ed-
pared with conventional FBP reconstruction. In addition, theards, D. Liu, W. Ladno, D. Rubins, and the staff of the UCLA
weighting of the smoothing hyperparametemith the mean biomedical cyclotron for providing the isotopes.
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