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The purpose of this study was to investigate the quantitative
properties and effects of ordered-subset expectation maximi-
zation (OSEM) on kinetic modeling compared with filtered back-
projection (FBP) in dynamic PET studies. Both phantom and
patient studies were performed. Methods: For phantom studies
dynamic two-dimensional emission scans with 10-min frames
and 20-min scan intervals were acquired over a 14-h period
using an HR+ PET scanner. Various phantoms were scanned:
2-, 5-, 10-, and 20-cm-diameter phantoms filled with an '8F
solution (300 kBg/mL) and a NEMA phantom filled with an '8F
background (40 kBg/mL) and a cold or "'C insert (450 kBg/mL).
Transmission (Tx) scans of 5-60 min were acquired. Data were
reconstructed using FBP Hanning 0.5 and OSEM with 2-12
iterations and 12 or 24 subsets. Quantitative accuracy and noise
characteristics were assessed. For patient studies, five cardiac,
three oncologic, and three brain dynamic '8F-FDG scans were
used. Five reconstructions were performed: FBP Hanning 0.5,
and OSEM 2 X 12 and OSEM 4 X 16 with and without 5-mm full
width at half maximum smoothing. Time-activity curves were
calculated using volumes of interest. The input function was
derived from arterial sampling. Metabolic rate of glucose
(MRglu) was calculated with a standard two-tissue compart-
ment model and Patlak analysis. Results: Contribution of Tx
noise to the reconstructed image was smaller for OSEM than for
FBP. Differences in signal-to-noise ratio between FBP and
OSEM depended on number of iterations and phantom size.
Bias with OSEM was observed for regions enclosed within a 5-
to 10-fold hotter background. For cardiac studies OSEM 2 X 12
and OSEM 4 X 16 resulted in 13% and 21% higher pixel values
and 9% and 15% higher MRglu values compared with FBP.
Smoothing decreased all these values to 2%. Similar results
were found for most tumor studies. For brain studies MRglu of
FBP and OSEM 4 X 16 agreed within 2%. Use of OSEM
image-derived input functions for cardiac PET studies resulted
in a decrease in calculated MRglu of about 15%. Conclusion:
For most PET studies OSEM has equal quantitative accuracy as
FBP. The higher pixel and MRglu values are explained by the
better resolution of OSEM. However, OSEM does not provide
accurate image-derived input functions for FDG cardiac PET
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studies because of bias in regions located within a hotter back-
ground.
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To date reconstruction of dynamic PET studies is per-
formed primarily using filtered backprojection (FBP). This
algorithm is fast and vyields reliable quantitative results.
However, for data with poor statistics, such as PET data,
FBP results in poor image quality because of streak artifacts
and low signal-to-noise ratio (SNR). These effects are even
more pronounced when attenuation correction is based on
transmission (Tx) scans. Iterative reconstruction algorithms
can be used to overcome these limitations.

Maximum likelihood expectation maximization (MLEM)
iterative reconstruction for emission tomography was first
developed by Shepp and Vardi)( Hudson and Larkin2)
proposed an ordered-subset expectation maximization
(OSEM) implementation of the algorithm. Introduction of
the latter algorithm decreased the reconstruction time con-
siderably and made it feasible to apply OSEM in daily
clinical routine.

Several studies have evaluated the characteristics of the
expectation maximization algorithm for use in PEF12).
Miller and Wallis @) performed phantom studies to assess
the effect of MLEM on PET and SPECT image contrast,
resolution, and noise as a function of the number of itera-
tions. The studies showed that MLEM resulted in improved
image contrast and SNR depending on the number of iter-
ations. Liow et al. §) showed that, for three-dimensional
PET, MLEM reconstructions resulted in better resolution
than did FBP. Reader et al9)(compared several three-
dimensional reconstruction techniques for PET, showing
that, compared with FBP, three-dimensional OSEM gave
the best contrast at the cost of increased noise. Disadvan-
tages of OSEM, however, included its relatively slow con-
vergence, amplification of noise with increasing number of
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iterations, and the dependence of its characteristics swiution of high concentration (300 kBg/mL); NEMA phantom
source distribution. The number of iterations required t@0-cm diameter) filled with af®F solution (300 kBg/mL) and
achieve reliable quantitative results while keeping noig@!d 5-cm-diameter inserts; and NEMA phantom filled with a
within acceptable levels should be carefully selected, gipderate’®F background (40 kBg/mL) and a high-activityC
described by Wang et al1{) and de Jonge and Blokland"S€'t (450 kBg/mL). Because of the 20-min half-life 9C, an
- - . emission scan was acquired f® h only for the last phantom. All
(13). A clinical evaluation of OSEM for attenuation-cor- h » ,

. antoms were positioned at 1 cm from the center of the field of
rected Whok_a—body PET studies was performe_d by LonneG?éW. After activity had decayed to background level, Tx scans of
et al. (D This study revez_:lled that AC—OSEM images werg 5 10, 15, 30, and 60 min were acquired.
less noisy and easier to interpret than FBP images. In addition to these phantom measurements, line spread func-

Although the characteristics of OSEM have been invegons (LSFs) were obtained by scanning a line source of 1-mm
tigated extensively and its superior image quality compareétckness positioned at 1 cm from the center of the field of view.
with FBP is well documented’}, most studies have focusedThese latter measurements were performed for comparison with
on image quality of OSEM for static diagnostic whole-bodgpparent resolution measured with the NEMA phantom insert
PET studies. Data on the performance of OSEM for dy:lqdies, as it has been shown that that rgsolution convergence is
namic quantitative PET studies are limited. Katoh et3)l. (©Piect dependent and that, therefore, the line spread function may
observed higher reproducibility and lower variability in thdot represent the resolution in more realistic emission distributions

metabolic parameters obtained from iterative median rog’[s’lg'

) tructed i d with th btai HEeconstructionsAll Ex data were reconstructed with measured
prior reconstructed images compared wi 0Se obtaingfienyation using FBP with a Hanning filter at 0.5 of the Nyquist

from FBP images. They recommended use of median rgnty ency and OSEM reconstructions (CTI version 7.1.1) with
prior reconstructions for quantitative myocardi&© PET  yarious numbers of iterations and subsets<(22, 3 x 24, and
studies. The application of iterative reconstruction teclccasionally 5< 12, 5% 24, and 12x 24). OSEM with 2x 12
niques for dynamic PET studies of different organs, hoviterations was used as default. With OSEM reconstruction a non-
ever, still needs to be evaluated. negativity constraint is applied, which means that negative line of
Recently, an OSEM algorithm has become widely avaifesponse (LOR) values (because of randoms correction) and neg-
able as part of commercial software for the ECAT HR ative pixel values are set to zero. The 60-min Tx scan was used for
PET scanner (CTl/Siemens, Knoxville, TN). Consequentl?” reconstructions except when analyzing the contribution of Ex

increased use of OSEM can be expected. Therefore %{}ng noise equivalent counts (NECs) to image noise, which were

analysis of the performance of OSEM is needed to Warrarﬁfonstructed using all measured Tx scans. Attenuation correction

. . L . . - was performed by multiplying the emission sinograms with atten-
its use in quantitative dynamic PET studies. In this stud ation correction factors before reconstruction. To improve statis-

the quantitative accuracy and SNR of this commerciallys of the attenuation correction, transmission scan data were
available OSEM algorithm will be compared with those 0fmoothed with an 8-mm full width at half maximum (FWHM)
FBP. First, phantom studies were performed to assess thussian filter, as implemented by the manufacturer (CTI/Sie-
quantitative accuracy and SNR of reconstructed emissigiens).

scans as a function of noise equivalent couritd) (of AnalysesFor each dynamic scan, image noise or pixel hetero-
emission and transmission scans, phantom size, and sow®geity and quantitative accuracy were derived from region-of-
distribution. Next, effects of OSEM versus FBP on tissui@terest (ROI) analysis. Image noise was defined as the coefficient

activity concentration and kinetic modeling were evaluate®f variation (COV, 100< SD/mean [%)]) of the pixel values within
for a variety of F-FDG studies. Finally, use of image—a homogeneous ROI. Bias was defined as the deviation of the mean

derived input functions obtained from OSEM reconstructéﬁ;(el i Wit.hi.n an RO fron.” the actual ’?‘C“V"y Con.cemration'
data were addressed e actual activity concentration was obtained by taking samples
a ) from the phantom and measuring these in a cross-calibrated well
counter, which had an estimated accuracy within 2%. For the
MATERIALS AND METHODS homogeneous phantoms a circular ROl with half the diameter of
Scans were acquired on an ECAT WRPET scanner (CTI/ the phantom was positioned centrally in the phantom. A potential
Siemens), the characteristics of which are well document&awback of using large ROIs could be that small low-frequency
(15,16. Acquisitions can be performed in two-dimensional anflonuniformities in the phantom could contribute to the COV,
three-dimensional modes. In this study all acquisitions were pdfereby overestimating image noise. An evaluation using the mean
formed in two-dimensional mode. Randoms correction, usingcéov of s_everz_il_ smaller ROIs_, however, illustrated that the effects
delayed-window technique, and deconvolution-based scatter ¢8f.nonuniformities were negligible{2%). For the NEMA phan-

rection (L7) are implemented as precorrections of the emissidRMS (With both cold an#C inserts) an ROI of 5-cm diameter was
sinogram. positioned centrally within the background area and 2-cm-diame-

ter ROIs were positioned centrally within the inserts. ROIs were
Phantom Studies placed in planes 6—57, excluding the first and last five planes at the
Acquisitions.Dynamic phantom studies were acquired in twoedges of the axial field of view, because of the larger variation in
dimensional mode as dynamic emission (Ex) scans with 10-msiganner sensitivity in the first and last five planes. For all scans,
frames and 20-min intervals over a 14-h period. Emission scalagfiles of the acquisition were generated, listing the number of
were performed for the following phantoms: homogeneous pharsunts (both random and true) for each frame, thus enabling
toms of 2-, 5-, 10-, and 20-cm diameter, initially filled with 8% calculation of whole-scanner NEC. Data were analyzed as a func-
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tion of whole-scanner NEC or activity concentration. The relatiorfermed to reduce the image resolution from about 5-mm to about
ship between image noise and the NEC of Ex and Tx scans canfeem FWHM, thereby matching it to that of the image resolution
described by: obtained with FBP Hanning 0.5. Resolution matching was required
to assess the extent to which differences between reconstructions
COV = (C/NEGCg, + CINECy,), Ed. 1 could be explained by resolution effects, as shown by Carson et al.

where G and G are fit parameters representing the contribution cgz)' The size of the kemel was determined by smoothing the

e - SEM images of the last frame of each dynamic scan with 3-, 4-
the emission (NEE) and transmission (NE£) scan NEC to the . Lo
image noise20). NECs, is given by: 5-, 6-, and 7-mm FWHM Gaussian filters. ROl values (provided in

the following paragraph) derived from smoothed OSEM and FBP
NECg, = TY(T + S+ 2fR), Eq. 2 images for all studied patients showed best agreement when a
5-mm FWHM Gaussian filter was used. The 5-mm FWHM filter
where T is the number of true coincidences, S is the number ghs applied for all studies, though slightly smaller or larger filter
scattered coincidences, R is the number of random coincidencggeg may have been more appropriate for individual cases, be-
and f is the fraction of the field of view occupied by the phantomygse resolution is not uniform throughout the imag® @nd is
The scatter fraction was estimated from a reconstruction with aBﬁject dependent for OSEM reconstructio®s1@). In practice,
without scatter correction. NECis given by: however, use of a varying postsmoothing filter is not feasible. For
e the lung tumor studies only OSEM with & 12 iterations was
NECr, = T9(T + 2fR). Eq.3 used, because image quality was too poor fox 46 iterations.

For NEG, the contribution of scattered coincidences was as Analyses.Tissue time—activity curves and activity concentra-
sumed to be negligible because rod windowing was used duritigns were derived from manually positioned ROlIs. For cardiac
transmission scanning. In addition, the relationship between imagjgdies a template consisting of 13 ROIs (6 for the basal part, 6 for
noise and NEE, as a function of the number of iterations ofthe distal part, and 1 for the apex) was positioned on short-axis
OSEM was studied. For the latter analysis a 60-min transmissielices. In addition, ROIs for septum, apex, and lateral wall of the
scan was used for which the NEC contribution to the image noigeyocardium were defined on transaxial slices. For the lung tumor
is negligible. The relationship between image noise and emissisitidies 50% isocontours were applied. All isocontours of one

NEC can now be described by: tumor across multiple axial slices were grouped to obtain a volume
oL of interest (VOI). This VOI was used to derive the tumor time—
COV = (C/NEC) ™, Eq. 4 activity curve. In total, nine tumor VOIs were defined in three

which for power law coefficient (PL 0.5 corresponds to Equa- patient studies. Finally, for the brain studies 1-cm circular ROIls
tion 1. Instead of assuming a square.root dependence of im re defined in representative areas of gray matter. In addition to

noise on NEC, however, the PL was allowed to vary. Deviatioft terial blood sampling, image-derived input functions were ob-

from a square root dependence might be caused by the nonné gl_ed for the cardiac studies. For lung studies only image-derived

tivity constraint of OSEM, as will be discussed later. The variatio put functions were used. For Card"’?‘c St“d'?s VOIs were drawn on
of C, and PL was analyzed as a function of the number Jbe aorta ascendens and left ventricle, which are the most com-
iterations monly used structures for deriving input function, and for lung

' glémor studies VOIs were drawn as described elsewt#3e The

In addition to noise and bias analyses, activity profiles acro . . .
the edge of insert and background of the NEMA phantom wepize of these VOIs was at most half the size of the dimensions of

generated. The shapes of these activity profiles were analyzecf'hes vtascular structure to minimize partial-volume and spillover
functions of the number of iterations of OSEM and compared with 'SCtS:

the FBP data. This latter analysis was performed for comparisor 'Sy OSEM-reconstructed activity concentrations were evalu-
with resolutions measured with the leEsities. ated for data with high NEC values by comparing mean ROI

values obtained with FBP with those obtained during the last 15

Patient Studies min of the PET scan (45-60 min; last three sinograms were added

Acquisitions. Two-dimensional FDG dynamic emission scanbefore reconstruction). To evaluate the agreement of the recon-
for five cardiac, three lung tumor, and three brain studies wesgucted data for the entire PET scan, tissue time—activity curves in
used. For the lung tumor studies three separate lesions wegbination with a measured arterial plasma curve (input func-
imaged on average, thus allowing an OSEM—FBP comparison fé@n) were used to calculate the metabolic rate of glucose (MRglu)
a total of nine separate tumors of different shape and size. After thging both a standard two-tissue compartment model with blood
patient was positioned, a 15-min Tx scan was acquired for thelume parameter and Patlak analysis. Finally, the agreement of
purpose of attenuation correction of the subsequent Ex scan. Tihigge-derived input functions using OSEM and FBP was evalu-
two-dimensional dynamic emission scan was started simult@ted. First, the area under the curve (AUC) was calculated for each
neously with injection of 370 MBq FDG and consisted of 39mage-derived input function. Second, the average ratio of activity
frames with durations ranging fno 5 s at thebeginning to 300 s concentration between OSEM and FBP for 20—60 min of the PET
at the end of the scan. For heart and brain studies, input functicg®an was determined.
were measured using a continuous flow-through automatic blood
sampling deviceZl). RESULTS

ReconstructionsPatient data were reconstructed using FBP
with a Hanning filter at 0.5 of the Nyquist frequency, OSEM witfP’hantom Studies
2 iterations of 12 subsets and 4 iterations of 16 subsets, and thé-igure 1A shows the relationship between image noise
same OSEM reconstructions but with 5-mm FWHM Gaussiaand NEG, for a 20-cm-diameter homogeneous phantom as
postsmoothing of the reconstructed image. Smoothing was pebtained with FBP reconstructions. Results are given for
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10 ‘s 0 and OSEM 2 X 12 reconstruction (B). Re-
sults obtained with other transmission
1.00E+06 1£EE+$ 1.00E+08 100R+00 1ﬁoé%+(: 100E*08 | <can durations have been omitted for clar-
ity.

three different Tx scans. The corresponding relationship faras lower than that of FBP. For small objects (10-cm
OSEM reconstructions is given in Figure 1B. Qualitativelgliameter or smaller) image noise of OSEMx212, how-
it can be seen that the relative contribution of NE@as ever, was larger than that of FBP. These results indicate that
smaller for OSEM than for FBP. Quantitatively this ishe geometric dependency of image noise is different for
illustrated in Table 1, where values of the fit parameters ©SEM and FBP. This is even more apparent in Figure 3B,
and G using Equation 1 are listed. The fit parameters werehere the ratio of image noise for OSEM and FBP as
determined on the basis of all measured Tx scans. The rdtinction of image contrast is presented. It can be seen that
C,/C,, representing the relative contribution of Ng@o the for relative hot regions image noise of OSEM was larger
image noise compared with NEC was smaller for OSEM than that of FBP, whereas for relative cold regions the
than for FBP. The SE of the fitted ratio,/C; was around opposite was observed.
20% of the values reported in Table 1. Although this un- For homogeneous phantoms of 5- to 20-cm diameter,
certainty is relatively large, it is small compared with theeconstructed activity concentrations were within 3% (with
difference in G/C, ratio obtained for different OSEM e a 1% SD) of the activity concentrations derived from sam-
constructions. ples for all applied reconstructions. Linearity with activity
Figure 2 shows the dependence of image noise on thas within 2% for NEG, of 10°~1C counts. For clinical
number of iterations for OSEM. To exclude the effects cftudies NEG, is usually between F0and 10 counts. Be
transmission scan noise, all data were obtained with a tragause images of a 2-cm-diameter phantom suffer from res-
mission scan of 60 min. As expected, image noise increas#gtion recovery, a large ROl was positioned around the
with an increasing number of iteration$,8—12,24. In phantom to obtain the total number of counts. Linearity of
addition, the curves become less steep with an increasihg total counts was within 4% for all OSEM reconstruc-
number of iterations, indicating a deviation from a squat@ns and within 3% for FBP for an activity concentration
root dependency (note the logarithmic scale of the verticalnge of 20-300 kBg/mL. A maximum deviation of 4%
axis). Parameters,Gnd PL fitted according to Equation 4between OSEM and FBP reconstructed total counts was
are presented in Table 2, illustrating a clear deviation of tlieund.
PL value from 0.5 (corresponding with a square root rela-

tionship).
The relationship between image noise and NE&s a
) X . . 2 1000
function of phantom size is presented in Figure 3A. For T COSEM 12x24
clarity, only data for 5-cm- and 20-cm-diameter phantonms | e OSEM 3x24

are shown. It can be seen that for a large object (20-¢m
diameter) image noise of OSEM>2 12 reconstructed data :\;

OSEM 2x12 \

>100
TABLE 1 )
Values for C4, C,, and Ratio C,/C4 for Various o
Reconstruction Methods
Reconstruction Cq C, C,/C4 10
FBpP 307 86 0.28 1.00E+05  1.00E+06  1.00E+07  1.00E+08
OSEM 2 X 12 553 55 0.10
OSEM 3 x 24 2,460 185 0.075 NEC Ex
OSEM 12 X 24 3.1 X 10° 4.6 X 108 0.015
FIGURE 2. Image noise (COV) as function of emission scan
. ) NEC (NECg,) obtained with 2 X 12, 3 X 24, and 12 X 24
Values calculated with Equation 1. iterations of OSEM.
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TABLE 2 the emission scans. On average, NE@r the last three
Values of C4 and PL of Equation 4 for Various frames of 5 min was X 10° counts; thus, the NES of the
OSEM lterations summed sinogram equaled 25107 counts. In Table 3he
ratio between OSEM and FBP ROI values is given for each
OSEM reconstruction and for all patient studies performed.
82;% § i ;i 25520 8-22 For cardiac studies using a template ROI on short-axis slices
OSEM 12 X 24 31 % 105 0.35 QSEM 2X 12 and 4X 16 yielded v_alues 10% an_d 8%
higher than those of FBP, respectively. Smoothing de-
creased the difference between FBP and OSEM ROI values
Data of the NEMA phantom with the h&tC insert were only slightly. However, for ROIs defined on axial slices,
used to assess the quantitative accuracy as a functionOSEM 2 X 12 and 4X 16 yielded values 13% and 21%
image contrast. During this study the NEGraried from higher than those of FBP, respectively; after smoothing,
about 10-1C° counts, which is better than normally enceunresults obtained with OSEM were not significantly different
tered in clinical practice. The randoms/trues fraction rangé@m those of FBP. For tumor and brain studies, results were
from 0.06 to 0.81. In Figure 4 the ratio of reconstructed angimilar to those obtained with the cardiac studies and axial
actual activity concentration is given for various OSEMROIs. For brain studies, OSEM 2 12 with and without
reconstructions and FBP as a function of image contraghoothing yielded 2% and 6%, respectively, lower ROI
(ratio of true activity concentration between insert and baclalues than for FBP. OSEM % 16 data agreed well with
ground). For image contrasts0.3, that is, for insert activity FBP. For all studies a good proportionality between FBP
concentration< one-third of the background activity con-and OSEM reconstruction methods was found, yielding
centration, an increasing bias (up to a factor of 3) Wasearson’s correlation coefficients0.98.
observed. With an increasing number of iterations, biasTissye time—activity curves were used in combination
decreased from a factor of 3 to a factor of 1.5 (for OSEMith arterial input functions to calculate the metabolic rate
2 X 12 and OSEM 5x 24, respectively). No improvementof glucose. In Figures 6A and B, MRglu values obtained for
of bias was observed with further increases of the numbergfe lung tumors are presented. In these figures the percent-
iterations. In fact, occasionally bias increased with MOrgye difference in MRglu derived from OSEM data com-
itgrat_ions. The randoms/trues fraction wa@.12 for data pared with FBP data is plotted against MRglu based on FBP
with image contrast<0.3. o _ data using a standard two-tissue compartment model and
In Figures S5A and B, LSF and activity profiles across thg,jak analysis. Data presented in Figures 6A and B show
edge of cold insert and hot bac_kground, respectlvely, in the,t large differences between MRglu OSEM and MRglu
NEMA phantom are shown. Figure SA illustrates that aligp eyist for tumor studies but that average differences
OSEM reconstruc_:ﬂqns result in a spatial resolutlon of f"‘boHécreased when resolution matching was applied. These
5 mm FWHM. This is close to the resolution of FBP ith jitterences were smaller for cardiac and brain studies be-
ramp filter (L6). For FBP with a Hannmg filter a resOIUtloncause of the better statistics of the ROI values as a result of
of about 7 mm FWHM was observed. Figure 5B shows th rger ROI or higher uptake. Furthermore, a good propor-

for the same OSEM reconstructions, edge activity profilet\ﬁ)nality between MRglu OSEM and MRglu FBP was ob-

are less sharp than those obtained with FBP Hanning O% . , ;
. 1 - served for all performed studies. Pearson’s correlation co-
Only for OSEM using 3X 24 or more iterations do these P

d fivit il 0 b h th P fgjcients were>0.98 (lowest value for lung tumor studies).
Ea%iiﬁc 'g'g prohies seem 10 be ag SHarmIAINSAd Table 4 average ratios of MRglu OSEM and MRglu FBP,
g oo obtained with a two-tissue compartment model, are pre-
Patient Studies sented for all patient scans. These data indicate that, without
The agreement between OSEM and FBP reconstructgdoothing, OSEM provided higher MRglu values than did
activity concentrations was assessed using the last 15 mirF&P and that resolution matching reduced differences.

Reconstruction C4 PL

A oo ! ——FBP20cm | B. .
- - -OSEM20cm | o .
| ——FBP5em a "

, _ 1004 L = OSEMSem | o
FIGURE 3. (A) Image noise (COV) as | & i L
function of emission scan NEC (NECg,) ob- 2 o1
tained with 5-cm-diameter and 20-cm-di- | © , ey, TS - i .
ameter phantoms. (B) Ratio of image noise tea >5
within insert region (COVieer) Oof NEMA e 3 aa" "
phantom between OSEM 2 X 12 and FBP , o = "
as function of image contrast, defined as T0E+05 1.0E+06 1.0E+07 10E+08  1.0E+09 0.01 0.1 1 10 100
ratio of activity concentration (AC) between NEC &
insert and background (BG) regions. AC INSERT /BG
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defined as the ratio of average activity concentration be-

_ 8 . * OSEM2x12 | tween left ventricle and myocardium. The figure indicates
E 25 '@ OSEM5x12 1 an increasing bias with image contrast.
8 .1 | e OSEM5x24 | |
-0 .
B< . 4 FBP DISCUSSION
§ §1 > e Phantom Studies
‘g €1 Asmisnsssansan | The relationship between image noise and NE&nd
8 NEGC;, has been extensively studied for FBP reconstruction
o 0.5 ) (25-28). Budinger @5) found that this relationship could
0 : be described by COV (%) 120 X N34T2 where N is
0.01 0.1 1 10 100 the number of resolution elements and T is the number of

AC insert/ BG regions events. Huang et al2¢) further developed this relation-
ship by replacing T with the effective number of events,
FIGURE 4. Bias as function of image contrast, defined as ratio  Which incorporated the contribution of noise in Tx and
of activity concentration (AC) between insert and background blank scans. Strother et all4) showed that image noise
region; (BG). Note that image contrast <1 corresponds to cold has g square root dependence with the NEC rate, which
spots in hot background. includes the effects of randoms and scatter correction.
Using NEC, Holm et al. Z6) and Beyer et al. Z0)
Finally, the use of image-derived input functions basddeveloped relationships between image noise and NEC of
on ROIs of the aorta ascendens and left ventricle wR&th emission and transmission scans. All these studies
evaluated. Good agreement within 5% between the activigpowed a square root dependence of image noise on NEC
concentration values of the input functions derived frorfpr FBP. Here, Equations 1 and 4 were derived from the
FBP and OSEM for the first 5 min of the scan was foundelationship given by Beyer et al2Q). In this study the
For the last 30 min of the scan, however, OSEM-derivegfluare root dependence between image noise and NEC of
input functions for the aorta ascendens vyielded 15% & and Tx scans remained valid for OSEM with a mod-
higher activity values than those obtained with FBP, g&Jate number of iterations (2 12).
shown in Figure 7A. This difference was observed for all The data given in Table 1 reveal that the contribution of
studies. For the aorta ascendens the ratio of AUC betwedRCry to noise COV was smaller for OSEM than for FBP,
OSEM and FBP ranged from 1.03 to 1.09 (mean, 1.06), withich is in close agreement with clinical data reported by
only minor differences between different OSEM reconstru¢-onneux et al. 7). One can conclude that OSEM leads to
tion methods. Values of these ratios were not affected Bypproved image quality with respect to SNR for attenua-
smoothing. For the left ventricle this ratio ranged from 1.08on-corrected PET scans compared with FBP. Recently,
to 1.13 (mean, 1.06) for all OSEM reconstruction method#/eighted attenuation schemes for OSEM reconstruction
The average ratio of activity concentrations for the intervélave been develope@9) that incorporate the attenuation
of 20—60 min between the OSEM reconstructions and FBRrrection within the OSEM reconstruction. In this study,
showed larger deviations. For the aorta ascendens this ratitenuation correction factors were applied before recon-
equaled 1.32 and 1.27 for OSEM 2 12 and 4 X 16, struction. With the new weighted OSEM schemes, a further
respectively. For the left ventricle it was 1.29 and 1.27 fareduction of the contribution of noise in the Tx scan NEC to
OSEM 2X 12 and 4X 16, respectively. Smoothing did notthe image noise can be expected, which would further
affect these ratios. In Figure 7B the ratio of activity conimprove image quality for attenuation-corrected whole-
centration between OSEM and FBP for the left ventriclbody studies, potentially allowing shorter Tx scans. Further
ROI is given as a function of image contrast, which istudies are required to quantify this potential improvement.

1.2 FBP Hann 6.E+04 <1
1 - - - - -OSEM1x16 ‘/r‘ =
A — = OSEM2x12 G
08 | e OSEM3x24 ?g 4.E+04
06 f—— % — oA
@
0.4 £ /p [——FBP-Hann
0.2 Lﬁ § 2.E+04 1 . . LOSEMIxtE FIGURE 5. (A) Line spread functions for
0 4 . —m- OSEM2x12 FBP, OSEM 1 X 16, OSEM 2 X 12, and
40 75 5 25 0 25 5 75 10 e OSEM3x24) OSEM 3 X 24. (B) Activity profiles across
Position (mm) 0.E+00

‘ ‘ edge of cold insert and warm background
A B O Bixelpositiongmm) . | of NEMA phantom for FBP, OSEM 1 x 16,
OSEM 2 X 12, and OSEM 3 X 24.
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TABLE 3
Ratio of ROI Values (OSEM/FBP) for Interval 45-60 Minutes of FDG Scan

G5
Tissue ROI 2 X 12 4 X 16 2 X 12 4 X 16
Myocardium Short axis, template ROI 1.10 1.08 1.08 1.05
Axial slices, isocontour ROI 1.13 1.21 1.01 1.02
Tumor 2.5- to 5-cm diameter 1.14 — 0.99 —
Brain Gray matter 0.98 1.04 0.94 0.99

G5 = with smoothing.

Data are given for OSEM 2 X 12, 4 X 16 with and without 5-mm FWHM Gaussian smoothing of reconstructed image. Uncertainty of
these ratios is 2% (1 SD) or less.

When the number of iterations was increased, the relaigher image noise, whereas for large regions or phantoms
tionship between image noise and NECould no longer be OSEM resulted in lower image noise, as shown in Figure 3.
described by a square root relation, as the PL coefficient Diis relationship between image noise and phantom size for
Equation 4 progressively deviated from 0.5. This effe@SEM might be explained by variation of resolution with
indicates that noise amplification with increasing number ghantom size or object-dependent resolution recovery, as
iterations is not equal for all NE& but increases with shown by Yao et al.19), Liow and Strother 18), and Pan
decreasing NEC. This observation might be explained ley al. 38). The resolution experiment showed that OSEM
the positivity constraint applied in OSEM; that is, the cutoffias higher resolution for a line source (very small object),
of negative values will limit the increase in COV, as exwhereas it has poorer resolution for larger phantoms, as will
plained by Qi and Leahy3(Q). This observation is in con- be discussed later. The clinical relevance of this observation
tradiction with that of Budinger25). This may be caused byis that the improved image quality seen in whole-body
differences in NEC range because of the use of differestiudies is caused mainly by the improved noise reduction in
PET scanners. In this study data were acquired with ttlee (large) background regions.

ECAT HR+, which features small crystals that result in Quantitative accuracy for OSEM reconstruction was sim-
high resolution, but which also has a limited number dfar to that for FBP for most phantom studies. In general,
counts per LOR. Bayesian iterative reconstruction methodscurate activity concentrations or ROI values within 3%
have been developed to avoid noise amplification withiere obtained. Furthermore, quantitative accuracy of hot
increasing iteration numbers. This may result in better cogpots of both OSEM and FBP did not depend on phantom
vergence of reconstructed data while keeping image nosiee and NEE,. Large bias, however, was found for regions

within acceptable levels5(12,3%37). Investigation of the enclosed within a 5- to 10-fold hotter background. Part of
usefulness of these new algorithms, however, is beyond tihés bias is explained by lack of convergence for a smaller
scope of this study. number of iterations, as shown in Figure 4. Note also that

Holm et al. £6) and Pajevic et al.A8) showed that image for hot regions within a colder background, convergence is
noise depends on source distribution or phantom size fabbtained earlier than for a cold region within a hotter
FBP reconstructions. In this study the geometric depebackground. The remaining bias for a large number of
dency of the relationship between image noise and NE@rations might stem from the implementation of randoms
found for OSEM was different from that found for FBP. Forcorrection as a precorrection in sinogram space. LORSs in-
small hot spot regions or phantoms OSEM resulted tersecting the cold region have a limited number of prompts,
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TABLE 4
Ratio of MRglu (OSEM/FBP) for Various OSEM Reconstruction Techniques

G5
Tissue ROI 2 x 12 4 X 16 2 x 12 4 X 16
Myocardium Short axis, template ROI 1.11 1.09 1.08 1.05
Axial slices, isocontour ROI 1.09 1.15 1.02 1.02
Tumor 2.5- to 5-cm diameter 1.14 — 1.01 —
Brain Gray matter 0.97 1.02 0.94 0.98

G5 = with smoothing.
Data are given for OSEM 2 X 12, 4 X 16 with and without 5-mm FWHM Gaussian smoothing of reconstructed image. Uncertainty of
these ratios is 3% (1 SD) or less for brain and myocardium. For tumors, larger variation of this ratio was observed, as shown in Figure 6.

whereas the hot background induces a relatively high raPatient Studies

doms rate. Online correction of the randoms may then resultFor most studies, ROI value (45-60 min), time—activity
in negative “trues” for these LORs. With OSEM theseurve, and MRglu analyses indicated that FBP and OSEM
negative values are set to zero, resulting in bias specificatconstructions after resolution matching resulted in essen-
for regions enclosed within hotter backgrounds. In clinicalally identical tissue ROIs, provided that sufficient itera-
studies OSEM should be used with care for cold regiofi®ns were applied. Use of template ROIs on short-axis
enclosed within hotter areas, such as white matter regionssiftes for myocardial PET studies showed a somewhat dif-
brain studies and the left ventricle in myocardial studiegerent result. For these studies the effects of smoothing and
New OSEM algorithms such as the shifted Poisson mod@kmbper of iterations were very small because use of short-
(32), which can take the effects of randoms corrections infis slices reduces resolution during the reorientation pro-
account, are currently under development. At present, thes&s and because use of template ROIs includes areas with
new algorithms are not yet widely available and their usgan ang low activity concentrations. Especially, partial

has not been fully validated for PET studies. inclusion of left ventricle voxels and spillover effects may

Differences in resolution between data ob_ta|_ne(_j with fask the effects of resolution differences among various
rod source (LSF) and the NEMA phantom again indicate ﬂE‘jq‘SEM reconstructions. For brain studies OSEM witix4
difference in speed of convergence for small hot regio )

within a colder background compared with regions enclosg§ lterations was requwed o obtain images .Wlth sufﬂ_me_nt
within a hotter background. Generally, it is assumed thgfcuracy. that is, W'th full convergence. Th's result is in
improved resolution can be obtained with OSEM. The cuf\0S€ agreement with the data obtained during the phantom
rent data suggest that careful assessment of image ndjily indicating that for heterogeneous activity distribu-
versus convergence trade-off as a function of the numbergins, such as cold regions within a hotter background,
iterations should be performed for each object or org&Pnvergence is slower than for small hot regions within a
being scanned. This conclusion agrees with that of Readefgtder background, such as tumors and myocardium. It can
al. 9) and Yao et al. 19), who observed that the perfor-therefore be concluded that, for tissue ROIls, OSEM and
mance characteristics of OSEM depended on source diskBP provide similar results and that OSEM without
bution. However, in the study of Reader et &), (neither smoothing provides an opportunity to achieve higher reso-
resolution nor the application of OSEM to dynamic studidsition resulting in fewer partial-volume effects. Optimiza-

was considered. tion of the number of iterations is, however, required for
A Aorta ascendens B 22
2.0E+04 — ’  OSEM 2412 (+/- G5)
FBP 2
1.6E+04 | E—C V) GV 2 181 m — WOSEM 4x16 (+/- GS5)
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?";- ks g 14
M 8.0E+03 g 12 . 'Y FIGURE 7. (A) Example of time-activity
> 1 ’ 2 curve from ROI on aorta ascendens for last
40E+03 - 08 35 min of FDG scan. (B) Bias of left ven-
0.0E+00 ‘ 06 ‘ ‘ ‘ tricular (LV) activity concentration (AC) as
20 30 40 50 60 0 01 0.2 0.3 0.4 05 | function of image contrast for OSEM 2 X
Time (min) AC LV / Myocard (FBP) 12 with and without smoothing and OSEM
4 X 16 with and without smoothing.
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each organ being scanned, as previous|y shown by Y ao ®tKatoh C, Ruotsalainen U, Laine H, et al. Iterative reconstruction based on median
al (19) root prior in quantification of myocardial blood flow and oxygen metabolism.

. . . . J Nucl Med.1999;40:862—-867.
In contrast, use of image-derived input functions based 0# Liow s, Strother SC, Rehm K, Rottenberg DA. Improved resolution for PET
OSEM reconstructions seemed more problematic over thevolume imaging through three-dimensional iterative reconstrucfiducl Med.

. . . . . 1997;38:1623-1631.
interval of 20—60 min after |nject|on. InpUt functions de Lonneux M, Borbath I, Bol A, et al. Attenuation correction in whole-body FDG

: ) 7
rived from the aorta ascendens and left ventricle ShOWGd oncological studies: the role of statistical reconstructi@ur J Nucl Med
30% higher activity concentrations than in corresponding 1999;26:591-598.

FBP data. The bias in activity concentration would cause %_ Miller TR, Wallis JW. Clinically important characteristics of maximum-likeli-
.. ’ . hood reconstruction] Nucl Med 1992;33:1678-1684.
similar Iarge effect on MRgIU calculations. Van der Weerdta. Reader AJ, Visvikis D, Erlandsson K, Ott RJ, Flower MA. Intercomparison of

et al. (39) showed good agreement (Withil’l 5%) between four reconstruction techniques for positron volume imaging with rotating planar

image-derived input functions and arterial sampling usinl dseﬁc‘%fl?"*gst';"e"dJBiﬁ" 19198?43;853—83;‘;t ’ uction | ]
. . . . Schmialin , [o] . Implementation of Iterative reconstruction In positron
FBP. With OSEM this agreement would deteriorate t0 @ _ icion tomographyProg Clin Biol Res 1991:363:50—67.

difference of about 35%. Data presented in Figure 4 suggestwang cx, Snyder WE, Bilbro G, Santago P. Performance evaluation of filtered
that part of this bias can be exp|ained by image contrast. backprojection reconstruction and iterative reconstruction methods for PET im-

. L ages.Comput Biol Med 1998;28:13-24.
These results indicate the limitation of the current OSE%. Wang W, Gindi G. Noise analysis of MAP-EM algorithms for emission tomog-

method to obtain accurate quantitative results in the pres-raphy.phys Med Bial 1997;42:2215-2232.
ence of high image contrasts. Other OSEM methods, suéhde Jonge FA, Blokland KA. Statistical tomographic reconstruction: how many

P P more iterations to goBur J Nucl Med 1999;26:1247-1250.
as the nery developed shifted Poisson moﬂé),(that take 14. Strother SC, Casey ME, Hoffman EJ. Measuring PET scanner sensitivity: relating

the effects of randoms correction into account m|ght IM- countrates to image signal-to-noise ratios using noise equivalent coBES.
prove the quantitative accuracy of OSEM reconstructions. Trans Nucl Sci1990;37:783-788.
15. Adam LE, Zaers J, Ostertag H, Trojan H, Bellemann ME, Brix G. Performance
evaluation of the whole-body PET scanner ECAT EXACT HRollowing the
CONCLUSION IEC standardlEEE Trans Nucl Sci1997;44:1172-1179.
16. Brix G, Zaers J, Adam LE, et al. Performance evaluation of a whole-body PET
Contribution of Tx scan noise into the SNR of the recon- scanner using the NEMA protocal. Nucl Med 1997;38:1614-1623.

structed image is smaller for OSEM than for EBP Afte’r7' Bergstrom M, Eriksson L, Bohm C, Blomqvist G, Litton J. Correction for
’ scattered radiation in a ring detector positron camera by integral transformation

resolution matching, SNR of OSEM images is better than o e projectionss Comput Assist Tomogi983;7:42-50.
that of FBP images. OSEM and FBP have different relas. Liow Js, Strother SC. The convergence of object dependent resolution in max-

tionships between image noise and NEC depending on imum likelihood based tomographic image reconstructiRinys Med Bial 1993;
. R . . . 38:55-70.
phantom size and source distribution. For most SltuatIOEbS_ Yao R, Seidel J, Johnson CA, Daube-Witherspoon ME, Green MV, Carson RE.

OSEM provides accurate quantitative results within 3%, but Performance characteristics of the 3-D OSEM algorithm in the reconstruction of
a large bias (up to 50%) can be expected for regions within small animal PET imagesEEE Trans Med Imaging2000;19:798-804.

. . . 20, Beyer T, Kinahan PE, Townsend DW. Optimization of transmission and emission
a 5- to 10-fold hotter background. Patient data indicated that ;. 4uration in 3D whole-body PETEEE Trans Nucl Scil997:44:2400-2407.

for brain, myocardium, and tumor RO|S, OSEM and FBP:. Boellaard R, van Loon M, van Lingen A, Lammertsma AA. Performance of a
provide equiva|ent results and that OSEM without smooth- new fully programmable continuous blood sampling device for monitoring blood

. . : . . . radioactivity during PETEur J Nucl Med 2001;28:81-89.
Ing prowdes an Opportunlty to achieve hlgher I’eSO|UtIO£} Carson RE, Yan Y, Chodkowski B, Yap TK, Daube-Witherspoon ME. Precision

resulting in fewer partial-volume effects. Use of image- and accuracy of regional radioactivity quantification using the maximum likeli-
derived input functions with OSEM may result in incorrect hood EM reconstruction algorithitEEE Trans Med Imagingl994;13:526 -537.

MRglu values because of significant bias of the input funés: Hoekstra CJ, Hoekstra OS, Lammertsma AA. On the use of image-derived input
functions in oncological fluorine-18 fluorodeoxyglucose positron emission to-

tion. Both phantom and clinical data showed that this bias is megraphy studiessur J Nucl Med 1999:26:1489—1492.
related to image contrast and may be caused by the neM-Schmidiin P, Bellemann ME, Brix G. Iterative reconstruction of PET images

negativity constraint of OSEM using a high-overrelaxation single-projection algorithfhys Med Bial 1997;
' 42:569-582.

25. Budinger TF. PET instrumentation: what are the limi&@min Nucl Med
1998;28:247-267.
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