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Abstract. Several yttrium-90 labelled somatostatin ana-
logues are now available for cancer radiotherapy. After
injection, a large amount of the compound is excreted
via the urinary tract, while a variable part is trapped in
the tumour(s), allowing the curative effect. Unfortunate-
ly, the compound may also be trapped in critical tissues
such as kidney or bone marrow. As a consequence, a
method for assessment of individual biodistribution and
pharmacokinetics is required to predict the maximum
dose that can be safely injected into patients. However,
90Y, a pure β–particle emitter, cannot be used for quanti-
tative imaging. Yttrium-86 is a positron emitter that al-
lows imaging of tissue uptake using a PET camera. In
addition to the positron, 86Y also emits a multitude of
prompt single γ-rays, leading to significant overestima-
tion of uptake when using classical reconstruction meth-
ods. We propose a patient-dependent correction method
based on sinogram tail fitting using an 86Y point spread
function library. When applied to abdominal phantom
acquisition data, the proposed correction method signifi-
cantly improved the accuracy of the quantification: the
initial overestimation of background activity by 117%
was reduced to 9%, while the initial error in respect of
kidney uptake by 84% was reduced to 5%. In patient
studies, the mean discrepancy between PET total body
activity and the activity expected from urinary collec-
tions was reduced from 92% to 7%, showing the benefit
of the proposed correction method.
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Introduction

Among the various radionuclides available for unsealed
radiotherapy, yttrium-90 is one of the preferred isotopes.
It is a pure high-energy β–particle emitter (end point en-
ergy: 2.27 MeV) with a half-life of 64.1 h. 90Y is avail-
able in no-carrier-added concentration that allows prepa-
ration of a radioligand with high specific activity. Using
a metal chelator, 90Y can be complexed to monoclonal
antibodies or peptide analogues. Among these radiopep-
tides, radiolabelled somatostatin analogues constitute a
new group of promising therapeutic agents. 90Y-DOTA-
D -Phe1-Tyr3-octreotide (90Y-DOTATOC), a Y-labelled
somatostatin analogue, is currently under evaluation for
the treatment of tumours expressing a high density of so-
matostatin receptors [1, 2, 3]. The first step in this evalu-
ation is to quantitatively assess the biodistribution and
pharmacokinetics of the compound in order to compute
individual patient dosimetry data and the maximal dose
that can be safely injected. However, 90Y, being a pure
β–particle emitter, cannot be used for quantitative imag-
ing. Among the isotopes of yttrium emitting an in vivo
detectable particle, only yttrium-86 has a half-life
(14.74 h) long enough for this purpose [1, 2, 3, 4, 5, 6].
Furthermore, 86Y has the interesting feature of being a β+

emitter (33%), allowing the use of state of the art PET
technology to study the whole-body distribution.

Unfortunately, 86Y also emits 300% prompt single γ’s
per disintegration (Fig. 1) (β+=33%, electron capture=
67%), the γ energies ranging between 0.139 and
4.9 MeV [7, 8, 9, 10]. After disintegration, the daughter
nucleus (strontium-86) can be excited in about 30 differ-
ent states, de-exciting to ground state by successive γ
emission with a mean multiplicity of 6 [8, 9]. Of all the
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However, the most disturbing effect with respect to
quantification is the occurrence of true coincidences be-
tween either one single and a 511-keV or two prompt
single γ-rays (referred to as spurious coincidences) dur-
ing positron emission or electron capture. In both cases,
these γ-rays do not have the 180° angular correlation and
thus contribute to the background similarly to scattered
(511-keV) radiation. Whatever acquisition mode is used
in PET (2D or 3D), the spurious coincidences result in
an overestimation of the true activity when not properly
accounted for, and this error remains significant after
classical scatter correction [12, 13, 14]. One should also
note that modern scanners equipped with lossless coinci-
dence processors no longer allow rejection of multiples
(a large proportion of the spurious coincidence are prob-
ably multiples).

The sinogram tail fitting technique estimating the
amount of activity outside the patient has been proposed
to improve quantification [13, 14]. However, since this
process is already used to normalise the 3D scatter sino-
gram estimated by Monte-Carlo simulation, it is hard to
disentangle both effects in 3D. Moreover, the spatial dis-
tribution of the prompt single γ’s and the scattered 511-
keV γ’s are not identical and do not behave in the same
way when modifying the energy window. When data are
acquired in 2D, the axial collimation of the septa im-
proves the ratio between true positron and spurious coin-
cidences. A correct way to approach the problem is a full
Monte Carlo simulation using the prompt energy spec-
trum emitted from an 86Y source with its various branch-
ings and the source/scanner geometry.

After injection, variable amounts of 86Y-DOTATOC
are taken up by tumours expressing somatostatin recep-
tors and a small percentage of the compound is retained
by some normal tissues. As regards the kidneys and the
red marrow, the two critical tissues as far as patient safe-
ty is concerned, the uptake ranges between 0% and 3%
for kidneys and between 0% and 0.1% for a 12-cm-long
segment of the spine red marrow. Since the effective
half-life of 90Y -DOTATOC in most organs exceeds 48 h,
the measurements performed with the 86Y-labelled surro-
gate should include delayed imaging up to 48 h post in-
jection. Taking into account the physical half-life of 86Y,
the activity expected to remain at 48 h after injection of
370 MBq will not exceed 0.4 MBq in the field of view,
and this will lead to a very low sinogram tail count rate.
Also, in corpulent patients who almost fill the PET field
of view, the sinogram tail may become very short or
even disappear for some angular positions. In situations
with such low statistics, line-by-line tail fitting becomes
difficult and hazardous.

For estimation of spurious and scatter contribution
(SSC) in whole-body data acquired in 2D,we propose an
alternative method that is based on measured 86Y point
spread function (PSF) in an elliptical phantom simulat-
ing the abdomen. The SSC magnitude is derived from
the total count number in the patient sinogram tail. The
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γ-rays emitted during 86Sr de-excitation, 25% have an
energy within the PET acquisition energy window (typi-
cally 350–650 keV); a further 70% have an energy high-
er than 700 keV but, after Compton scattering in the pa-
tient or in the PET shielding, may also fall within the en-
ergy window. The magnitude of the process depends on
the patient corpulence and on the activity distribution.
Following the most probable decay path, 24.8% of 86Y
decays to 86Sr3− (energy level of 2,997.35 keV) that sub-
sequently may return to the ground state by emitting four
γ-rays [9]. Of these four γ-rays, two may be directly de-
tected (515.18 and 627.72 keV) while the other two
(777.35 and 1,076.68 keV) may be detected after Comp-
ton scattering. These prompt single γ-rays hamper data
acquisition by increasing the dead time random and mul-
tiple coincidences rate, especially in 3D mode [11].

Fig. 1. γ-Ray abundance per decay for an 86Y point source placed
in air or surrounded by 15 cm water (data adapted from references
[7, 8, 9, 10]). The spectrum was rebinned in a 100-keV histogram
for clarity (86Y emits 102 different γ-rays). Prompt single γ’s emit-
ted during β+ emission are drawn in black. Note that after Comp-
ton scattering in water, the number of single γ’s leaving the scatter
medium during a β+ emission becomes much higher than the num-
ber of γ511 pairs. Compton scattering in the PET shielding will fur-
ther increase this effect. True coincidences can also occur between
γ’s emitted during an e− capture. Spurious coincidences are much
more probable in 3D mode, where non-coplanar γ’s are accepted
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correction method was first validated on phantom acqui-
sitions and further applied to clinical studies performed
in ten patients. The reconstructed whole-body activity
was compared with the activity expected from urine col-
lection counting.

Materials and methods

Data correction. The detected prompt coincidences can be true co-
incidences (TC), i.e. two γ’s emitted during the same decay event
involving a real simultaneous emission, or random coincidences
(RC), i.e. two γ’s produced by two independent decay events casu-
ally occurring within the PET time acceptance window (~20 ns).
The true coincidences can be (1) usable coincidences (U511), i.e.
two 511-keV γ’s emitted during the positron annihilation and thus
travelling in opposite directions, (2) scattered coincidences (S511),
i.e. two γ’s emitted during the positron annihilation, but with at
least one of them undergoing Compton scattering and (3) spurious
coincidences (SC), i.e. two γ’s emitted during the same decay pro-
cess, but with at least one of them deriving from the de-excitation
of 86Sr to ground state rather than from positron annihilation.

Figure 2 depicts the proposed scatter and spurious coincidences
(SSC) subtraction method. The SSC contamination is treated like a
perturbation. First, the random contamination is removed from the
prompt coincidences by estimating the random coincidences using
the classical delayed coincidences method. The estimation of true
coincidences is further corrected for intrinsic efficiency by apply-
ing a dead time (function of bucket single rate) and a geometrical
(solid angle) correction. These corrections are strictly valid for the
U511 component and give the TC sinogram (Fig. 2). The TC sino-
gram is further reconstructed using the attenuation-weighted or-
dered subsets-expectation maximisation (OSEM) algorithm [15],
generating a first estimated activity distribution A0. Thereafter, the
estimation of the SSC sinogram is calculated as follows:

(1)

The 3D convolution was obtained as follows:

(2)

where X and Y are the coordinates in the transverse plane and Z is
the axial coordinate of the plane. K(x, y , r , φ, z) is the SSC coin-
cidences contribution. K was measured from a point source locat-
ed on a set of coordinates (i × h, j × h, 0) forming a grid inside the
Plexiglas cylinder (see “Materials and methods, SSC PSF libra-
ry”). The needed value K on the coordinate (x,y) is obtained by a
2D linear interpolation from the four measured positions sur-
rounding the point (x, y). L(φ) [or l (φ, z] is the width of the Plexi-
glas cylinder (or the width of the patient slice z) along the sino-

where z is the coordinate of the slice along the axial direction; r
and φ are the radial and angular coordinates in the sinogram z; and
(K ⊗ A0) is the 3D convolution between the patient distribution
activity A0 and the PSF SSC library K (⊗, Fig. 2). The ratio before
(K ⊗ A 0) in Eq. 1 is a normalisation factor (÷, Fig. 2). This nor-
malisation ensures that for each sinogram z, the number of counts
in the region corresponding to projection paths passing outside the
patient is the same for the SSC estimation as for the TC sinogram.
Indeed, in this region [out(z)in Eq. 1 and * in Fig. 2], all the coin-
cidences detected are scatter or spurious coincidences (random co-
incidences are already removed). This region out(z)is chosen to be
the area where the ratio between the blank scan and the patient’s
transmission scan is higher than 0.95.

The SSC non-stationary PSF library K was obtained once and
for all by acquiring the prompt coincidences for an 86Y point
source successively placed in each grid hole drilled throughout a
solid Plexiglas elliptical cylinder (Fig. 2). The U511 coincidences
were removed from the true coincidences using the following pro-
cedure: for each line φ inside an interval of 2 cm width (6×PET
σ) centred around the source location in the sinogram (Fig. 3), the
pixel values were set to the mean value of the two pixels located at
the limits of the interval. Note that these SSC PSFs also contain
the S511 coincidences.

Fig. 2. Schematic representation of the scatter and spurious coinci-
dences (SSC) subtraction process. For simplicity, transmission
sinograms are not represented. The true coincidence (TC) sino-
gram is reconstructed using the attenuation-weighted OSEM algo-
rithm. The resulting estimated activity A0 is 3D convolved (⊗)
with the SSC point spread function (PSF) library (K) as follows:
(1) multiplication (×) of each activity pixel by the SSC PSF (K)
obtained (– · – · →) from the point source located at the corre-
sponding position (← · – · →) inside the Plexiglas cylinder, (2)
summation (Σ) of the results computed for each pixel. The SSC
estimation is further normalised (÷) to fit the total number of
counts outside the patient (*) to the number of counts located out-
side the patient in the TC sinogram. The subtraction (−) of this es-
timated SSC from the TC sinogram provides a corrected sinogram,
which, after reconstruction, generates the corrected activity distri-
bution Ac. The same correction scheme can be iteratively applied
using the last corrected activity distribution as a new starting esti-
mated activity
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gram radial coordinate r. This width is measured on the sinogram
resulting from the ratio between the blank and the transmission
sinogram using the same threshold of 0.95. The rescaling factor

takes into account the difference between the patient and

the Plexiglas cylinder widths. It is, of course, a rough approxima-
tion: changing the scatter medium size does not only correspond
to a sinogram size scaling. Xo(Z) and Yo(Z) are the transverse coor-
dinates of the geometric centre of the patient slice Z. The shift co-
ordinate factor Xo(Z)cos(φ)+Yo(Z) sin(φ) takes into account the
fact that the patient is usually not accurately centred in the field of
view of the camera.

The normalised estimated SSC is then subtracted (−, Fig. 2) from
the true coincidences. Due to the very low count rate, the OSEM al-
gorithm is used to reconstruct the data rather than the usual filtered
back-projection. OSEM, like the expectation maximisation-maxi-
mum likelihood algorithm [16, 17], may be applied only to positive
sinograms. This implies that the negative pixel values introduced by
the subtraction of the estimated SSC, as a consequence of the statisti-
cal fluctuation, have to be removed. Setting these pixel values to 0
introduces a significant bias. The following correction was thus used
to remove the negative pixel values in the subtracted sinogram: for
each pixel rφ of sinogram z (beginning from z=0 to Nz) having a
negative value − pz (pz >0), the pixel value was set to 0 and 
min(pz /2, pz−1) counts were removed from the pixel rφ of the sino-
gram z−1 and pz −min(pz /2, pz −1) counts were removed from the pixel
rφ of the sinogram z+1. pz−1 is the value of the pixel rφ in the sinogram
z−1. pz−1 is positive because the correction for negative values has al-
ready been done for the sinogram z−1 when correcting sinogram z.

The subtraction of the estimated SSC (Eq. 1) from the TC
sinogram gives a corrected sinogram that, after reconstruction us-
ing the attenuation-weighted OSEM, will provide the corrected ac-
tivity distribution Ac .

The same correction scheme can be applied iteratively using
the last corrected activity distribution as a new starting estimated
activity.

Data acquisition. Acquisitions were performed using the Siemens
ECAT Exact HR camera [18]. In order to minimise the SSC, ac-
quisition of emission data was performed in 2D mode (septa ex-
tended) using a narrow energy window (411–611 keV). However,
due to the complexity of the detector block setup and whole scan-
ner normalisation, no other specific normalisation was performed
than the one performed for the standard 350- to 650-keV energy
window. Therefore, block corners would have a reduced efficien-
cy. This effect was reduced by normalising the emission scans by
the ratio between two daily blanks acquired with the two afore-
mentioned energy windows. Furthermore, since an activity stan-
dard was acquired and reconstructed in the same way as for the
patients, systematic biases were almost avoided. The azimuthal
sampling was 196 angles with a pixel size of 1.65 mm. Transmis-
sion was performed using three rotating 68Ge/68Ga rod sources.
Dead time and the random coincidences were corrected by the
standard Siemens ECAT Exact HR procedure.

Standard. For each acquisition, phantom and patient, a standard
source was acquired. The standard was a 0.3-ml aliquot of the in-
jected solution contained in a 1-ml syringe enveloped in a 0.5-mm
copper sheet in order to stop the positrons by annihilation. The
standard and the injected dose activity were measured using a ra-
dioisotope calibrator following the manual procedure (CRC-12
Capintec, Pittsburgh, Pa., USA): calibration number set to 711,
and displayed activity divided by 2.

SSC PSF library. A solid Plexiglas elliptical cylinder (40-cm long
axis, 30 cm short axis and 12 cm length) similar in size to a stan-
dard human abdomen was perforated by 87 holes (5 mm diame-
ter), forming a 2.5-cm mesh grid. The cylinder was positioned in
the centre of the field of view (FOV) of the camera. Two circular
cylinders (8 cm diameter and 12 cm length) filled with water were
located at the right and left of, and in contact with, the elliptical
cylinder to simulate the patient’s arms. A 111-MBq 86Y point
source (size 3×3×3 mm) was placed in a hole of the phantom and
a 20-min emission acquisition was performed. The source point
was successively placed in each hole of one quadrant, and acquisi-
tions were repeated. For the other three quadrants, PSFs were ob-
tained by symmetry operation from the acquired data. Attenuation
was estimated from a 1-h transmission scan performed on the
Plexiglas cylinder without source.

Anatomical phantom. The anatomical phantom was made of an el-
liptical cylinder (30 cm long axis, 22 cm short axis and 20 cm
length), filled with an active 86Y-DTPA solution (4 mm) simulat-
ing the patient vascular and extracellular activity (background)
(Fig. 4). To simulate the patient’s arms, two circular cylinders
(8 cm diameter and 10 cm length) filled with water were posi-
tioned at the right and left of the elliptical cylinder. A 1-l plastic

Fig. 3. True coincidences sinogram for a 86Y point source located
at the positions A, B and C inside the elliptical Plexiglas phantom
used for determination of the PSF library. The phantom contour is
drawn on the sinogram ( external curved lines). Note that the
amount and distribution of the scatter and spurious coincidences
depend on the position of the point source in the phantom

Fig. 4. Schematic representation of a transverse slice through the
anatomical phantom simulating the abdomen and the arms: A, kid-
ney; B, liver; C–E, tumours; F, G, arms; H, elliptical cylinder
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bag filled with an 86Y solution simulated the liver. One kidney and
its cortex were simulated by using two concentric cylinders
(10 cm length), the inner cylinder (4 cm external diameter) being
filled with water, while the external cylinder (6 cm internal diame-
ter) was filled with an 86Y solution. Three 1.3-cm-diameter vials,
filled with an 86Y solution, simulated tumour lesions. Table 1 de-
tails the compartment volumes and used 86Y activities. The total
acquisition time was 20 min. After 48-h decay, a 60-min transmis-
sion scan was acquired.

Patients. Ten patients with metastatic tumours expressing somato-
statin receptors were studied. Whole-body emission and transmis-
sion scans were acquired over ten bed positions with overlap of
seven planes (2.5 cm). Transmission scans, 5 min per bed position,
were acquired prior to injection. The position of anatomical land-
marks (eyes, nose, upper limit of the manubrium, navel and knees)
was determined and noted using three orthogonal laser beams.
Four hours after injection of 370 MBq 86Y-DOTATOC, patients
were carefully repositioned and a 50-min whole-body emission
scan (10×5 min/bed position of 12.5 cm effective length) was per-
formed. Urine was collected during the initial 4-h period follow-
ing injection. The excreted fraction of the injected dose was deter-
mined by counting aliquots of the urine collection and a standard
of the injected dose using a γ-counter (Wizard 3′′ 1480, Wallac,
Turku, Finland). Urine collection was incomplete for two patients,
who were therefore excluded from the validation study. The study
was approved by the Ethics Committee of the University of Lou-
vain Medical School and all patients gave written informed con-
sent.

Activity quantitation. Iterative reconstruction was performed in a
128×128 matrix (4.33 mm pixel size) using two iterations of
weighted OSEM with 14 subsets of seven angles.

The acquisition of the standard was reconstructed using water
and copper theoretical attenuation coefficients. The number of
U511 coincidences was assumed to be the number of counts in a
cylindrical volume of interest (VOI) (2 cm diameter and 3 cm
length) drawn around the standard in the reconstructed activity
map. Indeed, for a small source in air, Compton scattering is negli-
gible. Thus, the S511 contribution was negligible and only 25% of
the prompt single γ’s, i.e. those with an energy within the accep-
tance window, contributed to spurious coincidences. Furthermore,
due to their random emission angle, most SC-induced artefacts
were outside the standard VOI.

Data acquired with the abdominal phantom and in patients
were reconstructed with and without the SSC correction tech-
nique. In order to reduce the noise fluctuation due to the low count
rate, a 3D gaussian filter of 1-cm full-width at half-maximum was
applied on the final reconstruction. The SSC correction was limit-
ed to the first iteration for the patient studies. The phantom com-
partment activities and the tissue uptake in patients were comput-
ed using the number of counts in hand-drawn VOIs compared with
the counts of the standard VOI.

Since the volumes of the tumours in the phantom were small
(13 mm transverse diameter) and surrounded by background activ-
ity, the activity quantitation may have been affected by a partial
volume effect due to the limited spatial resolution. To limit this ef-
fect, the tumour VOI was drawn large enough to include the whole
tail of tumour activity. Cross-contamination from the surrounding
background activity in this large VOI was further removed using:

(3)

where Atumour is the tumour activity, AVOI is the activity of the tu-
mour VOI and Abg is the total background activity in the phantom.
VVOI is the volume of the tumour VOI in ml. Eight and 6,500 are
the actual volumes (ml) of the tumours and of the background
compartment. Eq. 3 was used for both uncorrected and SSC-cor-
rected reconstruction.

86Y and 86Y-DOTATOC. Yttrium-86 was produced by irradiation
of enriched 86SrCO3 (Oak Ridge National Laboratory, Tenn.) fol-
lowing an 86Sr(p, n)86 Y reaction as previously described [19]. The
86Y formed is separated from Sr by co-precipitation with LaCl3 in
25% aqueous ammonia and further purified on a cation-exchange
column (Aminex-A5, Bio-Rad, Nazareth-Eke, Belgium) using hy-
droxy-isobutyric acid at increasing molarities (0.05–0.15 M). The
elution solvent is evaporated to dryness and the recovered activity
resuspended in 10 ml 0.02 N HCl. The radionucleidic purity was
measured in an HPGe gamma spectrometer. Less than 1% 87Y and
0.1% 88Y were found in the preparations.

DOTATOC (Novartis Pharma AG, Basel, Switzerland and
Mallinckrodt Medical, Petten, Holland) was available as a lyo-
philised kit containing 80 µg DOTATOC, 16 mg gentisic acid,
40 mg inositol and 80 mg ascorbic acid. For labelling, 1,110 MBq
86YCl3 was added to a vial of DOTATOC and incubated at 100°C
for 20 min.

Table 1. Phantom compartment activities without and with (five iterations) SSC correction

Tissue Volume (ml) Activity (MBq) Relative error %

True No SSC With SSC No SSC With SSC 
correction correction correction correction

Kidney cortex 100 2.29 4.22 2.41 +84 +5
Liver 1,000 10.36 14.47 9.73 +40 −6
Tumour C 8 2.18 2.29 1.96 +5 −10
Tumour D 8 4.14 4.49 4.04 +8 −10
Tumour E 8 9.14 10.36 9.79 +13 +7
Background 6,500 22.72 49.25 24.72 +117 +9
Arm F 500 0.00 0.71 0.02 n.a. n.a.
Arm G 500 0.00 0.40 0.02 n.a. n.a.

n.a., Not available
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Results

SSC PSF library

Figure 3 shows the acquired true coincidences sinograms
for the 86Y point source located in three different posi-
tions (A, B, C) inside the Plexiglas cylinder. The U511
coincidences were located along the sinusoidal curve
passing through the pixels with the highest counts. The
SSC profile strongly depended on the source position in-
side the cylinder, clearly showing the non-stationarity of
the PSF. SSCs were also detected outside the cylinder
boundaries.

Anatomical phantom

As shown in Fig. 5, the iterative process quickly con-
verged. Indeed, after the first iteration all the compart-
ment activities were already within 3% of their final val-
ue. SSCs were responsible for significant overestimation
of activity, especially in the large area with low activity
(up to 117% overestimation in the background compart-
ment) (Table 1). Although the arm compartments did not
contain any activity, SSC induced in these compartments
major artefacts that were eliminated by the correction
method. This artefactual activity was higher in the arm
compartment close to the tumours (arm F in Fig. 4). The
proposed SSC correction method reduced the relative
overestimation from 84% to 5% for kidney cortex, from
40% to −6% for liver and from 117% to 9% for back-
ground.

Patients

After injection of 86Y-DOTATOC, 53±8% of the injected
activity was recovered in the urine within 4 h p.i. Signif-
icant uptake was noted in tumours, in the kidney cortex
and to a lesser degree in the liver and spleen. Figure 6
shows coronal views with and without SSC correction.
Images without correction clearly showed strip artefacts
around active tissues such as kidneys, bladder, spleen
and tumours. These artefacts were significantly reduced
by the SSC correction while the tumour-to-background
contrast was enhanced. The soft tissue activity became
homogeneous after the SSC correction. Without SSC
correction, the whole-body activity was overestimated
twofold (Table 2). With the SSC correction the residual
relative error ranged from −12% to 21% with a mean
value of 7%; there were underestimations in four cases,

Fig. 5. Ratio between the computed and the true activities in the
different compartments of the anatomical phantom as a function of
the number of iterations in the SSC correction method. Iteration 0
corresponds to no correction. Note that after the first iteration,
computed activities are already within 3% of the final value

Fig. 6. PET study of a patient injected with 370 MBq 90Y-DOTA-
TOC (4 h p.i.): coronal slice passing through the kidneys (top) and
projection of all coronal slices using the maximum pixel (bottom),
without SSC correction (left panel) and with SSC correction (mid-
dle panel). The images on the right are the result of subtraction of
the corrected from the uncorrected images. After SSC correction,
the contrast is improved and the soft tissue activity is homogene-
ous. The artefactual activity present in the soft tissue around the
bladder disappears after correction. The two images on the right
clearly show that the counts reduction following SSC correction is
not stationary
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which shows that the systematic overestimation no lon-
ger persisted. Table 3 shows that the SSCs were respon-
sible for an overestimation of kidney activity ranging
from 21% to 46%, which might have resulted in inappro-
priate dose calculation. For tumours, the correction mag-
nitude was even more variable, ranging from 5% to 48%.

Discussion

These phantom and patient studies demonstrate that
prompt single γ’s emitted by 86Y are responsible for
overestimations of activity that may reach 100% and
80% in the background and kidneys, respectively. Like
scatter coincidences related to primary 511-keV γ’s, spu-
rious coincidences lead to misplaced disintegration
events during the reconstruction process, i.e. a source lo-
cated somewhere in the body induces artefactual activity
in distant regions [12, 13, 14]. Contrast reduction and ac-
tivity overestimation depend on the ratio between the tis-
sue activity itself and the surrounding activity. This was
clearly visible in patient studies (Fig. 6) and in the phan-
tom study, where the overestimation for the arm close to
the tumours was higher than that for the other one (Ta-
ble 1). Similarly, for the same patient, SSC correction
may lead to a reduction in counts that is different for the

two kidneys depending on the proximity of activities.
This demonstrates the non-stationarity of the SSC cor-
rection (Fig. 6, right panel).

Increase in patient corpulence led to a decrease in the
number of U511 coincidences due to attenuation and to a
minor increase in prompt single γ’s within the energy
window (Fig. 1). As a consequence, the ratio between
U511 coincidences and spurious coincidences decreased
when the patient width increased, which in turns ex-
plains the variation in the SSC correction of the whole-
body activity. Although there was no obese patient in our
study, the maximal whole-body activity overestimation
could reach 100%. Activity distribution and patient
shape are highly variable which explains why an individ-
ual correction method is required.

Our data show that the proposed SSC correction
method quickly converges and can be stopped after the
first iteration for patient studies, thereby reducing the
noise magnification that would be induced by further it-
erations. This fast convergence results from the fact that
the estimated SSC sinogram is normalised using the raw
true sinogram. The SSC correction significantly im-
proved the accuracy of quantitation: after correction the
relative error of the whole-body activity ranged between
−12% and 21% with a mean value of 7%. The balanced
distribution of the relative error around 0 (four under-
and four overestimations) shows that the systematic
overestimation is well corrected.

It is worth noting that the present sorting hardware on
the ECAT Exact HR (lossless coincidence processor) is
not optimised for data acquisition of isotopes such as
86Y, since all multiple events are stacked and sorted. For
ideal positron isotopes (branching 100%, no prompt sin-
gle γ-rays), the most probable multiple situation occurs
when a γ-ray spreads its energy on neighbouring blocks.
For isotopes such as 86Y, multiple events occur more fre-
quently when a coincidence event of two 511-keV γ’s is
detected together with a prompt single γ.

The prompt single γ’s hamper data acquisition by in-
creasing the dead time random and multiple coincidenc-
es rate, especially in 3D mode [11]. Depending on the

Table 2. Patient whole-body
activities with and without SSC
correction. True activity is as-
sumed to be the injected dose
minus the activity in urine col-
lections

Patient Whole-body activity (% ID) Relative error %

True No SSC With SSC No SSC With SCC 
correction correction correction correction

1 55.3 106.0 54.8 91 −1
2 43.2 82.0 37.8 89 −12
3 51.4 104.3 48.5 102 −5
4 34.2 60.7 34.5 77 1
5 37.3 80.5 45.2 115 21
6 46.2 84.5 47.2 82 2
7 51.1 96.1 54.3 88 6
8 56.7 110.4 53.1 94 −6

Mean 46.9 90.6 46.9 92 7

Table 3. Ratio between uncorrected and corrected tissue activities
in patients

Patient Whole body Left kidney Right kidney Tumours

1 1.93 1.38 1.36 1.48
2 2.17 1.36 1.41 1.38
3 2.14 1.46 1.27 1.22
4 1.76 1.25 1.25 1.05
5 1.78 1.26 1.24 1.18
6 1.79 1.21 1.25 1.13
7 1.77 1.25 1.24 1.14
8 2.07 n.a. n.a. 1.47

n.a., In patient no. 8, kidneys were not visualised
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magnitude of this prompt single γ-ray component, it may
saturate the scanner acquisition system more quickly
than with pure positron emitters and the dead time cor-
rection algorithms may also diverge sooner due to a
higher single’s rate. Also, the amount of multiple coinci-
dences will strongly depend on the activity outside the
axial FOV owing to the very open geometry. The emis-
sion direction of prompt single or scatter γ’s is randomly
distributed; thus they rarely travel inside the same 2D
transverse plane as a primary 511-keV γ. In 3D mode,
the detection geometry is open, increasing the probabili-
ty that unscattered or scattered prompt single γ’s will be
detected in coincidence with primary U511 γ’s or with
prompt single γ’s. This will further increase the SSC
contamination and may become uncorrectable for.

Future improvement of the method should include a
spurious coincidence PSF that really takes into account
the patient’s size. Indeed, rescaling the PSF with the pa-
tient/Plexiglas cylinder size ratio may be considered as a
rough approximation. This lack of accuracy is, however,
compensated by the fact that the estimated spurious coin-
cidences sinogram has only to have a good profile: the
normalisation is achieved by using the property that
prompt coincidences detected outside the patient are scat-
ter or spurious ones. Another weakness of the proposed
correction method is that the Plexiglas cylinder model
does not take into account the heterogeneity of tissue
density, which is especially significant in the chest. The
accuracy of the proposed quantification has not been as-
sessed for tumours located in the thorax. However, for
critical organs located in the abdomen, such as kidneys, a
homogeneous model should constitute an acceptable ap-
proximation. In the future, variables such as patient size
and tissue density could be integrated in computation of
spurious coincidences PSF by using Monte Carlo simula-
tion rather than phantom data. It would also be worth-
while to evaluate the proposed method for correction of
scatter coincidences in 18F-FDG studies.
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