
ORIGINAL ARTICLE

High throughput static and dynamic small animal imaging
using clinical PET/CT: potential preclinical applications

Nicolas Aide & Cédric Desmonts & Jean-Mathieu Beauregard & Thomas Beyer &

Kathryn Kinross & Peter Roselt & Oliver Neels & Denis Agostini & Stéphane Bardet &
Gérard Bouvard & Rodney J. Hicks

Received: 15 July 2009 /Accepted: 1 December 2009 /Published online: 27 January 2010
# Springer-Verlag 2010

Abstract
Purpose The objective of the study was to evaluate state-
of-the-art clinical PET/CT technology in performing static
and dynamic imaging of several mice simultaneously.
Methods A mouse-sized phantom was imaged mimicking
simultaneous imaging of three mice with computation of
recovery coefficients (RCs) and spillover ratios (SORs).
Fifteen mice harbouring abdominal or subcutaneous
tumours were imaged on clinical PET/CT with point spread
function (PSF) reconstruction after injection of [18F]
fluorodeoxyglucose or [18F]fluorothymidine. Three of
these mice were imaged alone and simultaneously at radial
positions –5, 0 and 5 cm. The remaining 12 tumour-bearing
mice were imaged in groups of 3 to establish the
quantitative accuracy of PET data using ex vivo gamma
counting as the reference. Finally, a dynamic scan was

performed in three mice simultaneously after the injection
of 68Ga-ethylenediaminetetraacetic acid (EDTA).
Results For typical lesion sizes of 7–8 mm phantom
experiments indicated RCs of 0.42 and 0.76 for ordered
subsets expectation maximization (OSEM) and PSF recon-
struction, respectively. For PSF reconstruction, SORair and
SORwater were 5.3 and 7.5%, respectively. A strong
correlation (r2=0.97, p<0.0001) between quantitative data
obtained in mice imaged alone and simultaneously in a
group of three was found following PSF reconstruction.
The correlation between ex vivo counting and PET/CT data
was better with PSF reconstruction (r2=0.98; slope=0.89,
p<0.0001) than without (r2=0.96; slope=0.62, p<0.001).
Valid time-activity curves of the blood pool, kidneys and
bladder could be derived from 68Ga-EDTA dynamic
acquisition.
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Conclusion New generation clinical PET/CT can be used
for simultaneous imaging of multiple small animals in
experiments requiring high throughput and where a
dedicated small animal PET system is not available.

Keywords Molecular imaging . PET/CT. PSF
reconstruction . Cancer research . Preclinical studies

Introduction

Immunodeficient rodents bearing xenografted human
tumours and transgenic mice bearing spontaneous
tumours are the cornerstone of oncological preclinical
models. Dedicated small animal positron emission to-
mography (DSA PET) is a powerful means for preclin-
ical studies involving such tumour/disease models. DSA
PET are used for tumour take rate evaluation [1] and
early evaluation of treatment based on either conventional
chemotherapy [2] or inhibitors of the tumour transduction
signal [3].

Typically, small animal PET imaging is performed on
DSA PET systems. However, these dedicated imaging
devices are less widely available than clinical PET and
PET/CT. Therefore, researchers have tried to image small
rodents on clinical PET systems [4]. A major limitation of
clinical PET imaging technology is the limited spatial
resolution that—in the context of small animal imaging—
degrades significantly with the radial distance from the
centre of the field of view (FOV).

However, recently new advanced reconstruction algo-
rithms that model the point spread function (PSF) of
individual detector elements have become commercially
available in clinical PET/CT [5–7]. Based on the
implemented PSF reconstruction the spatial resolution of
PET/CT has improved and approaches those of earlier
generation DSA PET [8]. Therefore, new generation
clinical PET/CT could, in theory, be useful to image mice
bearing tumours, in contrast with clinical PET/CT
equipped with classic iterative reconstruction methods,
for which murine imaging is not feasible because of
significant partial volume effect [9].

In cancer research, the number of animals that require
imaging is potentially high. However, the number of
animals that can be imaged within a DSA PET session is
limited by the relatively long procedure, which may take
20 min per animal if a separate transmission scan is
performed for attenuation correction [10]. Therefore, being
able to image several animals simultaneously would be
extremely valuable, allowing a dramatic increase in
scanning throughput. New generation clinical PET/CT
equipped with PSF reconstruction have a large FOV
(70 cm) and good spatial resolution throughout the entire

FOV. Therefore, degradation of image quality would not be
anticipated when imaging several mice simultaneously.

This study aims to evaluate the ability of a new generation
clinical PET/CT scanner to perform both static and dynamic
preclinical imaging of small animals with a focus on its
capability to image several rodents simultaneously.

Materials and methods

Clinical PET/CT system

All PET imaging studies were performed on a Biograph
TrueV (Siemens Healthcare). Phantom studies were per-
formed at the PET unit of the François Baclesse Cancer
Centre/University Hospital of Caen using the TrueV 6 (with
a 6-slice spiral CT component). Animal examinations were
performed at the Centre for Molecular Imaging of the Peter
MacCallum Cancer Centre with a TrueV 64. Table 1
summarizes the technical and performance characteristics
of the PET components of the TrueV system.

Tracer synthesis

[18F]Fluorodeoxyglucose (18F-FDG) was purchased from
Cyclotek (Melbourne, Australia) or Cyclopharma (Saint-
Beauzire, France). 3′-Deoxy-3′-[18F]fluorothymidine (18F-
FLT) was prepared at the Peter MacCallum Cancer Centre

Table 1 TrueV Biograph PET/CT (Siemens Healthcare): PET system
and performance characteristics

Characteristic Value for the TrueV Biograph

Detector ring diameter (cm) 84.2

Detector material LSO

No. of individual crystals 32,448

No. of crystals per ring 624

No. of detector rings 52

No. of image planes per
bed position

109

Crystal size (mm3) 4×4×20

No. of detector blocks 192

Patient port diameter (cm) 70

Axial FOV (cm) 21.6

Transaxial FOV (cm) 60.5

NECR 165 kcps @ 32 kBq/mla

Sensitivity 7.9 cps/kBq @ 425 keVa, b

LSO lutetium orthosilicate, NECR noise equivalent count rate
a Values quoted by manufacturer
b The sensitivity of the Inveon state-of-the-art small animal PET is
29.35 cps/kBq for an energy window of 350–650 keVand coincidence
window of 3.4 ns [33]
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on the GE Tracerlab FXFN module using the method
described by Machulla et al. [11].

For 68Ga-ethylenediaminetetraacetic acid (EDTA) syn-
thesis performed at the Peter MacCallum Cancer Centre, a
commercial 68Ge/68Ga generator was obtained from IDB
Holland BV (Barle-Nassau, The Netherlands). 68Ga was
eluted from the generator using 0.5 N HCl and purified as
described by Zhernosekov et al. [12]. The purified 68Ga
was eluted into 5 ml Milli-Q water containing 0.1 mg
disodium EDTA and reacted at 120° for 10 min. The final
product solution was filtered using a Millex-GV filter
(Millipore).

Phantom studies

Determination of spatial resolution of the clinical PET/CT
system

Spatial resolution of the PET/CT was determined by
imaging point sources placed in air at different radial
offsets in the centre of the FOV. Point sources were made of
capillary tubes of 0.5 mm inner diameter filled with a
70 MBq/ml solution of 18F-FDG. Full-width at half-
maximum (FWHM) PSF was determined in the radial
direction, along profiles passing through the distribution
peak, as recommended by the National Electrical Manu-
facturers Association (NEMA) NU-2001 standard [13, 14].

Phantom experiment for recovery coefficients (RCs)
and spillover ratios (SORs)

A Micro-Deluxe phantom (Data Spectrum Corporation)
was used to study RCs and SORs for the clinical PET. This
phantom consisted of a main chamber (internal diameter
4.5 cm, external diameter 5 cm), containing either fillable
spheres or two small cylinders. Diameters of the fillable
spheres were: 3.95, 4.95, 6.23, 7.86 and 9.89 mm, and their
centres were located within a single transaxial plane. Inner
diameter and length of the cylinders used to compute the
SOR were 10 and 20 mm, respectively.

In order to study RCs, the main chamber and the spheres
were filled with an 18F-FDG solution with a background
activity of 0.46 MBq/ml and a sphere to background ratio
of 5. For the evaluation of SORs, the main chamber was
filled with the same background activity (0.46 MBq/ml),
while one cylinder was filled with non-radioactive water
and the other kept empty (air-filled).

In all experiments the phantom was fixed on a flat
carbon fibre radiotherapy table. First, the lesion phantom
was imaged at 0 cm (centre FOV) and at 5 cm (radial
offset). This offset corresponds to the position of a mouse if
three animals were to be imaged simultaneously, i.e. one
mouse at the FOV centre with two mice on either side.

Second, the cylinder phantom was imaged in the
presence of two cylindrical 18F-FDG sources, to simulate
the simultaneous presence of three rodents in the FOV and
evaluate the impact on image quality of attenuation and
scatter radiation due to multiple rodents. The lesion
phantom was placed at −5 cm and the two activity sources
at 0 and +5 cm radially.

In all imaging sessions the CT acquisition was performed
first with: 80 mAs, 130 kVp, pitch 1 and 6×1 mm
collimation. Subsequently, the PET static emission acquisi-
tion was performed in 3-D mode. For each phantom (or
group thereof), the duration of the first acquisition was
20 min and the duration of subsequent acquisitions was
increased to account for 18F decay. PET images were
reconstructed with a zoom of 2 (reconstructed FOV=
35 cm) and two different algorithms. First, a standard
ordered subsets expectation maximization (OSEM) 3-D
reconstruction algorithm with 4 iterations and 8 subsets was
used. Second, the PSF reconstruction algorithm (HD;
TrueX, Siemens Medical Solutions) with 6 iterations and
16 subsets was used. In both reconstruction modes the
matrix size was 3362, resulting in a 1.02×1.02×1 mm3

voxel size. Scatter [15] and attenuation corrections [16]
were applied prior to image reconstruction.

Animal studies

Small animal models

Animal studies were performed with approval of the Peter
MacCallum Cancer Centre Animal Ethics Committee. A
total of 18 mice were used of which 15 were tumour-
bearing mice. These 18 mice comprised 5 separate
experimental groups. These were a genetically engineered
murine model [Lox-Stop-Lox (LSL) KrasG12D/+/Ptenfl/fl]
[17] that develops spontaneous orthotopic ovarian cancers
(n=3) and nude mice with transplanted ovarian cancers
(n=6) or subcutaneous xenografts of prostate cancer (PC3
tumours, n=3) or ovarian cancer (SKOV-3 tumours, n=3).
Three nude mice without tumour were used for a dynamic
study.

Static PET/CT imaging of mice

All animals fasted for 3 h prior to imaging. Tracer injection was
performed via the tail vein with a solution of 18F-FDG (16–
32 MBq in 0.1–0.2 ml) and 18F-FLT (32–37 MBq in 0.1 ml)
in six animals each. In six PET/CT examinations (three 18F-
FDG and three 18F-FLT) an intravenous (IV) contrast media
agent was co-injected (eXia 160XL, Benitio International,
Canada). eXia 160XL is an aqueous colloidal polydisperse
contrast agent, which avoids renal filtration and diffusion
from the intravascular into the interstitial space, thereby
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providing long-lasting vascular enhancement, together with
splenic and liver enhancement. This contrast media was
mixed with the radiotracer, in order to perform only one tail
vein injection per animal. The total volume of the injection
was always kept below 0.2 ml. To minimize muscle and
brown fat uptake in the case of 18F-FDG imaging, animals
were kept anaesthetized under warming lights for a 20-min
period after injection. Animals were sacrificed 45–60 min
after injection to minimize changes in biodistribution between
consecutive imaging sessions and ex vivo counting.

Single versus multiple animal static imaging comparison

First, three animals injected with 18F-FDG were imaged
simultaneously in the FOV of the PET/CT at –5, 0 and
+5 cm (radial) and then, one by one at the centre of the FOV
(0 cm). A total of 15 tumours and organs in these 3 mice were
used for quantitative analysis. This procedure was designed to
assess the impact of the radial offset and of the presence of
multiple animals in the FOVof the PET/CT scanner on image
quality and accuracy of quantitative measurements.

Accuracy of static imaging in multiple animals

Animals were injected with 18F-FLT (n=6) and 18F-FDG
(n=6) and were imaged simultaneously in groups of three on
the PET/CT. A total of 27 tissue samples (9 tumours, 18
organs) were used for quantitative analysis.

PET/CT imaging parameters

CT acquisition was performed first with the following
parameters: 80 mAs, 130 kVp, pitch 1 and 64×0.6 mm
collimation. Subsequently, the PET static emission acquisi-
tion was performed in 3-D mode. For each animal (or group
thereof), the duration of the first acquisition was 10 min.
For the single versus multiple animal static imaging
comparison, when the animal was imaged more than once
on the PET/CT, the duration of subsequent acquisition was
increased to account for 18F decay.

PET images were reconstructed with the same parame-
ters used for reconstruction of the phantom studies.

Ex vivo counting

Immediately after the static PET examination had been
performed, tumours and organs were harvested. Tissue
samples were weighed with a precision scale (±0.01 mg).
Tumour radioactivity was counted for 1 min in a cylinder
well counter (Wallac 1470 automatic gamma counter) and
corrected for instrument efficiency and decay. Counts per
minute were converted to Bq and normalized for sample
weight, assuming a density of 1 g/ml.

Dynamic 68Ga-EDTA PET/CT study

For the dynamic scan, a cannula was placed in the tail vein of
three mice under general anaesthesia, which was performed
using a mixture of ketamine and xylazine. One mouse was
placed at the centre of the FOVand the other two were placed
on each side of the central animal, at a 5-cm radial offset to the
left and right. The three mice were injected sequentially,
within a 1.5-min period, with a solution of 68Ga-EDTA
(40 MBq in 0.1 ml). Immediately after the tracer injection,
the cannula was flushed with 0.1 ml of normal saline. The
dynamic emission acquisition was started immediately
before the first injection and continued for a duration of
20 min. Data were stored in list mode and then reframed as
follows: 10 frames of 30 s, followed by 15 frames of 60 s.
PET images were reconstructed with the same parameters
used for reconstruction of the phantom studies.

Data analysis

Phantom studies

RCs, defined as the ratio between measured and true
activity [18, 19], and previously used in small animal PET
phantom imaging [20], were computed using planar regions
of interest (ROI). Planar ROI were defined manually in the
image plane with the largest lesion diameter. Plots of RC
against sphere diameters were obtained and curves were
then fitted to obtain RC as a function of sphere diameters.

SORs were computed as the ratio between activity in the
water-filled and air-filled cylinders and the real activity.
Activity in the cylinders was obtained by drawing a cylindrical
volume of interest (VOI) with a diameter half the physical
diameter of the cylinders (5 mm) and a length of 10 mm.

Static animal studies

Tumour activity was obtained in each static image volume
from a VOI encompassing the entire lesion or organ. VOIs
were defined by using an isocontour threshold method to
obtain concordance between the measured tumour volume on
PET and CT images. When discordance was encountered
between PETmetabolic volume and CT volume, the VOI was
adjusted to match the CT volume. This enabled PET/CT
images to be compared to ex vivo counting in which the entire
tumour was harvested and analysed independent of the
potential presence of non-viable areas. Additionally, tumour
to background ratios (T/B ratios) were obtained by dividing
the VOI value of the tumour by the activity of a planar ROI
placed in the abdomen, in the vicinity of the tumour but
excluding areas of increased uptake such as the kidneys.

For evaluation of quantitative accuracy, the relationship
between the concentration of radioactivity in animal images
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and tissue samples, as determined by clinical PET/CT and
by gamma counter, respectively, was assessed using a linear
regression analysis. In addition to regression analysis,
Bland-Altman plots were constructed [21, 22]. The same
analysis was conducted to correlate the uptake values in the
same mouse lesions and organs when imaged alone versus
in a group. T/B ratios were compared for OSEM 3-D and
PSF reconstruction using the Wilcoxon test for paired
samples. A two-tailed p value of 0.05 was considered
statistically significant.

Dynamic animal studies

For the dynamic acquisition, ROIs were drawn on a single
transverse slice on the heart, one kidney and the bladder.
The ROIs (3×3 mm) were centred on the pixel harbouring
the highest activity value and then copied automatically on
all other time frames of that slice. Time-activity curves
(TACs) were then generated and assessed.

Results

Phantom studies

Point source resolution following OSEM 3-D reconstruction
was 4.17 mm (FWHM) at 0 cm (centre FOV) and deteriorated

to 5.37 mm at a 15-cm radial offset. Spatial resolution was
better with PSF reconstruction: 2.09 mm and =3 mm at 0- and
15-cm radial offset, respectively (Fig. 1a).

For a centrally positioned phantom, the RC for the three
largest spheres were lower for images reconstructed with
the OSEM 3-D algorithm than for those following PSF
reconstruction. For the two smallest spheres the RC
decreased significantly for both reconstruction methods
although the PSF reconstruction still leads to slightly higher
RC values (Fig. 1c, d).

Still, the RCs for the 7.86-mm sphere, which represents a
common lesion size in mice bearing subcutaneous tumours
[23, 24], were 0.42 for OSEM reconstruction and 0.76 for
PSF reconstruction when the phantom was imaged in an off-
centred position together with two additional sources. For this
lesion, the percentage of variation between RC values for an
off-centred acquisition, compared to centred acquisition, was
−2.3% in the presence of additional scatter and attenuation
sources and −1.1% in the case of a single phantom imaged in
the central FOV.

SORs for the water-filled and air-filled cylinders were
4.4 and 6%, respectively. When imaging two additional
sources to mimic scatter events introduced when imaging
three mice simultaneously, SORs increased to 5.3% in
water and 7.5% in air. In contrast, when images were
reconstructed with OSEM 3-D SORs were greater than
13% (Fig. 1b).

Fig. 1 FWHM of the PSF of
point sources imaged in air
following OSEM 3-D algorithm
and PSF reconstruction (a).
SOR, defined as the activity
ratio in air- and water-filled
cylinders (10 mm in diameter)
versus surrounding activity (b).
RCs defined as the ratio of
measured and true activity con-
centration as a function of
sphere diameters following
OSEM 3-D and PSF recon-
struction (c, d). Phantom data
are given for phantoms placed
either at the centre of the FOVor
at a 5-cm radial offset and
imaged without or with addi-
tional cylindrical sources
mimicking multiple rodents
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Static PET/CT: single versus multiple animal static imaging
comparison

An excellent correlation (r2=0.97) was found between
quantitative measurements performed on mice that were
centred in the FOV and those when mice had been imaged
simultaneously within a group of three (Fig. 2a). Bland-
Altman analysis also demonstrated that the mean ratio
between off-centred quantitative measurements and centred
quantitative measurements was close to 1 with narrow 95%
limits of confidence (Fig. 2b).

Static imaging in multiple animals

The mean weight of tissue samples used for quantification
was 0.22 g (range: 0.08–0.45 g). The smallest detected
tumour was less than 4 mm in size (Fig. 3). Correlation of
radioactivity concentration in animal lesions, as determined
by clinical PET and by ex vivo counting, was good for
OSEM 3-D reconstruction (r2=0.93) and somewhat better
for PSF reconstruction (r2=0.97) (Fig. 4a, c). Bland-Altman
analysis demonstrated that the mean ratio between ex vivo
quantitation and clinical PET quantitation was better with
PSF reconstruction (Fig. 4b, d). PSF reconstruction im-
proved T/B ratios (2.4 ± 0.9, p=0.004) as compared to
OSEM 3-D (1.4 ± 0.3). Figure 5 shows fused maximum
intensity projection (MIP) and a coronal section of three
mice bearing ovarian tumours imaged simultaneously. The

CT component of the PET/CT acquisition was used for
attenuation correction purposes but also allowed a better
localization of the areas of increased tracer uptake,
especially in the case of abdominal tumours. In the Lox-
Stop-Lox (LSL) KrasG12D/+/Ptenfl/fl mice, which tend to
have more abdominal fat than the nude mice, visualization
of the ovarian tumours was particularly easy, thanks to the
fatty areas around them, which appeared as low densities in
contrast to the tumours, which are of tissular density
(Fig. 5). In nude mice, which lack abdominal fat, image
quality was poorer, especially in the case of haemorrhagic
ascites (Fig. 3f).

Dynamic, simultaneous 68Ga-EDTA PET/CT imaging
of three mice

PET images were of good quality and no misregistration
was observed between PET and CT slices. TACs were
obtained from ROIs drawn over the heart, kidneys and
bladder in each mouse (Fig. 6). The symmetrical nature of
the TAC over each kidney and having a shape that would
be expected of an excretory renogram suggests that
quantitative, dynamic PET scanning might be feasible in
mice using human scanners.

Discussion

Brix et al. [25] first described the implementation of a PET
system model in the process of iterative image reconstruc-
tion when imaging small animals in a clinical PET system.
The authors demonstrated significant improvements in the
spatial resolution at the centre of the FOV when employing
the derived spatial variances of the line spread function
during image reconstruction. The feasibility of imaging
rodents with a clinical PET, taking ex vivo counting as a
reference standard, was later described by Tatsumi et al. [9]
using a General Electric Discovery LS tomograph with a
5-mm spatial resolution. They showed that imaging
tumours was feasible in rats and rabbits. Tumour image
quality in mice was lower because of their smaller size and
PSF reconstruction was not commercially available at that
time. As stated by the authors, imaging mice bearing larger
tumours would not have been physiologically relevant. The
findings of Tatsumi et al. [9] were later confirmed by
Seemann et al. [26] who compared quantitative data of
mice bearing a tumour imaged on a Siemens Biograph
PET/CT and on a DSA PET (Mosaic, Phillips Medical
System). They found that tumours had a 1.89 higher mean
T/B ratio for the DSA PET than for the PET/CT, suggesting
significant partial volume effects related to the inferior
spatial resolution of the clinical PET/CT. More recently,
clinical PET with classic iterative reconstruction algorithms

Fig. 2 Linear regression analysis (a) shows a strong correlation (r2=
0.97). Bland-Altman graph (b) shows a ratio between quantitative data
for centred and off-centred mice close to unity with narrow 95%
confidence limits
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were used to detect head and neck tumours in rats [27] or to
perform an early therapy assessment with 18F-FDG in
rabbits bearing subcutaneous tumours [28]. However,
neither study addressed the possibility of imaging several
animals simultaneously.

In our study we used state-of-the-art clinical PET/CT
technology equipped with an advanced PSF reconstruction
algorithm to accurately quantify radioactivity concentration
within small lesions and to image several mice simulta-
neously. More specifically, we used ex vivo gamma
counting of lesions as a reference standard and we
performed simultaneous animal imaging for both static
and dynamic acquisition schemes.

Thanks to advanced reconstruction algorithms, new
generation clinical PET scanners display good spatial
resolution throughout the entire axial FOV [6], in contrast
with the decreased spatial resolution usually observed as
radial offset increases. Consequently, new clinical PET
devices theoretically allow several animals to be imaged at
the same time with a similar image quality, regardless of the
position of the animal in the FOV. Several animals can be

imaged simultaneously, given the large axial and transverse
FOV of 21.6 and 60.5 cm, respectively, of clinical PET/CT
technology used in the present study.

Here, we showed that imaging three mice simulta-
neously was feasible when using a clinical PET/CT with
resolution recovery reconstruction, as no difference in
image quality and quantitative accuracy was observed
when the same mouse was imaged alone in the centre of
the FOV or off-centre with two other mice in the FOV
(Fig. 2). Excellent correlation between clinical PET/CT
quantitative data reconstructed with the PSF reconstruc-
tion algorithm and ex vivo counting was found when
imaging three mice simultaneously (Fig. 4).

Phantom studies (Fig. 1) showed good RC values for a
7.86-mm sphere, which represents a common lesion size in
mice bearing subcutaneous tumours [23, 24]. RC degrades
for very small lesions with only a minor benefit for PSF
reconstruction as shown in Fig. 1. Also, SORs were altered
by the presence of additional scatter sources in the FOV.
Taken together, these results suggest that clinical PET/CT
with PSF reconstruction should be restricted to mice model

Fig. 3 Coronal slices for PET
(a, d: PSF reconstruction; b, e:
OSEM algorithm) and CT image
(c, f) are shown for a mouse
bearing subcutaneous tumour
and imaged with 18F-FDG and
for a mouse with an ovarian
tumour involving the spleen and
imaged with 18F-FLT. PET slices
have been scaled to the same
maximum. Note the improve-
ment in T/B ratio when PSF
reconstruction is used (a, d)
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Fig. 5 Three mice bearing
spontaneous left ovary tumours
were imaged on the clinical
PET/CT. A fused MIP picture of
the three mice imaged simulta-
neously (mouse 1, 2 and 3 at
radial offset = −5, 0 and +5 cm)
is shown together with selected
coronal PET (PSF reconstruc-
tion) and CT slices and the
necropsy specimen of one of
these mice (white arrow)

Fig. 4 Linear regression analy-
sis shows a marked improve-
ment of the slope when data
were reconstructed with PSF
reconstruction algorithm (c)
compared to the OSEM
algorithm (a). Bland-Altman
plot shows better ratios and 95%
confidence limits between
quantitative data and ex vivo
counting when PSF reconstruc-
tion was used (d) compared to
the OSEM algorithm (b)
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with tumours >7 mm and that other studies like 18F-FDG
brain studies of small structures may not provide accurate
quantitative data, because of a significant partial volume
effect and spillover effect from areas with intense uptake,
such as the harderian glands.

Our study supports the use of new generation clinical
PET/CT for imaging mice as part of preclinical cancer
research programmes that do not have access to a DSA
PET. The possibility of simultaneous imaging of several
rodents may lead to a significant improvement in imaging
throughput. In our study a 10-min acquisition time was
sufficient to examine three mice with a clinical PET/CT.
This compares to 45–60 min for the same workload with
only a DSA PET available if transmission-based attenuation
correction is performed. This new, multiple animal scan-
ning technique could be particularly useful in studies

requiring a large number of animals to be imaged. Potential
applications might include screening of transgenic mice that
develop spontaneous tumours at variable latencies, evalu-
ation of the biodistribution of short-lived tracers, particu-
larly if alteration in specific activity may impact on the
biological uptake, and therapeutic monitoring protocols
involving several schedules and doses.

We have shown also that performing dynamic examina-
tions of three mice simultaneously using shorter half-life
positron emitters is feasible (Fig. 6). Here, sequential
injection of 68Ga-EDTA doses was performed by a single
person within a 1.5-min period, since this was logistically
more convenient than trying to inject three mice simulta-
neously. While results presented here relate to a tracer
labelled with 68Ga (68 min half-life), we expect that the
same methodology can be applied using very short-lived

Fig. 6 A group of three mice was injected with 68Ga-EDTA within a
1.5-min period. Animals were scanned for 20 min. TACs derived from
ROIs drawn on one kidney, the heart and the bladder are displayed (a
mouse 1, b mouse 2, c mouse 3). Fused PET/CT MIP pictures of an

early, mid and late frame are shown in d. Note the progressive
clearance of activity from the blood, followed by the kidneys and
appearance of activity in the bladder as well as the ability to evaluate
the symmetry of uptake and clearance from each kidney
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radioisotope labels, such as 11C. Such radioisotopes were,
however, not available in our laboratory at the time of this
study. Nonetheless, new opportunities for studying TACs of
multiple organs would arise from using short-lived iso-
topes. Improving the efficiency of establishing the absorp-
tion, distribution, metabolism and elimination (ADME) of
drugs labelled with 11C would be of potential benefit to
drug development. As compared to static imaging, the gain
in scanning throughput could be even more important with
dynamic scanning, particularly when short half-time iso-
topes are used. More animals could be scanned with a given
radiopharmaceutical dose, or the dose (or the number of
syntheses) required to scan a sufficient number of animals
to achieve a narrow confidence interval within the
experimental design could be reduced, resulting in a more
cost-effective use of short-lived tracers and animals.

Using clinical PET/CT imaging equipment the CT
component of the combined system may offer several
advantages. First, we employed CT-based attenuation
correction. Visser et al. [10] observed a 40% difference
between uncorrected and corrected image data in a mouse-
sized phantom. Thus, attenuation correction is desirable in
single rodent imaging and even more so when imaging
several rodents simultaneously.

Second, the CT component of the PET/CT acquisitions
may be particularly useful in better localizing tumour
uptake in the case of abdominal disease (Fig. 5), when
physiological uptake in the gastrointestinal tract of the mice
may be confusing. In nude mice, which lack abdominal fat,
image quality was poorer, especially in the case of
haemorrhagic ascites (Fig. 3). The image quality of the
CT part of the PET/CT acquisitions may be improved by
the use of novel IV contrast media, but the optimal injection
protocol has to be determined for each animal model and
mouse strain [29]. Contrast media protocols including both
IV and intraperitoneal injections would also improve CT
image quality and tumour detection in the abdomen [30].

Despite the various advantages of using CT for
attenuation correction and anatomical localization, attention
has to be paid to the effective dose to the animal, which can
be a limiting factor to repeat scans as part of longitudinal
imaging sequences. This dose was 6.11 mGy computed
tomography dose index (CTDI) per CT in our studies,
which is lower than reported doses with dedicated small
animal CT devices, ranging from 0.08 to 0.13 Gy [31, 32].

This study was not designed to compare a clinical PET/CT
with a state-of-the-art DSA PET. Lately, new DSA PET
systems have become commercially available and offer much
improved image quality, sensitivity and quantitative accuracy
[33–36]. While the spatial resolution obtained with PSF
reconstruction in clinical PET/CT is on the order of 2 mm,
thus being only slightly worse than that for DSA PET, there
is no doubt that clinical PET/CT could not challenge DSA

PET in terms of sensitivity (Table 1). Moreover, PSF
reconstruction or similar approaches could be used in DSA
PET imaging [37]. Also, high-resolution clinical PET
equipped with PSF reconstruction [38, 39] could be used to
image small rodents. Finally, regarding large volume studies,
it is noteworthy that the feasibility of imaging two rats
simultaneously has been recently studied [40]. One might
assume that imaging several mice simultaneously could be
feasible on a large bore DSA PET, but has, to the best of our
knowledge, not been reported so far.

Conclusion

This study shows that current clinical PET/CT systems, using
advanced reconstruction algorithms that model the PSF of
detector elements, can provide good quality images and
accurate quantification of the radioactivity within pertinent
sized lesions in tumour-bearing mice. Using these clinical
PET systems multiple mice can be studied simultaneously in
static and dynamic mode using attenuation correction rou-
tinely. Thus, state-of-the-art clinical PET/CTcan be a practical
option in experiments requiring high animal throughput and
where DSA PET is not available.
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