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Abstract
Purpose: This study evaluates the performance of simultaneous dual-tracer technique (SDTT) in
static positron emission tomography (PET) studies using 2-deoxy-2-[18F]fluoro-D-glucose and
[13N]ammonium as radiotracers.
Procedures: The effects of applying SDTT either to the reconstructed image or directly to the
sinogram, different rebinning algorithms, total acquisition time, and frame duration were
investigated; first, using a specific phantom and later using an in vivo application of the study
of cerebral ischemia.
Results: The best results were obtained using the image method with single-slice rebinning and
a total acquisition time of at least 20 min. Frame duration did not affect SDTT performance. The
method was also applied in rats with transient cerebral ischemia to simultaneously study
cerebral blood flow and cerebral glucose metabolism.
Conclusion: The results encourage the use of SDTT as it has very good potential for examining
two different biological processes at the same time utilising rodent PET scanners.
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Introduction

Positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) are nuclear

medicine imaging techniques that produce a three-dimen-

sional image of functional processes in the body. They
measure in vivo the biodistribution of radionuclide-labelled
imaging agents. SPECT allows for dual-tracer acquisition to
image the distribution of two radiotracers in the body
simultaneously. In this technique, two tracers labelled with
gamma-emitting isotopes with different photon energies are
introduced into the patient, and the separation of these two
tracers is achieved by energy discrimination [1–3]. Because
the two tracers are in the body at the same time and are
measured simultaneously, the dual-tracer technique can
reduce problems of patient movement, image alignment,
and physiological changes.

This technique of energy discrimination is not appli-
cable in PET as the photons emitted from positron
annihilation have the same energy (511 KeV). To
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demonstrate its applicability for the in vivo simultaneous determination of
cerebral blood perfusion and glucose consumption.
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overcome this limitation, tracer discrimination using
radioactive decay rates of different positron emitters
was originally proposed by Huang et al. [4]. However,
this procedure is not routinely applied since it increases
the image noise, depending on the relative half-lives of
the isotopes and the time duration of the scans as studied
in [5].

While dual-tracer PET studies are of clinical interest, they
do require two separate scans. For example, a myocardial
viability examination requires an assessment of glucose
consumption using 2-deoxy-2-[18F]fluoro-D-glucose (18F-
FDG) and perfusion using [13N]ammonium (13N-NH4

+).
Simultaneous imaging techniques alleviate the problems
relating to image alignment and physiological changes
inherent in successive imaging. Other sequential and
simultaneous dual-tracer PET scans have been investigated
[4–9], such as PET kinetic analysis with dual-tracer
injection, where the aim of the work was to investigate the
optimal injection intervals and administration dose ratios of
the two tracers [6–8].

The simultaneous dual-tracer technique (SDTT) relies
on the ability to distinguish each radiotracer on the basis
of its unique radioactive decay rate. The technique can be
performed at the dynamic sinogram or image levels. This
study describes and compares the two different dual-
tracer techniques: the Sinogram Method (SM) and the
Image Method (IM). SDTT was performed on both
phantom and in vivo data, using 18F-FDG and 13N-
NH4

+ radiotracers with half-life times of 109.77 and 9.97 min,
respectively. The first aim of this study was to assess the extent
to which the experimental settings could influence the SDTT
results. The impact on the SDTT of some frequent exper-
imental settings, such as the rebinning algorithms, the total
acquisition time and the frame duration were also investigated
individually for both methods. Finally, the primary interest of
this work was to test the performance of SDTT using the
recommended experimental settings on an in vivo dataset. To
this end, SDTT was applied in a rat model of transient cerebral
ischemia. In this model of ischemic stroke, a mismatch is found
during the first hours after reperfusion between brain glucose
metabolism and blood flow [10]. The dual-tracer approach
would be very useful in helping to understand the relationship
between the various pathophysiologic processes that occur
during the acute phase of cerebral ischemia. The injury
mechanisms that occur in ischemic damage change rapidly
over time and, therefore, it may not be possible to study two
different processes in the same animal using two separate
single-tracer acquisitions.

Material and Methods
Theory

Dynamic PET imaging of two radionuclides with decay
constants λA and λB with initial (t=0) activity concentrations

mA and mB, will yield an observed activity m along n time
frames:

mðx; y; z; tiÞ ¼ mAðx; y; z; 0Þ�e�lA�tA

þ mBðx; y; z; 0Þ�e�lB�tB

ði ¼ 1; . . . ; nÞ
ð1Þ

where, mA and mB can be estimated using the nonlinear least
squares fitting method [4]. In this study, the unknown parameters
were estimated using nonlinear least squares data fitting by the
Gauss-Newton method, using MATLAB software (The MathWorks
Inc., Natick, MA, USA).

The method described above can be applied to dynamic
sinograms or directly to the reconstructed dynamic images. This
study analysed and compared the two different methods of SDTT.
The first method is the SM, which uses the dynamic sinogram of
the dual-tracer acquisition as the initial source. Because of the
different radioactive decay rates of 18F and 13N from the dynamic
sinogram and using a nonlinear least squares fitting method, it is
possible to determine the two static sinograms that correspond to
the 18F-FDG and 13N-NH4

+ radiotracers. Subsequently, both
images were reconstructed and analysed. The second method, the
IM, differs from the previous one in that it uses the resulting
dynamic image of the dual-tracer PET acquisition as the source,
providing as a result two static images that correspond to the two
radiotracers, 18F-FDG and 13N-NH4

+ (Fig. 1).

Phantom Experiments

To investigate the impact of the usual post-processing parameters in
PET imaging, the standard filtered backprojection (FBP) recon-
struction algorithm was used and two different rebinning algo-
rithms were applied: single-slice rebinning (SSRB) and Fourier
rebinning (FORE).

Rebinning algorithms seek to convert the collected 3D data, a
set of parallel transverse sinograms, so they can be reconstructed
using conventional 2D FBP methods. The simplest of these
methods, SSRB [11], takes the average axial location of a detected
event and places the event in the sinogram(s) that most closely
corresponds to the axial position. Along the central axis of the
scanner, this approximation works perfectly. However, it steadily
becomes worse with increasing radial distance. More recently, a
technique known as FORE has been introduced [12]. The details
of FORE are beyond the scope of this text, but it is based on a
principle that relates the 2D Fourier transform of the oblique
sinograms to the 2D Fourier transform of the transverse sino-
grams. Although this is still an approximate method, it yields
substantially better results than SSRB, even for large objects and
large acceptance angles, while retaining much of the advantage in
terms of short reconstruction times. This has become the algorithm
of choice for very large 3D datasets, for example, those from
dynamic PET studies involving perhaps 20 to 30 frames of 3D
data.

SSRB was applied using different values for the span and ring
difference to evaluate their impact on the SDTT. This technique
was also applied using different total acquisition times (5, 10, 20,
and 30 min), different frame durations (10, 30, 60, 120, and
300 s), and therefore a different number of frames, in order to
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evaluate how these factors influence the results. Each parameter
was studied individually and each different rebinning algorithm
was applied using different total acquisition times and frame
durations.

SDTT was applied to a phantom consisting of six Eppendorf
tubes filled with different relative concentrations of 18F-FDG and
13N-NH4

+ and imaged for 33 min in a Siemens micro-PET R4.
Because SDTT comprises the different radioactive decay rates of
each radiotracer, no decay correction or attenuation was applied.
The initial activity concentration of 18F-FDG and 13N-NH4

+ was
12.58 MBq/ml (340 μCi/cc) and 6,475 MBq/ml (175 μCi/cc),
respectively. The volume ratios of 18F-FDG to 13N-NH4

+ intro-
duced into each of the Eppendorf tubes were as follows: tube 1,
83.33:16.67; tube 2, 100:0; tube 3, 60:40; tube 4, 40:60; tube 5,
20:80; and tube 6, 0:100.

Sinograms were histogrammed using both SSRB and 3D
rebinning with the aid of the tomography software. The dimensions
were 84×96 and 63 planes. The 3D sinograms present 21 segments
and the default span and ring difference settings for micro-PET R4
are 3 and 31, respectively. For the SSRB rebinning, the settings on
the micro-PET protocol setup page give a ring difference of 15 and
a span of 31. In this study, SSRB was applied using two different

span and ring difference values: one using the default values of the
micro-PET protocol and the other using a span of 3 and a ring
difference of 31.

Scans were reconstructed using the standard FBP with a ramp
filter (cut-off frequency=0.5 mm−1), using an image matrix size of
128×128, giving images consisting of 63 planes with a voxel size
of 0.845247×0.845247×1.2115 mm3. Reconstruction was imple-
mented using both SSRB (also using two different span and ring
difference values) and FORE. All data were corrected for random
coincidences, dead time and normalisation.

Evaluation of Phantom Experiments

In order to quantitatively evaluate the results of both methods, the
accuracy, signal-to-noise ratio (SNR), and coefficient of variation
(CV) of their resulting images were measured and compared. Seven
regions of interest (ROIs) were drawn, one for each Eppendorf tube
and one for the background. The ROI of the background
corresponds to the entire image except the six Eppendorf ROIs
(ROIbackground=Image–ROI1:6).

Fig. 1. Scheme of both simultaneous dual-tracer technique methods; the Sinogram Method and the Image Method.
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The accuracy of both methods was calculated. The accuracy of
SDTT can be measured through the percentage difference between the
recovered activity concentration values of each ROI and the theoretical
activity concentrations of 18F-FDG and 13N-NH4

+ as determined by
the initial activity concentrations and volumes at each Eppendorf tube.

The behaviour of the image noise in this process was also
analysed. From the mean and standard deviation of each ROI,
including the ROI of the background, the SNR was calculated using
the hottest regions as reference:

SNR ¼ XHot Region � XBackground

� �

�Background
ð2Þ

where, X is the mean of the ROI and σ its standard deviation (9).
The hottest regions correspond to the ROI containing either 18F-
FDG or 13N-NH4

+ (100% 18F-FDG or 100% 13N-NH4
+). In

addition, in order to understand the noise level of the image value
within the ROIs, the coefficient of variation of each of them was
calculated and analysed.

In vivo Experiments

Kinetic evaluation Before applying SDTT to the in vivo data, it is
necessary to have a thorough understanding of how each radiotracer
behaves in the rat brain. SDTT assumes that there will be no change in
the tracer concentrations during the acquisition. It is therefore critical
to ensure that this condition is satisfied when applying SDTT. To this
end, two single dynamic acquisitions were performed in two normal
male Sprague Dawley rats, one for each radiotracer, 18F-FDG and 13N-
NH4

+. From each individual radiotracer image, a ROI of the brain was
drawn and the time-activity curve (TAC) was calculated (Fig. 2).

Another three adult male Sprague Dawley rats (300-400 g body
weight) were used for brain ischemia experiments. Animal work
was conducted in compliance with Spanish legislation on the
“Protection of Animals Used for Experimental and other Scientific
Purposes” and in accordance with EU Directives. Transient focal
ischemia was induced by intraluminal occlusion of the right
middle cerebral artery (MCA), in accordance with the protocol
described by Martin el al. [13]. Briefly, the rats were anaesthe-
tized with 4% isofluorane in O2 and maintained under anaesthesia
during surgery with the same gas at 2%. A nylon monofilament
with a heat-bonded tip was introduced into the right carotid artery
up to junction with the MCA. After occlusion, the anaesthesia was
removed and the rats were placed in their cages. Two hours later,
the animals were anaesthetized again, the filament was fully
removed, and the common carotid artery was released to enable
reperfusion.

Three different experiments were carried out to assess the
feasibility of the SDTT for determining brain glucose consump-
tion and perfusion in vivo. The first experiment was designed to
obtain an abnormal asymmetric 18F-FDG image and a normal
symmetric 13N-NH4

+ image, while the second experiment sought
to achieve the opposite. The third experiment was designed to
obtain normal symmetric 18F-FDG and 13N-NH4

+ images (sham-
operated experiment).

Experiment 1: Approximately 1 mCi of 18F-FDG was injected
into the animals 18 h after the reperfusion
procedure. After 1 h of uptake, 6 mCi of 13N-
NH4

+ were injected, and, after 5 min, dynamic

images were acquired for 80 min. Data acquired
during the first 30 min were sorted into 30 3D
sinograms (span=3; ring difference=31) and
reconstructed using the FBP algorithm, yielding
frames of 1 min duration, which were processed
later with the dual-isotope algorithm. The last
20 min of the acquisition were sorted into a static
sinogram and were considered to be free of any
remaining 13N-NH4

+ because more than 1 h
(about six half-lives) had passed since the injec-
tion. This image was then used for comparison
with the 18F-FDG image resulting from the dual-
isotope procedure. In this case, it is expected to
have a normal symmetric perfusion image since
the animals had been reperfused and abnormal
asymmetric glucose consumption due to the
ischemic injury. After image acquisition, the
animal was euthanized and its brain removed.
The brain was sectioned axially and the fresh
sections obtained were incubated at room temper-
ature with a 1% solution of 2,3,5-triphenyl
tetrazolium chloride in 0.1 M phosphate buffer
at pH 7.4 for 10 min. Finally, the sections were
fixed with 4% paraformaldehyde solution and 4%
phosphate buffer. With this method, the viable
tissue appears red-coloured while the infarcted
regions remain pale.

Experiment 2: Here, 0.5 mCi of 18F-FDG was injected into the
animal 1 h before the MCA occlusion procedure,
with the expectation of normal 18F-FDG uptake.
The MCA was then occluded and 5 mCi of 13N-
NH4

+ were injected 5 min before the start of
acquisition, which was performed using the same
protocol as in the previous experiment. In this
case, a normal and symmetric 18F-FDG image was
expected, together with an abnormal asymmetric
13N-NH4

+ image, since the animals were not
reperfused.

Experiment 3: In this case, 1 mCi of 18F-FDG was injected into
the animal before the surgery, again with the
expectation of normal 18F-FDG uptake. The
animal was subjected to the same surgical proce-
dure, but without introduction of the occlusion
filament. Immediately after the surgery, 2 mCi of
13N-NH4

+ were injected in the sham-operated rat
5 min before starting the acquisition. Image
acquisition was carried out using the same proto-
col as in the previous experiments. In this experi-
ment, there was no MCA occlusion and therefore
the surgery did not cause blood flow asymmetry.
Normal and symmetric 18F-FDG and 13N-NH4

+

images were expected.

In order to quantitatively evaluate the performance of SDTT
in the in vivo studies, two ROIs were drawn in the resulting 18F-
FDG and 13N-NH4

+ images: affected and contralateral hemi-
spheres of the brain. The mean of each ROI and the ratio of the
affected vs. contralateral hemispheres was calculated and
analysed.
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Results and Discussion
Phantom Experiments

Table 1 presents the theoretical and experimental concen-
trations for 18F-FDG and 13N-NH4

+ (IM and SM results), for
SSRB (span, 3 and ring difference, 31), total acquisition
time of 30 min and frame duration of 60 s. No significant
differences were observed for other rebinning algorithms,
total acquisition times and frame durations. As it can be
observed, the resulting concentrations after SDTT are quite
similar to the theoretical ones, the true concentration of each
one is recovered. There are no significant differences between
the IM and SMmethods. The SDTTmethod provides the least
accurate results when the two radiotracers are in similar
concentrations, and a negative bias of about 7% can be
observed for 18F-FDG, and the opposite for 13N-NH4

+. When
one of the radiotracers is in the majority, this bias also exists
but presents a lower magnitude in the resulting images.

Fig. 3 shows that the SNR depends on the rebinning
algorithms and the total acquisition times. In contrast, it also
shows that the SNR was independent of the frame duration.

Influence of Rebinning Algorithms Fig. 4 illustrates, in
relation to the rebinning algorithms, the results shown in
Fig. 3, which ROIs correspond to each Eppendorf tube and
also the TACs of 18F-FDG, 13N-NH4

+ and of the dual
isotope. From both figures, it can be observed that different
rebinning algorithms applied to the SDTT give different
results, with the image quality depending on the rebinning
algorithm. For example, using an SSRB sinogram with a
span of 3 and ring difference of 31, an image with higher
SNR is obtained (i.e. with less noise) than using a 3D
sinogram and FORE reconstruction. Applying SDTT after
an acquisition time of 30 min, the 18F-FDG SNR of the
images obtained using SSRB is between 45 and 50,
regardless of the span and ring difference. In contrast, using
a 3D sinogram and FORE in the reconstruction, the SNR
value is approximately 15 (Fig. 3).

This result can be explained by the fact that when using a
3D sinogram and a FORE reconstruction, each voxel presents
a lower number of counts, and therefore a worse SNR, given
the Poisson nature of noise in PET imaging. In contrast, if an
SSRB sinogram is used and an adequate span and ring
difference is applied, higher SNR values are achieved because
of the better per-voxel counting statistics. In addition, the
worse SNR results appear in the FORE image due to an
artefact which is clearly visible in Fig. 4 (lower right). This
artefact arises from the fact that the FORE algorithm is not
exact and starts degrading the resolution of the images when
the acceptance angle is over 25° (26.85° in our case). The
influence of different rebinning algorithms on PET imaging
have already been studied, where different exact and
approximate rebinning algorithms for 2D and 3D PET data
were evaluated and compared [12, 14].

Table 2 shows the coefficient of variation of all the ROIs
in the 18F-FDG and 13N-NH4

+ images for different rebinning
algorithms. As can be observed, the coefficients of variation
do not vary significantly with the different rebinning
algorithms. This can be explained by the fact that artefacts
arising from the FORE method would add up variance in the
background, thus lowering the SNR for that particular image
without affecting the CV calculation.

Influence of Total Acquisition Time Fig. 5 shows the
resulting 18F-FDG and 13N-NH4

+ images using the IM.
When the total acquisition time is over 20 min, the resulting
images are of a similar quality to the 30 min static image,
but for lower total acquisition times (e.g. 5 or 10 min) the
images are much noisier.

The SNR of the initial image (18F-FDG and 13N-NH4
+

combined; SSRB sinogram with a span of 3 and a ring
difference of 31; total acquisition time of 30 min; and a
frame duration of 60 s) was 43.65 and, after applying the

Fig. 2. Time-activity curve (TAC) of both radiotracers, 18F-
FDG and 13N-NH4

+. Two single dynamic studies were
acquired, one for each radiotracer, in order to ensure that
the radiotracers activity in the rat brain do not change along
time when applying SDTT.
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SDTT with the IM, the resulting 18F-FDG and 13N-NH4
+

images presented SNR values of 50.32 and 39.00, respec-
tively, and when using the sinogram method 50.21 and
38.97, respectively. When the acquisition time is 30 min,
both methods discriminate 18F-FDG and 13N-NH4

+ images
with similar SNR values compared to the initial dynamic
image. 18F-FDG images present less noise than the initial
dynamic image. In contrast, the 13N-NH4

+ images are

slightly noisier; for example, applying SDTT using SSRB
with a span of 3 and ring difference of 31, when the total
acquisition time is between 20 and 30 min, the SNR of 18F-
FDG images is approximately 50. On the other hand, when
the total acquisition time is 10 min the 18F-FDG images
present an SNR of 12 (Fig. 3).

Table 3 illustrates the CV of all the ROIs in the 18F-FDG
and 13N-NH4

+ images for different total acquisition times.

Table 1. Accuracy of SDTT. Percentage of 18F-FDG and 13N-NH4
+ concentrations of all the ROIs; the theoretical values, IM and SM results

ROI Theorethical values IM results Bias SM results Bias

%FDG %NH3 %FDG %NH3 %FDG %NH3 %FDG %NH3 %FDG %NH3

1 90.667 9.333 91.787 8.213 1.120 −1.120 92.555 7.445 1.888 −1.888
2 100.000 0.000 101.057 −1.057 1.057 −1.057 101.913 −1.913 1.913 −1.913
3 74.453 25.547 72.491 27.509 −1.962 1.962 73.111 26.889 −1.341 1.341
4 56.432 43.568 48.973 51.027 −7.458 7.458 49.426 50.574 −7.006 7.006
5 32.692 67.308 27.782 72.218 −4.910 4.910 28.088 71.912 −4.605 4.605
6 0.000 100.000 −0.089 100.089 −0.089 0.089 0.064 99.936 0.064 −0.064

Bias is the percentage of the difference between the theoretical values and the experimental results. Experimental settings SSRB sinogram with a span of 3 and
ring difference of 31. Total acquisition time, 30 min. Frame duration, 60 s

Fig. 3. Signal to noise ratio (SNR) values of the 18F-FDG (right) and 13N-NH4
+ (left) images after applying the Sinogram Method

(upper row) and the Image Method, using different rebinning algorithms, total time acquisition (5, 10, 20, and 30 min), and frame
duration (10, 30, 60, 120, 300 s).
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As expected, a longer acquisition time gives a lower CV and
therefore less noise in the resulting images.

Both IM and SM methods discriminate 18F-FDG and
13N-NH4

+ images with similar quality in comparison to
the initial dynamic image (Table 1). 18F-FDG images
present less noise than the initial dynamic image, as the
18F-FDG signal hardly varies over the total acquisition
time and therefore the noise is cancelled out when fitting
the data. In contrast, 13N-NH4

+ images are slightly noisier

due to their different initial activity concentration, since
the 18F-FDG activity concentration was approximately
double that of 13N-NH4

+. Subsequently, there are fewer
counts on the 13N-NH4

+ images, which also imply a lower
SNR.

The main factor influencing the performance of the SDTT
is the per-voxel counting statistics. Current scanner sensi-
tivities are higher by comparison with those when SDTT
was originally proposed [4, 15, 16]. Higher sensitivity

Fig. 4. Top relative volumes of 18F-FDG and 13N-NH4
+ introduced on each Eppendorf tube (left). Time-activity curves (TACs) of

18F-FDG (blue ROI 2), for 13N-NH4
+ (red ROI 6) and for dual-isotope (yellow ROI 4; right). Down 13N-NH4

+ (upper row) and 18F-
FDG images for different rebinning algorithms (left to right) SSRB with a span of 31 and a ring difference of 15; SSRB with a
span of 3 and ring difference of 31; 3D Sinogram and FORE on the reconstruction. Experimental settings: total time acquisition
of 30 min and frame duration of 60 s. As it can be observed, using a SSRB sinogram with a span of 3 and ring difference of 31,
the resulted images present less noise than for, e.g. using a 3D sinogram and a Fourier rebinning reconstruction.

Table 2. Coefficient of variation of all the ROIs in the 18F-FDG and 13N-NH4
+ images for different rebinning algorithms

ROI FDG NH3

SSRB s=31;RD=15 SSRB s=3;RD=31 FORE SSRB s=31;RD=15 SSRB s=3;RD=31 FORE

1 0.841 0.838 0.722 1.208 1.194 0.873
2 0.841 0.837 0.769 - - -
3 0.859 0.855 0.734 0.853 0.848 1.057
4 0.693 0.687 0.697 0.662 0.659 0.604
5 0.701 0.697 0.663 0.674 0.670 0.645
6 - - - 0.514 0.512 0.473

Experimental settings total acquisition time, 30 min; frame duration, 60 s
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means better per-voxel statistics and current PET scanners
allow the use of this technique. However, the increased
sensitivity is partially offset by the improvement in spatial
resolution. Modern PET scanners also offer better spatial
resolution, enabling smaller voxel sizes, and therefore
yielding lesser counts per voxel at a certain activity
concentration. Thus, even with higher sensitivities the better
per-voxel statistics achieved are also dependent on the
spatial resolution of the scanner and, therefore, on voxel size
[16–18]. In this study, for an acquisition of 20 and 30 min,
approximately 9-13 and 13-19×106 prompts were achieved.

In vivo Experiments

Kinetic Evaluation Fig. 2 shows the TAC in the rat brain
of the two radiotracers, 18F-FDG and 13N-NH4

+. Between
approximately 30 and 100 min (∼2,000-6,000 s) of image
acquisition, 18F-FDG does not change significantly over
time (Fig. 2—18F-FDG TAC). Moreover, from approxi-
mately 10 min (600 s) of image acquisition, 13N-NH4

+ also
does not vary appreciably with time (Fig. 2—13N-NH4

+

TAC). From Fig. 2 and the protocol used in the in vivo
experiments, it was determined that SDTT can be applied
approximately 10 min after 13N-NH4

+ injection (5 min after
the starting of image acquisition in our case) and during the
following 30 min since there is no significant variation in

radiotracer concentration. In all the in vivo experiments, SDTT
was applied after 5 min of image acquisition and for 30 min.

Experiment 1: The aim of the first in vivo experiment
was to test the method in a situation
where the resulting 13N-NH4

+ and 18F-
FDG images should be different: a rat
with transient ischemia was studied at
18 h post-reperfusion. At this time, the
18F-FDG uptake is known to be reduced
in the region of the ischemia but the
blood flow could persist in the infarcted
tissue despite the massive cell death [10].
In the 18F-FDG image, the low uptake of
18F-FDG in the infarcted region is clearly
visible (Fig. 6a), as confirmed after brain
slice staining with the 2,3,5-triphenylte-
trazolium chloride method (Fig. 7). This
region maintains a nearly normal blood
perfusion, as reflected in the image of
13N-NH4

+ (Fig. 6b). However, the asym-
metry in the soft tissue of the head is
clearly visible, reflecting a reduced blood
flow in the ipsilateral face muscles as a
consequence of the method used to pro-
duce the ischemia. In this method, the

Table 3. CV of all the ROIs in the 18F-FDG and 13N-NH4
+ images for different total acquisition times

ROI FDG NH3

5 min 10 min 20 min 30 min 5 min 10 min 20 min 30 min

1 0.929 0.845 0.838 0.838 5.330 1.945 1.401 1.194
2 0.958 0.858 0.842 0.837 - - -
3 1.062 0.877 0.859 0.855 1.711 1.035 0.877 0.848
4 1.121 0.757 0.694 0.687 1.063 0.779 0.674 0.659
5 1.523 0.831 0.709 0.697 0.862 0.700 0.681 0.670
6 - - - - 0.612 0.517 0.511 0.512

Experimental settings: SSRB sinogram with a span of 3, ring difference of 31 and a frame duration of 60 s

Fig. 5. 13N-NH4
+ (upper row) and 18F-FDG Images for different total acquisition time: 5, 10, 20, and 30 min. Experimental

settings SSRB sinogram with a span of 3 and ring difference of 31 and frame duration of 60 s. As can be observed, lower total
time acquisition images are noisier.
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external carotid artery remains irreversibly
closed after using it to introduce the
occlusion filament into the internal carotid
artery to occlude the middle cerebral
artery. The decreased blood flow in the
soft tissues observed here does not cause
damage to these regions. To our knowl-
edge, this is the first time that successful
in vivo dual-isotope PET imaging has
been reported.

Table 4 shows the ratio between the uptake of the
affected vs. contralateral hemispheres of the brain in the
resulting 18F-FDG and 13N-NH4

+ images. These values are
in agreement with previously reported data employing an
identical animal model, but using the radiotracers separately
[10]. As expected, in the 18F-FDG image the affected
hemisphere (infarcted tissue) presents a lower uptake and
consequently the ratio between affected vs contralateral
hemispheres is also low (0.651). In the 13N-NH4

+ image, the
affected/contralateral ratio is 0.896, meaning that the blood

Fig. 6. In vivo experiments 13N-NH4
+ and 18F-FDG resultant images after applying SDTT; a low uptake of 18F-FDG in the

ischemic territory (outlined in yellow) indicating tissue necrosis; b nearly symmetric blood perfusion in the brain despite the
infarct indicating a successful reperfusion in the same brain area. The soft tissue of the head presents asymmetric blood flow,
caused by the experimental method in which the external carotid artery was closed and used to introduce de occlusion
filament; c normal 18F-FDG with a slightly elevated uptake in the ischemic territory; d the same animal present a severe
asymmetry in cerebral perfusion secondary to the middle cerebral artery occlusion; e normal 18F-FDG with no detectable
asymmetry; f symmetric perfusion in the brain.

508 F. P. Figueiras, et al.: Dual-tracer Acquisition for PET Static Studies



flow persists in the infarcted tissue despite the massive cell
death.

Experiment 2: The aim of the second in vivo experiment was
to test the method in the contrary situation. In
this case, 18F-FDG was injected 1 h before
inducing the ischemia to permit normal
uptake of this tracer, and the 13N-NH4

+ was
injected immediately after the ischemic pro-
cedure. This approach allowed us to obtain a
nearly symmetric 18F-FDG image corre-
sponding to normal brain uptake (Fig. 6c)
and an asymmetric 13N-NH4

+ image corre-
sponding to the reduction in the cerebral
blood flow in the region of the occluded
middle cerebral artery (Fig. 6d).

As it can be observed in Table 4, the affected tissue (right
hemisphere) in the resulting 13N-NH4

+ image, presents an
affected/contralateral ratio of 0.634 signifying that the
cerebral blood flow is reduced.

As regards the resulting 18F-FDG image, the right/left
ratio obtained is higher than expected (1.254). This can be
attributable to the manipulations of the carotid territory
during surgery which might have triggered an adaptive
process of the brain parenchyma. Known mechanisms of
adaptation to reduced blood flow include transient vaso-
dilatation and increased glycolytic activity. Both these
mechanisms would lead to an increased uptake of 18F-FDG.
Similarly, a glycolytic burst in the ischemic parenchyma in
the initial minutes following the introduction of the occlusion
monofilament could have occurred. This phenomenon would
be related to the excitotoxicity or spreading depression well
known to occur in the region of the middle cerebral artery
during early stages of cerebral ischemia. However, the actual
mechanism of this increased uptake is as yet unknown, since
studies using 18F-FDG that take the same approach as we
adopted in our work have not been reported. In any event, the
explanation of this phenomenon is beyond the scope of the
present study, and future studies could be useful in order to

shed light on the initial changes that occur in the glucose
metabolism induced by the ischemia.

Experiment 3: The aim of the third in vivo experiment was
to test the method in a situation where 18F-
FDG and 13N-NH4

+ images (Fig. 6e and f)
present a normal brain uptake and a sym-
metric blood flow (control experiment). In
this case, 18F-FDG was injected into the rat
before surgery, and therefore a normal
symmetric 18F-FDG image was obtained as
expected. After surgery, 13N-NH4

+ was
injected into the sham-operated rat. Since
there was not MCA occlusion, a symmetrical
13N-NH4

+ image was obtained showing the
expected normal blood flow.

Table 4 shows the ratio between right and left brain
hemispheres in the resulting 18F-FDG and 13N-NH4

+

images. The results were as expected, a symmetric 18F-
FDG and 13N-NH4

+ images meaning normal brain uptake
and symmetric cerebral blood flow (right/left ratio of
approximately 1).

Conclusion
This study demonstrates that simultaneous dual-tracer imag-
ing is practicable in rodent scanners and accuracy depends
on the experimental settings. The current generation of PET
scanners is more sensitive and provides better image
resolution than when this technique was originally proposed
[4]. The procedure has not been routinely applied since that
date because it could lead to the presence of increased noise in
the images. However, this study has shown that SDTT is
applicable when total acquisition times are over 20 min and
radiotracer concentrations do not vary during this period.
Given that no significant differences were observed between
the image and sinogram methods, the former is preferred
because it is faster and simpler to apply. Using the SSRBwith a
span of 3 and a ring difference of 31, and acquiring for at least
20 min, independently of the frame duration, this technique
does distinguish between the two radiotracer images with
similar SNR values to the initial dynamic image. It may also be
concluded that SDTT does not enhance noise significantly in

Table 4. Uptake ratios of the right vs. left brain hemispheres in the
resulting 18F-FDG and 13N-NH4

+ images (affected and contralateral hemi-
spheres for experiments 1 and 2)

Experiment Image Right/left ratio

1 Infarct FDG 0.651
NH3 0.896

2 Ischemia FDG 1.254
NH3 0.634

3 Control FDG 1.004
NH3 0.921

Fig. 7. Representative brain slice stained with 2,3,5-Tri-
phenyl tetrazolium chloride method. Pale areas correspond to
infarcted tissue which is visible at the left hand side.
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the resulting images if the experimental settings are correctly
chosen: total acquisition time and rebinning algorithm.

The SDTT procedure presented here does have its
limitations; SDTT assumes that tracer concentrations do
not change during the acquisition; therefore, SDTT is not
applicable to kinetic studies. It can only be applied in static
studies, when it can be ensured that both radiotracer
concentrations do not vary, and the acquisition time of the
experiment is at least 20 min. Shorter acquisition times will
generate noisier images. However, these restrictions are
similar to those usually found with diagnostic PET protocols
using static imaging with 18F-FDG or 13N-NH4

+.
The SDTT was applied using a rodent system. To apply

SDTT using human scanners, the number of coincidence
events on human imaging voxel must be similar to that
achieved on a typical rodent imaging “voxel”. Apart from the
difference between human and rodent scanners in terms of
spatial resolution and sensitivity, there is another limitation in
human studies; the injected radiotracer concentration. The
injected radiotracer concentration used in this work is higher
than is usually used in human studies. Consequently, the per-
voxel coincidence events achieved in this work were higher
than those currently achievable in human studies. Reasonable
per-voxel counting statistics on human scanners and, con-
sequently, a reasonable SDTT performance, would require an
increase in scanner sensitivity, an increase in voxel size or
increase of total scanning time. However, this last option is
limited to the kinetics of the employed radiotracers.

The SDTT was shown to be feasible in a rodent model of
transient cerebral ischemia, obtaining results for both 18F-
FDG and 13N-NH4

+ very similar to those obtained in single
tracer studies in the same animal model [10]. The SDTT will
be applied in future studies that focus on the relationship
between the blood flow and other pathological processes
implicated in ischemic damage.

Results from this study are encouraging and prove that
this technique is practicable in rodent scanners. Future work
will also focus on evaluating the role of iterative recon-
struction algorithms, such as the OSEM algorithm.
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