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Abstract
Rapid multi-tracer PET, where two to three PET tracers are rapidly scanned with staggered injections,
can recover certain imaging measures for each tracer based on differences in tracer kinetics and
decay. We previously showed that single-tracer imaging measures can be recovered to a certain extent
from rapid dual-tracer 62Cu – PTSM (blood flow) + 62Cu — ATSM (hypoxia) tumor imaging. In
this work, the feasibility of rapidly imaging 18F-FDG plus one or two of these shorter-lived secondary
tracers was evaluated in the same tumor model. Dynamic PET imaging was performed in four dogs
with pre-existing tumors, and the raw scan data was combined to emulate 60 minute long dual- and
triple-tracer scans, using the single-tracer scans as gold standards. The multi-tracer data were
processed for static (SUV) and kinetic (K1, Knet) endpoints for each tracer, followed by linear
regression analysis of multi-tracer versus single-tracer results. Static and quantitative dynamic
imaging measures of FDG were both accurately recovered from the multi-tracer scans, closely
matching the single-tracer FDG standards (R > 0.99). Quantitative blood flow information, as
measured by PTSM K1 and SUV, was also accurately recovered from the multi-tracer scans (R =
0.97). Recovery of ATSM kinetic parameters proved more difficult, though the ATSM SUV was
reasonably well recovered (R = 0.92). We conclude that certain additional information from one to
two shorter-lived PET tracers may be measured in a rapid multi-tracer scan alongside FDG without
compromising the assessment of glucose metabolism. Such additional and complementary
information has the potential to improve tumor characterization in vivo, warranting further
investigation of rapid multi-tracer techniques.
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I. Introduction
The role of Positron emission tomography (PET) as a physiological imaging modality that can
characterize, and to some extent quantify, tumor status in vivo is well known, and a number of
tracers have been developed for imaging different aspects of tumor function. 18F –
fluorodeoxyglucose (FDG), a marker for hexokinase activity and glucose metabolism, is the
most commonly used PET tracer. It is valuable for tumor detection, staging, and treatment
evaluation because most tumors are marked by increased glucose uptake. It would be highly
valuable to have information regarding other aspects of tumor physiology in addition to those
measured by FDG. The possibility of obtaining information from multiple tracers in a single
dynamic PET scan with sequential tracer administrations is worthy of investigation. In
particular, a determination of whether information from FDG imaging is retained in a multi-
tracer scan, and to what extent information can be obtained from additional tracers imaged in
conjunction with FDG, is of central interest.

Imaging multiple PET tracers together in a single scan is problematic because each PET tracer
gives rise to indistinguishable 511 keV photon pairs, so that signals from different tracers
cannot be discriminated by photon energy as is done in SPECT. It has been shown [1]–[7],
however, that signals from tracers injected in rapid succession and imaged dynamically can be
separated well enough to obtain certain information by consideration of each tracer's kinetic
behavior and radioactive decay, as in Fig. 1 for dual-tracer FDG+PTSM imaging. Rapid multi-
tracer scanning has a number of advantages over multiple single-tracer scans, which must be
obtained with delays of approximately seven half-lives or more between scans in order to allow
each tracer to decay to acceptably low levels before the next tracer is administered. These
advantages include increased patient throughput, excellent co-registration of the images for
each tracer, reduced scan times, greatly improved patient convenience, and reduced radiation
exposure since only one transmission or CT scan is needed for attenuation correction.

This work is part of a systematic investigation of rapid multi-tracer PET, the goal of which is
to characterize the feasibility of the approach for several classes of PET tracers by determining
which imaging measures can be reliably recovered for which tracers and tracer combinations.
The potential to accurately recover individual-tracer signals for several tracer combinations
staggered by 10–70 minutes was demonstrated in [5], where recovery of information from
simulated multi-tracer time-activity curves was studied as a function of injection timing. Rapid
dual-tracer imaging of 62Cu-pyruvaldehyde-bis [N4- methyl-thiosemicarbazone] (PTSM)
+62Cu-diacetyl-bis [N4- methyl-thiosemicarbazone] (ATSM) was studied with more detailed
simulations in [6].

In this work, the feasibility of recovering accurate imaging measures for 18F-FDG imaged
concurrently with shorter-lived tracers (62Cu – PTSM, 62Cu – ATSM) is studied in a
physiologic tumor model. In [5], [6] the potential for such multi-tracer imaging was
demonstrated in simulations, where the simulated data and kinetic models used to perform the
multi-tracer signal-separation were mutually consistent. In practice, however, kinetic models
are simplified approximations of more complex underlying physiologic processes and are not
perfectly consistent with the measured data. Additionally, imperfections in the PET
measurement and reconstruction processes can lead to inconsistencies between the kinetic
models and image data. Since multi-tracer PET signal-separation relies critically upon
predicted differences in kinetic behavior of the tracers, it is important to evaluate multi-tracer
methods with real data that includes such model inconsistencies.

Aside from [7], little evaluation of rapid multi-tracer PET with in vivo PET data had been
performed until the recent evaluation of rapid dual-tracer 62Cu PTSM + ATSM imaging in a
large-animal tumor model under carefully-controlled conditions [8]. There it was shown that
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certain information about each tracer, such as the standardized uptake value (SUV) for each
tracer and K1 for PTSM, can be reliably recovered from dual-tracer imaging for this tracer pair.
In this work, the feasibility of imaging FDG in combination with one or two shorter-lived
secondary tracers was evaluated in the same tumor model. This represents a more challenging
multi-tracer signal-separation problem, where the secondary tracer(s) are administered and
imaged while the first (FDG) is still distributing. The ability to recover both static and kinetic
imaging measures for each tracer from multi-tracer data was evaluated, using separately-
acquired single-tracer scan data as the standard for comparison.

II. Methods
The primary objective of this work was to evaluate the recovery of imaging measures from
rapid multi-tracer imaging of FDG along with one or two 62Cu tracers (PTSM, ATSM). Four
dual-tracer protocols and one triple-tracer protocol were studied as described in Section II-B.
The specific objectives were: (1) to evaluate to what degree quantitative and semi-quantitative
FDG imaging measures are degraded by the presence of secondary, shorter-lived tracers
administered after FDG; and (2) to determine what imaging measures may be reliably obtained
from the 62Cu tracers. Note that the ability of each tracer to measure any specific physiological
function or state was not studied; rather, it was determined what information could be obtained
from rapid multi-tracer imaging of these tracers as compared to separate, single-tracer scanning
of each. The experimental method was to acquire single-tracer scans with each tracer using the
multi-tracer scanning sequence, and then to combine the raw data to emulate the corresponding
multi-tracer dataset. This allowed comparison of recovered single-tracer imaging measures
with measures from the known components of the multi-tracer datasets, avoiding problems
due to imperfect reproducibility of repeat PET scans and misregistration effects.

A. Experimental Setup
Four terminally ill canines (39.3 ± 13.9 kg) with pre-existing tumors were recruited for this
study from regional animal shelters and veterinarians under a protocol approved by the
University Institutional Animal Care and Use Committee. Each dog had multiple large, well
developed tumors and had already been prescribed euthanasia. Approximately 50 mg/kg
Telazol was injected intramuscularly to initiate anesthetic induction; this was followed by
tracheal intubation and mechanical ventilation with isoflurane in oxygen, keeping the end tidal
CO2 at 35 mm +/− 5 mm Hg. Intravenous lines were started in the cephalic veins with Lactated
Ringer's solution infused at a rate of 15 ml/kg/hr. Pancuronium bromide was administered
intravenously in 3 mg doses as needed to maintain muscle relaxation. The recumbent dogs
were weighed and tumor vicinities shaved. An arterial-venous (AV) shunt in the femoral artery
allowed arterial blood sampling during dynamic scanning, and 1000 units of heparin were given
intravenously before each scan to keep the shunt clear. The dog was placed on the bed of the
Advance scanner (General Electric Medical) with tumors centered in the field-of-view; tape
and Velcro straps secured this positioning throughout the study. Dynamic PET scanning was
conducted in 2-D mode, with septa in place, following intravenous administration of
radiotracers. Each animal was euthanised after completion of imaging, and tissue samples were
obtained for histopathologic analysis.

B. PET Scanning
Single-tracer dynamic scans with 62Cu – PTSM (35 min.), 62Cu – ATSM (35 min.), and 18F
– fluorodcoxyglucosc (FDG, 60 min.) were performed in each dog with slow bolus
administrations of 4.7 ± 3.2, 5.1 ± 2.8 and 5.1 ± 2.2 mCi of each tracer, respectively. Synthesis
of 62Cu – PTSM and 62Cu – ATSM was achieved using a portable 62Zn/62Cu generator and
tracer preparation kits provided by Proportional Technologies (Houston, TX) [9]. Scans were
separated by at least 70 minutes to allow the 62Cu from the previous scan to decay to a negligible
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activity level (less than 1% of the administered value), and the FDG scan was performed last.
Each emission scan was preceded by a 10 minute transmission scan for attenuation correction
and to detect any alignment shift between scans (none was observed). An overview of the
experimental method and multi-tracer emulation procedure is given in Fig. 2.

Four dual-tracer scans and one triple-tracer scan were emulated; the protocols were designed
based on previous simulation studies [5], [6]. Note that the effect of injection timing and relative
dose were investigated in these studies; it was found that injections staggered by 10–20 min.
gives a good tradeoff between signal separation performance and short scan duration for these
tracers. The dual-tracer scans had FDG injected at time 0 and either PTSM or ATSM injected
at 10 or 20 min. The triple-tracer scan had FDG injected at time 0, PTSM injected at 10 min.,
and ATSM injected at 20 min. The dynamic scanning had rapid sampling (5 second timeframes)
at the time of FDG injection, followed by progressively slower sampling as the tracer
distribution slowed and stabilized. The sequence with fast sampling was restarted at 10 and 20
min. for the administration of the 62Cu tracer(s). The complete temporal sampling schedule
was: 12 × 5 s, 6 × 10 s, 6 × 30 s, 5 × 60 s, 12 × 5 s, 6 × 10 s, 6 × 30 s, 5 × 60 s, 12 × 5 s, 6 ×
10 s, 6 × 30 s, 5 × 60 s, 5 × 120 s, 4 × 300 s for a total scan duration of 60 min.

Arterial input functions were determined by drawing 0.4-0.5 ml blood samples from the AV
shunt on a schedule similar to the scanning schedule and recorded manually. The freely
available fractions for PTSM and ATSM were determined by octanol extraction, which relies
on the fact that PTSM and ATSM bind to serum albumin [23], [24]. Blood samples at 1, 5, 10,
15, and 20 min. were added to 1.0 ml octanol in test tubes and centrifuged, thus separating the
freely available (octanol separated) and bound (pellet) fractions. Each sample was weighed
and counted in a well counter soon after withdrawal. Radioactive decay corrections were
applied and the measurements were interpolated to recover time-activity curves for the whole-
blood and freely-available arterial input functions for use with compartment modeling. Note
that for actual multi-tracer PET studies, measurement of arterial input functions would be
complicated by the presence of more than one tracer in the blood samples. This complication
has not yet been addressed, though it is likely that accurate estimates of individual input
functions for each tracer could be obtained using extrapolation techniques (as in [7]) and/or
repeat activity counting to discriminate between tracers with differing rates of radioactive
decay.

C. Data Processing
The overall objective of this work was to determine the feasibility of concurrently
imaging 18F-FDG along with a second (and/or third) shorter-lived tracer(s) (PTSM, ATSM),
using physiologically realistic PET scans where the measured data were not perfectly consistent
with the kinetic models used for analysis (due to imperfections and noise in the PET
measurement process, as well as inconsistencies between the kinetic models and actual
pharmacokinetic behavior of the tracers in vivo). Rather than using repeat single- and multi-
tracer scans as a standard for comparison—which would suffer from repeat-scan variability—
our experimental design utilized raw-data emulation techniques to combine single-tracer scans
into representative multi-tracer datasets.

The primary objective of this emulation was to obtain multi-tracer PET datasets made up of
single-tracer components that were exactly paired with the separate single-tracer datasets used
as the standard for comparison. As such, any differences between the final imaging measures
(SUVs, kinetic rate parameters) obtained from the emulated multi-tracer scans and single-tracer
standards would be due to either incomplete multi-tracer signal-separation or differences in
noise propagation for multi-versus single-tracer data processing. This approach necessitates
that the exact same prompt coincidence data be used for the single-tracer standards and the
emulated multi-tracer data. Note that an alternative approach would be to prioritize emulating
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exactly what would have been obtained from an actual multi-tracer scan, which would require
reducing the number of prompt coincidences for each tracer due to the moderately increased
dead-time that would be encountered for actual multi-tracer data, as well as increasing the
randoms component in the prompt coincidence window due to random coincidences involving
photons from two tracers. This alternative approach, however, would result in multi-tracer and
single-tracer datasets that were not exactly paired because of differences in the prompt
coincidences used for the single-tracer standards and the single-tracer components of the
emulated multi-tracer dataset. While the differences between these two emulation approaches
are relatively minor in 2-D mode such as used here, larger differences would be expected in
3-D mode where much higher levels of deadtime and randoms would be encountered.

The raw scan data for each tracer were offloaded from the scanner and combined in the
following manner to produce emulated raw multi-tracer datasets. First, each single-tracer scan
was processed and reconstructed separately, where the scatter and randoms estimates used for
reconstruction were saved. The attenuation, deadtime, and normalization factors for each raw
line-of-response were also stored for each tracer. Since only 35 min. of scan data were acquired
for PTSM and ATSM but up to 60 min. of data were required for these tracers for the emulated
multi-tracer scan, it was assumed that these tracers were fully distributed (static) and the
extrapolation was performed by applying the appropriate factors for radioactive decay to the
final timeframe of the component single-tracer PTSM and ATSM scans. Note that, after 35
min., only 8.2% of the original administered activity for these tracers remained, so the
extrapolated portions represent only a very small portion of the total imaging signal for each
tracer. The timeframes of the PTSM and ATSM scans were then shifted in time to align with
the timeframes of the dual- and triple-tracer protocols described earlier. Multi-tracer data were
then emulated by adding the prompt coincidences, scatter and randoms estimates. Detector
normalization and attenuation factors were identical for all component scans; though detector
deadtimes were slightly different and were averaged for the multi-tracer emulation. Additional
details on the emulation procedure and its advantages and limitations can be found in [8].

The emulated multi-tracer raw data were reconstructed in the same manner as the single-tracer
scan data, using twelve subsets and four iterations of OSEM.1 The raw line-of-response (LOR)
data were reconstructed directly with all corrections (including arc correction) incorporated
into the reconstruction matrix (LOR-OSEM, [25]) and with no reconstruction filter applied.
Forty-seven regions-of-interest (ROIs) were drawn on ten tumor sites among the four animals
studied (11 ± 6 ROIs per animal; sizes 4.5 ± 4.6 cm3), and time-activity curves were obtained
for each. The signal separation procedure was applied to the multi-tracer curves, and the
recovered single-tracer curves were then processed to recover static and dynamic imaging
measures for each tracer.

D. Multi-Tracer Signal Separation
The process of separating dynamic multi-tracer datasets into single-tracer components is
termed “multi-tracer signal separation”, and requires that some sort of kinetic constraint be
imposed in order to estimate the relative contributions from each tracer to different timepoints
in the dynamic sequence. In this work, the expected kinetic behavior of each tracer was
constrained to match the compartment models shown in Fig. 3. Radioactive decay of each
tracer was explicitly incorporated into the model(s) in order to facilitate tracer separation. The

1Note that filtered backprojection (FBP) could also have been used for reconstruction, and might be considered preferable when
quantification of kinetic rate parameters is the ultimate goal of the imaging. We selected OSEM for this work for two reasons. First, our
ultimate goal is not quantitation but rather to compare multi-tracer versus single-tracer results. Second, the non-negativity constraint of
OSEM can lead to some inconsistencies between the reconstructed data and the kinetic models; since one of our objectives in this work
was to evaluate multi-tracer signal-separation in the presence of such data-model inconsistencies, the use of OSEM provides a more
extreme test than FBP would provide.
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activity concentration A(t) of the extravascular tissue compartments is given in these models
as:

(1)

where {ki} are the rate constants, λ is the radioactive decay constant, b(t) is the decay-corrected
input function (concentration of freely exchangeable tracer in the blood), ⊗ is the convolution
operator, and * is used to denote either FDG, PTSM or ATSM since the same model was used
for each. For multi-tracer data, b* (t) for each tracer was zero until injection of that tracer (t =
0, 10 or 20 min.). The activity concentration RMulti(t) in a ROI measured by PET for multi-
tracer data is modeled as:

(2)

where fB is the vascular fraction in the ROI, B(t) is the total activity concentration in the whole

blood (including all tracers present), and  is the total tissue activity for
N tracers.

The signal separation algorithm is shown schematically in Fig. 4 for an example triple-tracer
case which has FDG injected at time 0, PTSM at 10 min., and ATSM at 20 min. Eq. (2) was
fit to the triple-tracer time-activity curve by Levenberg-Marquardt minimization of chi-squared
(Fig. 4, top) to simultaneously obtain best-fitting estimates often parameters ({K1, k3,
k3}FDG, {K1, k3, k3}PTSM, {K1, k3, k3}ATSM, fB). The weights used for the fit were based on the
number of counts in each timeframe, , where ΔTt is the duration of timeframe
t and ω ̄ is the average  over all timeframes; this choice of fitting weights is routinely
used in our group, and it is recognized that these weights may not be optimal for the multi-
tracer signal-separation task. The fitted parameters give single-tracer curves (Fig. 4, middle)
whose relative values were used to predict the fraction of activity present for each tracer at
each time-point. The original (noisy) triple-tracer time-activity curve was split into recovered
curves, one for each component tracer, according to these fractions:

(3)

Separating the multi-tracer curve R̃Muiti(t) in this way, as opposed to using the fitted curves
R̅n(t) as the recovered signal for each tracer, serves several purposes. It distributes the noise in
R̃Muiti(t) among the recovered tracers, rather than regularizing the recovered signals according
to the kinetic model used, which may potentially affect the final imaging measures for each
tracer. Perhaps more importantly, it does not restrict the recovered signal for each tracer to
exactly match the kinetic model used, which reduces the level of accuracy required in both the
kinetic model and input function used for the multi-tracer signal-separation task.

The recovered curves, shown together with the input single-tracer curves (Fig. 4, bottom),
could be processed in whatever manner desired according to usual single-tracer processing
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methods. Here, they were integrated to obtain SUVs for each tracer, and also fit to single-tracer
compartment models to determine kinetic rate parameters. Note that the rate parameter results
for each tracer could also have been estimated directly from the multi-tracer compartment
model fit; however we prefer to explicitly separate the signal separation procedure from the
data analysis stage. This has implications for, among others, noise propagation and sensitivity
to the weighting factors used for the kinetic modeling.

E. Analysis
The goal of the rapid multi-tracer technique is to obtain imaging measures for multiple tracers
from a single scan. Evaluation of the method includes determining to what extent the same
results can be obtained from multi-tracer scans as can be obtained from multiple separate single-
tracer scans. The input single-tracer curves, which are the components for the multi-tracer
emulation, were therefore used as the gold standard for comparison with the single-tracer
curves recovered from multi-tracer imaging. The question of how accurately each tracer
measured its associated physiologic parameter is an entirely separate topic better suited to tracer
development work evaluating each individual tracer.

Multi-tracer results for the four canine experiments were pooled and compared to the separate,
single-tracer standards by linear regression analysis of several quantitative imaging measures,
including: (i) the SUV obtained by integrating the decay-corrected time-activity curve, (15 to
20 minutes post-injection for the 62Cu tracers and from 50 to 60 minutes post-injection for
FDG); (ii) the net-uptake parameter, Knet = K1k3/(k2 + k3); and (iii) the individual rate
parameters, K1 − k3, obtained from compartment model fits of the recovered time-activity
curves. The FDG SUV and Knet provide measures related to glucose utilization. The PTSM
SUV, K1, and Knet are potentially useful for blood flow characterization. The ATSM SUV,
k3, and Knet are likely related to hypoxia, although a quantitative measure of hypoxia would
likely require consideration of the flow-dependence of the tracer delivery. These imaging
measures provide well-defined parameters used here to evaluate the performance of the signal
separation algorithm.

III. Results
A. Dual-Tracer Imaging With FDG and Another Tracer

Tables I and II summarize the results of linear regression analyses comparing imaging measures
recovered from the four dual-tracer imaging protocols versus the single-tracer standards. The
FDG imaging measures were recovered very accurately from the dual-tracer scans, as
exemplified further by the scatter plots of Fig. 5. This is a critical result in that the “standard”
FDG information about glucose metabolism was not adversely affected by the presence of the
secondary tracers. As such, the pursuit of additional tumor characterization through the use of
additional tracers did not compromise the FDG information.

Relevant information about PTSM or ATSM was also recovered from the dual-tracer FDG +
(PTSM, ATSM) protocols. PTSM SUV, K1 (Fig. 6), and Knet were recovered very well, with
excellent correlation coefficients; however, some degree of bias was also present (e.g., slopes
≠ 1). The bias differed for injection times of 10 versus 20 min. for PTSM; we postulate that
this bias is due to incorrect weights used for the compartment-model fits, and this issue deserves
additional investigation. These results demonstrate very good potential for recovering
quantitative tumor blood flow information while characterizing glucose metabolism by rapid
dual-tracer imaging, provided that algorithmic improvements can overcome the bias observed
here. The higher order rate parameters, k2 and k3, for PTSM were not recovered with good
accuracy.
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The ATSM imaging measures were in general more difficult to recover. Fig. 7 shows scatter
plots for recovery of ATSM SUV and Knet from dual-tracer FDG+ATSM scanning. The SUV
and Knet for this tracer were reasonably well recovered, suggesting that some information about
the uptake and retention of this tracer can be recovered from dual-tracer imaging with FDG.
However, the most relevant rate parameter for characterizing hypoxia (k3) was not well
recovered in these data. It appears that the higher order kinetics regarding trapped retention
versus slow washout of ATSM were degraded or mixed to some extent with the corresponding
portions of the FDG time-activity curve, and thus were poorly recovered from the dual-tracer
data. The results for ATSM SUV suggests that gross characterization of hypoxia by, say, SUV
tumor:muscle ratios might be possible; however, more precise characterization of hypoxia by
ATSM k3 from the dual-tracer protocols studied here does not appear feasible.

B. Triple-Tracer FDG + PTSM + ATSM Imaging
The imaging results from the triple-tracer imaging protocol were similar to those for the dual-
tracer protocols, and are presented as scatter plots in Fig. 8. Again, all FDG imaging measures
were accurately recovered and not adversely affected by the presence of the other tracers. The
PTSM blood flow measures (SUV, K1, and Knet) correlated strongly with single-tracer
measures, but had some bias. Gross characterization of ATSM uptake and retention via SUV
showed promise, but more precise information regarding ATSM kinetics was lost by the multi-
tracer imaging procedure. Together, these results would suggest that the wash-in kinetics of
each tracer are more easily recovered than the later retention/washout phases; however, further
work is required to further investigate these phenomena.

IV. Discussion
This work has tested rapid multi-tracer imaging with FDG administered at time 0 with a second
(or third) 62Cu-labeled tracer injected at time 10 or 20 min. In contrast to previous simulation
work studying the feasibility of such multi-tracer imaging techniques, this work used a canine
model with spontaneously-occurring tumors to provide realistic levels of data-model
mismatch. Such mismatch is inevitable in practice, arising from both imperfections in the PET
measurement and processing as well as approximations in the kinetic models (which simplify
the complexity of actual physiologic systems). The results show good potential for recovering
certain imaging measures for each tracer from temporally-overlapping multi-tracer datasets.
The results are also consistent with the previous simulation work, where the greater degree of
variation and presence of bias found here reflect the data-model mismatch just described.

A number of limitations to the study should be considered before drawing conclusions. The
canine tumor model provides attenuation and scatter levels much more representative of human
imaging than would rodent tumor models; however, the body sizes of these animals are still
smaller than most patients. Randoms rates and deadtime levels in actual multi-tracer scans
would also be higher than those encountered here for emulated multi-tracer data. While these
factors may not be very problematic for 2-D mode scans such as used here, they would be
significantly more important when imaging in fully-3D mode without interslice septa.
Moreover, dynamic PET imaging with modern 3D-only scanners has not been tested as well
as dynamic 2-D mode imaging. Since the multi-tracer PET technique required dynamic
imaging, care should be taken to ensure accurate dynamic acquisition and processing can be
obtained.

Another significant limitation of this work relates to use of kinetic analysis techniques that
require measurement of the arterial input function. We used separately-measured input
functions for each tracer in this work, and have not yet addressed the issue of obtaining such
inputs for multi-tracer data with more than one tracer present. This will complicate both image-
derived and blood sampling techniques, where differences in radioactive decay and/or chemical
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separation techniques might be necessary to accurately measure the inputs for each tracer.
When qualitative (e.g., image) or pseudo-quantitative (e.g., SUV) imaging endpoints are
desired, however, it may not be necessary to have a quantitatively-accurate input function for
each tracer—provided that sufficient kinetic constraints can be imposed to complete the multi-
tracer signal-separation. In such cases, either approximate input functions or non-
compartment-model based techniques may potentially be employed.

Rapid multi-tracer PET imaging also brings a number of logistical challenges, such as synthesis
and delivery of each tracer in a time-coordinated fashion, and these issues have not yet been
addressed. As such, the results of this work relate to the technical feasibility of performing
multi-tracer PET imaging, and the overall technique is still in the developmental stages.

V. Conclusions
This work studied four dual-tracer and one triple-tracer imaging protocol for rapidly
imaging 62Cu – PTSM and/or 62 Cu – ATSM in conjunction with 18F-FDG. The total scan
time for all protocols studied here was 60 min., and thus did not increase the imaging time
relative to a 60 min. single-tracer dynamic FDG scan. The results showed, first of all, that both
quantitative and semi-quantitative measures of FDG were accurately recovered from the multi-
tracer scans, hence information regarding glucose metabolism was not adversely affected by
the presence of the secondary tracers. Quantitative measures of PTSM wash-in (K1) and net
uptake (Knet) were also accurately recovered, indicating that both blood flow and glucose
metabolism can be measured by a single scan. Precise kinetics regarding ATSM retention
versus washout were not accurately recovered from these protocols with ATSM administered
after FDG; however, gross characterization of ATSM uptake and retention as measured by the
SUV showed some promise. This study demonstrates that certain (albeit limited) information
about a second, and potentially third, short-lived tracer can be measured alongside FDG by a
rapid multi-tracer scan without degrading the FDG results. We note that the multi-tracer signal
separation process is sensitive to the particulars (kinetics, half-lives) of the tracers used, and
that the results of this study do not predict multi-tracer performance with other tracer
combinations. The studies performed here were under carefully controlled conditions, and
additional work is necessary before rapid multi-tracer techniques should be applied in the clinic.
However, the method shows promise for characterizing 2–3 aspects of tumor physiology from
a single, rapid PET exam.
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Fig. 1.
In rapid dual-tracer PET, a dynamic scan is obtained with staggered injections of each tracer.
Differences in the kinetic behavior of each tracer, along with the offset injections, permit
separation of the dual-tracer time-activity curves into single-tracer components, which can then
be analyzed using the usual single-tracer methods to obtain static or dynamic imaging measures
as desired.
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Fig. 2.
Separate single-tracer scans were acquired using the multi-tracer dynamic scanning protocol
(top). The raw data from each scan were then combined to emulate rapid multi-tracer scans
(triple-tracer shown at bottom), providing exactly paired single- and multi-tracer components
permitting direct evaluation of the accuracy of the multi-tracer signal separation procedure. In
practice, separate single-tracer scans would require 5 hr 10 min or longer to complete in order
to wait for decay of one tracer before imaging the next, whereas the rapid triple-tracer procedure
can be completed in the time required for a single FDG scan alone.
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Fig. 3.
Kinetic models with two tissue compartments and three rate parameters were used for all three
tracers studied here, where the second compartment had irreversible trapping. The radioactive
decay of each tracer was explicitly incorporated into the model.
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Fig. 4.
The triple tracer time-activity curve (top) is fit to the triple-tracer compartment model,
producing parameterized time-activity curves for each individual tracer (middle). These single-
tracer curves are used to predict relative activity values for each tracer at each time-point. These
fractions are applied to the original triple-tracer curve to give the recovered single-tracer curves
(bottom). The error bars shown on the top plot are the weights used for the multi-tracer
compartment-model fit. The variations seen in the recovered FDG curve at 10 and 20 min.,
and in the PTSM curve at 20 min., are due to the use of fast temporal sampling at the times of
injection of the other tracers.
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Fig. 5.
Scatter plots of FDG SUVs and net-uptake parameters recovered from dual-tracer (FDG at 0
min., plus a Cu-tracer at 10 or 20 min.) versus separate single-tracer imaging with PTSM and
ATSM. Excellent correlations were obtained, indicating that these broadly-characterizing
imaging measures were successfully recovered from the dual-tracer signal-separation
procedure.
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Fig. 6.
Scatter plots of PTSM SUVs and the wash-in parameter K1 recovered from dual-tracer versus
separate single-tracer imaging with FDG. Both PTSM injection times (10 and 20 min.) are
shown.
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Fig. 7.
Scatter plots of ATSM SUVs and net-uptake parameter Knet recovered from dual-tracer versus
separate single-tracer imaging with FDG. Both ATSM injection times (10 and 20 min.) are
shown.
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Fig. 8.
Scatter plots of all triple-tracer imaging measures recovered from triple-tracer versus separate
single-tracer imaging with FDG injected at 0 min., PTSM at 10 min., and ATSM at 20 min.
The imaging parameter is labeled on the upper-left hand corner of each plot, and the vertical
and horizontal axes represent the parameter estimates recovered from triple-tracer imaging and
single-tracer imaging, respectively. All FDG measures were well recovered, indicating that
imaging two additional 62Cu tracers simultaneously with FDG does not substantially corrupt
the FDG information.
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Table I
Correlation Coefficients and Regression Results for Dual-Tracer FDG (0 min.) + PTSM (10,
20 min.) Imaging Measures

PTSM injected at 10min PTSM injected at 20min

FDG K1 y = 1.01x + 0.02 R = 0.99 y = 0.98x + 0.01 R > 0.99

FDG k2 y = 0.95x + 0.11 R = 0.99 y = 0.99x + 0.01 R > 0.99

FDG k3 y = 1.00x Š 0.00 R > 0.99 y = 1.00x - 0.01 R > 0.99

FDG Knet y = 0.93x + 0.00 R > 0.99 y = 0.97x + 0.00 R > 0.99

FDG SUV y = 0.97x + 0.02 R > 0.99 y = 0.99x + 0.01 R > 0.99

PTSM K1 y = 1.25x + 0.01 R = 0.98 y = 1.06x + 0.01 R = 0.97

PTSM k2 y = 0.46x + 0.31 R = 0.04 y = -1.18x + 0.32 R = -0.11

PTSM k3 y = 0.55x + 1.24 R = 0.57 y = 0.40x + 0.84 R = 0.40

PTSM Knet y = 1.15x + 0.00 R = 0.92 y = 0.53x + 0.04 R = 0.66

PTSM SUV y = 1.03x + 0.40 R = 0.97 y = 0.89x + 0.23 R = 0.94
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Table II
Correlation Coefficients and Regression Results for Dual-Tracer FDG (0 min.) + ATSM (10,
20 min.) Imaging Measures

ATSM injected at 10min ATSM injected at 20min

FDG K1 y = 1.02x + 0.02 R = 0.99 y = 0.99x + 0.01 R > 0.99

FDG k2 y = 0.95x + 0.11 R = 0.99 y = 0.99x + 0.02 R = 0.99

FDG k1 y = 1.00x Š 0.01 R > 0.99 y = 1.00x Š 0.01 R > 0.99

FDG Knet y = 0.94x + 0.00 R > 0.99 y = 0.97x + 0.00 R > 0.99

FDG SUV y = 0.98x Š 0.01 R > 0.99 y = 0.99x - 0.00 R > 0.99

ATSM K1 y = 0.89x + 0.00 R = 0.98 y = 0.83x + 0.03 R = 0.98

ATSM k2 y = 0.41x + 0.38 R = 0.03 y = 0.11x + 0.31 R = 0.01

ATSM k3 y = 0.20x + 0.80 R = 0.22 y = 0.21x + 0.50 R = 0.25

ATSM Knet y = 0.33x + 0.05 R = 0.81 y = 0.30x + 0.02 R = 0.82

ATSM SUV y = 0.76x + 084 R = 0.90 y = 0.67x + 0.58 R = 0.92
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