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Abstract
Positron emission tomography (PET) can image a wide variety of functional and physiological
parameters in vivo using different radiotracers. As more is learned about the molecular basis for
disease and treatment, the potential value of molecular imaging for characterizing and monitoring
disease status has increased. Characterizing multiple aspects of tumor physiology by imaging
multiple PET tracers in a single patient provides additional complementary information, and there
is a significant body of literature supporting the potential value of multi-tracer PET imaging in
oncology. However, imaging multiple PET tracers in a single patient presents a number of challenges. A number of techniques are under development for rapidly imaging multiple PET tracers in
a single scan, where signal-recovery processing algorithms are employed to recover various imaging endpoints for each tracer. Dynamic imaging is generally used with tracer injections staggered
in time, and kinetic constraints are utilized to estimate each tracers’ contribution to the multi-tracer imaging signal. This article summarizes past and ongoing work in multi-tracer PET tumor
imaging, and then organizes and describes the main algorithmic approaches for achieving multi-tracer PET signal-recovery. While significant advances have been made, the complexity of the
approach necessitates protocol design, optimization, and testing for each particular tracer combination and application. Rapid multi-tracer PET techniques have great potential for both research
and clinical cancer imaging applications, and continued research in this area is warranted.
Key words: PET tracers, Tumor Characterizations

I. Introduction
Positron emission tomography (PET), often coupled with x-ray computed tomography (CT) or magnetic resonance (MR) on modern scanners, is a physiologic imaging modality that measures the distribution of radiolabeled tracers within the body. Complementing anatomic modalities, which image tissue
structures and morphology, PET can characterize and
quantify the functional, metabolic, and physiologic
status of tissues in vivo. Although PET/CT imaging
has emerged as the leading modality for diagnostic
cancer imaging and staging, its true potential lies in its
ability to quantify tumor status for personalized
medicine tasks such as monitoring response to tar-

geted therapies. Hundreds, if not thousands, of radiotracers have been investigated for PET, targeting
parameters such as glucose metabolism, blood flow,
hypoxia, cellular proliferation, amino acid synthesis,
gene expression, and so on. As we learn more about
the molecular bases for disease and treatment, PET is
becoming an increasingly powerful imaging modality
for characterizing and monitoring disease status in
vivo.
Current clinical oncologic PET relies upon imaging
a
single
tracer,
most
commonly
18F-fluorodeoxyglucose (FDG), to characterize a single
aspect of tumor physiology or function (e.g. glucose
http://www.thno.org
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metabolism for FDG). However, characterizing multiple aspects of tumor function and biology would
provide a more complete picture of tumor status, with
great potential for improving image-guided selection
of the most effective targeted therapies and monitoring their effectiveness. Imaging multiple PET tracers,
however, presents significant challenges. Using conventional techniques, which are limited to only a single tracer per imaging session, repeat patient visits are
required—a costly and time-consuming approach.
However, techniques are emerging for imaging multiple PET tracers in a single-scan. The following sections discuss the rationale for quantitative multi-tracer PET tumor characterizations, review evidence supporting the clinical potential for multi-tracer
tumor assessments, summarize past developments
and ongoing efforts in rapid (single-scan) multi-tracer
PET techniques, and describe the main algorithmic
approaches for processing single-scan multi-tracer
PET data in order to recovered separate, individual-tracer imaging metrics.

II. Rationale for Multi-Tracer PET Tumor
Characterizations
II.A. Physiologic Imaging Targets
Positron emitting radiotracers have been developed for imaging a wide variety of molecular and
cellular targets, including glucose metabolism, cellular proliferation, blood flow, hypoxia, protein and
lipid synthesis, membrane transport of proteins,
hormone receptors, tumor receptors, angiogenesis,
apoptosis, and gene expression; and the list continues
to grow rapidly. Each PET tracer consists of a molecule, substrate, or drug designed to image a specific
molecular or physiologic target, labeled with an appropriate positron-emitting radioisotope. The most
commonly used PET radioisotopes are listed in Table
1. The different properties of each radioisotope have
implications for multi-tracer PET imaging. The radioactive half-life affects of tracer synthesis, delivery
and scanning; it affects radiation exposure and image
count densities; and moreover it has significant implications for multi-tracer PET signal-recovery performance. Differences in positron decay fractions and
energy give rise to different imaging properties for
each radioisotope that can have a subtle effect on
multi-tracer PET images. Furthermore, different
means of production for each radioisotope (and, subsequently, the PET radiopharmaceutical) also affect
the logistics of performing PET imaging with multiple
tracers.
Table 2 provides an overview of prominent oncologic imaging targets and the leading PET tracers
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under investigation for imaging each target. Numerous other PET tracers have been investigated, and this
list is not intended to be comprehensive. Table 2 does,
however, provide a sampling of imaging targets of
interest for quantitative tumor characterization for
which there are reasonably well-developed PET tracers, and which have high potential for use in future
personalized oncology paradigms.

II.B. Complementary Value of Imaging Multiple Tracers
Interrogation of tumor status using multiple
PET tracers has great potential for personalized oncology, where characterization of multiple aspects of
tumor physiology and function would provide a
wealth of information for improved prognostication,
guiding selection of targeted therapies, and assessing
tumor response. Many of these applications are
quantitative or semi-quantitative in nature, e.g. quantifying changes in tracer uptake that reflect physiologic changes that occur in response to therapy. As
such, they represent a different perspective on PET
imaging as compared to current clinical practice
where FDG-PET is used primarily for diagnostic and
staging purposes. A significant and growing body of
literature has established high potential value for
imaging multiple PET tracers for both clinical and
basic science investigations [2, 21-27]. The following
anecdotal review summarizes much of the relevant
literature, but is not an exhaustive review and many
additional papers have alluded to the potential value
of imaging multiple PET tracers.
Table 1. Common Positron-Emitting Radioisotopes.
Isotope

Half-live

Mean
Production
β+ Decay Mean
Fraction β+Energy β+Range

Carbon-11

20.385 min

99%

386 keV

1.266
mm

cyclotron

Nitrogen-13

9.965 min

100%

488 keV

1.730
mm

cyclotron

Oxygen-15

122.24 sec

100%

735 keV

2.965
mm

cyclotron

Fluorine-18

109.77 min

97%

252 keV

0.660
mm

cyclotron

Copper-62

9.67 min

93%

1.314
MeV

6.077
mm

generator

Copper-64

12.70 hr

17%

278 keV

0.688
mm

reactor or
cyclotron

Gallium-68

68.06 min

88%

844 keV

3.559
mm

generator

Rubidium-82 1.273 min

96%

1.551
MeV

7.491
mm

generator

Iodine-124

23%

819 keV

~ 1.7
mm

cyclotron

4.18 days
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Table 2. Oncologic Imaging Targets and PET Tracers.
Target

Tracers

Comments

Glucose Metabolism
[1]

11C-glucose

* Most tumors exhibit increased expression of glucose transport proteins and increased hexokinase
activity.
* Glucose transport proteins govern cellular uptake of both FDG and 11C-glucose, which are then
phosphorylated within the cell.
* 11C-glucose then enters the full citric acid cycle, giving rise to circulating labeled metabolites
* FDG-6-phosphase is metabolically trapped in most tissues.
* FDG is the most commonly used oncologic PET tracer.
* FDG is avidly taken up in many tumor types, making it a fairly general use tracer for tumor detection,
through false positives may arise from inflammatory processes.

Cellular Proliferation
[2-4]

11C-thymidine

18F-fluorodeoxyglucose

(FDG)

18F-fluorothymidine
18F-FMAU
18F-FBAU

* Thymidine and other molecules incorporated in DNA have received the most interest as imaging
agents.
* 11C-thymidine imaging is complicated by circulating metabolites
* FLT is transported into cells by a carrier-mediated mechanism and simple diffusion, where it is
phosphorylated by thymidine kinase and trapped.
* Retention of FLT within the cell primarily measures thymidine kinase activity, which is known to
increase 5–10 fold during cell division.

11C-methyl-methionine
Other
Growth-Relat (MET)
11C-acetate (ACE)
ed Tracers
11C-choline
[5-7]
18F-fluorocholine

* Trace a variety of targets such as protein synthesis, lipid synthesis, and amino acid transport
* Value for detection, grading, delineation of tumor margins, and evaluating the effects of therapy
* High potential for imaging brain tumors, where FDG may be less effective due to high background
uptake
* Valuable for imaging prostate, hepatocellular, meningioma, glioma, nasopharyngeal, lymphoma,
colon, ovarian, and renal cell cancers

Blood Flow
and Perfusion
[8, 9]

* 15O-water is freely diffusible and not affected by cellular uptake mechanisms or metabolic trapping
* Very short half-life of 15O makes repeat measurements feasible, but limits use to specialty imaging
centers with on-site cyclotron
* 13N-ammonia and 82Rb-chloride are frequently used for myocardial perfusion, but concerns about their
mechanisms for tissue extraction and trapping limit their usefulness for imaging tumor blood flow

15O-water

62Cu-PTSM, 64Cu-PTSM
62Cu-ETS, 64Cu-ETS
13N-ammonia
82Rb-chloride

Hypoxia
[10-13]

18F-fluoromisonidazole

* Hypoxia can lead to radioresistance, resistance to many chemotherapeutic drugs, has implications for
drug delivery issues, and causes phenotypical changes resulting in more malignant and metastatic
tumor behaviors.
* Hypoxia tracers generally retains in viable cells by a redox trapping mechanism
* Analysis of hypoxia tracer images is often complicated by issues related to flow-dependent tracer
delivery and uptake

Numerous
Others
[14-20]

18F-sodium

* NaF for bone imaging
* FES as estrogen hormone receptor agent
* FDOPA as substrate for melanin synthesis (e.g. melanoma) and as general indicator of large neutral
amino acid transport
* Annexin-V as protein marker for apoptosis
* Gene expression imaging using PET tracers in conjunction with the herpes simplex virus type-1 thymidine kinase reporter gene

(FMISO)
18F-fluoroerythro-nitroimida
zole (FETNIM)
62Cu-ATSM, 64Cu-ATSM
fluoride
(FES)
18F-fluorodopa (FDOPA)
18F- or 124I-labeled Annexin-V
18F-fluorogancyclovir
18F-fluoropenciclovir
18F-fluoroestradiol

Fig 1. Example of four inter-related imaging targets of importance for personalized oncologic imaging. A variety of PET tracers have been developed for
imaging and quantifying each imaging target.

http://www.thno.org
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Glucose Metabolism and Cellular Proliferation
Tumor metabolism and proliferative activity provide
complementary and relevant information for oncologic treatment decisions and has received much recent interest [28-39]. For example, Halter et al. [40]
studied the role FDG and FLT PET for staging bronchial carcinomas in 28 patients. For primary lung tumor detection, FDG was found to be more sensitive
than FLT (95% vs. 86%), while FLT showed higher
specificity (100% vs. 71%). For detecting lymph node
metastases, FDG was much more sensitive than FLT
(86% vs. 57%). The overall conclusion was that FDG
PET played the most important role in detection,
while FLT could potentially play a secondary role by
identifying cases where false-positive FDG results
occur due to an associated inflammatory processes.
Along similar lines, Kubota et al. [41] found that the
ratio of 11C-methyl-methionine (MET) uptake to
2-deoxy-glucose (2DG, FDG) uptake may correspond
to the fraction of proliferative tissue, warranting further studies to correlate tumor uptake of FMISO and
FDG or MET with radiotherapeutic effects. Work by
d’Argy et al. [42] with FDG, thymidine, methionine,
and toremifene (an estrogen receptor-avid agent), also
demonstrated complementary value of these tracers.
Hypoxia and Metabolism Hypoxia and metabolism are also inter-related parameters that affect tumor behavior. Rajendran, et al. [43] investigated the
relationship between regional glucose metabolism
(FDG) and hypoxia (FMISO) in a variety of human
tumors using PET. Wide variations in tumor glucose
metabolism and hypoxia were observed, including all
four of the possible combinations: (1) low glucose
metabolism, low hypoxia; (2) low glucose metabolism,
high hypoxia; (3) high glucose metabolism, low hypoxia; and (4) high glucose metabolism, high hypoxia.
These variations were observed in different cancer
types and tumor sizes, and were considered to reflect
ubiquitous genetic responses to hypoxic stress. The
complementary information provided by FDG and
FMISO was considered to be important in the clinical
characterization of tumor biology and selection of
effective treatments. The accompanying editorial [44]
explains that the capability of PET to explore multiple
facets of the phenotype of human cancers is opening
new doors for the in vivo study of the biochemistry of
human tumors. Similarly, Kubota et al. [41] compared
imaging measurements of hypoxia (18F-MISO), glucose metabolism (14C-2-deoxyglucose) and proliferation (11C-MET) in a rat tumor model, finding the ratio
of FMISO uptake to 2DG (and/or FDG) may reflect
the hypoxic fraction and predict tumor radiosensitivity.
Tumor Blood Flow and Hypoxia The relationship between tumor blood flow and hypoxia is com-
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plex and variable. Moore et al. [45] and Groshar et al.
[46] studied the correlation between SPECT perfusion
tracers
of
blood
flow
(HMPAO,
99mTc-hexamethylpropylenamine oxime) and hypoxia
(IAZA, 123I-iodoazaomycine arabinoside) in a variety
of tumors. A wide range of uptake patterns were observed. The presence of hypoxia in most tumor types
was associated with low flow, suggesting a complex
relationship between impaired tissue perfusion and
the presence of viable hypoxic cells. In 1999, Lewis et
al. [47] compared the uptake of PTSM and ATSM in
vitro and using autoradiography in a tumor-bearing
murine model. In vitro, PTSM showed uptake completely independent of oxygen concentration, while
ATSM uptake was inversely related to the pO2 of the
culture media. The autoradiography results showed
uniform uptake of PTSM throughout the tumors, with
heterogeneous uptake of ATSM and hypoxic fractions
of 15–45%.
Lehtiö et al. [48] performed PET imaging with
15O-water, FDG, and 18F-FETNIM in patients with
untreated head and neck carcinomas. In this study,
tumors with high regional uptake of 18F-FETNIM also
tended to have high average blood flow. Several explanations were offered to account for this phenomenon: (1) the delivery of 18F-FETNIM in tissue is governed by blood flow, (2) the presence of hypoxia enhances angiogenesis leading to high average blood
flow on the macroscopic level, and (3) regions with
high apparent flow may remain severely hypoxic due
to a low oxygen extraction ratio. The relationship
between blood flow and hypoxia was investigated
further in [49] using compartment model based simulations. Tissue blood flow was observed to have a
notable effect on hypoxia tracer uptake. High blood
flow was considered to enhance not only the uptake
of 18F-FETNIM into hypoxic cells, but also the washout of the tracer from surrounding normoxic cells.
These studies illustrate the complex relationship between tumor blood flow and hypoxia, and support
the need for additional research to understand how
they are interrelated. Pre-therapy imaging of blood
flow and hypoxia in patients treated with radiotherapy and surgery was found to provide valuable
prognostic information.
Monitoring Response to Therapy PET can detect physiologic changes in tumors that occur immediately in response to therapy, providing early (subclinical) assessment of the effectiveness of therapy
(reviewed in [50-55]). Much of this work has focused
on FDG-PET, but mounting evidence suggests imaging multiple PET tracers may provide greater insights
and improve response monitoring. Kubota et al. [56]
found that different aspects of tumor physiology responded differently to different levels of irradiation,
http://www.thno.org
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and also that the temporal patterns of response differ
for different tracers. FDG and 67Ga-citrate showed the
largest overall changes in tissue uptake, suggesting
that they may be more valuable for monitoring response to therapy, whereas thymidine and methionine were more sensitive to the difference between
fully-effective versus partially-effective treatment,
suggesting that they may be more sensitive for early
detection of response and predicting recurrence.
Along similar lines, Eary et al. [50], Lammertsma [52],
and Sasaki [57] all highlight the importance of imaging cellular proliferation, perfusion and hypoxia in
addition to glucose metabolism for treatment response monitoring.
Brain Tumors represent an example tumor type
with significant evidence substantiating the merits of
multi-tracer characterizations. A large number of patient studies have been performed in recent years to
investigate a variety of different PET tracers for imaging gliomas. In many of these studies, blood flow,
blood volume, oxygen extraction, and oxygen metabolism were measured together using sequential administration of several 15O-labeled tracers [58]. In addition, glucose metabolism (FDG), protein synthesis
(MET), proliferation (11C-thymidine, FLT), and hypoxia (FMISO) have also been frequently studied in
various combinations ([7, 27, 59, 60] and others). Narayanan et al. [7] found that combined FDG + MET
was useful for grading astrocytomas, whereas MET
was better than FDG for delineating low-grade tumor
boundaries. The same effect was observed by Heiss et
al. [61] and Vu and Fischman [62], with amino acid
tracers (11C-MET, 18F-tyrosine) offering better detection and FDG better grading. Overall, these studies
suggest that PET imaging with multiple tracers can
provide complementary information for detection,
differential diagnosis, grading, prognosis, planning
radiotherapy and chemotherapy treatments, measuring response to therapy, and detecting recurrence.
Breast Cancer represents another disease where
the complementary value of imaging multiple tracers
has been established in the literature. Several studies
have used combined PET imaging of blood flow
(15O-water) and glucose metabolism (FDG) to predict
and measure response to neoadjuvant chemotherapy
in breast cancer patients [24, 25, 63]. The rationale for
this approach was that some tracers and systemic
chemotherapy agents may not be delivered adequately to tumors with low blood flow, and further
under-perfused tumors may become hypoxic and
undergo a transformation to more aggressive and
therapy resistant phenotypes [64]. The ratio of low
glucose metabolism (FDG) to high blood flow
(15O-water) was found to be the best predictor of a
positive response to treatment and longer disease-free
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survival [24], and this ratio was a more robust indicator of tumor status than either tracer alone. During
the course of therapy, responders showed only a
slightly greater reduction in glucose metabolism as
compared to non-responders, but changes in blood
flow showed a much greater difference [25]. The ratio
of glucose metabolism to blood flow decreased for all
tumors after therapy, falling to values approaching
that of normal breast in more responsive tumors [65].
Overall, combined measurement of both blood flow
and glucose metabolism provided more insight into
breast tumor biology than either alone.
Other Examples The potential value of imaging
multiple PET tracers has also been demonstrated in
numerous other tumor types and cancer imaging applications, for which we provide brief anecdotal
summaries:
• Detection and Localization of Bone Metastases
Hoegerle et al. [66] investigated dual-tracer
summed Na18F-fluoride and FDG imaging for
detection and staging of a wide variety of cancers with potential bone metastases. Summed
images of these two tracers were found to provide better sensitivity and localization than FDG
alone, although false negative findings could
result when a combination of low Na18F-fluoride
and high FDG uptake gave similar activity levels
as surrounding bone. Rapid imaging with separation of the two tracers via multi-tracer PET
processing techniques could overcome this limitation.
• Melanoma Detection Dimitrakopoulou-Strauss et
al. [14] studied imaging with FDOPA, FDG, and
15O-water in melanoma patients, finding that
detectability of metastases was enhanced when
both FDOPA and FDG were used. The sensitivity of PET for detecting viable tumors was higher
when using FDG and FDOPA in combination
(95%) as compared to either tracer alone (86% for
FDG; 64% for FDOPA). Another interesting
finding of this work was that the pharmacokinetic data from all three tracers was not strongly
correlated, indicating that each of these tracers
provided different information about tumor biology. The accompanying editorial [15] further
highlighted the potential of multi-tracer PET.
• Detection and Grading of Non-Hodgkin’s Lymphoma
Upon imaging with both FDG and MET,
Leskinen-Kallio et al. [67] found that MET was
more effective for detection of lymphomas of all
grades, while FDG was inconsistent for detecting
intermediate and low grade disease. However,
FDG was better for grading high-grade lymphomas while MET was ineffective for this task.
Using both tracers provided complementary
http://www.thno.org
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value for early detection (MET) and grading
(FDG) in this study
• In prostate cancer, Oyama et al. [68, 69] found
11C-acetate (ACE) more sensitive for primary
disease and local metastases, and FDG preferable
for distant metastases and tumor grade.
• In hepatocellular tumors, Ho et al. [70] found a
strong complementary relationship between
ACE and FDG for detection of liver tumors. The
overall sensitivity for detecting HCC with ACE
was 87.3% as compared to 47.3% using FDG.
Vascular hepatic metastases and extra-hepatic
metastases showed greater FDG avidity, however, while one brain metastasis was detected
using ACE but not with FDG. Another interesting observation was that 11C-acetate was fairly
specific for HCC tumors and was negative for
detection of non-HCC liver tumors, such as hemangioma, cholangiocarcinoma, and metastases
from colon, breast, and lung tumors. Thus, using
FDG and ACE together may provide complementary information for evaluating liver tumors
of unknown origin.
Overall, this body of literature provides strong
evidence that characterizing tumors more fully by
imaging multiple PET tracers provides a more complete picture of disease status than single-tracer imaging and has important implications for clinical
practice. Why, then, hasn’t multi-tracer PET imaging
been adopted more broadly for clinical research
studies and moved toward clinical application? The
answer lies in the excessive cost and logistical challenges that arise in performing multiple PET exams
hours-to-days apart in the same patient. This has motivated the study of new techniques for imaging more
than one PET tracer in a single scanning session,
which we broadly categorize as rapid multi-tracer
PET imaging. The following sections review and describe research developments in this area, including
historical development of the approach, followed by a
description of the main image processing techniques
for separating multi-tracer PET imaging signals into
their individual-tracer components.

III. Techniques for Rapid Multi-Tracer
PET Tumor Imaging
The expense and logistical challenges of performing multiple PET exams—separated by several
hours or on separate days—in a given patient precludes routine clinical use. Rapid multi-tracer PET
provides an alternative route, where measurements of
two to three PET tracers are rapidly acquired in a single imaging session. The patient is positioned once
and only a single CT (or transmission) scan is needed
for PET attenuation correction. Multiple PET tracers
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are then imaged concurrently, and “signal-recovery”
algorithms are employed in order to recover individual-tracer components of the acquired multi-tracer
PET signal. The primary technical challenge is that all
PET tracers emit positrons which, after annihilating
with a nearby electron, give rise to 511 keV photon
pairs that are detected in coincidence by the PET
tomograph. In contrast to single-photon emission
computed tomography (SPECT), where energy discrimination can be used to distinguish gamma photons of different energies from different tracers, there
is no explicit information available in the PET coincidence measurement to determine which tracer gave
rise to each individual coincidence event. As such, the
PET scanner measures a conglomerate sum of PET
signals over all tracers. Effective multi-tracer PET
imaging requires processing of this summed measurement to recover measures for each individual
tracer. This signal-recovery process depends on the
presence of implicit information (and/or additional
measurements) regarding the makeup of the multi-tracer PET signal.
Different Radioactive Half-Lives In 1982,
Huang et al. [71] recognized that static distributions of
multiple PET tracers with different half-lives could be
recovered from dynamic PET images based on their
different rates of radioactive decay. Simple phantoms
were studied using 13N (T1/2=9.97min), 18F
64Cu
68Ga
(T1/2=12.7hr)
and
(T1/2=110min),
(T1/2=68min). Under this approach, each voxel or region-of-interest (ROI) in the dynamic PET image is
treated as a sum of exponentials with known decay
constants, and the coefficients of the sum represent
the contribution from each tracer. This initial work
had limited practical value as it was only useable on
suitably static tracer distributions—obtainable e.g. for
irreversibly trapped tracers long after injection, which
would also require very high administered doses for
shorter-lived tracers. However, this initial work did
establish the basic principal for rapid multi-tracer PET
of using dynamic imaging techniques and recovering
estimates of each individual tracer based on differences in their kinetic behaviors (differences in radioactive decay in this case). The technique was revisited
by Verhaeghe et al. in 2005 [72], where Cramer-Rao
bounds were used to describe the fundamental limit
on variance increases when separating static dual-tracer distributions based on differences in radioactive half-lives, and also by Figueiras et al. in 2011
[73] for imaging of 18F-FDG and 13N-ammonia in rat
brains.
In 1990 Kearfott [74] modified the technique of
Huang et al. to measure regional cerebral hematocrit
(rHct) using dual-tracer PET imaging with
68Ga-labeled plasma albumin and either 15O- or
http://www.thno.org

Theranostics 2013, Vol. 3, Issue 10
11C-labeled

red blood cells. Simultaneous administration of both radiolabeled compounds was studied,
using two sequential scans of 5 and 15 minute duration, respectively. The effects of plasma equilibration
were ignored, although it was noted that the time for
such equilibration could be quite long. Reasonable
estimates of rHct were obtained when using
68Ga-labeled plasma albumin with 15O-labeled red
blood cells, and approach was somewhat less successful when using 11C-labeled red blood cells due to
the longer half-live of 11C as compared to 15O. They
concluded that the advantages of simultaneous administration of the two compounds were limited as
compared to separate administrations, but they did
suggest that simultaneous multi-tracer methodology
could potentially be extended to other tracer combinations.
Multi-Tracer Compartment Modeling Several
years later, Koeppe et al. [75-77] introduced a technique for imaging multiple neurotransmitter-neuroreceptor systems using a single dynamic
PET scan with two 11C-labeled tracers. Three tracers
11C-flumazenil
(FMZ),
were
studied:
11
N- C-methylpiperidinyl propionate (PMP), and
11C-dihydrotetrabenzaine (DTBZ). The tracers were
studied in two combinations: FMZ+DTBZ, representing a pair of rapidly reversible tracers; and
PMP+FMZ, representing one irreversible and one
reversible tracer. Both simulation studies and physical
experiments in healthy volunteers were performed,
using dynamic scans of 70-80 minute duration. The
first tracer was injected at the start of the scan, and the
second tracer was injected 10-30 minutes later as dynamic scanning continued. In order to process the
resulting dual-tracer dynamic datasets, the authors
introduced a parallel dual-tracer compartment modeling technique. Rather than treating each tracer separately, the proposed technique modeled the summed
dynamic signal over all tracers and computes best-fit
estimates of each tracers’ kinetic rate parameters. Such
multi-tracer compartment modeling techniques have
become the basis for most subsequent multi-tracer
PET signal-recovery algorithms, and will be described
in more detail in section IV below.
Koeppe et al. concluded that temporally overlapping dual-tracer PET using a single dynamic scan
with staggered injections was feasible, and that the
model parameters for each tracer could be recovered
nearly as accurately as in conventional single-tracer
studies when using injection delays of 10-20 minutes
for the second tracer. It was also noted that, while the
technique could be generalized to other tracer pairs,
general conclusions applicable to any tracer pair
could not be drawn and each tracer pair should be
evaluated independently. The authors go on to sug-
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gest that the first tracer injected should have sufficiently rapid kinetics so that its model parameters
could be well-determined prior to injection of the second tracer; however, subsequent work as reviewed
below has shown that multi-tracer signal-recovery
performance is not necessarily limited to this requirement.

Fig 2. Generic parallel dual-tracer compartment model. Each tracer is
modeled in this example with two tissue compartments, where tracer I is
trapped in compartment 2 (i.e., k4I=0) and tracer II is reversible. The dashed
box indicates that the PET measurement does not sample the compartments individually, but rather measures the sum over all compartments for
all tracers (as well as other components such as contributions from whole
blood). Radioactive decay (λ) is also included in the model, since differences in radioactive decay can assist multi-tracer signal-recovery.

In the following years, several other groups implemented dual-tracer PET techniques with parallel
dual-tracer compartment modeling. Nishizawa et al.
[78] used a double-injection FDG method to successfully measure cerebral glucose metabolism twice in a
single procedure. Ikoma et al. [79] then presented
work which paralleled Koeppe’s work using 18F-FDG
and 11C-flumazenil, and their results were consistent
with those of Koeppe. Converse et al. [80, 81] adapted
the technique to PET measurement of regional cerebral blood flow using 17F-fluoromethane (inhaled, T1/2
= 64.5 sec) in the presence of a neurochemical tracer,
18F-fallypride. The objective of this work was to
demonstrate proof-of-principle for measuring rapidly
changing blood flow patterns while also measuring
the neuroreceptor status over a longer timescale. Their
results demonstrated the feasibility of obtaining reproducible blood flow measurements in the presence
of a longer-lived tracer. These papers have established
dual-tracer PET with parallel compartment modeling
as a feasible technique for estimating both tracers’
kinetic rate parameters from a single scan.
Generalized Multi-Tracer Methods In 2005
Kadrmas and Rust [82] published a general feasibility
study of rapid multi-tracer PET tumor imaging using
a dynamic scan with tracer injections staggered in
time. Using information theory based on principal
http://www.thno.org
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component analysis (PCA), the information content
available for multi-tracer signal-separation was analyzed for several generic combinations of tracers with
different radioactive half-lives: 18F (T1/2=110min), 11C
(T1/2=20.4min), and 62Cu (T1/2=9.7min). The results
demonstrated that, in general, the degree of information overlap decreases (and the corresponding
tracer separability index increases) as the delay between tracer injections increases. However, the magnitude of these metrics was sensitive to the tracer
combination, both in terms of radioactive half-lives
and tracer kinetics. This is consistent with prior observations that rapid multi-tracer PET techniques
need to be separately evaluated and optimized for
each particular tracer combination. In addition to
studying parallel multi-tracer compartment modeling, the paper also introduced a PCA-based algorithm
for explicit signal-separation—i.e., an algorithm that
explicitly separated that input multi-tracer PET signal
into individual-tracer components (while previously-used multi-tracer compartment modeling algorithms estimated individual-tracer rate parameters,
they did not explicitly recover individual-tracer
time-activity curves). This technique and related variants can be used to recover image estimates and
standardized uptake values (SUVs) for each tracer.
A number of groups have gone on to study a
variety of rapid multi-tracer PET techniques and applications with 2-3 tracers using dynamic imaging
with staggered injections:
• Kudomi et al. [83] developed a technique for
single-scan dual-tracer administration of
15O-labeled oxygen and water for rapid quantitation of cerebral blood flow and rate of oxygen
metabolism. The technique effectively uses dual-tracer compartment modeling with a 3 min.
infusion of the first tracer followed by 3 min.
infusion of the second tracer. They later developed techniques for separating the arterial input
functions for each tracer [84], and the general
approach was further evaluated by Iwanishi et al.
in 2009 [85].
• Dual-tracer imaging of tumor blood flow and
hypoxia was studied in 2006 by Rust et al. [86]
using 62Cu-PTSM and 62Cu-ATSM. Simulations
results demonstrated good performance using a
single 30 minute dynamic scan and injection delay of 10 minutes. These results were later confirmed experimentally by Black et al. [87] in canines with spontaneously-occurring tumors.
• Dual-tracer imaging of brain metabolism and
dopamine transporter density was studied by El
Fakhri et al. in 2006 [88] using simulated
time-activity curves for 18F-FDG and 18F-FECNT.
A generalized factor analysis of dynamic se-
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quences (GFADS) signal-separation algorithm
was employed, and good agreement between
dual- and single-tracer results.
• In 2009, Joshi et al. [89] studied three approaches
to signal-recovery in dual-tracer brain PET imaging, including an extrapolation method, simultaneous fitting method, and a template method.
Simulation studies with 11C-DTBZ and 11C-FMZ
found that the template method outperformed
the other methods for this application.
• Dual- and triple-tracer tumor imaging techniques with 18F-FDG and secondary shorter-lived tracers were demonstrated by Black et al.
in 2009 [90]. Good performance was obtained
with FDG administered first and the shorter-lived tracers administered after 10-20 minute
delays. Notably, recovery of the FDG imaging
measures (SUV, net-uptake) were largely unaffected by the presence of the secondary tracers.
• Gao et al. [91] studied the dual-tracer PET reconstruction problem in 2009, proposing to formulate the reconstruction in a state-space representation using parallel compartment modeling to
describe the tracer kinetic processes. This work
coupled the multi-tracer signal-recovery step
with the reconstruction step, rather than treating
each step separately.
• Generalized systems and methods for rapid
multi-tracer PET imaging in both oncology and
cardiology were described by Kadrmas et al. in
2010 [92], including a variety of techniques for
implementing signal-recovery algorithms in
both projection space and image space.
• Characterization of tumor glucose metabolism
and proliferation by dual-tracer 18F-FDG +
18F-FLT PET was studied by Kadrmas et al. in
2012 [93]. Using newly-developed reduced parameter space kinetic modeling techniques, accurate recovery of SUV, net-uptake, and certain
individual rate parameters for each tracer was
demonstrated using a single dynamic scan with
FLT administered first and FDG after a 30 min.
delay.
Dual-Tracer Imaging with Prompt Gammas
One of the most recent development in multi-tracer
PET techniques is the use of dual-tracer imaging
where one tracer’s radioisotope is a pure positron
emitter and the other emits a high energy gamma in a
cascade simultaneously with positron emission. First
proposed by Andreyev and Celler in 2011 [94], the
technique relies upon detecting the auxiliary prompt
gamma in coincidence with an annihilation event in
order to measure triple-coincidence events originating
from only one of the tracers. This information is then
utilized, either separately or in conjunction with mulhttp://www.thno.org
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ti-tracer kinetic constraints, to assist with the dual-tracer signal-recovery. Initial simulation studies
using 18F coupled with either 22Na or 60Cu found that
this technique may outperform dual-tracer approaches that rely solely upon differences in kinetics
and radioactive decay for signal-separation. However,
the technique is limited to tracer pairs where one of
the labeling radioisotopes emits a prompt high energy
gamma.
Multi-Tracer PET with Three or More Tracers
The majority of the work on rapid multi-tracer PET
has focused on dual-tracer imaging; however, the
techniques employed are generally applicable to rapid
imaging with more than two tracers as well. The feasibility of triple-tracer tumor imaging with 18F-FDG,
62Cu-PTSM, and 62Cu-ATSM was demonstrated in
2009 by Black et al. [90]. Similarly, Verhaeghe and
Reader [95] studied simultaneous water activation
and glucose metabolic rate imaging using 18F-FDG
and 12 serial bolus injections of 15O-water. While this
work used two tracers, the repeat serial injections of
15O-water is similar in many ways to administration of
multiple tracers. While imaging three or more tracers
may be feasible in certain situations, e.g. imaging
several short-lived tracers along with a single
long-lived tracer, the required scan time may become
quite long due to the required delay between tracer
administrations.

IV. Multi-Tracer PET Signal-Recovery
Methodology
Several approaches to multi-tracer PET signal-recovery have been proposed as reviewed above.
In this section, we collectively organize the main algorithmic approaches and propose general nomenclature describing these multi-tracer PET signal-recovery techniques. The underlying premise for
multi-tracer PET signal-recovery is that the kinetic
behavior of each tracer obeys certain constraints—and
when staggered injections are used, these constraints
provide sufficient information to recover the signal
components due to each tracer from the overlapping
portions of the time-activity curves. Here, the term
“signal” is broadly used to describe the essence of the
PET measurement under discussion. To varying degrees multi-tracer PET signal-recovery can be performed on the raw scanner data, partially processed
data, reconstructed dynamic images, and/or
time-activity curves. Similarly, for each tracer the
imaging endpoint(s) may be a static image, SUV,
pseudo-quantitative measure, kinetic parameter(s)
and/or macro parameter(s). For a given dataset and
imaging endpoint, “signal” is used to identify the
element or elements of the dataset necessary for
computing the desired endpoint. Likewise, “sig-
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nal-recovery” (and “signal-separation”) refers to the
process of separating a multi-tracer dataset into individual tracer components, thereby recovering the
necessary signal for each tracer for computing the
desired endpoint. This terminology will be elucidated
through the discussion of signal-recovery algorithms
and examples below.
We now present several multi-tracer signal-recovery algorithms applicable to a variety of
multi-tracer PET imaging scenarios. Part of the
presentation is in the context of dual-tracer imaging to
improve clarity, though each method can generally be
extended to additional tracers. Also the PET “signal”
will often be described as a time-activity curve since
the concepts are generally more easily present in that
context. However, bear in mind that the multi-tracer
kinetic models and signal-recovery algorithms could
be applied in either projection or image space, albeit
with differing complexities and details of implementation.
Let
represent the PET signal at time t,
including contributions from all tracers present. Since
the signals from each individual tracer are not explicitly distinguishable, we have:
…(1)
where

is the signal from tracer n, and N is the

number of tracers. The multi-tracer signal typically
should not be corrected for radioactive decay, as differences in radioactive decay can assist the signal-recovery (and, moreover, decay correction cannot
properly be applied until the signal-recovery is accomplished). In general, the process of signal-recovery is to recover estimates
for every n
from

. In the following discussion, we use a

tilde (~) to indicate that a variable is a (noisy) measured quantity, a bar (–) to indicate it is modeled, and a
caret (^) to indicate that it is estimated or recovered.

IV.A. Background Subtraction
Perhaps the simplest approach to dual-tracer
signal-recovery is to treat the residual activity from
the first tracer as a background behind the signal for
the second tracer. If this background can be estimated
from the single-tracer portion of the scan (i.e., from the
data acquired prior to the time of injection of the second tracer), then it can be subtracted (or otherwise
removed) from the overlapping portion of the data.
Consider dual-tracer imaging with tracer 1 injected at
time
and tracer 2 injected at time
(typically
one would have
and
). The dual-tracer
signal is then:
http://www.thno.org
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lated signal

…(2)
Thus,

is directly measured for

mated when the first tracer is static or at equilibrium
.

Suppose the activity from tracer 1 can be extrapolated
to times after injection of the second tracer,
. Here we use a bar to indicate that
is
a modeled quantity, e.g. modeled from a fit to the data
for
. The Background Subtraction method
treats

as a background on the meas-

urement of

, subtracting it to recover the signal

for the second tracer.
Background Subtraction:

and

…(3)
Inspection of eq. (3) reveals some interesting
properties with respect to noise propagation. The recovered signal for tracer 1,
, contains all of the
noise from the measurement for

, but for

it receives no noise from the measurement
other than noise contributions from
into
. Since
is a modeled quantity, it “appears” noisefree and
for

changes smoothly in time

. On the other hand,

contains all of

the noise from the measurement at
, and furthermore this noise is exacerbated as a result of subtracting off the background signal.
Background Subtraction is useful and appropriate when two conditions are met. First, the signal from
tracer 1 must be sufficiently well-defined by the
measurement from

that accurate extrap-

olation to times
can be performed. Second,
the magnitude of the signal for tracer 2 must be sufficiently large relative to that of tracer 1 for
such that the noise in

can be accurately esti-

is acceptable. When either

of these conditions are not met, more advanced signal
separation algorithms may be necessary; however,
even when these conditions are met, somewhat better
performance may still be obtained by the more advanced methods.
Signal Extrapolation Ignoring patient movement,
misregistration, and other such effects, the extrapo-

for times
, or when the changing distribution
of tracer 1 can be accurately predicted from the
measurements at
. In the former case, the
extrapolated signal only needs to account for radioactive decay and the extrapolation is trivial. In the latter
case, some form of kinetic model or constraint needs
to be applied to predict

. This kinetic

model can take the form of a compartment model or
more generalized kinetic model, or other kinetic
analysis procedure such as principal component
analysis (PCA), frequency analysis of dynamic structures (FADS), spectral analysis, and others. We present two example methods here for extrapolating the
signal from tracer 1 forward in time so that it can be
subtracted from the signal after tracer 2 is administered: compartment model-based signal extrapolation, and generic component-analysis based signal
extrapolation.

Example A1: Signal Extrapolation by Compartment
Modeling
Using compartment modeling, the activity concentration due to a single tracer in a PET voxel or region-of-interest (ROI) can be written:
…(4)
where fb is the vascular fractional volume, B(t) is the
activity concentration in the whole blood (which may
differ from the freely available plasma input function
b(t)), and A(t) is the activity concentration in the extravascular tissue. Here, A(t) depends on the input
function b(t), which is the activity concentration in the
blood which is freely available to exchange with the
tissue, the kinetic rate parameters of the compartment
model {ki}, and the radioactive decay constant λ. Note
that, for multi-tracer PET, radioactive decay should be
incorporated into the compartment model, such that
A(t), B(t), and R(t) all contain the effects of such decay
(i.e., are not decay-corrected). This is so that radioactive decay can aid in the signal-recovery process.
When using Background Subtraction with
compartment model-based signal extrapolation, the
compartment model for tracer 1 is first fit to the
measured data for
to estimate fB and the
rate parameters for tracer 1, {ki}1. This requires
knowledge of the whole-blood activity concentration
and input functions for tracer 1, B1(t) and b1(t) respectively (e.g. from arterial blood sampling). As, the
suming B1(t) and b1(t) are known for
compartment model and fitted parameters are then
http://www.thno.org
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and, via eq. (4),

. The signal separation can then be

of the individual tracer signal components: (repeated
for convenience)

performed by application of eq. (3). Any errors in the
fitted parameters or blood and input function measurements will translate to errors in

,

and hence degrade the results of the signal separation
procedure.

Example A2: Signal Extrapolation by Component
Analysis
Component analysis methods such as PCA or
FADS can be used to represent the dynamic PET signal for a tracer as a linear sum of M independent (or
pseudo-independent) components Vm(t) :
…(5)
where the scalar coefficients {αm} denote the relative
weights of each component. The components are
usually obtained from empirical population studies,
and in general a relatively small number of components can be used to accurately represent the signal. In
situations where the coefficients {αm} for tracer 1 can
be accurately estimated from the measured data at
times
(e.g. by fitting eq. (5)), the component representation can be used to extrapolate the
signal for
. Note that this requires that each
important component have sufficient signal power at
that it can be accurately estimated.
These signal extrapolation methods for Background Subtraction rely upon being able to accurately
predict future signal from the measurement at
. In situations where “late” characteristics
of the signal for tracer 1 are important (for example,
characterizing the washout phase), Background Subtraction will not work well unless
is sufficiently
late that the characteristics of tracer 1 are well-defined
before administration of the second tracer. This limitation is somewhat diminished for the more advanced
model-based signal-recovery algorithms described
below which use all of the measured timeframes to
recover each of the tracer signals.

IV.B. Model-Based Signal-Recovery
Rather than treating the residual activity from
prior injections as a background “contaminant” on the
overlapping portion(s) of the scan, model-based signal-recovery methods treat the entire dataset as a
combined measurement and use the full dataset to
recover the individual tracer signal components. Recall that the multi-tracer PET signal represents a sum

…(6)
Model-based signal-recovery methods assign a kinetic
constraint to each tracer’s dynamic signal Rn(t). The
kinetic constraint can be a compartment model, more
general kinetic model, component representation, or
other temporal constraint. Furthermore, it is not necessary to use the same type of constraint for each
tracer. Associated with each constraint are a set of
unknown parameters which describe the magnitude
and kinetics of Rn(t). In some cases one or more parameters may be shared among tracers (e.g. the vascular fraction parameter fb commonly included with
compartment
modeling).
Model-based
signal-recovery works by simultaneously estimating
these parameters for each tracer, giving a modeled
signal
for each tracer, and then using the modeled signals as constraints to recover the separated
individual tracer signals. The manner in which the
constraints are implemented to perform the signal-recovery can yield very different results. We describe two such methods below: Model-Restricted
Signal-Recovery
and
Model-Guided
Signal-Separation.

Model-Restricted Signal-Recovery
When the kinetic model for a given tracer is
considered to be very accurate, then the recovered
signal for that tracer can be exactly constrained by the
model. In other words, the recovered signal is restricted to fall within the possible solution space of the
model, giving:
…(7)
In this case, the estimated parameters for the
model and the recovered signal are mutually consistent. The parameter estimates are affected by statistical noise in the measurement, but the recovered
signal
“appears” noisefree (i.e. is regularized by
the model). This method may give rise to substantial
errors when the models are not accurate, and/or
when other endpoints such as static images or SUVs
are desired.

Model-Guided Signal-Separation
Model-Guided Signal-Separation uses the modeled kinetic constraints in a less restrictive fashion,
such that they minimally act to separate the (noisy)
multi-tracer measurement into single-tracer components. The goal is to estimate single-tracer components representative of what would have been obhttp://www.thno.org
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tained by separate, single-tracer imaging without (or at
least minimally) placing additional restrictions on the
recovered signals. The recovered signals for each
tracer can then be analyzed in any manner desired as
with conventional single-tracer imaging.
The modeled signal for each tracer,
, is
considered to be a fair (approximate) representation
of the kinetic behavior of each tracer; however, it is
recognized that the kinetic models may contain some
deficiencies. While some kinetic constraints from
these models are necessary to perform the multi-tracer signal-separation, it is not necessary to constrain the recovered signals to exactly match the kinetic models. One way to do this is to use the modeled
signal for each tracer to predict the proportion of the
total signal due to each tracer, and then distribute the
(noisy) measured signal among the individual tracers
accordingly:

This process conserves the total magnitude of the
measured signal at each timepoint, it distributes the
noise in

among the tracers, and any er-

rors/inaccuracies in
have less direct impact
upon the results than the prior method. In addition,
eq. (8) ensures that the recovered signal exactly equals
the measured signal in non-overlapping portions of
the data (i.e., when the modeled signals
are
zero for all tracers but one). Several variations of eq.
(8) may be considered that implement the kinetic
constraints in somewhat different ways. For example,
when non-uniform temporal sampling is used, the
constraints can be implemented such that the recovered signal for a slowly-varying tracer will not fluctuate rapidly during the shorter timeframes, whereas
that for a faster-varying tracer can be allowed to do so.

…(8)

Fig 3. Example dual-tracer time-activity curve (top row), with signal-recovery performed using Model-Restricted Signal-Recovery (middle row) or
Model-Guided Signal-Separation (bottom row). The curves recovered using Model-Restricted separation are fully constrained to match the kinetic models
used for signal-recovery, whereas the Model-Guided curves are not so constrained and also attempt to separate the noise in the signal among the constituent tracer components.

http://www.thno.org
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Example B1: Model-Based Signal-Recovery by
Compartment Modeling

number of components for tracer n. The components
are assumed known from prior component

Consider the case of imaging N tracers by multi-tracer PET. Using a parallel multi-tracer compartment model, the total activity concentration in a PET
voxel or ROI can be written:

analysis, and unknowns are
the measured data,
rameters

. Fitting eq. (11) to
, to obtain best-fit pa-

, the signal for each tracer is modeled

as:
…(12)

…(9)
where

and

are the ac-

tivity concentrations in whole-blood and extra-vascular tissue, respectively, for tracer n. Here we
have explicitly written the dependency of
upon that tracer’s input function

, rate parameters,

, and radioactive decay constant

. It is as-

sumed in this example that the vascular fraction,
,
is constant throughout the scan and is the same for
both tracers (i.e. the physical volume of whole-blood
present is independent of tracer, and to good approximation the degree of partial-volume effects due
to whole-blood is the same for all tracers). It is also
assumed that
and
, are known for each
tracer (e.g. from blood sampling). The parameters
and

for every n are the unknowns which can be

estimated by fitting the multi-tracer compartment
model to the measured data,

. Let

and

be the best-fit parameters. The modeled signal
for tracer n is then:
…(10)
Model-Restrictive
or
Model-Guided
signal-separation can then be performed by application
of eq. (7) or (8), respectively. The recovered signal for
each tracer,

, can then be processed according

to conventional single-tracer analysis methods as described in section III.

Example B2: Model-Based Signal-Recovery by
Component Analysis
Considering the same problem using component-based kinetic constraints, we have:
…(11)
where

and

are the mth coefficients and

components for tracer n, respectively, and

is the

Again, Model-Restrictive Signal-Recovery or
Model-Guided Signal-Separation is performed
through application of eq. (7) or (8), respectively.

IV.C. Multi-Tracer Imaging Endpoints
For conventional single-tracer PET, dynamic
imaging is only performed when some form of kinetic
analysis is needed, e.g. quantification of kinetic rate
parameters or characterization of retention times.
While dynamic imaging is common in the research
setting, the majority of clinical PET scans are performed in static mode, with static images and static
imaging measures (e.g. SUVs) being the most common
endpoints. Multi-tracer PET signal-recovery techniques require that dynamic imaging be performed in
order to utilize kinetic constraints to perform the signal-recovery. This differs from single-tracer imaging
in that dynamic mode is necessitated by the need for
multi-tracer signal-recovery, not by the need for kinetic analysis. While the recovered signals for each
individual tracer contain kinetic information and can
be analyzed as such, static images and endpoints may
be desired (and simpler) for many tracers and potential clinical applications. This does not pose a problem, as

can be summed or integrated over time

to produce corresponding static measurements. The
accuracy of each possible imaging endpoint depends
on the tracers present, injection sequence and timing,
quality of the data, and performance of the signal-recovery algorithm, and care should be taken to
identify the target endpoints in advance and design
the multi-tracer imaging protocol accordingly. Significant work may be required to develop multi-tracer
imaging protocols for particular tracer combinations
and clinical applications. We now discuss example
imaging endpoints, contemplating what multi-tracer
imaging signals and data-types could be used for
achieving the desired endpoint.
Static Image A static image in PET displays the
radioactivity (or radioactivity concentration) in each
voxel averaged over some imaging timeperiod t1 to t2.
Under the condition that the actual radioactivity distribution is fixed or at equilibrium (disregarding rahttp://www.thno.org
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dioactive decay), which is a common assumption or
approximation for many imaging scenarios, the static
image represents the “final” distribution of the tracer.
To obtain a static image of tracer n from multi-tracer
PET, signal-separation must consider each voxel of
the image. Typically, a multi-tracer signal
would be identified as the time-activity curve for each
voxel (though kinetic analysis methods which operate
on clusters of voxels or the four-dimensional (4D)
image as a whole might also be considered). The recovered signal
would also be a time-activity
curve, which can be integrated from t1 to t2 to produce
the recovered voxel value. Repeating this process for
every image voxel and collecting the results, the recovered static image of tracer n is formed. Recovery of
static images from multi-tracer datasets requires robust techniques, however, as noise levels in individual voxels tend to complicate performance.
Standardized Uptake Value (SUV) A common imaging endpoint for oncologic PET is the SUV of a tumor, representing the uptake of the tracer in a tumor
ROI normalized by the injected dose and body mass
(or body surface area). This is a semi-quantitative
static imaging measure computed for a “static” image
acquired from times t1 to t2. One approach to measuring an SUV for tracer n in multi-tracer PET would
be to first create the static image as described above,
and then compute the SUV from the static image.
When the static image is not needed, the SUV could
also be computed more directly by identifying the
multi-tracer signal
as the time-activity curve
for the ROI(s) under consideration. Signal-separation
is performed, yielding the recovered time-activity
curve
for tracer n, which is then integrated
from t1 to t2 and scaled to compute the SUV.
Kinetic Rate Parameter or Macroparameter Dynamic PET with compartment modeling can be used
to quantify kinetic rate parameters or macroparameters describing tracer uptake, retention, or washout.
The kinetic parameters or macroparameters can be
estimated for image regions or ROIs, or they can be
calculated for every image voxel. For multi-tracer
PET, the multi-tracer signal
can be identified
as the time-activity curve for each ROI or voxel under
consideration. Two approaches can be taken to estimate the endpoint parameter(s). Model-Restricted
Signal-Recovery can be applied, using the appropriate
compartment model for tracer n such that the desired
kinetic parameter is estimated directly from the fitting
step of the signal recovery algorithm. In fact, if the
kinetic parameter is the only endpoint of interest, explicit signal-separation need not be completed as the
parameter is already estimated by the fitting step.
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While this approach directly estimates the parameter
of interest, it is also more sensitive to any deficiencies
in the kinetic models—both for tracer n and for errors
propagating from the other tracers present. Alternatively, Model-Guided Signal-Separation can be performed to separate

and recover

,

where we note that the kinetic model used for this
separation may or may not be identical to the one
used to compute the final parameter endpoint. The
recovered signal is then analyzed using single-tracer
methods to obtain the final parameter estimate. Error
propagation differs for the Model-Guided vs. Model-Restricted approaches, and testing is necessary for
each specific tracer combination and multi-tracer imaging protocol.
Parametric Images Parametric images display kinetic parameters on a voxel-by-voxel basis. The multi-tracer signal
would typically be identified
for each individual voxel, though kinetic analysis
methods which operate on clusters of voxels or the 4D
image as a whole might also be considered. The same
methods just described for computing a kinetic parameter for a single region can be applied for each of
the voxels, with the results collected to form the desired parametric image. Since different body tissues
may have different kinetics for a given tracer, care
should be taken to ensure that appropriate kinetic
constraints are used for each voxel.

V. Discussion
The primary limitations on rapid multi-tracer
PET include the need for dynamic imaging (of potentially long duration), sensitivity to the tracer combination and imaging protocol used, and the potential
loss of valuable information regarding one or more
tracers. The technique cannot provide identical images
to separate single-tracer imaging of each tracer, and
some information is irretrievably lost by the rapid
multi-tracer imaging procedure. However, careful
attention to tracer selection, protocol design, and signal-recovery can ensure that high quality measures of
the clinically relevant imaging endpoints for each
tracer can be obtained.
The kinetic constraints used for multi-tracer
signal-recovery do not make a priori assumptions regarding a tracer’s kinetic parameters; rather, only the
general form and allowable shapes of each tracers’
time-activity curve are constrained. For example,
consider conventional single-tracer compartment
modeling with a bolus tracer injection. The compartment model encompasses known tracer kinetic behaviors, such as wash-in and wash-out phases with or
without irreversible trapping, but also excludes unrealistic shapes (such as a saw-tooth curve) that could
http://www.thno.org
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not arise from the given input function. Multi-tracer
PET kinetic constraints act in the same manner to exclude unrealistic tracer behaviors without forcing
predetermined values upon the tracer’s kinetic parameters.
While many signal-recovery algorithms rely
upon the use of compartment models, the requirements for input function accuracy are much different
than for conventional compartment modeling. When
kinetic rate parameters are among the targeted imaging endpoints, then accurate input functions for each
tracer are necessary (as for single-tracer modeling),
and moreover the plasma activity concentrations of
each tracer need to be separated. However, when
static imaging endpoints such as SUVs are targeted,
then approximate input functions may well provide
accurate signal-separation. The key requirement is
that the approximate input functions be consistent
with the time-activity curves (e.g. have a peak that
corresponds to a tracer’s bolus injection, and have a
tail that is reasonably consistent with the tracer’s later
kinetic behavior) so that the kinetic constraints are
valid for multi-tracer signal-separation. For example,
an input function with the proper scale is required to
estimate a valid K1 value; however, the scale of the
input function is irrelevant for separating multi-tracer
time-activity curves.
It is difficult to predict multi-tracer PET performance for general tracer combinations, and the technique should be studied and optimized for each tracer
combination under consideration. However, some
general observations can be made. Overall, the technique works well when the injection delays are long
relative to the timing of the tracer kinetics and radioactive decay. For example, tracers that experience
rapid uptake with irreversible trapping tend to be
very amenable to rapid multi-tracer imaging. Combinations of one “fast” and one “slow” tracer also tend
to work well, though more attention to protocol design is needed. Finally, the technique tends to break
down when more than one tracer is undergoing significant kinetic changes throughout the temporally
overlapping portion of the scan. As with single-tracer
imaging, recovery of static imaging measures and
SUVs tend to be the most robust. Kinetic macroparameters (e.g. net-uptake, distribution volume) and
K1 also tend to be well recovered, but higher-order
individual rate parameters tend to be more sensitive
to noise and may be lost by the multi-tracer imaging
procedure.

imaging can provide additional and complementary
information relevant to clinical decision making. The
multi-tracer PET imaging paradigm has great potential for assisting personalized oncology, such as
guiding selection of the most effective targeted therapies for individual patients and monitoring tumor
responses. However, imaging multiple PET tracers in
a single patient presents a number of challenges.
A number of techniques are under development
for rapidly imaging multiple PET tracers in a single
scan, where signal-recovery processing algorithms are
employed to recover various imaging endpoints for
each tracer. Using dynamic imaging with tracer injections staggered in time, constraints on the allowable
kinetic behavior of each tracer can be employed to
recover estimates of each tracers’ contribution to the
multi-tracer PET imaging signal. Additional measurements, such as detecting prompt high-energy
gammas emitted by certain positron-emitting radioisotopes, may also aid in the multi-tracer signal-recovery process. It is important to note that rapid
multi-tracer PET cannot provide images identical to
those from conventional single-tracer imaging, as
some information is irretrievable lost for temporally-overlapping datasets. However, mounting evidence suggests that much of the relevant clinical information, such as SUVs and kinetic macroparameters, can be accurately recovered for each tracer in
many cases. Given the complexity of the approach,
multi-tracer techniques need to be specifically optimized and tested for each particular tracer combination and application. The characteristics and requirements of the techniques will differ for different
tracer combinations, and the state of the field has not
yet advanced to the point where the performance of
multi-tracer PET techniques can be generalized to all
possible tracer combinations. Rapid multi-tracer PET
techniques have great potential for both research and
clinical cancer imaging applications, and continued
research in this area is warranted.

VI. Summary
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