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Molecular imaging science has been focused on imaging
guidance in the areas of targeting epigenetic abnormalities
and tumor microenvironment in overcoming resistance in
cancers. The use of image-guided technologies to select
patient for personalized therapy and to monitor therapeutic
outcomes is the focus of this special issue. For instance,
mutations in the kinase domain of epidermal growth factor
receptor (EGFR) have been associated with clinical respon-
siveness using tyrosine kinase inhibitors for nonsmall cell
lung cancer (NSCLC). S. H.-H. Yeh et al. reported the fea-
sibility of using morpholino-[I-124]IPQA as an in vivo PET
imaging probe for the expression of different EGFR mutants
in NSCLC. Their micro-PET imaging along with biologic
validation indicated that [I-124]IPQA derivative might be a
useful probe in selecting the patientswithNSCLC for tyrosine
kinase inhibitor therapy.

Molecular imaging enables the comprehensive character-
ization of therapeutic intervention and can be used in preclin-
ical studies, pharmacokinetic (microdosing) studies, dose-
finding studies, and proof-of-concept studies. F. Guerriero
et al. reported the most adequate timing for imaging and
kidney dosimetry in Lu-177 and Y-90 labeled DOTATATE
and DOTATOC by SPECT in 1-2 scans.

Fluorodeoxyglucose (FDG) is a gold standard glycolytic
agent in nuclear imaging. For instance, A. Bunevicius et al.

suggested that FDG PET might serve as an alternative and
noninvasive tool to MRI and CT for the management of
acute stroke patients. However, FDG has poor differentiation
between inflammation/infection and tumor recurrence. To
characterize cancers, new tracers have been focused on target
expressions, pathway directed therapies, and cell functions
in the intact organism. F.-L. Kong et al. reported promising
theranostic radiotracers beyond FDG that are currently
under preclinical development and clinic management in
lymphoma. I.-H. Shih et al. also reported the alternative of
using F-18 labeled alpha-methyltyrosine to assess amino acid
transporter systems in mesothelioma models.

Topics covered in this special issue are advances inmolec-
ular imaging both in radioactive and nonradioactive applica-
tions in preclinical drug discovery, drug development, drug
delivery, pharmacokinetics and pharmacodynamics, and dif-
ferential diagnosis. For nonradioactive molecular imaging
technology, F. C. Wong et al. reported photo affinity labeling
using tissue-penetrating radiation (X-ray or gamma rays),
which could overcome the tissue attenuation and irreversibly
label membrane receptor proteins.They described that X-ray
and gamma rays could induce affinity labeling of membrane
receptors in a manner similar to UV with photo reactive
ligands of the dopamine transporters, D2 dopamine recep-
tors, and peripheral benzodiazepine receptors. P.-C. Chu et al.
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reported that the brain tumor conditions on the distribution
and dynamics of small molecule leakage into targeted regions
of the brain could be influenced by focused ultrasound
(FUS)-BBB opening. Their findings indicated that FUS-
BBB opening might have the most significant permeability-
enhancing effect on tumor peripheral. Their report provides
useful information toward designing an optimized FUS-BBB
opening strategy to deliver small-molecule therapeutic agents
into brain tumors.

MRI has been proven to be a valuable tool to pro-
vide important information facilitating individualized image-
guided treatment and personalized management for cancers.
J.-H. Chen and M.-Y. Su reviewed the use of different
MR imagingmethods, including dynamic contrast-enhanced
MRI proton MR spectroscopy, and diffusion-weighted MRI,
to monitor and evaluate the treatment response. They also
described how the changes of parameters measured at an
early time after initiation of a drug regimen could predict final
treatment outcome. H.-W. Kao et al. also reviewed advanced
MR imaging techniques including cellularity, invasiveness,
mitotic activity, angiogenesis, and necrosis in gliomas.Molec-
ular imaging with MRI also permits mapping and measuring
the rate of physiological, biochemical, and molecular process
with the use of appropriate kinetic models. For instance,
T. Y. Siow et al. described their MRI findings with increased
nNOS activity in brain cortex and striatum after 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment. They
concluded that the transient changes in hyperperfusion state
in cerebral blood flow in the cortex and striatummight be an
early indicator of neuronal inflammation.

T.-L. Yang et al. compared the diagnostic performance
of digital breast tomosynthesis (DBT) and digital mam-
mography (DM) for breast cancers. They concluded that
adjunctive DBT provided exquisite information for mass
lesion, focal asymmetry, and/or architecture distortion which
could improve the diagnostic performance inmammography.
Y.-C. Liu et al. reported the validation of the clinical signifi-
cance of coronary artery calcium score (CACS) in predicting
coronary artery disease (CAD) and cardiac events using a 64-
slice coronary CT angiography. They concluded that CACS
was significantly correlated with CAD and cardiac events.

The emergence of flat-detector X-ray angiography in
conjunction with contrast medium injection and specialized
reconstruction algorithms can provide not only high-quality
and high-resolution CT-like images but also functional infor-
mation. This improvement in imaging technology allows
quantitative assessment of intracranial hemodynamics and
subsequently in the same imaging session. S.-C. Hung et al.
described the recent developments in the field of flat-detector
imaging and shared their experience of applying this technol-
ogy in neurovascular disorders such as acute ischemic stroke,
cerebral aneurysm, and steno occlusive carotid diseases.

David J. Yang
Fong Y. Tsai
Tomio Inoue

Mei-Hsiu Liao
Fan-Lin Kong
Shaoli Song
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1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxin commonly used to produce an animal model of Parkinson’s
disease. Previous studies have suggested a critical role for neuronal nitric oxide (NO) synthase- (nNOS-) derived NO in the
pathogenesis of MPTP. However, NO activity is difficult to assess in vivo due to its extremely short biological half-life, and so in
vivo evidence of NO involvement inMPTP neurotoxicity remains scarce. In the present study, we utilized flow-sensitive alternating
inversion recovery sequences, in vivo localized proton magnetic resonance spectroscopy, and diffusion-weighted imaging to,
respectively, assess the hemodynamics, metabolism, and cytotoxicity induced by MPTP. The role of NO in MPTP toxicity was
clarified further by administering a selective nNOS inhibitor, 7-nitroindazole (7-NI), intraperitoneally to some of the experimental
animals prior toMPTP challenge.The transient increase in cerebral blood flow (CBF) in the cortex and striatum induced by systemic
injection of MPTP was completely prevented by pretreatment with 7-NI. We provide the first in vivo evidence of increased nNOS
activity in acute MPTP-induced neurotoxicity. Although the observed CBF change may be independent of the toxicogenesis of
MPTP, this transient hyperperfusion state may serve as an early indicator of neuroinflammation.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder that
is caused by the progressive loss of dopaminergic (DAergic)
neurons in the substantia nigra pars compacta (SNpc). The
cardinal manifestations of this debilitating disease include
muscle rigidity, uncontrolled tremor, and bradykinesia.Much
of the insight into PD has come from the animal model,
in which the condition is induced by administration of the
toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
which faithfully reproduces the pathological hallmarks of
PD. MPTP is initially converted to its toxic metabolic
form, 1-methyl-4-phenylpyridinium ion (MPP+), in vivo by
monoamine oxidase- (MAO-)B (MAO-B) [1]. MPP+ subse-
quently accumulates inDAergic neurons throughhigh-affini-
ty dopamine transporters [2]. Once inside neurons, MPP+
disrupts oxidative phosphorylation by inhibiting mitochon-
drial complex I of the electron transport chain [3–8]. It is

hypothesized that interference with the cellular respiratory
machinery leads to rapid depletion of adenosine triphosphate
(ATP) and eventually cell death. However, it appears that
complex I activity requires reduction of more than 70%
to cause significant energy depletion in nonsynaptic brain
mitochondria [9] and an in vivo study has shown that MPTP
causes only a transient 20% reduction in ATP level in the
mouse striatum andmidbrain [10]. Together these data argue
that ATP deficit is the sole factor underlying MPTP-induced
neuron loss.

In addition to the ATP-depletion hypothesis, it has been
postulated that increased production of nitric oxide (NO)
also contributes to MPTP-induced neurotoxicity [11–15].
The impaired oxidative phosphorylation after administrating
MPTP causes activation of N-methyl-d-aspartate receptors
with subsequent increase in the intracellular Ca2+ concen-
tration. This leads to the activation of neuronal NO synthase
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(nNOS), which is a calmodulin-dependent enzyme [16]. The
subsequently produced NO combines with superoxide to
form the free radical peroxynitrite [17], which in turn degen-
erates into a more noxious hydroxyl radical to cause cell
injury. Nevertheless, NO activity is difficult to assess in vivo
due to its extremely short biological half-life of only a few
seconds [18]. In vivo evidence of NO involvement in MPTP
neurotoxicity remains scarce.

As well as playing a part in neuroinflammation, NO is
known to play a pivotal role in the regulation of vascular tone
[19, 20].The central effect of NO in hemodynamic homeosta-
sis provides a rationale for the present study, which examined
the role of NO in the MPTP-induced neurotoxic cascade by
monitoring alterations in CBF.

Over the past few decades, magnetic resonance imaging
(MRI) has evolved into a powerful imaging modality that
offers functional imaging in addition to anatomical infor-
mation. Flow-sensitive alternating inversion recovery (FAIR)
[21], a commonly used magnetic-resonance-based perfusion
imaging technique, utilizes tissue water as an endogenous
contrast agent to obtain tissue perfusion information. In
addition to FAIR, functional imaging modalities such as
diffusion-weighted imaging (DWI) and magnetic resonance
spectroscopy (MRS) could provide useful information on
cytotoxicity and metabolic changes. The noninvasiveness of
these techniques enables repeated in vivomeasurements with
high temporal and spatial resolutions.

Combining these MRI techniques with pharmacological
inquires, termed pharmacological MRI (phMRI) [22–24],
has provided a platform for investigating drug effects in
vivo. The present study used phMRI to investigate the acute
effects ofMPTP on the rodent central nervous system (CNS).
FAIR, DWI, and in vivo localized proton magnetic resonance
spectroscopy (1H-MRS) were used to, respectively, assess
MPTP-induced hemodynamic perturbations, cytotoxicity,
and metabolic changes. To further clarify the role of NO in
MPTP toxicity, a selective nNOS inhibitor, 7-nitroindazole (7-
NI) [25], was administered intraperitoneally (i.p.) to experi-
mental animals prior to an MPTP challenge.

2. Materials and Methods

2.1. Animal Preparations. All experimental procedures were
approved by the Institute of Animal Care and Utiliza-
tion Committee at Academia Sinica, Taipei, Taiwan. Male
Sprague-Dawley rats (4-5 months old) weighing 450–550 g
were anesthetized i.p. with amixture of urethane (800mg/kg;
Sigma, MO, USA) in normal saline and 𝛼-chloralose
(40mg/kg, Sigma) in polyethylene glycol (Merck, Darmstadt,
Germany). Each rat was placed in the prone position and
fitted with a custom-designed head-holder. The rats were set
up as described previously [26]. Briefly, one femoral vein was
cannulated with PE-50 tubing for drug/test solution admin-
istration, and an endotracheal tube (PE-280) was inserted
for artificial ventilation with an animal ventilator (Model
683, Harvard Instruments, South Natick, MA, USA). The
expiratory CO

2
concentration, which was monitored with

the aid of a capnograph (Normocap 200, Datex, Helsinki,
Finland), was maintained at 3.5-4.5% by adjusting the tidal

volume and ventilation rate. An intravenous (i.v.) injection
of a muscle relaxant, gallamine (Sigma), was used to prevent
spontaneous ventilation and movement during the image-
acquisition period. The initial dose of gallamine was 12mgs
and the maintenance dosage was 6mg/h. Body temperature
was detected by an optical fiber thermoprobe (Model SFF-5,
Luxtron, Santa Clara, CA, USA) connected to a Fluoroptic
thermometer (Model 790, Luxtron) and was maintained at
37∘C by a ceramic heater (Model TH-8105, Tashin, Taipei,
Taiwan) throughout the MRI measurements.

The rats were divided into three groups, with six rats in
each group. In the first group, the rats received a single, i.v.
injection of MPTP (15mg/kg, Sigma), while the age-matched
control group received an i.v. injection of normal saline. The
third group of rats received a single dose of 7-NI (50mg/kg
i.p., Sigma) 30min prior to the i.v. administration of 15mg/kg
MPTP. As shown previously [27], maximal NOS inhibition
in the rat brain is manifested within 30 min following the
injection of 7-NI i.p.

2.2. MRI Protocols. All magnetic resonance experiments
were performed on a 4.7-T Biospec 47/40 spectrometer with
an active shielding gradient (5.6G/cm in 500𝜇s). A 20 cm
birdcage coil was used for radiofrequency (RF) excitation,
and a 2 cmdiameter surface coil was used for signal reception.

Conventional DWI was employed using a pulsed-
gradient spin-echo diffusion method, with a repetition time
(TR) of 2000ms, an echo time (TE) of 59ms, a gradient pulse
duration of 20ms, a time interval between diffusion gradient
pulses of 27ms, and a 𝑏 value of 1300 s/mm2. Images were
obtained using a 5 cm field of view (FOV), a slice thickness of
2mm, a 256×128matrix size that was zero filled to 256×256,
and a total imaging time of 4min 17 s.The diffusion-sensitive
gradients were applied in the read (𝑥) direction before and
after the refocusing pulse. Hermite-shaped RF pulses with
durations of 3 and 1.86ms were used for the excitation and
refocusing pulses, respectively.

The FAIR experiment was implemented with inversion
recovery fast spin-echo (IR-FSE) sequences with and without
a slice-selective gradient during an inversion pulse. Slice-
selective IR-FSE (ssIR-FSE) and non-slice-selective IR-FSE
(nsIR-FSE) images were collected using a TR of 3 s, a TE of
20ms, and an effective TE of 50ms with an echo train length
of 4, a slice thickness of 2mm, an FOV of 4 cm, an inversion
time (TI) of 1.5 s, and a matrix size of 256 × 128. A slab
thickness of 5mm was inverted for the ssIR-FSE images and
a hyperbolic secant pulse was used for inversion with a pulse
length of 8ms. The 𝑇

1
was measured from nsIR-FSE with TI

values of 0.5, 0.9, 1.1, 1.3, 1.5, and 1.9 s.
A point-resolved spectroscopy (PRESS) sequence was

used for localized spectroscopy with the following parame-
ters: 5×5×5mm3 voxel located at the striatal region, spectral
width = 4000Hz, TR = 2 s, TE = 136ms, number of average =
256, and total scanning time = 8min 32 s. Water suppression
was achieved by chemical-shift-selective saturation, whereby
three consecutive Hermite-shaped RF pulses, each of 15ms
duration, are applied followed by spoiling gradients pre-
ceding the PRESS sequence. Spectral assignments of the
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resonance lines in vivo were based on the results from in
vitro 1H-MRS.

2.3. Data Analysis. All data were processed using commer-
cially available image-analysis software MRVision (MRVi-
sion Co., Menlo Park, CA, USA). The 𝑇

1
maps were pro-

duced using a nonlinear, three-parameter fitting procedure
on a pixel-by-pixel basis.The FAIR images were generated by
the subtraction of nsIR-FSE images from their corresponding
ssIR-FSE images. The resulting images (Δ𝑀) were used to
generate CBF maps according to the following:

𝑓 =

𝜆 ⋅ Δ𝑀

2𝑀
0
TI exp (−TI/𝑇

1
)

, (1)

where 𝜆 is the tissue-blood partition coefficient (0.9mL/g)
[28],𝑀

0
is the thermal equilibrium magnetization, and 𝑓 is

the calculated CBF (expressed as mL/min/100 g of tissue, or
mL/min/100 g). The 𝑀

0
maps were calculated based on the

𝑇
1
maps and nsIR-FSE images using the following:

𝑀ns (TI) = 𝑀0 (1 − 2 exp(
TI
𝑇
1

)) , (2)

where𝑀ns is the magnetization in nonselective inversion.
Two regions of interest (ROIs) were analyzed in all cases:

the entire cerebral cortex and the striatum. The average CBF
was calculated within each ROI. All results are expressed as
mean ± SD values. Student’s t-test was used for statistical
evaluations, with the level of statistical significance set at 𝑃 <
0.05.

3. Results

Administration of MPTP did not significantly change either
the signal intensity ormetabolite concentrations onDWI and
in vivo 1H-MRS, respectively, throughout the 6 h experimen-
tal period (data not shown). However, FAIR revealed signifi-
cant alterations in regional CBF. Figure 1 shows representative
temporal CBF profiles from an MPTP-treated rat, a 7-NI-
pretreated and MPTP-treated rat, and a saline-treated rat.
The basal CBFs in the cortex and striatum were 109 ± 22
and 102 ± 17mL/min/100 g, respectively; these values are
consistent with those reported previously [21, 29].There were
no significant changes in CBF in brain region over time in
the control rats injected with saline alone. However, in rats
treated with MPTP alone, there were progressive elevations
of CBFs in both the cortex and striatum. In both regions,
the changes in CBF became significant at 29min post-MPTP
injection (𝑃 < 0.05 for the striatum and 𝑃 < 0.001 for the
cortex). The CBF was significantly higher in the cortex than
in the striatum until 63min after MPTP injection (𝑃 < 0.05).

As shown in Figure 2, the cortical CBF of MPTP-injected
rats was significantly increased at 29min after injection
(267 ± 51mL/min/100 g, 𝑃 < 0.001) reached its peak at
63min (329 ± 27mL/min/100 g, 𝑃 < 0.001) but subse-
quently returned gradually to the control level at 165min
(147 ± 51mL/min/100 g), where it remained until the end
of the experiment at 369min after injection. The CBF
increased less in the striatum than in the cortex at 29min

(a)

(b)

(c)

Ctrl 29 63 97 131 165 199 233
Minutes

Figure 1: Temporal FAIR images. Representative temporal FAIR
images from (a) an MPTP-treated rat, (b) a 7-NI-pretreated and
MPTP-treated rat, and (c) a saline-treated (control) rat at baseline
(ctrl) and various times postinjection. Progressive elevations of CBF
were observed in the cortex and striatum of rats treated with MPTP
alone. These elevations were prevented by pretreatment with 7-NI.
There were essentially no changes in CBF in either brain region over
time in the control rats.
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Figure 2: CBF changes over time. Temporal changes in CBF in the
cortical and striatal regions of saline-treated (control (Cont)) and
MPTP-treated rats. Pretreatment with 7-NI prevented the elevation
of CBF induced by MPTP. Data are mean and SD values.

(158 ± 46mL/min/100 g, 𝑃 < 0.05) and then reached its
maximum at 97min after injection (273 ± 42mL/min/100 g,
𝑃 < 0.001) but subsequently returned gradually to the control
level at 335min (140±21mL/min/100 g).The increase in CBF
lasted longer in the striatum than in the cortex.

Pretreatment with 7-NI did not change basal striatal CBF,
but it significantly attenuated the basal cortical CBF before
MPTP treatment (𝑃 < 0.01). 7-NI completely blocked the
MPTP-induced increase inCBFover time in both the cerebral
cortex and the striatum. There was no significant MPTP-
induced change in CBF in either the cerebral cortex or the
striatum throughout the 6 h experimental period following
pretreatment with 7-NI.
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4. Discussion

A possible role of NO in the pathogenic mechanism underly-
ing the actions of MPTP has received considerable attention.
There are several lines of evidence that implicated that neu-
ronally derived NO at least partly mediates MPTP-induced
SNpc neuronal death. It was previously shown that MPTP
neurotoxicity in mice results in an increase in striatal 3-
nitrotyrosine (a product of NO and superoxide), which can
be attenuated by the administration of 7-NI [30]. In addition,
7-NI can significantly prevent MPTP-related neurotoxicity,
as evidenced by the greater number of tyrosine-hydroxylase-
immunostained neurons in 7-NI-pretreated mice [15]. More-
over, this protective effect occurred in a dose-dependent
manner, indicating that MPTP-induced toxicity is directly
proportional to nNOS activity. Further evidence comes from
the observation that nNOS-deficient mice are twofold less
affected byMPTP thanwild-type and heterozygousmice [31].
Together these findings suggest that nNOS-derived NO plays
a critical role in the neurotoxicity of MPTP. Although previ-
ous studies also suggested that inducible nitric oxide synthase
(iNOS) activity was increased after MPTP exposure [31, 32];
due to the relative selectivity of 7-NI, we thus concluded that
the transient cerebral hyperperfusion as showed in our study
was a result of increased nNOS activity rather than the iNOS.

FAIR is recognized as a completely noninvasive means
of visualizing tissue perfusion. Secondary to its noninvasive-
ness, this technique allows multiple repeated measurements
of CBF at sufficiently high temporal and spatial resolutions.
Our results obtained using FAIR-phMRI are the first to
provide in vivo evidence of increased nNOS activity in
acute MPTP-induced neurotoxicity. Although FAIR revealed
remarkable changes in CBF following MPTP administration,
this alteration was not accompanied by metabolic or struc-
tural lesions, as evaluated by MRS and DWI. This suggests
that FAIR remains a superior tool for detecting early changes
in MPTP-induced neurotoxicity.

Apparent diffusion coefficient (ADC) is a DWI-derived
quantitative parameter that reflects the degree of tissue water
diffusivity restriction.The reduction of ADC has been related
to various biological conditions, particularly in the processes
that involve cytotoxic edema or increased cellularity (such as
inflammation). It has been reported [33] that there was no
significant difference of regional ADC values in various brain
regions between the PD patients and control group. This is
consistent with the result in the present study of rodent PD
model. On the other hand, in vivo 1H-MRS detects low con-
centration neuronalmetabolites to provide surrogatemarkers
for neuronal damage. Previous in vivo 1H-MRS studies [34–
36] showed decreased N-acetylaspartate/creatinine ratio in
the lentiform nuclei and striatum of PD patients. However,
in the present study, in vivo 1H-MRS revealed no significant
signal change in rat brain after acute MPTP exposure; only
CBF change was observed. It could be largely due to the fact
that NO is an obligatory regulator of cerebral hemodynamics,
where CBF is highly sensitive to the alterations of NO level.
Whereas under current dosing regimen, the produced NO
level may not be sufficiently high to cause neuronal damage
that can be detected by 1H-MRS.

The increase in CBF revealed in our study is probably
due to an NO-cyclic guanosine monophosphate (cGMP)-
mediated vasodilatory effect [19, 37], which might be inde-
pendent of the toxicogenesis of MPTP. However, given the
strong oxidative power ofNO, it is likely that it is at least partly
involved in the neurotoxicity of MPTP. The main aim of this
study was to demonstrate the spatial-temporal distribution of
NO in MPTP-induced toxicity. We believe that our findings
will facilitate future studies on the role of NO.

Perfusion neuroimaging studies, either by single-photon
emission computed tomography [38] or MRI [39], have gen-
erally confirmed the presence of a hypoperfusion state in the
gray matter of PD patients. These studies have demonstrated
that several cerebral regions, including the posterior parieto-
occipital cortex, precuneus, cuneus, and middle frontal gyri,
experience decreases in regional perfusion. Paradoxically, the
present study revealed a transient hyperperfusion in the cere-
bral cortex and striatum in the MPTP animal model, which
may be related to overproduction ofNO.This finding suggests
that a similar hyperperfusion state is present in human PD,
and this may represent an early neuroinflammation in the
brain. Further research should be conducted to examine the
existence of this early hemodynamic alteration in human PD.

We found that MPTP injection caused a persistent eleva-
tion in regional CBF in the striatum, suggesting that this brain
area is a major source of the neurotoxic NO. Consistent with
this notion, the striatum contains a rich density of nNOS-
positive neurons and fibers [40]. In contrast, there is no
evidence for nNOS immunoreactivity in neurons or fibers in
the vicinity of the SNpc [40]. Hypothetically, dopamine nerve
terminals in the striatum become the primary target for NO,
followed by a secondary retrodegeneration of dopamine cell
bodies in the SNpc [41]. Consistent with this hypothesis is the
observation that MPP+ accumulates primarily in the striatal
dopamine terminals, but not in SNpc DAergic neuronal cell
bodies [42].

While the cerebral cortex exhibits less nNOS activity,
there is one possible explanation for the more-prominent
increase in theMPTP-induced CBF increase in this region: in
addition to the NO-cGMP-mediated direct relaxation of the
vascular smooth muscle, the vasodilation effect of NO may
also arise from its counteraction to endogenous vasoconstric-
tors [20]. The observed change in CBF is hence a complex
interplay between NO and other vasoactive substances (e.g.,
angiotensin). Therefore, variations in CBF increases across
different brain regions do not necessarily reflect the propor-
tional nNOS activities, since it is likely that there are distinct
basal regulation mechanisms in these regions.

It is known that NO plays an important role in the
normal regulation of cerebral vascular tone [19]. Our findings
also show that 7-NI attenuated the basal cortical CBF prior
to MPTP administration. This is consistent with previous
reports that 7-NI injection results in a decrease in local CBF in
the rat brain [43, 44]. It is worth noting that basal striatal CBF
was unaffected by 7-NI injection in the present study, which
might have been due to the much lower dosage of 7-NI used.

A major drawback of the present study is the lack of
perfusion measurements in the SNpc, which is thought to
be a site of PD lesions. This was mainly due to technical
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limitations associated with the use of the single-slice FAIR
technique in this work. Multislice FAIR [45] could be imple-
mented to include measurement of SNpc by increasing the
slab thickness of slice-selective inversion such that several
slices were contained within it. However, multislice FAIR
imaging presents two major problems: (1) the integrity of
selective inversion across all slices is questionable (i.e., the
imperfect inversion pulse profile across slices causes signifi-
cant errors) [46], and (2) the multislice FAIR approach intro-
duces an increased transit time delay for those slices farther
from the edge of the inversion slice [47]. Together, these
limitations hinder accurate measurements using multislice
FAIR. Nevertheless, the present results warrant further study
of the hemodynamics of the SNpc in acute MPTP toxicity.

It has been reported that rats are less susceptible to
systemic MPTP toxicity than mice and primates [48], which
might be due to systemic MPTP being extensively metab-
olized by MAO-B in the rat blood-brain barrier, thereby
converting MPTP into MPP+ [49]. MPP+ is a polar molecule
that does not readily cross biological membranes, hence pre-
venting it from reaching sites of injury in sufficient concentra-
tions. This view is supported by the direct infusion of MPTP
into the rat SNpc causing a selective 50–70% loss of DAergic
neurons, without affecting other neurons or glia at the
injection site [50]. Therefore, the differences in susceptibility
between species probably arise from their distinct pharma-
cokinetic profiles. Such differences may have a relatively
minimal impact on pharmacodynamic investigations, as in
the present research.

As discussed above, several previous studies have shown
that 7-NI reduces MPTP-induced neurotoxicity in several
animal models, presumably through the inhibition of nNOS.
However, Castagnoli et al. demonstrated that 7-NI can also
inhibit the MAO-B-catalyzed oxidation of MPTP to MPP+
[51]. In sharp contrast, Schulz et al. reported no effect of 7-
NI on MAO-B activity [30]. Hence, the exact mechanism
underlying the neuroprotective effect of 7-NI against MPTP
toxicity remains to be established. Recent data froman in vitro
study suggested that 7-NI has only a mild MAO-B-inhibitory
effect [52]. It is unlikely that such inhibition could affect the
interpretation of the results in the present study.

5. Conclusion

In summary, this study has demonstrated that systemic
administration of MPTP leads to prominent changes in CBF
in striatal and cortical regions of the rodent CNS. Such
increases can be prevented by pretreatment with the selective
nNOS inhibitor, 7-NI. Thus, our results provide the first in
vivo evidence of NO production in the acute neurotoxicity of
MPTP. Given the similarity between the MPTP model and
human parkinsonism, this cascade of events may also occur
in PD.
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Mutations in the kinase domain of epidermal growth factor receptor (EGFR) have high levels of basal receptor phosphorylation and
are associated with clinical responsiveness to Iressa in patients with nonsmall cell lung cancer (NSCLC).This study aimed to assess
the feasibility of morpholino-[124I]IPQA derivative as an in vivo PET imaging tool for the expression of different EGFR mutants
in NSCLC. In vitro radiotracer accumulation and washout studies demonstrated a rapid accumulation and progressive retention
after washout of morpholino-[131I]IPQA derivative in high EGFR-expressing H1299 NSCLC derivative cell lines (L858R and E746-
A750 del cell lines), but not in EGFR-transfected H1299 cell line and vector-transfected H1299 cell line. Using the morpholino-
[124I]IPQA derivative, we obtained noninvasive microPET images of EGFR activity in L858R and E746-A750 del subcutaneous
tumor xenografts, but not in subcutaneous tumor xenografts grown form control cell line. Different EGFRmutant (activity) tumors
have a different morpholino-[∗I]IPQA derivative uptake. However, it still needs to modify the structure of IPQA to increase its
water solubility and reduce hepatobiliary clearance. Morpholino-[124I]IPQA derivative may be a potential probe for selection of the
candidate patients suffering from NSCLC for the small molecule tyrosine kinase inhibitor therapy (e.g., Iressa) in the future.

1. Introduction

Nonsmall cell lung cancer (NSCLC) represents the majority
of lung cancers [1]. Lung cancer treatment depends on
several factors including tumor type, size, andpatient’s health.
Surgery, radiation therapy, and chemotherapy using tumor
specific targeted agents such as vascular endothelial growth
factor (VEGF) inhibitor bevacizumab and epidermal growth

factor receptor-tyrosine kinase inhibitors (EGFR TKIs) are
the primary tools for treating lung cancer. These targeted
agents are initially effective in certain small subpopulations
of patients, but eventually nearly all patients turn out to be
resistant to the further treatments [2]. The limitations in
efficacy and safety associated with the existing treatments
for NSCLC underscore the need for novel biomarkers and
imaging approaches for identification of patients who may
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benefit from particular therapeutic agents and approaches
with improved efficacy and safety profiles.

The importance of EGFR signaling pathway in the
development and progression of NSCLC has been widely
recognized [3, 4]. EGFRoverexpression is observed in tumors
of more than 60% of patients with metastatic NSCLC and
correlates with poor prognosis [5]. These observations have
provided a rationale for the development of novel anticancer
agents that target EGFR. Two classes of EGFR-targeted agents
are currently being tested in clinical trials: antibodies that
bind to the extracellular domain of EGFR (i.e., cetuximab,
panitumumab, matuzumab, nimotuzumab, etc.) and small
molecular inhibitors that bind to the ATP-binding site of
the EGFR tyrosine kinase (i.e., gefitinib, erlotinib, lapatinib,
canertinib, etc.) [6]. Clinical trials have revealed significant
variability in response to EGFR TKI gefitinib (Iressa), with
approximately 10%ofCaucasian patients, 25–30%of Japanese
patients, and 57% of Taiwanese patients [5, 7–13]. Sequencing
test of the EGFR gene is associated with a majority of tumors
responding to EGFR kinase inhibitors harbor mutations in
the kinase domain of EGFR [9, 14, 15]. The response rate
to gefitinib and erlotinib in patients with tumors exhibit-
ing activating mutations of EGFR is approximately 75%,
suggesting that these mutations, at least in part, may have
caused malignant transformation and contribute in large to
the tumor maintenance pathway [16, 17]. Two subtypes of
activating EGFR mutations have been described: tyrosine
kinase domain mutation (45%–50%) in EGFR exons 18–24
and truncating mutations involving exon 2 to 7. The most
frequently detected alterations are small deletions in exon
19 (35%–45%) that eliminate amino acids 747–750 (Leu-Arg-
Glu-Ala), located around the active site of the tyrosine kinase,
and point mutations in exon 21 that result in the amino
acid substitution Leu858→Arg, a residue located in the
activation loop [9].Mutations aremost frequently detected in
a subpopulation of NSCLC patients with characteristics asso-
ciated with a better treatment outcome: women, nonsmokers,
patients of southeast Asian and Japanese origins, and patients
with adenocarcinoma histology and, in particular, bronchi-
oloalveolar carcinoma [18, 19].Themutational status of EFGR
kinase could be considered as a positive predictive biomarker
of response to NSCLC [20, 21].

Considerable efforts have been made over the past
decade to develop radiolabeled agents for noninvasive
imaging of EGFR expression and activity. These agents
include radiolabeled antibodies to EGFR and radiolabeled
small molecular compounds based on structures of known
EGFR TKIs [22]. Most of the radiolabeled agents for
molecular imaging with positron emission tomography
(PET) are derived from 4-(anilino)quinazoline pharma-
cophore [23, 24], which includes ML series [21, 22, 25–
27], as well as [4-(3-[124I]iodoani-lino)-quinazolin-6-yl]-
amide-(3-morpholin-4-yl-propyl)-amide ([124I]IPQA) [28],
[18F]gefinitib [29], [11C]PD153035 [30], and [11C]erlotinib
[31]. Recently, clinical studies with [11C]PD153035 have
demonstrated some promise for imaging EGFR expression
in NSCLC patients [32]; however, none of these imaging
agents exhibits selectivity for detection of NSCLC expressing

active mutant EGFR kinases or EGFR kinase mutations that
confer resistance to inhibitors that are currently used in
clinical practice. Therefore, we have been developing a PET
radiotracer with preferential binding to active mutant EGFR
kinases, not to EGFR kinase mutants conferring resistance
to current small molecular inhibitors (i.e., gefitinib). PET
imaging using such a selective radiolabeled agent should
allow for visualization of primary and metastatic tumor
lesions driven by activating mutations in EGFR kinase and
selection of patients who may benefit from therapy with
EGFR kinase inhibitors. Also, after the initial course of
treatment with EGFR inhibitors, repetitive imagingwith such
a selective radiotracer could be used for monitoring the
development of tumor lesions with acquired mutations (i.e.,
T790M) conferring resistance to EGFR inhibitors.

Here, we describe the [4-(3-[124I]iodoani-lino)-quin-
azolin-6-yl]-amide-(3-morpholin-4-yl-propyl)-amide ([124I]
morpholino-IPQA) as a PET imaging agent with increased
selectivity and irreversible binding to active mutant L858R
and E746-A750 del EGFR kinase, which allows for noninva-
sive detection of NSCLC in mouse xenografts harboring this
mutation.

2. Materials and Methods

2.1. Radiosynthesis of Morpholino-[124I]IPQA Derivative.
Morpholino-[124I]IPQA derivative was synthesized from
but-2-enedioic acid(3-morpholin-4-propyl)-amide[4-(3-tri-
butylstannyl-phenyl-amino)-quinazolin-6-yl]-amide (morp-
holino-IPQA derivative), as described previously [28]. The
radiosynthesis of morpholino-[124I]IPQA derivative was
modified according to the earlier study [33].The tin precursor
(100 𝜇g; from MD Anderson Cancer Center, Houston, TX,
USA) was dissolved in 0.02mL of methanol, and then the
[124I]NaI (37∼55MBq)was added to the solution of precursor
and vortexed followed by the addition of a 0.018mL mixture
of 30% hydrogen peroxide/acetate acid (1 : 3). The reaction
mixture was vortexed for 1min and then allowed to stand
for 5min. Saturated sodium bicarbonate (0.2mL) and 2N
sodium thiosulphate (0.12mL) were added to quench the
reaction, and the reaction mixture was then loaded to a
plus C-18 Sep-Pak cartridge system. The C-18 cartridge
system (preconditioned with 10mL of ethanol, then 10mL
of water) was eluted with water (30mL), followed by 20%
ethanol/water (25mL), 40% ethanol/water (25mL), and 60%
ethanol/water (25mL). The majority of the product was
isolated during the elution with 60% ethanol/water. Each
fraction was collected and assayed for radioactivity mea-
surement, and the fractions that contain the final product
were assayed by radio-thin-layer chromatography (radio-
TLC). The radiochemical purity was determined by radio-
TLC (silica gel 60 F254; eluent: chloroform/methanol = 6/1).
The collected products with sufficient purity were combined
and evaporated.

2.2. Radiosynthesis of Morpholino-[131I]IPQA Derivative.
No carrier-added morpholino-[131I]IPQA derivative was
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prepared using the same procedure as that of morpholino-
[124I]IPQA (50 𝜇g of the tin precursor was used).The radiola-
beled product was isolated in 65% radiochemical yield (decay
corrected) with a radiochemical purity of 92.3%.

2.3. Tumor Cell Lines. Human NSCLC cell line H1299 with 4
different levels of wild-type (WT) or mutant EGFR expres-
sion was selected: (a) L858R EGFR (point mutation in
exon 21); (b) E746-A750 del EGFR (in frame deletion); (c)
EGFR-transfected (wild-type); (d) vector-transfected (study
control).

Cells were grown in flasks with RPMI 1640 with 10%
FBS and antibiotics at 37∘C in humidified atmosphere with
5% CO

2
. Cells were kept in the log phase of proliferative

activity. The L858R, E746-A750del, EGFR-transfected, and
vector-transfectedH1299 cells were kind gifts fromDrs. Shih-
Feng Tsai and Yi-Rong Chen (The National Health Research
Institutes, Miaoli, Taiwan).

2.4. Irreversible Binding of Morpholino-[124I]IPQA to Active
Mutant EGFR Kinase Domain. The irreversible and covalent
bindings of morpholino-[131I]IPQA to the EGFR kinase
domain were evaluated in H1299 derivatives cells. The cells
were grown in a 15 cm culture dish until 60–70% confluency
and then incubated for one hour in fresh culture medium
supplemented with 20% FBS and morpholino-[131I]IPQA at
0.37MBq/mL. Thereafter, the cells were harvested by scrap-
ing, pelleted by centrifugation at 1,000 rpm for 5 minutes,
and lysed in 0.5mL of buffer containing protein extraction
reagent (Cytobuster, Novagen, USA) and aprotinin, leup-
petin, pepstain (1 𝜇g/mL for each), Na

3
VO
4
, NaF, and PMSF

(1mM for each; Sigma-Aldrich, CA, USA). The cell lysate
was cleared by 14,000×g centrifugation at 4∘C for 15 minutes.
The cell lysate supernatant was denatured by boiling with 4x
Laemmli sample buffer and separated by sodiumdodecyl sul-
fate polyacrylamide gel electrophoresis using precast 8% Tris
HCl gel cassettes (BioRad, CA, USA). After transferring pro-
teins into aminitank electroblotter device, themembranewas
exposed to AX film (Konica, Japan) for seven days at room
temperature to produce an autoradiogram of 131I-labeled
protein bands. Thereafter, the nitrocellulose transfer mem-
brane was immunostained with a rabbit polyclonal EGFR
(1005)-sc-03 antibody (Santa Cruz, CA, USA) and visual-
ized using the ECL kit (Amersham Biosciences, UK). The
colocalization of 131I-labeled proteins in the autoradiogram
with protein bands stained with anti-EGFR antibody was
assessed.

2.5. In Vitro Radiotracer Uptake and Washout Assay. Radio-
tracer uptake and washout studies were performed in mono-
layer cultures of four NSCLC cell lines as described previ-
ously [28]. Briefly, tumor cells were grown in 15 cm culture
dishes until 60∼70% confluent, at which point the cells were
exposed to the culture mediumwithout FCS to induce serum
starvation (to inhibit EGFR kinase activity). The radiotracer
morpholino-[131I]IPQA at 0.18MBq/mL was then added to
fresh cell culture medium without FCS (serum-starved), and

tumor cell monolayers were exposed to the radioactivity-
containing medium for 5, 10, 20, 30, and 60 minutes. In the
first part of the experiment, the cells were harvested by gentle
scraping at different time intervals, pelleted by centrifuga-
tion (3,500 rpm for 2 minutes). The cell pellet and 0.1mL
of radioactive supernatant were weighed and assessed for
radioactivity using a Packard 5500 gamma counter (Perkin-
Elmer, CA, USA); the radioactivity concentration was
expressed as cpm/g cells and cpm/mL medium, respectively.
In the second part of the experiment, tumor cells exposed to
the morpholino-[131I]IPQA containing medium for a given
time interval (5, 10, 20, and 60 minutes) were washed with
fresh (nonradioactive) medium for different time intervals
before subsequent harvesting for measurement of retained
radioactivity, as described above. Cells-to-medium radioac-
tivity concentration ratios were calculated and plotted versus
time to evaluate the radiotracer accumulation and washout
kinetics.

2.6. Subcutaneous Tumor Xenografts and PET Image Acqui-
sition and Data Analysis. NOD/SCID mice weighing about
25∼30 g (𝑁 = 3) were injected subcutaneously into the
left shoulder region with L858R, E746-A750 del, or wild-
type EGFR-transfected H1299 cells (5 × 106 cells/mouse).
In the right shoulder region of each mouse, 5 × 106 of
vector-transfected H1299 cells were inoculated as a control
tumor. The tumors grew to about 8∼10mm in diameter
after 4 weeks. At this point, the mice were anesthetized (2%
isoflurane/98% oxygen mixture) and injected intravenously
with morpholino-[124I]IPQA (2.6MBq/mouse). One-hour
dynamic PET imaging was performed on MicroPET R4 sys-
tem (Siemens, TN,USA) and followedwith a 30-minute static
imaging at 24 hours after i.v. administration of radiotracer.
PET images were reconstructed using the ordered subsets
expectationmaximization iterative reconstruction algorithm.
Regions of interest were drawn over tumors and other tissues
of interest.

2.7. Biodistribution of Morpholino-[131I]IPQA Derivative in
Mice. NOD/SCID mice (𝑛 = 3/time point) were injected
subcutaneously into shoulders and limbs with L858R (8 ×
10
6 cells/mouse), E746-A750 del (8 × 106 cells/mouse), wild-

type EGFR-transfected (8 × 106 cells/mouse), and vector-
transfected H1299 cells (5 × 106 cells/mouse). Three weeks
later, eachmouse was injected with 0.1mL of a saline solution
containing 2.6MBq of morpholino-[131I]IPQA through the
caudal vein. Animals were sacrificed by chloroform (Nacalai
Tesque Inc., Japan) at different time points after i.v. admin-
istration of radiotracer. Organs of interest were collected
and weighed, and the radioactivity was counted. The percent
injected dose per gram of tissue (% ID/g) was calculated and
recorded.

2.8. Statistical Analysis. Group data were expressed as aver-
age ± SE and compared using analysis of variance, regression
analysis, and group and paired Student’s t tests; a 𝑃 value of
< 0.05 was considered statistically significant.
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Table 1: Pharmacokinetics of morpholino-[131I]IPQA accumulation and washout in different tumor cells in vitro.

Tumor cells L858R E746-A750 del EGFR Vector
Plateau level at 60 minutes1 3.12 ± 0.304 1.57 ± 0.17 1.47 ± 0.001 1.47 ± 0.001

Washout at 60 minutes2 1.78 ± 0.147
∗

1.10 ± 0.16 1.17 ± 0.001 1.17 ± 0.001

Washout at 21 minutes 1.09 ± 0.124
∗

1.16 ± 0.20 0.55 ± 0.000
∗

0.55 ± 0.000
∗

1
Volume of distribution at equilibrium expressed as cell-to-medium accumulation ratio (average ± standard error). 2Coefficient 𝐵 (slope) of the exponential
washout = A × exp(−BX).
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O O
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Figure 1: The chemical structure of the (E)-But2-enedioic acid
[4-(3-[124I]iodoanilino)-quinazolin-6-yl]-amide-(3-morpholin-4-
ylpropyl)-amide, termed as morpholino-[124I]IPQA.

3. Results

3.1. Radiochemistry. The final product of morpholino-[124I]
IPQA derivative (Figure 1) was dissolved in saline (with
10% ethanol added). Radio-TLC showed the Rf value of
morpholino-[131/124I]IPQA derivative to be 0.5. The radio-
chemical yield was 50%, and the radiochemical purity
was ≥90% (decay-corrected). Radio-high-performance liq-
uid chromatography (radio-HPLC) using an Alltech All-
tima C18LL column (250 × 4.6mm; Fisher Scientific, USA)
and a mobile phase consisting of 0.1M acetate buffer
(acetate/acetonitrile = 55/45) at a flow rate of 1.0mL/min
exhibited the product as a peak at about 10 minutes.

3.2. Irreversible and Specific Bindings of Morpholino-[131I]
IPQA to the L858R and E746-A750 Del EGFR Mutations.
The autoradiographic and western blot analysis was used
to demonstrate the irreversible and covalent bindings of
morpholino-[131I]IPQA in four types of NSCLC cells. The
autographic electropherogram of protein extracts from these
NSCLC cell lines that were pretreated with morpholino-
[131I]IPQA demonstrated the preferential convent binding of
morpholino-[131I]IPQA to the cells with L858R and E746-
A750 del EGFR mutations (Figure 2(a)) These bands were
correspondent with the 172 kDa protein band stained with
anti-EGFR antibody (Figure 2(b)). The above observations
collectively suggest that in EGFR-transfected cells (cells with
wild-type EGFR overexpression) the lower radioactive inten-
sity of morpholino-[131I]IPQA (Figure 2(a)) corresponds to
a higher level of anti-EGFR immunoblotting (Figure 2(b))
compared to EGFR mutation cells.

The covalent binding of morpholino-[131I]IPQA to the
H1299 vector-transfected and MB-435S (EFGR negative
cells) was barely detected by autographic electropherogram
(Figures 2(a) and 2(b)).

3.3. Preferential Accumulation of Morpholino-[131I]IPQA in
NSCLC Cells with L858R and E746-A750 Del EGFR Muta-
tions. All four types of cells showed a rapid accumu-
lation of morpholino-[131I]IPQA at the initial 10 min-
utes and thereafter reached a plateau at 60 minutes (Fig-
ures 3(a)–3(d)). In L858R and E746-A750 del cells, the
cell-to-medium ratio (CMR) of morpholino-[131I]IPQA
was about 60–65 at 60 minutes, which was ∼1.6-fold
higher than that of wild-type EGFR-transfected H1299 cells
(Table 1).

In L858R andE746-A750 del cells, the loss ofmorpholino-
[131I]IPQA accumulation could be characterized by a rapid
washout, followed by a plateau, with a slow but slightly
decreased (L858R cells, Figure 3(e)) (E746-A750 del cells,
Figure 3(f)) CMR over time. In contrast, wild-type EGFR-
transfected H1299 cells showed consistent decrease of CMR
with time (Figure 3(g)). At 120min, the washout studies
showed the higher retention of morpholino-[131I]IPQA in
L858R (8.9 ± 0.2CMR, Figure 3(e) red dot line) and E746-
A750 del cells (12.6 ± 3.2CMR, Figure 3(f) red dot line) than
that in EGFR-transfected H1299 (5.7 ± 0.4CMR, Figure 3(g)
red dot line) and vector-transfected H1299 (6.6 ± 0.3CMR,
data not shown).The results of in vitro radiotracer uptake and
washout studies of morpholino-[131I]IPQA are summarized
in Table 1.

3.4. In Vivo PET Imaging of Morpholino-[124I]IPQA Exhibits
Differentials of Accumulation inNSCLCTumors withDifferent
EGFR Expressions. In vivo PET imaging was performed in 18
mice (6 per tumor pair) before and after treatmentwith Iressa.
MicroPET images demonstrated that highest accumulation
level of morpholino-[124I]IPQA was observed in L858R
tumor xenograft at 24 hours after radiotracer administration.
The accumulation was 1.23-, 2.36-, and 3.08-folds higher
than that of E746-A750 del, wild-type EGFR-transfected,
and vector-transfected tumor xenograft in baseline group,
respectively (Figures 4(a)–4(c), left panel, Figure 5). Pretreat-
ment with Iressa (100mg/kg 1 h before administration of
morpholino-[124I]IPQA) results in 53% and 38% decrease
in the accumulation of radiotracer in L858R and E746-
A750 del tumors, respectively (Figures 4(a)-4(b) right panels,
Figure 5). There was a similar accumulation of radiotracer
in wild-type EGFR-transfected and vector-transfected tumor
xenografts before and after Iressa treatment (Figures 4(a)–
4(c); Figure 5). The results of tumor-to-vector ratio at 24
hours after administration of morpholino-[124I]IPQA was
summarized in Table 5.
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Figure 2: Assessment of irreversible binding of morpholino-[131I]IPQA to wild-type and mutant EGFR kinase in four types of human
nonsmall cell lung carcinoma cell lines. (a) The autoradiography demonstrates the irreversible and covalent bindings of morpholino-
[131I]IPQA to the EGFR kinase domain in different cell lines. (b) The same membrane was stained with anti-EGFR kinase antibody. A single
band of radiolabeled protein corresponds to the predominate band of ∼170 kDa.

Table 2: Biodistribution of accumulated radioactivity (%ID/g) in different tissues at the designed time points after administration of
morpholino-[131I]IPQA.

Tissue Radioactivity (%injection dose/tissue g)
1 hr 4 hr 24 hr 4 hr

Blood 0.124 ± 0.000 0.076 ± 0.000 0.030 ± 0.000 0.009 ± 0.000

Lung 1.319 ± 0.001 0.776 ± 0.001 0.239 ± 0.000 0.119 ± 0.000

Heart 0.240 ± 0.002 0.191 ± 0.001 0.076 ± 0.000 0.676 ± 0.001

Stomach 1.330 ± 0.001 1.302 ± 0.002 1.407 ± 0.012 0.299 ± 0.000

Liver 1.241 ± 0.002 0.500 ± 0.000 0.424 ± 0.000 1.063 ± 0.001

Spleen 0.560 ± 0.009 0.303 ± 0.000 0.225 ± 0.001 0.486 ± 0.001

Pancreas 5.443 ± 0.002 5.334 ± 0.002 3.232 ± 0.004 0.389 ± 0.002

Small intestine 0.858 ± 0.001 0.774 ± 0.004 0.135 ± 0.000 0.044 ± 0.000

Large intestine 0.807 ± 0.002 0.289 ± 0.000 0.301 ± 0.000 0.021 ± 0.000

Kidney 4.785 ± 0.001 3.772 ± 0.008 1.431 ± 0.001 0.523 ± 0.000

Bone 0.190 ± 0.002 0.109 ± 0.000 0.062 ± 0.000 0.04 ± 0.000

Muscle 0.034 ± 0.000 0.025 ± 0.000 0.009 ± 0.000 0.009 ± 0.000

Brain 0.010 ± 0.000 0.008 ± 0.000 0.003 ± 0.000 0.002 ± 0.000

L858R 0.280 ± 0.000 0.251 ± 0.001 0.125 ± 0.000 0.037 ± 0.000

E746-A750 del 0.304 ± 0.000 0.195 ± 0.000 0.100 ± 0.000 0.052 ± 0.000

EGFR 0.347 ± 0.000 0.208 ± 0.000 0.047 ± 0.000 0.036 ± 0.000

Vector 0.222 ± 0.000 0.143 ± 0.000 0.085 ± 0.001 0.123 ± 0.002

Data shown as average ± standard deviation (𝑛 = 3 per tumor pair).

3.5. Biodistribution of Morpholino-[131I]IPQA Derivative in
NSCLC Tumor-Bearing Mice. In the first hour, high % ID/g
was observed in pancreas, kidney, stomach, lung, liver, and
small and large intestines (Table 2). Four tumors expressing
different levels of EGFR activity/expression had the peak
radioactivity concentration in the first hour and then showed
a gradual decrease over time; however, blood, heart, liver,
and spleen showed a redistribution 24 hours after adminis-
tration of morpholino-[131I]IPQA.The levels of radioactivity
in blood or heart rapidly dropped to 0.1∼0.2% ID/g one
hour after radiotracer injection and progressively decreased
during 4 to 48 hours. We also observed a rapid excretion of

radiotracer by liver. This pattern of hepatobiliary clearance
was followed by a fast increased radioactivity in blood and
liver and subsequent clearance by kidneys.

All four tumor xenografts had similar accumulations
of morpholino-[131I]IPQA at the first hour after injection
of radiotracer. The L858R tumor xenograft had a longer
retention time of morpholino-[131I]IPQA when compared to
other 3 xenografts.

Up to 24 hours after injection of radiotracer, the
tumor-to-blood (TBR) and tumor-to-muscle concentration
ratios (TMR) were not distinguishable among four tumor
xenografts (Tables 3 and 4; all other three cell lines
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Figure 3: In vitro uptake and washout phases of morpholino-[131I]IPQA in L858R (a), E746-A750 del (b), wild-type EGFR-transfected (c),
and EGFR-vector (d). Liner fits of radioactivity accumulation time points show the washout rate at short duration (20–80 minutes, blue dot
line) and long duration (60–120 minutes, red dot line) after initial accumulation (from (e) to (g)). Coefficient 𝐵 (slope) of the exponential
washout = 𝐴 × exp(−𝐵𝑋). Panels (a)–(d) are shown in full scale, and panels (e)–(g) are from the same data in panels (a)–(c) but are shown in
smaller scale to visualize differences in washout results.
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Figure 5: Quantification of accumulation of [124I]IPQA in different
tumor xenografts at baseline (blue) and pretreated with Iressa
(red), respectively. Error bars represent standard deviation; statically
significant difference is indicated by an asterisk ( ∗𝑃 < 0.05) or
double asterisks ( ∗∗𝑃 < 0.01).

were compared to L858R tumor cells at the same time
point). The TBR and TMR in L858R tumor xenograft 24
hours after injection of radiotracer were 2.64 and 13.89,
respectively (Tables 3 and 4). The E746-A750 del tumor
xenograft had similar TBR and TMR compared to those
of L858R group. The L858R tumor xenograft also had a
better tumor-to-vector ratio 24 hours after administration of

radiotracer when compared to those of other 2 xenografts
(Table 5).

4. Discussion

Predicting the expression of EGFR mutation through nonin-
vasive PET imaging with a specific EGFR kinase radiotracer
would provide an assessment for the NSCLC patients who
may be benefit from EGFR inhibitors therapeutic regiment.
Previously, our collaborator reported that the PET imaging
with morpholino-[124I]IPQA, which could irreversibly and
specifically bind to active form of EGFR kinase, allowed for
identification of tumors with high EGFR kinase signaling
activity (i.e., A431 highly expressing EGFR in NSCLC and
U87 del EGFR cells expressing EGFRvIII mutants in brain
gliomas) [28].

In the current study, by using morpholino-[124I]IPQA
with PET, we demonstrated that L858R and E746-A750 del
EGFR mutated cells, which are the most frequent mutation
in NSCLC [9], showed significant increased accumulation
of radiotracer when compared to the wild-type EGFR-
transfected and vector-transfected cells in vitro and in vivo.
The locations of the L858R missense mutations are shown
within the activating loop of the tyrosine kinase, whereas the
in-frame deletion, E746-A750 del, is present within another
loop which flanks the ATP cleft [14]. Those mutations are
predicted to alter the position of these amino acids relative to
that of phosphorylation status of the cells and the sensitivity
of inhibitor (i.e., gefitinib).

The expression levels of phosphorylated EGFR in L858R
and E746-A750 del EGFRmutated cells were similar, whereas
wild-type EGFR-transfected cells showed the highest expres-
sion of total EGFR. Nevertheless, the mutation in active site
of tyrosine kinase domain results in the enhanced EGFR sig-
naling (phosphorylation status), which explains the increased
accumulation ofmorpholino-[131I]IPQA in L858R and E746-
A750 del EGFR mutated cells. Similar interpretation can also
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Table 3: Tumor-to-blood ratio in different tumor cells in in vitro study.

1 hr 4 hr 24 hr 48 hr
L858R/blood 2.25 ± 0.001 3.75 ± 0.001 2.64 ± 0.000 3.98 ± 0.000

∗

E746-A750 del/blood 2.45 ± 0.000 2.96 ± 0.001 2.68 ± 0.000 5.55 ± 0.002
∗

Wild-type EGFR/blood 2.79 ± 0.001
∗

2.91 ± 0.000 1.22 ± 0.000 3.87 ± 0.001
∗

Vector/blood 1.79 ± 0.001 1.97 ± 0.000 2.37 ± 0.001 13.12 ± 0.000

Data shown as average ± standard deviation (𝑛 = 3 for each tumor pair). All other three cell lines were compared to L858R tumor cells at the same time point,
and statistically significant difference (∗𝑃 < 0.05) is indicated by an asterisk.

Table 4: Tumor-to-muscle ratio in different tumor cells in in vitro study.

1 hr 4 hr 24 hr 48 hr
L858R/muscle 8.24 ± 0.001 10.04 ± 0.001

∗

13.99 ± 0.001
∗

4.11 ± 0.000
∗

E746-A750 del/muscle 8.94 ± 0.001
∗

7.80 ± 0.001 11.11 ± 0.001
∗

5.78 ± 0.001
∗

Wild-type EGFR/muscle 10.21 ± 0.00
∗

8.32 ± 0.002
∗

5.22 ± 0.002
∗

4.00 ± 0.001
∗

Vector/muscle 6.53 ± 0.001 5.36 ± 0.000 9.44 ± 0.001 13.67 ± 0.001
∗

Data shown as average ± standard deviation (𝑛 = 3 for each tumor pair). All other three cell lines were compared to L858R tumor cells at the same time point,
and statistically significant difference (∗𝑃 < 0.05) is indicated by an asterisk.

Table 5: Tumor-to-vector ratio in different tumor cells in in vitro
study of morpholino-[131I]IPQA and in vivo study of morpholino-
[124I]IPQA.

PET Biodistribution
Baseline Iressa Baseline

L858R/vector 3.12 ± 0.304 1.57 ± 0.17 1.47 ± 0.001

E746-A750 del/vector 1.78 ± 0.147∗ 1.10 ± 0.16 1.17 ± 0.001
EGFR/vector 1.09 ± 0.124

∗

1.16 ± 0.20 0.55 ± 0.000
∗

Data shown as average ± standard deviation (𝑛 = 3 for each tumor pair).
All other three cell lines were compared to L858R tumor, and statistically
significant difference (∗𝑃 < 0.05) is indicated by an asterisk.

be applied to the preferential accumulation and retention of
morpholino-[124I]IPQA in thesemutant EGFR cells in in vivo
PET imaging.

In comparison with previous reports of EGFR imag-
ing agents [22, 25, 26, 34, 35], the results of our in vivo
PET imaging studies with morpholino-[124I]IPQA in mice
bearing four tumor xenografts expressing different levels of
phosphorylated EGFR aremore selective. Predominant accu-
mulations of morpholino-[124I]IPQA in EGFR-expressing
L858R andE746-A750 del carcinoma tumor xenografts reflect
the high level of phosphorylated EGFR expression and activ-
ity in those tumor cells, which are known to be responsive
to therapy with small molecular inhibitors of EGFR (e.g.,
Gefitinib) [14]. The H1299 EGFR tumor xenograft expressing
EGFR represented a model of therapy-resistant tumors.
H1299 EGFR tumor had lower morpholino-[124I]IPQA accu-
mulation and produced similar images before and after
treatment with EGFR inhibitor, Gefitinib (Iressa).

Our results also provided more information of tis-
sue distributions at later time points (24 and 48 hours
after radiotracer administration). Selective accumulations of
radiotracer in the L858R and E746-A750 del EGFR mutants
were observed when compared to the tumors with wild-
type EGFR or vector-transfected cells. Similar to the results

from dynamic PET imaging obtained from 0 to 70 minutes
after administration of morpholino-[124I]IPQA [28], the
biodistribution data obtained from 1, 4, 24, and 48 hours after
administration of morpholino-[131I]IPQA showed a rapid
clearance of radiotracer from blood and other major tissues
such as heart, brain, liver, intestines, and kidney. The results
demonstrated that the nonspecific binding of the radiotracer
was washed out rapidly and caused increased tumor-to-
background ratio due to the irreversible and selective bind-
ings to active state of EGFR kinase.

We also observed an unexpected high accumulation
(3.2% ID/g at 24-hour time point) in pancreas at all time
points. Mohammed et al. reported that gefitinib blocks EGFR
signaling pathway in progression of pancreatic intraepithelial
neoplasms (PanINs) to PDAC in conditional LSL-KrasG12D/+
transgenic mice model [36]. Kelley and Ko reported a signif-
icant survival benefit with the addition of the EGFR tyrosine
kinase inhibitor erlotinib to gemcitabine chemotherapy for
the first-line treatment of patients with advanced pancreatic
cancer [37]. These results demonstrated that morpholino-
[131I]IPQA was entrapped in normal pancreatic cell (i.e.,
ductal cells and the islets of Langerhans) [38].

However, despite the lower lipophilicity of morpholino-
[124I]IPQA compared to previously reported EGFR imaging
compounds such as the N-{4-[(4,5-dichloro-2-fluorophenyl)
amino]quinazolin-6-yl}-acrylamide, 4-[(3,4-dichloro-6-flu-
orophenyl)amino]-6,7-dimethoxyquinazoline, and 4-(3-
bromoanilino)-6,7-dimethoxyquinazoline [22, 25, 26, 34, 35],
the morpholino-[124I]IPQA still exhibited a significant
hepatobiliary clearance. Also, high accumulation of the
radiotracer in abdomen area over time would decrease the
possibility of using this radiotracer for imaging primary site
of NSCLC in animal model or for colorectal metastases.
The further improvement could focus on the optimization
of its pharmacokinetic properties by additional chemical
derivatization (i.e., decrease lipophilicity and extraction by
the liver, increase0 the half-life in plasma and accumulation
amount/retention0 time in tumor tissue, and increase water
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solubility0 and renal clearance for a better background-to-
target ratio).0

The relatively low resolution of microPET system (spatial
resolution ∼1.8mm) may not allow for assessing the hetero-
geneity of morpholino-[124I]IPQA radioactivity accumula-
tion. Therefore, micro-PET/CT and autoradiography (with
10–30 𝜇M in plane resolution) are suitable to study the het-
erogeneity of morpholino-[124I]IPQA-derived radioactivity
accumulation and to compare it with the immunohistochem-
ically stained (adjacent) tissue sections for the total EGFR or
phosphorylated EGFR (Tyrosine 1068).

As a breakthrough of NSCLC treatment management in
2004, Lynch et al. [14] first reported that specific mutations in
EGFR gene in NSCLC patients were correlated with clinical
responsiveness to the tyrosine kinase inhibitor gefitinib.
These findings were confirmed by Pao et al. in the tumor cells
from the patients with L858Rmutation but not for L747-S752
del EGFR mutant [14]. The study results from Sordella et al.
also supported that EGF-independent autophosphorylation
in these mutations caused high sensitivity to gefitinib and
selectively activated downstream pathways [39]. Tracy et al.
also proved that gefitinib-induced apoptosis in the L858R
mutant lead dramatic response to gefitinib [40]. The authors
also concluded that the affinity for the L858R mutant to gefi-
tinib was 20-fold higher than that for wild type, which could
be explained by its tighter binding to active conformation
of the tyrosine kinase domain. Also, it could be expected to
predict the efficacy in the treatment of the subgroup with
gefitinib. Tracy et al. suggested that targeted agents developed
to inhibit AKTpathwaymay be therapeuticallymore effective
than those designed to inhibit the ERK 1/2 pathway in patients
whose tumors contain EGFR L858R if the AKT pathway is
consistently active [40]. Moreover, Brognard et al. reported
that constitutive AKT activation has also been associated
with resistance to chemotherapy and radiation in NSCLC cell
lines [41]. Further study could be the mono/combinations
of chemotherapy with gefitinib or inhibitors of the AKT
pathway which should be tested in vitro in cell lines and
in vivo in tumor xenografts with EGFR L858R mutations to
determine whether these may be additive or synergistic.

In conclusion, an enhanced binding of morpholino-
[124/131I]IPQA derivatives to the ATP binding site of mutant
kinase of L858R or E746-A750 del EGFR mutant warrants
that PET imaging with morpholino-[124I]IPQA has a poten-
tial for identification of tumors with high EGFR kinase
activity inNSCLC and for themonitoring or selection of indi-
vidual therapies with EGFR inhibitors. Further optimization
of this class of radio compound would be necessary in order
to lower lipophilicity and reduce hepatobiliary clearance.
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Radiolabeled tyrosine analogs enter cancer cells via upregulated amino acid transporter system and have been shown to be
superior to 18F-fluoro-2-deoxy-D-glucose (18F-FDG) in differential diagnosis in cancers. In this study, we synthesized O-[3-19F-
fluoropropyl]-𝛼-methyl tyrosine (19F-FPAMT) and used manual and automated methods to synthesize O-[3-18F-fluoropropyl]-
𝛼-methyl tyrosine (18F-FPAMT) in three steps: nucleophilic substitution, deprotection of butoxycarbonyl, and deesterification.
Manual and automated synthesis methods produced 18F-FPAMT with a radiochemical purity >96%. The decay-corrected yield of
18F-FPAMT by manual synthesis was 34% at end-of-synthesis (88min). The decay-corrected yield of 18F-FPAMT by automated
synthesis was 15% at end-of-synthesis (110min). 18F-FDG and 18F-FPAMT were used for in vitro and in vivo studies to evaluate the
feasibility of 18F-FPAMT for imaging rat mesothelioma (IL-45). In vitro studies comparing 18F-FPAMTwith 18F-FDG revealed that
18F-FDG had higher uptake than that of 18F-FPAMT, and the uptake ratio of 18F-FPAMT reached the plateau after being incubated
for 60min. Biodistribution studies revealed that the accumulation of 18F-FPAMT in the heart, lungs, thyroid, spleen, and brain was
significantly lower than that of 18F-FDG. There was poor bone uptake in 18F-FPAMT for up to 3 hrs suggesting its in vivo stability.
The imaging studies showed good visualization of tumors with 18F-FPAMT. Together, these results suggest that 18F-FPAMT can be
successfully synthesized and has great potential in mesothelioma imaging.

1. Introduction

Numerous studies have demonstrated that growing cancer
cells have higher metabolism of glucose and amino acids
than other cells in the body. One well-known modality
for imaging the metabolic activity of cancers is positron
emission tomography (PET) using 18F-2-fluoro-2-deoxy-D-
glucose (18F-FDG), the current gold standard for cancer
diagnosis [1]. However, 18F-FDG has limitations such as
poor differentiation between low-grade tumor and normal
tissues in brain [2] and between tumor and inflamed or
infected tissues [3]. Radiolabeled amino acids offer higher
specificity in characterizing tumors than 18F-FDG does. In
particular, radiolabeled aromatic amino acids are attractive
alternatives to 18F-FDGbecause of easier chemistry alteration

and their ability of detection of upregulated amino acid
transporters [4], which indirectly reveal cell proliferation.
Therefore, 11C- and 18F-labeled amino acid analogs were
developed as alternative metabolic imaging tracers for PET.
11C-methyl methionine (11C-MET) and L-1-11C tyrosine

(11C-TYR) have been commonly used for clinical research
and practices. Unfortunately, the half-life of 11C is only 20
min, and, therefore, 11C-labeled amino acid analogs require
an inconvenient on-site synthesis which reduces their broad
clinical usages. 18F has a half-life of 110min, and it can be
used at a centralized remote facility to synthesize radiolabeled
compounds which can then be delivered to different hospitals
simultaneously. Moreover, low 𝛽+-energy of 18F causes a
short positron linear range in tissue, thereby providing high
resolution in PET images. A number of 18F-labeled amino
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acid analogs in PET have been investigated, including L-
2-18F-fluorotyrosine (18F-TYR) [5], O-2-18F-fluoroethyl-L-
tyrosine (18F-FET) [6], and L-3-18F-fluoro-𝛼-methyl tyrosine
(18F-FAMT). Recently, Wiriyasermkul et al. found that,
unlike 18F-TYR, 18F-FET, and other 18F-labeled amino acids,
18F-FAMT is transported into cells through L-type amino
transporter 1, which contributes to its highly tumor-specific
accumulation [4]. 18F-FAMT was first studied as a brain-
imaging probe [7]; later, its use in detecting oral squa-
mous cell carcinoma [8], nonsmall cell lung cancer [9], and
esophageal squamous cell carcinoma [10] was investigated.
However, the yield of 18F-labeled amino acids by an elec-
trophilic fluorination reaction is low (17% for 18F-TYR [5];
20%± 5.1% for 18F-FAMT [11]).Wester et al. synthesizedO-2-
18F-fluoroethyl-L-tyrosine (18F-FET) by a nucleophilic fluori-
nation reaction in about 50minwith an overall radiochemical
yield of 40% and evaluated it as a PET tracer for cerebral and
peripheral tumors [6]. Hamacher and Coenen synthesized
18F-FET using one-pot reaction, and the radiochemical yield
obtained within 80min was about 60% [12]. However, both
methods require high-performance liquid chromatography
(HPLC) for purification, which limits the possibility of
automated synthesis. Wang et al. obtained 18F-FET by direct
nucleophilic fluorination reaction of the protected precursor
N-butoxycarbonyl-(O-(2-tosyloxyethyl))-L-tyrosine methyl
ester, followed by a rapid removal of the protecting group,
and a labeled intermediate was separated out with Sep-Pak
silica plus cartridge [13]. The radiochemical yield was about
40% at the end of synthesis (50min). Bourdier et al. used
thismethod for automated radiosynthesis of 18F-FET, and the
yield was about 35% within 63min [14]. 18F-FET was widely
used in clinical studies in patients with high-grade or low-
grade glioma [15, 16].

Despite the very promising clinical results of 18F-FAMT,
existing methods for synthesizing 18F-FAMT produce a low
chemical yield, which limits the availability of the compound
for clinical use, and they require high-performance liquid
chromatography (HPLC) for purification, which precludes
the use of an automated module to synthesize 18F-FAMT.
Therefore, it is desirable to develop an 18F-FAMT analog with
high chemical yield that can be applied clinically in most
major medical facilities. In the present study, we synthesized
unlabeled O-[3-19F-fluoropropyl]-𝛼-methyl tyrosine (19F-
FPAMT) and 18F-labeled O-[3-18F-fluoropropyl]-𝛼-methyl
tyrosine (18F-FPAMT) by using nucleophilic substitution to
place a fluorine atom on the aliphatic chain of 𝛼-methyl
tyrosine and solid-phase extraction (SPE) column to purify
the products. We then used our customized, fully automated
synthesismodule to synthesize 18F-FPAMT. Finally, we used a
rat mesothelioma model to investigate the feasibility of using
18F-FPAMT as a tumor-seeking imaging agent.

2. Materials and Methods

2.1. General. All chemicals and solvents were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Nuclear magnetic reso-
nance (NMR) spectra were obtained using a Bruker 300MHz

Spectrometer (Bruker BioSpin Corporation, Billerica, MA,
USA), and mass spectra were recorded on a Waters Q-
TOF Ultima mass spectrometer (Waters, Milford, MA, USA)
at the Chemistry Core Facility at The University of Texas
MD Anderson Cancer Center (Houston, TX, USA). An
HPLC system (Waters) was integrated with an ultraviolet
detector and a flow-count radio-HPLC detector (BioScan
Inc., Washington, DC, USA). The analyses of radio-thin
layer chromatography (TLC) were performed on radio-TLC
Imaging Scanner (BioScan, Inc.). The scintigraphic imaging
studies were processed on microPET (Siemens Medical Sys-
tems, Inc., Malvern, PA, USA).

2.2. Synthesis of N-t-butoxycarbonyl-O-[3-tosylpropyl]-𝛼-
methyl Tyrosine Ethyl Ester. N-t-butoxycarbonyl-O-[3-
hydroxypropyl]-𝛼-methyl tyrosine ethyl ester, which we
used as the precursor compound for synthesis of 19F-FPAMT
and 18F-FPAMT, was prepared as described previously [17].
Briefly, N-t-butoxycarbonyl-O-[3-hydroxypropyl]-𝛼-methyl
tyrosine ethyl ester (490mg; 1.28mmol) in anhydrous
pyridine (32mL) was cooled to 0∘C. Paratoluenesulfonyl
chloride (1015mg; 5.32mmol) was added to this solution,
and the solution was stirred for 30min.The reaction mixture
was then stored in a refrigerator overnight. The mixture was
filtered, and the filtrate was poured into an ice and water
mixture and extracted with diethyl ether.The ethereal solvent
was washed with 30mL of hydrochloric acid and water (1 : 1,
v/v) to remove pyridine, and the solvent was dried over
anhydrous MgSO

4
. After filtration and solvent evaporation,

N-t-butoxycarbonyl-O-[3-tosylpropyl]-𝛼-methyl tyrosine
ethyl ester was purified by column chromatography using
a silica gel column and eluted with hexane and ethyl
acetate (2 : 1, v/v) to yield 430mg (62.5%). NMR and mass
spectrometry were performed to confirm the structures.

2.3. Synthesis of 19F-FPAMT. Weused a three-step procedure
to synthesize 19F-FPAMT (Figure 1). The first step was a dis-
placement reaction. Kryptofix 222 (253.9mg; 0.67mmol) and
K19F (40.5mg; 0.69mmol) were added to a vial containingN-
t-butoxycarbonyl-O-[3-tosylpropyl]-𝛼-methyl tyrosine ethyl
ester (compound 1; 390mg; 0.75mmol) in acetonitrile (1mL).
The reaction vial was heated under reflux at 90∘C for 40min.
After heating, the solution was evaporated to dryness. The
mixture was reconstituted in 0.5mL of ethyl acetate. N-
t-butoxycarbonyl-O-[3-19F-fluoropropyl]-𝛼-methyl tyrosine
ethyl ester (compound 2) was purified by column chromatog-
raphy using a silica gel column and eluted with hexane and
ethyl acetate (4 : 1, v/v) to yield 120.0mg of the compound.
The second step was to deprotect butoxycarbonyl (BOC),
and the third step was to remove ethyl ester groups. O-[3-
19F-fluoropropyl]-𝛼-methyl tyrosine ethyl ester (compound
3) was synthesized by reacting N-t-butoxycarbonyl-O-[3-
19F-fluoropropyl]-𝛼-methyl tyrosine ethyl ester (compound
2; 82.3mg; 0.30mmol) with trifluoroacetate (0.7mL) in
dichloromethane (2.0mL) at room temperature for 50min.
After the solvent was evaporated to dryness, sodium hydrox-
ide (1 N; 1.0mL) in methanol (1.0mL) was added, and
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Figure 1: Synthetic scheme of FPAMT. The KF and kryptofix complex were incubated with N-t-butoxycarbonyl-O-[3-tosylpropyl]-𝛼-
methyl tyrosine ethyl ester (compound 1) in acetonitrile for synthesis of N-t-butoxycarbonyl-O-[3-19F-fluoropropyl]-𝛼-methyl tyrosine ethyl
ester (compound 2). After deprotection of butoxycarbonyl (BOC) of compound 2, O-[3-19F-fluoropropyl]-𝛼-methyl tyrosine ethyl ester
(compound 3) was synthesized. The final step is to yield FPAMT (compound 4) by deesterification of compound 3.

the mixture was heated at 90∘C for 15 min to remove ethyl
ester group. The mixture was passed through a 0.22𝜇M
filter to yield 19F-FPAMT (compound 4). NMR and mass
spectrometry were used to confirm the structure of this
compound.

2.4. Manual Radiosynthesis of 18F-FPAMT. [18F]Fluoride
in kryptofix complex (100mCi in 0.3mL acetonitrile) was
purchased from the cyclotron facility of Cyclotope (Houston,
TX, USA). N-t-butoxycarbonyl-O-[3-tosylpropyl]-𝛼-methyl
tyrosine ethyl ester (2mg; 3.83 𝜇mol) dissolved in acetoni-
trile (0.1mL) was added to the [18F]fluoride-kryptofix com-
plex (51.5mCi). The reaction mixture was heated at 90∘C
for 15 min to allow the displacement to occur. After the
reaction mixture cooled, it was passed through a 500mg
silica gel packed SPE column (Whatman Lab., Clifton, NJ,
USA) and eluted with acetonitrile (2mL). The acetoni-
trile was then evaporated in vacuo at 85∘C. The resulting
mixture was hydrolyzed with trifluoroacetate (0.2mL) in
dichloromethane (0.2mL) at room temperature for 10min

to deprotect BOC. After the solvent was evaporated to dry-
ness in vacuo, sodium hydroxide (1 N; 0.2mL) in methanol
(0.2mL) was added and heated at 90∘C for 15 min to remove
ethyl ester group. After methanol evaporated, hydrochloric
acid (0.1 N; 0.2mL) was used to adjust the pH of the final
product to 6.5. Radio-TLC and HPLC were performed to
assure the purity and identity of the product.

2.5. Automated Radiosynthesis of 18F-FPAMT. The auto-
mated radiosynthesis of 18F-FPAMTwas achieved by our cus-
tomized automated module. The diagram of this automated
module is shown in Figure 2. The automated radiosynthesis
consisted of three steps: nucleophilic substitution, depro-
tection of BOC, and deesterification. Before radiosynthesis
was completed, the reaction vial 1 (RV1) was preloaded
with N-t-butoxycarbonyl-O-[3-tosylpropyl]-𝛼-methyl tyro-
sine ethyl ester (6.2mg; 11.8 𝜇mol), and three syringes were
loaded with different solutions: acetonitrile (3.0mL), tri-
fluoroacetate in dichloromethane (2.5mL; 1 : 1, v/v), and
sodium hydroxide in ethyl alcohol (1 N; 3.0mL; 1 : 2, v/v).
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For the nucleophilic substitution, [18F]fluoride-kryptofix
complex (0.2mL; 29.36mCi) was manually injected into
the RV1 through the injection hole, and additional ace-
tonitrile (0.35mL) was manually injected into the RV1 to
flush the residual [18F]fluoride-kryptofix complex inside the
flow channel. Following this step, the infrared (IR) heater
automatically heated the RV1 at 90∘C for 15min. For free
fluoride separation, the mixture in the RV1 was automatically
passed through a silica gel packed column (SPE 500mg;
Whatman Lab., Clifton, NJ, USA) to the reaction vial 2 (RV2)
via nitrogen flow. Additional acetonitrile (2.0mL) was then
added to RV1, and the residual mixture was filtered through
a SPE column to remove the free fluoride. The solution
inside RV2 was evaporated in vacuo at 90∘C for 15min
before deprotection of BOC was performed. Trifluoroacetate
in dichloromethane (0.4mL) was loaded into RV2, and the
solution was set under room temperature for 10 min to allow
the reaction to finish. The solvent was then evaporated to
dryness in vacuo for 15 min. For deesterification, sodium
hydroxide in methanol (0.6mL) was loaded into RV2. The
reaction mixture in RV2 was heated at 90∘C for 15min.
Once deesterification was completed, the solvent in RV2
was evaporated in vacuo, and the radioactivities of the
solvent in the column, RV1, and RV2 were measured upon
the completion of 18F-FPAMT. Radio-TLC and HPLC were
performed to assure the purity and identity of the final
product.

2.6. In Vitro Cellular Uptake Studies. Rat mesothelioma IL-
45 cells were maintained in the mixtures of Dulbecco’s
modification of Eagle’s medium, F-12 (GIBCO, Grand Island,
NY, USA), and 10% phosphate-buffered saline at 37∘C in
a humidified atmosphere containing 5% CO

2
. Cells were

plated onto 6-well tissue culture plates (2 × 105 cells/well)
and incubated with 18F-FPAMT (8𝜇Ci/well) or 18F-FDG
(Cyclotope, Houston, TX, USA; 8 𝜇Ci/well) for 0–2 h. After
incubation, the cells were collected, and their radioactivity
was measured using a gamma counter. Data were expressed
as the mean percent ± the standard deviation of the cellular
uptake of 18F-FPAMT or 18F-FDG.

2.7. Biodistribution of 18F-FPAMT and 18F-FDG in Meso-
thelioma-Bearing Rats. Three hundred forty-four female Fis-
cher rats (140–185 g) were obtained from Harlan, Inc. (Indi-
anapolis, IN, USA).The rats were housed in an animal facility
at The University of Texas MD Anderson Cancer Center. All
protocols involving animals were approved by the Animal
Use and Care Committee at MD Anderson Cancer Center.
Nine rats were inoculated with mesothelioma IL-45 cells
(1 × 105 cells/rat) at the hinged leg. Twelve days after being
inoculated with the mesothelioma cells, the rats were anes-
thetized with ketamine (10–15mg/rat). 18F-FPAMT dissolved
in saline (0.5mCi/5mL)was injected intravenously into 9 rats
(𝑛 = 3 rats/group, 30 𝜇Ci/rat,). For comparison, the clinical
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standard, 18F-FDG (Cyclotope,), was injected intravenously
into 9 rats (𝑛 = 3 rats/group; 30 𝜇Ci/rat). The distribution
of 18F-FPAMT or 18F-FDG in various tissues was assessed at
30min, 1.5 hrs, and 3 hrs after injection byCOBRA. Percent of
injected dose per tissue type was then calculated, and the data
were expressed as the mean percent ± the standard deviation
of the injected dose.

2.8. Dosimetry of 18F-FPAMT and 18F-FDG. Dosimetric cal-
culationswere performed from30 to 180min after the admin-
istration of 18F-FPAMT and 18F-FDG, and time-activity
curves were generated for each organ. Analytic integration
of the curves was used to determine the area under the
curve (AUC), which was divided by the injected dose to
yield the residence times of 18F-FPAMT and 18F-FDG in each
organ. Residence times were then used to calculate target
organ absorbed radiation doses based on themedical internal
radiation dosimetry methodology for the normal adult male
using the Olinda software package (Oak Ridge, TN, USA).

2.9. PET Imaging of Mesothelioma-Bearing Rats. Mesothe-
lioma-bearing rats cells were imaged when their tumors
were 1-2 cm in diameter. The rats were anesthetized with
2% isoflurane and administered with 500𝜇Ci of 18F-FDG or
500𝜇Ci of 18F-FPAMT. Four serial 15-minute transaxial PET
images of each rat were obtained using microPET (Siemens
Medical Systems, Inc., IL, USA).

3. Results

3.1. Chemistry. The synthetic schemes of 18F-FPAMT and
19F-FPAMT are shown in Figure 1. The structure of precur-
sor N-t-butoxycarbonyl-O-[3-tosylpropyl]-𝛼-methyl tyro-
sine ethyl ester (compound 1) was confirmed using 1H-NMR
and mass spectrometry. The 1H-NMR (CDCl

3
) result was

the following: 𝛿 = 7.76 (d, 2H, 𝐽 = 8.1Hz), 7.26 (d, 2H,
𝐽 = 8.1Hz), 6.97 (d, 2H, 𝐽 = 8.4Hz), 6.67 (d, 2H, 𝐽 =
8.7Hz), 4.23 (t, 2H, 𝐽 = 12.0Hz), 4.12 (q, 2H, 𝐽 = 7.2Hz,
𝐽 = 7.2Hz), 3.92 (t, 2H, 𝐽 = 11.7Hz), 3.22 (q, 2H, 𝐽 = 13.5Hz,
𝐽 = 12.9Hz), 2.40 (s, 3H), 2.12 (m, 2H), 1.54 (s, 3H), 1.47
(s, 9H), and 1.29 (t, 3H, 𝐽 = 12.3Hz) ppm; M/Z: 558.29
(M+Na)+.
19F-FPAMT was obtained after subjecting compound 1

to nucleophilic substitution, free fluoride separation, depro-
tection of BOC, and deesterification. The structure of 19F-
FPAMT (compound 4) was confirmed using 1H-NMR and
mass spectrometry. The 1H-NMR (D

2
O) result the following

result was: 𝛿 = 7.17 (d, 2H, 𝐽 = 8.4Hz), 6.93 (d, 2H,
𝐽 = 8.7Hz), 4.75 (t, H, 𝐽 = 11.7Hz), 4.59 (t, H, 𝐽 = 11.7Hz),
4.13 (t, 2H, 𝐽 = 12.3Hz), 2.84 (dd, 𝐽 = 13.2Hz, 𝐽 = 13.5Hz),
2.14 (m, 2H), and 1.29 (s, 3H) ppm. 19F-NMR 𝛿 = 220.33;
M/Z: 406.38 (M+Na)+.

3.2. Radiochemistry. The 18F-displacement reaction pro-
duced 35.4mCi (yield: 78%, decay corrected) of N-t-
butoxycarbonyl-O-[3-18F-fluoropropyl]-𝛼-methyl tyrosine
ethyl ester, and the residual in the column was 3.77mCi
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Figure 3: In vitro cellular uptake of 18F-FPAMT and 18F-FDG in
mesothelioma cells (IL-45). Data are expressed as mean percent of
cellular uptake± standard deviation (%uptake ± SD)measured at 15,
30, 60, and 120 min.

(8.3%, decay corrected). The no-carrier-added displacement
product corresponded to the unlabeled N-t-butoxycarbonyl-
O-[3-fluoropropyl]-𝛼-methyl tyrosine ethyl ester under
the same TLC system (hexane : ethyl acetate; 10 : 3, v/v)
and HPLC system (20 𝜇L loop, 210 nm, Bondapak CN-RP
column, Waters, eluted with methanol : water, 3 : 2, v/v;
flow rate 1.0mL/min). The retention factor (𝑅

𝑓
) of N-t-

butoxycarbonyl-O-[3-18F-fluoropropyl]-𝛼-methyl tyrosine
ethyl ester was 0.46 with purity >99%. Under the same
conditions, the 𝑅

𝑓
value for [18F]fluoride in kryptofix

complex was 0.1. After hydrolysis, 18F-FPAMT stayed at
origin (𝑅

𝑓
= 0.1). The retention times for N-BOC and the

ethyl ester form of tosylpropyl-, fluoropropyl-, and 18F-
fluoropropyl-𝛼-ethyltyrosine were 16.13, 8.37, and 8.79min,
respectively. The decay-corrected yield for hydrolysis
(deprotection of BOC and deesterification) was 89%. At
the end-of-synthesis (88min), 10mCi of 18F-FPAMT was
obtained, and the decay-corrected yield was 34%. The
specific activity of this compound was 0.32 Ci/𝜇mol. For
the automated synthesis of 18F-FPAMT, the decay-corrected
yield was 15%, the end-of-synthesis time was 110min, and
the specific activity was 0.16 Ci/𝜇mol.

3.3. In Vitro Cellular Uptake Studies. The uptake of 18F-
FPAMT reached saturation at 60min (Figure 3). 18F-FDG
uptake continued to increase throughout the period, and the
percentage uptake of 18F-FDG was higher than that of 18F-
FPAMT at each time point.

3.4. Biodistribution of 18F-FPAMT and 18F-FDG in Mesothe-
lioma-Bearing Rats. The distributions of 18F-FPAMT and
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Figure 4: 𝜇PET images of 18F-FPAMT and 18F-FDG in mesothelioma-bearing rats (lower body: IL-45, at 45min). The SUV ratios of tumor
to muscle for 18F-FPAMT and 18F-FDG were 2.82 and 8.26, respectively. Computer-outlined regions of interest (ROI) (counts per pixel) for
tumor and muscle at the corresponding time interval were used to generate a dynamic plot. Dynamic plot was from 0 to 45 minutes.

Coronal

Axial
Sagittal

Intracranial space

Spinal 
cord
space

Brain

18F-FDG
18F-FPAMT

Figure 5: 𝜇PET images of 18F-FPAMT and 18F-FDG in mesothelioma-bearing rats (upper body: IL-45, at 45min). There was extremely low
uptake of 18F-FPAMT in the brain and spinal cord when compared with 18F-FDG.

18F-FDG in various tissues in mesothelioma-bearing rats
are shown in Tables 1 and 2, respectively. Both compounds
showed no marked increase in bone uptake, representing
their in vivo stability. High kidney and pancreas uptake of
18F-FPAMT was observed, and this phenomenon was also
observed from other tyrosine-based radiotracers [18]. Unlike
18F-FDG, 18F-FPAMT had poor uptake in brain tissue.

3.5. Dosimetry of 18F-FPAMT in Rats. The estimated
absorbed radiation dose of 18F-FPAMT is shown in Table 3.
According to the US Food and Drug Administration
Regulations, human exposure to radiation from the use of
“radioactive research drugs” should be limited to 3 rem per
single administration and 3 rem per year to the whole body,
blood-forming organs (red marrow, osteogenic cells, and
spleen), the lens of the eye, and gonads (testes and uterus);

the limit for other organs is 5 rem per single administration
and 15 rem annually. The total rem of 18F-FPAMT absorbed
by each organ was below these limits at the proposed
injection of 30mCi per patient.

3.6. Imaging of Mesothelioma-Bearing Rats. Scintigraphic
images of mesothelioma-bearing rats administrated 18F-
FPAMT or 18F-FDG showed that tumors could be clearly
detected, and bone uptake was low (Figure 4). The standard-
ized uptake value (SUV) curve of 18F-FPAMT for tumor
and muscle reached the plateau at 30min after injection, but
the SUV curve of 18F-FDG for tumor continued increasing
during the imaging. The SUV ratios of tumor to muscle for
18F-FPAMT and 18F-FDG were 2.82 and 8.26, respectively.
There was extremely low uptake of 18F-FPAMT in the brain
and spinal cord when compared with 18F-FDG (Figure 5).
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Table 1: Biodistribution of 18F-FPAMT in rats.

% of injected dose per gram of tissue weight
(𝑛 = 3/time, interval (iv))
30min 90min 180min

Blood 0.37 ± 0.07 0.11 ± 0.01 0.04 ± 0.00

Heart 0.32 ± 0.04 0.12 ± 0.01 0.04 ± 0.00

Lungs 0.31 ± 0.06 0.09 ± 0.01 0.03 ± 0.00

Thyroid 0.28 ± 0.01 0.14 ± 0.01 0.09 ± 0.01

Pancreas 0.84 ± 0.11 0.19 ± 0.03 0.07 ± 0.01

Liver 0.49 ± 0.06 0.14 ± 0.01 0.05 ± 0.00

Spleen 0.34 ± 0.05 0.09 ± 0.01 0.03 ± 0.00

Kidneys 3.86 ± 0.74 0.90 ± 0.13 0.40 ± 0.02

Stomach 0.27 ± 0.03 0.09 ± 0.01 0.03 ± 0.00

Intestines 0.37 ± 0.04 0.15 ± 0.05 0.04 ± 0.00

Uterus 0.27 ± 0.03 0.07 ± 0.01 0.03 ± 0.00

Muscle 0.27 ± 0.03 0.15 ± 0.01 0.07 ± 0.01

Bone 0.11 ± 0.01 0.10 ± 0.02 0.19 ± 0.05

Brain 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Values shown represent the mean ± standard deviation of data from 3
animals.

Table 2: Biodistribution of 18F-FDG in rats.

% of injected dose per gram of tissue weight
(𝑛 = 3/time, interval (iv))
30min 90min 180min

Blood 0.45 ± 0.07 0.15 ± 0.01 0.07 ± 0.01

Heart 3.42 ± 1.14 1.95 ± 0.40 1.94 ± 0.45

Lungs 0.60 ± 0.07 0.53 ± 0.03 0.46 ± 0.06

Thyroid 0.65 ± 0.04 0.47 ± 0.05 0.54 ± 0.04

Pancreas 0.22 ± 0.02 0.21 ± 0.02 0.21 ± 0.03

Liver 0.51 ± 0.08 0.33 ± 0.03 0.23 ± 0.03

Spleen 0.88 ± 0.08 0.87 ± 0.06 0.98 ± 0.10

Kidneys 0.85 ± 0.13 0.43 ± 0.04 0.23 ± 0.01

Stomach 0.55 ± 0.03 0.40 ± 0.03 0.38 ± 0.02

Intestines 0.94 ± 0.16 1.00 ± 0.22 0.62 ± 0.07

Uterus 0.52 ± 0.06 0.57 ± 0.08 0.39 ± 0.09

Muscle 0.45 ± 0.14 0.23 ± 0.03 0.42 ± 0.06

Bone 0.21 ± 0.09 0.14 ± 0.07 0.24 ± 0.06

Brain 2.36 ± 0.10 2.24 ± 0.20 1.89 ± 0.35

Values shown represent the mean ± standard deviation of data from 3
animals.

4. Discussion

Mesothelioma is an asbestos-related neoplasm generating
from mesothelial cells in the pleural, peritoneal, and pericar-
dial cavities, and its incidence increased in several countries
[19]. The diagnostic tools and treatment regimens for these
tumors are disappointing, and median survival time is 12
months after initial diagnosis [20]. The initial diagnoses
of mesothelioma are based on patient’s medical history
and physical examination. After that, computed tomography

Table 3: Radiation dose estimates of reference adult for 18F-FPAMT.

Target organ rad/mCi human dose (mCi) rad
Organs (5 rem annually/15 rem total)

Adrenals 2.98𝐸 − 03 30 0.089
Brain 9.27𝐸 − 04 30 0.028
Breasts 1.95𝐸 − 03 30 0.059
Gall bladder wall 2.88𝐸 − 03 30 0.086
Lli wall 3.16𝐸 − 03 30 0.095
Small int. 3.54𝐸 − 03 30 0.106
Stomach 2.79𝐸 − 03 30 0.084
Uli wall 3.21𝐸 − 03 30 0.096
Heart wall 2.94𝐸 − 03 30 0.088
Kidneys 6.19𝐸 − 03 30 0.186
Liver 1.51𝐸 − 03 30 0.045
Lungs 2.40𝐸 − 03 30 0.072
Muscle 1.63𝐸 − 03 30 0.049
Pancreas 3.38𝐸 − 03 30 0.101
Bone surfaces 6.88𝐸 − 03 30 0.206
Skin 1.55𝐸 − 03 30 0.047
Testes 2.29𝐸 − 03 30 0.069
Thymus 2.43𝐸 − 03 30 0.073
Thyroid 2.47𝐸 − 03 30 0.074
Urine bladder wall 3.01𝐸 − 03 30 0.090
Uterus 3.36𝐸 − 03 30 0.101
Eff dose 2.61𝐸 − 03 30 0.078

Blood-forming organs (3 rem annually/5 rem total)
Ovaries 3.24𝐸 − 03 30 0.097
Red marrow 2.29𝐸 − 03 30 0.069
Spleen 3.42𝐸 − 03 30 0.103
Eff dose eq. 3.14𝐸 − 03 30 0.094
Total body 2.35𝐸 − 03 30 0.071

scans and magnetic resonance imaging are used to screen
patients, and then biopsy test is needed to confirm the
incidence of mesothelioma. 18F-FDG/PET scan is the tool to
determine whether a suspicious area is malignant mesothe-
lioma or a benign condition such as pleural scarring, and
the result can identify the best area for an accurate biopsy.
PET scans are also effective for highlighting mesothelioma
metastases that may not appear on other conventional imag-
ing scans. However, 18F-FDG/PET scans have limitations in
differential diagnosis between cancerous cells and inflam-
mation tissues which metabolize glucose with abnormally
high rates. In this case, radiolabeled amino acids are the
alternative methods to detect malignant pleural mesothelial
and other cancerous cells which overexpress unregulated
amino acid transporters [21–23]. Mesothelioma rat model
was then selected because rat model provided better anatom-
ical differentiation than mouse model in imaging studies.
It is more accurate to determine radiation dosimetry from
biodistribution data.
18F-FET and 18F-FAMT are radiolabeled amino acids,

and they are useful in imaging cancers. However, existing
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methods for synthesizing these compounds result in low
yields, thus limiting the availability of 18F-FET and 18F-FAMT
in the clinic. In the present study, we synthesized 18F-FPAMT,
an 18F-FAMT analog, and used a mesothelioma rat model to
preliminarily evaluate it as a tumor-imaging compound. We
used NMR and mass spectrometry to confirm the structure
of 19F-FPAMT. The yield of 19F-FPAMT was 46.71%. N-
t-butoxycarbonyl-O-[3-tosylpropyl]-𝛼-methyl tyrosine ethyl
ester was used as the starting material for manual and
automated syntheses of 18F-FPAMT. The quality control of
18F-FPAMT was evaluated by radio-TLC and HPLC. Manual
synthesis of 18F-FPAMT resulted in the decay-corrected yield
of 34%, radiochemical purity of >95%, the specific activity
of 0.32 Ci/𝜇mol, and pH value of 5 to 6; the manual syn-
thesis time was 88 min. Automated synthesis of 18F-FPAMT
resulted in the decay-corrected yield of 15%, radiochemical
purity of >95%, the specific activity of 0.16 Ci/𝜇mol, and pH
value of 5 to 6; the manual synthesis time was 110min.

The traditional method of radiosynthesizing 18F-labeled
tyrosine analogs such as 18F-FET and 18F-FAMTwas through
electrophilic substitution reaction which has low synthetic
yield. Besides, the reaction uses 18F-F

2
gas, and HPLC sepa-

rationmakes it even difficult to use this method in automated
modules. Although a nucleophilic reaction could result in a
high yield of 18F-FET (40%), this method still requires HPLC
for purification, and, thus, it is not ideal to use this synthesis
method in automated synthesismodules. In the present study,
we obtained 18F-FPAMT by a nucleophilic reaction, but we
completed the purification process without HPLC.Therefore,
ourmethod of synthesizing 18F-FPAMT can be applied to the
customized automated synthesis module.

For the in vitro studies, although the result showed that
18F-FPAMT had lower cellular uptake than that of 18F-FDG,
the uptake mechanism of these two compounds is different.
Malignant cells utilize 18F-FDG as glucose for upregulated
aerobic glycolysis and 18F-FPAMTas an amino acid for prolif-
eration.The results indicate that 18F-FPAMThas the potential
to become a tumor detecting tracer. Biodistribution studies
showed that 18F-FPAMT and 18F-FDG were rapidly cleared
from blood and distributed in other tissues. Compared with
18F-FDG, the accumulation of 18F-FPAMT was significantly
lower in heart, lungs, thyroid, spleen, and brain. High
accumulation of 18F-FPAMT was observed in the kidneys
and pancreas after administration. This could be due to the
high expression of the amino acid transporters in the kidneys
and pancreas [4]. These results were consistent with those of
other radiolabeled amino acid analogs such as 18F-FAMT [24]
and 77Br-BAMT [18], although 18F-FET showed only higher
uptake in kidneys [25]. The bone uptakes of 18F-FPAMT
and 18F-FDG at 180 min after administration increased
slightly, suggesting defluorination of both compounds. In the
microPET studies of 18F-FDG and 18F-FPAMT, the lesions
could be observed clearly at 45min after administration
(Figure 4), and the accumulation of 18F-FPAMT in the brain
and spinal cord was significantly less than that of 18F-FDG
(Figure 5), suggesting that 18F-FPAMT has great potential in
imaging brain tumors.

5. Conclusion

In this study, we manually synthesized 18F-FPAMT with
high yielding and radiochemical purity, and we used the
customized automated synthesizer for the proof of concept of
automatedmanufacturing of 18F-FPAMT. Both in vitro and in
vivo studies suggested that 18F-FPAMT can be a good PET
agent for detecting mesothelioma, and it might have great
potential in brain tumor imaging. In the future, we will focus
on optimization of the automated processes for a better yield
and a higher specific activity.
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Photoaffinity labeling, a useful in vivo biochemical tool, is limited when applied in vivo because of the poor tissue penetration
by ultraviolet (UV) photons. This study investigates affinity labeling using tissue-penetrating radiation to overcome the tissue
attenuation and irreversibly label membrane receptor proteins. Using X-ray (115 kVp) at low doses (<50 cGy or Rad), specific and
irreversible bindingwas found on striatal dopamine transporters with 3 photoaffinity ligands for dopamine transporters, to different
extents. Upon X-ray exposure (115 kVp), RTI-38 and RTI-78 ligands showed irreversible and specific binding to the dopamine
transporter similar to those seen with UV exposure under other conditions. Similarly, gamma rays at higher energy (662 keV) also
affect irreversible binding of photoreactive ligands to peripheral benzodiazepine receptors (by PK14105) and to the dopamine (D2)
membrane receptors (by azidoclebopride), respectively. This study reports that X-ray and gamma rays induced affinity labeling of
membrane receptors in a manner similar to UV with photoreactive ligands of the dopamine transporter, D2 dopamine receptor
(D2R), and peripheral benzodiazepine receptor (PBDZR). It may provide specific noninvasive irreversible block or stimulation of
a receptor using tissue-penetrating radiation targeting selected anatomic sites.

1. Introduction

Photoaffinity labeling utilizes UV photons to convert revers-
ible binding between a photoreactive ligand and a recep-
tor/protein into irreversible binding [1]. This biochemical
technique has provided useful tools to characterize receptors
and biologically important proteins, mostly in vitro, because
the irreversible binding enhances the signal-to-noise ratio
upon washout of the unbound ligand. The classic study of
affinity labeling is the use of radiolabeled affinity ligand to
bind membrane protein receptor followed by UV irradia-
tion, washing, and radioactivity counts. The alternative is

binding of nonradioactive photoaffinity ligand to membrane
receptors, followed by UV irradiation, washing, and assay of
residual available receptors. Free-radical formation is also the
mechanism through which X-ray and gamma rays interact
in biologic systems. In fact, interactions between low-dose of
X-ray (20–100 cGy) and photoreactive substrates have been
reported to result in >80% enzyme inhibition in a dose-
related manner similar to the effects of UV [2].

Due to the poor tissue penetration of the UV photon,
in vivo application of affinity labeling is limited. Although
the exact mechanism of photoaffinity labeling is not clear,
free-radical formation is inevitably involved. Therefore, if
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the photoreactive ligand can be activated and converted into
an irreversible bound label by tissue-penetrating radiation,
it may prove useful in in vivo studies. The translation from
in vitro to in vivo studies could be started with estab-
lished membrane neuroreceptor systems. When established,
neuroreceptor and other affinity labeling systems can be
measured in vivo by advanced tomography including PET
and SPECT.

Striatal dopamine transporter (SDT), which mediates
the actions of many drugs, has been investigated using
PET for diseases including drug abuse. These studies have
utilized high-affinity reversible ligands. Several photoreactive
ligands (including the three studied in this project) have been
developed as well [3].

In baboon and human brains, striatal dopamine-2 recep-
tors (D2R) can be imaged and quantified by PET using
11C-N-methylspiperone, NMSP [4]. The density of D2R
is found to be elevated in the prolactin secreting human
pituitary adenomas [5] and nonsecretingmacroadenoma [6].
The D2R photoaffinity labeling agent, azidoclebopride, is
commercially available and has been used to irreversibly label
the D2R [7, 8]. Since PET studies of human D2R are well-
established, it may be interesting to study these compounds
before and after irradiation.

Most abundantly found in the kidneys, peripheral benzo-
diazepine receptors (PBDZR) localize in the mitochondrial
membranes with porphyrins as the endogenous ligand. It
is involved in the depression of the respiration ratio and
oxidative phosphorylation; in vitro studies show that PBDZR
ligands stimulate proliferation of the neoplastic cells and
inhibit reproduction of the normal immune cell [9]. The
levels of PBDZR are shown to be markedly elevated (3–20-
folds) in animal gliomas, human gliomas, and colonic and
ovarian carcinomas. Positron emission tomography using
11C-PK11195, a PBDZR ligand,was able to distinguish gliomas
from normal brain tissue in in vivo human studies [10, 11].
The potential of PBDZR photoaffinity labeling is best illus-
trated with PK14105 which if unbound has a favorable rapid
dissociation feature [12]. This feature is desirable because the
difference between the irreversible ligand bond and reversibly
bound residual ligand may be maximized by subsequent
washout of the free ligand over time. PK14105 has also been
found to serve a good potential tracer to evaluate brain lesions
[11] as well as immune tissues in rats [13].

X-ray and gamma rays are identical forms of higher
energy photon radiations differing only by their origins. X-
ray is produced by machine while gamma rays are produced
by radionuclides. Direct inactivation of enzymes by ionizing
radiations such as target-site analysis occurs at higher doses
(>1000Gy). On the other hand, radiochemical reactions
in biologic systems are predominantly mediated by free-
radicals formation at lower radiation doses (e.g., <10Gy).
Therefore, the plausibility of specific and irreversible affinity
labeling is studied using these tissue-penetrating radiations,
X-ray, and gamma rays which are ionizing radiation. Besides
conventional ionizing radiations, higher doses of ultrasounds
at therapeutic range have been observed to alter in vitro
enzyme kinetics [14] and affect cell damages [15]. Synergistic

damaging effects have been reported with high-dose ultra-
sounds when hematoporphyrins were used to treat sarcomas
[16]. Plausible mechanisms involve free-radical formation
[17] and/or singlet oxygen formation [18]. The potential
commonmechanism of free-radical formation in photoaffin-
ity labeling, X-ray/gamma ray, and ultrasounds should be
further investigated.

The present in vitro study investigates the effects of X-
ray on the irreversible binding to the striatal dopamine
transporter (SDT) using three different photoreactive affin-
ity ligands, RTI-38, RTI-63, and RTI-78. In a parallel set
of in vitro experiments, we study the irreversible binding
to the peripheral benzodiazepine receptors (PBDZR) and
dopamine-2 receptors (D2R) with two photoreactive affinity
ligands, respectively. The characterization of affinity labeling
of receptors using tissue-penetrating radiation will provide
a foundation for the development of receptor-specific or
tissue-specific delivery of extrinsic diagnostic or therapeutic
agents.

2. Materials

The three RTI compounds, p-azidobenzoylecgonine me-
thyl ester tartrate (RTI-38), 3-𝛽-benzoyloxy-8-methyl-8-
azabicyclo [3.2.1] octan2-carboxylic acid p-azidophenyl ester
hydrochloride (RTI-63), and 3-𝛽-(p-chlorophenyl) tropan-
2-𝛽-carboxylic acid p-azidophenylethyl ester hydrochloride
(RTI-78), were supplied by Carroll [3, 19]. [3H]-CFT, [3H]-
NMSP, [3H]-N-methyl-PK 11195 (NET885), and nonlabeled
PK11195 were supplied by New England Nuclear (Boston,
MA). The nonradioactive PK14105 was a gift from Rhone-
Poulenc Rorer (France).

3. Methods

3.1. Membrane Receptor Preparation for D2R and PBDZR
Binding. Male rats weighing from 200 to 250 g were used for
D2R experiments. The animals were decapitated, the brains
were immediately removed, and the striatum was excised
and stored at −70∘C until used. Dog kidney membranes were
similarly prepared for PBDZR experiments and stored. Tissue
preparation was carried out as described by Kleven et al. [20].
The tissue was homogenized briefly in 20 volumes (w/v) of
50mM Tris-HCl, pH 7.4, with 5mM Na-EDTA and 50mM
NaCl at 4∘C. The homogenate was centrifuged at 48,000×g
for 15min at 4∘C. The resultant pellet was rehomogenized in
Tris-HCl buffer (with 50mM NaCl) and centrifuged again.
The final pellet was resuspended in 50mM Tris-HCl buffer
with 100mMNaCl, pH 7.4, to a final concentration of 5–10mg
tissue/mL or 2.5 to 3.0mg protein/mL.

3.2. Irradiation. Using UV irradiation, aliquots of tissue
suspension were incubated in the dark with the photoaffinity
ligand azidoclebopride (1mM final concentration) for D2R
and PK14105 for PBDZR for 90minutes at room temperature.
A 15-mL tissue suspension in an uncovered plastic petri dish
(100 × 13mM) (fluid depth, 3-4mM) was irradiated 11 cm
away from a light source (ultraviolet lamp) for 30 seconds.
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For X-ray irradiation, a Dynamax 42–40 rotating-anode
X-ray tube unit (Machlett Laboratories, Inc., Stamford, CT,
USA) set at 115 kVp and 180mAs was used to treat receptor
preparations in test tubes with repeated exposures; the radia-
tion dose was calibrated by thermoluminescent dosimeters.

For gamma ray irradiation, a NASATRON (F0103) irradi-
ator (US Nuclear Co.) (662 keV) from Cesium 137 source was
applied to receptor preparations in test tubes covered with
aluminum foil. The calibrated dose rate range was from 1 to
10Gy/minute. The total radiation dose was determined from
the dose rate and the exposure time.

Ultrasound irradiation experiments were briefly con-
ducted and involved the use of a calibrated sonicator (Son-
icator II, Model ME702, 10 cm crystal, 1MHz, Mettler Elec-
tronics, Anaheim, CA, USA) with the applicator immersed
in ice-cold water irradiating the test tube (1 cm in diameter)
containing PK14105 and dog kidney membrane preparation
(prepared and stored in similar manners as with the rats
membranes). It was turned on at a single intensity setting
of 1MHz at 2Watt per sq. cm for 2 and 10 minutes,
respectively.

3.3. Binding Assays and Data Analyses. For SDT binding,
striatal membranes were first incubated with (50–100 uM) of
photoreactive ligands (RTI-38 and RTI-63) in the presence
or absence of 25 uM cocaine. Higher dose of cocaine (50 uM)
was used with the higher affinity agent RTI-78. The IC

50
for

RTI-38, RTI-63, RTI-78, and cocaine has been determined
to be 475, 227, 6, and 102 nM, respectively. They were then
irradiated with UV or X-ray. After 5 cycles of wash with
buffer and centrifugation, the SDT was assayed as described
above. The concentration of the radioactive ligand 3H-CFT
was 50 pM.

For dopamine D2R binding assays, samples (1.0mL)
containing striatal membrane suspension (0.05–0.12mg pro-
tein/mL) in 50mM Tris-HCl buffer were incubated for 45
minutes (37∘C) with [3H]spiperone (from 0.08 to 0.1 nM)
in the presence or absence of (+)butaclamol (10mM) for
nonspecific binding [21]. For peripheral PBDZR binding
assays, kidney homogenate (0.05–0.2mg protein in 0.5mL)
was incubated with [3H]-PK11195 (1 nM). Nonspecific bind-
ing was determined by the addition of PK11195 (1000 nM)
[22]. Membrane-bound striatal ligands were separated by
filtration through Whatman GF/B filters followed by two
washes with 5mL of cold incubation buffer. The radioac-
tivity on the filters was assayed by liquid scintillation
spectrometry.

The extent of irreversible binding of the nonradioactive
affinity labels to the receptors was calculated as the decrease
in the subsequent bindingwith [3H]-labeled ligand. Fractions
of bound radioactive ligand were tabulated and analyzed
using one-way ANOVA and two-way ANOVA from SigmaS-
tat (version 3.5, Systat software, Point Richmond, CA, USA).
Data and standard errors are plotted with Microsoft Excel
2003 graphics options (Microsoft Inc., Redmond, WA, USA)
in Figures 1–5. The Holm-Sidak pairwise-comparison option
was adopted to obtain t-test scores.
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Figure 1: Affinity labeling of SDT with 50 uM of RTI-38 using UV
or X-ray. Irreversible and specific binding of RTI-38 to SDT is noted
with 90 cGy of X-ray or with UV (𝐹 = 840, 𝑃 < 0.001). t-tests and
one-way ANOVA indicate statistically significant difference from
the control group (𝑡 = 39.5, 𝑃 = 0.010) or the cocaine group treated
with X-ray (𝑡 = 45.7, 𝑃 = 0.009).

4. Results

4.1. X-Ray Affinity Binding of RTI-38, RTI-78, or RTI-63 to
SDT (Figures 1, 2, and 3). Striatal membranes prepared as
described in Section 3 were incubated with 0.05mM of RTI-
38, 20–200 nMof RTI-78, or from 100 nM to 2000 nMof RTI-
63 for 30 minutes on ice. The mixture was irradiated with
total doses from 1 to 500 cGy X-ray. Binding experiments
using 90 cGy were able to achieve 96% binding with RTI-38
while a concurrent UV experiment achieved 79% inhibition
of binding, both of which are different from the control group
or cocaine under X-ray without RTI-38 (Figure 1). One-way
ANOVA confirmed statistical significance with 𝐹 = 840.3
and 𝑃 < 0.001 and all treatment groups. Although the small
but significant control group of cocaine with 90 cGy X-ray
might need to be further explored, these RTI-38 experiments
at high reactant concentration (>1000 nM) were not further
pursued because the limited supply was exhausted.

Although RTI-63 in combination with UV significantly
decreased subsequent CFT binding (two-way ANOVA with
𝐹 = 10.4 and 𝑃 = 0.009 for UV and 𝐹 = 6.7 and
𝑃 = 0.009 for RTI-63), no dose-related response is noted
(Figure 2). Large variations are noted in the baseline binding
under X-ray without RTI-63 and may be related to technical
variance, in light of subsequent similar baseline binding of
CFT close to unity with X-ray up to 111 cGy in Figure 3.
Although significant binding is noted with 100 nM of RTI-63
(𝑇 = 7.0, 𝑃 = 0.009), the lack of dose-related responses to
RTI-63 levels or to X-ray doses indeed brings into doubt the
utility and efficiency of RTI-63 as X-ray affinity labels.

Initial experiments indicated that reversible inhibition
of SDT occurs with RTI compounds at nM range and the
initial experiment with RTI-38 used concentrations that were
supersaturating to the SDT. Subsequent experiments were
carried out at lower concentrations. RTI-78 at 20 nM inhib-
ited specific binding (36%–43%) with X-ray, but no dose-
response relationship was identified. With the higher dose of
RTI-78 at 200 nM, dose-related specific irreversible binding
(85%–99%) is demonstrated with increasing radiation dose
from 1 cGy to 211 cGy (Figure 3). While one-way ANOVA
indicates significance (𝐹 = 208.6 and 𝑃 < 0.001) for UV for
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Figure 2: Affinity labeling of SDT with RTI-63 using UV or X-rays. While UV affects affinity labeling of SDT (𝐹 = 10.4, 𝑃 = 0.009) in a
manner related to RTI-63 concentration (𝐹 = 6.7, 𝑃 = 0.009), no significant dose-related binding is identified with respect to X-ray dose (11–
31 cGy) or to RTI-63 concentrations (100–2000 nM). The largest magnitude of gamma-rays-induced binding occurs with RTI-63 at 100 nM
(𝑡 = 7.0, 𝑃 < 0.001).
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Figure 3: Affinity labeling of SDTwith RTI-78 usingUVorX-ray. Binding data suggest possible dose-related bindingwith respect to radiation
doses as well as RTI-78 concentration. While one-way ANOVA indicates significance (𝐹 = 208.6 and 𝑃 < 0.001) for UV for both 20 nM and
200 nM RTI-78, two-way ANOVA indicates significance for both doses of X-ray (𝐹 = 32.8 and 𝑃 < 0.001) and concentration of RTI-78
(𝐹 = 535.7 and 𝑃 < 0.001) with interaction (𝐹 = 28.0 and 𝑃 < 0.001).

both 20 nM and 200 nM RTI-78, two-way ANOVA indicates
significance for both doses of X-ray (𝐹 = 32.8 and 𝑃 <
0.001) and concentration of RTI-78 (𝐹 = 535.7 and 𝑃 <
0.001). Interaction between X-ray and RTI-78 was also noted
preventing identification of the main effect (𝐹 = 28.0 and
𝑃 < 0.001).

4.2. Gamma Ray Affinity Labeling of D2 Receptor (Figure 4).
When using 1000 nM of azidoclebopride (N3), specific and
irreversible D2R binding was induced by gamma rays in a
dose-related manner. In spite of moderate variations in the
bound fractions of baseline groups and the baseline group
with N3, two-way ANOVA found significant correlation of
specific binding with gamma ray doses (𝐹 = 4.3 and 𝑃 =
0.042) and with N3 (𝐹 = 27.3 and 𝑃 < 0.001). Gamma rays of
20 cGy were able to affect significant binding above baseline
(𝑇 = 2.9 and𝑃 = 0.019). UV irradiation induced 34% specific

binding (one-way ANOVA, 𝐹 = 11.6 and 𝑃 = 0.009). This
latter figure is similar to previously published results [7, 8].

4.3. Affinity Labeling of PBDZRUsing GammaRays (Figure 5).
While the effects of UV on binding are not different than
those of control, UV in combination with PK14105 is signifi-
cantly different from UV alone or control (one-way ANOVA
findings of𝐹 = 566.7 and𝑃 < 0.001;𝑇 = 29.3 and 29.0, resp.).
Irreversible and specific binding is noted at 60.8%, 72.3%,
and 76.2% using 20 cGy, 100 cGy, and 500 cGy of gamma
rays, respectively. Two-way ANOVA found significant data
for gamma rays doses (𝐹 = 4.1, 𝑃 = 0.011) and PK14105
(𝐹 = 482.0 and 𝑃 < 0.001), respectively. A weak dose-
related response was also noted with PK14105 between 50 and
500 cGy (𝑇 = 3.9 and 3.6, resp., for 50 cGy versus 100 cGy and
500 cGy, resp.).
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Figure 4: Affinity labeling of D2R with azidocleopride (N3) using
UV or gamma rays. Irreversible and specific binding to peripheral
benzodiazepine receptor,D2R, is noted after exposure of themixture
of D2R and 1 uM N3 under UV or gamma rays. Statistically
significant correlations of binding to N3 (𝐹 = 27.3, 𝑃 < 0.001) and
gamma rays doses (𝐹 = 4.3, 𝑃 = 0.04) are revealed by two-way
ANOVA.

5. Discussion

We have demonstrated that photoaffinity labeling of pho-
toreactive ligands using UV may be selectively extended to
using tissue-penetrating radiations including X-ray, gamma
ray, and possibly ultrasound. However, even with the same
receptor system (e.g., SDT), this extension is not observed
to the same degree with all photoaffinity labels (e.g., not
with RTI-63) and needs to be confirmed for each compound
individually. Although no direct mechanism is proposed
to explain radiation-affinity labeling, the most likely com-
mon underlying process would be free-radical formation
to affect covalent binding of photoreactive moieties in the
affinity label to the neighboring receptor/protein. Therefore,
in the selection of compounds for radiation-affinity labeling
experiments, photoaffinity labels will serve as good starting
points.

Low-dose (<100 cGy) X-ray (250 kVp) irradiation of pho-
toreactive substrate to cause enzyme inhibition has been
reported by a single study [2]. The end point of this latter
study is inhibition of enzyme activity, which is a functional
measure and subjected to other regulatory factors (cofactors
or other substrates) that may also be altered by X-ray. In
this affinity binding study, radiation of higher energy (e.g.,
X-ray and gamma ray) as well as lower energy radiation
(e.g., ultrasound) achieves immediate and direct labeling.
Therefore, arguably, affinity labeling is a more direct and
more efficient method to evaluate the effects of the radiation.
Furthermore, this affinity labeling mechanism may allow
selective and locoregional delivery of photoreactive drugs to
stimulate or block receptors.

Affinity labeling using UV has been used to study “in
vitro” chemistry. Affinity labeling using X-ray, gamma ray, or
ultrasounds may allow study of “in vivo” chemistry. Further
investigations of radiation-affinity labeling may provide new
ways to produce better molecular imaging or drug delivery.
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Figure 5: Affinity labeling to PBDZR with PK14105 using UV,
gamma rays, or ultrasounds. Affinity binding of PK14105 to PBDZR
under UV, gamma rays, and ultrasounds is confirmed. Two-way
ANOVA was used to analyze all data found significant for gamma
rays doses (𝐹 = 4.1 and 𝑃 = 0.011) and PK14105 (with 𝐹 = 482.0
and 𝑃 < 0.001). Ultrasonic exposure (2Watts/sq. cm at 1MHz) of
the reactants on ice in the dark for 2 and 10 minutes affects binding
of 69% and 80%, respectively, in single-point experiments.

For instance, if nonradioactive PK14105 is injected during
brain radiotherapy, the concurrent binding of this drug to the
brain cortices may be visualized by subsequent PET imaging
using 11C-PK11195 according to established procedures in
humans as by Junck et al. [10]. Alternatively, 18F labeled-
PK14105 may be synthesized as described [21] and directly
injected before or during scheduled radiotherapy of organs
rich in PBDZR (such as brain lesions or kidney); the paths
and amounts of radiation absorbed may be visualized. The
PBDZR has been identified to a translocation protein (TSPO)
which further pinpoints functional roles of PBDZR pathways
and have gained increasing interest in molecular biology
[23, 24].
11C-NMSP may be similarly used to study binding of

photoreactive D2R drugs such as azidoclebopride during or
before radiotherapy to evaluate radiation effects.The baseline
variation with azidoclebopride alone (Figure 4) in the dark
showed irreversible binding that is different from those in
the literature [7, 8] and needs to be further studied. The
rising binding with UV and increasing gamma ray doses
above baseline fraction of 1.0 also needs further investigation.
Plausible mechanisms include destruction of internal bound
ligands releasing or unfolding receptor to be bound by subse-
quent ligands. In spite of these variations, there is statistical
significance of UV and gamma ray to affect irreversible-
specific receptor binding between azidoclebopride and D2R.

Ultrasounds at higher intensity (0.5W for 10 minutes)
have been found to produce free-radicals and affect radical-
related therapeutic effects [15, 16]. To test the ability of
ultrasound to affect affinity labeling with PBDZR, ultrasound
exposure (2Watts/sq. cm at 1MHz) of reactants on ice in the
dark for 2 and 10 minutes affects irreversible binding of 69%
and 80% in two experiments of single data point (Figure 5).
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The radionuclide supply and membrane preparations were
exhausted during these experiments, and preliminary find-
ings with ultrasounds need to be verified. If confirmed,
may be found wider in vivo applications because of the
wide availability of ultrasound instruments and no ionizing
radiation is involved.

This in vitro qualitative study is a survey of performing
irreversible affinity labeling of readily available receptor
systems (rat SDT, rat D2R, and dog kidney PBDZR) using
available irradiation sources (X-ray, gamma, and ultrasound)
for proof of concepts. It has illustrated the possibilities
of radiation-affinity labeling. The concentration of study
compounds is in the nano- tomicromolar range and is within
pharmacologic range following systemic administration.The
current study examines the interaction of photoaffinity labels
with radiation at dose ranges feasible in the clinical setting.
The gamma ray radiation doses (1–200 cGy) are within
ranges of external beam radiotherapy for cancers (total
2000–6000 cGy or fractionated doses of 100–300 cGy daily).
Ultrasound (2W/min for 2 to 10 minutes) strength is within
range of routine therapeutic use in rehabilitation medicine.
Therefore, large fractions/quantities of photoreactive chemi-
cals may be delivered to target tissues at selected time using
switchable external irradiation commonly used in humans
with cancer or ultrasounds.When further in vitro and animal
experiments verify this concept, tissue-penetrating radiation-
affinity labeling may be translated to the clinics.
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Kidney dosimetry in 177Lu and 90Y PRRT requires 3 to 6 whole-body/SPECT scans to extrapolate the peptide kinetics, and it is
considered time and resource consuming. We investigated the most adequate timing for imaging and time-activity interpolating
curve, as well as the performance of a simplified dosimetry, by means of just 1-2 scans. Finally the influence of risk factors and of the
peptide (DOTATOC versus DOTATATE) is considered. 28 patients treated at first cycle with 177Lu DOTATATE and 30 with 177Lu
DOTATOC underwent SPECT scans at 2 and 6 hours, 1, 2, and 3 days after the radiopharmaceutical injection. Dose was calculated
with our simplified method, as well as the ones most used in the clinic, that is, trapezoids, monoexponential, and biexponential
functions. The same was done skipping the 6 h and the 3 d points. We found that data should be collected until 100 h for 177Lu
therapy and 70 h for 90Y therapy, otherwise the dose calculation is strongly influenced by the curve interpolating the data and
should be carefully chosen. Risk factors (hypertension, diabetes) cause a rather statistically significant 20% increase in dose (t-test,
𝑃 < 0.10), with DOTATATE affecting an increase of 25% compared to DOTATOC (t-test, 𝑃 < 0.05).

1. Introduction

PRRT is an important option for the treatment of neuroen-
docrine tumors (NETs) and other somatostatin receptor
expressing neoplasms. Overall, the response rate of complete,
partial, and minor response reaches 50% for Lu DOTATATE
[1]. The cumulative absorbed dose to the tumor is limited by
the irradiation of the organs at risk, the kidney, and the red
marrow. In particular, specific and nonspecific radionuclide

accumulation in the kidneys is of major concern, and consid-
erable variation has been found in patients’ maximal kidney
uptake and biological washout.

In general, the biological processes are assumed to follow
a first-order kinetics [2], which can be described by the sum
of exponential functions.

Renal peptide clearance is characterized by a single- or
two-step phase, the first lasting about 24 hours after injection.
In order to best extrapolate the renal time-activity curve,
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calculate the time-integrated activity 𝑎, and have a reliable
estimate of the absorbed dose, several experimental data need
to be collected, requiring several planar and/or 3D scans.

When 177Lu is used for therapy, its gamma decay branch
allows imaging at the same time: 3 to 5 whole-body/SPECT
scans are taken from 2 to 7 days after the infusion. When 90Y
is the radiopharmaceutical, either 111In- or 86Y-labeled pep-
tides are used as a surrogate and 2 to 5 scans are collected up to
2-3 days p.i. [3].These activity data are usually fitted bymeans
of monoexponential functions [4–6], biexponential [3], or
trapezoids [7].

The great value of dosimetry is an established tenet,
nonetheless each experimental point requires time-consum-
ing acquisitions. In this respect, an optimal choice of the
number of scans and of their temporal location is warranted
to balance feasibility, resources, and adequate dosimetric
information.

In recent years, much effort has beenmade to improve the
accuracy of image analysis and quantification [5]. However,
the step from a set of activity data to absorbed dose passes
through time points integration: if data are few and do not
properly span the radionuclide renal clearance time, most of
the time-activity curve is obtained by extrapolation, and, as a
consequence, this can dramatically affect the results.

The issue of experimental-point fitting has been
addressed by Glatting and coll in blood serum dosimetry
[2], where collecting several data (generally three) for each
kinetic phase is feasible from the cost point of view. The
aforementioned reasons (expense of data gathering, slow
renal clearance) make this more critical for the renal curves
in peptide therapy. This question has also been raised by
Konijnenberg [8] and Sandström et al. [5]. A dedicated anal-
ysis was presented only in a different scenario, that is, when
having whole-body scans at 1 h, 1, 2, 7 d for 177Lu therapy
only, demonstrating a high impact of the 7th day point [9].

The aim of the present study was to compare the dosimet-
ric results obtained in 58 patients undergoing 177Lu therapy
when considering (a) SPECT scans at 2(±1), 6(±3), 20(±3),
44(±3), 67(±2) h, (b) when neglecting the 6 h point, (c) and
when neglecting the 67 h point.The possibility of a simplified
Injected Activity clearance IA(𝑡) = IA

0PT ⋅ exp−⟨𝜆⟩⋅𝑡, ⟨𝜆⟩

obtained fitting all sets of data together and the patient-
specific IA

0PT (IA at 𝑡 = 0) was also investigated. The impact
of time-activity interpolation method (trapezoids, sum of
exponentials) on dose andBEDestimatewas also highlighted,
as well as the possible influence of risk factors and of the pep-
tide (DOTATOC versus DOTATATE). The analysis was also
extended to 90Y,mutatis mutandis.

2. Materials and Methods

2.1. Patients and Radiopharmaceutical Administration. The
cohort included 28 patients (age 46–82, mean 65 yrs.) under-
going 177Lu/90Y-DOTATATE therapy and 30 patients (age 31–
77, mean 58 yrs.) 177Lu/90Y DOTATOC therapy. During the
first cycle patients were evaluated for dosimetry with 177Lu
DOTATATE (median [range]: 5.0 [3.5–5.7] GBq) and 177Lu

DOTATOC (5.7 [3.7–7.8] GBq), respectively. All patients
received the therapeutic administration of radiolabeled pep-
tides with an infusion of aminoacid solution for renal protec-
tion. Details on the synthesis and the administration proce-
dures are described elsewhere [10, 11].

Patients had been diagnosed with metastatic neuroendo-
crine tumors (primary site: 11 pancreas, 14 gastrointestinal
tract, 7 lung, and 3 of unknown origin). The remaining were
mainly affected by iodine negative thyroid carcinomas.

The therapy schedule alternated cycles of 177Lu (5.3GBq/
cycle on average) and 90Y (2.50GBq/cycle on average) radi-
olabelled peptides, for a total of 5 cycles at maximum, 8–10
weeks apart. The physician determined the specific activity
to be administered, according to the dosimetric results,
patient’s clinical conditions, and presence of risk factors for
the kidneys (blood hypertension, diabetes) [12]. Toxicity was
recorded throughout all the study and up to 6 months after
completion. A comprehensive description of this clinical
study and patients is reported in a companion paper [13].

2.2. Imaging

2.2.1. SPECT-CT Patient Acquisitions. In order to determine
the absorbed dose to the kidneys, all patients performed
a series of SPECT-CT scans of the abdomen (Symbia T2,
Siemens, Germany), at Arcispedale S. Maria Nuova, Reggio
Emilia, taken at 2(±1), 6(±3), 20(±3), 44(±3), 67(±2) h after
injection. For the sake of simplicitywewill refer to these times
as 2 h, 6 h, 1 d, 2 d, 3 d in the following.

Acquisitions were performed with a 128 × 128 matrix,
zoom = 1,32 × 2 views, 30 s time/view, medium-energy gen-
eral-purpose collimators.The energy windows were centered
over 177Lu photon peaks (208 keV and 113 keV, width 15%)
while scatter fraction was evaluated with the triple energy
window method, through three scatter windows next to the
peaks, defined as lower scatter windows (width 10% and 15%)
and upper scatter window (width 8%). The SPECT projec-
tions were reconstructed by an iterative algorithm with
compensations for attenuation, scatter, and full collimator-
detector response (Flash 3D iterative algorithm: 10 iterations;
8 subsets; 4.8mm cubic voxel).

2.2.2. SPECT-CT Calibration and Activity Quantification. To
convert counts/s into activity in volumes of interest, the scan-
ner was calibrated by means of a hollow anthropomorphic
Torso phantom (Data Spectrum Corporation, Hillsborough,
USA) with a set of hollow spheres (volume: 1.5, 0.6, 0.3mL)
and other home-made inserts (two Eppendorf microtubes of
1.5mL, two conical tubes of 50mL). Phantom background,
liver, and inserts were filled with different activity concen-
trations of 177Lu (conical tubes: 0.8 and 1.2MBq/mL; spheres
with volume of 1.5, 0.6, 0.3mL: 0.6, 0.75, and 2.5MBq/mL,
resp.; both microtubes: 7MBq/mL, liver = 0.047MBq/mL,
and phantom background = 0.011MBq/mL). One microtube
and the 0.6mL sphere were fixed inside the liver region.
The acquisition setting and reconstruction algorithm were as
described previously (for patients).
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Theobjects were contoured on theCT image, and for each
region of interest (ROI), the total counts were divided by the
activity, the number of voxels, and the duration of SPECT-CT
acquisition to obtain the calibration factor.

The experimental data representing counts/s/voxel/MBq
versus volume (cm3) were fitted by the equation 𝑦 = 𝑎

1
− 𝑎
2
⋅

exp(−𝑘⋅𝑥).This curve was used to account also for the partial
volume effect when converting counts/s into activity in
volumes of interest differently sized. Regards patient kidney
volumes, the partial volume effect correction was considered
negligible, as from our recovery curves (not shown). Kidney
volumesweremanuallymeasured onCT scan, and the counts
inside each ROI averaged over the number of renal voxels.

The activity quantified in kidneys was corrected for phys-
ical decay to have biological time-activity curves expressed
by means of %IA(𝑡), the fraction of the total injected activity
versus time.

2.2.3. Calculation of Kidney Time-Integrated Activity and
Dose. For each patient, time-integrated activity per unit
activity (𝑎-expressed in h) for the kidneyswas computed from
experimental %IA(𝑡) by means of seven different methods:

(1) trapezoidal method up to the last experimental data
plus physical decay after the 3 d point (hereafter called
TRph);

(2) trapezoidal method up to the last experimental data
plus monoexponential decay after the 3 d point ob-
tained passing through the last two points (TRexp);

(3) biexponential fit of the experimental data (BI): 𝑦(𝑡) =

𝑎
1
⋅ exp(−𝜆

1,BI ⋅ 𝑡) + 𝑎
2
⋅ exp(−𝜆

2,BI ⋅ 𝑡);
(4) monoexponential fit of the experimental data (MN):

𝑦(𝑡) = 𝑎 ⋅ exp(−𝜆MN ⋅ 𝑡);
(5) monoexponential model deriving a unique fit for all

the data sets for each radiopeptide (MNfix): 𝑦(𝑡) =

𝑎pt ⋅exp(−𝜆MNfix,TOC ⋅ 𝑡); 𝑦(𝑡) = 𝑎pt ⋅exp(−𝜆MNfix,TATE ⋅
𝑡). This was done in order to evaluate the feasibility of
a simplified method for dosimetry in PRRT, based on
the best shared fit parameter (𝜆MNfix) specific for the
peptide (i.e, DOTATOC and DOTATATE) and the
patient-specific initial uptake 𝑎pt;

(6) the best fitting function among the analytical func-
tions (3), (4), and (5) according to 𝐹-test (hereafter
called FT) (see next section, point (b));

(7) the best fitting function among the analytical func-
tions (3), (4), and (5) according to the visual choice of
trained physician/physicists (VIS) (see next section,
point (c)).

All fits for (3), (4), (5) were performed using Matlab 7.7.0,
Statistics Toolbox.

Once 𝑎 was computed, the absorbed dose per unit of
injected activity 𝐴

𝑜
(𝐷/𝐴

𝑜
) of 177Lu was obtained as 𝐷/𝐴

𝑜
=

𝑆 ⋅ 𝑎, where 𝑆 is the self-absorbed dose per nuclear transfor-
mation in the kidneys for 177Lu.

Similar biodistribution and kinetics for peptides labeled
with 177Lu and 90Y are generally assumed [14], therefore the
results obtained with 177Lu were extrapolated to 90Y, simply

substituting physical decay constant 𝜆 and 𝑆 factor in the
computation of 𝑎 and𝐷/𝐴

𝑜
.

The standard 𝑆 values for the kidney of the OLINDA/
EXM software (177Lu: 0.29Gy/GBq/h; 90Y: 1.76Gy/GBq/h)
were rescaled for the actual patient kidney mass [15].

2.3. Comparison ofMethods and Statistical Analysis. Different
criteria were considered to identify the method providing the
most accurate estimate of kidney 𝑎.

The two trapezoidal methods (1) and (2) cannot be ana-
lyzed from a statistical point of view.Their results were simply
compared with the best fit identified by a statistical test and
the visual criterion.

(a) Considering the three methods using analytical func-
tions (3), (4), and (5), the coefficient of determination [16] 𝑅2
given by 𝑅

2
= 1 − SSE/TSS was computed for each fit, where

SSE is the sum of the squared residuals SEE = ∑
𝑖
(𝑦
𝑖
− 𝑦
𝑖, fit)
2;

TSS = ∑(𝑦
𝑖
− ⟨𝑦⟩)

2; 𝑦
𝑖
is the experimental IA% at time 𝑖; 𝑦

𝑖, fit
is the fitting-extrapolated IA% at each time 𝑖; and ⟨𝑦⟩ is the
mean value of the experimental data.

Although most frequently used within pharmacological
and dosimetry papers, indeed this criterion just says how a
model fits the data better than a constant function equal to the
mean value ⟨𝑦⟩ (seeDiscussion). For this reason𝑅

2 is not be a
very helpful indicator in assessing nonlinear fit quality, as in
our case [16].

(b) Toproperly identify the bestmethod, the one-tailed𝐹-
test was used, which is indicated for nested functions [2].This
is the case of BI, MN, andMNfix, MN being a particular case
of BI and MNfix, a particular case of MN.

Given a pair of fitting functions, one with “reduced” and
the other with “full” parameters, with the corresponding sum
of squared residuals SSEreduced and SSEfull and the number of
Degrees of Freedom as DFreduced, DFfull, the 𝐹 value was ob-
tained by the equation:

𝐹 (DFreduced − DFfull,DFfull)

=

(SSEreduced − SSEfull) /SSEfull

(DFreduced − DFfull) /DFfull
.

(1)

The 𝑃 value of the 𝐹-test selects which of the two models
is better, the null hypothesis being that the simpler (i.e., the
one with lower parameters) model is better. The level of sig-
nificance was set as 𝛼 = 0.10, so if 𝑃 < 0.1 the simpler model
was rejected. Although 𝛼 = 0.05 is more often quoted in the
literature, its value ismore or less arbitrary [2]; our choice was
required to increase the statistical power in this case of quite
small sample size (5 points).

(c) Besides, the statistical criteria, the best function
among BI, MN, MNfix describing the experimental data was
also chosen visually. This was done by three expert physi-
cians/physicists to give more weight to the clinical evidence
about the peptide kinetics in the kidneys especially long after
the experimental points.

In addition, all the interpolating functions (except
MNfix)were computed skipping either the 6 h or the 3 d point
to discern their relevance on the determination of 𝑎 values.
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Both the 𝑎 values, determined by the 𝐹 test (𝑎FT) and visually
(𝑎VIS), were only evaluated in the five-point case.

Finally, the equal-variance one-tailed 𝑡-test was applied to
the two peptide data sets, in order to assess whether themean
time-integrated activity for DOTATOC andDOTATATEwas
significantly different, despite the interpatient variability, as
previously derived in an intrapatient study of 7 patients [4].
To this, a 𝑃 value <0.05 was considered significant, and
a 𝑃 value <0.1 rather statistically significant. Similarly, the
possible influence of risk factors on 𝑎 was investigated.

2.4. BED. For radionuclide therapy with an absorbed dose
per cycle 𝐷 given in 𝑁 cycles, assuming complete decay and
full repair of sublethal damage between cycles, the BED takes
the following form [17]:

BED = RE ⋅ 𝐷TOT = (1 +

𝐺 (∞) ⋅ 𝐷

𝛼/𝛽

) ⋅ 𝑁𝐷, (2)

where𝐷TOT = 𝑁𝐷 and RE is the Relative Effectiveness factor,
expressed using the Lea-Catcheside factor in the last term,
which reduces to
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for a biexponential clearance IA(𝑡)/𝐴
𝑜
= 𝑎
1
⋅ 𝑒
−𝜆
1
𝑡
+ 𝑎
2
⋅ 𝑒
−𝜆
2
𝑡

(either 𝑎
1
or 𝑎
2
could be <0, if an accumulation phase is

present (Figure 1)) and to

𝐺 (∞) =

𝜆

𝜆 + 𝜇rep
, (4)

for a monoexponential clearance 𝐴(𝑡)/𝐴
𝑜

= 𝑎
1
⋅ 𝑒
−𝜆𝑡, 𝜇rep

being the normal tissue repair constant. Following Wessels
and coll [18] we set 𝜇rep = 0.24 h−1 and 𝛼/𝛽 = 2.5Gy for the
kidneys. The amount of administered radiopharmaceutical
activity varied among patients according to their clinical
situation, nonetheless in the following we considered, irre-
spective of the patient, 4 cycles, 7.4GBq each for 177Lu pep-
tides and 2 cycles, 3.7 GBq each for 90Y peptides. This choice
allowed interpatient comparison and also comparison with
the typical schedules used in the clinic.

BED was only computed for the analytical time-activity
fits (methodsMNfix,MN, BI), even though a recent work [19]
illustrated a procedure for BED computation for piecewise
defined fits as well.

For a same patient, relative absorbed dose differences
found using diverse fitting functions could result in an ampli-
fied difference in BED, which is the dosimetric parameter
used, together with absorbed dose, for clinical implementa-
tion of treatment planning in PRRT.
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Figure 1: Examples of observed pharmacokinetic behaviour: with-
accumulation (blue line, pt no. 45), single-slope clearance (red line,
pt no. 43), two-slope clearance (violet line, pt no. 38).

3. Results

3.1. SPECT-CT Calibration. Exponential fit 𝑦 = 𝑎
1
− 𝑎
2
⋅

exp(−𝑘 ⋅ 𝑥) of scanner counts as a function of the source vol-
ume 𝑥 gave the following sensitivity parameters: 𝑎

1
= 11.4 ±

0.7 counts/s/voxel/MBq, 𝑎
2
= 16.5±5.1 counts/s/voxel/MBq,

𝑘 = 0.2 ± 0.1 cm−3.

3.2. Time-Activity Trends. In the majority of cases (41 out of
58 pts, 71%), the experimental data had a maximum value
in the first time point and subsequent values depictable with
exponential decrease. A single-slope clearance was observed
in 29 pts, while in 12 patients a faster elimination phase fol-
lowed by a slower one after about 24 h. Conversely, 17 patients
showed an accumulation trend until 24 hours after injec-
tion. Accumulation was associated with DOTATATE in ten
patients and with DOTATOC in seven.

Figure 1 offers three biological curves which are represen-
tative of the three observed pharmacokinetic behaviours.

In all but six cases (90% of pts), the elimination persisted
even after 2 d, although at a slower rate as compared to the
first day after injection. In particular, the mean (±SD) value
of the kidney activity fraction at 3 d showed, on average, a
further 20–25% decrease as compared to the 2 d renal uptake
(namely for DOTATATE %IA

3d = (0.80 ± 0.15) ⋅ %IA
2d, and

%IA
3d = (0.60±0.20)⋅%IA

6h; forDOTATOC%IA
3d = (0.75±

0.10) ⋅%IA
2d, and %IA

3d = (0.50 ± 0.20) ⋅%IA
6h).

Table 1 reports the results concerning the biological phar-
macokinetic parameters 𝜆, obtained by using methods MN,
BI, and MNfix. Results are provided separately for DOTA-
TOC and DOTATATE and, with the exception of MNfix,
with distinction between cases with accumulation and with
clearance only. In 12 cases (21%) biexponential fittings gave
𝜆
1
= 𝜆
2
, that is, a monoexponential function in the inspected

time interval. Six times a negative 𝑅
2 was found when fitting

with accumulation caseswithMNfix,meaning that a constant
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Table 1: Statistical results (𝑅2 and SSE) and 𝜆
𝑠
computed by means of different fitting functions, with distinction between DOTATOC

and DOTATATE peptides, with and without accumulation behaviour. Concerning 𝜆MNfix, a single value for each peptide was computed,
irrespective of the kinetic behaviour. A negative 𝑅

2 (obtained in 6 MNfix fits) means that a constant function equal to the mean value of the
data would fit better; that is, the fit is of very poor quality.

Biological constants 𝜆
Cases with accumulation Clearance only cases

Mean ± 1SD ⋅ 10
−3

𝑅
2 median SEE median Mean ± 1SD ⋅ 10

−3

𝑅
2 median SEE median

(range) (h−1) (range) (range) (range) (h−1) (range) (range)
DOTATATE
𝜆MNfix 8.6 0.71 (−1.6–0.99) 0.89 (0.07–5.30) 8.6 0.81 (0.40–0.99) 0.58 (0.004–4.04)
𝜆MN 7 ± 3 (2–13) 0.82 (0.08–0.98) 0.59 (0.007–1.83) 10 ± 4 (5–21) 0.94 (0.57–0.99) 0.25 (0.002–1.07)
𝜆1BI 207 ± 147 (42–427) 0.99 (0.75–1) 0.017 (0.001–0.147) 47 ± 9 (9–311) 0.98 (0.75–0.99) 0.092 (0–1.057)
𝜆2BI 11 ± 5 (6–21) 16 ± 37 (0–162)
DOTATOC
𝜆MNfix 11.04 −0.71 (−1.47–0.60) 2.32 (1.05–11.24) 11.04 0.82 (0.36–0.98) 0.49 (0.05–9.09)
𝜆MN 4 ± 2 (1–7) 0.57 (0.01–0.93) 0.34 (0.13–4.71) 13 ± 5 (7–24) 0.97 (0.66–1.00) 0.17 (0.002–5.26)
𝜆1BI 191 ± 114 (28–308) 1 (0.89–1) 0.01 (0–0.02) 143 ± 155 (9–443) 0.99 (0.80–1) 0.025 (0–0.364)
𝜆2BI 12 ± 5 (6–22) 10 ± 5 (0–22)
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Figure 2: 177Lu (a) and 90Y (b) time-integrated activities 𝑎 in hours for methods TRph, TRexp, BI, MN, MNfix, VIS, FT. Boxes draw the
25th percentile (lower box bound, indicating 25th of data fall below it), 50th percentile (i.e., median value), and 75th percentile (upper box
bound). Crosses indicate outliers defined as observations out of 1.5 ⋅ (75th percentile value −25th percentile value). Whiskers extend to the
most extreme values that are not outliers.

function equal to the mean data value would better fit the
data.

Concerning MNfix, the biological half time (𝑡
1/2

) was
81 h for DOTATATE and 63 h for DOTATOC; these results
are in the middle of the mean MN results: for DOTATATE
𝑡
1/2

= 99 h and 69 h patients with and without accumulation,
respectively, for DOTATOC 𝑡

1/2
= 173 h and 53 h. Concern-

ing the other methods (TRph, TRexp, BI), comparisons are
more easily made referring to time-integrated activity 𝑎.

3.3. 𝑎 Values. Box and whisker plots in Figure 2 illustrate
the 𝑎 values for all the methods applied to 177Lu peptides
(Figure 2(a)) and 90Y peptides (Figure 2(b)), with distinction
made between DOTATOC and DOTATATE.

The graph emphasizes that 177Lu time-integrated activ-
ities are consistently overestimated by TRph and slightly
underestimated by TRexp as compared to BI, MN, and
MNfix. Smaller differences concern 90Y because of the minor
influence from the curve tail in consequence of the smaller
physical half-time 𝑇

1/2
(64.1 h for 90Y versus 164.2 h for

177Lu). The mean ratio between the tail contribution to
𝑎 (𝑎tail) (i.e., the area under the time-activity curve from last
experimental data point on) and the whole 𝑎 is reported in
Table 2, for all the different methods. These ratios point out
that the curve after the last experimental point takes about
40% of the total 𝑎 for 177Lu peptides and 25–30% for 90Y
peptides, while for TRph the 𝑎tail accounts for ∼70% (Lu) and
∼55% (Y) of the total 𝑎.
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Figure 3: Relative difference of 𝑎 values for 177Lu-DOTATATE
between MN and BI methods 𝑦 = (𝑎MN − 𝑎BI )/𝑎BI plotted against
the relative difference of the squared residuals SSE 𝑥 = (SSEMN −

SSEBI)/SSEBI.

Table 2: The mean fraction of time-integrated activity per unit
activity 𝑎 situated after the last experimental datum (𝑎tail/𝑎) is
reported for the methods TRph, TRexp, BI, MN, MNfix, VIS, FT.

𝑎tail/𝑎 TRph TRexp BI MN MNfix FT VIS
177Lu TOC 0.73 0.29 0.40 0.38 0.45 0.43 0.38
177Lu TATE 0.73 0.34 0.42 0.43 0.35 0.38 0.41
90Y TOC 0.56 0.28 0.26 0.24 0.39 0.33 0.25
90Y TATE 0.57 0.32 0.27 0.28 0.28 0.28 0.26

Figure 3 points out whether it is possible to univocally
identify a “best” 𝑎 through the analysis of the residuals. MN
and BI methods are compared, with the relative difference
of the 𝑎 values (Δ𝑎 = [𝑎MN − 𝑎BI]/𝑎BI) plotted against the
relative difference of SSE (Δ𝑆 = [SSEMN − SSEBI]/SSEBI).
Points are spread out, showing no correlation betweenΔ𝑎 and
ΔSSE. Thus, two curves with similar residuals could lead to
very different 𝑎 values, in other words the best 𝑎 could not be
identified.

3.4. Best 𝑎. The 𝑎 values of the best method indicated by the
𝐹-test (𝑎FT) and those identified by visual analysis (𝑎VIS) were
considered as reference.

The 𝐹-test preferred monoexponential methods in most
cases (MNfix: 50%, MN: 38%), while BI in only 12% of cases.
According to the visual analysis, theMNwas chosen in 50%of
cases, and BI was selected in the 50% left (see Figure 4 for the
177Lu cases in which the discrepancy among FT and VIS was
larger than 10%). Although close to the MN in 21% of cases,
the MNfix was avoided in general and definitely considered
inappropriate in 79% cases (46 over 58).

For 177Lu, in 24% cases (14 over 58), MN discrepancies of
𝑎 with the best visual model were larger than 20% (reaching
even 70%), while for 90Y discrepancies higher than 20% were
seldom found (3 out of 58 cases only), the largest discrepancy
being 25%.
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Figure 4: 177Lu 𝑎FT and 𝑎VIS for the cases in which there was a dis-
crepancy greater than 10% between the visual and the 𝐹-test (8 cases
for TATE, 11 for TOC).

3.5. 𝑎 Comparison. Table 3 reports the mean ± SD values of
the ratio—case by case—between the 𝑎 values from methods
TRexp, BI,MN, andMNfix and the 𝑎FT and 𝑎VIS values.Mean
ratios are close to 1, in agreement with the reference method
(𝐹-test or visual), although SD values are not negligible espe-
cially for 177Lu peptides, reaching 0.20–0.30 (177Lu) and 0.10–
0.15 (90Y).

Table 3 reports also the results obtained excluding either
the experimental point at 6 h or at 3 d.

Regarding the TRexpmethod, the 6 h point has negligible
impact, while the lack of the 3 d point causes a remarkable
underestimation versus both the 𝐹-test and the visual results:
for example, for 177Lu peptides, the mean ratio 𝑎TRexp/𝑎VIS
of ∼0.7 indicated a mean 30% underestimate (𝑎TRexp/𝑎VIS =

0.72 ± 0.16).
At first glance, MN and MNfix may seem to perform

similarly on average, the 𝑎 ratios with the FT and VIS
methods being quite close (SD ∼0.20 for Lu, ∼0.10 for Y).
Actually, we found that in 9 cases MNfix gave a result closer
to 𝑎 VIS than the one obtained by MN. However, this might
just be due to chance, as the quality of the MN fit, having
one parameter more, must be better than theMNfix one (this
emerges looking at 𝑅2 and SSE values in Table 1). This unin-
tended occurrence biased theMNfix results, whose SDwould
have been worse than MN otherwise.

Excluding TRexp, concerning 177Lu, it should be noted
that standard deviations are around 0.20 in all situations,
regardless of the analytical function considered and of the
number of data points –5 versus 4 (see Table 3).This suggests
that the gathered data are either inadequate or not properly
temporally placed. Conversely, concerning 90Y the method
used and the 6 h datum have a very negligible influence on 𝑎;
in addition, if the 3d datum is lacking, SDs are higher (around
0.15).

The influence of the 6 h and 3 d points on the fits is shown
in Figure 5 by means of the datasets of two patients. For these
specific examples, biexponential fits are the best according
to the visual method, while 𝐹-test would have preferred
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Table 3: Ratio of 𝑎 computed with BI, MN, MNfix, TRexp methods with best 𝑎 determined by means of 𝐹-test and visual choice. “6 h-point
excluded” and “3 d-point excluded” mean that fitting was conducted skipping the 6 h and the 3 d point, respectively. The shared 𝜆 (MNfix)
was only computed in the 5-point case.

Mean ± 1SD
𝑎 ratios

177Lu peptides 90Y peptides
5 points 6 h point excluded 3 d point excluded 5 points 6 h point excluded 3 d point excluded

F-test
BI/FT 1.10 ± 0.29 1.09 ± 0.29 1.08 ± 0.21 1.04 ± 0.10 1.03 ± 0.09 1.04 ± 0.09

MN/FT 1.05 ± 0.16 1.04 ± 0.17 1.09 ± 0.31 1.02 ± 0.06 1.03 ± 0.07 1.03 ± 0.13

MNfix/FT 1.00 ± 0.18 Na Na 0.99 ± 0.10 Na Na
TRexp/FT 0.90 ± 0.30 0.91 ± 0.31 0.78 ± 0.18 1.07 ± 0.22 1.09 ± 0.22 0.97 ± 0.16

Visual
BI/VIS 1.02 ± 0.07 1.02 ± 0.19 1.03 ± 0.18 1.01 ± 0.05 1.00 ± 0.06 1.01 ± 0.09

MN/VIS 1.02 ± 0.22 1.00 ± 0.23 1.05 ± 0.36 1.00 ± 0.08 1.00 ± 0.09 1.01 ± 0.16

MNfix/VIS 0.97 ± 0.20 Na Na 0.97 ± 0.11 Na Na
TRexp/VIS 0.88 ± 0.24 0.89 ± 0.24 0.72 ± 0.16 1.06 ± 0.20 1.07 ± 0.21 0.90 ± 0.14
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ãBI = 5.7 h
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Figure 5: (a) pt no. 35 177Lu DOTATATE: MNfix and BI obtained with all experimental points (red and violet lines, resp.) and MN and BI
skipping the 3 d point (green and blue lines, resp.); (b) pt no. 45 177Lu DOTATOC:MN and BI obtained with all experimental points (red and
violet lines, resp.) and BI skipping the 6 h point (blue line).

the MNfix method for (a), the MN for (b). For the same
patient, 𝑎BI varies according to the following ratios:
𝑎
(no 6h)/𝑎(5points) = 0.75; 𝑎

(no 3d)/𝑎(5points) = 0.44.

3.6. Impact of Different Kinetic on BED. Relative differences
on 𝑎 due to different methods extend to𝐷 and BED. Figure 6
reports 𝐷 and BED to the kidneys calculated with methods
BI, MN,MNfix, VIS, for 177Lu and 90Y, respectively. 𝐹-test re-
sults are neglected because they are similar to VIS results on
average (see Figure 2).

Regards the absorbed dose, intermethod variations are
the same as those found for 𝑎 (see 𝑎 comparison). Concerning
the BED, it is remarkable that for 177Lu the relative effective-
ness factor (RE) for each patient is almost the same irrespec-
tive of the method (BI, MN, or MNfix) by means of compu-
tation. For 177Lu the relative variation of RE for bothMN and

MNfix compared to BI (mean ± SD) is 1 ± 1% with a
maximum of 5%, for 90Y is 4 ± 4% with a maximum of 22%.

For 177Lu, the mean RE is barely 1.1 with a narrow inter-
patient variability range (∼0.05), while for 90Y it is about 1.5
with a greater variability (∼0.30).

3.7. Influence of the Peptide and of Risk Factors. Irrespective
of the radionuclide and of the method used for computation,
the time-integrated activity in kidneys, as well as 𝐷, was
significantly higher for DOTATATE (𝑡-test: 𝑃 = 0.008).
This is in agreement with Esser and coll [4] whose finding
showed for the same patient undergoing 177Lu therapy, 𝑎

(DOTATATE) = 1.4 ⋅ 𝑎 (DOTATOC). It should be noted
that regarding tumor 𝑎, they found 𝑎 (DOTATATE) = 2.1 ⋅ 𝑎

(DOTATOC). However, we were not concerned with tumor
dosimetry in this study.
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Figure 6: 𝐷 and BED in case of 177Lu therapy (upper panels) and 90Y therapy (lower panels). The histograms report mean and 1 SD. 177Lu
and 90Y-therapy administer a similar total dose for the specific schemes considered (29.8GBq in 4 cycles versus 7.4GBq in 2 cycles, resp.).
Conversely, BED is noticeably greater for 90Y because of the lower fractionation. Mean ± SD values are similar, but relevant differences among
patients can be found (see also Figure 4).

According to the visual choice, for 177Lu, the mean ± SD
value of 𝑎 was 3.9 ± 1.4 h for DOTATATE and 3.2 ± 1.2 h for
DOTATOC. The corresponding absorbed dose values were
1.0 ± 0.2Gy/GBq and 0.7 ± 0.2Gy/GBq.

For 90Y, 𝑎 was 2.7 ± 0.9 h for DOTATATE and 2.1 ± 0.7 h
for DOTATOC and absorbed doses 3.7 ± 1.5 Gy/GBq and
2.9 ± 1.3 Gy/GBq, respectively.

The 𝑡-test analysis highlighted a rather statistically sig-
nificant difference between the mean 𝑎 values for patients
with (RF) and without risk factors (NRF) (one-tailed 𝑡-test:
𝑃 < 0.10). The RF cohort on average received a 𝐷 1.20–1.25
higher than the NRF one (Figure 7). An increased number of
patients could confirm this explorative finding with a higher
level of significance (e.g., 𝑃 = 0.05).

4. Discussion

Tailoring peptide receptor radionuclide therapy (PRRT)
according to dosimetry has been shown to be of great value in

clinical practice and should replace the criteria of administer-
ing a fixed of radioactivity amount or an activity correct for
the patient body weight or surface [20].

Besides the red marrow, it is the kidneys that are the crit-
ical organs in this therapy, especially with 90Y-peptides [1, 3,
21]. Much effort is being put into improving dosimetric accu-
racy in the quantification of activity: correcting 𝑆 factors for
patient-specific kidney mass [22], using SPECT instead of
whole-body images [5], taking into account scatter and atten-
uation correction [23], including collimator response correc-
tion [7], computing a 3D activity distribution [6] to consider
the equivalent uniform dose (EUD) instead of the mean
absorbed dose.

Conversely, the impact of kinetics and image timing on
the absorbed dose estimate specific for the kidneys has been
neglected to a certain extent.

It has been stated [5] that a margin of error of 20% or
less would be of great value when evaluating normal tissue
complication probability (NTCP) [24].
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Figure 7: Time-integrated activity per unit activity 𝑎 for patients
with risk factors (RF) (diamonds) and without (NRF) (dots). For
each population, the mean value is indicated by the horizontal line,
and the box extends tomean ± SD. For DOTATATE, 11 patients were
RF and 17 NRF, and the 𝑃-values of 𝑡-test were 0.05 and 0.06, for
177Lu and 90Y, respectively. For DOTATOC, 12 patients were RF and
17 NRF (one outlier was excluded), and𝑃-values were 0.09 and 0.06,
for 177Lu and 90Y, respectively.

In this work we have shown that data-collection/image-
acquisition timing and themethod for data interpolation can-
not be overlooked, since calculation of absorbed dose could
lead to errors even greater than 20% and greater than those
originating from activity quantification. This is not accept-
able, especially because such errors can be easily avoided by
an adequate kinetic analysis.

Concerning the two issues of data-acquisition timings
and interpolation, several dosimetric approaches exist in clin-
ical practice, as shown in Table 4.

According to the EANMguidelines on internal dosimetry
[26] three measurements for each kinetic phase are needed.
Because the kinetics ofDOTATOCandDOTATATEpeptides
in the kidneys are often associated with more than one
phase—generally two—this would be demanding for patients
as well as clinicians, since the acquisition of at least six images
is difficult and time consuming. Consequently, finding a com-
promise that optimally balances accuracy and feasibility is of
the utmost importance.The current situation formost clinical
studies, in which no more than five points are available, is
reflected in Table 4.

The choice ofmany investigators [5, 7, 9] has been to focus
only on the slower phase which starts after 24 h, because this
takes more than 70% of total time-integrated activity. Sand-
strom pointed out that doing so there could be an overesti-
mation, when extrapolating the first 24 h part. According to
our results, a slight underestimation could be possible as well.

In our cohort we stopped data collection 3 days after ther-
apy for logistic reasons, as it is cumbersome for most patients
to stay one whole week in the proximity of the hospital.

Table 4: Characteristics of different dosimetric approaches con-
cerning acquisition timing and interpolation method.

Investigator Therapeutic
nuclide

Acquisition
timings

Interpolation
method

Esser et al. [4],
Sandström et al. [5],
Larsson et al. [9]

177Lu 1, 4, 7 d MN

Hindorf et al. [25] 90Y
Not fixed, up
to 19–48 h, 2–4
acquisitions

Not reported
for kidneys

Baechler et al. [17]
90Y, 177Lu,

111In 0.5, 4 h, 1, 2 d MN of last
three points

Cremonesi et al. [3] 90Y, 177Lu 1, 4 h, 1, 2, 3 d MN or BI
Garkavij et al. [7] 177Lu 1 h, 1, 4, 7 d TRexp

Our data showed that the method used to compute 𝑎

is crucial if data collection is stopped when the remaining
administered activity is higher than 30% of the activity
present in the kidneys at time zero; in contrast, we found that
a careful choice of the method (excluding trapezoidal meth-
ods) results in negligible importance (differences smaller
than 10%) when data reach two radionuclide effective half-
lives. Moreover, in this situation the 6h point could be spared.
This finding therefore illustrates that the use of radionuclides
with half-life shorter than 𝑡

1/2eff (177Lu/90Y), like the 𝛽
+-

emitter 86Y [3], is not advisable for PRRT dosimetry. For
example, taking a median biological decay constant of 𝜆 =

0.01 h−1 (Table 1), 𝑡
1/2eff (90Y) ∼35 h, 𝑡

1/2eff (177Lu) ∼50 h, it
would turn out that data are needed up to ∼70 h for 90Y
peptides and ∼100 h for 177Lu peptides. If this is not possible,
it must be pointed out that the obtained 𝑎 values could differ
up to 70%depending on themethodused for their calculation
and the acquisition timings. In particular, a unique interpo-
lating function cannot be usedwithout taking into considera-
tion the specific individual kinetics, because the weight of the
tail becomes of major relevance.Thus, the question of choos-
ing the best method among the several available (exponential
functions, trapezoidal methods) arises. Moreover, establish-
ing a principle for the selection of themost appropriatemodel
allows an increased reproducibility of the results, as the user
dependence is reduced [2].

Several criteria exist to choose the preferable model, but
the small number of data points (five) is a major drawback in
our study. The modified Akaike information criterion (AIC)
proved to be an efficient approach [2] in blood serumdosime-
try for radioimmunotherapy with anti-CD66 antibody, but in
our case, it cannot be applied because of the small sample size
(𝑁) as compared to the number of parameters (𝐾), four in
a biexponential function, as the condition for its use (𝑁 >

𝐾+ 2) does not apply. In our scenario, the AIC could be only
used to evaluate themodel most supported by the data for the
whole data set, not for each single patient [27].

The𝐹-test is feasible in principle, bearing inmind that the
statistical power is low though (i.e., the probability density
function 𝐹 is broad). Moreover, these tests (𝐹-test, AIC)
are based on the residuals between the fitting function and



10 BioMed Research International

the measured data which stop at 3 days p.i., when 30%–40%
of the activity reaching the kidneys at time zero is still not
decayed (and in this way considered just by extrapolation):
the great impact of the tail led to the paradox that on several
occasions MNfix performed better than MN, although the
former has one degree of freedom less (see 𝑎 comparison).
For this reason it is important to use all the available
information—theoretical and empirical—in the model selec-
tion, besides the statistical criteria [2], which is why we put
side by side the best models as determined by the 𝐹-test and
visually, the latter is being used, as it was, as “reference.”

It is important to remember that the determination coef-
ficient (𝑅2), although commonly used, is not actually a very
useful indicator when using nonlinear regression functions
[16], because it compares the sum of residuals with the
distance of the data from their mean (𝑅2 = 1 − SSE/TSS; see
comparison ofmethods and statistical analysis).When data are
distanced from their mean value, as most often occurs in
exponential curves, 𝑅2 could be a misleadingly high parame-
ter.

Despite all the limitations described previously for the
various candidate criteria with so few data points (five, as
generally available in practice), useful information could be
gained analyzing our data.

(i) TRph: the TRph cannot be applied with physical only
decay starting from the 3 d point (or even before),
because the physiological clearance in 52 on 58 cases
was found after that; moreover, some investigators
[5, 9] found biological clearance even up to 7 days
(i.e., at 7 d, the measured activity was from 20% to
30% that of the one at 1 h and from 25% to 40% that of
the one at 1 d). Pursuing this way, the overestimation
of 𝑎 is evident and is marked (Figure 2). Our interest
in this method was drawn after its implementation in
commercial software for dosimetry [28].

(ii) TRexp: concerningTRexp, it comes to light that fitting
a monoexponential function by means of only two
points is not a reliable choice: 𝑎 is very dependent
on which ones are being used. For example we found
that using the 1-2 d points instead of the 2-3 d for
extrapolation, 𝑎decreased on average of 18% for either
177Lu and 90Y. Therefore, this method is not recom-
mended when experimental data span is less than two
effective radionuclide half-lives.

(iii) MNfix: trying to use a single 𝜆 for all patients did not
give satisfactory results for 177Lu, as differences with
the best visual model were ±20% (and could even be
worse, because it was shown that in 9 cases the 𝑎MNfix
value was close to 𝑎VIS just by chance). Conversely, for
90Y it was not to be rejected (the mean ratio between
the best 𝑎VIS and 𝑎MNfix is 0.97 ± 0.11, with a maxi-
mum discrepancy of 35%). This is explained because
of the lower effective half-life of 90Y as compared
to 177Lu. It must be remembered that in the MNfix
method the decay constant 𝜆 was fixed, but the initial
activity was patient specific.

(iv) MN and BI: for 177Lu a monoexponential function is
a safe choice only having taken data after 24 h and
reaching two effective radionuclide half-lives; con-
versely, when data are available from the injection up
to 2-3 days a biexponential function is highly recom-
mended (above all if accumulation or fast clearance
is observed during the first day), as in this case the
ratio of 𝑎 for themonoexponential over the best visual
model is 1.02 ± 0.22, while with the biexponential
model is 1.02 ± 0.07; that is, BI has a lower SDmean-
ing a better agreement.

(v) VIS: when radio-peptide therapy cannot rely on the
benefit of a dosimetry-based planning, Figure 7might
be of some help, providing themean± SDof the best 𝑎
values calculated from the visual method, for DOTA-
TOC and DOTATATE peptides and 177Lu and 90Y
radionuclides. Regarding 7.4GBq 177Lu DOTATATE
administration, our findings are consistent with those
from Sandstrom and coll, who reported an absorbed
dose to the kidneys of 5 ± 2Gy in a 24-patient cohort
(cfr [5], small VOI method, mean value between left
and right kidney 𝐷), to be compared with 6 ± 2Gy
of our 25-patient cohort, having excluded 3 outlier
patients with doses of about 14Gy/cycle.

(vi) Risk factors: it was recently shown [29] that impair-
ment in renal function assessed by glomerular filtra-
tion rate led to higher mean kidney absorbed doses.
We found that risk factors (hypertension, diabetes,
lesions close to renal parenchyma, etc.), which are an
evidence of renal impairment, led to a statistically sig-
nificant increase in absorbed dose to the kidneys. In
our cohort, patients with risk factors (RF) on average
received a dose 1.20–1.25 times higher than patients
without. This finding should be considered together
with the clinical evidence [12] that the maximum tol-
erable BED is lower for patients with RF than without
RF (28Gy vs 40Gy).

(vii) BED: finally, to take into account the effect related to
the dose rate and to the response of the irradiated
tissue, planning treatments are conducted constrain-
ing the BED as well [12, 17]. We found that for 177Lu
using formula (3) even with a fixed 𝐺(∞) value (i.e.,
obtained from formula (4) with 𝜆fix) does not give a
dissimilar result if themore complicated𝐺(∞) of for-
mula (3) is being used. To give an example, the mean
ratio of the RE values using the 𝐺(∞) for MNfix and
BI functions is 1.01 ± 0.01. In other words, what is
important in the estimation of the BED for 177Lu is the
dose calculation accuracy only (besides the reliability
of the𝛼/𝛽 coefficient, obviously). For 90Y, the sameRE
ratios were slightly greater, leading to a mean value of
1.04 ± 0.04.

5. Conclusions

Accurate dosimetry ismandatory to fully exploit the potential
of PRRT. Nonetheless, not only it does make high demands
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on the level of staff commitment and facilities, but also on
the patients themselves who in most cases can be discharged
two days after therapy.

We found that if data are not available up to two effective
half-lives (∼4 days for 177Lu, ∼3 days for 90Y), the estimation
of kidney absorbed dose is consistently influenced by the
interpolation method: concerning MNfix, MN, and BI, in
30% of cases for 177Lu and 20% of cases for 90Y differences
between methods were higher than 10%, reaching 60% and
even higher when considering also TRph and TRexp.

A monoexponential clearance with an averaged 𝜆 could
be used in exceptional cases in 90Y therapy, whereas for 177Lu
is totally inadequate. Concerning BED, RE is almost insen-
sitive to the analytical time-activity curve being used, differ-
ences between analytical methods being within 10%.

The use of DOTATATE instead of DOTATOC caused a
D increase of 1.25–1.30 (𝑡-test, 𝑃 < 0.05), while the effect on
tumor was not evaluated. The risk-factor group had a D
increase of 1.20–1.25 compared to the group without risk
factors (𝑡-test, 𝑃 < 0.10).
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Mäcke, and G. D. Flux, “Dosimetry for 90Y-DOTATOC ther-
apies in patients with neuroendocrine tumors,” Cancer Biother-
apy and Radiopharmaceuticals, vol. 22, no. 1, pp. 130–135, 2007.

[26] M. Lassmann, C. Chiesa, G. Flux, and M. Bardiès, “EANM
Dosimetry Committee guidance document: good practice of
clinical dosimetry reporting,” European Journal of NuclearMed-
icine and Molecular Imaging, vol. 38, no. 1, pp. 192–200, 2011.

[27] P. Kletting, T. Kull, S. N. Reske, and G. Glatting, “Comparing
time activity curves using the Akaike information criterion,”
Physics in Medicine and Biology, vol. 54, no. 21, pp. N501–N507,
2009.

[28] E. Grassi, F. Fioroni, M. A. Sarti et al., “Validation of a voxel-
based method for dosimetry in radionuclide therapy and com-
parison with a conventional tridimensional approach,” in Pro-
ceedings of the 25th Annual Meeting of the EANM, pp. 27–31,
October 2012.

[29] J. Svensson, R. Hermann, M. Larsson et al., “Impairment in
renal function predicts higher mean absorbed kidney doses in
peptide receptor radionuclide therapy,” in Proceedings of the
25th Annual Meeting of the EANM, pp. 27–31, October 2012.



Hindawi Publishing Corporation
BioMed Research International
Volume 2013, Article ID 597253, 7 pages
http://dx.doi.org/10.1155/2013/597253

Research Article
The Adjunctive Digital Breast Tomosynthesis in Diagnosis of
Breast Cancer

Tsung-Lung Yang,1,2 Huei-Lung Liang,1,2 Chen-Pin Chou,1,2

Jer-Shyung Huang,1,2 and Huay-Ben Pan1,2

1 Department of Radiology, Kaohsiung Veterans General Hospital, Kaohsiung 81362, Taiwan
2National Yang-Ming University, Taipei, Taiwan

Correspondence should be addressed to Huay-Ben Pan; panhb@vghks.gov.tw

Received 8 January 2013; Revised 19 April 2013; Accepted 9 May 2013

Academic Editor: Mei-Hsiu Liao

Copyright © 2013 Tsung-Lung Yang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Purpose. To compare the diagnostic performance of digital breast tomosynthesis (DBT) and digital mammography (DM) for breast
cancers.Materials and Methods. Fifty-seven female patients with pathologically proved breast cancer were enrolled. Three readers
gave a subjective assessment superiority of the index lesions (mass, focal asymmetry, architectural distortion, or calcifications) and a
forced BIRADS score, based on DM reading alone and with additional DBT information.The relevance between BIRADS category
and index lesions of breast cancer was compared by chi-square test. Result. A total of 59 breast cancers were reviewed, including 17
(28.8%) mass lesions, 12 (20.3%) focal asymmetry/density, 6 (10.2%) architecture distortion, 23 (39.0%) calcifications, and 1 (1.7%)
intracystic tumor. Combo DBT was perceived to be more informative in 58.8% mass lesions, 83.3% density, 94.4% architecture
distortion, and only 11.6% calcifications. As to the forced BIRADS score, 84.4% BIRADS 0 on DM was upgraded to BIRADS 4
or 5 on DBT, whereas only 27.3% BIRADS 4A on DM was upgraded on DBT, as BIRADS 4A lesions were mostly calcifications.
A significant 𝑃 value (<0.001) between the BIRADS category and index lesions was noted. Conclusion. Adjunctive DBT gives
exquisite information for mass lesion, focal asymmetry, and/or architecture distortion to improve the diagnostic performance in
mammography.

1. Introduction

Breast cancer remains one of the leading causes of death in
women over the age of 40 years [1, 2]. Mammography is an
effective imaging tool for the detection of early-stage breast
cancer, and it is the only screeningmodality proved to reduce
mortality from breast cancer [3–5]. The sensitivity of screen-
ing mammography for breast cancer had been reported to be
80%–90% butmay be as low as 48% in extremely dense breast
[6] because of overlapping dense fibroglandular breast tissue,
which substantially reduces the conspicuity of some breast
lesions. Digital breast tomosynthesis (DBT) is expected to
overcome the inherent limitations of mammography caused
by overlapping of normal and pathological tissues during
the standard two-dimensional (2D) projections [7–10]. In
a DBT system, the X-ray tube moves along an arc during
the examination, and a finite number of 2D projections

are acquired within a limited angle. The 3D volume of the
compressed breast is reconstructed from the 2D projections,
allowing enhancement of the information contained in each
plane while blurring the off-focus information. Thus, DBT
can provide better tissue visualization through the provision
of 3D nonoverlapped tissue information. Several studies have
shown that tomosynthesis may offer superior diagnostic
accuracy, not only in the routine diagnostic practice [9, 11–
14], but also in breast cancer screening [15], in the evaluation
of breast lesions. Poplack et al. [16] concluded that subjec-
tively, DBT has comparable or superior image quality versus
full-field digital mammography (DM) and has the potential
to reduce screening recall rates when used in adjunction with
DM. Andersson et al. [12] concluded that cancer visibility on
DBT in one view is superior to full-field DM in two views
and that this would indicate the potential of DBT to increase
sensitivity.
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In this study, we compared the diagnostic performance
of 59 pathologically proved breast malignancy in a mul-
tireader retrospective study to determine whether or not
simultaneously viewingDMandDBT is perceived to bemore
informative in detection (including assessing the features of
masses, asymmetries, architectural distortions, andmicrocal-
cifications) and diagnosis (BIRADS score) of breast cancers.

2. Materials and Methods

2.1. Patients. Inclusion criteria for this study were patients
who had pathologically proved breast cancer and had under-
gone both DM and DBT during the period of January 2012
to November 2012. This retrospective review of research
database was conducted with the approval of the institu-
tional review board. The demographic data, including age,
clinical symptom and sign, mammographic findings, and
histopathologic staging, was recorded as a case report form
in a secure research database. The mammographic findings
included the density of breast, the type of malignant features
(mass, architectural distortion, focal asymmetric density, and
calcification), and breast imaging reporting and data system
(BIRADS) score. If the findings were mixed, we recorded the
most conspicuous findings. In cases where there was more
than one lesion, a separate form was created for each lesion.

2.2. Image Acquisition. Selenia Dimensions (Hologic Inc.,
Bedford,MA) “combo-mode” imaging systemwithmediolat-
eral oblique and craniocaudal projections was applied in this
study with acquiring a traditional digital mammogram and
a tomosynthesis scan during the same breast compression. It
employs a tungsten (W) target and a selenium (Se) detector
with a rhodium (Rh) filter, a silver (Ag) filter for 2D images,
an aluminum (Al) filtration in tomosynthesis images. During
acquisition, 15 low-dose projection images with exposure
parameters of 29 kVp and 44mAs are obtained over a 15∘
arc with a continuous exposure method. After acquisition,
raw data of the projection images are used for reconstruc-
tion to yield images of 1mm thickness in an orientation
paralleling to the detector with totaling 30–80 tomosynthetic
images per view depending on the breast thickness being
compressed. The reconstructed pixel size is 110–120𝜇m. The
total acquisition time for one breast tomosynthesis view is
approximately 3 seconds. Radiation dose to single breast view
is about 1.45mGy.

The radiologists viewed individually or sequentially a
dynamic cinemode at amammographyworkstation (Hologic
Inc., SecurView) that included two Barco 5-megapixel moni-
tors (Kortrijk, Belgium), allowing the viewing of one, two, or
four images per display for each monitor.

2.3. Image Assessment. The selection of cases was performed
by one radiologist who did not participate in the subjective
rating study and knew from the relevant reports the actual
diagnosis of all cases, in particular, the index lesion of interest.
The index lesion of interest location was recorded for each
case by this radiologist on a data form so that readers knew
which lesion to evaluate. Three board-certified radiologists

with varying breast imaging experience ranging from 5 to
15 years volunteered for the study. Readers were told to
assume the screening DM examination was the woman’s
baseline examination; hence, no priorDMexaminationswere
provided for comparison. Readers were asked to provide a
subjective assessment of how well the combination of DM
and DBT examinations is compared with DM alone for the
purpose of evaluating the index lesion. A scale of 0 to 2
was provided and used with 0 indicating that DM plus DBT
was equivalent or comparable for diagnosis compared with
DM, 1 indicating that DM plus DBT was somewhat better
for diagnosis, 2 indicating that DM plus DBT was definitely
better for diagnosis compared with DM alone. After the
interpretation, readers were asked to provide a forced BI-
RADS score (1–5) for each index lesion, based onDM reading
alone and with additional DBT information.

2.4. Definitions. Based on ACR recommendation [17], type
(1–4) of breast density indicates tissue density almost entirely
fat, scattered fibroglandular density, heterogeneously dense,
and extremely dense, respectively. Focal asymmetric breast
density is defined as “asymmetry of tissue density with similar
shape on two views but completely lacking borders and the
conspicuity of a true mass.”

Architectural distortion is defined as the normal archi-
tecture of the breast that is distorted with no definite mass
visible. This includes spiculations radiating from a point and
focal retraction or distortion at the edge of the parenchyma.
Architectural distortion can also be an associated finding.
As to the calcifications, amorphous or coarse heterogeneous
calcifications are of intermediate concern and fine pleomor-
phic or fine linear or fine linear branching calcifications
are of higher probability of malignancy. Cluster, linear, or
segmental distribution of microcalcifications is suspicious
for malignancy. Cluster, linear, or segmental distribution of
microcalcifications is suspicious for malignancy.

2.5. Data Analysis. We calculate the mean of 57 patient’s
age. Then, we computed the frequency and proportion of
the patient characteristics, the subjective ratings, and the
BIRADS ratings of overall readers and cancer cases. For
the purpose of this analysis, subjective ratings 1 and 2 were
combined. Chi-square test was used to compare the relevance
between BIRADS category and index lesions of breast cancer.

3. Results

Fifty-seven patients (mean age 53.5 years, range 26–89
years) with pathologically proved breast cancers who had
undergone combo DBT for either screening or diagnostic
purposes were enrolled in this retrospective study. Two
patients had a second malignancy in the ipsilateral breast.
Thus, a total of 59 breast cancers were reviewed in this
study.Thirty patients (52.6%)were symptomaticwith positive
breast physical examination during mammography taken.
The location of the breast cancers were 31 lesions on the right
and 28 on the left. As to the breast composition (BI-RADS
type),most (up to 79%) patients in our series had dense breast
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Table 1: Demographic data of the 57 breast cancer patients.

Patients = 57
Patient characteristics N %
Age (mean) 53.7
Symptom/sign: Y/N 30/27 52.6/47.4
Part: L/R 27/30 47.4/52.6
Type

1 2 3.5
2 10 17.5
3 27 47.4
4 18 31.6

Characteristic
Mass 17 28.8
Density 12 20.3
Distortion 6 10.2
Calcifications 23 39.0
None 1 1.7

BI-RADS
0 20 35.1
4A 8 14.0
4B 9 15.8
4C 7 12.3
5 13 22.8

TNM stage
Tis + T1mi 16 28.1
T1N0 17 29.8
T1N1 or above 24 42.1

(type 3 or 4) with type 1 in two (3.5%) patients, type 2 in
10 (17.5%), type 3 in 27 (47.3%), and type 4 in 18 (31.6%).
Of the 59 index lesions, 17 (28.8%) lesions were presented
as mass (Figure 1), 12 (20.3%) as focal asymmetry/density
(Figure 2), 6 (10.2%) as architecture distortion (Figure 3),
and 23 (39.0%) as calcifications (Figure 4). One intracystic
tumor (1.7%), which was clinically palpable and diagnosed
by US images, failed to show malignant feature on either
DM or tomosynthesis images (Figure 5) and therefore was
considered as truly false negative. BIRADS category of the
fifty-seven patients was initially rated as 0 in 20 cases (35%),
4A in 8 (14%), 4B in 9 (15.8%), 4C in 7 (12%), and category
5 in 13 cases (22.8%), respectively, with final clinical staging
of ductal carcinoma in situ (DCIS) in 16 cases (28.1%), stage
1 in 17 cases (29.8%), and T1N1 or above in 24 cases (42.1%).
The demographic and clinical results of these 57 patients were
listed in Table 1.

For the overall 59 target lesions interpreted by 3 readers,
combo DBT was perceived to be more informative for
diagnosis in 48% (85/177) of the subjective ratings (59 lesions
× 3 readers = 177 ratings). A superior rating of the index
lesions was considered in 30 of 51 (58.8%) mass lesions, 30
of 36 (83.3%) density lesions, 17 of 18 (94.4%) architecture
distortion lesions, while only 8 of 69 (11.6%) in calcification
lesions. The 85 superior ratings of 1 or 2 occurred in 34
patients in which at least one radiologist had given a positive

(a) (b)

Figure 1: A 66-year-old woman for mammographic screening.
(a) Digital mammogram showed a small oval-shaped, well-defined
nodule (arrow) over upper-outer quadrant (UOQ) of right breast
with BIRADS0 rated by all the 3 readers. (b) Tomosynthesis revealed
a nodule with lobular contour and obviously spiculated margin
(arrow).The BIRADS score was rated as 4C by 1 reader and category
5 by 2 readers. The lesion was later proved pathologically to be a
breast cancer (T1bN0M0).

(a) (b)

Figure 2: A 57-year-old woman for mammographic screening. (a)
Digital mammogram showed a cluster of amorphous microcalcifi-
cation (arrow) at the subareolar region of right breast, which was
proved to be benign in nature by needle biopsy. The initial BIRADS
score was rated as 0 by one reader and 4A by two readers. (b)
Tomosynthesis revealed a focal asymmetric density around 7mm
in diameter (arrow), which was rated as BIRADS 4B by two readers
and 5 by one reader.The lesion was later proved pathologically to be
invasive cancer (T1cN0M0).
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Table 2: The results of rating in each type of lesions and overall
lesions.

Calcification Density Distortion Mass None Overall
Rating n % n % n % n % n % n %
0 61 88.4 6 16.6 1 5.5 21 41.2 3 100 92 51.98
1 4 5.8 15 41.7 5 27.8 24 47 0 0 48 27.12
2 4 5.8 15 41.7 12 66.7 6 11.8 0 0 37 20.90

69 36 18 51 3 177
0: equal; 1: somewhat better; 2: definitely better.

(a) (b)

Figure 3: A 59-year-old woman for mammographic screening. (a)
Digital mammogram showed focal increased density over UOQ
of right breast (circle) with BIRADS rating 0 by all the 3 readers.
(b) Tomosynthesis revealed obvious architecture distortion (arrow)
with radiating spiculations tethered from retracted tissue. The
BIRADS score was rated as 4B by 2 readers and 4C by one reader.
Patient received partial mastectomy with pathologically proved
intraductal cancer, intermediated type (TisN0M0).

rating. Of whom, 73.5% were dense breasts (type 3 or 4) with
type 1 breast in 2 (5.9%) patients, type 2 breast in 7 (20.6%)
patients, type 3 breast in 16 (47%) patients, and type 4 breast
in 9 (26.5%) patients. The ratings of overall and each relevant
index lesion were listed in Table 2.

As to the retrospective review of BI-RADS score in the 57
cancer patients (171 ratings), BI-RADS 0 and 4Awere rated 64
(37.4%) and 33 (19.3%) onDMversus 10 (5.8%) and 29 (16.9%)
on combo tomosynthesis, respectively. Of the 64 BIRADS
0 rated on DM, 10 (15.6%) ratings were still categorized as
BIRADS 0 on combo tomosynthesis, while upgraded to 4A
in 4 (6.3%), 4B in 22 (34.4%), 4C in 17 (26.6%), and category
5 in 11 (17.2%), whereas, in the 33 BIRADS 4A ratings on
DM, 24 (72.7%) were still categorized the same, while being
upgraded to 4B in 5 (15.2%) and 4C in 4 (12.1%), respectively,

(a) (b)

Figure 4: A 55-year-old female had partial mastectomy 5 years
ago due to intraductal carcinoma in situ in right breast with
yearly mammographic follow up. (a) Digital mammogram showed
microcalcifications (arrow) with segmental distribution over the
lower-inner quarter of the left breast.TheBIRADS scorewas rated as
0 by two readers and 4A by one reader. (b) Tomosynthesis revealed
the microcalcifications being inside the dilated tubular structure,
which was toward the nipple. The BIRADS score was upgraded to
4B by one reader and 4C by two readers. The lesion was proved
pathologically to be an invasive cancer (T1cN0M0).

with additional reviewing of the 3D tomosynthesis images. Of
the BIRADS 4Apatient group, calcificationwas the dominant
lesion in 31 (93.9%) of the 33 ratings. The overall forced BI-
RADS scores on digital mammograms and tomosynthesis
were listed in Table 3. Although there seemed to be of little
improvement of the DBT diagnosis on calcification lesions,
markedly improved diagnostic performance of density, dis-
tortion, and mass lesions was noted in this study. The forced
BIRADS score of 0, 4, and 5 versus each type of lesion was
listed in Table 4. Comparing the BIRADS category (category
0 versus 4A versus 4B + 4C + 5) and index lesions by the use
of chi-square test, a significant 𝑃 value (<0.001) was noted
(Table 5).

4. Discussion

The malignant features of breast cancers can be classified as
mass, focal asymmetry, architecture distortion, and micro-
calcification. Better delineations of the lesion border and
margin result in a more definitive interpretation. Previous
studies concluded that the shape and margin of the mass in
tomosynthesis were well characterized thanDM [9, 13].Thus,
small undulating contour or subtle speculated margins of
masses can be identified on a thin slide without normal breast
tissue masking. Our study confirmed that 58.8% of mass
index lesions had superior rating on tomosynthesis versus
DM alone.
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(a) (b) (c)

Figure 5: A 61-year-old woman with palpable mass in the right breast. (a) Digital mammograms showed focal increased density (arrowhead)
without architectural distortion in the right breast. (b) Tomosynthesis clearly delineated the smooth border of a mass lesion (arrowhead)
without showing malignant feature. This case was considered as true negative in both digital mammography and tomosynthesis. (c) Color
ultrasound showed a cystic-like lesion (C) with hypervascular mural nodule (MN). The lesion was proved to be ductal carcinoma in situ,
TisN0M0.

Table 3:The overall forced BI-RADS score on digital mammograms
and tomosynthesis.

3D
2D

2 3 0 4A 4B 4C 5 All
(rating)

2 2 0 0 0 0 0 0 2
3 0 0 0 0 0 0 0 0
0 0 0 10 0 0 0 0 10
4A 0 1 4 24 0 0 0 29
4B 0 1 22 5 12 0 0 40
4C 1 0 17 4 13 7 0 42
5 0 0 11 0 8 13 16 48
All 3 2 64 33 33 20 16 171

Table 4: The forced BI-RADS score (0, 4, 5) of each type of lesions
on digital mammograms and tomosynthesis.

3D
2D

TotalCal Density Distortion Mass
0 4 5 0 4 5 0 4 5 0 4 5

BI-RADS
0 4 0 0 4 0 0 0 0 0 0 0 0 8
4 5 54 0 21 3 0 10 0 0 7 8 0 108
5 2 0 4 2 2 1 2 2 0 5 16 12 48

Total 11 54 4 27 5 1 12 2 0 12 24 12 164

Focal asymmetric breast density is found in approxi-
mately 3% of mammograms [18]. A review of the literature

Table 5: Comparison of BIRADS score and lesions type.

Lesion BIRADS (3D) Total
0 4A 4B, 4C, 5

Calcification 4 26 39 69
Density 4 3 28 35
Distortion 0 0 15 15
Mass 0 0 48 48
Total 8 29 130 167
P value < 0.001 (chi-square test).

showed that malignancy can be found in 0%–14% of asym-
metric breast tissue biopsies, and any associated features of
possible malignancy, or a clinically palpable mass mandates
tissue diagnosis [19]. However, the lesion presented as focal
asymmetric breast density on 2D mammograms may lack its
conspicuous borders, making the diagnosis of malignancy
difficult in a sole “asymmetry” finding. Although, the focal
density on DBT is presented as an ill-defined mass but it still
definitely has a border and volume size. Thereafter, it can be
easily distinguished from an island of normal breast tissue. In
otherwords, a lesionwith 5mm in sizewould be detected in at
least five 1mm contiguous slices even if it presented as a focal
asymmetry. In our study, 83.3% density reading were rated as
superior to that of DM only with 85.2% (23/27) BIRADS 0
being upgraded to BIRADS 4 or 5.

On mammograms, the breast is seen as a directionally
oriented-textured image due to the presence of several piece-
wise linear structures such as ligaments, ducts, and blood
vessels. The presence of tumor, inflammation, trauma, or
surgery may change the orientation of normal architecture,
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whereas the presence of overlapping dense fibroglandular
breast tissue may substantially reduce the conspicuity of
the changes. It was reported that architectural distortion
accounted for 12% to 45% of overlooked or misinterpreted
breast cancer cases in screening mammographies [20, 21],
and it constituted the most commonly missed abnormality
in false-negative cases. As the barrier of false negative for
distortion lesions is chiefly related to overlapped tissue, DBT
was proved to be an expectant method to solve this problem
[14]. In our study, 94.4% distortion reading were rated as
superior to that of DM only with all the BIRADS 0 being
upgraded to BIRADS 4 or 5.

Our study also showed markedly improved diagnostic
accuracy for noncalcified lesions on tomosynthesis mam-
mograms with 78.2% initially scored as BIRADS 0 on DM
being upgraded to equal or higher than RIRADS 4B, which
may allow for the replacement of conventional supplemental
mammographic views. Our series showed only mild-modest
improvement of the diagnostic accuracy in the patient group
initially scored as BIRADS 4Awith 72.7% of patients remain-
ing with the same score. It was because most of the lesions
(93.9%) in this patient group were microcalcifications. The
clinical benefits of tomosynthesis on calcified lesions may
be still debated with the concern of not depicting calcifi-
cations as well as traditional mammography [16]. However,
increasing the slice thickness would increase the ability to
perceive a 3D configuration of calcifications, and the extents
of accompanying microcalcifications may be better depicted
on BDT than on 2Dmammograms [22].Thereafter, Spangler
et al. [22] concluded that DM appeared to be slightly more
sensitive than DBT for the detection of calcification (84%
versus 75%). However, diagnostic performance as measured
by area under the curve using BIRADS was not significantly
different. Other studies had also supported the diagnostic
performance of digital breast tomosynthesis in conjunction
with [23] or independently [24, 25] of full-field DM.

A major limitation of this study was that it involved
a nonblinded retrospective review of only pathologically
proved breast cancer images. The true diagnostic accuracy of
combo DBT in general population is unclear. But with more
familiarity with the imaging features of breast malignancy
on DBT, it may help us interpret the tomosynthesis more
precisely. In addition, the term of focal asymmetry is defined
in 2D side by side interpretation, but for ease to compare with
previous tomosynthesis studies, we still use the term of focal
asymmetry instead of focal density.

In conclusion, adjunctive DBT gives exquisite informa-
tion for mass lesion, focal asymmetry, and/or architecture
distortion to improve the diagnosis in mammography with
comparable performance to the pattern ofmicrocalcifications
on 2D mammogram, yet the additional associating findings
such as intraductal calcification may give some clues to
confirm malignancy.
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Nuclear medicine imaging modalities such as positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) have played a prominent role in lymphomamanagement. PETwith [18F]Fluoro-2-deoxy-D-glucose (FDG) is
themost commonly used tool for lymphoma imaging. However, FDG-PET has several limitations that give the false positive or false
negative diagnosis of lymphoma.Therefore, development of new radiotracerswith higher sensitivity, specificity, and different uptake
mechanism is in great demand in themanagement of lymphoma.This paper reviews non-FDG radiopharmaceuticals that have been
applied for PET and SPECT imaging in patients with different types of lymphoma, with attention to diagnosis, staging, therapy
response assessment, and surveillance for disease relapse. In addition, we introduce three radiolabeled anti-CD20 antibodies for
radioimmunotherapy, which is another important arm for lymphoma treatment and management. Finally, the relatively promising
radiotracers that are currently under preclinical development are also discussed in this paper.

1. Introduction

According to the 2011 report from the National Cancer Insti-
tute’s Surveillance, Epidemiology and End Results Program,
an estimated total of 662,789 individuals in the US are living
with, or in remission from lymphoma in 2011 [1]. About
75,190 people in the US are expected to be diagnosed with
lymphoma in 2011, which include 8,830 cases of Hodgkin’s
lymphoma (HL) and 66,360 cases of non-Hodgkin’s lym-
phoma (NHL). In fact, NHL is the seventh most common
cancer in the US [1].

Lymphoma treatment and prognosis, especially for NHL,
are heavily dependent on the disease type and staging. For
instance, patients with stage I-II aggressive NHL respond to a
short course of chemo/radiotherapy better than a full course
of chemotherapy alone [2]. In early stage HL, 20%–30% of
patients will relapse after mantle irradiation, which largely
reflects inaccurate staging [3]. Therefore, it is extremely
important to reach an accurate diagnosis, which can facilitate
more precise staging and prognostic estimations, as well

as evaluation of response to therapy. The major imaging
modalities utilized in lymphoma are divided into two general
types: the anatomic imaging modalities, such as computed
tomography (CT) and magnetic resonance imaging (MRI),
and the functional imaging modalities using ionizing radia-
tion, such as positron emission tomography (PET) and single
photon emission computed tomography (SPECT). CT and
MRI can only provide limited information of lymphoma
patients who have normal-sized lymph nodes, and they
cannot differentiate tumor from lymphadenopathy, infec-
tion, hemorrhage, acute radiation pneumonitis, or radiation
fibrosis [4, 5]. On the other hand, PET, SPECT, and their
integration with CT can detect the biological alterations
(increased glycolysis, DNA synthesis, amino acid transports,
etc.) in tumor lesions in contrast to normal tissues and thus
better distinguish viable tumor cells from necrotic cells or
fibrosis. The principles of PET and SPECT imaging are both
based on the detection of radiolabeled ligands; however, the
radionuclides for these two modalities are quite different.
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PET detects the annihilation radiation emitted from a certain
positron-emitting radionuclide, while SPECT detects the
radionuclides that emit gamma-ray photons (Figure 1).

[18F]Fluoro-2-deoxy-D-glucose (FDG), an 18F-labeled
glucose analogue, is the most commonly used radiotracer
for PET imaging in lymphoma patients. In the most recent
review of the literature search from 1999 to 2011 by Ansell
and Armitage, FDG-PET is recommended for initial staging
and re-staging at completion of therapy in patients with
HL, diffuse large B-cell lymphoma (DLBCL), and follicular
lymphoma (FL) [5]. However, its usage can be limited in
cases of indolent diseases with low metabolic activity. In
addition, FDG is not tumor specific and can also accumulate
in inflammatory lesions such as tuberculosis, abscesses, and
sarcoidosis [6–8]. FDG is not recommended for relapse
monitoring and may not be reliable for initial staging and
re-staging in patients with peripheral T-cell lymphoma and
mantle cell lymphoma [9]. Furthermore, FDG-PET may not
be definitive for interim response assessment in patients with
HL and DLBCL, and detection of potential transformation
sites.Therefore, development of new radiotracers with higher
sensitivity, specificity, and different uptake mechanism is in
great demand in the management of lymphoma.

This paper first reviews the clinically used non-FDG
radiopharmaceuticals for PET and SPECT imaging, respec-
tively (Table 1), and discusses their advantages and limitations
in staging, treatment monitoring, and relapse surveillance
in lymphoma patients. The discussion also covers the cur-
rent available radiopharmaceuticals for radioimmunotherapy
(Table 2), which is another important option for lymphoma
treatment and management. Lastly, a number of novel radio-
tracers that are currently under preclinical investigations have
been focused on.

2. Non-FDG Radiopharmaceuticals
Used in Clinic

2.1. Non-FDG Radiopharmaceuticals for PET

2.1.1. 18F-Fluorothymidine (FLT). 18F-fluorothymidine (FLT),
a derivative of the cytostatic drug zidovudine, was developed
as a proliferation imaging tracer in 1998 [10]. FLT is entrapped
into cells during their S-phase, and its uptake correlates with
the thymidine kinase-1 (TK-1) activity, which is a key enzyme
for DNA synthesis and cellular growth [11]. FLT uptake in
tumor cells is directly correlatedwith the proliferationmarker
Ki67 [12]. Buck et al. demonstrated that FLT could accurately
discriminate between indolent and aggressive lymphoma in
34 patients with a cutoff SUV value of 3, and FLT uptake
was significantly correlated with Ki67 immunohistochemical
staining in biopsied tissues [6]. This important finding
showed that FLT-PET might be superior to FDG-PET in
lymphoma grading because the cutoff SUV for aggressive
lymphoma using FDG is>13, and that for indolent lymphoma
is <6, and about 45% of the patients remain in a grey zone
[13]. More recently, Herrmann et al. conducted a pilot study
using FLT-PET inMantle cell lymphomapatients and showed
a strong positive correlation between proliferation assessed

with Ki67 staining or MIPI-Ki67 (a combined clinical and
biologic score) and FLT uptake [14].

In addition, FLT-PET is considered as a promising sen-
sitive tool for predicting response to treatment and survival
in lymphoma patients. Although FDG-PET can identify
patients who have an excellent prognosis after standard treat-
ment, it has failed to accurately identify patients who would
benefit from alternative treatment strategies orwho should be
included into clinical trials because of a dismal outcome with
R-CHOP-like therapy [15]. In 2011, Herrmann et al. reported
the largest clinical trial of FLT-PET in lymphoma patients and
found FLT uptake as a negative predictor of response to R-
CHOP treatment in 66 DLBCL patients. In this study, they
also showed that FLT uptake was significantly correlated with
the International Prognostic Index, which is a frequently used
clinical tool to aid in predicting the prognosis of patients with
aggressive NHL [16].

In respect to treatment monitoring and evaluation, FLT
appears to be more accurate and specific than FDG, partic-
ularly in the setting of interim PET analyses. This is pos-
sibly because FDG uptake often occurs in chemo/radiation
therapy-mediated inflammatory lesions besides neoplastic
tissues, both of which demand more glucose uptake than
other normal tissues. Herrmann et al. evaluated FLT-PET
for assessing early response of high-grade NHL to rituximab
immunotherapy combined with CHOP chemotherapy or
CHOP alone and found that successful R-CHOP/CHOP
treatment was associated with a decrease in FLT uptake even
2 days after administration of R-CHOP, whereas no reduction
of FLT uptake after rituximab treatment alone, indicating
no early antiproliferative effect of immunotherapy using
rituximab [17].Moreover, a significant difference in tumorous
FLTuptake betweenpatients in partial response and complete
response was observed in the 14 patients receiving a PET scan
early after chemotherapy completion (𝑛 = 8, 2 days after R-
CHOP; 𝑛 = 6, 7 days after R-CHOP/CHOP) [17].

2.1.2. 11C-Methionine (MET). 11C-methionine (MET) is the
most commonly used radiolabelled amino acid for lym-
phoma imaging. Methionine is essential for protein synthesis
and conversion to the predominant biologic methyl group
donor S-adenosylmethionine, and it involves polyamine syn-
thesis and transsulfuration pathway [18]. MET accumulates
strongly in most lymphomas, and it has low uptake in
macrophages and nonneoplastic cells. MET uptake reflects
increased amino acid uptake and protein synthesis and is
positively related to cellular proliferation activity. Previously,
Nuutinen et al. investigated whether MET uptake was asso-
ciated with the histological grade of malignancy and survival
in NHL and HL patients with newly diagnosed or recurrent
lymphoma, and demonstrated that it was able to differentiate
the high grade lymphomas from the low grade histotypes
if using influx constant Ki instead of the traditional SUV
calculation. In addition, they found that it was not feasible
to use MET-PET for prediction of patient survival [19].

MET is preferable to FDG in some situations where FDG
is inaccurate, for example, in hyperglycaemic patients [20].
Leskinen-Kallio et al. demonstrated thatMETwas superior to
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Figure 1: Comparison of positron emission tomography (PET) and single-photon emission computed tomography (SPECT). (a) Schematic
representation of the principle behind PET, (b) schematic representation of the principle behind SPECT, and (c) comparison between PET
and SPECT.

Table 1: The clinically used radiopharmaceuticals for positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) imaging.

Modality Radiopharmaceutical Radionuclide Half-life Source Uptake mechanism

PET
[
18F]Fluorodeoxyglucose 18F 109min Cyclotron Glucose transporter

3-Deoxy-3-[18F]fluorothymidine 18F 109min Cyclotron DNA replication
11C-methionine 11C 20.4min Cyclotron Amino acid transporter

SPECT

67Ga-citrate 67Ga 78.3 hr Cyclotron Transferrin receptor

Thallium-201 201Tl 73.0 hr Cyclotron
Multiple factors

(i.e., Na-K-ATPase, non-energy-dependent
cotransporter, etc.)

99mTc-sestamibi 99mTc 6.0 hr Generator P-glycoprotein
99mTc-tetrofosmin 99mTc 6.0 hr Generator P-glycoprotein

111In-labeled Octreotide 111In 67.4 hr Cyclotron Somatostatin receptor

Table 2: The current available radiopharmaceuticals for radioimmunotherapy of lymphoma.

90Y-Zevalin 131I-Bexxar 131I-Rituximab

Radioisotope
90Y

(𝑡
1/2

= 2.67 days)
131I

(𝑡
1/2

= 8.01 days)
131I

(𝑡
1/2

= 8.01 days)
Anti-CD20 antibody Ibritumomab tiuxetan Tositumomab Rituximab
Antibody type Monoclonal murine Monoclonal murine Monoclonal chimeric
Predose injection Unlabeled rituximab Unlabeled tositumomab Unlabeled rituximab
Pretherapy imaging Yes (for biodistribution) Yes (for dosimetry) Yes (for dosimetry)
Pretherapy dose 111In-Zevalin (5mCi) 131I-Bexxar (5mCi) 131I-Rituximab (5mCi)
Treatment dose 0.4mCi/kg (up to 32mCi) 75 cGy (whole body) 75 cGy (whole body)
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FDG in detecting intermediate- and low-grade lymphomas,
and MET could accumulate strongly in all except one of the
neoplastic lesions from 14 NHL patients [18].

The central nervous system (CNS) generally has high
glucose consumption, which leads to high FDG uptake in
the normal neuronal tissues and thus renders low contrast
from tumors to normal tissues in the CNS. And yet, MET has
demonstrated its effectiveness in detecting CNS lymphoma,
which represents 6% of all intracranial neoplasms and 1%
of all lymphomas [21–23]. In comparison to FDG, MET has
lower uptake in normal brain, hence, has better contrast in
visualizing tumor lesions. Ogawa et al. first performed MET-
PET in 10 patientswith histologically verifiedCNS lymphoma
before and after radiation therapy [23]. They found that all
tumors could clearly be defined by MET before treatment,
and the uptake decreased markedly after radiation therapy.
In addition, MET-PET could even demonstrate the residual
tumor that was difficult to be detected on CT and MRI
because of the influence of radiation therapy and surgical
treatment. Kawase et al. showed that both MET and FDG
could detect primary CNS lymphoma with 100% sensitivity
in 13 immunocompetent patients [21]. However, Kawai et al.
obtained a somehow contrary conclusion and pointed out
that MET and FDG were both only useful in detecting the
lesions with typical MRI findings, but not in the lesions with
atypical MRI presentations such as disseminated, ring-like
enhanced, or nonenhancing lesions [22].

2.2. Non-FDG Radiopharmaceuticals for SPECT

2.2.1. 67Ga-Citrate. Among the single photon-emitting radio-
tracers, 67Ga-citrate has been considered a cornerstone in
the evaluation of lymphoma for decades. 67Ga accumulates
in viable lymphoma cells by binding to transferrin receptors,
but typically, it is not taken up by fibrotic tissues. Although
67Ga imaging has been widely used in investigating treatment
response, survival prediction, and diagnosis of recurrence
after treatment [24], it has several limitations: (1) low spatial
resolution, (2) low sensitivity for detection of hepatic and/or
splenic lymphoma involvement due to the physiological
uptake in these organs, and (3) low accumulation in low-
grade lymphoma [25].

Many research groups have compared the performance
of FDG-PET with 67Ga scintigraphy in lymphoma imaging.
Their findings collectively suggested that FDG-PET is supe-
rior to 67Ga scintigraphy in pretreatment staging in both
HL and NHL patients and can detect extra sites, especially
the small regions of disease activity [26–28]. In addition,
FDG-PET appears to be more sensitive in the followup of
patients with de novo HL [27]. Fusion imaging with 67Ga-
SPECT and CT is of significance in improving diagnosis by
allowing precise localization of radiopharmaceutical uptake
and detection of lesions not demonstrated by CT. In 2005,
Palumbo et al. for the first time demonstrated that 67Ga-
citrate performance could be improved by using SPECT/CT
fusion imaging, suggesting that this modality could represent
an alternative to PET [29]. They found that hybrid imaging
provided additional data in 54.2% patients, thus leading

oncologists to reconsider the therapeutic approach in 33.2%
patients. Moreover, 9 more lesions below the diaphragmwere
detected by SPECT/CT as compared with SPECT alone. This
is of particular interest because one limitation of 67Ga scintig-
raphy is its restricted ability to identify subdiaphragmatic
disease. However, the limitation of this study was that the
authors only compared the results with SPECT alone but did
not compare with FDG-PET. Further studies of comparison
between FDG-PET or FDG-PET/CT and 67Ga-SPECT/CT
would be of significant clinic interest.

2.2.2.Thallium-201 (201Tl). Thallium-201 (201Tl) behaves bio-
logically like potassium. Its tumor uptake is related to multi-
ple factors such as blood flow, tumor type, tumor viability,
vascular immaturity, increased cell membrane permeability,
and activity of sodium-potassium adenosinetriphosphatase
(Na-K-ATPase), non-energy-dependent cotransporter, and
calcium ion channel [30]. Ando et al. demonstrated that
201Tl mainly accumulated in viable tumor tissues, less so in
connective tissues, and barely in necrotic tumor tissues and
inflammatory sites [31].
201Tl scintigraphy is valuable in evaluating chemo/radio-

therapy treatment response because the activity of Na-K-
ATPase in tumor cells decreases after treatment, and thus less
201Tl uptake should be observed. Haas et al. evaluated the
usage of 201Tl in staging and monitoring treatment response
after radiotherapy in FL patients [32]. They concluded that
although 201Tl had limited value in staging FL patients, it was
accurate in monitoring the responses of radiation treatment.
If an FL patient with a positive 201Tl at diagnosis is treated by
radiation, the treatment response can be reliably ascertained
by 201Tl scintigraphy alone.

In comparison to 67Ga scintigraphy which is highly
sensitive in high-grade lymphoma detection, 201Tl is more
frequently utilized in imaging low-grade lymphomas [33]. In
addition, 201Tl scintigraphy is more convenient than 67Ga
scintigraphy because it can be performed immediately after
injection. The optimal time of 201Tl scintigraphy is 3-4 hours
after injection whereas that of 67Ga scintigraphy is 2 days due
to the longer half-life of 67Ga [34]. For practical purposes,
nevertheless, 67Ga and 201Tl scintigraphy should complement
one another in the follow-up of indolent lymphoma. For
instance, if a patient who used to be negative on 67Ga
scintigraphy and positive on 201Tl converts to a positive status
on 67Ga, it is likely that the indolent tumor has transformed
to an aggressive pattern.

Furthermore, 201Tl brain SPECT has been successfully
applied for differentiating CNS lymphoma from toxoplas-
mosis in patients with AIDS [35–37]. Lorberboym et al.
demonstrated that the retention index of 201Tl in patients
with lymphomaswas significantly higher than that in patients
with adenocarcinoma or nonmalignant lesions [36]. More-
over, Skiest et al. found that diagnostic accuracy of focal CNS
lesions in patients with AIDS could be significantly improved
with combining 201Tl brain SPECT with serum toxoplasma
IgG [37].
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2.2.3. 99mTc-Sestamibi and 99mTc-Tetrofosmin. 99mTc-ses-
tamibi and 99mTc-tetrofosmin, which were originally devel-
oped as myocardial perfusion agents, have been frequently
used as predictors of chemotherapeutic response in lym-
phoma patients [38]. These agents preferentially accumulate
in the mitochondria of malignant cells due to the higher
metabolic rate, and thus the higher transmembrane electrical
potentials generated across the membrane bilayers in these
cells when compared with normal cells (Figure 2). These
two small lipophilic monovalent cations are both transport
substrates for the intraextracellular efflux pump of the trans-
membrane P-glycoprotein (Pgp). Of note, Pgp is encoded by
the multidrug-resistance gene (MDR1) that is overexpressed
in some drug resistant lymphoma cells [39, 40]. The net
cellular accumulation of 99mTc-sestamibi has been shown
to be inversely proportional to the level of Pgp expression
in vitro [41, 42]. Therefore, the uptake, washout rate, and
retention of 99mTc-sestamibi and 99mTc-tetrofosmin can aid
in identification of drug resistance and provide prognostic
information [43]. In other words, the patients with negative
or decreased radiotracer activity tend to have unfavorable
response to chemotherapy compared to thosewith prominent
radiotracer accumulation irrespective of lymphoma types.
For instance, Song et al. demonstrated that the slow tumor
clearance of 99mTc-sestamibi could predict a good response
to chemotherapy, and difference in 99mTc-sestamibi clear-
ance distinguishes responding and nonresponding tumors
in the early course of chemotherapy in diffuse large B-cell
and peripheral T-cell lymphoma patients [44]. Kao et al.
found that patients with a good chemotherapy response had
positive 99mTc-sestamibi results and negative Pgp and MRP
(multidrug resistance associated protein) expression before
treatment, while patients with a poor response had negative
99mTc-sestamibi results and positive Pgp and MRP expres-
sion [45]. Liang et al. concluded that 99mTc-tetrofosmin
uptake, in inverse correlation with Pgp or MRP expression
levels, could accurately predict chemotherapy response in 25
lymphoma patients [46].

In another study, Lazarowski et al. demonstrated that the
patients with low grade lymphoma had the strongest correla-
tion between 99mTc-sestamibi uptake and chemosensitivity,
while patients withHL had an indefinable correlation [47]. In
addition, the later scan (180min after injection) could provide
more accurate prediction of chemoresistance than early scan
(30min after injection) [47]. In general, factors related to
99mTc-sestamibi and 99mTc-tetrofosmin uptake in tumors
are blood flow, tissue viability, vascular permeability, tumor
necrosis, metabolic demand, tumor mitochondrial activity,
and Pgp and/or MRP expression in tumor tissues [44].

When comparing these two radiotracers, 99mTc-tetro-
fosmin can be easily labeled with 99mTc at room temper-
ature without heating; hence, it is more convenient than
99mTc-sestamibi in clinical practice [48]. Although 99mTc-
tetrofosmin has lower uptake in lymphoma cell lines [49],
it undergoes more rapid clearance from the plasma and
background structures when compared to 99mTc-sestamibi.
Current clinical investigations have demonstrated that both

radiotracers are competent for prediction of chemotherapy
response; however, no study has ever compared these two
radiotracers to each other in lymphoma patients.The optimal
imaging time-point for both tracers is 3-4 hours after injec-
tion. It should to be noted that these radiotracers are not ideal
in investigating the infradiaphragmatic regions because both
radiotracers are eliminated by the biliary-intestinal route
[50].

2.2.4. Somatostatin Receptor Scintigraphy. Somatostatin
receptor scintigraphy (SRS) using 111In-labeled octreotide
has been frequently applied in neuroendocrine tumor
imaging. It has also been successfully used in detecting soma-
tostatin receptor-expressing lymphomas such as mucosa
associated lymphoid tissue- (MALT-) type lymphoma.
Octreotide is a synthetic somatostatin analogue that is
available as Octreoscan (Mallinckrodt Inc., MO), in which
the gamma-emitting radioisotope 111In has been chelated
with octreotide via chelator DTPA. The overall sensitivity of
SRS with Octreoscan for HL is 95%–100%, and for NHL is
around 80% [51]. Nevertheless, the sensitivity is decreased
in detection of abdominal lesions, and the specificity of this
technique is relatively low due to the variable expression
of specific somatostatin receptor subtypes in lymphomas.
For instance, Valencak et al. did not recommend the use
of SRS for routine staging of primary cutaneous T-cell and
B-cell lymphoma with Octreoscan based on the unfavorable
outcome of a study involving 22 patients. In this study, only
4 out of 15 patients with cutaneous T-cell lymphoma and 3
out of 7 patients with B-cell lymphoma could be detected by
Octreoscan [52].

Although SRS with Octreoscan does not seem to have a
significant impact on patients with lymphomas for diagnostic
purposes, it appears to be an excellent tool for staging
and noninvasive therapy-monitoring in extragastric MALT-
type lymphomas. In a study of 30 patients with extragastric
manifestations of MALT-type lymphoma, Raderer et al.
found that Octreoscan is superior to conventional imaging
techniques in terms of noninvasive evaluation of treatment
efficacy [53]. In addition, it allows distinction between gastric
versus extragastric origin of the MALT-type lymphoma in
patients with lesions located outside the GI tract. While no
positive scans were obtained in patients with gastric MALT-
type lymphomas irrespective of size and stage, excellent
visualization of lymphomas originating in extragastric sites
could be achieved usingOctreoscan [54]. Furthermore, it was
suggested that Octreoscan may identify patients suitable for
therapy with labeled or unlabeled somatostatin analogues;
however, no clinical studies have yet supported this idea. In
another study, Li et al. compared 67Ga scintigraphy results
with those obtained by 111In-DOTA-DPhe

1-Tyr3-octreotide
and 111In-DOTA-lanreotide scintigraphy, which were two
octreotide analogues, in 18 patients with proven MALT-
type lymphoma [55]. Although there were no statistically
significant differences in patient- and site-related sensitivities
among three radiotracers, the sensitivity of 111In-labeled
compounds tended to be superior to that of 67Ga scintigraphy
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Figure 2: The uptake and efflux of 99mTc-sestamibi and 99mTc-tetrofosmin in tumor cells.

for infradiaphragmatic involvement but inferior for supradi-
aphragmatic lesions.

3. Radiopharmaceuticals for
Radioimmunotherapy Management

Low-grade lymphomas are refractory to most treatments,
and each subsequent treatment is less effective. Radioim-
munotherapy with a tumor-specific antibody conjugated to a
beta-emitting radioisotope will deliver radiation not only to
tumor cells that bind to the antibody, but also, due to a cross-
fire effect, to neighboring tumor cells that are inaccessible to
the antibody or with insufficient target-antigen expression.
At present, the most successful radioimmunotherapy agents
for lymphomas are radiolabeled anti-CD20monoclonal anti-
bodies such as 90Y-labeled Zevalin (Ibritumomab Tiuxetan)
and 131I-labeled Bexxar (Tositumomab) [56]. CD20 is a
transmembrane protein that acts as a calcium channel and
plays an important role in cell cycle progression and differ-
entiation of normal and malignant B-cells. CD20 is present
in the lymphoma cells in more than 90% patients with B-cell
NHL, and it is not expressed on uncommitted hematopoietic

precursor stem cells. When anti-CD20 antibodies bind to
the antigen, they induce apoptosis, antibody-dependent cel-
lular cytotoxicity, and complement-dependent cytotoxicity in
lymphoma cells [57]. Therefore, CD20 is a suitable target for
imaging and treatment of NHL. Clinical practices have indi-
cated that radioimmunotherapy using Zevalin and Bexxar is
an effective and safe adjunctive treatment for patients with
NHL refractory/relapsed to conventional treatment [56–61].
Next we introduce three radiolabeled anti-CD20 antibodies:
Zevalin, Bexxar, and 131I-rituximab. Zevalin and Bexxar have
been approved by FDA while 131I-rituximab is still under
clinical trial.

3.1. Radiolabeled Zevalin. Zevalin (Ibritumomab Tiuxetan)
is a murine IgG

1𝑎
kappa monoclonal antibody that binds

specifically to the CD20 antigen on normal and malig-
nant B-lymphocytes [62]. It is the first radioimmuno-
conjugate approved by US FDA in 2002 and Europe in
2004 for radioimmunodiagnosis (111In-Zevalin) or radioim-
munotherapy (90Y-Zevalin) in patients with follicular NHL
refractory to rituximab. By using the chelator Tiuxetan (MX-
DTPA), 111In (gamma emitter; 𝑡

1/2
= 67.2 hrs) and 90Y
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(pure beta emitter; 𝑡
1/2
= 64 hrs) can be stably linked

to Ibritumomab for imaging and treatment, respectively. In
fact, 111In-Zevalin scan is required for 90Y-Zevalin therapy
by US FDA to measure organ-specific accumulation and
determine whether pretreatment dosimetry is necessary. In
the FDA approved protocol, 250mg/m2 unlabeled rituximab
is given to the patient 48–72 hrs prior to performing the 111In-
Zevalin scan (5mCi/1.6mg) in order to minimize uptake
of 111In-Zevalin in normal tissues and blood mononuclear
cells [63]. The patients with relapsed low-grade, follicular,
or transformed B-cell NHL can be treated in an outpa-
tient setting with a reported response rate of 74% with
no significant adverse side effects. Interestingly, Iagaru et
al. observed an inverse correlation between the extent of
disease visible on 111In-Zevalin scans and the response
to 90Y-Zevalin in 28 NHL patients, with a higher rate of
complete response observed to 90Y-Zevalin in patients with
negative 111In-Zevalin findings and a higher rate of disease
progression noted despite therapy in patients with positive
111In-Zevalin findings [64]. However, these findings need
to be confirmed in a larger prospective trial. In addition to
the aforementioned NHLs, Iwamoto et al. demonstrated the
feasibility of 111In/90Y-Zevalin in treatment management in 6
patients with primary CNS lymphoma in a pilot study [65].
They showed that 111In-Zevalin could penetrate into CNS
lymphoma at higher levels than into normal brain; however,
90Y-Zevalin administration with a 33% response rate did not
represent an ideal treatment to patients.

As described previously, 111In-Zevalin is required for
radioimmunodiagnosis in the United States, but not most of
the European countries. In the recent paper by Otte, he dis-
cussed and listed the reasons for not requiring 111In-Zevalin
before radioimmunotherapy as follows: (1) 90Y-Zevalin dose
is only based on patient’s body weight and platelet count [66];
(2) the rate of truly altered biodistribution is very rare, with
only 6 out of 953 patients (0.6%) according to the report by
Conti et al [67]; (3) the correlation between 111In-Zevalin and
90Y-Zevalin distribution is only partly correct because partial
disassociation of 90Y and 111In from the immunoconjugate
may occur in vivo, and the free 90Y deposits on bone surfaces
while free 111In preferentially goes to the germ cells of testes
[68]; (4) the dosimetry study in clinical trials has shown no
correlation between toxicity and the absorbed dose, and all
absorbed dosages remained well below the thresholds of 4Gy
for the bone marrow and 20Gy for other organs [69].

Perk et al. first radiolabeled Zevalin with a PET radioiso-
tope zirconium-89 (89Zr; 𝑡

1/2
= 78.4 hrs) in order to quantify

90Y-Zevalin biodistribution and dosimetry more accurately
for high-dose radioimmunotherapy [70]. Because Tiuxetan
does not bind to the four-valent 89Zr, the authors introduced
N-succinyldesferal (N-sucDf) as a second chelator to Zevalin.
Recently, Rizvi et al. reported a pilot study showing that
pretherapy PET scan with 89Zr-Zevalin could be used to
accurately predict radiation dosimetry for treatment with
90Y-Zevalin in 7 patients with relapsed B-cell NHL scheduled
for autologous stem cell transplantation [71]. However, the
highest absorbed dose of 89Zr-Zevalin was found in liver, but

not in spleen as that of 111In-Zevalin, suggesting a different
biodistribution between two radiotracers [72].

3.2. 131I- Tositumomab (Bexxar). Tositumomab is a murine
IgG2a anti-CD20 monoclonal antibody, and its 131I-labeled
form has been approved in US in 2003 for the treatment of
patients with CD20 positive follicular NHL, with andwithout
transformation, whose disease is refractory to rituximab and
has relapsed following chemotherapy [73]. Different from
the weight-based dosing 90Y-Zevalin, the gamma photons
emitted by 131I allow for applications in planar or SPECT
imaging, while the comparatively long half-life (8.01 days) of
131I confers patient-specific calculation of the radioactivity
that needs be administered to achieve desired therapeutic
effects [74]. In addition, 131I has a tighter distribution of
tumor-absorbing doses of radiation for a given tumor site
and is predicted to be more efficacious in the treatment of
lung nodules, particularly those with radii less than 2 cm,
presumably due to the shorter path length of 131I.This finding
may be of particular relevance to small tumor foci near
normal tissues, if it can be extrapolated beyond lungs [75].

Because 131I-labeled antibody clearance varies signifi-
cantly among patients, prescription of 131I- Tositumomab
(product name Bexxar) activity must be based on a cal-
culated total-body dose derived from quantitative whole-
body imaging. Briefly, patients first receive an infusion of
unlabeled Tositumomab to optimize the biodistribution and
tumor-targeting of Bexxar. After 1 hr, Bexxar (5mCi) is
administered, and patients then undergo dosimetric whole-
body imaging on at least three occasions during the fol-
lowing week [76]. This approach is necessary to ensure
that a therapeutic dose is delivered and to reduce the risk
of treatment-related toxicity. Once the minimum required
activity being calculated, patient receives a second infusion
of unlabeled Tositumomab, followed by the therapeutic
radiolabeled Bexxar, usually 1-2 weeks after the dosimetric
study [77]. The maximum tolerated total body dose has been
established at 75 cGy in patients with adequate bone marrow
reserves and less than 25% bone marrow involvement by
lymphoma, 65 cGy in patients with mild thrombocytopenia,
and 45 cGy in patients who have received stem cell transplan-
tation [77]. The optimal time to initially assess the response
after Bexxar therapy remains unclear so far. And yet, Jacene et
al. found that a response at 12weeks after treatment correlated
with long-term survival, and therefore they proposed this
time point for initial treatment evaluation [74].

Iagaru et al. compared Bexxar with 90Y-Zevalin in the
management of 67 patients with low-grade refractory or
relapsedNHL [78]. Both treatments provided an effective and
safe adjunctive therapeutic regimen for the patients; however,
90Y-Zevalin appeared to be more effective than Bexxar in
terms of objective, complete, and partial responses, but
with a higher frequency of adverse effects. Nevertheless, no
statistical significance was obtained from this retrospective
study due to small number of patients. Jacene et al. performed
a similar study and concluded that both drugs were well
tolerated, but Bexxar caused significantly less severe declines
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in platelet counts and therefore may be a more appropriate
choice for patients with limited bone marrow reserve [74].

3.3. 131I-Rituximab. Rituximab is a chimeric IgG1 kappa anti-
CD20 antibody that mediates complement- and antibody-
dependent cytotoxicity in vitro. In fact, the introduction
of rituximab has truly revolutionized the management of
patients with B-cell NHL [79]. In addition to serving as a
single agent as standard therapy for relapsed or refractory
indolent NHL, rituximab has also been used in combination
with CHOP chemotherapy (cyclophosphamide, doxorubicin,
vincristine, and prednisone) in treatment of both indolent
and aggressive NHLs.

Similar to Bexxar, rituximab can be radiolabeled with
131I through a relatively simple mAb radioiodination pro-
cedure without the requirement of chelators. 131I-rituximab,
however, has a higher whole body radiation dose as well as
mean biological and effective whole body half-life compared
with Bexxar (85 hrs versus 56 hrs) [80–82]. In a physician-
sponsored Phase II trial, Turner et al. found that 131I-
rituximabwas effective with an objective response rate (ORR)
of 71% in 35 patients with a median followup of 14 months.
Completed remission (CR) was achieved in 54% of the
patients with median duration of 20 months. These results
were similar to those of Bexxar (ORR: 71%, CR: 34%, median
progression free survival: 12 months for all responders and
20 months for CR patients) [76]. In another pilot study in 7
mantle cell lymphoma patients who had relapsed after high-
dose chemotherapy with autologous stem cell transplanta-
tion, Behr et al. performed the treatment with myeloablative
doses of 261–495mCi of 131I-rituximab and found that this
high-dose therapy appeared to be associated with a high
response rate. However, 5 of 7 patients developed hypothy-
roidism in this trial despite thyroid blocking, suggesting the
moderate toxicity of myeloablative dose of 131I-rituximab
[59]. Leahy and Turner reported the largest-to-date single-
center routine clinical study with 142 consecutive patients
who received 131I-rituximab radioimmunotherapy for low-
grade, predominantly follicular, relapsed NHL in 10 years.
Toxicity was limited to hematologic grade 4 neutropenia, the
ORR was 67%, CR was 50%, and overall median survival
was 32 months [61]. Taken together, the current data with
nonmyeloablative and myeloablative treatment using 131I-
rituximab clearly suggest that 131I-rituximab can achieve high
ORR and CR rates in relapsed or refractory NHLs, and both
the hematologic and nonhematologic toxicities are similar to
Bexxar, as long as critical radiation doses of 75 cGy to the
total body (for nonmyeloablative) or 2700 cGy to lung (for
myeloablative) are not exceeded [83].

4. Non-FDG Radiotracers under
Preclinical Development

4.1. 124I/64Cu-Labeled Anti-CD20 Minibody. The currently
available immunoPET tracers are all based on intact
antibodies, and as a result, days are required for the activity

levels to drop sufficiently to allow acceptable target-to-
background ratios [84]. Therefore, redesigning antibodies
without compromising their specificity by reducing their
size is of high interest from many research groups recently.
Olafsen et al. developed 124I-labeled recombinant anti-CD20
rituximab fragment (scFv-CH3 dimer; 80 kDa) and evaluated
it with PET/CT in mice bearing human CD20-expressing
lymphoma.They found that this agent termed as radiolabeled
“minibody” had exceptional high-contrast PET images with
fast blood clearance in vivo. The average uptake in CD20-
positive tumors was 12.9 ± 3.4%ID/g, and the ratio of CD20-
positive tumor to CD20-negative tumor uptake was 7.0 ±
3.1 at 21 hr, suggesting its high specificity to target CD20.
The authors also radiolabeled this minibody with 64Cu using
chelator DOTA; however, its tumor uptake was not as good as
that of 124I-labeled compound because of the residual activity
in CD20-negative tumors and the liver [84].

4.2. 18F-Labeled Isatin Sulfonamide (18F-ICMT-11). The
capacity to evade apoptosis has been defined as one of
the hallmarks of cancer. Therefore, monitoring tumor
cell death induced by anticancer treatment can provide
important predictive value in routine patient management
or early clinical trials. During apoptosis, the activation of
caspases, a family of cysteine proteases, induces the DNA
degradation, which is themost noticeable and specific feature
of apoptosis. And caspase-3, the central effector caspase, has
been identified as an attractive biomarker of apoptosis. Isatin-
based isatin 5-sulfonamide (ICMT-11) has been identified as
a caspase inhibitor with subnanomolar affinity for caspase-3,
high metabolic stability, and moderate lipophilicity [85].
Nguyen et al. radiolabeled ICMT-11 with 18F, and investigated
its ability to image the drug-induced tumor apoptotic
process in 38C13 murine B-cell lymphoma models. They
demonstrated that 18F-ICMT-11 could bind to lymphoma
in vivo by up to 2-fold at 24 hr posttreatment compared
to vehicle treatment, and this increased signal activity was
associated with increased apoptosis [86]. Although these
preliminary results were very promising, more preclinical
studies should be conducted to further warrant the usefulness
of this radiotracer in imaging lymphoma.

4.3. Radiolabeled LLP2A Analogues. The integrins play a
crucial role in lymphocyte homing and passing through
the lymphocyte endothelial wall or to inflammation sites
and may contribute to dissemination of NHL. One of its
subtypes integrin 𝛼4𝛽1, expressed in human hematopoietic
cells, regulates lymphocyte trafficking. It is also found
widely expressed in leukemia, lymphoma, melanoma, and
sarcomas [87]. N-[[4-[[[(2-ethylphenyl) amino]carbonyl]
amino]phenyl]acetyl]-N(epsilon)-6-[(2E)-1-oxo-3-(3-pyrid-
inyl-2-propenyl)]-l-lysyl-l-2-aminohexanedioyl-(1-amino-1-
cyclohexane)carboxamide (LLP2A) is a high-affinity, high-
specificity peptidomimetic ligand that binds the activated
𝛼4𝛽1 integrin [88]. Denardo et al. synthesized 7 different
111In- or 64Cu-labeled LLP2A derivatives and investigated
their imaging potentials in Raji Burkitt lymphoma model
(𝛼4𝛽1-positive) [88]. In this study, they concluded that the
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DOTA-chelated derivative 111In-LLP2A-DOTA exhibited
the best tumor-to-nontumor ratios and showed the greatest
potential for planar and SPECT imaging targeting the 𝛼4𝛽1
in human lymphoma, and its 64Cu-labeled counterpart also
demonstrated excellent tumor targeting competency in
PET scans at both 4 hr and 24 hr, which warrants further
investigations [88]. The same group recently reported two
99mTc-labeled LLP2A derivatives 99mTc-LLP2A-HYNIC
and 99mTc-LLP2A-HYNIC-PEG and evaluated their safety
and imaging potentials in NHL-bearing dog model. Both
tracers showed moderate tumor uptake over background,
and tumor uptake in canine B-cell lymphoma decreased after
chemotherapy [89].

5. Summary

In this review, we have discussed the clinically used non-FDG
radiopharmaceuticals for PET and SPECT imaging of lym-
phoma, as well as the radiotracers currently under preclinical
development. In addition, we have introduced several com-
mon radiopharmaceuticals for radioimmunotherapy, which
is another crucial component for lymphoma treatment and
management. One issue we would like to point out here is
that most of the clinically used SPECT radiopharmaceuticals
have not been evaluated with the hybrid SPECT/CT system,
which can provide higher sensitivity and specificity through
a better definition of organs involved in radiotracer uptake
and determination of their precise relationship with adja-
cent structures [90]. Therefore, we suggest that the clinical
studies of SPECT-based radiotracers should be validated by
SPECT/CT in future. Furthermore, as noted, most of the
radiopharmaceuticals we introduce here are designed based
on a specific cancer biomarker such as increased DNA syn-
thesis, upregulated amino acid transporter or somatostatin
receptor expression, specific CD20 expression in B-cells, and
cellular apoptosis. We believe that the advances in molecular
biology of lymphoma research can lead to an increased
understanding of the cancer biomarkers that contribute to
lymphoma progression and thus warrant the development of
more personalized and specific lymphoma-targeted imaging
agents and treatments.
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Neoadjuvant chemotherapy (NAC), also termed primary, induction, or preoperative chemotherapy, is traditionally used to down-
stage inoperable breast cancer. In recent years it has been increasingly used for patients who have operable cancers in order to
facilitate breast-conserving surgery, achieve better cosmetic outcome, and improve prognosis by reaching pathologic complete
response (pCR).Many studies have demonstrated thatmagnetic resonance imaging (MRI) can assess residual tumor size afterNAC,
and that provides critical information for planning of the optimal surgery. NAC also allows for timely adjustment of administered
drugs based on response, so ineffective regimens could be terminated early to spare patients from unnecessary toxicity while
allowing other effective regimens to work sooner. This review article summarizes the clinical application of MRI during NAC.
The use of different MR imaging methods, including dynamic contrast-enhanced MRI, proton MR spectroscopy, and diffusion-
weighted MRI, to monitor and evaluate the NAC response, as well as how changes of parameters measured at an early time after
initiation of a drug regimen can predict final treatment outcome, are reviewed. MRI has been proven a valuable tool and will
continue to provide important information facilitating individualized image-guided treatment and personalized management for
breast cancer patients undergoing NAC.

1. Clinical Significance and Concerns of NAC

Neoadjuvant chemotherapy (NAC) has become an impor-
tant alternative treatment modality for breast cancer. NAC
can downstage cancers and render them operable and/or
facilitate breast-conserving surgery (BCS) [1–4]. In patients
with inoperable locally advanced breast cancer, NAC is the
standard of care and has been shown to improve both disease-
free survival and overall survival. Patients with operable
cancer may also choose to receive NAC to facilitate BCS [4–
6]. In a meta-analysis of 14 randomized trials consisting of
5,500 women comparing NAC first followed by surgery and
surgery first followed by adjuvant chemotherapy for operable
breast cancer, it was found that, although overall survival
was equivalent in these two groups, the mastectomy rate was

lower in the NAC group without hampering local control.
NAC was also associated with fewer adverse effects [5].

As more effective therapies have become available, the
main target of NAC has gone beyond down staging to a more
far-reaching purpose of achieving pathological complete
response (pCR). Emerging evidence suggests that induction
of a pCR, or minimal residual cancer burden near pCR, is
predictive of favorable long-term survival [6–8]. Depending
on the treatment protocol, different chemo-regimens are used
in combination or in a sequential order. A complete course of
NAC usually takes several months. Patients receiving NAC
do not always respond well. If a patient is not responding
well to a certain regimen, the oncologist may change the
drugs timely, not only to avoid unnecessary drug-related
toxicity and complications, but also to allow the new regimen
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to work sooner. It is therefore critical to find a reliable
method for assessing patient’s response at an earlier time.
With more effective therapy regimens, even large locally
advanced tumors can be treated to achieve pCR or minimal
residual disease, and as such another important role of
imaging is to predict the residual disease after NAC so the
results can be used for surgical planning. When MRI can
confidently diagnose that the cancer has completely remised
or shrunk to a minimum disease, a small lumpectomy is
usually sufficient, and that will likely lead to a good cosmetic
outcome after surgery. An example of how NAC can change
the surgery from mastectomy to lumpectomy is given in
Figure 1.

Research evidence has suggested that BCS after NAC
results in acceptable low rates of locoregional or ipsilateral
recurrence in appropriately selected patients, even in those
with T3/T4 ormultifocal/multicentric cancers [9–11]. Factors
that predict early recurrence include residual pathologic
tumor size >2 cm, multifocal tumor, and lymphovascular
invasion [12]. Therefore, an accurate pre- and post-NAC
disease staging is very important for selecting the optimal
patients suitable for breast-conserving surgeries, without
subjecting them to the high risk of recurrence [9–15]. Current
methods for assessing treatment response include clinical
examination (palpation), sonography, mammography, MRI,
and molecular imaging. Because the reliability of traditional
methods (physical examination, mammography, and ultra-
sonography) is questionable [13–16], MRI is increasingly
being used to evaluate response of breast cancer undergoing
NAC. MRI-measured tumor size after NAC has been proven
to be well correlated with pathologically determined tumor
size after completing therapy, and early change of tumor
size has been shown to be a good response indicator [16–
19]. However, changes in lesion size on MRI are usually not
detected until several weeks following chemotherapy [18]. If
early surrogate response indicator could be established to
predict final treatment outcome, it would help to allow timely
adjustment of drug regimens and achieve the goal of pCR.

2. Breast MRI Methods for
NAC Response Evaluation

Dynamic contrast-enhanced MRI (DCE-MRI) is the current
standard for breast MR imaging. The enhancement kinetics
can be evaluated using 3 distinct features, the wash-in phase,
themaximum enhancement, and the wash-out phase. Several
heuristic parameters can be analyzed from the curve, such
as wash-in slope (maximum slope, or the slope within a
time period), the maximum percent enhancement, time to
maximum, and the wash-out slope (within a time period).
A more sophisticated analysis method is to perform phar-
macokinetic analysis based on two compartmental models,
such as the widely used unified Tofts model [20, 21]. The two
compartments are the vascular space and the interstitial space
(or the extravascular-extracellular space), with the transfer
constant 𝐾trans to leak from the vascular to the interstitial
space and the rate constant 𝑘ep from the interstitial space back
to the vascular space. In addition to diagnosis, another major
application of DCE-MRI is for predicting response of breast
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Figure 1: A 35-year-old patient with invasive ductal cancer in the
left breast. From (a) to (c), the maximum intensity projection (MIP)
images of pretreatment, F/U-1, and F/U-2 MRI are shown. Despite
the large tumor, the boundary is clearly visible and this is a mass
lesion. The diagnosed tumor size before treatment is 8.4 cm. This
cancer is considered as inoperable and is recommended to receive
NAC. After 2 cycles of treatment the tumor has shrunk to 1.2 cm,
and the size is further decreased to 0.6 cm after completing NAC.
WithoutNAC this patient will needmastectomy andwill have a high
risk of positive margin. NAC allows this patient to receive breast-
conserving surgery, with a good cosmetic outcome.

cancer undergoing NAC. It is well known that the cancer
therapy also causes vascular damage, and the enhancement
kinetic pattern will change from the wash-out pattern to a
less aggressive pattern of plateau or persistent enhancement
[22]. In general, when there is tissue enhancement within the
previous tumor bed after NAC, it is considered as residual
disease regardless of the DCE kinetic pattern.

There are attempts to investigate whether information
provided by MRI may serve as earlier response indicators
than the size change. The parameters included percent
enhancements measured at different times during the DCE
imaging period, initial area under the curve, and pharma-
cokinetic parameters (such as 𝐾trans and 𝑘ep) measured by
DCE-MRI; apparent diffusion coefficient (ADC) measured
by diffusion-weighted imaging (DWI); and choline and
water : fat ratiomeasured by protonMR spectroscopy (MRS).
These imaging parameters aremeasured in pretreatmentMRI
and early follow-up MRI (after one or two cycles of NAC) to
predict the final response. Final MRI following the com-
pleteness of NAC treatment is very important in evaluating
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the residual tumor size hence an optimal surgical plan can
be chosen. Besides focusing on evaluation of tumor itself,
recently, there has been increasing interest in the evaluation
of normal breast tissue, such as background parenchymal
enhancement [23–30] and breast density [31]. In the following
sections we will describe the measurement of these imaging
parameters at different times during NAC and their clinical
roles in improving management of patients.

3. Pretreatment MRI for Predicting
NAC Response and Prognosis

Most NAC imaging studies focused on evaluating post-
treatment responses. However, the features of tumors in
pretreatmentMRI are known to be associated with treatment
responses. It was noted that large tumor size, a diffuse lesion
withoutmass effect, and high intratumoral signal intensity on
T2-weighted MR images were significantly associated with
chemoresistance. Mass lesions showing the wash-out DCE
kinetic pattern were significantly associated with chemosen-
sitivity [32]. Similarly, in a study of triple negative tumors,
it was noted that an irregularly shaped lesion (𝑃 = 0.018)
and the presence of clear intra-tumoral necrosis (𝑃 = 0.044)
were significantly associated with poor NAC response [33].
In a meta-analysis of nine studies, it was noted that several
pretreatment MR parameters could differentiate between
responders and nonresponders [34]. Predictive role of these
parameters measured using different MR imaging methods
will be described later in subsections.

Pretreatment DCE-MRI parameters had also been used
to predict disease-free and overall survival for breast cancer
patients receiving NAC [35]. Overall, a more aggressive
disease with a larger tumor and higher angiogenic properties
was associated with worse prognosis. It was noted that, in
patients who exhibit high levels of vascular perfusion and
permeability in pretreatment DCE-MRI, significantly lower
disease-free survival (DFS) and overall survival (OS) are
expected [35]. Univariate survival analysis has revealed that
certain empirical DCE-MRI parameters (including maxi-
mum enhancement, enhancement at an early time, wash-in
slope, and area under the initial curve) showed significant
association with both DFS and OS [35]. In another study,
a significant correlation between the total enhancing tumor
volume and 5-year survival was found (𝑃 < 0.05) [36]. It
was shown that a two-dimensional discriminator considering
both the total enhancing tumor volume and the tumor
volume showing wash-out DCE pattern further improved the
prediction of survival, with𝑃 < 0.001 differentiating between
survivors and nonsurvivors [36]. Similarly, in a study of 62
patients, pretreatment extravascular extracellular volume 𝑉

𝑒

(𝑃 = 0.027) and mean transit time (MTT) (𝑃 = 0.002) were
associated with disease-free survival [37].

4. Early Response Predictors Using
Different MR Imaging Methods

4.1. DCE-MRI. There is discrepancy in the published data
regarding the usefulness of pharmacokinetic parameters in
predicting NAC response [38–41]. Some found that they

could predict final response earlier than the size measure-
ment did [40], but others did not [39, 41]. The explanation
for these variations in reported data is multifactorial: patient
number, tumor type, chemotherapeutic agent, the follow-up
imaging time of MRI after commencing therapy, and the
analysis methods, have all varied. Yu et al. [41] found that
the changes of 𝐾trans or 𝑘ep after one cycle of AC by itself
could not provide better information than the early tumor
size change to predict response, but they could be combined
with size change to better differentiate responders from
nonresponders. Figure 2 shows 3 case examples. In this study
by Yu et al., the DCE kinetics was measured by manually
drawing a region of interest (ROI) based on the enhanced
tumor, and only subtle changes in the DCE patterns were
noted between pretreatment and after 1 cycle of AC follow-
up MRI, but these changes could not differentiate between
responders and non-responders after completing 4 cycles of
AC. It was concluded that the followup performed soon after
1 cycle of AC (within 2 weeks after starting of treatment) was
too early. Another study showed significant early reduction
in both 𝐾trans and 𝑘ep in responders compared to non-
responders [40]. Changes in 𝑉

𝑒
and 𝐾trans were significantly

different between non-, partial-, and complete responders
(𝑃 = 0.009 and 𝑃 = 0.04, resp.) [42]. Breast tumor is highly
heterogeneous and the ROI-based analysis cannot provide
detailed information about the responses in different parts of
tumor. Therefore, for the purpose of evaluating therapeutic
changes, the most useful analysis method is to perform pixel-
by-pixel analysis of the DCE enhancement kinetics, and
the obtained histograms for the analyzed parameters can
be compared between studies performed before and after
therapy to evaluate changes [22, 39].

Other than predicting the efficacy of cytotoxic chemo-
therapy, the more attractive role of DCE-MRI is to evalu-
ate the response of antiangiogenic or antivascular therapy
[43–48]. Evidence from phase I and II studies strongly
suggests that 𝐾trans can be used as a predictive biomarker
to determine response to antiangiogenic drugs or vascular
disruptive agents, with a change in𝐾trans of greater than 40%
considered as the threshold required to represent definitive
response [49]. The most widely used antiangiogenic agent,
trastuzumab (Avastin), is a monoclonal antibody that neu-
tralizes the vascular endothelial growth factor (VEGF) to
inhibit angiogenesis, and it has been used for treating
breast cancer in neoadjuvant setting. DCE-MRI provides a
means for assessing the treatment-induced vascular changes
to investigate the early therapeutic response to this targeted
drug [50]. It may provide insightful information to evaluate
the efficacy of drugs in clinical trial phases and to guide the
design for future studies. However, since bevacizumab was
often combined with chemotherapy for breast cancer treat-
ment, the combined cytotoxic and antiangiogenic effectswere
observed, and as such the role of DCE-MRI for predicting the
sole efficacy of bevacizumab could not be established.

4.2. Proton MR Spectroscopy. 1H-MRS can be used to detect
the elevated choline concentration in breast cancer. High
levels of choline-containing metabolites (referred to as total
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Figure 2: The DCE kinetics measured at baseline before treatment and after 1 cycle of chemotherapy from 3 case examples. From top to
bottom, the maximum intensity projection (MIP) images of pretreatment, F/U-1 MRI after 1 cycle of treatment, and F/U-2 MRI after 4 cycles
of treatment are shown. (a) A responder after 1 cycle of AC regimen, which shows a slower wash-in and a slower wash-out after chemotherapy.
(b) A confirmed responder after 4 cycles which has not yet shown a good response after 1 cycle, but the change of DCE kinetic is similar to the
responder in (a) thus indicating that it may be a responder.The follow-upMRI is performed 8 days after the administration of chemotherapy,
which may be too early to show size change. (c) A nonresponder which does not show tumor shrinkage after 4 cycles of AC treatment, and
the DCE shows a faster wash-in and a faster wash-out after 1 cycle of chemotherapy. However, despite the noticeable differences in the DCE
patterns, the changes are subtle.

choline or tCho) are mainly due to the increase of phospho-
lipidmetabolism and cellularmembranes proliferation.Many
studies have investigated the role of 1H-MRS for therapy
response prediction but inconsistent results were reported
[51–58].Therefore, the value ofMRSwas not well established,
partly due to its technical difficulty in quantification [51–
53]. In early studies, Kvistad et al. [51] and Jagannathan
et al. [52] demonstrated that 1H-MRS at 1.5 T was useful to
assess the response of locally advanced breast cancer to NAC.
They, however, used qualitative observations not quantitative
measurements of tCho concentration to monitor changes.
Meisamy et al. [53] reported a quantitative 1H-MRS study in
13 patients using a 4.0 T scanner and found that the change in
tCho level within 24 hours was significantly different between
the responder and the nonresponder groups; however, this
result could not be further verified by other studies. Baek
et al. reported significant difference in tCho level between
clinical responders and non-responders evaluated based on
the size changes at a later time [54]. In a follow-up study by

Baek et al. [55] using pathologic response as the outcome,
it was found that the tCho changes were greater than the
tumor size changes in the pCR group in both F/U-1 (after
3-4 weeks) and F/U-2 (after 6–8 weeks) studies but not in
non-PCR group. The results suggested that, when the tCho
reduction was higher than the tumor size reduction, the
tumor was more likely to achieve pCR [55]. However, as
the treatment continues, the change in tumor size halfway
through therapy (6–8 weeks) was themost accurate predictor
of pCR, with area under the ROC curve of 0.9, while that
for the change in tCho was 0.73. Example of a pCR case is
shown in Figure 3, and a non-pCR case is shown in Figure 4.
Tozaki et al. showed that, after one cycle of chemotherapy,
a reduction in the choline signal was more sensitive than
DW-MRI in demonstrating pathological response [56, 57].
It was also shown that the changes in Cho after the second
cycle of chemotherapy may be more sensitive than changes
in the tumor size to predict the pathological response [56].
Another study found that a significant decrease in tCho SNR
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(a) (b)

(c) (d)

Figure 3: A 41-year-old patient with amass lesion (invasive ductal cancer) in the left breast. From (a) to (d), themaximum intensity projection
(MIP) images of pretreatment, F/U-1, F/U-2, and F/U-3 MRI are shown. The tumor size is 4.0 cm before treatment, which shrinks down to
2.7 cm in F/U-1 (32% reduction), 1.2 cm in F/U-2, and reaches a complete response in F/U-3 after completing NAC.This patient is confirmed
as pCR in post-NAC pathological examination. The total choline concentration measured by MRS is [tCho] = 2.33 ± 0.54mmol/kg before
therapy, which decreases to 1.15 ± 0.25mmol/kg in F/U-1, showing 51% reduction. Tumor size is too small in F/U-2 and F/U-3 for MRS
measurements. For this pCR case, the tumor size reduction is 32% at F/U-1, and [tCho] reduction is greater at 51%.

(a) (b)

(c) (d)

Figure 4: A 29-year-old patient with non-mass-like enhancement lesion in the left breast. From (a) to (d), the maximum intensity projection
(MIP) images of pretreatment, F/U-1, F/U-2, and F/U-3 MRI are shown. The extent of tumor size is 8.2 cm before treatment, remains about
the same at 8.0 cm in F/U-1, shrinks down to 4.5 cm in F/U-2, and progresses again to 6.2 cm in F/U-3. The choline measured by MRS shows
[tCho] = 0.77 ± 0.11mmol/kg before treatment, which decreases to 0.20mmol/kg in F/U-1, and then increases to 1.01mmol/kg in F/U-2, and
further increases to 1.70mmol/kg in F/U-3.The transient decrease of tCho in F/U-1 precedes the size reduction observed later in F/U-2. And
then the increase of tCho in F/U-2 indicates treatment failure, and the tumor grows larger in F/U-3.

was detected after treatment, but responders could not be
distinguished from non-responders [58]. It was concluded
that, with the currently observed low choline detection rate,
technological challenges related to choline detection have to
be resolved before MRS can provide a reliable quantitative
imaging biomarker for predicting NAC response [58].

Performing MRS quantification over a course of treat-
ment is particularly challenging because it is known that

water content and T2 vary under normal physiological
conditions [38]. In addition, as the lesion shrinks, it is more
difficult to quantify tCho because there is less tumor tissue to
be measured. This is an inherent problem with the relatively
low sensitivity of 1H-MRS compared with MRI, which limits
the utility of 1H-MRS. Further work is also necessary to
account for the changes of water T2 relaxation rate, which
also decreases in successful therapy. Other than tCho, several
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studies also reported an association between the water : fat
ratio measured by MR spectroscopy with NAC response [38,
59–61]. As tumor shrinks, thewater contentwill decrease, and
the ratio to the fat content may serve as a response indicator.
Manton et al. found that, while pharmacokinetic parameters
and ADC could not detect early treatment response, early
changes in water : fat ratios and water T2 relaxation time did
demonstrate substantial prognostic efficacy after two cycles of
NAC [38]. However, many factors other than tumor response
may also affect the water : fat ratios and water T2 measure-
ments, and these two parameters were not considered as
reliable response indicators either.

4.3. Diffusion-Weighted Imaging. DW-MRI is developed to
probe the microscopic motion of water molecules, and the
measured apparent diffusion coefficient (ADC) is sensitive to
cell density, membrane integrity, and tissue microstructure
[62]. Tumors, in general, have a high cell density with
restrictedwater diffusion.The decease of cellular density after
NAC will lead to increased ADC, and that shows promise
as an early surrogate biomarker for detecting early response
before tumor shrinkage occurs. In a meta-analysis of 6
studies, DW-MRI sensitivity was 0.93 (95%CI 0.82–0.97) and
specificity was 0.82 (95% CI 0.70–0.90) [63] in predicting
pathological response. Induction of successful apoptosis will
result in loss of cell membrane integrity, and the altered
barrier will allow more free water diffusion, which can be
used as a very early sign of treatment response. The later cell
death and shrinkage will increase extracellular space, which
translates to a rise in the ADC value of up to 35% [64–66].

The initial results using ADC as a predictor were encour-
aging, showing earlier change than size reduction [64–67]. It
was noted that the change in ADC after the first cycle was
statistically significant compared with the change in tumor
volume or diameter [65]. The coupling of the diffusion
imaging with the established morphological MRI provides
superior evaluation of response to NAC compared with mor-
phological MRI alone [68]. Changes in MRI-derived tumor
diameter andADC after only one cycle of NAC could provide
a valuable tool for early evaluation of treatment effects [69,
70]. ADC measured after four cycles of NAC was shown to
be a strong independent predictor of pCR [71]. After 3–6
cycles of NAC, the best cut-off for differentiating pCR from
non-pCR was a 54.9% increase in the ADC, which could
reach 100% sensitivity and 70.4% (19/27) specificity [72].
However, while ADC can be preciselymeasured formass type
lesions, it is difficult for lesions that present as non-mass-like
enhancements, and it is challenging to useADC to predict the
NAC response for non-mass type lesions [70].

Breast cancer with a low pretreatment ADC tended
to respond better to chemotherapy [73, 74]. There was a
significant negative correlation between pre-chemotherapy
ADC and the percentage change of tumor volume [74]. It
was noted that high ADC values indicate necrotic tissue
with low cellularity [75, 76]. Necrotic areas in tumors are
usually poorly perfused, which may reduce the delivery of
chemotherapeutic agents to the tumor. Furthermore, tumor
tissues near necrotic regions are likely in hypoxic status and
have slower metabolisms and thus less sensitive to cytotoxic

chemotherapy [73]. However, other studies did not find
significant difference in pre-chemotherapy ADCs between
pathologic complete response cases and those with residual
diseases [66, 77]. The conflicting findings may be owing to
different DWI acquisition methods (e.g., 𝑏 value, fat suppres-
sion technique) and methodological differences in measure-
ments of ADC and residual tumor size used in the different
studies [74]. The optimal 𝑏 values for diffusion-weighted
MRI in the breast have not been established yet. While there
was a standard recommended protocol for DCE-MRI of the
breast, there has been no guideline for the DWI scanning
protocol. The imaging parameters and analysis methods all
have a bearing on the measurement of ADC values [66].
Further studies are needed to standardize the protocol, so that
the measured ADC values can be compared across different
studies.

5. Accuracy of MRI in Determining
Residual Disease after Completing NAC

Many studies have investigated the role of breast MRI as a
diagnostic tool for evaluating the extent of residual disease
after NAC [78, 79]. Despite the superior accuracy when com-
pared with other modalities, MRI can over- or underestimate
residual tumor extent. This inaccurate assessment may be
influenced by tumor response, chemotherapeutic agent, or
NAC-induced reactive changes within the tumor [80]. The
general agreement is that MRI is very accurate for mass type
lesions that show clear tumor boundary and present concen-
tric shrinkage after therapy (Figures 5 and 6). In contrast,
MRI is not accurate for non-mass-like enhancement lesions
that are more likely to break up into pieces and present
residual disease as scattered cells or cell clusters (Figures 7 and
8). Invasive lobular cancers and cancers with extensive ductal
carcinoma in situ components are more likely to present
non-mass type lesions, and the accuracy of MRI may be
compromised [81, 82].

Another observation is that the accuracy of MRI is
affected by the molecular characteristics of cancer [81–
90]. HER-2-positive cancer is more aggressive and there is
targeted therapy trastuzumab (Herceptin) available; there-
fore, HER-2-positive cancer generally responds very well to
trastuzumab-containing chemotherapy [81]. When the treat-
ment ismore effective, the rate of achieving pCR is higher, and
it is less likely to present the scattered minimal residual dis-
ease confounding the accuracy of MRI diagnosis. Therefore,
the diagnostic accuracy of post-NAC MRI is generally better
in HER-2-positive-than in HER-2-negative cancer. MRI is
known to have a high false-negative rate in HER-2-negative
patients [81]. For HER-2-negative patients receiving NAC
with and without bevacizumab, the pathological response
and the diagnostic performance of MRI are comparable.
In both groups, MRI has a limitation in detecting residual
disease broken down to small foci and scattered cells/clusters
[82].

Hormonal receptor status (including estrogen receptor
ER and progesterone receptor PR) also affects the response
to chemotherapy and thus the diagnostic accuracy of post-
NAC MRI. In general, hormonal-negative cancer is more
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Figure 5: A 64-year-old patient with awell-circumscribedmass lesion (invasive ductal cancer) in the left breast. From (a) to (c), themaximum
intensity projection (MIP) images of pretreatment, F/U-1, and F/U-2 MRI are shown. The tumor size is 2.5 cm before treatment and shows
concentric shrinkage to 1.8 cm in F/U-1 and further down to 1.1 cm in F/U-2 after completing treatment. The residual tumor size determined
in post-NAC pathological examination is 1.4 cm. For mass lesion that shows concentric shrinkage, MRI is accurate in diagnosing residual
disease.

2.8 cm

4.8 cm node

(a)

1.1 cm

3.3 cm node

(b)

No residual cancer

2.1 cm node

(c)

Figure 6: A 48-year-old patient with a mass lesion (invasive ductal cancer) in the right breast and an enlarged lymph node in the axilla. From
(a) to (c), the maximum intensity projection (MIP) images of pretreatment, F/U-1, and F/U-2 MRI are shown.The size of the primary tumor
in the breast is 2.8 cm before treatment, which shrinks down to 1.1 cm in F/U-1 and reaches a complete response in F/U-2 after completing
NAC. The node is also responding well and shows size shrinkage from 4.8 cm before treatment to 3.3 cm in F/U-1 and to 2.1 cm in F/U-2. In
addition to evaluating the response of primary tumor, MRI can also be used to evaluate the response in the nodes. This patient is confirmed
to reach pCR in the post-NAC pathological examination, with one positive node.
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Figure 7: A 41-year-old patient with non-mass-like enhancement lesion (invasive ductal cancer with lobular features). From (a) to (c), the
contrast-enhanced (subtraction) images selected from the same level in pretreatment, F/U-1, and F/U-2MRI are shown.The tumor boundary
cannot be clearly determined, and thus the extent of the tumor cannot bemeasured precisely.While the disease extent does not changemuch in
F/U-1, it is noticeable that the area of the enhanced tissues is smaller in F/U-2 after completing NAC.The right panel shows the corresponding
color-coded 𝐾trans maps analyzed using pixel-by-pixel pharmacokinetic analysis within the enhanced tumor area, based on the unified Tofts
model. It can be seen that the tumor breaks into two areas that show strong enhancements in F/U-2.The post-NAC pathological examination
shows nearly continuous cancer clusters within a 6.5 cm region. It is typical for a non-mass lesion to show scattered diseases within the original
tumor bed.

aggressive and responds better to chemotherapy, and as
such the diagnostic accuracy of MRI in hormonal-negative
cancer is better than in hormonal-positive cancer. It has been
shown that MRI is more accurate in triple-negative or ER-
negative/HER2-positive disease, but is less accurate in ER-
positive/HER2-negative breast cancer [83–87]. For HER-2-
negative- and hormonal-receptor-positive cancers, they are
more likely to show residual disease as small foci or scattered
cells after NAC leading to underestimation of residual disease
extent on MRI [84]. Another study, however, showed that,
after multivariate analysis, molecular subtype and systemic
regimen administered did not significantly influence the
sensitivity, specificity, PPV, or NPV of MRI in predicting
pathologic response [88]. The morphological appearance of
tumor (mass versus non-mass) may have a more profound
influence on the MRI accuracy than the molecular subtypes.

Since MRI done at 1.5 T showed a high false-negative
diagnosis when the residual tumor was presenting as a scat-
tered pattern with multiple small foci of invasive cancer cells

distributed in a large area [81, 82], it raises a question about
whether a higher spatial resolution using 3 T may improve
the accuracy. A recent study has found that breast MR done
at 3.0 T still has the same limitation as 1.5 T in detection
of small and scattered tumor cell clusters after NAC [84].
The higher field at 3 T comes with worse field homogeneity
and longer T1 relaxation time [91, 92] which may cause
lower signal and show less contrast enhancements leading
to false-negative diagnosis [93–95]. Nevertheless, 3 T with a
higher spatial resolution and signal-to-noise ratio may reveal
more significant findings compared to 1.5 T and provide an
improved assessment of the response to NAC [96]. Recently,
dedicated 7 T breast MRI is proven technically feasible for
monitoring NAC [97]. As more ultrahigh field MRI scanners
become available, it will be interesting to see how this may be
used to improve the accuracy, particularly for the non-mass
lesions that present scattered minimal disease after NAC.

Preliminary results using DWI in assessing residual
tumor extent after completing NAC have been reported [77],
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Figure 8: A 31-year-old patientwith non-mass-like enhancement lesion (invasive ductal cancerwith extensive carcinoma in situ components).
From (a) to (c), the contrast-enhanced (subtraction) images selected from the same level in pretreatment, F/U-1, and F/U-2 MRI are shown.
The tumor boundary cannot be clearly determined, and thus the extent of the tumor cannot be measured precisely. The area of the enhanced
tumor tissues and the degree of enhancement are decreasing with treatment, indicating a good response to the chemotherapy. The right
panel shows the corresponding color-coded𝐾trans maps analyzed using pixel-by-pixel pharmacokinetic analysis. The post-NAC pathological
examination shows scattered cancer cells within a 10 cm region. It is typical for a non-mass lesion to show scattered diseases within the original
tumor bed. Despite the decreased cancer cell density responding to NAC, this patient still needs mastectomy.

which found that the accuracy for depicting residual tumor
was 96% for DWI, compared with an accuracy of 89% for
contrast-enhanced MR imaging (𝑃 = 0.06). The use of
DW imaging to visualize residual breast cancer without the
need for contrast medium could be advantageous in women
with impaired renal function [77]. However, since the spatial
resolution of DWI is often worse than that of DCE-MRI, the
advancement of scanner technology, including better gradi-
ent coil with a higher strength and less geometrical distortion,
is important for DWI to reliably diagnose residual disease
after completing NAC.

In patients who hadmore extensive pretreatment disease,
despite an excellent response to NAC, the surgeons still
tended to apply an aggressive approach and recommended
mastectomy. Given that the confirmation of pCR or minimal
residual disease would change surgeons’ recommendations
for less aggressive, conservation surgery, the maturity of MRI
for NAC response prediction may provide reliable stag-
ing information to aid in the recommendation of the opti-
mal surgical procedure [98].

6. Breast Stromal (Parenchymal)
Enhancement Related to NAC

Background parenchymal enhancement refers to the en-
hancement of the normal breast glandular tissue. Age,
menstrual or menopausal status, and hormonal use can
affect breast glandular tissue enhancements [23–25, 30, 99,
100], and this normal tissue enhancement may impact the
diagnostic performance of breast MRI [28, 99, 101–103]. The
value of normal tissue enhancement in the diseased breast
on MRI was noted to be associated with response to NAC
[104].Higher signal enhancement ratios in breast stroma after
one cycle of chemotherapy are significantly associated with
decreased local recurrence and longer disease-free survival
[104]. A high stromal signal enhancement ratio may reflect
greater microvessel density and thus better delivery of the
chemotherapeutic agent to the tumor, which would result
in a better clinical response and decreased likelihood of
recurrence after surgery [104]. This research area is very new
with little data, andmore research is needed to investigate the
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Figure 9: This is the same 41-year-old patient shown in Figure 3. The cancer is in the left breast, and the breast density is measured from
the normal breast in the right side. From (a) to (d), the non-fat-sat T1-weighted images selected from the same level in pretreatment, F/U-1,
F/U-2, and F/U-3 MRI are shown. It is noticed that the normal breast density decreases with chemotherapy. The measured percent density
(fibroglandular tissue volume divided by the breast volume) is 13.4% before treatment, which decreases to 9.2% in F/U-1 after receiving 2
cycles of AC regimen and further down to 8.7% in F/U-2 and 8.2% in F/U-3.

significance of the background stromal tissue enhancement
during the NAC treatment and prognosis.

7. Reduction of Breast Density following NAC

Breast density is a strong independent risk factor associated
with the risk of developing breast cancer. It was found that an
increase in BI-RADS density category within 3 years is asso-
ciated with an increase in breast cancer risk and a decrease
in density is associated with a decreased risk [105]. Change
in mammographic breast density is an excellent predictor of
response to tamoxifen in the preventive setting [106]. It was
proven that women receiving tamoxifen and experiencing a
10% or greater reduction in breast density had 63% reduction
in breast cancer risk (odds ratio = 0.37, 95% CI = 0.20 to
0.69, 𝑃 = 0.002), whereas those who took tamoxifen but
experienced less than a 10% reduction in breast density had
no risk reduction (odds ratio = 1.13, 95% CI = 0.72 to 1.77,
𝑃 = 0.60).

After NAC, normal breast tissue shows significant atro-
phy of the terminal ductal lobular units [107]. This includes
reduction of the lobular acini, lobular sclerosis, and the
attenuation of the lobular/ductal epithelium. By using MR
imaging, it was found that patients receiving NAC showed
decreased breast density in the normal breast, and the effects
were significant after initial treatment with one to two cycles
of the AC regimen (Figure 9) [31]. Our recent findings
(unpublished data) also find that the taxane-based regimen
causes density atrophy in the normal breast. Since the density
reduction was age-dependent (more pronounced in younger
patient), the NAC-related density reduction was more likely
mediated through the suppression of ovarian function [108,
109]. Whether this density change in the normal breast
is associated with patient’s prognosis and the future risk

of developing contralateral breast cancer warrants further
investigation.

8. Conclusion

In this review paper we summarized the clinical application
of MRI in management of breast cancer patients undergoing
NAC. As many patients may become good candidates for
breast-conserving surgery, the most well-established role of
MRI is to evaluate the extent of residual disease after NAC
for surgical planning. During the NAC treatment, MRI can
be performed at different times to evaluate the response
to different drug regimens, and that provides opportunities
for timely adjustment of treatment protocols to improve the
chance of achieving pCRwhile avoiding unnecessary toxicity.
DCE-MRI with a high spatial resolution and a good tissue
contrast is essential to evaluate the change of tumor size,
which is still the most reliable response indicator. Proton
MR spectroscopy can detect early response based on the
changes in choline or water : fat ratio, but the difficulty in
quantification makes MRS not a reliable tool for predicting
NAC response. Diffusion-weightedMRI has a great potential
to provide early response indicator based on the altered
cell membrane and cell death, but the relatively low spatial
resolution and image distortion limit DWI to become a good
tool for evaluating the extent of residual disease after NAC.
The background parenchymal enhancement and the density
of the normal breast tissue are two emerging parameters that
are currently being investigated. These MR imaging param-
eters may also have a prognostic value to predict patient’s
disease-free and overall survival, which needs to be further
established. Overall, MRI is a valuable imaging modality for
evaluating the pretreatment disease, response during NAC,
and the residual disease after completing NAC. With the
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continuing technology advancement and more widespread
use of MRI, it will benefit many more breast cancer patients
in the future by providing them with individualized image-
guided treatment and personalized management.
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Recent advances in the treatment of cerebral gliomas have increased the demands on noninvasive neuroimaging for the diagnosis,
therapeutic planning, tumor monitoring, and patient outcome prediction. In the meantime, improved magnetic resonance (MR)
imaging techniques have shown much potentials in evaluating the key pathological features of the gliomas, including cellularity,
invasiveness, mitotic activity, angiogenesis, and necrosis, hence, further shedding light on glioma grading before treatment. In this
paper, an update of advanced MR imaging techniques is reviewed, and their potential roles as biomarkers of tumor grading are
discussed.

1. Introduction

Cerebral gliomas are the most common and devastating
primary brain tumors. Although these tumors are tradition-
ally considered to be arising from normal glial cells, the
origin of the tumors remains undetermined. More recently,
neural stem cells or progenitors are proposed to be the
source of glioma [1].TheWorld Health Organization (WHO)
published a classification system of central nervous system
tumors in 1979 and subsequently revised the system in 2000
and 2007. In 2007 system, the major neuroepithelial tumors
include astrocytic, oligodendroglial, oligoastrocytic, ependy-
mal, and choroid plexus tumors. The grading of gliomas
mainly relies on histological features, including cellularity,
nuclear atypia, mitotic activity, vascularity, and necrosis,
observed on light microscopy with the aid of immunohisto-
chemistry.

Among the gliomas, astrocytic tumors are the most com-
mon and usually divided into circumscribed and diffuse

tumors. The circumscribed tumors are generally in lower
grade occurring in young patients while the diffuse tumors
are the most common cerebral tumors in adults belonging
to WHO grades, II, III, and IV [2]. As the names imply,
circumscribed tumors, such as pilocytic astrocytoma (WHO
grade I), are localized with distinct margin and diffuse
tumors are notorious in their propensity to infiltrate sur-
rounding parenchyma, irrespective of the grades. The WHO
grade II astrocytomas consist of diffusely infiltrative and
well-differentiated fibrillary, protoplasmic, or gemistocytic
astrocytes with increased cellularity and nuclear atypia but
without mitoses, endothelial proliferation, or necrosis. The
WHO grade III astrocytomas, anaplastic astrocytomas, show
higher cellularity and nuclear atypia than the WHO grade
II tumors with mitoses but without endothelial proliferation
or necrosis. The WHO grade IV astrocytomas, glioblastoma
(formerly, glioblastoma multiforme), are the most common
form of astrocytic tumors occurring in the subcortical
white matter of the cerebral hemispheres. Glioblastomas are



2 BioMed Research International
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Figure 1: (a) Contrast-enhanced T1-weighted image shows a glioblastoma with strong enhancement after intravenous gadolinium injection.
(b) The tumor shows decreased ADC values on ADC map (arrow in (b)).

densely cellular and pleomorphic tumors with highly mitotic
activity, endothelial proliferation, and necrosis. While the
majority of glioblastomas are primary (>90%), arising de
novo with a short clinical history and without a precursor
tumor, secondary glioblastoma (<10%)may transform from a
lower grade astrocytoma over a period of years [3]. Nonethe-
less, the histopathological appearances of the primary and
secondary glioblastomas are identical.

More recently, the advance of genetics and molecular
knowledge of gliomas have shown exciting values not only in
improving the correlation between the diagnosis and prog-
nosis but also in guiding novel therapy of these devastating
diseases [1, 4–6]. For example, mutations of the gene encod-
ing isocitrate dehydrogenase 1 (IDH1) are very common in
low-grade astrocytomas, anaplastic astrocytomas, oligoden-
drogliomas, anaplastic oligodendrogliomas, and secondary
glioblastomas but very rare in de novo glioblastoma [7, 8].
The fact that similar genetic aberrations exist in a variety of
gliomas suggests common progenitor cells of these tumors.
In addition to mutations of IDH1, low-grade astrocytomas
usually have TP53 mutation while oligodendrogliomas typ-
ically show 1p/19q loss [8]. The concurrent deletion of chro-
mosomes 1p and 19q, a result of an unbalanced translocation,
is associated with increased chemosensitivity and a better
prognosis [9, 10]. The most common genetic alteration in
de novo glioblastomas is loss of heterozygosity (LOH) on
chromosome 10 [11, 12]. LOH 1p is rare in both de novo and
secondary glioblastomas but has been found to correlate with
longer survival [13, 14].

Overall, the prognosis of high-grade gliomas remains
poor despite advances in diagnosis and therapy. The median
survival is 12 to 15 months in patients with glioblastomas and
2 to 3 years in patients with anaplastic gliomas [15, 16]. The
treatment failure is thought to stem from complex biology
and heterogeneity of the gliomas. Advances of the techniques
in neuroimaging have improved the characterization of the

physiology and metabolism of the tumors noninvasively,
leading to improved diagnosis and better detection of recur-
rence, as well as improving image-guided biopsy and therapy
[17–21]. This paper provides an update of the functional MR
imaging of gliomas, with focus on the imaging biomarkers
of the pathological stigmas of gliomas, including cellularity,
invasiveness, mitotic activity, angiogenesis, and necrosis.

2. MR Imaging of Cellularity and Invasiveness

2.1. Tumor Cellularity by Diffusion-Weighted Imaging. The
cellularity of gliomas can be evaluated by either T2-weighted
MR images or diffusion-weighted imaging (DWI) which
measures free water molecular diffusion and has been widely
used in the diagnosis of acute cerebral infarction and in
differentiating tumor necrosis from abscess cavity [22, 23]. In
tumor studies, DWI may serve as an early surrogate marker
of therapeutic efficacy by implying persistent cellular density
in the tumors where high cellularity may impede free water
diffusion, resulting in a reduction of apparent diffusion coeffi-
cient (ADC) values. Generally, lower ADC values correspond
to increased cellularity and high-grade gliomas (Figure 1).
This correlation is, however, not linear. In a study by Higano
et al. the minimum ADC varies significantly between WHO
grade III ((1.06 ± 0.21) × 10−3mm2/sec) and WHO grade
IV gliomas ((0.83 ± 0.14) × 10−3mm2/sec) at 𝑏 value of
1000 sec/mm2 [24]. Because the nests of tumor cells tend to be
heterogeneous in distribution within the tumor, a measure-
ment of ADCvalues bymanual drawing of the region of inter-
est from the imaging (ADCmap) may cause significant sam-
pling bias. A recent study usingminimum histogram analysis
of apparent diffusion coefficient (ADC) values, instead of
mean value, has shown promising correlation with glioma
grading [25, 26]. This study using high 𝑏 value and cumula-
tive ADC histogram analysis revealed a significantly higher
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Figure 2: ((a), (b)) FLAIR images depict a diffuse and infiltrative oligodendroglioma, WHO grade III, which deviates the corticospinal tract
(arrow in (c)) medially, as demonstrated on DTI tractography (c).

frequency of low ADC values in high-grade gliomas than
those in low-grade ones [26].The improved analysis methods
indeed enhance the role of DWI as a biomarker of tumor cel-
lularity for the diagnosis andmonitoring treatment response.

2.2. Tumor Invasiveness by Diffusion Tensor Imaging. Peritu-
moral invasion is another index of tumor aggressiveness [24].
However, conventionalMR imaging cannot accurately evalu-
ate this invasive behavior due to overlapping of the edema and
tumor cells. Recent studies have shown a potential role of dif-
fusion tensor imaging (DTI) in this regard [24, 25]. The DTI
measures direction and magnitude of water diffusion based
on the data obtained from 6 or more gradient directions as
opposed to 3 directions in DWI.The water movement within
the white matter tracts is mainly restricted across the myelin
sheaths, a principal contributor to directionally dependent
water diffusion, that is, anisotropy. Mathematic indices such
as fractional anisotropy (FA) derived from DTI data can
imply microstructural integrity of brain tissue. Further appli-
cation using fiber-tracking techniques can reveal the rela-
tionship between gliomas and adjacent white matter tracts
(Figure 2), hence assisting surgical planning and monitoring
tumor response to treatment [27–29]. However, measure-
ments of FA for tumor grading may show conflicting results.
Inoue et al. reported that the FA values of low-grade gliomas
are significantly lower than those of high-grade by a threshold
of 0.188 [30], while Goebell et al. showed low FA ratios in the
tumor centers of both low-grade and high-grade gliomas [31].
In the peritumoral region, the T2-weighted hyperintense area
surrounding the high-grade glioma, the FA value is typically
reduced resulting from a combination of perifocal edema,
tumor mass effect, and invasion of tumor cells [28, 32].
Low-grade gliomas tend to deviate, rather than destruct
(Figure 3) or infiltrate (Figure 4), the adjacent white matter
[28].Therefore, FA value is less reduced in low-grade gliomas.

Gliomas may affect both the functional cortex and the
corresponding white matter tracts. The combination of the
DTI and functional MR imaging can delineate an entire

functional circuit (Figure 5), which can help surgical plan-
ning, reduce the surgery time, and minimize the need for
intraoperative cortical stimulation [33].However, the benefits
remain to be proven in randomized trials.

2.3. Non-Gaussian Diffusion Kurtosis Imaging (DKI). The
computational algorithms of DTI are based on the ideal
Gaussian distribution of water movement. However, this is
not realistic in vivo as the brain represents a complex environ-
ment where the movement of water is restricted. In addition,
the ADC values obtained from routine diffusion imaging
using 𝑏 value at 1000 sec/mm2might only reflect extracellular
water movement. Diffusion kurtosis imaging (DKI) is an
extension of the DTI model capable of measuring the degree
of non-Gaussian water diffusion [34]. The value of DKI has
been shown in a study of Van Cauter et al. with kurtosis
parameters contributing to better discrimination between
high-grade and low-grade gliomas than with conventional
diffusion parameters [35]. Further study is required to explore
the role of DKI in evaluation of tumor invasiveness.

3. MR Imaging of Mitotic Activity

3.1. Gadolinium-Enhanced T1-Weighted Imaging. Themitotic
activity or proliferation of gliomas significantly correlates
with prognosis [36, 37]. Among various approaches available
for assessing mitotic activity, MIB-1 antibody staining of the
nuclear antigen Ki-67 is the most reliable and widely used
method [38]. Ki-67 index has been shown to be a better
prognostic indicator than histological grades [37, 39]. Several
MR imaging techniques have been applied to correlate
with tumoral mitotic activity. Among those techniques,
conventional contrast-enhanced MR imaging was shown to
be best correlatedwith Ki-67 index up to 8.1% in gliomas with
contrast enhancement as opposed to 2.0% in those without
enhancement [40]. However, the binary discrimination is
insufficient in grading enhancing gliomas. As accelerated
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Figure 3: (a) Contrast-enhanced T1-weighted image demonstrates a butterfly glioblastoma involving the genu of corpus callosum with small
areas of low ADC value on ADC map (arrows in (b)). On color-coded diffusion tensor imaging, the normal left-right-oriented red color
(arrow in (c)) is lost due to destruction of the transverse tracts.

(a) (b)

Figure 4: (a) Contrast-enhanced T1-weighted image shows a necrotic glioblastoma with rim-like enhancement. (b) On FA map, attenuated
FA (arrows) of the adjacent tracts is shown, indicating tumor infiltration.

(a) (b) (c)

Figure 5: (a) Contrast-enhanced T1-weighted image shows an oligodendroglioma, WHO grade II, in the left frontal lobe. (b) Functional MR
imaging and DTI tractography (c) demonstrate the activation of Broca’s area (arrow in (b)) anterior to the tumor and the elevated arcuate
fasciculus (arrow in (c)), respectively. The grey sphere in Figure 5(c) indicates the location of tumor.
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Figure 6: (a) Contrast-enhanced T1-weighted image depicts a glioblastoma involving the genu of corpus callosum.The arrows point two hot
spots (targets) for stereotactic biopsy based on the regions of increased Cho/Cr ratios ((b) Cho/Cr map).

proliferative activity is coupled with high tumor cellularity
and increased perfusion, DWI and perfusion MR imaging
have been used to indirectly reflect mitotic activity of gliomas
[24, 41, 42].

3.2. Tumor Activity and Image-Guided Biopsy by Proton MR
Spectroscopy. Proton MR spectroscopy (MRS) can noninva-
sively measure the brain metabolites in vivo. Some metabo-
lites commonly used in clinical MRS study include but are
not limited to N-acetyl aspartate (NAA, at 2.02 ppm), choline
(Cho, at 3.2 ppm), creatine/phosphocreatine (Cr, 3.0 ppm),
lactate (Lac, at 1.33 ppm), lipids (Lip, at 0.9–1.5 ppm range),
and myo-inositol (mI, at 3.56 ppm). Although no tumor-
specific metabolite has been labeled, the ratios of metabolites
such as Cho/Cr ratio (Figure 6) have been used to assess
cellular proliferation. Cho/Cr ratio has been shown to be
parallel with the Ki-67 index in studies of single-voxel MRS
[43–45]. In a study of multivoxel MRS, Tamiya et al. also
showed a positive correlation between Cho/Cr ratio and Ki-
67 index while NAA/Cho ratio has a negative relationship
with the index [46].

Another important clinical application of MRS is image-
guided biopsy. Although conventional contrast-enhanced
MR imaging is useful in delineating gliomas, the tumor
regions where the most active mitotic activity exists may not
always enhance and vice versa. Irrespective of contrast
enhancement, chemical shift imaging using multivoxel ratios
of Cho/NAA (the choline map) can be a valuable tool in
locating high proliferative potential regions for accurate
biopsy targets [47]. Furthermore, the resonances of Lac and
Lip were found to be independent predictors of intermediate
(Ki-67 index, 4−8%) and high (Ki-67 index, >8%) prolifera-
tive activities, respectively [48], while a higher level of mI is
related to a lower grade of astrocytomas (Figure 7) [49].

4. Imaging of Angiogenesis

4.1. Perfusion-Weighted MR Imaging. Malignant gliomas are
characterized by high degree of angiogenesis, a marker of
histological grading system and one of the major therapeutic
targets in the development of novel treatments [50]. The
principal proangiogenic factor is vascular endothelial growth
factor (VEGF), which can result in increased neovascula-
ture, microvascular permeability, and vasodilatation [51–56].
The neovasculatures in gliomas function abnormally with
irregularity of the endothelial lining and disruption of the
blood-brain barrier (BBB) [57, 58].The abnormal caliber and
number of tumor vessels resulting from abnormal angio-
genesis can be histologically measured by microvascular
density or area (MVA), which may represent an independent
prognostic biomarker [59]. However, the MVA calculation is
time consuming and clinically arduous. A fast and noninva-
sive alternative in assessing MVA is dynamic susceptibility-
weighted contrast-enhanced (DSC)MR imaging, whichmea-
sures changes in tissue T2∗ following injection of contrast
agent [60]. With a model that assumes that the contrast
agent is restricted to the intravascular compartment, DSC
MR imaging can generate a series of perfusion parameters,
including relative cerebral blood volume (rCBV), referring
to volume of blood in a given region of brain tissue, relative
cerebral blood flow, referring to volume of blood per unit
time passing through a given region of brain tissue, and
mean transit time, referring to the average time for blood
to pass through a given region of brain tissue. Among the
parameters, rCBV is generally considered associated with
tumor energy metabolism and provides a reliable estimate of
tumor MVA [21, 61].

Dynamic contrast-enhanced (DCE) MR imaging is
another perfusion method, which relies on the relaxivity
effects, rather than the susceptibility effects assessed in DSC
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Figure 7: (a) Contrast-enhanced T1-weighted image shows a nonenhanced low-grade astrocytoma in the right superior frontal lobe with a
high mI level on spectrum of proton MRS (arrow in (b)).

(a) (b) (c)

Figure 8: (a) FLAIR image shows a hyperintense low-grade glioma,WHOgrade II, without significant contrast enhancement on T1-weighted
image (b) or increase of the rCBV (c).

method, and measures T1 signal changes following injection
of contrast agent. Because gadolinium exerts stronger relaxiv-
ity effects than the susceptibility ones, DCE method requires
a smaller amount of contrast agent than DSC method does,
allowing multiple repeated studies and better quantitation of
the perfusion parameters [62, 63].

Tumor neovasculatures tend to have leaky BBB, so the
small molecular-weight gadolinium-based contrast agent
readily extravasates, causing underestimation of the tumor
rCBV. Consequently, the correlation between the rCBV and
histologic tumor gradingmay not be always consistent unless
rCBV is corrected for contrast extravasation [64]. Nonethe-
less, low-grade gliomas usually show no increase in tumor
rCBV (Figure 8) while high-grade gliomas may demon-
strate high rCBV that in some cases extends outside the
contrast-enhancing portion of the tumor (Figure 9). Contrast
enhancement in tumor may suggest impaired blood brain

barrier with leakage of contrast agents into the extravas-
cular spaces. Tumor with relatively intact BBB may show
no enhancement.Therefore, conventional contrast-enhanced
T1-weighted images and rCBV map can complement each
other in outlining tumor extent and differentiating tumor
from perifocal edema (Figure 10).

As a standard of care, radiotherapy in combination of
temozolomide chemotherapy for patients with newly diag-
nosed glioblastoma is related to enlarged enhancing areas
on contrast-enhanced T1-weighted images without clinical
worsening, a phenomenon known as pseudoprogression [65,
66]. Most often seen in patients with the concomitant radio-
chemotherapy, pseudoprogression can also occur in patients
treated with radiotherapy or chemotherapy alone. In contrast
to tumor progression, pseudoprogression is associated with
a favorable prognosis [66–68]. Although follow-up conven-
tional MR imaging studies can validate the initial worsening
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Figure 9: (a) Contrast-enhanced T1-weighted image demonstrates a ring-enhancing glioblastoma in the left parietal lobe with avid increase
of rCBV (b) extending beyond the extent of the contrast enhancement.

(a) (b) (c)

Figure 10: (a) Contrast-enhanced T1-weighted image shows a butterfly glioblastoma, involving the genu of corpus callosum. (b) The right
aspect of the lesion appears to be heterogeneously contrast enhanced. (c) On rCBV map, the nonenhanced left aspect of the tumor (arrow)
shows high rCBV (arrow in (c)). This helps differentiate tumor infiltration from perifocal edema.

imaging findings, DSC MR imaging has been shown to be
helpful in evaluating treatment effects in the first place. In a
study of Sugahara et al. an enhanced lesion with a normalized
rCBV ratio (tumor rCBV/contralateral tissue rCBV) higher
than 2.6 suggests tumor recurrence while a normalized rCBV
ratio lower than 0.6 implies pseudoprogression [69].

4.2. Capillary Permeability Imaging. In addition to MVA,
capillary permeability is another feature of angiogenesis in
high-grade gliomas. MR imaging is capable of estimating
the capillary permeability based on measuring the contrast
leakage rate between the intravascular and extravascular
spaces, known as the contrast transfer coefficient (𝐾trans) [70,
71]. Although controversies remain among different models,

the 𝐾trans generally correlates with histological grading and
length of survival in gliomas [72–74]. A typical low-grade
glioma without increase of 𝐾trans is shown in Figures 11 and
12 demonstrates high𝐾trans in a high-grade glioma. Although
most researchers utilize MR imaging in assessing perfusion
parameters of brain tumors, CT perfusion can be an alterna-
tive for patients contraindicated toMR imaging and provides
parameters of tumor vascular physiology with various maps
comparable to those generated by DSC MR perfusion imag-
ing [75, 76]. Figure 13 shows comparable maps of rCBV and
𝐾

trans derived from CT and MR perfusion imaging.

4.3. Imaging of Tumor Response to Bevacizumab. Until
recently, advances in molecular biology have shed light on
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(a) (b)

Figure 11: (a) Contrast-enhanced T1-weighted image depicts a nonenhanced astrocytoma, WHO grade II. (b) The 𝐾trans map shows
consistently no leakage of contrast medium in the tumor region, suggesting a low grade.

(a) (b)

Figure 12: An anaplastic oligodendroglioma,WHOgrade III, in the left frontal lobe shows contrast enhancement and leakage on T1-weighted
image (a) and 𝐾trans map (b), respectively.

the development of anti-VEGF monoclonal antibodies as a
novel therapy for high-grade gliomas [77]. Bevacizumab is a
FDA-approved monoclonal antibody that prevents the inter-
action of VEGF receptor tyrosine kinase and treats a variety
of cancers, including glioblastomas [78–80]. However, in
the maintenance of bevacizumab therapy, malignant gliomas
inevitably recur and appear to be more aggressive with
rebound edema [81]. The tumor response to bevacizumab
treatment is unique in terms of imaging finding as the drug
suppresses the enhancing component of tumor but not
the non-enhancing and infiltrative tumor growth [82]. As
a result, the traditional evaluation of treatment response,
mostly defined by the McDonald criteria, based on contrast-
enhanced CT or MR imaging, is not sufficient. New response

criteria were developed for clinical trials of brain tumors
by incorporating T2 and FLAIR changes on MR imaging
to evaluate the unique infiltrative progression pattern of
malignant gliomas [83].

4.4. Imaging of Microvasculature by Susceptibility-Weighted
Imaging. Taking the advantage of high sensitivity to tumor
microvasculature and hemorrhagic products, susceptibility-
weighted imaging (SWI) is recently introduced to the
array of imaging tools for evaluating angiogenesis. SWI is
a high-resolution, three-dimensional, gradient-echo T2∗MR
technique that is blood oxygen level dependent and shows
high sensitivity to paramagnetic substances, such as blood
products, iron, and calcifications [84, 85]. In the study of
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Figure 13: (a) Contrast-enhanced T1-weighted image shows an anaplastic oligodendroglioma, WHO grade III, involving the genu of corpus
callosum and bilateral frontal lobes. rCBV (b) and 𝐾trans (c) maps derived from MRI are comparable to those generated from CT perfusion
imaging ((d) CT perfusion map; (e) CT 𝐾trans map).

Park et al., glioblastomas showed increased intratumoral sus-
ceptibility signals that are significantly different from low-
grade gliomas and lymphomas with a specificity of 100%
[86]. In an ultrahigh-field-strength (7T) gradient-echo MR
study, serpentine hypointensities within gliomas (tumoral
pseudoblush) concur with microvascular size and density
in histopathological examination and were considered as a
promising imaging biomarker for increased tumoral micro-
vascularity [87]. Furthermore, SWI is also useful in the
assessment of themicrovascular change in patients undertak-
ing bevacizumab therapy [88].

4.5. Molecular MR Imaging. With recent advances of nan-
otechnology and biotechnology, scientists are capable of
binding paramagnetic transition metal ion chelates, mainly
gadoliniumchelates, or superparamagnetic iron oxide (SPIO)
nanoparticles with biologically active targeting moieties and
provide a new MR imaging tool to evaluate tumor-specific
vasculatures in vivo [89]. SPIO nanoparticles are biodegrad-
able iron oxide crystals with polymer coatings and have
properties that cause microscopic filed inhomogeneity that
dephase the neighboring proton magnetic moments and
reduce the T2∗ relaxation time. In a study of Tomanek et
al., an antibody-targeted MR contrast agent, consisting of
SPIO and anti-insulin-like-growth-factor binding protein 7,
was used to show abnormal vessels within a glioblastoma on
T2-weighted images in a mouse model [90].

As the key regulatory systems in angiogenesis of gliomas,
VEGF and VEGF receptors are targeted mainly in radio-
nuclide-based imaging and recently assessed by a molecular
MR imaging probe, anti-VEGF receptor-2 monoclonal anti-
body conjugatedwith a gadolinium-based contrast agent, in a
rat C6 gliomamodel byHe et al. [91].The expression of VEGF
receptor-2 on vascular endothelial cells in glioma tissue
was successfully visualized in vivo with the degree of the
expression concurring that of the tumor blood volume [91].

5. MR Imaging of Tumor Necrosis

5.1. Contrast-Enhanced T1-Weighted Imaging and ProtonMRS.
Necrosis is the hallmark of glioblastoma and is caused by
tumor hypoxia as a result of increased cell proliferation and
mitotic activity, as well as insufficient tissue perfusion. On

conventional contrast-enhanced T1-weighted images, tumor
necrosis can be easily diagnosed with the fact that necrotic
zones are typically less enhanced, giving the tumor an
appearance of irregular rim enhancing mass (Figure 4(a)).
However, imaging diagnosis of necrosis can be problematic in
early stages or in micronecrosis in which the necrotic region
may show to be enhanced or not enhanced at all. MRS is
an imaging tool of choice to show characteristic metabolites
accumulated in the necrotic regions, even when necrosis is
not overtly seen on contrast-enhanced T1-weighted images.
The anaerobic glycolysis and cell death with membrane
breakdown in the hypoxic tumor can be revealed by the
increased Lac and Lip peaks onMRS (Figure 14) [92–94].The
presence of Lip and/or Lac in high-grade gliomas has been
found in a number of studies [95–98].

5.2. Radiation-Induced Necrosis and Tumor Recurrence. The
differentiation between radiation necrosis and recurrent
high-grade gliomas remains challenging despite advances
of imaging modalities because both entities share similar
imaging features, such as irregular rim-like contrast enhance-
ment, mass effect, and vasogenic edema. Although guidelines
based on experiences on conventional MR imaging were
intended to resolve the dilemma [99, 100], advanced imag-
ing techniques have been shown to provide more reliable
and accessible differentiation between the two conditions.
In an MRS study of Nakajima et al., the Lac/Cho ratios
are significantly higher in radiation necrosis (2.35 ± 1.81
(mean ± standard deviation)) than those in tumor recurrence
(0.63 ± 0.25) [101]. DSC perfusion MR imaging was also
shown to have higher relative peak height and rCBV in
patients with recurrent glioma than in patients with radiation
necrosis [102]. In a study of Larsen et al., a threshold of
2.0mL/100 g for CBV was suggested to have 100% sensi-
tivity and specificity for detecting gliomas in progression
[103].

Another clinical dilemma is the differentiation between
ring-enhancing brain abscess and tumor necrosis on T1-
weighted images. DWI is routinely used to differentiate
the two conditions by showing restricted water diffusion
of the high viscosity and cellularity of pus cells in the
abscess cavity. However, the restricted diffusion within ring-
enhancing lesions is not pathognomonic for brain abscess,
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Figure 14: (a) Contrast-enhanced T1-weighted image demonstrates a necrotic glioblastoma in the right parietal lobe with increased rCBV
(b) in the periphery of the tumor and peritumoral regions. (c) A single-voxel MRS, echo time 135ms, obtained from region 1 of increased
rCBV (b) shows a high Lip peak, suggesting micronecrosis. (d) MRS obtained from the region 2 of low rCBV (b) depicts an inverted Lac
peak, representing hypoxia in the necrotic region.

and a small number of glioblastomas may show restricted
diffusion in the necrotic regions, probably resulting from a
various combination of intratumoral hemorrhage, cytotoxic
edema, or superimposed pyogenic infection [104, 105]. The
dilemma has recently been successfully resolved by the
application of perfusion MR imaging, which reveals distinct
pathophysiological alterations between brain abscess and
glioblastoma. In a prospective study Chiang et al. showed
decreased rCBV in the necrotic wall of the abscess where
regional poor vascularity exists and increased rCBV in the
periphery of the high-grade gliomas owing to the presence of
active angiogenesis [106]. Furthermore, a characteristic dual
rim sign, presumably resulting from the granulation tissue,
on SWI, found only along the wall of brain abscess but not in
glioblastomas, has been proposed by Toh et al. to effectively
differentiate the two conditions [107].

6. Conclusion

Advanced MR imaging techniques can potentially help
evaluate the underlying key histopathological features of

gliomas by showing the physiologic changes and metabolic
activities, thus improving diagnosis and tumor grading.These
functional tools help in better understanding of the tumor
behavior and also provide a new window to guide and
monitor the treatment of gliomas. Application of these imag-
ing techniques could lead to sophisticated and personalized
patient care.
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Extensive efforts have recently been devoted to developing noninvasive imaging tools capable of delineating brain tissue viability
(penumbra) during acute ischemic stroke. These efforts could have profound clinical implications for identifying patients who
may benefit from tPA beyond the currently approved therapeutic time window and/or patients undergoing neuroendovascular
treatments. To date, the DWI/PWI MRI and perfusion CT have received the most attention for identifying ischemic penumbra.
However, their routine use in clinical settings remains limited. Preclinical and clinical PET studies with [18F]-fluoro-2-deoxy-D-
glucose (18F-FDG) have consistently revealed a decreased 18F-FDGuptake in regions of presumed ischemic core.More importantly,
an elevated 18F-FDG uptake in the peri-ischemic regions has been reported, potentially reflecting viable tissues. To this end, this
paper provides a comprehensive review of the literature on the utilization of 14C-2-DG and 18F-FDG-PET in experimental as well
as human stroke studies. Possible cellular mechanisms and physiological underpinnings attributed to the reported temporal and
spatial uptake patterns of 18F-FDG are addressed. Given the wide availability of 18F-FDG in routine clinical settings, 18F-FDG PET
may serve as an alternative, non-invasive tool to MRI and CT for the management of acute stroke patients.

1. Introduction

In the Western society, stroke is the fourth leading cause
of death and a major cause of permanent disability [1, 2].
Ischemic stroke is the most common type of stroke, com-
prising approximately 87% of all strokes [1]. The main goal of
current acute stroke management is to prevent at-risk tissue
from infarction by restoring blood flow to ischemic penum-
bral areas. Intravenous (IV) thrombolysis with recombinant
tissue plasminogen activator (tPA) has beenwell documented
offering improved outcomes in ischemic stroke patients who
received tPA within 4.5 hours after symptom onset [3–7].
However, this narrow therapeutic time window has substan-
tially limited the amount of all stroke patients receiving tPA.
As a result, extensive efforts have been devoted to identifying
a subgroup of stroke patients who may benefit from tPA
beyond the currently approved therapeutic window and/or to
developing more effective therapeutic interventions. Specifi-
cally, noninvasive neuroimaging methods have been widely
implicated offering insights into the presence or absence

of salvageable tissues (penumbra), which could be used,
potentially, to extend the tPA therapeutic window beyond 4.5
hours. In contrast, the advent of intra-arterial thrombolysis
and the introduction of endovascular clot retrieval devices
(e.g., MERCI, Penumbra, and Solitaire) have shown great
potential in improving the efficacy of vascular recanalization,
which in turn may further extend the therapeutic window
[8, 9]. While promising results in extending the tPA time
window and utilizing new endovascular clot retrieval devices
have been reported, both methods carry additional risks of
mortality, morbidity, and serious complications, underscor-
ing the critical role of careful patient selection [10].

In a clinical setting, the accurate determination of stroke
onset (time since last seen normal), competent neurological
examination, and noncontrast computed tomography (CT)
scans to rule out intracerebral hemorrhage are vital for
selecting ischemic stroke patients who may benefit from
reperfusion therapies [3]. Despite significant advancements
in neuroimaging, only non-contrast CThas a proven value for
the management of acute stroke patients [3, 11]. Nevertheless,
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the search for imaging tools capable of providing insights
into tissue viability continues to gain interest, which in turn
may improve patient selection for reperfusion treatments
beyond the currently approved therapeutic window for tPA.
The presence of neuroimaging-based evidence of salvageable
brain tissue beyond the currently recommended rt-PA thera-
peutic window further emphasizes the need for identifying
such tools [12–15]. Consequently, it was suggested that the
currently employed “time-to-treat” approach may not be
ideal and should be replaced by “tissue-to-treat” [16]. Clearly,
one of the prerequisites for the utilization of the “tissue-to-
treat” approach is the availability of accurate neuroimaging-
based surrogate markers capable of discerning tissue viabil-
ity. Such imaging-based biomarkers may distinguish stroke
patients who could potentially benefit from tPA beyond
4.5 hour, and/or from neuroendovascular treatments. The
optimal imaging modality should be rapid, accurate, and
readily available in a busy clinical setting and accompanied
by automatic data analysis techniques [16].

In recent years, diffusion-weighted imaging/perfusion-
weighted imaging (DWI/PWI) magnetic resonance imaging
(MRI) [12, 15] and perfusion CT [17] have received consider-
able attention and have been suggested as imaging signatures
for identifying the presence or absence of salvageable tis-
sues. Specifically, the notion of diffusion/perfusionmismatch
(DPM) has gained substantial interest as an effective tool to
reveal the presence of ischemic penumbra [11, 12, 15, 18]. The
underlying concept of DPM is that the abnormal diffusion
areas represent the ischemic core, which will progress to
infarction independent of treatments. In contrast, regions
with abnormal perfusion represent tissues at risk of infarction
if blood flow is not restored in a timely manner. As a result,
brain regions with abnormal perfusion that reside outside
of the abnormal diffusion areas, known as DPM, may be
indicative of viable tissues, but they are at an increased risk
of irreversible injury in the absence of timely reperfusion
[19, 20]. Conversely, the absence of DPM would suggest no
salvageable tissues. Figure 1 shows acute diffusion/perfusion
images as well as the final lesions from two representative
patients. The upper row shows a patient with matched
diffusion/perfusion deficits (imaged at 4.30 hours after onset
and no tPA), suggesting the absence of salvageable tissues.
Indeed, the acute diffusion/perfusion deficits spatially match
with the final lesion. Acute DPM is observed in the patient
shown in the bottom row (imaged at 1.19 hours with tPA),
suggesting the presence of ischemic penumbra. Consistent
with the DPM hypothesis, the mismatched region was not
recruited into final infarction, demonstrating the potential
clinical utility of DPM in an acute ischemic stroke. However,
despite these promising results [12, 15], unacceptable relia-
bility due to acute reversal of DWI lesions and the failure
of all lesions to evolve to the final infarct have substantially
limited clinical acceptance of DPM [16, 21, 22]. In addition,
there is a lack of consensus on the choices of DWI and PWI
thresholds delineating diffusion and perfusion abnormalities
[23]. Therefore, a well-controlled clinical trial is needed to
rigorously determine the clinical values of DPM prior to its
routine clinical applications [24]. Although perfusion CT has
been employed to identify patients for reperfusion therapies,

ADC MTT T2

DWI/PWI
match

DWI/PWI
mismatch

Figure 1: ADC and MTT maps demonstrating DWI/PWI match
and mismatch in relation to the MRI T2 lesion.

it is limited by the need for an IV contrast injection, an
additional radiation dose, and has less reliable threshold
values when compared to DWI/PWI MRI [23, 25, 26].

In addition to MR and CT, PET has also been employed
in an attempt to provide insights into brain tissue viability.
This is perhaps not surprising, given its ability to provide in
vivo measures of oxygen and glucose metabolism, the two
main energy substrates of the brain.With 15O-labeled tracers,
quantitative measurements of cerebral hemodynamics (cere-
bral blood flow (CBF) and cerebral blood volume (CBV)) and
oxygen metabolism (oxygen extraction fraction (OEF) and
cerebral metabolic rate of oxygen utilization (CMRO

2
)) can

be obtained using PET. In particular, a number of seminal
PET studies have demonstrated the existence of critical CBF
thresholds and duration (Figure 2) below which functional
and metabolic processes are disturbed and eventually cease
[14, 18, 19, 27–30]. However, CBF alone cannot faithfully
predict tissue fate; the duration to which neurons are under
compromised perfusion is equally critical for final neuronal
fate as shown in Figure 2 [27, 30, 31]. Furthermore, functional
CBF threshold values have been shown to vary across neuron
populations [30]. Regarding OEF, clinical and preclinical
studies have demonstrated that areas with compromised CBF
but increased OEF may be indicative of ischemic penumbra
[32–35]. However, the final tissue fate of high OEF regions
has been variable, suggesting that OEF is not a reliable
marker of penumbral tissue [33, 35–37]. Finally, CMRO

2

has been suggested as a highly promising parameter in
predicting tissue fate in both experimental [38, 39] and
human [32, 36] stroke studies. Specifically, it has been shown
that brain regions with reduced CBF, but preserved CMRO

2
,

are associated with neuronal survival, whereas brain regions
with reduced CBF and CMRO

2
likely reflect irreversible

tissue damage [29, 32, 36, 38–40]. Collectively, while PET
with 15O-labeled tracers provides essential physiological
information that could predict tissue final fate during acute
cerebral ischemia, the requirement of an in-house cyclotron
to produce ultra-short half-life 15O-labeled tracers (∼2min)
significantly hampers its clinical utility.
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Figure 2: The association of cerebral blood flow thresholds and
duration of ischemia with functional and structural tissue fates
(adapted from [111, 112]).

Alternatively, fluorine-18 (or 18F) has a half-life of
110min, and [18F]-fluoro-2-deoxy-D-glucose (18F-FDG) has
been utilized extensively to reveal in vivo glucose utiliza-
tion in different clinical settings, most notably in oncol-
ogy and cardiology. In myocardial infarction patients, PET
with 18F-FDG has been routinely applied to discern viable
myocardium (hypoperfused or stunned myocardium with
preserved glucose metabolism), before considering coronary
artery bypass graft surgery [41–43]. Along those lines, it is
highly plausible that 18F-FDGmay also offer valuable insights
into cerebral glucose metabolism during cerebral ischemia,
which consequently discerns tissue viability. In fact, there
has been tremendous interest in evaluating the potential of
18F-FDG in cerebral ischemia. The recent innovation of the
hybrid PET/MR scanners [44] may further renew interest
on the potential clinical utility of PET with 18F-FDG in the
management of acute stroke patients. To this end, this review
paper will first provide an overview of glucose metabolism,
followed by a comprehensive review of both animal and
human studies utilizing 18F-FDG in ischemic stroke. Special
attention is given to discussing temporal and spatial 18F-
FDG uptake patterns during cerebral ischemia. Finally, the
possible underlying biological mechanisms associated with
the reported temporal and spatial 18F-FDG uptake patterns
will be discussed.

2. Cerebral Glucose Metabolism

Maintaining normal brain homeostasis is an energy-
consuming process that depends on a continuous supply
of oxygen and glucose, since the brain cannot store energy
substrates. Despite its relatively low weight (about 2% of
the body weight), the brain receives 15% of the total cardiac

output, 20% of the total oxygen consumption, and 25% of
the total glucose utilization. The majority of energy in the
brain (87%) is consumed for signaling; only about 13% of its
total energy consumption is deferred for maintaining resting
membrane potential [14].

Normally, glucose is the primary metabolic substrate of
brain cells. However, under certain conditions, brain cells can
utilize other substrates, such as lactate, pyruvate, glutamate,
and glutamine, which are endogenously synthesized and
require glucose as their source of carbon. Under normal
conditions, the glucose extraction fraction is approximately
10% [45, 46]. To enter brain cells, blood glucose is trans-
ported across the blood-brain barrier (BBB) and then across
the plasma membranes of neurons and glial cells. This
energy consuming process ismediated by glucose transporter
(GLUT) proteins (Figure 3). Three major isoforms of GLUTs
are considered important for glucose delivery to brain cells:
GLUT1 is the primary glucose transporter in the blood-
brain barrier, choroid plexus, ependyma, and glial cells
and is not sensitive to insulin; GLUT3 is the predominant
glucose transporter in neurons; GLUT5 is highly expressed
in microglia [47]. Other types of GLUTs (2, 4, and 7) are
expressed in lesser amounts and in more discrete brain
regions [47]. When in cells, glucose is phosphorylated to
glucose-6-phosphate (glucose-6P) by an enzyme, hexokinase.
Once phosphorylated, glucose-6P is unable to exit the cell via
theGLUTs and is trapped.Hence, phosphorylation of glucose
is critical for the maintenance of the glucose concentration
gradient across membranes ensuring a constant flow of
glucose into cells via GLUTs [48]. Phosphorylation is also the
rate-limiting step of glycolysis. Subsequently, glucose-6P can
be processed into threemetabolic pathways: (1) glycolysis; (2)
glycogenesis; (3) pentose phosphate pathway. Glycolysis gives
rise to two molecules of pyruvate, ATP and NADH. Pyruvate
can then enter mitochondria and undergo the tricarboxylic
acid (TCA) cycle and oxidative phosphorylation to produce
30 to 34 ATP molecules, CO

2
, and water. Oxygen is critical

for the TCA cycle and oxidative phosphorylation. In healthy
brains, OEF ranges from 30% to 40%, and CMRO

2
averages

from 3.0 to 3.8ml/100 g tissue/min [27, 45, 46]. Finally,
minute quantities of glucose-6P can be processed via the
pentose phosphate pathway producing NADPH (a reducing
equivalent), and glucose-6P can also undergo glycogenesis in
astrocytes.

3. Evaluation of Glucose Metabolism in
Ischemic Stroke

This section will provide a comprehensive overview of rep-
resentative studies where glucose metabolism was employed
for the study of ischemic strokes. A summary of these
representative studies using 18F-FDG is provided in Table 1.

3.1. 2-Deoxy-D-Glucose (2-DG) Autoradiography in Ischemic
Stroke. Early studies employed 2-DG as a surrogate marker
of glucose metabolism. The 2-DG is a glucose analog with
the 2-hydroxyl group replaced by hydrogen. Like glucose, the
2-DG is taken up by cells via GLUTs and phosphorylated by
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hexokinase.The2-DG-6-phosphate cannot be furthermetab-
olized and is trapped in cells.The 2-DG is commonly marked
with carbon-14 (14C) and is used in animal models to assess
2-DG distribution by means of autoradiography. Using 14C-
2-DG, Ginsberg and colleagues demonstrated regions with
decreased 14C-2-DG uptake in the presumed ischemic core.
More importantly, their results showed a concurrent increase
of 14C-2-DG uptake around the border of the ischemic core
60 minutes after a middle cerebral artery occlusion (MCAO)
[49].This unexpected finding could be of critical importance,
particularly if the hyper 14C-2-DG uptake regions repre-
sent probable ischemic penumbrae. Paschen et al. further
investigated the relationship between blood flow, glucose
metabolism, and energy status in a permanent gerbil MCAO
model [50]. They found that normal CMRglc was main-
tained at rCBF > 40ml/100 g/min but markedly increased
at rCBF from 35 to 20ml/100 g/min, sharply reduced, and
eventually ceased at rCBF < 20ml/100 g/min (Figure 4).
Importantly, tissue ATP content was normal until rCBF
fell below 20ml/100 g/min. Comparing the relation between
CMRglc versus CBF and ATP versus CBF, it is evident that the
compensatory increase of CMRglc at rCBF between 20 and
35ml/100 g/min was sufficient to replenish cellular energy
content, leading to unsalted ATP even with compromised
CBF. This elevation of glucose metabolism in regions with
compromised CBF can potentially have profound clinical
implications and serve as an imaging signature of ischemic
penumbra.

The utilization of 14C-2-DG for probing in vivo glucose
metabolism is limited by its inapplicability for human studies,
as well as for longitudinal evaluations of glucose metabolism.
Thus, noninvasive markers of glucose metabolism are impor-
tant for the assessment of temporal and spatial changes of
glucose metabolism in ischemic stroke.

3.2. 18F-FDG PET in Ischemic Stroke. 18F-FDG is a glucose
analog in which the normal hydroxyl group in position 2
is replaced by a positron-emitting radioactive isotope 18F
[51]. Like glucose, the 18F-FDG is transported by GLUTs and
is phosphorylated by hexokinase into 18F-FDG-6-phosphate
(18F-FDG-6P) (Figure 3).Themajority of 18F-FDG is trapped
in brain cells ∼1 hour after the injection, and thus PET
scanning is usually initiated 40 minutes after the injection.
The lack of the hydroxyl group prevents the 18F-FDG-6P

from further metabolism and is thus trapped in cells. For this
reason, the 18F-FDG-6P serves as a goodmarker revealing the
in vivo distribution of glucose uptake by cells. Under normal
physiologic conditions, neurons residing in the cortical gray
matter, basal ganglia, cerebellum, and brain stem have the
greatest glucose demand, resulting in the most intense 18F-
FDG uptake [52, 53]. As mentioned previously, one of the
major advantages of 18F-FDG is its long half-life, ∼110min.
Therefore, an onsite cyclotron is not needed. With its long
half-life, 18F-FDG has been widely used in experimental
neurosciences and is the most commonly used radioisotope
in clinical settings.

In the context of this review paper, we will focus our
discussion on how 18F-FDG has been employed in the study
of cerebral ischemia, particularly in predicting tissue fate.
Experimental stroke studies will first be discussed, followed
by patient studies.We will also determine if a similar elevated
glucose metabolism in peri-ischemic regions as reported by
Gingsberg et al. and Paschen et al. using 14C-2-DG was also
reported using 18F-FDG.

3.2.1. Animal Studies. 18F-FDG has been widely used in
experimental stroke research for more than two decades.
However, early studies did not specifically investigate how
18F-FDG uptake and metabolism can be used to discern
ischemic penumbra [32] and thus they will not be discussed
here.

Two recent studies evaluated 18F-FDG metabolism 75
minutes [54] and 3 hours [55] after MCAO using an ischemic
stroke model, respectively. Sobrado et al. carried out a lon-
gitudinal evaluation of 18F-FDG metabolism and infarct size
[55]. Both permanent (right MCA + bilateral ICA occlusion
followed by reperfusion of contralateral CCA after 75mins)
and transient (right MCA + bilateral ICA occlusion followed
by reperfusion of all 3 vessels at 75mins) ischemia were
studied.MRI was acquired at 3, 24, and 48 hours afterMCAO
[55].They found that relative to the contralateral hemisphere,
areas corresponding to ischemic core had decreased 18F-
FDG uptake in both transient and permanentMCAOmodels
for all three time points. To further determine if 18F-FDG
could predict final tissue fates, abnormal ADC regions in the
transient MCAO group were divided into two subcategories:
progressed (recruited tissue) versus did not progressed
(recoverable tissue) to final infarction at 24 hours. Although
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Table 1: Published studies in experimental and human stroke studies evaluating 18F-FDG uptake.

Study Stroke model/number
of patients Procedures Poststroke timing Relevant findings

Animals

Walberer et al., 2012
[54]

Embolic MCAO in
rats

18F-FDG PET

MRI and histological
examination (final infarct
volume)
15O-H2O PET (CBF)

75 minutes

24 hours

Before, and at 5, 30,
and 60 minutes

(i) At 60 minutes, rCBF correlated
positively with K1 (FDG transport
from blood to brain).
(ii) Infarcted tissue at 24 hours could
be predicted by Ki (net influx rate
constant) at 75min.
(iii) Parts of hypoperfused tissue that
was infarcted at 24 hours had normal
or elevated Ki at 1 hour.

Sobrado et al., 2011
[55]

Transient and
permanent MCAO in
rats

18F-FDG PET

MRI (T2WI, DWI and PWI)

Nissl staining

Before and at 3, 24,
and 48 hours

3 hours

(i) 18F-FDG uptake in ischemic core
regions was reduced for all time points
after MCAO.
(ii) At 3 hours after MCAO, areas that
recovered with reperfusion at 24 hours
had greater 18F-FDG uptake when
compared to brain areas that
progressed to infarction at 24 hours.

Kuge et al., 2000 [57] Thromboembolic
MCAO in primates

18F-FDG PET

12O-H2O PET (CBF)

2,3,5-triphenyltetrazolium
chloride (TTC) staining

24 hours

Before and 1, 2, 4,
6, and 24 hours

24 hours

(i) Ischemic core: reduced CBF,
CMRglc, and negative TCC.
(ii) Ischemic penumbra: moderate
decrease of CBF, increase of CMRglc,
and positive TCC staining.

Fukumoto et al., 2011
[58]

Thrombotic MCAO
in rats

18F-FDG PET
11C-PK11195 PET
(neuroinflammation)
11C-FMZ PET (neuronal
integrity)
11C-PK11195; 11C-FMZ and
18F-FDG autoradiography

Iba1 (microglia activation)
and NeuN (neuronal damage)
immunohistochemistry

Before and days 1,
3, 7, and 14

7 days

(i) Peri-infarct areas: significantly
increased PET uptake of 18F-FDG at
days 7 and 14 and of 11C-PK11195 at
days 3, 7, and 14, plus Iba1 staining at
day 7.
(ii) Infarct core: reduced uptake of
18F-FDG at days 1–14, increased
11C-(R)PK11195 bindings at days 7 and
14 and reduced 11C-FMZ binding at
days 7 and 14.

Humans

Heiss et al., 1992 [40] 16 hemispheric stroke
patients

18F-FDG, H2
15O, 15O2, and

C15O PET

6–48 hours

13–25 days

(i) Core: severely reduced OEF,
CMRO2, CBF, and CMRglc.
(ii) Penumbra: reduced CMRO2,
CMRglc, and CBF.
(iii) Some penumbral areas had
increased CMRO2, OEF, CMRglc and
GEF and did not progress to final
infarct.
(iv) When compared to the first scan:
Core—increased CBF; penumbra:
reduced CMRO2, CMRglc, and OEF.

Nasu et al., 2002 [60] 24 ischemic stroke
patients

18F-FDG PET, MRI, and CT 1–7 days
Later time points

(i) In the acute phase 18F-FDG
hyperaccumulation foci around
hypoaccumulation areas were evident
in 7 out of 20 patients.
(ii) Final tissue fate of
hyper-accumulation areas was
variable.
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Figure 4: The association of cerebral blood flow (CBF) with cerebral metabolic rate of glucose (CMRglc) and ATP content in a gerbil stroke
model (adapted from [50], with permission).

a reduced 18F-FDG uptake was observed in both categories,
18F-FDG uptake was significantly greater in recoverable
tissue when compared to the recruited tissue, suggesting
that 18F-FDG may provide a means of predicting final tissue
fate. In addition to measuring 18F-FDG uptake, Walberer et
al. further evaluated how quantitative measures of the rate
constants of 18F-FDG uptake correlated with CBF and tissue
fates in a rat embolic MCAO model [54]. Specifically, 18F-
FDG K1 (18F-FDG transports from blood to the brain) and
Ki (18F-FDGnet influx rate constraint) kinetic constants were
measured 75min after stroke, and their ability in predicting
final tissue outcome (MR T2 images) at 24 hours was
evaluated. Two major findings were reported in this study.
First, a strong correlation (𝑟 = 0.89) between K1 and rCBF 60
minutes afterMCAOwas observed, suggesting that K1 of 18F-
FDG can be a reliable estimate of rCBF during the hyperacute
phase of a stroke. Second, elevated Ki (preserved glucose
consumption) and reducedK1 (reduced rCBF)were observed
75min after stroke, suggesting the presence of viable tissues
through a compensatory increase of glucose uptake and
phosphorylation in the hypo-perfused tissue.

In contrast to utilizing 18F-FDG during hyperacute
stroke, Kuge et al. investigated 18F-FDG uptake in a primate
thromboembolic stroke model (autologous blood injection
into the left ICA) 24 hours after MCAO [56].They found that
regions with a decrease of CBF and significant reduction of
CMRglc at 24 hours after MCAO were consistent with nega-
tive 2,3,5-triphenyltetrazolium chloride (TTC) staining indi-
cating infarction [57]. More importantly, several areas sur-
rounding the ischemic core had moderately decreased CBF
(40%–80% of contralateral values) and increased CMRglc at
24 hours, which corresponded to TTC positive staining.

More recently, Fukumoto et al. carried out a serial PET
study (before and 1, 3, 7, and 14 days after stroke) using multi-
ple radiotracers, including 18F-FDG for glucose metabolism,
11C-(R)PK11195 (peripheral benzodiazepine receptors) for
neuroinflammation, and 11C-FMZ (central benzodiazepine
receptor) for neuronal integrity in a photochemically induced

thrombosis (PIT) MCAO rat model [58]. In the core, there
was a significant reduction of 18F-FDG uptake in all study
time points that was accompanied by an increased 11C-
(R)PK11195 binding (suggesting neuroinflammation) at days
7 and 14 and reduced 11C-FMZ binding (suggesting neuronal
loss) at days 7 and 14. On the other hand, 18F-FDG uptake
in the peri-ischemic areas was comparable to the normal
brain regions at days 1 and 3 and was significantly increased
on days 7 and 14. The latter increase of 18F-FDG coincided
with increased 11C-(R)PK11195 uptake at days 3 through
14. These findings suggest that the delayed increased FDG
uptake in the peri-ischemic regions was largely attributed to
inflammation. Furthermore, at poststroke day 7, there was
a significant overlap between increased 18F-FDG and 11C-
(R)PK11195 uptake on autoradiography, as well as increased
Iba1 immunohistochemistry staining. Together, these find-
ings imply microglial activation at post-MCAO day 7. Similar
results were also reported by Rojas et al. [59] although
neuroinflammation was more pronounced in the ischemic
core when compared to penumbra at day 4 after stroke. The
difference in animal models may account for the discrepan-
cies between these two studies. Specifically, in the transient
MCAO model, collateral circulation is significantly reduced
by transient occlusion of both CCAs, possibly preventing
activation of neuroinflammatory cascade in penumbral areas.
Furthermore, reperfusion injury in the PIT model can dam-
age microglial cells, leading to silenced neuroinflammation
[58].

3.2.2. Clinical Studies. Despite promising findings from
experimental stroke studies suggesting the potential clinical
utility of 18F-FDG in discerning viable brain tissues, the appli-
cations of 18F-FDG in acute stroke patients are surprisingly
scant; the majority of 18F-FDG studies in human ischemic
stroke have been conducted in subacute or chronic phases of
stroke. Nevertheless, some interesting findings and indirect
evidence of elevated 18F-FDG uptake in the peri-ischemic
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areas similar to observations in animal studies have been
reported [40, 60]. Several representative studies are reviewed
below.

In 16 hemispheric ischemic stroke patients, Heiss and
colleagues carried out multitracer PET, including 18F-FDG,
H15
2
O, 15O

2
, and C15O, at 6–48 hours (tp1, mean = 23 hours)

and again 13–25 days (tp2, mean = 15.6 days) after stroke [40].
Probable core was defined as brain areas with the greatest
reduction of CMRO

2
and CBF, whereas border zones of peri-

infarct tissues were defined as 2 rims of 7.65mm (or 3 pixels)
surrounding the infarct core. Each rim was divided into
4 sectors, rendering 8 peri-infarct regions per patient. Not
surprisingly, a significant reduction of OEF, CMRO

2
, CBF,

and CMRglc in the infarct core relative to the contralateral
mirror region was observed at tp1, followed by hyperemia
at tp2. For the border zone areas, although a significant
reduction of CMRO

2
, CMRglc, and CBF at tp1 was observed

which continued to decrease at tp2, the authors noted that
the observed changes were highly heterogeneous. Qualitative
examination of the peri-infarct regions revealed different out-
comeswithmetabolic derangements. Specifically, peri-infarct
regions with a stable or increased CMRO

2
, OEF, CMRglc, and

glucose extraction fraction (GEF) at 24 hours after stroke
were not infarcted, while low CMRO

2
, OEF, CMRglc, and

OEF were consistent with CT evidence of infarction 4 days
after stroke. More recently, Nasu et al. conducted 18F-FDG
PET, MRI, and CT in 24 ischemic stroke patients 1 to 7
days after stroke onset [60]. Colocalized reduction of 18F-
FDG uptake and an abnormal MR was noted in 20 patients.
Of which, hyper uptake of 18F-FDG around the areas of
decreased 18F-FDG was noted in 7 patients. Unfortunately,
final tissue fates of the hyperuptake 18F-FDG regionswere not
evaluated in this study. Finally, chronic 18F-FDG studies (days
andmonths after ischemic stroke) in stroke patients were also
reported by several groups, and a reduction of 18F-FDG in the
infarct areas is consistently reported [32, 45, 60, 61].

In summary, experimental studies of small animal [54,
55, 58] and primate [56] ischemic stroke models have
revealed a consistent pattern of reduced 18F-FDG uptake
in the presumed ischemic core regions. However, the tem-
poral and spatial patterns of 18F-FDG uptake in the peri-
ischemic regions are more variable in the literature. An
acute elevated 14C-2-DG uptake in the peri-infarct area was
reported by Ginsberg et al. [49]. Paschen et al. [50] further
demonstrated that this increased uptake region corresponded
to the ischemic penumbra. Interestingly, 18F-FDG studies
conducted by Sobrado et al. [55] andWalberer et al. [54], both
conducted during acute ischemia, failed to observe elevated
18F-FDG uptake in the peri-infarct area. Instead, an elevated
uptakewas observed at later times,>1 day afterMCAO,which
is more consistent with neuroinflammation. Attempting to
discern the potential discrepancies in the temporal and
spatial uptake patterns of glucose at the peri-ischemic region,
we recently conducted 18F-FDG PET study using a transient
intraluminal MCAO ischemic stroke rat model. 18F-FDG
uptake patterns 30, 60, 90, 120, and 150mins after MCAO
were revealed. Final tissue fatewas determined using 24 hours
T2-weighted MR images. In concert to findings reported

in the literature, we observed reduced 18F-FDG uptake in
the ischemic core regions immediately after MCAO that
remained low across all time points (Figure 5). Elevated 18F-
FDG uptake in the peri-ischemic region was evident from 30
to 120 minutes, but largely diminished at 150 minutes after
MCAO. More importantly, the majority of 18F-FDG hyper-
uptake regions were not recruited in the final infarction at
24 hours, suggesting that the compensatory increase of 18F-
FDG uptake may be associated with neuronal survival and is
consistent with that reported by Paschen et al. [50]. Although
additional studies are needed to further confirm our findings,
our study suggests that acute elevated 18F-FDG uptake may
offer a pathophysiologically relevantmarker of tissue viability.

Similar to the experimental stroke studies, a severe
reduction of 18F-FDG uptake at the presumed core area
has also been consistently reported in human stroke stud-
ies [40, 45, 60, 61]. However, results on quantitative and
qualitative temporal and spatial patterns of 18F-FDG uptake
in stroke patients, particularly during the acute phase, are
lacking. With ongoing technological advancements of PET
imaging that allow more precise evaluation of spatial 18F-
FDG uptake patterns, further studies specifically assessing
18F-FDG metabolisms in acute ischemic stroke patients are
warranted.

4. Possible Mechanisms Underlying
Increased 18F-FDG Uptake in
the Probable Penumbral Tissue

In light of the potential clinical utility of the observed acute
18F-FDG hyper uptake in revealing the presence of ischemic
penumbra, this section will discuss potential cellular and
physiological mechanisms that may contribute to such 18F-
FDG hyper-uptake at the peri-ischemic regions (Table 2).

4.1. Cellular Mechanisms

4.1.1. Activation of GLUTs. As discussed previously, GLUTs
play a critical role in transporting glucose from blood to
the brain. Therefore, an upregulation of GLUTs expression
may lead to an increased 18F-FDG uptake in PET images.
A number of studies have reported that GLUTs can be
up-regulated in response to cerebral ischemia in a manner
similar to the observed temporal and spatial patterns of 18F-
FDG uptake in ischemic stroke studies [54, 55]. Specifically,
experimental studies of neuronal gene therapy have demon-
strated that induction of brain GLUT1 overexpression during
ischemic insult was associated with a significant increase
of glucose transport using 2-DG autoradiography [62], as
well as improved neuronal survival [63, 64]. Lee and Bondy
reported that MCAO in rats induced a global and immediate
(within an hour) increase of GLUT1 glial and neuronal
mRNAexpressions even in brain regions that normally donot
express GLUT1 [65]. GLUT1 mRNA expression subsequently
lateralized to the ischemic hemisphere and was mainly
evident in the cortical regions surrounding the ischemic core
at 24 hours. McCall et al. demonstrated an increased number
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Table 2: Possible mechanisms of increased 18F-FDG utilization in penumbral areas.

Cellular mechanisms Time course
Increased FDG transport

GLUT1 upregulation Increased 18F-FDG transport across the blood-brain barrier Acute
GLUT3 upregulation Increased 18F-FDG uptake by neurons Acute
GLUT5 upregulation Increased 18F-FDG uptake by microglia cells Subacute to chronic

Increased FDG phosphorylation
Hexokinase upregulation Increased 18F-FDG-6P “trapping” in cells Acute

Neuroinflammation
Microglia activation Increased 18F-FDG uptake by activated cells Acute
Leukocyte migration Increased 18F-FDG uptake by activated cells Sub-acute
Macrophage migration Increased 18F-FDG uptake by activated cells Sub-acute

Physiologic associations
Peri-infarct speeding depression-like depolarization (PID) Increased metabolic demand Acute to sub-acute
Neuronal regeneration Increased metabolic demand Acute to sub-acute

Figure 5: 18F-FDG uptake prior to MCAO (control) and at different times after MCAO in a transient intraluminal MCAO rat model.

of parenchymal and microvascular GLUT1s 24 hours and
4 days after MCAO [66]. Vannucci et al. studied changes
of GLUT1 and GLUT3 mRNAs expressions after 2.5 hours
of severe hypoxic-ischemic insult in 7-day-old rat brains
[67]. They found elevated BBB GLUT1 mRNA expressions in
both hemispheres 1 hour after ischemic insults. In addition,
similar to observations by Lee and Bondy [65], this elevated
GLU1 mRNA expression only persisted in the ipsilateral
hemisphere during 24 hours of recovery. In the same study,
the authors further reported that the temporal expression
of neuronal GLUT3 mRNA appeared tissue fate dependent.
The GLUT3 mRNAs expression continued to decrease in the
core throughout the entire study, while the penumbral areas
exhibited an increase of GLUT3 mRNA expression at 1 hour
but started to decrease 3 hours after ischemic insults. Finally,
maximally increased GLUT5 expression at the peri-infarct
areas has been reported in a rat MCAO model 5 days after
stroke that remained elevated until 15 days after the insult
[68], suggesting that GLUT5 activation is consistent with
neuroinflammation in response to neuronal necrosis [47].

In summary, temporospatial changes of GLUTs 1 and
3 mRNA expressions in ischemic conditions may partially
account for acutely increased 18F-FDG PET uptake in the
peri-ischemic regions [40, 54–56, 58, 60]. This up-regulation
of GLUTs can serve as an important compensatory mecha-
nism to facilitate glucose transport via the BBB and into cells
in order to replenish energy stores and promote neuronal
survival. In contrast, increased GLUT5 expression may be
more associated with inflammation during the sub-acute
phase.

4.1.2. Activation of Hexokinase. Phosphorylation by hexok-
inase is one of the principal steps in 18F-FDG metabolism
and is also a rate-limiting step of glucose metabolism.
Up-regulation of phosphorylation in response to reduced
oxygen availability has been suggested. Specifically, Paschen
et al. demonstrated that a greater proportion of 14C-2-DG
was phosphorylated in ischemic regions when compared
to healthy brain regions (90% versus 80%) in an MCAO
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gerbil model [50]. As discussed previously, Walberer et al.
demonstrated that part of the peri-infarct tissues had reduced
K1 and increased Ki 18F-FDG rate constants 1 hour after
MCAO, suggesting a compensatory increase of the glucose
phosphorylation rate that requires both hexokinase and ATP
[54]. Studies of brain tumor cell cultures and in myocardial
infarction animal models reported upregulated hexokinase
mRNA expression in response to hypoxia [69–71]. Similarly,
a study of cerebrocortical cell cultures found that 3 days
of exposure to 1% oxygen increased activities of glycolytic
and its related enzymes (hexokinase, lactate dehydrogenase,
and pyruvate kinase), as well as decreased activities of the
TCA cycle related enzymes (citrate synthase and glutamate
dehydrogenase), suggesting that neurons are capable of
adapting to prolonged hypoxia by upregulating glycolysis and
downregulating oxidative energy metabolism [72]. Finally,
upregulation of hexokinase was observed in a global cerebral
ischemic model using 7-day postnatal rats [73]. Collectively,
these findings suggest that changes of hexokinase activity
and expression in response to hypoxia may contribute to
the increased “trapping” of 18F-FDG-6P in the peri-ischemic
regions.

4.1.3. Neuroinflammation. Neuroinflammation is a tempo-
rally and spatially dynamic process that includes resident
brain cells (most importantly microglia) and blood-borne
leukocytes and monocytes (for comprehensive review on
neuroinflammation, see [74, 75]). It is generally believed that
microglial activation is the first step of the neuroinflamma-
tory process, followed by an influx of neutrophils 1 day after-
stroke, and infiltration of macrophages 2 days after-stroke
[74]. Since immune cells participating in acute (neutrophils)
and chronic (macrophages) inflammatory responses have
high metabolic demands, it may not be surprising that
neuroinflammation results in an increased uptake of 18F-
FDG [76–79].

Temporal and spatial progression of neuroinflammation
was extensively studied in experimental stroke models. It
was shown that mRNA expression of glial fibrillary acidic
protein, a marker of reactive astrocytes, started to increase
at 6 hours and continued to increase until day 3 after MCAO
[80]. Using a permanent MCAO rat model, Mabuchi et al.
found that activated microglia was evident in the peripheral
area surrounding the infarction at 6 hours and continued
to increase in number up to 48 hours after stroke, which
coincided with a peak of macrophage accumulation along
the boundary of infarction [81]. Furthermore, significant
elevation of neuroinflammation 7 days after MCAO was
demonstrated by an increased 11C-(R)PK11195 uptake in
activated microglia cells as well as by increased number
and activation of microglial cells and macrophages using
immunohistochemical examination in ischemic penumbra
[58, 82] and core [59].

In contrast to experimental stroke studies, temporal
progression and spatial distribution of neuroinflammation in
humans are most likely different [74]. Postmortem autopsy
studies demonstrated the appearance of neutrophils at day 1
and peaked at days 2-3, as well as invasion of macrophages

at day 5 (peak at 3 weeks) after stroke [83, 84]. However,
post mortem studies are limited by their inability to pro-
vide temporal changes of neuroinflammation. In contrast,
non-invasive imaging approaches have been employed to
provide insights into the temporal behaviors of neuroin-
flammation [85–88]. Akopov et al. used SPECT to image
88 acute hemispheric stroke patients with technetium-99m
hexamethylpropyleneamine oxime-labeled leukocytes. An
increased leukocyte accumulation was evident at 6 hours,
progressively increased until 24 hours, and remained high up
to 9 days after stroke [86]. Furthermore, 11C-PK11195 PET
has been employed to study microglial activation [87, 88].
Price et al. performed 11C-PK11195 PET in 4 patients with left
MCA territory strokes [88]. Significant binding potential of
11C-PK11195 was evident in the core and penumbral regions
at 2 days and remained evident up to 30 days after stroke.The
11C-PK11195, however, lacks specificity to different subtypes
of neuroinflammatory cells since it binds to mitochondrial
peripheral benzodiazepine receptors that are expressed in
astrocytes, macrophages, activated microglia, granulocytes,
and lymphocytes [89, 90].

Activation of resident brain cells and transmigration of
blood-borne immune cells can also be important determi-
nants of the observed increased 18F-FDG uptake in the peri-
infarct areas. However, to the best of our knowledge, there
have been no studies systematically investigating temporal
and spatial progression of in vivo neuroinflammation and its
association with glucose metabolism in humans.

4.2. Physiological Associations. It is important to note that
direct empirical evidence linking increased 18F-FDG uptake
and to be discussed physiological mechanisms is currently
lacking. Therefore, the proposed associations should be con-
sidered speculative rather than determinative. Nonetheless,
we believe that it is important to discuss them because these
mechanisms are physiologically relevant and are associated
with cell activation that could lead to increased energy
demand and thus 18F-FDG hyper-uptake.

4.2.1. Peri-Infarct Spreading Depression-Like Depolarization.
Peri-infarct spreading depression-like depolarizations (PIDs)
are characterized as cortical DC shifts (about 20mV) that
spread along the cerebral cortex at a regular interval with
a speed of 3–5mm/min [91, 92]. Increased neuronal energy
demands in PIDs could potentially be associated with 18F-
FDG hyper-uptake. Results from experimental strokemodels
revealed that PIDs are triggered by the anoxic release of
potassium and excitatory amino acids, tend to occur in
clusters, and are associated with a significantly increased
metabolic rate and energy demands that are not coupled with
increase of bloodflow.As a result, PIDs could lead to transient
episodes of ischemia and the growth of an infarct core into
the penumbral zone [91–93]. Therefore, it is plausible that
PIDs induced neuronal activation, and thus the increased
metabolic demand in the penumbral areas can be associated
with the observed increased 18F-FDG uptake. For example,
repeated cortical spreading depression (induced by cortical
application of 3.3M KCl solution) in cats was associated
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with increased cortical 18F-FDG uptake and rCBF in PET
60–120 minutes after the experimental procedure [57]. With
regards to the temporal relation between PIDs and the onset
of ischemia, studies in animal MCAO models indicated that
PIDs occur immediately after stroke and progress until the
terminal injury [94, 95].

Dohmen et al. were the first to demonstrate PIDs in
ischemic stroke patients [96]. Specifically, electrodes were
placed at the peri-infarct region of 16 patients undergoing
decompressive craniectomy between 9 and 105 hours (mean=
39.8 ± 27.3hours) aftermalignantMCAstrokes. Spontaneous
PIDs were recorded in all but two patients, who were later
found to have electrode strips placed over the infarcted tissue.
Interestingly, the frequency of PIDs (25 PIDs in 198 hours
or 1 PID per 8 hours of monitoring) was the greatest in the
patient with the shortest time interval between stroke onset
and monitoring (13 hours). Not surprisingly, an increasing
ECoG recovery time was observed over time, indicating pro-
gressive hemodynamic and metabolic deterioration. These
findings suggest that PIDs seem to occur more frequently
during acute strokes and decrease with time. PIDs were
also recorded in humans with traumatic brain injury and
intracerebral hemorrhage, albeit with a lower frequency than
those in ischemic stroke patients [97], suggesting that these
electrophysiological abnormalities are common in response
to impeding functional and structural damage.

4.2.2. Neuronal Regeneration. Neuronal regeneration starts
early after ischemic insults and could also contribute to
the observed increase of 18F-FDG utilization in the peri-
infarct areas. For example, increased expression of mRNA
encoding neuropilin-(Npn-) 1, Npn-2, and semaphorin 3A
(Sema3A), proteins involved in axonal growth, was reported
within hours after MCAO in rats [98]. Furthermore, mRNA
expression of brain-derived neurotrophic factor, a member
of the neurotrophin family promoting survival and growth
of various nerve cell populations [99] and modulating glu-
tamine excitotoxicity in penumbral areas [100], and its full-
length receptor have been shown to increase in ischemic
penumbrae and reduce in ischemic cores 12 hours after
MCAO [101]. However, the temporal and spatial relationship
between neuronal regeneration and glucose metabolism in
ischemic stroke has not been fully explored to date.

5. Increased 18F-FDG Uptake versus Increased
Glucose Metabolism

While the previous discussion offers some of the potential
underlying biological mechanisms attributed to the observed
hyper uptake of 18F-FDG in the peri-ischemic areas, one
remainingmajor question iswhether or not the increased 18F-
FDG uptake truly reflects an increased glucose metabolism.
To this end, it is important to discuss the lumped constant
(LC), that is, the ratio of the metabolic rate of 18F-FDG and
the metabolic rate of glucose. LC accounts for the differences
in transportation, phosphorylation, and volume of distribu-
tion between 18F-FDG and glucose [102].Therefore, an LC of
1 indicates that there are no changes between the metabolic

rates of 18F-FDG and glucose; that is, the metabolic rate of
18F-FDG is equal to the metabolic rate of glucose. However,
there are significant differences between phosphorylation of
18F-FDG and glucose. As a result, CMRglc is usually estimated
using a LC of 0.42. More recent studies in a cat MCAOmodel
[103], and an in vitro cellmodel [104] separately demonstrated
that ischemic or hypo-perfused tissues can result in a 20%
to 78% increase of LC when compared to the normal brain
tissue. These findings have profound implications on the
utilization of 18F-FDG for assessing glucose metabolism.
Specifically, in the event when concurrently increased 18F-
FDG uptake and LC occurs, the increased 18F-FDG uptake
might not reflect increased glucose metabolism. To make the
matter worse, the extent to which LC is altered in response to
ischemia can be time and species dependent [105].Therefore,
onemust be cautious in the interpretation of 18F-FDG uptake
as a marker of glucose metabolism.

6. Limitations of 18F-FDG PET

Despite its potential clinical values, limitations on using 18F-
FDG PET for acute stroke patients should be acknowledged.
Widely accepted standardized protocols for the acquisition
and analysis of 18F-FDG PET remain lacking, limiting the
quantitative evaluation of 18F-FDG PET across centers [106,
107]. Technical factors including optimal timing between 18F-
FDG injection and PET imaging, the partial-volume effects
[108], and uniform determination of ROIs should be con-
sidered [106]. Furthermore, the relatively long time interval
between injection andPET imaging couldmake it impractical
for the management of acute stroke patients. Radiolabeled
tracers are sources of radiation, and the combination of PET
with CT further increases radiation doses. Finally, ensuring
24/7 availability of 18F-FDG can impose challenges in some
clinical centers.

Certain clinical situations that are common in the acute
ischemic stroke settings can also dampen the clinical utility of
18F-FDG-PET. Transient hyperglycemia is common in acute
ischemic stroke patients [109], which can impact the 18F-FDG
PET results [107, 110]. Acute correction of hyperglycemia
with insulin does not substantially improve 18F-FDG PET
image quality because of different dynamics of normalization
of plasma versus intracellular glucose concentrations [107].
Sedative medications that alter global metabolism of glucose
should be considered. Finally, the inability of acute stroke
patients holding still during PET images can also lead to
compromised PET image quality.

7. Conclusions

Although 18F-FDGPET iswidely available in clinical settings,
its potential clinical utility for themanagement of acute stroke
patients has not been extensively studied. Specifically, both
experimental and clinical stroke studies have consistently
demonstrated a reduction of 18F-FDG uptake in the pre-
sumed core regions, whereas the 18F-FDG uptake patterns
in the peri-infarct regions are less consistent in the literature.
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This paper comprehensively reviews the temporal and spatial
variations of glucose metabolism in response to cerebral
ischemia with special attention on the peri-infarct regions.
In particular, an elevated 18F-FDG (14C-2-DG) uptake in the
presumed ischemic penumbra regions has been observed,
which appears capable of predicting final tissue fate. The
potential cellular mechanisms accounting for the increased
glucose utilization and 18F-FDG uptake in the peri-infarct
areas (activation of GLUTs, hexokinase, and neuroinflamma-
tion) were discussed. In addition, the possible physiological
associations (PIDs and neuroregeneration) were proposed.
Although the clinical utility of 18F-FDG PET in managing
acute stroke patients remains to be seen, rigorous and
systematic evaluations of 18F-FDG uptake patterns in acute
ischemic stroke patients are warranted.

References

[1] A. S. Go, D. Mozaffarian, V. L. Roger et al., “Heart disease
and stroke statistics—2013 update: a report from the American
Heart Association,”Circulation, vol. 127, no. 1, pp. e6–e245, 2013.

[2] G. A.Donnan,M. Fisher,M.Macleod, and S.M.Davis, “Stroke,”
The Lancet, vol. 371, no. 9624, pp. 1612–1623, 2008.

[3] H. P. Adams, G. del Zoppo, M. J. Alberts et al., “Guidelines
for the early management of adults with ischemic stroke:
a guideline from the American Heart Association/American
Stroke Association Stroke Council, Clinical Cardiology Coun-
cil, Cardiovascular Radiology and Intervention Council, and
the Atherosclerotic Peripheral Vascular Disease and Quality of
Care Outcomes in Research InterdisciplinaryWorking Groups:
The American Academy of Neurology affirms the value of this
guideline as an educational tool for neurologists,” Circulation,
vol. 115, no. 20, pp. e478–534, 2007.

[4] “Tissue plasminogen activator for acute ischemic stroke. The
National Institute of Neurological Disorders and Stroke rt-PA
Stroke Study Group,”New England Journal of Medicine, vol. 333,
no. 24, pp. 1581–1587, 1995.

[5] T.G.Kwiatkowski, R. B. Libman,M. Frankel et al., “Effects of tis-
sue plasminogen activator for acute ischemic stroke at one year.
National Institute ofNeurological Disorders and Stroke Recom-
binant Tissue Plasminogen Activator Stroke Study Group,”New
England Journal ofMedicine, vol. 340, no. 23, pp. 1781–1787, 1999.

[6] W. Hacke, M. Kaste, E. Bluhmki et al., “Thrombolysis with
alteplase 3 to 4.5 hours after acute ischemic stroke,” New
England Journal ofMedicine, vol. 359, no. 13, pp. 1317–1329, 2008.

[7] K. R. Lees, E. Bluhmki, R. von Kummer et al., “Time to
treatment with intravenous alteplase and outcome in stroke: an
updated pooled analysis of ECASS, ATLANTIS, NINDS, and
EPITHET trials,” The Lancet, vol. 375, no. 9727, pp. 1695–1703,
2010.

[8] K. A. Blackham, P. M. Meyers, T. A. Abruzzo et al., “Endovas-
cular therapy of acute ischemic stroke: report of the Standards
of Practice Committee of the Society of NeuroInterventional
Surgery,” Journal of NeuroInterventional Surgery, vol. 4, no. 2,
pp. 87–93, 2012.

[9] W. S. Smith, G. Sung, J. Saver et al., “Mechanical thrombectomy
for acute ischemic stroke: final results of themultiMERCI trial,”
Stroke, vol. 39, no. 4, pp. 1205–1212, 2008.

[10] Z. Darkhabani, T. Nguyen, M. A. Lazzaro et al., “Complications
of endovascular therapy for acute ischemic stroke and proposed

management approach,” Neurology, vol. 79, no. 13, supplement
1, pp. S192–S198, 2012.

[11] J. G. Merino and S. Warach, “Imaging of acute stroke,” Nature
Reviews Neurology, vol. 6, no. 10, pp. 560–571, 2010.

[12] G.W.Albers, V.N.Thijs, L.Wechsler et al., “Magnetic resonance
imaging profiles predict clinical response to early reperfusion:
the diffusion and perfusion imaging evaluation for understand-
ing stroke evolution (DEFUSE) study,”Annals of Neurology, vol.
60, no. 5, pp. 508–517, 2006.

[13] M. Paciaroni, V. Caso, and G. Agnelli, “The concept of ischemic
penumbra in acute stroke and therapeutic opportunities,” Euro-
pean Neurology, vol. 61, no. 6, pp. 321–330, 2009.

[14] W.D.Heiss, “The ischemic penumbra: correlates in imaging and
implications for treatment of ischemic stroke.The Johann Jacob
Wepfer award 2011,” Cerebrovascular Diseases, vol. 32, no. 4, pp.
307–320, 2011.

[15] S. M. Davis, G. A. Donnan, M. W. Parsons et al., “Effects
of alteplase beyond 3 h after stroke in the Echoplanar Imag-
ing Thrombolytic Evaluation Trial (EPITHET): a placebo-
controlled randomised trial,” The Lancet Neurology, vol. 7, no.
4, pp. 299–309, 2008.

[16] W. L. Lin and W. J. Powers, “Special issue: clinical imaging of
hyperacute stroke,” Translational Stroke Research, vol. 3, no. 2,
pp. 173–177, 2012.

[17] A. A. Konstas, M. Wintermark, and M. H. Lev, “CT perfusion
imaging in acute stroke,” Neuroimaging Clinics of North Amer-
ica, vol. 21, no. 2, pp. 215–238, 2011.

[18] M. Fisher and B. Bastan, “Identifying and utilizing the ischemic
penumbra,” Neurology, vol. 79, no. 13, supplement 1, pp. S79–
S85, 2012.

[19] J. Sobesky, “Refining the mismatch concept in acute stroke:
lessons learned from PET and MRI,” Journal of Cerebral Blood
Flow & Metabolism, vol. 32, no. 7, pp. 1416–1425, 2012.

[20] M. Ebinger, D. A. De Silva, S. Christensen et al., “Imaging
the penumbra—strategies to detect tissue at risk after ischemic
stroke,” Journal of Clinical Neuroscience, vol. 16, no. 2, pp. 178–
187, 2009.

[21] G. Schlaug, A. Benfield, A. E. Baird et al., “The ischemic
penumbra: operationally defined by diffusion and perfusion
MRI,” Neurology, vol. 53, no. 7, pp. 1528–1537, 1999.

[22] S. T. Engelter, S. G.Wetzel, L. H. Bonati, F. Fluri, and P. A. Lyrer,
“The clinical significance of diffusion-weighted MR imaging in
stroke and TIA patients,” Swiss Medical Weekly, vol. 138, no. 49-
50, pp. 729–740, 2008.

[23] K. A. Dani, R. G. Thomas, F. M. Chappell et al., “Computed
tomography and magnetic resonance perfusion imaging in
ischemic stroke: definitions and thresholds,” Annals of Neurol-
ogy, vol. 70, no. 3, pp. 384–401, 2011.

[24] W. J. Powers, “Perfusion-diffusion mismatch: does it identify
who will benefit from reperfusion therapy?” Translational
Stroke Research, vol. 3, no. 2, pp. 182–187, 2012.

[25] A. M. Allmendinger, E. R. Tang, Y. W. Lui et al., “Imaging of
stroke: part 1, Perfusion CT—overview of imaging technique,
interpretation pearls, and common pitfalls,” American Journal
of Roentgenology, vol. 198, no. 1, pp. 52–62, 2012.

[26] A. Bivard, C. Levi, N. Spratt et al., “Perfusion CT in acute stroke:
a comprehensive analysis of infarct and penumbra,” Radiology,
2012.

[27] W. J. Powers andA.R. Zazulia, “PET in cerebrovascular disease,”
PET Clinics, vol. 5, no. 1, Article ID 83106, 2010.



12 BioMed Research International

[28] J. Astrup, B. K. Siejo, and L. Symon, “Thresholds in cerebral
ischemia—the ischemic penumbra,” Stroke, vol. 12, no. 6, pp.
723–725, 1981.

[29] J. C. Baron, M. G. Bousser, and A. Rey, “Reversal of focal
“misery-perfusion syndrome” by extra-intracranial arterial
bypass in hemodynamic cerebral ischemia. A case study with
15O positron emission tomography,” Stroke, vol. 12, no. 4, pp.
454–459, 1981.

[30] W. D. Heiss and G. Rosner, “Functional recovery of cortical
neurons as related to degree and duration of ischemia,” Annals
of Neurology, vol. 14, no. 3, pp. 294–301, 1983.

[31] F.W.Marcoux, R. B.Morawetz, and R.M. Crowell, “Differential
regional vulnerability in transient focal cerebral ischemia,”
Stroke, vol. 13, no. 3, pp. 339–346, 1982.

[32] W. D. Heiss, R. Graf, K. Wienhard et al., “Dynamic penumbra
demonstrated by sequential multitracer PET after middle cere-
bral artery occlusion in cats,” Journal of Cerebral Blood Flow and
Metabolism, vol. 14, no. 6, pp. 892–902, 1994.

[33] C. Giffard, A. R. Young, N. Kerrouche, J. M. Derlon, and J. C.
Baron, “Outcome of acutely ischemic brain tissue in prolonged
middle cerebral artery occlusion: a serial positron emission
tomography investigation in the baboon,” Journal of Cerebral
Blood Flow and Metabolism, vol. 24, no. 5, pp. 495–508, 2004.

[34] S. Pappata, M. Fiorelli, T. Rommel et al., “PET study of changes
in local brain hemodynamics and oxygen metabolism after
unilateral middle cerebral artery occlusion in baboons,” Journal
of Cerebral Blood Flow and Metabolism, vol. 13, no. 3, pp. 416–
424, 1993.

[35] O. Touzani, A. R. Young, J. M. Derlon et al., “Sequential studies
of severely hypometabolic tissue volumes after permanent mid-
dle cerebral artery occlusion: a positron emission tomographic
investigation in anesthetized baboons,” Stroke, vol. 26, no. 11, pp.
2112–2119, 1995.

[36] E. Shimosegawa, J. Hatazawa, M. Ibaraki, H. Toyoshima, and
A. Suzuki, “Metabolic penumbra of acute brain infarction: a
correlation with infarct growth,” Annals of Neurology, vol. 57,
no. 4, pp. 495–504, 2005.

[37] M. Furlan, G. Marchai, F. Viader, J. M. Derlon, and J. C. Baron,
“Spontaneous neurological recovery after stroke and the fate of
the ischemic penumbra,” Annals of Neurology, vol. 40, no. 2, pp.
216–226, 1996.

[38] P. Frykholm, J. L. R. Andersson, J. Valtysson et al., “A metabolic
threshold of irreversible ischemia demonstrated by PET in a
middle cerebral artery occlusion—reperfusion primate model,”
Acta Neurologica Scandinavica, vol. 102, no. 1, pp. 18–26, 2000.

[39] M. Sakoh, L. Østergaard, L. Røhl et al., “Relationship between
residual cerebral blood flow and oxygen metabolism as predic-
tive of ischemic tissue viability: sequential multitracer positron
emission tomography scanning of middle cerebral artery occlu-
sion during the critical first 6 hours after stroke in pigs,” Journal
of Neurosurgery, vol. 93, no. 4, pp. 647–657, 2000.

[40] W. D. Heiss, M. Huber, G. R. Fink et al., “Progressive derange-
ment of periinfarct viable tissue in ischemic stroke,” Journal of
Cerebral Blood Flow and Metabolism, vol. 12, no. 2, pp. 193–203,
1992.

[41] J. Tillisch, R. Brunken, and R.Marshall, “Reversibility of cardial
wall-motion abnormalities predicted by positron tomography,”
New England Journal of Medicine, vol. 314, no. 14, pp. 884–888,
1986.

[42] N. Tamaki, M. Kawamoto, E. Tadamura et al., “Prediction
of reversible ischemia after revascularization: perfusion and

metabolic studies with positron emission tomography,” Circu-
lation, vol. 91, no. 6, pp. 1697–1705, 1995.

[43] “Positron emission tomography for the assessment of myocar-
dial viability: an evidence-based analysis,”Ontario Health Tech-
nology Assessment Series, vol. 10, no. 16, pp. 1–80, 2010.

[44] V. Garibotto, S. Heinzer, S. Vulliemoz et al., “Clinical applica-
tions of hybrid PET/MRI in neuroimaging,” Clinical Nuclear
Medicine, vol. 38, no. 1, pp. e13–e18, 2013.

[45] J. C. Baron, D. Rougemont, and F. Soussaline, “Local inter-
relationships of cerebral oxygen consumption and glucose
utilization in normal subjects and in ischemic stroke patients:
a positron tomography study,” Journal of Cerebral Blood Flow
and Metabolism, vol. 4, no. 2, pp. 140–149, 1984.

[46] P. Lebrun Grandie, J. C. Baron, and F. Soussaline, “Coupling
between regional blood flow and oxygen utilization in the
normal human brain. A study with positron tomography and
oxygen 15,” Archives of Neurology, vol. 40, no. 4, pp. 230–236,
1983.

[47] S. J. Vannucci, F.Maher, and I. A. Simpson, “Glucose transporter
proteins in brain: delivery of glucose to neurons and glia,” Glia,
vol. 21, no. 1, pp. 2–21, 1997.

[48] J. E. Wilson, “Isozymes of mammalian hexokinase: structure,
subcellular localization and metabolic function,” Journal of
Experimental Biology, vol. 206, no. 12, pp. 2049–2057, 2003.

[49] M. D. Ginsberg, M. Reivich, A. Giandomenico, and J. H.
Greenberg, “Local glucose utilization in acute focal cerebral
ischemia: local dysmetabolism and diaschisis,” Neurology, vol.
27, no. 11, pp. 1042–1048, 1977.

[50] W. Paschen, G. Mies, and K. A. Hossmann, “Threshold rela-
tionship between cerebral blood flow, glucose utilization, and
energy metabolites during development of stroke in gerbils,”
Experimental Neurology, vol. 117, no. 3, pp. 325–333, 1992.

[51] J. S. Fowler and T. Ido, “Initial and subsequent approach for the
synthesis of 18FDG,” Seminars in Nuclear Medicine, vol. 32, no.
1, pp. 6–12, 2002.

[52] G. K. V. Schulthess,Molecular Anatomic Imaging : PET-CT and
SPECT-CT IntegratedModality, LippincottWilliams &Wilkins,
Philadelphia, Pa, USA, 2nd edition, 2007.

[53] G. J. R. Cook,M. N.Maisey, and I. Fogelman, “Normal variants,
artefacts and interpretative pitfalls in PET imaging with 18-
fluoro-2-deoxyglucose and carbon-11 methionine,” European
Journal of Nuclear Medicine, vol. 26, no. 10, pp. 1363–1378, 1999.

[54] M. Walberer, H. Backes, M. A. Rueger et al., “Potential of early
[(18)F]-2-fluoro-2-deoxy-D-glucose positron emission tomog-
raphy for identifying hypoperfusion andpredicting fate of tissue
in a rat embolic stroke model,” Stroke, vol. 43, no. 1, pp. 193–198,
2012.

[55] M. Sobrado, M. Delgado, E. Fernández-Valle et al., “Longitu-
dinal studies of ischemic penumbra by using 18F-FDG PET
and MRI techniques in permanent and transient focal cerebral
ischemia in rats,” NeuroImage, vol. 57, no. 1, pp. 45–54, 2011.

[56] Y. Kuge, C. Yokota, M. Tagaya et al., “Serial changes in cerebral
blood flow and flow-metabolism uncoupling in primates with
acute thromboembolic stroke,” Journal of Cerebral Blood Flow
and Metabolism, vol. 21, no. 3, pp. 202–210, 2001.

[57] Y. Kuge, Y. Hasegawa, C. Yokota et al., “Effects of single
and repetitive spreading depression on cerebral blood flow
and glucose metabolism in cats: a PET study,” Journal of the
Neurological Sciences, vol. 176, no. 2, pp. 114–123, 2000.

[58] D. Fukumoto, T. Hosoya, S. Nishiyama et al., “Multiparametric
assessment of acute and subacute ischemic neuronal damage:



BioMed Research International 13

a small animal positron emission tomography study with rat
photochemically induced thrombosis model,” Synapse, vol. 65,
no. 3, pp. 207–214, 2011.

[59] S. Rojas, A. Mart́ın, M. J. Arranz et al., “Imaging brain
inflammation with [11C]PK11195 by PET and induction of
the peripheral-type benzodiazepine receptor after transient
focal ischemia in rats,” Journal of Cerebral Blood Flow and
Metabolism, vol. 27, no. 12, pp. 1975–1986, 2007.

[60] S. Nasu, T. Hata, T. Nakajima, and Y. Suzuki, “Evaluation of
18F-FDG PET in acute ischemic stroke: assessment of hyper
accumulation around the lesion,” Kaku Igaku, vol. 39, no. 2, pp.
103–110, 2002.

[61] D. E. Kuhl, M. E. Phelps, and A. P. Kowell, “Effects of stroke on
local cerebral metabolism and perfusion: mapping by emission
computed tomography of 18FDG and 13NH

3
,”Annals of Neurol-

ogy, vol. 8, no. 1, pp. 47–60, 1980.
[62] D. Y. Ho, E. S. Mocarski, and R. M. Sapolsky, “Altering central

nervous system physiology with a defective herpes simplex
virus vector expressing the glucose transporter gene,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 90, no. 8, pp. 3655–3659, 1993.

[63] M. A. Yenari, T. C. Dumas, R. M. Sapolsky, and G. K. Stein-
berg, “Gene therapy for treatment of cerebral ischemia using
defective herpes simplex viral vectors,” Annals of the New York
Academy of Sciences, vol. 939, pp. 340–357, 2001.

[64] M. S. Lawrence, G. H. Sun, D. M. Kunis et al., “Overexpression
of the glucose transporter gene with a herpes simplex viral
vector protects striatal neurons against stroke,” Journal of
Cerebral Blood Flow and Metabolism, vol. 16, no. 2, pp. 181–185,
1996.

[65] W. H. Lee and C. A. Bondy, “Ischemic injury induces brain
glucose transporter gene expression,” Endocrinology, vol. 133,
no. 6, pp. 2540–2544, 1993.

[66] A. L. McCall, A. M. Van Bueren, V. Nipper, M. Moholt-Siebert,
H. Downes, and N. Lessov, “Forebrain ischemia increases
GLUT1 protein in brain microvessels and parenchyma,” Journal
of Cerebral Blood Flow and Metabolism, vol. 16, no. 1, pp. 69–76,
1996.

[67] S. J. Vannucci, L. B. Seaman, and R. C. Vannucci, “Effects of
hypoxia-ischemia on GLUT1 and GLUT3 glucose transporters
in immature rat brain,” Journal of Cerebral Blood Flow and
Metabolism, vol. 16, no. 1, pp. 77–81, 1996.

[68] K. Li, S. J. Vannucci, F.Maher et al., “GLUT5microglial response
in adult and immature rat brain following stroke,” Society For
Neuroscience Abstracts, vol. 22, no. 1–3, p. 1423, 1996.

[69] A. E. Greijer, P. van der Groep, D. Kemming et al., “Up-
regualtion of gene expression by hypoxia is mediated pre-
dominantly by hypoxia-inducible factor I (HIF-I),” Journal of
Pathology, vol. 206, no. 3, pp. 291–304, 2005.

[70] R. Southworth, “Hexokinase-mitochondrial interaction in car-
diac tissue: implications for cardiac glucose uptake, the 18FDG
lumped constant and cardiac protection,” Journal of Bioenerget-
ics and Biomembranes, vol. 41, no. 2, pp. 187–193, 2009.

[71] T. L. Clanton and P. F. Klawitter, “Physiological and genomic
consequences of intermittent hypoxia: invited review: adaptive
responses of skeletal muscle to intermittent hypoxia: the known
and the unknown,” Journal of Applied Physiology, vol. 90, no. 6,
pp. 2476–2487, 2001.

[72] G. H. Malthankar-Phatak, A. B. Patel, Y. Xia et al., “Effects of
continuous hypoxia on energy metabolism in cultured cerebro-
cortical neurons,” Brain Research, vol. 1229, no. 1, pp. 147–154,
2008.

[73] R. C. Vannucci, R.M. Brucklacher, and S. J. Vannucci, “Glycoly-
sis and perinatal hypoxic-ischemic brain damage,”Developmen-
tal Neuroscience, vol. 27, no. 2–4, pp. 185–190, 2005.

[74] J. R. Weinstein, I. P. Koerner, and T. Moller, “Microglia in
ischemic brain injury,” Future Neurology, vol. 5, no. 2, pp. 227–
246, 2010.

[75] K. L. Lambertsen, K. Biber, and B. Finsen, “Inflammatory
cytokines in experimental and human stroke,” Journal of Cere-
bral Blood Flow&Metabolism, vol. 32, no. 9, pp. 1677–1698, 2012.

[76] S. Yamada, K. Kubota, R. Kubota, T. Ido, and N. Tama-
hashi, “High accumulation of fluorine-18-fluorodeoxyglucose
in turpentine-induced inflammatory tissue,” Journal of Nuclear
Medicine, vol. 36, no. 7, pp. 1301–1306, 1995.

[77] Y. Sugawara, T. D. Gutowski, S. J. Fisher, R. S. Brown, and
R. L. Wahl, “Uptake of positron emission tomography tracers
in experimental bacterial infections: a comparative biodistri-
bution study of radiolabeled FDG, thymidine, L-methionine,
67Ga-citrate, and 125I-HSA,” European Journal of Nuclear
Medicine, vol. 26, no. 4, pp. 333–341, 1999.

[78] A. H. Kaim, B. Weber, M. O. Kurrer, J. Gottschalk, G. K. Von
Schulthess, and A. Buck, “Autoradiographic quantification of
18F-FDG uptake in experimental soft-tissue abscesses in rats,”
Radiology, vol. 223, no. 2, pp. 446–451, 2002.

[79] K. Kubota, K. Ito, M.Morooka et al., “FDG PET for rheumatoid
arthritis: basic considerations andwhole-body PET/CT,”Annals
of the New York Academy of Sciences, vol. 1228, no. 1, pp. 29–38,
2011.

[80] K. Yamashita, P. Vogel, K. Fritze, T. Back, K. A. Hossmann, and
C. Wiessner, “Monitoring the temporal and spatial activation
pattern of astrocytes in focal cerebral ischemia using in situ
hybridization of GFAP mRNA: comparison with sgp-2 and
hsp70 mRNA and the effect of glutamate receptor antagonists,”
Brain Research, vol. 735, no. 2, pp. 285–297, 1996.

[81] T. Mabuchi, K. Kitagawa, T. Ohtsuki et al., “Contribution of
microglia/macrophages to expansion of infarction and response
of oligodendrocytes after focal cerebral ischemia in rats,” Stroke,
vol. 31, no. 7, pp. 1735–1743, 2000.

[82] M. Schroeter, M. A. Dennin, M. Walberer et al., “Neuroinflam-
mation extends brain tissue at risk to vital peri-infarct tissue: a
double tracer [11C]PK11195- and [18F]FDG-PET study,” Journal
of Cerebral Blood Flow and Metabolism, vol. 29, no. 6, pp. 1216–
1225, 2009.

[83] R. Chuaqui and J. Tapia, “Histologic assessment of the age of
recent brain infarcts in man,” Journal of Neuropathology and
Experimental Neurology, vol. 52, no. 5, pp. 481–489, 1993.

[84] P. J. Lindsberg, O. Carpén, A. Paetau, M. L. Karjalainen-
Lindsberg, and M. Kaste, “Endothelial ICAM-1 expression
associated with inflammatory cell response in human ischemic
stroke,” Circulation, vol. 94, no. 5, pp. 939–945, 1996.

[85] C. Pozzilli, G. L. Lenzi, and C. Argentino, “Imaging of leuko-
cytic infiltration in human cerebral infarcts,” Stroke, vol. 16, no.
2, pp. 251–255, 1985.

[86] S. E.Akopov,N.A. Simonian, andG. S.Grigorian, “Dynamics of
polymorphonuclear leukocyte accumulation in acute cerebral
infarction and their correlation with brain tissue damage,”
Stroke, vol. 27, no. 10, pp. 1739–1743, 1996.

[87] A. Gerhard, J. Schwarz, R. Myers, R. Wise, and R. B. Banati,
“Evolution of microglial activation in patients after ischemic
stroke: a [11C](R)-PK11195 PET study,” NeuroImage, vol. 24, no.
2, pp. 591–595, 2005.



14 BioMed Research International

[88] C. J. S. Price, D. Wang, D. K. Menon et al., “Intrinsic activated
microglia map to the peri-infarct zone in the subacute phase of
ischemic stroke,” Stroke, vol. 37, no. 7, pp. 1749–1753, 2006.

[89] P. J. Syapin andP. Skolnick, “Characterization of benzodiazepine
binding sites in cultured cells of neural origin,” Journal of
Neurochemistry, vol. 32, no. 3, pp. 1047–1051, 1979.

[90] X. Canat, P. Carayon, M. Bouaboula et al., “Distribution profile
and properties of peripheral-type benzodiazepine receptors on
human hemopoietic cells,” Life Sciences, vol. 52, no. 1, pp. 107–
118, 1993.

[91] K. A. Hossmann, “Periinfarct depolarizations,” Cerebrovascular
and Brain Metabolism Reviews, vol. 8, no. 3, pp. 195–208, 1996.

[92] M. Lauritzen, J. P. Dreier, M. Fabricius, J. A. Hartings, R.
Graf, and A. J. Strong, “Clinical relevance of cortical spread-
ing depression in neurological disorders: migraine, malig-
nant stroke, subarachnoid and intracranial hemorrhage, and
traumatic brain injury,” Journal of Cerebral Blood Flow and
Metabolism, vol. 31, no. 1, pp. 17–35, 2011.

[93] G. G. Somjen, “Mechanisms of spreading depression and
hypoxic spreading depression-like depolarization,” Physiologi-
cal Reviews, vol. 81, no. 3, pp. 1065–1096, 2001.

[94] G. Mies, T. Iijima, and K. A. Hossmann, “Correlation between
peri-infarct DC shifts and ischaemic neuronal damage in rat,”
NeuroReport, vol. 4, no. 6, pp. 709–711, 1993.

[95] K. Ohta, R. Graf, G. Rosner, and W. D. Heiss, “Calcium ion
transients in peri-infarct depolarizations may deteriorate ion
homeostasis and expand infarction in focal cerebral ischemia
in cats,” Stroke, vol. 32, no. 2, pp. 535–543, 2001.

[96] C. Dohmen, O. W. Sakowitz, M. Fabricius et al., “Spreading
depolarizations occur in human ischemic stroke with high
incidence,” Annals of Neurology, vol. 63, no. 6, pp. 720–728,
2008.

[97] M. Fabricius, S. Fuhr, R. Bhatia et al., “Cortical spreading
depression and peri-infarct depolarization in acutely injured
human cerebral cortex,”Brain, vol. 129, no. 3, pp. 778–790, 2006.

[98] H. Fujita, B. Zhang, K. Sato, J. Tanaka, and M. Sakanaka,
“Expressions of neuropilin-1, neuropilin-2 and semaphorin 3A
mRNA in the rat brain after middle cerebral artery occlusion,”
Brain Research, vol. 914, no. 1-2, pp. 1–14, 2001.

[99] Y. A. Barde, “Neurotrophins: a family of proteins supporting the
survival of neurons,”Progress in Clinical and Biological Research,
vol. 390, pp. 45–56, 1994.

[100] C. Sommer, R. Kollmar, S. Schwab, M. Kiessling, and W. R.
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Transportation of patients requiring multiple diagnostic and imaging-guided therapeutic modalities is unavoidable in current
radiological practice. This clinical scenario causes time delays and increased risk in the management of stroke and other
neurovascular emergencies. Since the emergence of flat-detector technology in imaging practice in recent decades, studies have
proven that flat-detector X-ray angiography in conjunction with contrast medium injection and specialized reconstruction
algorithms can provide not only high-quality and high-resolution CT-like images but also functional information. This
improvement in imaging technology allows quantitative assessment of intracranial hemodynamics and, subsequently in the same
imaging session, provides treatment guidance for patients with neurovascular disorders by using only a flat-detector angiographic
suite—a so-called one-stop quantitative imaging service (OSIS). In this paper, we review the recent developments in the field of flat-
detector imaging and share our experience of applying this technology in neurovascular disorders such as acute ischemic stroke,
cerebral aneurysm, and stenoocclusive carotid diseases.

1. An Actual Clinical Scenario
of Stroke Management

A 67-year-old man presented at the hospital emergency unit
with symptoms of acute right hemiplegia of less than 6 hours’
duration. After a rapid assessment, the patient was taken to
the computed tomography (CT) room, where noncontrast
CT scan excluded intracranial hemorrhage. Immediate CT
angiography depicted an occlusion at the proximal portion
of the left middle cerebral artery, and a subsequent perfusion
study identified a large penumbra, which manifested as
prolonged time to peak (TTP) and preserved cerebral blood
flow (CBF).

Because of the proximal cerebral artery occlusion and
the risk of cell death in a large area of brain parenchyma,
the patient was sent to the angiographic suite for revascular-
ization with intra-arterial approach. After an interventional
procedure lastingmore than an hour, the occluded leftmiddle

cerebral arterywas opened bymechanical thrombectomy and
a few smaller occluded branches were left untreated. The
patient was then sent back to the stroke intensive care unit.
He was followed up on the next day by CT angiography
and perfusion imaging usingmultidetector CT (MDCT).The
studies showed normal hemodynamic parameters in most of
the penumbra and no hemorrhage in the brain parenchyma.
He was discharged a few days later under a favorable clinical
status with only minor neurological deficits.

2. Introduction

Recently, angiographic suites equipped with flat detectors
have become a standard imaging practice. Flat-detector
imaging is also known as flat-detector computed tomogra-
phy (FDCT) or angiographic CT. Remarkable advances in
imaging technology over the recent years have resulted in
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notable improvement of imaging acquisition and postpro-
cessing techniques in FDCT. In addition to digital subtraction
angiography (DSA), which is obtained by subtraction of
images before from after contrast medium injection and
removing superimposed bone and soft tissue densities [1],
FDCT can provide CT-like brain parenchyma images (Dyn-
aCT) and three-dimensional morphological and hemody-
namic datasets of vasculatures, by combining one or more
C-arm rotations. Consequently, a one-stop peritherapeutic
imaging service has become feasible.

In this paper, we review the recent progress of FDCT tech-
nology in angiographic suite and share our clinical experience
in coupling these imaging techniques with the clinical work-
flow of neurovascular disorders.

3. Technical Principles of Flat-Detector CT

A state-of-the-art flat panel detector consisted of two inde-
pendent layers. The first is a fluorescence scintillator screen
of cesium iodide, which absorbs and converts the X-rays
into light photons, and the second is a layer of photodiodes,
made up of hydrogenated amorphous silicon to convert light
photons into a digital signal [2, 3]. The original development
of flat-panel detectors was aimed at improving standard
radiography by providing a higher dynamic range and a fast
and repeated direct digital readout. With the improvement
of three-dimensional reconstruction techniques [4–7] and
reduction of artifacts, the concept of applying flat detectors
for X-ray computed tomography had been investigated for
several years.The FDCT can be installed in a gantry similar to
that of a conventional MDCT [8], or on a C-arm system.The
C-arm based system is named because of its configuration
and used primarily for fluoroscopic imaging during surgical
and angiographic procedures. It can be immobile, mounted
on the floor or ceiling of the angiographic room, or mobile
that can operate in any medical scenario, for example,
operation theater or intensive care unit. In this paper, the term
FDCT refers to an angiographic suite equipped with a C-arm
system and a flat detector.The system can generate CT images
by a series of projection data over an angular range of 180
degrees plus fan angle. If equipped with a large size detector
to cover a wide field of view, for example, 40 by 40 cm2, the
FDCT can obtain a large scanning volume in a single rotation.
Thus, the term of cone beam FDCT is interchangeably used
in the literature [9].

The earlier works of C-arm CT where originally per-
formed by using an conventional image intensifier system
in 1990s [10–12]. However, because of inherent limitations,
namely, low dynamic range, image distortion, and low-
contrast detectability, the application was limited to 3D
rotational angiography that allowed visualizing high-contrast
vessels typically by employing intra-arterial contrast medium
injections [12, 13]. Compared with image intensifiers, flat
detectors offer superior image quality, including improved
detective quantum efficiency (DQE), modulation transfer
function (MTF), dynamic range, and dose efficiency [14].
Furthermore, a C-arm system equipped with flat detectors

is capable of providing projection radiography, fluoroscopy,
DSA, and CT-like images in one imaging suite. Thus, the C-
arm FDCT gains wide popularity in current imaging practice
because of the versatile applications in the angiographic suite
[15, 16].

4. Angiographic Suite Equipped with FDCT

An angiographic suite equipped with FDCT enables early
recognition of intracranial complications during endovascu-
lar therapeutic procedures, such as coiling an intracranial
aneurysm, stenting a stenotic artery, or other interventional
procedures [17, 18]. With its high spatial imaging resolution
and capacity for correcting metallic artifacts, DynaCT can
detect most brain parenchymal hemorrhages in emergency
situations [18, 19]. The combination of DSA with DynaCT
has proven superior to two-dimensional or even three-
dimensional DSA alone for the management of neuroen-
dovascular complications [20].

In conjunction with intra-arterial or intravenous contrast
medium injection, FDCT angiography provides images with
higher spatial resolution than MDCT angiography does.
Moreover, FDCT is able to directly demonstrate the rela-
tionship between endovascular devices or vascular mal-
formations and the surrounding parenchymal structures
for guiding a treatment or planning a therapeutic strategy.
The direct demonstration has not been possible since
the invention of conventional DSA early in the last
century [21, 22].

5. Functional Imaging

For functional analysis of hemodynamics, the contrast
medium injection protocol and imaging reconstruction algo-
rithm of FDCT are modified and optimized. By subtracting
a mask rotation run from a contrast medium-filled rotation
run, in which contrast medium in tissues reaches a static
state after bolus contrast medium injection, FDCT enables
measurement of parenchymal cerebral blood volume (FDCT-
PBV) [23, 24]. In a preliminary study by Struffert et al.,
the CBV values obtained with FDCT-PBV were strongly
correlated to those obtained with MDCT. The mean differ-
ence of CBV values between FDCT and MDCT was small
(0.04 ± 0.55mL/100mL) [25]. On-site CBV measurement
enables peritherapeutic monitoring of hemodynamics and
allows a timely management when endovascular treatments
are encountered.

Advancements in protocols of contrastmedium injection,
imaging acquisition, rotational speed, and reconstruction
algorithms have improved remarkably the temporal reso-
lution of C-arm FDCT for hemodynamic measurement. A
recent study by Ganguly et al. demonstrated the feasibility of
measuring CBF, CBV, and mean transit time (MTT) directly
with C-arm FDCT. The hemodynamic maps generated from
C-arm FDCT correlated well with CT perfusion maps from
MDCT [26].
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Figure 1: Shift of clinical paradigm in stroke management by employing flat-detector angiographic suite.

6. Clinical Experience

6.1. Acute Ischemic Stroke. According to the World Health
Organization (WHO), stroke is the second leading cause
of death worldwide (10.8%). Furthermore, human neural
tissues are rapidly and irreversibly lost at an estimated rate
of 1.9 million neurons each minute as stroke progresses
[27]. These facts emphasize the importance of emergent
management of stroke both from medical and public health
aspects although patient’s clinical status at presentation and
appropriate treatments being given (medical, endovascular,
and surgical approaches) determine the final clinical out-
come.

Clinically, the time interval between ictus and hospital
arrival determines the treatment option in stroke manage-
ment. Advancements in imaging technology and imaging
expertise, however, play a role in modifying the treatment
paradigm. Magnetic resonance imaging and CT provide
morphological and functional data regarding brain tissues
that correlate well with stroke in the temporal and spa-
tial domains. This information forms the foundation for
treatment options. The evolving clinical scenario toward
earlier diagnosis, prompter revascularization of occluded
vessels, more timely tissue salvage, and better neurological
function preservation becomes clinically appealing. Conse-
quently, FDCT, as a one-stop imaging technique, provides
pretherapeutic anatomic and physiological information for
diagnosis andminimizes the time interval between diagnosis
and revascularization procedure when a subsequent inter-
ventional neurovascular procedure is dynamically needed.

By combining C-arm rotational acquisition with intra-
arterial contrast medium injection from the aortic arch, we
can obtain (1) noncontrast DynaCT, (2) a three-dimensional
volume of intracranial vasculature, and (3) an FDCT-PBV
map. Noncontrast DynaCT helps detect intracranial hem-
orrhage at any peritherapeutic time point. DynaCT reliably
detected intracerebral hematomas with an overall sensitivity
up to 93.3% in a study of 44 patients [19], but lower when
hematomas were small, located in the posterior fossa or
adjacent to the skull base. DynaCT is also less sensitive to
detect perimesencephalic subarachnoid hemorrhages (SAH)
or minimal intraventricular hemorrhage. Peritherapeutic
FDCT-PBV maps help identify the infarct core immediately
before mechanical thrombectomy, guide the treatment deci-
sion, and predict final infarct size immediately following
revascularization [28, 29] (Figure 1).

A partly hypothetical clinical scenario of stroke manage-
ment of the same patient as reported in the first paragraph is
as follows.

A 67-year-old man arrives at the hospital emergency
unit with symptoms of acute right hemiplegia of less than
6 hours’ duration. After clinical evaluation and exclusion of
intracranial hemorrhage by initial noncontrast MDCT, the
patient is directly transferred to an FDCT angiographic suite
for vascular and perfusion imaging, where preparation for
the revascularization procedure starts simultaneously. FDCT
angiography shows total occlusion of the left middle cerebral
artery and FDCT-PBV demonstrates an area of hypop-
erfusion in the left frontoparietal lobes. An intra-arterial
revascularization procedure by mechanical thrombectomy
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Figure 2: A 67-year-old man with left middle cerebral artery (MCA) occlusion. (a) Noncontrast computed tomography (CT) demonstrated
a hyperdense MCA sign (arrow) and excluded intracranial hemorrhage. (b) Flat-detector CT (FDCT) angiography demonstrated the total
occlusion of left MCA (arrow). (c) A parenchymal cerebral blood volume (FDCT-PBV) map depicted a large area of hypoperfusion in the
corresponding leftMCA territory, which was similar to the results ofmultidetector CT perfusion imaging (not shown). (d) After intra-arterial
mechanical thrombectomy, recanalization of the left MCA was demonstrated by FDCT angiography. (e) An FDCT-PBV map depicted the
recovery of CBV values (circle) in part of the hypoperfused parenchyma after revascularization.

Figure 3: Intraprocedural DynaCT showed the relationship
between stent struts (arrowheads) and coil mass (arrow) of a 50-
year-old woman who received stent-assisted embolization for a left
posterior inferior cerebellar artery aneurysm.

starts immediately. The occluded middle cerebral artery
is opened in less than an hour. A few smaller occluded
branches are left untreated. Immediately after revasculariza-
tion, noncontrastDynaCT excludes intracranial hemorrhage.
After the endovascular treatment, the patient is sent back to
the stroke intensive care unit. Clinically, the posttherapeutic
course is smooth. No imaging followup is requested. The
patient is discharged a few days later with only minor
neurological deficits and favorable clinical status (Figure 2).

6.2. Cerebral Aneurysm. Since the International Subarach-
noid Aneurysm Trial (ISAT) and the Analysis of Treat-
ment by Endovascular Approach ofNonrupturedAneurysms
(ATENA), endovascular treatment has been established as
a first-line treatment in the management of ruptured and
nonruptured aneurysms [30, 31].

In our practice, DynaCT can be used to evaluate the
degree of hydrocephalus and visualize the position of a shunt
[32], monitor the extent of SAH immediately before and after
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Figure 4: A 77-year-old man who underwent carotid artery stenting for left internal carotid artery high-grade stenosis. Prestenting (a)
and poststenting (b) parenchymal cerebral blood volume (FDCT-PBV) maps in conjunction with selective intra-arterial contrast medium
injection demonstrated increased CBV values and arterial territorial shifting (arrows).

endovascular procedures, and exclude intracranial complica-
tions before transferring the patient back to the ward from
an angiographic suite [33]. For patients with broad-based
cerebral aneurysms requiring stent-assisted coil emboliza-
tion or flow diverter stents, precise confirmation of their
positioning and relationship is important for endovascular
treatment. However, stent struts are not radiopaque, and only
the proximal and distal radiopaque stent markers are visible
in fluoroscopy. Fluoroscopic localization and detection of
stent morphology are difficult after deployment. Intrapro-
cedural DynaCT enhances visualization of stent positioning
with high spatial and contrast resolution and clearly illus-
trates the relationship between stent struts and coil mass
(Figure 3). In a cohort study of eleven patients undergoing
stent-assisted aneurysm embolization, the stent visibility was
excellent in small aneurysms. However, the visibility was
deteriorated in aneurysms larger than 10mm in diameter due
to beam hardening artifacts [34]. Besides, DynaCT enables
early recognition of procedure-related complications, such as
incomplete stent deployment, stent migration, stent fracture,
and coil dislocation [35–37].

One of the future applications of the one-stop angiog-
raphy suite is management of cerebral vasospasm. Cerebral
vasospasmwith delayed cerebral ischemia is the leading cause
of morbidity and mortality in patients with aneurysmal SAH
and survived from the initial hemorrhage. DSA is used as
the reference standard, but not all angiographic vasospasms
are clinically symptomatic. A combination ofCT angiography
and CT perfusion is reported to yield high diagnostic accu-
racy and can potentially improve the diagnosis of cerebral
vasospasmafter SAH [38].Our preliminary experience shows
that FDCT-PBVmaps may help to identify severely ischemic
brain parenchyma. By reformatting the sources images of
FDCT-PBV, we can detect mild or moderate stenosis in prox-
imal cerebral arteries with sensitivities of 84.7% and 90% by
two independent raters, respectively, in a series of consecutive
ten exams. This may optimize the treatment protocol of
chemical angioplasty, which involves intra-arterial infusion
of nimodipine, a dihydropyridine calcium channel blocker.

6.3. Stenoocclusive Carotid Disease. In symptomatic intracra-
nial atherosclerotic disease, intracranial angioplasty and
stenting are increasingly used as a therapeutic option [39–
42]. Similar to the situation in stent-assisted coil embolization
of intracranial aneurysms, DynaCT and FDCT angiography
are capable of visualizing the strut of a stent per se and
the surroundings during the procedure [37, 43]. Moreover,
the peritherapeutic FDCT-PBV maps demonstrate hemo-
dynamic improvements in CBV values and arterial terri-
tory shifting (Figure 4). We found that peritherapeutic CBV
changes were inconsistent and variable, which concurred
with previous studies [44, 45].

With the high incidence of in-stent restenosis (8%–30%)
[46–48], regular imaging followup is mandatory for patients
who have undergone intracranial stenting for their stenooc-
clusive arteries. DSA, although invasive, is the standard
follow-up imaging. FDCT angiography with intravenous
contrast medium injection is less invasive than transarterial
DSA and provides superior spatial resolution compared
with MDCT angiography in both parenchymal and vascular
imaging [49].

7. Conclusion

In conclusion, FDCT angiographic suite provides one-stop
imaging for neurovascular disorders with the following
advantages.

7.1. On-Site Assessment of Peritherapeutic Intracranial Con-
ditions. Intracranial conditions, for example, ventricular
size and hemorrhage, may occur or change after emergent
treatments or deteriorate between/during the procedures of
endovascular treatment. Moreover, the hemodynamic status
and infarct core may dynamically evolve along the time
course of stroke. The freedom of reassessing brain morphol-
ogy and hemodynamics at any time during the endovascular
procedure of stroke treatment provides a precise and updated
intracranial roadmap for timely tailoring of treatment plan.
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7.2. Prompt Initiation of Intra-Arterial Revascularization
Treatment. Selected patients, for example, those with sus-
pected acute ischemic stroke (<6 hours) or suspected post-
SAH vasospasm, could be brought directly to an FDCT
angiographic suite where DynaCT, FDCT angiography, and
FDCT-PBV could be obtained with one stop. The imaging
service algorithm could optimize the overall workflow of
stroke management by avoiding patient relocation among
imaging scanners and data transferal. The new paradigm
might minimize the risk and time delay of interventional
procedures.
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Microbubble-enhanced focused ultrasound (FUS) can enhance the delivery of therapeutic agents into the brain for brain tumor
treatment. The purpose of this study was to investigate the influence of brain tumor conditions on the distribution and dynamics
of small molecule leakage into targeted regions of the brain after FUS-BBB opening. A total of 34 animals were used, and the
process was monitored by 7T-MRI. Evans blue (EB) dye as well as Gd-DTPA served as small molecule substitutes for evaluation of
drug behavior. EB was quantified spectrophotometrically. Spin-spin (R

1
) relaxometry and area under curve (AUC) were measured

by MRI to quantify Gd-DTPA. We found that FUS-BBB opening provided a more significant increase in permeability with small
tumors. In contrast, accumulation was much higher in large tumors, independent of FUS. The AUC values of Gd-DTPA were well
correlated with EB delivery, suggesting that Gd-DTPA was a good indicator of total small-molecule accumulation in the target
region. The peripheral regions of large tumors exhibited similar dynamics of small-molecule leakage after FUS-BBB opening as
small tumors, suggesting that FUS-BBB openingmay have the most significant permeability-enhancing effect on tumor peripheral.
This study provides useful information toward designing an optimized FUS-BBB opening strategy to deliver small-molecule
therapeutic agents into brain tumors.

1. Introduction

Focused ultrasound beams (FUS) in the presence of cir-
culating microbubbles can temporarily open the blood-
brain barrier (BBB opening) of capillaries in the central
nervous system (CNS) parenchyma [1–3]. Bursts of acoustic
ultrasound induce microbubble cavitation in the vasculature,
and the resultant shear stress temporarily disrupts tight
junctions to enhance blood-brain permeability. This BBB-
opening process can be carried out at moderate acoustic
pressures to minimize adverse effects on vascularture and
prevent damage to neurons [3–7], while facilitating localized

delivery of chemotherapeutic agents from the vasculature to
the pathological brain parenchyma and CNS [8–11]. Since
more than 95%of the therapeutic agent normally cannot pen-
etrate CNS tight junctions [12], this novel approach provides
a unique opportunity for local delivery of therapeutic agents
across the BBB and into the targeted site, thus opening a new
frontier of CNS drug delivery.

Brain tumors could potentially be treated by FUS-BBB
opening to enhance chemotherapeutic agent delivery. In
the United States, at least 18,000 patients are diagnosed
with glioblastoma multiforme (GBM) each year, comprising
more than half of the malignant primary brain tumors [13],
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Figure 1: Schematic showing the experimental setup of the focused ultrasound exposure system.

and chemotherapy is an important treatment modality [14].
Recent preclinical studies showed that FUS-BBB opening
can effectively enhance local deposition and concentration of
chemotherapeutics including BCNU [11], liposomal doxoru-
bicin [9, 15], and chemodrugs carried by novel nanocarriers
[16].

Currently, FUS-mediated CNS drug delivery is moni-
tored by magnetic resonance imaging (MRI) by intravenous
(IV) injection of gadolinium diethylenetriamine penta-acetic
acid (Gd-DTPA) contrast agent together with chemother-
apeutic drug. The MRI signal intensity increase caused by
the leakage of Gd-DTPA thus serves as an indicator to
estimate drug concentration [4, 8, 9, 17]. Most studies have
focused on analyzing the effects of FUS exposure parameters
such as acoustic pressure amplitude, ultrasound frequency,
pulse length, pulse repetition frequency, exposure duration,
and microbubble dose on BBB opening [5, 18–23]. How-
ever, pharmacodynamic analysis including the dynamics and
distribution of the specific molecular agent in the brain
is critical for evaluating specific drug delivery. MRI could
also be used for pharmacological endpoint evaluation using
concurrently administered MR contrast agents as surrogate
indicators of therapeutic drug concentrations. Although the
kinetics of contrast agent permeability of a defective blood-
brain barrier have been measured using MR compartment
modeling [24–26], these studies were performed in normal
animal brains, and so far the detailed pharmacodynamic
behavior of contrast agents after FUS-BBB opening remains
uncertain in brain tumors.

The purpose of this study was to conduct an MRI
pharmacodynamic analysis of FUS-BBB opening in brain
tumors in an animal model. Injected Gd-DTPA contrast
agent was used to characterize pharmacodynamic changes
as a function of time after BBB opening, in both normal
and brain-glioma animals. We also attempted to establish
the correlation between deposition of Gd-DTPA by in vivo
semiquantification and the quantitation of another surrogate,

Evans blue dye, by spectrophotometry after sacrifice. Finally,
we evaluated the pharmacodynamic changes affected by FUS-
BBB opening in various grades of gliomas.

2. Methods

2.1. FUS Setup. A focused ultrasound transducer was used
to generate ultrasound focal energy (IMASONIC, France;
diameter = 60mm, radius of curvature = 80mm, frequency =
400 kHz, and electric-to-acoustic efficiency = 70%) (Figure 1).
An arbitrary function generator (33120A, Agilent, Palo Alto,
CA and DS345, Stanford Research Systems, Sunnyvale, CA)
was used to generate the driving signal, which was then fed
into a radiofrequency power amplifier (150A100B, Amplifier
Research, Souderton, PA). The focal zone distribution of
the intensity of the ultrasound field was measured in an
acrylic water tank filled with deionized, degassed water. The
measured diameter of the half-maximum pressure amplitude
was 2mm, and the length of the produced focal zone was
15mm. Animals underwent isofluorane anesthesia before
ultrasound treatment. The animal was laid prone and placed
directly under an acrylic water tank (with a window of
4 × 4 cm2 at its bottom sealed with a thin film to allow
entry of the ultrasound energy), using ultrasound gel to
fill the interspaces between the animal head and the thin-
film window. SonoVue SF6-coated ultrasound microbub-
bles (2–5𝜇m mean diameter, 2.4 𝜇L/kg; Bracco Diagnos-
tics Inc.) were IV administered by burst injection with
0.1mL of saline solution containing 0.01mL heparin. After
injecting the microbubbles, burst-tone mode ultrasound at
a pressure of 0.4MPa (peak negative value; measured in
the free-field) was delivered to the brain with the center
of the focal zone positioned at a penetration depth of 4-
5mm under the scalp (burst length = 10ms, pulse repe-
tition frequency = 1Hz, and total sonication duration =
90 s).
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2.2. Animal Experiment Design. All animal experiments
were approved by the Institutional Animal Care and Use
Committee of Chang Gung University and adhered to the
experimental animal care guidelines. A total of 34 animals
(male Sprague-Dawley rats (250–300 g))were used, including
normal (𝑛 = 18) and tumor animals (𝑛 = 16). Experi-
ments were divided into two groups. In group 1, the aim
was to confirm the correlation between Gd-DTPA leakage
(concentration measured by relaxometry) and Evans blue
(EB) dye (concentration measured spectrophotometrically)
after FUS-BBB treatment. Subgroups included (1) normal rats
(𝑛 = 18) and (2) tumor rats (𝑛 = 4), and the first subgroup
underwent FUS-BBB opening. Subgroups were confirmed
by dynamic contrast-enhanced (DCE) MRI with Gd-DTPA
(molecular weight = 938Da). In addition, EB dye (molecular
weight = 960Da) was IV injected into the animals, and
the amount of EB deposited in the brain was quantified
spectrophotometrically (procedure described below). In the
first subgroup of group 1, contrast-enhanced T

1
-weighted

imaging was first performed to estimate Gd-DTPA concen-
tration after BBB opening, followed by T

2
-weighted imaging

to provide a reference of tumor morphology. The second
subgroup underwent the same scanning process without FUS
induced.

In experimental group 2, our aim was to monitor the
increase in Gd-DTPA accumulation in tumor-bearing ani-
mals after conducting FUS-BBB opening. Animals were
divided into two subgroups: (1) animals receiving FUS
exposure 10 days after tumor implantation (tumor volume
typically <0.05 cm3) with FUS-BBB opening (𝑛 = 6) and
(2) animals receiving FUS exposure 17 days after tumor
implantation (tumor volume typically >0.05 cm3) with FUS-
BBB opening (𝑛 = 6). Tumor volume was measured by
T
2
-weighted MRI. In group 2, animals were subjected to

three 80-minute-long MR relaxometry-based imaging ses-
sions (before FUS exposure, and 10-min and 120-min after
FUS exposure). Detailed experimental procedures are shown
in Figure 2.

2.3. Rat Brain GliomaModel. C6 glioma cells were harvested
by trypsinization and cultured at a concentration of 1 ×
105 cells/mL for implantation. For intracranial injection into
the striatum of rat brains, cells were washed once with
phosphate buffered saline (PBS). Male Sprague-Dawley rats
(250–300 g) were anesthetized by intraperitoneal admin-
istration of ketamine (100mg/kg) and immobilized on a
stereotactic frame. A sagittal incision was made through the
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skin overlying the calvarium, and a small dental drill was used
to make a hole in the exposed cranium, 0.5mm anterior and
3mm lateral to the bregma on the left side of skull. C6 cell
suspension (5mL) was injected at a depth of 4.5mm from
the brain surface. The injection was performed over a 10-
minute period, and the needle was withdrawn over another
2 minutes. Ten days after implantation, tumor sizes were
measured by MRI.

2.4. Spectrophotometric Quantitation of Evans Blue Dye. EB
dye (3% in saline) was IV injected (2mg/kg), and the
animals were sacrificed two hours later. All animals were first
deeply anesthetized with 10% chloral hydrate and infused
with heparinized saline through the cardiac ventricle until
colorless infusion fluid was obtained from the atrium. After
the rats had been sacrificed by decapitation, the hemispheres
of the brain were separated along the transverse suture. Then
both hemispheres were weighed and placed in formamide
(1mL/100mg) at 60∘C for 24 h. The sample was centrifuged
for 20mins at 14,000 rpm.The concentration of dye extracted
from each brain was determined spectrophotometrically at
620 nm and was compared with a standard graph created
by recording optical densities from serial dilutions of EB in
0.9% sodium chloride solution. The EB tissue content was
quantified using a linear regression standard curve derived
from seven concentrations of the dye.

2.5. MRI. For in vitromeasurements, Gd-DTPA (Omniscan,
0.3mL/kg, Magnevist) was diluted with physiological saline
to 0.12, 0.24, 0.49, 0.97, 1.96, and 3.9 𝜇M. Circular wells (inner
diameter = 5mm) were filled with 200 𝜆 of contrast agent
sample or physiological saline as control and were placed
in the MR scanner (Clinscan, Bruker, Germany; 7 Tesla).
Spin-lattice relaxivity maps were calculated from two T

1
-

weighted images with different flip angles (gradient recalled
echo sequence, TR/TE = 2.3ms/0.76ms, slide thickness =
0.8mm, matrix = 132 × 192, and flip angle = 5∘/20∘). The
correlation between R

1
(= 1/T

1
) mapping and Gd-DTPA

concentration was determined [27].
In the animal experimental group, FUS-induced BBB

opening wasmonitored byMRI with a 7-Tesla magnetic reso-
nance scanner (Bruker ClinScan, Germany) and a 4-channel
surface coil. The mouse was placed in an acrylic holder,
positioned in the center of the magnet, and anesthetized with
isoflurane gas (1-2%) at 50–70 breaths/min during the entire
MRI procedure.

In the first experimental group, the distribution and
dynamics of Gd-DTPA leakage were investigated imme-
diately after conducting FUS-BBB opening. After FUS-
BBB opening, animals were immediately relocated into the
MR scanning room, and contrast-enhanced T

1
-weighted

images with different flip angles were acquired to calcu-
late spin-lattice relaxivity maps by transferring two images
with different flip angles (gradient recalled echo sequence,
TR/TE = 2.3ms/0.76ms, slice thickness = 0.8mm, slice
number = 14, matrix = 132 × 192, and flip angle = 5∘/20∘).
Images were sequentially acquired over 80min with a time
interval of 60 seconds for area under the curve (AUC)

calculation. Upon completion of the 10th acquisition, a
diluted bolus of Gd-DTPA was IV injected through a
catheter at an infusion rate of 6mL/s. In the second
experimental group, three sets of Gd-DTPA-leakage dis-
tribution/dynamics were investigated, including (I) before
FUS exposure, (II) immediately after FUS exposure, and
(III) two hours after FUS exposure. Immediately after
conducting FUS-BBB opening, turbo spin echo (TSE) T

2
-

weighted images were obtained as a reference to identify
the tumor region (repetition time (TR)/echo time (TE) =
2540/41ms, FOV = 34 × 40mm2, in-plane resolution =
0.4 × 0.3mm2, and slice thickness = 0.6mm).

2.6. MR Analysis of Gd-DTPA Accumulation and Distribution
after FUS-BBB Opening. In R

1
-map analysis, a region of

interest (ROI) was selected and compared with the non-
enhanced contralateral brain to determine the increase in
Gd-DTPA concentration caused by BBB opening. AUCmaps
were then transferred from a series of time-dependent R

1

maps (up to 80min) to determine pharmacodynamic char-
acteristics of Gd-DTPA for comparison with the dynamics of
EB dye permeability. Thus, the total area (AUC) is given by
the following equation:

AUC
80 min =

∫𝐶𝑝𝑡 ⋅ 𝑑𝑡

𝑉

,
(1)

where 𝐶𝑝𝑡 are vertical segments under the Gd-DTPA con-
centration curve area and 𝑉 is total ROI volume.

In experimental group 2, ROIs were selected in the tar-
geted tumor area which was based on the tumor dimensions
defined in T

2
images (the same ROI as in the contralateral

brain was selected). The distribution and dynamics of Gd-
DTPA leakage were evaluated for different tumor sizes
including 10 days after implantation (typically <0.05 cm3)
and 17 days after implantation (typically >0.05 cm3) and were
divided by the tumor dimension. ROI including the entire
tumor and the contralateral area were selected. Moreover,
in order to evaluate the homogeneity of Gd-DTPA leakage,
tumors with dimension >0.05 cm3 were further divided into
tumor core (inner half of the area) and tumor peripheral
(outer half of the area), based on T

2
images.

2.7. Histology. Albumin-bound EB dye was IV injected as
a bolus immediately after sonication. BBB opening was
quantified as extravasation of EB. Tumor model animals
were sacrificed about 2 h after sonication and MR scanning.
Brain samples were serially sectioned (2 𝜇m thickness) using
the same slice direction as in MRI analysis. Representative
sections were stained with hematoxylin and eosin (HE).
Tumor morphology was histologically evaluated.

3. Results

BBB opening was clearly evidenced by staining with EB
dye. A typical image of a normal BBB-opened brain stained
with EB dye is shown in Figure 2(b). In addition, a series
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of R
1
maps obtained at different time points after FUS-

BBB opening demonstrated the dynamic change in Gd-
DTPA accumulation in a normal brain, with particularly high
leakage at the sonication site (Figure 2(c)).

R
1
relaxivity of Gd-DTPA and ELISA measurements of

EB dye concentration were calibrated in vitro. The detected
R
1
-signal increased in a highly linear manner with Gd-DTPA

concentration (input concentrations of 0, 0.25, 0.5, 1, 2, and
4 𝜇M) as shown by the calibration curve (𝑟2 = 0.9991)
(Figure 3(b)). The relaxivity of Gd-DTPA contrast agent was
found to be 3.3 at 7 Tesla. The detected ELISA signal also

increased in a highly linear manner with EB concentration
(Figure 3(c); 𝑟2 = 0.9992). These calibration curves thus
allowed precise quantitation of Gd-DTPA and EB deposition
in the brain.

FUS-induced BBB opening was verified by CE-MRI.
Typical CE-T

1
images, T

2
images, R

1
maps, and AUCmaps in

normal, 10-day glioma, and 17-day glioma animals are shown
in Figure 4. In normal animals, the BBB-opened area was
clearly visible inT

1
-weighted images. T

2
-weighted images did

not show any evidence of FUS-induced damage at the target
location at pressure amplitudes of 0.4MPa (Figure 4). In the



6 BioMed Research International

Normal

2

1

0

0 10 20 40 60 80

0.8

0.6

0.4

0.2

0

Time (min)

C
on

ce
nt

ra
tio

n 
(𝜇

M
)

R 1
(s
−
1
)

Target, w/o FUS
Target, with FUS
Contralateral

(a)

2

1

0

0 10 20 40 60 80

0.8

0.6

0.4

0.2

0

Time (min)

C
on

ce
nt

ra
tio

n 
(𝜇

M
)

R 1
(s
−
1
)

Contralateral

Tumor, 10 d

Tumor, w/o FUS
Tumor, with FUS

(b)

2

1

0

0 10 20 40 60 80

0.8

0.6

0.4

0.2

0

Time (min)

C
on

ce
nt

ra
tio

n 
(𝜇

M
)

R 1
(s
−
1
)

Contralateral

Tumor, 17 d

Tumor, w/o FUS
Tumor, with FUS

(c)

Target, w/o FUS
Target, with FUS
Contralateral

5500

3500

1500

0

1200

800

400

0

R 1
ac

cu
m

ul
at

io
n

G
d 

ac
cu

m
ul

at
io

n 
(𝜇

M
)

0 10 20 40 60 80
Time (min)

Normal

(d)

Contralateral

5500

3500

1500

0

1200

800

400

0

R 1
ac

cu
m

ul
at

io
n

G
d 

ac
cu

m
ul

at
io

n 
(𝜇

M
)

0 10 20 40 60 80
Time (min)

Tumor, 10 d

Tumor, w/o FUS
Tumor, with FUS

(e)
Contralateral

5500

3500

1500

0

1200

800

400

0

R 1
ac

cu
m

ul
at

io
n

G
d 

ac
cu

m
ul

at
io

n 
(𝜇

M
)

0 10 20 40 60 80
Time (min)

Tumor, 17 d

Tumor, w/o FUS
Tumor, with FUS

(f)

Figure 5: (a)–(c) R
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change as a function of time before and after FUS exposure for normal animals, 10-day and 17-day tumor animals. (d–f)

The corresponding R
1
accumulation as a function of time over 80 minutes for (a)–(c).

first subgroup of experimental group 1, the R
1
-map signal of

the BBB-opening area was increased from 0.1 to about 1.2 by
FUS, and AUC maps showed an increase in accumulation of
Gd-DTPA deposition from 20 to about 600.

In tumor-bearing animals, the FUS-induced BBB area
clearly covered the tumor tissue (Figure 4; small (10-day) or
large (17-day) tumors). Sonication resulted in increased Gd-
DTPA accumulation in the tumor and in the peripheral BBB-
opened area as evidenced by signal enhancement in the R

1
-

map images. AUC maps showed maintained high staining
intensities after Gd-DTPA injection. In the small (10-day)
tumors, FUS resulted in an increase of R

1
signal from 1 to

about 1.5 s−1 and an increase inGd-DTPAdeposition of about
200 (from 400 to 600). However, in large (17-day) tumors,
FUS did not lead to a significant change in the R

1
-signal,

which increased from 1.9 to 2 s−1, or the AUC value which
increased by only about 50 (from 1000 to 1050).

The kinetics of Gd-DTPA accumulation were evaluated
after a single sonication treatment in thirty animals (normal
rats: 𝑛 = 18; small-tumor model: 𝑛 = 6; large-tumor
model: 𝑛 = 6). An ROI from the BBB-opened area on T

2
-

weighted images (target) and the corresponding ROI from

the contralateral brain (contralateral) were used to infer Gd-
DTPA concentration from the R

1
signals and the AUC over

time in the 10-day tumors (volume< 0.05 cm3), 17-day tumors
(volume > 0.05 cm3), or normal controls after sonication
(Figure 5). Figures 5(a)–5(c) showed the comparison of
changes in R

1
as a function of time (from 0 to 80min)

for three typical animals. When considering the peak value
over the whole scanning process, FUS caused the highest
enhancement in R

1
signal of contrast agent in normal tissue

(from 0.2 to 0.84; Figure 5(a)). Sonication also led to a large
increase in R

1
signal in 10-day tumor, from 0.86 to 1.48 s−1

(Figure 5(b)). However, the already high permeability of 17-
day tumor to Gd-DTPA was not significantly increased by
FUS, from 1.49 to 1.62 s−1 (Figure 5(c)).

The corresponding AUC (accumulation of R
1
) as a

function of time (from 0 to 80min) in these three animals is
shown in Figures 5(d)–5(f). In the normal animal, total Gd-
DTPA accumulation in the BBB-opening area was increased
from 44.2 to 552.6 pmol by FUS (Figure 5(d)). Gd-DTPA
accumulation in the 10-day tumor increased from 411.7 to
577.5 pmol, compared to only about 73 pmol over time in
the contralateral control hemisphere (Figure 5(e)). However,
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Figure 6: (a) Instantaneous R
1
measured immediately or 80minutes after FUS exposure in normal animals, 10-day and 17-day tumor animals.

(b) Ratio of instantaneous R
1
values, immediately and 80min after FUS. (c) Corresponding R

1
AUC of (a). Images were acquired in time slot

II.

Gd-DTPA accumulated to about the same high value with
and without FUS (863.8 versus 867.3 pmol) in the 17-day
tumor (Figure 5(f)).

Gd-DTPA levels on the FUS-treated and contralateral
side were also evaluated at either 10min or 80min after a
single sonication treatment (Figure 6). The Gd-DTPA signal
intensity increased in the BBB-opening area 10min after
sonication as evidenced by an increase in the R

1
signal from

0.3863 to 0.8313 s−1 for control and from 0.77 to 1.15 s−1 for
small-tumor animals. However, the contrast agent signals
in the FUS-enhanced large tumors were the same as for
the contralateral region (about 0.136 s−1). All R

1
signals in

these brain tissues returned to baseline (about 0.428 s−1) at
80min after sonication. The ratio of R

1
between the FUS-

exposed and control areas went from 2.48 s−1 at 10min to
1.4 s−1 at 80min in normal tissue and from about 1.8 to
1 s−1 for the tumor-bearing animals (Figure 6(b)). The AUC
at 10min and 80min was compared between control and
BBB-opened brain regions. At 10min after sonication, the
accumulated Gd-DTPA concentration of the BBB-opened

area increased to 465.99 𝜇M, compared to 667.34 𝜇M for the
small tumor and a limited increase to 896𝜇M for the large
tumor (Figure 6(c)).

Next we evaluated the correlation between EB leakage
(Figure 7(a)) and Gd-DTPA accumulation (estimated by
the AUC) in the same region of the brain. We found that
the accumulated distribution of Gd-DTPA (i.e., AUC) was
highly correlated with the distribution of EB (𝑟2 = 0.8897)
(Figure 7(b)). Thus, R

1
-based pharmacodynamic analysis

provided a reasonable map of the permeability of the BBB-
disrupted region to EB dye over time. EB dye and Gd-
DTPA accumulation showed the same tendency of higher
overall permeability in tissues of large tumors and less depen-
dence on FUS treatment, as evidenced from the ratios of
accumulation between contralateral and FUS-treated regions
(Figure 7(c)).

Next, we analyzed Gd-DTPA deposition dynamics in
experimental group 2 animals by AUC analysis for three
individual time slots: (I) before FUS, (II) immediately after
FUS, and (III) 2 hours after FUS. Gd-DTPA concentration
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Figure 7: (a) Correlation between quantified Evans blue concentration and R
1
-estimated Gd-DTPA concentration in normal (red circle) and

tumor (blue triangle) brains. Left arrow: contralateral side and right arrow: with FUS (red circle); normal tumor (blue triangle). (b) Evans
blue after FUS exposure in the normal contralateral region, normal FUS targeting region, 10-day tumor region after FUS, and 17-day tumor
region after FUS. (c) Correlation of the ratios of FUS: contralateral concentrations of Evans blue and Gd-DTPA in normal and tumor-bearing
brains.
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Figure 8: (a) Instantaneous R
1
values of the normal animals, 10-day and 17-day tumor animals at MRI acquisition time slots I, II, and III. (b)

Ratio of instantaneous R
1
to the value in time slot I. (c) Corresponding R

1
AUC of (a). (d) Ratio of R

1
AUC to the value in time slot I.

and accumulation in the target area presented the same trend
at all three time points (Figure 8). As before, we observed a
transient peak of R

1
and the AUC in the BBB-opened brain

just after sonication (Figures 8(a) and 8(c)). However, the
increase in the ratio of R

1
or AUC again differed between

the normal and tumor-bearing animals (Figures 8(b) and
8(d)). The ratio was highest in the normal BBB-opening
area (R

1
signal 4.4 times than before FUS; AUC: 3.7 times),

followed by the small-tumor model (R
1
signal: 1.7 times;

AUC: 1.6 times), with no significant change in the large
tumor, confirming our previous observations that FUS did
not significantly further affect permeability in large tumors.
These ratios subsequently decreased at the time point 2 hours
after FUS induction, returning to approximately the same

values of DCE-MRI as originally observed before sonication.
This result implied that at 2 hours, the BBB-opening area had
recovered to the same baseline permeability level to contrast
agent as prior to sonication.

HE staining of tumors 10 days after implantation showed
even staining without scattered red blood cells in the absence
of FUS (Figures 9(a) and 9(b)). Tumor cells were charac-
terized by dense nuclear distribution, and only tiny areas
of gliosis infiltrated with chronic inflammatory cells and
some hemorrhaging were found (Figures 9(c) and 9(d)).
HE staining of tumors 17 days after implantation revealed
a number of regions with extensive apoptosis and cavities
in the core of the tumor, and hemorrhagic structures with
scattered and spreading erythrocytes could be observed
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Figure 9: HE staining. (a) and (b) Small (10-day) tumor tissue without FUS exposure, 40x and 200x. (c) and (d) Small (10-day) tumor tissue
with FUS exposure, 40x and 200x. (e) and (f) Large (17-day) tumor tissue without FUS exposure, 40x and 200x. (c) and (d) Large (17-day)
tumor tissue with FUS exposure, 40x and 200x.
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Figure 10: (a) R
1
AUC analysis of the core and peripheral subregions of 17-day tumor. (b) R

1
AUC increase relative to time slot I.

around discontinuous vasculature (Figures 9(e) and 9(f)),
supporting our findings of high permeability of 17-day tumors
based on observation of Gd-DTPA deposition.This structure
did not change significantly after sonication (Figures 9(g) and
9(h)) with hemorrhagic regions remaining similar to those in
the unexposed tumor.

Previous reports showed that the tumor core consists
of a bulky necrotic mass without functional vasculature,
whereas the tumor periphery maintains a high degree of
vasculature structure [28, 29].We therefore hypothesized that
microbubble-enhanced FUS exposure would have a bigger

effect on enhancing permeability in the peripheral tumor.
We further divided the 17-day tumor animals into core
and peripheral subregions and then repeated the MRI AUC
analysis (Figure 10). We observed that, after FUS exposure,
the 17-day peripheral tumor showed a similar trend to the 10-
day tumor, which showed a nearly 1.7-fold of instantaneous
increase and 50% accumulation increase in Gd-DTPA, and
the permeability dropped significantly two hours after FUS
exposure to about half (20%), which is similar to 10-day
tumor. In contrast, the 17-day tumor core mimicked the
behavior of the undivided 17-day tumor, accumulating high
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levels of Gd-DTPA both before and after FUS exposure
(AUC increase of only 10% after FUS exposure) (Figure 10).
This relatively low increase in the AUC persisted when the
tumor core was re-evaluated at 2 hours after FUS exposure
(9%). These observations suggest that the FUS-BBB opening
can provide the most pronounced drug delivery enhancing
effect on tumor peripheral or tumors with high-vascularity
stage tumors, yet only provides limited effects on bulky and
necrotic tumors.

4. Discussion

This study demonstrated the pharmacodynamic characteris-
tics of small-molecule leakage at various stages of tumors after
application of microbubble-enhanced FUS to open the BBB.
We analyzed two small molecules with similar molecular
weights to obtain complimentary data on pharmacodynamic
behavior. Gd-DTPAwas used to provide contrast inMRI and
for semiquantitative verification of biodistribution in vivo,
and EB dye was used as a measure of drug accumulation
after animal sacrifice. These two molecules, which normally
do not enter the brain parenchyma from the bloodstream,
could potentially be used as surrogate markers for drug
delivery. Although the dynamic distribution of Gd-DTPA
may differ from that of Evans blue, we demonstrated that the
AUC accumulation of Gd-DTPA analyzed byMRIwas highly
correlated with EB accumulation in the brain (𝑟2 = 0.8897),
implying that MRI AUC analysis of Gd-DTPA could predict
the concentration of EB accumulating in the brain, and may
thus have the potential to predict the pharmacodynamic
behavior and biodistribution of other therapeutic agents.

This study employed high-temporal-resolution dynamic
CE-MRI that could be utilized for small-molecule in vivo
distribution and semiquantification, as attempted in previous
studies [30, 31]. The unique features provided by dynamic
CE-MRI include the capability of rapid evaluation and high
spatial resolution, as well as kinetic analysis to evaluate tumor
perfusion [30]. Positron emission tomography (PET) has
also been used for pharmacological studies in several tumor
types [32, 33]. However, potential limitations of PET may
include its limited imaging resolution and complexity of
radiotracer synthesis. In small tumors, partial volume effects
may be significant if the tumor size is less than twice the
resolution of the scanner [34]. MRI methods provide the
advantage of having good spatial resolution equal to that
of corresponding morphologic images. In addition, MRI
is minimally invasive and poses little risk to patients. We
used voxels of about 0.26 × 0.26 × 1mm3 to construct
images sufficient for small-animal analysis. On the other
hand, PET relies on radiolabeled molecules that bind to
receptors to allow absolute quantification by detection of
isotopes. PET may also be limited by its high cost, limited
availability of radiotracer, and the need for a cyclotron as
well as onsite radiochemistry for radioisotope production
[35]. PET involves comprehensive conjugation of radiotracers
and specific tailor-made molecules limiting its general use
for pharmacodynamic analysis. Although Gd-DTPA can-
not be directly conjugated to therapeutic molecules, the

detection of coadministered Gd-DTPA by CE-MRI is highly
correlated with targeted molecules, providing an excellent
tool for monitoring vasculature and evaluating tissue/tumor
permeability at high temporal/spatial resolution, suggesting
its continued usefulness for pharmacodynamic analysis of
brain drug delivery.

Tumor tissues are known to have high permeability due
to the presence of large endothelial cell gaps, incomplete
basement membrane, and the relative lack of pericyte or
smooth muscle association with endothelial cells [36, 37].
In addition, the network of vasculature in solid tumors is
markedly different from the normal hierarchical branching
patterns and contains leaky vessel structures. Variations in
permeability are also associated with the tumor grade as well
as various neoplastic effects that could disrupt the BBB [38].
In this study, we observed that tumors with different levels of
progression showed different characteristics of blood-vessel
permeability and small-molecule accumulation. We found
that the AUC

80 min in small tumors was 452 ± 122.5 𝜇M,
whereas in large tumors it reached 754 ± 48.3 𝜇M. More-
over, we confirmed that FUS-BBB opening provided a 50%
enhancement of accumulation of Gd-DTPA in small brain
tumors and a 40% enhancement at the large tumor periphery,
implying that FUS-BBB opening is an effective approach
to increase brain-tumor permeability and therefore enhance
delivery of therapeutic molecules.

Histological examination by HE staining showed that
smaller (10-day) tumors had well-ordered vasculature with
fewer abnormal endothelial cell gaps (Figures 9(a) and 9(b)).
The blood vessel density in small tumor was lower, resulting
in less Gd-DTPA and EB accumulation. In contrast, 17-
day tumor tissues contained more large fenestrae (Figures
9(e) and 9(f)), consistent with previous pathological findings
that high-grade brain tumors contain neovasculature and
apoptotic tumor cells, leading to hyperpermeability [39].
These pathological changes are consistent with the increased
Gd-DTPA and EB accumulation that we observed in 17-day
tumor tissues before sonication.

Although AUC
80 min correlated well with the pharmaco-

dynamic behavior of another small molecule (EB), Gd-DTPA
accumulation can be very different even under the same
FUS exposure conditions, for example, varying from 365.2
to 900𝜇M (Figure 7(b)). These large variations were likely
due to differences in skull thickness and angle of incidence
between the FUS beam and the skull surface among the
animals [40], and the presence of standing waves produced
in the skull cavity that alter the peak pressure at the target
position and thus the level of BBB opening [41]. Since FUS-
BBB openingmay vary substantially, it is essential to perform
an AUC analysis during CE-MRI to monitor small-molecule
delivery into the brain for individual subjects and targets.

5. Conclusion

In this study, we characterized the dynamics of BBB opening
in normal and tumor tissues using DCE-MRI with Gd-
DTPA contrast agent, and related them to the concentrations
of Evans Blue determined from tissues after sacrifice. The
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concentrations of the surrogate tracer (Gd-DTPA) and EB
dye showed a strong linear correlation. With this dynamic
information of tumor permeability, the pharmacodynamic
model can be modified to eventually take into account
parameters that affect drug delivery over time. Tumor periph-
eral or high-vascular tumor may have the most significant
benefit on blood-brain or blood-tumor permeability increase,
which gives critical information when intending to apply
FUS for brain drug enhanced delivery. We hope to use such
pharmacodynamic predictions along with FUS-induced BBB
opening to develop a method for image-guided drug delivery
that can estimate the amount of drug that will be delivered to
tissues at each time point.
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This work aims to validate the clinical significance of coronary artery calcium score (CACS) in predicting coronary artery disease
(CAD) and cardiac events in 100 symptomatic patients (aged 37–87 years, mean 62.5, 81 males) that were followed up for a mean
of 5 years. Our results showed that patients with CAD and cardiac events had significantly higher CACS than those without CAD
and cardiac events, respectively. The corresponding data were 1450.42 ± 3471.24 versus 130 ± 188.29 (𝑃 < 0.001) for CAD, and
1558.67 ± 513.29 versus 400.46 ± 104.47 (𝑃 = 0.031) for cardiac events. Of 72 patients with CAD, cardiac events were found in
56 (77.7%) patients. The prevalence of cardiac events in our cohort was 13.3% for calcium score 0, 50% for score 11–100, 56% for
score 101–400, 68.7% for score 401–1,000, and 75.0% for score >1000. Increased CACS (>100) was also associated with an increased
frequency of multi-vessel disease. Nonetheless, 3 (20%) out of 15 patients with zero CACS had single-vessel disease. Significant
correlation (𝑃 < 0.001) was observed between CACS and CAD on a vessel-based analysis for coronary arteries. It is concluded that
CACS is significantly correlated with CAD and cardiac events.

1. Introduction

The pathogenesis of coronary artery disease (CAD) is a
long-term atherosclerotic process that eventually leads to
significant stenosis (decrease of lumen diameter by >50%) of
the coronary arteries. With reports demonstrating the initial
presentation of CAD being acute myocardial infarction or
sudden cardiac death in 50% of patients [1], increasing efforts
have beenmade to establish risk factors that can assess patient
risk for future coronary events. Unfortunately, the success of
conventional risk factors, such as the FraminghamRisk Score,
clinical examination, and stress testing, have been limited

in their ability to predict the occurrence of CAD, especially
among patients within the intermediate risk group [2].

Coronary artery calcium score (CACS) has been regarded
as a potential tool to improve risk stratification and predict
cardiac events. It has been recognized as a surrogate marker
for atherosclerotic plaque burden and holds the advantages of
directly visualizing and precisely locating the plaques using
computed tomography (CT) [3, 4]. Using Agatston calcium
scoring [5], CACS can also be quantified, allowing for a direct
individual assessment of each patient, unlike conventional
risk factors that only provide a statistical probability for
patients developing CAD. A growing number of reports
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have emerged supporting the vital use of CACS in the
assessment of cardiac event risk stratification [3, 6]. Con-
ventional coronary angiography (CCA) is the gold standard
in diagnosing CAD due to its superior spatial and temporal
resolution, thus enabling accurate assessment of the degree of
coronary stenosis. However, this procedure remains invasive,
expensive, and inconvenient for patients. CACS, on the other
hand, ismost commonly quantified using CT, which is widely
used in routine clinical practice as a noninvasive technique.

The vast majority of studies describing the prognostic
value of coronary calcification were mainly done in the
Western countries [7–10]. Related studies reported from
Asian country are relatively scarce [11, 12]. The healthcare
system, populations, and disease patterns in Asia differ from
Western countries [13]. Prevalence of coronary calcification
is different in Caucasian, Chinese, Hispanic, and African
populations by figures of 70.4%, 59.6%, 56.5%, and 52.1%,
respectively. Compared with Caucasians, the relative risk of
death was 2.97 in Africans, 1.58 in Hispanics, and 0.85 in
Chinese [2]. In this report from an Asian country, we aim to
validate the relationship between CACS, CAD, and cardiac
events by using 64-multislice computed tomography (64-
MSCT) with CCA as the gold standard.

2. Materials and Methods

2.1. Patients. Medical records of CCA and CACS over 2 years
(2006–2008) fromChangGungMemorialHospital in Taiwan
were retrospectively reviewed of 100 symptomatic patients
suggestive of CAD. These symptomatic patients included 81
men, with ages ranging from 37 to 87 (mean 62.5) years.
The main symptoms prior to CCA and 64-MSCT testing
included chest tightness (𝑛 = 57), chest pain (𝑛 = 44),
radiating pain (𝑛 = 26), dyspnea (𝑛 = 38), and cold sweats
(𝑛 = 25). Risk factors for CAD that were apparent among
the patient population included hypertension (𝑛 = 61),
hypercholesterolemia (𝑛 = 27), hypertriglyceridemia (𝑛 =
36), smoking history (𝑛 = 14), diabetes mellitus (𝑛 = 22),
and obesity or overweight (𝑛 = 33). All patients underwent
CCA and MSCT for CACS. The interval between the testing
of CCA and 64-MSCT ranged from 0 to 89 (mean 9.16 ±
16.82) days, where the interval was less than two weeks in
79% of all cases. For assessing cardiac events after cardiac
CT, 98 patients could be followed up for a mean of 5 years
(range 46.7–72.9 months). Each subject was recorded to have
at least one cardiac event, by definition as occurrence of
either unstable angina requiring revascularization or cardiac
death (caused by acute myocardial infarction, ventricular
arrhythmias, or refractory heart failure). The institute review
board approved the study, and written informed consent
was obtained from all patients undergoing CCA and CT.
Patients were excluded if they had contrast medium allergy,
impaired renal function, history of coronary bypass surgery,
and arrhythmia.

2.2. Conventional Coronary Angiography (CCA). CCA was
referred to all patients with suspected CAD, as described by
their symptoms, risk factors, and experiencing at least one

cardiac event. CCA was done accordingly to the standard
Seldinger’s technique on an angiographic machine (Integris
BH3000, Philips, Eindhoven, The Netherlands) by femoral
approach. Cardiologists who had no prior knowledge of
MSCT findings quantitatively analyzed the severity of coro-
nary stenosis. The minimal lumen diameter was measured
in projections showing the most severe narrowing. The
degree of stenosis was classified into four categories: (1) no
stenosis, (2) minimal or mild stenosis (≤50%), (3) moderate
stenosis (50%–70%), and (4) severe stenosis (>70%). CAD
was definedwhen lumen diameter reductionwas greater than
50% (moderate or severe stenosis).

2.3. Cardiac CT Imaging Protocol. All CT scans were per-
formed on a 64-slice scanner with a 0.4 s rotation time
(Aquilion Multi-64-slice system, Toshiba Medical Systems).
Nonenhanced CT scan for calcium scoring was performed
from the level of tracheal bifurcation to the diaphragm
using the following parameters: 120KVp, 300mA, 0.25 s,
slice thickness of 3mm, and intervals of 3mm. The calcium
scores of each area at each vessel were calculated at an
offline commercially available workstation with dedicated
software (Software Vitrea 2 V3.9.0.1, MN, USA) and the
scores were quantified by the scoring algorithm proposed by
Agatston et al. [5], and calcium scores were divided into the
following categories: 0, 1–10, 11–100, 101–400, 401–1000, and
≥1000.

2.4. Statistical Analysis. Continuous variables were expressed
as mean and standard deviations. For both patient-based
and vessel-based analyses, Kruskal-Wallis test was used to
analyze whether the CACS were related to the degree of
coronary artery stenosis. Mann-Whitney U test was used
to investigate the correlation between the CACS and the
presence of CAD. Two-sample independent t-test was used
to analyze the correlation between CACS and cardiac events.
Chi-square test was used to assess the correlation between
the cardiac events and categorical variables (age, gender, risk
factors including hypertension which was defined as blood
pressure> 130/90mm Hg, diabetes mellitus, smoking, body
mass index, and hypercholesterolemia). Event-free survival
curves were constructed using the Kaplan-Meier method to
account for censored survival times and compared with the
log-rank test. A 𝑃 value of less than 0.05 was considered
statistically significant.

3. Results

3.1. Significant Correlation between CACS and CAD on a
Patient Basis. Of 100 symptomatic patients, CCA revealed
CAD (stenosis >50% in diameter) in 72 patients, while the
remaining 28 patients had noCAD (stenosis≦ 50%) (Table 1).
Among the patients diagnosed with CAD, 57 had severe
stenosis and 15 had moderate stenosis. On the other hand,
9 patients had minimal or mild stenosis and 19 patients
had no stenosis. Our findings indicated that: (1) there was
a significant increase in mean calcification with increasing
severity in stenosis, (2) the variability of calcium scoring was
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Table 1: The correlation between calcium scoring and degree of stenosis, coronary artery disease (CAD) and cardiac events.

Calcium scoring 0 1–10 11–100 101–400 401–1000 ≧1001
Number of cases 15 0 16 25 16 28
Cardiac events+ (n = 56) 2 (13.3%) 0 8 (50%) 14 (56%) 11 (68.7%) 21 (75%)

Degree of stenosis (𝑛 = 100) Mean ± SD
0 = no (n = 19) 10 (66.7%) 0 4 (25%) 3 (16%) 2 (12.5%) 0 87.32 ± 156.52∗

1 = minimal or mild (n = 9) 2 (13.3%) 0 2 (12.5%) 3 (12%) 2 (12.5%) 0 220.11 ± 225.99∗

2 = moderate (n = 15) 1 (6.7%) 0 1 (6.3%) 4 (12%) 3 (18.8%) 6 (21.4%) 1143.87 ± 1284.63∗

3 = severe (n = 57) 2 (13.3%) 0 9 (56.2%) 15 (60%) 9 (56.2%) 22 (78.6%) 1531.09 ± 3851.32∗

No CAD = 0 + 1 (n = 28) 12 0 6 6 4 0 130 ± 188.29∗

CAD = 2 + 3 (n = 72) 3 0 10 19 12 28 1450.417 ± 3471.24∗

Coronary artery disease (𝑛 = 72)
One vessel (n = 33) 3 (100%) 0 10 (100%) 8 (42.1%) 6 (50%) 6 (21.4%)
Two vessels (n = 26) 0 0 0 8 (42.1%) 3 (25%) 15 (53.6%)
Three vessels (n = 13) 0 0 0 3 (15.8%) 3 (25%) 7 (25%)
∗Statistically significant (𝑃 < 0.001).
+Followup for cardiac events was successful in 98 of 100 patients.

Table 2: Calcium score in vessel-based distribution of coronary artery stenosis or coronary artery disease (CAD).

Degree of stenosis RCA (𝑛 = 100) LM (𝑛 = 100) LAD (𝑛 = 100) LCX (𝑛 = 100)
𝑛 Mean ± SD 𝑛 Mean ± SD 𝑛 Mean ± SD 𝑛 Mean ± SD

0 = no 51 116.53 ± 303.26∗ 81 52.38 ± 121.98 37 162.57 ± 394.78∗ 59 78.47 ± 196.89∗

1 = minimal or mild 11 216 ± 242.06∗ 6 137.50 ± 135.44 14 214.07 ± 270.84∗ 10 133.20 ± 246.96∗

2 = moderate 13 289 ± 405.06∗ 6 135.71 ± 217.82 15 673.67 ± 270.84∗ 8 113.38 ± 104.17∗

3 = severe 25 1344.52 ± 3637.06∗ 7 186.83 ± 188.72 34 361.06 ± 415.86∗ 23 475.09 ± 1011.95∗

No CAD = 269 62 134.18 ± 297.28∗ 87 58.25 ± 124.86 51 176.71 ± 365.0∗ 69 86.41 ± 205.9∗

CAD = 131 38 1017.63 ± 3039.3∗ 13 159.31 ± 206.48 49 456.76 ± 515.4∗ 31 381.74 ± 887.4∗

RCA: right coronary artery, LM: left main coronary artery, LAD: left anterior descending artery, and LCX: left circumflex artery.
∗Statistically significant (𝑃 < 0.001).

high within each group, and (3) the overall calcium score
in patients with CAD was significantly higher than those
without CAD (1450.42 ± 3471.24 and 130 ± 188.29, resp.;
𝑃 < 0.001) (Table 1).This suggests that patientswith extensive
coronary calcification have a higher probability of moderate
stenosis and, thus, are more likely to have CAD. Patients with
a calcium score of 0, 11–100, 101–400, 401–1000, and >1000
had a 20%, 62.5%, 76%, 75%, and 100% prevalence of CAD,
respectively (Table 1). A significant correlationwas confirmed
between the degree of stenosis and calcium score (𝑃 < 0.001)
(Table 1).

3.2. Significant Correlation between CACS and CAD on a
Vessel Basis. Among the 100 patients, a total of 400 vessels
were analyzed in which CAD (severe or moderate stenosis)
was found in 131 vessels, and no CAD was found in the
remaining 269 vessels (Table 2). Of the 131 vessels with
significant stenosis, 38 were in the right coronary artery
(RCA) (29%), 13 were in the left main artery (LM) (9.9%),
49 were in the left anterior descending (LAD) (37.4%), and 31
were in the left circumflex artery (LCX) (23.7%). As expected,
CACS was significantly greater in patients with CAD than
those without CAD, with the corresponding CACS being

1017.63 ± 3039.32 and 134.18 ± 297.28, respectively, in the
RCA (𝑃 < 0.001), 456.76 ± 515.48 and 176.71 ± 365.09,
respectively in the LAD (𝑃 < 0.001), and 381.74 ± 887.48
and 86.41 ± 205.94, respectively, in the LCX (𝑃 < 0.001).
CACSwas lower in the LM compared to all other blood vessel
in both CAD and non-CAD patient groups. Also, marginal
significant findings between the CACS and patients with
and without CAD were noticed in the LM (159.31 ± 206.48
and 58.25 ± 124.86, resp.; 𝑃 = 0.055). Our results revealed
a positive correlation between greater calcium score and
the frequency of multivessel disease (Table 1). Specifically,
all patients with multivessel disease (CAD in two or three
arteries) had a calcium score that was at least greater than 100
and patients with CACS > 1000 had a 100% incidence of CAD
(𝑃 < 0.001) (Figure 1).

The sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and accuracy of
CACS at different score levels are analyzed in Table 3. Using
CCA as the gold standard, in patient-based analysis, CACS
of 11–100 yielded the highest sensitivity (95.8%), NPV (80%),
and accuracy (80%). CACS of over 1000 revealed the greatest
specificity (100%) and PPV (100%). For each coronary artery,
CACS of 1–10 yielded the highest sensitivity (91.6%) andNPV
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Table 3: Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy of calcium scoring in assessing
coronary artery disease under patient-based (PB) and vessel-based (VB) analyses.

Calcium scoring 0 1–10 11–100 101–400 401–1000 ≧1001
PB VB PB VB PB VB PB VB PB VB PB VB

Sensitivity 100% 100% Nil 91.6% 95.8% 86.3% 81.7% 61.1% 56.3% 33.6% 39.4% 11.5%
Specificity 0% 0% Nil 46.1% 41.4% 53.2% 62.1% 77.3% 86.2% 91.8% 100% 98.9%
PPV 32.8% 71% Nil 45.3% 80% 47.3% 84.1% 56.7% 90.9% 66.7% 100% 83.3%
NPV Nil Nil Nil 91.9% 80% 88.8% 58.1% 80.3% 44.6% 74% 40.3% 69.6%
Accuracy 32.8% 71% Nil 61% 80% 64% 76% 72% 65% 72.8% 57% 70.3%
Nil: no patients in respective group.

(a) (b)

Figure 1: A 86-year-old female with two-vessel coronary artery disease, total calcium score was 1278. The calcium score was 325 over the
right coronary artery (RCA). (a) A computed tomographic angiogram shows mixed plaques over the middle third of RCA with 54% stenosis
(white arrow). (b) Conventional coronary arteriogram confirms the moderate stenosis over the proximal as well as middle (arrow) third of
RCA.

(91.9%), and CACS of >1000 revealed the highest specificity
(98.9%) and PPV (83.3%). The greatest accuracy (72.8%) was
obtained with CACS of 401–1000.

3.3. Zero CACS Scoring Cannot Exclude the Presence of CAD.
A total of 15 patients did not have coronary calcification, with
3 (20%) of them having CAD (Table 1), indicating that the
complete absence of coronary calcium did not exclude the
presence of CAD. Following the analysis of the 3 patients
with zero CACS, all were found to have single-vessel CAD
primarily involving the LAD (Table 1). All three patients
were confirmed to have soft plaques on CT angiograms
(Figures 2(a) and 3(a)). One patient had moderate stenosis
and 2 had severe stenosis confirmed by CCA (Figures 2(b)
and 3(b)).

3.4. A Significant Correlation between CACS and Cardiac
Events. Of 98 patients with a mean followup of 5 years,
cardiac events occurred in 56 (57.1%) patients which were
all associated with CAD. These cardiac events included two
cardiac deaths (no revascularization) and 54 revasculariza-
tion (Table 1) including 3 subsequent cardiac deaths. Of 72

patients with CAD, cardiac events were encountered in 56
(77.7%) subjects. Patients with cardiac events had statistically
significant higher CACS than those without cardiac events:
1558.67 ± 513.29 versus 400.46 ± 104.47 (𝑃 = 0.031). Cardiac
events were not significantly related to patient age (𝑃 =
0.576), gender (𝑃 = 0.775), hypertension (𝑃 = 0.800),
body mass index (𝑃 = 0.815), smoking (𝑃 = 1.000), and
hypercholesterolemia (𝑃 = 0.410) but closely related to
diabetes mellitus (𝑃 = 0.021).

Figure 4 shows significant association of coronary
stenosis with major adverse cardiac events. The cumulative
event-free subjects curves according to calcium score
categories are reported in Figure 5. As shown in these two
figures, significant associations were found between the
degree of coronary stenosis and calcium scores and the
occurrence of cardiac events.

4. Discussion

The strength of our study is that it provides prognostic
information of CACS for cardiac events based on a mean
followup of 5 years. We also identify the clinical value of
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(a) (b)

Figure 2: A 53-year-old male with zero calcium score. (a) A computed tomographic angiogram shows a soft plaque at the left anterior
descending artery (LAD) (black arrow) with severe stenosis. (b) Conventional coronary arteriogram confirms the severe stenosis over the
proximal third of the LAD (white arrow).

(a) (b)

Figure 3: A 66-year-old male with zero calcium score. (a) A computed tomographic angiogram shows soft plaques (black arrows) at the
left anterior descending artery (LAD) with severe stenosis. (b) Conventional coronary arteriogram confirms the severe stenosis of the LAD
(white arrow).

using CACS for determining the presence and degree of
CAD, although a zero CACS cannot exclude the presence of
CAD.

Up to 50% of CAD patients initially suffer from acute
myocardial infarction (AMI) or sudden death [1], and the
severity of these hard cardiac events has prompted a greater
emphasis on preventative care. Thus, scoring tools that
consider demographic and clinical characteristics are used
to stratify patients into low-, intermediate-, and high-risk for
developing CAD. In addition to the Framingham Risk Score
(FRS) that uses a multivariable statistical model to predict a
patient’s 10-year risk for future cardiovascular events, other
tools include clinical examinations, stress testing, C-reactive
protein, and family history ofCAD.Nonetheless, such predic-
tion models for CAD have limitations [13]. Akosah et al. [14]
conducted a survey consisting of a groupof 222 asymptomatic
patients who suffered from their first AMI and found that
75% of them would not have been considered for therapy
according to conventional risk factors. Other studies have

shown that testing can only predict 60–65% of cardiovascular
events, leaving up to one-third of patients suffering from a
hard cardiac event in the absence of these risk factors [15].
Such shortcomings lie in that conventional risk factors only
provide a statistical probability of patients developing CAD,
rather than a direct individual assessment [16]. Patients in
the intermediate risk group are especially affected, as they are
left untreated due to cost inefficiency and their asymptomatic
condition results in poor compliance to lifestyle change [2].

The prognostic value of CACS over clinical and labora-
tory data has been previously studied in a large cohort of
patients [12, 16, 17]. These studies showed that an excellent
survival was achieved in patients with a zero CACS, but
increased cardiac events were closely associated with higher
CACS (<400).This is confirmed in our study as we found the
similar probability of 5-year cardiac events, which was 75%
for CACS> 1000 and 13.3% for CACS = 0. The occurrence
of cardiac events for the patients with a zero CACS is
significantly higher than that reported by Hou and others
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Figure 4: Cumulative event-free survival curves by Kaplan-Meier
analysis according to the degree of coronary stenosis.

[12, 16, 17]. This could be caused by the small sample size in
our study. We also found the correlation of severity of CAD
with adverse cardiac events, with severe coronary stenosis
leading to 86% cardiac events, and only 11.1% for patients with
mild degree of coronary stenosis. This indicates incremental
prognostic value of adding coronary stenosis to CACS over
clinical risk factors.

A growing number of reports have emerged supporting
the use of CACS as a diagnostic tool for asymptomatic
patients at intermediate risk for CAD and the diagnosis of
CAD in symptomatic patients [18, 19]. A study by Raggi et al.
[19] concluded that there was a greater incidence of hard
cardiac events (AMI and sudden death) in asymptomatic
patients who had calcium scores greater than the 75th
percentile when compared with their age- and sex-matched
controls. Another study reported the odds ratio of hard
cardiac events in asymptomatic patients with Agatston CACS
scores <100, 100–400, and >400 to be 2.1, 4.2, and 7.2, respec-
tively [20]. Among symptomatic patients, Georgiou et al. [7]
reported that calcium score values were significantly related
to occurrence of hard cardiac events (𝑃 < 0.001) and
all cardiovascular events (𝑃 < 0.001), whereby patients
with CACS in the upper third and fourth quartiles (greater
than the 75th percentile) were 13.2 times more likely to
suffer from an event than those with zero or low scores (0
to 25th percentile). Furthermore, Detrano et al. [9] have
reported that coronary calcium score is a strong predictor
of incident coronary heart disease events (MI, death due
to CAD) among four racial groups (Caucasian, African,
Hispanic, and Chinese) in the United States. In that study, the
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Figure 5: Cumulative event-free survival curves by Kaplan-Meier
analysis according to the categories of coronary artery calcium score.

risk of coronary events associated with increasing CACS had
a hazard ratio (95%CI) of 1.00 for nondetectable calcium. For
CACS of 1–100, 101–300,>300, the hazard ratio was 3.89 (1.71–
8.79), 7.08 (3.05–16.47), and 6.84 (2.93–15.99), respectively.
Chinese people had a hazard ratio (95% CI) for the risk
of coronary heart disease with CACS of 1.25 (𝑃 = 0.11)
compared to the Caucasian people who had a hazard ratio
of 1.17 (𝑃 < 0.005). Our findings are in line with these
studies confirming the prognostic value of CACS in a group
of symptomatic patients.

According to a report by Budoff et al. [21], when com-
pared with individuals without calcium as a hazard ratio of
1, a calcium score between 1 and 100 was associated with
a “hazard ratio” for major coronary events of 3.9, a score
between 101 and 300 with a “hazard ratio” of 7.1, and a score of
more than 300 with a “hazard ratio” of 6.8. In this study, the
prevalence of cardiac events was 13.3% for calcium score 0,
50% for score 11–100, 56% for score 101–400, 68.7% for score
401–1,000, and 75% for score >1000. The mean of CACS in
our cohort with cardiac events (1559) was 3.9 times higher
than that of cohort without cardiac event (400). In addition to
higher CACS, the study also revealed significant correlation
(𝑃 = 0.021) between the diabetes mellitus and cardiac events.
It has been reported that type 2 diabetics with a CACS> 100
are expected to have an increased frequency of ischemia in
myocardial perfusion imaging; the risk of all-cause mortality
was higher in diabetics than in nondiabetics for any degree of
CS [22]. All our patients with a CACS above 1000 had CAD,
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calcium score higher than 1000 is associated with increased
specificity (100%) but decreased sensitivity (39.4%). Larger
angiographic studies using electron beam tomography and
electron beam computed tomography have reported similar
findings [22, 23].

A previous study by Budoff et al. [24] investigated
the distribution of calcification within the major coronary
arteries to determine the severity and extent of angiographic
disease. In another algorithmic model, Schmermund et al.
[25] utilized calcium scoring to distinguish patients with or
without 3-vessel and/or left main CAD. While recent studies
have found a moderate correlation between CACS and the
incidence of atherosclerotic disease on vessel-based analysis
(𝑟 = 0.521) [11], our study reveals more comprehensive
findings. We demonstrate (1) a statistically significant corre-
lation between the degree of stenosis and calcium score in
the RCA, LAD, and LCX (𝑃 < 0.001) and (2) a significantly
higher CACS in patients with CAD than those without
CAD in the three aforementioned coronary arteries (𝑃 <
0.001). Only the LM revealed nonsignificant correlation with
respect to CACS and the presence of CAD, although the
relationship between stenosis and calcium scoring was close
to significance (𝑃 = 0.055).This findingmay be a result of the
left main artery bifurcating into the LAD and LCX, and any
calcification near this junction could be assigned to varying
branches. Such difficulty in assigning calcifications to a single
artery could obscure the reported CACS in different blood
vessels.

Although the presence of coronary artery calcium is
associated with a greater risk of cardiovascular events, its
ability to predict future coronary events is not absolute. A
zero calcium score only reflects the absence of atherosclerotic
lesions with calcified plaques greater than 1mm in diameter,
leaving noncalcified and lipid-laden “vulnerable” plaques to
be present in the absence of CACS [26]. Furthermore, any
identified calcification only reflects approximately 20% of
the total atherosclerotic plaque burden, overlooking any soft
plaques that may cause CAD [27]. Nonetheless, the absence
of CAC is associated with a very low probability of significant
stenosis and future cardiovascular events.

A systematic review of 49 studies revealed that the
frequency of cardiovascular event among patients with zero
CACS was 0.56% in asymptomatic and 1.8% in symptomatic
patients [28].This review also found CACS to have a negative
predictive value as high as 99% for ruling out acute coro-
nary syndrome [29]. Similarly, another series reported that
obstructive CADwas found in 7% of patients with zero CACS
and in 17% of patients with low CACS (1–100) [30].

In our study, on a per-patient basis, 20% of patients (3
out of 15) with zero CACS had single-vessel CAD. Further
analysis revealed that these patients had soft plaques, which
was the cause of severe stenosis at the proximal LAD.
This percentage is greater than what has been previously
reported because the present study population was limited
in size and focused on symptomatic patients, resulting in
a greater pretest probability. To address the conflict of the
prognostic value of a zero calcium score, future studies inves-
tigating patient populations of varying pretest probability

for CAD and clinically relevant end points (rather than an
angiographic end point) are needed. Thus, despite CACS’
predictive power, the occurrence of cardiac events in patients
with negative calcium scores suggests that CACS should not
be used as a single-decision diagnostic parameter for CAD.

There are several limitations in our study. First, CACS
cannot be used to assess noncalcified soft plaques or calcified
plaques that are less than 130HU in density. Noncalcified
plaques with density less than 30HUand positive remodeling
are significant predictors of acute coronary syndrome [31].
Second, the patient number of 100 is relatively small in our
cohort; however, this was compensated by statistical analysis.
Our patients with CAD and cardiac events had significantly
higher calcium score than those without CAD (𝑃 < 0.001)
and cardiac events (𝑃 = 0.031), respectively.

Third, our study included symptomatic patients who
underwent clinically relevant 64-MSCT and subsequent
CCA. We acknowledge the subsequent selection and verifi-
cation biases that could have led to the positive correlation
between CACS and angiography findings. Ideally, this bias
could have been avoided by randomly assigning patients that
had undergone 64-MSCT CACS for verification of CAD
through conventional angiography, regardless of clinical
signs or symptoms. However, it would be unethical to ask
asymptomatic patients to undergo unnecessary CCA due
to its invasive nature. Furthermore, since our study only
focuses on symptomatic patients, our data can only suggest
a similar relationship between CACS and CAD to exist in
asymptomatic patients. The study also does not assess if any
subjects belonged to the intermediate risk group. Future stud-
ies would benefit from investigating the correlation among
CACS, CAD, and clinical or Framingham’s risks factors in
each patient.

In conclusion, this study further confirms the signifi-
cant relationship between the CACS and the prevalence of
cardiac events and the presence of CAD on a vessel-based
in addition to a patient-basis analysis. The prevalence of
cardiac events was significantly increased with an increase of
CACS. Increased CACS (>100) was also associated with an
increased frequency of multivessel disease and patients with
CACS > 1000 had a 100% incidence of CAD. Although our
data supports calcium screening as an additional filter before
coronary angiography in symptomatic patients, a zero CACS
could not exclude the presence of significant CAD.

Conflict of Interests

All authors assert that there is no conflict of interests
(both personal and institutional) regarding specific financial
interests that are relevant to the work conducted or reported
in this paper.

Acknowledgment

The study was supported in part by a Research Grant from
the National Science Council, No. NSC 95-2314-B-182A-131-
MY2.



8 BioMed Research International

References

[1] W. B. Kannel and A. Schatzkin, “Sudden death: lessons from
subsets in population studies,” Journal of the American College
of Cardiology, vol. 5, no. 6, supplement 1, pp. 141B–149B, 1985.

[2] M. J. Budoff and K. M. Gul, “Expert review on coronary
calcium,” Vascular Health and Risk Management, vol. 4, no. 2,
pp. 315–324, 2008.

[3] C. C. Chen, C. C. Chen, I. C. Hsieh et al., “The effect of
calcium score on the diagnostic accuracy of coronary computed
tomography angiography,” International Journal of Cardiovas-
cular Imaging, vol. 27, supplement 1, pp. 37–42, 2011.

[4] M. J. Budoff, S. Achenbach, R. S. Blumenthal et al., “Assessment
of coronary artery disease by cardiac computed tomography:
a scientific statement from the American Heart Associa-
tion Committee on Cardiovascular Imaging and Intervention,
Council on Cardiovascular Radiology and Intervention, and
Committee on Cardiac Imaging, Council on Clinical Cardiol-
ogy,” Circulation, vol. 114, no. 16, pp. 1761–1791, 2006.

[5] A. S. Agatston, W. R. Janowitz, F. J. Hildner, N. R. Zusmer, M.
Viamonte, and R. Detrano, “Quantification of coronary artery
calcium using ultrafast computed tomography,” Journal of the
American College of Cardiology, vol. 15, no. 4, pp. 827–832, 1990.

[6] P. Greenland, L. LaBree, S. P. Azen, T. M. Doherty, and R. C.
Detrano, “Coronary artery calcium score combined with fram-
ingham score for risk prediction in asymptomatic individuals,”
The Journal of the American Medical Association, vol. 291, no. 2,
pp. 210–215, 2004.

[7] D. Georgiou, M. J. Budoff, E. Kaufer, J. M. Kennedy, B. Lu,
and B. H. Brundage, “Screening patients with chest pain in
the emergency department using electron beam tomography: a
follow-up study,” Journal of the American College of Cardiology,
vol. 38, no. 1, pp. 105–110, 2001.

[8] G. Pundziute, J. D. Schuijf, J. W. Jukema et al., “Prognostic value
of multislice computed tomography coronary angiography in
patients with known or suspected coronary artery disease,”
Journal of the American College of Cardiology, vol. 49, no. 1, pp.
62–70, 2007.

[9] R. Detrano, A. D. Guerci, J. J. Carr et al., “Coronary calcium as a
predictor of coronary events in four racial or ethnic groups,”The
New England Journal ofMedicine, vol. 358, no. 13, pp. 1336–1345,
2008.

[10] M. Hadamitzky, R. Distler, T. Meyer et al., “Prognostic value of
coronary computed tomographic angiography in comparison
with calcium scoring and clinical risk scores,” Circulation, vol.
4, no. 1, pp. 16–23, 2011.

[11] E. S. Ma, Z. G. Yang, Y. Li, Z. H. Dong, L. Zhang, and L. L.
Qian, “Correlation of calcium measurement with low dose 64-
slice CT and angiographic stenosis in patients with suspected
coronary artery disease,” International Journal of Cardiology,
vol. 140, no. 2, pp. 249–252, 2010.

[12] Z. H. Hou, B. Lu, Y. Gao et al., “Prognostic value of coronary
CT angiography and calcium score for major adverse cardiac
events in outpatients,” JACC: Cardiovasc Imaging, vol. 5, no. 10,
pp. 990–999, 2012.

[13] I. C. Tsai, B.W. Choi, C. Chan et al., “ASCI 2010 appropriateness
criteria for cardiac computed tomography: a report of the
Asian Society of Cardiovascular Imaging cardiac computed
tomography and cardiacmagnetic resonance imaging guideline
Working Group,” International Journal of Cardiovascular Imag-
ing, vol. 26, no. 1, pp. 1–15, 2010.

[14] K. O. Akosah, A. Schaper, C. Cogbill, and P. Schoenfeld,
“Preventing myocardial infarction in the young adult in the
first place: how do the national cholesterol education panel
III guidelines perform?” Journal of the American College of
Cardiology, vol. 41, no. 9, pp. 1475–1479, 2003.

[15] P. Raggi, “Coronary-calcium screening to improve risk stratifi-
cation in primary prevention,”The Journal of the Louisiana State
Medical Society, vol. 154, no. 6, pp. 314–318, 2002.
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