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Optical imaging as an expansion of nuclear medicine:
Cerenkov-based luminescence vs fluorescence-based
luminescence
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Abstract Integration of optical imaging technologies can
further strengthen the field of radioguided surgery. Rather than
using two separate chemical entities to achieve this extension,
hybrid imaging agents can be used that contain both
radionuclear and optical properties. Two types of such hybrid
imaging agents are available: (1) hybrid imaging agents gen-
erated by Cerenkov luminescence imaging (CLI) of β-emit-
ters and (2) hybrid imaging agents that contain both a
radioactive moiety and a fluorescent dye. Onemajor challenge
clinicians are now facing is to determine the potential value of
these approaches.With this tutorial reviewwe intend to clarify
the differences between the two approaches and highlight the

clinical potential of hybrid imaging during image-guided sur-
gery applications.
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Introduction

Nuclear imaging modalities like gamma imaging [i.e. scintig-
raphy and single photon emission computed tomography
(SPECT)] and positron emission tomography (PET) have
proven valuable for molecular diagnostics and in surgical
applications [1–3]. Their value is strengthened by the fact that
these molecular imaging techniques can be complemented
with detailed anatomical imaging using (integrated) computed
tomography (CT) and/or magnetic resonance imaging (MRI)
[4, 5]. The combination of different imaging signatures, united
in a single imaging agent, allows for fully integrated
multimodality imaging paradigms [6]. By complementing
nuclear imaging agents with an optical read-out, it becomes
possible to supplement radio-guidance technologies with op-
tical identification during surgery (Fig. 1a) [7, 8], enabling
true interventional molecular imaging.

The recent availability of sensitive, small and cost-effective
digital imaging systems has enabled the introduction of real-
time digital fluorescence imaging in surgical guidance
applications. These imaging systems are mostly based
on charge-coupled devices (CCD) and complementary
metal–oxide–semiconductor (CMOS) imaging sensors
with very low noise levels and high sensitivities [9–11]. Light
emitting diodes (LEDs) and lasers are often used as dedicated
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bright and relative narrow band excitation sources in these
digital fluorescence systems [10, 12]. Alternative excitation
light sources are often found in lasers and xenon lamps [10].

The inclusion of multiple signatures in single imaging
agents is generally achieved via chemical modifications. For
example, a hybrid imaging agent can be composed of a
(targeted) molecular scaffold that is functionalized with
both a radioactive and a fluorescent moiety (Fig. 1b).

Alternatively, the detection of the Cerenkov lumines-
cence (CL) emitted by β-emitters (both electrons and
positrons, Fig. 1d) can potentially be used for optical
detection [13]. This concept was first demonstrated, in a pre-
clinical setting, by Robertson et al. in 2009 [14]. With the
Cerenkov luminescence imaging (CLI) concept both a β-
emission and a luminescence signature are integrated in a single
“isotope”. When applying CLI on clinically approved β-

Fig. 1 Schematic representation of the value that hybrid imaging
agents may provide during surgery. a Administration of a single
(targeted) imaging agent that contains both a radioisotope and a fluo-
rescent dye can be followed by preoperative visualization using the
radioactive modality, followed by scintillation tracing and a real-time
optical read-out during the surgical procedure. b A “conventional”
hybrid imaging agent with a targeting modality for site selectivity, a
radiolabel and a fluorophore. c A hybrid imaging agent involving a

targeting moiety for site selection and a “Cerenkov” radiolabel. Sche-
matic representation of the physical principles for the generation of
light by d Cerenkov luminescence, showing the emission of a charged
β particle, inducing the emission of Cerenkov photons along its path-
way. e The principle of fluorescence, showing the excitation of a
ground state electron followed by relaxation to the ground state under
the emission of a photon
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emitters, e.g. PET tracers, one can regard these tracers as hybrid
imaging agents (Fig. 1c). Validation and applications of
combined CLI agents and radioactive/fluorescent agents
in terms of preclinical studies are described in various
papers [15–19].

As the introduction of optical imaging is relatively new in
the field of nuclear medicine we address in this paper the
general characteristics of luminescence (Fig. 1e) imaging
and provide a physical quantitative evaluation of the two
optical techniques. In addition, we relate the photophysical
characteristics to relevant facets encountered during a clin-
ical application in image-guided surgery.

Luminescence imaging and tissue penetration

We first introduce the limiting factors that luminescence im-
aging has compared to radionuclide imaging. Ideally, lumi-
nescence imaging yields a similar sensitivity as nuclear
imaging technologies [20, 21]. However, other than the nu-
clear techniques, in the body luminescence signals suffer from
a number of signal-reducing factors such as severe tissue
attenuation. The severity of the attenuation depends on the
wavelength of the emitted light; near-infrared (NIR) excitation
and emission fit best to the optical transparency window of
tissue (650–1,200 nm; Fig. 2e) [22]. Nevertheless, even in the

Fig. 2 a The relative
fluorescence intensity (signal to
background ratio, SBR) as a
function of the tissue
penetration of 0.5 mg/ml
organic dye in a marker seed
covered by increasing numbers
of tenderloin [24]. b Example
of the fluorescence signal
scattering of an ICG-containing
seed: the uncovered seed
(0 mm) gives a signal
comparable to the actual size of
the seed, while covering the
seed with layers of tenderloin
tissue increases the diameter of
the signal (1–8.5 mm) [24]. c
Optical influences which can
attenuate the excitation light
(I0), by absorbance (IA),
scattering (Is) and surface
reflection (Ir). d Furthermore,
the emitted light is also
attenuated by surface reflection
(Ir), by absorbance (IA) and
scattering (Is). e Tissue
transparency optical window
(650–1,200 nm) [22], largely
determined by absorbance of
(oxy)haemoglobin and water
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transparency window the luminescence-based technologies
are limited to superficial detection <1 cm [23, 24]. Tissue is
very heterogeneous with respect to refractive index. Conse-
quently, a significant portion of the emitted light will also
suffer from scattering; shorter wavelengths will yield stronger
scattering compared to the longer wavelengths [25]. Com-
bined with surface reflections these factors result in a decrease
in signal strength and imaging resolution with increasing
tissue depth (Fig. 2a, b) [24].

When excitation light is required, autofluorescence (en-
dogenous fluorescence of tissue) may generate a back-
ground signal that is not related to the imaging agent. This
background signal may significantly reduce the signal to
background ratios (SBRs) and thus the depth at which a
luminescence signal has diagnostic value. UV/blue light
<460 nm is the least favourable, as induced autofluores-
cence may yield significant background signals [26]. Other
sources of background signals that are not related to the
imaging agent are: ambient light, reflected/scattered excita-
tion light and electronic noise that is generated by electrical
dark currents in the camera [26, 27].

The absorbance of the luminescence by chromophores like
haemoglobin strongly depends on the tissue type and location
in the body. From Figs. 2e and 3 one can estimate that the
UV/blue CL will suffer very severe signal attenuation in
contrast to emissions within the tissue transparency window.

Quantitative comparison based on single molecule/
isotope photon fluxes

Below we discuss the photophysical properties for both CL
and fluorescence in image-guided surgery. To allow for a
head-to-head comparison we perform the comparison based
on the photon fluxes coming from a single isotope or mol-
ecule using photophysical calculations; we have included all
the calculations in the “Electronic supplementary material”
of the manuscript.

Cerenkov luminescence

CL [28] is originally known as the blue emission, which can
be seen close to the nuclear fuel rods in nuclear power
plants’ cooling water basins. In contrast to fluorescence,
the Cerenkov process is not based on the relaxation of a
photoexcited molecular entity, meaning no optical activation
is required. Rather, CL is induced by a charged β-particle
travelling through a medium with a velocity greater than that
of light in the same medium. Based on their energy charged
β-particles can induce polarization of the molecules in the
medium; upon relaxation of these molecules a photon is
emitted (Fig. 1d). The emission curve of CL maximizes in
the UV region of the spectrum (λmax ∼180 nm; water) (see
Fig. 3); λmax cannot be tuned towards other wavelengths.

Because CLI does not require external excitation, it does
not suffer from autofluorescence or from the reflection of
excitation light (Fig. 2b). Consequently, the amount of
background signal is relatively low.

CL lies mostly within the UV and visible part of the
spectrum [29]. Therefore CL cannot be separated by an inte-
grating camera from the typically much brighter ambient light,
which largely occurs in the same energy window. This means
that (for sufficient SBR) CLI has to be performed in complete
darkness; leakage of ambient (surgical) light will lead to a
strong background signal and as a result a large reduction of
the SBR. Preclinical CLI is performed using highly sensitive
CCD cameras integrated in so-called black boxes [30, 31].

To determine the achievable CL intensity we first need to
calculate the amount of Cerenkov photons produced by a
single β-emitting isotope. Production of CL is a threshold
effect that occurs only in the wavelength range and spatial
location for which the square of the wavelength-dependent
refractive index of the surrounding medium is larger than
the inverse of the β-particle velocity divided by the speed of
light, squared. The number of photons emitted then depends
on the velocity and therefore the energy of the travelling β-
particle and refractive index of the medium, as expressed by
the Frank–Tamm formula (see “Electronic supplementary
material”, S.1.1. formula 1) [32, 33].

Although an increasing refractive index results in an
increase in CL, this effect will be dominated by the location

Fig. 3 Photophysical emissions of fluorescein, methylene blue and
ICG compared to the CL from 18F-FDG. Data from Table 1: fluores-
cein molecule (integrated photon flux of ≈10−1 photons/s) [41], meth-
ylene blue, ICG (integrated photon flux of ≈10−3 photons/s) and 18F-
FDG at clinically relevant conditions. The chromophores fluorescein
(quantum yield=99 %), methylene blue (quantum yield=2 % in water)
and ICG (quantum yield=2.7 % in water) excited using a 1 mW/cm2

excitation source [47, 48]. The experimentally determined CLI signal
(blue line) [29] and the theoretically predicted CLI signal (pink line).
For simplicity the difference in tissue absorbance attenuation for the
optical signals is neglected. The comparison between the CL and the
fluorescence of fluorescein and ICG shows an intensity difference of
104 and 103, respectively
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of the lesion, which cannot be tuned. As the energy of the β-
particle will influence the velocity, the amount of generated
Cerenkov photons in vivo can only be improved by using
high-energy β-emitters. For example, the most commonly
applied 18F PET tracer [positron end point energy; (β+)
633 keV] will produce 1.4 photons per decay (in water),
while the therapeutic isotope 90Y (β− with an end point
energy of 2.28 MeV) can produce up to 57 photons per
decay in water [32].

Mitchell et al. [32] predicted a total photon flux of
subsequently 9×106 and 250×106 photons/s−1 for a typical
small animal experiment using either 3.6 MBq of 18F or 90Y.
Assuming—for simplicity—that a single 18F isotope decays
within its half-life (T1/2=109.7 min) it then corresponds to a
photon flux of 2.1×10−4 photons/s−1 per isotope [34].

In this calculation the attenuation by absorbance and
scattering is not taken into account; in practice the total flux
of CL that can be detected will lie well below these predict-
ed values as a result of tissue absorbance and scattering
(Fig. 2e). Furthermore, similar to the nuclear imaging ap-
proaches, the CL intensity is also dependent on the half-life
of the isotopes; hence, the signal intensity will go down in
intensity over time (radioactive decay formula 2 in the
“Electronic supplementary material”, S1.1).

Due to the fact that the CL is a secondary emission,
generated by a β-particle traveling through medium
(Fig. 1d), the spatial resolution is lower than for fluorescence
imaging. Monte Carlo simulations showed that the CL pro-
duction is confined to a maximum of 2 mm for the isotopes
with high end point energies (e.g. 90Y) [13, 32]. Evidently
tissue scattering may reduce this resolution even further.

Fluorescence

The use of the spontaneous emission of light radiation from a
photoexcited molecular entity (fluorescence, Fig. 1e) in a sys-
tematic study of animal tissue was initially reported by Stübel in
1911 [35]. Since then the application of fluorescent molecules
has become standard during preclinical molecular imaging ap-
plications (in vitro and in vivo) [36–38] and in medicine, where
perfusionmeasurements using fluorescein [39] and indocyanine
green (ICG) are routinely used [15, 40]. These fluorescent dyes
(fluorophores) cover the most important spectral regions, e.g.
fluorescein (green emission, λmax ∼515 nm) [41] and ICG (NIR
emission, invisible to the human eye, λmax ∼820 nm).

The photophysical properties (excitation, emission,
brightness) of fluorescent dyes depend on the molecular
structure and can be fine-tuned by chemical modifications.
The signal brightness of a fluorophore is proportional to the
absorption coefficient (a quantity that characterizes the ease
of penetration of light through a medium) multiplied by the
quantum yield (the number of emitted photons per photon
absorbed) [42]. For example, the visible dye fluorescein has

an absorption coefficient of ≈8 104 l mol−1 cm−1 (at 490 nm)
and a quantum yield close to unity, which corresponds to a
brightness of ≈105. The NIR dye ICG, with an absorption
coefficient of ≈1 105 l mol−1 cm−1 (at 780 nm, 6.5 μM) and
a quantum yield of 2.7 %, only yields a brightness of ≈103.

The brightness gives an idea of the signal intensity of the
light emitted by a fluorophore. However, the ability to detect
this signal in an in vivo application depends on various
physical parameters as shown in section S1.2 in the
“Electronic supplementary material”. A relatively high
photon flux from the fluorophores with respect to the
background signals will typically increase the detection
sensitivity. As an illustration we have calculated the
total expected photon flux from a single molecule of the
commonly used clinical NIR dye ICG under a “realistic clin-
ical” excitation power (1mW/cm2, “Electronic supplementary
material”, S1.2). These calculations show that under these
conditions only a very small fraction of the molecules are in
the excited state, namely 1.66×10−7 %. As a result per ICG
molecule 4.6×10−2 photons/s−1 can be emitted. Both in pre-
clinical and clinical applications, it has been shown that with
sufficient ICG molecules at the area of interest a good signal
intensity can still be obtained [6–8, 15, 38], sometimes even
resulting in an SBR 1 >10 [24].

It should be noted that an increase of the excitation power
will result in a linear increase of the fluorescence signal. For
example, the FLARE [12] medical fluorescence system uses
a 14 mW/cm2 excitation source (including 50 % excitation
attenuation by scattering) which will enhance the detectable
luminescence intensity of a single ICG molecule with a
factor of 7. Since these optical powers are relatively low
compared to those used in microscopy, bleaching of the
fluorophores and thus a loss in fluorescence intensity, in
general, is not an issue.

Influence of scattering

The previously calculated photon fluxes of a single 18F
isotope and a single ICG molecule were not compensated
for attenuation due to wavelength-dependent tissue scatter-
ing [25]. Even more so than with radioactive emissions,
tissue scattering (Fig. 2) of luminescent signatures can sig-
nificantly alter imaging sensitivity. Calculations based on
only 1 mm of tissue depth resulted in a 77 and 39 %
reduction in the signal intensity for one 18F-isotope and
one ICG molecule, respectively (see Table 1; for the calcu-
lations see the “Electronic supplementary material”, S2).

Camera sensitivity

The detection sensitivity of the camera systems plays a
crucial role in the (medical) implementation of the lumines-
cence imaging technology. CCD-based imaging sensors can
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have quantum efficiencies above 92 % in the optimal spec-
tral region ∼570–720 nm. This spectral region is sufficient
for the most common luminescent molecules. Unfortunate-
ly, the efficiency of these systems is nearly reduced to half in
the range where the CL is most intense (λ<350 nm). Al-
though the influence is less dramatic for NIR dyes, above
800 nm the efficiency is typically reduced to 80 % [43]. This
effect will further reduce the signal intensities (see Table 1
and Fig. 3).

Clinical value of hybrid imaging technologies

Using common sentinel node biopsy procedures, we have
demonstrated the clinical value that hybrid imaging agents
can provide. Other than solely luminescent compounds, a
hybrid compound that has both radioactive and luminescent
signatures allows use in radionuclear diagnostics, e.g.
lymphoscintigraphy, SPECT/CT, gamma probe tracing,
freehand SPECT and/or a portable gamma camera (Figs. 1
and 4) [8]. In combination with the right camera system,
during surgery, the luminescent component of the tracer
then enables optical identification of the areas of interest
and their margins. This has proven efficient in both an open
and laparoscopic setting [7, 8]. We found that the real-time

information [24–48 frames per second (fps)] and the high
spatial resolution, provided by the luminescent signature,
were particularly valuable [7, 8].

Our experience is that the added value of fully integrated
optical guidance is most prominent in indications where the
patient’s anatomy is complex [8, 44, 45] and /or when the
surgeon’s senses are reduced, e.g. laparoscopy [45]. Unique-
ly, in a hybrid compound the shortcomings of the individual
modalities are compensated. For example, the radioactive
signal penetration, which makes it of value for preoperative
and in-depth diagnostics, in some indications limits the
surgical identification. Here the limited tissue penetration
of luminescent signatures allows the identification of nodes
that are located close to the injection site [7, 8, 44, 45].

It is important to note that for such hybrid procedures there
is no increase in the amount of radioactivity compared to what
is commonly used with the parent radiotracer [45]. Moreover,
we have already shown that decay of the radioactive signature
does not limit the fluorescence-based detection [46].

Clinical availability of hybrid imaging agents

Due to the recent clinical availability of light-sensitive sur-
gical cameras, optical surgical guidance is attracting a lot of

Table 1 A quantitative comparison between the single molecule photon fluxes of commonly applied CLI isotopes and three clinically available
fluorophores

Material Initial intensity (for fluorescence
under 1 mW/cm2 excitation intensity)
(photons s−1 n−1)

Intensity through 1 mm
of scattering tissue
(photons s−1 n−1)

Corrected for typical camera
sensitivity range (CCD) [43]
sensitivity (photons s−1 n−1)

90Y 2.5×10−4 5.5×10−5 2.8×10−5

18F 2.1×10−4 4.8×10−5 2.4×10−5

Fluorescein 7.4×10−1 2.7×10−1 2.3×10−1

ICG 4.6×10−2 2.8×10−2 2.2×10−2

Methylene blue 2.4×10−2 1.2×10−2 1.1×10−2

n single molecule or single isotope

Fig. 4 Sentinel lymph node identification using synchronous radioac-
tive/fluorescence signal detection in a patient with a carcinoma in the
apical area of the tongue. a Volume rendering SPECT/CT showing
lymphatic drainage to the right side of the neck. b After skin incision

the sentinel node is localized in the operative field using an NIR
fluorescence camera, followed by real-time visualization on a video
screen (c)
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attention. Availability of dedicated imaging agents, howev-
er, is still limited. Fluorescein, methylene blue and ICG are
the clinically approved fluorophores that are most widely
available [47, 48]. Unfortunately, these fluorophores cannot
be covalently attached to a (targeting) molecular scaffold,
thus limiting their use in hybrid imaging agents to non-
covalent assemblies like ICG-99mTc-nanocolloid [6, 7]. To
generate e.g. tumour-targeted hybrid imaging agents, new
synthetic strategies, using a variety of fluorophores and
chelates/isotopes, have been designed [49]. Unfortunately,
to date these new compounds have not yet become available
for clinical use.

The large variation of already clinically approved β-
particle emitters may help to significantly expand the
field of hybrid imaging agents without requiring the
clinical translation of new chemical entities [50]. In this
sense CLI has the potential to significantly enlarge the
clinical implementation of hybrid imaging approaches;
Grimm and Schöder recently registered a clinical trial,

using 18F-fluorodeoxyglucose (18F-FDG) and 131I for
Cerenkov-based head and neck tumour visualization [51].

Limitations of CLI

To enable a clear comparison between the different types of
hybrid imaging agents we have summarized their radioac-
tive and luminescent properties in Table 2. Below we dis-
cuss the—in our opinion—biggest limitations of CLI
compared to the use of hybrid imaging agents based on
common (NIR) fluorophores.

Due to the limited tissue penetration of light with a
wavelength below 450 nm, for in vivo applications CLI will
most likely be limited to a very superficial tissue depth,
meaning that the area of interest has to be fully exposed
prior to imaging. In the preclinical setting acquisition times
between 1 and 5 min were reported to obtain CLI images
with a sufficient SBR [18, 19]. Hence, with the current

Table 2 Typical nuclear and optical properties of hybrid and Cerenkov probes

Hybrid Cerenkov

Multimodal properties

Combined pre- and intraoperative imaging Yes (Potentially) yes

Preoperative imaging systems Gamma camera, SPECT or PET Gamma camera, SPECT or PET

Intraoperative modalities γ (annihilation) photons, β+

positrons, fluorescence
γ (annihilation) photons, β+ positrons, CL

Nuclear properties

Commonly clinically applied imaging isotopes SPECT & PET 99mTc, 68Ga, 123I,
111In, 18F, 64Cu, 89Zr, 124I

PET & β emitters 18F, 64Cu, 89Zr,
124I, 90Y, 131I

Label size Molecular Single atom

Decay pathway γ, β+ β+, β−

Typical energy range γ≈100–511 keV γ: 511 keV

γ: 364 keV

β: 0.250–2.28 MeV

Typical clinical dose Adults: 100–600 MBq ≈9.7 GBq 18F-FDG predicted for 70 kg
adults [52], corrected for a 4-h time delay
between injection and surgery

Children: 10–200 MBq

Penetration depth nuclear signal 10 cm–m 10 cm–m

Optical properties

Estimated signal strength single
molecule/isotope without tissue absorbance

0.2–0.01 (at 1 mW/cm2

excitation intensity)
0.00002–0.00003

Luminescence penetration depth <10 mm Not known (probably <1 mm)

Resolution 0.2 μma 0.2 μm–2 mm

Excitation source LED/laser/incandescent lamps and xenon lamps n.a.

Typical optical excitation range 400–800 nm n.a.

Emission detection Standard (laparoscopic) camera or naked eye Ultra-high sensitivity camera
(not yet clinically available)

Emission maxima λmax 520–820 nm (tunable) λmax 180 nm

Typical image acquisition time <42 ms (real time) >min

a Defined by optical diffraction limit of light. Optical techniques like stimulated emission depletion (STED) can enhance the optical resolution
further to <20 nm
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technology real-time optical detection is very unlikely. Also,
creating complete darkness, while preserving a sterile envi-
ronment, is not easy. An endoscopic setting would enable a
darker environment; unfortunately, the acceptance cone of
the endoscopic system generally also results in another 40–
50 % loss of the detectible photon flux [53].

Liu et al. predicted the necessity of high tracer doses for
CLI [54]. They calculated that a 70 kg patient would require
a surgical dose of 2.1 GBq of 18F-FDG. Unfortunately, the
half-life of the isotope decreases the signal intensity over
time (see Eq. 2). Since the first CLI session in the operating
room occurs realistically 4 h post-injection, the patient
would acquire an incredibly high dose. The example pro-
posed by Liu et al. [54] will then require ≈9.7 GBq 18F-
FDG. Alternatively one may use higher energy isotopes.
Both, however, increase the radiation burden for the patient,
the surgical team and the pathology staff.

Technical improvements for CLI

(Bio-) fluorescence imaging was already reported in 1911
[35], whereas surgical fluorescence imaging just recently
became widely available. CLI was only recently intro-
duced (2009) [19, 32]. As CLI still is a very immature
technology, similar improvements in the technology are likely
to occur.

One improvement may be selective light conversion using
luminescent nanoparticles that convert the CL to a single
narrow emission band, positioned within the tissue transpar-
ency window [52]. Such light conversion technologies enable
the use of bandpass filters for detection, reducing the influence
of ambient light.When combined with ongoing developments
of imaging sensors for ultra-low light detection (e.g. EMCCD)
and the use of endoscopic techniques [53, 54] this approach
may improve the detection sensitivity.

Conclusion

Hybrid imaging agents based on the combination of a ra-
dioisotope and a fluorophore have already proven their
value in image-guided surgery applications. Cerenkov-
based hybrid imaging agents unfortunately have much lower
luminescence intensities, making their success depend on
the new technical developments that are currently being
made in this exciting research line.
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