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Nuclear medicine uses ionizing radiation for both in vivo
diagnosis and therapy. Ionizing radiation comes from a variety
of sources, including x-rays, beam therapy, brachytherapy, and
various injected radionuclides. Although PET and SPECT remain
clinical mainstays, optical readouts of ionizing radiation offer
numerous benefits and complement these standard techniques.
Furthermore, for ionizing radiation sources that cannot be imaged
using these standard techniques, optical imaging offers a unique
imaging alternative. This article reviews optical imaging of both
radionuclide- and beam-based ionizing radiation from high-
energy photons and charged particles through mechanisms
including radioluminescence, Cerenkov luminescence, and scin-
tillation. Therapeutically, these visible photons have been com-
bined with photodynamic therapeutic agents preclinically for
increasing therapeutic response at depths difficult to reach with
external light sources. Last, new microscopy methods that allow
single-cell optical imaging of radionuclides are reviewed.
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The interaction of ionizing radiation with matter is at
the heart of nuclear medicine. The late 19th century saw
the beginning of both nuclear medicine and radiology (and
in a way radiotherapy) in the discoveries of radioactivity by
Becquerel and x-rays by Röntgen. As the nuclear physics
field matured throughout the first half of the 20th century,
opportunities developed for noninvasive in vivo imaging
using ionizing radiation in the form of PET, SPECT, and
planar scanners. These modalities are used for most radio-
tracer imaging, but for certain applications, using the visible light
photons resulting from ionizing radiation interactions with mat-
ter offers unique benefits. Conventional methods that combine

optical and nuclear imaging including the radiolabeling of fluo-
rescent entities followed by fluorescent excitation with a laser (1)
will not be discussed as the mechanism of visible light output is
through laser excitation.

To consider optical imaging of ionizing radiation, an
understanding of the mechanisms of ionizing radiation
interactions with matter is essential. These mechanisms are
well understood in medical physics and molecular imaging
and are reviewed in depth (2). As high-energy photons and
charged particles traverse matter, they dissipate energy in a
manner dependent on the energy of the photon or particle,
and the atomic number and density of the surrounding matter.
Photons at energies used in medical imaging interact with
surrounding matter mainly through 4 mechanisms: photo-
electric effect, Compton scattering, coherent scattering, and
pair production. The photoelectric effect occurs when an
electron is ejected from an atom via absorption of the energy
of a high-energy photon, which disappears in the process.
Compton scattering involves the transfer of a portion of the
photon energy to an electron, with the electron ejected from
the atom and the high-energy photon scattered at a lower
energy in the process. The photoelectric effect predominates
at relatively low photon energies and high atomic numbers of
interacting matter. With both the photoelectric effect and the
Compton scattering, an outer shell electron fills the vacancy
created by the ejected electron resulting in visible or x-ray
photon emission, which can be imaged. Coherent scattering
is an elastic process and generally occurs when the energy of
the radiation is small compared with the ionization energy of
the material. Pair production is the creation of an elementary
particle and its antiparticle, for example, creating an electron
and positron, but requires high-energy photons of at least
1.022 MeV and rarely occurs with medical isotopes.

Charged particles, such as those from b- and a-particle–
emitting radionuclides, can interact with surrounding matter
through 5 mechanisms: excitation, ionization, bremsstrahlung,
Cerenkov, and annihilation (positron only). Excitation results in
an electron occupying an excited state, which will subsequently
relax to the ground state. Ionization results in the ejection of an
electron from an atom, similar to the photoelectric and Comp-
ton effect seen with high-energy photons. Bremsstrahlung oc-
curs when a charged particle is attracted (or repulsed) by the
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positive atomic nucleus, altering the momentum of the charged
particle and thus resulting in the release of the lost kinetic
energy as emission of photons. The Cerenkov mechanism oc-
curs when a charged particle travels faster than the velocity of
light in a medium, resulting in visible photon emission, deemed
Cerenkov luminescence (CL). Annihilation occurs when the
antimatter of an electron, the positron, interacts with an elec-
tron, causing the electron–positron pair to annihilate and two
511-keV photons to be emitted at approximately 180� apart.
Both high-energy photons and charged particles can result

in more complex interactions than presented here, such as
the formation of Auger electrons and secondary ionization.
Though these mechanisms can complicate interpretation of
in vivo imaging, translatable ex vivo calibration methods and
simulations in preclinical models can result in acceptable
sensitivity and resolution for in vivo optical imaging.

OPTICAL IMAGING OF g-EMITTING RADIOTRACERS

Because g-emitting radiotracers allow for planar scinti-
graphic and tomographic SPECT imaging, alternative imag-
ing techniques are not typically considered. However,
other methods exist; for example, visible photon emission from
g-emitting radiotracers has been known in the nuclear physics
field for decades (3). All ionizing radiation sources, such as the
140-keV photons emitted by 99mTc, result in ionization and

excitation of the medium, such as water. The relaxation of
water molecules and transition of excited hydroxyl radicals re-
sult in the emission of visible light, known as radiolumines-
cence. These visible photons were recently used to allow
optical imaging of clinical g-emitters. Optical imaging with
99mTc, the g-emitter used widely for SPECT and planar imag-
ing, was first shown using a phosphor screen that converted the
high-energy photons into visible light, which was imaged in a
preclinical optical IVIS system (PerkinElmer). Optical resolu-
tion is better than 1.3 mm when the source depth is less than
10 mm, highlighting the depth dependence of optical methods
(4). Subsequently, visible photons arising from the interactions
of various 99mTc g-systems with tissue were directly imaged,
obviating a phosphor screen. Radioluminescence with varia-
tions in the emission spectrum was observed for each of
the 99mTc systems. The visible signal exhibited a half-life of
6–7 h, which corresponds to the half-life of 99mTc (6.02 h) and
demonstrates that the visible light was from 99mTc and not a
contaminant in the 99mTc solution. In vivo optical imaging was
shown in a study with 99mTc-phytate colloids, but the benefits
over SPECT imaging were not readily apparent (5). In another
optical imaging demonstration, 99mTc-pertechnetate was used
for optical imaging of the thyroid and salivary glands after
uptake by the sodium-iodide symporter (Fig. 1A) (6).

Although visible light emission from SPECT radionu-
clides is an interesting phenomenon, the low flux of visible

photons (104 vs. 8 · 106 average ra-
diance [p/s/cm2/sr] for scaled activity
amounts of 99mTc via radiolumines-
cence and 18F via CL, respectively)
(7) makes in vivo optical imaging
even more challenging than CL imag-
ing (CLI). A variety of nanoparticles,
deemed nanoscintillators, can en-
hance the visible photon output from
g-emitters and x-rays; however, these
systems are only in the preclinical
stage and have significant barriers
to translation, so will only be briefly
discussed herein. High-energy photons
interact with the nanoscintillators to
excite electrons, which can relax both
radiatively by emitting a visible photon
and nonradiatively. Clinical feasibility
is uncertain because toxicity issues
arising from the composition, size, and
biodistribution of the nanoparticles
need to be investigated before appli-
cations. A detailed review on nanoscin-
tillators in preclinical use was recently
published (8).

External High-Energy Photons

High-energy photons also have ex-
ternal sources, such as photon beams
or x-rays commonly used in clinical

FIGURE 1. Optical imaging of g-emitters and photon beams. (A) Radioluminescence
image of 99mTc-pertechnetate distribution in Nu/n mice showing salivary, thyroid, and
stomach uptake. (B) Linear accelerator phantom study to image Cerenkov light from
photon beam interactions with water. Distance of camera to water phantom is 3 m. (C)
Two-dimensional projections of experimentally imaged 3-dimensional (3D) Cerenkov light
volume (left) and nonlinearly summed 3D dose matrix from TPS (center) are shown for
the VMAT treatment plan. Resulting g-index map is shown with a 3%/3-mm dose
difference and DTA criterion (right). DTA 5 distance-to-agreement; TPS 5 treatment
planning system; VMAT 5 volumetric-modulated arc therapy. (A and B–C adapted with
permission of (6) and (9), respectively.)
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and preclinical practice. Clinical photon beams operate in
the megavoltage region, resulting in ejection—from atoms—
of electrons with energies exceeding that of the Cerenkov
threshold in tissue (220 keV). The ejected electrons result
in CL, allowing CLI (Figs. 1B and 1C). Both intensity-
modulated radiation therapy and volumetrics-modulated
arc therapy were evaluated with real-time video-rate op-
tical dosimetry using CL (9). A more elaborate system
involving linear accelerators is Cerenkov-excited fluores-
cence tomography, for which the generated CL excites
fluorophores in a sample. Because the light from CL is
blue-weighted, the use of fluorophores that emit in the red or
near-infrared range allows deeper imaging depth at the cost
of the increased complexity of injecting a dye before beam
therapy (10,11).

OPTICAL IMAGING OF CHARGED PARTICLES

b- and a-Emitting Radiotracers: Cerenkov

Optical imaging of b- and a-emitting radiotracers has
been demonstrated through various mechanisms of energy
dissipation by charged particles. CLI is the most common
way that ionizing radiation is optically imaged for 3
reasons: CL is typically of significantly higher intensity
than radioluminescence from g-emitters; CL allows im-
aging of b- and a-emitters, which can be challenging to
image; and CLI is possible with most clinical b-radiotracers,
allowing rapid clinical translation. Because CL is blue light–
weighted, and current clinical use of CLI relies only on a
given radiotracer without endogenous enhancement enti-
ties, only imaging radionuclides close to the surface is

possible. To address this depth limitation, increased imaging
depth has been achieved preclinically through pairing radio-
tracers with photoluminescence molecules or nanoparticles
that absorb blue light and emit a more penetrating red (12).
As these systems are further evaluated, clinical translation
could allow improvements of radionuclide imaging, which is
currently challenging.

The first CLI clinical studies used the PET tracer 18F-
FDG in endoscopic studies and detection of nodal disease
(13,14), whereas another study imaged 131I thyroid up-
take in 1 patient (15). These proof-of-concept studies used
widely applied radiotracers to correlate images obtained
through traditional nuclear medicine instrumentation with
images obtained through CLI as a means to quantify the
efficacy. Conversely, a major benefit of CLI is the ability to
image therapeutic radiotracers. Traditional detection meth-
ods for 90Y (maximum energy of the electron [referred to as
a-particle], 2.28 MeV) are difficult because of the absence of
suitable g-emissions and low amount of positron emissions,
but the high CL intensity, which is over 35 times that of 18F
(16), makes 90Y an ideal candidate for CLI. Recently in a
preclinical model, it was shown that 90Y could be quantita-
tively imaged using CLI (17). The 90Y-labeled gastrin-
releasing peptide receptor antagonist DOTA-AR was
injected into prostate cancer xenograft models and imaged
out to 72 h after injection using CLI (Fig. 2A). Quantifi-
cation of tumor uptake using CLI correlated with ex vivo
measurements (Fig. 2B), thus offering means for dosimetry
as well as an alternative to PET imaging of the low amount
of positrons emitted from 90Y. Cetuximab labeled with
either 90Y or 177Lu was also imaged ex vivo using CLI,

again showing the utility of CL for
radionuclides that are often difficult
to image using traditional methods
(18). Therapeutically, 90Y was com-
bined with a photodynamic therapy
agent for a synergistic system of both
radiotherapy and photodynamic ther-
apy excited by CL (19). In an inter-
esting demonstration of the clinical
utility of CL, brain tumor specimens
were optically imaged during brain sur-
gery, showing the uptake of injected
90Y-DOTATOC (20). Another potential
application of CLI is imaging of 90Y
microspheres used for radioemboliza-
tion. In future studies, the microspheres
could incorporate fluorescent molecules
that absorb CL and emit in the near-
infrared range, allowing noninvasive
near-infrared imaging of the spheres as
an alternative to current methods of
PET/CT imaging and SPECT brems-
strahlung imaging (21).

a-emitters such as 213Bi and 225Ac are
used therapeutically through conjugation

FIGURE 2. Cerenkov imaging of therapeutic radiotracers. (Top) CLI of 90Y-DOTA-AR in
mice with PC-3 prostate cancer tumors. Tumors (red arrow) show high radiance at 4 h
after injection (pi) with partial clearance at 24 h after injection. (Bottom) Ex vivo images at
4 h after injection, with tumor clearly delineated (red arrow). Green arrows 5 kidneys;
yellow arrow 5 stomach; blue arrow 5 large intestine. (Adapted with permission of (17).)
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to antibodies, nanomaterials, and peptides (22,23). Because
these radionuclides emit an a-particle, conventional imag-
ing can be achieved only using indirect methods, such
as the injection of an imaging radiotracer attached to
the same targeting ligand, followed by injection of the
a-emitter, with the assumption that the biodistribution is
similar. Unfortunately, the energy of the a-particle is too
low to allow direct CL. However, the a-decay can be in-
directly visualized with CLI of the b-emitting daughter
decay products of 225Ac, which generate CLI (22). Another
application of this approach was recently demonstrated.
225Ac-DOTA-c(RGDyK) was injected into U87mg human
glioblastoma xenograft mice and CLI conducted at 24 h
after injection (24). As a-emitters continue to be investi-
gated as radiotherapeutics, imaging strategies such as
CLI should prove useful for dosimetry and radionuclide
localization.
One ideal application for optical imaging of ionizing

radiation is endoscopy of radiotracers that emit CL, coined
CL endoscopy. Interference from ambient light is not a
significant issue with endoscopic imaging. The applica-
bility of this technique was shown preclinically with
18F-FDG using an optical fiber bundle connected to a
charge-coupled device (25) and later with both 90Y and
18F (26), with both studies using subcutaneous tumor mod-
els. CL endoscopy was rapidly translated to the clinic for

distinguishing and quantifying cancerous lesions of the
gastrointestinal tract in patients, just 3 y after the preclin-
ical studies (13). Here the clinical radiotracer 18F-FDG was
used and PET/CT-positive lesions corresponded with positive
legions using CL endoscopy; however, the imaging was
obtained only in a contact mode, with the endoscope in con-
tact with the lesion.

b- and a-Emitting Radiotracers: Scintillation

Although CL is widely used for in vivo optical imaging,
scintillation offers another route for charged particle optical
imaging. Here, a material is used that produces optical
photons upon excitation by ionizing radiation. In an endo-
scopic application, a scintillation balloon was used to image
atherosclerotic plaques in diabetic, hyperlipidemic mice
injected with 18F-FDG (27). The left common carotid artery
was ligated whereas the nonligated right carotid was the
control. When a scintillating balloon-enabled fiber-optic ra-
dionuclide imaging system was used, the ligated artery was
shown to have an increased 18F-FDG uptake compared
with the control, corresponding with ex vivo autoradiogra-
phy. The scintillating balloon system has a resolution of
1.2 mm, thereby overcoming some of the issues with PET
imaging of atherosclerotic plaques such as the small size
of plaques and 18F-FDG uptake obscuration by adjacent
myocardium.

Electron and Proton Beams

Proton and electron beams are of
increasing interest for radiation ther-
apy. At the energies typically used
(keV through MeV), they also produce
Cerenkov light (Fig. 3A). In a phase I
study, 12 patients undergoing postlum-
pectomy whole-breast irradiation from
a linear accelerator were imaged in real
time using CL (Fig. 3A) (28), thereby
demonstrating that CLI can be used for
monitoring treatment, positioning pa-
tients, tracking motion, and examining
posttreatment results (Figs. 3B and 3C).
Recently, total skin electron beam
therapy for treatment of cutaneous lym-
phomas was monitored with CLI, and
significantly lower doses were found
applied to the legs than the torso, in-
dicating a direct clinical relevance (29).
In an exciting combination of clinical
beam therapy and preclinical advances,
the CL from external-beam therapy
was combined with titanium dioxide
nanoparticles to increase the therapeu-
tic potential of beam therapy (30). The
use of CL for excitation of nano–
photodynamic therapy agents was
previously shown with radiotracers

FIGURE 3. Optical imaging of charged particle beams. (A) Various interactions that
may occur during charged particle beam therapy, including primary Cerenkov
production, secondary Cerenkov, and various scattering and absorption processes.
(B) Imaging of a patient undergoing postlumpectomy radiation therapy (inset, plan)
using time domain–gated imaging system, which is synchronized to delivered
radiation pulses. (C) Cerenkov images of each patient and corresponding white-
light images (left). Edge-enhanced Cerenkov images for each patient (right).
(Adapted with permission of (28), © Institute of Physics and Engineering in Medicine.)
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(18F and 64Cu) (31), highlighting the fact that different sour-
ces of ionizing radiation can be used for this application.
Proton beams increasingly used in radiation therapy offer

unique imaging opportunities. For example, the positron
emitters 15O and 11C are generated during proton beam ther-
apy, which can enable PET/CT or Cerenkov imaging of pa-
tients to determine dose and location. PET/CT after proton
irradiation was performed for 9 patients to image the gener-
ated isotopes, with imaging started within 20 min of proton
beam therapy. PET/CT imaging results showed an average
quantitative agreement of 5%–30% between calculated and
measured PET distributions in the space and time domains
(32). Because both 15O and 11C are positron emitters with
relatively high energies, both result in appreciable CL emis-
sion, which was imaged with high resolution in proton beam
tissue phantoms (33).

NEW MICROSCOPY OPPORTUNITIES

Microscopy offers superior resolution, sensitivity, and
costaining of biomarkers compared with standard in vivo
imaging. For ex vivo radionuclide imaging, autoradiogra-
phy is typically used on tissue samples and slices, with the
resolution dependent on the energy of the emitted radio-
tracer. A new method of ex vivo detection of ionizing
radiation was demonstrated and deemed radioluminescence
microscopy (RLM). RLM combines a sample containing
ionizing radiation with a scintillator plate wherein the

interactions between the two result in visible photons that
are imaged using a standard fluorescence microscope. In
the first demonstration of RLM, single-cell resolution was
demonstrated with live cells cultured on a 100-mm-thin
CdWO4 scintillator plate with 18F-FDG (34). Subsequent
work led to improvements in signal-to-background ratio
through the use of optical reconstruction of the b-ionization
track techniques led to increased sensitivity and resolution
with no dependency on the b-particle energy (35). RLM
hardware improvements were also investigated through the
use of a Lu2O3:Eu scintillation plate (6–10 mm thick) that
had increased sensitivity and resolution compared with a
conventional scintillation plate composed of CdWO4

(500 mm thick) (Figs. 4A and 4B). The thinner Lu2O3:Eu
plate has a higher photon yield and emissions in the green–
red region of the visible spectrum, where typical charge-
coupled devices have greater quantum efficiency compared
with blue emissions by CdWO4 (36). In a practical demon-
stration of RLM, 39-deoxy-39-18F-fluorothymidine (18F-FLT)
uptake was imaged in MDA-MB-231 cells grown under dif-
ferent serum conditions and compared with fluorescence mi-
croscopy of 5-ethynyl-29-deoxyuridine incorporation in fixed
cells, a standard measure of cell proliferation (Fig. 4C) (37).
Under serum deprivation, few cells (1%) incorporated 5-
ethynyl-29-deoxyuridine whereas 18F-FLT uptake was low,
but above background and heterogeneous, with a subset of
cells being positive. Under 20% serum conditions, the fre-

quency distribution of 18F-FLT up-
take in single cells was bimodal,
with 61% of cells in the 18F-FLT–
high subpopulation. RLM allows im-
aging of radiolabeled molecules on
living cells at a single-cell level, en-
abling examination of individual cel-
lular uptake rather than average uptake
in a whole population.

Although the prior examples were
completed using in vitro samples,
RLM was also used with ex vivo tissue
samples, directly analogous to autoradi-
ography (38). Here, 89Zr-rituximab was
used to image human CD20 expression
in a huCD20 transgenic mouse model,
which expresses CD20 on B cells. PET
imaging of 89Zr-rituximab showed up-
take in the spleen as expected, and ex
vivo RLM and autoradiography both
showed 89Zr-rituximab in the red pulp
on the spleen. A comparison between
RLM and conventional storage-phosphor
autoradiography demonstrated that the
former has superior sensitivity and res-
olution, with RLM requiring 80% fewer
decays for imaging with a magnifica-
tion of 4·. RLM’s advantages compared
with conventional autoradiography

FIGURE 4. Radioluminescence microscopy. (A) Choice of scintillator matters. Scheme
of radioluminescence microscopy setup comparing 500-mm CdWO4 scintillator (left)
and 10-mm Lu2O3:Eu scintillator (right). Because of thinness of Lu2O3:Eu scintillator,
ionization tracks are shorter than with thicker CdWO4 scintillator. (B) Comparison of
Lu2O3:Eu (top) and CdWO4 (bottom) scintillators with 18F-FDG, showing bright-field,
radioluminescence, and overlaid images. (C) MDA-MB-231 cells imaged using 18F-
FLT and radioluminescence microscopy (top) or 5-ethynyl-2′-deoxyuridine (EdU) and
fluorescence microscopy (bottom). Red and green arrows indicate cells with negative
and positive signals, respectively. (A–B and C adapted with permission of (36) and
(37), respectively.)

OPTICAL IMAGING OF IONIZING RADIATION • Shaffer et al. 1665



make it attractive for applications in which sensitivity and
resolution are important, such as for imaging of radiolabeled
tracers when there is cell heterogeneity, and for simultaneous
imaging of both fluorescence and radioluminescence.

CONCLUSION

Ionizing radiation is an intrinsic component of nuclear
medicine and radiology. Optical imaging of ionizing radiation
interactions with matter has been demonstrated in both
preclinical models and clinically and is moving increasingly
into the focus of ongoing research. Visible light can be used
for imaging and dosimetry with injected radiotracers or
beams, allowing a broad range of applications including
dosimetry, imaging, and therapy. The use of injected agents to
enhance visible photon flux from ionizing radiation is
common, although this approach leads to increasing com-
plexity because of the use of an exogenous agent. Charge-
coupled devices with higher quantum efficiency outside the
typical 400–900 nm will allow superior sensitivity to both
blue-weighted and near-infrared-emitting agents. Clinically,
optical imaging of therapeutic tracers such as b- and a-emitters
enables alternatives to current methods of dosimetry and
anatomic placement. A thorough understanding of ioniz-
ing radiation interactions with matter is necessary, and collab-
orations between medical physics and imaging researchers are
essential for the field to progress.
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