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Molecular imaging: the emerging role of optical imaging
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Through its role in (routine) patient care, nuclear medicine has
set the standard for molecular imaging: the sensitivity and
specificity of the available (multimodality) nuclear imaging
technologies (SPECT/CT, PET/CT and PET/MR) are superior
to those of any other clinical imaging modality. Nevertheless,
efforts are ongoing to apply ultrasound, magnetic resonance
and/or optical imaging techniques to molecular imaging in the
clinic. A careful look at the theoretical detection sensitivities
of the individual modalities readily confirms that especially
ultrasound, optical and radionuclide techniques currently have
the potential to visualize (low) biomarker expression levels
using imaging probes [1]. Having said this, there are also
activities regarding the development of MR contrast agents.
Since the value of ultrasound technologies remains confined
to the vascular network and the sensitivity of MR is still
relatively low, only optical imaging can, in theory, match the
sensitivity performance of nuclear medicine techniques.

Why optical imaging?

Although these claims are not always directly in line with our
own opinion, various authors have suggested during the recent
revival of optical imaging that optical technologies can re-
place techniques currently used in clinical routine for some
in vivo applications [2]. A number of arguments have been put
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forward to substantiate the development of optical imaging
technologies for in vivo use:

* Reduced side effects: Since optical tracers generally do
not use radioactivity, the potential for side effects is
limited.

* Limited facility requirements: Production of optical
tracers does not require dedicated radiochemistry labora-
tories or, in the case of PET tracers, cyclotron facilities.

* Lower financial cost: The costs of surgical fluorescence
cameras are, on average, around 100,000 euros, is mark-
edly lower than those of preclinical SPECT/CT, PET/CT
or PET/MRI cameras.

» The ability to directly translate fluorescence technologies
available for molecular cell biology applications to the
in vivo situation: A great number of fluorescent tracers
(e.g. mADs) are available for the microscopic visualization
of biomarkers in vitro and at histology.

* The availability of optical reporter markers to monitor
disease spread and progression: Via genetic transcription,
tumour cells or even whole animals can be genetically
modified so that they express a reporter gene. Although
reporter gene imaging is also possible in combination with
PET or SPECT, to date use of the optical read-out mech-
anism is more widespread. Optical read-out mecha-
nisms are bioluminescence enzymes such as lucifer-
ase, which, via a reaction with the injected substrate
luciferin, produce light, or one of the fluorescent
proteins e.g. green fluorescent protein (GFP). The
latter require light excitation to generate a light emis-
sion (see below for more detail on bioluminescence
and fluorescence).

» The potential to optically identify diseased areas during
interventional procedures: Light-sensitive fluorescence
cameras provide video-rate feedback, enabling real-time
visualization of superficially located areas of disease.
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* The potential to increase the tissue penetration of optical
emissions by using near-infrared emissions: The signal
penetration of emissions between 400 and 650 nm is
confined to the millimetre range, while near-infrared emis-
sions may penetrate tissue as far as 1 cm.

* The potential for superior in vivo resolution [1]: When
used superficially, fluorescence resolution can be less than
1 um while radionuclide-based techniques remain limited
to the millimetre—centimetre range. This feature can be
used to depict the subcellular localization in early analysis
of, for example, intraluminal lesions of the colon. It also
offers the potential to histologically identify microscopic
disease, e.g. at surgical margins.

Limitations of optical imaging

Despite the “promise” of optical technologies, clinical stud-
ies in the field of image-guided surgery have demonstrated
that purely optical identification of, for example, surgical
margins is only of value when the features investigated lie
within a known anatomy, as tissue penetration of fluores-
cent signals is limited to the centimetre range [3]. When
attempts are made to identify signals with an unknown (or
deep) origin, or when the surgical margins need to be
determined below the resection surface, the limited tissue
penetration limits application of optical technology in a
minimally invasive approach. In such cases, guidance from
preoperative modalities is required. Signal attenuation also
severely limits the quantification possibilities for optical
signals. For reference, PET is an autoradiographic 3-D
methodology which provides an in-depth total body view
and allows absolute signal quantification in vivo.

Optical imaging as an add-on to nuclear imaging

To obtain additional information, optical imaging can be used
in parallel or in combination with nuclear imaging (Fig. 1).
One of the most straightforward and perhaps most widespread
multimodal applications of optical approaches in preclinical
nuclear medicine research is the use of disease models using
tumour cell lines genetically transfected with, for example,
fluorescence proteins and/or bioluminescence enzymes [4, 5].
In our experience, genetically generated optical signals can be
use as sensitive reference signals to longitudinally monitor
disease onset/spread in animal models. Bioluminescence is
valuable for optical screening purposes since it is not obscured
by autofluorescence and only occurs in transfected cells. It
relies on the intracellular conversion of, for example, luciferin,
rather than light excitation, to generate an optical signal. Since
genetic modification techniques cannot easily be translated to

the clinic, dedicated tracers with an optical signature are
required to make optical imaging also possible in patients. In
our view, it is most logical to initially derive such optical
tracers from proven radiotracers. Since Cerenkov imaging
uses light emission caused by [3-particles travelling through
a medium, detection of these signals seems to be the most
straightforward technique to include an optical imaging read-
out in a nuclear medicine setting. This technique can be
applied to known PET tracers such as '*F-FDG [6]. While
the low photon flux (amount of emitted light) and the
unfavourable wavelength (the peak of the emitted light lies
in the wavelength area with maximal tissue absorbance,
<400 nm) are major limiting factors, the technique has never-
theless already been successfully applied in both preclinical
and clinical settings.

Alternatively, hybrid (combined radioactive and fluorescent)
derivatives of known radiotracers can be developed. Because
fluorescent dyes are incorporated in these designs, the photon
flux is about three orders of magnitude larger than Cerenkov
emissions, and the wavelength of the emission can be tuned by
altering the structure of the organic dye [3]. Given the size and
lipophilicity of the most common fluorescent dyes, it is likely
that the introduction of fluorescent groups will lead to probe
affinities and distribution profiles that differ from the parent
radiotracer. One may reason that instead of hybrid probes,
probe pairs could be applied for sequential preoperative nuclear
imaging and intraoperative fluorescence imaging. However, a
practical limitation of fluorescent probes is the restricted ability
to quantify their kinetics and biodistribution profiles during the
preclinical evaluation process. Fluorescence cannot be used for
true quantitative pharmacokinetic and distribution studies. We
found that the radioactive component of hybrid tracers can
compensate for this shortcoming, either as an intermediate step
or as final product [7]. The quantitative feedback provided by
hybrid tracers can therefore help optimize the kinetics,
biodistribution and dose in relation to signal intensity. Note: a
direct correlation between the doses needed for nuclear
medicine-based imaging and the signal intensities obtained
with fluorescence will help in assessing whether fluorescence
tracers can be clinically applied at a tracer dose.

Tracer production and translation

The availability of dedicated tracers has driven the successes
achieved in nuclear medicine and the same will likely be true
for the future of fluorescence imaging. During recent decades,
research efforts have yielded numerous preclinically evaluated
radiotracers for molecular imaging approaches focusing on
oncology, cardiology, neurology, infections, etc. Successful
translation of these efforts has resulted in a significant number
of first-in-human trials and in some cases also reimbursement.
This nuclear medicine history has provided vast expertise in
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Fig.1 Schematic representation of the different types of optical emission
in relation to radioactive emissions. a Radioactive emission of a gamma
or a beta” coming from a radionuclide. b Enzymatic conversion of a
substrate leading to the emission of bioluminescence light. ¢ Excitation of

radiochemistry, GMP production, structure—activity relation-
ships, etc. Since organic chemistry provides the basis for the
development of both radiotracers and fluorescent tracers suit-
able for human, the chemical challenges are similar in both
approaches; maintaining the functionality and favorable
kinetics of the targeting moiety is vital when introducing the
imaging label. We are therefore of the opinion that expertise in
radiochemistry may aid the development and subsequent clin-
ical translation of new types of molecular imaging tracers,
such as optical tracers, optical/nuclear hybrid tracers and MR
contrast agents.

Future outlook

In our opinion, the future of fluorescence imaging is radiant.
Hybrid derivatives of known radiotracers and/or Cerenkov-
based detection of radiotracers can be expected to be used in
the field of image-guided surgery [8]. At the same time,
optical imaging may help add detail during the initial evalua-
tion of new disease-specific tracers. However, significant
chemical efforts are required to make the affinities/
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a fluorescent dye resulting in the emission of light. d Generation of
Cerenkov emission by beta-particles travelling through a medium. e
Combining a radioactive and a fluorescent group on one molecule yields
radiotracers with an optical signature

distribution patterns of fluorescent and hybrid tracers compet-
itive with those of known radiotracers. When the detection
technology for Cerenkov imaging is improved with respect to
sensitivity, specificity and speed, an almost unlimited optical
imaging opportunity may emerge.

Concluding remarks

In clinical routine the diagnosis of patients is rarely based on
the use of a single imaging modality — multimodality imaging
can provide additional information on different features, on
morphological and functional as well as molecular character-
istics. Since optical imaging offers some unique possibilities,
we expect this technology to be of complementary value in the
field of nuclear medicine. Clear examples are: (1) availability
of a genetically encoded reference for disease spread in pre-
clinical models, (2) ability to analyse tracer localization and
kinetics at the cellular and subcellular levels, and (3) real-time
optical guidance during surgery.
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