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ABSTRACT

Over the last decade fluorescent reporter technologies (both fluorescent probes and proteins) have become a
very powerful imaging tool in everyday biomedical research. Multispectral optoacoustic tomography (MSOT)
is an emerging imaging technology that can resolve fluorophore concentration in small animals situated in deep
tissue by multispectral acquisition and processing of optoacoustic signals. In this work, we study the optimum
operating conditions of MSOT in imaging fluorescence activity in small animals. The performance of various
fluorochromes / fluorescent proteins is examined and it is shown that the new infrared fluorescent protein is an
order of magnitude brighter than the red ones. Finally, wavelength reduction after principle component analysis
shows, that accurate unmixing and 3D reconstruction of the distribution of fluorochromes is possible only with
2 or 3 wavelengths.
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1. INTRODUCTION

Optoacoustic imaging is a hybrid biomedical imaging technique that incorporates the advantages of optical and
ultrasound imaging, while overcoming their respective limitations. When tissue is illuminated with short laser
pulses, light gets absorbed and causes topical thermal expansion followed by contraction when the pulse sub-
sides.! This movement creates an acoustic pressure wave that propagates within the tissue and can be detected
by an ultrasonic transducer. The easy propagation of ultrasound waves through tissue, long-standingly used in
ultrasound imaging, allows for a high spatial resolution and penetration depth. Additionally, optoacoustic imag-
ing - unlike ultrasonography - offers good contrast, due to tissue absorption. In photoacoustic tomography (PAT)
the generated pressure wave is recorded at multiple detector positions and by means of computed tomography
the three-dimensional map of absorption is reconstructed. An advantage of PAT is that it uses non-ionizing
radiation, as opposed to X-ray CT and positron emission tomography, which is not harmful to biological tissue
in the recommended intensities. For this, optoacoustic imaging is a highly promising modality for noninvasive
and in vivo deep tissue imaging applications.

In the past decade, the usage of the fluorescent proteins (FPs) in everyday lab work has revolutionized
biomedical discovery. They have been used in many research areas, such as cancer research? and drug discovery?>
to visualize functional and molecular processes. The green fluorescent protein* (GFP) and its cyan (CFP) and
yellow (YFP) emitting mutations are commonly used, but their applicability in deep tissue imaging is restricted
by the relatively strong tissue absorbance in this spectral region. However, the efforts of protein engineers have
led to the introduction of a new generation of proteins, that absorb and emit in the red spectral range®® or the
near infrared range?
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Fluorophores and fluorescent proteins have been widely imaged with conventional and confocal fluorescent
microscopy, as well as other macroscopic imaging methods, but it was recently shown'®!! that such fluorescent
markers can also be employed for photoacoustic imaging, using their absorption. The key to this is multispectral
optoacoustic tomography (MSOT), in which the specimen is excited at several wavelengths and the fluorophore
signals are unmixed against the tissue background using its known absorption spectrum. In this work we evaluate
the performance of different fluorophores for use with MSO'T in deep tissue imaging applications and demonstrate
the optimal parameters for spectral measurement and unmixing.

2. COMPARISON OF THE PERFORMANCE OF VARIOUS FLUORESCENT
PROTEINS

In order to compare the photoacoustic pressure produced from the various fluorescent proteins in deep tissue,
we employ a simple light propagation model. As shown in Figure 1, the optoacoustic signal formation can be
divided into two parts. Firstly the light path, describing the propagation of the laser pulses through the tissue
to the fluorochromes and secondly the acoustic path, describing the acoustic wave propagation.
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Figure 1: Ilustration of the simple photon propagation model

The light intensity that reaches a protein at a depth x is denoted by I, = T(x, A)Iy. Thereby A and Iy are
the laser wavelength and intensity while T'(x, A) is the tissue relative spectral transmittance for thickness z and
wavelength A. The ultrasonic signal amplitude at the detector can be calculated as Pp x (1 — ®)el,, yielding

PD 0.8 (1 - ‘I))ET(JT, )\)IO

for the detected signal intensity, where @ is the quantum yield and € is the molar extinction coefficient. Substitut-
ing the spectral transmission of 8 mm mouse tissue from in vivo measurements'? and the optical characteristics
of the FPs%7:9 (see Fig. 2a) we get the spectral photoacoustic pressure shown in Fig. 2b. The calculated pho-
toacoustic signal produced by IFP is more than one order of magnitude stronger than that of mRaspberry (the
most absorbing of the RFPs) and more than 3 orders of magnitude stronger than GFP. All three proteins have
molar extinction coefficients that fall in the 50000-10000 cm~! range and it is the low tissue absorption in the
far-red part of the spectrum that results in the superior performance of IFP.

3. SIMULATION STUDY

The performance of the three fluorescent proteins GFP, mRaspberry and IFP in MSOT was analyzed with a
simulation study. The simulated object is a small protein inclusion of 1.2 mm diameter in the cervical region
of a mouse. Based on transfection levels reported in the literature,® the proteins were assumed to have a
concentration of 1 uM each. Biological tissue is characterized by its strong optical scattering and therefore
referred to as a turbid medium. Scattering events are assumed to be elastic and the illuminating light is
considered to be monochromatic and unpolarized for the subsequent model. Generally, the radiative transfer
equation can be solved numerically with Monte Carlo simulations'® 14 if the object’s optical properties are known.
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Figure 2: a) Absorption spectrum for tissue background and fluorescent proteins. b) Estimated photoacoustic
pressure of proteins in arbitrary units

In this work, however, the diffusion approximation is used and solved by a finite-element-based inversion.!® The
average absorption coefficients of tissue and the protein inclusions are shown in Fig. 2a. In order to reconstruct
the image from the simulated acoustic measurements the filtered backprojection algorithm for photoacoustic
tomography'® is employed. It should be noted that backprojection only yields an image of the photoacoustic
pressure distribution and not a map of the original optical absorption. The actual optical properties can be
obtained by correcting the resulting photoacoustic image for the light distribution within the object.!” The
acoustic signals were simulated for wavelengths from 465 - 720 nm in steps of 5 nm and for 180 angular projections.
Additive gaussian noise was added to obtain realistic conditions. After reconstructing with backprojection, a
correction for the light attenuation was applied by dividing the images with the photon propagation distribution
in the tisse and the obtained images were unmixed with independent component analysis'® (ICA), as shown in
Figure 3. For the unmixing, the measurements at three wavelengths were used for each protein. The optimal
wavelength selection was determined from a principal component analysis (PCA) of the reconstructed data,
choosing the wavelengths corresponding best to the primary components. It can be seen that the results are
consistent with the photoacoustic pressure estimation given in Figure 2b. GFP can barely be unmixed from the
noise, mRaspberry gives a slightly stronger signal and IFP clearly performs best, being easily distinguishable.

4. DISCUSSION AND CONCLUSIONS

Switching to the new red-shifted FPs and utilizing optimum excitation wavelengths has increased the signal
intensity up to 2-3 orders of magnitude compared to GFP, depending on the particular geometry of the problem.
Using a brighter fluorescent protein, like IFP would be an improvement of a factor of 4. However, a key element in
the successful unmixing of signals is the correction for the light attenuation by calculating the light propagation
in tissue. Since in most spectral regions the optical properties of tissue are wavelength-dependent, the correct
spectral modeling of light propagation is essential for the correct unmixing.

In this paper, we have studied a multi-spectral optoacoustic tomographic scheme that allows the accurate
reconstruction of FP activity located deep inside tissue, employing optimum illumination and efficient unmixing
techniques. The palette of FPs working in the 590-630 nm excitation-emission peak range is already complete
and the development of new FPs that work in the near IR will boost the detected signal intensity.
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Figure 3: a) Simulated protein distribution and tissue background; ICA unmixing for b) GFP, ¢) mRaspberry
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