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1 MSOT overview

1.1 Organization of the MSOT User Manual

This manual is divided into 4 sections: MSOT Overview, MSOT Basics, MSOT Data Acquisition, and MSOT
Data Analysis. Each section covers a variety of topics separated by themes. Frequently asked questions
(FAQ) appear at the end of the individual section when applicable.

1.2 MSOT imaging features

Multispectral Optoacoustic Tomography (MSOT) imaging systems, including the MSOT inSight 64,
inVision 128, inVision 256-TF, and inVision 512-TF, are intended for anatomical, functional and
molecular imaging of small animals. Data is acquired at 10Hz, allowing for deep tissue characterization
of quickly changing dynamics. The custom-made excitation laser is tunable in 1nm steps in the near
infrared, and has a peak pulse energy maximum of at least 100mJ, enabling sensitive measurements
through the entire depth of the imaging plane. Detection of ultrasound occurs through a custom-made
array of piezocomposite, 5MHz ultrasound transducers, enabling 150um resolution at depth.

1.3 Technical support

For any issues with system operation or software usage, please contact support@ithera-medical.com, or
your local distributor.
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2 MSOT basics

2.1 Photoacoustic effect

The photoacoustic effect occurs when light is absorbed by a molecule, and a sound is subsequently
generated. Upon absorption, electrons within the molecule move to the excited state. Upon relaxation,
energy is dissipated according to the quantum yield of the absorber either as fluorescence or as heat.
When heat (in the low milli-Kelvin range) is generated, a thermoelastic expansion surrounding the
molecule generates a pressure wave, which can be detected as an ultrasound signal.

2.2 Tomographic v. linear detection

Tomographic detection is characterized by the acquisition of signals from multiple angles around an
object, while linear detection captures signals from a single side. Tomography enables more faithful
imaging of complex shapes by capturing 2-dimensional signals in the imaging plane. Linear detection,
predominantly capturing 1-dimensional signals, typically undersamples boundaries perpendicular to the
axis of the detection, and suffers from shadowing of deep structures from those that are superficial.

The inSight 64 MSOT system has a 172 degree ultrasound transducer tomographic array, while the
inVision 128, 256-TF and 512-TF systems have a 270 degree tomographic array.

FAQ: What is the coverage angle of the ultrasound detector?
The MSOT systems come with detectors with coverage angles of either 172 degrees (inSight 64) or 270
degrees (inVision 128, 256-TF, 512-TF).

This is sufficient to image the entire animal in cross-sections. With the 270 degree detector design we
get nearly a full tomographic view without loss of image quality in the upper half of the image (which is
the case with 172 degrees).

The missing 90 degrees on top are compensated for by other detector elements (especially those on the
180 degree opposite side of the detector array) in our tomographic reconstruction approach.

FAQ: What are the limitations in the field of view in MSOT imaging?

The lateral resolution drops with the distance to the transducer center due to the focus of the detectors.
The 256- and 512-element systems have detectors that focus off-center and therefore provide a slightly
extended focal field.

Depending on the absorbance of the object being imaged, light will be fully attenuated after a few
millimeters to centimeters.

FAQ: What is the center frequency of the transducer?

The ultrasound transducers used in the MSOT inSight and inVision imaging systems have a center
frequency of 5 MHz. The center frequency of the transducer defines the trade-off between resolution
and imaging depth. Resolution increases with increasing frequencies. At the same time imaging depth
decreases with increasing frequency due to increasing acoustic attenuation at higher frequencies. Five
megahertz is a center frequency well suitable for imaging at depth required for an entire mouse cross-
section. High-frequency approaches fail to penetrate deeper than a few millimeters.

FAQ: What impact do the different geometries have on imaging performance?

The MSOT inVision systems have a 270 degree angular coverage, while the MSOT inSight 64 has a 172
degree coverage. While the 270 degree array has sufficient angular coverage to generate complete
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cross-sectional images through an entire mouse, this is not always the case for the 172 degree coverage.
In the case of the MSOT inSight 64, it may be necessary to reposition an animal to image a desired
region of the body. The desired imaging region should be positioned towards the detector. For example,
when using the MSOT inSight 64 the animal should be placed on its back to image the brain and kidneys.
However, for heart imaging the animal may need to be positioned on its belly at a 10 degree angle (with
its heart facing the detector).

In case of the MSOT inVision 128, 256-TF, and 512-TF, all with 270 degree angular detector coverage,
cross-sectional imaging is possible throughout the animal regardless of positioning. It is therefore
typically not necessary to reposition an animal. However, imaging performance is maximized when the
region of interest is nearest the bottom of the transducer, as these regions will have access to more of
the detectors in the 270 degree array.

2.3 Cross-sectional imaging

The inSight and inVision MSOT systems utilize a tomographic array of ultrasound transducers to acquire
images. The transducer array is perpendicular to the axis of the animal; therefore, the images acquired
are cross-sectional. A motorized stage is used to translate the animal through the imaging plane if
desired. Offline, a stack of 2D images can be used to render a 3D volume.

FAQ: What is the minimum thickness of an acquired image?
The physical slice thickness is determined by the focus of the detector elements. In the focal field of the
detectors this is approximately 800um.

FAQ: What is the MSOT field of view?

The cross-sectional in-plane field of view of MSOT (x/y) is a square of up to 40x40mm (usually 20x20mm
for mice). The field of view in z-direction (via translation) is 120mm (standard, for mice; extendable to
180mm for small rats).

2.4 Objectillumination

A fiber bundle transmits the light from the laser to the imaging chamber. This fiber bundle divides the
laser beam into multiple slit-shaped fiber light outlets (5 on each side of the ultrasound detector) in
order to illuminate the imaging plane from 360 degrees. The light from the fiber covers an area of
approximately 4cm?. With a maximum incident pulse energy of approximately 70mJ (100mJ, 70% fiber
coupling efficiency), this generates a surface fluence of close to 20mJ/cm?, thereby within the ANSI
limits of safe exposures (for humans).

Body hair can produce irregularities in the transmission of incident light and the emitted sound waves;
or hair can produce complete opacity. In contrast to planar fluorescence imaging, where hair is
sometimes only removed from the animal surface closest to the camera, hair must be completely
removed for MSOT imaging. Since incident light and ultrasound detection cover the entire animal
circumference, it is absolutely necessary to remove hair from the entire circumference of the mouse in
the desired imaging region.

FAQ: Laser pulse energy

Laser pulse energy is key to image quality because the photoacoustic signal is directly proportional to
light fluence (i.e. light energy reaching the absorber). Therefore, double the pulse energy results in
double SNR.
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The pulse energy is wavelength dependent, but iThera lasers that operate in the near-infrared (NIR)
range typically have up to 120mJ pulse energy. The maximal energy is achieved between 730nm-750nm.
The laser self-diagnostic tool (see software manual) can be used to monitor the actual laser
performance.

FAQ: Should nude mice be used, or should mice be shaved prior to imaging studies?
Hair absorbs light, which results in a strong surface signal in MSOT. It also has a different speed of sound
than tissue and captures air bubbles, thus resulting in ultrasound signal artifacts.

Nude mice can be used to avoid having to shave. Alternatively, mice can be shaved in combination with
using a depilatory cream to completely remove hair prior to imaging.

Black mice (e.g. C57BI) can also be used for MSOT imaging, but the hair must be removed. In a subset of
black mice, concentrated deposits of melanin can be present on the skin surface. These patches will
strongly absorb light and thereby reduce or possibly block light transmission to the interior of the
animal. This is a more common issue in young mice (i.e. less 8 weeks old).

FAQ: Pump and OPO laser characteristics

iThera uses a pulsed OPO laser. The pump laser is a Nd:YAG solid state laser that delivers light at one
wavelength (in the case of a NIR OPO: 532nm), and the OPO is used to tune the wavelength in single-
nanometer steps. Therefore, no filters or lamps are used.

The pulse energy differs at different wavelengths. In the range from 700-900nm it should be from 80-
120mJ. At 680-700nm and 900-980nm, the laser intensity drops by 30 percent or more. Further, OPO
lasers have a pulse-to-pulse energy fluctuation of 5-10 percent, particularly at the lower and higher ends
of the wavelength range. Since the MSOT signal is proportional to the light fluence, it is necessary for
guantitative measurements to measure the actual pulse energy of every pulse. The optional laser-
integrated pulse energy meter in combination with a normalization function during image
reconstruction achieves this desired correction for energy fluctuations.

FAQ: Is protection from the laser necessary during operation?

No laser protection devices (safety goggles) are required during operation of the system. The MSOT
system is certified as a Class 1 laser product and eliminates the risk of harmful laser light exposure by a
light-tight enclosure and safety interlocks.

Warning: do not disable any interlocks!

FAQ: What is the function of the laser-integrated pulse energy meter?
The functions of the laser-integrated pulse energy meter are two-fold:

1) Normalization of the optoacoustic signal for fluctuations in laser energy (all OPO lasers fluctuate
significantly from pulse to pulse but also between different wavelengths)

2) control of laser stability and health (as a remote service diagnostic tool)

FAQ: What is the process for troubleshooting laser issues?
The first step of troubleshooting laser issues is to run a diagnostic self-test. The integrated OPO energy
meter and spectrometer can be used by the user to monitor the laser performance.
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If the diagnostic self-test indicates that the laser energy is significantly reduced, the next step would be
to contact a Service Engineer at iThera or from your local distributor. When possible, remote access to
the system can allow a technician to view a log file of laser performance over time, and identify or at
least rule out the source of the issue. If necessary, a service intervention will be scheduled.

2.5 Ultrasound detection

The custom-made ultrasound arrays are defined by different number of detector elements, element size
and element focus according to the model (inSight 64, inVision 128, inVision 256-TF, inVision 512-TF). In
all cases the ultrasound detectors collect broadband signals and have a central frequency of 5MHz. This
allows practical acquisition of signals between 50kHz and 7MHz and provides an in-plane spatial
resolution of 150um at depth. The broadband acoustic response based on the photoacoustic effect from
large objects is weighted towards low frequencies, while small objects have a higher-frequency
response.

2.6 Coupling

When an object is placed in the imaging plane (e.g. a mouse), there is a distance between the surface of
the object and the surface of the detector. It is necessary for seamless ultrasound signal propagation to
use a coupling medium to fill this distance. Since water has a similar speed of sound as tissue, it serves
as an ideal coupling medium. The imaging chamber is therefore filled with water prior to imaging.

In order to separate the imaging specimen from the water, a holder is used in combination with a thin
plastic membrane to create a water-tight compartment within the imaging chamber. When an animal is
placed properly in the holder, it shall not come in direct contact with the water in the imaging chamber.

A user should take care to observe whether any air bubbles have accumulated between the surface of
the animal’s skin and the plastic membrane, as air bubbles create artifacts in signal propagation based
on differences in the speed of sound in air versus tissue (wave reflections at phase boundaries). All air
bubbles should be eliminated prior to imaging by either manual perturbation or repositioning the
animal.

Ultrasound gel can be used to optimize the interface between the plastic membrane and the animal’s
skin. While ultrasound gel is a common coupling medium, the premise for its use in this case is to
increase the adhesion of the foil to the animal’s skin without producing bubbles. A thin layer of gel is
sufficient for this purpose.

FAQ: What is the membrane used for small animal imaging in water?

The membrane used in the MSOT system to protect the animals from water is a 7 um thin PE foil, a thin
version of commonly used wrap foil in the kitchen. This foil has optimal properties with respect to
flexibility (to avoid air gaps) and sturdiness (to avoid ruptures).

The PE foil has an optical transmission in the NIR wavelength range of >95% and a speed of sound that is
within a few m/s of water. PE is therefore ideally suited as membrane material.

FAQ: What impact does animal positioning have on coupling and image performance?
The nose cone freely rotates, allowing the user to place the animal in the holder in variable positions.
For imaging the brain, the coupling between the plastic and the animal head is ideal when the animal is
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placed in the holder on its back. On its belly, it is possible that due to the proximity of the nose cone, the
foil does not fully close around the reducing imaging performance.

Imaging of the legs can be achieved with positioning on the back or belly; however, the user must take
care to apply additional ultrasound gel between the animals’ legs to avoid air bubbles and resulting
image artifacts.

2.7 Intrinsic signals

The MSOT inSight and inVision imaging systems are standard-equipped with a laser that operates from
680-980nm. In this range, the predominant sources of contrast that are intrinsic to animals are
deoxygenated hemoglobin, oxygenated hemoglobin, and melanin. Other absorbers, such as myoglobin,
cytochrome oxidase, bilirubin, fat and water may also contribute to measured intrinsic MSOT signals,
depending on the laser illumination wavelength.

In addition, it is possible to use genetic reporters to enhance intrinsic signals from organs or sub-organ
structures, or from tumors. Multiple genetic reporters have been documented in the literature. For
example, melanin and iRFP (a fluorescent protein that absorbs and emits in the NIR) have been used as
optoacoustic genetic reporters.

FAQ: How are anatomical images acquired with MSOT?

In photoacoustic imaging, there is no image without laser illumination. An ultrasound detector measures
the ultrasound signal generated by the photoacoustic effect —i.e. the acoustic wave generated when
photons from a laser pulse are absorbed by intrinsic or extrinsic absorbers in tissue.

The 'anatomical image' is a representation of absorbance of all tissue-intrinsic absorbers at the laser
wavelength chosen for illumination. Oxy- and deoxy-hemoglobin are the strongest intrinsic absorbers
and therefore dominate the image in case of absence of extrinsic absorbers (fluorophores, dyes,
nanoparticles absorbing in the NIR).

If one images at a single wavelength (anywhere in the 680-980nm laser range), the photoacoustic signal
represents the absorbance of all absorbers present in the tissue, both intrinsic and extrinsic. By using
multiple wavelengths, it is then possible to separate the contribution of each individual absorber to the
composite image and thereby visualize their individual distribution and concentration. The single
wavelength ‘anatomical’ image can be used to show tissue background, and the multispectral
information can be overlaid on top of this background image. Anatomical images at approximately
850nm offer a compromise between light penetration into tissue, laser performance and low absorption
from water, which increases significantly above 900nm. However, this is a user-defined setting that can
be optimized empirically depending on the experimental goals.

2.8 Extrinsic signals

Extrinsic signals are those not normally present in the animal and may be cells or reagents introduced by
the researcher. Any agent that absorbs in the NIR can increase the optoacoustic signal. For a separation
from intrinsic tissue background signals through spectral unmixing, an absorber that has a distinct
absorption spectrum must be used. As blood is the predominant source of intrinsic contrast, a sufficient
concentration must be injected in order to see an increase in signal in the blood. Typically, an optical
density greater than 0.5 OD (after dilution in the blood volume of the animal) is required to see an
increase in contrast in a blood vessel. Since some injected agents will accumulate in an organ or
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biological locus (e.g. a tumor), some contrast agents that are not visible in the blood after injection will
nevertheless accumulate to a sufficient extent to be visualized at a particular site and time point.

FAQ: Is it possible to get continuous images from pre- to post-injection?

Yes, to image a mouse continuously before, during, and after injection, one should use a tail vein
catheter that is long enough to reach through the port in the chamber flap and can thus be accessed
with the imaging chamber closed. One should note the dead volume in the catheter to deliver the
desired dose.

2.9 Phantoms

Phantoms are sometimes used to characterize injectable contrast agents in a controlled setting. Through
the use of phantoms, the sensitivity and linearity of an optoacoustic system can be determined in
regards to the agent of interest.

Phantoms have variable properties, including size, shape, composition, and their resulting absorption
and scattering properties. Based on the illumination and detection geometry of the MSOT inSight and
inVision imaging systems, an ideal phantom has a diameter of 2cm. Phantoms shall scatter incident light
in order to homogenously illuminate the imaging specimen. Phantoms can be absorbing or non-
absorbing, which affects the comparison of phantom results to in vivo studies. Absorbing phantoms with
a Wa (absorption coefficient) of 0.2 cm™ are considered ‘tissue mimicking.’

An appropriate phantom should be made in consideration of light and sound propagation. A material
should therefore be chosen for MSOT phantoms where optical and acoustic attenuation is minimal and
where the speed of sound is close to that of water (1480 and 1520 m/s at 21° and 34°C, respectively).

Most phantoms that are created by users must be made shortly before use, typically using an agar
recipe. Alternatively, iThera Medical offers a durable phantom that can be used repeatedly. The iThera
Medical phantom is scattering, but does not mimic tissue with respect to absorption. Therefore,
phantom lower limits of quantification are generally 5-10-fold lower than quantification limits in a blood
vessels or tissue, depending on the particular absorber being used and the local environment
surrounding the vessel. For handling and cleaning instructions of the iThera Medical phantom please see
Appendix.

FAQ: Can a phantom be used for calibration of the MSOT system?

Using a phantom for calibration of in vivo signals is not completely accurate as it does not take into
account actual light fluence in the region of interest. This is related to the heterogeneous presence of
intrinsic tissue absorbers.

The durable phantom provided by iThera Medical includes insertions which are used to calibrate the
MSOT signal prior to shipment. It also includes two cavities that can be filled with probes to measure
respective optoacoustic absorbance spectra and determine their lower limit of quantification.
Customer-made agar phantoms with straw insertions can equally well be used for this purpose.
However, agar has the disadvantage that it is not durable and needs to be replaced after a couple of
days. It is also not sturdy and disassembles in water.

FAQ: How much difference in intensity between probe and control is considered significant?
One way of measuring signal with a phantom is to measure multiple locations within the phantom (i.e.
measure 2mm of phantoms in 0.5mm steps, with one cavity filled with probe, the other with the non-
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absorbing buffer) and calculate an average and standard deviation of probe and buffer. Significance can
then be tested by T-test or ANOVA. One can subtract or divide the sample signal from the buffer signal.

It is important to carefully select the ROl within the well in order to avoid measuring signal from the
edge of the cavity (contamination or artifacts from phase boundary between phantom material and
probe/buffer). It is also important to use the probe vehicle as a control, unless this solvent is very
absorbent in the wavelength region of interest (at wavelengths >900nm water absorbance does become
significant).

2.10 Animal physiology

Animal physiology impacts intrinsic sources of MSOT signal. And, intrinsic signals affect measurement of
extrinsic signals. It is therefore optimal to have an animal with stable physiology for measurements of
MSOT signals, whether one measures oxygenation or the signal from an administered contrast agent.

Core body temperature is one source of variability of intrinsic MSOT signals. If, during anesthesia
induction or during animal handling, the core body temperature of the animal is reduced, this will cause
a hemodynamic response (i.e. vasoconstriction) in the animal that is observable later by MSOT. When
the animal is placed in the imaging chamber, the core body temperature will return to normal due to
the heating of the water in the chamber, and a second hemodynamic response (i.e. vasodilation) will
occur. During this acclimation period, it is not advisable to perform measurements wherein one will
make a comparison of signal values, since the absolute signal values will change according to the
concentration of blood within a given region of interest. It is also advisable to use a heated injection pad
to minimize the effect from changes in core temperature.

In addition, if one desires to measure oxygenation, one should consider the impact of inspired air on
global oxygenation levels within an animal. Inspiration of 100% oxygen, for example, can mask hypoxic
areas. For such measurements, one should consider using an anesthesia system that is tunable with
respect to oxygen concentration to reach a compromise between anesthesia stability and imaging
performance.

FAQ: What is the source of images from the mouse atlas?
The reference anatomy images provided in the mouse atlas are cryoslice images (i.e., photographs from
animals sectioned with a cryostat).

2.11 Multispectral data acquisition

2.11.1 Online v. offline reconstruction

Multiple reconstruction algorithms are available for the generation of images from the acquired acoustic
data. The ‘backprojection’ algorithm is based on the well-established related methods for tomographic
imaging with MRI and x-Ray CT. It is computationally very efficient and therefore used for reconstruction
of images in real time during acquisition. However, this algorithm has limitations, for example the
amplification of high over low frequencies, thus emphasizing organ boundaries versus accurately
representing the entire volume. This algorithm is also available offline for comparison to images seen
during acquisition. However, for post-processing, the ‘model-based’ algorithm is generally performed
for image reconstruction. Considered more quantitatively accurate, this model takes into account the
geometry of the transducer to produce a more accurate image. This accuracy comes at a cost, however,
with respect to reconstruction time.
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2.11.2 Temporal resolution: wavelengths, averages, positions, step size

The temporal resolution of the MSOT systems is determined by the acquisition settings. In the simplest
setting, a maximum temporal resolution is achieved by acquiring data at a single wavelength. In this
case, the temporal resolution is limited by the firing rate of the laser: 10Hz.

For multispectral measurements which can increase the specificity of the acquired signals, the temporal
resolution is determined by three factors: the number of wavelengths, the number of averages, the
number of stage positions, and the step size between adjacent stage positions.

Increasing the number of wavelengths can increase the specificity of a signal, but only to a certain
extent. Adding wavelengths indefinitely does not further increase specificity. Rather, it compromises
temporal resolution. Five to seven wavelengths are typically used for a multispectral measurement in
vivo, as a compromise between speed and specificity. Depending on the number and spectra of intrinsic
and extrinsic chromophores of interest, above typically ten to fifteen wavelengths there is only marginal
improvement of spectral resolution.

Averaging is also a determinant of temporal resolution. Averaging pertains to the number of sequential
laser pulses that are ‘averaged’ into a single data point before the laser continues to the next defined
wavelength. In principle, averaging increases the contrast to noise ratio for a given acquisition.
Averaging is also a method by which a user can cope with motion. For most in vivo applications, using 10
averages is a good compromise between increasing contrast to noise as well as accounting for motion
related to breathing (typically 1 Hz) on the one side, and good temporal on the other side.

The scanning position is also determined by the user. For a given selection of wavelengths and averages,
the scanning region is the next determinant of temporal resolution. One achieves the highest temporal
resolution by continuously scanning a single cross section. This mode is recommended for preliminary
studies where the behavior of a compound is not yet known, or when the kinetics of an injected agent
are known to be fast. Alternatively, one can scan multiple stage positions. Increasing the number of
stage positions decreases the temporal resolution. This mode is recommended when one has a priori
knowledge of the probe pharmacokinetics.

The step size between adjacent stage positions also has significant influence on the acquisition time.
Physical slice thickness is approximately 800um according to the focal zone of the ultrasound detector.
By oversampling the slice thickness, a better image quality for 3D data representation can be achieved.
In practical terms 0.5 mm is a good standard step size for large regions, and 0.2-0.3 mm for small
regions.

2.12 Multispectral data analysis

Multispectral data analysis relies on a pixel-by-pixel analysis of the change in signal amplitude as a
function of measured wavelengths. For a stack of images (defined by a single cycle of multispectral
measurements), each pixel in the image will have a spectrum. This spectrum is a composite of
underlying spectra from absorbers present at that location. For example, in an animal, deoxy-
hemoglobin, oxy-hemoglobin and an injected agent may all be present in different concentrations at the
same pixel. The relative concentrations of each absorber will define the composite spectrum.
Multispectral data analysis extracts the relative contributions of individual absorbers to the composite
spectrum. The output is an image that depicts the distribution and relative concentration of each
individual absorber.
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2.13 Validation of MSOT data

MSOT data can be confirmed by analyzing the concentration of fluorophores with other modalities
following an MSOT experiment. For example, blood samples can be used to measure absorbance or
fluorescence with a spectrophotometer. Alternatively, planar fluorescence approaches can be used on
whole animals or excised organs.

FAQ: How can tissue samples best be imaged?

Tissue samples can either be embedded in agar put directly onto the foil which is part of the animal
holder. Embedding in agar is preferred for control of position, orientation, and homogeneous diffusion
of light throughout the sample. If necessary, a water or ultrasound gel can be added in the foil to
improve coupling.

2.14 Computer performance

The MSOT systems only come with a pre-installed Windows 7 operating system and the ViewMSOT
software as well as the required hardware drivers. No additional software is installed to avoid conflicts
with the high-performance requirements of real-time image acquisition. Intermittent updates and other
computational resource consumption from 3rd party programs, including virus scanners, can interfere
with data acquisition, and result in the loss of data.
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3 MSOT data acquisition
3.1 Data structure: Study concept

Within ViewMSOT, data is organized into studies and experiments. A study is a collection of experiments
that have common experimental goals.

3.2 Data format

3.2.1 Scansv. exported images

A scan file contains the raw data, including study names, annotations, and MSOT signals collected
according to the user settings (wavelengths, times and positions). One can also export some or all of the
scan data as images. However, the images cannot be loaded into an offline system for analysis. The
entire scan must be exported for offline analysis.

3.2.2 ViewMSOT v. MATLAB

ViewMSOT provides functionality for MSOT system control, data acquisition, reconstruction,
multispectral analysis, visualization of the data, and quantitative analysis of the data. However, users
may also load the scan files into MATLAB and perform reconstructions and/or analyses according to
his/her needs.

3.3 User presets

3.3.1 Creating new presets

The organization of related experiments into studies allows the user to save ‘study presets’, which
define acquisition, reconstruction, and multispectral analysis parameters, so that the user can apply the
same experimental settings to related experiments. If a user alters a setting from one scan to the next—
for example, the speed of sound, number or choice of wavelengths, or reconstruction algorithm—there
can be a significant difference in the resulting data, making a comparison impossible. Therefore, it is
imperative to maintain study settings for comparisons between scans.

3.3.1.1 Wavelengths
3.3.1.1.1 Core wavelengths

When choosing the wavelengths for a particular study, a user must consider which absorbers will be
present in the imaging plane. For a phantom, this is determined by the user. For an animal, the relevant
absorbers are a combination of those that are intrinsic (i.e. deoxy-hemoglobin, oxy-hemoglobin, and
possibly melanin) and those that are extrinsically administered (i.e. something that the user has injected
into the animal). Because in vivo experiments always have blood contrast, some wavelengths are
essential to use during image acquisition (‘core wavelengths’).

If one considers the absorption spectra of oxygenated (HbO,) and deoxygenated hemoglobin (Hb) in the
NIR (see Figure 1A), then the selection of core wavelengths can be understood. The first, 700nm, is a
wavelength where the absorption from HbO; is low and the absorption from Hb is high. The next two
wavelengths, 730nm and 760nm, are chosen since they reflect local minima and maxima, respectively,
in the Hb absorption spectrum. 800nm is chosen as it is very close to the isosbestic point of HbO, and
Hb. Finally, 850nm is chosen because the absorption from HbO; is relatively high and the absorption
from Hb is low. If one is scanning a pigmented mouse, the use of these five wavelengths is also sufficient
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to characterize the change in optoacoustic signal amplitude from melanin, which shows a gradual
declining slope in the NIR. Choosing these core wavelengths provides optimal results for the un-mixing
algorithms.

An additional challenge is presented by the optical absorption of water at higher wavelengths.
Considering the Transmission Spectra shown in Figure 1B, imaging is only recommended at wavelengths
below 930nm. The region between 1060nm and 1080nm allows additional imaging for inVision systems
equipped with the Extended Wavelength Range option. Imaging using heavy water (D;0) as a couplant
can help to extend the available wavelengths and enable imaging of additional, intrinsic chromophores
(e.g. lipids) — see the dedicated Section 6.8 in the Appendix.
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Figure 1: A) Absorption of intrinsic absorbers in the NIR including recommended core wavelengths.
Recommended imaging regions are marked in green, imaging regions with high water absorption are
marked in red. B) Transmission Spectra through 3cm of normal and heavy water are shown in blue (solid
and dashed lines, respectively) as a to represent illumination transmission within the inVision chamber.
Transmission spectra through 1cm of tissue, as estimated by literature values [Jacques, Phys. Med. Biol.,
Issue 58, 2013] are shown in purple for: 1) generic tissue (B=0.02, S=70%, W=20%, F=50%); 2) canine
kidney tissue (B=0.15, S=75%, W=20%, F=50%); and 3) sheep liver tissue (B=0.50, S=70%, W= 10%,
F=30%), each assuming a one-dimensional exponential decay to represent tissue absorption values
(scattering not considered).

3.3.1.2 Extrinsic absorber wavelengths

In addition to the core wavelengths that are used to characterize blood and skin signals, one might also
need to measure or cope with signals from administered probes. In this case, it is important to select
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additional wavelengths that reflect unique aspects of the relevant absorption spectrum or spectra. For
single-peak spectra, it is generally sufficient to add one or two wavelengths (e.g. the absorption
maximum, and possibly a wavelength that would characterize decreasing signal if the core wavelengths
are insufficient to do so). For more complex spectra, it may be necessary to choose additional
wavelengths.

It is important to select sufficient wavelengths to characterize all of the major absorbers that may be
present in the imaging plane, even if the user may not be interested in all of them. Otherwise, the un-
mixing algorithms may not adequately separate the contribution of individual absorbers to the
composite image.

Further, it is also important to select extrinsic probes that have unique spectra. If a probe spectrum has
a similarity to another absorber in the experiment (whether intrinsic or extrinsic), then the ability to
separate signals from one another will be compromised.

3.3.1.3 Tradeoff between temporal resolution and un-mixing efficiency

Increasing the number of wavelengths can increase the specificity of a signal, but only to a certain
extent. Adding wavelengths indefinitely does not further increase specificity. Rather, it compromises
temporal resolution. Five to seven wavelengths are typically used for a multispectral measurement in
vivo, as a compromise between speed and specificity.

3.3.2 Averaging

Averaging is also a determinant of temporal resolution. Averaging pertains to the number of sequential
laser pulses that are ‘averaged’ into a single data point before the laser continues with the next defined
wavelength. In principle, averaging increases the contrast to noise ratio for a given acquisition.
Averaging is also a method by which a user can cope with regular motion, such as the heart beat or
respiratory motion, by averaging images from all phases of that cycle of motion.

Since the spectral analysis is performed on a per-pixel basis following the sequential acquisition of
multiple wavelengths, the analysis can become corrupted if the animal is in different positions from one
wavelength to another. For example, when an animal is under anesthesia, it may breathe at
approximately 1 Hz. If ten wavelengths are used for a multispectral acquisition, and no averaging is
used, then the acquisition of some wavelengths will occur during a breath, and some will occur in
between breaths. This will lead to poor spectral un-mixing results. Alternatively, if one chooses ten
averages per wavelengths, then 1 wavelength will be acquired per breathing cycle, and the averaged
image will display the animal in the same location from one wavelength to the next.

For most in vivo applications, using ten averages is a good compromise between increasing contrast to
noise and accounting for motion related to heart beat (10 Hz) and breathing (1 Hz) on the one side, and
maintaining a high acquisition rate on the other side.

3.3.3 Spectra

For live multispectral analysis, it is favorable that the absorption spectrum of the probes of interest have
been imported into the ViewMSOT software. The live multispectral analysis uses a linear regression
algorithm, where given spectra are fit to the pixel intensities across different wavelengths, which
requires the input of the expected absorption spectra. Not every offline spectral analysis algorithm
requires an input absorption spectrum; however, as discussed in section 4.2, the linear regression
algorithm is the most suitable for comparing one scan to another.

For measuring absorption spectra, a user typically uses a third-party commercial spectrophotometer. It
is important to measure wavelengths within the working range of the iThera MSOT imaging systems:
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680-980nm, ideally in 1nm steps. Spectra not covering this entire range may not be used with MSOT
experiments in the case that spectral information for a measured MSOT wavelength is unavailable from
the spectrophotometer data.

FAQ: Is it necessary to measure the spectrum of a new probe with a spectrophotometer prior to MSOT
imaging?

There are several methods for spectral unmixing in the ViewMSOT software, some which require
predefined spectra (fitting of known spectra to measured pixel values) and some which do not (blind
unmixing).

For 'linear regression' and 'Guided ICA', one must input the spectra of interest and the algorithm fits the
known spectra to the pixels.

There are also statistical blind unmixing methods where the unmixing algorithm looks for characteristic
absorbers and generates the spectrum (e.g. PCA/ICA). The rationale for using different unmixing
algorithms is discussed in section 4.2 of this manual.

3.4 Using prior presets

Within a studly, it is possible to load multiple study presets. A user may have multiple kinds of
experiments in mind for a particular study. For example, one may desire a high temporal resolution
during and directly after injection of a probe, but different settings to conduct a volumetric scan (i.e. a
scan covering many stage positions) when the probe concentration has stabilized. The study presets are
designed to enable the user to easily toggle between experimental conditions, and to maintain similar
acquisition settings for related experiments.

3.4.1 Saving modifications

If one desires to modify a study preset, then changes must be made before entering acquisition mode.
During acquisition mode, changes made ‘on the fly’ are not saved.

Because comparability of scans is dependent on identical acquisition settings, it is not recommended to
change acquisition settings frequently. At the beginning of a study, a user should identify empirically the
ideal imaging settings, and apply these settings to the rest of the study.

3.5 Preview / acquisition mode
3.5.1 Speed of sound

The speed of sound is an important parameter to focus an image. It defines the translation of run time
into distance, from the signal source inside the object of interest to the detector. The appropriate speed
of sound is determined by the physical properties of the tissue or object being measured, as well as its
temperature and that of the water in the imaging chamber.

To optimize the speed of sound, find a small object (such as a blood vessel in a mouse, or an insertion in
a phantom), and adjust the slider until the object comes into focus.

As with other settings, the same speed of sound should be used to compare one scan to another, as
altering the speed of sound can alter the pixel values in the reconstructed image.
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FAQ: What are the optimal speed of sound settings?
In general, the speed of sound is an important parameter for image reconstruction. It should be
optimized by the user during preview for accurate visualization of the imaging sample.

However, the setting during acquisition has no impact on your collected (and saved) data, since, after
acquisition, one can reconstruct with the correct speed of sound and thereby generate images with
optimal focus.

3.5.2 Image display

Image display settings can alter the visible contrast, but such changes do not change the acquired data.
It is possible to change the dynamic range of the color scale, adjusting pixel minimum and maximum
colors, brightness, contrast, color, and transparency. For spectral analysis, it is also possible to show or
hide layers.

3.5.3 Selecting regions
3.5.3.1 Temporal resolution vs. region size

The scanning position is determined by the user. For a given selection of wavelengths and averages, the
scanning region (number of slices, defined by scan region and step size) is the determinant of temporal
resolution. One achieves the highest temporal resolution by continuously scanning a single cross-
section. This mode is recommended for preliminary studies where the behavior of a compound is not
yet known, or when the kinetics of an injected agent are known to be fast. Alternatively, one can scan
multiple stage positions. Increasing the number of stage positions decreases the temporal resolution.
This mode is recommended when one has a priori knowledge of the probe pharmacokinetics and wants
to look at the biodistribution and other probe properties in larger regions of interest (e.g. an entire
tumor or organ).

3.5.3.2 Single position(s) vs. continuous regions

With a priori knowledge, a user can judge whether scanning a region is sensible, or whether scanning a
single cross-section is preferred. If, for example, a probe has fast kinetics, then it may be possible that
during the time it takes to scan a region of the mouse, the probe concentration could change
significantly from the beginning of the scan to the end. Offline 3D reconstructions of the tissue volume
and quantification of probe properties may then be compromised by inadequate temporal resolution.

3.5.4 Real-time MSP
3.5.4.1 Online v. offline

Multispectral data analysis occurs in two regimes: online (during acquisition) and offline (post-
processing). The online, real-time multispectral processing offers a fast preview. Online and offline
analyses can differ since they can use different image reconstruction and spectral unmixing methods.
The online analysis depends on the real-time backprojection reconstruction algorithm. Further, it uses
the linear regression algorithm for spectral unmixing. In offline post-processing, the user has the option
to use the quantitatively more accurate (but also less time-efficient) model-based reconstruction, as
well as other multispectral un-mixing algorithms (see section 4 for more details regarding multispectral
analysis).

3.5.4.2 Update frequency

In the online preview, the multispectrally processed image will update after each cycle of multispectral
measurements (i.e. after completing the full range of wavelengths specified in the study preset).
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3.5.4.3 Autoscaling

By default, all layers in a multispectral image are autoscaled. One can adjust the image display settings
by disabling the autoscale and using the image threshold tool to, for example, eliminate the visualization
of low signals.

If one is conducting a kinetic study where the concentration of a probe will be observed over time, it is
useful to establish a baseline before injection. The user can disable the autoscale so that changes in
signal intensity after the injection can be observed relative to the baseline signals.

3.5.4.4 Snapshots

One can use the snapshot tool to save an image during a preview or scan. The images appear in the
acquisition window, can be annotated, and are automatically available offline.

Snapshots are images of a scan. However, the scan itself is not saved with the snapshot. Therefore, it is
not possible to alter image display settings, or reconstruction or multispectral processing settings of a
snapshot. Snapshots are intended to be visual aides to gauge change over the course of an experiment,
or to save a preview image quickly without the need for additional processing steps.
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4 MSOT data analysis

4.1 Reconstruction

4.1.1 Backprojection

The ‘backprojection’ algorithm is used to quickly reconstruct images for live preview. While it can also
be used offline, this algorithm has limitations, including, for example, the emphasis of high-frequency
acoustic responses. However, the computational performance of this algorithm is often very useful in
establishing a rough estimate of the experimental outcome within a short timespan.

4.1.2 Model based

The ‘model-based’ algorithm is the preferred offline reconstruction algorithm. This model takes into
account the geometry of the transducer to produce a more accurate image. This accuracy comes at a
cost, however, with respect to reconstruction time.

4.1.2.1 Matrix size considerations

The ‘model-based’ reconstruction algorithm requires more computational power than a ‘backprojection’
reconstruction. A matrix is used to model the geometry of the transducer during reconstruction. This
matrix has a large impact on reconstruction time, as the file size of the matrix can be anywhere from
100MB to 10GB or more, and this file must be loaded into RAM before the reconstruction can begin. The
first time a particular matrix is used (individual matrices being defined by number of pixels, field of view
and speed of sound), it must first be calculated, leading to computational overhead a delay in the
inception of image reconstruction. Once a matrix is calculated, it is saved for future use. When model-
based reconstructions are executed, there is an initial delay while the matrix is loaded into RAM, and
then the reconstruction of images proceeds.

The size of the model-based reconstruction matrix, and the requisite amount of associated RAM, is
often a limiting factor in offline reconstruction on a particular computer.

4.2 Multispectral analysis
4.2.1 Basic methods
4.2.1.1 Subtraction

This algorithm subtracts an image acquired at one wavelength from an image acquired at another
wavelength. This approach is the most commonly used in photoacoustic multispectral imaging and
suitable if one has a priori knowledge of the spectra of interest. The user would then subtract a
wavelength reflecting maximum absorption from the absorber of interest from a wavelength of low
absorption. Use of this algorithm is limited to cases where the change in pixel intensity is only defined
by the change in concentration of one absorber.

4.2.1.2 Ratio

Similar to the subtraction algorithm, this method divides the signal acquired at one wavelength from the
signal acquired at another, according to the formula [(a-b)/a]. The same conditions and limitations
described above for the subtraction algorithm apply to this algorithm.
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4.2.2 Spectral fitting: Linear regression

Linear regression is a procedure using known spectra that allows for reproducible results across studies.
A spectrum for each absorber of interest must be preloaded into the ViewMSOT software. The spectra
of the known absorbers are then fit to the pixel intensities across different wavelengths to create
component images for each selected absorber. Based on the mathematics involved, the situation may
change with the number and kind of spectra selected. It is necessary to always select more than one
spectrum and never more than the total number of wavelengths acquired in a particular scan. As a
recommendation, in in vivo experiments background absorbers such as Hb and HbO2 should always be
selected along with desired agents of interest.

4.2.3 Statistical approach: PCA/ICA

PCA/ICA is a blind method that does not require prior spectral knowledge. It can retrieve spectra based
on the statistical properties of the dataset. Principle component analysis (PCA) is performed initially,
which identifies the most dominant absorber in the image. This dominant absorber is the basis for the
subsequent algorithm, independent component analysis (ICA), which iteratively searches for other
relevant absorbers. The number of components, specified by the user, are then randomized during the
ICA procedure such that the first component is no longer the principle component.

This algorithm is often useful for verifying the localization of a signal, as an image is produced with an
associated spectrum. The similarity of the spectrum to the known spectrum of interest is a determinant
of confidence in the localization. However, since this is a statistical algorithm, there will be a variation
from one analysis to the next of the same data set. Furthermore, pixel values are normalized, and the
intensity is therefore not comparable between scans.

Note: an artifact of this iterative algorithm is the mathematical inversion of spectra. The user must
therefore take note of the spectra of the components. If a component is an inversion of a commonly
known spectrum (i.e. the injected probe, Hb, or HbO,), then the user should manually flip the spectrum
(and the associated image) by using the ‘Select Layers’ icon.

4.2.4 Combination: Guided ICA

Guided ICA is an adaptive algorithm that uses a-priori knowledge of the absorption spectra in the
sample in order to best adapt to the individual situation. It makes use of the statistical properties of the
dataset, and thus does not allow for comparisons between different MSP data sets. As with linear
regression, it is necessary to select more than one spectrum for analysis, and to not choose more
components than the number of acquired wavelengths.

FAQ: Which wavelength should be used as the ‘background’ image for layered multispectral images?
This depends on the intended visualization of the user. If one wants to show an anatomical background
image based on both states of hemoglobin, one can set 800nm (close to the isosbestic point). Using
wavelengths lower than 800nm emphasizes signal from deoxy-Hb and will reduce signal at depth due to
light attenuation. One can change the background image used in the MSP at any time offline, so the
ideal background image can be determined empirically.

FAQ: Which method (linear regression, PCA/ICA, guided ICA, etc.) typically gives the best MSP results?
This needs to be determined on a case-by-case basis and it also depends on the research questions
being asked. If one is studying a certain mouse over time, the statistical methods (e.g. PCA/ICA) are not
a good choice because the results will vary between scans (i.e. PCA/ICA spectrum on day 1 vs. day 2
could be different); and, PCA/ICA normalizes signal values. With linear regression, this is not the case;
therefore, it is useful for comparing animals over time or comparing one animal to another. However,

v3.8 —2017-06-29 15.3.1-M-03 — MSOT User Manual Part 3 — User Guide Page | 21



iTheraMedical

Listening to Molecules

PCA/ICA can be a great tool to confirm that the observed signal is associated to the expected spectrum;
and, it can be used to evaluate if the in vivo environment has an impact on the probe spectrum.

One case where linear regression is not optimal is performing linear regression analysis on animals /
cross-sections with no probe injected or very low levels of probe present, while providing the spectrum
of such probe for spectral unmixing. The algorithm will force-fit signals into each component and thus
show false-positive signal from the probe. Linear regression should therefore only be used with spectra
that represent absorbers found at MSOT-detectable concentrations in the imaging plane.

FAQ: Does including the melanin spectrum in linear regression or guided ICA improve the accuracy of
spectral unmixing?

If melanin is present, yes. For nude mice melanin should be excluded. When a C57BL/6 is imaged,
melanin should be included (due to force-fitting, see above).

4.3 Quantification

The region of interest tool can be used to quantify MSOT signals in a single cross-section, in volumes, or
over time. Quantification is used to analyze changes in MSOT signal from one position (and/or time
point) to the next.

Absolute quantification is influenced by heterogeneity of light fluence in the imaging object. One can
model light fluence in an animal, but there will always be a margin of error. Heterogeneous light
attenuation will lead to different light fluence in different regions of the animal and therefore to
differing MSOT signal and calculated probe concentrations. While MSOT software is under continuous
development to better account for heterogeneous light fluence, an ex vivo validation and calibration of
the actual compound concentration should be conducted to more accurately approximate absolute
guantification with MSOT measurements.

FAQ: How is oxygenation quantified?

MSOT signals can be spectrally unmixed to represent the contribution of oxy- and deoxy-hemoglobin
components to the image. Without calibration these are arbitrary units, used to measure relative
changes. The ratio of both components can be used for assessing the oxygen saturation in tissue and
vessels. The total of both signals can be scaled to be 100.

FAQ: What other modalities can validate MSOT oxygenation measurements?
There are few methods to measure oxygen saturation in deep tissue and none is 100% quantitative. An
alternative imaging method is the BOLD sequence in MRI.

Besides imaging methods, one can use pulse oxymeters and interventional needles for oxygenation
measurement. The former have the disadvantage of only measuring very superficially (and unclear,
where/what exactly), the latter can also probe deep tissue, but destroys the model due to the needle
intervention and only samples a small spot in the region of interest.

Oxygenation measurement is one of the unique capabilities of MSOT imaging. A frequently requested
application for oxygenation measurement by MSOT is the analysis of hypoxia in tumor models.

FAQ: How does one quantify concentration vs. MSOT signal?

There are two ways to accomplish this. First, if the injected concentration is known, and one would like
to quantify compound concentration inside a blood vessel, one can assume that immediately after
injection the probe has diluted in a volume of mouse blood volume plus volume of the injection. In this
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way one can estimate how the MSOT signals compares to the actual concentration in a blood vessel
following injection. Alternatively, one can bleed the animal and measure the absorbance of the probe in
blood at different time points to calibrate the data. One could compare this to a standard curve of
different concentrations of probe added to blood or BSA. This calibration, however, would only calibrate
the MSOT signal for compound concentration in a specific region of interest, since other regions of
interest will show other absolute MSOT values, influenced by local light fluence.

FAQ: What is the general protocol to measure the pharmacokinetics of injected agents?

The usual protocol is to perform an initial experiment to determine the blood dynamics / half-life of the
probe. In the absence of a priori knowledge, a user can monitor a single cross-section multispectrally (or
with a single wavelength in the case of compounds with very fast kinetics).

Once the blood half-life is known, a second experiment can be performed to determine biodistribution.
For such studies, single cross-sections covering representative regions for the liver, spleen, and kidneys
can be selected. By scanning individual cross sections as opposed to entire organ regions, one can
maximize the temporal resolution.

To identify the accuracy of the pharmacokinetic result, one can confirm probe clearance from the
bloodstream by taking blood samples at different time points. Confirmation of organ clearance rates
would need to be done by ex vivo tissue sampling at different time points.

FAQ: How does one cope with motion when quantifying MSOT data?

Addressing regular motion from breathing and heartbeat, the user has the following options: By using
multiple averages (i.e. a number of sequential laser pulses at the same wavelength that are averaged
into a single data point), the user can acquire an average image of the cross-section including all
positions of the breathing and heart beat cycle. This will however lead to a loss of resolution due to
motion blurring. Depending on the nature and timing of regular motion, one can use fewer or no
averages, and then only use the data of same time positions in the motion cycle. This ‘retrospective
gating’ has the disadvantage of requiring a manual selection of data after the experiment. Another
option is to use a larger region of interest where the movement does not influence what tissue is inside
the region of interest. This approach can also be used in case of irregular motion (e.g. sudden
movement of the animal due to light anesthesia). And, finally, in some cases, thresholding the data (i.e.
quantifying the top x percent of the data) can sometimes reduce variability within a certain region of
interest.

FAQ: What is the unit of signal measured by MSOT?

The signal is a representation of pixel intensity due to ultrasound signal amplitude, and expressed as an
arbitrary value. The definition of more meaningful and calibrated MSOT units is under development.
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5 MSOT data visualization

5.1 Image visualization

ViewMSOT uses ‘Visualizations’ to enable the user to analyze reconstructions and multispectral
analyses. A Visualization must be given a name, and a scan or scans must be loaded to populate it. All
image display and region of interest analyses are saved within the visualization for future reference.
Analyzed images and region of interest quantification can be exported from within the Visualization.

When a Visualization is opened with a loaded scan, a default selection of images is displayed. The user
can then choose which images—defined by wavelength, position and time point—are displayed in the
Dashboard.

The main image on the left side of the screen shows a larger view of the selected image from the
Dashboard. When autoscaling is disabled, any image display manipulations (image thresholds, contrast,
brightness, color, or transparency) are applied to all images in the Dashboard.

5.2 Region of interest analysis

Region of interest (ROI) analysis can be performed by drawing a region of interest on the main image
and selecting this region for the graph plot. The MSOT signal in the ROl can be depicted as change over
positions, wavelengths or time. Toggling from one mode to another requires the user to re-select which
data (i.e. positions or wavelengths) should be displayed.

In ROI signal quantification, it is possible to apply thresholds to the data. This is one mechanism by
which users can cope with negative pixel values, an artifact of some reconstruction algorithms. The
application of a threshold is determined by a drop down menu. Thresholds can be applied per image or
per stack of images; or, a user can set numerical limits to quantified values (i.e. only quantify positive
pixels).

5.3 Image and data export

Only the images shown in the Dashboard will be exported when the export icon is used.

FAQ: What hardware is used for data export?
For data export, one needs to use either the two external USB ports at the front or the LAN network
connection. The system has no user-accessible DVD drive.

FAQ: How is MSOT data exported?

Region of interest and spectral data export is in xml format (for MSOT data) and csv format (for spectra).
Both xml and csv can be imported in Excel or printed as PDF. As discussed elsewhere, the MSOT imaging
system does not have Excel or PDF reading capabilities due to possible interference of required 3™ party
software programs with real-time system operation.

Export of images and videos can be selected in jpg, tif, and mpeg-4 formats.
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5.4 3D visualization

A stack of cross-sectional images can be used to render a 3D volume. A step size of 0.3mm, along with
interpolation between cross-sections, can provide optimal 3D reconstructions (as compared to larger
step size commonly used when not pursuing a 3D visualization).

FAQ: What programs are used for 3D visualization of MSOT data?

3D visualization can be performed by using a stack of 2D images and rendering a 3D volume. Basic 3D
visualization tools are integrated into the ViewMSOT software. For more sophisticated visualization
options, MSOT images can be exported and processed with3™ party software such as ImageJ and Amira.
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6 Appendix
6.1 Animal handling guide

Animal Handling Guide

1. Choice of gas with isoflurane:
100% oxygen normally
20% oxygen to optimize hypoxia measurements

2. Place catheter if necessary; fix catheter in place with glue

3. Apply thin layer of clear ultrasound gel to increase adhesion of foil to skin

4. Deploy plastic foil

5. Place front magnet

6. Cut foil

7. Position animal holder

8. Position rear magnet

9. Confirm anesthesia port is connected to holder, as well as to the scanner

10. Cover the animal’s paws (especially for rats)
Use removable surgical tape or similar to cover the rat’s paws prior to placement in the plastic
membrane. This will prevent compromising the membrane integrity due damage caused by
the animal’s claws.

11. Place animal in holder (nose cone should be rotated according to animal position)
Positioning on belly: optimal for carotid arteries
suitable for liver, bladder
Positioning on back: optimal for kidney, spleen, liver, bladder
required for brain
Positioning at 10 degrees (heart at 6 o’clock position): optimal for heart

12. Reapply ultrasound gel if necessary:
A thin layer should be around the circumference of the desired imaging region
If imaging the legs, the space between the legs should be filled with gel

13. Apply paw cuffs to regulate limb positioning (optional)

14. Close clamps around the holder
When closing the holder, ensure the animal’s tail and paws are not obstructing the seals, this is
especially relevant for larger animals such as rats.
Ensure that the holder is flatly placed in the frame before closing. Incorrect positioning prior
to closure will damage the clamp.
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15. Disconnect anesthesia temporarily, transfer animal + holder to chamber, reconnect
anesthesia
Lowering the holder too quickly into the chamber can prevent flat closure of the foil above the
animal, leaving space for a gap of air

16. Removing the animal after image acquisition
When removing a larger animal (such as a rat) from the imaging chamber, it is necessary to
return the imaging stage to the home positon to prevent the imaging detector from impeding
the removal of the animal.

6.2 C(Cleaning the rat holder
ONLY APPLICABLE TO RAT HOLDER

If your system comes with a holder specifically designed to image rats, the nose cone can be taken apart
for cleaning as indicated in the images below.
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6.3 Imaging guide for study presets

MSOT Imaging Guide for Study Presets

Experiment settings:

Wavelengths Standard (for blood): 715, 730, 760, 800, 850
Additional: peak absorption for injected probe, inflection points, etc...
MSP Preview Spectra Standard (for an animal): Hb, HbO>

Standard (for a phantom): Uniform absorber
Additional: absorption spectrum of interest (i.e. injected probe)

Background For live imaging, wavelengths in the mid-800 range provide optimal animal contrast

Frames per wavelength Phantom: 3
Animal: 10-20 (optimal to acquire 1 wavelength per breathing cycle)
e.g. Laser fires at 10Hz, animal breathes at 1Hz; 10 averages = 1 wl / breath

Average frames Allows user to manually average frames after acquisition, increases file size but gives
flexibility to optimize averaging offline. Recommendation: average frames.

Repetitions per slice Allows user to acquire sequential frames before moving to next designated stage
position. In normal use cases, set to ‘1.

Preview mode Full sequence: allows multispectral preview during image ‘preview’
Single WL: allows user a static image during ‘preview’, contrast can be optimized
Multi WL, 1 frame: fast multispectral preview; can be compromised by motion

Acquisition time User can schedule imaging time points to proceed automatically
schedule
Time interval for runs Allows one to schedule intervals before repeating a defined scan region/set of
wavelengths. Clicking ‘infinite’ allows scan to proceed until the scan is manually
terminated.
Temperature 34 degrees is recommended, but this may vary depending on strain and hair.
Processing settings:
Recon method Live preview: backprojection
Offline recommendation: model-based linear
Size/resolution Reconstruction speed proportional to FOV
High/low pass filters Not recommended, but the user can eliminate some of the acquired frequencies
prior to reconstruction. Not possible for model-based linear.
MSP method Standard: Linear regression
Optional: see software manual for recommendations/use cases for other methods
Background For offline analysis, wavelengths in the mid-800 range provide optimal animal
contrast
Spectra See ‘experiment settings’, above
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6.4 MSOT imaging modes

MSOT Imaging Modes

Single wavelength, single stage position, no averaging

Application: Ideal for achieving maximal temporal resolution of 10Hz. For example, when imaging the
heart or perfusion when concentrations may change very quickly.

Multiple wavelengths, single stage position, with 10 averages

Application: Ideal for measuring a change in concentration of a specific absorber, independent of
background signals from hemoglobin. This mode can be used for imaging organ function, drug delivery or
clearance. Ten averages are used to cope with motion related to animal breathing. A single stage
position is used to maximize temporal resolution while imaging multispectrally.

Multiple wavelengths, multiple stage positions, with 10 averages

Application: Ideal when the concentration of an injected agent is not expected to change during the
duration of the imaging session. This mode can be used to image contrast agent distribution in 3D, drug
delivery, and drug clearance.

6.5 Agar phantoms for MSOT imaging

Scattering non-absorbing agar phantoms recipe (us’ =5 1/cm)

1) By using a scalpel, cut off the front part of 20 ml syringes with an internal diameter of 2 cm.

2) Heat in hot water bath 1.03 ml of Intralipid (Sigma 1141-100ML)

3) To 0.75 g of Agar (Fluka, 05039-500g) add 50 ml of dH20, and heat in microwave until it boils, shake
gently.

4) Take the agar out of the microwave and immediately add to it the hot intralipid and shake gently. Do
not place the mixture back into the microwave otherwise the intralipid will degrade.

5) Pour 15 ml of this mixture into a plastic adapted (distal part of cut off) syringe having a diameter of 2
cm. Immediately place two 3 mm diameter straws in the syringe and hold in position using tape.

6) Cool at room temperature for 30 minutes.

7) Store in the fridge in sealed container with some dH20 to keep moist. The optical properties of the
agar phantom change over time, so it is recommended to use on the same day.
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Scattering and absorbing agar phantom: Follow the same protocol as per a non-absorbing phantom. To
create an absorbing phantom, add ink to the hot intralipid/agar solution during step 4. The amount of
ink to add depends on the absorbance you want to achieve.

The agar phantom as it is without ink has light properties that make it a human breast-mimicking
phantom. As an alternative, it is possible to exchange intralipid with soybean cream (ALPRO soybean
cream, 16.8% fat). Intralipid offers the advantage of less variability from batch to batch, ensuring more
consistent experimental results. If using soybean cream, take into account that other brands of soybean
cream might not yield the same scattering properties, and that this product can also vary with respect to
optical properties from purchase to purchase of the same brand. Make sure the scattering properties
are comparable with those of intralipid by using a spectrophotometer. The agar phantom must not look
particulate but produce a uniform signal in the MSOT.

Agar phantom imaging steps

1) Use 3 mm diameter clear or white straws (LBK, cat. 14883)

2) Cut the straws to a length of 3-5 cm. Place 0.5-1 cm of glue inside one end using a hot glue gun
(Pattex Supermatic)), and once the glue has cooled down cut the tip of the seal with a tube
cutter (Landefeld, SAS28).

3) Take the agar phantom out of the fridge and place it inside the inVision water bath in the
imaging chamber for 10 minutes in order to equilibrate the temperature (speed of sound varies
depending on temperature).

4) Place the agar phantom inside the durable phantom holder.

5) Inthe cross-sectional view, the two wells in the phantom should be on a horizontal line

6) Load the two straws (e.g. one containing the probe and the other the control solution) and seal
the open end of each straw with abundant glue. Immerse briefly in water to cool the glue
rapidly.

Alternatively, after loading the straws, seal them on the open end by pressing it against the
Haematocrit sealing compound (BRAND, cat. 749510).

7) Place each straw in the phantom wells making sure not to force the straws in. This can be
achieved by keeping the agar phantom holder vertically so that the straws can fall into place by
gravity. If necessary gently turn the straw around in a circular motion so that it may fall all the
way in the well.

8) Place the phantom holder in the imaging chamber with inverted orientation and start imaging.

9) If the straws contain a high-enough concentration of probe, use the probe’s peak absorption
wavelength to determine the optimal scan region (ideally the scan region should span multiple
imaging cross-sections to account for unexpected artifacts that may only be discovered in the
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post-processing steps, due to air bubbles or imperfections in the agar phantom preparation).
Alternatively, select the 900 nm wavelength as at 900 nm it is possible to visualize the straw
walls.

10) Select for example 5 positions, with 2 mm spacing, covering a length of 8 mm. Use 3 averages, all
relevant wavelengths and start scanning.

11) Then take the phantom holder out of the imaging chamber and hold it vertically to take the
straws out.

Notes:
If the straw is forced into the phantom well, the agar might get damaged.

By being delicate enough when inserting and extracting straws in and out of the phantom, the well
positions will not change in the cross-section and it will be possible to image hundreds of straws having
the same position in the field of view. This means that in post-processing it will not be necessary to
manually draw the ROIs for each scan; on the contrary, it will be possible to create ROIs in one scan only
and copy these to all scans using the double brush icon.

Bubbles can be present in the straw or more often on the outside wall of the straw between the straw
and the agar material. If this happens artifacts will spoil the results significantly. It is easy to spot air
bubbles in the straw or on its outside walls by looking at the preview reconstructed image at all selected
wavelengths. To remove the air bubbles simply take the straw out and reposition it back into the well.
To prevent air bubbles from accumulating between the straw and the phantom well, insert the straw
while the phantom is submerged in water.

Imaging known cell densities in phantoms

Due to precipitation of cells in the straws, it is advisable to suspend cells in low melting agarose rather
than in saline or PBS. Below are some simple steps to work with cells in phantoms.

Harvest confluent cells by addition of trypsin-EDTA and interrupt the reaction by addition of culture
medium containing serum. Pellet cells by centrifugation and rinse them for three times in Dulbecco's
phosphate-buffered saline (DPBS, Gibco, Cat 14200) and containing 100 ng DNAse/ml (Sigma, Cat
D4263) to prevent cells from clumping. Add low melting agarose (Sigma Cat A9414; melting
temperature: <65 °C; gel point: <30 °C) to DPBS to a final concentration of 1.2 % w/v and heat to melting
point. Place the aqueous agarose solution in a 37 °C water bath, and add DNAse to it at a final
concentration of 3 ug/ml. Pellet cells and then re-suspend them in the aqueous agarose solution and
make two-fold dilutions of this to cover a wide range of cell dilutions. Load cells in the straws, seal
straws and place in the fridge for 10 min to allow the agarose to gel. Cells can then be imaged.

If using the above method to image cells, several cells are likely to be present in a single voxel.
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Imaging defined numbers of cells in phantoms

This method is written to image known numbers of cells in a voxel, by placing them in a low melting
agarose block approximately the size of a voxel.

Prepare cell suspensions in low melting agarose and DNAse as described above.

Aspirate each cell suspension using 29 gauge insulin syringes (BD Cat 037-7606). Fit a fine bore
polythene tubing (Smiths Medical, Cat E-1316; internal diameter 0.28 mm) around the needle. Then
press the syringe plunger and allow the cell suspension to pass through the tubing. Then place the
tubing containing the cell suspension in the fridge at 4 °C for gelling. Then take a new insulin syringe and
pull back it’s plunger to fill it with air. Then take the tubing from the fridge and fit it onto the insulin
syringe, and press the plunger to expel the tubiform gel on a microscope glass slide by means of positive
air pressure. The gel tubiform structure, having a width of ~0.3 mm, must be kept moist by addition of
DPBS and must be cut with a hand-held scalpel along its length under an inverted bright-field
microscope to a length that is equal or smaller than its width producing small agarose blocks. The
number of cells inside the agarose blocks can be counted by turning the focus wheel to cover the whole
depth of the agarose block. The block is then placed using a pipette on a 2 cm diameter cylindrical
scattering phantom (1.5% agar, SIGMA Cat 05039, 0.5% intralipid Cat 1141, as described above). The
position of the agarose blocks on the cylindrical phantom must be recorded accurately by using a digital
microscope (e.g. Celestron). Then very slowly cover the blocks with a 1 cm thick layer of scattering low
melting agarose (0.5% intralipid). The phantom can finally be placed inside the MSOT inVision 128 small
animal scanner and can be imaged.

Record multiple cross-sections with a 0.5 mm Z-step size at the relevant excitation wavelengths. Images
were high pass filtered to remove low frequency artifacts from the agar phantom and then co-registered
and overlaid with the annotated microscopy images to localize the individual blocks. The mean signal of
each block was quantified. If no signal was obvious in the MSOT image, the center of the expected
location was selected. The resulting values of the samples with sufficient populations of measurements
can be run through a one way Anova with Fisher’s LSD post hoc test to determine the minimum number
of detectable cells that are statistically significantly different from the background level determined
from the non-pigmented control cells.

Note that prior to harvesting the cells and preparing the phantom, the laboratory must be thoroughly
cleaned, as small absorbing dust particles can be exchanged for cell signal in the MSOT images. For the
same reason avoid wearing dark clothes.
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6.6 Durable phantoms, use of the phantom holder

iThera Medical offers a custom-made durable phantom kit (see image below). The phantom is
composed of polyurethane, and uses titanium dioxide to provide light scattering consistent with
biological tissue. The speed of sound in this phantom is different than that of biological tissue;
therefore, the speed of sound must be adjusted prior to reconstruction.

The phantom has two ends; one end is pointed
(e.g. in analogy to the shape of a mouse head),
and the other end is flat. This shape is designed
to guide the user in appropriate positioning of
the phantom into the holder. The pointed end
of the phantom must be positioned on the left
side of the imaging chamber.

The phantom contains two wells at the flat end
which can be filled with experimental material.

Note that one should not use organic or
hydrophobic solvents (DMSO, DMF, etc...) in
combination with this phantom, as the solvent and solute could diffuse into the phantom, leaving a
residue which cannot be removed. Only water-based solvents should be used with the durable
phantom; for other solvents, one can prepare an agar-based phantom as described above in Section 6.5.
In addition, one should not leave a sample in the phantom for extended periods, as a residue from the
sample can be deposited on the sides of the well (see next section for a description of the phantom
cleaning protocol). One should also limit the concentration of agents in the phantom; it is not
recommended to use this phantom with solutions containing solutions in excess of 1 OD (absorbance
measured with a spectrophotometer with light path length of 1 cm), as this can also leave a residue in
the phantom. In general, the phantom shows linearity between 0.025 OD and 1.0 OD.

The diameter at the top of the sample wells is 5mm, and 3mm at the bottom of the well. Two hundred
microliters are sufficient to fill the well, and a rubber stopper is used to close the well. Care must be
taken not to introduce air bubbles when filling the well, as air bubbles can produce imaging artifacts.

The phantom also contains three reference insertions: two 0.5 OD ink insertions, one which is 2.0mm
and the other 4.0 mm in diameter. These insertions can be seen externally by the user as a visual
reference to discriminate the experimental samples introduced on the other side of the phantom (i.e
these insertions give the otherwise radially symmetric phantom a ‘left’ and ‘right’ side). A third insertion
is located in the center of the phantom, and is a grey thread (approximately 200 um) that can be used to
adjust the speed of sound or verify the spatial resolution of the system.

A custom-made phantom holder was designed for use in combination with the durable phantom from
iThera Medical. As described in section 3.6.2. of the software manual, care must be taken to place the
phantom correctly into the phantom holder, and to place the holder correctly into the imaging chamber.
When placed correctly, the positions of the wells and reference inclusions are synchronized with the
interactive stage control. The green area on the phantom graphic is the recommended area for imaging
the experimental samples.
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The phantom holder can also be used with self-made agar phantoms. If the agar phantom is 6 cm-long
or shorter, then insertions within the phantom can potentially lie outside of the range of the
translational stage when using the standard phantom positioning. In such a case, it is recommended to
place the phantom holder into the imaging chamber in the opposite orientation as described in the
software manual (i.e. so that the iThera label is on the left and appears up-side down to the user when it
is in the imaging chamber).

6.7 Durable phantom cleaning

Before conducting any experiment with the phantom, please observe the following steps:
1. Verify the cleanliness of the phantom wells

A) To do so, load both wells with water and scan a cross-section of the wells in the phantom
using wavelengths in the range 680-980 nm with 10 nm steps.

B) Reconstruct the scan using the “back projection” reconstruction method.

C) Add this reconstruction to a view, draw a ROl around each of the two wells in the phantom.

D) Finally check if the spectra of the two wells overlap; if they don’t overlap the two wells
might need a thorough cleaning as described in the following paragraph.

2. Cleaning the wells

A) To clean the wells, use a thin stem plastic pipette to discard the well content (e.g. Liquipette
thin stem, code 127-P507-000, Elkay).

B) Load the wells with pure ethanol.

C) With thin cotton buds clean the wells thoroughly by gently moving the cotton buds in and
out of each well (e.g., with cotton sticks, small head, product code 1901199 sold by
Applimed).

D) Finally, using the thin pipettes wash three times with ethanol (100%) discarding the well
content between each wash, then rinse 3 times with water.

E) Finally, repeat the steps in paragraph 1 to confirm the wells are clean.

Please note that to lengthen the life span of the durable phantom, it is recommended not to load the
wells with dyes at an optical density higher than 1 at the peak wavelength in the 680-980 nm range as
per spectrophotometer reading with a 1 cm path length.

6.8 Heavy Water Imaging

Use of heavy water as a coupling agent in the imaging chamber permits illumination at longer wavelengths
(>930nm), and as such allows for imaging of additional intrinsic (e.g. fat) and extrinsic chromophores (e.g.
long-wavelength nanoparticles). This comes at the cost of: 1) reduced acoustic matching between in-
chamber couplant and mouse tissue (cp2o ~ 1410m/s, Crissie ~ 1500m/s), which can lead to a loss of
resolution (albeit minimal loss); and 2) additional material costs (1liter of D,O currently costs about 400€).
Significant losses in water may be expected due to evaporation as a result of heating within the imaging
chamber to match body temperature.
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1. Choice of Wavelengths
Additional acquisition wavelengths are possible using heavy water, which has a reduced optical
absorption at wavelengths <1250nm (see Figure 2). Even with heavy water as a couplant, the
broad fat absorption peak at 1210nm makes difficult imaging at wavelengths >1150nm, as the
tissue itself is very absorbing and a high amount of wavelength-dependent absorption is to be
expected (“Spectral Coloring”), which makes spectral unmixing unreliable.
In addition to the 1210nm, 900nm, 930nm and 1065nm provide good wavelengths for lipid
imaging, where 1065nm additionally provides very good deep tissue anatomical contrast based
on oxygenated hemoglobin. 970nm and 1150nm provide good wavelengths to image water
content in tissue. The core imaging wavelengths for the Extended Wavelength Range thus
include the following: 700, 730, 760, 800, 850, 900, 930, 1065, 1150, and 1210 nm.
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I Extended Wavelength Range (660nm - 1300nm) {

——— Standard Wavelength Range (680nm - 980nm) ———
25 \ I T T T T

— I—;b o) Lipid Absorption é
——— Hb02 (110) g’
2 Melanin (/100) 2
Lipid ;
Water a
1.5 — Dzo -

/

Absorption coefficient (cm '1)

o
o
I

1 — ;/—_/_\\\ I~
| [ M~ =AY N
0 Prvire : | e e O A D ——
700 750 800 850 900 930950 970 1000 1050 1100 1150 1200 1250 1300
730 760 Wavelength (nm) 1065
ied Core Wavel hs
B Transmission Spectrum of Water and Tissues

100% ; ‘ \ I i

Transmission
o
o
=~

40% ] Water (d=3cm)
Heavy Water (d=3cm)
== Generic Tissue (d=1cm)

= Canine Kidney Tissue (d=1cm)

Sheep Liver Tissue (d=1cm)

o
Gas

700

800

900 1000

i
1200

1300

Wavelength (nm)

Figure 2: A) Absorption Spectra of Intrinsic Tissue Chromophores with recommended core imaging
wavelengths as well as the recommended imaging range when imaging with heavy water as a couplant.
B) Transmission spectra of water and heavy water, illustrating the increased transmission of heavy water
compared to regular water. Above 1150nm fat absorption in tissues increases, which affects depth
penetration and results in Spectral Coloring further affecting unmixing performance. Heavy water
absorption increases at wavelengths >1250nm, making imaging beyond 1250nm suboptimal.

2. Required Software Modifications
The ViewMSOT software configuration needs to be adapted to support imaging with D,O as a
couplant:
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a. Modify initial value for speed of sound offset
b. Modify built-in chamber absorption correction configuration for heavy water
c. Update Factory-Installed Absorption Spectra (Only ViewMSOT v3.6)

Please contact our Support Team (support@ithera-medical.com) for assistance

3. Water Exchange Procedure
Based on the high costs of heavy water and the detrimental effect on imaging performance
resulting from dilution with regular water (see H20 transmission in Figure 2B), it is highly
recommended to adhere to the following guidelines when using heavy water in exchange with
regular water (note: this procedure will reduce dilution, but as discussed below cannot
completely prevent some contamination of heavy water with normal water):

Switching from H20 to D20:

1. Run the ViewMSOT and select acquisition mode. Then, click on MSOT — Maintenance (a). In the
Monitor tab, select Chamber Controls (b).

2. Click on the Empty Tank button (c), the system will start emptying the imaging chamber.

MSOT-Maintenance = O
]
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3. Click on the Stop button once you see air bubbles coming into the water container. Use a tissue
to wipe away residual water in the chamber.

4. Remove the water (H20) container and filter unit. Discard the H20 and dry the container.
Replace the container.

5. Remove the filter unit. Discard the water, remove the filter, and dry the filter housing. Replace
the filter unit without a new filter.

6. Toggle the pump on and off (for both “fill’ and ‘empty’ options) several times in order to flush
some of the residual water out of the tubing inside the system. Before engaging the ‘fill tank’
option, please ensure that no residual water is in the water container or the filter unit. After
cycling the pump on and off, discard or dry any water that has accumulated in the chamber, the
water container, or the filter unit.

a. Inversion 3.6, one must work quickly to avoid overheating the system when water is not

in the imaging chamber. In 3.8, one can use a preset where the water temperature is set
low (e.g. 25 deg C) to avoid heating the chamber during the water exchange process.

b. There are two circuits of tubing inside the system: circuit 1, connects the water
container directly to the bottom of the imaging chamber (volume: 250 mL); circuit 2,
connects one side of the top of the imaging chamber to the filter back to the other side
of the top of the imaging chamber (volume: 300 mL). Please note that it is possible to
completely flush the first circuit (see step 7). However, it is not possible to entirely flush
the second circuit. After Step 3, it is expected that some residual water is left in the
tubing of circuits 1 and 2; though, in each circuit is expected that a considerable amount
of air is present in the tubing. However, the amount of air can vary each time the user
performs this process.

7. [optional] Add approximately 300 mL of D20 to the water container. Pump this water into the
imaging chamber. Stop the pump when water begins to flow into the bottom of the chamber
(approximately 150ml). If there was residual water in the tubing, the D20 will flush this out, and
the water in the chamber will be a mixture of residual H20 and fresh D20. Use a towel to wipe
this water out of the chamber.

8. Dry the filter unit with a tissue and replace the water filter with a new filter dedicated for D20
water. Place the filter unit back in the system.

9. Remove the water container and fill it completely with D20. Place the container back into the
system.

10. Run ViewMSOT and select heavy water acquisition mode (ask iThera support for specifics
regarding system configuration). Fill the water tank with D20. The system is now ready to use
with heavy water and extended wavelengths.

Switching from D20 to H20:

1. When the user is finished with D20 in the imaging chamber, pump the water out of the imaging
chamber in to the water container.

2. Remove the water container. Do not discard the heavy water; retain this water for future use.
Note that most bacteria do not grow in D20.
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a. Advice: Do not mix fresh D20 with D20 that has been in the inVision, as there is the
potential that this water has been contaminated with a small volume of residual water
in the tubing of circuit 2, as described in Step 6 above.

3. Remove the filter unit. Add the contents of the filter unit to the heavy water receptacle for
future use.

Exchange the D20-dedicated filter with the H20O filter. Place the filter unit back in the system.

5. Fill the water container completely with H20. Place the container back into the system.

6. Run ViewMSOT and select normal water acquisition mode (ask iThera support for specifics
regarding system configuration). Fill the water tank with H20. The system is now ready to use
with normal water.

a. Note: contamination of normal water with heavy water is not expected to significantly
influence MSOT measurements, since at the wavelengths used for MSOT
measurements, the absorption of heavy water is much less than the absorption of
normal water.

6.9 Imaging with an MSOT inVision 512-echo small animal scanner

The MSOT inVision 512-echo small animal scanner acquires both optoacoustic and ultrasound images.
These images are naturally co-registered as they are acquired using the same tomographic ultrasound
transducer array. As described below, there is some difference in the way the optoacoustic and
ultrasound images are produced.

Optoacoustic images are generated using all 512 ultrasound detector elements, which simultaneously
record the optoacoustic signal produced by chromophores following a single pulse of laser light. The
final optoacoustic image is generated using tomographic reconstruction algorithms and signals acquired
by each of the individual transducer elements.

Pulse-echo images are generated by an ultrasound imaging platform that consolidates pulser-receiver
boards and functions to trigger acquisition for synchronizing ultrasound and optoacoustic image
streams. Transmit pulses have a peak-to-peak voltage of 20V and frequency of 6 MHz. Higher acoustic
transmit frequencies result in better axial resolution, but shallower imaging. In the MSOT inVision 512-
echo, despite the central frequency of the transducers being 5 MHz, the transmit frequency is set at 6
MHz as this was found to be the best compromise between resolution and good quality imaging at
depth.

Switching between pulse-echo ultrasound and optoacoustic imaging modes is facilitated by a custom-
made multiplexer module. The multiplexer is coupled to the detector array and re-directs US or OA
signal readouts to either of two respective data acquisition electronics for further processing. Echo
signals are used for ultrasound image reconstruction using transmit aperture technique. This technique
is applied for one quarter of the aperture of the detector (128 elements) with one single element
transmitting continuously the pulse and all elements receiving the resulting echo signals. Four sub-
apertures are then combined to cover the entire angle (512 elements) of the array. The final image is
generated by using spatial compound technique.
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Sub-aperture ultrasound signal sampling and spatial compounding makes ultrasound image generation
longer as compared to optoacoustic image generation. Optoacoustic data are acquired in approximately
10ms, whereas it ultrasound data are acquired in approximately 80ms. Individual ultrasound images are
therefore more likely to be motion-corrupted than a single frame, single wavelength optoacoustic
image. If the user records a motion-corrupted ultrasound image, this image does not necessarily need to
be used as the background image. In ViewMSOT, when the user selects a background single wavelength
image, the ultrasound image with the closest time stamp is chosen by default. For multispectral
acquisition that is sufficiently long to also record multiple ultrasound images, the user can modify the
background ultrasound image by selecting a different background single wavelength image.

6.10 Calculating physiological parameters, HbT and mSO2 from MSOT data

Semi-quantitative physiological parameters can be derived from MSOT data. Namely, total hemoglobin
(HbT) and relative oxygenation of hemoglobin (mS02) can be extracted following unmixing of data with
Hb and HbO2. These parameters are defined as follows:

HbT = Hb + HbO2 Where HbT refers to the semiquatiative sum of respective unmixed deoxy- and
oxy-hemoglobin components, (Hb and HbO2, respectively)

mS02 = HbO2 / HbT  Where mSO2 represents the MSOT-derived fraction of oxygenated hemoglobin
divided by total hemoglobin. Due to challenges related to fluence and spectral
coloring, MSOT-derived SO2 will routinely be lower than SO2 derived from other
standard methods (e.g. NIRS), and thus we distinguish throughout our software
packages and user manuals as ‘mSQ2’

Users can derive approximate values of HbT and mSO2 from ViewMSOT starting with ROl analysis from
the Visualization and Analysis Tab of the software. The user can use the software to calculate an
average Hb and HbO2 value for a ROI-selected subset of pixels from within the image. Following export
from the visualization and analysis tab, the user can then calculate HbT and mSO2 using the equations
above.

Users can also derive approximate values of HbT and mSO2 on a pixel-by-pixel basis outside of
ViewMSOT (e.g. in Image) or MATLAB). However, pixel-by-pixel analysis will yield different results
depending on how the analysis is done. Namely, negative pixel values will have a different impact on
HbT and mSO2 calculations, affecting both mean-ROI and pixel-by-pixel analyses (see example in Fig.
6.10.1). Furthermore, pixel-by-pixel analyses will yield very different results, depending on how the user
handles negative pixel values in the calculation of HbT or mSO2. To avoid this variability, we strongly
recommend using pLabs for pixel-by-pixel analyses of HbT and mSO2, where negative pixel values are
set to zero for HbT calculations, and ignored for mSO2 calculations (please contact applications support
and refer to pLabs manual for further information).
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Example for 3 pixels where one pixel (Hb) has a negative value

Example 1 — ROI Analysis Example 2 — Pixel-by-pixel Analysis

Hb =) Mean(Hb) = 0.67 Hb
HbO2 =) Mean(HbO2) = 1 HbO2
HbT = 1.67 HbT m) Mean(HbT) = 1.67

mS02 ~ 0.6 mS02 m) Mean(S02) = 0.5

Figure 6.10.1 - lllustrative representation of how negative pixels are handled when calculating HbT and
mSO02 using mean-ROI (ViewMSOT) or pixel-by-pixel (pLabs) analyses.

By default, the user has access to mean-ROI based analysis from within the ViewMSOT software. In
general, the calculations from HbT and mSO2 are the same if calculated on a mean-ROI or per-pixel
basis, however, discrepancies arise in calculations of mSO2. As illustrated in figure 6.10.1, the mean
values of Hb, HbO2 and HbT will yield the same results when using mean-ROI or pixel-by-pixel analyses,
but mSO2 yields different results. Thus, it is further advised that users estimating HbT and mSO2 use
either ViewMSOT or plLabs for consistency in mSO2 calculations.

6.11 Using PhysioSuite Oximetry in combination with the inVision MSOT
imaging systems

Measuring pulmo-cardiac parameters on mice during an optoacoustic imaging session can provide
critical information to interpret experimental data and maximize the wellbeing of the animal.

Before using the PhysioSuite Oximeter within the inVision MSOT system please carefully read the
PhysioSuite User Manual together with the following guidelines.

A) Place the anaesthetized mouse in the mouse holder.

v3.8 —2017-06-29 15.3.1-M-03 — MSOT User Manual Part 3 — User Guide Page | 40



iTheraMedical

Listening to Molecules

B) Apply the MouseSTAT paw sensor (MSTAT sensor) on the hind paw (Fig.1). This location
provides the most meaningful parameters including blood oxygenation, pulse rate and

breathing rate (Fig.2).

381 bpm
Mo%s RR

Fig.1. MouseSTAT sensor Fig.2. Pulmo-cardiac parameters

Place the MouseSTAT sensor on the hind paw. If Oxygenation level, heart rate and respiration rate as
necessary apply some water or ultrasound gel shown on a nude mouse during optoacoustic
between the sensor and the skin. imaging.

C) If PhysioSuite fails to provide meaningful measurements also place a drop of water or a
small amount of ultrasound gel between the sensor and the paw once the sensor is in
position.

D) Once all three physiological parameter are displayed on the PhysioSuite screen, close the
mouse holder and transfer the mouse to the imaging chamber.

E) The MSTAT sensor and the light produced when PhysioSuite is in operation do not affect the
quality of the MSOT image. Equally, the readings produced by PhysioSuite are not affected
by the pulsed light produced by the inVision in the imaging plane.

Nota bene:

i Placing the MSTAT sensor around the tail fails to provide meaningful measurements for
blood oxygenation, while it can provide the expected pulse rate and breathing rate readings.

ii. The handcuffs present in the mouse holder for securing the mouse into position must not be
placed on the same hind paw where the MSTAT sensor is, as this will cause a reduction in
blood oxygenation reading.
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6.12 Commonly used consumables

Item

Distributor

Reference
Number

Purpose

Eye protection cream Bayer

(e.g. Bepanthen)

Fine bore polythene Smiths 800/100/100 -  ID 0.28mm, OD 0.61mm; tubing used for

tubing Medical 30m catheters for in vivo imaging or for small
insertions in phantoms

Probe of interest MP Biome- 0215502005 20-40nmols typically injected for demo

(ICG, e.g.) dicals

30G syringes BD Medical 320469 Intravenous injection in mice

(or favorite size)

Super glue Vetbond myvetmeds 1469SB Stabilization of i.v. catheter

Electric razor

Depilating cream (e.g.

Veet)

PBS/dH20 Probe dilution in Phantoms

Saline In vivo probe injections

Ethanol Durable phantom rinsing

Plastic pipette, thin ELKAY 127-P507-000  Durable phantom rinsing

stem

Plastic cylinder Probe waste, phantom rinsing

containers

Equipment for

phantom production:

Agar Fluka 05039-500g Phantom material

Intralipid Sigma 1141-100ml Tissue-mimicking scattering in phantoms

White plastic straws Large insertions for phantoms, testing of

(3mm diameter) different probes and concentrations

Glue gun For sealing 3mm phantom insertions
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