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Abstract | Imaging is an essential tool in research, diagnostics and the management of

endocrine disorders. Ultrasonography, nuclear medicine techniques, MRI, CT and optical
methods are already used for applications in endocrinology. Optoacoustic imaging, also termed
photoacoustic imaging, is emerging as a method for visualizing endocrine physiology and disease
at different scales of detail: microscopic, mesoscopic and macroscopic. Optoacoustic contrast
arises from endogenous light absorbers, such as oxygenated and deoxygenated haemoglobin,

clinical practice.

Imaging has a critical role in the morphological and func-
tional visualization of organs and tissues in vivo and is
widely used to assess various endocrine disorders in the
pituitary, thyroid, adrenal and reproductive glands, the
pancreas, bone and different forms of endocrine tumour’.
Many of the imaging modalities that are in use can
exploit intrinsic tissue contrast; however, techniques also
commonly utilize contrast agents to reveal morpholog-
ical, physiological and biochemical features’. Generally,
ultrasonography, X-ray CT and MRI are used for ana-
tomical and physiological imaging of glands or lesions
using either intrinsic contrast or contrast agents. In addi-
tion, scintigraphy, positron emission tomography (PET)
and single-photon emission computed tomography
(SPECT) imaging extend visualization at the functional
and molecular level of the disease, measuring biochem-
ical and metabolic parameters using externally admin-
istered radionuclide-based agents (TABLE 1). Despite this
wealth of imaging options, a need still exists for porta-
ble, low-cost and easily disseminated methods that can
be safely applied to large populations to assess endocrine
and metabolic diseases, which are highly prevalent’.
Optical imaging in the visible (380-750 nm) or
near-infrared (NIR; 750-2,500 nm) wavelengths has

lipids and water, or exogenous contrast agents, and reveals tissue vasculature, perfusion,
oxygenation, metabolic activity and inflammation. The development of high-performance
optoacoustic scanners for use in humans has given rise to a variety of clinical investigations,
which complement the use of the technology in preclinical research. Here, we review key
progress with optoacoustic imaging technology as it relates to applications in endocrinology;
for example, to visualize thyroid morphology and function, and the microvasculature in diabetes
mellitus or adipose tissue metabolism, with particular focus on multispectral optoacoustic
tomography and raster-scan optoacoustic mesoscopy. We explain the merits of optoacoustic
microscopy and focus on mid-infrared optoacoustic microscopy, which enables label-free
imaging of metabolites in cells and tissues. We showcase current optoacoustic applications
within endocrinology and discuss the potential of these technologies to advance research and

been considered an alternative modality to traditional
imaging methods for endocrinology applications. For
example, fluorescence imaging using the fluorescent
dye indocyanine green, or parathyroid autofluores-
cence have been used in endocrine surgery. Specifically,
adrenalectomy or thyroidectomy operations have
been performed under fluorescence guidance that in
the latter scenario improves the detection of the para-
thyroid glands, which are difficult to identify and are
often unnecessarily excised along with the thyroid*. In
particular, label-free autofluorescence imaging shows
good potential for detecting parathyroid tissue during
surgery’. However, this method has limited penetration
depth (~3 mm) and does not provide information about
parathyroid tissue perfusion and oxygenation, which are
crucial factors for the preservation of the parathyroid
glands during surgery’.

Hyperspectral imaging (HSI) is a method that col-
lects images of tissue at multiple wavelengths. This tech-
nique has also been used intraoperatively to discriminate
between thyroid and parathyroid tissues based on spec-
tral changes, which are exhibited owing to differences
in the concentration of haemoglobin and oxygenation,
as well as water and lipid content®. Like conventional
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Key points

* Optoacoustic technology includes a range of non-invasive, label-free and portable
imaging modalities, which provide molecular visualizations at the macroscopic,
mesoscopic and microscopic scale.

* Multi-spectral optoacoustic tomography produces real-time tomographic views
of tissue with a resolution of 200-300 um (macroscopy) at depths of 2—4 cm.

* Raster-scan optoacoustic mesoscopy provides volumetric images of tissue
microvasculature and perfusion with a resolution of <10 um (mesoscopy) at depths

of 1-2mm.

* Mid-infrared optoacoustic microscopy provides label-free visualizations of the
spatiotemporal dynamics of biomolecules in cellular metabolism.

* Optoacoustic imaging offers a complete framework for investigating anatomic,
functional and molecular aspects of common endocrine disorders.

Multi-spectral optoacoustic
tomography

(MSQOT). Macroscopic imaging
technology that generates
real-time images of tissues

in clinical and preclinical
applications.

Raster-scan optoacoustic
mesoscopy

(RSOM). Mesoscopic imaging
technology that produces
volumetric images of tissues
and is mainly used for skin and
microvascular applications.

photography, HSI achieves good spatial resolution
(25 um per pixel’) but its penetration depth is shallower
than that of fluorescence imaging. Consequently, HSI
can only be used to assess the very superficial layers of
tissue, which limits its overall accuracy and diagnostic
potential in tissue applications™.

Optical visualization deeper in tissue has been
achieved by diffuse optical tomography (DOT), which
is a technique that records diffusive light (typically in the
NIR range) that has propagated through tissue to a depth
of several millimetres to centimetres. Being a tomo-
graphic technique, DOT uses mathematical inversion to
compute maps of photon absorption and photon scatter-
ing in tissue, which are representative images of haemo-
globin concentration and cellular density, respectively.
The use of DOT for non-invasive endocrine imaging of
the thyroid gland has been explored in computational
experiments’. However, the strong photon scattering by
tissue degrades spatial resolution as a function of depth
(especially for depths more than 5mm) and increases
uncertainty about the recorded information, especially
in terms of quantifying the absorption and scattering
contrast. Owing to these limitations, DOT and related
optical techniques have yet to find wide acceptance in
clinical endocrinology.

Optoacoustic imaging is an alternative optical imag-
ing modality that combines the advantages of optical
contrast with the ability to provide high-resolution
images deep inside tissue. However, while other optical
techniques are sensitive to both optical absorption and
scattering, contrast in optoacoustic imaging is primarily
due to optical absorption only. In this modality, optical
contrast is sensed by detecting ultrasound waves, which
are excited within tissue, owing to the absorption of
light of varying intensity by molecules that absorb the
light energy (described in more detail later). Without
the use of labels, optoacoustic imaging can resolve oxy-
genated haemoglobin and deoxygenated haemoglobin,
melanin, lipids, collagen and water, on the basis of their
absorption spectra, by recording optoacoustic images
at multiple wavelengths and using spectral unmixing
techniques. The technique has been considered since
the late 1970s in imaging applications'"". Furthermore,
considerable progress was achieved in the following
decades that enabled the imaging of tissues in vivo in
animal models and in humans, resolving contrast from

tissue vascularization and oxygenation'*"'°. Nevertheless,
it is only in the past 5 years that the technology has suf-
ficiently matured to enable high-performance biomed-
ical imaging in humans outside dedicated laboratory
settings'’ .

A hand-held implementation of optoacoustics,
termed multi-spectral optoacoustic tomography (MSOT),
has been now uniquely used, in mice and humans, to
assess a number of different conditions associated with
endocrinology including oxidative metabolism?*,
muscle oxygenation and hypoxia®~*, cardiovascular
imaging”®*, muscular dystrophy'é, inflammation'’,
and vascularization and total blood volume****!.
Importantly, visualization of these conditions is done
without the use of contrast agents (label-free), often
capitalizing on the use of two or more wavelengths to
generate contrast based on the spectrum of intrinsic tis-
sue light-absorbing molecules (discussed in detail later).
Techniques such as raster-scan optoacoustic mesoscopy
(RSOM) achieve superior image resolution but at a
more superficial tissue depth®. By contrast, a 2019
study showed that optoacoustic microscopy extending
to the mid-infrared spectral range (2,500-12,000 nm)
could achieve unique visualization of proteins, carbo-
hydrates and lipids in label-free mode*. More gener-
ally, optoacoustic imaging techniques, also referred to
as ‘photoacoustic’ (for example, spectral photoacoustic
tomography (sPAT) and photoacoustic microscopy
(PAT))**-, have been also used in humans for imag-
ing breast cancer’>” and arthritis*, and for enabling
measurements in animal models™**.

In this Review, we explore the current status and clin-
ical potential of stand-alone MSOT, RSOM and hybrid
optoacoustic and ultrasound systems. We explain the
principle of operation of optoacoustic imaging and com-
pare it with earlier investigations using optical imaging
techniques. We elucidate the biomedical and clinically
relevant information that is measured by the technique
and focus in particular on label-free interrogations, that
is, the types of imaging and contrast that can be achieved
without the use of contrast agents. Finally, we describe
current applications in endocrinology and discuss the
clinical potential of the technology as a portable and safe
method that offers high dissemination potential.

Principles of operation and contrast

Optoacoustic imaging is an optical imaging technique
that illuminates tissue with transient light energy,
commonly photon pulses in the nanosecond range™.
Absorption of the excitation light by different mole-
cules in tissue leads to the generation of fast thermo-
elastic expansions of the tissue at the site of absorption*’,
giving rise to propagating ultrasound waves that can
be detected with ultrasound detectors. The ultrasound
waves are recorded in multiple positions on the tissue
surface. For each detector position and photon pulse,
a time-dependent ultrasound signal is recorded, with
later times corresponding to optical contrast deeper in
tissue and earlier signal times corresponding to shallo-
wer tissue. Subsequently, images of absorption are formed
by mathematically combining all time signals recorded
in all positions using image reconstruction techniques
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Chromophores

The parts of a molecule that
absorb light at a particular
frequency to give a molecule
a specific colour.

(tomography)'>*>*>. Optoacoustic imaging is fundamen-

tally a three-dimensional imaging method, as ultrasound
detectors can be placed around or scanned across tissue
surfaces, thereby enabling imaging along two dimen-
sions, while the depth (or the distance to detector, the
third dimension) is retrieved from the time-dependent
information contained in propagating ultrasound waves.

The detection of optical absorption using ultrasound
detectors rather than optical cameras allows imaging
with both high acoustic resolution and high optical
contrast, as image formation is governed by the diffrac-
tion of generated ultrasound waves and not by the diffu-
sion of light, as for example in DOT*. As an ultrasound
detector is used for recording ultrasound signals, many
optoacoustic implementations also use electronics that
utilize the same ultrasound element for the generation
of ultrasound waves, therefore also detecting ultrasound
images in parallel to the optoacoustic images™. As light
propagates in tissue much faster than sound, it is possi-
ble to send a light pulse and a sound pulse with a small
time delay (in the microsecond range) between them
and almost simultaneously record both ultrasound and
optoacoustic waves for hybrid imaging.

Spectrum: the fourth dimension. Although images can
be formed at a single wavelength, the illumination of
tissue at several wavelengths (such as in MSOT) ena-
bles the detection of multiple images that provide a
fourth dimension, that of the spectrum'”. For example,
a typical illumination pattern can scan a spectral range
of 700-1,000 nm using 20 different wavelengths with a
scan step of 15nm. In this case, scans of each wavelength
produce a stack of 20 images, that is, a ‘multispectral
stack. The multispectral stack can be spectrally unmixed
to quantify the concentration of different chromophores
in each pixel of the reconstructed images. This spectral

unmixing step uses the recorded MSOT data, as well
as a library of known absorption spectra for specific
chromophores that are relevant to each application,
to produce a set of images that quantitatively map the
distribution of the chromophores within the captured
field of view (FIC. 1). Of note, a particular challenge in
three-dimensional MSOT spectral unmixing (that is,
across different tissue dimensions) is that the interac-
tion between the illumination light and tissue depends
non-linearly on depth and wavelength. This depend-
ence produces a unique computational problem, which
can compromise the quantification, the sensitivity and
the specificity of spectral unmixing if not addressed.
To overcome this issue, advanced non-linear spectral
unmixing techniques have been proposed that provide
improved accuracy for the identification of different
chromophores in tissue as a function of depth**.

Optoacoustic contrast and relation to endocrinology
applications. Most optoacoustic clinical studies have
focused on imaging intrinsic contrast in the NIR, that is,
endogenous tissue chromophores (TABLE 2). The NIR
is preferred as light can propagate for several centimetres
in this spectral region. In particular, imaging oxygen-
ated haemoglobin and deoxygenated haemoglobin in
the 650-850 nm spectral window reveals information
on tissue physiology that is associated with oxygenation
and blood concentration'”'**"*. The summation of oxy-
genated haemoglobin and deoxygenated haemoglobin
relates to total blood volume, a parameter that is asso-
ciated with inflammation'”**, whereby the rate of total
blood volume following tissue-activating stimulation
(for example, cold exposure for brown adipose tissue
(BAT)) is indicative of perfusion®'. In addition, maps of
tissue oxygen saturation (SO,) can be computed as the
ratio of oxygenated haemoglobin to total blood volume

Table 1 | Imaging modalities in clinical endocrinology — uses, advantages and disadvantages

Modality
Ultrasonography**'*!

Plain
radiography

112-114

CTlll,ll’rllQ

MR|111,110,117.1207113

Scintigraphy, PET,
SPECTlll,lM*lSZ

Clinical use in endocrinology

Imaging thyroid, parathyroid, adrenal and
reproductive glands to assess diabetes
mellitus (that is, imaging pancreas,
kidneys, blood vessels, heart and/or
adipose tissue) and endocrine tumours

Imaging bone (for example, skeletal age,
osteoporosis, hyperparathyroidism)

Imaging adrenal, pituitary, thyroid

and parathyroid glands, assessing
diabetes mellitus (that is, imaging blood
vessels, heart and/or adipose tissue),
neuroendocrine tumours, bones

Imaging adrenal, pituitary, thyroid,
parathyroid, bone, assessing diabetes
mellitus (that is, imaging pancreas,
kidneys, blood vessels, brain, heart and/or
adipose tissue), neuroendocrine tumours,
reproductive glands

Imaging thyroid, parathyroid, pituitary,
adrenal, assessing diabetes mellitus (that
is, imaging pancreas, blood vessels, brain,
heart and/or adipose tissue), endocrine
tumours, reproductive glands

Advantages

Non-ionizing, real-time,

fast, portable, easy to use,
convenient for patient, high
resolution-to-depth ratio,
provides functional information

Fast, convenient for patient
and practitioner, portable, high
resolution-to-depth ratio

Whole-body imaging, high
penetration depth, high
resolution-to-depth ratio

Non-ionizing,

whole-body imaging, high
resolution-to-depth ratio, high
contrast, real-time, functional
information, might provide
molecular contrast

Whole-body imaging, high
resolution-to-depth ratio,

high contrast, functional
information, molecular contrast

Disadvantages

Low contrast, no direct molecular
information, mediocre penetration depth

lonizing radiation, low contrast, no molecular
contrast, not real-time, no functional
information, limited applications

lonizing radiation, no direct molecular
information, not real-time, long scanning
times, inconvenient for patient, non-portable,
requires trained specialist, mediocre contrast,
possibly toxic contrast agents

Long scanning times, not portable, requires
trained specialist, inconvenient for patient,
might require contrast agents, costly

lonizing radiation, not real-time, contrast
agents, long scanning times, not portable,
difficult to use, inconvenient for patient
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Fig. 1| Optoacoustic technology. a | Classification of optoacoustic technologies according to penetration depth and
resolution. b | For each optoacoustic frame, a corresponding ultrasound frame is recorded. Finally, recorded MSOT data
(multispectral stacks of images taken at different wavelengths (W))) are spectrally unmixed into images showing the
spatial distribution of chromophores, such as the oxygenated and deoxygenated haemoglobin, lipids and water. ¢ | Light
pulses (red arrow) of different near-infrared wavelengths illuminate tissue. The ultrasound waves (blue arrow) produced
after the absorption of each light pulse are reconstructed into an optoacoustic frame. MSOT, multispectral optoacoustic
tomography; OAM, optoacoustic microscopy; RSOM, raster-scan optoacoustic mesoscopy.

and the rate of SO, relates to oxygen utilization, that is,
oxidative metabolism'”****. These parameters are rele-
vant for various endocrine conditions, including thy-
roiditis, perfusion of thyroid nodules and parenchyma,
hypoxia, vascularity and metabolic changes in tumours,
as reviewed in the next section. Moreover, lipids can
be sensed at 930 nm, where they exhibit an absorption
peak®* and these measurements can reveal parameters
associated with white adipose tissue (WAT) and BAT,
and the concentration of lipids in the bloodstream and
specific tissue compartments. Such measurements relate
to a number of pathologies associated with lipid distur-
bances, such as hyperthyroidism, obesity, polycystic

ovary syndrome and thyroid or adrenal tumours. Finally,
within the NIR region, water can be sensed at the 970 nm
absorption peak”. Water measurements can be useful as
reference measurements or in evaluating cystic struc-
tures in endocrine organs. Of note, studies have shown
that it is possible to record collagen at the spectral peak
of ~1,000 nm. This information could be useful in imag-
ing patients with osteogenesis imperfecta, a genetic con-
nective tissue disorder that affects several organs and
tissues, such as the bones, skin, muscle and teeth**.
Optoacoustic contrast can be enhanced with con-
trast agents, such as injected dyes, nanoparticles, and in
animal models by the expression of a reporter gene*>*°.
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Despite the large variety of agents examined in preclin-
ical applications, only a few qualify today for clinical
use. For example, indocyanine green is an organic dye
that has been widely used for several clinical applica-
tions, including retinal angiography and hepatic clear-
ance studies; notably, indocyanine green exhibits a high
absorption cross-section in the NIR that can be detected
with optoacoustics®. The use of gold nanoparticles has
also been considered to improve optoacoustic image
contrast owing to their ability to impart high contrast™.
Finally, a new class of non-metal nanoparticle formu-
lations is emerging that shows better photostability
and even higher absorption cross-sections (and thus
improved contrast) than gold particles’*’. However,
the use of external contrast agents in humans requires
rigorous safety evaluations and increases the cost and
risk of an examination. Therefore, optoacoustic contrast
agents are primarily used in animal studies**".

Optoacoustic imaging implementations

Modern optoacoustic systems have been used for pre-
clinical or clinical applications with a variety of config-
urations and technical specifications. In optoacoustic
imaging, depth and resolution are inversely associated
with the ultrasound detector frequency being used'>™.
For example, by selective imaging at frequencies of a few
megahertz (for example, central frequency of 4-6 MHz,
bandwidth of 0.1-10 MHz), depths of 2-4 cm can be
achieved with a resolution of 200-300 um (that is,
macroscopy). By contrast, imaging at frequencies in the
tens of megahertz (for example, central frequency of
50 MHz, bandwidth of 10-100 MHz) enables imaging
at depths of up to ~1 cm but with resolutions of a few
tens of microns (that is, mesoscopy and microscopy)
in a scalable fashion (FIC. 1). Of note, when ultrashort
light pulses are used for excitation, all ultrasound fre-
quencies in the tissue are excited. Finally, the use of
detectors that capture frequencies at hundreds of mega-
hertz (>100 MHz) approach resolutions that are typical
of optical microscopy (<10 um) at depths in the range

Table 2 | Optoacoustic contrast

Term?
HbO,

Hb

Hb-+HbO,

Ratio of HbO,
to TBV

Change in TBV
over time

Change in SO,
over time

Lipids

Water

Name Feature visualized

Oxygenated Vasculature (arteries, arterioles) and oxygenated

haemoglobin  haemoglobin in tissue

Deoxygenated Vasculature (veins, venules) and deoxygenated

haemoglobin ~ haemoglobin distribution in tissue

TBV Vasculature (total), inflammation

SO, Tissue oxygenation and hypoxia, vascular
oxygenation

TBV rate Tissue perfusion

SO, rate Oxidative metabolism

Lipids Adipose tissue, lipid concentration in vasculature
and tissue

Water Distribution of water in tissue

SO,, oxygen saturation; TBV, total blood volume. *Physiological parameters that can be
measured by optoacoustics based on endogenous light absorbers, such as haemoglobin,

lipids and water.

of a few millimetres (1-2mm). Alternatively, focused
illumination can be used for optoacoustic microscopy,
in direct analogy to optical microscopy. In this case,
the tissue penetration is also typically sub-millimetre
(<1 mm) but with resolutions that obey the laws of opti-
cal diffraction, with sub-micrometre lateral resolutions
(<1 um) being possible.

Macroscopy. The development of fast-tunable lasers with
high energy per pulse’>* enabled real-time optoacous-
tic imaging at up to 100 frames per second, with each
frame potentially being imaged at a different wave-
length. Therefore, these lasers are appropriate for video
rate multi-wavelength imaging that could reach five
to ten MSOT frames per second. Detection is based
on multi-element ultrasound arrays that detect fre-
quencies in the 3-10 MHz range and corresponding
analogue-to-digital converter arrays, which collect,
digitize and store ultrasound signals in parallel and in
real-time. For clinical applications (FIC. 2, FIG. 3), hand-held
scanners (FIC. 1, FIG. 2a) are typically implemented in
hybrid form with ultrasonography, utilizing the same
common ultrasound detector array for the emission of
ultrasound and detection of ultrasound and optoacous-
tic signals®"*. The same MSOT imaging principle also
applies to the imaging of small animals (FIC. 4, FIG. 5).
Animal imaging is performed using either hand-held
systems or systems with dedicated small-animal imag-
ing holders®"*® (FIC. 4a). For the latter, the anaesthetized
animal or a tissue sample of interest is typically placed
in a cylindrical holder made of a transparent membrane.
The membrane is surrounded by water to couple ultra-
sound to the transducer (another name for the device
that records ultrasound). Although scanners for clinical
applications cover angles of 100-180°, dedicated ani-
mal scanners can reach up to 270° for animals placed
horizontally”” or 360° for animals placed vertically into
the imaging chamber*. Overall, higher angle coverage
provides a more complete dataset and leads to improved
imaging performance over smaller angle coverage.

Mesoscopy. Mesoscopy indicates higher resolution imag-
ing (5-100 um) but requires transducers that can collect
higher frequencies and higher bandwidths than macros-
copy (that is, they operate in the several tens of megahertz
and higher, 10-100 MHz). Such high-frequency perfor-
mance is not commonly achieved by detector arrays,
which are generally limited to a few tens of megahertz
(20-30MHz)*. Therefore, high-performance mesoscopy
is typically achieved with broad-band single-element
detectors, which can operate at much higher frequen-
cies. Owing to the use of a single element, mesoscopic
imaging requires that the detector is scanned over the
tissue, the implementation of which is termed RSOM*>%
(FIG. 2¢). Mesoscopy systems operating with detector
arrays in the ~20 MHz range have also been reported®'.
The introduction of ultra-wideband (UWB) fre-
quency detection, which reaches more than 200 MHz
bandwidth, merges mesoscopic and microscopic res-
olutions in a single detector setup®>*>**. UWB RSOM
has been used to assess the microvasculature in various
organs in animals and humans, including human skin,
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Fig. 2| Clinical optoacoustics in endocrinology: thyroid and microvascular
imaging. A| A hand-held optoacoustic unit. Light is shown as a red arrow and
ultrasound as a blue arrow. The device comprises an ultrasound unit, an
optoacoustic unit and a computer. B | Multispectral optoacoustic
tomography (MSOT) imaging of the thyroid in healthy volunteers and
patients. Ba | Ultrasound imaging of the neck in a healthy volunteer.
Bb | Optoacoustic image of the total blood volume (TBV) for the ultrasound
image of part Ba. Bc| Optoacoustic thyroid TBV image in a healthy volunteer.
Bd | Optoacoustic thyroid TBV image in a patient with Graves disease.
Be | Ultrasound image of a thyroid nodule. Bf | Optoacoustic oxygen
saturation (SO,) image weighted with the optoacoustic TBV signal (SO,*TBV)
corresponding to the ultrasound image of part Be. Scale bars represent 1 cm.
White dashed line, skin. The colour scales range from minimum to maximum
ultrasound or optoacoustic signal intensity. C | Skin microvascular imaging
with raster-scan optoacoustic mesoscopy (RSOM). Ca | RSOM principle of

B MSOT thyroid imaging

B ]| Bc

Graves disease

Colour scale

operation. Motorized stages (MS) move the optical fibres, which deliver light
(green arrows), and the ultrasound transducer, which records the produced
ultrasound (blue arrow). Cb | RSOM image of skin vasculature. The colour
scale represents the size of the imaged microvessels, with red representing
large vessels, orange middle-sized and green small vessels. Cc | RSOM image
of skin microvasculature before hyperthermia (inset: a small vessel with
diameter 19.3 um). Cd | RSOM image after hyperthermia (inset: same small
vessel as in part Cc with diameter increased to 30.3 um). Scale bars represent
0.5mm. C, common carotid artery; DR, dermis; EP, epidermis; M, muscle;
N, nodule; T, thyroid. Part B: this research was originally published in the
Journal of Nuclear Medicine’” Multispectral optoacoustic tomography of
benign and malignant thyroid disorders—a pilot study. J. Nucl. Med. 60,
1461-1466 (2019) © SNMMI. Part Cb is adapted from REF.*, Springer Nature
Limited. Part Cc and part Cd are adapted from REF*’, CC BY 4.0 (http://
creativecommons.org/licences/by/4.0/).

and enables imaging of capillaries close to the epider-
mis (<10 um resolution) together with larger arterioles
and venules of the deep vascular plexus™*. Typically,
the field of view of UWB RSOM spans tens of cubic
millimetres, and images can be acquired in a few tens
of seconds (15-45s)%. Similar to MSOT, illumination
at multiple wavelengths with RSOM allows visualiza-
tion of oxygenated haemoglobin and deoxygenated
haemoglobin (TABLE 2), which have been used to resolve
microvasculature density, the distribution of oxygenated
haemoglobin and deoxygenated haemoglobin, and SO,
in tissue and microvessels®. Moreover, measurements

of vessel size distribution and vessel density have been
used to quantify skin inflammation®. Likewise, the
imaging of lipids and water has been demonstrated
with UWB RSOM and used to visualize tissue adipose
tissue layers and the sebaceous glands®. Functional
studies can also be performed by means of recording
the endothelial-dependent hyperaemic response to a
challenge, for example the application of a transient (for
example, 3-5min) cuff occlusion or heat*-*. Owing
to the high resolution and contrast achieved by UWB
RSOM, functional responses of the entire microvascular

tree can be recorded in a label-free fashion®.
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Tyrosinase

An enzyme that facilitates the
production of the pigment
eumelanin and can be
permanently expressed in
engineered cells to provide
strong optoacoustic contrast.

Mid-infrared optoacoustic
microscopy

(MIROM). Label-free
microscopic technology that
provides endogenous
biomolecular contrast images
of cellular metabolites and
their dynamics.

A Near-infrared optoacoustic spectra

Microscopy. Like RSOM, optoacoustic microscopy also
requires raster scanning, either of a high-frequency
detector or a focused light beam®. Currently, optoacous-
tic microscopy lacks well-established labels for tagging
cell function in comparison with optical microscopy,
where fluorescence approaches are more refined.
Although the use of tyrosinase” or other reporters and
labels”"’* has been researched, they have not shown
the ubiquitous applicability of fluorescence proteins or
agents in optical microscopy. For this reason, a driving
force behind the development of optoacoustic oper-
ations are their integration with conventional optical
setups, whereby optical performance is complemented
by absorption contrast information that originates from
optoacoustic detection. A promising demonstration of
this premise is the use of optoacoustic microscopy at an
extended spectral range in the infrared region. In par-
ticular, mid-infrared optoacoustic microscopy (MiROM)
has been used in the spectral range of 2,500-12,000
nm**”* and has enabled the visualization of vibrational
transitions of biomolecules, without the need for external
labels™. MiROM can image proteins, carbohydrates and
lipids within living cells, with a sensitivity better than that
of Raman microscopy’*, which is an optical method that
detects inherently weak inelastic scattering of photons.

Applications in endocrinology

Optoacoustic methods bring a unique label-free ability
to record physiological tissue alterations caused by dis-
ease, which can be used for basic discovery, advancing
diagnostics and monitoring disease progression and

B Imaging metabolism
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therapeutic efficacy. By being portable and using safe
light energy, optoacoustic modalities are also appropri-
ate for frequent and longitudinal measurements, and
are compatible with the concurrent application of ultra-
sonography. The use of optoacoustic contrast agents in
animal and cell research enables a large profile of bio-
markers to be examined. These include features such as
angiogenesis and vascular morphology, tissue oxygen-
ation or hypoxia and metabolism*, inflammation'”*,
lipids and water®.

Thyroid disease. The thyroid gland is a highly vascu-
larized organ that produces hormones, which affect
organ function, metabolic rate and protein synthesis.
Functional imaging of the thyroid offers diagnostics and
theranostics (the combination of imaging and treatment
delivery in a single system) in structural pathologies (that
is, nodules and cancer) or functional pathologies (that is,
hyperthyroidism or Graves disease, and Hashimoto thy-
roiditis or hypothyroidism)”. Current imaging tech-
niques can either monitor the uptake of radioactive
contrast agents using nuclear medicine techniques or
assess blood flow in the thyroid by Doppler ultrasound.

MSOT could be used for enhanced functional char-
acterization of the thyroid by imaging vasculariza-
tion and oxygenation based on haemoglobin contrast,
whereas imaging of lipid and water content can pro-
vide information on thyroid pathophysiology parame-
ters. Importantly, initial studies in healthy volunteers’
demonstrated the potential of MSOT to visualize vascu-
lar features of the thyroid gland. These studies stimulated
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Fig. 3 | Clinical optoacoustics in endocrinology: imaging metabolism.
A | Near-infrared absorption spectra of oxygenated haemoglobin,
deoxygenated haemoglobin, lipids and water. B | Imaging metabolism with
multispectral optoacoustic tomography (MSOT). Ba | PET-MRI of the brown
adipose tissue (BAT) of a volunteer. Bb | Boxplots of the normalized
optoacoustic signals within the BAT, muscle and skin before and after cold
exposure (in three volunteers). Bc| MRl in the plane marked in part Bawith
a dashed line. Scale bar represents 5cm. Bd | MRI of the supraclavicular
region marked with a yellow dashed box in part Bc. Scale bar represents
5mm. The grey scale ranges from minimum to maximum MRI signal.
Be | PET-MRI of the same region showing **F-fluorodeoxyglucose uptake

within the BAT region (colour scale). Scale bar represents 5 mm. Bf | MSOT
image of the same region. The grey scale ranges from minimum to maximum
MSOQOT signal. Scale bar represents 1 mm. Top arrow, BAT; bottom arrow,
muscle. Bg | BAT MSOT image before cold exposure corresponding to the
region indicated by the top arrow in part Bf. Bh | Same region as in part Bg
showing BAT after cold exposure. The arrow shows an increase in
optoacoustic signal before and after BAT activation. Bi | MSOT image of
muscle before cold exposure corresponding to the region indicated by the
bottom arrow in part Bf. Bj | Same region as in part Bi showing muscle after
cold exposure. The grey scale ranges from minimum to maximum MSOT
signal. Part B adapted with permission from REF*!, Elsevier.
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A Small-animal imaging with optoacoustics
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Fig. 4 | Preclinical optoacoustics in endocrinology: imaging BAT.
A | Small-animal imaging with optoacoustics. Light is indicated by the red
arrow and ultrasound by the blue arrow. The imaging station comprises an
ultrasound unit, optoacoustic unit, anaesthesia unit, computer and a tem-
perature controller (TC). B| Multispectral optoacoustic tomography (MSOT)
of interscapular brown adipose tissue (iBAT) in a mouse. Ba | Anatomi-
cal optoacoustic image at 800 nm. Bb | Cryosection of same region.
Bc | Optoacoustic image of oxygenated haemoglobin. Bd | Close-up view
of iBAT-oxygenated haemoglobin before (-NE) and after (+NE) injection of
noradrenaline. Be | Optoacoustic image of deoxygenated haemoglobin.
Bf | Close-up view of iBAT-deoxygenated haemoglobin before (~NE)

and after (+NE) noradrenaline injection. The scale bars for parts Ba, Bc and
Be represent 4 mm; the scale bars for parts Bd and Bf represent 1 mm.
Bg | Boxplot of normalized optoacoustic signal for iBAT-oxygenated haemo-
globin and deoxygenated haemoglobin before (-NE) and after (+NE)
noradrenaline injection. *P<0.01. Bh | Normalized optoacoustic signal for
oxygenated haemoglobin along the profile of part Ba before (-NE) and after
(+NE) noradrenaline injection. Bi | Normalized optoacoustic signal for
deoxygenated haemoglobin along the profile of part Ba before (-NE) and
after (+NE) noradrenaline injection. The colour scale ranges from minimum
to maximum optoacoustic signal. SV, Sulzer’s vein. Part B is adapted with
permission from REF*!, Elsevier, and from REF."*, Springer Nature Limited.

interest in optoacoustic imaging of thyroid anatomy
(FIG. 2b) and function in diffuse thyroid diseases or
nodular lesions, as well as the possibility of visualizing
changes associated with malignancy without labels. In
particular, MSOT revealed an increase in total blood
volume and a reduction in lipid content within the

thyroid parenchyma in patients with Graves disease
(n=6) compared with control individuals (n=28)""
(FIC. 2Bc, FIG. 2Bd). Furthermore, MSOT imaging showed
the presence of hypoxia and reduced lipid content in
patients with malignant thyroid nodules (n=3) com-
pared with people with benign thyroid nodules (n=13)"
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(FIG. 2Be, FIC. 2Bf). Furthermore, based on haemoglobin
contrast, optoacoustic imaging could reveal small ves-
sels in human thyroid cancers not visible by means of
Doppler ultrasound, and provided functional parameters
beyond the flow visualization that is provided by Doppler
readouts’. These pilot studies showed the potential of
MSOT to provide thyroid gland functional imaging
without ionizing radiation or the injection of contrast
agents. The short examination times (~5min) and the
portability of MSOT offer convenient use and could
enable clinical dissemination.

Diabetes mellitus, obesity and metabolism. Diabetes
mellitus is the most prevalent endocrine disease.
Imaging in diabetes mellitus is important for visual-
izing the functional impairment of pancreatic -cells
and the effects of the disease on the cardiovascular,
nervous, gastrointestinal, musculoskeletal and other
systems’>*’. Optoacoustic imaging could be used in
patients to stage the severity of diabetes mellitus,
by quantitative imaging of diabetic complications.
For example, MSOT has been used to image the periph-
eral vasculature in healthy volunteers, as well as to

Imaging of cellular metabolites

min 86 min 172

assess endothelial macrovascular function in the radial
artery’!, an early biomarker of atherosclerosis, which is
accelerated in diabetes mellitus. Furthermore, based on
haemoglobin contrast, MSOT showed promise in imag-
ing the intestines in mice® and humans'’, as well as the
haemodynamics and oxygenation of peripheral mus-
cle in healthy volunteers® and patients with peripheral
arterial disease”, two organs that might be affected in
patients with diabetes mellitus and manifest as diabetic
enteropathy® or myopathy®, respectively. Skin micro-
vascular structure and reactivity can also be assessed
by RSOM in great detail (FIC. 2¢), and RSOM has been
used in patients to characterize chronic inflammatory
diseases, such as psoriasis®. These studies show that
RSOM is a highly potent method for imaging skin
micro-angiopathy, which is a quantitative indicator of
diabetes mellitus®*~*". Such microvascular impairments
might appear before the development of clinically
apparent symptoms associated with systemic manifes-
tations of the disease®. Therefore, by using skin micro-
vasculature as a biomarker of diabetes mellitus, RSOM
could provide the means for portable characterization
and precise staging of diabetic complications.

Overlay

h Lipid contrast change
5,
o
= Ofiﬁbv' A
S
E ISO
o 7
2]
<
O 10
. [}
min 257 o *-ROI1
-159 ROI 2
\ \
0 100 200
Time (min)

Fig. 5 | Imaging of cellular metabolites using MiROM. a | Bright-field image of 3T3-L1 cells that have been differentiated
into adipocyte cells. b | Label-free mid-infrared optoacoustic microscopy (MiROM) image at 2,857 cm™! wavenumber

(CH, vibration: corresponding to the excitation of stretching vibrations of carbon—-hydrogen bonds of the aliphatic tails of
lipids) showing endogenous lipid contrast and corresponding to the image of a single adipocyte (dashed box). c| Label-free
MiROM image at 1,550 cm~* wavenumber (amide Il) showing protein contrast over the same region. d | Overlay of lipid

and protein maps over the same region. Colour scales range from minimum to maximum optoacoustic signal at the
corresponding wavenumber. Scale bars represent 40 um. e-g | Monitoring isoproterenol (ISO)-induced lipolysis in 3T3-L1
adipocytes using MiROM imaging at 2,857 cm™ through time (part e corresponds to minute 86, part f to minute 172

and part g to minute 257). Blue (ROI 1) and red (ROI 2) dashed circles enclose two individual adipocytes. The white

arrows follow the remodelling of a single lipid droplet after the addition of ISO. The colour scale ranges from minimum

to maximum measured optoacoustic signal. h | Change in relative lipid contrast (Rel. OA signal) over time within the two
individual adipocytes marked with dashed circles (blue (ROl 1) and red (ROI 2)) in parts e, f and g. The time point of ISO
addition is indicated with the arrow (approximately minute 100). ROI, region of interest; VIS, visible light. Adapted from

REF.*, Springer Nature Limited.
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In addition to haemoglobin contrast, MSOT can
visualize lipids and adipose tissue (FIC. 3a) for assessing
endocrine and metabolic functions. Recently, MSOT
has been used to image lipid dynamics within human
arteries, veins and soft tissues (subcutaneous adipose
tissue and skeletal muscle) after the consumption of a
high-fat meal®. The method has also been shown to
resolve label-free WAT and BAT depots based on dif-
ferences in the spectral profiles of the two tissue types”.
Moreover, cold-induced BAT metabolic activation in vol-
unteers was resolved (FIG. 3b) using optoacoustic imaging
based on SO, rate contrast (TABLE 1). The ability to record
metabolism using label-free optoacoustics has been
further supported by mouse studies of BAT activation
via noradrenaline injection (described later). Based on
the same principle of vasometabolic coupling, whereby
metabolic demand dictates blood flow and oxygen con-
sumption, MSOT has been used in healthy volunteers
to image muscle perfusion and oxygenation changes
as a function of different challenges, such as exercise
or blood supply occlusion***. In a 2019 study, RSOM
was used to produce detailed images of intracutaneous
lipids in humans along with several other endogenous
chromophores (for example, haemoglobin, melanin and
water)®. Dermal adipose tissue is also implicated in var-
ious conditions, including obesity and diabetes mellitus-
related pathophysiology”-* and could be non-invasively
investigated using optoacoustic techniques.

Surgical guidance in endocrine tumours. Optoacoustic
imaging has been explored for surgical guidance, in par-
ticular for better localizing the tumour mass or to avoid
damage to sub-surface vascular structures. This poten-
tial has been explored in various types of surgical pro-
cedure, including procedures for ovarian cancer’ and
pancreatic cancer”, and surgery for endocrine tumours,
that is, trans-sphenoidal surgical removal of pituitary
tumours”. Furthermore, the use of optoacoustic guid-
ance has been suggested for avoiding carotid artery
trauma during surgical procedures of the pituitary, using
a miniaturized optoacoustic warning device based on an

optical fibre mounted on the surgical tool*.

Research applications and animal studies. Optoacoustic
imaging has been used as a research tool in many ani-
mal studies and can offer high-resolution whole-body
imaging in mice. For example, protease activity was
investigated in FTC133 thyroid tumours implanted in
the hind legs of mice”, using imaging agents sensitive to
matrix metalloproteinases MMP2 and MMP?9 resolved
by small-animal MSOT. Optoacoustic imaging has also
been used to characterize bone microstructure in an
animal model of postmenopausal osteoporosis®. This
study was conducted on excised femur bone specimens
from female rats that had undergone ovariectomy, ova-
riectomy with intraperitoneal bone preservation therapy
with zoledronic acid, or sham operation. The bone sam-
ples were examined by analysing the frequency spectra
of the measured optoacoustic signals. Activation of BAT
in mice was also possible based on recording the SO, rate
(TABLE 2) after activation by noradrenaline”’, secretin® or
icilin”, which all induce BAT thermogenesis. In these

studies, MSOT readouts showed a clear increase in both
the oxygenated haemoglobin signal and the deoxygen-
ated haemoglobin signal in activated BAT compared
with BAT in the resting state (FIC. 4b). An increase in
total blood volume within the interscapular BAT region
after BAT activation was also recorded in these studies.
The development of MiROM* has led to its use, not
only in small-animal research, but also in label-free
imaging of metabolic parameters, such as lipids, carbo-
hydrates and proteins in living cells (FIC. 5). For exam-
ple, MiROM was used to visualize the spatiotemporal
dynamics of lipid droplets during isoproterenol-induced
lipolysis in brown adipocytes (derived from differenti-
ated precursor BAT) and white adipocytes (differentiated
3T3-L1). Owing to its ability to visualize bond-specific
molecular contrast, MiROM might enable the direct
monitoring of hormones during metabolic processes. For
instance, amino acid-based or protein-based hormones
(such as insulin) could be detected using the amide I and
amide IT absorption bands, whereas steroids (for exam-
ple, cortisol) could be detected by their absorption bands
in the fingerprint region'®. MiROM could be further
combined with imaging in other spectral regions, such
as the visible (380-750 nm) to observe tissue vasculari-
zation and oxygenation'”, or the NIR (780-2,500 nm) to
monitor lipid metabolism'”. Furthermore, MIROM can
be easily combined with other microscopy techniques
in multimodal hybrid setups'® to reveal interesting
crosstalk among several biological pathways'**-'%.

Conclusions

Optoacoustic imaging offers four major strengths that
drive its consideration in endocrinology studies. First,
it solves the fundamental limitations of optical imaging,
enabling for the first time high-resolution and quanti-
tative imaging of chromophores deep in tissues in vivo.
Second, it provides non-invasive, label-free imaging of
contrasts that relate to tissue function and metabolism.
Third, it can operate concurrently with ultrasonogra-
phy, using the same ultrasound detector, enabling the
simultaneous collection of complementary information.
Finally, it offers portability and high safety so that it can
be used for frequent and longitudinal studies.

The above-mentioned strengths of optoacoustic imag-
ing come with limitations that could affect its usefulness
for endocrinology. Despite reaching unprecedented
depths at high resolution for a light-based imaging
technique (for example, 2-4 cm for MSOT), optoacous-
tic imaging still offers poor penetration depths com-
pared with other techniques (for example, PET, MRI or
X-ray-based techniques; TABLE 1) owing to the attenu-
ation of light energy with depth. Thus, imaging deeper
organs (for example, pancreas or adrenal glands) or adi-
pose tissue with optoacoustic techniques is a challenge.
Furthermore, many current optoacoustic systems are
hand-held, which necessitates a trade-off between prac-
ticality and accuracy. Hand-held probes are equipped
with small ultrasound detector arrays in geometries that
cover limited viewing angles (for example, 130-180°).
The limited viewing angles introduce inaccuracies into
the final representation of the true sizes of the anatomical
structures and hinder precise interpretation of data. The
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design of novel optoacoustic image reconstruction algo-
rithms that compensate for the above-mentioned artefacts
is expected to further improve the accuracy of recorded
images. Moreover, optoacoustic imaging, especially
clinical technologies (for example, MSOT and RSOM),
are vulnerable to motion artefacts that degrade image
quality. These artefacts might be patient-dependent (such
as pulsation, breathing or voluntary patient motion) or
operator-dependent (for example, irregular movements of
the probe during scanning). Several algorithms have been
developed to provide motion correction for microscopic,

mesoscopic (for example, RSOM) and macroscopic

(for example, MSOT) optoacoustic applications'’~'%.
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