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To investigate whether multispectral optoacoustic tomog-
raphy (MSOT) developed for deep-tissue imaging in hu-
mans could enable the clinical assessment of major blood
vessels and microvasculature.

The study was approved by the Institutional Review Board
of the University Medical Center Groningen (CCMO-
NL-43587) and registered in the Dutch National Trial
Registry (NTR4125). The authors designed a real-time
handheld optoacoustic scanner for human use, based on
a concave 8-MHz transducer array, attaining 135° an-
gular coverage. They applied a single-pulse-frame (SPF)
sequence, which enabled motion insensitive optoacous-
tic imaging during handheld operation. SPF optoacoustic
imaging was applied to imaging arteries and microvas-
cular landmarks in the lower extremities of 10 healthy
volunteers. The diameters selected microvessels were de-
termined by measuring the full width at half maximum
through the vessels in the MSOT images. Duplex ultraso-
nography was performed on the same landmarks in seven
of the 10 volunteers for subjective comparison to the cor-
responding optoacoustic images.

Optoacoustic imaging resolved blood vessels as small as
100 pm in diameter and within 1 ecm depth. Additionally,
MSOT provided images reflecting hemoglobin oxygen sat-
uration in blood vessels, clearly identifying arteries and
veins, and was able to identify pulsation in arteries during
imaging. Larger blood vessels, specifically the tibialis pos-
terior and the dorsalis pedis arteries, were also visualized
with MSOT.

Handheld MSOT was found to be capable of clinical vascu-
lar imaging, providing visualization of major blood vessels
and microvasculature and providing images of hemoglobin
oxygen saturation and pulsation.

©RSNA, 2016
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ascular diseases of the extrem-

ities, including peripheral arterial

disease, diabetic foot, and (auto-
immune) vasculitis, lead to morbidity
as a result of limited blood supply to
the peripheral tissue. In current clinical
practice, the assessment of peripheral
tissue blood supply is performed indi-
rectly by characterizing the morphology
of large arteries and blood flow within
them by using duplex ultrasonography
(US). Alternative methods include as-
sessment of the ankle-brachial blood
pressure index and digital subtraction
angiography, magnetic resonance an-
giography, or computed tomographic
angiography (1,2). Transcutaneous oxy-
gen tension (TcPO,) measurements can
be used to obtain an estimate for oxy-
gen delivery at a point on the skin, but
the method does not allow visualization
of blood vessels.

Duplex US is the most commonly
applied method in clinical vascular as-
sessment. The modality is targeted at
larger scale blood vessels. Doppler US
can depict flow and therefore can bet-
ter reveal blood vessels and character-
ize blood flow within them. However,
Doppler flow and power Doppler sig-
nals display an inherent lack of sensitiv-
ity that results in a loss of image fidelity
in small blood vessels and an inability
to visualize microvasculature.

The visualization of small-diameter
blood vessels could fill an important
gap in current vascular imaging prac-
tice. The performance of amputations
after revascularization in patients with
limb ischemia indicates the need for
improved methods to predict outcomes
in patients who are candidates for

Advances in Knowledge

B Vascular imaging in the extrem-
ities by means of bedside hand-
held multispectral optoacoustic
tomography, displaying hemoglo-
bin oxygenation in real time, is
feasible.

B The imaging system studied visu-
alized the tibialis posterior artery
and dorsalis pedis artery as well
as small vessels down to a diam-
eter of approximately 100 pm.

revascularization (3,4). Imaging of large
blood vessels as well as vessels with mi-
crovascular dimensions could help to
better characterize the distribution of
microcirculation in patients with criti-
cal limb ischemia or diffuse multiseg-
ment disease (2), potentially providing
improved prediction of the success of
revascularization. Furthermore, the
imaging of hemoglobin and its oxy-
genation status could provide a more
complete characterization of arterial
lesions, for example, characterization
of the vasa vasorum or of thrombosis
could provide new information on the
stability of atherosclerotic plaques (5).

The contrast in optoacoustic vascu-
lar imaging does not rely on blood flow;
instead, it is generated by the strong
optical absorption of hemoglobin.
Therefore, optoacoustic imaging of vas-
culature can be achieved because he-
moglobin is concentrated in blood ves-
sels and accurately delineates them. In
particular, multispectral optoacoustic
tomography (MSOT) sequentially illu-
minates tissue at multiple wavelengths
and then applies spectral unmixing al-
gorithms on the resulting optoacoustic
images to resolve multiple individual
absorbers (eg, oxyhemoglobin, deoxy-
hemoglobin, melanin, optical contrast
agents) based on their distinct absorp-
tion spectrum (6). MSOT can therefore
also be used to visualize oxygenation or
blood saturation by independently re-
solving oxygenated and deoxygenated
hemoglobin. Optoacoustic and MSOT
methods in various forms have been
demonstrated for cancer imaging (7,8),
including the visualization of tumor vas-
culature at large scales in human sub-
jects (9,10) and small scales in animal
studies (11,12).

Optoacoustic imaging of vasculature
has been previously demonstrated for
superficial vessels, typically in the skin
(13-15), by using high-frequency US ar-
rays (eg, 25 MHz) or by raster scanning
focused illumination, achieving optical
diffraction-limited resolution within the
first millimeter of tissue (16). However,
optoacoustic imaging deeper in tissues
has only so far revealed larger scale
vessels, such as the carotid arteries
(17). Original handheld optoacoustic

imaging systems utilized linear-array
US transducers common to clinical US
imaging devices (18-21). This design
uses broadly available linear US arrays
and can offer the seamless integration
of US and optoacoustic imaging in one
hybrid modality. However, optoacoustic
image quality substantially improves
when using curved (concave) US arrays
that cover multiple angles around the
region of interest (17). While conven-
tional US imaging transmits and re-
ceives ultrasound signals, optoacoustic
imaging only relies on receiving omni-
directional ultrasound signals from the
entire volume illuminated. Therefore,
the detector geometry and the inver-
sion technique used play a more critical
role in optoacoustic image formation
than in US imaging. In addition, the
utilization of concave arrays provides
space for illumination of the imaged
section, while linear arrays necessitate
out-of-plane illumination.

To study MSOT imaging of human
vasculature, we developed a curved
geometry (135° coverage) portable
handheld scanner, optimized to im-
age within 1 cm of tissue depth. The
system was based on a new generation
of wavelength-tuning optical parametric
oscillator technology that can deliver up
to S0 different wavelengths per second
(22), allowing video-rate multispec-
tral operation. The system therefore
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CNR = contrast-to-noise ratio
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combines macro- and microscale blood
vessel imaging with real-time handheld
multispectral operation, acquiring one
cross-sectional frame per pulse (< 30
psec per frame), therefore minimizing
motion effects. We investigated the vas-
cular imaging capabilities of the system
in human volunteers and compared its
performance to that of duplex US. Our
purpose was to investigate whether
MSOT imaging developed for deep-
tissue imaging in humans could enable
the clinical assessment of major blood
vessels and microvasculature.

Materials and Methods

The MSOT imaging platform utilized
in this study was provided on loan
by iThera Medical (Munich, Ger-
many) to the University Medical Cen-
ter  Groningen (the Netherlands).
V.N. is a shareholder of iThera Medi-
cal. In addition, V.N. has a patent US
20140198606  A1/EP2754388A1  is-
sued, a patent WO 2012103903 Al
issued, a patent WO2011098101A1;
PCT/EP2010/006937, a patent WO
2011000389 Al issued, a patent
EP2148183 issued, a patent PCT/
EP2008/006142 issued, and a patent
US 61/066,187; PCT/EP2009/001137
issued, which are directly or indirectly
relevant to the work. M.K. is an em-
ployee of iThera Medical. In addition,
M.K. has a patent US20140221810 Al
pending, a patent EP2742854A1 pend-
ing, and a patent CN103860140A issued,
which are relevant to the work. A.T. had
full control over the inclusion of data or
information.

Healthy Volunteers

The study protocol was approved by
the Institutional Review Board of the
University Medical Center Groningen
(CCMO-NL-43587) and registered
in the Dutch National Trial Registry
(NTR4125). Inclusion criteria were
healthy volunteers, at least 18 years
of age, written informed consent, and
adequate potential for telephone fol-
low-up after the procedure. Exclusion
criteria were medical or psychiatric
conditions that compromised the volun-
teers’ ability to give informed consent,

concurrent uncontrolled medical condi-
tions, any investigational treatment for
peripheral vascular disease or lower
leg fractures within the past month,
pregnancy or breast feeding, clinically
significant (ie, active) cardiovascular
disease (eg, congestive heart failure,
symptomatic coronary artery disease
and cardiac dysrhythmia, eg, atrial fi-
brillation, even if controlled with med-
ication, peripheral vascular disease) or
myocardial infarction within the past 12
months, symptoms or history of periph-
eral neuropathy, (partial) amputation of
one of the legs. The healthy volunteers
consisted of five men and five women
(mean age, 28 years; range, 20-46
years; skin types I-IIl on the Fitzpatrick
scale [23]). Their health status was ver-
ified by their medical history and phys-
ical examination, including blood pres-
sure measurement, pulse oximetry, and
the ankle-brachial index. After MSOT
imaging, the subjects were questioned
about any unpleasant sensations during
or after the procedure, and the lower
extremities were examined for any skin
changes to check for any unexpected
thermal damage from laser exposure.
Approximately 2 weeks after imaging,
the subjects were contacted again and
questioned about possible side-effects.
The start date of the study was Decem-
ber 21, 2013; the end date was January
30, 2014.

Single-Pulse-Frame Curved-Array MSOT

A curved-array handheld MSOT head
was developed (Fig 1a) for portable
use in analogy to diagnostic US imag-
ing. Important characteristics are the
geometry of the US transducer array
and the interface of the scanner onto
tissue in handheld mode (Fig 1b). Op-
toacoustic signals are detected by using
a custom 128-element transducer array
with a focal length of 2 cm and a cen-
tral frequency of 8 MHz (Imasonic SaS,
Voray, France). The elements are ar-
ranged in one row facing inward on an
arc covering 135°. The concave shape
allows for better reconstruction of op-
toacoustic images compared with a lin-
ear array (15). In addition, the concave
arc allows space for the light pulses
to illuminate the skin in the detection

plane, therefore reducing out-of-plane
artifacts and making better use of the
available light energy than in the case
of out-of-plan illumination. Light is
delivered via an optical fiber-bundle
assembly (Light Guide Optics, Rhein-
bach, Germany) integrated within the
imaging probe.

Laser illumination and optoacous-
tic signal detection are provided by an
MSOT system (EIP-100; iThera Med-
ical). The imaging system is capable
of displaying and storing 50 frames
per second. However, to maximize the
permissible laser illumination energy,
we used a frame rate of 10 frames per
second. Light fluence on the skin was
limited to stay below the maximum
permissible exposure limits according
to the applicable laser safety standard
(IEC 60825-1). Pulsed light was deliv-
ered by a diode-pumped Nd:YAG laser
pumping an optical parametric oscilla-
tor for wavelength tuning in the near
infrared range (InnolLas Laser, Krail-
ing, Germany). Signals were acquired
by a custom 12-bit digitizer with a sam-
pling rate of 40 megasamples per sec-
ond. The single-pulse-frame sequence
recorded one full frame at a single
wavelength utilizing only one pulse.
Therefore, the data for each frame
were recorded within approximately
30 psec, that is, the time for sound
propagation from the tissue imaged to
the detector. This approach minimizes
motion artifacts on the images and
provides fast multispectral acquisition.
Optoacoustic images were acquired at
four optical wavelengths: 730 nm, 750
nm, 800 nm, and 830 nm, which are
suitable for resolving the differences
in absorption spectra between oxygen-
ated and deoxygenated hemoglobin.
As a result, the frame rate for multi-
spectral images at four wavelengths
was 2.5 Hz.

Image Reconstruction and Analysis

Data captured at each wavelength were
reconstructed by using a semi-analyt-
ical model-based algorithm (24,23),
utilizing a parallelized OpenCL (Khro-
nos Group, Beaverton, Ore) image
reconstruction algorithm running on
a graphics processing unit. Spectral
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Figure 1: A, Handheld optoacoustic imaging probe as utilized to image the dorsalis pedis artery in the foot. B, Front
view of the handheld optoacoustic imaging probe. The US transducer array has a concave shape with an angular cov-
erage of 135°. It provides space for light from the fiber-bundle to illuminate the skin in the imaging plane. C, Vascular
imaging landmarks on the foot. ADP = dorsalis pedis artery, ATP = tibialis posterior artery, MH = medial hallux, DH =
distal hallux.
unmixing was applied by using nonneg-  the blood vessel closest to the skin. To  100; Parker Laboratories, Fairfield,

ative least squares to produce images
of oxy- and deoxyhemoglobin (26). To
compute hemoglobin oxygen saturation
(S0,), the oxyhemoglobin (HbhO,) and
deoxyhemoglobin (Hb) images were
placed into the following formula on a
per-pixel basis: SO, = HbO,/(HbO, +
Hb). Contrast-to-noise ratios (CNRs)
were computed on the 830-nm images
by manually selecting three regions: a
10 X 10-pixel square within the target
blood vessel, a 10 X 10-pixel square
adjacent to the target blood vessel to
represent the background, and a 50 X
50-pixel square outside of the tissue to
estimate the image noise. The differ-
ence between the means of the target
and background pixels divided by the
standard deviation of the noise pixels
then provides the CNR. The depth of
the blood vessels for which the CNR
was computed was found by draw-
ing a line on the optoacoustic images
from the skin surface to the edge of

determine the approximate scale of the
smallest blood vessels present on the
MSOT images, the diameters of the
selected blood vessels were extracted
from the MSOT images of oxyhemoglo-
bin by drawing a line through the vessel
and determining the full width at half
maximum of the image pixel values on
that line. All analyses were performed
by A.T. and checked by A.C.T and
P.C.W., without being blinded to any
information.

Imaging Landmarks and Protocol

We imaged predefined landmarks in
the lower extremities that are relevant
to peripheral arterial disease (Fig 1c¢).
Two peripheral arteries and two mi-
crovascular landmarks were imaged,
that is, the dorsalis pedis and tibialis
posterior arteries and medial and dis-
tal hallux, respectively. The handheld
MSOT probe was positioned on the
landmark, and clear US gel (Aquasonic

NJ) was applied for acoustic coupling.
Real-time imaging allowed for swift
localization of the target arteries.
Duplex US was performed at a later
date (up to 40 days later) on the same
landmarks for comparison. At the
landmarks for assessing the micro-
vasculature, the duplex US signal in-
tensity was increased until a vascular
structure was identifiable or the image
consisted of noise.

MSOT imaging was performed by
AT., A.C.T. and P.C.W. US imaging
was performed by two practicing vas-
cular technologists with 24 years and
4 years of experience. US imaging was
performed in seven of the 10 volun-
teers; the rest were not available for
a second visit. US examinations were
performed by using an Acuson S2000
machine (Siemens Healthcare, Erlan-
gen, Germany ) with an Acuson 18L6
HD probe (Siemens), which is a linear-
array transducer with a 5.5-18-MHz
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frequency bandwidth. Tissue harmonic
imaging at 12 MHz was active. Color
Doppler velocity imaging at 7.5 or 9
MHz was used to visualize blood flow.
For imaging the hallux, additional US
gel was used so that the focal zone
of the probe was correctly positioned
with respect to the imaged tissue.

No skin damage, side effects, or any ad-
verse events resulting from the MSOT
imaging procedures were observed.

Large Arteries

To investigate the performance of
MSOT imaging of large arteries, we

Figure 2

A

HbO, [a.u.]

imaged the tibialis posterior (ATP) and
dorsalis pedis (ADP) arteries (Fig 2).
The MSOT images show clearly de-
fined blood vessels carrying oxygen-
ated blood, corresponding to duplex
US images. The target blood vessels,
once localized by using the handheld
MSOT device, were visible with high
contrast from the background. In im-
ages of the ADP, the mean CNR was
22.4 (minimum, 11; maximum, 50; n =
10). For the ATP, the mean CNR was
14.3 (minimum, 5; maximum, 33; n =
10). The ATP lies deeper beneath the
skin surface than the ADP: The mean
depth for the ATP was 5.1 mm (min-
imum, 3.8 mm; maximum, 6.8 mm)
compared with 3.1 mm (minimum, 2.2

Ultrasound

mm; maximum, 5.5 mm) for the ADP.
The deepest structures visible without
additional postprocessing during im-
aging in this study were at a depth of
approximately 10 mm beneath the skin.

Small Blood Vessels

To investigate the performance of
MSOT in imaging of small blood ves-
sels in peripheral tissue, imaging was
performed on the medial and distal
hallux (Fig 3). In addition to displaying
millimeter-sized blood vessels, MSOT
was able to resolve microvasculature
carrying oxygenated hemoglobin on the
order of less than 100 pm, which was
not visible on the corresponding duplex
US images. Furthermore, blood vessels

Figure 2. MSOT imaging of arteries. Left column shows MSOT images, where oxyhemoglobin signal is superimposed in red on gray-
scale images acquired at 830 nm. Right column shows duplex US images. All images are cropped to a region of interest. The skin is at
the top of each panel so that MSOT and US images are approximately aligned. A, Dorsalis pedis artery (ADP). B, ADP in a subject where
this artery is smaller than usual. C, Tibialis posterior artery (ATP). a.u. = arbitrary unit.
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Figure 3

A

Ultrasound

Figure 3: MSOT imaging of small blood vessels. Left column shows MSOT images, where oxyhemoglobin signal is superimposed in
red on images acquired at 830 nm. Right column shows duplex US images. All images are cropped to a region of interest. The skin is at
the top of each panel so that MSOT and US images are approximately aligned. A, B, Medial side of the hallux in two different subjects.
C, Distal tip of the hallux. MSOT hemoglobin contrast provides more sensitive detection of small blood vessels than does clinical Dop-
pler US. D, Zoomed-in MSOT images of the regions indicated by boxes in, B, and, C, show features belonging to the smallest structures
clearly identified as blood vessels. The diameters at the yellow lines are provided as the full width at half maximum (FWHM). a.u. =

arbitrary unit.

of these and similar dimensions were
resolved in all 10 volunteers at depths
up to approximately 5 mm.

Hemoglobin Oxygenation and Pulsatility

Distinction between arteries and
veins on MSOT images is enabled by

the difference in oxygenation between
arterial and venous blood, as shown
in Figure 4. The separate images of
oxygenated and deoxygenated hemo-
globin can be displayed either in a
dual-color representation of the in-
tensities of each of the signals or as

a per-pixel representation of hemo-
globin oxygen saturation. Finally, be-
cause optoacoustic imaging was per-
formed in real time, where each laser
pulse produces an image frame, it is
possible to resolve the arterial pulse
as seen in Figure 4c.

radiology.rsna.org = Radiology: \'olume 000: Number 0—Ill I Il 2016
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Figure 4
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Figure 4. A B, MSOT distinguishes veins from arteries by means of hemoglobin oxygenation. Left: Oxyhemoglobin (HbO,) and deoxyhemoglo-
bin (Hb) intensities in red and blue, respectively. Right: Hemoglobin oxygen saturation (SO,). C, Consecutive image frames at 830 nm resolve a
change in the diameter of an artery (tibialis posterior artery). These two frames are 400 msec apart. a.u. = arbitrary unit.

A clinical study in healthy volunteers was
performed to assess the feasibility of a
curved-array handheld MSOT system for
vascular imaging of the foot, particularly
in comparison with standard duplex
US. Our results show that MSOT pro-
vides visualization of large blood vessels
and can simultaneously resolve smaller
vasculature. This imaging performance
is based on the high sensitivity of op-
toacoustic imaging to hemoglobin and
broadband nature of the optoacoustic
signals. While Doppler US measures
flow, MSOT resolves hemoglobin in its
oxygenated and deoxygenated states by
means of optical absorption. The MSOT
system utilized in our study has a hand-
held implementation similar to diagnos-
tic US and is capable of displaying multi-
spectral images in real time.

The findings herein indicate that
MSOT, either as an add-on to US or
as a separate device, could become an
integral part of clinical vascular work-
up, providing a more detailed view of
small vessels and oxygenated hemoglo-
bin delivery. MSOT vascular imaging
could be utilized for disease assessment
and therapeutic monitoring, as well as
follow-up after vascular interventions
such as stent placement, bypass sur-
gery, and rehabilitation programs.

Beyond imaging blood vessels
and noninvasive assessment of their

oxygenation as shown in our study,
MSOT can resolve a number of potential
biomarkers of vascular disease. Lipids
(27), neovasculature, or thrombi may be
visualized. Additionally, a growing tool-
box of exogenous agents that absorb light
is detectable with MSOT, providing the
means for simultaneous molecular, func-
tional, and physiologic imaging (28). The
ability to image inflammation, in partic-
ular, by using exogenous targeted opto-
acoustic imaging contrast agents, which
has been demonstrated in mouse models
(29), could provide improved clinical risk
stratification in cardiovascular disease, if
the agents gain regulatory approval.
Optoacoustic imaging is highly scal-
able in terms of spatial resolution. The
implementation chosen for this study
was able to image blood vessels down
to a diameter of approximately 100 pm
and produced images showing struc-
tures at a penetration depth of approxi-
mately 1 cm. By increasing the detector
frequency and adjusting its dimensions,
a higher resolution would be obtainable
at the expense of field of view and tissue
penetration depth. For example, opto-
acoustic imaging at 18-pm transverse
resolutions have been demonstrated
without using focused light (15), which
indicates that the approach could be
scaled down if visualization of smaller
microvasculature is necessary.
Conversely, by sacrificing spatial
resolution, the penetration depth could

be increased. Penetration depths of
several centimeters have been demon-
strated in optoacoustic imaging of blood
vessels in whole breasts (30). The se-
lection of an appropriate scale for imag-
ing depends on the diagnostic applica-
tion. However, optoacoustic imaging is
inherently limited in penetration depth
by the use of light for excitation. Fur-
thermore, because acoustic detection is
applied, some of the typical limitations
of US also hold for optoacoustic imag-
ing: Thick bones and pockets of air (eg,
in the lungs) will degrade images.

The limitations of this study will
need to be addressed in future studies.
In particular, the study only included
healthy volunteers and therefore could
not show which aspects of vascular
disease are detectable with MSOT.
Additionally, the exact comparison of
blood vessels imaged with MSOT and
US was hampered by the difficulty in
imaging exactly the same tissue slice
with both techniques also because the
imaging was performed by different
people on different days. No reference
standard was used for the hemoglobin
oxygenation images, therefore prevent-
ing assessment of their accuracy. The
quantitative accuracy of hemoglobin
unmixing is a topic of current research
(31,32).

We conclude from our study that
handheld MSOT imaging of large blood
vessels and microvessels by hemoglobin
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