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1 | INTRODUCTION
Muscle perfusion and oxygenation (MOx) are key compo-
nents of muscle metabolism affected in several diseases,
including peripheral arterial disease (PAD), deep vein
thrombosis (DVT), heart failure and diabetes mellitus
[1-5]. Non-invasive perfusion and MOx measurements
are desirable for quantifying parameters associated with
fitness level, disease severity and therapy efficacy. Tradi-
tional methods of measuring these parameters, such as
the ultrasound, the magnetic resonance spectroscopy (MRS)
and imaging (MRI), or nuclear medicine techniques (eg,
positron emission tomography, PET) have limitations that
impair direct testing of muscle function and their application
to large-scale studies: they do not provide direct MOx infor-
mation, are costly or employ ionizing radiation.

Near-infrared spectroscopy (NIRS) and diffuse optical
tomography (DOT) have been investigated as techniques
for high-throughput non-invasive and label-free assess-
ment of MOx and muscle hemodynamics in real-time
[6-8]. NIRS allows for direct sensing and differentiation
of oxy- (HbO,) and deoxy-hemoglobin (Hb) and was thus
introduced as a technique for imaging hemodynamics
and oxygen of soft tissues. Furthermore, NIRS reaches
depths of several centimeters, due to the low attenuation
of light at infrared wavelengths. While the HbO,- and
Hb-contrast achieved by NIRS and DOT is indeed valu-
able for the assessment of metabolic function, there are
significant limitations in the quantitative accuracy and
the resolution achieved [9]. Their fundamental limit
comes from the strong photon scattering in tissues, which
generates uncertainty in the information collected. In
fact, it is challenging to extract the individual contribu-
tions of Hb and HbO, from the measured scattering alter-
ations in tissues and thus to achieve quantification of
hemoglobin. Moreover, the techniques offer very low spa-
tial resolution, mixing contributions from muscle and
more superficial tissues, such as the fat and the skin.
Until today, neither NIRS nor DOT have found wide-
spread acceptance in the clinics [10, 11].

Optoacoustic imaging is a high-resolution method
that solves the fundamental limitations of purely optical
imaging by using ultrasonic instead of optical detection,

found to be capable of label-free non-invasive imaging of muscle hemodynamics
and oxygenation under arterial and venous occlusion. We introduce herein
MSOT as a novel modality for the assessment of vascular disorders characterized
by disturbed blood flow, such as acute limb ischemia and venous thrombosis.

ischemia, muscle metabolism, peripheral arterial disease, photoacoustics, thrombosis

making it insensitive to photon scattering. The method
has been employed to image peripheral arteries [12, 13],
arteriovenous malformations [14], breast cancer [15], sys-
temic sclerosis [16], Crohn's disease [17] or brown fat
activation over time [18]. Optoacoustic imaging has also
shown ability to perform monitoring of hemodynamic
responses after exercise in healthy volunteers [19]. A next
step with clinical relevance is to examine whether the
method could image hemodynamics and oxygenation
changes under conditions typical of blood flow distur-
bances, such as arterial and venous occlusion.

Our purpose was to investigate whether clinical
optoacoustics, in particular multispectral optoacoustic tomog-
raphy (MSOT), could enable the label-free imaging of muscle
perfusion and oxygenation under conditions of arterial and
venous occlusion, which simulate the acute limb ischemia
and the venous thrombosis correspondingly.

2 | METHODS
21 | Study design and experimental
protocol

All healthy volunteers consented to participate in the mea-
surements in full accordance with the work safety regula-
tions of the Helmholtz Center Munich (Neuherberg,
Germany). All four (N = 4, 2 males, 2 females, age mean
36, range 33-37) subjects were non-smokers. They were
asked to avoid consuming caffeine, food and alcohol for at
least 8 hours before the planned measurements.

Tests took place in a dark, quiet room with an average
temperature of ~24°C over the whole duration of the
recordings. Subjects sat with their arms at heart-level.
After 5 minutes of rest, the blood pressure of each subject
was measured three times to confirm that all were nor-
motensive. For the venous occlusion challenge, the cuff
was inflated to a pressure of 80 mm Hg. For the arterial
occlusion challenge, the cuff was inflated up to
40 mm Hg above the subject's systolic blood pressure
(SBP), as extracted by the mean value of the three blood
pressure readings. The MSOT probe was applied along
the forearm and over the brachioradialis muscle
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FIGURE 1

System principle of operation and experimental protocol. A, Hybrid clinical MSOT/ultrasound employs a handheld probe

for real-time multispectral image acquisition of the skeletal muscles in the human forearm (wavelength range: 700-970 nm). B, Ultrasound

image of the human forearm: The skin surface, the subcutaneous adipose tissue and the muscle regions (light red region) are tagged. Scale
bars: 1 cm. MSOT image of the forearm region acquired (C) at 850 nm, where HbO, (oxygenated hemoglobin) light absorption is
significantly higher compared to Hb (deoxygenated hemoglobin), D, at 750 nm, where Hb light absorption is significantly higher compared

to HbO, and E, at 800 nm, where HbO, light absorption equals that of Hb (isosbestic point which represents the TBV, total blood volume).
The white dotted line marks the measured muscle area. F, The experimental protocol followed for the occlusion tests on the four
participating subjects. DAQ, data acquisition card; Hb, deoxy-hemoglobin; HbO, oxy-hemoglobin; MSOT, multispectral optoacoustic

tomography; SBP, systolic blood pressure; TBV, total blood volume

identified by anatomic knowledge and after activating it
by handgrip contractions under real-time ultrasound
imaging (Figure 1).

2.2 | Handheld multispectral
optoacoustic imaging

Measurements were conducted using a hybrid clinical
MSOT/ultrasound system (Acuity, iTheraMedical GmbH,
Munich, Germany) equipped with a handheld scanning
probe. The system was able to acquire real-time opto-
acoustic and ultrasound data simultaneously at a
framerate of 25 Hz for the optoacoustic data and ~9 Hz
for the ultrasound data. The casing of the handheld probe
was three-dimensional (3D)-printed offering decreased
weight and increased flexibility and freedom to the opera-
tor (Figure 1A). The water tank was filled with heavy
water (D,0) which is characterized by less light absorp-
tion at the near-infrared range, compared to the normal
water, while providing ideal coupling of the ultrasound
waves in tissue in response to light absorption. The hand-
held probe was equipped with 256 piezoelectric elements
with a central frequency of 4 MHz arranged in an arc of

145 for ultrasound detection. Illumination was delivered
to tissue through an optical fiber, which was mounted on
the same hand-held probe. Illumination was delivered in
the form of short light pulses (~10 ns in duration), at a
rate of 25 Hz. For each pulse, almost 15 mJ of energy
were delivered over a rectangle area of around 1 X 4 cm,
which is far below the safety limits of laser use for medi-
cal applications [20]. For multispectral image acquisition,
we employed 28 different light wavelengths (from 700 to
970 nm at steps of 10 nm). All acquired optoacoustic data
were further reconstructed using a model-based recon-
struction method published before [21].

2.3 | Image segmentation, analysis and
visualization

Muscle segmentation was performed by means of a
custom-made semi-automated algorithm based on active
contours [22]. For each venous or arterial occlusion
recording, a muscle ROI was manually delimited in a sin-
gle image used for the initialization of the semi-
automated algorithm. This was performed after building
consensus between two clinicians with extensive
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experience in clinical ultrasound and MSOT imaging. For
each initialization image the muscle was first visually
identified in the corresponding and co-registered ultra-
sound image, based on previous knowledge of the local
anatomy and the characteristic texture of muscle in ultra-
sound. Then, a curved ROI was manually delineated
directly on the initialization image: an addition of the
optoacoustic image corresponding to the 800 nm, which
represents the total blood volume (TBV), and the one
corresponding to the 970 nm, which represents the water
tissue content. This way we ensured that the decision of
the two clinicians was based more on functional and
physiological information, taking into account that the
skeletal muscle is a highly perfused and hydrated tissue,
and less on purely morphological information, provided
by ultrasound. Manual segmentation of the muscle was
repeated three times to ensure consistency of results,
based on three different initialization images: one
corresponding to the resting period before the occlusion,
one corresponding to the occlusion period and one
corresponding to the resting period after the end of occlu-
sion. For each of the three readouts a value for the HbO,-,
Hb- or TBV-level for each MSOT frame was extracted by
averaging the absorption values of all pixels within the mus-
cle ROI for this frame. Thus, (a) The Hb-points were
extracted from the sequence of the successive 750 nm-frames,
(b) The TBV-signal were extracted from the successive
800 nm-frames and (c) the HbO,-signal were extracted from
the successive 850 nm frames. Finally, the mean value of the
three readouts for each time point was plotted as the HbO,-,
Hb- or TBV-level for this time point. The per subject baseline
value for each physiological parameter (Hb, HbO, or TBV)
was calculated as the average of all the plotted values over
the first 30 seconds of the recording before the inflation of
the occlusion cuff.

The manual segmentation of the initialization image
resulted in an initial binary image with the pixels belong-
ing to the muscle ROI having non-zero intensity (white)
and all other background pixels having zero intensity
(black). Subsequently, a binary image was automatically
calculated for each multispectral stack (28 recorded
single-wavelength frames from 700 to 970 nm at steps of
10 nm) throughout each recording based on the binary
image or muscle ROI corresponding to the previous one.
The rules controlling the calculation of each binary
image, or the muscle ROI from the previous image, were
regulated by the principle of the active contours, which
aims at minimizing the energy defined by the forces ten-
ding to expand the contour (imaged intensity-based) and
the ones tending to shrink it (smoothing-based). Taking
into account the absence of significant motion throughout
the whole recording, the evolution of the active contour or
muscle ROI was smooth. All calculations and

quantifications took place on the raw optoacoustic images.
For visualization purposes, all images were denoised and
lightly contrast-enhanced to the same extent.

3 | RESULTS

3.1 | Venous occlusion challenge

The venous occlusion challenge in human volunteers
shows an increase of muscle Hb, HbO, and TBV during
the occlusion due to the obstruction of the forearm
venous outflow, while maintaining an arterial inflow.
The maximum median Hb-increase from the baseline is
observed at the 3rd or last minute of venous occlusion
(430.91% compared to baseline). After the cuff deflation,
the Hb-signal shows a radical decrease of —21.44%,
reaching a level of +9.47% compared to baseline, as dem-
onstrated in the image series of Figure 2A. Accordingly,
the maximum median increase of the HbO, (+27.54%)
and TBV signal (+27.64%) over the scanned muscle, com-
pared to the subject's baseline, are observed at the 2nd
minute after cuff inflation. All measured optoacoustic sig-
nals return to roughly baseline levels after the end of
venous occlusion. With reference to hemodynamics (TBV
fluctuations) and dynamics of HbO, and Hb, an indicator
of intramuscular oxygen kinetics, our median venous
occlusion readouts showed the fluctuations presented in
Table 1.

These trends are represented visually in Figure 2.
Figure 2A depicts the MSOT image series of the Hb-
distribution within the forearm muscle of Subject 3 for
each minute of the venous occlusion challenge. All
images correspond to the 750 nm light wavelength,
where light absorption of Hb is critically higher than that
of HbO,. Figure 2B,C depicts the corresponding MSOT
image series for the HbO,- and TBV-distributions in the
forearm muscle of the same subject. The HbO, images
correspond to 850 nm, where HbO, light absorption is
higher than that of Hb, and the TBV images to 800 nm
light wavelength, which is the isosbestic point of Hb, and
HbO,, where the absorptions of the two hemoglobins are
equal. The observable fluctuations in the images are in
line with the quantitative measures of hemodynamics
and oxygenation plotted in Figure 2D for Subject 3.

Figure 2E summarizes the statistics of the Hb-levels
during the venous occlusion test for the whole group of
participating subjects (n = 4). Correspondingly, the box
plots of Figure 2F,G presents the statistics of the HbO,-
and TBV-levels during the venous occlusion challenge for
all subjects. The marked median values for the sample
represent the central trend of change in relation to the
per-subject baseline. These are calculated from the four
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FIGURE 2 Multispectral optoacoustic tomography (MSOT) imaging of the forearm muscle hemodynamics and oxygen kinetics during

venous occlusions. The whole process lasts 5.5 min: 0.5 min of baseline measurement, 3 min of cuff-induced venous occlusion and 2 min
measurement after cuff deflation. Representative image series of A, Deoxy-hemoglobin (Hb)-distribution (MSOT at 750 nm), B, oxy-
hemoglobin (HbO,)-distribution (MSOT at 850 nm) and C, total blood volume (TBV_-distribution (MSOT at 800 nm) within the segmented
muscle area at different time points of the venous occlusion challenge (Subject 3). The white arrows point to the muscle region where the

changes are more prominent. Scale bars: 1 cm. D, Representative time plot (smoothing splines) of the mean optoacoustic signal for Hb,

HbO, and TBV within the segmented muscle area over the whole venous occlusion challenge (Subject 1). Box plot of the mean change of E,

Hb, F, HbO, and G, TBV optoacoustic signal within the muscle for each minute of the venous occlusion challenge, with regard to the

corresponding baseline value for all (n = 4) subjects. The green thin stripe corresponds to the time point of cuff inflation. The red stripe
corresponds to the time point of the cuff deflation

TABLE 1 Venous occlusion challenge: Total fluctuations of total blood volume (TBV), oxy- (HbO,) and deoxy-hemoglobin (Hb)
compared to the baseline, along with per-minute percentage changes (A) for all healthy volunteers

Time

First minute of occlusion
Second minute of occlusion
Third minute of occlusion

First minute after cuff deflation

Second minute after cuff deflation

TBV HbO, Hb

A (%) Total (%) A (%) Total (%) A (%) Total (%)

+11.11 +11.11 +14.32 +14.32 +8.69 +8.69

+16.53 +27.64 +13.22 +27.54 +16.69 +25.38
-2.99 +24.65 —5.07 +22.47 +5.53 +30.91

-11.23 +13.42 —7.77 +14.7 —21.44 +9.47
—2.76 +10.66 —3.44 +11.26 -3.61 +5.86

TABLE 2  Arterial occlusion challenge: Total fluctuations of total blood volume (TBV), oxy- (HbO,) and deoxy-hemoglobin (Hb)
compared to the baseline along with per-minute percentage changes for all healthy volunteers

Time

First minute of occlusion
Second minute of occlusion
Third minute of occlusion

First minute after cuff deflation

Second minute after cuff deflation

TBV

A (%) Total (%)
+7.39 +7.39
—2.01 +5.38
+3.97 +9.35
+0.14 +9.49
—0.96 +8.53

HbO, Hb

A (%) Total (%) A (%) Total (%)
+5.96 +5.96 +9.11 +9.11
+0.09 +6.05 -1.12 +7.99
+2.19 +8.24 +6.91 +14.9
+5.44 +13.68 —13.01 +1.89
—5.47 +8.21 +2.98 +4.87
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FIGURE 3 Multispectral optoacoustic tomography (MSOT) imaging of the forearm muscle hemodynamics and oxygen kinetics during

arterial occlusions. The whole process lasts 5.5 min:0.5 min of baseline measurement, 3 min of cuff-induced arterial occlusion and 2 min
measurement after cuff deflation. Representative image series of A, Deoxy-hemoglobin (Hb)-distribution (MSOT at 750 nm), B, oxy-
hemoglobin (HbO,)-distribution (MSOT at 850 nm) and C, total blood volume (TBV)-distribution (MSOT at 800 nm) within the segmented
skeletal muscle area at different time points of the arterial occlusion challenge (Subject 3). The white arrows point to the muscle region

where the changes are more prominent. Scale bars: 1 cm. (D) Representative time plot (smoothing splines) of the mean optoacoustic signal

for Hb, HbO, and TBV within the segmented muscle area over the whole arterial occlusion challenge (Subject 1). Box plot of the mean

change of E, Hb, F, HbO, and G, TBV optoacoustic signal within the muscle for each minute of the arterial occlusion challenge, with regard

to the corresponding baseline value for all (n = 4) subjects. Even if the HbO, signal in, F, remains relatively stable during the arterial

occlusion, as in a low flow and not in a complete ischemia state, the hyperemic reaction after the cuff deflation is still clear. The green thin

stripe corresponds to the time point of cuff inflation. The red thin stripe corresponds to the time point of cuff deflation

average intensities of the optoacoustic signal in the mus-
cle ROI during each minute of the challenge.

3.2 | Arterial occlusion challenge
The MSOT recordings during the arterial occlusion chal-
lenge showed a restriction in muscle perfusion and oxy-
genation with a clear rebound effect after the release of
the cuff occlusion or else during the hyperemia period.
As observed, during the arterial occlusion there is an
increase in the intramuscular Hb-signal (+14.9% com-
pared to baseline at 3 minutes after cuff inflation) with a
decrease (—13.01%) after cuff deflation, reaching a level
of only +1.89% above the baseline. On the contrary, the
HbO,-signal remains roughly stable or decreases in
selected cases (e.g. Subject 3) during the arterial occlu-
sion and prominently increases during the postocclusive
hyperemic period (+13.68% at 1 minute after cuff defla-
tion). Only minor fluctuations are observed for the
median value of the corresponding intramuscular TBV-
signal over the complete arterial occlusion challenge. The
total MSOT readouts for the hemodynamics and oxygen
kinetics during the arterial occlusion challenge showed
(Table 2):

The aforementioned trends can be inspected visually
in Figure 3. Figure 3A depicts representative MSOT
images of the Hb-distribution (750 nm) over the exam-
ined muscle for each minute of the arterial occlusion
challenge (Subject 3). Figure 3B,C shows the MSOT
image series for the HbO, (at 850 nm) and TBV
(at 800 nm) intramuscular distributions of the same
subject on a per-minute basis. Figure 3D shows the
fluctuations of the mean values of Hb- (blue line), HbO,-
(magenta line) and TBV-signal (orange line) within the
muscle region of interest. Figure 3E depicts the statistics
of the Hb-levels during the arterial occlusion test for the
group of examined healthy volunteers. Furthermore,
Figure 3F,G shows the box plots for HbO,- and TBV-
kinetics during the 3-minute arterial occlusions for all
(n = 4) subjects. The per-minute median values represent
again the change from the baseline for each subject and
are extracted from the mean values of optoacoustic signal
over the muscle region during each minute of the test.

4 | DISCUSSION

The assessment of peripheral muscle hemodynamics and
oxygenation during vascular occlusions is important for
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monitoring a spectrum of diseases relating to peripheral
vascular function or systemic cardiovascular sufficiency.
Different tests exist to assess aspects of insufficient blood
supply and oxygenation, including from simple visual
observation for signs of cyanosis, pulse oximeter mea-
surements of arterial blood saturation, and blood flow
profiling using Doppler ultrasound. Nevertheless, no
established clinical test today measures directly the
oxygenation and secondary the perfusion of certain
organs.

Because the aforementioned techniques, such as the
ultrasound, the magnetic resonance and the nuclear medi-
cine techniques, make use of indirect measurements, they
fail to meet several critical clinical needs. These could
include the objective quantification of PAD severity, the
effect of systemic conditions such as heart failure or
chronic obstructive pulmonary disease on peripheral mus-
cle oxygen delivery, or even the early detection of septic
shock by monitoring peripheral tissue hemodynamics.

By conducting targeted measurements on healthy vol-
unteers, we demonstrate herein the capability of clinical
hand-held MSOT to record pathophysiologically expected
results during tests of disturbed blood flow with high spa-
tial and temporal resolution and without the need for
contrast agents. Thus, by resolving spatial and temporal
hemoglobin gradients, MSOT could serve as a novel tool
for imaging muscle hemodynamics and oxygenation dur-
ing several functional challenges, which affect blood
flow, such as the venous occlusion as the one developed
in venous thrombosis or the arterial occlusion developed
in peripheral arterial disease or critical limb ischemia.
For example, the arterial occlusion challenge conducted
here is a well-established method for the non-invasive
assessment of microvascular endothelial dysfunction in
soft tissues such as the muscle or the skin: an indicator of
increased risk for developing cardiovascular and meta-
bolic disease [23-25].

Our recordings during arterial and venous occlusion
challenges showed pathophysiologically expected results,
as reported by means of alternative methods for measur-
ing soft tissue hemodynamics and oxygenation [26, 27].
During cuff-induced venous occlusion, a condition simu-
lating CVI or DVT, the cuff pressure (80 mmHg) blocks
the venous drainage of the forearm leaving the arterial
inflow unaffected and leading to an increase in the fore-
arm volume. MSOT-recorded values showed a clear
increase in intramuscular HbO,, Hb and TBV within the
segmented muscle area. Our results comply with reported
measurements conducted by means of other label-free
methods, such as the NIRS and the venous occlusion
plethysmography (VOP), a method used to estimate the
limb blood flow, based on the changes in the limb vol-
ume under cuff-induced venous occlusion [28, 29].
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However, clinical MSOT is capable of providing not
only precise one-dimensional time-series measurements,
as usually provided by other methods, but also high-
resolution (approximately 250 pm) tomographic images
of the muscle tissue with additional spatial maps of per-
fusion and oxygenation in real-time. Of importance
herein is the ability to differentiate depth (up to 3-4 cm)
in contrast to diffuse optical methods, due to the higher
resolution achieved. This capacity makes MSOT much
more accurate than optical imaging or spectroscopy
methods, because in MSOT muscle-specific contributions
can be quantified based on image guidance. As seen in
the morphological images of muscle, optoacoustic imaging
can clearly delineate tissue structures, allowing for pre-
cisely targeted measurements. This is an important strength
over diffuse optical methods characterized by positional
uncertainty due to the significant image blurring and the
ill-posed nature of the quantitative problem solved.

During cuff-induced arterial occlusion, a condition
simulating PAD, the cuff pressure (40 mm Hg above indi-
vidual's systolic blood pressure, SBP) blocks the arterial
inflow and the venous drainage of the forearm leaving
essentially unaffected the forearm volume. During arte-
rial occlusion measurements, the MSOT-extracted Hb-
value showed an increase, revealing a deoxygenation of
the muscle tissue due to complete cessation of the inflow
of oxygenated arterial blood. Although arterial occlusion
was expected to lead to a prominent decrease in intra-
muscular HbO, for all participants, our results showed a
decrease in selected cases (eg, Subject 3) but a roughly
steady HbO, across the whole cohort. It has been shown
in the past that cuff inflation even at pressures signifi-
cantly higher than the SBP could lead to subtotal arterial
occlusion and a state of arterial low flow during the cuff-
on period [30]. Even under this condition, it is the abrupt
increase of the flow-induced wall shear stress after the
cuff deflation which stimulates the vascular endothelium
to produce and secrete nitric oxide, a potent vaso-
dilatatory molecule that leads to tissue hyperemia [31].
MSOT was capable of detecting and quantifying this phe-
nomenon, showcasing high sensitivity since it can give
reliable readouts even under subtotal arterial occlusion
where low flow and not total ischemia are present.

Even if MSOT shows great potential for imaging mus-
cle perfusion and oxygenation, it does not come without
limitations. Due to light attenuation effects (scattering
and absorption) with increasing depth, MSOT is charac-
terized by low penetration (3-4 cm) compared to other
clinical imaging modalities. Furthermore, the spectral
unmixing of multispectral optoacoustic data is error-
prone because of the “spectral coloring” effect or else the
deviation of the measured absorption spectrum of a deep-
lying light absorber (eg, Hb) from its known spectrum
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due to light-tissue interactions before the illumination
light reaches it. Even if solutions have been presented for
preclinical MSOT data [32], this effect hampers the abso-
lute quantification of light absorbers in living tissues and
remains a challenging problem for clinical MSOT imag-
ing. To avoid such sources of error, all calculations pres-
ented in the current study were performed on raw
measured MSOT data.

We presented herein the first, to our knowledge,
attempt to record precise tomographic images of intra-
muscular hemodynamic and oxygenation phenomena
during periods of disturbed blood flow. MSOT provided
pathophysiologically expected results without the need
for injected contrast agents, increasing patient conve-
nience and decreasing costs. Furthermore, MSOT mea-
surements did not require special subject and equipment
preparation and may be easily incorporated into daily
clinical routine opening up to new possibilities for clini-
cal metabolic imaging of normal or dysfunctional muscle.
Our work displays the capacity of MSOT in tracking such
phenomena, suggesting it as a research and clinical imag-
ing tool to investigate exercise muscle physiology, periph-
eral and systemic diseases such as PAD or heart failure,
as well as metabolic diseases, such as diabetes mellitus.
Subsequent focused studies will advance MSOT towards
clinical translation, which will impact objective diagnos-
tics and evaluation of applied pharmacological or inter-
ventional therapies.
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