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Abstract: Label-free multispectral optoacoustic tomography (MSOT) has recently shown
superior performance in visualizing the morphology of human vasculature, especially of
smaller vessels, compared to ultrasonography. Herein, we extend these observations towards
MSOT interrogation of macrovascular endothelial function. We employed a real-time
handheld MSOT scanner to assess flow-mediated dilatation (FMD), a technique used to
characterize endothelial function. A data processing scheme was developed to quantify the
dimensions and diameter changes of arteries in humans and determine wall distensibility
parameters. By enabling high-resolution delineation of the blood-vessel wall in a cross-
sectional fashion, the findings suggest MSOT as a capable alternative to ultrasonography for
clinical FMD measurements.
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1. Introduction

Optoacoustic contrast in the near-infrared region (650-850 nm) is attributed primarily to light
absorption by oxygenated and deoxygenated hemoglobin. Since blood vessels concentrate
high amounts of hemoglobin, they present excellent targets for optoacoustic imaging [1].
Recently, the capacity of optoacoustic tomography to visualize human vasculature was
compared with ultrasound and Doppler ultrasound [2]. It was shown that the optoacoustic
method outperforms ultrasonography, by providing a more accurate vessel representation, in
particular regarding meso- and micro-vasculature. Overall, the multispectral optoacoustic
tomography (MSOT) ability to resolve human vasculature has been demonstrated in several
reports, using different scanner configurations [3,4]. We have shown that image quality
significantly improves when using curved ultrasound detectors, over linear detectors [5].
Moreover, recent development of fast-tuning lasers offering >50 mJ energy per pulse has
allowed the application of single-pulse-per-frame (SPPF) acquisition [6], which uses a single
laser pulse to collect a cross-sectional image from tissue without averaging data from multiple
pulses. SPPF minimizes motion artifacts and allows image collection at >50 Hz frame rates.
Nevertheless, the potential of SPPF for MSOT interrogation of physiological processes and
vascular dynamics remains largely unexplored.

In this work we employed SPPF optoacoustic tomography using curved array detectors to
characterize its utility in flow-mediated dilatation (FMD) tests. FMD, typically performed
using ultrasound (US), measures the increase in the diameter of a peripheral artery in
response to a temporary (usually 5 min) blood flow occlusion. These changes provide an
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indication of the functional status of the vascular endothelium, which is thought to influence
risk of cardiovascular disease [7] and relate to atherosclerosis [8]. FMD measurements were
carried out by a cardiology specialist on healthy, non-smoking Caucasian volunteers.
Procedures were conducted in accordance with published guidelines on ultrasound-based
endothelial-dependent FMD measurement of the brachial artery [9].

2. Methods
2.1 MSOT system and image acquisition

MSOT data were collected with a custom-built handheld system at 50 Hz frame rate [3]. A
diode-pumped solid state Nd:YAG tunable laser (Spitlight DPSS OPO, Innolas Laser GmbH,
Germany) was used for illumination between 700 nm and 960 nm using 8 ns pulse duration
and 17 mJ energy per pulse (at 700 nm, highest-energy wavelength). Light was delivered to
tissue through a fiber bundle (CeramOptec GmbH, Germany), attached next to a 256
piezoelectric elements detector with 5 MHz central frequency. The detector elements were
arranged in a curved configuration with a radius of 60 mm, providing 174-degree coverage
(Imasonic SAS, France). A sealed, flexible plastic membrane was placed around the detector
and enclosed with water for coupling ultrasound waves from the tissue to the detector. Analog
signals were sampled, amplified and recorded in parallel, using a 256-channel data acquisition
card (DAQ) with 12-bit precision in each channel. High resolution (100 um) of 60 x 60 mm
(600 x 600 pixels) images were produced by a back-projection reconstruction method [10]
using the ViewMSOT reconstruction software (Xvue Ltd, Greece). US data were acquired
with a commercial system (Logiq E9, GE, USA) equipped with a linear matrix array
transducer (ML6-15), which is usually used for vascular applications, operating at a
frequency of 12MHz.

Healthy volunteers (n = 4, Subject #1: M-32, Subject #2: F-33, Subject #3: M-32, Subject
#4: M-27) consumed no food, caffeine or medication for at least 10 h before the experiment,
which was performed in a quiet, dark room at room temperature. They were positioned supine
and the radial artery could be easily identified due to its characteristic shape and wall motion
during the cardiac cycle by both US and MSOT imaging. The radial artery was imaged 5 cm
proximal to the wrist joint using MSOT and 3 cm more proximally using US to avoid
ultrasonic signal interference between the two hand-held probes during simultaneous imaging
which significantly decreased the MSOT image quality. The artery was imaged along the
transverse plane with both imaging modalities. All FMD tests were carried out according to
guidelines for the ultrasound assessment of FMD of the brachial artery [9] by scanning the
forearm region over the radial artery for 2 min at rest, 5 min during cuff application (cuff-on
period: total occlusion induced by a cuff pressure equal to the systolic blood pressure
increased by 50 mmHg), and 2 min after the release of blood flow, with an MSOT frame rate
of 50 Hz. For the US measurements ink skin markings ensured the consistent localization of
the same arterial cross-section before and 60 sec after the cuff-on period.

Multiple pilot measurements were performed over the forearm region of each volunteer to
obtain baseline measurements and FMD readouts. At first, cross-sectional MSOT images of
the forearm were obtained at different wavelengths over the (700 nm - 900 nm) spectral range
clearly depicting the radial artery and several neighboring vessels due to their high
hemoglobin concentration and light absorption signal. Illumination wavelength at ~800 nm
was found to offer the best contrast, over other wavelengths. To increase temporal resolution
and enable accurate tracking of the arterial wall dimensions over the whole scanning period
(Fig. 1(a)), we selected 800 nm for dynamic measurements during the cuff application. This
wavelength represents the isosbestic point in the hemoglobin absorption spectrum and
therefore the images are not affected by changes in the content of oxy- and deoxygenated
hemoglobin in blood vessels. The radial artery was in lateral contact with a set of parallel
vessels (adjacent vessels) creating a complex vascular structure with characteristic cross-
sectional shape (Fig. 1(a), Fig. 1(b)).



Research Article Vol. 8, No. 7 | 1 Jul 2017 | BIOMEDICAL OPTICS EXPRESS 3398 I

Biomedical Optics EXPRESS -~

2.2 Artery segmentation and diameter tracking

To accurately determine the diameter changes of the radial artery, required by the FMD test,
we performed an artery segmentation procedure, consisting of several steps. Accurate
segmentation required correction of the optoacoustic signal variation across the lumen cross-
section due to depth-dependent light attenuation. The vascular complex was interactively
identified by the user on the first frame of the acquired image series, and this location was
registered for all subsequent images acquired (Fig. 1(a), Fig. 1(b)). All images were then
converted to binary by applying a threshold based on the Otsu’s global image thresholding
method [11]. White pixels not connected to the vascular complex of interest were considered
as noise and eliminated. The vascular complex was then fitted to an ellipse (circumscribing)
and attenuation correction was applied along the short axis of the ellipse, for all areas in the
original image that were above the threshold. Although photon attenuation follows an
exponential decay, a linear correction sufficed herein to sufficiently smooth the signal
distribution in the radial artery (Fig. 1(c)). Following attenuation correction, a second
threshold was applied using Otsu’s method [11] and the resulting binary silhouette of the
entire radial complex was smoothed via morphological operations and the convex hull of the
radial artery was finally revealed (Fig. 1(d)). To track the diameter changes of the radial
artery over time, the Fitzgibbon’s direct least-squares method [12] was applied to fit an
ellipse onto the edge of the binary silhouette (Fig. 1(e)). Fluctuations in the minor and major
axes of the fitted ellipses were calculated over the entire FMD recording period for Subject #1
(Fig. 2(a), Fig. 2(b)) and used to extract information about the FMD response and functional
parameters of the arterial wall (e.g. wall strain, cross sectional distensibility) for every cardiac
cycle. The same algorithm was applied on selected frames of the MSOT recordings before
and at 60 sec after the cuff-on period for all subjects to extract the FMD responses.
Furthermore, the minor and major cross-sectional axes of the radial artery were measured
manually by a cardiology specialist on both MSOT and US data at rest and 60 sec after the
end of occlusion providing the potential to assess the performance of MSOT in comparison to
the gold-standard traditional US imaging under the same conditions when imaging peripheral
arteries in humans in vivo (Fig. 3(a)).

radial artery

parallel vessel /

small vessel

Fig. 1. Multispectral optoacoustic tomography (MSOT) imaging of the radial artery in the
forearm region (Subject #1). (a) Gray-scale optoacoustic image of the radial artery and
neighboring vessels obtained at 800nm prior to occlusion. (b) Same image as in (a) using a
different color map with the white dashed line indicating the vascular structure of interest and
the red dashed line indicating the circumscribing ellipse. (c) Result of attenuation correction
step after applying the enhancement mask on the area marked with the white dashed line. The
thick white arrow in the marked area indicates the direction of linear signal amplification. (d)
Segmented lumen of the radial artery. (e) Final fitted ellipse with its major and minor axis
representing the radial artery. All scale bars are 3mm.
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2.3 Calculation of arterial distensibility and FMD response

By plotting the lengths of the minor axes of the fitted ellipses over the whole recording period
of the optoacoustic measurement corresponding to Subject #1, we observed that they follow a
periodic pattern identical to the expected recording of the radial blood pressure wave over a
cardiac cycle [13] (Fig. 2(c), Fig. 2(d)). We employed the periodic pattern of the lengths of
the ellipses minor axes to identify the time points corresponding to the cardiac systole and
diastole. Thus, we recorded the peak of the minor axis of the ellipse as a function of time, to
identify the maxima and minima for each cardiac cycle. Based on the known physiological
radial blood pressure fluctuations over a cardiac cycle [13], an intuitive assumption has been
made that each highest peak corresponded to the peak-systolic point in the cardiac cycle,
while the next lowest peak corresponded to the end-diastolic point of the same cycle. The
fluctuations in the minor axis of the ellipse during each cardiac cycle determine the per-cycle
diameter-based distensibility or wall strain (WS) of the artery over the periods before and
after total occlusion (Eq. (1) [14]):

Ds — Dd
Dd

ws

(M

where Ds refers to systolic minor axis of the ellipse and Dd to diastolic minor axis. The cross-
sectional distensibility (CD) was calculated based on the cross-sectional area as follows (Eq.

(2) [14]):

As— Ad
CD =
Ad

2

where As refers to systolic cross-sectional area of the ellipse and Ad to diastolic cross-
sectional area. The ellipse cross-sectional area (EA) was calculated as (Eq. (3)):

E4=— 3)
4
where o is the major axis length and B is minor axis length evaluated empirically. We then
interrogated whether FMD responses can be calculated by observing the radial artery
diameter, considering the diameter as either the minor or the major axis of the fitted ellipse.
FMD calculations were related to the radial artery diameter as:

HD - BD
FMD =

%100% 4

where HD refers to the hyperemia diameter of the artery, defined as the diameter at 60
seconds after the end of occlusion, while BD refers to the baseline diameter of the measured
artery at rest. The same formula was used to calculate the FMD responses for all subsequent
MSOT measurements of all subjects.

3. Results

First, we tracked the calculated minor and major axes of the radial artery over the whole
MSOT recording period. Figure 2(a) and Fig. 2(b) depict fluctuations in the diameter of the
ellipse for Subject #1 over 70 seconds prior and after occlusion respectively. As expected, the
lengths of both the minor and major axes of the fitted ellipse progressively decrease after the
inflation of the cuff above the systolic blood pressure indicating the gradual closing of the
artery. The radial artery needed about 50 seconds to close completely and become invisible
on MSOT. The lengths of the two axes increase acutely after cuff deflation, indicating the
acute opening of the radial artery in response to the full release of blood flow. As can be seen,
changes in the minor and major axes show different temporal patterns. Figure 2(c) and Fig.
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2(d) indicate that the fluctuations of minor axis reflect more closely the physiological changes
in arterial blood pressure during one cardiac cycle, enabling differentiation between the
systolic and diastolic phases. In contrast, the pattern of fluctuations in major axis length,
showed less variation within each cycle but greater variation across longer periods of time, as
for example over the following two time periods: seconds #45-55 before occlusion (Fig. 2(a))
and seconds #10-20 seconds after occlusion (Fig. 2(b)).

Fitted Ellipse Axes Lengths Before Avascularization Fitted Ellipse Axes Lengths After Avascularization
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Fig. 2. Multispectral optoacoustic tomography (MSOT)-derived readouts of the minor and
major axes of the fitted ellipse over the flow-mediated dilatation (FMD) measurement. (a)
Axes fluctuations before complete arterial occlusion. (b) Axes fluctuations after a 5-min
avascularization (total occlusion) period. (¢) Minor axis changes over a 6-second period after
release of arterial occlusion. Expanded from the boxed area in (b). (d) Fluctuations of the
minor axis length during a cardiac cycle after arterial occlusion marked also in (c).

Next, we determined the per-cycle diameter-based distensibility or wall strain (WS) of the
radial artery wall, based on Eq. (1). We also calculated the cross-sectional distensibility (CD)
based on fluctuations in best-fitting ellipse area for the same subject (Eq. (2), Eq. (3)). Figure
3(a) and Fig. 3(b) depict the beat-to-beat arterial distensibility for Subject #1, during two 12-
second periods before and after occlusion, respectively (seconds #1-12 before complete
arterial occlusion occurs and seconds #54-66 after the end of complete occlusion). As can be
seen, the distensibility differed before and after the end of total occlusion. It is also of interest
that the distensibility at either of these time periods differed depending on whether the minor
axis or ellipse area was used in the calculation.

Finally, FMD responses of all volunteers were calculated by extracting the hyperemia
diameter and the baseline diameter for each axis of the fitted ellipse (HDpinor/HDpgjor and
BDninor/BDmgjor) to estimate the FMD response corresponding to each axis according to Eq.
(4). For example, based on absolute minor axis measurements, the baseline diameter BDp,o;
for Subject #1 was 1.29 mm and HD,; = 1.44 mm, corresponding to FMD 0 0f 9.4%. A
much higher FMDyyjor of 20.9% was obtained using the extracted major axis values (BDpyyjor =
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2.27 mm, HDypyior = 2.95 mm). Nevertheless, both FMD calculations fell within the normal
range reported in various studies, which may vary by as much 20% in the case of the brachial
artery [15—17]. Figure 3c shows the FMD responses for the minor and major axes of the
radial artery for all subjects as represented by the corresponding ellipse axes. The mean +
standard deviation of the FMD yinor Was 11.4 £ 3.3% and of the FMD o, was 26.1 £ 6.4%.

Distensibility Indices Before Avascularization 60 MSOT-Derived Flow-Mediated Responses
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Fig. 3. MSOT-derived distensibility parameters of the radial artery and FMD responses. Beat-
to-beat arterial distensibility before (a) and after (b) occlusion, respectively for Subject #1.
Black bars: estimated area-based cross-sectional distensibility (CD), Red bars: diameter-based
distensibility or wall strain (WS). (c) MSOT-derived FMD responses for all subjects (n = 4).

As a last step, we compared the MSOT and US accuracy to track arterial dimensions. A
cardiology specialist measured the minor and major axes of the radial artery cross-section at
rest and at 60 seconds after the end of cuff-occlusion on characteristic selected frames of both
MSOT and US recordings for 3 subjects (Subject #2-4) (Fig. 4(a), Fig. 4(b)). The specialist
measured each axis 3 times on every frame provided. The mean value of the 3 measurements
was tabulated as the axis length. Figure 4c depicts the absolute values of the manually
measured minor and major axes of the cross-section of all radial arteries as extracted from
MSOT and US data at two different time points: before occlusion and 60 sec after the end of
arterial occlusion. By using US, the minor arterial axis was calculated to be 1.97 £ 0.16 mm
and the major axis 2.62 + 0.31 mm across the cohort of subjects #2, 3 and 4. By employing
MSOT the minor axis was estimated to be 2.02 £ 0.22 mm and the major cross-sectional axis
2.51 £ 0.29 mm. To provide a metric of the intraobserver error, as well as the error introduced
by the image quality, the cardiology specialist conducted 10 subsequent manual
measurements of both the minor and major axes of the arterial cross-section in two high-
quality random MSOT and US frames. The mean =+ standard deviation values were estimated
to be 1.85 + 0.07 mm for the minor axis and 2.51 = 0.07 mm for the major axis using US. The
MSOT-derived corresponding values were: 2.47 £ 0.04 mm for the minor axis and 3.46 +
0.05 mm for the major cross-sectional axis.
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Manually Measured Cross-Sectional Axes
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Fig. 4. Comparison between MSOT and US imaging of the radial artery. (a) Characteristic
MSOT frame of the radial artery cross-section of Subject #4 at rest. (b) Characteristic US
frame of the radial artery cross-section of Subject #4 at rest. The dashed lines delineate the
vascular complex of interest in both images. (c¢) Manually measured cross-sectional arterial
axes lengths for Subjects #2-4 extracted from US and MSOT images before and 60 sec after
occlusion. BD: Baseline Diameter, HD: Hyperemia Diameter.

4. Discussion and conclusion

This study presents a proof of concept for the use of MSOT for real-time FMD testing of
macrovascular endothelial function in humans within the clinical setting. It takes advantage of
a recently developed hand-held device and a customized computational method, to image the
radial artery and track changes in its diameter with high temporal resolution. MSOT FMD
tests relied on imaging the radial artery cross-section and quantitatively assessing its contour
using a fitted ellipse. Additional information was also obtained about arterial wall
distensibility whose decrease (or else increase in wall stiffness) has been associated with
raised risk of cardiovascular disease [18].

The herein described approach presents a novel and very promising tool for FMD testing
which may be considered as an alternative to ultrasonography, since it offers much better
vessel wall contrast and resolution compared to ultrasound images that are affected by
speckle. Furthermore, MSOT demonstrates clinically acceptable accuracy compared to US
with regards to the capability of tracking arterial wall dimensions (Fig. 4c). Ultrasound
imaging usually resolves vessels along the longitudinal dimension as it offers poor vessel wall
delineation in cross-sectional images [9]. Then, FMD tests are performed by recording the
arterial diameter as it is calculated based on the central longitudinal plane of the artery
visualized. Compared to adjacent planes, fluctuations in the central plane of the vessel (along
the longitudinal dimension) are the highest, optimizing the sensitivity in detecting vessel wall
fluctuations over time. Nevertheless, accurate FMD measurements based on ultrasound
imaging are challenging since they require identification of the central plane and a long-term
fixation of the ultrasound probe over the long arterial axis, which can lead to errors due to
motion. Conversely, transversal (cross-sectional) scanning of vessels overcome the
limitations of ultrasound imaging and possibly offers greater flexibility and accuracy for
precise tracking of the vessel diameters across the cross-section [19].

Nevertheless, larger cohorts and more systematic studies are needed for a detailed
comparison between MSOT and US imaging not only regarding the tracking of arterial
dimensions in humans but also the extraction of FMD readouts. A series of error sources
challenges the reliability of such a comparison. The artery under investigation should be
imaged at exactly the same position with both the MSOT and US probes during the same
recording, to avoid the intrasession, intraobserver, and intrasubject variability of FMD
responses [20]. This could be achieved by a new generation of hybrid MSOT/US systems
using a common transducer. Furthermore, the radial artery is characterized by variable
diameter across its length which further influences the calculated values [21]. The
development of accurate automated methods for arterial segmentation in both MSOT and US
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images is of great importance since the manual segmentation of the arterial silhouette is not
only time-consuming but it may also introduce inaccuracies that further degrade the result.

As presented, we further observed differences in the post-occlusion dilatatory responses
between recordings of the minor and major cross-sectional arterial axes from Subject #1.
Indeed, contrary to the major axis, which showed a diphasic increase after the end of
occlusion (first increase at second #0 and second additional increase around second #15 post-
occlusive; Fig. 1(b)), the response of the minor axis was monophasic and quickly stabilized at
an average length, while showing fine fluctuations over the cardiac cycle. These findings
show considerable axis- and plane-related variability of FMD response, which may help
explain the wide range of normal FMD values in the literature [15-17]. Our findings also
highlight the need for greater standardization of FMD tests, and demonstrate the advantage of
using a cross-sectional analysis.

Fluence correction was found necessary for improving the performance of lumen
segmentation and accurate wall delineation. With the proposed method we detected radial
artery diameters as small as 0.17 mm (based on the minor axis; Fig. 2(a)), which is close to
the resolution limit of 100 pm of the MSOT system employed. Improvements in the
segmentation and tracking processes may enable monitoring of even smaller vascular
structures, potentially using a fully automated framework. The herein combination of precise
ellipse fitting and 50 Hz temporal resolution further allowed observation of arterial wall
dynamics, which have been identified as an independent risk factor for premature
cardiovascular disease [14].

Future steps of MSOT-based cardiovascular applications may make use of lipid readings
for identifying atherosclerotic lesions [6,22,23], while the use of indocyanine green (ICG)
might empower molecular studies of plaque inflammation [24]. With arrival of improved
chromophores, MSOT could enable the interrogation of a wider range of processes and
functions offering pathophysiological readings of disease that may affect the FMD response
[25]. The results of the current study testified the possible utility of MSOT over
ultrasonography for FMD measurements. An extensive study of FMD responses on healthy
volunteers and patients may lead to a precise comparison of MSOT and US and encourage
future research into the assessment of arterial wall dynamics and vascular biology.
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