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1. Introduction

Acoustic resolution photoacoustic microscopy (AR-PAM) is 
a raster-scan imaging technique based on the focused ultra-
sonic detection of wideband optoacoustic (OA) transients 
thermoelastically induced by nanosecond laser pulses in light-
absorbing tissue chromophores [1, 2]. The most cost-effective 
application of in vivo AR-PAM imaging is in OA angiography 
at optical wavelengths corresponding to the absorption band 
of hemoglobin, allowing high contrast visualization of micro-
circulatory beds at up to 2 millimeter depths.

OA angiography can be performed on human skin [3] for 
the investigation of blood vessel reactions during different 
functional tests, such as cuffed occlusion. The characteristics 
of the vascular response to such occlusion can be interpreted 
as diagnostic criteria for several cardiovascular diseases. The 
functional response of vasculature to occlusion has previously 
been studied using optical methods, such as laser Doppler 
flowmetry for the investigation of blood flow [4] and optical 

diffuse spectroscopy [5] for the monitoring of blood flow, 
blood oxygen saturation and blood content. However, these 
purely optical methods suffer from low spatial resolution, as 
compared to hybrid AR-PAM technique.

The first successful application of AR-PAM as a method 
to control the functional state of the vessels during arterial 
occlusion was reported in [6]. Using two optical wavelengths, 
the authors [6] performed 2D OA monitoring of the relative 
oxygen saturation of the capillary vessels, which decreased 
during periods of arterial occlusion and temporarily increased 
following the occlusion. Implementing 2D AR-PAM imaging 
with 70 µm lateral resolution and 54 µm axial resolution at 
a single 570 nm laser wavelength (isosbestic point for hemo-
globin) authors [6] observed a reduction of the OA signal 
during the occlusion and an increase in the OA signal after 
the occlusion in the region of the superficial capillaries. Our 
study, with improved spatial resolution, is devoted to func-
tional 3D AR-PAM imaging of the hemodynamic changes 
during venous occlusion.
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Abstract
Acoustic resolution photoacoustic microscopy at the optical wavelength of 532 nm was used 
to investigate the functional reaction of blood vessels of healthy human skin during cuffed 
venous occlusion. The high bandwidth of the polyvinilidene difluoride detector provided the 
opportunity for raster-scan optoacoustic angiography of both the superficial and deep plexuses 
at the high resolution of 35/50 microns (axial/lateral). A reversible increase of blood supply in 
the microcirculatory bed during occlusion was revealed.
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2. Materials and methods

2.1. Experimental setup for AR-PAM angiography

Figure 1 presents the setup for raster-scan optoacoustic angi-
ography during cuffed occlusion, based on a previously devel-
oped AR-PAM system [7]. The lateral/axial OA resolution of 
50 µm/35 µm was provided by the focal spot of a 35 MHz 
polyvinylidene fluoride (PVDF) detector with a 30 MHz 
bandwidth, F  =  6.8 mm focal distance, and 0.6 numerical 
aperture. The scanning OA head (figure 1(a)) was mounted on 
two computer-driven M-664 stages performing consecutive 
lateral steps (δx  =  δy  =  20 µm) within the lateral scanning 
area (ΔX  =  ΔY  =  4 mm). The low-jitter input of the laser 
Wedge HB 532 (BrightSolutions, Italy) was triggered by the 
scanning stages and provided optical pulses at a wavelength 
of 532 nm (isosbestic point for hemoglobin) with 1.4 ns dura-
tion and a power of 1 mJ. The average radiant exposure at 
the palm surface was 5 mJ cm−2, complying with the ANSI 
Z136.1 standard for laser safety.

OA A-scans corresponding to discrete XY positions of the 
scanning head were recorded by a 16 bit analog-to-digital 
converter (ADC), a CSE1622 (Gage, USA), at 200 MS s−1 
corresponding to a Δz ~ 7.6 µm spatial sampling period in 
the axial direction. Each laser pulse backscattered from the 
sample generated probing ultrasonic (US) pulses providing 
US A-scans delayed with respect to the OA ones and acquired 
by the same ADC with a 3.8 µm effective spatial sampling 
period [8].

2.2. Cuffed occlusion experiment

Cuffed occlusion was performed on a 20 year old healthy 
female volunteer in a sitting position. The lateral scanning 
area was selected on the palm, in the region of the thenar. 
The volunteer placed her hand with the palm uppermost on 
a supporting plate to which her wrist was fixed. Temporary 

occlusion was carried out using a compression cuff. The cuff 
was placed above the elbow joint. For the purpose of dosing 
the compression force, the pressure of the air pumped into 
the cuff was maintained at a value 60 mm Hg higher than the 
pre-measured systolic pressure of the volunteer [9]. The study 
was conducted before compression, then 5 min from its com-
mencement and, again, immediately after deflation of the cuff. 
It should be noted, that the compression period was extended 
compared to standard cuff occlusal tests (normally the clamp-
ing time is 1.5–2 min) due to the prolonged (~5 min) OA scan-
ning time needed to obtain an image with 250  ×  250 A-scans.

2.3. Image processing

After the acquisition of the OA and US data, three post-acqui-
sition algorithms were used to improve the resulting OA angi-
ography images. In the first step, the XZ US B-scans (figure 
1(b)) were used for the determination of the average verti-
cal position of the sampled surface at each scanning step in 
the Y direction. Using motion correction technique [10] the 
US-based vertical alignment of each XZ OA B-scan was then 
performed. After motion correction, a 2D acoustic reconstruc-
tion algorithm [11] based on the virtual point detector concept 
[12] was subsequently applied to every XZ (figure 1(c)) and 
YZ B-scan. Finally, the reconstructed OA XYZ data set was 
processed using a Frangi filter [13].

3. Results and discussion

Figure 1 represents the reconstructed US and OA B-scans of 
the palm surface in the thenar zone of the female volunteer. 
The US image (figure 1(b)) allows us to identify the differ-
ent layers of skin and to determine their thickness, shape and 
homogeneity. The epidermal, dermal and hypodermal layers 
can be distinguished. The thickness of the stratum corneum 
is about 0.4 mm, which is typical for the thickened skin of 

Figure 1. Raster-scan optoacoustic angiography of the human palm during cuffed occlusion. (a) Photograph of the experimental setup 
based on an AR-PAM microscope [7]; (b) and (c) US and OA B-scans of the human palm; sc—stratum corneum, sp—superficial plexus, 
d—dermis, dp—deep plexus, hd—hypoderma.
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the palm. The OA B-scan (figure 1(c)) visualizes hemoglobin-
containing blood vessels as highly absorbing structures and, 
therefore, allows determination of their size, position and 
depth. According to their size and depth of occurrence, two 
types of vessel structures can be distinguished in the cross-
sectional image (figure 1(c)): the large vessels (approximately 
500 µm in diameter) located at a depth of about 1 mm from 
the skin surface, may be interpreted as part of the deep vas-
cular plexus, while smaller vessels, approximately 50 µm in 
diameter, lying near (0.5 mm) the surface, may be identified 
as part of the superficial vascular plexus. Comparison with 
ultrasound images confirms the position of the detected vas-
cular structures. The superficial plexus is located in the papil-
lary dermis directly under the epidermis. The deep plexus is 
located in the lower zone of the reticular dermis just above the 
hypodermis [14]. It should be noted, that the OA images do 
not show all the structures of the vascular network of the skin, 
since vessels located closer than 50 µm to each other cannot 
be resolved due to the limited lateral spatial resolution.

Figure 2 shows the microvascular organization of the the-
nar zone of the same volunteer before (figures 2(a) and (b)) 
during (figures 2(c) and (d)) and after (figures 2(e) and (f)) 
cuff occlusion. The depth of the individual blood vessels (fig-
ures 2(a), (c) and (e)) is encoded using different colors (orange 
superficial vessels and green deep vessels). The relative inten-
sities of the OA signals within the central dotted regions (fig-
ures 2(b), (d) and (f)) are represented in grayscale.

Figure 2(c) represents the changes in 3D organization of 
the blood vessels caused by the interruption of venous blood 
outflow. The observed changes are characterized by increased 
OA signal intensity connected with the redistribution of 
hemoglobin within the microcirculatory bed of the skin. The 
observed effect was most pronounced in the smallest vessels 

identified as being in the superficial plexus. After the end of 
occlusion, restoration of the initial parameters of the blood 
vessels was observed.

The elevation of blood content during venous occlusion 
has already been demonstrated using optical methods. Near-
infrared spectroscopy [9, 15] has revealed a 1.5-fold increase 
in hemoglobin concentration in the skin and a 2-fold increase 
in muscle. In our study using OA, changes in the blood content 
of the skin vascular network were demonstrated. Additional 
information about the functional state of the blood vessels 
during occlusion can be obtained by multispectral optoa-
coustic tomography [16] for monitoring oxygenation, while 
optical coherence microangiography [17] provides for the 
characterization of blood flow.

4. Conclusion

Raster-scan AR-PAM imaging at an optical wavelength of 
532 nm was used for OA angiography of the human skin. To 
realize complementary US measurements, our system used 
the photons backscattered from the sample towards an acous-
tic detector. Simultaneously acquired US data was essential 
for understanding the anatomical position of the vessels and 
allowed the elimination of motion artefacts from the 3D OA 
data. OA angiograms allowed characterization of the hemody-
namic response during cuff venous occlusion. The improved 
spatial resolution of our 3D AR-PAM imaging system allowed 
observation of the accumulation of hemoglobin in the superfi-
cial vascular plexus due to the temporal termination of venous 
blood outflow. Raster-scan OA angiography could therefore 
provide the useful tool for studying the functional changes 
of cutaneous microcirculation in the diagnosis of vascular 
diseases.

Figure 2. OA angiograms of human palm: (a) and (b) before, (c) and (d) during, (e) and (f) after cuffed occlusion. The color scale encodes 
the depth of the corresponding blood vessels; the gray scale represents the maximum optoacoustic intensities at the center of the imaging 
region, projected onto the XY plane.
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