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Abstract.  The results of a complementary study of functional 
changes of the blood flow in human superficial tissues using opto-
acoustic (OA) microscopy and angiographic optical coherent 
tomography (OCT-A) during an occlusive test are demonstrated 
for the first time. OA microscopy data allow one to estimate the 
increase in blood content during the occlusive test, while OCT-A 
data demonstrate a decrease in the number of vessels with a func-
tioning blood flow in the area of interest. The combined approach 
reported in the paper can be employed in experimental and clinical 
medicine to study the functional changes of microcirculation in 
diagnostics of vascular pathologies of superficial tissues and to 
evaluate the microcirculation response to treatment.

Keywords: optoacoustic microscopy, optical coherence tomogra-
phy, angiography, functional test, cuff occlusion.

1. Introduction

Morphofunctional  changes  in  the  microcirculatory  bed  of 
superficial tissues accompanying the development of a num-
ber of diseases are currently considered as approved or poten-
tial  diagnostic  criteria.  Features  of  the  vessel  structure  can 
serve as indicators of circulatory disorders in the diagnostics 
of dermatology, oncology, regenerative medicine, endocrinol-
ogy, vascular and plastic surgery [1 – 5]. In clinical practice, a 
wide range of techniques are currently employed for noninva-
sive  examination of  skin microvasculature. To visualise  the 
structure of blood vessels and assess the blood flow velocity, 
the capillaroscopy technique, which is characterised by a low 
imaging  depth,  and  magnetic  resonance  imaging  (MRI), 
which  requires  administration  of  contrasting  agents,  are 
employed. Laser Doppler anemometry/flowmetry techniques 
provide  the estimation of  the blood  flow velocity; however, 
their drawbacks include low spatial resolution [6]. The laser 
speckle-flowmetry approach [7] based on the analysis of the 
dynamics of the speckle structure of scattered light when sens-
ing the surface of a tissue with coherent radiation has a high 
potential for superficial tissue blood flow velocity mapping [7].

Recently, a significant progress was achieved in the devel-
opment of optical and combined noninvasive  imaging tech-
niques  providing  three-dimensional  visualisation  of  the 

microvascular bed  in  combination with  functional diagnos-
tics. Optoacoustic (OA) imaging is based on the registration 
of  ultrasonic  waves  produced  by  the  absorption  of  pulsed 
laser  radiation  by  optical  chromophores.  OA  visualisation 
combines the advantages of optical and acoustic approaches 
featuring both a high molecular contrast  typical  for optical 
techniques and a high (submillimetre) spatial resolution typi-
cal for ultrasound. Due to the high optical absorption of hae-
moglobin, OA techniques allow for high-contrast angiogra-
phy [8].

Optical coherence tomography (OCT)  is based on  inter-
ferometric  detection  of  the  path  length  distribution  of  the 
photons  backscattered  on  refractive-index  inhomogeneities 
within the studied structures. A typical OCT device provides 
imaging  of  the  internal  structure  of  skin  at  depths  up  to 
1 – 1.2  mm  with  a  resolution  of ~10  mm  [9].  The  Doppler 
OCT,  based  on  the  additional  registration  of  the  Doppler 
shift of photons  forming  the OCT  image, provides  comple-
mentary mapping  of  the  blood  flow  direction  and  velocity 
distributions of in superficial skin layers [10]. However, a sig-
nificant limitation of this technique consists in multiple scat-
tering, resulting in distortion of the recorded velocity profiles 
[11]. Currently, a number of approaches have been proposed 
for contrasting the vessels basing on volumetric OCT imaging 
data [12 – 14]. Since the absolute majority of these approaches 
are  based  on  detecting  signal  changes  between  consecutive 
OCT measurements,  OCT-angiography  (OCT-A)  visualises 
primarily perfusion.

A parallel study of the vascular bed using OCT-A and OA 
allows  obtaining  simultaneously  the  information  about  the 
vessel  structure,  blood  supply,  as  well  as  activity  of  blood 
flow. Since the physical principles of angiographic image for-
mation in OA and OCT-A differ and these approaches have 
potential to be combined in a single device, the study of the 
feasibility of  their  complementary  application  in  evaluating 
functional  tissue  responses  is  promising.  This  combination 
has already been used for sequential or simultaneous visuali-
sation of the vascular bed of normal and scar tissue, as well as 
nevus,  hemangioma,  eczema,  and  basal  cell  carcinoma 
[15 – 18]. However,  the  complementary  application  of  these 
techniques for the study of blood flow dynamics under exter-
nal action has not been reported so far.

A wide  range  of  functional  tests  based  on  a  controlled 
effect on  the  tissue perfusion  [6] are employed  to assess  the 
dynamic response of the vascular system and its alterations 
in case of various pathologies. The OA technique was for the 
first time proposed for evaluation of microcirculatory bed 
reaction during an occlusive test in the study [19]. The aim 
of present study is to assess the feasibility of the combined 
use  of OCT-A  and OA  in  the  visualisation  of  functional 
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changes  in  the  vascular  network  of  superficial  skin  layers 
under occlusion.

2. Materials and methods

2.1. Experimental OA setup

A Wedge HB532 pulsed laser (BrightSolutions, Italy) operat-
ing at a wavelength of 532 nm with a pulse repetition rate of 
2  kHz and a pulse duration of 1 ns was used as a source of 
probe radiation in the experimental setup for OA angiogra-
phy  (IAP  RAS,  Russia).  Three-dimensional  images  were 
acquired by mechanical scanning of the studied object with an 
optoacoustic head. Laser radiation was delivered to the head 
through  a  fibre-optic  bundle,  and  the  optoacoustic  pulses 
produced in the medium were recorded with a single-element 
focused  detector  located  in  the  centre  of  the  head.  The 
35 MHz frequency band and the 6.7 mm focal distance of the 
acoustic detector ensured the spatial resolution of OA micros-
copy of 50 mm at depths up to 2 mm. To obtain OA images 
during the occlusive test, the sample was scanned in the lateral 
direction  over  the  3 ́  3 mm area with  a  step  of Dx  = Dy  = 
25  mm,  thus providing  the  size of  the OA  image amounting 
120 ́  120  pixels.  The  total  time  for  acquisition  of  the  OA 
A-scans full set did not exceed 3 min [20].

To produce OA angiograms, the set of A-scans was pro-
cessed using three numerical algorithms consequently applied 
to  the  initial data  [21]. First, a one-dimensional deconvolu-
tion algorithm with Tikhonov regularisation [22] was applied 
to  all A-scans, which  allowed  compensating  the  frequency-
dependent acoustic absorption in the 35 MHz receiving fre-
quency band of the OA antenna. At the next step, the two-
dimensional  Fourier  reconstruction  algorithm  [23]  was 
applied to all xz B-scans and yz B-scans, which allowed the 
OA antenna depth of field to increase from 0.75 mm to 2 mm. 
Finally, the three-dimensional Frangi filtering algorithm [24] 
was applied to the data after deconvolution and reconstruc-
tion, allowing an increase in the relative contrast of vascular 
(cylindrical) structures with a diameter between 7.5 mm and 
200 mm (relative to spherical and flat structures of similar lin-
ear dimensions).

2.2. OCT-angiography

The OCT setup (IAP RAS, Russia) operates at a centre wave-
length of 1.3 mm, and its axial and lateral resolutions amount 
10 and 15 mm, respectively. The setup implements the princi-
ples  of  spectral  OCT  and  is  equipped  with  a  spectrometer 
based  on  an  InGaAs  photodetector  array  (SU512-LD 
(512 Pixel), Sensors Unlimited, Inc., USA) providing 20 000 
in-depth  scattering  profile measurements  (A-scans)  per  sec-
ond.  This  allows  one  to  record  a  volumetric  array  of 
256 ́  256 ́  512 pixels, needed to visualise the vessels, in 26 sec-
onds. Two-dimensional OCT scanning was performed in con-
tinuous mode,  and  the  OCT  scanner  did  not  pass  a  single 
position  twice.  For  vessel  contrasting  we  employed  an 
approach based on high-frequency finite impulse response fil-
tering  (HF  FIR  filter)  in  signal  space  [25].  Since  scanning 
along  the  slow axis  is performed with a  significant  (~60 %) 
overlap of the scanning beam in adjacent measurements, the 
signal  changes  between  adjacent  measurements  associated 
with motion have a  larger high-frequency  component  com-
pared to signal changes associated with the scanning process. 
Employment of HF FIR filtering allows one to calculate one 

OCT-A cross-sectional image (B-scan) based on only 7 neigh-
bouring  structural  OCT  B-scans  and,  thus,  to  visualise 
OCT-A  B-scans  in  real  time.  Contrasting  of  the  elongated 
structures  in  the  images was performed using a  two-dimen-
sional  filter  [26],  since  the  vessels  in  the  3D  volume  in  the 
OCT-A are elongated  in depth due to  the so-called shadow 
artifact.

2.3. Occlusive test

The experiment on the complementary use of OA and OCT-A 
was  conducted  on  a  healthy  30-year-old  male  volunteer. 
During the experiment, the volunteer was sitting and placed 
his hand on a supporting plate, palm up; the hand was fixed, 
and the region of interest (ROI) was selected on the palm in 
the area of thenar. The size of the ROI was 3 ́  3 mm, similar 
for OA and OCT-A. Temporary tissue clamping (cuff occlu-
sion) was carried out using a compression cuff placed on the 
forearm approximately in the middle of the distance between 
the wrist and the elbow joint. In order to control the compres-
sion force, the pressure of the air pumped into the cuff was 
controlled  and maintained  in  course  of  the  test  60 mm Hg 
higher than the pre-measured systolic pressure of the volun-
teer. The study was conducted before compression, in 5 min-
utes after its beginning, and immediately after the release of 
the air from the cuff [27].

As  a  quantitative  characteristic  of  the  acquired  angio-
graphic  images  that  allow  one  to  evaluate  the  observed 
changes,  the  fraction  of  vessels  in  the  tissue  volume  was 
selected. In OA images this value characterises blood content, 
while in OCT-A it shows the fraction of vessels with a func-
tioning blood flow. To determine the vessels fraction in tissue 
volume,  the  2D  images  of  vascular  networks  obtained  by 
OCT-A  and OA methods  were  binarised.  The  ratio  of  the 
area occupied by the binarised vascular networks to the entire 
image area, expressed in percents, was considered as the ves-
sels fraction in the image.

3. Results and discussion

Figure 1 shows the OA and OCT-A images of the microcircu-
latory bed of the same volunteer during the occlusive test. In 
OA images (Figs 1a – 1c), haemoglobin-containing blood ves-
sels are visualised against the background of the surrounding 
tissues as the areas with a high signal level. The large vessels 
are part of the deep skin plexus, while the small ones belong 
to the superficial plexus [28]. According to OA, in the studied 
palm  area  the  vessels  fraction  in  the  entire  tissue  volume 
before occlusion amounts 52 %.

OCT-A  images  (Figs  1d – 1f),  in  turn  provide  perfusion 
imaging: high values correspond to the zones with the signifi-
cant changes in the OCT signal value between two consequent 
measurements.  Since  OCT  has  a  smaller  imaging  depth  as 
compared to OA, only the vessels of the superficial plexus are 
visible  in OCT-A  images. According  to OCT-A,  the vessels 
fraction in the tissue volume is 28 %. The lower value obtained 
by the OCT-A compared to OA can be explained by the lower 
probing  depth  and,  hence,  by  the  smaller  contribution  of 
large vessels.

The OA technique showed that under occlusion (Fig. 1b) 
the most pronounced changes in the OA signal occur in small 
vessels  of  the  superficial  plexus, which  become  temporarily 
filled with  blood  and,  hence,  clearly  visible  on OA  images. 
For large vessels, an increase in the OA signal was also dem-
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onstrated,  indicating  an  increase  in  blood  supply,  which 
returned to the initial level after the release of the air from the 
cuff (Fig. 1c). The fraction of vessels in the tissue volume dur-
ing  and  after  the  end  of  the  clamping  amounted  64 %  and 
56 %, respectively (Figs 1b and 1c). An increase in the haemo-
globin  content  in  the  skin  during  vascular  occlusion  has 
already been demonstrated previously using optical  [20, 29] 
and optoacoustic [30] techniques.

The OCT-A technique demonstrated that occlusion leads 
to a significant decrease in the intensity of blood flow mani-
fested  by  the  almost  complete  disappearance  of  the  signal 
(Fig. 1e). The cessation of occlusion leads to the restoration 
of  the  blood  flow  [6],  which  can  be  indirectly  observed  in 
OCT-A images as an increase in the number of visible vessels 
(Fig. 1f). According to OCT-A, the fraction of vessels with a 
functioning blood flow during and after occlusion amounted 
6 % and 30 %, respectively.

It should be noted that the spatial resolution of OA does 
not allow for imaging vascular structures located closer than 
50 mm to each other, while OCT-A has a spatial resolution of 
~10 mm (the employed setup has lateral and axial resolution 
of 15 mm and 10 mm, respectively ), which allows more detailed 
images of the superficial plexus to be obtained, while the large 
OA imaging depth allows for visualisation of the structure of 
the skin deep plexus.

Compared to the setups previously employed for the com-
plementary study of skin vessels [15 – 18], the OA microscope 
used in this work had an improved spatial resolution (50 mm) 
due to the more broadband antenna and a reduced diagnostic 
depth (2 – 3 mm) due to a shorter probe laser wavelength. The 
advantage of the OCT setup employed in this study consists 
in ability to visualise cross-sectional angiographic  images  in 
real time.

The combination of OCT-A and OA techniques made it 
possible to simultaneously trace changes in two microcircula-
tion parameters: total haemoglobin and blood flow velocity. 
The results showing an increase in blood supply with a simul-
taneous decrease in perfusion during the occlusive test have 
already been demonstrated previously with the combination 
of optical diffuse spectroscopy and Doppler ultrasonography 
[31 – 32]; the results of this study are in good agreement with 
the cited papers. Given the fact that the reaction of microcir-
culatory system to occlusion is different in healthy tissues and 
in  the  case  of  peripheral  arterial  diseases  [33 – 34],  this 
approach can be efficiently employed for medical diagnostics 
purposes.  In  addition,  the  high  resolution  of  the  employed 
techniques allows visualising individual vessels, which can be 
additionally used to observe the anomalies of their structure.

4. Conclusions

Combined  employment  of  OA  and  OCT-A  techniques 
allowed us  to obtain complementary  information about  the 
structural  and  functional  changes  in  the  microvasculature 
during the occlusive test. OA microscopy provided data for a 
quantitative  assessment  of  the  fraction  of  blood-containing 
vessels  in  the  tissue  volume  and  a  qualitative  evaluation of 
their shape and position. Angiographic OCT provided evalu-
ation of the fraction of vessels with functioning blood flow in 
tissue.
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Figure 1. (a – c) OA and (d – f) OCT images of blood vessels of human 
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tom  charts  present  B-scans  (cross  sections  of  vessels  in  depth  z). 
Percentage values characterise the fraction of vessels in the entire tissue 
volume.
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