
Quantum Electronics  44 (8)  713 – 718  (2014)  © 2014  Kvantovaya Elektronika and Turpion Ltd

Abstract.  The capability of using the laser speckle contrast imag-
ing technique with a long exposure time for visualisation of primary 
acute skin vascular reactions caused by a topical application of a 
weak contact allergen is considered. The method is shown to pro-
vide efficient and accurate detection of irritant-induced primary 
acute vascular reactions of skin. The presented technique possesses 
a high potential in everyday diagnostic practice, preclinical studies, 
as well as in the prognosis of skin reactions to the interaction with 
potentially allergenic materials. 

Keywords: laser speckle contrast imaging, exposure time, vascula-
ture, skin, contact irritant, allergen.

1. Introduction

Recently, due  to  the  intense development of high  technolo-
gies, including biophotonics, the methods of optical diagnosis 
of biological tissues are becoming increasingly widespread in 
various  practical  applications  [1].  Among  the  problems  of 
biomedical  optics,  the  development  and  improvement  of 
blood circulation diagnostic techniques is of particular impor-
tance. The major and most widely used optical methods of 
vascular bed imaging and blood flow monitoring include laser 
Doppler spectroscopy [2], laser Doppler flowmetry [3], confo-
cal microscopy [4], optical coherence tomography (OCT) [5], 
Doppler OCT [6], colour Doppler OCT [7], correlation OCT 
[8], optical Doppler tomography [9], orthogonal polarisation 
of spectral images [10], dynamic light scattering [11], diffusing 
wave spectroscopy [12], laser speckle contrast (LSC) imaging 
[13], etc. 

It  was  shown  that  the  method  of  LSC  imaging  allows 
detection  of  even minor  changes  in microcirculatory  blood 
flow, including the case of full cardiac arrest and occlusion of 
vessels  [14].  At  present,  in  combination  with  fluorescence 
intravital microscopy (FIM), this method is widely used for 

visualisation of vascular beds  in  skin blood vessels  [15, 16], 
for studying the mechanisms that control microhemocircula-
tion and rheological properties in microvessels surrounding a 
tumour  and  in  the  vascular  bed  [17]  and  for  studying  the 
blood and  lymph microcirculation under  the natural condi-
tions [18, 19].

Within the framework of the present paper the possibility 
of using this method for direct visualisation and quantitative 
assessment  of  an  acute  and  moderate  skin  reaction  to  the 
local action of an irritant is considered for the first time. The 
moderate  skin  reaction  to  the  local action of a non-specific 
irritant or contact allergen is known to be most difficult for 
identification using  the presently available diagnostic meth-
ods. In addition, the rapid growth of the number of patients 
with allergic diseases and other immune disorders attracts the 
attention of researchers to such a type of diagnostics, aimed 
at studying the causes and the methods of controlling immune 
mediated diseases [20]. Various xenobiotics, pollutants, pro-
fessional  sensitisers,  medical  preparations  and  many  other 
factors can give rise to individual reactions in the organism, 
from pronounced immune suppression to high hypersensitivity.

To  identify  the  danger  of  sensitisation  or  the  risk  of 
immune suppression,  the preclinical methods of  risk assess-
ment in humans are being developed. The progress of prog-
nostic screening tests aimed at revealing immunotoxic effects 
is closely related to preclinical studies with the model experi-
ments using laboratory animals.

During a  few decades  the Guinea pigs were used  in  the 
studies of sensitising effect. Two types of induction exposure 
are  used  to  form  the  hypersensitivity  reaction  in  them,  the 
adjuvant  one  with  complete  Freund’s  adjuvant  (CFA)  and 
the non-adjuvant one. The control allergen exposure can be 
implemented  via  the  parenteral  administration  or  applica-
tion. The method  requires  large  time  expenditures,  and  for 
standardisation the observed changes in control and experi-
mental animals are assessed in points using a descriptive scale. 
The optimised model  is presently known as  the Guinea Pig 
Maximisation Test (GPMT) [21].

Under  certain  circumstances  other  experimental  ani-
mals can be used to get necessary information about sensi-
tisation. Keeping  in mind  that  99 %  of  genes  in mice  are 
similar  to human ones,  and  taking  into account  the  rela-
tively low cost of mice, easy maintenance, high reproduc-
tion rate and small size, at present mice are most often used 
as laboratory animals [22]. In this connection the immune 
system of a mouse was studied in more detail than that of a 
Guinea pig. Moreover, with the progress of gene engineer-
ing  technology  now,  in  fact,  it  is  possible  to  tailor-make 
genetically modified mice with a given degree of the disease 
of interest [22].
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With  the  aim  of  assessing  the  sensitisation  potential  in 
mice,  the  models  were  developed  possessing  a  number  of 
advantages,  in particular,  the possibility of objective assess-
ment of the test final result, small duration and minimal pro-
cedure of animal treatment. This is, e.g., the local lymph node 
assay (LLNA) [23].

However, the mouse ear swelling test (MEST) [24] can be 
considered as the most promising presently. This test, devel-
oped in the early 1980s with the aim to make the assessment 
cheaper, shorter in time and more objective, became an alter-
native to the tests using the Guinea pig models.

Due to the implementation simplicity and relative rapidity 
of getting the results in many biological and preclinical stud-
ies, the MEST is accepted as the gold standard for noninva-
sive allergy test, which is widely used in everyday practice of 
testing new antiallergenic materials  [24,  25].  In  this  test  the 
substance under study (the potential allergen) is applied to the 
skin of mouse ear in vivo. The immune reaction of the organ-
ism to the substance is assessed by the degree of swelling, i.e., 
the  thickness of  the mouse  ear  in  the  location of  substance 
application. The presence and the degree of skin swelling in 
the  area  of  allergen  application  can  be  correlated  with  the 
allergen-induced local inflammation, irritation and hypersen-
sitivity  reaction.  Unfortunately,  the  MEST  is  subjected  to 
rather  severe  limitations,  namely,  the  high  variability when 
using small doses of allergens, the complexity of quantitative 
assessment of strong allergic reactions, etc. [25].

At  the  same  time,  using  the MEST  one  can  assess  the 
activity not only of sensitisers and allergens, but also of any 
factors  affecting  microcirculation.  Under  the  condition  of 
standardisation and increased sensitivity, the field of MEST 
application can be essentially expanded. The test is used for 
the assessment of inflammation response in preimmune reac-
tions, under the action of irritants or anti-inflammatory prep-
arations [16 – 28]. The above reactions are associated with the 
local  hemodiscirculatory  processes  (blood  circulation  fail-
ures), caused by the change of blood microcirculation, blood 
volume  in  the  vascular  bed,  its  rheological  properties,  or 
blood  exit  from  the  vessels  [29 – 31]. As  a  consequence,  the 
local velocity of blood flow in microvessels essentially varies 
in  time.  The  situations  are  possible,  when  the  microflows 
completely  stop  and  then begin  the motion  in  the  opposite 
direction. In other words, the correlation time of fluctuating 
speckles  varies,  as  for  any  random  nonstationary  process. 
That is why in order to visualise the primary acute vascular 
reaction of the skin to the local action of contact allergen we 
used  the  LSC  imaging  method  with  a  long  photodetector 
exposure time that has shown itself positively in the studies of 
complex  nonstationary  blood  and  lymph microcirculations 
in  vivo [14, 18, 19]. 

2. Experimental 

The used experimental setup for LSC imaging is a part of the 
multimodal  optical  diagnostic  system,  schematically  pre-
sented in Fig. 1. The uniqueness of this diagnostic system con-
sists  in  its  capability  of  simultaneous  exploitation  of  both 
imaging modes, LSC and FIM, under the natural conditions 
[15 – 19].

In the LSC imaging mode a laser diode LDM 808/3 LJ 
module (808 nm, 3 mW, Roither Lasertechnik, Austria) is 
used. The laser beam passes through the Thorlabs – Newton 
diffusor (USA) and illuminates the mouse ear. The speck-
les arising as a result of the reflection of diffusely scattered 

light are recorded by means of a high-quality Pixelfly QE 
CCD camera (PCO, Germany) that allows the image cap-
ture with various exposure times within the range from 33 to 
650 ms. The capture of a sequence of  images (usually 300) 
and the camera control is implemented by means of the stan-
dard CamWare software (PCO, Germany). The processing 
and analysis of  image  sequence  is  implemented by using a 
special  image  processing  software  (eLSI)  package  for  Fiji/
Imagej [32].

The LSC visualisation method is based on the statistical 
analysis of intensity fluctuations of laser light, scattered by a 
biological tissue that contains such moving and light-scatter-
ing particles,  as  erythrocytes  and  lymphocytes.  In  the pres-
ence of blood and lymph flows and, therefore, the motion of 
scattering particles, the intensity of the scattered laser radia-
tion fluctuates, forming nonstationary speckle patterns, vary-
ing in time. Quantitatively the motion of light-scattering par-
ticles is analysed using the degree of speckle contrast [33]:

K(T) = s/áIñ,  (1)

where s is the standard deviation from the mean intensity áIñ 
at a given point of the speckle pattern. The degree of speckle 
contrast is a function of the detector exposure time T and the 
correlation time t, inversely proportional to the mean velocity 
of the motion of scattering particles, and can be presented in 
the form [34]
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where x = Т/t; the parameter b is defined by the ratio of the 
mean speckle size and the detector pixel size (0 £ b £ 1) and 
depends on the degree of polarisation and coherence of the 
probing light; r is the partial component of the dynamically 
scattered light (i.e., the light scattered by moving particles); 
and n is the spatial dispersion parameter that determines the 
experimental error, including the noise characteristics of the 
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Figure 1. Schematic diagram of the experiment. The surface of mouse 
ear in the place of topical application of methyl salicylate is simultane-
ously illuminated with the mercury lamp of the fluorescent microscope 
and diffusely scattered laser light. The image detection in the LSC visu-
alisation  and/or FIM modes  is  implemented  using  the CCD  camera, 
controlled by the personal computer. 
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detector (in our case, the CCD camera), the shot noise, the 
laser instability, etc. In the case of practical use of the LSC 
imaging technique for diagnostics and visualisation of blood 
flow, the parameters T and x are commonly not taken into 
account.  It  is a priori  assumed  that T  exceeds t  (T > t). 
However, for a long detector exposure time (T >> t) the sen-
sitivity of the LSC imaging method increases even more [18, 
19]. In the present work we used the LSC imaging method 
with a large detector exposure time (Т = 650 ms).

In contrast to LSC, in the FIM mode the role of the light 
source  is  played  by  the  short-arc  mercury  lamp,  specially 
designed  for  fluorescence microscopes.  The  light,  corrected 
by means of the optical filter with the transparency window 
from 460 to 490 nm, is reflected by the dichroic mirror and 
directed  onto  the  same  surface  of  the mouse  ear,  as  in  the 
method  of  LSC  imaging.  The  detected  fluorescence  light 
passes through the band-pass optical filter with the transpar-
ency window  510 – 550  nm and  arrives  at  the CCD  camera 
(see Fig. 1). To obtain the fluorescent image of the blood ves-
sels of the mouse outer ear in the FIM mode, 50 mL of dextran 
FITC (0.5 M, 10 mg mL–1) is preliminarily injected intrave-
nously. In the experiments we used female nude mice (CD-1 
line  from  the Harlan Lab, Rehovot,  Israel) with  the age of 
6 – 8  weeks.  After  the  anaesthesia  implemented  by  intra-
abdominal injection of the mixture of ketamine (Fort Dodge, 
USA) and xylazine (Kepro, the Netherlands), 10 mg kg–1 and 
100  mg  kg–1,  respectively,  the  animal  was  placed  onto  a 
warmed  platform  with  a  temperature  controller.  To  avoid 
possible  spontaneous  movements  of  the  animal  during  the 
experiment, the outer ear of the mouse was fixed with a dou-
ble-faced scotch tape.

In spite of the principal difference between the used opti-
cal diagnostic methods, the spatial localisation of the detected 
signals in the LSC imaging and FIM method appears practi-
cally  similar  (Fig.  2).  The  distributions  presented  in  Fig.  2 
were obtained using the Monte Carlo (MC) method [35, 36], 
specially developed to assess the probability density (localisa-
tion)  of  the  detected  optical  signal  in  the  light-scattering 
medium under study for the presently available experimental 
setups with the possibility of distant calculations. 

The spatial distribution of the detected signal is referred 
to  as  the  sample  volume.  Generally,  the  sample  volume 
depends on the optical properties of biotissues and will be dif-
ferent  at  different  spatial  positions  of  the  source  and  the 
detector of optical  radiation.  It  is  shown  that  if  the  sample 
volume  J  is  presented  as  a  function  of  the  depth  r'  in  the 
medium, then it may be interpreted as a measure (convention-
ally,  the  probability  density  function)  of  the  measurement 
sensitivity at  the medium surface  for  the  studied  tissue vol-
ume, located at the depth r' [37]. Then the sample volume is 
expressed as

¶
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where ¶ma(r' ) is the increment of the absorption coefficient at 
the depth r', and ¶A(rq, rm) is the increment of the decay ampli-
tude at the point of the detector location with the coordinate 
rm, provided that the source of light is placed at the point with 
the coordinate rq. The decay amplitude is defined as 
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Here I0(rq)  is  the  intensity of  incident radiation at the point 
with the coordinate rq, and I(rm) is the intensity of the detected 
reflected light at the point with the coordinate rm. From Eqns 
(3) and (4) it follows that
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Thus, the sample volume is defined as the gradient of the 
specific radiation flux, recorded by the detector, with respect 
to the absorption coefficient of the small volume dV(r' ) of the 
medium at the depth r'. The function J(r' ) characterises the 
total spatial distribution of the detected optical radiation in 
the medium and is determined by the spatial distribution of 
effective optical paths. For a heterogeneous medium, consist-
ing of a few homogeneous components with different optical 
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Figure 2. Localisation area spatial distributions of the detected signal in the near-surface tissues of the mouse ear skin, calculated using the Monte 
Carlo method [35, 36] for (a) LSC imaging and (b) FIM.



  Yu.L. Kuznetsov, V.V. Kalchenko, N.G. Astaf’eva, I.V. Meglinski716

parameters, e.g.,  several optically homogeneous skin  layers, 
the components of the sample volume have the form [38]

¶
¶
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a

k
m k

m

m
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l
,  (6)

where  mak  is  the  absorption  coefficient  of  the  kth  medium 
layer.  The  sample  volume Jk (r' )  equals  the mean  free  path 
length L̄  (r) for the photons of the optical radiation, passing 
through the small volume dV(r' ).

The numerical simulation using the Monte Carlo method 
is the most optimal method to assess the probability density 
of the distribution of effective optical paths (i.e., of the sam-
ple volume). The developed MC technique [35, 36] involves 
the concept of statistical weight (a measure of the given pho-
ton packet trajectory) that allows the description of the nat-
ural path of photon migration in the medium. This provides 
a  possibility  to  introduce  the  concept  of  effective  optical 
paths  in  the  calculations.  When  the  packet  of  photons 
arrives at the detector, its trajectories from the source to the 
detector  are weighted  using  the  final  statistical weight W. 
Dividing  the  simulated  medium  into  elementary  volumes 

with the characteristic size 10 ´ 10 ´ 10 mm and tracing the 
trajectory  of  each  photon  package  from  one  volume  to 
another, one can express the sample volume in the following 
way:
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Here Wdi is the final weight of the ith detected photon packet; 
Nph is the total number of the detected photon packets; Li (r' ) 
is  the path  length traversed by the  ith photon packet  in the 
elementary volume with the centre at the depth r' ; and l0 is the 
size of this volume.

Thus, the sample volume (see Fig. 2) is a 2D rectangular 
mesh J(x, z) obtained from the 3D distribution J(r' ), where x 
is the horizontal axis (width) and z is the depth. To determine 
the path length in an elementary volume, the algorithm based 
on  the Cohen – Sutherland  line  clipping method was  imple-
mented. The  technique of J(r' )  calculation  is presented and 
discussed in more detail in Ref. [38].
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Figure 3. Monochrome images of mouse ear in vivo obtained by means of the LSC imaging method with a long detector exposure time (650 ms) 
under normal conditions (a) and in 30 min after the local application of methyl salicylate (b) [small values of speckle contrast (intensity scale, dark 
colour) correspond to the increased blood flow], as well as the images, obtained using the FIM method with intravenous injection of dextran FITC 
before (c) and after (d) the local application of methyl salicylate.
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3. Results and discussion

Positive reaction of the LLNA test was observed as a result of 
applying  the  solution of methyl  salicylate  to  the mouse  ear 
skin  during  30  min  under  natural  conditions  (Fig.  3).  The 
methyl  salicylate  was  topically  applied  to  the  skin  of  the 
mouse outer ear, and the final vascular reaction was identified 
as distinctly observable tissue edema. The exit of the fluores-
cent contrast substance beyond the limits of the vascular bed 
and its accumulation in the surrounding tissues of the outer 
ear is clearly seen in the place of the contact irritant action. In 
the present work the major attention was focused on the pos-
sibility of quantitative assessment of the acute vascular reac-
tion to the local action of methyl salicylate on the mouse ear 
skin without preliminary sensitisation.

It was found that the acute vascular reaction to the action 
of  allergen/irritant  at  early  stages  manifests  itself  in  the 
increased vascular permeability, which gives  rise  to massive 
efflux of plasma from capillaries into the adjacent interstitial 
spaces,  vasodilatation  and  edema  [39].  This  essentially 
decreases  the  blood  flow  in  small  vessels,  such  as  venules, 
arterioles,  and  capillaries.  It  is  shown  that  the  slowing  of 
erythrocyte motion at early stages of this process may be effi-
ciently  observed  using  the  LSC  imaging  method  [14,  15]. 
Actually,  the  edema  reaction  is  not  the  only  process  that 
occurs as a result of the increased blood vessel permeability. 
In  most  cases  the  inflammation  process,  including  allergic 
reaction, causes a local lymphatic dysfunction, which is char-
acterised  by  the  slowing  of  lymph  flow,  lymphedema,  etc. 
[39, 40]. In Refs [18, 19] it was shown that the LSC imaging 
method  using  a  large  detector  exposure  time  is  sensitive  to 
local variations of the lymph flow intensity and can be used to 
visualise  the  latter.  The  results  presented  in Fig.  3  are  also 
obtained by means of the LSC imaging method using a long 
exposure time (Т = 650 ms) and demonstrate good agreement 
with the results of the studies mentioned above.

Allowing for the fact that the vessel permeability monitor-
ing may be a key subject in the assessment of the acute vascu-
lar reaction, as well as in the verification of results obtained 
by means of the LSC imaging method, we repeated the exper-
iment with  the use of FIM  imaging method. The  increased 
permeability of vessels was clearly seen in 30 s after the injec-
tion  of  dextran  FITC.  It  looks  like  a  light  area  (Fig.  3d), 
located in the vicinity of blood vessels. Hence, the results 
of visualising the mouse ear skin response to the action of 
irritant  (potential  allergen  or  sensitising  agent),  obtained 
by means  of  the  FIM method,  confirm  the  results  of  LSC 
imaging.

4. Conclusions

Thus we have shown that the LSC imaging method with a 
long detector exposure  time (Т » 650 ms) can be used for 
noninvasive  observation  of  the  acute  vascular  reaction  of 
skin  to  the  action  of methyl  salicylate.  The  FIM  imaging 
mode  within  the  framework  of  the  present  experiment  is 
used  mainly  as  a  verifying  method.  The  obtained  results 
demonstrate essential potential of  the developed technique 
for application in everyday practice of preclinical investiga-
tions. The method is also promising for everyday diagnostic 
practice of assessing  contact hypersensitivity, prognosis of 
skin  reactions  to potential  allergens,  sensitisers  and  to  the 
interaction with a wider  spectrum of xenobiotics,  environ-
ment  pollutants,  various  chemicals,  medical  preparations 

and  other materials  that  can  be  used  for  application. The 
method will help in the prognosis of transdermal transport 
of medical preparations and the evaluating the efficiency of 
transdermal pharmaceutical forms.

The relative simplicity and the low cost of practical imple-
mentation of  the LSC  imaging method  in  everyday  clinical 
practice are also worth noting. The authors express their con-
fidence  that  the  adaptation  of  the  described  technique  to 
everyday practice of allergic tests, performed on human skin, 
will allow using reduced amount of allergen at the expense of 
high sensitivity of the LSC imaging method.
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