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Abstract.  We describe the laser speckle contrast method for simul-
taneous noninvasive imaging of blood and lymphatic vessels of living 
organisms, based on increasing detector exposure time. In contrast 
to standard methods of fluorescent angiography, this technique of 
vascular bed imaging and lymphatic and blood vessel demarcation 
does not employ toxic fluorescent markers. The method is particu-
larly promising with respect to the physiology of the cardiovascular 
system under in vivo conditions. 
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1. Introduction 

The development of noninvasive imaging methods and quan-
tification of microcirculatory blood and lymph flow in vivo 
has been of special interest for last several decades in the 
problems of optical diagnostics [1 – 5]. The concept of micro-
circulation combines a number of physiological processes 
occurring in the peripheral vascular bed of the circulatory and 
lymphatic systems as well as in the intercellular space of the body 
[6 – 12]. Variations in the values of microcirculatory blood and 
lymph flow may be an indicator of a variety of pathological 
processes that are closely associated with various diseases, 
including diabetes [13], atherosclerosis [14], varicose veins [15], 
anaemia [16], coronary artery disease [17], etc. 

The lymphatic system plays a key role in the human body 
and works in conjunction with the system of blood vessels, 
ensuring normal circulation of interstitial fluid. The lymphatic 
system is an integral part of tissue fluid homeostasis, fat 
absorption in the small intestine and the immune response to 
a variety of pathological conditions including inflammation, 
lymphedema and tumour metastasis. Lymph itself is a liquid 
consisting of macromolecules, leucocytes and activated anti-
gen-presented cells that move from blind-ended lymph capil-
laries to collecting lymph vessels and return to the blood-
stream via the lymph ducts [6, 12].

Today, there are quite a number of methods that are spe-
cially designed for the visualisation of the vascular bed and 
actively used in clinical practice, including X-rays and com-
puted tomography [17], magnetic resonance imaging [18], 
ultrasonic method using the Doppler effect [19], laser 
Doppler flowmetry (LDF) [5], scanning confocal micros-
copy [20], optical coherence tomography (OCT) [21, 22], 
capillaroscopy [23], fluorescence intravital microscopy (FIM) 
[24], etc. Despite significant progress in the development of 
methods of cardiovascular system diagnostics, final under-
standing of the functioning of the lymphatic system, however, 
is still incomplete due to lack of suitable methods for nonin-
vasive imaging of lymph flow and lymph microstructures 
under in vivo conditions. 

The ultrasonic method relying on the Doppler effect pro-
vides the required resolution for the measurement of blood 
flow velocity in blood vessels of different tissues, but the 
acoustic wavelength, required for penetration into deep tis-
sues, is limited by spatial resolution down to 200 mm. Using 
capillaroscopy requires tissues to be sufficiently thin (less 
than 400  mm). Magnetic resonance angiography provides 
information mainly about large blood vessels, such as coro-
nary arteries. Disadvantages of the OCT are high sensitivity 
to involuntary movements of the object under study and 
impossibility of measurement of the flow parameters in lymph 
and blood vessels less than 50 mm in diameter at a flow veloc-
ity less than 100 mm  s–1. Strong optical scattering of probe 
laser radiation in biological tissues severely limits the spatial 
resolution in measuring the velocity of the blood flow by 
LDF. 

Lymph vessels and lymph nodes connected together in a 
complex network in which lymph moves toward the heart are 
traditionally visualised by FIM using fluorescent contrast 
agent injection [24 – 26]. Despite the quality of the images and 
high resolution, this method depends essentially on biochemi-
cal characteristics and toxicity of the administered fluorescent 
substance, thus limiting its applicability. 

In the present work we present the laser speckle contrast 
(LSC) technique of simultaneous noninvasive imaging of 
blood and lymphatic vessels of living organisms with increas-
ing exposure time of the detector. LSC imaging is based on 
the principles of dynamic light scattering (DLS) [27]. Many 
variations of the DLS method worked well in a variety of bio-
medical applications of diagnostic nature, such as control of 
changes in the capillary blood flow [28], imaging of blood 
coagulation [29], mapping of blood perfusion [30], etc. In 
connection with problems of percutaneous visualisation of 
the blood flow and measurement of perfusion, LSC is an 
alternative to LDF [5], diffusion-wave spectroscopy [31 – 34] 
or diffusion LDF [35]. When using LCS, imaging of the vas-
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cular bed and the demarcation of lymphatic and blood vessels 
are carried out without the use of fluorescent markers, which 
removes restrictions on the applicability of the method asso
ciated with toxicity. 

2. Experimental 

Figure 1 shows a schematic diagram of the experimental 
setup used in this paper to visualise blood and lymphatic 
vessels in vivo. The setup combines the possibility of simulta-
neous and alternating application of FIM and LSC [24 – 26]. 
In the FIM regime, as a light source use is made of a mer-
cury lamp, light from which passes through the optical filter 

F1 (460 – 490 nm) and is projected by a dichroic mirror DM 
onto the object under study (in our case a mouse ear under 
anaesthesia). The fluorescent signal is detected with a CCD-
camera (Pixelfly QE, PCO, Germany) in the spectral range 
of 510 – 550 nm (filter F2). 

In the LSC regime, the laser (Roithner Lasertechnik, Austria; 
wavelength of 808 nm, output power of 10 mW) diffusely illu-
minates the same region of the mouse ear. Due to the move-
ment of light scattering blood cells such as erythrocytes and 
lymphocytes, the intensity of the detected backscattered laser 
light fluctuates to form a time-varying speckle pattern. The 
intensity of the speckle pattern I(x, y) is recorded sequentially 
in equal time intervals, T, determined by the exposure time of 
the CCD camera (see Fig. 1). The resulting video sequence 
of N frames is divided into groups of n images each (in this 
case, N = 300 and n = 10), followed by calculation of the time-
averaged speckle contrast 
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Here, s is the standard deviation, and á I ñ is the mean intensity 
at a given point (x, y) (pixel) of the speckle pattern I(x, y); 
á ...ñn means averaging over a sample of n images of the video 
sequence; and g = N/n. The process of detecting the video 
sequence and the calculation of the time-averaged speckle 
contrast K(x, y) are fully automated by means of a specially 
developed software, created on the basis of ImageJ built-in 
editor (NIH, USA) with the possibility of further analysis, 
statistic and colour processing of the images obtained. The 
CCD camera was controlled using CamWare software (PCO, 
Germany). 

All experimental procedures were carried out in full accor-
dance with international standards for laboratory animal 
welfare and in accordance with the internal ethical standards 
of the Weizmann Institute. Laboratory animal anaesthesia was 
performed by intraperitoneal injection of a mixture of 10 mg 
of ketamine (Fort Dodge, Iowa, USA) and 100 mg of xelazine 
(Kepro, Deventer, The Netherlands) per 1 kg of body weight 
for a CD1 Nude female mouse at the age of 6 – 8 weeks, taken 
from Harlan Laboratories (Rehovot, Israel). The animal was 
kept in thermal comfort.
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Figure 1.  Scheme of the LSC-FIM bimodal experimental setup for 
imaging the vascular bed and microcirculatory blood and lymph flow 
in vivo: (LS1) and (FFC) mercury discharge lamp and fluorescent filtra-
tion cube, which are part of a standard fluorescent illuminator of a 
SZX 12 RFL2 stereomicroscope (Olympus, Japan); (LS2) 10-mW, 670-nm 
scattered coherent laser light source (ELFI-C, Israel). 
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Figure 2.  Typical images of speckle patterns I(x, y), observed on the surface of the mouse ear in vivo, at (a) short (T = 33 ms) and (b) long (T = 
650  ms) exposure times of the CCD camera. 
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3. Results and discussion 

Figure 2 shows an image of a typical speckle pattern I(x, y) 
received by the CCD camera from the surface of the mouse 
ear in vivo. The resulting speckle contrast images, K(x, y), at a 
short (33 ms) and long (650 ms) exposure time T of the detec-
tor are presented in Fig. 3. In the case of a longer exposure 
time one can clearly see ‘white’ vessels in the image (Fig. 3b). 
This fact is explained by changes in sensitivity of the LCS 
method, determined in accordance with [36] as 
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where r = T/tc is the ratio of the detector exposure time T to 
the correlation time of intensity fluctuations of scattered laser 
light, tc, which is determined by the characteristic time of the 
spatial displacement of blood cells (erythrocytes and lympho-
cytes) by a distance of the order of the probe wavelength 
l  and is inversely proportional to the average speed á uñ of 
movement of the latter (tc ~ l/á uñ). The speckle contrast K 
according to [36] is also a function of exposure time of the 
detector, T, and the correlation time, tc, and with acceptable 
accuracy may be represented as 
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Figure 4a shows the sensitivity of the LSC method as a 
function of the exposure time of the detector, S(T). One can 
easily see that the maximum sensitivity is obtained when the 
exposure time is comparable to the detector correlation time 
(T ~ tc ), whereas at T >> tc and T << tc the sensitivity is 
minimal (S ® 0). 

Figure 4b illustrates the sensitivity of the method as a 
function of correlation time S(tc) at a fixed exposure time of 
the detector used in the experiment (T = 33 and 650 ms). One 
can see that in the case of a prolonged exposure time of the 
detector (T = 650 ms), the sensitivity S for the correlation 
time tc ~ 102 ms or longer increases substantially. Note that 
the range tc > 102 ms corresponds to an extremely slow move-
ment of the scattering particles whose speed is comparable to 
the speed of movement of the lymph flow.

To confirm or refute this fact/assumption, we used the 
FIM method [24 – 26], specifically designed for direct visuali-
sation of lymphatic vessels. Figure 5 shows the image of the 

vascular bed of the outer ear of the mouse in vivo, obtained 
by the LSC method, with superimposed contours of the lym-
phatic vessels obtained by FIM. Visualisation of lymphatic 
vessels in the FIM regime preceded intradermal injection of 
2 mL of FITC dextran at a concentration of 10 mg mL–1 in the 
mouse ear. The visible pattern of lymphatic vessels, resulting 
from FIM, does not always repeat the profile of ‘white’ vessels, 
obtained by the LSC method. In our opinion, this is explained 
by the complex time-dependent, spatially inhomogeneous 
character of the lymph flow. The lymph flow in lymphatic 
vessels is usually of oscillatory nature with the pulsation fre-
quency varying in the range of 1 – 11 min–1 [37]. In the case 
of  low irradiation intensities and frequency of lymph flow 
pulsations, not all lymphatic vessels can be visualised by the 
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Figure 3.  Fragment of speckle contrast images, K(x, y) after averaging speckle patterns I(x, y), observed in the outer surface of the mouse ear, at (a) 
short (T = 33 ms) and (b) long (T = 650 ms) exposure times of the detector. 
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Figure 4.  Sensitivity of the LCS method as a function of (a) the detector 
exposure time T and (b) the correlation time tc at the detector exposure 
times ( 1 ) 650 and ( 2 ) 33 ms. 
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LSC method. Furthermore, not always the fluorescent con-
trast agent concentration at the site of a single vessel is suffi-
cient to excite the fluorescent signal that can overcome the 
FIM sensitivity threshold. However, the results of the experi-
ments presented here (see Fig. 5) suggest that the contours of 
the lymphatic vessels observed by the LSC method in the case 
of a sufficiently long exposure time of the detector and 
obtained by direct FIM measurements are in good agreement 
and repeat each other. 

4. Conclusions 

Thus, this study shows that in case of a longer exposure time 
of the detector, the LSC method allows simultaneous visualisa-
tion of not only blood, but also lymphatic vessels. This tech-
nique of simultaneous imaging of lymphatic and blood ves-
sels, and their demarcation carried out without the use of 
toxic fluorescent markers, appears to be very promising in the 
applications to the physiology of the cardiovascular system, 
including the study of the lymphatic system.
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Figure 5.  Fragment of the image of the vascular bed of the mouse’s 
outer ear obtained by the LCS method in the case of a long (T = 650 ms) 
detector exposure time (see Fig. 2b) with superimposed contours of 
lymphatic vessels reproduced by FIM [24 – 26].


