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Summary

Assessment of the cerebral microcirculation by on-line visualization has been impossible

for a long time. Sidestream dark-field (SDF) imaging is a relatively new method allowing

direct visualization of cerebral surface layer microcirculation using hand-held probe for direct 

contact with target tissue. The aim of this study was to elucidate the feasibility of studying the 

cerebral microcirculation in situ by SDF imaging and to assess the basic cerebral 

microcirculatory parameters in mechanically ventilated rabbits. Images were obtained using 

SDF imaging from the surface of the brain via craniotomy. Clear high contrast SDF images 

were successfully obtained. Total small-vessel density was 14.6±1.8 mm/mm2, total all-vessel 

density was 17.9±1.7 mm/mm2, DeBacker score was 12.0±1.6 µm-1  and microvascular flow 

index was 3.0±0.0. This method seems to be applicable in animal studies with possibility to 

use SDF imaging also intraoperatively, providing unique opportunity to study cerebral 

microcirculation during various experimental and clinical settings.
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Introduction

There is an increasing evidence to suggest the critical role of the microcirculation in 

many pathological conditions (Elberts and Ince 2006, Ellis et al. 2005, den Uil 2008). Also, 

normal macrocirculatory parameters do not preclude a significant alteration of 

microcirculation (Boerma et al. 2005). 

Several technologies are available for intravital visualization of microcirculation. Those 

most often used are intravital microscopy (IVM), orthogonal polarization spectral (OPS) 

imaging, sidestream dark-field (SDF) imaging and laser Doppler flowmetry (DeBacker and 



Dubois 2001). OPS imaging and its successor SDF imaging are relatively new noninvasive 

optical methods based on similar principles (Groner et al. 1999, Schiessler et al. 2002, 

DeBacker 2003, Ince 2005, Cerny et al. 2007). Briefly, in SDF imaging (Ince 2005), green 

non-polarized light, emitted by a ring of diodes at the tip of the light guide, directly 

illuminates the tissue. This light is optically isolated from the light returning from the tissue 

through a light guide, which prevents light reflection from the surface of the tissue. Because 

green light is absorbed by hemoglobin, vessels appear as dark structures on a light 

background. SDF technology provides improved resolution and clarity of images compared to 

OPS imaging (Goedhadt et al. 2007). Validation studies showed significant agreement 

between the data obtained from the new optical technologies and IVM (Cerny et al. 2007). 

Although the microcirculations of several organs have been widely studied (den Uil 

2008), there exist only a limited number of studies dealing with cerebral microcirculation.

The purpose of our study was to elucidate whether SDF imaging can be used for direct 

imaging of cerebral microcirculation, and to assess the basic cerebral microcirculatory 

parameters in mechanically-ventilated rabbits. We compared our results with those from other 

studies of cerebral microcirculation.

Methods

Animals. All experimental procedures were performed after Ethical Board approval in

accordance with Czech legislation on the protection of animals. Seven female rabbits (Bio-

Test, Konarovice, Czech Republic), weighing 3.0-4.0 kg, were included in the study. They

were housed in a standard cage at 21°C on a 12 hr dark/12 hr light cycle with unrestricted 

amounts of laboratory chow and tap water. After a one-week acclimatization period, the 

rabbits were enrolled into the study.



Anaesthesia and surgical preparation. After overnight fasting with unrestricted access to tap

water, the rabbits were anesthetized with an intramuscular induction dose of ketamine 

(50mg/kg) and xylazine (4mg/kg). The animals were placed in the supine position on an 

operating table. The right central ear artery and two marginal ear veins were cannulated with 

polyethylene catheter for continuous blood pressure monitoring, arterial blood gas analysis 

and continuous infusion of fluids (normal saline, 10ml/kg/hour), anesthesia (fentanyl 

0.5µg/kg/min, midazolam 33µg/kg/min, propofol 0.1mg/kg/min) and muscle relaxant 

(pipecuronium bromide 0.6mg/kg/hour). The animals were tracheotomized and mechanically 

ventilated (Harvard Scientific ventilator, Boston, USA, ventilatory setting: tidal volume = 8 

ml/kg, PEEP = 0 cm H2O, respiratory rate = 30/min, FiO2 = 0.21). Adequacy of ventilation 

was verified by arterial blood gas analysis. Mean arterial blood pressure (MAP), heart rate 

and rectal temperature were recorded throughout the study. Rectal temperature was kept at 

38.5 – 39.5°C by use of a heating plate. 

Each animal was subsequently rotated to the prone position and the right temporo-parieto-

occipital area of the head was shaved. The skin and periosteum of the shaved area of the skull 

were incized and reflected. The margins of the exposed area, with dimensions of about 1.5 cm 

x 1.5 cm, were formed by the midline, base of the right ear, external occipital protuberance 

and right caudal supraorbital process. Three 3mm holes were drilled through the exposed 

skull and rests of bone were broken off with small Pean forceps. The dimensions of the 

created cranial window were about 12 mm x 10 mm, with intact arachnoid mater at the base 

of the window. Bleeding from the diploe was stopped by use of bone wax. The wound was 

covered with cotton swabs saturated with sterile 37°C warmed normal saline. After the 

control of bleeding and a 30 minute stabilization period with higher intake of fluids 

(20ml/kg/hour of normal saline), extremely careful incision of arachnoid mater was 



performed, which exhibited the temporo-parietal surface of the right hemisphere of forebrain. 

SDF probe was immediately attached to the brain surface and imaging was performed.

Sidestream dark-field imaging procedure. To minimize pressure and movement artifacts, the 

SDF imaging probe (MicroScan Video Microscope, Microvision Medical, Inc., Amsterdam, 

The Netherlands) was attached to a custom-made (Arrow International Czech Republic, a.s.) 

flexible arm with special adapter allowing both micromovement of the SDF probe in various 

axes and proper stabilization of the probe at the same time (Fig. 1). In an effort to standardize 

the SDF imaging of the microcirculation as much as possible, the following procedure was 

established. Once a sector for imaging had been selected, the SDF imaging probe was placed 

approximately 0.5 mm above the target tissue using a the flexible arm. The arm was then 

fixed and the probe, covered with a plastic sheath, was moved towards the tissue using the 

adapter for micromovement. As soon as there was contact with the brain surface, the focus 

ring of the probe was used to bring the proper layer into focus to create a sharp and high-

contrast image. The sites of interest on the surface of the brain were selected randomly. Any 

exposed tissues, apart from those covered by the SDF imaging probe at any given moment, 

were intermittently moisturized using ad hoc drops of sterile normal saline at 37°C. For each 

animal, SDF images were obtained from two different areas (fields) within the site of interest. 

All SDF imaging data of the microcirculation were digitally recorded. All imaging procedures 

were performed during 2-3 minutes after incision of arachnoid mater. At the end of the 

experiment the animal was sacrificed with an overdose of potassium chloride.

Off-line analysis. Selection of the most stable clips with clear images for final analysis was 

carried out off-line. A total of 6 selected clips (3 clips for each area) of 10 seconds duration 

were analyzed per each animal, and their average was used for subsequent calculations. The 

final on-screen magnification of the images obtained with the SDF imaging device was 325 

times original and the real size of the field of evaluation was 1280 μm x 960 μm. Micro- 



circulatory parameters were measured using AVA V3.0 software (AMC, University of 

Amsterdam, The Netherlands). The software is able of automatic detection of vessels and 

calculation of their parameters – diameter, length, density and other calculated parameters. 

Researcher can control this automatic process and, if the detection of vessels is not correct, 

make manual corrections before further calculation. 

The following parameters were analyzed off-line:

1. Total small- and all- vessel density, defined as the total length of small or all vessels inside 

image divided by the total area of image, given in mm/mm2 (DeBacker et al. 2007)

2. DeBacker score, given in µm-1, is calculated as a number of vessels crossing three arbitrary 

horizontal and three vertical equidistant lines (drawn on the screen) divided by the total 

length of the lines  (DeBacker et al. 2007)

3. Microvascular flow index, which is an averaged value of semiquantitative score (0 – absent 

flow, 1 –intermittent flow, 2 – continuous sluggish (slow) flow, 3 – continuous normal 

(fast) flow) of microvascular flow in four quadrants of image, assesed subjectively by 

observer (DeBacker et al. 2007)

4. Length-weighted vessel diameter distribution, where the value for a given range of 

diameters is calculated as the percentage ratio of the total length of vessels of the 

particular diameter range to the total length of all vessels, given in %

5. Area-weighted vessel diameter distribution, where the value for a given range of diameters 

is calculated as the percentage ratio of the total area of vessels of the particular diameter 

range to the total area of all vessels, given in %

Small vessels are defined by diameter less than 25 µm. “Area of vessel” is the area of a vessel 

projected onto the plane of the SDF image.



Statistics. The descriptive data are presented as mean ± standard error of mean.  Statistical 

analyses were performed with the aid of SIGMASTAT 2.0 (Jandel Scientific, San Rafael, CA, 

USA). Normality of data was verified with Kolmogorov-Smirnov test.

Results

A total of 7 rabbits were used in this study. The main cardiovascular parameters were stable

throughout the study with MAP of 71±4 mmHg. With the special custom-made fixation 

device for the SDF probe, clear high contrast images were successfully obtained from the 

surface of the rabbit brain in situ using SDF imaging technology. The morphological 

structures of the cerebral microvasculature were clearly identified and it was possible to 

perform basic off-line quantitative measurements of microcirculatory parameters. A typical 

image captured using SDF imaging is shown in Fig. 2. The total small-vessel density was 

14.6±1.8 mm/mm2, total all-vessel density was 17.9±1.7 mm/mm2, DeBacker score was 

12.0±1.6 µm-1  and microvascular flow index was 3.0±0.0. Length- and area-weighted vessel 

diameter distributions are shown in Fig. 3. 

Discussion

This study has confirmed the reliability and accuracy of SDF imaging for assessing 

rabbit cerebral microcirculation. 

Table 1 summarizes values of microcirculatory parameters available from studies 

dealing with intravital cerebral microcirculation morphology found in PUBMED (Ben Mime 

et al. 2005, Duebener et al. 2001, Hudetz 1997, Hudetz et al. 1997, Hudetz et al. 1995, 

Kroppenstedt et al. 2003, Pennings et al. 2004, Pennings et al. 2006, Pérez-Bárcena et al. 



2009, Ristagno et al. 2007, Ristagno et al. 2009, Thomale et al. 2001, Wan et al. 2009). 

Various parameters have been measured in various species (rat, pig, human) using various 

methods.  This makes it therefore rather difficult to compare these data. No intravital imaging 

of rabbit cerebral microcirculation has been published so far. 

In our study we measured vessels of arteriolar or venular diameter, but we did not 

distinguish between arterioles and venules. Although the visible flow of erythrocytes on the 

SDF image permits the distinction between arterioles and venules, it is not easy, if at all 

possible, to settle from the image the border between the capillaries and the arterioles and 

venules. If these types of microvessels are defined by a range of diameters, „diameter“ of 

arterioles or venules, as presented in the studies in Table 1, is a weighted average of a range 

of diameters. Instead of a specific “diameter”, we present the distribution of vessel diameters 

according to the length or area of corresponding vessel segments on SDF image. This can 

provide a more detailed and comprehensive picture of vessel diameters in the 

microcirculation. The weighted average of any range of diameters can be calculated. For 

example, the calculated length-weighted average of all vessels (both arterioles and venules) 

with diameter greater than 10 micrometers is 30.0 µm, which lies between the literary values 

for rat (15 and 24 µm for arterioles and venules (Kroppenstedt et al. 2003)) and human (53 

and 51 µm for arterioles and venules (Pennings et al. 2004)).  

The only other study presenting the distribution of vessel diameters is that of Pérez-

Bárcena (Pérez-Bárcena et al. 2009). After adjustment of the distribution class borders (Table 

2), we observed a very similar distribution.  Although the experimental species (human versus 

rabbit) were different in both studies, the relative distribution of diameters is almost the same, 

which suggests that the architecture of the cerebral surface microcirculation is similar. 

We did not index all individual vessels visible on SDF image with Boerma indexes 

(DeBacker et al. 2007). We were therefore unable to calculate perfused (resp. functional) 



vessel density and percentage of perfused vessels according to the consensus conference 

(DeBacker et al. 2007). As an approximate surrogate for these parameters we can combine 

total (small-) vessel density and microvascular flow index (MFI). Because MFI was 3.0 in all 

measurements, indexing of all individual vessels would result in perfused densities 

approaching the total densities. In the study of Pennings (Pennings et al. 2006) in humans, 

functional capillary density, corresponding to small-vessel density in our study, was 30±5 

mm/mm2, versus 14.6±1.8 mm/mm2 in our study. One would intuitively expect such a 

somewhat higher value for human than for rabbit cerebral surface microcirculation. 

During each recording, we observed microcirculation for about 10 seconds. In 

preliminary phase of experiment, we also performed observations longer than 60 seconds, but 

we did not detect any significant changes with time. We, therefore, consider observations for 

10 seconds as sufficient. This period is also mentioned in the papers using the same 

technology.

Rabbit was chosen for this experiment because of the optimal compromise between the 

dimension of the head of animal and the size of the SDF probe. The head (and so the brain) of 

smaller animals, such as rats, has a similar dimension to that of the SDF probe, which results 

in need the need for a relatively wide craniotomy with all the attendant technical difficulties 

(especially intraoperative bleeding from diploe). It is also even more difficult to obtain images 

from more than two or three (as is recommended according to consensual conference 

(DeBacker et al. 2007)) areas of the cerebral surface, because the tip of the SDF probe just fits 

into the craniotomy. On the other hand, a larger animal, such as a pig, consumes a higher 

quantity of anesthetics and other medication, which increases the costs of experiment, without 

additional benefit of the larger dimension. We thus consider rabbit as an ideal animal for the 

study of the cerebral microcirculation using SDF technology. 

Our study has several limitations. 



Pressure artifacts attributable to the SDF probe are a problem common to all contact 

techniques (Lindert et al. 2002).  We used a very careful method of obtaining of the SDF 

image as described above in an effort to minimize this type of artifact. One of the advantages 

of SDF imaging as opposed to OPS imaging is the fact that the tip of the SDF probe is fixed 

during focusing (Goedhadt et al. 2007).

Lateral movement of the tissue is another general limitation of the SDF method, 

interfering especially with measurement of flow velocities. A special custom-made device 

allowing micromovement of the SDF probe was used in this study. The advantage of brain 

surface imaging is the quite stable position of the tissue in the head, which further minimizes 

lateral movements during imaging.

Artifacts are also generated by puncturing the arachnoid mater. In the study of Thomale 

(Thomale et al. 2001) performed in on rats, the arachnoid mater was not opened, and the SDF 

imaging was performed through it. In the case of rabbits, the presence of the arachnoid mater 

significantly decreases the visual sharpness of the surface cerebral vessels and practically 

disables transarachnoid SDF imaging, possibly because of thicker arachnoid mater and a 

wider subarachnoid space than in rats. After opening of the arachnoid mater, the brain surface 

was intermittently moistened with saline of body temperature; any adverse influence of this 

moistening on cerebral microcirculation cannot be fully excluded. On the other hand, all 

imaging procedures were performed during 2-3 minutes after arachnoid mater incision, when 

brain surface was still covered by rests of cerebrospinal fluid. We hope therefore, that artifacts 

induced by use of saline were not significant. In case of longer use, however, these artifacts 

would be critical.

In summary, we confirmed the reliability and accuracy of SDF imaging for assessing 

rabbit cerebral microcirculation and measure basic microcirculatory parameters which are 

comparable with the measurements of other authors. Our results can be used as a reference for 



future studies of cerebral microcirculation on the rabbit model. This method seems to be 

applicable in animal studies with possibility to use SDF imaging also intraoperatively, 

providing unique opportunity to study cerebral microcirculation in various experimental and 

clinical settings.
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Fig. 1. A scheme of the stabilizing and fixation device for SDF imaging probe.
(1) Flexible arm allowing horizontal, vertical and rotating movements ends with a special
adapter with (2) micrometer screw for movement of the SDF probe (3) with MicroScan lens
(4) within the range of 0,5 mm towards the target tissue (5).



Fig. 2. Sidestream dark-field (SDF) representative image of the rabbit cerebral 
microcirculation
Objective 5×, on screen 325×, size of image 1280 μm x 960 μm. A – arteriole, V – venule, C 
– capillary. 



Fig. 3. Length and area weighted vessel diameter distribution. Full columns - length  weighted 
distribution, empty columns - area weighted distribution. Value for a given range of diameters 
indicates percent of total length/area of vessels of the particular diameter of the total 
length/area of all vessels, given in %



Table 1. Summary of microcirculatory parameters available from studies dealing with 
intravital cerebral microcirculation morphology found in PUBMED. A – arterioles, V – 
venules, C—capillaries, IVM – intravital microscopy, OPS – orthogonal polarization spectral 
imaging, SDF - sidestream dark-field imaging, MFI – microvascular flow index.

Vessel diameter Percent of total vessel length
 Pérez-Bárcena et al. 2009 our study
0-20 µm 77.9 81.6
20-40 µm 12.3 10.4
40-60 µm 6.7 5.7
over 60 µm 3.1 2.9

Table 2. Comparison of length weighted vessel diameter distribution in our study and the 
study of Pérez-Bárcena.

study species method diameter
(µm)

velocity 
(mm/s)

other

Ben Mime et  
al. 2005

pig IVM

Duebener et al. 
2001

pig IVM

Hudetz et al. 
1997

rat IVM C 0.6

Hudetz et al. 
1995

rat IVM C 1.47±0.58

Hudetz 1997 IVM C 0.5-1.8
Kroppenstedt 

et al. 2003
rat OPS A 15, V 24 V 0.5, A 4

Thomale et al. 
2001

rat OPS A 19.1±2.7
V 22.2±1.4

V 0.68±0.08

Pennings et al. 
2004

human OPS A 53±39
V 51±48

Pennings et al. 
2006

human OPS A 53±39
V 51±48

Functional C density 
30±0.5
MFI 3

Ristagno et al. 
2007

pig OPS Number of perfused 
C 15
MFI 3

Ristagno et al. 
2009

pig OPS Number of perfused 
C 15
MFI 3

Wan et al. 
2009

rat SDF Perfused vessel 
percent 98
MFI 3
DeBacker score 5.0

Pérez-Bárcena 
et al. 2009

human SDF distribution
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