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Summary 
The pathophysiology of microcirculation is intensively 
investigated to understand disease development at the 
microscopic level. Orthogonal polarization spectral (OPS) imaging 
and its successor sidestream dark-field (SDF) imaging are 
relatively new noninvasive optical techniques allowing direct 
visualization of microcirculation in both clinical and experimental 
studies. The goal of this experimental study was to describe basic 
microcirculatory parameters of skeletal muscle and ileal serous 
surface microcirculation in the rat using SDF imaging and to 
standardize the technical aspects of the protocol. Interindividual 
variability in functional capillary density (FCD) and small vessels 
(<25 μm in diameter) proportion was determined in anesthetized 
rats on the surface of quadriceps femoris (m. rectus femoris and 
m. vastus medialis) and serous surface of ileum. Special custom 
made flexible arm was used to fix the SDF probe minimizing the 
pressure movement artifacts. Clear high contrast images were 
analyzed off-line. The mean FCD obtained from the surface of 
skeletal muscle and ileal serous surface was 219 (213-225 
cm/cm2) and 290 (282-298 cm/cm2) respectively. There was no 
statistically significant difference between rats in mean values of 
FCD obtained from the muscle (P = 0.273) in contrast to ileal 
serous surface, where such difference was statistically significant 
(P = 0.036). No statistically significant differences in small 
vessels percentage was detected on either the muscle surface 
(P = 0.739) or on ileal serous surface (P = 0.659). Our study has 
shown that interindividual variability of basic microcirculatory 
parameters in rat skeletal muscle and ileum is acceptable when 
using SDF imaging technique according to a highly standardized 
protocol and with appropriate fixation device. SDF imaging 
represents promising technology for experimental and clinical 
studies. 
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Introduction 
 
Microcirculatory level of the cardiovascular 

system represents a unique environment acting as the site 
of gas and nutrient exchange between blood and tissues. 
Analysis of microcirculatory physiology and 
pathophysiology in various clinical states can provide a 
feasible opportunity to study disease development. 
Despite the key role of microcirculation in numerous 
diseases including sepsis or multiple organ failure (Lehr 
et al. 2000, Spronk et al. 2004), current available 
methods allowing objective quantitative assessment of 
microcirculatory condition applicable to clinical practice 
are very limited. At present, a great effort has been made 
to develop and validate new noninvasive methods and 
technologies for direct assessment of microcirculation. 

Techniques for direct visualization and 
quantitative analysis of microcirculatory flow available at 
the bedside were reviewed by De Backer and Dubois 
(2001). Orthogonal polarization spectral (OPS) imaging 
and its successor sidestream dark-field (SDF) imaging are 
relatively new, progressively developing noninvasive 
methods based on very similar principles, which have 
been described in detail previously (Groner et al. 1999, 
Schiessler et al. 2002, De Backer 2003, Ince 2005a,b). 
Briefly, in OPS imaging green (550±70 nm) polarized 
light, guided through a system of lenses, illuminates the 
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target tissue to achieve optimal imaging of 
microcirculation because at this wavelength oxy- and 
deoxy-hemoglobin absorb the light equally. The light 
reflected at the surface is eliminated by orthogonal 
polarizer (analyzer) and does not form an image. The 
light after undergoing multiple scattering becomes 
depolarized and passes through the polarizer to create an 
image of the underlying microcirculation. SDF imaging is 
based on slightly different principles as compared with 
OPS technology. Light-emitting diodes (LEDs) arranged 
in a ring formation at the tip of the light guide emit green 
light (540±50 nm), which directly illuminates the tissue 
microcirculation. The illuminating light source is 
optically isolated from the emission light path in the core 
of the light guide (Fig. 1). Hence, SDF technology 
provides improved resolution and clarity of the images 
compared to OPS imaging. Both SDF and OPS 
technology have been implemented in a hand-held 
videomicroscope convenient for both experimental and 
clinical conditions. 

Validation studies are essential before 
employing both optical techniques into clinical practice. 
Experimental and clinical validation studies have been 
reviewed recently (Černý et al. 2007). OPS imaging has 
been validated especially in animal studies by comparison 
of intravital microscopy (IVM) as a gold standard and 
OPS techniques. Bland-Altman analysis confirmed good 
agreement between the two methods applied to both 
peripheral tissues and solid organs (Langer et al. 2001). 
Despite further development and improvement of the 
OPS-SDF imaging methods, several limitations for 
current clinical practice remain, especially probe pressure 
movement artifacts and lateral movement of the tissue 
(Lindert et al. 2002). As mentioned above, SDF imaging 
is a further enhanced optical method with better clarity, 
sensitivity and image resolution when compared to OPS 
imaging (Ince 2005a) and is intended to be used in a wide 
spectrum of clinical studies (Ince 2005b). 

The goal of this experimental study was to 
describe basic microcirculatory parameters of skeletal 
muscle and ileal serous surface microcirculation. This is 
the first study concerning non-invasive microcirculation 
assessment on the ileal serous surface, which is 
potentially well accessible during most of intraabdominal 
surgical procedures. Furthermore, it was designed to 
elucidate interindividual variability in quantitative 
assessment of the quadriceps femoris muscle and ileal 
serous surface microcirculation using SDF imaging in 
anesthetized spontaneously breathing tracheotomized 

rats. We hypothesized that interindividual variability of 
basic microcirculatory parameters such as functional 
capillary density (FCD) and the proportion of small 
(<25 μm in diameter) vessels is not statistically 
significant when using SDF imaging in this experimental 
study. These data were expected to provide significant 
information with evident impact on further research based 
on OPS and SDF imaging technologies both in 
experimental and clinical studies. This kind of animal 
study performed by the methodology described below 
and its relevant findings have not been so far presented in 
the past. 

 
Methods 
 
Animals 

All experimental procedures were performed 
after Ethical Board approval in accordance with Czech 
legislation on the protection of animals. Five male Wistar 
rats (Bio-Test, Konárovice, Czech Republic), weighing 
310-350 g, were included in the study. They were housed 
in groups of two in a standard cage at 21 °C in a 12 h 
dark/12 h light cycle and were supplied with laboratory 
chow (Velaz, Prague, Czech Republic) and tap water ad 
libitum. After one-week acclimatization period, the rats 
were enrolled into the study. 

 
Anesthesia and surgical preparation 
 After overnight fasting with unrestricted access 
to tap water, the rats were anesthetized with an 
intraperitoneal induction dose of pentobarbital 
(Nembutal, Abbott Laboratories, Chicago, IL, USA), 
50 mg/kg of body weight, in case of additional dose 
10 mg/kg of body weight. The animals were placed in a 
supine position on an operating table; rectal temperature 
was kept at 36.5-37.5 °C by use of a heat lamp. The 
carotid artery and jugular vein were cannulated with 
polyethylene catheter 24G for continuous blood pressure 
monitoring, continuous infusion of normal saline 
(20 ml/kg/h) and to administer additional anesthesia as 
necessary. Then the animals were tracheotomized 
(Vasocan 14G, B. Braun Melsungen AG, Germany) in 
order to maintain patent airway reliably throughout the 
study.  
 The abdomen was shaved and opened via a 
midline laparotomy to exteriorize the ileum. The 
preparation of the small intestine was performed as 
described previously (Bohlen and Gore 1976) with slight 
modifications (Neviere et al. 1999). In brief, the ileocecal 
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Fig. 1. Sidestream dark-field (SDF) 
imaging, an optical scheme. (1) Green 
light is emitted by (2) peripheral 540 ± 
50 nm light-emitting diodes (LEDs) 
toward tissue arranged in a circle at the 
end of the light guide. The 
microcirculation is directly penetrated and 
illuminated from the side by green light 
absorbed by hemoglobin of erythrocytes 
which are observed as (3) dark moving 
cells. The imaging, central part, of the 
light guide (4) is optically isolated from 
the LEDs. A Magnifying lens (5) projects 
the image onto a camera (6). 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Fig. 2. 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 2 mm towards the 
target tissue (5). 
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region was identified and 4 cm portion of distal ileum 
along with 5 cm proximal to ileocecal valve was exposed 
using warmed normal saline-saturated cotton swabs. The 
intestinal loop was placed carefully onto a adjustable 
small plastic plate to avoid breathing movement artifacts 
and covered with a thin plastic wrap to minimize 
dehydration (Harris et al. 1998). Any exposed tissues, 
apart from those covered by SDF imaging probe at the 
given moment, were intermittently moistened with 
warmed normal saline at 37 °C. A waiting period of 
20 min followed to confirm the stability of arterial blood 
pressure and rectal temperature (Langer et al. 2001). 
Then SDF imaging was performed according to the 
protocol described below. Once SDF imaging was 
completed, the ileum was placed back in the abdomen 

and the skin incision was closed by a suture. 
 After having shaved the right hindlimb, a 
craniocaudal skin incision 2-2.5 cm long was performed 
just in the middle of the medial site of the femur. Then 
subcutaneous connective tissue was gently prepared, 
quadriceps femoris muscle – m. rectus femoris and 
m. vastus medialis were identified and their fascia was 
carefully separated by blunt dissection from the surface 
of the muscle in order to minimize tissue injury and 
bleeding. SDF imaging then resumed according to 
protocol. 
 
Sidestream dark-field imaging procedure 
 To minimize artificial 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 CR, a.s.) flexible arm with special adapter 
allowing micromovement of the SDF probe in various 
axes according to inclination of the flexible arm (Fig. 2). 
In an effort to objectify the SDF imaging of 
microcirculation as much as possible, the following 
methodology was established. Once a sector for imaging 
was selected, the SDF imaging probe was placed just 
1 mm above the target tissue using a flexible arm. Then 
the arm was fixed and the probe covered with plastic lens 
was moved towards tissue by the adapter for micro-
movement. Immediately after the first contact with the 
investigated organ, the focus ring of the probe was used 
to bring the proper layer into focus to create sharp and 
high contrast image appropriate for later off-line analysis. 
All SDF imaging data of the microcirculation were 
digitally recorded. SDF images were obtained from three 
different areas within the site of interest as recommended 
recently (Boerma et al.2005). Each area was recorded for 
a duration of 2 min and saved. At the end of the 
experiment the animal was killed by an overdose of 
pentobarbital.  
 
Off-line analysis 
 Off-line selection of the most stable clips with 
clear images for final analysis was performed. To 
summarize, a total of nine selected clips (three clips of 
each area) of 10-15 s were analyzed. The optical 
magnification was five times, 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. Basic 
microcirculatory parameters such as FCD and the 

 
Fig. 3. SDF images of rat quadriceps femoris muscle and
ileal serous surface microcirculation. A. Sidestream dark-
field (SDF) imaging of the surface of the rat quadriceps femoris
muscle. Objective 5×, on screen 325×. B. Sidestream dark-field 
(SDF) imaging of the ileal serous surface microcirculation.
Objective 5×, on screen 325×. 
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proportion of small, medium and large vessels were 
acquired using AVA V1.0 software (AMC, University of 
Amsterdam, The Netherlands). The following parameters 
were analyzed off-line:  
 1) Functional capillary density (FCD) defined as 
the length of red blood cell-perfused capillaries per 
observation area and given in cm/cm2 or μm/μm2.  
 2) Small (<25 μm in diameter) and medium (25-
50 μm) vessels rate x 100 [%]. The diameter in this case 
is defined semi-quantitatively using presented 
dimensional constraint. The resulting percentage is ratio 
[total small vessels length / total length of all analyzed 
vessels] multiplied by 100 in case of small vessels and 
[total medium vessels length / total length of all analyzed 
vessels] multiplied by 100 [%].  
 

Statistics 
 The descriptive data from each animal are 
presented as mean (95 % confidence interval of mean). 
One-way ANOVA and Kruskal-Walis one-way ANOVA 
on ranks were applied to detect interindividual 
differences in FCD and small vessel percentage within 
the same organ in various rats – skeletal muscle and ileal 
serous surface. P<0.05 value was considered as 
statistically significant. All statistical analyses were 
performed with the use of SIGMASTAT 2.0 (Jandel 

Scientific, San Rafael, CA, USA) 
 
Results 
 
 Using special custom-made fixation system for 
the SDF probe, clear high contrast images were 
successfully obtained both from the surface of the 
quadriceps femoris muscle and distal ileum using SDF 
imaging technology. Typical images of skeletal muscle 
and ileal serous surface captured using SDF imaging are 
shown in Figure 3. The mean FCD obtained from the 
surface of skeletal muscle was 219 (213-225 cm/cm2), 
while the mean FCD on the ileal serous surface was 290 
(282-298 cm/cm2). Calculated small vessel percentage in 
skeletal muscle and ileal surface was 87.7 (87.0-89.5 %) 
and 92.8 (91.9-93.5 %) respectively. There was no 
statistically significant difference between the rats in 
mean values of FCD obtained from the muscle  
(P = 0.273) in contrast to ileal serous surface where the 
difference was statistically significant (P = 0.036). 
Interindividual differences in small vessel percentage in 
muscle and ileal serous surface were also analyzed. 
Statistically significant differences in small vessel 
proportion was detected neither on the muscle surface 
(P = 0.739) nor on ileal serous surface (P = 0.659). 
(Table 1). 

Tab. 1. Summarized results of basic microcirculatory parameters of each animal 
 

 FCD (cm/cm2) Percentage of small vessels (%) Percentage of medium vessels (%) 

 
Mean 

(95 % C.I. 
of mean) 

SD Mean 
(95 % C.I.
of mean) 

SD Mean 
(95 % C.I. 
of mean) 

SD 

 
Muscle 
Ileum 

Muscle 
Ileum 

Muscle 
Ileum 

Muscle 
Ileum 

Muscle 
Ileum 

Muscle 
Ileum 

Muscle 
Ileum 

Muscle 
Ileum 

Muscle 
Ileum 

Rat 1 196 
256 

183-205 
236-286 

17.8 
30.3 

88.1 
94.1 

85.7-90.4 
92.1-96.2 

3.1 
2.7 

11.8 
5.6 

9.4-14.2 
3.5-7.6 

3.1 
2.7 

Rat 2 201 
253 

192-210 
240-265 

11.0 
16.0 

89.2 
91.0 

87.2-91.2 
90.0-92.0 

2.6 
1.3 

10.2 
9.8 

8.1-12.2 
7.8-11.7 

2.6 
2.5 

Rat 3 204 
264 

187-215 
256-272 

22.0 
10.1 

89.3 
94.2 

87.6-91.0 
92.4-95.9 

2.2 
2.3 

11.7 
6.0 

8.6-14.8  
4.3-7.8 

4.0 
2.3 

Rat 4 191 
278 

184-198 
267-290 

9.6 
20.0 

88.6 
91.4 

87.2-90.0 
89.8-93.0 

1.8 
2.1 

11.3 
8.2 

9.9-12.8  
6.6-9.8 

1.8 
2.1 

Rat 5 190 
280 

180-200 
272-293 

12.9 
16.2 

88.4 
93.1 

86.4-90.6 
91.2-95.1 

2.7 
2.5 

11.6 
7.0 

9.5-13.6  
5.5-8.6 

2.7 
2.0 

Summary 
results 

219 
290 

213-225 
282-298 

16.0 
20.5 

88.7 
92.8 

88.0-89.5 
92.0-93.5 

2.5 
2.6 

11.3 
7.3 

10.5-12.2 
6.5-8.2 

2.9 
2.7 

 
FCD (functional capillary density), C.I. (confidence interval), SD (standard deviation) 
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Discussion 
 
 SDF imaging allows direct in vivo observation of 
the rat skeletal muscle and ileal serous surface 
microcirculation. It was possible to perform basic 
quantitative measurement of microcirculatory parameters 
under baseline conditions in rats subjected to a stable 
general anesthesia. There were two main reasons for the 
selection of quadriceps muscle and serous surface of the 
ileum. First, size and accessibility of both organs with 
minimal tissue injury affecting the microcirculation and 
second, serous surface of the intestine is very easily 
accessible during most major abdominal operations. Thus 
there is a possibility to detect possible splanchnic 
hypoperfusion in clinical practice using this noninvasive 
optical technique peroperatively in the future. 
Furthermore, a significant part of the clinical studies 
working with OPS and SDF imaging techniques have 
been performed under general anesthesia during surgical 
procedures (Mathura et al. 2001, Pennings et al. 2004, 
van den Oever et al. 2006). The proportion of small 
vessels was calculated because this parameter can be 
different in various pathological states characterized by 
compromised perfusion.  
 FCD values obtained on the surface of qudriceps 
muscle are comparable with those obtained from the rat 
gracilis muscle using IVM previously (Prewitt et al. 
1984). The quadriceps muscle has been chosen because 
of its size in respect of the size of the SDF probe. Similar 
data from the ileal serous surface have not been published 
yet. In this study, we have demonstrated that interindi-
vidual differences between the rats within the same organ 
in FCD and small vessels percentage on the quadriceps 
muscle surface were not statistically significant. Only the 
differences in mean values of FCD obtained from ileal 
surface, where the FCD is relatively higher, were 
statistically significant, but small vessel rate analysis has 
shown no significant interindividual difference. This fact 
can be caused by the primary selection of the visualized 
sector of the ileal surface concerning the presence of 
large vessels in the microscopic field. Another point is 
that transverse arterioles (20-50 μm in diameter) were 
calculated in proportion of medium vessels and terminal 
arterioles were included in the analysis of capillary beds 
due to the limitation of software analysis of velocities in 
arterial part of vessel network. The low number of 
animals in this experiment can also be a factor affecting 
the results. Another question remains unanswered, 
whether the significant interindividual difference in FCD 

between the rats has any clinical importance because 
95 % confidence intervals of mean are relatively narrow. 
These findings should be taken into account when the 
changes of microcirculatory parameters under various 
conditions are interpreted. The evaluation of 
interindividual differences within the same investigated 
group should be a standard part of data analysis when 
using OPS or SDF imaging technology. 
 Despite progressive development of noninvasive 
optical methods such as OPS and SDF imaging, several 
limitations have been clearly identified previously (Christ 
et al. 2000). It is almost impossible to eliminate the 
application of pressure with the tip of the MicroScan 
Lens during examination and lateral movement of tissue 
precludes continuous monitoring of a selected 
microvascular region. To minimize these effects and to 
standardize the examination as much as possible, we have 
used a custom made flexible fixation device, which can 
be applied easily both in animal and clinical studies. We 
consider the use of SDF probe without any fixation 
device allowing micromovement difficult to interpret 
objectively. Software analysis is another key point in 
microcirculatory status assessment. Current available 
software – the CapImage computer program (Klyscz et 
al. 1997) and AVA V1.0 software allow accurate off-line 
evaluation of basic microcirculatory parameters but on-
line analysis remains to be a data-intensive technique 
unavailable for common experimental and clinical 
practice. 
 Thanks to its noninvasiveness, a great effort has 
been made to introduce OPS imaging followed by SDF 
imaging into clinical practice by visualization of the 
sublingual microcirculatory network, especially in 
critically ill patients with sepsis (de Backer et al. 2002, 
Sakr et al. 2004). Our study has shown that 
interindividual variability of basic microcirculatory 
parameters in rat skeletal muscle and ileum is acceptable 
when using SDF imaging technique according to a highly 
standardized protocol and with appropriate fixation 
device. SDF imaging represents promising technology for 
experimental and clinical studies. 
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