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Summary. Recently improved microcirculatory imaging techniques, such as orthogonal polar-
ization spectral (OPS) and its technical successor sidestream dark field (SDF) imaging, in handheld
devices have allowed a direct observation of the microcirculation at the bedside. Usually a cut-off
of 20 um in diameter is used to differentiate small vessels (mainly capillaries) from large vessels
(mainly venules) during this technique. We hypothesized that it was possible to measure the small
vessels with a considerably smaller inner diameter.

Material and Methods. Images of the sublingual, conjunctival, jejunal, and rectal mucosa micro-
circulation were obtained with SDF videomicroscopy (Microscan®, Microvision Medical, Amster-
dam, the Netherlands). Using the validated software, the length and diameter of microvessels were
manually traced with a computer-generated line. All vessels were divided into the groups according
to the inner diameter.

Results. A total of 156 SDF images of the sublingual, ocular conjunctival, jejunal, and rectal
mucosa were taken in 13 pigs. The length of microscopic vessels progressively increased with a
decrease in the vessel diameter less than 8 mm in all the lodges, such as sublingual (80.6% of to-
tal vessel length), ocular conjunctival (76.5% of total vessel length), jejunal (99.8% of total vessel
length), and rectal (97.8% of total vessel length), due to capillary network formation. There was no
significant difference in the distribution of vessels from 0 to 10 um in diameter comparing sublingual
and eye conjunctival as well as jejunal and rectal mucosa.

Conclusion. In pigs, small-diameter microscopic vessels (<10 um) dominated in all the studied
lodges (sublingual, ocular conjunctival, jejunal, and rectal mucosa), and this is evidence to establish
a new cut-off for capillaries in microcirculatory analysis of SDF imaging in experimental and clini-

cal studies.

Introduction

The microcirculation is a vital part of blood circu-
lation responsible for the transportation and exchange
of oxygen and others substances, such as nutrients,
hormones, and drugs, to tissue cells and to remove
their waste products. The microcirculation involves the
smallest vessels with a diameter of less than 100 um,
which are not visible with the eye. These microscopic
vessels are arterioles, capillaries, and venules. The
structure and function of the microcirculation is het-
erogeneous in different organs and is related to the
metabolic (muscles, heart, brain) and functional (in-
testinal mucosa, kidney) requirements (1). Recently
improved microcirculatory imaging techniques, such
as orthogonal polarization spectral (OPS) (2) and its
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technical successor sidestream dark field (SDF) im-
aging (3), in handheld devices have allowed a direct
observation of the microcirculation at the bedside.
Despite some differences, both the methods oper-
ate based on the principle that emitted green light
(wavelength 530 nm) is absorbed by the hemoglobin
content in red blood cells. Thus, red blood cells can
be seen as black or gray bodies during imaging. The
vessel walls are not visualized themselves, so vessels
can only be detected by the presence of red blood
cells. OPS and SDF techniques have been validated
in comparison with intravital videomicroscopy (4, 5)
or nailfold capillaroscopy (6) and can be used only
on organs covered by a thin epithelial layer, mostly
mucosal surfaces. Nevertheless, these methods are
validated during isovolumic hemodilution and at low
hematocrits, and this reduces the impact of the num-
ber of erythrocytes per capillary with respect to the
calculation of capillary diameter (4).
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Another problem arising from the fact that ves-
sel walls are not visualized directly with these tech-
niques is to distinguish venules from capillaries.
Usually a cut-off of 20 ym in diameter is used to
differentiate small vessels (mainly capillaries) from
large vessels (mainly venules) during OPS or SDF
imaging analysis (7). Eliminating venules from
analysis may help perform a more accurate assess-
ment of the capillaries in specific organs in humans
and experimental animals. The knowledge about
the distribution of vessels according to diameter in
specific organ lodges may help establish a more ac-
curate cut-off diameter for the separation of capil-
laries from other vessels in an experimental setting
and correctly transpose the experimental data of the
microcirculation to clinical practice.

The aim of this study was to evaluate and com-
pare the microvascular distribution according to the
inner diameter using SDF imaging in the mucosa
(ocular conjunctival, sublingual, jejunal, and rectal)
of readily accessible organs in pigs under physiolo-
gical conditions.

Material and Methods

Animals were treated following the guidelines
for the care and use of experimental animals of our
institution in accordance to applicable laws. The
study protocol was approved by the Lithuanian Ani-
mal Ethics Committee.

Lithuanian white pigs fasted 12 hours before the
experiment, but were allowed free access to water.
All the pigs were premedicated with intramuscular
ketamine hydrochloride (20 mg/kg) and xylazine
(2 mg/kg) followed by cannulation of an ear vein.
Orotracheal intubation (tracheal tubes 6.5-7.5 mm
in diameter) was performed after the intravenous
induction of general anesthesia with thiopental so-
dium (6 mg/kg). The animals were ventilated us-
ing a volume-controlled mode with a positive-end
expiratory pressure of 5 cm H,O. Tidal volume was
kept at 10—12 mL/kg, and the respiratory rate was
adjusted (14-16 breaths per minute) to maintain
end-tidal carbon dioxide tension between 35 and
45 mm Hg. General anesthesia and muscle relaxa-
tion were maintained with a continuous intravenous
infusion of fentanyl (15 ug/kg per hour), midazolam
(0.2 mg/kg per hour), and intravenous boluses of
pipecuronium bromide as needed. The stomach was
emptied with an orogastric tube. The animal’s core
temperature was monitored via the pulmonary artery
catheter and kept at >38.0°C using warmed solutions
and heating mattresses. To maintain arterial blood
glucose levels between 4.5 and 7 mmol/L, 10% glu-
cose was infused during the whole experiment.

Surgical Procedures. Both femoral veins and the
right femoral artery were surgically dissected and
catheterized. An arterial catheter was placed into
the right femoral artery to measure invasive arterial

blood pressure and to obtain blood gases. A stand-
ard thermodilution 7F Swan-Ganz catheter (TD-I,
B. Braun Medical, Bethlehem, USA) was advanced
into the pulmonary artery through an introducer in
the right femoral vein. A central vein catheter was
introduced into the left femoral vein for the deliv-
ery of medications and fluids. A Foley catheter was
inserted into the urinary bladder through a small
suprapubic incision.

A proximal loop jejunostomy was constructed
for the microcirculatory assessment through 5- to
7-cm incision on the right side of the abdominal
wall. The jejunostomy was covered with a moistur-
ized gauze with a local hourly administration of a
saline solution to maintain viable mucosa.

A Ringer’s lactate solution was infused at a rate
of 5 mL/kg per hour during the surgical proce-
dures. After surgical preparations, the animals were
allowed to stabilize for 1 hour before recording the
baseline measurements.

Protocol and Measurements. After the preparation
and stabilization periods, the measurements of the
systemic hemodynamics and microcirculation were
performed, and blood samples were drawn.

Systemic hemodynamic measurements included
systemic, pulmonary arterial, right atrial, and pul-
monary artery occlusion pressure and cardiac out-
put measured by the thermodilution technique.
Derived hemodynamic variables were calculated ac-
cording to the usual formulas and indexed for body
surface area. Arterial blood samples were obtained
for the measurements of hemoglobin, hematocrit,
potassium, arterial lactate, and arterial blood gases
(ABL 500; Radiometer, Copenhagen, Denmark).

After the experiment, the pigs were euthanized
with a bolus injection of thiopental sodium and KCI.

Videomicroscopic Measurements and Analysis.
Images of the sublingual, conjunctival, jejunal and
rectal microcirculation were obtained with SDF
videomicroscopy (Microscan®, Microvision Medi-
cal, Amsterdam, the Netherlands) with a x5 opti-
cal probe and x380 on-screen magnification (3).
Unlike OPS imaging, which is based on cross po-
larization, dark field illumination by concentrically
placed green light-emitting diodes is used in SDF
imaging. Pulsed green illumination is in synchrony
with the camera frame rate to improve the imaging
of moving structures such as flowing red blood cells
and motion-induced blurring of capillaries (3).

After a gentle removal of saliva and other secre-
tions with isotonic saline-drenched gauze, the de-
vice was applied to the sublingual region, avoiding
pressure artifacts by establishing a threshold-image.
The ocular conjunctiva of the eye was washed with a
0.9% saline solution before the evaluation. An SDF
objective with a disposable sterile lens was gently
applied to the perilimbal surface of the bulbar con-
junctiva, preventing the collapse and drop of flow of
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large vessels. Movement artifacts were prevented by
attaching the SDF objective to another hand finger
placed on the periocular bones and fixating the eye-
lid. An additional person was often needed to help
in establishing the brightness and sharpness of the
image. The ocular conjunctiva was regularly rinsed
with a 0.9% saline solution to prevent local inflam-
mation and further protected by placing wet gauze
on the eye between the measurements. The meas-
urements were performed on the same eye during
the whole experiment. The microcirculation of the
small intestine was investigated through a jejunos-
tomy by the insertion of the SDF objective into
the depth of 5-7 cm from the edge of the stoma
and with a slight angulation. The microcirculation
of the rectum was investigated through the anus by
the insertion of the SDF objective into the depth of
6—10 cm from the edge.

The sublingual mucosa is supplied with blood by
the sublingual arteries, which stem from the lingual
arteries. The lingual arteries are branches of the ex-

ternal carotid arteries. SDF video microscopy visual-
izes capillaries and venules in the sublingual mucosa.
However, arterioles are usually not visualized due to
their location in deeper layers. In the villus of the
small intestine in pigs, the central arteriole arborizes
into a capillary net at the villus tip. The terminal
arterioles can be identified by determining the di-
rection of flow, diameter of the vessel, and charac-
teristic branching into capillaries. In the center of
the villus, some capillaries converge into venules (8).
The bulbar conjunctiva of the eye is supplied by the
anterior ciliary artery and partially by the long poste-
rior ciliary artery. The capillaries in the bulbar con-
junctiva form a one-layered bed with hairpin loops
and drain to venules disposed underneath the capil-
lary network (9). The rectal mucosal capillaries form
a honeycomb-like plexus around the luminal open-
ings of the mucus secreting crypts (Fig. 1).

The sequences of 20 seconds from at least 3 areas
were recorded on a hard disk using a personal com-
puter and AVA v3.0 software (Microvision Medi-

Fig. 1. Digital microphotographs of microcirculation in the sublingual, ocular conjunctival, jejunal, and rectal mucosa

A, sublingual mucosa; B, ocular conjunctival mucosa; C, jejunal mucosa; D, rectal mucosa.
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cal, Amsterdam, The Netherlands). Video clips were
blindly analyzed offline by 2 investigators in a ran-
dom order to prevent coupling. Using the validated
AVA v3.0 software (10), the length and diameter of
microvessels visible in the area were manually traced
with a computer-generated line. All vessels were di-
vided into the groups according to the inner diame-
ter. Due to difficulties in the manual tracing of very
small vessels, the smallest vessels with a diameter of
0—4 pm were analyzed as one cohort (a pixel spacing
of approximately 1.5x1.4 um) (10). The total line
length in mm was then divided by the area to ex-
press the microvessel line density as mm/mm?. The
total vessel area was divided by the investigated area
and multiplied by 100 to express the vessel surface
as a percentage from the total investigated area.

Statistical Analysis. Primary endpoint was the
proportion of the total vessel length according to the
specific vessel diameter in all investigated lodges.
The Statistical Package for Social Sciences (SPSS
15.1 for Windows, Chicago, USA) was used for sta-
tistical analysis. Data are presented as mean (SD).
Parametric tests were used for comparison within
or between the groups with normally distributed
variables. For nonnormally distributed variables,
nonparametric statistics was employed. A P value of
<0.05 was considered statistically significant.

Results

Experimental evaluations were performed in
13 pigs (mean weight, 31.0 kg; SD, 6.2). Systemic
hemodynamic and metabolic variables are presented
in Table 1. There were no obvious pathological fac-
tors that could have an impact on the microcircula-
tion in the studied organs except anesthesia itself.

A total of 156 SDF images were taken: 39 vid-
eomicroscopic images for each microvascular lodge
of the mucosa of 4 different organs (sublingual,
ocular conjunctival, jejunal, and rectal) in 13 pigs.
There was no significant difference in the total mi-
croscopic vessel length and density comparing the
sublingual, ocular conjunctival, and jejunal lodges
(Table 2). However, the total vessel length and den-
sity in the rectal mucosa was lowest as compared
with the sublingual, ocular conjunctival, and jeju-
nal mucosa (P<0.05, ANOVA with post hoc Dun-
nett test). The evaluation of microscopic vessels was
limited in the jejunal and rectal mucosa because of

Table 1. Systemic Hemodynamic and Metabolic Variables

in Pigs

Variable Value
HR, beats/min 85 (6)
MAP, mm Hg 100 (16)
MPAP, mm Hg 20 (6)
CI, L/min/m? 3.5(0.7)
SVRI, dynesseccem™/m? 1966 (308)
P O,, mm Hg 134.5 (30.0)
P'CO,, mm Hg 33.7 (3.5)
Arterial pH 7.47 (0.01)
HCO,, mmol/L 27.1(0.8)
Lactate, mmol/L 0.9 (0.2)
Hematocrit, % 29 (2)
Glucose, mmol/L 5.1 (1.0)
Temperature, °C 38.5 (0.5)

Values are mean (standard deviation).

HR, heat rate; MAP, mean arterial pressure;

MPAP, mean pulmonary artery pressure; CI, cardiac index;
SVRI, systemic vascular resistance index.

vascular architecture in the small intestine (villi) and
the rectum (crypts). Due to an incomplete mechani-
cal contact between the SDF device lens and a rough
surface of the jejunum or rectum, it was not possible
to fully assess the vascular density and surface. The
examples of digital microphotographs in the studied
lodges are presented in Fig. 1.

Figs. 2—3 represent the distribution of vessels ac-
cording to the inner diameter and the total vessel
length or the total vessel area.

In the sublingual mucosa, the vessels with an in-
ternal diameter of less than 4 ym comprised 40.7%
of the total vessel length; those with an internal di-
ameter of less than 8 um, 80.6%, and with a internal
diameter of less than 20 pym, 90.2%. In the ocular
conjunctiva, the vessels with an internal diameter of
less than 4 pym comprised 39.7% of the total vessel
length, those with an internal diameter of less than
8 um, 76.5%; and with an internal diameter of less
than 20 ym, 91.6%. In the jejunal villi and the rectal
crypts, the vessels with an internal diameter of less
than 4 ym comprised 71.3% and 65.2% of the total
vessel length, respectively, and those with an inter-
nal diameter of less than 8 ym, 99.8% and 97.8%,
respectively. Comparison of the sublingual and con-
junctival mucosa reveled no significant difference in
the distribution of vessels from 0 to 10 ym in di-
ameter (P>0.05), but there was a significant differ-
ence in the distribution of vessels from 10 to 20 ym
in diameter (P<0.05). No significant difference was

Table 2. General Characteristics of the Vessels on Images

Variable Sublingual Mucosa ~ Ocular Conjunctival ~ Jejunal Mucosa  Rectal Mucosa p
(n=39) Mucosa (n=39) (n=39) (n=39) (ANOVA)
Total vessel length, mm 28.8 (4.4)* 28.5 (5.0)F 26.3 (5.1)% 22.9 (3.1) <0.0001
Total vessel density, mm/mm? 35.8 (5.7)* 35.5 (5.5) 32.8 (6.3)% 28.9 (4.6) <0.0001
Vessel surface on image, % 26.4 (6.2)* 26.6 (5.4)F 10.6 (2.3) 10.8 (2.2) <0.0001

Data are mean (standard deviation).

*P<0.05 sublingual vs. jejunal and rectal; TP<0.05 conjunctival vs. jejunal and rectal; $P<0.05 jejunal vs. rectal.
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Fig. 2. Distribution of vessels in pigs’ sublingual (n=39 images), ocular conjunctival (n=39 images),
jejunal (n=39 images), and rectal (n=39 images) mucosa according to the vessel diameter and length

also observed in the distribution of vessels from 0
to 10 um in diameter between the jejunal and rectal
mucosa (P>0.05).

Discussion

The aim of this study was to evaluate the micro-
vascular distribution in the mucosa of readily avail-
able organs using SDF imaging. Our study showed
that the cut-off diameter separating small vessels
(mainly capillaries) from other vessels could be
more accurate when performing experimental and
clinical studies.

We observed no difference in the distribution
of vessels from 0 to 10 um in diameter comparing
different vascular lodges. The fact that the length
of vessels with a diameter of <8 um progressively
increased, indeed, suggests that vessels from 8 to
10 pm in diameter represent terminal arterioles and
collecting venules.

The use of systemic hemodynamic parameters
(e.g., mean arterial pressure, cardiac index) is not

sufficient to assess the microcirculation (11, 12).
Clinical studies have shown that this relatively new
method can help predict the outcomes (12, 13) and
assess the impact of therapeutic interventions on the
microcirculation (14, 15).

A currently used SDF imaging cut-off for a clin-
ical setting is 20 ym (7). According to our clini-
cal data with septic patients (14), in the sublingual
region, the vessels with an internal diameter of
less than 8 pm comprised 78.2% of the total ves-
sel length; those with an internal diameter of less
than 10 pym, 79.2%; and with an internal diameter
of less than 20 um, 92.1% (not published data). This
is close to the microvascular distribution in the sub-
lingual mucosa in pigs.

One experimental study using an OPS probe
with a x10 magnification of the objective showed
that the majority of microscopic vessels (55%) in
the sublingual mucosa were between 5 and 7 ym in
diameter, and 96% had an internal diameter of less
than 20 ym (16). These results support our findings
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Fig. 3. Distribution of vessels in pigs, sublingual (n=39 images), ocular conjunctival (n=39 images),
jejunal (n=39 images), and rectal (n=39 images) mucosa according to the vessel diameter and area

concerning diameters and vessel length. However,
our study revealed that a large part of microscopic
vessel diameters were less than 4 ym not only in the
sublingual, but also in the conjunctival, jejunal, and
rectal mucosa.

Our study has some limitations. There may be
some differences associated with different technical
aspects of the studies. In our study, SDF imaging
with a x5 magnification probe, different grouping
according to the diameter, and different validated
software for tracing were employed. Capillary con-
trast and quality of SDF imaging were shown to be
considerably better in comparison with OPS (3).

OPS and SDF imaging visualize red blood cells,
but not the vessel wall. Therefore, the red cell col-
umn diameter is not a true inner diameter of the
vessel. Red blood cells flow in the central part of
the vessel inner diameter, and there is an additional
plasma layer around the red cell column. Some stud-
ies have reported that the diameter of the capillary
wall is by 38% greater than the diameter of red cell
column (17, 18). Interestingly, venous occlusion sig-

nificantly increased the width of the red cell column
by 13%, but no significant increase in the true capil-
lary lumen was observed at the same time (17).

No studies on the microvascular distribution in
the rectal mucosa using SDF imaging in pigs have
been published before. In our study, the microvas-
cular distribution according to the inner diameter in
4 lodges easy accessible for the experimental evalua-
tion of the microcirculation was compared. We have
shown that an actual capillary inner diameter of
small vessels (mainly capillaries) in the sublingual,
ocular conjunctival, jejunal, and rectal mucosa us-
ing SDF imaging is obviously smaller than a pub-
lished cut-off of 20 um. The studies by Boerma et
al. (19) and De Becker et al. (7) suggested a cut-off
value of 20 um for clinical and experimental stud-
ies. The novelty of our study is that it has focused
on vessel diameter measurements using the same
technique (SDF imaging). Our data are important
in performing a more accurate analysis of the mu-
cosal microcirculation, and we suggest reducing the
cut-off value to 10 pm.
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Conclusions
In pigs, small-diameter microscopic vessels

(<10 ym) dominated in all studied lodges (sublin-
gual, ocular conjunctival, jejunal, and rectal muco-
sa), and this is evidence to establish a new cut-off
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