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Abgtract

The microvascularization of 19 human colonic
segments was studied quantitatively by means of scanning
electron microscopy of microvascular corrosion casts. In
total, four caecums, two ascending and four descending
colons, six sgmoidal colonsand four rectumswere examined.
In order to describe quantitatively the microvascular unit,
three parameterswere assessed: (1) intercapillary distances,
(2) interbranching distances and (3) branching angles. All
parameterswere measured in stereo pairs of microvascular
corrosion castsusing an interactiveimage analyzing system.
Examination of microvascular corrosion casts showed the
mucosal capillary network arranged in ahoneycomb pattern
around the mucosal glands. This meshwork is supplied by
arterioles and subepithelial capillaries and drained by
venules which merge to submucosal veins. The average
valuefor theintercapillary distancesis 107.2 + 27.6 um, for
the interbranching distances 51.3 + 28.5 um and for the
branching angles 87.4 + 29.2°. Comparisons of the
quantified parameters within a given segment as well as
group comparisons of all segments did not revea any
significant inter-individual difference.
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Introduction

Scanning electron microscopy (SEM) of
microvascular corrosion casts is one of the most useful
methods for obtaining insights into the microvascular
patternsof circulatory pathways. Theimportant advantage
of thismethod isthat the wholeterminal blood stream from
the arterial to the venous segment including the capillary
bed can beclearly shown. Furthermore, the casting medium
replicates numerous topographical detailsof the endothelial
luminal surface, thus the direction of blood flow can be
determined indirectly from the length-breadth relation of
the nuclear impressions (Christofferson and Nilsson, 1990).
For detailed reviews, see Lametschwandtner et al. (1980,
1984, 1990) and Konerding (1991).

However, most studies using thistechnique confine
themselves to qualitative descriptions, although thereis a
strong need for reproducible quantitative data as recently
postulated by Konerding et al. (1995). Scanning €lectron
microscopy allowsfor three-dimensional representation and
morphometry with little error. Malkusch et al. (1995)
demonstrated afeasible approachin calculating avariety of
vascular parameters based on 3D-stereo pairs of
microvascular corrosion casts. Themicrovascular unit could
be characterized by three parameters, the intercapillary as
well as the interbranching distances and the branching
angles.

The special biological, physiological and
morphological properties of the colon have given rise to
numerous microvascular investigations (e.g., Aharingjad et
al., 1991, 1992; Darien et al., 1993; Skinner et al ., 1995). For
example, the maintenance of electrolyte equilibrium is
regulated both by kidney and colon; a further point of
interest is the absorption of water. These resorptive
processes strongly depend on the blood flow.

Until today, the microvascularity of the colon was
studied qualitatively in humans (Skinner et al., 1995), horse
(Dartetal., 1992; Darienet al., 1993), guineapig (Aharing ad
etal., 1991, 1992) or rat (Browning and Gannon, 1986; Skinner
etal., 1990).

From the oncological point of view, such dataseem
to be of importance, too, because of the high incidence of
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Table 1. Numeric distribution of the investigated colonic
segments.

Segment

Number of specimens

caecum
ascending colon
descending colon
sigmoidal colon
rectum

A O ADNMNW

colonic carcinomas (Konerding et al., 1995). Against this
background, the aim of this study was to determine the
human colonic microvascular pattern both qualitatively and
quantitatively and to compare the microcirculatory units of
the individual colon segments, in order to get quantitative
data for further comparative studies of the
microvascul arisation, e.g., of tumors of the large intestine.

Materialsand M ethods

Specimens

A total of 19 colon specimens obtained in a seven
month period from patients undergoing colonic resections
wasstudied. Inmost cases, colonic resection wasperformed
because of malignant tumors. The patient group was not
selected; ten were males, ninefemales, with an average age
of 65+ 11 years. For thedistribution of the colonic segments,
see Table 1. The studieswere performed according to both
legal and ethical regulations.

Microvascular corrosion casting

The resected segments of the large intestine were
transported in a closed container without any storage
solution within 15-20 minutes after surgery to the
Department of Anatomy. Between one and four olivetipped
cannulas (Kratz, Dreieich, Germany) wereinserted into the
major mesenteric arterial vessels supplying the segment of
thelargeintestine. Segments of the caecum and ascending
colon were perfused through the ileocaecal artery or the
caecal artery. For perfusion of descending colon, branches
of theleft colonic artery or sgmoidal artery were cannul ated.
Rectal segments were perfused through the sigmoidal or
superior rectal artery.

Blood was washed out by infusion of body-warm
(36-38°C) physiologica saline (0.9% NaCl, pH 7.4, buffered
with phosphate-buffered saline, PBS, 850 mosmol) added
with 8000 U/L heparin (Liquemin N 25000, Hoffmann-La
Roche, Grenzach-Wyhlen, Germany) with manually
controlled pressure.

The cut edges of the specimens were clamped to
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ensure circulation of the washout and fixation solution
through the specimens. When the wash-out from the veins
wasclear (approximately 3-5 minutes after commencing the
wash-out, 300-400 ml of heparinized saline), up to 100 ml of
2.5% bodywarm glutaraldehyde (pH = 7.40, 850 mosmol,
buffered with PBS) as fixative (Bioproducts, Boehringer
Ingelheim, Germany) was perfused for 1-2 minutes. A
methacrylate based acrylic resin solution prepared by mixing
15ml of Mercox CL-2B, 0.1 g of catalyst MA (Vilene Med.
Co., Tokyo, Japan), and 5 ml of Methylmethacrylate
monomers (Merck, Darmstadt, Germany) was used as
casting mediumina20 ml syringe. 80-120 ml of thecasting
medium were infused under manually controlled pressure
viatheolivetipped cannulas. A 3-way stopcock enabled an
air-bubble-free change of the syringes during perfusion of
themicrovascular network.

Theresinwasallowed to polymerizein awater-bath
at 36-38°C, for approximately 40 minutes. Following this,
from each specimen three to four samples of 2cmx 2 cm
were taken out at a distance of at least 10 cm from the
malignant tumor. Subsequently, the surgical specimenwas
fixed in 4% formalin and brought to the Department of
Pathology for histopathological diagnosis. Extensive
preceding experiments, which were carried out before this
study on human surgical specimens, have shown that the
casting procedure does not interfere with the
histopathological diagnosis.

Sectionsof the specimenswhich were extremely rich
in fat were immersed in a soap solution for 24 hours at a
temperature of 37°C. Maceration was carried out in 7%
potassium hydroxide (Fluka, Neu-Ulm, Germany) at 40°C
for 2-4 days. The solution was changed every day. The
corrosion castswere cleaned by washing with distilled water.
All specimens were freeze dried (ALPHA 11-12,
Vakuumtechnik GmbH, Wertheim/Main, Germany), mounted
onto specimen stubs (BAL-TECAG, Walluf, Germany) with
conductive silver paste (Plano, Marburg, Germany), and
stabilised with conductive bridges according to Lametsch-
wandtner et al. (1990). The specimens were coated with
goldinan argon atmosphere with athickness of 40-45 nm at
an amperage of 30-35nA (BAL-TECAG). Examination of
the microvascular corrosion casts was carried out with a
Stereoscan Mk-250 scanning electron microscope
(Cambridge, U.K.), using an accel eration voltage of 10kV,
magnifications between 80 and 500 fold, and a working
distance of at least 10 mm. For morphometric analysis, of
each specimen at |east 20 stereo pairsweretakenusing atilt
angledifference of exactly 6°. The specimensweretilted on
an eucentric specimen stage which was calibrated by means
of agoniometer. IIford FP4 films (36 mm; lIford, U.K.) were
used for photographic recording.

M or phometry of microvasculatur e corrosion casts
The stereo pairs were scanned with a black/white-
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Figure 1. Scanning electron micrographs of a microvascular corrosion cast of the proximal human rectum (cross section)
showing arteries and veins from the muscularis and microvessels of the mucosa and submucosa (a and b). The mucosal
capillary network issupplied by arterioles (arrows), which divideinto capillaries (small asterisk) at thelevel of the submucosa
(b). Capillariesthen form the honeycomb plexusand draininto venules (large asterisk) at the luminal surface of the mucosa,
these venules then pass to submucosal veins (bold arrow). Bars=1 mm (@) and 200 um (b).

video camerawith a2/3-CCD (charge couple device)-video
camera(AVT-BC 1, AVT-Horn, Germany), digitised witha
framegrabber board (Kontron Elektronik, Eching, Germany)
with a depth of 8 bit and stored in a PC-based image
processing system (KS300, Kontron Elektronik). Theimages
werestored inanimg-format. Preceding the measurements,
some image processing steps (filters), including the
stretching of the grey value over the whole range of 256
grey levels, were per-formed to enhance the contrast as
well as the brightness.

In order to calculate the 3D-coordinates of the
microvascular corrosion casts, al points were alternately
marked in both stereo images using the computer mouse.

The coordinates of theleft stereo image were counted as x-
and y-coordinates, whereas the values of the corresponding
points in the right stereo pair were counted as x’- and y’-
coordinates. All valueswerestored in aresultstable (Excel,
Microsoft). To calculate true distances it is essential that
the y- and the y’-coordinates coincide (Makusch et al.,
1995). To perform quantitative evaluations from the
corrosion casts, the z-coordinate (= object height, z) hasto
be calculated using the common mathematic parallax (P=Px
- Px") and theknownttilt angle a (Boyde, 1973, 1974). For
the mathematical basis of calculating true values of the
interbranching distance, intercapillary distance and
branching angle as well as for the error possibilities and
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Table 2. Averagevalues of theintercapillary distances, interbranching distances and branching angles of different ssgments
of the large intestine expressed with deviation of the mean (m £ SD), plus the number of measurements.

Segment of the large intestine

caccum

colon sigmoidal rectum

colon

mean (pm) +
deviation

98.09 £22.8

102.0+22.6 |101.9£23.9]107.8£23.6

Intercapillary minimum

49.7

514 41.7 522

distance maximum

196.2

1713 170.3 181.2

number of
measurements

315

3006

264

203

mean (um) %
deviation

462 +£27.8

50.5£262 | 50.6£265 | 56.1£33.6

Interbranchin minimum

g

10.6

82

9.02

11.7

distance maximum

2292

2145 206.3 2385

number of
measurements

457

1103 763 678

measurements

mean (°) = deviation | 86.8 £29.6 | 87.9+26.6 | 87.8+294 | 89.1+27.5
Branching minimum 158 7.4 8.1 15.0
angle maximum 150.2 167.9 167.7 1459
number of 397 663 583 391

Figure2 (onthefacing page). Scanning electron microscopic illustration of thetypical honeycomb pattern of the vessels of
amucosal fold of the human colon (border between caecum and ascending colon). This homogeneous arrangement of the
capillary plexusaround the mucosal glandsisfound within all investigated segments (a). The higher magnification (b) of (a)
reveal s the detailed arrangement of microvessels around the mucosal glands (asterisk). This hexagonal capillary plexusis
supplied by subepithelial arterioles (bold arrow) (b). The mucosal capillaries drain into venules (star). Note the numerous

cross-connections (small arrows) of the capillaries.

InFigure 2b, in the upper right, point definition examplesfor the determination of theintercapillary distancesare given.
In the lower left, examples for the determination of the interbranching distances, and in the upper left, an example for the
determination of the branching angles. The size of the points in these examples was increased for better visibility. The
original point sizewas?2x 2 pixels. Bars=1mm (&) and 100 pm (b).

calibration, seeMalkusch et al. (1995). Fromthex-, y- and
z-coordinate, all other true parameters can be calculated in
the 3D-space. For each investigated parameter, at least 80
independent measurements per specimen were carried out.

The graphic demonstration and statistics were done
using SigmaPlot and SigmaStat (Jandel Scientific Software,
Erkrath, Germany). All groupswere verified for normality
before statistic calculation. The class distributions were
tested for significance using the Chi-square test, whereas
testing for significant differences in mean standard
deviation was performed with the Mann-Whitney rank sum
test. Inall cases, the sensitivity was assessed by means of
a power calculation, which revealed & values higher than
0.9 at the 5% level of confidence.
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Results
Vascular architecture

All specimens showed acomplete or nearly complete
filling of the vascular system. The microvascular corrosion
casts of al investigated segments of the large intestine
revealed similar structures and vascular architecture to
those previously described by Aharingjad et al. (1991) and
Skinner et al. (1995). Themucosa capillary plexusissupplied
by arteriesthat dividewithin the submucosato subepithelial
capillaries(Fig. 18). Themucosal capillary network isdrained
by venules originating immediately under the mucosal
surface and pass to submucosal veins (Figs. 1ab). The
mucosal capillary network is arranged in a honeycomb
pattern around the mucosal glands (Figs. 2a,b). All
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Figure3. Diametersof the measured capillaries. Ineach specimen, thediametersof at least 50 vessel swere determined at five
randomly chosen points between two branching points. The mean of al vessel diametersis 12.04 + 1.9 um. Note the
comparatively low, statistically not significantly different, variancein theindividual segmentsof thelargeintestine. Box plot
with lower boundary indicating the 25th percentile, upper boundary the 75th percentile. Error barsindicate the 10th and 90th

percentile. Inaddition, all outlying values are graphed.

measurementswere performed on capillaries of the mucosa,
which were identified as capillaries by their localisation,
diameter and the criteriagiven by Hodde and Nowell (1980)
or Nowell and Lohse (1974) (Figs. 2a,b). Themeasurements
were made in the plane of the mucosal surface and across
thehexagonal capillary meshes. Arterial and venousvessels
of the submucosa and of the deeper layers were not
considered. Theaverageluminal diameter of the measured
capillarieswas 12.04 + 1.9 um; theminimal diameter was6.4
pm, whilethemaximal diameter was20.9 um (Fig. 3).

I nter capillary distance

Comparison of theindividual intercapillary distances
within the given segment of thelargeintestine did not reveal
significant inter-individual differences (Figs. 4a-4d).
Because there were no significant differences between the
individual segments when compared by Mann-Whitney
rank sum test, the groups were combined (Fig. 5a). The
averageintercapillary distanceswere 98.09 + 22.8 umfor the
caecum, 102.0+ 22.6 umfor thecolon, 101.9+ 23.9 umfor the
sigmoidal colon and 107.8 + 23.6 um for the rectum. For
review of the averaged intercapillary distances of the
different segmentsof thelargeintestineaswell astheminima
and maxima and the numbers of measured distances, see
Table?2.

Interbranching distance

Statistical testing of individual interbranching dis-
tanceswithin the given segment of thelargeintestine proved
no significant differences (Figs. 6a-6d). Furthermore, no
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statistic differences were found in the group comparison
(Fig. 5b). Theaverageinterbranching distanceswere46.2 £
27.8 umfor the caecum, 50.5 + 26.2 pmfor the colon, 50.6 £
26.5 umfor thesigmoidal colonand 56.1 + 33.6 umfor the
rectum.
Branchingangle

Comparison of the individual branching angles of
the capillarieswithin agiven segment of thelargeintestine
did not reveal significant inter-individual differences (Figs.
7a-7d). Thus, the group comparison of all segments did
not, again, show any significant differences (Fig. 5¢c). The
average branching angle of the caecum is 86.8 + 29.6°, of
the colon 87.9 + 26.6°, of the sigmoidal colon 87.8 + 29.4°
and of therectum 89.1 + 27.5°. Theaveragebranching angles
of the different large intestine segments and the number of
measurementsarelisted in Table 2. The statisticsrevealed
on al segments of the large intestine that there are no
intersegmental differences.

Discussion

The aim of this study was to perform quantitative
morphometry of themicrovascular unit in different segments
of the large intestine by means of microvascular corrosion
casts. Theinvestigationwas carried out on human surgical
specimens. A satisfactory filling was achieved in all
specimens. Leakage of the resin was not observed and
endothdlial cell nucleusimprintsweredetectable on al casts.
Thus, the quality of the casts of surgical material was
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Figure4. Intercapillary distances of different segmentsof thelargeintestine. (a) = caecum (n=3), (b) = ascending (n=2;
open box) and descending colon (n = 4; shaded box), (c) = sigmoidal colon (n=6) and (d) = rectum (n = 4). Comparisons
of specimensremoved from the same colonic segment demonstrate that the distributions are very similar. Furthermore, the
intercapillary distances within the colon (b) were homogeneously distributed irrespective of their origin from the
ascending or descending colon. The differences were not statistically significant. Theintercapillary distances are ex-
pressed as the mean plus/minus the standard deviation (m £ SD).

comparable to that of casts obtained from experimental
animalsunder controlled conditions (Konerding, 1991).
Thearchitecture of the capillary network inall large
intestine segments studied is consistent with the qualitative
descriptionsof Aharingjad et al. (1991, 1992), Browning and
Gannon (1986) and Skinner et al. (1995). Compared to the
stomach, the microvascular pattern of the colon shows
numerous similarities (Browning and Gannon, 1986).
However, comparisonswith the microvascular architecture
of the small intestine reveal some differences. Spanner
(1932) presented different types of microvascular
architecturewithinindividual villi. Hediscerned afountain-
like arrangement, in which the arteriole reaches the top of
thevilluswithout branching (“fountain-type”) from adeeply
interconnected type (“ step ladder”) and a“ tuft-type.” This
classification, also supported by Aharingjad et al. (1991)
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and Browning and Gannon (1986), cannot be made in the
colon. However, it should be kept in mind that such an
arrangement is most unlikely in the colon because of the
missing villi.

Browning and Gannon (1986) described a gradual
reduction of both mucosal capillary density and average
meshwork width towardsthe moredistal colon. Aharingjad
et al. (1991) discussed this as areflection of the decreased
reabsorption of water in the distal colon. These findings
are inconsistent with our data, since we found in all
segments of the colon similar intercapillary distances.
Possibly this discrepancy can be explained in terms of
species specificity based on different functions and
nutrition. The human colon iscomparatively much shorter
than in the rodents. Additionally, it should be kept in mind
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Figure 5. Intercapillary distances (a), interbranching

distances (b) and branching angles (c) of different segments
of the large intestine. Group comparisons within all
segmentsreveal no statistic differences. Theintercapillary
distances and the interbranching distances as well as the
branching angles are expressed as mean + standard
deviation (m = SD). Caecum = circles, colon = squares,
sigmoidal colon = triangles, rectum = diamonds.

that the above mentioned papers are basically descriptive
ones.
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On the other hand side, one should not forget that
there must not necessarily be a direct correlation between
the vascular density (or intercapillary distance) and the
resorptive function. Other parameters such asan increased
number of fenestrae can enhance the resorptive function,
too. Furthermore, differencesin the depth of the mucosal
glandsof theindividual colonic segmentsmight be paralleled
by differencesin the depth of the mucosal vascular plexus
and, thus, cause ahigher total vascular volume with higher
resorption.

Araki et al. (1996) approached this question by
counting the layersof the mucosal capillary loopsin human
ascending colons and sigmoid colons. They described the
capillary plexus in the ascending colon as a multilayered
plexusand that of the sigmoid colon asalmost single-layered.
Thisisnotin linewith our observations. Wefound evenin
therectumin 3 out of 4 specimensmorethanasinglelayered
plexus. In two rectum specimens we saw three or more
capillary layers per capillary loop. This heterogeneity of
the number of capillary layers was seen in al colonic
segmentsof the colon aswell asintheindividua specimens.
SinceAraki et al. (1996) did not give any information onthe
number of examined areas per surgical specimen and the
intra-individual variances of the capillary layers, we can not
explain thisdiscrepancy.
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Discussion with Reviewers

A.Lametschwandtner: Inyour introductory remarksyou
clearly state that the microcirculatory unit is defined by
intercapillary distances, interbranching distances, and
branching angles. In order to analyze microvascular units
indifferent speciesand organs, amatter of particular interest
for studies on the evolutional constraints of the
microvascular unit, it would be quite interesting to know up
to which diameters of arterial and venous vessels the
measurementsweredone. Could you pleasegivetheluminal
diameters of thelargest vesselswhere the three parameters
were measured?

Authors: As shown in Figure 3, we have assessed the
above mentioned parameters only on capillaries of the
mucosal plexus, not on arteries and veins. The tenth



Microvascular patterns of the human large intestine

percentilewas 9.7 um, the ninetieth percentilewas 14.4 pm.
For comparative evolutional studies of the microvascular
unit, however, it seemsto be necessary to takeinto account
additional parameters such as the number, diameter and
branching pattern of the supplying arterioles and draining
venulessincethe parametersexamined in thisstudy describe
only the capillary network.

A. Ohtsuka: Are there any segmental differencesin the
depth of the mucosal glandular vascular plexus; i.e., the
distances from the bottoms to the orifices of the crypts?
Did you consider the volume of the mucosal gland in each
segment?

Authors: Sincewe studied only the mucosal vascular plexus
asseen from theluminal aspect, we cannot giveinformation
on the total vascular volume of the individual colon
segments. For considering thevolume of themucosal glands,
we would have needed, additionally, exactly vertically
orientated sections of the native or unmacerated tissue.

S. Patan: Are the values measured in the present study
different from those obtained in the pathological stete, asin
tumor angiogenesis or chronic diseases of the colon?
Authors. From our experience with themicrovasculaturein
xenografted tumors as compared to normal tissues, we expect
numerous differences of the measured parametersin human
tumors. Until now, however, we have not yet studied enough
human primary tumors to give a conclusive, statistically
proven answer.

S. Patan: Doesthe observed homogeneity of the measured
parameters throughout the colon correspond to the
physiological state or is it related to the fact that the
observed specimen were derived from surgically resected
tumors and might subsequently reflect a vasculature that
has been uniformly transformed during tumor angiogenesis?
Authors: Our specimensweretaken out in adistance of at
least 10 cm away from the pathological tissue (tumor,
adenoma, or chronic inflammation). A transformation of
microvasculature induced by a paracrine release of
angiogenic substancesiis, therefore, most unlikely.

S. Patan: Do other honeycomb-like microvascular networks
(asin the stomach or around the ovarian follicles) possess
asimilar pattern concerning the measured parameters?
Authors: Thisisthe first 3D-quantitative study of these
parameters in microvascular corrosion casts. Thus, we
cannot (yet) answer your question.

S. Patan: Couldtheintercapillary distance asrelated to the
number of branching points be a nice measure for the
vascular density and subsequently reflect another important
characteristic of avascular network?
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Authors. No. A quotient of intercapillary distance and
number of branching pointsisvoid of adimension and not
suitablefor measuring the vascular density. For example, if
the intercapillary distance was 100 um, and the
interbranching distance 100 um, your proposed quotient
would havethe samevalueasin an areawith intercapillary
distances and interbranching distances of 10 um.



