Clinical Anatomy 00:00-00 (2016)

ORIGINAL COMMUNICATION

The Descending Branch of the Lateral Circumflex
Femoral Artery As an Alternative Conduit for
Coronary Artery Bypass Grafting:
Experience From an Anatomical, Radiological and
Histological Study

PETR LOSKOT, 2 ZBYNEK TONAR,3* JAN BAXA,* ano JIRI VALENTA?

Department of Anatomy, Faculty of Medicine in Pilsen, Charles University in Prague,
Karlovarska 48, Pilsen, Czech Republic
2Department of Cardiac Surgery, University Hospital in Pilsen, Alej Svobody 80, Pilsen, Czech Republic
3Department of Histology and Embryology and Biomedical Center, Faculty of Medicine in Pilsen,
Charles University in Prague, Karlovarska 48, Pilsen, Czech Republic
“Department of Imaging Methods and Biomedical Centre, Charles University and University Hospital in Pilsen,
Alej Svobody 80, Pilsen, Czech Republic

Introduction: The descending branch of the lateral circumflex femoral artery
(DBLCFA) has been suggested as an option for use in coronary artery bypass
grafting (CABG). Our aim was to combine radiological examination, surgical and
anatomical preparation, and histological assessment of the DBLCFA to map its
variability and to assess the benefits of this conduit in cardiac surgery. Materi-
als and Methods: The pelvic and femoral arteries were examined by CT angiog-
raphy (CTA) in 100 patients (aged 68.3 = 9.3 years) to assess the variability of
the DBLCFA. Anatomical dissections were performed on 20 cadavers. In 15
patients, an autologous DBLCFA was implanted during CABG. In 35 samples,
possible atherosclerotic lesions were examined histologically. Results: The
length of the potential DBLCFA conduits measured by CTA was 9.3+2.9 cm,
without correlating with the length of the thigh. Anatomical variations that would
prevent the DBLCFA from being used in CABG were found in 27 out of 100
patients. Except for focal thickening of the intima, eccentric hypertrophy of the
intima was found in three out of 35 samples. No inflammatory infiltration, foam
cells, atheroma, or calcifications were found histologically. Conclusions: The
DBLCFA is not to be used routinely or in preference to other grafts of choice.
However, owing to its moderate variability, sufficient length, caliber, and rare
atherosclerosis, it can be used in the absence of other suitable grafts as an alter-
native conduit implanted as a composite Y-graft end-to-side to the internal tho-
racic artery in patients without diabetic angiopathy, neuropathy or peripheral
artery disease who are undergoing extensive or repeat coronary revasculariza-
tion. Clin. Anat. 00:000-000, 2016.  © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Arterial Grafts Routinely Used for CABG
and Contraindications for Harvesting

From an anatomical point of view, an autologous
arterial conduit should preferably be easily accessible
and should have a diameter matching that of the tar-
get coronary vessels. The conduit should have a suffi-
cient length available for harvesting with respect to
bypassing the planned target vessels. The most
commonly-used grafts are taken from the left internal
thoracic artery (ITA) (Maddock et al., 2013; Koyama
et al.,, 2014), followed by both left and right internal
thoracic arteries. However, the ITA is not recom-
mended and may be impossible to use in patients
undergoing repeat cardiac surgery or with adhesions
after lung or mediastinal surgery or radiotherapy of
the mediastinum. The ITA is also not to be removed
bilaterally from patients with expected difficulty in
healing of the sternum, such as those suffering from
diabetes, severe obesity, or osteoporosis (some of
these contraindications may be relative). As shown by
Pietrasik et al. (1999), bilateral ITA mobilization is
possible only in patients with adequate diameter and
length of the ITA common trunks and branches.

Another frequently-used conduit is the radial artery
(RA) from the non-dominant forearm (Wendler et al.,
2000). RA-multiple arterial coronary artery grafting
(MABG) and ITA-MABG are therapies of choice in coro-
nary artery bypass grafting (CABG) (Schwann et al.,
2015), but the RA may not be removed in patients
with a positive Allen’s test, i.e., patients with insuffi-
ciency of the deep and superficial palmar arches anas-
tomosing the radial and ulnar arteries, or with an
unusual formation of the palmar arches (Tubbs and
Loukas, 2006). Moreover, the RA may not be used
when there is a history of trauma to the forearm and
wrist or after partial thromboses following catheteriza-
tion. The right gastro-epiploic artery is used preferen-
tially in younger patients who are undergoing
complete arterial revascularization (Hirose et al,,
2002; Cho et al., 2011) of the right coronary artery
and its branches (the right posterior interventricular
branch, right posterolateral branch).

The Descending Branch of the Lateral
Circumflex Femoral Artery

Most of the arterial conduits formerly proposed as
alternative grafts have rarely been used in preference
to the RA graft. However, owing to the increasing use
of arterial conduits and the relative lack of suitable
arterial conduits in patients undergoing repeat CABG,
or with contraindications for harvesting the routinely-
used conduits, alternative arterial grafts are still
needed for such patients. Therefore, cardiac surgeons

continue to search for new arterial grafts in order to
avoid cardiac events associated with graft failure and
to improve the life quality and expectancy of patients
with coronary artery disease. The descending branch
of the lateral circumflex femoral artery (DBLCFA) has
been suggested and tested in Japan by Tatsumi et al.
(1996) as an option for use in CABG. Fabbrocini et al.
(2003) reported excellent clinical results and mid-term
patency rates. However, the data on variability and
practical use remain controversial. Yamashita et al.
(2005) found that only 68.6% of 70 patients had a
DBLCFA suitable for bypass because the remainder
had wall irregularities, stenosis or hypoplasia.

On rare occasions, the lateral circumflex femoral
artery (LCFA) can be used as an interposition graft
(Anderson et al., 2004). Radiological studies on the
DBLCFA showed that it seems relatively spared from
atherosclerosis (Halvorson et al., 2008). Whereas the
branching patterns of the circumflex femoral arteries
have been thoroughly mapped by Vazquez et al.
(2007) and the clinical anatomy of the medial femoral
artery has been reported in detail by Clarke and Col-
born (1993), the variability and clinical anatomy of
the DBLCFA itself are mostly unknown and only
exceptional case studies have been reported (Goel
et al., 2015). Despite being used successfully as the
pedicle of anterolateral thigh flaps or fibular grafts in
plastic and reconstructive surgery and orthopedics
(Choi et al., 2014; Gokhan et al., 2014; Jia et al.,
2015), the DBLCFA is still extremely rarely used for
CABG. Despite preliminary studies on its preparation
(Loskot et al.,, 2014), anatomical and histological
studies linked with angiographic assessment of ather-
osclerosis in patients undergoing CABG are still lack-
ing, and this became the rationale for the present
study.

The aim of this study was to combine radiological
examination, surgical and anatomical preparation, and
histological assessment of the DBLCFA to map its vari-
ability and to assess the benefits and limitations of
this conduit in cardiac surgery.

PATIENTS AND METHODS
CT Angiography (CTA)

To assess the variability of the DBLCFA, CTA data
from 100 patients examined at the Department of
Imaging Methods, Charles University and University
Hospital in Pilsen were used. The patients (80 males,
20 females, mean age *=SD 68.3+9.3 years) were
indicated for CTA of the abdominal aorta and periph-
eral arteries with suspicion of peripheral arterial dis-
ease. All of the patients gave informed consent and
the study accorded with the rules of the Ethics Com-
mittee of the University Hospital and Faculty of Medi-
cine in Pilsen, Charles University in Prague. The
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TABLE 1. Body Height, Body Mass Index (BMI), Length of the Thigh, and Length of the Descending
Branch of the Lateral Circumflex Femoral Artery (DBLCFA) in Patients (n=100) Undergoing Pelvic and

Femoral CT Angiography

Body height (cm) BMI Length of the thigh (cm) Length of the DBLCFA (cm)
Mean (+ SD) 171.8 28.1 46.2 (£3.3) 9.3 (£2.9)
Value range 150-197 19.1-27.2 38.6-54.5 2.1-17.4

In nine patients (9%), the diameter of the whole DBLCFA was <2 mm and these patients were excluded from fur-
ther measurements. The length of the thigh was measured as the distance between the anterior superior iliac spine
and the upper border of the patella. The length of the DBLCFA was measured from the origin of the artery to its
branching in the muscle or up to the 2 mm diameter in the periphery. The range denotes the minimum and maxi-

mum values in the patients included in the study.

Somatom Definition Flash (Siemens Healthcare, Erlan-
gen, Germany) CTA was used with a collimation of
128 x 0.6 mm. The DBLCFA in the left limb was
measured in detail in 91 of the patients, and the
DBLCFA on the right or both sides was measured in
the other nine. The left limb was preferred in view of
the usual positioning of the patient during graft har-
vesting at the operating theatres of the Department of
Cardiac Surgery, University Hospital in Pilsen (this
might differ among hospitals and surgery teams). The
length of the DBLCFA was measured from its origin to
its branching in the muscle or up to the 2 mm diame-
ter in the periphery.

Anatomically significant stenoses (reduction of
>50% of the original lumen diameter) were tracked
and the lesions were classified using a semiquantita-
tive scale: 0 (no lesion), 1 (initial lesion), 2 (minor
calcifications without distinct stenosis), 3 (clearly visi-
ble atherosclerotic lesion with stenosis <50%), and 4
(atherosclerotic lesions with a significant stenosis
>50%). CTA settings, image processing and scoring
were compatible with the study by Kristanto et al.
(2012).

Anatomical Dissection of the DBLCFA

The DBLCFA was dissected in 20 cadavers (13
males, seven females, mean age*+SD 63.4+14.7
years) donated according to the Czech law within the
Body donor programme to the Department of Anat-
omy, Faculty of Medicine in Pilsen, Charles University
in Prague, for educational and scientific purposes.
Only cadavers with no history of ischemic limb disease
were included in the study. The cadavers were used
for training in dissection and for exploring possible
modifications of the graft harvesting. From the proxi-
mal and the middle portions of each DBLCFA, approxi-
mately 4 mm-long segments were removed for
histological examination.

Conduits Used in CABG

In 15 patients (14 males, one female, mean age =
SD 66.9 = 6.5 years) undergoing CABG at the Depart-
ment of Cardiac Surgery, University Hospital in Pilsen,
the DBLCFA was used for revascularization surgery. All
patients selected for the study were undergoing first-
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Fig. 1. Length of the thigh and length of the descend-

ing branch of the lateral circumflex femoral artery
(DBLCFA) in patients undergoing pelvic and femoral CT
angiography. A—Case profiles of the patients under
study. B—The length of the thigh did not correlate with
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the length of the DBLCFA (Pearson coefficient 0.12, non-
significant linear fitting (red line) with P=0.24). See Table
1 for a summary of the data. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE 2. Morphological Variability of the DBLCFA in Patients (n=100) Undergoing Pelvic and Femoral

CT Angiography

Early

Gracile DBLCFA proximal

(involved in local DBLCFA DBLCFA DBLCFA
Hypoplastic DBLCFA circulation, but originating from originating bifurcation
(very thin lumen, with diameter the superficial from the deep or more DBLCFA as a
insignificant <2 mm at the artery of artery of muscular part of collateral
circulation) origin) the thigh the thigh branches circulation
Eight cases One case Four cases Two cases Two cases Six cases

(one case in

obliterated superfi-
cial artery of the
thigh)

time CABG, but they lacked conduits from traditional
sources for complete arterial revascularization. All
patients signed the informed consent for the proce-
dure. From the proximal and distal ends of each
DBLCFA, approximately 4 mm-long surplus segments
were removed for histological examination. The
DBLCFA conduits were implanted to the left-sided ITA
as Y-grafts to bridge either the lateral branch of the
anterior interventricular branch or the left marginal
branch of the circumflex branch. During a three month
follow-up, CTA was performed to assess graft patency.

Histology of the DBLCFA

Vascular segments of the DBLCFA removed either
during the anatomical dissections or prior to conduit
implantation (CABG) were fixed in buffered formalin.

At least 12 histological sections per sample were cut
perpendicularly to the longitudinal axis of the artery.
Vessel morphology was examined using hematoxylin-
eosin staining and a combination of Verhoeff's hema-
toxylin and green trichrome. Any findings of athero-
sclerotic lesions were classified according to Stary
et al. (1994).

RESULTS
CT Angiography of the DBLCFA

The measurements of the DBLCFA are summarized
in Table 1 together with basic information about the
patients enrolled in the study. In nine patients (9%),
the diameter of the whole DBLCFA was <2 mm. These

Fig. 2. The descending branch of the lateral circum-
flex femoral artery (DBLCFA) as a part of the collateral cir-
culation and as a gracile variant in patients (n=100)
undergoing pelvic and femoral CT angiography. A—In six
patients, the DBLCFA was a part of the collateral circula-
tion (on the patient’s right side, green arrow) because of
stenosis of the superficial femoral artery (yellow arrow).
B—In one patient, the diameter of the proximal DBLCFA

(orange arrow) was below <2 mm, which was counted as
a gracile variant ineligible as a CABG conduit. The branch-
ing pattern is followed from the femoral artery (FA), deep
artery of thigh (DAT), and lateral circumflex femoral
artery (LFCA) to the DBLFCA. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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patients were excluded from further measurements
because the diameter was insufficient for potential
conduit harvesting. The minimum length of the poten-
tial DBLCFA conduit with diameter>2.0 mm was
2.1 cm and the maximum was 17.4 cm. Most of the
findings were close to the mean value of 9.3 cm, with
a standard deviation of 2.9 cm (see Fig. 1A for a
graphical plot of all the cases). The mean diameter of
the DBLCFA at its origin was 2.9 mm (2.1-3.4 mm).
The length of the DBLCFA was not correlated with the
length of the thigh (Pearson correlation coefficient
0.12, P>0.24, Fig. 1B). The morphological variability
among the 100 patients is summarized in Table 2 and
these findings are illustrated in Figures (2 and 3). The
occurrences of stenoses (>50%) and atherosclerotic
lesions are summarized in Table 3.

Surgical and Anatomical Dissection
of the DBLCFA

On the basis of our experience, the recommended
preparation of the DBLCFA for CABG is as follows: The
procedure starts with a 10-15 cm long anterolateral
section in an axis connecting the anterior superior iliac
spine with the middle of the patella. The incision (Fig.
4A) originates at the level of the lower margin of the
inguinal ligament. The fascia lata is cut anteriorly to
the iliotibial tract, but without damaging the fascia of
the tensor fasciae latae muscle. After penetrating
between the fasciae of the rectus femoris and vastus
lateralis muscles using a blunt dissection technique,
we approach the surface of the vastus intermedius
muscle. The DBLCFA is found on its surface, accompa-
nied by the muscular branches of the femoral nerve.
This is to be separated from the DBLCFA to prevent
injury to those femoral nerve branches. On the proxi-
mal end of the conduit, the DBLCFA is ligated approxi-
mately 1-2 cm distal to its origin from the LCFA. The
ascending branch of the LCFA is to be protected
because it contributes to the vascular supply to the
hip joint. The distal end of the DBLCFA is tracked and
ligated either before the DBLCFA enters the vastus
intermedius or before it splits into the minor muscular
branches. Any major branches of the DBLCFA are
ligated as well. Using a harmonic scalpel, the DBLCFA
is removed together with the accompanying veins
(usually two of them) that share the same tunica
adventitia connective tissue with the artery. Any

Fig. 3. Variability of the descending branch of the lat-
eral circumflex femoral artery (DBLCFA) in patients
(n=100) undergoing pelvic and femoral CT angiography.
A—Duplication of the DBLCFA. In addition to the regular
DBLCFA (yellow arrow), another artery supplies the same
region but originates from the femoral artery (red arrow).
B—In two patients, very early branching of the DBLCFA
(green arrow) would make the artery ineligible as a CABG
conduit. C - In one patient, a conspicuous transverse
muscular branch (white arrow) of the DBLCFA was found.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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TABLE 3. Occurrence of Stenosis and Atherosclerotic Lesions Between the Aorta, the Common Femoral
Artery, the Deep Artery of the Thigh, and the Superficial Artery of the Thigh in Patients (n=100)
Undergoing Pelvic and Femoral CT Angiography

Significant stenosis Significant stenosis Significant stenosis Significant
Significant stenosis (>50%) of the (>50%) between the (>50%) in either the atherosclerosis
(>50%) of the deep superficial artery of aorta and the com- pelvic or femoral (grade 3-4)
artery of thigh thigh mon femoral artery arteries of the DBLCFA
Two cases 50 cases 50 cases 72 cases 19 cases

Significant stenoses (>50% of the original lumen diameter) between the aorta, the common femoral artery, the
deep artery of the thigh, and the superficial artery of the thigh were tracked and marked. Atherosclerotic lesions
were classified using a semiquantitative scale: 0 (no lesion), 1 (initial lesion), 2 (minor calcifications without distinct
stenosis), 3 (clearly visible atherosclerotic lesion with stenosis <50%), and 4 (atherosclerotic lesions with a signifi-
cant stenosis >50%).

Abbreviations used: CABG, coronary artery bypass grafting; CTA, CT angiography; DBLCFA, descending branch of
the lateral circumflex femoral artery; ITA, internal thoracic artery; LCFA, lateral circumflex femoral artery; MABG,
multiple arterial coronary artery grafting; RA, radial artery.

unnecessary mechanical contacts with the DBLCFA
are to be avoided to prevent its spasm (no-touch
technique published by Souza et al.,, 2002). To pre-
vent vascular spasm, the DBLFCA is to be dilated by
instillation of isotonic saline solution, vasodilator, or
heparinized blood. Excess pressure should be avoided
to prevent intramural edema. The proximal and distal
ends of the conduit are marked. All separate anatomi-
cal layers of the wound are closed. If any coagulop-
athy is anticipated, or if the patient has been treated
with anticoagulants or antiplatelet drugs, postopera-
tive Redon drainage is applied. After the surgery, the
limb can be wrapped with an elastic bandage. The
time required for the conduit preparation and harvest-
ing averaged between 15 and 25 min. An example of
the DBLCFA conduit implanted as a Y-graft to the left
ITA during the CABG is shown in Figure 4B. During
follow-up, there were no postoperative complications
such as vascular supply or innervation disorders,
difficulty in healing, infection, edema, or major
hematoma.

Histology of the DBLCFA

In 15 of the 20 samples of DBLCFA examined from
cadavers and in 13 of the 15 samples taken from the
surplus ends of CABG conduits, no atherosclerotic
lesions were found. The arteries were surrounded with
a rich adventitia connective tissue (Fig. 5A-C), which
also contained the vasa vasorum (Fig. 5A) and the
nervi vasorum (Fig. 5B). The wall thickness was in the
range 340-500 um. In eight samples there was focal
thickening of the intima (Fig. 5D). In three of these,
eccentric hypertrophy of the intima was observed
(Fig. 5E). Most of the samples (Fig. 5F) had a normal
intima thickness with no signs of proliferation or
inflammatory infiltration. The internal elastic lamina
was well preserved (Fig. 5F). No foam cells, fibrous
cap-covered atheroma, neovascularization, inflamma-
tory infiltration, calcification, or other signs of vulnera-
ble atherosclerotic lesions were found in any of the
DBLCFA samples included in this study.

DISCUSSION

Anatomical Study Implications and
Recommendations for the Use of DBLCFA
In CABG

Before harvesting, it should be determined whether
the DBLCFA is necessary for collateral circulation
when there is stenosis of the surrounding arteries of
the thigh. A thorough mapping of collateral pathways
in peripheral arterial disease was provided by Wooten
et al. (2014) and recently commented on by Anwar
and Aydin (2015). The DBLCFA is a common route for
collateralization in the presence of femoropopliteal
occlusive disease, which may preclude its harvesting.
Hage and Woerdeman (2004) reported a patient with
partial necrosis of the foot and calf caused by inter-
ruption of the DBLCFA, which served as a critical col-
lateral for the obstructed superficial femoral artery.
Interestingly, the experience of Sakakibara et al.
(1999) suggested that larger caliber DBLCFAs could
be of greater importance as collateral channels and
therefore should be rather saved and not harvested.
Moreover, Gaiotto et al. (2013) found a high patency
rate and positive luminal adaptation when they used
the DBLCFA in 32 patients with CABG, but owing to a
high incidence of anatomical variations they sug-
gested that preoperative femoral angiographic exami-
nation was mandatory. However, this would be
difficult in patients suffering from overall atherosclero-
sis, which often entails deterioration of kidney func-
tion, and patients with severe kidney problems may
be unsuited for CTA. These controversial findings
show that to date there has been no uniform strategy
for harvesting the DBLCFA. Our CTA results contribute
to the debate by revealing anatomical variations that
would prevent the DBLCFA from being used for CABG
in 27 out of 100 patients. These results suggest that
even in patients unsuitable for preoperative CTA, the
morphology of the DBLCFA is worth exploring when-
ever alternative arterial grafts are sought, where the
first choice grafts (ITA and RA) are not available. We
speculate that some of the inconsistent results con-
cerning variability could be partially explained by



Fig. 4. Dissection of the DBLCFA prior to coronary
artery bypass grafting (CABG) and an example of a
DBLCFA conduit used for CABG. A—Left thigh with an inci-
sion within an axis connecting the anterior superior iliac
spine with the middle of the patella. After penetrating
between the fasciae of the rectus femoris (RFM) and
vastus lateralis (VLM) muscles, the DBLCFA (yellow
arrows) with accompanying veins is found lying on the
surface of the vastus intermedius muscle (VIM). The
muscular branches of the femoral nerve (green arrow)
are prepared laterally to the DBLCFA. B—CT angiography
reconstruction showing an example of a DBLCFA conduit
(red arrow) implanted as a Y-graft to the left internal tho-
racic artery (ITA) during a CABG. Additionally, a graft
from the great saphenous vein (GSV) implanted to the
aorta is shown. In this particular patient, the diagonal
branch of the anterior interventricular branch was espe-
cially well developed, thus supplying a substantial mass
of myocardium. Because of that and of the patient’s age
(<50 years), we preferred to use an arterial graft for this
position. Selective coronarography showed that the left
marginal artery was a chronically obliterated vessel
weakly filled with contrast medium and some minor calci-
fications, so the revascularization was partially question-
able. In view of the age and history of the patient, the
final decision was to perform the bypass also using the
GSV. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

differences among populations from different coun-
tries in which the research on DBLCFA variability was
conducted, but no such comparison has been pub-
lished so far.
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Practical Recommendations

Routinely, there must be no claudication or
decreased peripheral pulse on the popliteal, posterior
tibial, or dorsalis pedis arteries before DBLCFA har-
vesting. CTA seems to be an ideal non-invasive
method for preoperative assessment of the condition
and diameters of the DBLCFA. Therefore we suggest
that a typical patient who would benefit from DBLCFA
grafting is relatively young, with total arterial or
repeated extensive arterial coronary revascularization.
However, in patients suffering from peripheral arterial
disease, a previously performed CTA could be reas-
sessed for the condition of the DBLCFA.

Histological examination demonstrated the absence
of or a very low prevalence of atherosclerotic lesions,
none of which were advanced or even vulnerable
(Fleiner et al., 2004). This proneness to atherosclero-
sis even in patients undergoing coronary revasculari-
zation surgery seems to be similar to that described
for the ITA (Sisto and Isola, 1989; Wharton et al,,
1994). We found no comparable published papers on
histological analysis of the DBLCFA. However, the
DBLCFA is a muscular limb artery classified as a spas-
tic type III according to He (1999, 2013). This sug-
gests that a higher incidence of spasm might be
expected than in somatic or splanchnic arteries.

Contractility, Functional and Clinical
Classification of DBLCFA and Other Arterial
Grafts

Histological and physiological studies revealed con-
siderable differences in microscopic anatomy and con-
tractility among various arterial conduits. This is of
great importance because vasospasm is supposed to
be the extreme form of vasoconstriction, which can be
caused by physical or pharmacological stimuli (spas-
mogens). Mechanical stimulation is minimized during
surgery by using the “no-touch” technique described
above. According to He et al. (1995), type I spasmo-
gens such as endothelin, prostanoids and «l-
adrenoreceptor agonists strongly contract arterial
grafts even when the endothelium is intact. Type II
spasmogens such as serotonin induce only weak
vasoconstriction in arteries with intact endothelium.
However, the effect of type II spasmogens is greatly
enhanced when the endothelium is injured during sur-
gical handling.

According to their anatomical structure and reac-
tion to vasoconstrictors, He (1999) introduced a func-
tional classification of arterial grafts: (i) Type I are
somatic and less spastic arteries such as the ITA and
inferior epigastric artery, the ITA being more elastic
than all other grafts (van Son et al., 1990; He, 2013);
(ii) Type II comprises splanchnic arteries with a
greater incidence of spasm such as the gastro-epiploic
or splenic artery; (iii) Type III comprises muscular
limb arteries prone to spasm such as the RA, ulnar
artery or LCFA. Our histological findings support the
morphological background of this classification
because the DBLCFA samples under study contained
only internal elastic laminae at the intima-media


http://wileyonlinelibrary.com

8 Loskot et al.

Fig. 5. Histological findings in the descending branch
of the lateral circumflex femoral artery. Samples were
taken from the proximal and distal ends of grafts of suffi-
cient length. The arteries were surrounded by a rich
adventitia connective tissue (A-C), which also contained
the vasa vasorum (A, black arrow) and the nervi vasorum
(B, blue arrow). Most of the samples had no histological
signs of atherosclerosis. No atheroma, inflammatory infil-
tration, neovascularization or calcifications were found.
In several samples there was focal thickening of the
intima (D, purple arrow). In three samples, eccentric
hypertrophy of the intima was observed (E, red arrow).

Most of the samples (F) had a normal intima thickness
with no signs of proliferation or inflammatory infiltration.
The internal elastic lamina was well preserved (F, yellow
arrow), thus delineating the border between the tunica
media and the tunica intima layers. All samples under
study were typical muscular arteries with no elastic
lamellae within the tunica media layer. Hematoxylin-
eosin stain (A-B) and Verhoeff's hematoxylin with green
trichrome stain (D-F). Scale bars 500 pm (A-C), 200 pm
(D-E), 100 um (F). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]


http://wileyonlinelibrary.com

border and few outer elastic laminae at the media-
adventitia border.

Moreover, there are considerable differences in
endothelial function among arterial grafts. The endo-
thelium in the ITA releases more NO than in the RA,
and the ITA also shows a more pronounced
endothelium-dependent smooth muscle relaxation
than most other arterial grafts (He, 2013; He and Tag-
gart, 2016). The superior endothelial function of the
ITA probably contributes to its excellent long-term
patency.

Study Limitations

Our study was not intended to produce data on
long-term patency of the grafts, but sufficient data on
this topic have already been published by Fabbrocini
et al. (2003). Although the groups of patients in our
study had a similar mean age, as did the cadavers
used for dissections, the patients in the CTA part of
our study had a relatively high prevalence of stenoses
between the aorta and the common femoral artery
and within the DBLCFA, far exceeding the prevalence
of atherosclerosis in patients undergoing CABG or in
samples taken from the cadavers. This inconsistency
arose because the CTA was a medical procedure indi-
cated in patients for whom ischemic limb disease
needed to be assessed. Therefore, these patients
were not a representative sample of a general popula-
tion and there could have been a gender bias. While
the anatomical variability found in these patients
could be used as a good estimate, the occurrence of
stenosis and atherosclerosis was most likely biased in
comparison with a general population of the same
age. Another limitation is that the study only deals
with morphology and provides no data on the endo-
thelial function or pharmacological properties of the
DBLCFA samples. The histological part of the study
assessed atherosclerosis only in 4 mm-long segments
taken from the DBLCFA, so we cannot exclude the
possibility that the incidence of discrete atheroscler-
otic lesions was underestimated. Moreover, the cadav-
ers were pre-selected to avoid any known ischemic
limb disease.

In conclusion, this study combined CT angiography,
surgical preparation, and anatomical and histological
assessment of the descending branch of the lateral
circumflex artery. The artery showed moderate ana-
tomical variability and, in 32 out of 35 cases, no
advanced atherosclerosis except for intima thickening.
We provided a description of the surgical preparation
of the DBLCFA conduit for relatively safe and fast har-
vesting. In view of their typical length, diameter, and
caliber, DBLCFA conduits are comparable to those of
the gastro-epiploic artery and therefore predeter-
mined to be implanted end-to-side to the left-sided
ITA as a composite Y-graft to bridge either the lateral
branch of the anterior interventricular branch or the
left marginal branch of the circumflex branch in a
selected group of patients. The DBLCFA is not to be
used routinely or in preference to other grafts of
choice; despite promising mid-term patency results,
long-term patency is unknown. The DBLCFA is not
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universally usable as it was not available in 27% of
the patients and requires CTA beforehand. The graft
might be inappropriate for use in a high percentage of
patients (19%) owing to anatomical variations such
as short length, narrow lumen diameter, and silent
atherosclerosis (Gaiotto et al., 2013). Another draw-
back is that the DBLCFA is a muscular limb artery
classified as more prone to vasospasm because of its
greater sensitivity to circulating catecholamines and
other vasoconstrictors than more elastic conduits
(e.g. the ITA).

The DBLCFA can currently be recommended as a
graft in CABG only in the rare circumstance that no
other arterial or venous graft material is available,
and only if there is sufficient institutional experience
and skill to avoid any risks to the muscular branches
of the femoral nerve and the vascular supply to the
hip. However, the DBLCFA can be recommended for
further testing for use as an alternative arterial con-
duit for complete or extensive coronary revasculariza-
tion (Windecker et al., 2014) in carefully-selected
patients without diabetic angiopathy, neuropathy, or
peripheral arterial disease.
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Pivodni prace

Studie morfologie r. descendens a. circumflexae femoris
lateralis jako moZzné cévni nahrady pro rekonstrukci
koronarniho reciSté pomoci angio CT vySetieni
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Souhrn

Uvod: Vzhledem k potfebé alternativnich tepennych §t&pi vhodnych k rekonstrukci korondrniho feci§té jsme provedli morfologic-
kou analyzu ramus descendens arteriae circumflexae femoris lateralis (RDACFL) pomoci AGCT vySetfeni.

Materidl a metodika: Byly sledovdny nejen anatomické variace a kvantitativni zastoupenf sklerotickych zmén, ale i pfitomnost ko-
laterdlniho systému pfi vyznamném stenotickém postizeni pdnevniho a femordlniho tepenného systému.

Vysledky: Vysledkem je pfiznivy ndlez ve smyslu délky nami sledované cévy (praimérné 9,3 cm), relativné mald anatomicka varia-
bilita a velmi malé procento sledovanych cév podilejicich se na kolaterdlnim ob&hu, prestoze v 72 % vySetfeni bylo zjisténo vyznamné
stenotické postiZeni (stendza vice nez 50 %) horniho dseku tepen DK.

Zdver: Cév vhodnych k odbéru dle zadanych kritérii bylo 68 %. Piedpokldddme, Ze u pacient bez ICHDK nebo jen s nevyznamnou

ICHDK by bylo toto ¢islo mnohem vyssi.

Klicova slova: ramus descendens arterie circumflexae femoris lateralis — tepennd revaskularizace myokardu — Y-Stép

Summary

Loskot P, Baxa J, Hajek T, Valenta J. A study of the morphology of the descending branch of the late-
ral circumflex femoral artery (DBLCFA) as a possible vascular graft for the reconstruction of corona-

ry arteries using angio CT

Introduction: Due to the need for alternative arterial grafts suitable for the reconstruction of the coronary bloodstream, we conduc-
ted a morphological analysis of the descending branch of the lateral circumflex femoral artery (DBLCFA) using an AGCT scan.

Material and methods: Not only anatomical variations and the quantitative representation of sclerotic changes, but also the presen-
ce of a collateral system in the event of significant stenosis of the pelvic and femoral artery system were analysed.

Results: The results revealed favorable findings in the sense of the studied artery’s length (9.3 cm on average), a relatively low ana-
tomical variability and a very small percentage of the studied blood vessels participating in collateral blood flow, despite that 72% of
tests revealed significant stenotic disease (stenosis of more than 50%) of the upper branch of lower limb arteries.

Conclusion: According to the defined criteria, 68% of vessels were found to be suitable for grafting. We suppose that this number
would be considerably higher in patients with only insignificant or no ischemic disease of the lower extremities.

Key words: descending branch of lateral circumflex femoral artery — arterial revascularization of the myocardium — Y-graft
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UVOD

V posledni dobé roste zdjem o kompletni nebo ¢4stec-
né tepenné revaskularizace myokardu, predevsSim
u mlad$ich pacientl. To je dané prokazateln¢ delsi pra-
chodnosti tepenného §té€pu ve srovndni se St€pem Zilnim
[1,2].

Dal§im dGivodem je relativni nedostatek kvalitnich $té-
pl u polymorbidnich nemocnych. Proto jsme se zaméfi-
li na novy tepenny $tép, ktery 1ze u vybranych pacienti
pouZzit jako alternativu.

Tato tepna — ramus descendens arterie circumlexae fe-
moris lateralis (RDACFL) — byla poprvé pouZita jiZ v ro-
ce 1996 [11]. Jedna se o svalovou vétev, ktera se nachazi
v hloubce mezi hlavami m. quadriceps femoris (Obr. 1).

Studie ma nékolik vétvi. V tomto sd€leni se budeme
zabyvat morfologii cévy popsanou s vyuZitim AGCT vy-
Setfeni (Obr. 2).

Cilem studie je popsat anatomické variety RDACFL,
zhodnotit makroskopicky stupen postizeni sklerotickym
procesem [3,5] a zjistit vyznam cévy pro vytvareni kola-
terdlntho ob¢hu [8,9,10] pfi stenotickém postiZzeni pane-
vniho a stehenniho feciste.

Rozhledy v chirurgii 2014, ro¢. 93

307



Obr. 1: RDACFL mezi hlavami m. quadriceps fem
Fig. 1: DBLCFA passing between quadriceps muscle heads

Obr. 2: CT zobrazeni RDACFL (oznacena Sipkou)
Fig. 2: CT scan of DBLCFA (arrow)

MATERIAL A METODIKA

Vysetfili jsme 100 konsekutivnich pacientti, 80 muzt
(80 %) a 20 zen (20 %), u kterych bylo z néjakych davo-
di (nejcasteji ICHDK) indikovano AGCT tepen dolnich
koncetin. Pfi vySetfeni jsme se zaméfili na zobrazeni
RDACFL. Pfednostné (vzhledem k preferovanému chi-
rurgickému pfistupu) jsme vybirali LDK (91 %) v 9 pri-
padech (9 %) byla zobrazena PDK.

Vsechna vysetfeni byla provedena v rozsahu bfisni
aorty, panevnich tepen a dolnich koncetin na pfistroji se
dvéma zdroji zareni, Somatom Definition Flash (Sie-
mens Healthcare, Erlangen, Némecko). Pfi kolimaci
128x0,6 mm a periodé rotace rentgenky 500 ms byla
pouzita hodnota pitch faktoru 0,9. Expozice byla prove-
dena za pouZiti principu anatomické modulace expozic-
nich parametr (CarekV a CareDose4D, Siemens He-
althcare, Erlangen, Némecko) s nastavenim referencni
hodnoty mAs 120-140. Pfi vysetieni bylo aplikovano
80 ml jodové kontrastni latky o koncentraci 400 mgl/ml
rychlosti 6 ml/s a zédplachem 50 ml fyziologického roz-
toku stejnou rychlosti. Pro hodnoceni byla hruba data re-

konstruovana do 2 sérif (3 mm a 0,75 mm) s rekonstrukc-
nim filtrem pro zobrazeni tepen (B26f).

Hodnoceni a méfeni bylo provddéno na multifunkéni
stanici Leonardo (Siemens Healthcare, Erlangen,
Némecko) pomoci softwarové aplikace Syngo Inspace.
Nejprve byla provedena segmentace s vytvofenim zakii-
vené multiplandrni rekonstrukce v roviné proudnice tep-
ny a ndsledné zméfeni délky RDACFL.

Sledované parametry studie byly nasledujici:

Délka tepny méfend 10 mm od odstupu do termindalni
bifurkace (event. do priméru 2 mm) a vzdélenost spina
iliaca anterior superior k hornimu okraji patelly.

Pfitomnost stendzy kmenového fecisté (vétsi nez 50 %)
— od oblasti distdlni bfi$ni aorty (AA) ke spolecné femo-
ralni tepné (AFC) a sten6zy povrchové (AFS) a hluboké
femordalni tepny (AFP).

Sklerotické zmény kvantifikované do celkem 5 skupin
(0—4), kdy 0 znamend bez sklerotickych zmén, 1 pouze
jemné zmeény, 2 nevyznamné kalcifikace, 3 sklerotické
zmény se stenézami na hranici vyznamnosti (minimdlné
v jednom useku) a 4 vyznamné sklerotické postiZeni s vy-
znamnou stendézou (minimdlné v jednom useku).

Anomédlni odstup cévy, vysoké vétveni, jind cévni va-
riabilita.

Pritomnost kolaterdlniho systému, respektive kdy
RDACFL tvori vyznamnou kolaterdlu pro tepenné zaso-
beni DK.

VYSLEDKY

Ze studie vyplyvd, ze primérnd délka RDACFL dle
CTAG kritérif (céva s nativnim pritokem bez dilatace)
je 9,3. Tato délka je dostatecnd pri pouZiti Stépu v kardio-
vaskuldrni chirurgii. Pfedev§im v kombinaci s LIMA
(left internal mammary artery) je pouZitelnd jako Ygraft
[2,3,11] pro revaskularizaci korondrnich cév v oblasti
pfedni a bo¢n{ stény myokardu.

Nepotvrdil se nas predpoklad, zZe s délkou stehna (té-
lesnou vyskou) bude rist i délka Stépu. Je zde zfejma ne-
zavislost (Tab. 1, Graf 1).

PrestoZe vétSina vySetfovanych pacienti méla néjaky
stupent ICHDK [7,8,10], byl pouze v Sesti pripadech vy-
tvoren kolaterdlni obéh pfes RDACFL. V celkem deviti
ptipadech se jednalo o hypoplastickou nebo gracilni cé-
vu. Ostatnf{ zjiSténé anatomické variety, jako je anomaln{
odstup nebo vysoké vétveni, popf. silné svalové vétve,
neomezuji chirurgickou dostupnost Stépu.

Ze 100 vySetiovanych pacienti mélo 72 (72 %) vy-
znamné skleroticky postizené panevni nebo stehenni fecis-
té (stendza vétsi nez 50 %, Tab. 3). V 15 pripadech by ne-
bylo mozné tepnu odebrat (6krat byla RDACFL vyznam-
nou kolaterdlou a 9krat se jednalo o gracilni cévu, Tab. 2).
V 19 pripadech méla céva vyznamné aterosklerotické po-
stiZzeni (stupeni 3 a 4). Z toho jedenkrdt se zdroven jednalo
o vyrazné gracilni cévu a v jednom piipadé tvofila kolate-
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Tab. 1: Méfeni délky RDACFL a délky stehna

Tab. 1: Measuring Length of DBLCFA and Thigh

Celkem Muzi Zen SIAS horni Délka $tépu
okraj pately Od bifurkace do
pruméru 2mm
100 80 (80 %) 20 (20 %) Hodnoty od 38,6 Hodnoty od 2,1
do 54,5 cm dodo 174 cm
Primérny vék 69 66
Pramérnd vyska (cm) 171,8 (150-197). Primérné 46,16 cm Pramérné 9,30 cm
Primérny BMI BMI 28,1 (19,1-27,2)

Tab. 2: Anatomicka variabilita cévy — vysledky
Tab. 2: Anatomical variability of vessel — results

Hypoplasticka | Gracilni pod 2mm | Odstup z AFS Odstup z AFP Vysoka bifurkace Kolateralni obéh
céva pri odstupu nebo nékolik silnych pres RDACFL
svalovych vétvi
8x 1x 4x 2X 2x 6x
(1x pfi uzdveéru AFS)

Tab. 3: Stenotické postiZeni cév — vysledky
Tab. 3: Stenotic disability of vessel — results

Stenéza AFP Stenéza AFS Stenéza mezi Vyznamna stenéza | Vyznamné sklerotické
vice nez 50 % vice nez 50 % aortou a AFC na panevnim zmény RDACFL
vice nez 50 % nebo stehennim (st.3a4)
recisti celkem
2x 50x 50x 72x 19x

(cm) koncetiny a a. mammaria (thoracica) interna. Tepenné
@ ndhrady maji dlouhodobé lepsi vysledky, a proto se hle-
50 g daji i alternativni tepenné $tépy (a. radialis aj.). Mdlo
/___.—’/ pouzivanym alternativhim Stépem je sestupnd vétev
0y geas s a. circumflexa femoris lateralis vzhledem k tomu, Ze je
% okraj patelly pomérné hluboko ulozZena a jeji kvalitu Ize pred odbé-
o i oscey, T€M obtizné odhadovat. Proto jsme se zaméfili na po-
20 drobnéjsi hodnoceni této vétve z hlediska vyuZitelnosti
pro zaloZeni aortokoronarniho bypassu. V této praci jsme
L hodnotili anatomicko- morfologické vlastnosti $t€pu.
S O N T V soucasné dobé se zaméfujeme na sledovani histolo-

100 m™ Ceni

Graf 1: Nezavislost mezi délkou DK a délkou RDACFL
Graph 1: Independence between lower limb length and
DBLCFA length

ralu. Celkové lze tedy fici, Ze ze sledovaného souboru by
tepna nebyla vhodnd k odbéru v 32 pfipadech. Tento vy-
sledek, vzhledem k vyznamnému aterosklerotickému po-
stizeni tepen DK, povazujeme za velice slibny.

DISKUZE

V soucasné dobé jsou klasickymi §tépy pro revaskula-
rizaci koronarniho fecisté povrchni Zily dolni i horni

gickych vlastnosti cévy u vzorkid nejen nativnich (pii ko-
ronarni revaskularizaci), ale i ze sekéniho materialu.
V neposledni fadé sledujeme kratkodobou priichodnost
Stépu pomoci AGCT. Celkem byl tento $t€p odebran
a pouzit v 15 pripadech v pribéhu poslednich 15 mési-
cl. Z tohoto poctu jsme $t€p nepouZili v jednom piipadé
(prili§ gracilni céva) a v jednom piipadé jsme museli re-
operovat pro ¢asny uzavér stépu. Dle AGCT koronar-
nich bypassi s odstupem cca 2 mésict od vykonu se za-
tim potvrdil v jednom pfipadé uzavér RDACFL. Nékteri
autofi [4] uvadéji pouzitelnost RDACFL u klinicky ma-
nifestované ICHDK pouze 10 %. V nasi studii je céva
vhodnd k odbéru u 68 pacientti (68 %). Z vyse uvede-
nych dat je zfejmé, Ze pouziti tohoto Stépu je vhodné
u pacientd bez ICHDK. Odbér jsme provedli pouze u pa-
cientd, ktefi neméli zadné klinické projevy ICHDK
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a méli kvalitni pulzace v tfislech a na perifernich tep-
nach DK. V piipadé znimého ICHDK a predevsim u jiz
vyjadfenych klinickych obtizi je vhodné v pfipadé uva-
Zovani o odbéru tohoto Stépu doplnit angiografické vy-
Setfeni tepen dolnich koncetin [3,6].

ZAVER

Z uvedenych dat vyplyva, Ze po morfologické strance
je sledovana tepna, sestupnd vétev a. circumflexa femo-
ris lateralis, vhodnd k odbéru jako tepenny Stép pro kon-
strukci korondrniho bypassu. Rovnéz z chirurgického
hlediska je jeji odbér pomérné jednoduchy. Z hlediska
kvalitativniho hodnoceni aterosklerotického procesu
RDACFL v porovnani se sklerézou velkych tepen pane-
vniho a stehenntho feciSté je tato vétev jednoznacné vy-
razné¢ méné timto procesem zasazena [6,7,8,9]. Nicméné
se domnivame, Ze odbér neni vhodny u pacientd
s ICHDK pfedevsim u jejich tézsich forem, z divodu
mozného sklerotického postizeni nebo mozného pferu-
Seni kolateralniho obéhu pfi uzaveéru nebo vyznamnych
stendzach predevsim v povodi AFS.

Nas pvodni predpoklad, ze délka tepny bude piimo
umérnd délce stehna (t€lesné vysce), se nepotvrdil, je te-
dy mozno uskutecnit odbér prakticky u vSech pacientt
bez ICHDK. Ndami prokdzana primérna pouZzitelna dél-
ka Stépu se pohybuje okolo 9,3 cm. Néktef{ autofi [3,11]
uvadéji délku stépu az 16 cm, coz se ukazuje spiSe vy-
jimkou.
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Alternativni autologni tepenny Stép
v kardiovaskularni chirurgii
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Souhrn

Loskot P., Siroky J., Hijek T., Valenta J.: Alternativni autologni tepenny §tép v kardiovaskularni chirurgii

Tepennd revaskularizace myokardu je preferovand metoda pfi chirurgické 1écbé ischemické choroby srdecni. Jeden z mozZnych alter-
nativnich autolognich tepennych $tépi je ramus descendens arteriae circumflexae femoris lateralis (RDACFL). Na nasem pracovisti (od
roku 2003) jsme zatim odebrali a pouzili 12 téchto $tépi. Viechny $tépy byly pouzity jako Y-§té€p do arteria mammaria sinistra k reva-
skularizaci cilovych tepen na bo¢ni a spodni sténé srde¢ni. Priichodnost §tépu byla kontrolovéna po 3 mésicich pomoci angio-CT. Pfi
kontrole byl 1 $tép uzavien, coz znamend vice nez 91% prichodnost po 3 mésicich. Déle nebyly zaznamendny jiné komplikace (proble-
matické hojeni rany, parestezie koncetiny, krvaceni, spazmus $tépu, infekce atd.) v souvislosti s odbérem stepu. RDACFL je kvalitn{
alternativni $té€p vyuzitelny k tepenné revaskularizaci myokardu.

Kli¢ovd slova: revaskularizace myokardu — tepenné $tépy — Y-§tép

Summary

Loskot P., Sirok;" J., Hajek T., Valenta J.: Alternative Autologous Arterial Graft in Cardiovascular Surgery

Arterial revascularization of myocardium is a method of choice for surgical treatment of ischemic heart disease. The descending
branch of lateral femoral circumflex artery (DBLFCA) is one of possible alternative autologous arterial grafts. Up to now, since2003, 12
of these grafts have been harvested and used for revascularization of myocardium at our department. All grafts have been used as a Y-
graft to the left internal mammary artery for revascularization of target vessels on lateral and inferior heart wall. Graft patency was con-
trolled by the angio-CT procedure after three months. One of the grafts was occluded at the control. It means patency rate after three months
was more than 91%. No other complications (such as problematic wound healing, paraesthaesia of lower leg, bleeding, spasm of the
graft, infection etc.) were observed with graft harvesting. DBLCFA is a high-quality and safe alternative arterial graft, available for arte-
rial revascularization of myocardium.

Key words: revascularization of myocardium —arterial grafts — Y-graft
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UVOD

V posledni dobé je v kardiochirurgii stdle vétSim tren-
dem preferovat tepenné revaskularizace kompletni i in-
kompletni, vzhledem k presvéd¢ivému benefitu pro pa-
cienta [1, 2]. To sebou samozfejmé pfinasi i problemati-
ku nalezeni dostatecného mnoZzstvi kvalitnich autolognich
tepennych $tépt. Kromé jiz tradi¢né pouzivanych $tépa ja-
ko jsou a. thoracica interna (LIMA, RIMA) a a. radialis
(RA), se dnes pouZzivaji i Stépy méné obvyklé — a. gast-
roepiploica dx. ({GEA) nebo vzacné a. epigastrica inf.
(EA) a dnes jiz nepouzivané a. subclavia a a. lienalis.

Kompletni tepennd revaskularizace myokardu [1, 3, 4]
je Casové narocnéjsi, pracnéjsi a technicky obtiznéjsi ve
srovnani s tradi¢ni revaskularizaci, tedy kombinaci te-
pennych a Zilnich $t€pu. Hledan{ alternativnich tepennych
autolognich §tépt je i v ur¢itém sméru zanedbavanym té-
matem, protoZe neni lukrativnim firemnim zdjmem a s tim
souvisi i niz$i finan¢ni podpora vyzkumu a publikovani
odborné literatury. Zda se, Ze kompletni tepennd reva-

v s

skularizace pfindsi benefit ,,pouze® pro pacienta. Vzhle-

dem k pracnosti a Casové narocnéjsimu vykonu byl cel-
kovy pocet kompletnich tepennych revaskularizaci v ro-
ce 2002 v EU pouze 1,8 % [3], z celkového poctu reva-
skularizaci myokardu.

Otizkou je, zda potiebujeme novy alternativni §tp. Zil-
ni S$t€py nelze pouZzit u pokrocilych varikéznich zmén, po
operaci varixu, pti tézké chronické zilni insuficienci, t€Zké
ICHDK, hluboké Zilni tromboze, ulcus cruris, pri reopera-
cich atd. Tepenné Stépy jsou nedostupné v pripadé reope-
raci (LIMA, RIMA), pfi oboustranné pozitivnim Allenové
testu (RA) a po bfisnich operacich (rGEA). MtZzeme tedy
konstatovat, Ze novy tepenny $tép nékdy potrebujeme.

MATERIAL A METODA

Zaméfili jsme se na ramus descendens a. circumflexae
femoris lateralis (DBLFC) [5, 6,7, 8], coz je relativné ne-
ndpadnd tepna v oblasti stehna. Je to jedna z hlubokych
vétvi, ur€end k zasobeni predevsim hlubokych ¢asti Ctyf-
hlavého stehenntho svalu.
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Obr. 1.

Odbér tepny provadime z anterolaterdlni svislé incize
na stehnu, pod spina iliaca ant. sup. o délce asi 15 cm
(Obr. 1). Zde pronikneme pod svalovou fascii mezi m.
rectus femoris a vastus lateralis, kde je na vastus inter-
medius uloZzen nervoveé cévni svazek. Odebirdame tepnu
i s doprovodnymi Zilami, bez skeletizace (vyrazny sklon
ke spasmu, Obr. 2) a muskuldrni nervovou vétev pokud
mozno nechavdme in situ. Proximdlné podvazujeme cé-
vu asi 1-2 cm pod bifurkaci z kmene a. circumlexa fem.
lat. Distalni ¢ast je ukoncena inzerci cév do svalu. Déle
se u $tépu oznaci distdlni nebo proximalni konec a céva
se dilatuje — nejlépe papaverinem.

VYSLEDKY

Vsechny ndmi uskutecnéné odbéry byly z levého steh-
na, bez anatomickych odchylek. Primérny ¢as odbéru byl
25 min. (16-41), primérna délka $tépu 11 cm a distdlni
diametr po dilataci papaverinem primérné 2,2 mm.
Vsechny $tépy byly bez aterosklerotickych plati a s pra-
videlnym lumen.

Obr. 2.

Obr. 3.

Na naSem pracoviSti jsme zatim odebrali a pouZili
k pfemosténi korondrnich cév 15 té€chto $tépu, v rozme-
z{ 10/2003 — 5/2004. Byli to selektivné vybrani pacienti,
indikovani pro ICHS k tepenné (mlads{ pacienti, nebo ne-
dostatek jinych $tépi) revaskularizaci myokardu. VSech-
ny S$tépy byly pouZity jako Y-graft ad LIMA (Obr. 3) na
cilové tepny ramus diagonalis (RD, 8X), r. marginalis sin.
(RMS, 6X) a r. interventricularis posterior (RIVP, 1X).

V Sestimési¢nim sledovéni se nevyskytla Zddna z t€ch-
to komplikaci: hojeni rdny, ischemie kycle, parestezie DK,
krvédceni, spazmus Sté€pu a infekce. V jednom piipadé
jsme provedli evakuaci pozdniho hematomu z rdny (punk-
ce) a podle AG CT kontroly po 3 mésicich, byl jeden Stép
uzavien, to znamend 91,7% prichodnych §tépu pii krat-
kodobém sledovani.

DISKUSE

Domnivame se, Ze RDACFL neni vhodné odebrat ja-
ko tepenny graft u t€zkych forem ICHDK a u femoropo-
plitedlnich uzdvéri, kde je tato tepna soucdsti dulezitého
kolateralniho pritoku. Vhodné je zvazit odbér u pacien-
ti s vyskou pod 160 cm (délka $tépu?), u extrémné obéz-
nich osob a u pacientl po operacich v lokalité stehna
(TEP, predchozi cévni rekonstrukce atd.). Vhodné je da-
le zvdzit odbér RDACFL pfi nepouZiti prsni tepny nebo
pii jejim sporném pritoku. Celkové vysledky jsou srov-
natelné s pracemi citovanych zahrani¢nich pracovist'.

ZAVER

Ramus descendent a. circumlexae femoris lateralis je
kvalitni tepenny Stép, pouZitelny k revaskularizaci myo-
kardu jako $tép ,,druhé volby*. Vyhodou je snadny odbér,
vhodné anatomické uloZeni a snadnd manipulace se Sté-
pem. Stép vzhledem ke své lokalité musi byt vzdy vyu-
zit jako volny (free graft). DalSi vyhodou je vysoka bez-
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pecnost odbéru, velmi nizké procento komplikaci a krat-
ka doba vyuky odbéru (learning curve), kdy maximaln{
doba odbéru byla 41 minut.

Z naSich zkusenosti je zatim zfejmé, Ze St€p ma dosta-
teCnou délku i primér a je tedy vhodny k doplnéni chy-
béjicich tepennych tépii. Stép m4 velmi dobrou stiedng-
dobou priichodnost (vice nez 91%). Dlouhodoba pri-
chodnost je zatim predmétem dalSiho sledovani.
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Vasa vasorum supply both the tunica adventitia and the tunica media of major arteries with nutrients
and oxygen. We estimated the density of von Willebrand factor-positive profiles of vasa vasorum visible
in transversal histological sections of 123 tissue samples collected from five anatomical positions in the
porcine aortae of growing pigs (n=25). The animals ranged in age from 0 to 230 days. The tunica media of
the thoracic aorta had a greater vasa vasorum density, with microvessels penetrating deeper towards the
Iumen than in the abdominal aorta. The density of vasa vasorum gradually decreased with age in both

ig/:/r;rds: the media and the adventitia. The relative depth into which the vasa vasorum penetrated and where
Microvessels they branched remained constant during the ageing and growth of the media. The ratio of the tunica
Pig media and tunica adventitia thicknesses did not change in the single aortic segments during ageing. The
Stereology media of older animals received fewer but equally distributed vasa vasorum. A greater density of vasa

Vascular wall
von Willebrand factor.

vasorum in the media was correlated with greater media thickness and a greater elastin fraction (data on
elastin taken from another study on the same samples). Inmunohistochemical quantification revealed
deeper penetration of vasa vasorum towards the adluminal layers of the tunica media that were hitherto
reported to be avascular. The complete primary morphometric data, in the form of continuous variables,
have been made available as a supplement. Mapping of the vasa vasorum profile density and position
has promising illustrative potential for studies on atherosclerotic and inflammatory neovascularization,
aortic aneurysms, and drug distribution from arterial stents in experimental porcine models.

© 2016 Elsevier GmbH. All rights reserved.

1. Introduction

Vasa vasorum deliver oxygen and nutrients into and drain
metabolites from the wall of larger blood vessels, thus providing
essential physiological support for growth, repair, and homeosta-
sis of the vascular wall. Two anatomically distinct distribution
patterns of vasa vasorum have been distinguished: (i) the first-
order vasa run more or less longitudinally to the host vessel, and
(ii) their second-order branches are arranged preferentially spi-
rally or circumferentially (Moreno et al., 2006). Although vasa
vasorum occur predominantly in the adventitia, their branches
also penetrate into the media of the larger vessels. Conventional

* Corresponding author. Tel.: +42 0377593320.
E-mail address: tonar@lfp.cuni.cz (Z. Tonar).

http://dx.doi.org/10.1016/j.aanat.2016.01.008
0940-9602/© 2016 Elsevier GmbH. All rights reserved.

studies on aortic vasa vasorum in human and other mammals
(Wolinsky and Glagov, 1967, 1969) have shown that in healthy
elastic arteries, an inner (adluminal) zone contains no vasa vaso-
rum, as it is supposedly supplied by diffusion from the vascular
lumen. This avascular zone has been described to be approximately
0.5-mm thick on average in adults, which corresponds to 29 lamel-
lar units, each of them consisting of vascular smooth muscle cells
sandwiched between collagen and elastin fibres and ground sub-
stance (thickness of one lamellar unit: approximately 15-16 pm;
Shadwick, 1999). These findings have been repeatedly confirmed,
thus demonstrating that ontogenesis, the anatomical position of
the vessel, local oxygen tension and wall thickness are impor-
tant determinants of the presence or absence of vasa vasorum
(Okuyama et al., 1988). The avascular or less vascularized regions
of major arteries, and especially the aorta, have proved to be prone
to atherosclerosis (Ritman and Lerman, 2007). In contrast, vasa
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vasorum proliferation within the intima and media is a part of
the inflammatory response during atherosclerotic plaque devel-
opment. This arterial neovascularization heavily contributes to
leukocyte recruitment, intimal hyperplasia (Newby and Zaltsman,
2000), and the instability of atherosclerotic plaques (Moulton et al.,
2003; Moreno et al., 2006; Baikoussis et al., 2011), thus increasing
the rupture risk (Fleiner et al., 2004). Moreover, vasa vasorum play
a significant role in the pathogenesis of a number of surgical aor-
tic diseases, such as aortic aneurysm (Eberlova et al., 2013), acute
or chronic aortic dissection, intramural haematoma, and restenosis
after transluminal angioplasty (Baikoussis et al., 2011).

1.1. Visualization of vasa vasorum

In histological sections, larger vasa vasorum are easily identi-
fied within the tunica adventitia using overall staining (Okuyama
et al., 1988), but for quantitative visualization of all vasa vasorum
in the tunica media, staining for specific endothelial markers, such
as von Willebrand factor (Witter et al., 2010; Tonar et al., 2012;
Houdek et al., 2013; Xu et al., 2015) or CD markers such as CD31
(Eberlova et al., 2013) or CD34, if available for the respective mam-
malian species (for review, see, e.g., Ordofiez, 2012), is necessary. To
overcome the limitations of two-dimensional histological studies,
three-dimensional in vivo micro-CT imaging (X-ray microtomogra-
phy) has been used for detailed mapping and spatial reconstruction
of the branching pattern of vasa vasorum (Galili et al., 2004; Moreno
et al., 2006). These studies have revealed an immense heterogene-
ity of adventitial vasa vasorum among different vascular beds.
Three-dimensional methods also offer a number of quantitative
parameters for assessment of the vasa vasorum network, e.g., the
volume fraction of vasa vasorum within the wall, the ratio between
the second-order and the first-order vasa vasorum, the in vivo diam-
eter, or the numerical density of branching points (Galili et al.,
2004). Several of these findings were suggested to be helpful for
explaining the variable propensity for vascular disease among dif-
ferent vascular beds. An even higher resolution than inin vivo can be
achieved by micro-CT of microvascular corrosion casts using injec-
tions of capillary-passable polymers (Ritman and Lerman, 2007).
To assess the vasa vasorum in superficially positioned arteries,
contrast-enhanced ultrasound techniques were tested in animal
models (Granada and Feinstein, 2008). However, histological stud-
ies on vasa vasorum are still valuable because they may be applied
to archive material. Additionally, the vasa vasorum can be assessed
together with angiogenic or hypoxia markers, and the labelling of
vasa vasorum in histological and histopathological sections is very
reliable and reproducible and still shows the highest resolution of
all available methods.

1.2. Aortic vasa vasorum in experimental porcine models

Due toits size and thickness, anatomical proportions, wall struc-
ture, and physiological similarities, the porcine aorta is the most
suitable animal model of the human aorta and is currently being
used in cardiovascular surgical (Dziodzio et al., 2011; Funder et al.,
2012; Saari et al., 2012; Sarda-Mantel et al., 2012; Johnson et al.,
2013) and biomechanical (Kim and Baek, 2011; Lillie et al., 2012)
studies. Vasa vasorum quantification has been used as a marker of
inflammatory neovascularization following reaction of the porcine
aortic wall to tissue glues tested for the treatment of aortic dissec-
tion (Witter et al., 2010). Similarly, vasa vasorum have been used
as a histopathological marker of pharmacologically mitigated pro-
gression of experimental aneurysm in the porcine abdominal aorta
(Houdek et al., 2013). Nedorost et al. (2013) assessed vasa vasorum
not in the aorta, but rather in the pulmonary artery, when examin-
ing the histopathological reaction to pulmonary artery banding in
a growing porcine model. The porcine aorta was successfully used

for testing anti-angiogenic drugs on adventitial neovascularization
in experiments regarding early atherosclerotic lesions (Xu et al.,
2015). Aguirre-Sanceledonio et al. (2003) investigated vasa vaso-
rum hypertrophy in a porcine model of experimental coarctation
of the thoracic aorta, demonstrating anastomoses between vasa
vasorum and collateral aorto-aortic anatomical shunts. Angouras
et al. (2000) found that after interrupting the vasa vasorum in
the thoracic porcine aorta, decreased vasa vasorum blood flow
resulted in necrosis, accompanied by elastin and collagen abnor-
malities in the outer media. The resulting interlaminar shear
stresses and increased aortic stiffness were believed to contribute
to the development of aortic dissection (Angouras et al., 2000).
Mapping of porcine aortic vasa vasorum also has promising poten-
tial for explaining the diffusion of macromolecules through the
wall of large elastic arteries (Hwang and Edelman, 2002), includ-
ing the drug distribution from arterial stents with fine control of
locally directed drug release (Kusanagi et al., 2007). Moreover, vasa
vasorum are important for physiologically relevant porcine aortic
models evaluating manufactured endovascular stent-grafts (Desai
etal., 2011).

Summarizing the studies cited above, the distribution and quan-
tity of porcine aortic vasa vasorum rely on a number of factors that
affect the microenvironment of the media and adventitia. Anumber
of microscopic differences must therefore be assumed to exist along
the whole aorta (cf. Sokolis, 2007; Sokolis et al., 2008). However,
a detailed study comparing any potential regional and age-related
differences in vasa vasorum of the porcine aorta is still missing.
None of the studies cited above provided quantitative information
on vasa vasorum in the media and adventitia of various aortic seg-
ments at the same time. The first rationale for our study was to
quantify the immunohistochemically detectable vasa vasorum in
various aortic segments and in different age groups of pigs that are
frequently used in experiments using statistically comparable vari-
ables. As we recently published a quantitative study on segmental
and age differences in the elastin network, collagen, and the smooth
muscle phenotype in the tunica media of the porcine aorta (Tonar
et al., 2015b), we decided to analyse vasa vasorum in parallel sec-
tions of the same tissue blocks. Providing quantitative information
on vasa vasorum within the context of the aortic wall composition
became the second rationale for the present study.

1.3. Study aims

The aim of our study has been to assess the density and dis-
tribution of vasa vasorum by immunohistochemical detection in
transversal histological sections of the porcine aorta and to com-
pare the data between single aortic segments and between age
groups. Moreover, possible correlations between vasa vasorum
morphometry and the histological composition of the same aor-
tic samples as published in a previous study (Tonar et al., 2015b)
were tested. The following null hypotheses were formulated and
tested:

Hg(A): The two-dimensional density of vasa vasorum profiles per
section area unit is the same in all proximodistal aortic segments
of the same individual when comparing the aortae of growing
domestic pigs (age 0-230 days). This was tested separately for the
media, adventitia, and whole wall. Due to considerable variations
in the thickness of the tunica media observed in our unpublished
preliminary studies, the density of vasa vasorum in the media was
studied in five artificially defined virtual sublayers in particular,
with each of these sublayers comprising one-fifth of the media
thickness.

Hp(B): The mean relative position of vasa vasorum profiles within
the media and adventitia is the same for suckling piglets, weaners,



24 Z. Tonar et al. / Annals of Anatomy 205 (2016) 22-36

and fattening pigs when comparing corresponding aortic seg-
ments. This was tested separately for the media and adventitia.
Hp(C): The two-dimensional density of vasa vasorum profiles per
section area unit is the same in the adventitia as in all virtual sub-
layers of the media. This was tested separately for all three age
groups and all five aortic segments under study.

Ho(D): The density and the distribution of the vasa vasorum do not
correlate with the thickness of the aortic layers or with the histo-
logical composition of the porcine aorta, as published previously
(Tonar et al., 2015b).

2. Materials and methods

2.1. Animals, specimen preparation, aortic segments, and age
groups

We used the aortic samples previously collected for studies on
vascular smooth muscle orientation (Tonar et al., 2015a) and the
histological composition of the aorta (Tonar et al., 2015b). Whole
aortae of domestic pigs were collected. The animals (commercial
fattening hybrids, n=25; 12 males, 11 females, 1 castrated male, 1
without documented sex; age 0-230 days; weight 0.7-95 kg) were
euthanized at the end of other experiments related to immunol-
ogy and parasitology (Worliczek et al., 2010; Gabner et al., 2012;
Ondrovics et al., 2013). All of the animals were raised convention-
ally and treated in compliance with the European Convention on
Animal Care.

The aortae were without any macroscopic signs of pathological
changes. After routine fixation using buffered formalin according
to Lillie (Romeis, 1989), the aortae were divided into five aortic
segments, each of them representing one of the following regions:
the ascending aorta (aorta ascendens), aortic arch (arcus aortae),
thoracic descending aorta (aorta thoracica), suprarenal abdominal
aorta (aorta abdominalis, pars suprarenalis), and infrarenal abdomi-
nal aorta (aorta abdominalis, pars infrarenalis; Fig. 1A). After fixation,
the samples were rinsed in 70% ethanol. From each aortic segment,
one tissue block was embedded in paraffin for transversal section-
ing. To compare the aortic samples according to age, the animals
were divided into the following three groups: suckling piglets (age
0-28 days, n=64 vascular segments collected from 13 animals),
weaners (age 29-75 days, n =35 vascular segments collected from
7 animals), and fattening pigs (age 180-230 days, n =24 vascular
segments from 5 animals). In total, 123 tissue samples were col-
lected (two infrarenal segments were missing because they were
damaged during dissection).

2.2. Preparation of histological sections

Two histological sections per sample (section thickness 4 um)
were cut perpendicularly to the longitudinal axis of the ves-
sel. The sections were deparaffinized and rehydrated. In one
section, the layers of the aortic wall were identified using a
combination of Verhoeff's haematoxylin and green trichrome
staining according to Kocova (1970). In the other section, vasa
vasorum were detected immunohistochemically using an anti-
von Willebrand factor antibody. After blocking the endogenous
peroxidase activity in the rehydrated sections with 0.6% H,0,
in methanol and following antigen retrieval by protease diges-
tion (1 mg protease from Streptomyces griseus (Sigma-Aldrich,
Vienna, Austria)/1-ml phosphate-buffered saline (PBS; pH 7.4))
for 20min at room temperature, unspecific binding activity
was blocked with 1.5% normal goat serum (DakoCytomation,
Glostrup, Denmark) in PBS for 30 min. Afterwards, the sections
were incubated overnight at 4°C with primary polyclonal rab-
bit anti-human von Willebrand factor antibody (DakoCytomation).

The immunoreaction was detected using the BrightVision Poly-
HRP-Anti-rabbit kit (ImmunoLogic, Duiven, The Netherlands)
according to the manufacturer’s instructions. The reaction was
visualized with diaminobenzidine (Sigma-Aldrich, Vienna, Austria)
in 0.03% H,0, in PBS. After immunohistochemistry, the sections
were counterstained with Mayer’s haematoxylin, dehydrated and
mounted with a medium soluble in xylene.

2.3. Micrographs

For each section with immunohistochemically visualized vasa
vasorum, two micrographs were taken from the opposite sides
of the aortic ring using a 4x objective mounted on an Olym-
pus BX51 microscope (Olympus, Tokyo, Japan). The magnification
was low enough to capture the whole thickness of the aortic
wall, but, at the same time, the micrographs provided a reso-
lution of 1 pixel=2.2 wm, guaranteeing reliable identification of
all immunopositive vasa vasorum. With a total sampled area of
19mm? per section, the whole or a significant part of the aortic
section profile was captured by the two micrographs, depending on
the anatomical size and wall thickness. The sampling micrographs
were randomly positioned on the section, without preferential
sampling of the dorsal, ventral, or lateral sides, as the information
on anatomical directions was not labelled on the slides. In total,
246 micrographs were captured and analysed from the 123 tis-
sue samples. The sampling of the micrographs from the sections is
explained in Fig. 1B.

2.4. Morphometry of vascular layers and of vasa vasorum within
the tunica media and adventitia

In each micrograph, three morphologically clearly visible lin-
ear border profiles were highlighted (Fig. 1C) using the Multiline
tool of Ellipse software (ViDiTo, KoSice, Slovak Republic): (i) the
section profile of the adluminal surface of the intima (labelled as
line 1), (ii) the section profile of the border between the media
and the adventitia (labelled as line 2), and (iii) the section profile
of the outer (abluminal) border between the adventitia and the
periaortic loose connective tissue (labelled as line 3). The media-
adventitia border was defined as the most abluminal regularly
repeating lamellar unit of the tunica media. The outer adventi-
tial border was defined as the transition between the adventitial
dense collagenous connective tissue (counted as the adventitia) and
the highly variable surrounding loose periaortic connective tissue
(not included in the adventitia). These morphological borders were
clearly visible, even in immunohistochemically stained sections. If
necessary, the adjacent sections stained with elastic and trichrome
stain were consulted to identify the borderlines (not shown). Exam-
ples of microvessel identification in the tunica media and tunica
adventitia are shown in Fig. 1D and E, respectively.

The thickness of the vascular layers was estimated using
the LocalizeInWall2 module of the Ellipse software, as follows:
the intima+media thickness was defined as the mean distance
between line 1 and line 2 in both sections. This was performed
by averaging the shortest connections between the points of both
lines. As the intima was very thin and practically indistinguishable
from the media, they were counted as part of the same reference
area. The adventitial thickness was the mean distance between line
2 and line 3 in both sections. The measurement of wall thickness
used in the present study differed from the technique applied in the
adjacent sections in the previous study (Tonar et al., 2015a,b). The
present technique relied on a much larger sampling area and was
immediately linked to the assessment of the vasa vasorum density
and distribution in all sections (see below). The profile areas of all
of the layers (A(layer)) were calculated.
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B - aortic arch

A - thoracic ascending aorta

C - thoracic descending aorta

E - abdominal infrarenal aorta

D - abdominal suprarenal aorta

. adventitia
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Fig. 1. Position and sampling of the porcine aortic wall and quantitative assessment of the vasa vasorum. (A) Anatomical position of the aortic segments (A-E) collected in the
present study. The positions were redrawn according to the anatomical dissection of the porcine aortae (KW) and according to Nickel et al. (1996). Reproduced from Tonar
et al. (2015b) with the permission of Elsevier. (B) Two micrographs (demonstrated with proportionally sized rectangles) were taken from the opposite sides of the aorta,
recording all of the aortic layers. The pair of the micrographs had no preferential position in relation to the original anatomical directions. (C) The outlines of the aortic wall
layers were drawn manually onto the micrographs, with line 1 (red) marking the adluminal surface of the intima, line 2 (green) marking the border between the media and
the adventitia, and line 3 (black) outlining the border between the adventitia and the periaortic loose connective tissue. The intima + media thickness was measured as the
mean distance between line 1 and line 2. Five virtual sublayers of media (media1l to media5, each comprising 20% of the local thickness) were projected onto the micrograph.
The adventitia thickness was the mean distance between line 2 and line 3. The number and position of the vasa vasorum profiles were recorded (marked with red points in
the left part of the image, otherwise stained dark brown). The relative position of the profiles within the media was expressed as the ratio between the d1 and the d1 +d2
distances (see the Section 2 for further details and an assessment of the vessel position in the adventitia). (D) Examples of vasa vasorum in the media. (E) Examples of vasa
vasorum in the adventitia. Immunohistochemical detection of the endothelial von Willebrand factor, visualization with horseradish peroxidase/diaminobenzidine (brown),
and counterstaining with haematoxylin. Scale bars: 1 mm (B), 500 wm (C) and 100 wm (D,E) (B-E taken from animals of various ages to illustrate the size differences) (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

The position and number of all vasa vasorum profiles within
the defined layers were marked and counted using the Point tool of
the Ellipse software. Using the LocalizeInWall2 module of the same
software, the quantity of vasa vasorum was assessed as the num-
ber of von Willebrand factor-positive microvessel profiles per section
area Q4 of the vascular wall (Witter et al., 2010; Tonar et al., 2012;
Eberlova et al., 2013; Houdek et al., 2013):

Qa(microvessels,layer) = Q/A(layer) (mm™2),

where, Q was the number of microvessel profiles counted and
A(layer)was the estimated reference area of the section through the
aortic wall layers. This was performed separately (i) for the tunica
media and intima reference areas and (ii) for the tunica adventi-
tia reference area. Afterwards, the number of microvessel profiles
per area unit of the individual layers was summed and related to
the total cross-sectional area of the whole aortic section to cal-
culate the mean vasa vasorum density of the whole sample. To
assess the depth of vasa vasorum penetration into the media in
more detail, five virtual sublayers were arbitrarily defined within

the intima + media. Each of these sublayers had an equal thickness
comprising exactly 20% of the local intima + media thickness. As the
intima contained no microvessels at all, these sublayers of media
were numbered medial to media5, starting from the innermost
adluminal sublayer (Fig. 1C).

The relative position of the vasa vasorum profiles within their
relevant layers (i.e., their penetration depth) was assessed using
an arbitrarily defined function f describing the relative distance of
the profiles in the radial direction across the wall: f=d1/(d1+d2),
where, d1 was the distance of the vessel profile from the abluminal
border of each layer and d2 was the distance of the vessel profile
from the more adluminal border of the same layer. The value of f
equalled O at the abluminal border and equalled 1 at the adluminal
border of each layer (Fig. 1C).

All quantitative parameters assessed in this study are defined
and explained in Table 1. To eliminate the possible edge effect
(Gundersen, 1977) and repeated counting of the same vessel
profiles crossing the borders between media/adventitia and adven-
titia/periaortic loose connective tissue, the left adluminal part of
the vessel profile was arbitrarily determined to include or exclude
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Table 1
Quantitative parameters used in this study for morphometry of vasa vasorum within
the porcine aortic wall.

Quantitative parameter
abbreviation

Definition, reference area, interpretation
and units

Qa(media) Number (or two-dimensional density) of
vasa vasorum profiles found within the
intima and media per area unit of the
intima and media in a transverse section of
the aorta (mm-~2).
Mean relative distance of vasa vasorum
profiles found within the intima and media
from the border between the media and
the adventitia. A dimensionless parameter
ranging between 0 and 1, where 0 refers to
vasa vasorum directly at the
media-adventitia border and 1 refers to
vasa vasorum on the intraluminal border
of the intima (—).
Int + media thickness The combined thickness of the intima and
(IMT) media, measured as the mean distance

between the intimal surface profile

(Fig. 1C, line 1) and the media-adventitia

border profile (Fig. 1C, line 2) (m).

flmedia)

Qa(adventitia) Density of vasa vasorum profiles within
the adventitia (mm~2).
fladv) Mean relative distance of vasa vasorum

profiles in the tunica adventitia from the
outer adventitial border (-).
Adventitia thickness Thickness of the adventitia, measured as
(AT) the mean distance between the
media-adventitia border (Fig. 1C, line 2)
and the outer adventitial border (Fig. 1C,
line 3) (um).
Density of all vasa vasorum profiles per
area unit of the whole section profile of the
aortic wall (mm~2).
IMT summed with the AT (wm).
The area fractions of the elastin, collagen,
actin, desmin, and vimentin within the
tunica intima and media reference areas (—).

Qa(wall)

Wall thickness (WT)
Ay (elastin, collagen,
actin, desmin, and
vimentin)

See also Section 2 and Fig. 1C for further explanation. The values of the area fractions
of the aortic wall constituents (elastin, collagen, actin, desmin, and vimentin) were taken
from previously published results analysing the same tissue samples (Tonar et al., 2015b).

the microvessel profile from the counting. In case of occasional
preparation and sectioning artefacts, such as microcracks and folds,
the section under study was replaced by adjacent serial section to
prevent any bias to the quantification of density and position of
the vasa vasorum profiles. Only technically well-prepared sections
were eligible for the quantification. In total, 15,070 vasa vasorum
profiles were counted (7799 within the intima+ media and 7271
within the adventitia reference area).

2.5. Statistics

Shapiro-Wilk’s W-test was used for normality testing of the
data and demonstrated that the distribution of the values dif-
fered from the normal distribution in certain aortic segments.
Therefore, nonparametric statistics were applied for further anal-
ysis. The Friedman ANOVA test for dependent variables and the
Wilcoxon matched-pairs test were used to assess the differences
between aortic segments (A-E) from the same animals under
study and between the aortic layers of the same individuals. The
Kruskal-Wallis ANOVA test and the Mann-Whitney U-test were
used to assess the differences between the age groups. The correla-
tion between the density and distribution of vasa vasorum profiles,
the thickness of the aortic wall layers, and the composition of the
tunica media were evaluated using the Spearman correlation coef-
ficient. These tests were used as available in the Statistica Base
11 package (StatSoft, Inc., Tulsa, OK, USA). Significant results are
reported as * (p<0.05), " (p<0.01), and ™" (p<0.001).

3. Results

3.1. Segmental differences in the vasa vasorum density and
distribution

In the tunica media, differences in both the vasa vasorum profile
density and their distribution were found when comparing the val-
ues for all aortic proximodistal segments (i.e., from the heart to the
terminal branching of the aorta) of the same animal. The density of
the vasa vasorum profiles (Fig. 2A) decreased in the proximodistal
direction, and highly significant differences were found between
nearly all aortic segments under study, except the suprarenal and
infrarenal aortae. The mean relative distance of the vasa vasorum
profiles from the media-adventitia border was greater in thoracic
aortic segments A-C than in abdominal segments D-E and differed
between all segments, except between the aorta ascendens and
the arcus aortae and between the aorta ascendens and the thoracic
descending aorta (Fig. 2B).

In the tunica adventitia, no significant differences were found in
either the density or the distribution of the vasa vasorum profiles
(Fig. 2C and D).

When considering the mean density of the vasa vasorum
profiles calculated per whole wall, the thoracic aortic segments
differed from the abdominal segments (Fig. 2E), with the values
being greater in the abdominal segments. The ratio of the intima-
media thickness to the wall thickness gradually decreased in the
proximodistal direction (Fig. 2F).

As expected, no vasa vasorum were found in the most adluminal
fifth of the media (medial). When comparing the five virtual sub-
layers of the media, the proximal segments of the aorta (segments
A-C) had greater densities of vasa vasorum profiles in the media2
to media4 sublayers than the abdominal aortic segments (D-E) did
(Fig. 3A).

To summarize the segmental differences, the Ho(A) hypothesis
was rejected for the tunica media, for most of the virtual sublayers
of the media, and for the whole aortic sectional profile, but it was
retained for the tunica adventitia.

3.2. Comparison of the vasa vasorum density and distribution
between the age groups

Quantitative differences between the age groups are displayed
in Fig. 4. In the media, the density of the vasa vasorum profiles was
lower in fattening pigs than in sucklings or weaners (Fig. 4A) but
retained the same distribution (Fig. 4B). In the adventitia, the den-
sity of the vasa vasorum profiles was lower in fattening pigs than
in suckling pigs (Fig. 4C), and the distance of the vasa vasorum pro-
files from the outer border of the adventitia (the penetration depth)
decreased with age (Fig. 4D). When considering the mean density
of the vasa vasorum profiles calculated per whole wall, it gradually
decreased with age (Fig. 4E). The ratio of the intima-media thick-
ness to the wall thickness remained constant during ageing (Fig. 4F).

When comparing the five virtual sublayers of the media, the
density of the vasa vasorum within the outermost media5 sublayer
showed a significant decrease with age (Fig. 3B).

To summarize the age differences, the Hyo(B) hypothesis was
rejected for both the density and the distribution of vasa vasorum
in the tunica media, in the most abluminal sublayer of the media
(media5), in the adventitia, and also in the whole sectional profile
of the wall.

3.3. Comparison of the vasa vasorum density between the
vascular layers

In all aortic segments (Fig. 5A-E), the adventitia had the greatest
density of vasa vasorum profiles, followed by the most abluminal



Density of vasa vasorum Q,in media (mm)

>

Density of vasa vasorum Q,in adventitia (mm)

@)

Density of vasa vasorum Q,in aortic wall (mm?)

E

Z. Tonar et al. / Annals of Anatomy 205 (2016) 22-36

27

35 |
[ Tx ’E wHE
I wE ] 2 0.5 T wx 1
30 £ ;E:
T ** ] 8
£33 - o
25 — £ 04
> ek
K
£
20 e ] 8
TEE ® 0.3
k-1
Q
15 £
£ 1
302
10 ‘5
3 i
1]
- g 04
T
c
©
Q
0 H ek
A B c D E I |
0.0
Aortic segment B A B C D E
120 0.7
5 e _
T
s
100 506
S
= o
Q
80 s
5
£ 04
3
60 E 1
8
£ 03
c
o e
>
40 3
5 0.2
Q
o
[
s
20 £ 01
e
©
Q
=
0 0.0
A B c D E D A B c D E
1.0
55 T o 1 @
I Tk
o0 = 1 e
i g 08
[T |
40 | I . S
35 Z 06
v
30 ;
- }
£ 04 |
20 ;
T
s
0.2
10 £
L Fedede
5 o L P
L dkek |
0 0.0
A B c D E F A B c D E

Fig. 2. Density of vasa vasorum (v.v.) profiles (Q4 ) in the tunica media (A), the adventitia (C) and the aortic wall (E) of 0-230-day-old pigs, together with the relative position
of vasa vasorum profiles within the media (B) and adventitia (D) and the ratio of the intima-media thickness to the whole-wall thickness (F). The relative positions of vasa
vasorum profiles were determined as the distance from the outer wall layer divided by the wall layer thickness. Segments A, B, C, D, and E on the x-axis denote the aorta
ascendens, arcus aortae, thoracic descending aorta, suprarenal abdominal aorta, and infrarenal abdominal aorta, respectively. The age groups were pooled for this comparison.
Only the corresponding paired values from the same individuals were tested. The differences between the segments were first tested using the Friedman ANOVA test, which
showed significant differences (p <0.001) in the parameters shown under A, B, E, and F. For the parameters shown in A, B, E, and F, the Wilcoxon matched-pairs test was

performed to compare the aortic segments (significant p-values are presented within the diagrams: * p<0.05, " p<0.01,

p<0.001). The data are displayed as the median

values, with boxes spanning the upper limits of the first and third quartiles and with whiskers spanning the minimum and maximum values for each group.

sublayer of the media (media5). The density of vasa vasorum grad-
ually decreased towards the adluminal sublayers of the media
until it reached zero in the innermost layer (media1l). In contrast,
the thoracic aorta (Fig. 5A-C) contained vasa vasorum profiles

(Fig. 5D-E).

even within the middle sublayers of the media (media3, i.e.,
40-60% of the media thickness measured from the intima), and
these layers were avascular in the abdominal aortic segments
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Fig. 3. Mean densities of vasa vasorum profiles within five arbitrary layers of the tunica media and comparison between the porcine aortic segments (A) and between the
age groups (B). Segments A, B, C, D, and E on the x-axis in (A) denote the aorta ascendens, arcus aortae, thoracic descending aorta, suprarenal abdominal aorta, and infrarenal
abdominal aorta, respectively. The data are presented as stacked plots demonstrating the proportions among the individual layers. Each of the media sublayers represented
one-fifth of the media thickness. The sublayers were labelled starting from the intimal surface, with medial and media5 representing the innermost and outermost media
layers, respectively. Sublayer medial did not contain vasa vasorum. (A) The proximal aortic segments (segments A-C) had greater densities of vasa vasorum profiles in the
media2 to media4 sublayers than the abdominal aortic segments did (D-E) (™" denotes highly significant differences at p<0.001 in the Friedman ANOVA test). (B) When
comparing the age groups, the densities within the outermost media5 sublayer showed a significant decrease in the vasa vasorum density with age (™" denotes p<0.001 in

the Kruskal-Wallis ANOVA test).

In all age groups (Fig. 6A-C), the adventitia had the greatest
density of vasa vasorum profiles, followed by the most ablumi-
nal sublayer of the media (media5). The density of vasa vasorum
gradually decreased towards the adluminal sublayers of the media
until it reached zero in the innermost layer (medial) in all age
groups. No differences were found between the media3 and the
media4 sublayers in all groups; i.e., the density of profiles was
the same within the middle region of the media (40-80% of
the media thickness measured from the intima), independent
of age.

To summarize the differences between the layers, the Hg(C)
hypothesis was rejected.

3.4. Correlation of the vasa vasorum density and distribution
with the thickness of the aortic wall and with the tunica media
histological composition

The Spearman rank-order correlations between quantitative
parameters that were found to be significant (p<0.05) are listed
in Table 2. Ho(D) was rejected, as both the density and the dis-
tribution of vasa vasorum in both the media and the adventitia
correlated with the thickness of the aortic wall layers as well as
with the aortic wall composition.

3.5. Complementary qualitative morphological findings

No direct communication of vasa vasorum with the aortic lumen
(vasa vasorum interna) was observed. Examples of segmental and
age-related differences in the vasa vasorum profile density and dis-
tribution are shown in Fig. 5. Differences in the relative thicknesses
of the media and adventitia between the proximodistal aortic seg-
ments were clearly visible, even without quantification, but the
density estimates were reliably detectable only by quantitative
assessment and statistics. However, the deeper penetration of the
vasavasorum profilesinto the vessel wall of the thoracic aorta when
compared with the abdominal aorta was clearly visible, even by
microscopic examination (Fig. 7).

The complete data set with all the morphometric results for all
of the samples of all aortic segments is provided in Appendix A.

4. Discussion

4.1. The tunica media of the thoracic aorta had a greater vasa
vasorum density, and these vessels penetrated deeper into the
aortic wall towards the lumen than in the abdominal aorta

The vasa vasorum density within the media decreased in the
proximodistal direction (Fig. 2A), but the overall vasa vasorum den-
sity calculated per whole vessel wall showed greater values in the
abdominal aorta than in the thoracic aorta (Fig. 2E). This finding
appears to be a contradiction, but it is most probably the numer-
ical result of a much thinner aortic media and whole wall in the
abdominal segments (Fig. 2F in Tonar et al., 2015b). The reference
area of the whole vascular wall section increases with the second
power of the wall thickness, and therefore, the section area used
as the denominator of the Q4 parameter is relatively greater in
the thicker thoracic segments but relatively smaller in the thinner
abdominal segments. Nevertheless, the greatest vasa vasorum den-
sity in the media found in the thoracic aorta suggests that the highly
elastic thoracic segments require an especially rich microvessel
network and that the thicker thoracic segments receive less direct
diffusional support (Werber et al., 1987) from the lumen than the
thinner distal segments do. The greater vasa vasorum density in
the media3 sublayer than in the deeper (more abluminal) media4
to media5 sublayers in the thoracic aorta (Fig. 3A) suggests that
another branching is generated in approximately the middle thick-
ness of the media of the thoracic aorta.

Moreover, lower vasa vasorum densities within the media of
the abdominal aorta might partially explain the vulnerability of
the abdominal aorta to atherosclerosis or aneurysm formation
(Heistad and Marcus, 1979). The precise role of the vasa vasorum in
the mechanobiological stability (Humphrey and Holzapfel, 2012;
Cyron and Humphrey, 2014a) and the propensity of the abdom-
inal aorta to aneurysm formation (Cyron et al., 2014b) remains
unclear. It is not known, whether the vasa vasorum morphol-
ogy and penetration depth is linked to aortic remodelling and
aneurysms formation due to the imbalance between the matrix
metalloproteinases and their inhibitors (Sokolis and Iliopoulos,
2014).
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Fig. 4. Density of vasa vasorum (v.v.) profiles (Q4) in the tunica media (A), the adventitia (C), and the aortic wall (E), together with the relative position of vasa vasorum
profiles within the media (B) and adventitia (D) and the ratio of the intima-media thickness to the whole-wall thickness (F) in the three age groups of pigs. Aortic segments
were pooled for this comparison. The differences between the age groups were first tested using the Kruskal-Wallis ANOVA test, which showed significant differences in
the parameters shown under A (p=0.001),C (p=0.02), D (p=0.003), and E (p<0.001). For these parameters, the age groups were compared using the Mann-Whitney test
(significant p-values are presented within the diagrams: " p<0.05,” p<0.01, ™ p<0.001). The data are displayed as the median values, with boxes spanning the upper limits
of the first and third quartiles and with whiskers spanning the minimum and maximum values for each group.

Morphologically, the tunica adventitia proved to be a highly
variable layer with respect to the aortic segments. In the
proximodistal direction, the tunica adventitia is surrounded
by a variety of tissues and microanatomical structures; i.e., a
serous pericardial cavity, the loose connective tissue of the

mediastinum and retroperitoneal fat, accompanied by a variable
number of lymph nodes, aortic branches, and other structures.
Surprisingly, this high level of anatomical variability did not
affect the vasa vasorum density and distribution within the

adventitia.
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Fig. 5. Density of vasa vasorum profiles (Q,) in the tunica adventitia and in the five virtual tunica media sublayers in the five proximodistal segments of the porcine thoracic
(segments A-C in images A-C) and abdominal aorta (segments D-E in images D-E). For this comparison, the age groups were pooled, and the data from the corresponding
images, sections and animals were exactly matched. The differences between layers were first tested using the Friedman ANOVA test, which showed significant differences in
all segments (p <0.001). Further comparisons between anatomically adjacent layers were performed using the Wilcoxon matched-pairs test (significant results are presented
within the diagrams: " p<0.05, ™ p<0.01, " p<0.001). In all segments, the adventitia had the greatest density of vasa vasorum profiles, followed by the most abluminal
sublayer of the media (media5). The density of vasa vasorum gradually decreased towards the adluminal sublayers of the media until it reached zero in the innermost
layer (medial) in the thoracic segments (A-C) or in the two innermost layers (media2 to medial) in the abdominal segments. Whereas the thoracic aorta (A-C) contained
vasa vasorum profiles even within the middle medial sublayers (media3, i.e., 40-60% of the media thickness measured from the intima), these layers were avascular in
the abdominal aortic segments (D-E). The data are displayed as the median values, with boxes spanning the upper limits of the first and third quartiles and with whiskers
spanning the minimum and maximum values for each group.
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Fig. 6. Density of vasa vasorum profiles (Q4) in the tunica adventitia and in the five tunica media sublayers in the three age groups of pigs: (A) suckling pigs, (B) weaners,
and (C) fattening pigs. For this comparison, the aortic segments were pooled, and the data from the corresponding images, sections and animals were exactly matched. The
differences between the layers were first tested using the Friedman ANOVA test, which showed significant differences in all age groups (p<0.001). Further comparisons

between anatomically adjacent layers were performed using the Wilcoxon matched-pairs test (significant results are presented within the diagrams: * p<0.05, " p<0.01,

p<0.001). In all age groups, the adventitia had the greatest density of vasa vasorum profiles, followed by the most abluminal sublayer of the media (media5). No differences
were found between the media3 and the media4 sublayers in any group, i.e., the density of profiles was the same within the middle region of the media (40-80% of the media
thickness measured from the intima). The data are displayed as the median values, with boxes spanning the upper limits of the first and third quartiles and with whiskers
spanning the minimum and maximum values for each group.
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4.2. The density of vasa vasorum gradually decreased with age in
both the media and the adventitia

Vasa vasorum seemed to grow and branch less than necessary to
maintain the same density of the microvascular bed within the aor-
tic wall during growth and ageing (Fig. 4A and C). Interestingly, the
relative position of vasa vasorum remained constant during age-
ing in most of the media (Fig. 4B), except the most abluminal fifth
(Fig. 3B), but it was shifted outwards in the adventitia (Fig. 4D). This
finding suggests that the depth into which vasa vasorum penetrate
and where they branch remain proportional during the growth of
the media. This phenomenon corresponds well with the relative
proportions between the media and the adventitia, which remained
constant during ageing as well (Fig. 4F). The aortic segments tend to
retain their relative proportions of media thickness during growth,
and the media of older animals receives less but equally distributed
vasa vasorum. Although the absolute values of the media thick-
ness increase significantly with age (Fig. 3F in Tonar et al., 2015b),
the density of vasa vasorum does not differ between sucklings and
weaners. This result can be regarded as indirect proof of vasa vaso-
rum proliferation up to the weaners’ age (29-75 days).

sign.

“_n»

4.3. The adventitia contained more microvessels than the outer
media did in all segments and age groups

Interpreting the greater density of vasa vasorum profiles in the
adventitia when compared with the media (Figs. 5 and 6) is not
entirely straightforward due to different histological compositions
and presumably also to the differing metabolism of these layers.
The adventitia of older animals had more vasa vasorum close to
the adluminal border of the adventitia (Fig. 7). We believe that
from these “near-media” adventitial vessels, branches enter the
media, as suggested in a vasa vasorum analysis of the monkey aorta
(Werber et al., 1987) and canine aorta (Stefanadis et al., 1995).

The completely avascular adluminal regions of the media in
various proximodistal segments and age groups were mostly thin-
ner than the approximate 0.5 mm value reported by Wolinsky and
Glagov (1967, 1969) and Okuyama et al. (1988). This finding can
be explained by the fact that appropriate immunohistochemical
staining methods were not yet available in previous studies. Inter-
estingly, the middle regions of the media comprising the 40-60%
depth of the media thickness (measured from the intima) still con-
tained non-negligible amounts of vasa vasorum profiles.

IMT +AT. A, (elastin, collagen, actin, desmin, vimentin) indicates the area fraction of the respective component

4.4. A thicker tunica media with higher elastin content correlated
with greater density and deeper adluminal penetration of vasa
vasorum

The number of significant correlations that we found (Table 2)
demonstrates general mutual relations between the aortic wall
microcirculation, the thickness, and aortic layer proportions. These
relations are preserved beyond any biological interindividual vari-
ability or variability between the proximodistal segments and
between age groups within the range of 0-230 days.

A greater density of the microvascular network in the media
was significantly linked to deeper adluminal penetration. The vasa
vasorum density within the media increased in aortic samples with
relatively thicker media and thinner adventitia. This phenomenon
was probably caused by extensive branching of the vasa vasorum
within the media in proximal segments (see Section 4.3), where the
adventitia was particularly thin and the media was comparatively
thick. When the branching of the vasa vasorum was shifted into
deeper layers, i.e., into the media and more close to the lumen, it
appeared as an increased number of microvessel profiles with a
greater probability of being sectioned and counted, and therefore,
a greater microvessel density was observed.

within the tunica intima and media reference areas. The values of the area fractions were taken from results previously published for the same tissue samples (Tonar et al., 2015b). For correlations between aortic wall constituents, see Tonar
" Indicates all correlations significant at p<0.05.

Qa(adv.)—density of vasa vasorum profiles within the adventitia; f{adv.)—mean distance of vasa vasorum profiles in the adventitia from the outer border of the aortic wall; adventitia thickness (AT)—thickness of the adventitia;
et al. (2015b). The data were pooled across the experimental groups. Autocorrelations, repeating values and non-significant correlations have been replaced by the

Qs(media)—density of vasa vasorum profiles within the intima and media; f{media)—mean distance of vasa vasorum profiles in the media from the adventitia; Int + media thickness (IMT)—total thickness of the intima and media;
Qa(wall)—density of vasa vasorum profiles per area unit of the whole section of the aortic wall; Wall thickness (WT)
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Fig. 7. Vasavasorum within the thoracic ascending aorta (A), thoracic descending aorta (B), and infrarenal abdominal aorta (C) of suckling piglets (left), weaners (middle), and
fattening pigs (right). The vasa vasorum density was highest in suckling pigs in both the media and the adventitia, and it gradually decreased with age. The relative position of
the vasa vasorum within the media did not change with age, but older animals had more adventitial vasa vasorum close to the adluminal border of the adventitia. The relative
media and adventitia thicknesses were retained during ageing in the corresponding aortic segments, although the overall thickness of the aortic wall increased. The density
of the vasa vasorum in the media, but not in the adventitia, decreased in the proximodistal direction. In the thoracic aortic segments (A-B), the vasa vasorum penetrated
deeper into the tunica media than in the abdominal aorta (C). In the thoracic aorta (A-B), the adventitia was thinner than in the abdominal aorta (C). Immunohistochemical
detection of endothelial von Willebrand factor, visualization with horseradish peroxidase/diaminobenzidine (brown), counterstaining with haematoxylin. Scale bar: 500 wm
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

Segments with a greater elastin fraction within the media also
had a greater density of vasa vasorum in the media. This result
might be partially explained by the fact that an elastin network with
transversally oriented elastic lamellae facilitates diffusion along
the lamellae but restrains the diffusion of large molecules (such
as albumin) across the media due to binding to these molecules
(Hwang and Edelman, 2002; Goriely et al., 2007). Thus, segments
with a rich elastin network can be expected to require an especially
rich vascular network in the media, even though these segments
have a smaller fraction of vascular smooth muscle cells at the
same time. Conversely, the segments that contained relatively more
vascular smooth muscle cells than elastin (mainly the abdominal
segments, cf. Tonar et al., 2015b) had relatively lower vasa vaso-
rum densities in the media and the microvessels did not penetrate
too deeply (Table 2). Okuyama et al. (1988) suggested that the

relatively greater vasa vasorum density in suckling piglets may be
explained as the persistence of a prenatal rich vascular bed, which
was interpreted as an adaptation to intrauterine hypoxia. However,
this hypothesis was never confirmed.

4.5. Study implications

The adventitia thickness observed in the various segments
under study was extremely variable, depending on both the proxi-
modistal positions of the segments and anatomical directions; i.e.,
the adventitial structure and thickness lacked rotational symmetry.
Moreover, it seems that two different layers of connective tissue
outside the tunica media could be found: (i) a more adluminal
layer of dense connective tissue that was unambiguously a part of
the vessel wall and (ii) a more abluminal layer of loose connective
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tissue often containing large numbers of fat cells. The latter was not
considered as a part of the adventitia for the purposes of our study
because it often contained preparation and dissection artefacts
(namely microcracks), variable amounts of lymphatic tissue, and
therefore, the vasa vasorum density would have been biased. How-
ever, this layer deserves a comparative anatomical study involving
more animal species to clarify the general definition of the aortic
adventitia.

Detailed mapping of vasa vasorum, including the segmental
and age-related biological variability of the porcine aorta, is useful
for understanding the drug distribution from arterial stents with
fine control of locally directed drug release (Hwang and Edelman,
2002; Kusanagi et al., 2007), aortic implantation of mesenchymal
stem cells in porcine models of aneurysm (Turnbull et al., 2011),
or in hypercholesteroleamic pigs used as models in atherosclero-
sis research (Porras et al., 2015; Xu et al., 2015). Additionally, other
experiments using a growing porcine model might benefit from the
method and the data provided by the present study when evalu-
ating aortic reconstruction and aortic arch replacement (loannou
et al,, 2003; Chen et al., 2012) or postoperative aortic compliance
(Ioannou et al., 2013). For this purpose, the growth of the aortic wall
may be described using the growth curves according to Gielecki
et al. (2006) or Szpinda (2007). Analysis of vasa vasorum pene-
tration would be useful also in tissue-engineered neovessels using
polymeric scaffold matrices for developing biocompatible vascular
grafts (Udelsman et al., 2014; Miller et al., 2015). In our opinion,
future studies on vasa vasorum would highly benefit from using
stereological morphometric parameters related to the vasculature,
as recently summarized by Miihlfeld (2014).

The data provided in Appendix A can be directly used in mod-
elling the spatial distribution of vasa vasorum using the stochastic
geometry of point processes. This statistical technique already has
many applications in quantitative description of geometrical struc-
tures in biology, medicine, and other research areas (for review, see
Stoyan et al., 1995). For this purpose, the cross-sectional profiles of
the originally three-dimensional microvessels appear as points, as
usual in histological sections. Public-domain software is available
(Baddeley and Turner, 2005; Baddeley et al., 2015) for modelling
and analysing point patterns in two-, three-, or multidimensional
space-time, which would be helpful when modelling the growth of
vasa vasorum during ageing.

4.6. Study limitations and remarks on methods

Vasa vasorum represent a three-dimensional branching net-
work, but the present study was based on their two-dimensional
projections into a standardized transverse sectional plane. Analysis
of prevailing directions (anisotropy) would require a three-
dimensional approach (see Kochova et al. (2011) for current
methods on the anisotropy of microvessels in histology), or at
least a comparison of vasa vasorum profiles in multiple sectional
planes (Tonar et al., 2012). By comparing longitudinal vs. transver-
sal aortic sections, branching patterns of aortic vasa vasorum could
be revealed in further studies, because more longitudinal first-
order vasa have more probability to be sectioned by the transversal
plane, whereas more circumferential second-order branches would
appear more frequently on longitudinal sections. Another advance
in quantifying vasa vasorum density would be using the orienta-
tor technique (Mattfeldt et al., 1990) to produce isotropic uniform
random (IUR) sections, in which an unbiased length density Ly
can be calculated from the two-dimensional density of vasa vaso-
rum profiles Q4 using the simple formula Ly =2Q4. However, we
did not select this IUR design, because analysis of media sublay-
ers (hypotheses Hp(A) and Hg(C)) relied on transversal sections;
therefore, three-dimensional density of microvessels may not be
calculated from our present results (Miihlfeld and Ochs, 2014).

Our vasa vasorum quantification did not differentiate the cal-
ibre of the vessels or whether they belonged to the arterial or
venous part of the aortic microvascular bed. However, a reliable
estimation of microvessel lumina in histological sections is diffi-
cult because the volume of, e.g., vasa vasorum is often collapsed in
routinely processed histological samples. Volume collapse may be
avoided by using perfusion fixation, which was not available dur-
ing the collection of our samples. However, non-standard perfusion
might introduce other artefacts into the preparations, such as over-
distension orirregular distension of the vessels due to different wall
properties.

Other study limitations are the same as in the previous paper on
the same aortic segments (Tonar et al., 2015b), namely (i) the wall
thickness measurements were affected by dissection of the aortae
and by the post mortem contraction of the vascular segments, and
no correction for the tissue shrinkage was performed; (ii) the study
did not differentiate samples from the dorsal, lateral, and ventral
sides of the abdominal aorta; (iii) the estimates were always based
on one section per staining and anatomical position; and (iv) due to
the number of animals, we did not perform simultaneous statistical
analyses with grouping of the samples according to the aortic seg-
ments and age. Moreover, this morphological study does not offer
information on the real perfusion rates of the aortic segments, as
it is known that vasa vasorum are highly reactive and that their
tone is physiologically regulated by a number of endogenous factors
(Scotland et al., 2000).

4.7. Comparing porcine vs. human aortic vasa vasorum

Despite a thorough literature search, the information on human
aortic vasa vasorum and their development are extremely rare. In
our opinion, the results of the present study may not be extrap-
olated to the human aorta. Histological studies on age-dependent
changes of human aortic vasa vasorum are lacking. Arteriolar and
venous vasa vasorum of the ascending aorta, aortic arch, and
descending aorta were examined in human between birth and 15
years of age using X-ray microscopy (Clarke, 1965), but the res-
olution limit of this radiological study was approximately 40 pm
in diameter and most of the precapillary, capillary, and postcap-
illary vasa vasorum were missing in the study. Similarly to our
study, Clarke (1965) proved that in human, the ascending aorta
and aortic arch had a greater vasa vasorum density in neonates
than at the end of the first year. Interestingly, the reverse was
true for the descending thoracic and abdominal aorta. In human,
Clarke (1965) reported a greater density of vasa vasorum arterioles
and venules in the human abdominal than in the thoracic aorta,
but the study did not detect the capillaries, which represent the
most numerous population of the vasa vasorum in our immuno-
histochemical study. Moreover, statistical connections to the local
wall thickness and histological composition of aortic wall (colla-
gen, elastin, and smooth muscle fractions) in human ontogenesis
are lacking. Increased knowledge on human aortic vasa vasorum
would also be beneficial to transplantation medicine, because the
external vascular supply of aortic branches originates from aor-
tic vasa vasorum. This is important, e.g., for anastomosis of renal
arteries during kidney transplantations (Kurzidim et al., 1999).

Studies mapping any age-related differences between these two
species are missing. Despite many similarities between the porcine
and human histology, such as diameter, thickness, and numbers
of lamellar units (Wolinsky and Glagov, 1967), the results of the
present study should be used in porcine models only and may
not be easily extrapolated to the human aorta for several reasons.
Major arteries (and also veins) contributed to the reorganization of
the orthodynamics as a part of adaptations to the human upright
gait (bipedism). Development of bipedal posture caused changes
in pressure gradients, which required further changes in aortic
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compliance when compared to quadrupeds. While the blood flow
within the proximal part of the human aortic arch is under con-
traposition of gravity, the blood flow in the descending aorta goes
along with the gravitational force vector. These differences may be
measured when comparing the human vs. quadrupeds pulse wave
velocity between carotid and femoral arteries (Neto, 2006). More-
over, hemodynamic responses to the orthostatic stress in human
are modulated by the systolic volume ejection fraction, baroreflex
sensitivity, activation of the renin-angiotensin-aldosterone sys-
tem, renal sodium and water retention, systolic volume, and other
cardiovascular adaptations, in which differences are found between
quadrupeds and human (Neto, 2006). In addition, differences in
aortic gross anatomy and histology are to be taken into account,
such as variations in branching aortic patterns (especially in the
aortic arch), and various amounts of periaortic connective tissue
and anatomical relations between descending aorta to the vertebral
bodies.

5. Conclusion

We estimated the density of von Willebrand factor-positive
profiles of vasa vasorum per profile area of the aortic wall using
transversal histological sections in five proximodistal segments
sampled from the porcine aortae of growing pigs of age ranging
from O to 230 days. The tunica media of the thoracic aorta had
a greater vasa vasorum density, with microvessels penetrating
deeper towards the lumen than in the abdominal aorta. The den-
sity of vasa vasorum gradually decreased with age in both the media
and the adventitia. The depth into which vasa vasorum penetrated
and where they branched remained proportional during the ageing
and growth of the media. The aortic segments retained their rela-
tive proportions between the media thickness and the adventitia
thickness during growth, and the media of older animals received
less but equally distributed vasa vasorum. A greater density of vasa
vasorum in the media was significantly linked to greater media
thickness and a greater elastin fraction (data on elastin taken from
another study on the same samples). The immunohistochemical
quantification revealed deeper penetration of vasa vasorum into
the tunica media, reaching adluminal layers of the vessel wall
that were hitherto reported to be avascular. The complete primary
morphometric data in the form of continuous variables have been
made available as a supplement to this paper. Mapping of the vasa
vasorum profiles density and position has promising illustrative
potential for studies on the aorta in experimental porcine models,
such as models of atherosclerotic and inflammatory neovascu-
larization, aortic aneurysms and drug distribution from arterial
stents.
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