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Choy, Jenny Susana, Quang Dang, Sabee Molloi, and Ghassan
S. Kassab. Nonuniformity of axial and circumferential remodeling of
large coronary veins in response to ligation. Am J Physiol Heart Circ
Physiol 290: H1558-H1565, 2006. First published November 18,
2005; doi:10.1152/ajpheart.00928.2005.—The pressure-induced re-
modeling of coronary veins is important in coronary venous retroper-
fusion. Our hypothesis is that the response of the large coronary veins
to pressure overload will depend on the degree of myocardial support.
Eleven normal Yorkshire swine from either sex, weighing 31-39 kg,
were studied. Five pigs underwent ligation of the left anterior de-
scending (LAD) vein, and six served as sham-operated controls. The
ligation of the coronary vein caused an increase in pressure interme-
diate to arterial and venous values. After 2 wk of ligation, the animals
were euthanized and the coronary vessels were perfusion-fixed with
glutaraldehyde. The LAD vein was sectioned, and detailed morpho-
metric measurements were made along its length from the point of
ligation near the base down to the apex of the heart. The structural
remodeling of the vein was circumferentially nonuniform because the
vein is partially embedded in the myocardium; it was also axially
nonuniform because it is tethered to the myocardium to different
degrees along its axial length. The wall area was significantly larger
in the experimental group, whereas luminal area in the proximal LAD
vein was significantly smaller in the same group compared with
sham-operated controls. The wall thickness-to-radius ratio was also
significantly larger in the experimental group in proportion to the
increase in pressure. The major conclusion of this study is that the
response of the vein depends on the local wall stress, which is, in part,
determined by the surrounding tissue. Furthermore, the geometric
remodeling of the coronary vein restores the circumferential stress to
the homeostatic value.

arterialization; pressure-overload; retroperfusion; wall stress; sur-
rounding tissue

THERE IS ABUNDANT LITERATURE on the effect of pressure over-
load on structural and mechanical remodeling of arteries (see
review in Ref. 13). Studies (9) on the remodeling of the veins
in response to pressure overload, however, are much less
common. Indeed, we are unaware of any studies on the remod-
eling of the coronary veins in response to pressure overload.
This is unfortunate, however, because pressure-induced remod-
eling is a central issue in such therapeutic approaches as chronic
coronary retroperfusion (20, 21). The objective of the present
study is to fill in this gap to understand the mechanical adaptation
of the large coronary veins in response to elevated pressures.
Our hypothesis is that an increase in left anterior descending
(LAD) vein pressure will lead to remodeling or arterialization
of the veins, including an increase in wall thickness-to-radius
ratio, which will decrease the circumferential wall stress. An
additional hypothesis is that the structural remodeling will be

circumferentially and axially nonuniform because the LAD vein is
partially embedded in the myocardium circumferentially and is
tethered to the myocardium to various degrees along its axial
length. Hence, we will determine the structural remodeling of
the LAD vein circumferentially and along its axial length.

The present findings confirm these hypotheses and show
significant thickening of the venous wall to restore the intra-
mural circumferential stress. Furthermore, the data show that
the LAD vein developed intimal thickening (inward remodel-
ing) only in the absence of myocardial support and that
significant medial thickening (hypertrophic remodeling) occurs
to restore the intramural circumferential stress. The present
study clarifies the structural remodeling in the coronary veins
after ligation and provides a rationale for the development of a
coronary retroperfusion strategy that avoids long-term athero-
sclerotic changes.

METHODS

The choice of the present animal model was based on the similar-
ities between human and swine coronary vessels (10). This study was
conducted in accordance with national and local ethical guidelines,
including the Institute of Laboratory Animal Research Guide; the
Public Health Service policy; and the Animal Welfare Act and
approved by the Institutional Animal Care and Use Committee of the
University of California, Irvine.

Animal preparation. Eleven normal Yorkshire swine of either sex
with body weight of 31-39 kg were studied. The animals were fasted
overnight; ketamine (20 mg/kg) and atropine (0.05 mg/kg) were
administered intramuscularly before endotracheal intubation. The an-
imals were ventilated with the use of a mechanical respirator, and
general anesthesia was maintained with 1 to 2% isoflurane and
oxygen. The chest was opened through a left lateral, fourth-intercos-
tal-space thoracotomy, and an incision was made in the pericardium
with the creation of a sling to support the heart. The LAD vein was
located and isolated close to the great cardiac vein, and a suture was
placed around the vessel as shown in Fig. 1. An introducer was used
to puncture the vein to measure the venous pressure before ligation.
With the catheter inside the vessel and fixed to the surface of the heart,
the ligature was tightened to measure the increase in pressure after
ligation. The catheter was then withdrawn, and the ligation was made
permanent to completely occlude the flow through the vein. The chest
was then closed in a standard manner, and the animals were allowed
to recover. In five animals, the vein was ligated, whereas in six
animals, the suture was not tightened and the animals served as
sham-operated controls.

The experimental and sham-operated animals were recovered for
15 days. The animals were administered cefazolin (500 mg im) and
buprenorphine (0.03 mg/kg) twice a day for the prevention of infection
and the management of pain, respectively. At the scheduled time, the
animals were anesthetized as described above. The blood pressure was
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Fig. 1. Illustration of left anterior descending (LAD) vein showing point of
ligation and definition of fractional longitudinal position (FLP).

measured through a carotid artery, and anticoagulation was induced
with heparin (100 IU/kg) through a jugular vein. The animals were
then deeply anesthetized followed by an injection of a saturated KCI
solution through the jugular vein to arrest the heart. The aorta was
clamped to keep air bubbles from entering the coronary arteries, and
the heart was excised and placed in a saline solution. The LAD artery,
the right coronary artery, and the left circumflex artery were cannu-
lated under saline to avoid air bubbles and perfused with cardioplegic
solution to flush out the blood. The heart was then perfused and fixed
with 1 liter of 6.25% glutaraldehyde solution at 1,100 mosM and a
pressure of 100 mmHg. The fixed hearts were kept in the refrigerator
until the day of histological preparation.
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Fig. 2. Schematic representation of coordinate system used to measure several
parameters on a cross-section of the vein.

H1559

Histological preparation of LAD vein. The LAD vein was cut
perpendicularly to the long axis of the vessel into 3- to 4-mm serial
segments from the point of ligation to the apex of the heart where the
vessel had a diameter of ~0.5 mm. A coordinate system was set up
such that the fractional longitudinal position (FLP) at the ligature was
defined as O and that at the distal end (0.5 mm in diameter) was
defined as 1, as shown in Fig. 1. The proximal position of every ring
was recorded, and each segment was rinsed three times with a buffer
solution and processed by dehydration in increasing concentrations of
alcohol (70%, 80%, 95%, and 100%). The segments were then
embedded in either JB-4 (odd segments) or paraffin (even segments).
All samples were processed by using a microtome (HM 340 E from
Microm). The JB-4 embedded segments were cut into 3-pm sections,
mounted on glass slides, and stained with toluidine blue for morpho-
metric measurements. The paraffin-embedded segments were cut into
5-pm sections, mounted on glass slides, and deparaffinized and
stained with Verhoeff’s elastic stain to study the vessel structure.
Photographs of the histological cross-sections of each segment were
taken with the use of a light microscope (Nikon) and a Spot Insight
Color Digital Camera (Diagnostic Instruments).

Morphometric measurements. Photographs of histological cross-
sections of the LAD vein were analyzed. The proximal portion of the
vessel faced upstream, and the distal portion faced downstream as
shown in Fig. 2. For each photograph, the following measurements
were made on the proximal portion of the vessel: inner and outer
circumferences; inner, outer, and wall areas; and intimal and wall
thickness at twelve equally spaced locations (0°, 30°, 60°, ... 300°,

A

100
90 4
80

70

60

40 ~

Pressure (mmHg)
3
1

Time (s)

=

70

60

50

40

30

20 A

LAD vein pressure (mmHg)

10

0~

Before Ligation After Ligation

Fig. 3. A: phasic pressure in LAD vein before and after ligation in one animal.
Solid curve represents mean value of phasic trace. B: mean pressure before and
after ligation average over each group of animals.
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and 330° in a clockwise direction around the circumference of the
vessel). The 90° line corresponds to the center of the anterior portion,
and the 270° line corresponds to the center of the posterior portion of
the vessel in a cross-sectional view as seen in Fig. 2. Hence, the
anterior portion of the vessel, surrounded by connective tissue, ranges
from 0-180°, whereas the posterior region (surrounded by myocar-
dium) corresponds to 180-360°. Intimal thickness was measured by
using the internal elastic lamina as the line of demarcation between
the tunica intima and the media adventitia. All measurements were
made with the use of SigmaScan Pro 5 software.

Data analysis. The position along the vein was normalized with
respect to the total length, and the results were expressed in terms of
the FLP, ranging from O to 1 (Fig. 1). The data for both the
independent (FLP) and dependent variables (diameter, wall thickness,
area, etc.) were then divided into 20 equal intervals: 0—0.05, 0.06—
0.10, ... 0.91-0.95, 0.96-1.0.

Statistical analysis. All morphometric data were expressed as
means * SE. The axial variations were examined with a two-way
ANOVA. Student’s -test was also used to detect possible differences
between animals.

RESULTS

The phasic and mean pressures in the LAD vein before and
after ligation are shown in Fig. 3A from one animal. The mean
pressure, averaged over all the animals, in the LAD vein was
~20 mmHg before the ligation and 50 mmHg after the ligation
(P < 0.05), as shown in Fig. 3B.

The length of the LAD vein was 74.0 = 9.2 mm in the
experimental group and 76.9 = 7.8 mm in the sham-operated
control group (P = 0.59). All venous tissue samples from the
experimental group ranged in diameter from 2.2 * 0.08 (FLP,

Fig. 4. A: histological changes of LAD vein
after ligation at FLP of ~0.4 showing inti-
mal (IT) and medial thickening in anterior
portion (90°) of vessel (toluidine blue at
X200). IEL, internal elastic lamina; M, me-
dia; A, adventitia. B: histological section of
the LAD vein at FLP of ~0.4 in sham-
operated control group showing normal wall
thickness and no intimal thickening in ante-
rior portion (90°) of vessel (toluidine blue at
X200). C: histological changes of LAD vein
after ligation at FLP of ~0.4 showing wall
thickening in posterior portion (270°) of ves-
sel (toluidine blue at X200). D: histological
section of LAD vein at FLP of ~0.4 in
sham-control group showing normal wall
thickness and no intimal thickening in pos-
terior portion (270°) of vessel (toluidine blue
at X200).
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~0) t0 0.50 = 0.14 mm (FLP, ~1). Veins in the sham-operated
control group ranged from 3.04 = 0.3 (FLP, ~0) to 0.64 =
0.26 mm (FLP, ~1). These differences were statistically sig-
nificant in the proximal portion of the LAD vein (FLP < 0.20,
P = 0.03).

Figure 4 shows histological sections of the LAD vein from
experimental (Fig. 4, A and C) and sham-operated (Fig. 4, B
and D) groups at 90° and 270°. The increase in intimal and wall
thickness in the experimental group is obvious. The thicker
intima, however, is restricted to the anterior portion of the
vessel (0—180°), especially at 90° (Fig. 4A). Figure 5 shows a
paraffin section of the intima-thick region of the epicardial
LAD vein revealing increased number of cells (many nuclei),
as well as an inflammatory process including macrophages and
neutrophils.

The mean wall and intimal thickness for the experimental
and sham-operated groups are shown in Fig. 6, A and C, and
Fig. 6, B and D, respectively. The most anterior portion of the
vessel (at 90°, with no surrounding myocardial tissue) showed
the largest change in total wall thickness (~300 pwm at FLP of
~0 to ~50 wm at FLP of ~1). The most posterior portion of
the vessel (at 270°, surrounded by the myocardium), however,
showed the smallest change in wall thickness (~125 pm at
FLP of ~0 to ~20 pm at FLP of ~1) as shown in Fig. 6, A and
B. Intimal thickness was 20 to 25 times larger in the experi-
mental group at FLP of ~0 compared with that of the sham-
operated group. Furthermore, the most anterior portion of the
vein showed the largest intimal thickness (~150 wm at FLP of
~0 to ~10 wm at FLP of ~1), whereas the most posterior
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