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Despite the importance of collateral vessels in human hearts, a detailed analysis of their distribution within the
coronary vasculature based on three-dimensional vascular reconstructions is lacking. This study aimed to classify
the transmural distribution and connectivity of coronary collaterals in human hearts. One normotrophic human
heart and one hypertrophied human heart with fibrosis in the inferior wall from a previous infarction were ob-
tained. After filling the coronary arteries with fluorescent replica material, hearts were frozen and alternately cut
and block-face imaged using an imaging cryomicrotome. Transmural distribution, connectivity, and diameter of
collateralswere determined. Numerous collateral vessels were found (normotrophic heart: 12.3 collaterals/cm3;
hypertrophied heart: 3.7 collaterals/cm3), with 97% and 92%, respectively, of the collaterals located within the
perfusion territories (intracoronary collaterals). In the normotrophic heart, intracoronary collaterals {median di-
ameter [interquartile range (IQR)]: 91.4 [73.0–115.7] μm}weremost prevalent (74%)within the left anterior de-
scending (LAD) territory. Intercoronary collaterals [median diameter (IQR): 94.3 (79.9–107.4) μm] were almost
exclusively (99%) found between the LAD and the left circumflex artery (LCX). In the hypertrophied heart,
intracoronary collaterals [median diameter (IQR): 101.1 (84.8–126.0) μm] were located within both the LAD
(48%) and LCX (46%) territory. Intercoronary collaterals [median diameter (IQR): 97.8 (89.3–111.2) μm] were
most prevalent between the LAD–LCX (68%) and LAD–right coronary artery (28%). This study shows that
human hearts have abundant coronary collaterals within all flow territories and layers of the heart. Themajority
of these collaterals are small intracoronary collaterals, which would have remained undetected by clinical
imaging techniques.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The area of myocardium at risk for infarction may be limited by a
well-developed coronary collateral circulation. Coronary collaterals
have been identified in healthy human hearts as well as in hearts with
coronary artery disease [1–4]. In slowly developing cardiovascular dis-
ease, small preexisting collateral arteries may grow by outward remod-
eling to become connections with higher flow capacity [5,6]. This
process, termed arteriogenesis, is driven by the increase in fluid shear
stress. In addition, new collaterals may develop through angiogenesis,
the formation of newvascular segments under the influence of tissue is-
chemia, and the stimulated release of vascular growth factors [7–9].

Thus far, only limited high-resolution data are available on the com-
plete human coronary tree in three dimensions [10,11]. In one study,
postmortem analysis of healthy human coronary vascular corrosion
casts shows that collateral lumen diameters range between 20 and
350 μm [2]. A stratification of collaterals into subendocardial,
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Abbreviations: IQR, interquartile range; LAD, left anterior descending; LCX, left cir-
cumflex artery; LVFW, left ventricular free wall; RCA, right coronary artery; RVW, right
ventricular free wall; SEP, septum.
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midmyocardial, and epicardial layers of the human heart is currently
unavailable. In addition, the presence of collateralswithin perfusion ter-
ritories received only little attention until now. Such collaterals may
however exert a protective function during local occlusions or rarefac-
tion in the microcirculation and hence prevent the occurrence of focal
ischemia or necrosis causing arrhythmia and contractile dysfunction
[12,13].

Given the importance of collaterals in the human heart and the scar-
city of knowledge about especially the small collaterals, we are working
towards a network analysis of coronary flow distribution in man. Such
an analysis can be used for assessment of the role of collaterals in pro-
tection against acute or chronic local events. As a first step, we per-
formed a detailed analysis of collateral distribution and connectivity
based on high-resolution reconstructions of the entire coronary tree.

2. Materials and methods

2.1. Sample preparation

Two hearts were obtained postmortem from the Department of Pa-
thology of theAcademicMedical Center (University of Amsterdam). The
study met the criteria of the code of good practice for use of human tis-
sue in the Netherlands, and patients' relatives gave written consent.

Thefirst heart (normotrophic)was froman84-year-old female diag-
nosed with amyotrophic lateral sclerosis, atrial tachycardia, mitral ste-
nosis, abdominal aortic aneurysm, atherosclerosis, and hypertension.
No major cardiovascular events occurred during her lifetime, and the
cause of death was noncardiovascular. Postmortem examination
yielded a 330-g heart of normal appearance and without congenital
anomalies. The second heart (hypertrophied) was from a 64-year-old
male diagnosed with amyotrophic lateral sclerosis and exhibiting

cardiovascular symptoms including a 27-year-old myocardial infarc-
tion, atrial fibrillation treated with a cardiac pacemaker, abdominal
aorta prosthesis after a ruptured aneurysm, and popliteal artery steno-
sis. The residual left ventricular function was 25% of normal. Postmor-
tem examination yielded a severely enlarged heart (weight: 595
g) due to concentric left ventricular hypertrophy and fibrotic scarring
of the inferior wall caused by the old infarction. No valvar abnormalities
were noticed.

Immediately following autopsy, hearts were suspended from the
aorta, and both the right and left main coronary arteries were cannu-
lated. The coronaries were flushed with calcium-free buffer solution
until no bloodwas present in the efflux. The coronary arteries were sub-
sequently filled, at physiological pressure of 80–100mmHg,with vascu-
lar replica material (Batson no. 17, Polysciences, USA) consisting of a
monomer base solution, a catalyst, and a promoter. A fluorescent dye,
UV-Blue (excitation 375 nm, emission 505 nm, VasQtec, Switzerland),
was added to the replica material. During the vascular filling procedure,
the ventricular cavities were not pressurized. Instead, the heart was
suspended freely by mounting it from the aorta; to avoid stretching,
the heart was submerged in calcium-free buffer solution containing
adenosine. This setup thereby achieves a geometry permittingmost op-
timal flushing and filling of the vasculature [11]. The vascular replica
material was allowed to harden for 24 h at room temperature. Hereaf-
ter, the hearts were immersed in carboxymethylcellulose sodium sol-
vent (Brunschwig Chemie, the Netherlands) mixed with 5% Indian ink
(Royal Talens, the Netherlands) and frozen at−20°C for at least 24 h.

2.2. Three-dimensional (3D) image acquisition

Image stacks of the entire heart were acquired by using an imaging
cryomicrotome. The cryomicrotome setup is described previously
[14,15]. In brief, the frozen embedded heart was mounted with its
long axis perpendicular to the cutting plane and cut from base to
apex. After each cut, the block face of the remaining bulk material was
imaged using a 4096×4096, 16-bit resolution digital camera (Apogee
Alta U-16, USA) equipped with a variable focus lens (Nikon 70–180
mm, Japan). The normotrophic heart was imaged at 30 μm in-plane res-
olution; the hypertrophied heart was imaged at 32 μm in-plane resolu-
tion due to its larger size. In both cases, slice thickness was identical to
the in-plane resolution to achieve isotropic voxel resolution. A reflection

Fig. 2.Definition of collaterals. Startingwith seed points at the origin of themajor coronary
arteries, indicated as LCX and LAD, neighboring points are labeled consecutively down the
vascular tree (arrow direction). A segment that was labeled twice identified the presence
of a loop in the vascular structure. The segmentwith the smallest diameter in the loopwas
assigned as the collateral connection (jagged gray lines). The intercoronary collateral con-
nections are indicated by “1”; intracoronary collaterals are indicated by “2.”

Fig. 1. 3D reconstruction of coronary vascular network in the normotrophic and
hypertrophied human heart. (A) Anterior view of the normotrophic heart in 3D.
(B) Anterior view of the hypertrophied heart in 3D revealing the entire coronary arterial
tree (C) Posterior viewof the hypertrophied heart. A decreased vascular density can be ob-
served in LVFW where the left marginal artery runs across the infarcted tissue (asterisk).
(D) 3D reconstruction of a transversal slab of the hypertrophied heart of ~2-cm thickness
at the level of the arrow head in C.
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