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The Extracellular Matrix as a Target
for Biophysical and Molecular Magnetic
Resonance Imaging
Angela Ariza de Schellenberger, Judith Bergs, Ingolf Sack,
and Matthias Taupitz

Abstract

All tissues and organs are composed of cells and extracellular matrix (ECM).
The components of the ECM have important functional and structural roles in
tissues. On the one hand, the ECM often dominates the biomechanical properties
of soft tissues and provides mechanical support to the tissue. On the other hand,
ECM components maintain tissue homeostasis, pH, and hydration of the micromilieu and, via signal transduction, also play a key role in ECM-cell interactions
which in turn control cell migration, differentiation, growth, and death.
Inflammation, fibrosis, tumor invasion, and injury are associated with the transition of the ECM from homeostasis to remodeling which can dramatically alter
the biochemical and biomechanical properties of ECM components. Hence, it is
possible to detect and characterize disease by sensing biochemical and biomechanical changes of the ECM when appropriate imaging methods are used. This
chapter discusses ECM-specific magnetic resonance imaging (MRI) based on
contrast agents and elastography from a clinical radiological perspective in a
variety of diseases including atherosclerosis, cardiomyopathy, inflammation, and
liver fibrosis.

6.1

Introduction

All tissues and organs of vertebrates are composed of cellular and noncellular components, and the latter are often collectively referred to as extracellular matrix
(ECM). Connective tissues of skin, cartilage, vessel walls, and intervertebral discs
are rich in ECM and have the best-characterized ECM. As early as 1929, the
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adhesive and sticky properties of cells were linked to their self-produced ECM [1].
Initially, the ECM was thought to be a structural element of tissues only, but its
active role in cell differentiation, development, cell migration and tissue homeostasis is increasingly recognized [2, 3].
While there is an overwhelming diversity of structures and forms of biological
tissues, the variety in the chemical ECM composition is fairly small. Essentially,
fibrous proteins, glycoproteins (GP), proteoglycans (PG), glycosaminoglycans
(GAGs), salts, and water (approx. 80% of the ECM wet weight) make up the ECM
and thereby determine the biophysical and chemical environment of cells [3].
The biophysical properties of many tissues are largely governed by their ECM
components and their interactions. The stroma of the eye’s cornea, for example,
consists of regularly arranged collagen fibers that withstand large tensile forces giving rise to a large elastic modulus greater than 50 MPa [4]. In contrast, the vitreous
body of the eye is mainly made up of hydrated polysaccharide gels immersed by
sparse collagen fibers, resulting in an elastic modulus below 2 Pa [4]. This huge difference in elasticity on the order of 106 illustrates the crucial role of ECM structures
for the mechanical properties of tissues. The components of the ECM are produced
by tissue-resident cells and secreted into the ECM. Once the molecules have been
secreted, they aggregate within the existing matrix to support cellular viability [3].
This insight led to the once predominant view of cells as the key components of tissues. Many discoveries in recent years have led to a reappraisal, pointing to the
importance of the ECM for many vital processes [5–8]. The ECM provides structural support, separates cells at tissue interfaces, and provides cellular signaling
through cell-matrix connections such as focal adhesions. The latter influence cell
morphology, movement, functions, and even cell fate. Cells and the ECM form a
symbiotic unit that defines both the physiological functions and macroscopic properties of a biological tissue. The ECM is highly dynamic: chemical and structural
changes occur during embryonic development and tissue homeostasis and can also
be induced by pathophysiological stimuli and injury. These insights motivate
research in the field of biomedical imaging aimed at identifying ECM-specific targets. The prospect of developing biophysical and molecular probes for ECM imaging offers a promising direction of molecular medical imaging in parallel to the
development of cell-specific imaging probes. In this chapter, we will review the
foundations of ECM-specific medical imaging with a focus on clinical magnetic
resonance imaging (MRI). Before continuing we give a brief overview of the composition and constituents of the ECM in soft tissues of vertebrates.

6.2

Composition of the ECM

The ECM is a mesh-like structure composed of the basement membrane (BM) and
the interstitial matrix (Fig. 6.1). The BM is a highly cross-linked constituent of the
ECM that is composed of sheetlike depositions secreted by epithelial cells and
localized between the epithelial cells and the underlying connective tissue. The BM
separates the epithelium from the stroma of any given tissue. The BM is always in
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Fig. 6.1 Diagram of the histologic structure of the ECM. The basic subdivision of the ECM into
basement membrane and interstitial matrix is shown along with major structural components (collagen and elastin) as well as the background matrix made up of proteoglycans and HA

contact with the cells, provides structural support, divides tissues into compartments, and regulates cell behavior [9, 10]. Overall, about 50 proteins are known to
make up the BM of which approx. 50% are of the collagen type (especially type IV
collagen). The BM is formed by three layers: the lamina densa, the lamina lucida,
and a network of reticular collagen type III [1]. The lamina densa (collagen IV,
perlecan, heparan sulfate proteoglycans (HSPG)) and the lamina lucida (laminin,
integrins entactin and dystroglycans) form networks connected by nidogen (entactin), which is also known to bind proteoglycans and fibulins [11]. The variability of
the BM in different tissues is mainly due to the ratio of type IV collagen, laminin,
and HSPG [9, 12]. Collagen IV fibers aggregate into a network and provide the scaffold of a matrix with laminin as the central part. This matrix is essential for cells and
other BM components that interact with each other such as perlecan, nidogen
(entactin), fibulin, and collagen XVIII [13–18]. The laminin family of ECM glycoproteins is the major noncollagenous constituent of the BM and is also involved in
cellular processes such as differentiation, migration, signaling, and tumor invasion.
Laminins are composed of three nonidentical chains that combined form different
heterotrimeric laminin isoforms, e.g., laminin 1 is a α1β1γ1 heterotrimer [19].
Laminin incorporation into the ECM is dependent on its interactions with other
ECM molecules such as collagen IV, nidogen, fibulins, and other laminin molecules. The major cell surface receptors for laminins are integrins, which have a high
binding specificity for different cell types. Laminin function is altered by
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posttranslational modifications, i.e., covalent or enzymatic modifications during or
after protein synthesis. Therefore, the detection of both laminin and integrin receptors is required in order to study cellular function [20–23]. The components of the
BM can be modified by structural or functional changes, e.g., as required for blood
vessel formation (neoangiogenesis) and cancer progression [9, 23–25]. Furthermore,
fibronectin attaches cells to different ECM components and forms part of the connective tissue that is the ECM at interfaces and organ boundaries.
The interstitial or intercellular space is the other major ECM compartment next
to the BM. Structural proteins such as collagens are mainly immersed in the interstitial space. Collagens are the most abundant proteins of the ECM and account for
roughly 30% of the total mass of proteins in the body. There are over 28 different
types of collagen fibrils. Collagen types I, II, and III are the most abundant, and collagen I constitutes nearly 90% of all the collagen in the human body. Collagens are
mostly synthesized by fibroblasts, but epithelial cells also contribute to the synthesis
of some collagens in the ECM. Skin, cartilage, tendons, and ligaments are particularly rich in collagens, which form mechanical networks and supportive structures
that determine the shear modulus and limit the extensibility of these tissues. In
contrast, tissues with high stretching or bending capacity are rich in elastic fibers
characterized by cross-linked elastin interspersed with fibrillins. Elastin is particularly abundant in the walls of large arteries, skin, and lungs, influencing the linear
tensile elastic properties of these tissues.
The major volume-occupying components of interstitial spaces are glycosaminoglycan chains (GAGs) attached to the core proteins, forming proteoglycans (PGs).
PGs are macromolecules consisting of a core protein heavily glycosylated by one or
more covalently bound carbohydrate chains. The biophysical function of PGs
depends on their bound GAGs such as keratan sulfate (KS) and dermatan sulfate
(DS) chains, whose strong negative charge allows them to bind large amounts of
water and to fill most of the interstitial space as hydrated gels [2] (see Fig. 6.2).
Interstitial PGs can interact with collagens and thereby also influence the structural
organization of tissues. Because of the incompressibility of water, hydrated proteoglycan gels constitute the main mechanical support of tissues against compressive
forces, whereas fibrillar proteins such as collagen and elastin resist stretching forces
[3]. PGs, such as aggrecan, provide lubricating function to joints and structural
integrity to cells and allow cell migration and diffusion of cell factors essential for
cell communication [26, 27]. PGs are also involved in the organization of BM structures and thereby influence epithelial cell migration, proliferation, and differentiation. Thus, many biological functions involved in tissue development and
homeostasis are mediated by specific binding of GAGs to macromolecules, mostly
proteins. For example, PGs can accumulate in secretory vesicles, maintain proteases
in their active state, and regulate biological activities after secretion, such as coagulation, host defense, and wound repair. Specifically, blood coagulation is controlled
by GAGs such as heparin and, to a lesser extent, by heparan sulfate (HS) binding
antithrombin III. When no binding proteases (thrombin, factors IVa and XIa) are
present, thrombus formation is inactivated or slowed down, and blood coagulation
is distorted [28]. PGs can also bind cytokines, chemokines, growth factors, and
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Fig. 6.2 Illustration of the
relative volumes occupied
by collagen, globular
proteins, and a single
hydrated HA molecule.
MW denotes the relative
molecular weight
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300 nm

morphogens, protecting them against proteolysis. These interactions involve a reservoir of regulatory factors that can be released by selective ECM degradation. For
example, PGs can bind growth factors from the fibroblast growth factor (FGF) family, which also bind GAGs such as heparin or HS trapped inside the ECM. These
GAGs can alter the conformation of this complex and distort normal release of FGF,
thereby influencing cell proliferation or activation [29, 30].
In general, biological PG function depends on the interaction of GAG chains
with different protein ligands, e.g., integrins and other cell receptors assisting in cell
attachment, cell interaction, and cell migration [31, 32].

6.2.1

Glycosaminoglycans (GAGs) in the ECM

GAGs consist of linear polysaccharide chains composed of repeating disaccharide
units, which consist of a hexose or hexuronic acid (or a galactose for keratan sulfate)
and a hexosamine [28, 33]. They are highly hydrophilic and can adopt extended
conformations essential for hydrogel formation. Therefore, GAGs in connective tissue, while constituting less than 10% of the structural proteins, occupy most of the
extracellular space (Fig. 6.2) [3]. GAGs can be subdivided into sulfated GAGs
(chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS), heparan sulfate (HS), and heparin)) and nonsulfated GAGs (hyaluronan, HA). Only sulfated
GAGs are covalently bound to proteins, forming a total of 43 different types of
proteoglycans [34]. GAGs are primarily located on cell surfaces and in the ECM but
are also found in secretory vesicles in some types of cells. The distribution of GAGs
differs with the type of tissue: while HA is a major component of the ECM of cartilage, CS is bound to the cell surface, e.g., in the brain and cartilage [35–37]. DS is
present in skin and the nervous system, often bound to CS, while KS is more abundant in cartilage and cornea [37–40]. The function of GAGs depends on the protein
with which they interact and the orientation and nature of GAG-bound sulfate
groups. In general, the properties of GAGs tend to dominate the chemical properties
of PG. GAGs can influence physiological processes, such as development, angiogenesis, and innate immunity, but also cancer and neurodegenerative diseases [38–
43]. HS is the most common GAG and can sequester growth factors in the ECM.
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It is involved in inflammatory processes and malignant processes such as invasive
growth and metastatic spread [29] as well as other pathophysiological and physiological processes [29, 44–46]. HA is a unique GAG because it does not contain any
sulfate group and has not been found to be covalently bound to a core protein to
form PG [34, 47]. Instead, it is often noncovalently linked to PG and can immobilize
large amounts of water. Due to the large amount of bound water, hydrogels formed
by GAGs are nearly incompressible, which makes them ideal for lubrication in the
joints. For instance, the unique biophysical properties of HA are fundamental for
the mechanical functioning of synovial fluid or the resistance of connective tissues
to compressive forces [48]. HA is predominantly necessary to maintain indirect
interaction with other components of the ECM such as fibronectin, laminin, collagen, and PG. Together with its cellular receptor (CD44), HA plays an essential role
in cell migration, tissue development, and inflammation and is often used in regenerative medicine [49–53]. One special feature of GAGs is their structural heterogeneity, mostly due to chemical modifications during and after synthesis. This makes
the development of analytical techniques for GAGs (glycosaminoglycomics) challenging [33].
Different physiological activities arise from the variability of GAGs in the
amount of negative charges and the presence of carboxylate and sulfate groups,
which can bind cationic ions. Since GAGs are virtually polyanionic polymers, Ando
et al. postulated that GAGs, especially in their sulfated forms, are similar to ion-
exchange resins [54]. One special property of GAGs is that, with increasing disease
severity, they are modified by corresponding enzymes, e.g., resulting in enhanced
sulfation [55]. The degree of GAG sulfation in several inherited disorders and
pathologies, as well as inflammation-involved sulfated GAGs, have been described
[28, 45, 46, 56].
In normal tissue, GAGs are predominantly organized with the complexing
groups forming hydrogen bonds [57], but in pathological processes, ranging from
inflammation to tumor invasion, an increase in one or more GAG components
takes place, and potentially complex-forming groups become exposed [55, 58–62].
It has been demonstrated in models of chemically induced tumors that characteristic changes in the ECM, especially alterations in GAG components, already take
place at the preneoplastic stage [63]. In patients with malignancy, the patterns of
GAG composition have prognostic significance for the subsequent disease course,
in particular with regard to the risk of recurrence and metastatic spread [64]. GAGs
are also a major component of the glycocalyx-a paracellular matrix located on the
surface of endothelial cells. In fact, the endothelium is negatively charged due to
the high proportion of highly sulfated GAGs included in the glycocalyx [65]. The
glycocalyx contributes to the barrier function of the epithelium between the vascular and interstitial compartments and regulates the transport by diffusion of lowmolecular-
weight substances, the controlled transport of macromolecules and
particles, and the passage of cells. It has been shown that an increase in the shear
stress on vascular endothelium leads to a change in the GAG composition of the
glycocalyx with an increase in HA [66], which provides further evidence for the
central role of mechanical signal transduction between cells and their ECM. Higher
levels of shear stress have been reported to be associated with an increase in
GAG sulfation [67]. It is known that the glycocalyx has a function in
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mechanotransduction—a mechanism by which cells sense mechanical stimuli such
as hemodynamic changes, e.g., blood flow velocity and pressure, and translate
them into cellular responses, e.g., enhanced NO synthesis [68]. Pathological tissue
changes, especially inflammation, are associated with an alteration in the glycocalyx of the local vascular endothelium, which affects the adhesion and transendothelial transport of endogenous and exogenous low-molecular-weight and
macromolecular substances [65, 69].
Another observation worth mentioning in the context of GAG function is that
carboxyl and sulfate groups not only bind to physiologically occurring ions such
as K+, Na+, Ca2+, Zn2+, and Cu2+ but also have high affinity to lanthanide ions like
Gd3+ and La3+ [70–72]. This property offers a target for ECM-directed imaging
that can be exploited by targeting GAG components of the ECM using, for
example, cationic ions or molecules that function as signal-generating moieties
in the imaging modality used. On the other hand, GAGs may contribute to the
retention of Gd after intravenous injection of Gd-based contrast media, as frequently used in clinical routine. The exact mechanisms for tissue retention of
Gd after intravenous injection of Gd-based contrast media are still not fully
understood [73–81].

Glossary

Glycosaminoglycans (GAGs): Long, negatively charged, linear chains of
disaccharide repeats. Major GAGs include HS (component of basement membrane), CS (cartilage and neural ECM), DS (skin, blood vessels, tendons,
lungs), HA, and KS (cornea, cartilage, bone).
Proteoglycans (PG): Heavily glycosylated proteins formed by GAG chains
covalently linked to a core protein. Proteoglycans provide hydration and compressive resistance to ECM and hold numerous other biological functions
including support of cell signaling, proliferation and migration, wound repair
by binding of growth factors, cytokines, and ECM proteins.
Fibrous proteins: Also called scleroproteins, these proteins are characterized by their insolubility and their fibrous structure and, among others, include
collagen, elastin, fibronectin, and laminin. These proteins are produced by
fibroblasts and are released in a precursor form; their subsequent incorporation into the ECM is guided by fibroblasts according to the functional needs
of the resident tissue.
Fibronectin: High-molecular-weight multi-domain protein with binding
capacities to cell surfaces through integrins and other biologically important
molecules such as collagen and HSPGs. Fibronectin plays a major role in cell
adhesion, growth, migration, and differentiation and is involved in wound
healing.
Laminins: Glycoproteins that constitute the structural scaffolding of all
basement membranes. Laminins bind integrins, dystroglycans, and numerous
other receptors. These interactions are critical for cell differentiation, movement, cell shape, and survival.
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Integrins: Transmembrane linkers that mediate interactions between the
ECM and intracellular cytoskeleton or intercellular interactions. Therefore,
integrins can interact with fibronectin (in the ECM) and actin (in the cytoskeleton of cells) and trigger intracellular signal transduction pathways via protein kinases (focal adhesion kinase and integrin-linked kinase), which are
essential for cell migration, growth, and survival.
Glycocalyx: A glycoprotein-polysaccharide that forms a filamentous coating on the apical surface of some bacteria and interspersed among cells of the
digestive tract microvilli, as well as in vascular endothelial cells. The glycocalyx also consists of a wide range of enzymes and proteins. The glycocalyx
enables cells to recognize each other, helping the body to identify healthy
cells and transplanted tissues or invading microorganisms. In addition, it also
guides cellular movement during embryogenesis. In endothelial vascular tissue, the glycocalyx plays a major role in maintenance of plasma and vessel
wall homeostasis.
Collagen: Main structural protein in mammals constituting approximately
30% of all proteins in the body. It has the capacity to bind to cell surface
receptors, proteins, GAGs, and nucleic acids. The most abundant collagens
are type I (component of, e.g., organs, bone, and skin) and type III (component of reticular fibers). The fibrillar collagen types I and III self-assemble
into hierarchical structures are capable of withstanding tensile forces and provide mechanical integrity to the interstitial matrix. The nonfibrillar collagen
type IV is a major component of the basement membrane that forms loose,
sheetlike structures, which influence cell differentiation, migration, and adhesion and angiogenesis.
Elastin: Fibrous protein which is, to a major portion, responsible for the
elastic (mechanical energy restoring) properties of soft biological tissues.
Elastin is composed of cross-linked tropoelastin, a 60–70 kDa monomeric
protein with hydrophobic and lysine-containing crosslinking domains [82].
The elastic properties of elastin networks are thought to be due to their random coil structures of cross-linked elastin molecules which allow the network
to stretch and recoil like a rubber band [3].

6.3

Alteration of the ECM in Disease

The potential role of ECM-targeted medical imaging can be discussed for a variety
of diseases with high clinical relevance. Therefore, the focus will be on the following conditions:
•
•
•
•
•

Atherosclerosis and aortic aneurysm
Cardiomyopathy
Neuroinflammation
Inflammatory bowel disease
Liver fibrosis
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The following sections present a brief overview of the current state of knowledge
on the most important components of the ECM involved in these disease entities.

6.3.1

Atherosclerosis and Aortic Aneurysm

The development and progression of atherosclerotic plaques are accompanied by
significant changes in the composition of the ECM of the vascular wall, eventually
leading to plaque rupture. The chondroitin sulfate proteoglycan (CS-PG) versican
appears to play a key role in this process. Versican is increased already at an early
stage in the development of atherosclerotic plaques [83, 84]. Versican interacts with
HA, the content of which also increases in the atherosclerotic vascular wall. Versican
plays an important role in the regulation of plaque progression. It binds lipoproteins
and leads to their accumulation in the affected vascular wall dependent on the length
of the CS chains [53, 83]. In addition to versican, other proteoglycans are involved
in atherosclerosis including biglycan, decorin, and perlecan. The content of elastin
and collagen in the vessel wall decreases as atherosclerotic wall lesions become
destabilized, while an increase in elastin and collagen indicates stabilization of the
diseased vessel wall [85]. Type I, II, IV, V, and VI collagens are involved in the process of plaque formation, depending on the stage of the plaque and its location in the
vascular wall. Atherosclerotic plaques can be classified using the methods of Stary
[86] and Virmani [87], which are based on staining the components of the plaque
ECM by Movat’s pentachrome stain. The vascular wall of aortic aneurysms shows
an inflammatory component and is characterized by medial degeneration [88],
marked mainly by a degradation of elastin and by unorganized deposition of collagen. Loss of elastin leads to dilatation of the vascular wall, and collagen depletion
increases the risk of rupture. GAG accumulation in the vascular wall and the associated pathological changes in the biomechanical properties of the aortic wall are
considered a major factor underlying dissection in aortic aneurysm [89].

6.3.2

Cardiomyopathy

Myocardial damage leads to remodeling, which includes increased formation of
glycoproteins, proteoglycans, and GAGs for regulation of inflammation, fibrosis,
and angiogenesis [90]. Furthermore, the pathological cascade in myocardial damage involves increased accumulation of collagen, eventually leading to dilated cardiomyopathy. With progressing fibrosis and scarring, the damaged myocardium
reacts by local accumulation of chondroitin sulfate (CS) and dermatan sulfate (DS)
[91, 92]. This process is accompanied by an increase in sulfation of these GAGs
immediately after the damage has occurred [93].

6.3.3

Neuroinflammation

The ECM also plays a key role in the growth and structural development of the
central nervous system, regulating interactions between cells including neurons,
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glia, and inflammatory cells [7]. Normal aging of the brain is associated with a
reduction of the CS-PG content of the ECM [94]. This change in the ECM alters the
diffusion of small molecules and water, thereby altering the biochemical properties
of CNS tissue and eventually the global biomechanical properties of the brain [95].
Sulfation of GAGs in inflammatory CNS pathologies and after mechanical tissue
damage regulates cell migration as well as anti- and proinflammatory processes. For
example, perivascular accumulation of HS alone or as a PG-component was found
in MS lesions [96]. Dense networks of ECM components, i.e., CS- and DS-PGs and
HA, have been observed in active MS lesions but not in chronic inactive MS lesions
[97]. Local HA accumulation was already identified in early inflammatory demyelinating CNS lesions [98].

6.3.4

Inflammatory Bowel Disease

Marked ECM alterations also occur during the development of chronic inflammatory bowel diseases. In Crohn’s disease, inflamed sections of the bowel wall have
increased levels of HSPG, CS, and DS. As the disease progresses, the formation of
collagen also increases, leading to fibrosis and changes in the biomechanical
properties of the bowel wall [99]. Intestinal structures are more likely to occur as a
clinical complication in Crohn’s disease than in ulcerative colitis [100]. Roughly
30% of patients with Crohn’s disease develop intestinal fibrosis with stenosis, but
only 5% develop ulcerative colitis [101].

6.3.5

Liver Fibrosis and Cirrhosis

In the development of liver fibrosis and cirrhosis, the composition of the ECM
becomes impaired at an early stage due to alterations in the synthesis and degradation of ECM components. The collagen content rises with the degree of fibrosis,
resulting in an increase in tissue rigidity [8, 102–104]. A distinct increase in HA,
CS, and DS has also been found in various models of liver damage and liver fibrosis
[63, 105, 106].
Overall, inflammatory processes lead to a marked increase in the amount of
ECM components as well as significant structural changes within the ECM—all of
which affect the biochemical and biophysical properties of the tissue. Elastography,
which is sensitive to mechanical tissue structures, has been validated as the most
precise noninvasive biomarker for staging hepatic fibrosis [107]. However, it
remains open which ECM components and cells contribute to the mechanical scaffold of liver tissue and how these structures change with different etiologies [108].
Since early structural changes in the liver do not impact overall hepatic function,
blood biomarkers or functional breath tests are less accurate for the assessment of
early fibrotic processes in the liver [104].
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ECM-Specific Medical Imaging

In current clinical radiology, the majority of substances used for the enhancement of
image contrast are unspecific. The contrast-enhancing agents used in clinical X-ray
radiography, CT, or MRI are all based on iodinated or gadolinium-containing low-
molecular-weight substances. Following intravenous injection, these agents are distributed in the intravascular and interstitial space, and a large proportion is rapidly
eliminated via the kidneys. These clinical contrast agents enhance signal in regions
where pathological processes are present in an unspecific manner. Unspecific pathological processes include inflammation, neovascularization, changes in local blood
volume, altered permeability of the vessel wall, and increased volume of extracellular spaces. Noteworthy, the limited specificity of most contrast agents in clinical
routine is the reason for their commercial success since the number of potential
applications is high. Nevertheless, research groups worldwide attempt to target
molecular structures at cell surfaces or metabolic processes by developing highly
specific imaging probes [109]. Some very interesting disease-specific molecular
imaging approaches using MRI, sonography, radionuclide imaging, and optical
imaging were demonstrated to be experimentally feasible for detection of inflammatory [110–112], malignant [113–115], and degenerative processes [116–118].
However, except for radionuclide imaging, which is sensitive already at very low
radionuclide concentrations (see Chap. 21), the translation of molecular probes into
clinical use has been successful only in a very limited number of cases. The MRI
contrast agent Primovist has been shown to enable hepatocyte-specific imaging
[119, 120]. Another MRI contrast agent, Resovist, allows targeting of phagocytosing cells in liver neoplasms [121, 122]. In general, the development of molecular
imaging probes is challenged by the high complexity of both molecular targets and
probes, the limited accessibility of extravascular targets, unspecific sequestration of
macromolecules used to deliver contrast agents like liposomes in the liver and
spleen, and the relatively low number of cells suited as imaging targets within a
diseased tissue.
For these reasons, alternative molecular imaging approaches are needed. One
strategy to overcome the limitations of currently available contrast agents in clinical
radiology and molecular imaging research is to develop ECM-specific contrast
agents such as GagCEST as explained in Chap. 10. The ECM as a target for medical
imaging is appealing for many reasons—three of which will be briefly discussed in
the following paragraphs.

6.4.1

The Amount of ECM

The amount of ECM varies considerably between tissue types and pathophysiological states. In the liver (a cell-rich organ), the ECM volume fraction is less than 3%
under normal conditions and can increase up to 30% in cirrhotic livers due to
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excessive connective tissue accumulation. In muscle, the total amount of ECM is
approximately 5% and has a very strong mechanical influence on muscle function
(see Fig. 6.3). Therefore, pathological ECM accumulation in muscle is of high clinical relevance and directly alters its function [124]. Myocardial fibrosis is a major
cause of cardiac dysfunction, leading to myocardial hypertrophy with systolic and
diastolic dysfunction and infarction. In the brain, ECM constitutes about 10–20%
of total brain volume [125] with substantial changes in quantity and structure during
brain development [126]. Brain ECM undergoes constant reorganization in response
to learning, neuronal activity, and plasticity. The elastic properties of each tissue
depend on the mechanical characteristics of its cells and their surrounding ECM. The
cellular responses to disease or physiological changes relate to small fractions of the
total tissue mass, while the ECM responses to disease, such as abnormal ECM
deposition in fibrosis, cancer, or atherosclerosis, can have devastating effects on tissues [127].
In the evolution of atherosclerosis, growth of plaques and ECM deposition in the
wall of arteries are a major pathological hallmark of the disease and are often related
to severe clinical complications, as previously described [6, 53, 128–131].
Overall, the changing amount of ECM in the progression of diseases could be
translated into sensitive biomarkers. Moreover, the ECM is a tissue component that
contributes to effective medium properties as explained in the next section.

6.4.2

Multiscale Physical Properties of the ECM

The size of cells usually defines the microscopic scale in imaging sciences which is
the voxel size of the acquired image. Imaging signals are normally averaged within
the voxel volume and therefore represent effective medium properties over all scales
of tissue structures from the micro to the macro level. Details of tissue interactions
on the microscopic level have to be enhanced by contrast agents or molecular imaging probes to be made visible by the macroscopic image contrast. Alternatively,
biophysical imaging probes rely on multiscale networks in biological tissues which
translate microstructural information from the cellular level into clinical image contrast [132, 133]. Proteins and polysaccharides of the ECM often form hierarchic and
highly structured networks extending up to the macroscale size. The effect of large-
scale networks on the global response of a tissue is well illustrated by adding a
minor amount (less than 1 mass percent) of polysaccharides to water [133]. The
established sugar chains cause a phase transition from liquid water into a solid gel
by bridging long-range distances up to the percolation limit (i.e., bridging over the
full sample size). It should be mentioned here that cellular networks such as the
neuronal network or hierarchic vascular trees can upscale microscopic interactions
in a similar way as ECM networks. This is exploited, e.g., by diffusion MRI based
on restricted water mobility (see Chap. 17) or by MR elastography based on the
mechanical integrity of neuronal tissue [108, 134, 135]. Also, collective cell behavior, such as jamming of tumor cells (see Chap. 5), induces macroscopic properties
that reflect adhesion of cells at the microscopic level. However, in general, cellular
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networks are embedded in a mesh of ECM components that dominate how the tissue is organized across multiple scales. The organization of skeletal muscle tissue
by the collagen endomysial network is an example of the dominating structural
properties of a minor fraction of tissue components and is shown for illustration in
Fig. 6.4. Given that muscle tissue comprises only 5% ECM, the dominating collagen properties in mechanical muscle tests, especially under prestretched conditions,
indicate that collagen is organized in extended and highly cross-linked networks,
providing permanent support to the entire muscle (Figs. 6.3 and 6.4). Similarly, liver
collagen infiltration in the course of fibrogenesis establishes a hierarchic network
that turns liver tissue from a very soft and viscous material into a stiff and elastic
16
Trypsindigested
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Tension (g cm-1)

Fig. 6.3 Tension–length
response of human iliac
arteries with different
amounts of collagen and
elastin. When elastin is
removed by trypsin
digestion, the curve
(diamonds) represents the
properties of the remaining
collagen. Alternatively,
when collagen is removed
by formic acid digestion,
the curve (open circles)
represents the properties of
the elastin fibers. The
broken curve (filled
circles) is for an untreated
artery (from [123] with
permission)

(no elastin
in the ECM)
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Fig. 6.4 Scanning electron microscopy of the collagen network around muscle fibers observed
after digesting muscle fibers with NaOH. (a) Low magnification overview reveals an array of tubes
into which muscle fibers insert (endomysium, arrows) as well as a thickened area surrounding the
fibers (perimysium, arrowhead). (b) Higher-power view reveals the fine structure of the endomysial surfaces (arrow) as well as some undigested muscle fibers (arrowhead). This image demonstrates that muscle fibers are embedded in a tight matrix of connective tissue and are intimately
associated with the ECM (from [136] with permission)
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rubber-like solid [108, 137]. This change in global biophysical properties is the
result not only of the increasing amount of collagen but also of the hierarchy of
ECM architecture, which supports the entire organ on the macroscopic scale [104].
These observations raise the possibility of exploiting the multiscale nature of many
ECM structures for translating microscopic biophysical and biochemical signals
into macroscopic medical image contrast by using ECM-specific imaging probes.

6.4.3

ECM Function

The functions of the ECM can be divided into structural support and biochemical
activity. Structural support is the mechanical function of the ECM and mainly relies
on the structural ECM components such as collagen, elastin, and fibrillins. Under
normal conditions, these components serve a scaffolding function, maintaining tissue architecture and homeostasis while providing tensile and compressive strength,
thereby attenuating shear forces. The viscoelastic properties of mammalian tissues
are tailored to their specific functions: pulmonary tissue, for example, is soft and
elastic to enable large volume changes during breathing. Figure 6.3 demonstrates
how the macroscopic behavior of muscle tissue changes with different amounts of
collagen and elastin in the muscle ECM.
A hallmark of several diseases, including lung emphysema and arthritis or fibrosis and sclerosis, is a chronic change in the tissue’s mechanical properties [127,
138]. During inflammatory processes, in particular, the activity of proteases can
lead to a reduction in the content of elastin and thus to a decrease in the macroscopic
shear modulus of the involved tissue. An increase in the amount of collagen has also
been observed in the course of fibrosis and scar formation due to wound healing
after tissue damage, regardless of the tissue or organ type.
An additional factor influencing the mechanical function of the ECM includes
the balance between ECM-degrading and ECM synthesis processes. Therefore, it is
not surprising that a distorted equilibrium in these processes is regarded as a hallmark of cancer [2]. ECM degradation can be induced enzymatically, for example,
by matrix metalloproteases (MMP), while ECM deposition can be accomplished by
crosslinking, as well as by the expression of ECM proteins and inhibitors of ECMdegrading enzymes. Furthermore, chemical signals such as cellular growth factors
and cytokines are sequestered in the ECM and can later be released to diffuse
through the tissue, supporting both cell and ECM homeostasis. This dynamic
mechanical and biochemical interaction between cells and their ECM can influence
gene transcription and therefore protein expression [139, 140]. This has implications for cell- and tissue-specific processes. For example, the ECM plays a role in
promotion or inhibition of cell division [141], neuronal reorganization, and axonal
outgrowth in the adult brain [142]. ECM-cell interactions are able to restrict neuronal reorganization and axonal outgrowth in the adult brain [142], making the ECM
an essential determining factor of neural plasticity [126, 143, 144]. In case of disease, the ECM has been shown to contribute to cancer cell stiffness [60]. Cancer
cells have been described to soften when exposed to rigid fibrotic stroma, thereby
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transforming to a more aggressive state with higher metastatic potential [145].
These examples demonstrate the essential role of the ECM in normal tissue function
and health preservation and stress the importance for development of ECM-specific
imaging probes.

6.5

 he State of the Art in Research on Molecular
T
and Biophysical Imaging of the ECM

6.5.1

ECM Targeting with Imaging Probes

6.5.1.1 Collagen and Elastin
From a biochemical perspective, collagen and elastin are relatively well defined,
which facilitates their detection by imaging probes. For the specific visualization
of collagen components of the ECM, Caravan et al. [146] have developed a low-
molecular-weight, gadolinium-based MR imaging probe, named EP-3533, which
binds to type I collagen [147, 148]. In this probe, a Gd-containing complex is
coupled to a peptide with high affinity to type I collagen and identified by phage
display. This probe allowed assessment of the extent of fibrotic changes in the
liver parenchyma in an animal model of liver fibrosis by determining the amount
of collagen using noninvasive MRI [147, 148]. In an experimental model of myocardial infarction, the probe identified the area of infarction based on its collagen
content [149]. An earlier in vitro approach proposed by Sanders et al. was based
on MRI contrast agent containing liposomes linked to an adhesion protein for collagen [150]. Alternatively, the ECM protein elastin was targeted using a smallmolecular, elastin-specific, gadolinium-based imaging probe developed for MRI
and tested on various models. The suitability of this probe to analyze the elastin
content of tissue by means of MRI has been demonstrated in an atherosclerosis
model [151], a murine aneurysm model [152], and a myocardial infarction model
[153, 154]. The results obtained in the atherosclerosis model provided strong evidence that the elastin-specific probe is suitable for noninvasive quantification of
the clinically validated parameter plaque burden at different stages of plaque
development [155, 156]. It has also been demonstrated that the elastin content of
a plaque matrix can be noninvasively quantified by MRI, which has the potential
to be used for differentiating between vulnerable and stable atherosclerotic
plaques [157]. In a rabbit model of atherosclerosis, it was demonstrated that gadofluorin M accumulates in areas of atherosclerotic plaques with high amounts of
ECM deposits [158]. Noteworthy, the accumulation of gadofluorin M was not
associated with the lipid content of the vessel wall.
6.5.1.2 GAGs
In contrast to the ECM components collagen and elastin, GAGs are characterized by
relatively high biochemical variability. Hence, GAG-specific peptides or antibodies
for immunofluorescence in histological specimens are not yet available. However,
already in the early 1980s, Ando et al. demonstrated that the characteristic
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complex-forming properties of GAGs with regard to lanthanides can be exploited to
label the pathological increase in GAG components in tumors by 67Ga (a trivalent
metal ion) or 69Tm (a trivalent lanthanide), both administered in the form of citrate
complexes [159, 160]. Using this approach, Ando et al. identified HS, KS, and heparin—particularly heavily sulfated GAGs—as the binding GAGs for 67Ga [159, 160].
In this context, characterization of the pharmacokinetic properties of nonspecific
Gd-based contrast agents as routinely applied in clinical MRI examinations remains
a highly relevant research question. Since the advent of nonspecific Gd-based contrast agents in clinical routine, it has been known that a small amount of the gadolinium is not rapidly eliminated from the body, suggesting a two-compartment
pharmacokinetic process. Early pharmacokinetic studies with 153Gd-DTPA and
Gd-[14C] DTPA in healthy rats showed that, for a small amount (<1%) of the administered intravenous dose, free Gd3+ ions were released from the contrast medium
complex (dechelation process) and partially accumulated in the bones, liver, and
spleen of the animals [161]. Further pharmacokinetic studies with 153Gd-DTPA in
healthy rats by Wedeking et al. postulated a three-compartment model with slow
exchange of the third compartment, characteristic of a drug-binding process [162].
Experimental and clinical pharmacokinetic studies using dynamic contrastenhanced MRI with Gd-DTPA and similar substances also showed that, in various
disease entities such as myocardial infarction, myocardial fibrosis and malignancy,
the course of signal intensity fitted a three-compartment model better than a twocompartment model [163–168]. The third compartment is generally characterized
by slow exchange constants. Current research shows that such a third compartment
exists for both linear Gd contrast agents and, to a lesser extent, for macrocyclic Gd
contrast agents [169]. The substrate of this third compartment is not yet known.
However, it has been demonstrated that interaction of the Gd-based contrast agent
with proteins does not play a role [162]. Studies conducted to determine the volume
fractions of the different tissue components of the myocardium show a high binding
level of La3+ to polyanionic sugar polymers, i.e., to the GAG components of the
ECM [170], which in healthy myocardium account for 23% of the ECM volume
[170]. After the discovery of nephrogenic systemic fibrosis (NSF), a severe illness
observed after intravenous injection of linear Gd-based contrast agents in patients
with end-stage renal disease, it was confirmed that Gd can leave the contrast agent
complex by partial dechelation in vivo [171, 172]. The substrate that binds the free
Gd3+ ions in a transchelation process has not yet been identified. However, GAGs
are likely to play a role in the binding of free Gd3+ions, thereby contributing to prolonged retention of these ions in tissue. Currently, the discovery of Gd deposition in
brain tissue, particularly the nucleus dentatus and globus pallidus, after repeated
administration of Gd-based contrast agents in patients with normal renal function
gives rise to the question as to which tissue component binds the contrast agent
molecule as a whole or as dechelated Gd [173, 174].
Some interesting evidence regarding GAG labeling can be derived from histochemical procedures used to identify these ECM components in histological specimens. For histochemical identification of GAGs, the sections are incubated with
colloidal iron oxide and then stained with Perls’ Prussian blue iron stain as a
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secondary stain [175]. The staining of GAGs in histological sections with the cationic
alcian blue stain is also based on their complex-forming properties [176]. Thus, pathologically altered GAGs can also be targeted in vivo by intravenous injection of appropriate iron oxide nanoparticles, which serve as contrast-enhancing agents for detection
by MRI. Very small superparamagnetic iron oxide nanoparticles (VSOPs) with citrate
as the coating material [177, 178] have the property to target GAGs and cells in vivo.
In a rabbit atherosclerosis model, it was demonstrated that GAG-binding VSOPs can
be used to detect pathologically elevated levels of GAGs and can discriminate between
stable atherosclerotic plaques and those at risk of rupture [179]. In a mouse model of
atherosclerosis, endothelial cells and macrophages of atherosclerotic plaques were
identified as main target for VSOP by electron microscopy [180]. A subsequent study
found that the VSOPs were endocytosed by endothelial cells already 10 min after
intravenous injection [181]. In a mouse model of neuroinflammation, VSOPs also
improved the capacity to detect an altered brain-blood barrier (BBB) [182] and the
different localizations of VSOPs in brain with disrupted BBB suggested multiple
entry mechanisms of VSOPs into the central nervous system [182, 183]. It was also
shown for atherosclerosis and neuroinflammation, by using animal models, that adhesion of VSOPs to GAG-based molecules on the endothelial glycocalyx is a major
factor in mediating their cellular uptake and transendothelial transport [181, 184].
These results were found for VSOP variants which do not carry any other target-specific molecules apart from their stabilizing coating. Current studies suggest that binding of VSOPs to GAGs takes place via transchelation [179], i.e., they lose their weakly
bound citrate coating in the presence of GAGs upon the formation of a strong complex. The VSOP enrichment in different animal models shows the potential of these
iron oxide nanoparticles for MRI and stimulates further studies to characterize their
targets in vivo.

6.5.2

Biophysical Imaging of the ECM

For decades, dynamic mechanical tests collectively known as “rheometry” have been
used for the mechanical-based analysis of micro-architectural properties of polymer
samples [185]. More recently, mechanical test methods have been used for studies of
biological soft matter or model networks prevalent in cells and tissues [186–188]. The
rheological behavior of biological tissues is linked to the hierarchy of underlying structures [189]. Scale-invariant properties of rheological constants of cells or tissues can
give insight into the organization of structure elements below the resolution limit of the
measurement system [190, 191]. On the microscopic scale, rheological constants can be
measured by various methods such as cell-deformation-based experiments [192, 193] or
scanning force microscopy [187]. Macrorheological methods include oscillatory shear
stress rheology [194], dynamic shear tests [195], stress-relaxation measurements [196],
tensile tests [197], and macro-indentation [198]. Most rheological methods are surface
based, i.e., mechanical stimulation is locally applied, and the resulting tissue response is
measured at the surface. Elastography (see Chaps. 12 and 20) induces and measures
shear waves inside the bulky tissue—in vivo for diagnostic applications [199] or ex vivo
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for basic studies of soft tissue’s rheological behavior [200]. In general, the measurement
of intrinsic material properties inside a tissue volume by MRE is less susceptible to the
geometry, texture, and composition of the sample surface [191]. In biological tissues,
the relationship between stiffness and number of crosslinks can often be modeled by a
powerlaw [132, 190]. MR elastography findings are consistent with observations made
by oscillatory rheometry on macromolecular elastomers, which reveal that network
elasticity originates from the cross-linked backbone of the network, while dissipativity
originates from the unlinked parts of the network [201]. In general, motility of tissue
elements results in enhanced lossy properties of the tissue. For example, water molecules demobilized by GAGs represent a gel-like tissue component with highly elastic
and low viscous properties. For this reason, GAG-depleted tissue has higher lossy properties than tissue with high GAG content in the ECM [202]. The literature on tensile
testing of tissues suggests that GAGs have a major influence on viscosity rather than on
elasticity [203]. Figure 6.5 compares the MRE-measured viscoelastic dispersion function of collagen with that of HA, both with similar concentrations in water at room
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Fig. 6.5 Viscoelastic dispersion functions for single ECM components measured by tabletop
MRE in small sample volumes [204]. Different viscoelastic properties of collagen and GAG are
clearly seen by wave speed and wave penetration, which quantifies elasticity and reciprocal viscosity, respectively [205]. Overall, collagen properties are well predicted by a solid body model, in
particular at lower frequencies, as described by the three-parameter fractional Kelvin-Voigt (KV)
model [206]. In contrast, HA displays viscoelastic scaling properties as predicted by the two-
parameter springpot model. Note that wave speed values in both materials are similar despite their
distinct viscous behaviors
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temperature. Comparison between 4% porcine collagen and HA hydrogels (Fig. 6.5)
demonstrates that shear wave speed related to elasticity is similar in both materials,
while wave penetration, which is reciprocally related to viscosity (inverse damping),
differs markedly between collagen and HA. The fractional Kelvin-Voigt model predicts
a decrease in viscosity with lowering the driving frequency, whereas in the springpot,
both elasticity and viscosity have a constant ratio over all frequencies (see Chap. 2,
Fig. 2.5, and Eq. (2.44) therein). This example demonstrates the importance of measuring both elasticity and viscosity to characterize the composition of the ECM in terms of
networks made up of both fibrous proteins such as collagen and water-binding GAGs.
So far, only indirect correlation analyses between ECM structures and tissue viscoelasticity have been performed. In Reiter et al. [104], the amount of connective tissue in
fibrotic livers was quantified and compared with springpot-based wideband MRE,
showing that the amount of collagen is less correlated with the degree of fibrosis than
MRE.
Conclusion

The ECM of biological soft tissues consists of structural components which determine the macroscopic biophysical properties of the tissue such as elasticity in the
linear and nonlinear regime. Disease can significantly alter the content of these
components, leading to marked changes in mechanical tissue properties.
Furthermore, GAGs, which fill most of the extracellular space due to strong water-
binding capacity, provide mechanical support against compression and influence
the lossy properties of the tissue as quantified by viscosity. GAGs and other ECM
components might change quantitatively and qualitatively in many disease processes such as inflammation, affecting both the biomechanical and the biochemical
properties of the ECM. Innovative imaging probes may thus target GAG components of the ECM in both the interstitial space and the basement membrane.
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