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ABSTRACT 

 
 

The early detection of cartilage injuries is important for preventing further tissue 
degeneration leading to post-traumatic osteoarthritis (PTOA). However, the 
currently available diagnostic techniques such as magnetic resonance imaging, 
ultrasound imaging, and radiography lack sensitivity in making a reliable detection 
of either acute injuries or the initial signs of post-traumatic degeneration surrounding 
the original injury. Contrast-enhanced computed tomography enables the detection 
of cartilage loss at lesion sites, segmentation of articulating tissues, and information 
on the diffusion of contrast agents into tissues. The diffusion of the contrast agent is 
controlled by cartilage composition and integrity, thus providing information on the 
lesion severity and the possible initiation of post-traumatic damage. Novel cationic 
contrast agents have shown superior diagnostic sensitivities at diffusion equilibrium 
as compared to conventional anionic agents. However, the cartilage degeneration 
related loss in the proteoglycan content, and the increase in the water content, 
diminish the sensitivity of cationic agents at clinically relevant early diffusion time-
points. 

The overall aim of this thesis project was to develop a quantitative dual-energy 
computed tomography technique (QDECT) for cartilage diagnostics; the first 
hypothesis was that the diagnostic sensitivity of a cationic agent could be enhanced 
by determining the diffusion that would be only related to the PG content and in that 
way it could nullify the contribution of the tissue water content and permeability to 
diffusion. To achieve this aim, a cationic iodine-based agent (CA4+), sensitive to the 
proteoglycan content, was used simultaneously with a non-ionic gadolinium-based 
agent (gadoteridol), sensitive to the water content and permeability. The second 
hypothesis was that the simultaneous quantification of iodine and gadolinium-based 
contrast agent would be possible with the use of dual-energy CT. Based on the 
diffusion of both contrast agents, it would be possible to separately quantify the 
contents of two important constituents of cartilage (i.e., PG and water). Further, it 
was hypothesized that normalization of the partition of a cationic contrast agent with 
that of a non-ionic agent would enhance the sensitivity of the cationic agent to 
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quantify the PG content, potentially improving cartilage diagnostics beyond the 
reach of the conventional techniques.   

In study I, a dual-contrast technique was developed to quantify cationic and non-
ionic contrast agent partitions in cartilage after immersion (72 h) in a mixture of CA4+ 
and gadoteridol, using a high-resolution microtomography scanner. In study II, we 
evaluated the potential of the dual-contrast technique to assess quantitatively both 
the biomechanical and histological characteristics of human articular cartilage. In 
study III, the effect of depth-dependent variation in cartilage constituents on the 
diffusion of contrast agents (CA4+ and gadoteridol) was examined.   

In study I, CA4+ partition in bulk tissue, normalized or non-normalized by 
gadoteridol partition, correlated significantly with the cartilage equilibrium, 
instantaneous, and dynamic moduli, and the histological tissue ICRS grade. When 
inspecting the top 500 µm layer of cartilage, the normalized CA4+ partition with 
gadoteridol partition revealed a higher correlation with the cartilage equilibrium 
modulus. In study II, the correlation coefficient between the CA4+ partition and 
cartilage PG content improved as the diffusion time increased (10 min to 72 h). The 
normalized CA4+ partition correlated significantly with the PG content at earlier 
time-points, as compared with the non-normalized CA4+. When calculated at all 
time-points, the normalized partition correlated significantly with the 
histopathological-histochemical grade, i.e., the Mankin score. In study III, the CA4+ 
partition was found to be inversely controlled (p < 0.05) by the water content in 
superficial and mid-cartilage. In mid- and deep cartilage, PGs controlled (p < 0.05) 
the CA4+ partition. Throughout the cartilage thickness, the gadoteridol partition 
correlated inversely (p < 0.05) with the collagen concentration. Cartilage 
degeneration substantially increased the time for CA4+ to reach the bone-cartilage 
interface, whereas tissue degeneration decreased the diffusion time of gadoteridol.  

To conclude, the QDECT technique enables simultaneous quantitative evaluation 
of cartilage PG and water contents, and characterization of cartilage structural and 
functional status. The present results are valuable in the development of novel con-
trast agents or optimizing the timing of delayed contrast-enhanced imaging of joints. 
This work also clarified the diffusion mechanisms of two different contrast agents 
and indicated the depth- and time-dependent relations of diffusion characteristics 
with articular cartilage constituents, PGs, collagen and water The QDECT technique 
has the potential to be exploited in the sensitive diagnostics of various joint condi-
tions, especially the extent of articular cartilage degeneration. However, the tech-
nique is far from being ready for clinical application and warrants further research. 
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1 INTRODUCTION  

Articular cartilage is a connective tissue covering the ends of the articulating bones; 
it enables smooth nearly frictionless motion and distributes contact loads evenly 
throughout the joint [1,2]. Cartilage is aneural and avascular. It is primarily 
composed of collagen, proteoglycans (PGs), chondrocytes, and interstitial water. 
These are the essential constituents of cartilage, and any disruption of the 
components alters the tissue functioning. Trauma or a fall may lead to joint pain, 
swelling, and difficulty in locomotion, potentially initiating the development of post-
traumatic osteoarthritis (PTOA). Cartilage bruising from a fall or a sports accident is 
a common injury affecting millions of people [3]. In the United States alone, 5 million 
adults are affected by PTOA [4]. The development of PTOA after cartilage damage, 
or ligament instability (chronic/acute), or a combination of both, is common [4]. 
Osteoarthritis (OA) is characterized by the deterioration of the cartilage and the 
subchondral bone, impairing the smooth movement between the bones in joints, and 
the distribution of the load. The degradation of the tissue is typically unnoticed until 
the patient is at a later stage of the disease when he/she starts to feel pain. 
Unfortunately, current diagnostic techniques have only a limited ability to detect 
cartilage injuries in its early stages. Therefore, effective intervention to hinder the 
development of PTOA becomes challenging. Consequently, in order to identify 
cartilage injuries at the early stages of PTOA, the development of new diagnostic 
methods is imperative.  

Native X-ray imaging is commonly used for the clinical evaluation of joint 
integrity. The diagnosis of OA is based on the evaluation of joint space and 
alterations in the structure of subchondral bone [5]. Soft-tissues are hardly visible in 
native radiographs, and joint space narrowing and alterations in the structure of bone 
occur in the latest stages of OA [6]. The diagnosis can be confirmed with ultrasound, 
contrast-enhanced CT, MRI, or arthroscopy [6,7]. Arthroscopic ultrasound can 
identify mechanically degraded cartilage and distinguish differences between 
healthy and arthritic cartilage [8–10]. However, the natural curvature of the articular 
cartilage surface can lead to an increase in the ultrasound beam angle (i.e., > 5º), 
leading to unreliable results [7]. MRI provides sufficient soft-tissue contrast and 
serves as the gold standard in assessing hyaline cartilage [7]. However, MRI scanners 
are expensive, and patients often face long queue times [7]. Computed tomography 
(CT) is a more readily available alternative to MRI. The image acquisition time of a 
clinical CT is short with excellent image resolution compared to MRI. Specialized 
coils and sequences are not needed in CT, but if one wishes to evaluate the condition 
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of soft tissues (e.g., cartilage), then the use of contrast agents is necessary. However, 
a major advantage of contrast-enhanced CT is the simultaneous imaging of cartilage 
and bone, which is crucial in the diagnosis of arthritic conditions [11,12].  

The early signs of cartilage degeneration include disruption of superficial 
collagen, loss of PGs, and increase in water content [13]. Delayed gadolinium-
enhanced magnetic resonance imaging of cartilage (dGEMRIC) and delayed 
contrast-enhanced computed tomography (dCECT) assess cartilage health by 
reflecting these early changes [14–18]. The degeneration of the solid constituents (PG, 
collagen) and the increased water content (swelling) increase permeability, which 
affects the diffusion of contrast agents into cartilage [19–22]. Thus, by quantifying the 
diffusion of the contrast agent into cartilage using dCECT, acute injuries, lesions and 
areas undergoing macroscopic changes can be identified [21,23–25]. The diffusion of 
anionic and cationic agents into cartilage is inversely and directly proportional to the 
fixed charge density that the PG creates inside the tissue, respectively. Cationic agent, 
such as iodine (I)-based CA4+, is significantly more sensitive to the PG loss than its 
anionic counterparts [23,26–29]. However, the loss of the PGs and the increased 
permeability occur simultaneously, having opposite effects on cationic agent 
diffusion, leading to a reduced sensitivity to detect alterations before diffusion 
equilibrium has been reached inside the tissue, i.e., during the first hours after an 
intra-articular administration [16]. This limitation of the CA4+ could be overcome by 
nullifying the effect of the tissue permeability and water content to the diffusion, i.e., 
determining the agent uptake only due to the cartilage PG content. It was 
hypothesized that this could be achieved by combining CA4+ with a non-ionic 
contrast agent, such as the gadolinium-based agent, gadoteridol. Gadoteridol has no 
electrical affinity for the negatively charged PGs and diffuses freely based on the 
tissue permeability and water content [29,30]. Hence, by normalizing (i.e., dividing) 
the partition of CA4+ in cartilage with that of gadoteridol, the sensitivity of CA4+ to 
quantify PG content could be improved [30,31]. 

 This thesis focuses on the development of a quantitative technique to assess 
cartilage PG and water contents, by simultaneously determining the partitions of 
iodine-based cationic and gadolinium-based non-ionic contrast agents. It is 
recognized that iodine and gadolinium have well-separated photoelectric absorption 
edges. Therefore, by scanning using two separate X-ray energies, it should be 
possible to make a simultaneous quantitative evaluation of the partition of both 
agents in cartilage. As water and PG contents are major indicators of cartilage health, 
this quantitative dual-energy computed tomography (QDECT) technique may 
improve diagnostic sensitivity, allowing for the early detection of minor or more 
acute cartilage injuries. This is not possible with the diagnostic techniques currently 
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available in clinics. The thesis comprises three independent studies: In study I, the 
potential of the QDECT technique to assess the depth-wise molar concentration of 
CA4+ and gadoteridol in human articular cartilage plugs is explored, after 72 h of 
immersion in a bath mixture of the contrast agents. The concentrations were used to 
examine the sensitivity of the technique to probe changes in the biomechanical 
properties of cartilage. Study II examines the effectiveness of the method with 
different durations of diffusion of the contrast agents (ranging from 10 min to 72 h). 
The partitions of the contrast agent were compared against the structural and 
functional properties of cartilage, determined using by classical methods i.e. 
biomechanical testing, histological measurements, and histopathological scoring. 
Study III focuses on the effects of cartilage degeneration, i.e., alterations in water, 
collagen, and PG content on the diffusion of the contrast agents in a time- and depth-
dependent manner.  
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2 KNEE JOINT AND OSTEOARTHRITIS  

The knee is a load-bearing synovial joint connecting femur, tibia, and patella, 
allowing these structures to articulate with minimal friction. Ligaments, tendons, and 
menisci help in stabilizing and supporting the movement of the knee joint (Figure 
2.1). Articular cartilage is a specialized connective tissue that covers and protects the 
ends of the articulating bones [2,32]. Menisci help to ensure a uniform distribution of 
the load from the femur to tibia and thus protect the articular cartilage from excessive 
local mechanical stresses. 

 

 
Figure 2.1: A Knee joint. 

 
 

ARTICULAR CARTILAGE 

Articular cartilage, in conjunction with synovial fluid, allows nearly frictionless 
movement of the articulating bones. Cartilage is an aneural and avascular tissue that 
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is subjected to major dynamic and static stresses between the articulating bones. 
Small impact injuries and lesions in cartilage, e.g., followed by cyclic mechanical 
loading and unloading, can potentially lead to further tissue degeneration due to the 
limited self-repair capability of the tissue [32]. 

2.1 STRUCTURE AND COMPOSITION  

The main constituents of articular cartilage are water, collagen, proteoglycans (PGs), 
and the cartilage cells, i.e., chondrocytes [1,2,33]. Articular cartilage can be divided 
into three depth-wise zones. The arrangement and distribution of the collagen fibers, 
PGs, and the chondrocytes differ in the superficial, middle, and deep zones. The 
collagen fibrils are structured in an arch-like orientation (Figure 2.2), whereas the PG 
content increases towards deep cartilage [34]. This leads to an altered arrangement 
of the chondrocytes, each zone having different metabolic and synthetic activities 
[35].  

2.1.1 Chondrocytes 

Chondrocytes constitute 1-5% of articular cartilage volume and are responsible for 
the synthesis of the collagen fibrils and the PGs [1,36]. As cartilage is avascular, 
nutrients reach chondrocytes through diffusion and convective transport. The 
variation in shape, size, and density of chondrocytes in cartilage is depth-dependent. 
Chondrocytes in the surface are flatter and oriented in parallel to the articulating 
surface. In deeper cartilage, chondrocytes are spheroid and oriented in perpendicular 
to the cartilage-bone interface [37,38]. The structure of the extracellular matrix (ECM) 
protects the chondrocytes from excess mechanical loading i.e., enabling 
chondrocytes to function efficiently to ensure the proper maintenance of the tissue 
matrix. [1,39–41]. 

2.1.2 Collagen 

Collagen is the main solid component of the cartilage ECM. Collagen fibers create a 
3D arcade network, providing cartilage with its tensile stiffness and strength, as well 
as contributing to dynamic compressive stiffness [42,43]. Collagen type II is the most 
abundant collagen (accounting for 90-95% of the total collagen present in ECM) [36]. 
Some of the other collagen types are numbered III, VI, X, XI, XII, and XIV [42]. The 
fibers are arranged in parallel to the articulating surface, forming a wear-resistant 
mesh. In the middle zone, the fiber arrangement can be considered as random, while 
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in the deep zone, the fibers are perpendicular to the cartilage bone interface, 
providing a strong bond between the subchondral bone and cartilage. 

 

 

Figure 2.2: Simplified illustration of an articular cartilage structure. The superficial, 
middle, and deep zones can be differentiated based on the parallel, random, and 
perpendicular orientation of the collagen fibrils with respect to the surface of 
articular cartilage, respectively. 

2.1.3 Proteoglycans 

Proteoglycans are macromolecules, with a core protein to which polysaccharide 
glycosaminoglycan (GAG) chains are attached. The GAG molecules have a fixed 
negative charge due to their carboxyl and sulfate groups [44]. PGs form large 
aggregates and are bound to one end of the hyaluronic acid chain [1,45]. PG 
aggregates are immobilized and enclosed in the ECM. The fixed negative charge in 
cartilage creates an imbalance in the osmotic pressure in the ECM, attracting water, 
which results in a swelling of the tissue. Furthermore, the fixed charge densities 
(FCDs) in cartilage determine the total counter ion concentration, which governs the 
Donnan osmotic pressure in the tissue. This osmotic pressure contributes up to 50% 
of the cartilage compressive stiffness [1,45]. The non-covalent interaction between the 
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collagen network and PGs forms a fiber-reinforced composite solid, where the 
collagen network and PG content provide tensile and compressive stiffness, 
respectively. 

2.1.4 Interstitial fluid 

Interstitial fluid is a major constituent of cartilage; it is composed of water, proteins, 
and dissolved electrolytes. The porous cartilage structure entraps the fluid and also 
allows its free movement within the tissue [36]. The water content in cartilage is 
depth-dependent, and decreases from 85% in the superficial zone to 60% in the deep 
cartilage [1]. The water content in cartilage is influenced by the fixed charge density 
present due to the PGs and the organization of the collagen network. The hydrophilic 
nature of PGs attracts water, and the resulting swelling of the tissue is resisted by the 
collagen fiber network. 

 

2.2 MECHANICAL PROPERTIES 

From a mechanical perspective, articular cartilage can be considered to be a porous 
viscoelastic fibril reinforced tissue, and the interaction between collagen, PGs, and 
interstitial water determines its functional integrity. The ability of articular cartilage 
to withstand high and variable stresses, from loading and unloading in the knee joint, 
is attributed to its multiphasic (solid, liquid, and ionic phase) nature [46,47]. A fine 
balance exists between the swelling pressure exerted by the negatively charged 
GAGs and the restraining property of the collagen network. These properties enable 
cartilage to function in this high loading environment [11,48,49].  

The compressive stiffness of cartilage decreases with increasing water content 
[50,51]. This decrease in stiffness (i.e., modulus) results from the decrease in the 
cartilage solid matrix, especially PGs, to resist the compressive load. Further, tensile 
and shear properties of cartilage are attributable to the collagen fibril mesh [52]. 
Cartilage is functionally anisotropic and exhibits a depth-dependent variation in 
compressive stiffness [53]. During dynamic loading, cartilage is stiff due to the 
interplay of the incompressible fluid phase, low permeability, and the deformation 
resisting collagen network [46]. In static loading, the interstitial fluid gradually flows 
out of the tissue, aiding in the distribution of load to a larger contact area. The flow 
of fluid allows the cartilage to deform until a mechanical equilibrium is reached. The 
load at that phase is predominantly supported by the interstitial fluid binding PGs 
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[9]. Upon removal of the static load, the interstitial fluid flows back into the matrix, 
and the cartilage swells back to its initial shape.  

Apart from absorbing load, articular cartilage, in conjunction with synovial fluid 
in the knee joint cavity, provides nearly frictionless movement of the joint. This is 
achieved by two distinct mechanisms: the first mechanism is mediated by hyaluronic 
acid, lubricin, and surface-active phospholipids in the synovial fluid that lubricate 
the articular surface; the second mechanism involves the pressurized interstitial fluid 
that may be squeezed out from the cartilage surface forming a thin fluid film between 
contacting surfaces [54–56]. 

2.3 IDIOPATHIC AND POST-TRAUMATIC OSTEOARTHRITIS 

Osteoarthritis (OA) is characterized by joint pain, reducing, or completely preventing 
the patient’s mobility. As well as causing suffering in the patients, OA creates a high 
socio-economic burden on society [57]. In the United States, OA related healthcare 
costs accounted for 4.3% of the combined sum for all hospitalization [58]. OA is a 
joint condition resulting from the degeneration of cartilage and the underlying bone. 
The idiopathic OA is generally considered to result from the natural aging of the 
joint. It can take decades for the cartilage to deteriorate and develop into idiopathic 
OA (age-related OA). The second form of OA is post-traumatic osteoarthritis (PTOA) 
which is initiated after a fall, impact, or a sports accident [59]. Impact injuries and 
lesions in cartilage trigger a cascade of degeneration, leading to the development of 
PTOA. This period offers opportunities for pharmaceutical or surgical interventions 
to slow down the progression of the disease before the disease-modifying 
opportunities are restricted to joint replacement.  

The structural changes occurring in osteoarthritic cartilage are progressive 
(Figure 2.3). Articular cartilage degeneration consists of damage to the collagen 
network, a decrease in PG content, and an increase in cartilage water content 
(swelling) [33,48,60,61]. In an attempt to repair the damage in the ECM, chondrocytes 
accelerate the production of the cartilaginous matrix. However, when the rate of 
cartilage degeneration exceeds the rate of repair, this leads to a disturbed tissue 
composition, structure, and function which causes the detachment of small cartilage 
fragments and ultimately the formation of cracks that reach into subchondral bone. 
In OA, there are failures in both the collagen network and the PG solid matrix [1]. 
The degeneration of the constituents leads to increased tissue permeability and 
decreased stiffness of the tissue, allowing harmful strains and stresses in articular 
cartilage to take place during daily loading. The detection of the early changes in 
cartilage morphology and composition post-trauma is challenging with the existing 
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diagnostic techniques; in fact, a deterioration is often only noticed after significant 
degradation of the cartilage has occurred. Early detection of cartilage injuries is 
necessary to enable timely non-surgical interventions and disease management, and 
to decelerate the progression of the disease. Various non-surgical and pain 
management options such as pharmacological (acetaminophen, tramadol), non-
pharmacological (exercise, physiotherapy), dietary supplements, and intra-articular 
injections (corticosteroids, hyaluronic acid) are available. These non-surgical 
treatment options may not be an ideal solution for OA management; however, they 
offer an option to mitigate the condition and a possibility to avert or delay surgical 
procedures. 

 

 
Figure 2.3: Different phases of osteoarthritis related cartilage degeneration. 

2.4 DIAGNOSTIC IMAGING AND EVALUATION OF CARTILAGE 
INJURIES 

The clinical examination of the condition of the joint is based on the patient’s 
symptoms. Generally, joint diagnostics is carried out first with a physical 
examination followed by native X-ray imaging. As cartilage and synovial fluid 
provide low and comparable X-ray attenuation, it is difficult to distinguish between 
these two components. With native X-ray imaging, the diagnosis of OA progression 
and the severity of the disease can be assessed based on the narrowing of joint space 
between the bones and the calcification of subchondral bone. However, these 
changes are only detectable in a later stage of the disease progression. In trauma and 
sports accident associated cartilage damage, the lesions are local, and they cannot be 
detected by native X-ray imaging.  

Lesions can be diagnosed and evaluated using arthroscopy. Arthroscopy is an 
invasive technique where an optical probe is inserted into the joint cavity via an 
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incision. Surgeons visually evaluate the cartilage surface for signs of fibrillation, 
lesions, or minor damage. It is not a totally effective diagnostic technique as it is user-
dependent and there is extensive inter-user variability [62]. Further, during 
arthroscopy, the surgeon has a limited time to perform the assessment, and it is easy 
to overlook some sites in a joint with multiple lesions.  

Magnetic Resonance Imaging (MRI) has an excellent soft-tissue contrast allowing 
small OA related changes in cartilage structure to be detected [63–65]. Cartilage is 
mostly composed of water; hence it is an ideal tissue for the evaluation with MRI. 
The evaluation of cartilage lesions based on the severity of damage is done using the 
International Cartilage Repair Society (ICRS) grading. High-resolution imaging 
using MRI is challenging as it requires scanners of high field strength and 
appropriate receiver coils to maximize spatial resolution and provide adequate 
contrast [63]. High strength MRI is expensive, not readily available, and is often 
plagued by long queuing time.  

Computed tomography scanners are X-ray based diagnostic imaging devices. 
Clinical CT scanners can provide high-resolution 3D images. CT imaging is more 
widely available than MRI, provides fast image acquisition, and is less expensive 
[66]. The introduction of dual-energy source and multi-detector technology has 
further advanced CT by enabling material characterization and reducing the image 
acquisition time. However, since it is an X-ray based device, soft tissues cannot be 
distinguished properly with CT alone. Hence, the rapid assessment of cartilage 
morphology and composition is possible only via contrast-enhanced CT. 
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3 CONTRAST ENHANCED COMPUTED 
TOMOGRAPHY  

3.1 BASICS OF RADIOGRAPHY  

In 1895, Wilhelm Roentgen discovered X-rays; these are a form of electromagnetic 
radiation (λ = 0.01-100 nm) utilized in X-ray imaging. X-ray attenuation varies 
between materials and this variation in attenuation forms the basis for image 
formation. The attenuation of photonic radiation is expressed as, 

𝐼𝐼𝐸𝐸(𝑥𝑥) = 𝐼𝐼𝑜𝑜𝐸𝐸ⅇ−µ𝐸𝐸(𝑥𝑥) 

where, 𝐼𝐼𝑜𝑜𝐸𝐸  and 𝐼𝐼𝐸𝐸  are the intensities of the incident and transmitted X-ray (having 
energy E) beams, respectively, through a material with an attenuation coefficient µ𝐸𝐸 
and a thickness x. In X-ray imaging, the photons that pass through the material reach 
the detector and a projection is formed.  

Interactions such as photoelectric absorption, Compton scattering, and elastic 
scattering can take place between incident X-rays (photons) and the material, 
reducing the intensity of the X-ray beam. If the energy of an incoming photon is 
above the binding energy of an electron, the electron may be displaced from its orbit, 
creating photoelectric absorption. The photon is completely absorbed, and the excess 
energy is transferred to the ejected electron (photoelectron) in the form of kinetic 
energy. The most tightly bound electrons in the K-shell create the K-absorption edge 
of an atom. In a Compton interaction, photons transfer some energy to an outer shell 
electron while scattering in a new direction. In general, Compton scattering is 
responsible for image noise whereas photoelectric absorption contributes to image 
contrast [67,68]. 

CT is an X-ray based diagnostic imaging device, invented by Sir Godfrey 
Hounsfield. The first clinical CT-scans were conducted in 1972. CT uses X-rays to 
create cross-sectional images also known as slices of an object. When compared to 2D 
plain radiography, CT creates a 3D visual representation of a structure. The primary 
components of a CT scanner are the X-ray generator tube, detector, and computer. X-
rays produced by the X-ray tube pass through an object, become attenuated, and hit 
the detector. The X-ray fan beam and the arc of detectors rotate allowing 
topographical reconstruction of cross-sectional planes to create 3D images. The beam 
along the axis is collimated so that information acquired for a slice in the single 
rotation is limited to a small area of an object. With modern CT scanners, up to many 
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hundreds of slices can be acquired in a single rotation, considerably shortening the 
image acquisition time.  

3.1.1 Spiral CT 

Currently, spiral CT is the most widely used CT technology in clinical practice. It 
uses a point X-ray source and rows of detectors. The X-ray beam is collimated to fit 
into a row of detectors (curved or plane). The main feature of this CT is the rotating 
source and detector, and the continuous movement of the patient support table 
through the gantry, throughout the scan (Figure 3.1). The rate of table movement and 
the rotation of source and detector can be adjusted to vary the scan time. The 
introduction of slip-ring technology-facilitated continuous gantry movement 
allowing an uninterrupted transfer of power to the tube and collimator and 
retrieving the signal from the detector. This technology considerably shortens the 
image acquisition time in spiral CT.  

 

 

 

 

Figure 3.1: Diagrammatic illustration of a spiral computed tomography system. 
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3.1.2 Dual-energy CT 

Conventional CT acquires images with a single X-ray tube voltage (i.e., single X-ray 
energy spectrum). However, dual-energy CT images are acquired by utilizing two X-
ray energies and predominantly applied in material characterization (Figure 3.2). X-
ray attenuation of a material varies with the energy of the incident X-ray photon. 
Based on this difference, materials/structures are differentiated/delineated. Dual-
energy CT can be realized by tube kilovoltage (kV) switching (fast and slow) with a  

 

Figure 3.2: (a) Schematic of a dual-energy CT, (b) Normalized X-ray energy 
spectra at tube voltages of 50 and 90 kV.  
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single source CT or with a dual-source CT. With fast kilovoltage switching, the high 
energy spectra cannot be filtered, leading to a large overlap in the low and high 
energy source spectra. In slow kilovoltage switching, the source spectra can be 
filtered, but image registration is a challenge as patients may not remain immobile in 
the same place between the scans. 

3.1.3 Spectral CT 

Spectral CT is an emerging X-ray based molecular imaging technique capable of 
providing quantitative information of the scanned object. With conventional CT, the 
detector measures total attenuation, and this can result in some materials having the 
same integrated Hounsfield values [69]. The spectral CT system overcomes this 
limitation by utilizing a photon-counting detector. With this type of detector, a 
varying range of energy spectrum can be selected for sampling [70]. Material 
characterization is possible with both spectral and dual-energy CT systems. 

3.1.4 X-ray microtomography 

X-ray microtomography is generally employed in laboratory-based studies to 
achieve high-resolution images [71]. Generally in a microtomography system, the 
sample stage rotates with the source whereas the detector assembly remains fixed. 
The distance between the detector and object stage is adjusted to achieve the desired 
pixel size (Figure 3.3). In many systems, the source and detector assembly are fixed, 
and the object is placed on a rotating stage. The magnification (M) of an object in an 
image depends on the distance between Source-Object (DSO) and Object-Detector 
(DOD), and can be expressed as, 

 M = 𝑂𝑂𝑂𝑂𝑂𝑂  = 𝐷𝐷SO+𝐷𝐷OD𝐷𝐷SO           (2) 

where M is the magnification, 𝑂𝑂 is the object size and 𝑂𝑂𝑂𝑂 is the size of the object in the 
detector. 
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3.2 CONTRAST ENHANCEMENT 

X-rays provide good contrast in imaging of hard and dense tissues and they are 
widely used in bone imaging. However, X-ray attenuation in soft tissues is low and 
highly constant; this obscures the clarity of interfaces between adjacent tissue 
structures in the radiographic image. A good example is the articular cartilage, which 
is a soft tissue that has a very similar density as the surrounding synovial fluid. The 
presence of contrast agents create a greater difference in CT attenuation between the 
structures, improving image contrast (i.e. the signal to noise ratio). The addition of 
an external contrast to the tissue or the surrounding region improves their 
differentiation during radiographic imaging. In knee joint imaging, an agent is 
injected into the intra-articular space, where it enables visualization of cartilage tissue 
contour and shape, synovial space, and the surrounding bone. This provides a good 
contrast to assess the cartilage morphology as both bone and contrast agents in the 
joint space are highly X-ray attenuating.  

3.2.1 CT contrast agents 

CT-based contrast agents must fulfill specific functional requirements for clinical use, 
such as  

1. contrast agent should be non-toxic,  

2. contrast agent should localize and increase absolute CT attenuation of the 
region of interest or its surroundings (not both), 

Figure 3.3: Schematic picture of an X-ray microtomography imaging system. 
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3. the amount and concentration of an agent should be optimal so that retention 
in the body is long enough to provide a good SNR (signal to noise ratio) 
during image acquisition, after which the agent should be cleared out from 
the body within a short time (e.g. a few hours).  

Contrast agents based on iodine (I), lanthanides [Gadolinium (Gd), dysprosium 
(Dy), ytterbium (Yb)], bismuth (Bi), tantalum (Ta), and gold (Au) are used in various 
imaging applications [66]. I and Gd-based contrast agents have been in routine 
clinical use for contrast-enhanced imaging with CT and MRI, respectively [72]. The 
agents offer increased absorption of X-rays as the energy of X-ray source (80-150 kV) 
in use in clinics matches the K-absorption edges of both I and Gd [66]. The K-
absorption edge is utilized in contrast-enhanced imaging to obtain the maximum 
attenuation of the incident X-rays, resulting in improved contrast of tissue relative to 
its surroundings. 

The CT-based contrast agents used for articular cartilage imaging fall into three 
broad categories based on their molecular charge (i.e. anionic, non-ionic, and 
cationic). Anionic contrast agent molecules are negatively charged. PGs in cartilage 
ECM are also negatively charged and thus they oppose the diffusion of the anionic 
agents inside the tissue. Hence, the molar concentration of the anionic agent in 
cartilage is inversely proportional to the cartilage PG content. In degenerated 
cartilage, which has a low PG content and high-water content, the negatively charged 
particles diffuse more easily as compared to healthy cartilage that is rich in PGs. By 
following the variations in the diffusion of the contrast agent using arthrography 
(CT, MRI), information on cartilage health may be collected. Commercially available 
anionic agents such as ioxaglate and iothalamate have demonstrated a high 
correlation with the cartilage GAG content ex vivo [2–6] and ICRS grade in vivo [7]. 

Cationic agents (positively charged) were developed to utilize the negative 
charge of the PGs to improve the diffusion and partition of the agent into the tissue 
(Figure 3.4). The favorable electrostatic interactions promote contrast agent retention 
in tissue, enable improved SNR as compared to anionic agents, which are repelled 
from cartilage tissue. For this reason, cationic agents are more sensitive in detecting 
cartilage injuries as compared to anionic agents [73]. The uptake of cationic agents is 
higher than the anionic agents, providing a stronger signal as well as enabling an 
evaluation of the depth-dependent assessment of the cartilage’s condition due to en-
hanced penetration into the deeper layers of cartilage [23,26]. X-ray attenuation in-
duced by a cationic agent is directly proportional to the amount of PGs and strongly 
correlates with the mechanical properties and composition of the tissue [26,74]. Cat-
ionic contrast agents may thus allow for better clinical diagnostics of joint injuries 
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and disease. The high osmolality of ionic agents has often been associated with ad-
verse health effects in patients [8]. Fortunately, the cationic contrast agent can be ad-
ministered in lower concentrations as compared to anionic agent [11]. This helps to 
potentially reduce adverse side-effects in the body that might result from the admin-
istration of contrast agents [8]. Iodine-based cationic contrast agents CA2+, CA4+ 
have been recently developed and used for contrast-enhanced imaging in preclinical 
studies [6,9,12].  

Non-ionic agents (neutral charge) have no electric affinity towards the fixed 
negative charge carried by the PGs in cartilage ECM. Thus, the diffusion of these 
agents is dependent on the cartilage permeability, water content, and the 
concentration gradient between tissue and the agent. In cartilage, as compared to 
anionic agents, the non-ionic agent shows a higher partition, i.e., the ratio of the 
contrast agent concentration in cartilage relative to the concentration of the agent in 
the bath at diffusion equilibrium [20]. Gadolinium-based contrast agents 
gadopentetate dimeglumine, gadodiamide, gadobutrol, and gadoteridol have been 
approved and used for routine clinical MR imaging. Due to the high atomic number 
of gadolinium, the use of a gadolinium-based contrast agent has also been explored 
in CT imaging [2].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: CA4+ molecules attracted to GAGs (PGs) inside cartilage extracellular 
matrix (ECM), while gadoteridol diffuses in freely.  
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3.2.2 Diffusion of contrast agents in cartilage 

Cartilage is an avascular tissue, and the nutrients for the metabolic function are 
transported via diffusion. The structural properties of cartilage ECM (extracellular 
matrix) influence the transport of solutes. The movement of molecules suspended in 
a fluid is random and follows Brownian motion [29,77]. Solutes move randomly and 
travel from areas of higher concentration to areas of lower concentration until an 
equilibrium is reached. Solute flux (J) across the surface of cartilage can be expressed 
using Fick’s second law as,  

J = -h𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕  ,           (3) 

where h is the cartilage thickness and 𝐶𝐶 is the bulk concentration of contrast agents 
in cartilage.  

Cartilage consists of negatively charged glycosaminoglycan fixed to the ECM. 
When cartilage is immersed in an electrolytic solution, the inherent negative charge 
in cartilage creates a Donnan potential between the tissue and the solution. The 
mobile ions in the tissue and electrolytic solution follow the equilibrium proposed 
by Donnan and can be expressed as [78]: 

( [cation]bath
[cation]cartilage

)
Zcation

 = ([anion]cartilage[anion]bath
)
Zanion

 ,    (4) 

where [cation]bath and [anion]bath are the positive and negative charges in the bath, 
respectively. Similarly, [cation]cartilage and [anion]cartilage are the positive and negative 
charges in cartilage, respectively, and Z is the valence of the molecule. When there is 
electroneutrality condition, the following must hold:  

Zcation 𝐶𝐶cation = Zanion 𝐶𝐶anion + FCD,      (5) 

where FCD is the net negative charge induced by the immobile chondroitin and 
keratin sulfate in cartilage. The molar concentration (C) of the diffused cationic agent 
in the tissue is directly proportional to the amount of FCD in cartilage.  

3.3  DELAYED CONTRAST-ENHANCED COMPUTED 
TOMOGRAPHY  

CT imaging of knee joint can be performed immediately after the intra-articular 
injection of contrast agents. This makes possible an examination of cartilage structure 
and identification of major cracks in the cartilage surface. The use of contrast agents 
is not limited to examining cartilage morphology, and can also be used to determine 
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tissue composition (i.e., PG and water contents) if the imaging is performed between 
45 min and 1 h after administration of the contrast agent (Delayed contrast-enhanced 
computed tomography, delayed-CECT) [20,30,73,79] i.e. this allows early 
identification of areas undergoing macroscopic deterioration [28,80,81]. Delayed-
CECT is an analogous technique to the clinically established delayed gadolinium-
enhanced magnetic resonance imaging of cartilage (dGEMRIC) [15,82].  

In articular cartilage, the uptake of cationic agents is proportional to the PG 
content in the tissue [83,84]. However, the diffusion is restrained by the tissue 
porosity/permeability. Hence, it is challenging to make a sensitive differentiation 
between an intact (high PG content, low permeability) and mechanically damaged 
(decreased PG content, high permeability) cartilage based on only diffusion of the 
contrast agent. Especially in early OA, the simultaneous increase in cartilage water 
content, the decrease in PG content, fibrillation, and disruption of the collagen 
network have opposite effects on the diffusion of the cationic agents. The effect of 
these degenerative changes on the diffusion of the cationic agent and the diagnostic 
potential of this phenomenon are still unknown. 
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4 AIMS OF THE PRESENT STUDY 

The thesis is focused on the determination of the structural integrity and composition 
of cartilage based on the simultaneous diffusion of two contrast agents, by 
introducing and developing a dual-energy CT technique suitable for cartilage. 

The specific aims of the study were: 

1. to develop and validate a quantitative technique for the simultaneous 
determination of I and Gd-based contrast agents in the cartilage at near 
diffusion equilibrium 

2. to evaluate the diagnostic potential of the dual-contrast technique to assess 
changes in cartilage’s biomechanical and histopathological state as a function 
of the diffusion time of the contrast agent (10 min to 72 h) 

3. to examine the effect of the concentrations of the solid constituents of 
cartilage (i.e. PG and collagen) and interstitial water content on the diffusion 
of a cationic and non-ionic agent in a time- and depth-dependent manner.  
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5 MATERIAL AND METHODS 

This thesis comprises three independent studies. The materials used and the 
methodology applied in the studies are presented briefly in this chapter. More 
comprehensive details of the materials and methodology are provided in the original 
publications (attached to the thesis as appendices).  

5.1 SAMPLE PREPARATION 

In study I, osteochondral samples (n = 57, d = 8 mm) were drilled out from human 
cadaver (n = 2) distal femur (n = 4) and proximal tibia (n = 4). The samples were stored 
frozen in phosphate-buffered saline (PBS) (-22 °C). Before the diffusion experiment, 
the samples were cut into two halves, thawed, and the edges were sealed with 
cyanoacrylate to allow contrast agent diffusion only through the articular surface 
(Figure 5.1).  

Figure 5.1: Osteochondral plugs (d = 8 mm) were extracted (locations marked as black 
dots) from human cadaver lateral and medial tibial plateaus and femoral condyles of 
the left and right knee joints. The samples were halved for diffusion experiments and 
reference measurements. 
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In studies II and III, the sample preparation technique was identical to that used 
in study I. Human osteochondral plugs (n = 33 in study II, n = 15 in study III) were 
extracted from lateral and medial tibial plateaus and femoral condyles of the left and 
right knee joints of human cadavers (n = 4, Mean Age = 71.25 ± 5.18 years). The 
Research Committee of the Northern Savo Hospital District granted a favorable 
opinion on collecting the human tissue (Kuopio University Hospital, Kuopio, 
Finland, Decision numbers: 134/2015 and 58/2013). 

  

5.2 X-RAY MICROTOMOGRAPHY 

The delayed-CECT technique uses a single contrast agent to examine cartilage health. 
In the dual-contrast method, two contrast agents are used simultaneously. The molar 
concentration and the depth-wise distribution of the contrast agents in cartilage was 
quantified by using a dual-energy X-ray (i.e., imaging with two X-ray tube voltages). 
In this approach, the contrast agents must have well-separated k-absorption edges 
(Figure 5.2).  

 

Figure 5.2: Mass attenuation curves for iodine and gadolinium. 

Study I was carried out using a microtomography scanner (Skyscan 1172, 
Skyscan, Kontich, Belgium), the isotropic voxel size was 25 µm × 25 µm × 25 µm and 
the utilized tube voltages: 100 kVp and 50 kVp. In study I, the dual-energy technique 
was first calibrated with measurements of contrast agent mixtures of known I (CA4+) 
and Gd (gadoteridol) concentrations, ratios of 4.8/43.2, 9.6/38.4, 14.4/33.6, 19.2/28.8, 
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24.0/24.0, 28.8/19.2, 33.6/14.4, 38.4/9.6, and 43.2/4.8 (mg/ml). The human 
osteochondral plugs were imaged before and after 72 h immersion in a mixture of 
contrast agents CA4+ (5,5'-(malonylbis(azanediyl))bis(N1,N3-bis(2-aminoethyl)-2,4,6-
triiodoisophthalamide, q = +4, M = 1355 g/mol, 24 mgI/ml) and gadoteridol (Prohance, 
Bracco International B. V., Amsterdam, Netherlands, q = 0, M = 559 g/mol, 24 
mgGd/ml). 

In studies II and III, the microtomography scanner was a Quantum FX (Perkin 
Elmer, Waltham, MA, USA). In studies II and III, dual-energy scans were conducted 
using tube voltages of 90 kVp and 50 kVp, with a 20 mm × 20 mm field of view (FOV) 
and an isotropic voxel size 40 µm × 40 µm × 40 µm (Figure 5.3).  

 

Figure 5.3: Human osteochondral plug (frontal plane) imaged with a high-
resolution microcomputed tomography scanner (tube voltage = 50 kVp) before 
and after immersion in a contrast agent bath (a mixture of CA4+ and gadoteridol) 
for 10 min, 30 min, 1, 2, 4, 6, 10, 21, 32, 50, and 72 h. The higher X-ray attenuation 
in the cartilage results from the increase in immersion time.  

Before conducting the contrast agent diffusion experiment in cartilage, the dual-
energy microtomography was calibrated with measurements of different 
compositions of the contrast agent mixture consisting of gadolinium (8, 12, and 20 
mgGd/ml) and iodine (0, 10, 20, 30 ,40, 50, 60, and 70 mgI/ml). The I/Gd concentration 
(mg/ml) ratios (0/20, 10/20, 20/20, 30/20, 40/20, 50/20, 60/20, 70/20, 20/12, 30/12, 40/12, 
50/12, 60/12, 70/12, 10/8, 20/8, 40/8, 50/8 and 60/8) were measured. After calibration, 
the osteochondral plugs were immersed in a mixture of CA4+ (10 mgI/ml) and 
gadoteridol (20 mgGd/ml) and imaged in air after 10 min, 30 min, 1, 2, 4, 6, 10, 21, 32, 
50, and 72 h. Throughout the studies, image segmentation and data analyses were 
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carried out using Seg3D software (vs. 2.4.0, University of Utah, Salt Lake City, UT, 
USA) and Matlab (R2016b, The Mathworks Inc., Natick, MA, USA), respectively. 

5.3 IMAGE ANALYSIS 

The concentration of contrast agents (i.e., I and Gd) can be determined from a dual-
energy X-ray scan using Beer-Lambert law (Eq. 1) and Braggs additivity rule [85],  

𝛼𝛼𝐸𝐸 = 𝜇𝜇I𝐸𝐸𝐶𝐶I + 𝜇𝜇Gd𝐸𝐸𝐶𝐶Gd ,         (7) 

where 𝐶𝐶I and 𝐶𝐶Gd are the concentrations of I and Gd in the contrast agents, 
respectively, 𝜇𝜇𝐼𝐼𝐸𝐸and 𝜇𝜇𝐺𝐺𝐺𝐺𝐸𝐸are the mass attenuation coefficients of I and Gd, 
respectively, and 𝛼𝛼𝐸𝐸 is the X-ray attenuation at X-ray tube voltage E. When CT scan 
is made using high [E(High)] and low [E(Low)] X-ray tube voltages, the 
concentrations can be solved from equation 7 as follows,  

  𝐶𝐶I =
𝛼𝛼𝐸𝐸(𝐻𝐻𝐻𝐻𝐻𝐻ℎ)𝜇𝜇Gd𝐸𝐸(𝐿𝐿𝐿𝐿𝐿𝐿)−𝛼𝛼𝐸𝐸(𝐿𝐿𝐿𝐿𝐿𝐿)𝜇𝜇Gd𝐸𝐸(𝐻𝐻𝐻𝐻𝐻𝐻ℎ)

𝜇𝜇I𝐸𝐸(𝐻𝐻𝐻𝐻𝐻𝐻ℎ)𝜇𝜇Gd𝐸𝐸(𝐿𝐿𝐿𝐿𝐿𝐿)−𝜇𝜇I𝐸𝐸(𝐿𝐿𝐿𝐿𝐿𝐿)𝜇𝜇Gd𝐸𝐸(𝐻𝐻𝐻𝐻𝐻𝐻ℎ)
 ,      (8) 

 

𝐶𝐶Gd =
𝛼𝛼𝐸𝐸(𝐻𝐻𝐻𝐻𝐻𝐻ℎ)𝜇𝜇I𝐸𝐸(𝐿𝐿𝐿𝐿𝐿𝐿)−𝛼𝛼𝐸𝐸(𝐿𝐿𝐿𝐿𝐿𝐿)𝜇𝜇I𝐸𝐸(𝐻𝐻𝐻𝐻𝐻𝐻ℎ)

𝜇𝜇Gd𝐸𝐸(𝐻𝐻𝐻𝐻𝐻𝐻ℎ)𝜇𝜇I𝐸𝐸(𝐿𝐿𝐿𝐿𝐿𝐿)−𝜇𝜇Gd𝐸𝐸(𝐿𝐿𝐿𝐿𝐿𝐿)𝜇𝜇I𝐸𝐸(𝐻𝐻𝐻𝐻𝐻𝐻ℎ)
 .     (9) 

 

Using Eq. 8 and 9, the depth-wise concentration of I and Gd-based agents in 
cartilage can be determined. The depth-wise concentrations of the agent can be used 
to estimate the cartilage PG and water content. 

5.4 BIOMECHANICS 

In studies I and II, a custom-built material testing device [(resolution: 0.1 µm, 0.005 
N) (PM500-1 A, Newport, Irvine, CA, USA)] was employed for biomechanical testing 
in indentation geometry. First, a flat-ended metallic indenter (d = 728 µm or d = 667 
µm) was driven to make a perpendicular contact with the articular surface (pre-stress 
of 12.5 kPa) [86]. Then, a stress relaxation protocol, consisting of four compressive 
steps (each representing 5% of cartilage thickness, 100%/s ramp rate), was 
implemented with a 900 s relaxation after each step [87,88]. The solution proposed 
by Hayes et al. was used in the calculation of the moduli [89–91]. For that, Poisson’s 
ratios were set to ν = [0.3 (Tibia), 0.2 (Femur)] and ν = 0.5, when calculating 
equilibrium (Eequilibrium) and instantaneous (Einstantaneous) modulus, respectively. In study 
I, the dynamic modulus (Edynamic) was determined from sinusoidal loading (f = 1 Hz, 
strain amplitude = 2 % of cartilage thickness) which was performed after the stress-
relaxation test at 20% strain.  
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5.5 HISTOLOGY, SPECTROSCOPY AND WATER CONTENT 
MEASUREMENT 

In studies II and III, PG distribution in cartilage was determined with digital 
densitometry (DD), by measuring the optical density (OD). The samples were 
prepared by fixing them in 10% formalin, decalcified in EDTA, processed in graded 
alcohol solutions, embedded in paraffin, and cut into 3 µm thick sections. The 
paraffin was dissolved, and the cut sections stained with Safranin-O (cationic dye) 
[92]. This dye binds to the fixed negative charge and thus indicates the PG 
distribution in a sample [92]. 

In study III, the cartilage collagen content (n = 15) was analyzed from the spectral 
data obtained with Agilent Cary 600 spectrometer coupled with Cary 610 Fourier 
transform infrared (FTIR) microscope (Agilent Technologies, Santa Clara, CA, USA). 
The infrared light absorption spectrum (3800 cm-1 to 750 cm-1) was collected pixel-by-
pixel (Figure 5.4). To optimize SNR, 8 scans per-pixel and three slices per sample 
were measured in full-thickness. The spatial pixel size was 5.5×5.5 µm, and the spec-
tral resolution was set to 4 cm-1. Applying a constant baseline correction (2000 cm-1 to 
900 cm-1), the amide I region (1720cm-1 to 1595cm-1) of the infrared spectra was ana-
lyzed to determine the collagen content [93].  

 

Figure 5.4: In a degenerated (Mankin score: 9) and healthy human cartilage (Mankin 
score: 2) samples depth-dependent proteoglycan (a, b), collagen (c, d), and water (e, 
f) distributions along with CA4+ (g, h) and gadoteridol (i, j) partitions after 10 h of 
contrast agent diffusion (equilibrium not reached yet). 
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In study III, the depth-dependent cartilage water content was determined by 
freeze-drying cartilage sections in a lyophilizer (Christ, Alpha 1-2, B. Braun Biotech 
International, 37520 Osterode, Germany, p = 4.58 mmHg). In the water content 
measurement, the samples initially used in contrast agent diffusion experiments 
were reutilized. Contrast agents from the samples were first washed out by 
immersing the plugs in PBS for 5 days. During immersion, the bath was maintained 
at 4° C, constantly stirred, and the PBS changed every 24 hours. After removing the 
contrast agent, the plugs (n = 15) were then attached (LAMB-OCT, ThermoFisher 
SCIENTIFIC, Waltham, MA, USA) to a metallic sample holder, and placed inside the 
cryomicrotome (Leica CM3050 S, Leica Biosystems, Weltzar, Germany) chamber 
maintained at -21°C. 200 µm thick cartilage sections were cut along the transverse 
plane, and freeze-dried inside a lyophilizer chamber for 48 h. The slices were 
weighed three times, lyophilized and weighed again. The water content was then 
determined by subtracting the average dry and wet weights. 

5.6 ICRS GRADING AND MANKIN SCORING 

In study I, prior to the extraction of the osteochondral plugs, the sample locations 
were graded by an experienced surgeon using the ICRS (International Cartilage 
Repair Society) grading (scale 0 to 4) [94]. For the samples used in studies II and III, 
the severity of OA was evaluated using the Mankin grading system. Four 
independent observers assessed and assigned scores based on the severity of OA 
using the Safranin-O stained sections [95]. Three sections per sample were scored and 
averaged. The scores were based on staining (0 to 4), tidemark integrity (0 to 1), 
abnormality in structure (0 to 6), and cellularity (0 to 3) (Table 1). Finally, the Mankin 
score was determined as an average of the scores assigned by the four observers.  

5.7 STATISTICAL ANALYSIS 

In studies I and II, the relationship between the true and dual-energy CT determined 
I and Gd concentrations in contrast agent mixtures (CA4+ and gadoteridol) was 
analyzed using Pearson’s correlation. In study I, the relationship between cartilage 
contrast agent partitions and the tissue biomechanical moduli was analyzed using 
Spearman’s rho (ρ). In study II, the correlations of contrast agent partitions with the 
histopathological and biomechanical reference parameters were evaluated using 
Pearson’s correlation analysis. In study III, Pearson’s correlation analysis was used 
to examine the depth-wise relationship between contrast agents partition in cartilage 
with its PG, water, and collagen contents. The statistical analyses were conducted 
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using SPSS (v. 23.0 SPSS Inc., IBM Company, Armonk, NY, USA) statistical software. 
In all of the statistical tests, p < 0.05 was set as the limit of statistical significance.  

 

Table 1: Histological and histochemical grading of Safranin-O stained samples using 
Mankin scoring system [95].  

I Structure Grade II Cells Grade 

a Normal 0 a Normal 0 

b Surface irregularities 1 b Diffuse hypercellularity 1 

c Pannus and surface 
irregularities 

2 c Cloning 2 

d Clefts in the transitional zone 3 d Hypocellularity 3 

e Clefts in the radial zone 4 IV Safranin-O staining  

f Clefts in the calcified zone 5 a Normal 0 

g Complete disorganization 6 b Slight reduction 1 

III Tidemark integrity  c Moderate reduction 2 

a Intact 0 d Severe reduction 3 

b Crossed by a blood vessel 1 e No dye noted 4 
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6 RESULTS 

The most important results from the studies are summarized in this chapter. 
Complete results can be found in the original publications attached as appendices to 
this thesis. 

6.1 DUAL-CONTRAST TOMOGRAPHY OF HUMAN ARTICULAR 
CARTILAGE 

In studies I-III, the dual energy technique was first calibrated with measurements of 
contrast agent mixture of known I (CA4+) and Gd (gadoteridol) concentrations. In 
study I, true and the measured I/Gd concentrations were found to be linearly 
correlated (R2 = 0.99). In studies II and III, the true and measured contrast agent 
mixture compositions consisting of gadolinium (8, 12, and 20 mgGd/ml) and iodine 
(0, 10, 20, 30, 40, 50, 60, and 70 mgI/ml) were found to correlate linearly (R2 > 0.97).  

After validation, the technique was employed to determine CA4+ and 
gadoteridol partitions in human osteochondral samples. In study I, the resulting 
partitions (mean ± SD) of CA4+ and gadoteridol in cartilage after 72 h were found to 
be 197.6 ± 28.4% and 66.0 ± 9.2%, respectively. In study II, the CA4+ and gadoteridol 
partitions in cartilage increased from 14.4 ± 8.8% and 10.2 ± 5.6% at 10 min to 344.0 ± 
77.9% and 91.4 ± 9.7% at 72 h, respectively (Figure 6.1). 

 

Figure 6.1: Mean a) CA4+ and b) gadoteridol partitions in cartilage as a function 
of diffusion time.
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The cationic agent’s uptake in the deep cartilage zone was 2.5 times greater than in 
the cartilage surface zone. The depth-dependent CA4+ and gadoteridol partitions 
showed increasing and decreasing trends, respectively.  

In study II, the average CA4+ and gadoteridol concentration maxima were 35 
and 17 mg/ml, respectively. The time required for the CA4+ to reach 63.2% of the 
maximum concentration was 1032 min. After 10-min of contrast agent diffusion, a 
delay of 2 min between image acquisitions at two energies induced an error of 74.4% 
for CA4+ and 23.5% for gadoteridol partitions. After 100-min of contrast agent 
diffusion, the error had become reduced to 6.2% for CA4+ and 2.2% for gadoteridol. 

 

6.2 CAPABILITY OF THE TECHNIQUE TO REVEAL CARTILAGE 
FUNCTIONAL AND STRUCTURAL PROPERTIES 

In study I, the CA4+ partitions in the cartilage were found to correlate significantly 
(ρ = 0.492, P < 0.05) with the equilibrium modulus. After normalization of the CA4+ 
partition with the gadoteridol partition, the correlation with the equilibrium 
modulus decreased (ρ = 0.364, P < 0.05). Upon inspecting the superficial cartilage (500 
µm thick), CA4+ partition after normalization with the gadoteridol partition, a higher 
correlation was revealed (from ρ = 701 to ρ = 795, P < 0.05) with the equilibrium 
modulus. However, the change in correlation after the normalization of CA4+ 
partition with the gadoteridol partition in the superficial and bulk cartilage was not 
statistically significant. In study II, the equilibrium modulus correlated significantly 
with the CA4+ partition, when normalized by the gadoteridol partition (P < 0.01) 
earlier (at 21 h) as compared to non-normalized CA4+ partition (P < 0.004, at 32 h). 
The correlation coefficient between the optical density (i.e., proteoglycan content) 
and the CA4+ partition in bulk cartilage showed an increasing trend as a function of 
the contrast agent’s diffusion time (from R = 0.17 at 1 h to R = 0.70 at 72 h). In the 
superficial 10% of cartilage thickness, the correlation between CA4+ partition and 
OD value (PG content) was found to be significant during the first hour of diffusion. 
Upon inspecting the bulk cartilage, it was evident that the gadoteridol partition, 
normalized CA4+ partition, correlated significantly with OD 4 h earlier (i.e., 6 h after 
immersion) as compared to non-normalized CA4+.  

In study I, normalization of CA4+ partition with the gadoteridol partition 
strengthened the correlation between the CA4+ partition and ICRS grade in full-
thickness cartilage from ρ = -0.385 to ρ = -0.458. In study II, the correlation between 
CA4+ partition in full-thickness cartilage and the Mankin score was improved after 



35 
 

normalization throughout the diffusion (Figure 6.2). Furthermore, the gadoteridol 
partition was found to correlate significantly with the Mankin score until 10 h after 
immersion.  

 

 

Figure 6.2: Pearson’s correlation coefficient (R) between the gadoteridol 
partition normalized CA4+ partition and the non-normalized CA4+ partition 
with histopathological and histochemical grading (Mankin score) of 
osteochondral samples (n = 33). 

 

6.3 EFFECT OF CARTILAGE CONSTITUENTS AND CONTRAST 
AGENT DIFFUSION 

In study III, after 72 h of immersion, the CA4+ concentration maximum (CCA4+ max) 
correlated significantly (R < -0.521, p < 0.04) with the water content in the superficial 
and mid cartilage zones (up to 60% of cartilage depth) (Figure 6.3). At the same 
diffusion time, CCA4+ max correlated significantly with the PG concentration (R > 0.671, 
p < 0.006) in the mid and deep cartilage regions (40-100% of cartilage depth). In bulk 
cartilage, the gadoteridol concentration maximum (CGd max) correlated inversely with 
the collagen content (R < -0.514, p < 0.05), at the 21 h diffusion time-point. However, 
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the correlation with the water content was not statistically significant. At the later 
time-point (72 h), CGd max correlated inversely with the collagen content (R < -0.705, p 
< 0.003) in the superficial 40% of cartilage depth, and correlated positively (R > 0.567, 
p < 0.002) with the PG content from 40% depth until the cartilage-bone interface.  

 

Figure 6.3: Pearson’s correlation coefficient between the mean contrast agent 
partitions and (a) the proteoglycan concentration, (b) the water content, and (c) 
the collagen (amide I) concentration in 20% thick cartilage layers (1 indicates 
cartilage surface and 5 indicates deep cartilage).  

 

The diffusion time for CA4+ and gadoteridol to reach 40% of the cartilage depth 
was comparable. Gadoteridol reached the cartilage-bone interface in 141 ± 83 min, 
and CA4+ in 216 ± 165 min (Figure 6.4). In more degenerated samples (Mankin score > 
5), gadoteridol reached the cartilage-bone interface more rapidly (p = 0.01) than CA4+ 
(111 ± 63 min vs 248 ± 171 min). In less degenerated samples (Mankin Score <= 5), the 
diffusion times were comparable being 179 ± 163 min and 175 ± 95 min.  
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Figure 6.4: Diffusion times for CA4+ and gadoteridol to reach the cartilage bone 
interface in human osteochondral plugs (n = 15). 
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7 DISCUSSION 

In this thesis, a quantitative dual-energy CT (QDECT) technique was developed to 
simultaneously quantify the PG and water contents in articular cartilage. The 
technique is based on the simultaneous diffusion of a cationic and a non-ionic CT 
contrast agent in human articular cartilage. In study I, the technique was developed 
and tested to evaluate the functional properties of human articular cartilage after 
immersion in a contrast agent bath for 72 h. In addition, the sensitivity of the cationic 
agent at near diffusion equilibrium to detect changes in cartilage structural integrity 
was examined when simultaneously used with a non-ionic agent. However, cartilage 
diagnosis in diffusion equilibrium is not possible in clinic as contrast agents undergo 
rapid clearance from the joint capsule after intra-articular administration. Hence, in 
study II, the potential of the technique to probe cartilage composition and structural 
integrity was examined longitudinally throughout diffusion (from 10 min to 72 h). In 
study III, the effect of the cartilage constituents on the simultaneous diffusion of 
cationic and non-ionic contrast agent was examined. 

7.1 QUANTITATIVE DUAL ENERGY CT 

The contrast agent diffusion experiment was conducted on human articular cartilage 
samples after their immersion in the bath mixture of CA4+ and gadoteridol. In study 
I, the partitions of the cationic (CA4+) and the non-ionic agent (gadoteridol) in the 
samples were quantified near to diffusion equilibrium (72 h). In study II, the parti-
tions of CA4+ and gadoteridol in human articular cartilage plugs were determined 
throughout the diffusion process (from 10 min to 72 h, 11 time-points), and more 
importantly, at clinically relevant diffusion time-points (< 1 h). The precise determi-
nation of the contrast agents’ partitions at early time-points was possible due to the 
short image acquisition times. Based on the results from study I and a dual-contrast 
study [1] that had used a clinical CT, the technique was improved by lowering the 
concentration of the contrast agents in study II, while other experimental conditions 
were kept constant. In studies II and III, the dual-energy imaging was performed 
using a microtomography scanner Quantum FX. The image acquisition was faster 
than was possible with the scanner used in study I (Skyscan). With each tube voltage, 
i.e., 90 kV and 50kV, the image acquisition time was 2 min. In QDECT, it is desirable 
to acquire images at two different energies swiftly and simultaneously.  
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7.2 QDECT TO ASSESS CARTILAGE COMPOSITION AND 
MECHANICAL PROPERTIES  

As expected and reported in previous studies, the partitioning of the cationic agent 
was high in the middle and deep cartilage zones, which are rich in PGs [18,96]. 
Conversely, the partitioning of the non-ionic gadoteridol in cartilage reflected the 
depth-dependent decrease in the tissue water content [34,97]. The diffusion of 
electrically neutral agents across articular cartilage is slowed down with increasing 
cartilage tissue depth. This is because there is a gradual increase in the steric 
hindrance as cartilage depth increases due to the denser collagen network along with 
it higher PG concentration [98–100]. As a result of the steric hindrance, the diffusion 
of the non-ionic agent towards the deep cartilage is gradually curbed. Hence, the 
quantification of the non-ionic agent’s partition and the rate of diffusion through the 
tissue provides insights into both the water content and diffusion attributes 
(permeability) of the extracellular matrix surrounding the cartilage, respectively.  

In study I, in line with our hypothesis, normalization of the CA4+ partition with 
gadoteridol partition in cartilage (surface to 500 µm depth) improved the correlation 
with the cartilage equilibrium modulus (Eequilibrium). Eequilibrium correlated significantly 
with both CA4+ and gadoteridol partitions, when normalized according to the CA4+ 
partition. Hence, the partition of cationic agents can provide information on the 
mechanical properties of cartilage. However, CA4+ partition, normalized according 
to the gadoteridol partition, did not reveal a higher correlation with the equilibrium 
modulus in the bulk cartilage, as seen in the surface layer. This could be due to the 
superficial layer controlling the cartilage indentation response [86,101]. In study II, 
normalized and non-normalized CA4+ correlated significantly with the equilibrium 
modulus after 21 and 32 h, respectively. Gadoteridol partition normalized CA4+ 
partition correlated with the instantaneous modulus at a later time-point (32 h). 

In study II, CA4+ partition correlated significantly with the PG content in the 
superficial cartilage (10% of thickness) in the first hour of diffusion. With respect to 
the superficial 20% of the cartilage thickness, the correlation was observed only after 
6 h. When inspecting the bulk cartilage, the correlation with PG content was 
relatively weak at early time-points. This weak correlation is a result of the absence 
of the contrast agents in deep cartilage at early diffusion time-points. In study III, we 
calculated the times required for the agents to reach 20% of the bath concentration in 
the cartilage-bone interface; they were 141 ± 83 min for gadoteridol and 216 ± 165 min 
for CA4+, respectively. In study II, after 10 h of CA4+ diffusion, the correlation with 
PG content was stronger and statistically significant in the bulk cartilage. More 
importantly, the gadoteridol partition, normalized according to the CA4+ partition, 
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revealed a significant correlation with cartilage PG content at the 4 h diffusion time 
point, 6 h earlier as compared to the non-normalized CA4+. Hence, the sensitivity of 
CA4+ partition to detect PG content had been improved after normalization with the 
gadoteridol partition. Theoretically, the improvement due to normalization is 
greatest during the early hours of diffusion when the agent fluxes are at their highest. 

Diffusion of non-ionic agent is governed by the interstitial water content and 
permeability of cartilage [20,29]. Hence, at diffusion equilibrium, the depth-
dependent partition profile of the non-ionic agent should be similar to the depth-
dependent water content in cartilage. In study I, the partition of the non-ionic 
gadoteridol decreased gradually from the articular surface towards the cartilage-
bone interface [1]. Lyophilization in study III revealed that the cartilage water 
content decreased similarly, a finding which has also been reported in previous 
studies [46,102]. In study II, although it was predicted that the gadoteridol partition 
would follow the depth-dependent trend of cartilage water content, it was surprising 
to detect rather high partitions in the deeper zones at later (> 21 h) diffusion time-
points. This may be a result from a high uptake of the cationic agent into deep 
cartilage at later diffusion time-points (>21 h) potentially causing X-ray beam 
hardening which would affect the accuracy of the QDECT technique. This limitation 
is discussed in more detail in section 7.4. 

In study I, normalization with the gadoteridol partition demonstrated a higher 
correlation between the CA4+ partition and the structural integrity of the cartilage 
(ICRS grade). Similarly, in study II, the correlation of CA4+ partition with the 
histopathological-histochemical grade, i.e., the Mankin score was higher throughout 
diffusion, after normalization with the gadoteridol partition. Mankin grading 
provides a comprehensive and detailed estimate of cartilage integrity based on its 
histological structure, Safranin O-staining, cellularity, and tidemark integrity. In 
contrast, ICRS grades are assigned only based on the intactness of the cartilage 
structure, more specifically on the depth of the localized lesion. For instance, the 
assessment of PG content is beyond the scope of ICRS grading. Nonetheless, with 
both standard grading systems, the normalization with gadoteridol partition 
revealed a higher correlation between the cationic agent partition and the changes in 
health condition of the studied cartilage.  

7.3 EFFECT OF CARTILAGE CONSTITUENTS ON DIFFUSION 
OF CONTRAST AGENTS 

We systematically evaluated the effect of the major solid constituents of cartilage, i.e., 
PG and collagen concentrations as well as the interstitial water content on the 
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diffusion of the cationic and non-ionic agents. Based on earlier findings, CA4+ 
diffusion was considered to be governed mostly by cartilage PG content [23,84]. 
However, when correlating the depth-wise PG concentration with the CA4+ partition 
in cartilage, we observed that CA4+ partition in the superficial and middle zone 
(surface - 40% cartilage depth) seemed to be controlled not only by the PG 
concentration but to an even greater extent by the tissue water content. In the middle 
and deep cartilage, i.e., 40% depth to the calcified cartilage layer, the CA4+ partition 
correlated significantly with the PG concentration. The samples showed signs of 
degeneration, as indicated by the Mankin score that ranged from 2 to 9 (n = 15, Mean 
Mankin score = 5.6). Cartilage degeneration generally begins from the surface and 
involves both decreased PG concentrations and an increased water content. These 
degeneration related changes in PG and water contents affect CA4+ diffusion. 
However, there was no correlation between the collagen concentration and CA4+ 
partition indicating that they exerted no direct effect on the diffusion of the cationic 
agent. 

 The depth-wise gadoteridol partition profiles resembled the water content 
distribution [20,29]. However, the depth-dependent relationship between the 
cartilage water content and gadoteridol partition did not reach statistical 
significance. At the 21 h diffusion time-point, gadoteridol partition correlated 
significantly and inversely with the concentration of the major solid constituent of 
cartilage i.e., collagen. The collagen and proteoglycan network interacts in cartilage 
to form a fiber-reinforced composite [103]. This interaction provides compressive 
stiffness, Donnan osmotic pressure, and regulates cartilage pore size and hydraulic 
permeability [1]. Any fibrillation of the collagen structure alters the permeability of 
cartilage and offers less resistance to the diffusion of non-ionic agents inside cartilage.  

The present results demonstrate that the OA related degradation of cartilage and 
the associated compositional variations not only affect the contrast agents’ partitions 
but also influences their diffusion rates. The diffusion of the agents in cartilage is 
non-uniform throughout, and the time for CA4+ to reach 20% partition in the deep 
cartilage was longer compared to that of gadoteridol. We infer this might be due to 
the summation of multiple factors such as the larger molecular size, multivalent 
electrostatic interactions between CA4+ and PGs as a function of tissue depth, and 
the reduced PG concentration in the superficial zone offering less electrostatic 
attraction. The time for CA4+ partition to reach 20% of the bath concentration in 
cartilage-bone interface was double the time required by gadoteridol in more 
degenerated cartilage (Mankin score > 5). However, in relatively intact samples 
(Mankin score ≤ 5), the diffusion times of both the agents were comparable.  
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In study I, the bath concentration of CA4+ was ~2.5 times the concentration used 
in study II. In studies I and II, after 72 h of immersion, the cationic agents (CA4+) 
partition was nearly three and five times that of the non-ionic agent, gadoteridol, 
respectively. It is known that as the concentration of the bath agent increases, the 
partition of a cationic agent in cartilage decreases in a non-linear manner [27,30,80]. 
Hence, the partition of cationic agents in cartilage is inversely proportional to the 
agent’s concentration in the bath. A dual-contrast study requires that image 
acquisition is conducted with two X-ray energies (i.e., two tube voltages). In study I, 
the total image acquisition time with the microtomography scanner (Skyscan 1172, 
Skyscan, Kontich, Belgium) was 28 min. This lengthy image acquisition time of the 
system limited the ability of the technique to precisely quantify I (CA4+) and Gd 
(gadoteridol) in cartilage before the diffusion equilibrium [80]. This is due to the 
dynamic change in the depth-wise distribution and partition of contrast agent in 
cartilage until diffusion equilibrium. Thus, in study I, the QDECT technique was 
applied to evaluate the partition of both a cationic and a non–ionic agent in cartilage 
near to the diffusion equilibrium, i.e., after 72 h of immersion in the contrast agent 
bath [31,80]. The summary of the main findings and conclusions of the studies are 
presented in (Figure 7.1).  

At clinically relevant diffusion time-points, contrast agent fluxes in cartilage are 
high, and even a difference of 2 min between the scans results in inaccuracies in the 
depth-wise quantification of the agent partitions. The error in contrast agent 
quantification due to the delay in imaging between two X-ray tube voltages was 
evaluated using numerical simulations. These simulations revealed that an increase 
in time between the acquisitions resulted in a higher error of the determined contrast 
agent partition values. The relative error was higher at the early diffusion time-
points, and more for CA4+ than encountered with gadoteridol throughout diffusion. 
This was expected as the diffusion flux of CA4+ is higher [7,20,75]. Hence, image 
acquisition time is an important factor to be considered while planning a dual-
contrast study.  
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Figure 7.1: Summary of the main findings and conclusions. 

 

7.4 LIMITATIONS 

The studies in this thesis are affected by certain limitations that need to be addressed; 
first, they were designed based on the availability of the human articular cartilage 

Study I 
The dual-contrast technique is applicable for the diagnosis of cartilage 
conditions at diffusion equilibrium.  
• QDECT enabled the simultaneous determination of the distribution of I-

and Gd-based contrast agents in cartilage. 
• The sensitivity of the cationic contrast agent to detect changes in cartilage 

biomechanical properties was improved by simultaneously using it with 
a non-ionic agent. 

 

Study II 
The technique allows the diagnosis of cartilage conditions at clinically 

relevant time points.  
• QDECT was applicable in all phases of contrast agent diffusion, and 

most importantly, in clinically relevant imaging time points. 
• The technique improved the sensitivity of the cationic agent to detect 

changes in cartilage histopathological status throughout diffusion, al-
lowing swifter determination of cartilage integrity. 

 

Study III 
• In superficial-mid cartilage, cationic agents’ partition correlated with the 

tissue water content, whereas in the deep cartilage, it correlated with the 
PG concentration.  

• Throughout cartilage, the non-ionic agents’ partition correlated in-
versely with the tissue collagen concentration.  

• Cartilage degeneration substantially decreased the time for the non-ionic 
agent to reach the cartilage-bone interface, while the opposite was the 
case with the cationic contrast agent.   
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samples. The samples were extracted from femur and tibia from a limited number of 
available cadavers (study I: N = 2, n = 57, study II: N = 4, n = 33, study III: N = 4, n = 
15), with varying degrees of degeneration. Acquiring osteochondral samples from a 
higher number of cadavers would have improved the reliability of the conclusions. 
The plugs (d = 8 mm) were cut into two halves to make it possible to conduct the 
diffusion experiment and the reference measurements separately. This might have 
introduced an error when comparing the contrast agent partition in cartilage to the 
histological and spectroscopic measurements in the separate halves. However, we 
consider this source of error to be minimal, as the regions are adjoining, and the 
samples appeared visually homogeneous in both halved plugs.  

In all of the studies, the samples were immersed in a contrast agent bath 
maintained at 4° C. The temperature was chosen to limit the degeneration of the 
samples and to inhibit bacterial and fungal growth during the long immersion hours. 
However, if one considers the clinical application of the agents inside the human 
body, then diffusion takes place at a higher temperature (i.e., 37° C). In study II, the 
diffusion time constant of the cationic agent CA4+ in human cartilage samples was τ 
= 1032 min. Studies conducted at room temperature on bovine knee and human 
metacarpal cartilage samples with CA4+ have reported enhanced diffusion time 
constants of τ = 104.4 min (equilibrium time = 25 h) and τ = 130 min (equilibrium time = 
14 h), respectively [75,104]. The diffusion equilibrium times and τ reported in these 
studies were shorter than the equilibrium time reported in a separate study using a 
smaller cationic agent CA2+ (686 g/mol, equilibrium time = 35.8 ± 6.5 h)[84]. Other 
influencing factors include,  

(a) the difference in thicknesses and age of bovine (Age = 1-2 years) and human 
cartilage (Mean age = 71.25 ± 5.18,), and 

(b) thinner human metacarpal cartilage (Thickness = 0.6-0.9 mm) compared to 
knee joint cartilage (Thickness = 2.56 mm) [104,105]. 

(c) the cyanoacrylate sealing of the edges allowed diffusion to take place only 
through the surface of the samples in study II, as in physiological conditions 
in contrast to the published study [75].  

Hence, higher temperatures would promote faster contrast agent diffusion and are 
therefore expected to expedite the assessment of cartilage integrity [29]. Further, the 
results from the current studies show the uptake of the cationic agent in cartilage 
would continue beyond 72 h time-point. When designing the experiment, the immer-
sion time of 72h was deemed sufficient for CA4+ to reach diffusion equilibrium based 
on a previous work [11]. However, CA4+ did not reach diffusion equilibrium. This is 
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acknowledged as a limitation of the study. However, longer immersion times could 
have jeopardized the integrity of the tissue due to possible proteolytic degeneration.  

In studies II and III, gadoteridol partition in cartilage reached equilibrium before 
the 21 h diffusion time-point. After 21 h, unrealistic gadoteridol partition profiles 
were observed in the deep cartilage. At the 72 h time-point, gadoteridol correlated 
with the PG concentration, which was not observed at 21 h diffusion time-points. 
Furthermore, at 72 h the correlation observed earlier (at 21 h) with the collagen 
concentration was lost in the deeper cartilage layers. At the 21 h imaging time point, 
the partition of gadoteridol showed an unexpected increase from the surface towards 
the cartilage-bone interface. Conversely, gadoteridol should diffuse into cartilage 
according to the tissue water content, i.e., gradually decreasing from the surface to 
the cartilage bone interface [1,20]. The unexpected partitioning of gadoteridol in the 
mid- and deep-cartilage zones might have resulted from the high diffusion flux of 
the cationic agent (CA4+) [106–108]. Another possibility was that the high 
gadoteridol partition resulted from the X-ray beam hardening. The high gadoteridol 
partition was seen only at later diffusion time-points (> 21 h) in the mid- and deep 
cartilage zones with a high concentration of CA4+. However, when examining the 
contrast agent phantoms with concentrations similar to the concentrations measured 
in cartilage at 72 h diffusion time-point, there were no visible signs of X-ray beam 
hardening. The findings of these high gadoteridol partitions observed only at later 
diffusion time-points will require further investigation and should be considered 
when planning future dual-contrast experiments involving imaging at diffusion 
equilibrium. 

7.5 CLINICAL APPLICATION OF QDECT AND FUTURE 
RESEARCH DIRECTIONS 

Diffusion is a dynamic process, and the depth-wise concentration of the agents in 
cartilage changes continuously until equilibrium. The change is most profound 
during the early hours of diffusion when the concentration gradient is high between 
the contrast agent bath and cartilage. Scan time does not pose a problem in diffusion 
equilibrium when there is no longer any change in the depth-dependent 
concentration of the agents. However, imaging at diffusion equilibrium is not 
clinically feasible. Physiological excretory mechanisms will be active in removing the 
agent from the body. Hence, the clinical application of the dual-contrast technique 
would require that imaging should be performed simultaneously and 
instantaneously, e.g. during the first hour after contrast agent administration [24].  
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In this study, prior to the determination of contrast agent partitions, the X-ray 
attenuation of the native cartilage was subtracted from the attenuation of the 
contrast-enhanced cartilage. This requires the performance of two dual-energy CT 
scans, and this could be a problem for clinical application as the patient would be 
exposed to more ionizing radiation. Further, image co-registration and subtraction is 
required. Hence, if one wishes to avoid image subtraction and to minimize patient 
dose, the technique should be tailored to function with a single dual-energy CT scan. 
The technique requires the simultaneous administration of two contrast agents. 
Gadoteridol is widely used in clinics, and the incidence of acute adverse reactions 
has been reported to be low [109]. A preliminary study on the safety of CA4+ has 
been conducted in vivo [75,96]. However, the safety implications when the agents are 
combined should be addressed. 

The technique requires further research before its adaptation to the clinic can be 
realized. The next step forward is to employ the technique on animal/cadaver joints 
ex vivo using a clinical CT protocol. Application of the technique in vivo would re-
quire optimizing and establishing imaging protocols, such as the concentration of the 
agents to be used, joint movement, and acquisition time point after administering the 
agents. In vivo imaging requires intraarticular administration of contrast agents, and 
owing to their small molecular size, the agents undergo rapid clearance from the joint 
capsule. Fortunately, delayed-CECT imaging in vivo is possible when performed 
within the first hour after contrast agent administration [24]. Hence, the image acqui-
sition time point after administering the contrast agents is key for accurate joint di-
agnostics while minimizing the amount and concentration of used agents. The pre-
sented topics need to be addressed in future dual-contrast imaging in vivo.   
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8 SUMMARY AND CONCLUSIONS 

 
The main findings of the study are summarized as follows: 

1. The QDECT technique is applicable in articular cartilage and enables the 
simultaneous determination of the partitions of iodine and gadolinium-
based contrast agents.  

2. The technique provides, for the first time, simultaneous information on 
depth-dependent cartilage PG and water contents. 

3. The technique improves the diagnostic sensitivity of a cationic contrast 
agent when probing changes in cartilage histopathological and 
biomechanical status. 

4. In degenerated cartilage, the diffusion of a cationic contrast agent in the 
superficial and middle cartilage zones is dependent not only on the PG 
content but to a greater extent also on the water content. 

5. With degeneration, the diffusion rate of the cationic agent decreases, 
whereas the diffusion rate of the non-ionic agent increases.  

6. The diffusion of the non-ionic contrast agent, gadoteridol, is significantly 
influenced by the cartilage collagen concentration. 
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Abstract

Cationic computed tomography contrast agents are more sensitive for detecting

cartilage degeneration than anionic or non‐ionic agents. However, osteoarthritis‐
related loss of proteoglycans and increase in water content contrarily affect the

diffusion of cationic contrast agents, limiting their sensitivity. The quantitative dual‐
energy computed tomography technique allows the simultaneous determination of

the partitions of iodine‐based cationic (CA4+) and gadolinium‐based non‐ionic (ga-

doteridol) agents in cartilage at diffusion equilibrium. Normalizing the cationic agent

partition at diffusion equilibrium with that of the non‐ionic agent improves diag-

nostic sensitivity. We hypothesize that this sensitivity improvement is also promi-

nent during early diffusion time points and that the technique is applicable during

contrast agent diffusion. To investigate the validity of this hypothesis, osteochondral

plugs (d = 8mm, N = 33), extracted from human cadaver (n = 4) knee joints, were

immersed in a contrast agent bath (a mixture of CA4+ and gadoteridol) and imaged

using the technique at multiple time points until diffusion equilibrium. Biomechanical

testing and histological analysis were conducted for reference. Quantitative dual‐
energy computed tomography technique enabled earlier determination of cartilage

proteoglycan content over single contrast. The correlation coefficient between hu-

man articular cartilage proteoglycan content and CA4+ partition increased with the

contrast agent diffusion time. Gadoteridol normalized CA4+ partition correlated

significantly (P < .05) with Mankin score at all time points and with proteoglycan

content after 4 hours. The technique is applicable during diffusion, and normal-

ization with gadoteridol partition improves the sensitivity of the CA4+ contrast

agent.

K E YWORD S

biomechanics, cartilage, cationic contrast agent, contrast‐enhanced computed tomography,

dual‐energy CT
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1 | INTRODUCTION

As a consequence of instantaneous impact (eg, related to sports ac-

cident), articular cartilage can become injured, leading to the devel-

opment of post‐traumatic osteoarthritis (PTOA).1 Erosion of articular

cartilage, bone remodeling, and joint inflammation are the major

characteristic features of osteoarthritis (OA).2 Often, only in ad-

vanced stages of the disease patients experience symptoms, such as

pain and limited mobility. Therefore, PTOA is often diagnosed after

irreversible damage to the cartilage has already occurred, limiting

any possibility of early intervention. Early detection of cartilage da-

mage could enable pharmaceutical or surgical interventions for pre-

venting the progression of OA.3,4 Early OA is characterized by loss of

proteoglycans (PGs), leading to decreased cartilage fixed charge

density, lower swelling pressure, and subsequently reduced matrix

stiffness.5 Fibrillation, due to collagen network disruption, also leads

to decreased stiffness and increased tissue deformation under phy-

siological loading predisposing the tissue to further degeneration.6

Today's medical imaging modalities provide multiple methods on

how to quantify OA. However, they all suffer from limitations. Ultra-

sonography provides real‐time image acquisition cost‐effectively. How-
ever, the challenge in achieving perpendicularity between the ultrasound

beam angle and the naturally curving cartilage surface limits accurate

diagnosis.7 Magnetic resonance imaging (MRI) is great for soft tissues (eg,

cartilage), but it suffers from relatively long scan times and high costs.8

Computed tomography (CT) imaging is substantially more accessible and

affordable, and the image acquisition is swift, and the resolution superior

to MRI. Further, significant advancement has been achieved with dose

optimization techniques and imaging strategies in CT to reduce the ra-

diation doses involved.9,10 However, poor soft‐tissue contrast prevents

separating native cartilage tissue from the surrounding synovial fluid, and,

thus, requires the use of contrast agents.11,12

Delayed contrast‐enhanced CT (CECT) has been applied for ima-

ging human articular cartilage in vivo to assess tissue morphology and

composition.13 The diagnosis is based on the evaluation of an anionic

contrast agent distribution within cartilage after intra‐articular admin-

istration. Recently, a cationic CT agent was introduced.14‐16 Cartilage

fixed negative charge, created by PGs, provides strong electrostatic

attraction to cationic agents. These distribute inside the cartilage in

direct relation to the cartilage PG content.17 For this reason, cationic

agents offer a more sensitive technique for diagnosing the distribution

of PGs in cartilage compared with conventional anionic agents.15,18‐20

Higher uptake of the cationic agents in cartilage provides higher X‐ray
attenuation and improves contrast allowing better visualization of PG

distribution and its variation within cartilage. Thus, the detection of

subtle changes in PG content is possible at different stages of cartilage

degeneration.16,17 Contrast agents diffusion in early time points is fast,

especially in degenerated cartilage, due to increased permeability. The

uptake of a cationic agent depends both on the electrostatic attraction

between the positively charged molecule and the negative fixed charge

in cartilage, and the passive diffusion controlled by cartilage water

content and permeability.21 Thus, in degenerated cartilage, the uptake

of the cationic agent is simultaneously reduced due to the decrease of

negatively charged PGs, and enhanced due to the increase in perme-

ability and water content. These opposite effects limit the diagnostic

effectiveness of the cationic agents, especially in the first hours of dif-

fusion, which is vital for the clinical feasibility of the agent. After intra‐
articular administration, contrast agents diffuse into cartilage, while si-

multaneously, the body clears out the agent from the joint cavity,

lowering the concentration as time progresses. The concentration of

anionic ioxaglate in joint cavity has been reported to be adequate for

delayed‐CECT until 2 hours after the administration, while the agent

concentration in patellar and femoral cartilage reached the maximum

30 and 60minutes after the administration, respectively.13 The molar

concentration of cationic and non‐ionic agents in cartilage increases

faster compared with an anionic agent.19,22 Thus, considering the dif-

fusion in cartilage and the clearing out of the contrast agents from the

joint cavity, the 30 to 60minutes imaging time window could be clini-

cally feasible for the application of both cationic and non‐ionic agents.

Contrast agent partition in cartilage is quantified as a ratio of

contrast agent‐induced X‐ray attenuation in the cartilage relative to

the attenuation in the bath.23 Normalization (division) of an iodine‐
based cationic agent (CA4+) partition with an electrically neutral

gadolinium‐based agent (gadoteridol) partition improved the sensi-

tivity of CA4+ to probe cartilage PG content after 72 hours of

diffusion.24,25 Because water content and permeability of cartilage

control the diffusion of the non‐ionic gadoteridol the normalization

minimizes the effect of these factors on the diffusion of the cationic

agent.25,26 In early diffusion time points, contrast agent diffusion flux

is high.15,22 Further, the agent fluxes are even higher in a de-

generated cartilage due to loss of collagen network integrity and

reduced PG, resulting in increased permeability.12,25 Considering

this, we hypothesize that the improvement in the sensitivity of the

cationic agent after normalization is even more substantial in a de-

generated cartilage at early time points. Here we study the diffusion

of the agents at clinically relevant time points (<1 hour after contrast

agent administration) and at later diffusion time points close to dif-

fusion equilibrium. Further, we examine the validity of the hypothesis

by evaluating the sensitivity of normalized CA4+ partition to reflect

variation in histopathological and biomechanical properties of human

articular cartilage samples. Improvement in the sensitivity of the

cationic agent would enable early detection of minor injuries and

lesions, allowing timely selection of treatment, thus reducing the risk

for PTOA. This quantitative technique is based on the simultaneous

diffusion of two contrast agents (iodine‐based CA4+ and gadolinium‐
based gadoteridol) into cartilage. Accurate simultaneous quantifica-

tion of concentrations of two contrast agents using single X‐ray tube

voltage is not possible, as X‐ray attenuation of both agents con-

tributes to the attenuation. Hence, as iodine and gadolinium have

different x‐ray attenuation properties as a function of energy imaging

with two separate X‐ray tube voltages allows quantitative determi-

nation of the concentration of the elements in the mix. Determining

the concentration of CA4+ and gadoteridol in cartilage is possible by

using the Beer‐Lambert law and Bragg's additive rule for mixtures as

described in literature24‐26 and also in the materials and methods

chapter of this paper. As the contrast agents are constantly diffusing
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in cartilage during a scan, CT acquisition at two different X‐ray tube

voltages must be nearly instantaneous for accurate determination of

contrast agent tissue partition. In this study, we also quantify the

error in the partition of the contrast agents arising from the ongoing

diffusion in the cartilage when the imaging is performed separately

with two X‐ray tube voltages.

2 | MATERIALS AND METHODS

2.1 | Sample extraction and preparation

Human osteochondral plugs (N=33, d=8mm) were extracted from the

lateral and medial tibial plateaus and femoral condyles in left and right

knee joints of human cadavers (n= 4, mean age =71.25± 5.18 years).27‐29

The Research Committee of the Northern Savo Hospital District granted

a favorable opinion on collecting the human tissue (Kuopio University

Hospital, Kuopio, Finland, Decision numbers: 134/2015 and58/2013).

The samples were stored frozen in phosphate‐buffered saline

(PBS; −22°C).

2.2 | Biomechanical measurements

Samples were thawed at room temperature. A custom‐made, high

precision material testing device (resolution: 0.1 µm, 0.005N, PM500‐1
A; Newport, Irvine, CA) was employed for biomechanical testing of the

osteochondral plugs.30 Measurement setup schematics are included in

the supplementary material (Figure S6). During the test, the plugs were

immersed in PBS containing inhibitors of proteolytic enzymes (5mM

EDTA, VWR International, and 5mM benzamidine hydrochloride hy-

drate [Sigma‐Aldrich Inc, St. Louis, MO]). A flat‐ended metallic indenter

(d = 728 µm [n =20] or d = 667 µm [n =13]) was driven in perpendicular

contact with the articular surface. During the experiments, the tip of the

indenter was accidentally damaged, and we had to continue the ex-

periment with a spare indenter. The new indenter tip diameter was

slightly different from the damaged indenter. However, the difference in

the diameter is accounted for in the determination of the moduli

values along Hayes et al.,31 A pre‐stress of 12.5 kPa defined the

contact.32 Based on literature, the Poisson ratios were set to

ν = (0.3(Tibia), 0.2(Femur)) for Eequilibrium and ν= 0.5 for Einstantaneous.
33,34

The plugs were then again frozen, cut to two halves, and stored in a

freezer (−22°C). One half was thawed for contrast‐enhanced microCT

imaging experiment, and the other half was prepared for reference

histological analyses.

2.3 | MicroCT imaging

The dual‐energy microCT set‐up was tested and validated by quan-

tifying iodine (I) and gadolinium (Gd) contents in phantoms with

known contrast agent mixtures consisting of gadoteridol (20, 12, and

8mgGd/mL) and CA4+ (0, 10, 20, 30, 40, 50, 60, and 70mgL/mL).

Calibration curves and the measurement setup are presented in the

supplementary material (Figures S7, S8, and S9). The edges of the

osteochondral samples were sealed using cyanoacrylate (Super glue

Precision, Loctite, Düsseldorf, Germany) to allow the contrast agent

diffusion only through the articulating surface. Before the immersion

in contrast agent bath, the plugs were imaged with a high‐resolution
microCT scanner (Quantum FX, Perkin Elmer) with an isotropic voxel

size of 40 × 40 × 40 µm and using a 20 × 20mm field of view.

Three samples were arranged in a sample holder and immersed

in a contrast agent bath (15 ml) comprised of iodine‐based
CA4+ (5,5′‐(malonylbis(azanediyl))bis(N1,N3‐bis(2‐aminoethyl)−2,4,6‐
triiodoisophthalamide, q = +4, M = 1499.88 g/mol) and gadolinium‐
based gadoteridol (Prohance; Bracco International B. V., Amsterdam,

Netherlands, q = 0, M = 559 g/mol) diluted in PBS. The expected

partitions of the contrast agents in cartilage were accounted for

when designing the concentration to use for the bath, to achieve a

similar relative contribution to X‐ray attenuation at tube voltages of

50 and 90 kVp.22,26,35 By doing so, the optimum signal to noise ratio

was achieved while limiting excessive beam hardening and photon

starvation artifacts. Based on these considerations 10mgI/mL (CA4+)

and 20mgGd/mL (gadoteridol) were selected for the immersion bath.

To prevent degradation of the samples, proteolytic inhibitors, 5 mM

of ethylenediaminetetraacetic acid (EDTA, VWR International,

France), 5 mM of benzamidine hydrochloride hydrate (Sigma‐Aldrich
Inc), and penicillin‐streptomycin‐amphotericin (Antibiotic Anti-

mycotic solution, stabilized; Sigma‐Aldrich Inc) were added to the

bath. The samples were imaged using the Quantum FX microCT

scanner at the following diffusion time points: 10minutes,

30minutes, 1, 2, 3, 4, 6, 10, 21, 32, 50, 72 hours. The osmolality of the

contrast agent bath was 297mOsm/kg measured using a commercial

osmometer (Advanced Model 3320 micro‐osmometer; Advanced

Instruments, MA). The contrast agent bath was gently stirred

throughout the immersion of the samples. The stirring assembly was

placed inside a refrigerator (4°C) to preserve the cartilage and pre-

vent bacterial and fungal growth. For microCT imaging, the samples

were removed from the bath, gently blotted on the edges with

blotting paper, and placed inside a humidified plastic tube. Scanning

was performed using two X‐ray energies (tube voltages of 90 and

50 kVp). Gd and I have well‐separated K‐absorption edges of

50.2 and 33.1 keV, respectively. When using a 50 kVp tube voltage,

the maximum fraction of the spectrum was selected to be between

the K‐edges of I and Gd to maximize the ratio of X‐ray absorption

caused by I and Gd (µI/µGd). Similarly, when using 90 kVp, the max-

imum fraction of the spectrum was selected to be above 50 kVp to

maximize the µGd/µI ratio (Figure S10). The tube current (0.2 mA) was

set to the maximum value allowed by the manufacturer to improve

the signal to noise ratio. Immediately after imaging, the samples were

placed back into the contrast agent bath. The image acquisition time

with each tube voltage was approximately 2minute. Due to a human

error, three samples were imaged twice using the same tube voltage

at 1 hour diffusion time point. Thus, the partition results for those

samples could not be calculated, and the 1 hour time point results of

those samples have been excluded.
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2.4 | Image analysis

The concentrations of iodine (CI) and gadolinium‐based (CGd) contrast

agents in cartilage were resolved based on Beer‐Lambert law and

Bragg's additive rule of mixtures:

= +( ) ( )C C ,E E EI I Gd Gdα μ μ (1)

where α is X‐ray attenuation in a medium at energy E (tube voltages

of 90 and 50 kVp) as,

= −
−

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

CI
90kV Gd 50kV 50kV Gd 90kV

I 90kV Gd 50kV I 50kV Gd 90kV

α μ α μ
μ μ μ μ

(2)

= −
−

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

C .Gd
90kV I 50kV 50kV I 90kV

Gd 90kV I 50kV Gd 50kV I 90kV

α μ α μ
μ μ μ μ

(3)

The mass attenuation coefficients for CA4+ (µI,E) and gadoteridol

(µGd,E) were determined at both energies by imaging series of con-

trast agent solutions with known I and Gd concentrations in distilled

water, respectively. Segmentation of the articulating surface and

bone‐cartilage interface was done using Seg3D software (vs.

2.4.0; The University of Utah, Salt Lake City, UT). The volume of

interest was defined to be 2800 × 2000 µm × cartilage thickness. The

X‐ray attenuation profiles from the surface to deep cartilage were

extracted using Matlab (R2016b; The Mathworks Inc, Natick, MA). To

avoid partial volume effect arising from background and irregular and

undulating surface, and cartilage‐bone interface, 3% and 5% of car-

tilage thickness from the articular surface and cartilage‐bone inter-

face, respectively, was excluded from the attenuation profiles. X‐ray
attenuation profiles of the cartilage before immersion in contrast

agent bath were subtracted from the contrast‐enhanced cartilage

profiles to obtain depth‐wise attenuation profiles induced only by the

contrast agents. Concentration profiles of I and Gd from the surface

to the deep cartilage were calculated using Equations 2 and 3,

respectively.

2.5 | Histological analysis and Mankin scoring

The osteochondral samples were decalcified in EDTA. Following de-

hydration, the EDTA decalcified samples were embedded in paraffin

to be cut into 3 µm thick sections from the center of the plug along

the coronal plane (from articulating surface to the cartilage‐bone
interface). After removing the paraffin, the cut sections were stained

with Safranin‐O.36 Optical density (OD) of the staining in each sec-

tion was determined by applying quantitative digital densito-

metry technique using a light microscope (Nikon Microphot‐FXA,
Nikon Co, Japan) equipped with a 12‐bit CCD camera (ORCA‐
ER; Hamamatsu Photonics K.K., Japan). For each cartilage sample,

three histological sections were measured. The depth‐wise OD pro-

files of the sections were then normalized to the length of 100 points

and averaged. Before the measurements, the system was calibrated

using neutral density filters (Advanced Optics SCHOTT AG, Mainz,

Germany) with OD range between 0 (low) and 3 (high).

Four independent observers (M. Honkanen, R. Shaikh, N. Hänninen,

M. Prakash) assessed and assigned histopathological Mankin scoring

based on the severity of OA using the Safranin‐O stained sections.37

Mankin score characterizes cartilage based on staining (0‐4), tidemark

integrity (0‐1), abnormality in structure (0‐6), and cellularity (0‐3). Intact
cartilage is assigned score 0, and a severely degenerated sample is

scored 14. Mankin scores were calculated by averaging the scores of

three sections per sample.

2.6 | Error simulation

Error in contrast agent concentrations arising from the progressing

diffusion during the time between image acquisitions with two X‐ray
tube voltages (90 and 50 kVp) was studied using a numerical simu-

lation. To describe the contrast agents diffusion in cartilage, equation

C = Cmax × [1 – exp(−t/τ)] was fitted to the experimental data (all the

samples in the present study), where C represents I and Gd con-

centrations in mgI/ml and mgGd/ml, respectively, t is the diffusion

time (minutes) and τ is the time required to reach 63.2% of the

maximum concentration (Cmax).
15 The error simulation was im-

plemented in steps, as follows:

Step 1. Fitting was done for each sample individually, after which

a mean of the parameters (Cmax vs τ) for both contrast agents was

calculated (Figure 1).

Step 2. Using equation 1, X‐ray attenuation was simulated with

both tube voltages, based on the contrast agent concentrations ob-

tained from the fit (step 1). This was done with varying time (2, 5, 10,

15, 30, 45, and 60minutes) between acquisitions with the 90 and

50 kVp tube voltages. This was done for all the diffusion time points

until diffusion equilibrium (72 hours).

Step 3. Using the simulated data gathered in step 2, concentra-

tions of the contrast agents were calculated (Equations 2 and 3).

Step 4. The simulated concentration values were then compared

with the true concentration values (from the fit) to get the relative

error, as illustrated in Figure 5.

2.7 | Statistical analysis

The statistical analyses were conducted using SPSS (v. 23.0 SPSS

Inc; IBM Company, Armonk, NY) statistical software. The reliability in

the Mankin scoring between the raters was evaluated by determining

the Interclass Correlation coefficient. Shapiro‐Wilk test showed the

sample data to follow the normal distribution. Therefore, the corre-

lations of contrast agent partitions with histopathological and bio-

mechanical reference parameters were evaluated using a parametric

test (Pearson's correlation analysis) within a selected cartilage re-

gion. For all statistical tests, P < .05 was set as the limit of statistical

significance.
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3 | RESULTS

The CA4+ and gadoteridol partitions in cartilage increased from

14.4% ± 8.8% and 10.2% ± 5.6% at 10minutes to 344.0%± 77.9% and

91.4% ± 9.7% at 72 hours, respectively (Figures 1 and S11). The

average Cmax was 35 and 17mg/mL, and τ was 1032 and 244minutes,

for the iodine (CA4+) and gadolinium (gadoteridol) in the cartilage,

respectively. At 72 hours, the uptake of CA4+ was 2.5 times greater in

deep cartilage compared with the superficial cartilage (Figure 2). The

correlation coefficients between the Mankin score and CA+ partition

of the full‐thickness cartilage increased at all the diffusion time points

after normalizing with the partition of the non‐ionic gadoteridol

(Figure 3). The Mankin score correlated significantly with gadoteridol

partition from 10minutes to 10 hours after the start of the immersion

in contrast agent mix. The mean OD and thickness values of the

cartilage samples were 1.07 ± 0.26 AU (min, 0.43; max, 1.47 AU), and

2.42 ± 0.68 mm (min, 1.01; max, 4.35mm), respectively (Figure S12).

The correlation coefficient between OD and CA4+ partition increased

with the contrast agent diffusion time (Figure 4A). The correlation was

significant in the earliest time points for the superficial 10% of carti-

lage (P < .029). The equilibrium modulus correlated significantly with

the normalized CA4+ partition after 21 hours of diffusion (P < .014)

and CA4+ partition after 32 hours of diffusion (P < .004) (Table 1).

Based on the error simulation, a 2‐minute delay between the acqui-

sitions at the 10‐minute diffusion time point would result in 74.4% and

23.5% relative error in determined CA4+ and gadoteridol partitions

(Figure 5). At the 100‐minute time point, the errors were 6.2% and

2.2% for CA4+ and gadoteridol, respectively. The mean Mankin score

of all the samples was 6.27 ± 1.27 (min, 2; max, 9). The mean equili-

brium modulus value for the samples was 0.26 ± 0.32MPa (min, 0.01;

F IGURE 1 Full thickness cartilage concentration of (A) gadoteridol (gadolinium) and (B) CA4+ (iodine) presented as a function of diffusion
time, CGd = 17mg/mL (1‐exp(‐t/244minute)) and CI = 35mg/mL (1‐exp(‐t/1032minute)), respectively [Color figure can be viewed at

wileyonlinelibrary.com]

(A) (B)

F IGURE 2 Mean contrast agent partition
profiles in cartilage (N = 33, at 1 hour time

point N = 30) in different diffusion time points;
(A) Cationic iodine‐based (CA4+) and (B) non‐
ionic gadolinium‐based (gadoteridol) contrast

agents. Cartilage (mean ± SD thickness
2.42 ± 0.68mm) surface is denoted with 0 and
cartilage‐bone interface with 1

2234 | BHATTARAI ET AL.



max, 1.49 MPa). The inter‐rater reliability in the Mankin score was

high (Inter‐observer correlation = 0.93, P < .01). The Kruskal‐Wallis

test revealed no difference (P > .79) in the equilibrium modulus values

0.27 ± 0.36 and 0.25 ± 0.25 between the samples measured with

indenters having tip diameters of 667 and 728 µm, respectively.

4 | DISCUSSION

In this ex vivo study, simultaneous diffusion of two contrast agents

(CA4+ and gadoteridol) into cartilage was evaluated using a microCT

scanner at multiple time points to probe cartilage composition and

structural integrity. Normalization of the CA4+ partition with that of

the gadoteridol improved the correlation with the Mankin score at all

time points (Figure 3). Assessing cartilage structural integrity using

only cationic agents at early time points is challenging as the uptake

is comparably high in both intact and degenerated cartilage, due to

high PG content, and increased permeability, respectively. This limits

the sensitivity of cationic agents to quantify reduced PG content

especially during the early points of contrast agent diffusion. Nor-

malizing the CA4+ partition with that of gadoteridol improves its

sensitivity to detect PG content. In this study, a similar effect is seen

between CA4+ and PG content where the normalization with gado-

teridol partition reveals a significant correlation six hours earlier,

beginning at the 4‐hour diffusion time point (Figure 4B).

During very early diffusion (<1 hour time points), the CA4+ sig-

nificantly correlates with PG content (ie, OD, P < .05) in the super-

ficial zone (10% of the cartilage thickness) (Figure 4A). Upon

inspecting the first 20% of cartilage thickness, the correlation starts

to be significant only after 6 hours of diffusion. In this zone,

the normalization does not improve correlation with PG content

(Table S1). This is likely due to the partial volume effect. In the full

thickness cartilage, the correlation with PG content is relatively weak

at early time points. However, with the diffusion of CA4+ into deep

cartilage, the correlation becomes stronger and is significant (P < .05)

after 10 hours of diffusion. The partition of CA4+ increases towards

the deep cartilage at later diffusion time points (Figure 2). This is due

to the increased electrostatic attraction, resulting from high PG

content in the deep cartilage (Figure S13).38,39 Concurrently, the

water content in cartilage decreases towards the cartilage‐bone
interface.5 Thus, expecting the gadoteridol partition to follow the

trend of water content in cartilage, it is surprising to see the higher

partitions in the deeper zones after the 21‐hour diffusion time point.

We suspect that this is a result of X‐ray beam hardening, as very high

uptake of the cationic agent is observed post 21‐hour imaging time‐
point in the PG rich deep cartilage (Figure 2). Based on the present

experiments and the results, we cannot determine whether the high

CA4+ flux could have caused drag influencing the gadoteridol

diffusion.40 Additionally, the overall gadoteridol partition is not

observed to rise after a 10‐hour imaging time‐point (Figure 1A).

F IGURE 3 Correlation (Pearson's) coefficient between Mankin
score and gadoteridol partition, CA4+ partition and CA4+ partition

normalized with gadoteridol partition in the full thickness cartilage.
Filled markers indicate statistically significant (P < .05) correlation

F IGURE 4 (A) The Pearson correlation coefficient between CA4+
partition and proteoglycan content (optical density) in the superficial
(10% and 20%), and full thickness cartilage as a function of diffusion

time. (B) Pearson correlation coefficient between the optical density
and CA4+ partition (gadoteridol partition normalized and non‐
normalized) as a function of diffusion time. Filled markers indicate

statistically significant (P < .05) correlation
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The correlation between the equilibrium modulus and CA4+

partition was significant and strengthened by the normalization after

21 hours until diffusion equilibrium. This was expected as the cationic

agent's uptake is mostly due to the attraction to PG's, which controls

cartilage biomechanical equilibrium response.41 Therefore, it is nat-

ural that the CA4+ which is attracted by the PGs correlates strongly

with equilibrium modulus.

Previously, we applied the QDECT technique to evaluate the car-

tilage PG and water contents at diffusion equilibrium (ie, after 72 hours

of diffusion).24,25 In the current study, we demonstrate the simultaneous

determination of the solute concentration of two contrast agents in

cartilage during diffusion at clinically relevant time points. The precise

determination of the contrast agent partitions at early time points is

possible with the use of short scan times (Figure 5).15,24 In our previous

study, reliable measurements during diffusion were impossible due to

long imaging acquisition time (total of 28minutes with two tube vol-

tages) required by the applied microCT scanner (Skyscan 1172,;Skyscan,

Kontich, Belgium).24 With dual‐contrast method, if the imaging is per-

formed separately, an unavoidable error arises in the determination of

partition of the contrast agent in cartilage. This is due to the ongoing

diffusion during the imaging (in this study the time difference between

acquisitions being ~2minutes). In the present study, we evaluate this

error using numerical simulations. An increase in time difference be-

tween the CT scans results in a higher error in the determined contrast

agent partition values (Figure 5). The relative error is higher for CA4+

due to the higher diffusion flux of the cationic agent compared with that

of the non‐ionic gadoteridol. The short scan time enabled attenuation

measurements of multiple contrast agents during diffusion, and more

importantly, in the clinically relevant time points. With a modern dual‐
energy full‐body CT scanner, the image acquisition at separate energies

is simultaneous and practically instantaneous.26 Hence, for the clinical

application of the QDECT, this is not a source of significant error.

However, the simulations will aid in the planning of the QDECT studies

when imaging at two energies is performed separately.

The authors acknowledge limitations related to this study. The os-

teochondral plugs were extracted from a limited number of cadavers and

from various locations: femur (lateral condyle = 4, medial condyle = 10),

tibia (lateral plateau = 8, medial plateau = 7), and trochlea = 4. The

availability of the cadaveric samples determined the sample size. As this

was an exploratory study, and the effectiveness of the dual‐contrast

TABLE 1 Pearson's correlation coefficients between contrast agent partitions (N = 33, at 1 h time point N = 30) and biomechanical moduli

Time, min Time, h

10 30 1 2 4 6 10 21 32 50 72

Equilibrium modulus, MPa

CA4+ 0.008 −0.129 0.156 0.071 0.162 0.186 0.209 0.311 0.493** 0.521** 0.4 97 **

Normalized CA4+ 0.212 −0.139 0.122 0.032 0.260 0.330* 0.293 0.422* 0.654** 0.730** 0.648**

Gadoteridol −0.218 −0.105 −0.192 −0.126 −0.246 −0.285 −0.246 −0.339 −0.471* −0.453* −0.282

Instantaneous modulus, MPa

CA4+ −0.120 −0.048 0.223 0.131 0.172 0.182 0.131 0.169 0.216 0.209 0.176

Normalized CA4+ 0.534** −0.064 0.177 0.043 0.170 0.248 0.178 0.213 0.359* 0.339* 0.290*

Gadoteridol −0.281 0.022 −0.124 0.035 −0.085 −0.140 −0.147 −0.176 −0.441** −0.344* −0.272

*Indicates that correlation is significant at the level P < .05 (two‐tailed).
**Bold value Indicates that correlation is significant at the level P < .01 (two‐tailed).

F IGURE 5 Simulation of error in (A) gadoteridol and (B) CA4+ partitions resulting from time (2 to 60minutes) between acquisitions with the
two X‐ray tube voltages (90 and 50 kVp) [Color figure can be viewed at wileyonlinelibrary.com]
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technique over the use of a single contrast agent in cartilage diagnostics

was unknown, a power analysis was not conducted. Author's acknowl-

edge that a higher number of samples would have enabled a more

reliable evaluation of the diagnostic potential of the technique. The

contrast agents' concentrations were selected to achieve the highest

signal to noise ratio with the microCT scanner and toxicity issues were

not taken into consideration. The development and introduction of a

commercial clinical dual contrast application are not within the scope of

this study, and the techniques may in the future rely on formulations

differing from the ones applied here. The authors acknowledge the

possibility of changes in cartilage properties arising from freeze‐thaw
cycles.42 However, as all the samples were frozen and thawed following

a uniform protocol, any changes in the mechanical/biological state be-

tween the samples should be similar.

The samples were immersed in the contrast agent bath main-

tained at 4ºC. This temperature is lower than that during the in-

tended clinical application of the agents in the human body (37ºC).

The time constant τ of CA4+ was 1032minutes, being much

higher than the value reported for diffusion in bovine cartilage at

room temperature (τ =104.4minutes, cartilage edges not sealed)

(Figure 2).15,43 With an increase in temperature, the diffusion rate of

the contrast agent will also increase. Hence, at a warmer tempera-

ture, contrast agent diffusion will be faster, and reliable assessment

of cartilage integrity may be conducted at earlier diffusion time point.

The challenges associated with the clinical application of the QDECT

are yet to be explored. In the future, the QDECT should be tested on full

knee joints using a clinical CT device, to obtain quantitative information

on the capability of the technique to reveal cartilage matrix water and PG

contents. In this study, we have demonstrated that QDECT allows the

simultaneous determination of two different contrast agents in cartilage

from early diffusion time‐point (10 minutes) until diffusion equilibrium

(72 hours). Normalization of the cationic contrast agent (CA4+) partition

with that of the electrically neutral contrast agent (gadoteridol) enhances

correlations with the histopathological and biomechanical characteristics

allowing swifter determination of cartilage integrity. Thus, QDECT has

the potential for diagnosis of cartilage degeneration at clinically relevant

imaging time points.
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Abstract

Contrast‐enhanced computed tomography is an emerging diagnostic technique for

osteoarthritis. However, the effects of increased water content, as well as decreased

collagen and proteoglycan concentrations due to cartilage degeneration, on the dif-

fusion of cationic and nonionic agents, are not fully understood. We hypothesize that

for a cationic agent, these variations increase the diffusion rate while decreasing

partition, whereas, for a nonionic agent, these changes increase both the rate of dif-

fusion and partition. Thus, we examine the diffusion of cationic and nonionic contrast

agents within degraded tissue in time‐ and depth‐dependent manners. Osteochondral

plugs (N = 15, d = 8mm) were extracted from human cadaver knee joints, immersed in

a mixture of cationic CA4+ and nonionic gadoteridol contrast agents, and imaged at

multiple time‐points, using the dual‐contrast method. Water content, and collagen and

proteoglycan concentrations were determined using lyophilization, infrared spectro-

scopy, and digital densitometry, respectively. Superficial to mid (0%‐60% depth) car-

tilage CA4+ partitions correlated with water content (R < −0.521, P < .05), whereas in

deeper (40%‐100%) cartilage, CA4+ correlated only with proteoglycans (R > 0.671,

P < .01). Gadoteridol partition correlated inversely with collagen concentration (0%‐
100%, R < −0.514, P < .05). Cartilage degeneration substantially increased the time for

CA4+ compared with healthy tissue (248 ± 171 vs 175 ± 95minute) to reach the bone‐
cartilage interface, whereas for gadoteridol the time (111 ± 63 vs 179 ± 163minute)

decreased. The work clarifies the diffusion mechanisms of two different contrast

agents and presents depth and time‐dependent effects resulting from articular carti-

lage constituents. The results will inform the development of new contrast agents and

optimal timing between agent administration and joint imaging.
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1 | INTRODUCTION

Articular cartilage is avascular, and its metabolic function is regulated

via diffusion and convection of charged and uncharged solutes be-

tween the synovial fluid and the constituents of the cartilage extra-

cellular matrix (ECM).1 Cartilage ECM is a heterogeneous structure,

mainly consisting of interstitial water (60%‐85%), collagen fibrils

(50%‐80% of dry content), and negatively charged proteoglycans

(PGs; 20%‐30% of dry content).2,3 Changes in the tissue composition

alter the interstitial fluid flow 2,4 and mechanical properties.5‐7 The

diffusion of a contrast agent inside the tissue, followed by sub-

sequent contrast‐enhanced imaging, provides information on the

health status of the cartilage tissue.8‐12 For example, contrast‐
enhanced computed tomography (CECT) is used to evaluate os-

teoarthritis (OA)‐related degeneration of cartilage and the associated

alterations in the composition and morphology.13‐16

CECT diffusion studies of articular cartilage typically employ a single

contrast agent.11,13,14,17 In diffusion equilibrium, the partition of a non-

ionic agent follows the depth‐wise profile of the interstitial water

content.3,15 However, since OA‐related degeneration of cartilage affects

all cartilage constituents, as well as the structure, sensitive quantification

of cartilage health based on the partition of only a nonionic agent, is

challenging. Anionic agents similarly suffer from low sensitivity, as they

diffuse against the fixed negative charge that prevails inside healthy

articular cartilage. In contrast, cationic contrast agents molecules are

attracted into the tissue through electrostatic attraction and are used to

directly quantify cartilage PG concentration.12,14,18

Unhealthy articular cartilage possesses a disorganized collagen

fibril network and increased permeability; thus facilitating agent

diffusion.19,20 However, the fixed charge density is concurrently

reduced, because of the decrease in PG concentration, which slows

down the diffusion of cationic agents. The combination of the two

simultaneous and opposite effects complicates the interpretation of

the acquired results, which in turn reflects the overall tissue health.

To address this challenge, we recently introduced a dual‐contrast
agent technique. In this technique, two CT‐based contrast agents

(iodine I‐based cationic, CA4+)21 and gadolinium Gd‐based nonionic

agent [gadoteridol]) are employed simultaneously (Figure 1) and the

molar concentrations of the agents are quantified using a dual‐
energy CT scan.12,22,23 The premise is that normalization of the

cationic contrast agent partition with that of the nonionic contrast

agent allows early diagnostics, as the changes in the tissue's steric

hindrance are accounted for. The dual‐contrast method shows im-

proved sensitivity and assessment of cartilage properties.12,22,23

However, questions still remain regarding the effects of the carti-

lage constituents and its hierarchical structure on the diffusion, for

example, how the contrast agent flux in the superficial zone of

cartilage differs from that in the deep cartilage, and how agent

diffusion relates to the variation in the depth‐wise organization of

the cartilage constituents?

In this study, we characterized the effects of the main cartilage

constituent content, that is, PGs, collagen, and water, and their

changes during OA‐related cartilage degradation, on the

simultaneous diffusion of cationic and nonionic contrast agents. We

evaluated the composition of the human articular cartilage samples

via microscopy and spectroscopy and measured the diffusion of the

contrast agents by dual‐contrast CECT.

2 | MATERIALS AND METHODS

2.1 | Sample extraction and microCT imaging

Human osteochondral plugs (N = 15, d = 8mm) were extracted from

the proximal tibiae and distal femora of left and right knee joints of

four cadavers (male 1: 68 years, male 2: 68 years, male 3: 69 years,

and female 1: 79 years of age). The research committee of the North

Savo Hospital District (Kuopio University Hospital, Finland) gave a

favorable opinion (statement number: 134/2015 [58/2013]) for the

sample collection. After the extraction, the plugs were halved to

separately conduct diffusion experiments and reference measure-

ments (Figure 2). For the CECT experiment, diffusion of the contrast

agent mixture was allowed only through the articulating surface by

sealing the edges using cyanoacrylate (Superglue Precision, Loctite,

Düsseldorf, Germany). The plugs were immersed in a contrast agent

bath (5mL, osmolality: 297mOsm/kg, 4°C) comprising of CA4+,

which is a hydrochloride salt of 5,5′‐(malonylbis[azanediyl])bis(N1,N3‐
bis(2‐aminoethyl)‐2,4,6‐triiodoisophthalamide) (molecular formula:

C27H36Cl4I6N10O6, q = +4, M = 1499 g/mol, 10 mgI/mL) and gadoter-

idol (molecular formula: C17H29GdN4O7, Prohance, Bracco Interna-

tional B V, Amsterdam, The Netherlands, q = 0, M = 559 g/mol, 20

mgGd/mL), diluted in phosphate‐buffered saline (PBS). The estimated

molecular length and width of CA4+ is 29 Å and 18 Å, respectively.24

The molecular size of gadoteridol was measured with a freely avail-

able open‐source web‐application to be ~11 Å long and ~6 Å wide

(MolView, 2015).25 The osmolality of the contrast agent bath was

selected to be similar to physiological saline, which is safe for clinical

application.26 The bath was supplemented with following proteolytic

(A)

(B)

F IGURE 1 Molecular structure of (A) gadoteridol and (B) CA4+

2 | BHATTARAI ET AL.



inhibitors: 5 mM of ethylenediaminetetraacetic acid (VWR Interna-

tional, France), 5 mM of benzamidine hydrochloride hydrate (Sigma‐
Aldrich Inc), and penicillin‐streptomycin‐amphotericin (antibiotic an-

timycotic solution, stabilized, Sigma‐Aldrich Inc, St. Louis, MO). Plugs

were imaged in the air with a high‐resolution microCT scanner

(Quantum FX, Perkin Elmer) using an isotropic voxel size of

40 × 40 × 40 µm and 20 × 20mm field of view at two X‐ray energies

(tube voltages of 90 kV and 50 kV). Similarly, after 10minute,

30minute, and 1, 2, 3, 4, 6, 10, 21, 32, 50, and 72 hour of the im-

mersion the samples were removed from the bath and imaged.

During the immersion in the contrast agent, the baths were con-

stantly stirred and kept at a temperature of 4°C.

2.2 | Image analysis

From the microCT images of the osteochondral plugs, the cartilage

surface and the cartilage‐bone interface were defined manually using

a segmentation software (Seg3D, version 2.4.0, The University of

Utah, Salt Lake City, UT). Depth‐wise X‐ray attenuation inside a se-

lected cartilage volume of interest (2800 × 2000 µm × cartilage

thickness) was analyzed using Matlab (R2018b, The Mathworks Inc,

Natick, MA). The depth‐wise concentration profiles of I and Gd‐based
contrast agents within the cartilage were resolved from the X‐ray
attenuation profiles (90 kV and 50 kV), based on the Beer‐Lambert

law and Bragg's additive rule of mixtures.12,22,27,28 Time‐dependent

F IGURE 2 Depth‐wise proteoglycan (A, B,

and K) concentration, amide I (C, D, and K)
concentration, and water (E and F) content in
the human articular cartilage samples. CA4+

(G, H, and L), and gadoteridol (I, J, and L)
partitions in samples with Mankin scores of 9
and 2 after 10 hour of contrast agent diffusion

(not in equilibrium). [Color figure can be
viewed at wileyonlinelibrary.com]
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contrast agent diffusion curves were determined for 20% thick sec-

tions (0%‐20%, 20%‐40%, 40%‐60%, 60%‐80%, and 80%‐100% of

cartilage depth) by fitting the following equation to the diffusion

data = × [ − (− / )]C C t T1 exp ,max where Cmax is the contrast agent

concentration maximum, t is the diffusion time, and T is the time

required for the contrast agent to reach 63.2% of the maximum

concentration.18 The diffusion of the contrast agents was examined

separately for five 20% thick cartilage sections with a partition

threshold of 20%. This threshold was chosen to ensure sufficient

temporal and spatial resolutions for determination of the contrast

agent diffusion times.

2.3 | Reference methods

Water content measurements were carried out on the osteochon-

dral halves used in the diffusion experiments. The contrast agents

were washed out by immersing the halves in PBS solution, supple-

mented with proteolytic inhibitors and penicillin‐streptomycin‐
amphotericin for 5 days, while constantly stirred and refrigerated at

a temperature of 4°C. The samples were then embedded (LAMB‐
OCT, Thermo Fisher Scientific, Waltham, MA), fixed onto a frozen

metallic sample holder, and placed inside a cryomicrotome (Leica

CM3050 S, Leica Biosystems, Weltzar, Germany) chamber main-

tained at −21°C. To allow depth‐dependent characterization,

200 µm thick cartilage sections were cut along the transverse plane

from the articulating surface until the cartilage‐bone interface,

corresponding to an average of 11 slices per sample. The average

thickness of the plugs was 2.35 ± 0.55mm. The cut slices were

freeze‐dried inside a lyophilizer chamber (Christ, Alpha 1‐2, B.

Braun Biotech International, 37520 Osterode, Germany) for

48 hour by maintaining pressure 610.61 Pa. Each slice was weighed

three times before and after the lyophilization and averaged.

Depth‐wise water content was then obtained by subtracting the dry

weight with the wet weight of the slice.

To determine the PG concentration distribution, 3‐µm thick

sections were cut from the second half of the plug allocated for the

reference measurements. The sections were stained with Safranin‐O,

and quantitative digital densitometry (DD) measurements

(Figure 2A,B) were conducted using a light microscope (Nikon

Microphot‐FXA, Nikon Co, Japan) equipped with a monochromatic

light source (λ = 420 ± 5 nm) and a 12‐bit CCD (ORCA‐ER, Hama-

matsu Photonics K.K., Japan).29 Before the DD measurements, the

system was calibrated using neutral density filters (Schott, Germany)

with an OD range between 0 and 3. From the DD measurements,

depth‐wise OD profiles from the cartilage surface to cartilage‐bone
interface were calculated (Figure 2K).

Collagen concentration distribution was determined using

Fourier Transform Infrared (FTIR) microspectroscopy system (Agilent

Cary 670/620, Agilent Technologies Inc, Santa Clara, CA). For this,

3‐µm thick sections were prepared from an area adjacent to

the sections prepared for Safranin‐O staining. Before the measure-

ments, paraffin was removed, and the sections were moved onto

Zinc‐Selenide windows. Similar regions of interest were selected

from three sections per sample covering the full thickness of carti-

lage (Figure 2C‐D). The pixel size of 5.5 ×5.5 µm, spectral resolution

8 cm−1, and eight repeated scans were selected to measure the

spatially resolved infrared spectra of the cartilage. The infrared light

absorption spectrum in each pixel was collected within the wave-

length range of 3800 to 750 cm−1 and, amide I concentration was

measured from the peak area ranging from 1720 cm−1 to

1595 cm−1.30 The depth‐wise amide I concentration profiles were

averaged from three sections per sample.

Histopathological Mankin score was assigned for the Safranin‐O
stained cartilage sections by four independent observers.31 The

grading (three sections per sample) is based on: (a) staining (0‐4),
(b) tidemark integrity (0‐1), (c) abnormality in structure (0‐6), and
(d) cellularity (0‐3). The Mankin score of the sections assigned by all

the observers was finally averaged (Figure 2K).

2.4 | Statistical analysis

To evaluate the effect of cartilage degeneration on contrast agent

diffusion the samples were grouped based on the Mankin score

(“more degenerated”: Mankin score > 5, n = 8, average score = 6.9

± 1.1; “less degenerated”: Mankin score ≤ 5, n = 7, average

score = 4.6 ± 1.3). Depth‐wise PG and collagen concentrations, and

water content profiles were normalized to the length of 100 points

and averaged (Figure 3). The association between the contrast

agent partitions and the cartilage reference parameters was

evaluated using Pearson's correlation. For all statistical tests,

P < .05 was set as the limit of statistical significance. The sig-

nificance of the difference in correlation coefficients between

groups was tested with the Zou's method.32 Throughout this

paper, the average descriptive values of the sample properties are

presented as mean ± SD. All statistical analyses were conducted

using SPSS (ver 23.0 SPSS Inc, IBM Company, Armonk, NY).

(A) (B) (C)

F IGURE 3 Depth‐wise profiles with confidence intervals (CIs) of
(A) proteoglycan concentration, (B) water content, and (C) collagen
(amide I) concentration in human articular cartilage samples with
Mankin score ≤5 and Mankin score > 5. [Color figure can be viewed

at wileyonlinelibrary.com]
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3 | RESULTS

Histological analyses showed that PG and amide I concentrations

predominantly increased while water content decreased as a func-

tion of cartilage depth (Figure 3).30,33‐35 The differences between the

distributions of collagen (amide I) and PG concentration between

more (Mankin score > 5) and less degenerated samples (Mankin

score ≤ 5) were not statistically significant.

3.1 | Diffusion as a function of cartilage depth

The rate of diffusion was similar for CA4+ and gadoteridol until the

agents reached 40% of the cartilage depth (Figure 4A). The average

time (all the samples) for gadoteridol to reach the cartilage‐bone
interface was 141 ± 83minute and for the CA4+ it was

216 ± 165minute. This difference was statistically significant

(P < .01) for the more degenerated samples where the time for

gadoteridol was 111 ± 63minute and for CA4+ 248 ± 171minute.

For the less degenerated samples, the times were 179 ± 163minute

and 175 ± 95minute, respectively.

3.2 | Effects of cartilage constituents
to the diffusion

The correlation between the cartilage constituents and the contrast

agent partitions were studied at three time‐points: 10, 21, and

72 hour. CA4+ concentration maximum (CCA4+ max, 72 hour) corre-

lated significantly with the PG concentration (R > 0.671, P < .01) in

the deeper cartilage (40%‐100% of cartilage thickness) (Figures 5A

and 6). At 72 hour, we observed a significant inverse correlation

(R < −0.521, P < .05) with water content from the surface until 60% of

cartilage depth (Figures 5B and 6). The maximum gadoteridol con-

centration (CGd max) correlated inversely with collagen concentration

(R < −0.514, P < .05) at 21 hour of diffusion throughout the cartilage

thickness (Figures 5C and 7). At the 72 hour time‐point, CGd max

correlated inversely with the collagen concentration (R < −0.705,

P < .01) at the superficial 40% of cartilage depth and correlated po-

sitively (R > 0.567, P < .01) with PG concentration from 40% depth

until the cartilage‐bone interface (Figures 5A and 7).

4 | DISCUSSION

In this study, we evaluate the effects of human articular cartilage

constituents and structure on the simultaneous diffusion of cationic

and nonionic contrast agents. By correlating the depth‐wise composi-

tion of cartilage with the maximum contrast agent partitions, we show

that the CA4+ partition in the superficial (0%‐20%) and initial middle

zone (20‐40) is governed by the PG concentration and to a greater

extent by the tissue water content (R = 0.4 vs R = 0.54* and R = 0.45 vs

R = 0.61*, respectively, *P < .05). However, the differences in the

correlations are not significant (Zou's method).32 In the later middle

(40%‐60%) and deep (60‐80 and 80%‐100%) zones, the CA4+ partition

strongly and significantly correlates with the PG concentration

(R = 0.67*, R = 0.82*, and R = 0.92*, respectively, *P < .05). This finding is

(A) (B) (C)

F IGURE 4 (A) The time required for the contrast agents partition
to reach 20% of the bath concentration in each cartilage section.
(B) CA4+ and, (C) gadoteridol partitions as a function of diffusion

time at different 20% thick cartilage depths (sections). The initiation
of diffusion in each section is assumed to begin when the contrast
agent partition in the section reaches 20% of the contrast agent bath

concentration. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 5 Pearson's correlation
coefficients between maximum contrast agent
concentration (CCA4+ max and CGd max) and

cartilage (A) proteoglycan concentration,
(B) water content, and (C) collagen (amide I)
concentration after 10, 21, and 72 hour of

diffusion. Solid markers indicate a statistically
significant correlation (P < .05) [Color figure
can be viewed at wileyonlinelibrary.com]
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consistent with the lower concentration of PG in the superficial/middle

zones and the PG gradient present in cartilage.36,37 In addition, con-

trary to the general perception,15,36 the gadoteridol partition did not

correlate with the water content. Instead, we observed a strong inverse

relationship with the collagen concentration.

PG concentration governs CA4+ diffusion via the electrostatic

attraction induced by the fixed negative charge.38 A positive correla-

tion between CCA4+ max and the PG concentration exists in the middle

to deep cartilage (ie, 40% depth to the calcified cartilage layer)

(Figures 5A and 6). However, based on the current results, the PGs

alone does not govern the diffusion of CA4+ in the superficial and

middle zones (ie, from the articulating surface to ~40% of the cartilage

depth). The CCA4+ max inversely correlates with cartilage water con-

tent. This might be due to the loss of PGs or an increase in the water

content in the superficial and middle zones, resulting from the loss of

collagen integrity.2 As expected, the collagen concentration had no

direct effect on CCA4+ max (Figures 5C and 7). Even though the depth‐
wise gadoteridol partition resembles the water distribution in cartilage

(Figure 3B), the expected association between the water content and

CGd max
3,39 are not statistically significant. Instead, CGd max inversely

correlates with the collagen concentration. This relation is a result of

the collagen being the main solid constituent of the cartilage. In de-

generated cartilage, the resulting collagen fibrillation allows more free

fluid flow, that is, increased permeability and allowing swifter diffusion

of contrast agents.20,40 However, an inverse correlation exists be-

tween the water content and collagen concentration (R = −0.62,

P < .05; Figure S1).

Structural degradation of cartilage, that is, collagen fibrillation

and an increase in water content are important factors affecting the

diffusion of the contrast agents (Figure 2). Our results show that the

diffusion of the contrast agents is nonuniform throughout the

thickness of the cartilage (Figure 4). The time required to reach 20%

partition in the deep cartilage is longer for CA4+ than for gadoteridol

(Figure 4A), and the time increases with advancing cartilage degen-

eration (ie, increased Mankin score). We surmise that this result is

due to: (a) the larger molecule size of CA4+ (29 × 18 Å) compared

with gadoteridol (11 × 6 Å); (b) degradation related decrease in

PG concentration, reducing the electrostatic attraction, which is

especially pronounced in the superficial and middle regions

(Figure 3); and/or (c) the multivalent electrostatic interactions be-

tween CA4+ and PGs as it traverses the tissue, slowing the diffusion.

All of the aforementioned factors result in increased time for the

agent to reach deeper into the cartilage‐bone interface. Previous

studies reported a decrease in permeability towards the deep carti-

lage, due to the gradual increase in PG concentration, and similar

findings are reported herein (Figures 3A and 3C).41,42 As revealed in

the present study, in the more degenerated samples the time for the

cationic agent to reach the cartilage‐bone interface is twice that of

F IGURE 6 Scatterplots showing linear Pearson's correlations (R) between CA4+ maximum concentration at 72 hour (the time point closest

to the diffusion equilibrium) and collagen (amide I), water, and proteoglycan (PG) concentrations at different 20% thick cartilage sections.
Statistical significance is indicated with * when P < .05
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the nonionic agent, while no difference is seen with the less de-

generated samples. These results add to the literature and further

demonstrate that OA‐related degradation of cartilage and associated

compositional variations affect the contrast agent's partitions and

their diffusion rates.43,44

The diffusion of cationic contrast agent (CA4+) in cartilage is

governed by negatively charged PGs, tissue permeability, and water

content. There were no significant correlations between amide I

concentration and CA4+ partition in any diffusion time point or

cartilage depth, and the correlations are similar between the diffu-

sion time points (10, 21, and 72 hour) (Figure 5C). Gadoteridol

reaches diffusion equilibrium between the 21 and 32 hour mea-

surement time points (1745minute). At this time‐point, no correla-

tion exists between the gadoteridol partition and the PG

concentration. However, at the 72 hour diffusion time point, the

gadoteridol partition strongly correlates with the PG concentration,

whereas the correlation with collagen (amide I) concentration ob-

served in the 21 hour time point is not present in the mid to deep

cartilage sections. High diffusion flux of CA4+ has been suggested to

cause drag influencing diffusion of gadoteridol.45,46 However, current

data and experiments are not sufficient to state whether the high

uptake of CA4+ in deep cartilage influenced gadoteridol diffusion and

decrease in correlation between amide I concentration and gado-

teridol partition at 72 hour time point. Authors suspect the high

partition and diffusion flux of CA4+ affected gadoteridol partition at

72 hour diffusion time point. Hence, we presented the correlation

between gadoteridol partition and cartilage constituent content

earlier, that is, at 21 hour diffusion time point (when gadoteridol

diffusion was near equilibrium).

There are some limitations associated with the current study.

The diffusion experiments and the reference (histological and spec-

troscopic) measurements were performed on the adjacent regions of

the halved plugs. This might add error to the comparison between

the diffusion properties and the reference data. However, since the

regions were adjoining, we assume the state of samples to be rela-

tively homogeneous across the halved plugs. The diffusion in carti-

lage was examined in a time‐ and depth‐dependent manner, which

required intact cartilage. The samples could not be sliced for water

content measurement prior to the diffusion experiment. Even after

washing out the contrast agents from the sample for 120 hours

remnants of CA4+ might have persisted, adding to the weight of the

slices. However, any remaining contrast agent would also stay at-

tached during and after lyophilization, adding only a minimal error to

the determined water content. The FTIR measurements provided the

depth‐dependent concentration of collagen (amide I) content in

cartilage. Fibrillation and alteration in collagen fiber orientation

precede the loss in collagen.47 The present samples were mostly

arthritic (average Mankin score = 5.6) with eroded superficial zones

F IGURE 7 Scatterplots showing linear Pearson's correlations (R) between gadoteridol maximum concentration at 21 hour (the time point
closest to the diffusion equilibrium) and collagen (amide I), water, and proteoglycan (PG) contents at different 20% thick cartilage sections.

Statistical significance is indicated with * when P < .05
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(Figure 3C), which affects contrast agent diffusion. The information

on the collagen fibril organization would have added to the inter-

pretation contrast agents' diffusion properties, and lack of this in-

formation is acknowledged as a limitation of this study. The diffusion

of the contrast agents was examined separately for five 20% thick

cartilage sections. The concentration of contrast agents in every

section depends on the concentration of the preceding cartilage

section and the values are related to the equilibrium concentration.

Thus, the extraction of diffusion coefficients will be a premise of

future study requiring finite element modeling.48

To conclude, the diffusion of cationic contrast agents depends

not only on the PG concentration but also on the water content,

especially in the superficial and middle zones of cartilage. The

diffusion of nonionic agents inversely relates to cartilage collagen

concentration. The degenerative state of the cartilage governs

contrast agent's diffusion rates; with cartilage degeneration, the

diffusion rates of nonionic and cationic contrast agents increase

and decrease, respectively. The results presented in this study

increase the knowledge base and understanding of how the

contrast agent diffusion and the resulting partitions depend on the

composition and OA‐related degradation of the articular cartilage.

Furthermore, the present results will inform the timing between

the contrast agent administration and the tomographic image

acquisition.
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