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Abstract 

Contrast enhanced micro-computed tomography (CEµCT) is a widely used, cost-efficient method for imag-

ing soft tissues. For articular cartilage imaging, different stains are used to assess amount of cartilage con-

stituents. Osteoarthritis progression can be monitored using CEµCT in clinical environment and laboratory.  

In clinical modalities, ioxaglate (Hexabrix™) is used to indirectly assess proteoglycan content of cartilage. It 

is a iodine based anionic stain that has inversely proportional distribution to proteoglycan content. Collagen 

specific contrast agents are not in clinical use yet. 

In vitro studies that evaluate osteoarthritis progression use histological staining as a gold standard method. 

Downside for this is long required time and destruction of sample for a thin, two-dimensional view of the 

sample. Alternatively, µCT could be used as a non-invasive tool for this when using a collagen stain. One 

such contrast agent is phosphotungstic acid. It has been shown to be able for three-dimensional evaluation of 

osteoarthritis grade in same manner as with histological stains. 

Cationic contrast agent (CA4+) is used in vitro to assess proteoglycan content. It binds to glycosaminoglycan 

side chains while also slightly accumulating around chondrons. Its advantage is that it binds to target mole-

cule giving accurate information about proteoglycan content when compared to other contrast agents. 

Chondrocyte imaging with contrast agents is quite demanding. There is not a commonly accepted stain for 

chondrocytes up to date, but such dyes would be of high interest. Some potential stains might be gallocyanin 

chrome-alum or glucose-coated gold nanoparticles. A possible method for using gold nanoparticles is pro-

posed in this thesis. There are also studies of chondron morphology using hexamethyldisilazane drying. 

Downside for this method is tissue shrinkage that might alter at least superficial chondrons. 

Competing modalities for CEµCT include magnetic resonance imaging (MRI), Fourier transform infrared 

spectroscopy, near-infrared spectroscopy and Raman spectroscopy. In clinical environment MRI has clear 

advantage as it does not require utilization of ionizing radiation to produce great soft tissue contrast. High 

cost and low availability however are main limitations. Spectroscopic methods do not require contrast 

agents, but especially infrared spectroscopy requires extensive sample preparation and these methods provide 

only 2D maps of the sample.  

Latest methods for desktop CEµCT cartilage imaging are reviewed in this thesis. Extracellular matrix as-

sessing methods are studied in clinic and in vitro. Some chondrocyte imaging possibilities are discussed. 

CEµCT can be used to cost-effectively assess articular cartilage characteristics and OA progression in 3D. 
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1. Introduction 
 

1.1 X-ray physics 

 

1.1.1 History and photon physics 

 
Discovery of X-rays was done by Wilhelm Röntgen in 1895. He took the first x-ray projection image from 

his wife’s hand. This new method was quickly applied in medical imaging to image bone lesions and detect 

foreign objects. First clinical computed tomography (CT) device was built by Sir Geoffrey Hounsfield in the 

early 1970s. Since then, X-ray and CT imaging has been studied intensively to decrease radiation doses and 

scanning times and increase image quality, refine reconstruction algorithms and imaging methods. [1] 

Smallest unit of X-rays as well as any other radiation (radio waves, micro waves, infrared light, visible light, 

ultraviolet light and gamma rays) is a photon. Albert Einstein developed the concept of the photon quanta in 

1905. Photon frequency is bound to wavelength by wave equation 

,      (1) 

where c=speed of light in vacuum, λ=photon wavelength and ν=photon frequency. Energy E of a photon 

quantum is given by equation 

,      (2) 

where h=Planck’s constant. Photon energies used in X-ray and CT imaging are around 100 keV (electron 

volt) range. However, x-ray spectrum from soft to hard x-rays varies roughly from 1keV to 1MeV. [2] 

 

1.1.2 X-ray interactions with matter 

 

When X-ray photons attenuate, they may interact with the sample using photoelectric effect, Rayleigh scat-

tering, Compton scattering or pair production. Most important interactions for X-ray imaging of these four 

are photoelectric effect and Compton scattering (Figure 1). In photoelectric interaction, photon incident pho-

ton energy must be greater or equal to binding energy of an inner (usually K) shell electron. Photon energy is 

absorbed into inner shell electron, which is released. Hole that is left on inner shell is filled with upper shell 

electron, which releases characteristic X-ray photon equivalent to difference of shell energies. This interac-

tion is exploited when providing contrast to X-ray images. High peaks in absorption caused by photoelectric 

effect are called k-edges. [1] 
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Figure 1. Distribution of main photon interactions at different energies and material atomic numbers (Z). 

Photon energy is illustrated using a logarithmic scale. At low energies photoelectric absorption is the main 

cause of X-ray contrast. When moving to higher energies, Compton scattering has higher probability of oc-

curring and causing noise to collected images. Pair production is rarely occurring with energies used in X-ray 

imaging. Adapted from [3]. 

 

Compton scattering has a high probability to occur for high energy X-rays (Figure 1) [3] . Interacting photon 

releases an outer shell electron and the photon scatters an angle θ. Electron receives energy from incident 

photon and photon wavelength increases from λ to λ’. Using conservation of energy and momentum, differ-

ence in photon wavelength can be solved as 

     ,     (3) 

where me=mass of electron and c=speed of light. It is evident from equation (3) that with every photon inter-

action through Compton scattering, photon direction changes. This causes interacted photon to reach a dif-

ferent pixel on the detector than through its original path. This leads to noise on the resulting X-ray projec-

tions. 

In one-dimensional case, with monochromatic radiation and fully homogenous sample, intensity 𝐼𝐼 after at-

tenuation at sample can be calculated using Beer-Lambert law 

    ,      (4) 
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where 𝐼0=intensity before attenuation, µ=attenuation coefficient and x=distance that radiation travels through 

sample. The attenuation coefficient µ describes the possibility of photons to interact with the sample. This is 

the sum of probabilities from all four basic interactions described earlier [1].  

Attenuation coefficient is mostly dependent on atomic number Z and photon energy E as clearly seen in 

equation (5) 

          ,         (5) 

where ρ=material density and A=atomic mass. 

Assumptions made in equation (4) are quite heavy. When polychromatic radiation is used, radiation intensity 

is dependent on photon energy. This means that the total 𝐼0 is the sum of different intensities at correspond-

ing energy. When considering a non-discrete case, different intensities are integrated. Because radiation in-

tensity and sample attenuation properties are dependent on photon energy, they must be made functions of 

energy E at the equation. With polychromatic radiation, equation is written as 

         .       (6) 

When scanning heterogeneous samples such as bone, cartilage or contrast agents, also tissue atomic number 

affects attenuation coefficient and high atomic numbers absorb more X-rays. This means that for heteroge-

neous samples, attenuation coefficient µ changes depending on position at sample through sample depth d. 

Attenuated intensity for heterogeneous sample with monochromatic radiation can be calculated from equa-

tion (6) as 

                                  .     (7) 

As can be seen from equation (7), attenuated intensity is dependent on multiple factors and all tissue proper-

ties cannot be evaluated simply from one measurement. In practice, at each pixel in a radiographic projection 

only the relative attenuation of X-ray intensity is known.  

 

1.2 X-ray Computed Tomography 
 

1.2.1 Tomography principles and production of X-rays 

 

 
X-ray CT is a three-dimensional (3D) imaging technique based on absorption of X-ray photons on target 

sample or tissue. Computed tomography imaging in microscopic scale using high resolution CT scanners is 

referred as micro-computed tomography (µCT). Photon wavelength of X-rays are roughly around 0.01-10 

nm [4,5]. Radiographic projections are taken at different angles and different angular projections are com-

posed into a 3D dataset through inverse Radon transform [6]. Advantage of tomographic imaging to plain 
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radiographs is that when performing a tomographic scan, spatial information is not lost [5]. CT imaging has 

retained its position in medical imaging through ability to perform fast scans of different tissues with high 

isotropic resolution [7]. 

X-rays are produced by accelerating and then colliding electrons in a vacuum tube to metal anode. In process 

electrons release some or all their kinetic energy as electromagnetic radiation. Maximum energy of radiation 

is defined with used acceleration voltage. Produced photons attenuate at sample after which they are trans-

ferred to visible light at scintillator and detected with a charge-coupled device (CCD) array.  

Sample is usually rotated 180˚ or 360˚ when imaging different angular projections. Usually 180˚ is enough 

since a projection has the same information as projection from opposite side. 360˚ scanning can be used to 

reduce noise, but it also doubles the required scanning time. Number of required projections N at a CT scan 

can be calculated using the “sampling theorem” [8] 

                ,     (8) 

where Np=number of pixels in a detector row. Equation (8) can be used to determine required maximum step 

size for rotating sample between angular projections. 

 

1.2.2 Image calibration and tomographic reconstruction 

 

Before projections are acquired, detector is calibrated for thermal noise that occurs in the detector and for 

inhomogeneity of the X-ray beam. A “dark-field”-image is taken with X-ray source offline. This shows low-

est possible values Id that each pixel can receive. A “flat-field” or “bright-field” image is taken with source 

online and without a sample to see maximum values I0 that each pixel can measure. These images are used to 

calibrate each projection during a CT scan. [8] Flat-field correction of projection images can be formulated 

as 

                 (9) 

This is a basic normalization process, where each pixel value of the detector is calibrated using maximum 

and minimum intensity values. 

When taking images from the sample at different angles each individual pixel travels a sinusoidal path. Rota-

tion angle θ plotted as a function of pixels in a detector row x’ is called a sinogram (figure 2B) and can be 

formulated as a projection function L(x’,θ). A sinogram from one detector row x’ corresponds to a single 

tomographic slice and is calculated using a reconstruction algorithm based on the Radon transform. [8,9] 

Mathematical basis for analytical image reconstruction was first calculated by radon. At the simplest case, 

when all X-rays are propagating parallel to each other, absorption at each pixel at different rotational angle 
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can be thought as a line integral of absorption [9]. In the simple case, absorption τ on detector row pixels x’ 

(figure 2C) can be calculated from equation (7) and (9) as 

        .     (10) 

When taking account the Cartesian coordinates (figure 2A), each pixel attenuation value at corresponding 

slice can be calculated from function f(x,y). To calculate this two-dimensional (2D) function from projection 

function L(x’,θ) (sinogram) [9], Radon calculated the analytical solution 

  .  (11) 

Equation (11) provides a continuous solution to the 2D function but has practical limitations due to discrete 

image acquisition process [9]. More efficient method is to use Fourier slice theorem [5,9]. It states that Fou-

rier transform of one-dimensional projection is equal to a line through Fourier transform of the original ob-

ject. This theorem allows backprojection of images from projections to slices using Fourier analysis, which 

can be calculated quickly using modern computers. Small angular step allows better resemblance of the ob-

ject. However, simple backprojection causes artefacts on resulting slices. [5,9] 

 

 

Figure 2. Illustration of a tomographic reconstruction from a 2D phantom. (A): Image from the reconstruct-

ed phantom. Different illustrated projection angles are shown with color-coding. (B): Resulting sinogram 

from taking projection images at angles from 0 to 180 degrees. Projection is shown at x-axis and angle at y-

axis. (C): Intensity profiles from selected angles corresponding one detector row. Images were generated 

using Astra toolbox 1.8 for Matlab. 
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Most commonly used algorithm for constituting 3D stack of images from radiographic projections is filtered 

back projection (FBP) [6]. In FBP, each projection is Fourier transformed and ran through a filter. Low fre-

quencies are dampened to reduce blurring and high frequencies can be suppressed to reduce statistical noise. 

Filtered projections are interpolated from polar coordinate to cartesian and then inverse Fourier transformed 

to create the sample image. There are also highly sophisticated reconstruction algorithms that consider also 

cone-beam geometry that occurs since X-rays are considered to come from a point source. [1,8] 

Iterative reconstruction (IR) is an alternative technique to reconstruct 3D slices from X-ray projections. It 

was discovered quite early, but it has not received much attention, since it is a computationally heavy tech-

nique. However, computing power has increased dramatically since then, and two IR software have received 

approval by FDA (United States Food and Drug Administration). Main reason for using IR is that there is 

potential to reduce patient doses. Reduction can be around 50% from conventional CT scan utilising FBP. 

[10] 

IR algorithms are based on few different designs. Iterative methods are based on forward projecting a recon-

structed slice to a sinogram and comparing it to raw projections. A correction term is calculated and backpro-

jected into image space to the volume estimate. This process is iterated until image corrections converge or 

set amount of iterations is reached. Other techniques can use statistical models to assess number of photons 

arriving at detector. Usually photons are assumed Poisson distributed. There are also other more complex 

methods that try to estimate physics of the image acquisition process such as X-ray spectrum, scan geometry 

and beam hardening (higher absorption of higher Z atoms). [10] 

One problem of IR methods is that they have own artefacts that can look quite different to conventional re-

construction images. This would require radiologists to relearn how to diagnose CT images. IR methods are 

probably not displacing FBP reconstruction in at least few years. [10] 

1.3 Contrast agent imaging 

 

1.3.1 X-ray attenuation on different tissues 

 

In CT imaging and X-ray radiographs, soft tissues are almost transparent to X-rays. This is because their k-

edge values are far from used X-ray energies [4]. If low enough photon energy is used, there is a possibility 

that most of the photons do not penetrate the sample and acquired signal is low. This problem can be re-

solved by using contrast agents that have higher atomic number and k-edge value closer to X-ray energies 

when imaging soft tissues [4]. Attenuation properties of different tissues are described with equation (5). 

Attenuation of different tissues can be measured in Hounsfield units (HU). It is defined by using attenuation 

coefficient of water µwater and can be calculated as [4] 
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                 (9) 

Following from this definition, this value for water is 0 HU and -1000 HU for air. Usually soft tissues have 

attenuation values around 30-100 HU and bone is around 1000 HU. Contrast of CT images comes from at-

tenuation so differences in HU values are required to differentiate tissues from each other using a CT scan. 

For example, 40mM concentration of iodine can provide a CT signal change of 400 HU. [1,4] 

Full scale of HU values is roughly from -1000 to +1000. Human eye cannot distinguish small changes in 

contrast if full scale of HU values is used. Instead, a specific windowing is used to select proper dynamic 

range for reconstructed images. 

 

1.3.2 Contrast agent requirements 

 

Lusic and Grinstaff [4] have composed a list of requirements that should be satisfied when designing contrast 

agents for clinical use. Contrast agent should at least double the attenuation difference of tissue of interest 

and background. Relative amount of X-ray attenuating atom per contrast agent molecule should be high to 

reduce required dosing. The agent should remain in patient body long enough for CT scanning (2-4 hours) 

but clear from patient in reasonable time (less than 24 hours). Finally, contrast agent should be specific for 

tissue of interest, stable at physiological conditions and non-toxic. Specificity is usually achieved using an 

antibody on the contrast agent that binds to target molecule. This allows to indirectly assess biomechanical 

and biochemical information from target tissue. 

Most clinical contrast agents are based on iodine stain (Hexabrix
™

, for example), but they need relatively 

high doses for sufficient contrast [4]. High doses of contrast agents may have undesirable side effects. Con-

trast agents in clinical use are not too dangerous but might cause allergic reactions or contrast-induced 

nephropathy [1,11]. Large concentrations of contrast agents also alter osmotic pressure of cartilage affecting 

its biomechanical properties [12]. For cell-specific contrast agents, it is ideal if the agent can passively ac-

cumulate in cells and be able to penetrate the cell membrane. Cells are usually negatively charged [13], so 

cationic contrast agents are usually better at accumulating to cells. To penetrate cell membrane, the contrast 

agent must have small enough molecular weight [14]. 

 

1.3.3. Artefact reduction 

 

When imaging cartilage samples with µCT ex vivo, it is often beneficial to use a fixative for the samples. 

Fixatives suppress all normal cellular metabolism and prevent bacterial infections or cell autolysis while 

retaining sample volume and morphology [15]. In practice, fixed samples can be easily stored and prepared 

for imaging without spoiling them. 
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There are several different fixatives used for bone and cartilage samples. Conventionally, 10% neutral buff-

ered formalin (4% formaldehyde concentration) is used for sample fixation. Problem with common fixatives 

is that they have high osmolarity and can cause cell shrinkage. This can be seen for example with light mi-

croscope images of histological sections of AC. [15] 

Shrinkage artefact can be averted by adjusting fixative osmolarity to physiological level (roughly 

280mOsm). One example of such solution is 1.3% glutaraldehyde and 0.5% ruthenium hexamine trichloride 

in 30mM cacodylate buffer. It was also found that fixative concentration has only a small effect on shrinkage 

if osmolarity is kept constant. When planning to use fixatives, it is important to have their osmolarity at a 

proper level to keep cells as intact as possible. [15] 

Sample movement during scan causes severe artefacts to µCT scans. To get rid of them, sample must be 

firmly attached to sample holder during the scan. This can be achieved for example using super glue or den-

tal wax. 

1.4 Articular cartilage 
 

Articular cartilage (AC) is a connective tissue that is usually 2-4mm thick. It is mostly composed of water, 

collagen and proteoglycans. Water is bound inside cartilage extracellular matrix (ECM), which gives carti-

lage its viscoelastic biomechanical properties. This means that flow of water through cartilage makes carti-

lage biomechanical properties time-dependent. Collagen fibres are responsible in forming cartilage macro-

structure. Proteoglycans (PG) are mostly responsible for water binding into the ECM. PGs consist of a pro-

tein core with one or more attached glycosaminoglycan (GAG) chains attached.  Cartilage has a slow healing 

rate due to its avascularity. [16] 

Cartilage cells (chondrocytes) inhabit AC through its whole depth and occupy roughly 10% of AC volume. 

Chondron is a unit composed of one or more chondrocytes and surrounding pericellular matrix. Cluster is a 

formation of multiple chondrocytes in a large lacuna. Chondrocytes are active cells and have numerous spe-

cialized ion channels despite that they are non-excitable. It is likely that many of these ion channels have 

multifunctional purposes, but some functions are unknown or controversial. [16-18] 

AC is divided in different zones, most significant difference between the zones being cell organization and 

orientation of collagen fibrils (Figure 3) [16]. In superficial zone, chondrocytes are flat and tightly packed. 

Superficial zone protects AC against shear stresses. Collagen fibrils are aligned parallel to surface. In middle 

(transitional) zone, chondrocytes are round-shaped and more sparsely populated. Collagen fibrils are oriented 

randomly in this zone. Deep zone is the lowest zone of non-calcified cartilage. There chondrocytes have 

largest size and are mostly ordered in columns. Collagen fibrils are oriented perpendicular to the surface and 

resist compressive forces. Deep zone is separated from calcified cartilage by tidemark. Calcified cartilage 

connects AC to subchondral bone. [16,19] 
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Figure 3. Depth-wise characteristics of AC. In (A), cell organization in different zones can be seen. Chon-

drocytes in superficial zone are flattened while in deep zone they are round-shaped, larger, and arranged in 

columns perpendicular to surface. In (B), collagen fibril orientation is illustrated. Fibril network is oriented 

so that orientation is perpendicular to surface in the deep zone. In middle zone network is randomly oriented 

and in the superficial zone orientation is parallel to the AC surface [19]. Reprinted from [16] with permis-

sion.  

 

1.5 Osteoarthritis 

Osteoarthritis (OA) is a group of joint diseases [20] causing a major burden in individual and community 

level. Once the disease has progressed from early to late OA, irreversible changes are made to AC and bone. 

Most common joints that suffer from OA are knee, hip and different hand joints. Many OA studies focus on 

knee OA since it causes disabilities very frequently, being the largest factor in the United States. Usually OA 

first affects the medial compartment of the knee. Risk factors for developing OA can be mechanical, struc-

tural, genetic or environmental. After age of 45, there is a major increase of risk in developing OA every 

decade. Detection of OA through non-invasive methods is a major target for research. [21] 

OA progression can be evaluated using OARSI grading system developed by Pritzker et al. [20] from histo-

logical sections. Grades are divided from 0 (healthy) to 6 (severe OA). First signs of OA (grade 1) are sur-

face fibrillations and inflammation of ECM. When OA progresses (grade 2), surface discontinuities as well 

as superficial proteoglycan and ECM depletion occurs. This is followed by vertical clefts and fissures in 

cartilage surface that can extend to middle zone (grade 3). Proteoglycan depletion extends deeper into carti-

lage and collagen reformation is possible. At grade 4, superficial cartilage structure can be broken, and cysts 

start to form. When OA progression is high (grade 5), whole AC surface is lost, and repair tissue can be 
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found on bone surface. Microfractures on bone tissue are visible. At late stage (grade 6) subchondral bone 

starts remodelling and multiple microfractures occur.  

OA affects cartilage health also in cellular level. Typical sign of OA is increasing number and size of chon-

drocyte clusters. They localise near clefts and fissures for a shorter path to nutrients in synovial fluid. Chon-

drocytes multiply near the surface and cell death through apoptosis occurs mostly in calcified cartilage. 

[17,22] 

This cartilage-driven approach however, is only one way to assess OA severity and it is believed that OA has 

multiple phenotypes. Bone as well as menisci, ligaments and synovium might have major influences in OA 

progression. For example, in bone-driven OA, initial increase in subchondral bone elastic modulus can in-

crease stress in AC. In this case, bone stiffening is causing the OA phenotype. [23] 
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2. Contrast agents in clinical use  

Bone gives already a good contrast in native CT imaging. Attenuation levels of AC are roughly same com-

pared to surrounding tissues and extracellular fluid. Because of this, most CT imaging systems cannot differ-

entiate them from each other. Consequently, contrast agents are required for CT scanning cartilage with con-

ventional CT imaging modalities. A major advantage in using contrast agents is their ability to bind with 

different cartilage components, which indirectly gives biochemical and -mechanical information about AC. 

Contrast agents for cartilage are being researched to either improve agents in clinical use (lower toxicity and 

dosing), target specific components of cartilage or monitor disease progression (usually OA). There are 

many PG specific contrast agents [4,24-26] but also collagen specific contrast agents are being developed 

[27-29]. 

 

2.1 Ioxaglate 

Ioxaglate, trade name Hexabrix™ is a clinically applicable, anionic, iodine based contrast agent that is used 

to estimate PG content of AC [25]. Its structure consists of a large molecule containing six iodine atoms for 

X-ray contrast and single negative charge for an oxygen ion [30]. Negatively charged GAG side chains of 

PGs are inversely stained with ioxaglate. Downside for this is that inverse stain might not give as accurate 

result compared to a stain that binds directly to the component of interest [26].  

It is suggested that with Hexabrix™, PG loss of degraded AC can be quantitatively assessed using peripheral 

quantitative computed tomography (pQCT). Other method used for assessing cartilage PG loss is delayed 

Gadolinium-enhanced magnetic resonance imaging which also is based on inverse staining. As all MRI-

based methods, it is limited to high cost, long scan times and low resolution, thus pQCT might prove to be a 

valid alternative. [25] 
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3. In vitro: Contrast agents for extracellular matrix imaging 

Contrast agents discussed in this chapter are used to image cartilage ECM constituents. They are not FDA 

approved but provide useful information about AC in vitro (outside of a living organism). 

 

3.1 Phosphotungstic acid 

Phosphotungstic acid (PTA) is an anionic contrast agent. It is composed of tungsten, oxygen and phosphorus 

in a symmetrical structure [31]. It binds to collagen in acidic environment. Ethanol is used to further increase 

acidity of the sample promoting collagen binding. This however, limits its usage only for in vitro research 

[27]. While PTA is attracted to collagen content, it is also repulsed by PGs that have negative charge. This 

might affect staining of PTA and possibly leave unstained areas in the cartilage if staining time is not suffi-

cient [27]. It is estimated with collagen and proteoglycan degradation studies that PTA staining is mainly 

dependent on collagen content but repulsion forces from negative proteoglycans has also a small effect on 

staining [28].  

It has been shown that with PTA staining, µCT imaging can be used as a complementary tool to evaluate OA 

progression in cartilage samples. Conventionally OA grade and severity are evaluated using histological 

stains [20]. Histological slices require time-consuming decalcification process and slicing also destroys the 

sample in the process. PTA-enhanced µCT is non-destructive and can be used semi-quantitatively to obtain 

histopathological information (information about disease characteristics from tissue) about OA progression. 

[29] 

 

3.2 CA4+ 

Cationic iodinated contrast agent (CA4+) can be used for both in vivo and in vitro research [30]. It has a 

complex structure with six iodine atoms per molecule and four cationic amine groups. Upside for using 

CA4+ is that it binds to GAG side chains of PGs and gives a proportional staining for PGs (Figure 4), com-

pared to anionic iodinated stains such as ioxaglate that gives inverse staining for GAGs. Lakin et al [24] re-

ported on their meniscus studies that CA4+ correlates strongly with GAG content even with small iodine 

concentrations (12mgI/ml), while ioxaglate needs much higher concentration (60mgI/ml) for only moderate 

negative correlation. 

CA4+ has also been used in study with OA model using human metacarpal (palm bones). This resulted with 

high correlation on metacarpal cartilage GAG content. Advantage of using metacarpal joints is that the 

whole joint can be imaged with high-resolution µCT with minimal sample preparation due to their small 

size. [32] 
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It has been shown that CA4+ has greater uptake in chondrons but it has only a small effect in macroscopic 

level staining. Because of the CA4+ accumulation in chondrons, the agent might also be viable tool for as-

sessing chondron properties. In study done by Karhula et al, chondrons could be segmented in 3D based on 

their accumulation of CA4+ stain simply by using Otsu’s thresholding method. [26]  

 

Figure 4. Comparison between histological stains and CA4+ stained µCT scan. In (A), different concentra-

tions of CA4+ are compared through the full cartilage depth. Both histological and µCT slices show that PG 

content increases deeper into cartilage. In (B), areas highlighted with yellow rectangles from (A) are magni-

fied to better show stain accumulation around chondrons. Reprinted from [26] with permission. Copyright 

2017 Karhula et al.  
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4. In vitro: contrast enhancement for chondrocyte imaging 

There are currently no widely accepted contrast agents for chondrocyte imaging. Some plausible methods are 

described here. Important features for chondrocyte contrast agents are small size for penetrating the cell 

membrane [14] and positive charge to accumulate more easily in negatively charged cells [13]. Contrast 

agent osmolarity should also be set to a physiological level, since high osmolarity agents can cause cell death 

and shrinkage [12]. 

 

4.1 Gallocyanin chrome-alum 

Gallocyanin is originally a histological stain used for cell nuclei. It can also be used as a contrast agent since 

gallocyanin chrome-alum (GCA) has one chromium atom to provide X-ray contrast. Chromium is bound to 

two gallocyanin molecules [33].  It seems to show individual cells when scanning soft tissues, but this has 

not been confirmed. Downside for gallocyanin stain is that it provides only low contrast. [34] 

There are few possible GCA binding mechanisms. Electrical interaction can bind GCA through ionic chro-

mium. Free amine groups might bind to tissue acids or carboxylic acids to tissue amines.  [33] 

When using GCA staining, pH value has major effect in results. In acid conditions, GCA seems to stain cell 

nuclei, but it might also stain proteins. Raising the pH diminishes staining effect of GCA and it probably 

cannot be used for staining in alkaline solutions. Horobin and Murgatroyd concluded that it might be that 

GCA staining has only similar effects as other basic dyes [33]. However, GCA might have potential in cell 

staining as shown by results of Metscher [34]. 

 

4.2 Gold nanoparticles 

Gold nanoparticles consist of gold atoms that form different shapes at nanometre scale. Versatility of GNPs 

as X-ray contrast agent is based on the possibility to modify the nanoparticle surface; this provides great 

tissue-specificity to GNPs [4]. Often used GNP coating method is adding polyethylene glycol layer to in-

crease GNP retention time in blood circulation [11]. For tumor imaging, GNPs can be coated for specific 

targeting. One such method is use of acetylated dendrimer-entrapped GNPs, which have been found to ac-

cumulate in cancer cell lysosomes [35]. 

GNPs can be used both for cell imaging [35,36], but also for many other imaging applications such as vascu-

lar, cardiac, liver, spleen and cancer imaging [11]. Advantage of using GNPs is that gold has both high den-

sity and atomic number. Consequently, stains that use gold atoms provide good contrast (2.7 times higher 

compared to iodine for its weight) [4]. GNPs have also been reported to be potential carriers for drug deliv-

ery in cartilage [37]. 
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Stem cell tracking in the brain is possible using GNPs. This was done by Betzer et al, using human mesen-

chymal stem cells [36]. Cells were first incubated with glucose coated GNPs. This caused endocytosis of 

GNPs into stem cells. Cells were then injected in rat brains and their movement could be tracked using CT 

imaging. This method was not tested with cartilage, but glucose-coated GNPs might have potential with live 

cartilage tissue. 

 

4.3 Hexamethyldisilazane 

Hexamethyldisilazane (HMDS) is a reagent that is used in sample drying. In HMDS, there is a nitrogen atom 

that is bound to two silicon atoms. Both silicon atoms are both bound to three methyl groups [38]. HMDS 

drying is a low-cost method that preserves the sample well, but downside of HMDS is that it slightly shrinks 

sample size while drying [39]. It can be used to enhance contrast in CT images for evaluating chondron 

properties automatically [40]. 

Chondrons can be imaged from HMDS-treated cartilage samples using conventional µCT systems. After 

fixation and dehydration, samples can be processed with HMDS and then dried in room temperature. This 

causes the dried cells to leave their surrounding matrix, lacuna, empty and filled with air when imaging. Af-

ter drying, X-ray contrast comes naturally from the cartilage tissue and chondron lacunae and cell clusters 

are visible.   [41] 

Chondrons can be automatically segmented using µCT imaging with HMDS drying. This was done by Kesti-

lä et al (figure 5). This could prove to be useful in fast segmentations of multiple chondrons, for example 

when analysing large cartilage volumes. From segmented chondrons, differences could be found in chondron 

properties of samples with different phases of cartilage degeneration and osteoarthritis progression. [40] 
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Figure 5. (Right): 3D-rendered models from individual chondrons through cartilage depth. OARSI 0 refers 

to healthy sample and OARSI 3 to osteoarthritic sample with degenerated cartilage. Chondron volumes were 

found to be larger in middle and deep zones with osteoarthritic samples. (Left): Reconstructed slices in three 

orthogonal views. Masks obtained with automatic segmentation in red. Successful segmentation of a cluster 

of chondrons in A, inaccurate segmentation of a cluster in B, successfully segmented chondron in C and 

inaccurate segmentation of a chondron in D. Reprinted from [40] with permission from Elsevier. 

 

Table 1. Summary of different desktop CEµCT methods for cartilage and chondrocyte imaging. Cartilage 

contrast agents are more widely used, cell contrast agents are possible suggestions for chondrocyte or chon-

dron imaging. 

Contrast agents in clinical use Charge Stains Dependence Limitation 

Ioxaglate - Proteoglycans Inverse High required dose, re-

pulsion of PGs 

In vitro contrast agents for ECM 

imaging 

    

PTA - Collagen Proportional Slow diffusion, acidic 

solution 

CA4+ + Proteoglycans Proportional Accumulation in pericel-

lular matrix 

In vitro contrast enhancement for 

chondrocyte imaging 

    

Gallocyanin + Nuclei, DNA Proportional Low contrast and speci-

ficity 

GNPs (glucose-coated) neutral Cells (in vi-

vo) 

Proportional Low specificity (in vitro) 

HMDS neutral Drying “Inverse” Tissue modification 
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5. Discussion 

5.1 Competing methods in assessing AC composition 

Contrast agent µCT imaging of cartilage has many applications and is a feasible technique for identifying 

macroscopic and microscopic characteristics from AC. Largest competitor for computed tomography at least 

in clinical environment is magnetic resonance imaging (MRI) [4]. Its clear advantage is the lack of ionizing 

radiation and great soft tissue contrast. With MRI, sample does not necessarily have to be treated with con-

trast agents or lower concentrations can be used to minimize tissue alteration. CT imaging has also ad-

vantages compared to MRI. First, in CT imaging, resolution is isotropic in all three dimensions. Second, CT 

imaging provides high resolution images, with low-cost and short scanning times. These advantages are most 

useful for in vitro imaging. There are also micro-MRI devices in research use. Consequently, CT and MRI 

imaging should be considered complementary methods for each other.  

Often used methods to assess cartilage constituents are Fourier transform infrared spectroscopy (FTIR) and 

near-infrared spectroscopy. These techniques utilise infrared light to measure chemical information from the 

sample. Collagen content and proteoglycan content can be estimated from collected spectra. Infrared spec-

troscopy however is limited to 2D imaging of thin tissue slices and sample preparation is quite time consum-

ing. [42] 

Raman spectroscopy is quite similar technique to FTIR and near-infrared spectroscopy but based on slightly 

different physical principles. It utilises visible light laser to measure Raman scattering from the sample. It 

can be used to assess similarly cartilage constituents and requires very little sample preparation [43]. How-

ever, Raman imaging devices have limited focal depth and are also mostly used in imaging 2D maps. Both of 

these spectroscopic methods can still easily be used as reference for CEµCT methods. 

 

5.2 CEµCT of cartilage and chondrocytes 

All reviewed CEµCT methods are summarized in table 1. Currently there are no clinical contrast agents for 

assessment of collagen content in AC, but PG content can be quantified using ioxaglate stains. Alternative 

PG specific contrast agents are sought after nevertheless to reduce required doses and toxicity. Cationic PG 

stains such as CA4+ show potential, since they stain cartilage proportionally GAG side chains. CA4+ has 

been shown to correlate much better with GAG content and require much lower doses [24].  

Collagen fibres can be stained for µCT imaging with PTA. This reagent is problematic for clinical use, since 

it requires acidic conditions to stain collagen sufficiently and diffuses quite slowly in cartilage. In vitro, PTA 

is a good stain for assessing collagen content and can even be used to evaluate OA progression in AC. Use of 

PTA stained µCT imaging seems to be challenging histological staining as OA evaluation method since it 

leaves samples intact and can be performed in a semi-quantitative manner. Histological staining is a time-
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consuming process for OA grading and requires lot of experience to evaluate grades from stained slices with 

good repeatability. 

When studying chondrocytes with contrast agents, proper fixation of samples is important. As reported by 

Loqman et al [15], conventional fixatives such as neutral buffered formalin cause shrinkage in chondrocytes 

due to high osmolarity. This could be in common fixatives as high as around 1000mOsm, while physiologi-

cal area is roughly 280mOsm. Chondrocytes can be better retained by choosing a fixative that resides in 

physiological osmolarity range. Same effect should be considered also when designing contrast agents for 

such experiments, since high osmolarity agents can cause chondrocyte death and tissue shrinkage as shown 

by Turunen et al [12]. 

Imaging of chondrocytes using contrast agent µCT is not easy to achieve and no known contrast agents exist. 

Staining with GCA seems to have some potential. Even though Horobin and Murgatroyd [33] concluded that 

gallocyanin does not seem to stain cells any more than other basic stains, Metscher [34] got promising results 

for using GCA as cell contrast agent in soft tissues. It seems that GCA has some potential as chondrocyte 

stain, but this has not been verified. There is also a possibility that GCA stains PGs as well and chondrocytes 

cannot be identified. 

 Study done by Betzer et al [36] clearly shows that GNPs have potential to stain cells. Glucose-coated GNPs 

were delivered to human stem cells via endocytosis. This might leave a possibility for cartilage staining. A 

possible method would be to immerse AC samples in a solution with free glucose-coated GNPs and let GNPs 

freely diffuse into cartilage matrix. Hopefully chondrocytes would bind to GNPs through endocytosis and 

chondrocytes would have higher contrast compared to ECM. However, there are major limitations for this 

approach. To cause endocytosis, chondrocytes must be alive in GNP staining. This means that samples must 

be stained fresh, cannot be frozen or fixated. This is probably difficult and expensive to achieve, and it has 

not been verified that glucose-coated GNP staining works for cartilage or chondrocyte staining.  

One viable method to use glucose-coated GNPs in chondrocyte imaging and avoid the problem of having 

live cells might be to use animal experiments. A test animal could be injected with glucose-coated GNPs 

directly into synovial fluid and then waiting a sufficient time could allow GNPs to diffuse into cartilage. 

After euthanasia animal test animal could be prepared for high-resolution µCT imaging. This would allow 

time for GNPs to bind to chondrocytes in vivo and cells would be alive long enough.  

An affordable method to analyse chondron properties in 3D using µCT imaging is HMDS drying. Even 

though method gives information from the whole chondron and not individual chondrocytes, advantage of 

HMDS is that contrast comes directly through tissue. Phase-contrast enhanced µCT might be needed to dif-

ferentiate between empty chondron lacunae and dry cartilage tissue. Another limitation is that tissue drying 

causes sample shrinkage and might cause tension in cartilage. However, HMDS drying can be used with 

automatic segmentation algorithms to quickly analyse chondrons through whole AC depth. 
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6. Conclusion 

In conclusion, this thesis provides an insight to latest methods in CEµCT. Methods that are currently in use 

are reviewed and possible methods for chondrocyte imaging are discussed. Possible novel method for GNP 

chondrocyte imaging is proposed. For in vitro imaging, there are contrast agents that can be used to quantify 

distribution and quantity for both PG and collagen. In clinical environment contrast agents are mainly re-

stricted in evaluating PG distribution in AC. There are still not commonly accepted agents for chondrocyte 

imaging, but some novel methods show potential. Reviewed CEµCT methods are cost-efficient and can pro-

vide tools for quantitative assessment of articular cartilage characteristics and OA progression in 3D.  
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