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Abstract

To prevent the progression of posttraumatic osteoarthritis, assessment of cartilage

composition is critical for effective treatment planning. Posttraumatic changes in-

clude proteoglycan (PG) loss and elevated water content. Quantitative dual‐energy
computed tomography (QDECT) provides a means to diagnose these changes. Here,

we determine the potential of QDECT to evaluate tissue quality surrounding car-

tilage lesions in an equine model, hypothesizing that QDECT allows detection of

posttraumatic degeneration by providing quantitative information on PG and water

contents based on the partitions of cationic and nonionic agents in a contrast

mixture. Posttraumatic osteoarthritic samples were obtained from a cartilage repair

study in which full‐thickness chondral defects were created surgically in both stifles

of seven Shetland ponies. Control samples were collected from three nonoperated

ponies. The experimental (n = 14) and control samples (n = 6) were immersed in the

contrast agent mixture and the distributions of the agents were determined at

various diffusion time points. As a reference, equilibrium moduli, dynamic moduli,
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and PG content were measured. Significant differences (p < 0.05) in partitions be-

tween the experimental and control samples were demonstrated with cationic

contrast agent at 30min, 60min, and 20 h, and with non‐ionic agent at 60 and

120min. Significant Spearman's rank correlations were obtained at 20 and 24 h

(ρ = 0.482–0.693) between the partition of cationic contrast agent, cartilage bio-

mechanical properties, and PG content. QDECT enables evaluation of posttraumatic

changes surrounding a lesion and quantification of PG content, thus advancing the

diagnostics of the extent and severity of cartilage injuries.

K E YWORD S

articular cartilage, cationic contrast agent, contrast‐enhanced computed tomography,
dual‐contrast agent, dual‐energy computed tomography, posttraumatic osteoarthritis

1 | INTRODUCTION

Osteoarthritis (OA) is a progressive joint disease characterized by a

breakdown of articular cartilage and underlying bone, pain, stiffness,

and impairment of joint function. Single and multiple traumas to the

joint cause focal damage, and more specifically lead to abnormal

mechanical function and biochemical alterations of cartilage. Trauma

may not only lead to a local chondral defect but can also trigger

changes in the surrounding cartilage, predisposing patients to devel-

oping posttraumatic OA (PTOA). To prevent or delay the progression

of an acute injury into PTOA, surgical and pharmaceutical interven-

tions are needed.1,2 However, injuries must be first detected and

assessed. After the injury, the time to develop clinical PTOA varies

highly from as short as 2–5 years but for some injuries, the timeframe

can be even longer.1 The earlier the cartilage degeneration can

be detected in the preclinical phase, the better are chances for effective

treatment. The focus of this study is to evaluate a new contrast‐
enhanced computed tomography (CECT) technique for the detection of

the initial changes in cartilage adjacent to chondral defects.

Magnetic resonance imaging (MRI) is an important imaging tool

in cartilage damage diagnostics as it features excellent soft‐tissue
contrast and can assess proteoglycan (PG) content, collagen or-

ientation, and water content.3,4 Unfortunately, MRI has a relatively

low spatial resolution in vivo (1–2mm) and long image acquisition

times with the length of a typical knee MRI protocol varying from

20 to 30 min.4,5 As an alternative to MRI, CECT enables the

detection of cartilage degeneration in acute injuries6–10 and has

recently been introduced in the clinic. The advantages of CECT over

MRI include better spatial resolution (0.5–0.625mm), shorter

acquisition time (<1min), lower costs, and better availability.

Furthermore, changes in the bony structures are better visualized in

computed tomographic (CT) images.

The CECT of the knee typically involves two subsequent CT scans

acquired immediately (arthrography) and 45min (delayed arthro-

graphy) after the intra‐articular injection of a contrast agent.6,7,10

The first scan allows segmentation of the articulating surface and

lesions, while the second scan reveals internal cartilage changes related

to the initiation of PTOA (e.g., increased water content and decreased

PG content). In CECT, contrast agents enhance the contrast at the

synovial fluid‐cartilage interface since the natural contrast at this in-

terface is almost nonexistent in CT. Contrast agents also enable the

detection of degenerative changes by examining their uptake and

partitioning in the cartilage.11–16 The early degenerative changes of

cartilage include PG loss, disruption of the superficial collagen network,

and increased water content.17,18 These changes increase the uptake of

anionic contrast agent (most commonly ioxaglate), enabling the

evaluation of the internal cartilage changes and degeneration.19

A recently introduced cationic contrast agent (CA4+) has a su-

perior sensitivity for revealing tissue PG content at diffusion equili-

brium compared with the currently used anionic contrast

agents.13,20–22 Cationic contrast agents distribute in cartilage pro-

portionally to the PG content due to the electrostatic attraction

caused by the negative fixed charge density of the PG molecules. At

the onset of diffusion, cationic contrast agent diffusion is also con-

trolled by two other degeneration‐related factors: increased water

content and decreased steric hindrance (i.e., the physical diffusion

barrier formed by the dense collagen network and the interspersed

PGs in the matrix). Degeneration of the extracellular matrix has

opposite effects on the diffusion of cationic agents: the loss of PGs

decreases the diffusion while the increased water content and de-

creased steric hindrance increase the diffusion. This phenomenon

diminishes the sensitivity of detecting cartilage injuries and os-

teoarthritic degeneration at clinically feasible imaging time points

(30min up to 2 h after the administration of the contrast agent6).

We previously reported that this weakness in clinically fea-

sible time points is minimized by employing a quantitative dual‐
energy CT (QDECT) technique, together with a contrast agent

mixture consisting of cationic, iodinated contrast agent (CA4+)

and nonionic, gadolinium‐based contrast agent (gadoteridol).23,24

In the mixture, the cationic contrast agent is sensitive to the

changes in PG content and the non‐ionic contrast agent is sen-

sitive to the tissue water content and altered steric hindrance.

Thus, with non‐ionic agent, the effect of water content and al-

tered steric hindrance into CA4+ diffusion can be assessed.
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QDECT is based on dual‐energy CT that exploits the “absorption

k‐edges,” that is, sharp element‐specific changes in the photo-

electric X‐ray absorption spectrum. In this method, the energies

and filtration of the X‐ray beam are selected so that the resulting

X‐ray energy spectra fall on both sides of either gadolinium

(50.2 keV) or iodine (33.2 keV) k‐edge. The technique enables

simultaneous quantification of the uptake of cationic and non‐
ionic contrast agents in cartilage and, thus, improved diagnosis of

cartilage degeneration and injuries.23,24

Previous research on QDECT has focused on studying car-

tilage injuries in lesion sites of osteoarthritic human cartilage and

bovine cartilage with artificial injuries and degeneration ex

vivo.23–27 In this study, we extend our examinations from the

lesion site to the surrounding tissue to evaluate the capability of

the technique to reveal changes related to PTOA. This is of in-

terest because the changes in the adjacent tissue are usually not

as prominent as in the lesion site and, thus, the sensitivity of the

QDECT method needs to be validated in this setting. Ad-

ditionally, this is the first time the QDECT technique is being

evaluated in an equine model. Specifically, we investigate the

potential of the QDECT technique for monitoring posttraumatic

degeneration in the cartilage surrounding surgically repaired le-

sions in the equine stifle joint. We hypothesize that simultaneous

quantification of the cationic and non‐ionic contrast agent par-

titions using the QDECT technique enables the detection of

posttraumatic, degeneration‐related changes in the tissue sur-

rounding the lesions at clinically relevant diffusion time points

and, hence, QDECT improves the quantitative diagnosis of

posttraumatic degeneration.

2 | METHODS

2.1 | Sample extraction

In both femoropatellar joints of Shetland ponies (N = 7, age = 8.8 ±

3.5 years, 6 females and 1 male) two full‐thickness cylindrical

chondral lesions (d = 9mm) were surgically created on the

medial femoral ridges. The experiments were carried out in a surgical

theater at the Equine Division of the Department of Clinical

Sciences, Utrecht University, The Netherlands. The lesions were

treated with different combinations of chondrons and mesenchymal

stem cells in different carrier hydrogels. After a 12‐month treatment

period, the ponies were euthanized. Osteochondral samples, includ-

ing the lesions and surrounding tissue, were extracted postmortem

from the medial femoral ridge (Figure 1). In addition, to obtain a

representative sample population, equivalent osteochondral samples

were extracted from femoropatellar joints of healthy ponies

(Ncontrol = 3, age = 10.3 ± 4.7 years) obtained from a local abattoir

(Van de Veen, Nijkerk, The Netherlands), resulting in a total of

20 samples (14 experimental and 6 control). Extracted samples were

frozen at −20°C until biomechanical testing. We expect that, based

on literature, this freeze‐thaw cycle did not induce substantial

changes in the structure, composition, or biomechanical properties of

cartilage.28 The number of samples was based on power calculations

of the original cartilage repair study.29 The measurement protocol

was evaluated and approved by the Ethics Committee of Utrecht

University for Animal Experiments in compliance with the Institu-

tional Guidelines on the Use of Laboratory Animals (Permission DEC

2014. III.11.098).

(A) (B)

(C)

F IGURE 1 Sample extraction and anatomical locations. (A) Medial view of a left trochlea showing the locations of the surgically repaired
lesions and the extraction site of an experimental sample. (B) Photograph of an experimental sample. Red lines indicate the locations
of the surgically induced and repaired lesions. The boxes illustrate the locations where the histological samples were extracted, and the black
dots illustrate the anatomical locations of the biomechanical measurement points. Letters P, C, and D (proximal, central, and distal) and
numbers 1–4 denote the naming of the anatomical locations, for example, P1 is the proximal and closest location from the surgically
repaired lesion. The line with scissors shows where the samples were trimmed before the microCT measurements. (C) Corresponding view
of the CA4+ partition map [Color figure can be viewed at wileyonlinelibrary.com]
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2.2 | Biomechanical testing

Biomechanical properties of cartilage were examined using indentation

testing. Twelve biomechanical testing locations were examined from

proximal (P), central (C), and distal (D) anatomical locations (Figure 1).

Each anatomical location included four testing locations with the closest

to a lesion denoted as location 1 and the farthest as location 4. A total

of 235 locations were tested biomechanically (two samples had less

than 12 locations due to the shape of the sample).30 The indentation

system utilized a 250 g load cell (accuracy ± 0.25%, Model 31; Honey-

well Sensotec Sensors) and an actuator (displacement resolution 0.1 µm,

PM500‐1 A; Newport). During the measurements, the samples were

glued to a custom‐made sample holder and a perpendicular alignment

with the face of a plane‐ended nonporous cylindrical indenter

(d = 0.53mm) was ensured using a goniometer (Model #55‐841; Ed-
mund Optics Inc.). To begin with, the indenter was brought into contact

with the sample. The contact was confirmed by indenting the sample

five times using 2% strain. First, four stress‐relaxation steps with 5%

strain and a ramp velocity of 100%/s were performed using a relaxation

time of 600 s in between the steps. Thereafter, dynamic sinusoidal

loading (f = 1.0Hz) with a strain amplitude of 1% was applied. The linear

region of the stress‐relaxation curve was used to determine the equi-

librium modulus using Poisson's ratio of ν = 0.1. The dynamic modulus

was calculated as a ratio of the stress and strain amplitudes obtained

from the sinusoidal loading using a Poisson's ratio of ν = 0.5.31,32 Mea-

suring adjacent points with distances varying between 3 and 4mm was

feasible, as the diameter of the employed indenter was sufficiently

small (~0.5mm).

2.3 | MicroCT imaging

The QDECT measurements were conducted using a microCT scanner

(Quantum FX; Perkin Elmer). The samples were scanned at room

temperature using two X‐ray tube voltages (90 and 50 kV) with a

tube current of 200 µA and isotropic voxel size of 59 × 59 × 59 µm3.

Custom‐made 2mm and 0.588mm copper filters were used in 90

and 50 kV scans, respectively. Each scan included seven calibration

phantoms. These phantoms comprised of one distilled water phan-

tom, three CA4 + (q = +4, M = 1499.17 g/mol) phantoms with iodine

concentrations of 8, 16, and 32mg I/ml, and three gadoteridol (q = 0,

M = 558.69 g/mol, ProHance, Bracco Diagnostic Inc.) phantoms with

gadolinium concentrations of 8, 16, and 32mg Gd/ml. CA4+ was

synthesized as reported previously.14

Before imaging, the sides and bottom of the osteochondral

samples were sealed carefully using cyanoacrylate (Loctite, Henkel

Norden AB), which served as a barrier and allowed the contrast

agent diffusion only through the articulating surface. The X‐ray at-

tenuation within the cartilage was determined by imaging the os-

teochondral sample in air with both tube voltages. After baseline

data acquisition, the samples were immersed in an isotonic

(~308mOsm/kg) mixture of CA4+ and gadoteridol diluted in

phosphate‐buffered saline (PBS). The iodine concentration in the

solution was 10mg I/ml, and the gadolinium concentration was

20mg Gd/ml. The solution was supplemented with proteolytic in-

hibitors (5 mM ethylenediaminetetraacetic acid [EDTA; VWR Inter-

national] and 5mM benzamidine hydrochloride hydrate Sigma‐
Aldrich Inc.]) and penicillin–streptomycin (100 units/ml penicillin,

100 μg/ml streptomycin; Life Technologies) to prevent general pro-

tein degradation in the tissue. The samples were kept immersed in a

contrast agent for 24 h in a bath volume of 20ml at 7°C while the

bath was stirred gently. The uptake of the dual‐contrast agent in

articular cartilage was imaged at five time points following an im-

mersion period of 30min, 1 h, 2 h, 20 h, and 24 h. The samples were

imaged in air and the atmosphere in the imaging tube was kept moist

during imaging using saline‐soaked gauze. The image acquisition time

was 2.6min for both energies. Late imaging time points (20 and 24 h)

are not clinically relevant but were used here as comparison data

points since the diffusion of contrast agents is presumed to be at

diffusion equilibrium at these imaging time points. After microCT

imaging, the samples were frozen at −20°C.

2.4 | Digital densitometry

Preceding sample preparation for histological digital densitometry

(DD) analysis of the PG content, the contrast agent was washed out

from the cartilage tissue by immersing the samples in PBS for a total

of 48 h at 7°C, including the change of the PBS bath after 24 h.

MicroCT imaging was conducted to confirm that all contrast agent

was washed out from the sample. Next, the samples were prepared

for DD from twelve locations corresponding with the biomechanical

testing locations. Sample blocks, including two biomechanical testing

locations, were extracted with matching distances from the edges of

the block to ensure correct locations for DD measurements. The

extracted samples were fixed in formalin and subsequently dec-

alcified in EDTA to soften them for histological sectioning. Samples

were fixed in paraffin and three DD sections with a thickness of 3 μm

from each measurement location were prepared using a micro-

tome.33 The DD sections were stained using safranin‐O and mea-

sured with a DD measurement system to quantify the depth‐wise PG

content in cartilage. Safranin‐O is a cationic stain that binds speci-

fically and stoichiometrically to the PGs.34 The DD measurement

system was composed of a light microscope (Nikon Microphot‐FXA;
Nikon Co.) equipped with a monochromatic light source and a 12‐bit
CCD camera (ORCA‐ER; Hamamatsu Photonics K.K.). System cali-

bration was performed using neutral density filters of 0–3.0 optical

density. Before determining the optical density of the cartilage at

each biomechanical measurement point, the subchondral bone was

manually segmented from the images. Then the optical density

profiles perpendicular to the articulating surface were determined

and the profiles were interpolated to 100 points. The analysis was

performed with a custom‐made Matlab script (Matlab 2016b;

Mathworks, Inc.). A more detailed description of the biomechanical

and histological analysis and results can be found in our previous

studies.30,33
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2.5 | Data analysis

MicroCT images were coregistered by first delineating the bone

volumes using Stradwin (v. 5.2, Department of Engineering,

University of Cambridge) and subsequently matching the orienta-

tions of the bone volumes with that of the 0‐min, 90 kV baseline

image using an open‐source software wxRegSurf (v. 16, Department

of Engineering, University of Cambridge, UK). After co‐registration,
the cartilage volumes were traced using ITK‐SNAP software (v. 3.8.0,

www.itksnap.org) and a custom‐made MATLAB script was used to

calculate the partitions of iodine and gadolinium in the cartilage

based on the equations described below.

The concentrations of two components in a mixture can be

solved based on Bragg's additive rule for the mixtures:

α μ μ= +C C ,E I,E I Gd,E Gd (1)

where αE is the attenuation coefficient in the medium at an energy

E,μI,E, and μGd,E the mass attenuation coefficients, and CI and CGd the

concentrations of iodine (I) and gadolinium (Gd) in the mixture. From

this equation, iodine and gadolinium concentrations can be solved

from the dual‐contrast images based on the X‐ray attenuation with

two tube voltages (here 90 and 50 kV) as follows:

α μ α μ

μ μ μ μ
=

−

−
CI

90 Gd,50 50 Gd,90

I,90 Gd,50 I,50 Gd,90

(2)

α μ α μ

μ μ μ μ
=

−

−
C .Gd

50 I,90 90 I,50

I,90 Gd,50 I,50 Gd,90

(3)

The attenuation of native cartilage tissue was removed by sub-

tracting the images obtained before the contrast agent immersion

from the image obtained at each time point with the same energy.

The contrast agent partitions were obtained by dividing the contrast

agent concentration inside the cartilage with the concentration in

the immersion bath.

In addition, depth‐wise contrast agent concentration profiles were

calculated from the locations of biomechanical testing to investigate

potential differences between the contrast agents' partitioning and DD

measurement. To calculate depth‐wise contrast agent concentration

profiles for iodine and gadolinium, cylindrical regions of interest with

1.416mm diameter were carefully matched with the histological loca-

tions based on microCT measurements having X‐ray positive markers on

top of the histological location and photographs of the samples.30 The

depth‐wise concentration distributions were linearly interpolated into

30 points long depth‐wise profiles and afterward used to compare with

the depth‐wise distribution of PG content. Mean values of contrast‐agent
concentrations were calculated for full cartilage and superficial cartilage

(50% of the total cartilage thickness).

Mann–Whitney U test was used to determine whether statistically

significant differences occurred between the contrast agent partitions

(CA4+ or gadoteridol) in experimental and control samples. Statistical

significance of dependence between DD and CA4+ was calculated using

F IGURE 2 Representative partition maps of
CA4+ for three experimental and three control
samples. The partitions are presented for both
full thickness cartilage and for the superficial
layer (50% of the total cartilage thickness). Red
lines indicate the locations of the lesions in the
experimental samples and the corresponding
sites in the control samples. Higher partition of
CA4+ is seen in the control samples at 20 and
24 h after contrast agent immersion, indicating
higher PG content. In experimental samples, the
CA4+ partition at 20 and 24 h time points is the
lowest near the lesion site and increased when
moving further away [Color figure can be viewed

at wileyonlinelibrary.com]
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Spearman's rank correlation. p<0.05 was considered as the limit for

statistical significance. Due to the relatively small sample size and non-

normal distribution of the parameters (Shapiro–Wilk test, p<0.0001),

nonparametric tests were used. The statistical tests were performed

using the SPSS software package (v. 24.0 SPSS Inc., IBM Company).

3 | RESULTS

Mean CA4+ partitions in full thickness cartilage were significantly

higher in experimental samples than in control samples at 30min

(p = 0.004) and 60min (p= 0.028) after contrast‐agent immersion but

significantly lower at 20 h (p < 0.0001) after immersion. For the su-

perficial cartilage layer, the CA4+ partition was significantly higher

at 30min (p = 0.001) and significantly lower at 20 h (p < 0.0001) and

24 h (p < 0.0001). The partition of gadoteridol in full‐thickness car-

tilage was significantly lower in experimental samples compared with

the control samples at 60min (p < 0.0001) and 120min (p = 0.002)

after the immersion. In the superficial cartilage layer, gadoteridol

partition was lower in experimental samples at 30min (p = 0.003),

60min (p < 0.0001), and 120min (p < 0.0001). No significant differ-

ences in gadoteridol partition at 20 or 24 h were found. The partition

maps of the full thickness and superficial cartilage layer, respectively,

are shown in Figures 2 and 3.

F IGURE 3 Representative partition maps of
gadoteridol for three experimental and three
control samples. The partitions are presented for
both full‐thickness cartilage and for the
superficial layer (50% of the total cartilage
thickness). Red lines indicate the locations of the
lesions in the experimental samples and the
corresponding sites in the control samples. No
distinct differences in gadoteridol partition are
seen between the experimental and control
samples [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Spearman's rank correlations of CA4+ partition and reference parameters (optical density, equilibrium, and dynamic moduli)

Optical density Equilibrium modulus Dynamic modulus
Full cartilage Superficial

cartilage

Full cartilage Superficial

cartilage

Full cartilage Superficial

cartilageThickness Thickness Thickness

30min −0.148* −0.304* −0.137* −0.289* −0.078 −0.217*

60min −0.177* −0.325* −0.150* −0.341* −0.102 −0.281*

120min 0.089 −0.014 0.101 −0.043 0.125 0.015

20 h 0.693* 0.660* 0.635* 0.537* 0.610* 0.537*

24 h 0.627* 0.600* 0.553* 0.482* 0.550* 0.517*

*Indicates that correlation is significant at the level p < 0.05.
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Twelve biomechanical testing locations were examined from

proximal, central, and distal cartilage surrounding the lesions in

respect to the anatomical location. Biomechanical testing re-

vealed that in the experimental samples, the equilibrium and

dynamic moduli were lower compared with the moduli of the

healthy, control samples at all distal locations and most of

the central locations (p < 0.05). The difference increased to-

ward the distal aspect of the specimens with respect to the joint

orientation. The moduli of the control samples decreased to-

ward the medial aspect of the femoral groove. Safranin‐O
staining revealed a lower overall PG content in the experi-

mental samples compared to the controls. This difference in

PG content was greatest near the lesion site and decreased when

moving further away in the proximal and distal locations. In

contrast, in the central locations, the difference in PG content

was greatest farthest away from the lesion site and decreased

toward the lesion.

Significant correlations between CA4+ partition and reference

parameters (optical density, equilibrium moduli, and dynamic moduli)

were obtained at late‐diffusion time points of 20 and 24 h (Table 1).

Spearman's rank correlations at these time points varied between

ρ = 0.482 and ρ = 0.693. Significant correlations were also obtained

at 30 and 60min time points where the Spearman's rank correlations

varied between ρ = −0.078 and ρ = −0.341.

4 | DISCUSSION

In our previous studies, we showed that QDECT can simultaneously

quantify CA4+ and gadoteridol partitions in cartilage, and differ-

entiate healthy from injured cartilage tissue.23,24,27,27,35 However,

the potential of QDECT to detect posttraumatic degeneration in the

tissue surrounding a lesion has remained unknown. To investigate

this issue, we examined posttraumatic degeneration in equine car-

tilage surrounding a surgically created and repaired lesion at dif-

ferent imaging time points and evaluated the diagnostic capacity of

QDECT in this laboratory study.

CA4+ partition was greater in the experimental samples com-

pared with the control samples at 30 and 60min after immersion in

the contrast agent mixture. In the beginning, the CA4+ diffusion is

governed by the lowered steric hindrance but as it reaches equili-

brium, the tissue region with the greater PG content dominates the

CA4+ partitioning. CA4+ partitions in full‐thickness and superficial

cartilage layers were significantly higher at the 20 h imaging time

point in control samples compared with experimental samples. This

result is in line with previous results,23,24,26,26,27 as the PG content

dominates the partition of CA4+ at the late diffusion time points.

Unexpectedly, no difference in 24 h time point was found. With the

experimental cartilage samples, no apparent difference in either

contrast agent partition values between 20 and 24 h existed, in-

dicating that diffusion is at equilibrium or nearly approaching it. In

contrast, the contrast agents in control samples did not reach dif-

fusion equilibrium at 20 h as a significant difference was seen

between the partition values at 20 and 24 h time points. This in-

complete diffusion likely contributes to the observed difference in

the partitions between 20 and 24 h in control samples and explains

why no statistically significant difference in CA4+ partition could be

found between control and experimental samples at the 24 h time

point.

Gadoteridol partitions were lower in the experimental than in

control samples at the 60 and 120 min time points. Faster diffu-

sion of gadoteridol is consistent with the increases in the water

content and permeability of degenerated cartilage. In this context,

the lower partition of gadoteridol in the experimental samples at

the early diffusion time point is surprising. This result may be

explained by the diffusion‐related challenges due to possible in-

teractions between gadoteridol and CA4+ molecules. By examin-

ing the concentration maps in Figures 2 and 3, the partition of

gadoteridol appears to be lower in the areas of high CA4+ parti-

tion, suggesting that a repulsive interaction between the two

contrast agents may also be occurring. Previous studies have de-

monstrated that the iodine and gadolinium concentrations can be

accurately measured with QDECT,23,25,27 thus indicating that the

technique is functional but may be subject to the above‐described
challenge in more demanding measurement set‐ups. In this study,

for example, the size of the samples was bigger, and more tissue is

included around the measurement sites whereas the previous

studies only included the cartilage with the measured lesions and a

small amount of bone underneath.

The present results showed no difference in the partition of the

nonionic gadolinium contrast agent between the experimental and

control samples at the late‐diffusion time points, suggesting that no

difference in water content exists. Thus, in the early‐diffusion time

point, the increased diffusion of the CA4+ with the experimental

samples is mostly due to decreased steric hindrance. Alternatively,

the differences in water content may be so subtle that these dif-

ferences are overshadowed by the limitation of conventional mi-

croCT, which reduce the sensitivity of QDECT. Conventional

microCT systems suffer from beam hardening and other artifacts

originating from the polychromatic X‐ray beam. The weaknesses of

conventional microCT systems can be avoided with synchrotron

microCT that implements a narrow energy spectrum, thus minimizing

the negative effects of the polychromatic X‐ray beam.

A significant positive correlation was seen to exist between the

PG content and CA4+ partition at 20 and 24 h time points in both

superficial cartilage and full‐thickness cartilage. At early diffusion

time points (30 and 60min), the correlations were relatively weak

and surprisingly negative. This finding suggests that evaluation of PG

content based on CA4+ diffusion in the early diffusion time point in

cartilage tissue surrounding the lesion site is unreliable. At 20 and

24 h time points, between equilibrium/dynamic moduli and CA4+

partition, the correlations were positive in both superficial and full

cartilage layers. For equilibrium modulus and in the superficial layer

for dynamic modulus, weak negative correlations exist in both su-

perficial cartilage and full‐thickness at 30 and 60min time points.

The negative correlations are surprising as in previous studies a
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positive correlation between CA4+ partition and PG content at early

diffusion time points in the lesion sites was reported.23,26,27 This

negative correlation may also arise from the lowered steric hin-

drance of posttraumatic cartilage, thereby increasing the diffusion of

CA4+. Further, reliable quantification of PG and water contents in

early‐diffusion time points is challenging in species with relatively

thick cartilage. In species with thin cartilage (e.g., mice with cartilage

thickness of 87 ± 13 µm36), mapping of PG and water concentrations

is possible after very short diffusion times.

To achieve the most accurate results, data collection with two en-

ergies should be performed simultaneously with the shortest possible

acquisition time. In this study, the acquisitions at the two energies

(90 and 50keV) were obtained consecutively with the time difference

between the acquisition starting points being 4min 10 s. The acquisition

time for one energy was 2.6min. Immediately after the contrast agent

immersion, the diffusion rate of the contrast agent is at its highest,

constantly altering the depth‐wise partition. Thus, the ongoing diffusion

results in an average uptake of the contrast agent over the measurement

time rather than an exact uptake value at a certain time point. As the

measurement protocols were similar for all samples, the ongoing

diffusion has minimal effect on the results or conclusions.

In this study, the samples were images in the air, providing sig-

nificant contrast, which is unobtainable by imaging joint surfaces ex

vivo or in vivo. Loss of contrast at articulating surfaces may lead to

incorrect segmentation of cartilage and thus cause misinterpretation

of contrast agent partitions. Further, at in vivo imaging, the loss and

dilution of contrast agents in the joint capsule occurs rapidly. Thus,

the time‐dependent contrast agent partitions obtained in this study

are greater than can be attained in vivo. The next step forward is to

address these limitations in future studies.

In summary, QDECT allows evaluation of cartilage degeneration

at diffusion equilibrium and quantification of PG and water contents

in the laboratory setting. Additionally, QDECT can differentiate

healthy tissue from posttraumatic tissue based on CA4+ partition at

30 and 60min after contrast agent immersion. However, reliable

evaluation of PG content was found challenging at early diffusion

imaging time points. The results indicate that evaluation of post-

traumatic degeneration in the tissue surrounding the lesions is more

complicated than in the lesion site. As indicated above, many chal-

lenges still exist and further assessment of QDECT in ex vivo and in

vivo models are required to ascertain its limitations and full potential

as a diagnostic tool. Given the clinical need for improved diagnostic

capabilities for PTOA, the development of QDECT or other such

techniques is critical to empower clinicians to choose the optimal

treatment modalities for delaying and/or preventing the onset or

progression of PTOA.
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