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Understanding hip osteoarthritis requires new investigational tools for quantitative studies of biophysi- 

cal and biomechanical properties as well as for determination of structure. Three new protocols to study 

pathological changes in cartilage and to measure cartilage thickness in intact human hips are described 

using synchrotron contrast enhanced computed tomography (sCECT) with the iodinated contrast agent 

CA4 + . Ten human cadaver hips were prepared and injected with CA4 + using three different methods, 

all of which included rotation and distraction of the joint. CA4 + diffusion into cartilage was monitored 

using sCECT. The thickness of acetabular and femoral cartilage was also measured. Diffusion times ranged 

from 2 h to 75 h, depending on the injection protocol and the cartilage region. Direct single injection 

of the contrast through the labrum resulted in the fastest diffusion times. The iodine attenuation coeffi- 

cient, which reflects the contrast agent distribution in the cartilage, ranged from 0.0142/cm to 0.1457/cm. 

Three injections at the head/neck conjunction area yielded the highest iodine attenuation coefficients in 

cartilage. The femoral cartilage in the Superior-Medial compartment was significantly thicker than in the 

other 3 femoral compartments, and femoral cartilage in the Superior-Anterior compartment was signifi- 

cantly thinner than the other 3 femoral compartments. The acetabular cartilage in the Superior compart- 

ment was significantly thicker than that in the Superior-Posterior compartment. sCECT with CA4 + allows 

assessment of hip cartilage thickness with 0.1 mm isotropic voxel size, sufficient for evaluating cartilage 

pathology and biomechanics. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Hip osteoarthritis (OA), a leading cause of pain and disability,

ffects 3% of the population aged 55 to 74 years old [1] . It devel-

ps over time, often as a consequence of deformity or injury, with

 cascade of biochemical and biomechanical processes leading to

egeneration of the articular cartilage and other joint tissues. Thus,

haracterizing, quantifying, and understanding hip cartilage degen-

ration is of considerable interest. Additionally, gaining further in-

ight into hip mechanics and the relationship between mechanics
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nd hip osteoarthritis is of interest because abnormal mechanics is

idely thought to be a cause of many cases of hip OA [2] . 

Medical imaging is widely used to study cartilage degenera-

ion of articulating joints. Magnetic resonance imaging (MRI) pro-

ocols, such as dGEMRIC, T1 ρ , and T2, assess changes in cartilage

hat are associated with early cartilage degeneration as a result of

tructural or biochemical alterations [3] . From a biomechanics per-

pective, MRI has also been used to quantify cartilage strain in in-

act loaded knee joints [4] and hip joints [5,6] using measures of

artilage thickness before and after joint loading. A limitation of

RI approaches is that quantifying regional differences in cartilage

train accurately requires long scan times and high field strengths. 

Contrast-enhanced computed tomography (CECT) is also used to

tudy early cartilage degeneration and joint mechanics. CECT re-

ies on a contrast agent to increase visibility of cartilage from the

one and synovial space enabling accurate measurement of carti-

age thickness. Additionally, CECT with charged iodinated contrast

https://doi.org/10.1016/j.medengphy.2019.08.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.08.003&domain=pdf
mailto:david.wilson@ubc.ca
https://doi.org/10.1016/j.medengphy.2019.08.003


2 H. Zhang, G. Belev and R.C. Stewart et al. / Medical Engineering and Physics 73 (2019) 1–8 

Fig. 1. A. A prepared cadaver hip joint showing the injection location for method I and method II & III. B. Schematic diagram of the diffusion rig. C. Imaging system setup 

with cadaveric hip in the diffusion rig at the BMIT-BM beamline at the Canadian Light Source. 
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agents (either anionic or cationic) provides quantification of gly-

cosaminoglycan (GAG) concentration and distribution within car-

tilage [7–9] . GAGs play an important structural and biomechani-

cal role in the cartilage matrix. Anionic contrast agents accumulate

in cartilage in inverse relationship to GAG concentration, because

GAGs are negatively charged. Cationic contrast agents accumulate

in direct proportion to the concentration of GAGs. The cationic

contrast agent, CA4 + (possessing four positive amine groups) is su-

perior to anionic agents for quantification of GAG content [10,11] .

Significant correlations between CECT attenuation and GAG con-

centration as well as mechanical stiffness have been reported

in knee cartilage plugs [10–13] , human MCP joints [14] , and in

human intact knees [15,16] . 

Synchrotron imaging provides a unique opportunity to apply

CECT imaging to study GAG distribution and cartilage strain in in-

tact human hips. Synchrotrons produce high intensity X-rays with

high collimation and a wide spectrum, and produce the high res-

olution images ( < 100 μm) required to measure physiological levels

of cartilage strain. Importantly, synchrotrons do not have the sam-

ple size restrictions of the microCT devices that are widely used

for CECT [16,17] , allowing intact hip joints to be imaged within

devices loading them to physiological levels – a significant advan-

tage. The BioMedical Imaging and Therapy (BMIT) beamline at the

Canadian Light Source (CLS) is designed to image biological tissues

[18] in a large range of sizes and is ideal for investigation of intact

hips. 

Applying synchrotron CECT (sCECT) to study the intact human

hip requires a protocol for delivery of contrast agent into the hip

cartilage and quantification of the diffusion time. Achieving full dif-

fusion of contrast agent into the intact human hip is particularly

challenging because the joint is sealed by the acetabular labrum

and because a substantial portion of the cartilage surfaces are in

contact with each other in a resting posture. Consequently, our

study objectives are to: 

• Develop a sCECT imaging protocol for intact cadaver hips; 
• Develop and assess CA4 + injection and diffusion protocols for

intact cadaver hips; 
• Determine the diffusion time of CA4 + into the cartilage layers

of intact cadaver hips; and, 
• Assess the feasibility of measuring cartilage thickness using
sCECT imaging t
. Methods 

.1. Specimens and preparation 

Ten hips were obtained from 5 full pelvis to proximal femur

adaver specimens (aged 34–65 years, mean 53 years; 2 male, 3

emale; weighed 65 ±15 kg) obtained from the Life Legacy Foun-

ation (Tucson, AZ, USA). All specimens were scanned using heli-

al CT (Toshiba Aquilion; Tustin, CA, USA) with a slice thickness of

.5 mm and an in plane resolution of 0.72 mm. Hip joint coordinate

ystems were defined using an established protocol [19] based on

andmarks (PSIS-Posterior Superior Iliac Spine, ASIS-Anterior Supe-

ior Iliac Spine, femoral head center, and acetabular socket center)

dentified on these CT scans, the orientation of the femoral neck

nd shaft in the images, and estimation of the midpoint of the epi-

ondylar line of the knee according to the gender and height of the

onor [20] . 

Each specimen was thawed and dissected to the level of the

oint capsule, and then the pelvis and femoral shaft were potted

n dental cement so that the specimen could later be mounted

n a loading rig ( Fig. 1 A). All procedures were approved by our

nstitution’s clinical research ethics board. 

.2. Contrast agent diffusion protocol 

We designed and built a “diffusion rig” to apply cyclic compres-

ion and distraction to the hip joint to speed up diffusion of the

ontrast agent into the cartilage ( Fig. 1 B). Our motivation for build-

ng this rig was that early trials had shown that contrast agent

id not reach an equilibrium concentration in the cartilage after

0 h in a static hip. The rig is driven by a motor in a rack and

inion system (Oriental Motor U.S.A. Corp., Torrance, CA, USA) and

orce is measured with an S-type load cell (HSI-S, Panther). The

agnitude of the applied force and loading rate was controlled by

ustom LabVIEW code (LabVIEW, National Instruments, Austin, TX,

SA). 

We injected CA4 + into each specimen with a 22G1 needle (Bec-

on Dickinson & Co, Franklin Lakes, NJ, USA). Injection continued

ntil resistance from the needle and bulging of the joint capsule

ndicated full injection, with reference to normal human hip joint

apacity (8 to 20 mL depending on the size of the joint [21] ). We

ssessed 3 injection methods to study the effects of injection pro-

ocol on CA4 + diffusion into cartilage: 
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Table 1A 

Details of injection, imaging, and diffusion for each specimen. 

Donor # Side Injection Vertical coverage Diffusion time 

#1 L I, 

18.5ml 

25 mm 14h04m 

R 15h22m 

#2 L II, 

18ml 

48.4mm 45h34m 

R 33h15m 

#3 L 31h23m 

R 40h26m 

#4 L III, 

Table 1B 

36 mm 31h10m 

R 27h25m 

#5 L 30h30m 

R 31h55m 

Table 1B 

Timing of multiple injections and volume of injected CA4 + for 4 specimens. 

#4 

L 

Time 0h0m 12h10min 18h30m 

Amount 17 ml 10 ml 15 ml 

#4 

R 

Time 0h0m 12h45m 18h20m 

Amount 20 ml 12 ml 6 ml 

#5 

L 

Time 0h0m 7h55min 13h41min 

Amount 20 ml 11 ml 10 ml 

#5 

R 

Time 0h0m 8h20min 18h15min 

Amount 20 ml 20 ml 16.5 ml 
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Fig. 2. Imaging beam spectrum. 
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I. Single injection of contrast agent into the intra-articular space

through the labrum (2 specimens, Table 1 A, Fig. 1 A). 

II. Single injection of contrast agent at the anterior conjunction

area of femoral head and neck, corresponding to clinical hip

arthrography (4 specimens, Table 1 B, Fig. 1 A). 

II. Three injections (spaced over the imaging time) at the ante-

rior conjunction of the femoral head and neck (4 specimens,

Table 1A , Fig. 1 A). 

After each injection of CA4 + , we performed 100 manual rota-

ions of the hip to speed up diffusion of the contrast agent. Spec-

mens were then wrapped in gauze soaked in phosphate-buffered

aline (PBS + ) to prevent dehydration and mounted upside down in

he diffusion rig. After each image acquisition, the rig was used to

pply a ±30 N cyclic superior/inferior load to the hip for 30 min

t a frequency of 0.025 Hz. The cyclic loading was selected to dis-

ract the hip sufficiently to allow contrast agent to flow through

he labrum seal, while not damaging the joint and the cartilage

urface. 

.3. Synchrotron imaging 

Synchrotron CT imaging was done on the BioMedical Imag-

ng and Therapy Bending Magnet (BMIT-BM, 05B1-1) beamline at

he Canadian Light Source (CLS) ( Fig. 1 B). We used a rectangu-

ar filtered white beam controlled by a fast shutter that mea-

ures 245 mm horizontally and 2.8 mm vertically. The beam passed

hrough a 6.2 mm copper filter before reaching the specimen to re-

ove lower energy X-rays and improve image quality by decreas-

ng X-ray scatter. The spectrum of the imaging beam is shown in

ig. 2 . The specimen was placed on a rotational stage (Thorlabs

R360 S/M, Thorlans Inc., Newton, NJ, USA), which rotated 180 ̊

t 12 ̊/sec during imaging at 25.5 m from the light source, yield-

ng 1200 different projections used to reconstruct the images in

D. The projections were collected at every 0.15 ̊ rotation with a

MOS flat panel sensor, C9252DK-14, HAMAMATSU (Hamamatsu

orporation, Hamamatsu City, Shizuoka Pref., Japan), working in

artial scan mode with a pixel size of 0.1 mm at 26 m from the

ight source. We repeated this procedure with the beam at differ-

nt vertical positions relative to the hip to obtain full coverage of

he joint. Before each collection of CT projections ( I ), we took a
ark image without the specimen in the beam and with the shut-

er off to measure the environmental noise and we took a flat im-

ge ( I 0 ) without the specimen in the beam but with the shutter on

o normalize the projections in CT collection and to correct the de-

ects in the detector and the spatial and temporal variation of the

eam intensities. 

.4. Data analysis 

The attenuation coefficient was obtained from the projections.

he signal in each pixel of the CT projection, I , can be expressed

s: 

 = I 0 e 
−μt 

here I 0 is the flat image collected when there is no object in the

eam, μ is the linear attenuation coefficient of the object in the

eam, and t is the thickness of the object. The attenuation coeffi-

ient of the object was found from: 

= −ln 

I 

I 0 
/t 

The dark image was subtracted from both I and I 0 images to re-

uce environmental noise. The CT cross-sectional images were ob-

ained by filtered back projection through the inverse Radon trans-

orm in Matlab (Mathworks; Natick, MA, USA) with the attenuation

oefficient ( μ) as the signal of the voxel with a unit of 1/cm. This

T reconstruction was applied to all data sets. 

For cartilage and diffused iodine, μ = μC + μI , where μC is the

ttenuation coefficient of cartilage and μI is that of diffused io-

ine, which is proportional to the concentration of iodine in the

artilage. μI was calculated by subtracting μC obtained from the

re-injection scan of the cartilage. 

After CT reconstruction, images of the femur and pelvis col-

ected at different time points were aligned using 3D voxel reg-

stration (Analyze 10, AnalyzeDirect Inc., Overland Park, KS, USA). 

The femoral and acetabular cartilage layers were then seg-

ented on a volume created by subtracting the pre-injection vol-

me from the most diffused one. Cartilage was segmented manu-

lly (Analyze 10, AnalyzeDirect Inc., Overland Park, KS, USA) every

ew slices from this resulting volume and then the remaining slices

ere auto connected and smoothed (3D Slicer 4.8 [22] ). 

To visualize the distribution of iodine in the cartilage and

he thickness of the cartilage layers, a 2D projection map was
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Fig. 3. 2D visualization of spherical 3D cartilage data. A. A spherical coordinate system with origin at the sphere center corresponding to the femoral head center for femoral 

cartilage and acetabular center for acetabular cartilage. X is the posterior to anterior direction, Y is from inferior to superior, and Z points from left to right. Any point on 

the surface of the sphere can be represented by azimuth angle θ and zenith angle ϕ. B. 2D map of cartilage layers with pixels defined by ( θ , ϕ) and the superior part of the 

cartilage located at the center. 5 compartments are shown here, representing ϕ from 0 ̊ to 90 ̊. 

Table 2 

Equilibrium time t e (hour) for each compartment of the cartilage layers of the specimens injected with method I and method 

II. The t -test compares equilibrium time for injection method I and injection method II. 

Injection 

method 

Specimen Femoral cartilage Acetabular cartilage 

S SA SP SM S SP 

I #1 L 11.89 8.24 4.46 9.41 9.47 6.89 

#1 R 7.07 – 2.25 7.43 5.96 5.51 
II #2 L 56.52 3.47 26.17 25.84 75.64 47.71 

#2 R 13.16 2.03 12.66 14.96 25.39 19.53 

#3 L 9.51 11.17 2.84 17.06 – –

#3 R 17.07 9.73 22.69 27.50 16.18 16.80 

t -test p value ( α = 0.05) 0.21 0.38 0.09 0.03 0.14 0.09 
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developed [23] . A spherical coordinate system was set up in the

same way as the joint coordinates ( Fig. 3 ). The origin O was

defined as the femoral head center for the femoral cartilage layer

and as the center of the acetabular socket for the acetabular

cartilage layer. The orientation of the specimen in the synchrotron

CT was found by registering the clinical CT image (in which we

had defined the coordinate system) to the synchrotron CT image.

The zenith angle ϕ was measured from the foot-head direction Y.

The azimuth angle θ was measured from the left-right direction

Z. 2D maps were created with the center corresponding to the

superior point on the cartilage layer and pixels corresponding to

points on the cartilage layer defined by ( θ , ϕ) ( Fig. 3 B). The hip

cartilage layers were divided into 9 compartments: Superior (S),

Superior-Anterior (SA), Superior-Posterior (SP), Superior-Medial

(SM), Superior-Lateral (SL), Inferior-Anterior (IA), Inferior-Posterior

(IP), Inferior-Medial (IM), and Inferior-Lateral (IL) [24] . In this

project, we studied 5 compartments: S, SA, SP, SM, and SL. 

Diffusion data were fitted to a curve in the form of μI 0 [1- exp (-

t / τ )], where μI 0 is the iodine attenuation coefficient when the

CA4 + is fully diffused into the cartilage, t is diffusion time after

injection, and τ is the diffusion time constant, the time required

to reach 63.2% of the attenuation at equilibrium time t e (defined

as when 95% of μI 0 is reached) [25,26] . τ of each compartment of

each hip was calculated with the averaged attenuation coefficient

of each compartment if the cartilage covered more than 1/4 of the

compartment area in the image. t e was calculated using t e = 3 τ for

each region in each hip. We used the fitted diffusion functions to

calculate the iodine attenuation coefficient at 30 h for specimens
njected with method I and II. Interpolation was used to determine

he iodine attenuation coefficient at 30 h if there was no image

cquisition at the time for the specimens injected with method

II. Measurements of averaged iodine attenuation and equilibrium

imes were compared between injection methods using a pooled

 -test [27] . 

The thickness of femoral and acetabular cartilage was measured

n the most diffused volume and reported in 2D maps. The carti-

age thickness measured in the image was multiplied by a correc-

ion factor of 0.98 due to the distance between the specimen and

he detector. 

. Results 

Equilibrium times ( t e - calculated by curve fitting) varied

ubstantially by compartment, injection method and specimen,

anging from 2.0 to 75.6 h ( Table 2 ). The equilibrium times

ere significantly longer for a single injection at the head/neck

onjunction (method II) compared to a single injection through

he labrum (method I) for femoral compartment SM ( p = 0.03)

 Table 2 ). We found no difference in the equilibrium times for

emoral compartment SA ( p = 0.38) between the two methods. We

id not calculate the diffusion curves and equilibrium time for

 injections at the head/neck conjunction (method III) because

ultiple injections complicate the diffusion curve compared to the

ingle injection procedures. 

We observed qualitative differences in diffusion patterns be-

ween the three injection methods. For direct single injection of
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Table 3 

Iodine attenuation coefficients (1/cm) for each compartment of each specimen after 30 h of diffusion for the three different 

injection methods. The t -test compares the iodine attenuation coefficients among different injection methods for different carti- 

lage compartments. 

Injection 

method 

Specimen Femoral cartilage Acetabular cartilage 

S SA SP SM S SP 

I #1 L 0.1079 0.083 0.0781 0.0404 0.0795 0.0956 

#1 R 0.0700 – 0.0653 0.0338 0.0555 0.0765 

II #2 L 0.0394 0.1133 0.0604 0.0765 0.0172 0.0345 

#2 R 0.0592 0.0847 0.0634 0.0617 0.0419 0.0533 

#3 L 0.0195 0.0639 0.0186 0.0142 – –

#3 R 0.0549 0.1092 0.0460 0.0375 0.0268 0.0440 

III #4 L 0.1100 0.1390 0.1038 0.1077 0.0929 0.1050 

#4 R 0.1439 0.1457 0.1291 0.1327 0.1237 0.1186 

#5 L 0.0946 0.1225 0.1140 0.1073 0.0762 0.1033 

#5 R 0.0964 0.1424 0.1169 0.0772 0.0585 0.1249 

t -test p value 

( α = 0.05) 

Method I > Method II 0.03 0.36 0.10 0.32 0.03 0.01 

Method I < Method III 0.17 0.009 0.004 0.008 0.20 0.03 

Method II < Method III 0.002 0.006 0.0005 0.008 0.01 0.0001 

Fig. 4. One vertical slice of specimen #1 (right hip) at nine time points after injection of CA4 + through the labrum. Both cartilage layers had direct contact with CA4 + 

immediately after injection. As CA4 + diffused into the joint, the interface between acetabular and femoral cartilage became visible. The image obtained at 07h54m after 

injection has a large joint space because the distraction force was not removed completely for that image. 
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A4 + through the labrum (method I), femoral cartilage diffusion

tarted in the superior lateral compartment ( Fig. 5 ). Acetabular

artilage diffusion started in the region around the fossa and CA4 +
eached the highest concentration in this area ( Fig. 5 ). For a single

njection of CA4 + at the anterior head-neck conjunction (method

I), diffusion started from the SA compartment for femoral cartilage

nd from the region around the acetabular fossa for acetabular

artilage ( Fig. 6 ). Diffusion of CA4 + continued in femoral regions

nside the acetabulum much longer than in regions outside. This

ndicates that CA4 + was successfully injected into the hip joint

apsule but did not reach the inside of the acetabular socket. For

hree separate injections at the anterior head-neck conjunction

rea (method III), there was limited diffusion of CA4 + into the

cetabular socket covered cartilage layers after the 1st injection,

ome diffusion after the 2nd injection, and further diffusion after

he 3rd injection ( Fig. 7 ). 

The attenuation coefficient of iodine in the cartilage, which is

roportional to the amount of contrast agent diffused into the

artilage, varied from 0.0142/cm to 0.1457/cm 30 h after injec-

ion depending on the compartment, injection method, and speci-

en ( Table 3 ). The iodine attenuation coefficients are significantly

igher for a single injection through labrum (method I) compared

o a single injection at the head/neck conjunction (method II) at

emoral compartment S ( p = 0.03) and acetabular compartments S

 p = 0.03) and SP ( p = 0.01). 3 injections at the head/neck conjunc-

ion (method III) increased the iodine attenuation coefficient sig-
ificantly in almost all cartilage compartments (all p < = 0.03) com-

ared to single injection through labrum (method I), except the

 compartments in both femoral and acetabular cartilage. Com-

ared to method II, method III increased the iodine attenuation

oefficient significantly in all compartments of cartilage layers (all

 < = 0.01). 

Cartilage thickness could be measured because injecting CA4 +
ade the interface between acetabular and femoral cartilage vis-

ble ( Fig. 4 ). In these 10 hips, the femoral cartilage in the SM

ompartment was significantly thicker than that in the other 3

emoral compartments ( Table 4 A and 4 B), and femoral cartilage

n the SA compartment was significantly thinner than the other 3

emoral compartments. The acetabular cartilage in the S compart-

ent was significantly thicker than the acetabular cartilage in the

P compartment. 

. Discussion 

The key findings from this work are: a) movement and loading

f the hip are essential to ensuring diffusion of contrast agent into

ip cartilage; b) diffusion characteristics substantially vary for ca-

aver hip cartilage and depend on injection protocol and cartilage

egion; and, c) all injection methods afforded sufficient contrast

gent diffusion into the hip cartilage to measure cartilage thick-

ess using sCECT imaging. 
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Fig. 5. 2D maps of cartilage attenuation at 5 selected diffusion time points for specimen #1 right in which the injection method I, injecting directly through the labrum, 

was applied. The top row is femoral cartilage in which the fovea capitis is located around the white dot in the maps and the bottom row is acetabular cartilage in which 

the medial side edge indicates the start of the acetabular fossa. 

Table 4A 

Thickness (mm) of cartilage for each compartment for all specimens. 

ID and side Femoral cartilage Acetabular cartilage 

S SA SP SM S SP 

#1 L 1.87 1.24 1.37 2.68 2.00 1.24 

#1 R 1.99 – 1.71 3.09 1.78 1.18 

#2 L 1.34 0.96 1.24 1.45 1.63 1.06 

#2 R 1.35 0.93 1.24 1.69 1.47 0.98 

#3 L 1.07 1.04 1.13 1.16 – –

#3 R 1.42 1.27 1.31 1.48 1.33 1.08 

#4 L 1.48 0.96 1.44 1.88 1.20 1.10 

#4 R 1.44 0.99 1.37 2.00 1.06 1.02 

#5 L 1.00 1.26 0.99 1.00 0.87 0.89 

#5 R 0.99 1.11 1.10 1.05 1.53 1.24 

Mean 1.40 1.08 1.29 1.75 1.43 1.09 

Std 0.34 0.14 0.20 0.69 0.36 0.12 

Table 4B 

T test of cartilage thickness among different cartilage compartments in 10 hips. 

t -test p value ( α = 0.05) Femoral cartilage Acetabular cartilage 

SA SP SM S SP 

Femoral 

cartilage 

S 0.01 0.20 0.08 0.41 0.01 

SA – 0.01 0.006 0.008 0.48 

SP – – 0.03 0.15 0.009 

SM – – – 0.12 0.006 

Acetabular 

cartilage 

S – – – – 0.007 
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In most of the hips, the femoral cartilage was thickest around

the fovea capitis and thinner away from it, and the acetabular car-

tilage was thinnest around the acetabular fossa and thicker away

from it. This general pattern of cartilage thickness is consistent

with the findings from two anatomical studies [28,29] . Given that

the voxel size (0.1 × 0.1 × 0.1 mm) was substantially smaller than

that of clinical CT and MRI (typically 0.3 mm or larger), this tech-

nique allows detection of smaller pathological differences in carti-

lage (e.g., small cartilage defects, early cartilage thinning) or strains

in response to physiological levels of mechanical compression [5] . 

It was not surprising that, in general, diffusion was more rapid

(2 h for SA compartment of femoral cartilage of #2 right hip) in

regions where the contrast agent was in direct contact with car-
ilage, since diffusion across the cartilage surface is relatively fast.

he reported diffusion time for CA4 + reaching equilibrium ranges

rom less than 1 h for in vivo rabbit femoral groove cartilage

26] to 37.5 h for ex vivo bovine femoral groove cartilage plugs

30] . The challenge of delivering contrast agent to intact human

ip cartilage is that the labrum is a seal that inhibits movement

f fluid in and out of the hip joint. Thus, delivering contrast agent

ithin the labral seal is critical. Rotating and distracting the hip

elped to move contrast agent within joint. Our observation that,

n some regions, the attenuation decreased somewhat after an

nitial rapid increase ( Figs. 5–7 ) suggests that contrast agent was

iffusing within cartilage, and that this process was slower than

iffusion across the cartilage surface. 

The choice of injection method was also dictated by the amount

f soft tissue on the specimen. Direct single injection of CA4 +
hrough the labrum (Injection method I) was challenging because

t was difficult to navigate the needle into the intraarticular space.

owever, it yielded the shortest diffusion time, likely because all

f the cartilage was in direct contact with contrast agent. This

ethod was best suited to specimens that had most of the soft

issue removed. A single injection of CA4 + at the anterior head-

eck conjunction (Injection method II) was easier to perform but

ielded a much longer diffusion time, likely because the contrast

gent must travel to the intraarticular space by convection. Inject-

ng at the anterior femoral head and neck conjunction area 3 times

Injection method III), increased the concentration of contrast in

he cartilage because more CA4 + was injected, but did not in-

rease diffusion. Injection methods II and III are more practical for

pecimens with intact soft tissue or for live patients. 

The distribution of contrast agent in the cartilage must be in-

erpreted with caution in the hip because the labrum interferes

ith continuous, direct contact between the contrast agent and

he cartilage surface. Even with direct single injection of CA4 +
hrough the labrum (Injection method I), the contrast agent fre-

uently leaked through the labrum and did not re-diffuse back into

he joint space. This is an important finding because CECT imag-

ng using CA4 + is used as a surrogate to map glycosaminoglycan

oncentration [11,14,26,31] and cartilage stiffness [16] . To use CA4 +
ECT for quantification of hip GAG concentration, the joint should

e disarticulated and the joint surfaces should be exposed and im-

ersed in the contrast agent to reach diffusion equilibrium. 
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Fig. 6. 2D diffusion maps at 5 selected time points of #2 right hip cartilage for injection method II, a single injection of CA4 + at the anterior head neck conjunction. The 

top row is femoral cartilage and the bottom row is acetabular cartilage. 

Fig. 7. 2D diffusion maps at 5 selected diffusion time points of #4 left hip cartilage for injection method III, 3 injections of CA4 + at the anterior head neck conjunction. The 

top row is femoral cartilage and the bottom row is acetabular cartilage. After the 1st and 2nd injections there was limited uptake of CA4 + inside of the acetabular socket. 

There was much more CA4 + uptake inside the acetabular socket after the 3rd injection. 
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The advantages of this approach are that sCECT provides a tool

o image the intact human hip in a loading device and to measure

artilage thickness with a voxel size of 0.1 mm, which is sufficient

o measure small pathological changes in cartilage thickness and

hysiological levels of cartilage strain. Greaves et al. [5] reported an

verage cartilage deformation in the hip joint was 0.96 ±0.27 mm

fter 225 min of axial loading of 1980 N (2.3 times of body weight).

ne limitation of the approach is the imaging time, which was

bout 35 min for each CT. This is important to consider due to
he time-dependent mechanical behavior of cartilage. Imaging time

as dictated, to a large extent, by the data acquisition system

hich included the detector, the frame grabber, the computer,

nd the control software. The imaging time can be improved sub-

tantially by changing the detector system or switching to an-

ther beamline. Another limitation is the need for access to a

ynchrotron for the imaging. A further limitation is that, due to

he imaging time and radiation involved, this approach could not

e used in vivo. However the method does represent substantial
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progress in ex vivo assessments of hip mechanics and has many

potential applications in assessing hip disease and treatments. 

5. Conclusions 

sCECT with CA4 + allows assessment of hip cartilage thickness

with 0.1 mm isotropic voxel size. Successful imaging requires deliv-

ery of CA4 + into the intraarticular space, which was evaluated us-

ing three administration routes. Direct single injection of the con-

trast through the labrum is the preferred approach as this ensured

the greatest contact of the agent with the cartilage, and results in

the fastest diffusion times. The developed protocol for sCECT can

be applied to: 1) detect small defects in cartilage; 2) measure the

thickness of cartilage layers and the distribution of strains; 3) de-

termine the mechanical properties of cartilage; and 4) character-

ize and quantify the degeneration of the articular cartilage. Impor-

tantly, sCECT with CA4 + technique provides sufficient resolution to

empower the study of cartilage pathology and biomechanics. 
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