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Abstract

Purpose—Clinical magnetic resonance imaging (MRI) sequences used to image hip cartilage 

often have reduced out-of-plane resolution and may lack adequate signal to noise to image 

cartilage. We deployed and quantified the accuracy of 3D dual echo steady state (DESS) MR 

arthrography with hip traction to image acetabular cartilage.

Methods—Saline was injected into four cadaver hips placed under traction. 3D DESS MRI scans 

were obtained before and after cores of cartilage were harvested from the acetabulum; the two 

MRIs were spatially aligned to reference core positions. The thickness of cartilage cores was 

measured under microscopy to serve as the reference standard. 3D reconstructions of cartilage and 

subchondral bone were generated using automatic and semi-automatic image segmentation. 

Cartilage thickness estimated from the 3D reconstructions was compared to physical 

measurements using Bland-Altman plots.

Results—As revealed by the automatic segmentation mask, saline imbibed the joint space 

throughout the articulating surface, with the exception of the posteroinferior region in two hips. 

Locations where air bubbles were introduced and regions of suspected low density bone disrupted 

an otherwise smooth automatic segmentation mask. Automatic and semi-automatic segmentation 

yielded a bias ± repeatability coefficient (95% limits of agreement) of 0.10 ± 0.51 mm (−0.41 to 

0.61 mm) and 0.06 ± 0.43 mm (−0.37 to 0.49 mm), respectively.

Conclusions—Cartilage thickness can be estimated to within ~0.5 mm of the physical value 

with 95% confidence using 3D reconstructions of 3D DESS MR arthrography images. Manual 

correction of the automatic segmentation mask may improve reconstruction accuracy.
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INTRODUCTION

Hip osteoarthritis (OA) is a substantial economic and societal burden, affecting 9 million US 

citizens (1,2). Hip-preserving surgeries aim to prevent end-stage osteoarthritis and the need 

for hip arthroplasty in femoroacetabular impingement (FAI) and dysplasia patients by 

restoring normative bony coverage and contact mechanics (3–5). The success of surgery 

relies, in part, on an accurate pre-operative assessment of bone anatomy and cartilage 

thickness. The integrity and thickness of hyaline cartilage is particularly important as 

extensive damage or thinning to cartilage is a known contraindication for hip-preserving 

surgery (3,5). Radiographs are limited in their ability to discern subtle anatomical 

deformities, and do not provide detailed information of the hyaline cartilage thickness. With 

the addition of intra-articular contrast, CT arthrography provides images that have been 

shown to accurately visualize bone and cartilage (6,7). However, CT arthrography is limited 

primarily by the application of ionizing radiation, which is of concern with FAI and 

dysplasia patients as they typically present with symptoms in early adulthood and may 

require subsequent scans to evaluate possible progression of OA (4,8). Thus, MRI has 

become a widely used modality to assess cartilage thickness in patients with FAI and 

dysplasia.

Clinical MRI protocols of the hip typically acquire two-dimensional (2D) fast spin-echo 

(FSE) sequences (9,10). While 2D FSE sequences yield images with excellent tissue 

contrast and high in-plane spatial resolution, reduced out-of-plane resolution (i.e. thick 

image slices) may not visualize pathology due to partial volume averaging (11). Three-

dimensional (3D) sequences minimize partial volume effects and through-plane distortion 

by acquiring thin, continuous image slices. With images acquired at nearly isotropic 

resolution, a 3D sequence can be post-processed to create any desired imaging plane. For 

example, radial MR slices, which are used to visualize anatomic deformities in the setting of 

FAI (12), can be reconstructed from a single 3D acquisition. Individual images can also be 

segmented and tessellated to display 3D osseous and cartilaginous surface anatomy for the 

purpose of planning surgery (13). Specifically, post-processing of these surfaces can yield 

maps of cartilage thickness that may isolate regions where cartilage is thin (6,13–15). 

Finally, 3D surfaces built from volumetric images provide the geometry for patient-specific 

computer models to estimate cartilage contact mechanics (e.g. finite element analyses) 

(16,17).

MRI of the hip is inherently challenging due to its deep location in the body and spherical 

geometry. Long scan times may be required to obtain images with sufficient resolution to 

minimize stair-case artifact and accurately visualize hip cartilage while still obtaining 

adequate signal to noise (SNR) in a joint surrounded by thick soft tissue (10,11). 

Additionally, the tight-fitting and congruent hip joint makes it difficult to distinguish 

opposing layers of cartilage. With improved technology and use of 3D gradient echo 
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imaging techniques that utilize small excitation pulses and short repetition times, 3D scans 

of the hip have been achieved in reasonable scan times (14,18–20). However, in these prior 

studies, resolution was limited or traction was not included, making it difficult to distinguish 

the boundary between acetabular and femoral cartilage (18–20).

Owed to its superior SNR and signal contrast previously demonstrated when imaging knee 

cartilage, 3D dual echo steady state (DESS) is a promising sequence to image the hip 

(18,21–26). 3D DESS can achieve nearly isotropic, high-resolution acquisitions in relatively 

short scan times. Also, using DESS, bone appears as negative signal, highlighting the 

potential of this protocol to image cartilage and bone in a single acquisition. With the 

addition of traction to separate acetabular and femoral cartilage, and intra-articular fluid to 

distinguish the joint space boundary, 3D DESS MRI could provide a feasible protocol to 

generate images of bone and cartilage in the hip. The objectives of this study were to: 1) 

deploy 3D DESS MR arthrography protocol with hip traction, and 2) using physical 

measurements of cartilage thickness as the reference standard, quantify the accuracy of 

acetabular cartilage thickness estimated from 3D surfaces segmented from the 3D DESS 

MR images.

METHODS

The general approach involved obtaining 3D DESS MRI scans of four intact cadaver hips 

before and after cores of cartilage were harvested from the acetabulum; the two MRIs were 

spatially aligned to reference positions of the cores. The thickness of each core was 

measured and compared to those obtained from the 3D reconstructions of the first MRI scan.

Injection, Traction, and Initial MRI Scan

In accordance with the University of Utah Institutional Review Board, two fresh-frozen 

pelvis to toe-tip cadavers (32 year female, 55 year male) were acquired (IRB#11755). 

Specimens were screened based on age less than 65 years, body mass index less than 25, no 

history of excessive smoking or drinking, absence of spinal and lower limb injury, and no 

history of hip osteoarthritis. To improve delineation between femoral and acetabular 

cartilage, a musculoskeletal radiologist (CJH) injected 25 ml sodium chloride 0.9% (saline) 

into each hip through a 22-gauge spinal needle using a lateral oblique approach. To allow 

saline to fill the joint space, bilateral traction was applied using a custom device made of 

polyvinylchloride tubing (Fig. 1). Traction was applied by first securing the pelvis to the 

proximal segment of the device using a wide strap. Next, a strap was attached to the ankle; 

an inferiorly directed force of approximately 5–10 kg was applied to the ankle by tightening 

a plastic cable tie that was fixed to the distal segment of the traction device (Fig. 1). The 

process of applying traction was repeated for the contralateral limb.

The pelvis and both hip joints were imaged using a 3.0-T magnet (Magnetom Trio; Siemens 

Medical Solutions, Erlangen, Germany) with a built in spine-matrix coil and body-matrix 

phased-array coil placed about the pelvic region. Three-dimensional MR images were 

acquired in the coronal plane using a water-excitation DESS sequence. The field-of-view of 

the scan encompassed the entire pelvis with an acquired voxel size of 0.5 × 0.5 × 0.7 mm. 

Imaging parameters included a repetition time of 16.3 ms, echo time of 4.7 ms, flip angle of 
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25°, and bandwidth of 186 Hz/pixel. Image acquisition time was 12 minutes using an 

acceleration factor of 2 with generalized autocalibrating partially parallel acquisition 

(GRAPPA).

Physical Measurements of Cored Cartilage Samples

After the first MRI, the acetabulum was accessed by incising the anterior and lateral hip/

thigh soft tissue. The hip was dislocated by flexing and externally rotating the thigh with the 

ligamentum teres excised (27). Osteochondral cores were harvested from the acetabulum 

using a 5.3-mm trephine (Stryker Instruments, Kalamazoo, MI). The trephine was modified 

to include a center boring pin that facilitated removal of the plug (28). A total of 12 cores 

were acquired: 3 each from the anteroinferior, anterosuperior, posteroinferior, and 

posterosuperior regions (Fig. 2) (6,15,28).

Cores were bisected longitudinally using a custom miter-box to ensure equal division. Cores 

were positioned on a microscope stage (Nikon SMZ800, Nikon Instruments, NY) with the 

bisected side facing up and a stage micrometer in the field-of-view at the level of the 

bisected edge. Digital microscope images (Optronics Microscope Camera, Optronics, CA) 

were obtained of each bisected core at a magnification of 25× (Fig. 2). Each image was 

calibrated using the micrometer. Cartilage thickness was measured at the center of each core 

using ImageJ (29). Measurements of thickness for both halves of the core were averaged. 

Two observers (CLA and LSM, imaging scientists with 6 and 3 years’ experience, 

respectively) measured cartilage thickness; nearly 2 weeks later, one observer (CLA) 

repeated the measurements.

Second MRI Scan

After harvesting cartilage cores from both hips, a second MRI was obtained to determine the 

position of the cores. Prior to this scan, saline-filled cylindrical tubes sized to match the core 

diameter were implanted in each cored hole to serve as fiducials. Extruded acrylic tubing 

with a quarter inch outer diameter was cut to 5 mm length segments. Circles templated to 

match the tubing diameter were laser cut from acrylic sheets to create the top and bottom 

components of the cylinder fiducials. An acrylic solvent bonded the cylinder bottoms, and a 

syringe filled the cylindrical cavity with saline before it was adhered to the top components.

After implanting fiducials, physiologic hip anatomy was restored by reducing the femoral 

head into the acetabulum and suturing the surrounding soft tissues. Traction was not 

necessary during the second scan as the joint capsule was not sealed and pressurized 

following dissection. The second MRI was acquired following the same imaging parameters 

as the first. Imaging was performed in the same orientation (Fig. 1). However, the traction 

frame and straps were not used.

MRI Post-Processing

Computational methods were used to quantify cartilage thickness from MR images (Fig. 3). 

Briefly, the acetabular cortex was segmented, reconstructed, and cropped equally in both 

MRIs. Next, the acetabular cortex from the first MRI was aligned to the acetabulum from 

the second scan. This transformation was applied to the acetabular cartilage, segmented 
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from the first MRI, to register the cartilage to the second MRI. With both acetabular cortex 

and cartilage surfaces transformed, the saline-filled fiducials defined the spatial location of 

each core. Cartilage thickness from the first scan was calculated at the appropriate locations, 

with details described below.

Segmentation and Three-dimensional Reconstruction—All segmentation and 

surface reconstructions were generated using Amira (5.4.5, Visage Imaging, San Diego, 

CA). First, image stacks were cropped to include those image slices that encompassed both 

hip joints and up-sampled using a Lanzcos filter kernel to improve the resolution of the 

segmentation mask (0.25 × 0.25 mm in-plane resolution, 0.23 mm thickness) (16). Pixels 

exclusively representing cortical bone, acetabular cartilage, and saline were selected in 

ImageJ (29) at a mid-joint axial image. These pixels defined intensity distributions to 

determine thresholds for segmentation. Thresholds were calculated as a weighted midpoint 

between maximum and minimum intensities. A weighted midpoint was chosen to account 

for pronounced differences between intensities that would otherwise overestimate brighter 

pixels, caused by volumetric averaging with adjacent pixels. Thresholds were determined for 

each hip and scan independently.

The ability of automatic and semi-automatic segmentation techniques to define cartilage 

anatomy was assessed separately. Specifically, the acetabular cartilage and the outer cortex 

of the acetabulum in the first MRI were segmented automatically by selecting the pixels 

within the predetermined thresholds as defined above. Next, a user manually edited the 

initial automatic mask for regions that did not, on qualitative inspection, appear to correctly 

define the cartilage-saline and/or cartilage-bone boundary. Two observers (CLA and LSM, 

imaging scientists with 6 and 3 years’ experience, respectively) performed semi-automatic 

segmentation; observer CLA performed semi-automatic segmentation on two occasions, 

with a time lapse of two weeks. Inter- and intra-observer repeatability was assessed. The 

acetabular cortex and saline-filled fiducials were segmented and reconstructed from the 

second MRI scan in a similar manner. However, less soft tissue surrounded the hip joint in 

the second scan, which reduced SNR. Therefore, greater semi-automatic segmentation was 

required. All masks were reconstructed into 3D surfaces using built-in algorithms in Amira 

that applied controlled smoothing and decimation to reduce artifact.

Spherical Cropping—An objective approach was applied to align 3D surfaces from the 

first and second MRI. First, triangulated faces representing the articular region of the 

acetabular cortex were selected using first principal curvature as calculated in the FEBio 

software suite (30). From these selected faces, the radius and center of the best-fit sphere 

was calculated using a linear least-squares-optimization (30). This sphere was increased to a 

radius of 45 or 47 mm (smaller radius for female specimen) to define a boundary at which to 

crop the reconstructed cortex created from each MRI scan. With spherical cropping, the two 

triangulated reconstructions of the acetabular cortex could be aligned without bias 

introduced as a result of differences in the position of the hip in the MR scanner bed 

between successive scans.

Surface Alignment and Transformation—Once cropped, the two acetabular cortex 

surfaces were aligned using an iterative closest point algorithm built into Amira (Amira 
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MeshPack 5.4.5, Visage Imaging, San Diego, CA) that minimized the root mean square 

distance between surfaces. The transformation that aligned the first to second scan was 

applied to the acetabular cartilage reconstruction; the resulting surfaces of acetabular 

cartilage, acetabular cortex, and saline fiducials were then spatially positioned in the second 

MRI. The same transformation was used for each hip for both automatically and semi-

automatically segmented reconstructions. By visualizing the surfaces together, regions 

where cartilage was cored (saline-filled fiducials) could be identified with respect to the 

reconstructions of the first scan.

Cartilage Thickness—The thickness of the reconstructed acetabular cartilage was 

determined using a validated algorithm (31). Briefly, the distance between cartilage and 

cortex surfaces was determined by projecting the surface normal vector of faces representing 

the subchondral bone boundary to the faces representing the outer surface of cartilage. 

Thickness was then mapped as a 3D color fringe plot, where each node that defined the 

surface of the reconstructed cartilage from the first MRI scan had a unique thickness value. 

Finally, cartilage thicknesses at nodes surrounding each saline-filled fiducial were averaged 

and compared to the thickness of the physically cored sample.

Qualitative Inspection, Data Analysis and Statistics

The initial mask provided by automatic segmentation was used to make qualitative 

assessments of the MR images acquired using the 3D DESS sequence. More specifically, 

using the automatic segmentation mask as a guide, regions where saline did not imbibe the 

joint space and locations where the mask did not follow what otherwise appeared to be 

boundaries for cartilage or subchondral bone were noted.

Inter- and intra-observer repeatability of physically measured cartilage and semi-automatic 

segmented MRI cartilage thickness were quantified using the intraclass correlation 

coefficient (ICC) (32). Inter-observer repeatability was assessed between the first set of 

measurements for both observers. Observer agreement was interpreted as: slight if the ICC < 

0.20, fair if 0.21–0.40, moderate if 0.41–0.60, substantial if 0.61–0.80, and almost perfect if 

>0.80 (33). For subsequent analysis, the physical and semi-automatic segmented MRI 

thickness measurements from both observers (CLA measures 1 and 2, LSM measure 1) were 

averaged.

Bland-Altman plots assessed agreement between MRI-based estimates of cartilage thickness 

and physical measurements (34). Bias, defined as the average difference between 

measurement techniques, was calculated to define accuracy. The repeatability coefficient, 

determined by multiplying the standard deviation of the differences by 1.96, provided a 

measurement of precision. Finally, 95% limits of agreement (bias ± repeatability coefficient) 

were quantified as an additional measure of precision (35). Results for MRI cartilage 

thickness determined with automatic and semi-automatic segmentation were presented 

separately. Bland-Altman plots were generated using SigmaPlot (v 11.0; Systat Software, 

San Jose, CA).

To account for clustered data at the level of each hip (n = 4) and cadaver (n = 2), the 

variance was adjusted using the design effect. The corrected variance was multiplied by the 
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design effect, DE: DE = 1+ (n−1)(ICC), where n was the average cluster size and the ICC 

was computed at the hip level and cadaver level of clustering (6,36). Both ICCs were zero 

when truncated to six decimal places. Therefore, the variance was not increased and 

conventional statistical methods that assume independence of observations were applied.

RESULTS

Upon inspection of the automatic segmentation mask, saline was found to imbibe the joint 

space throughout most of the articulating surface of all hips (Fig. 4), with the exception of 

the posteroinferior region in two hips (Fig. 5). Both the cartilaginous and osseous boundaries 

of all hips appeared to be a smooth curve as evident by the automatic mask (Fig. 4), but 

exceptions were noted. Specifically, the automatic mask transitioned abruptly and was 

unable to follow what appeared to be the boundary of subchondral bone and cartilage in the 

posteroinferior region of one hip (Fig. 5). Also, air bubbles were introduced in two hips at 

the anterior injection site, again causing an abrupt transition in the automatic mask (Fig. 5). 

Finally, areas of suspected low bone density appeared as a broken segmentation mask in two 

hips (Fig. 5). Manual correction was applied in these regions (Fig. 5), but was not required 

elsewhere.

As measured experimentally, cored cartilage thickness ranged from 0.80 to 2.95 mm (mean, 

1.51 ± 0.49), compared to 0.76 to 3.21 mm (mean, 1.60 ± 0.50) and 0.77 to 3.20 mm (mean, 

1.56 ± 0.50) as estimated from MRI reconstructions with automatic and semi-automatic 

segmentation, respectively. Acetabular reconstructions with cartilage thickness plotted 

demonstrated that cartilage at the superolateral acetabulum was approximately 1.5 mm 

thicker than cartilage at the medial aspect of the posterior region for all four hips analyzed 

(Fig. 6). Also, cartilage along the lateral rim was approximately 2.5 mm thicker than the 

cartilage found in the most medial aspect of the acetabulum.

Cartilage was reconstructed with automatic segmentation to a bias of 0.10 mm and 

repeatability coefficient of ± 0.51 mm. Using semi-automatic segmentation, the bias 

improved to 0.06 mm, as did the repeatability coefficient at ± 0.43 mm. Bland-Altman plots 

demonstrated uniform scatter. With no proportional bias, 95% limits of agreement were 

−0.41 to 0.61 mm for automatic and −0.37 to 0.49 mm for semi-automatic segmentation 

(Fig. 7).

Inter- and intra-observer repeatability of cartilage thickness as measured from microscope 

images and estimated from reconstructions generated from semi-automatically segmented 

MRI images were almost perfect. For microscope measurements, inter- and intra-observer 

ICC values were 0.948 and 0.950, respectively, and for semi-automatically segmented MRI 

thicknesses, 0.968 and 0.940, respectively.

DISCUSSION

This study demonstrated that the chosen 3D DESS MRI protocol for the hip that included 

traction and intra-articular saline yielded images that could be defined with an automatic 

segmentation mask throughout most of the articulating surface of the acetabulum. Using 

both automatic and semi-automatic segmentation techniques, acetabular cartilage thickness 
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from the 3D reconstructions could be estimated within ~0.5 mm of the physical 

measurements with 95% confidence. Areas where the automatic segmentation mask 

transitioned abruptly were confined to the posteroinferior region where bone was suspected 

to be of low density and the anterior compartment of the hip when air bubbles were present. 

Outside these regions, manual correction of the automatic mask was not necessary to create 

3D surfaces of bone and cartilage. If successfully applied to living subjects, the described 

3D DESS MRI protocol may help to plan treatment strategies for patients who are 

candidates for hip preservation surgery.

The acetabular cartilage thickness profiles and average thickness of 1.51 ± 0.49 mm found 

in our study are consistent with previous findings (6,7,14,15,37–39). Using MRA, Nishii et 

al. reported an average acetabular cartilage thickness of 1.91 mm, ranging from 1.1 to 4.0 

mm, as measured from digitized anatomic slices in 4 cadaveric hips (14). Also, a study of 10 

cadaveric hips measured average acetabular cartilage thicknesses ranging from 1.06 ± 0.24 

mm in the posteromedial acetabulum to 1.83 ± 0.45 mm in the superolateral acetabulum 

(37). From cartilage thickness plots, our findings concur with Shepherd and Seedhom that 

thinner cartilage is located medially, and the thickest cartilage is located in the superolateral 

acetabulum (6,14,37,38).

As reported to date, the most accurate methods described for imaging acetabular cartilage 

thickness have used surface reconstructions to calculate thickness rather than pixel-based 

measurement of thickness on image slices (6,7,14,15,40). Studies by Wyler et al. and Hodler 

et al. measured thickness on 2D images and concluded that hip cartilage thickness could not 

be accurately determined in at least half of MR images (7,14,40). Errors in referencing 

anatomic slice measurements to their respective image-based locations as well as the 

limitation of measurement accuracy from in-plane scan resolution likely explain the reduced 

accuracy with measurements made on image slices. Also, smoothing and decimation of a 

surface generated from voxel-based images inherently removes noise. This may explain why 

our accuracy measurements represent an improvement to prior studies that utilized single 

images to quantify cartilage thickness (7,14,40).

Allen et al. and Tamura et al. utilized 3D reconstructions of CT arthrographic images to 

estimate acetabular cartilage thickness; their results are the most accurate to date (6,15). The 

bias and 95% limits of agreement for semi-automatic segmentation using DESS MRI in our 

study (0.06 ± 0.43 mm) represents a slight improvement compared to Allen et al. (0.13 ± 

0.46 mm) and Tamura et al. (0.18 ± 0.75 mm). A validation study by Nishii et al. determined 

the mean error of measurements from surface reconstructions generated from MRI as 0.28 ± 

0.23 mm (14). Though each of these studies utilized 3D models, we believe our results 

demonstrate superior accuracy because we acquired higher resolution scans and up-sampled 

images for segmentation. For example, Nishii et al. utilized a 0.625 mm in-plane and 1.5 

mm out-of-plane resolution compared to the 0.5 mm in-plane and 0.7 mm out-of-plane 

resolution utilized herein.

In our study, MRI measurements based on automatic and semi-automatic segmentation had 

similar accuracy when compared to physical thickness of cored specimens. Nevertheless, 

semi-automatic segmentation was associated with improved accuracy, evidenced by tighter 
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95% limits of agreement. The fact that automatic segmentation did not identify the correct 

boundaries in all locations where cartilage was cored explains why semi-automatic 

segmentation improved the accuracy. Our study highlights the importance of eliminating air 

bubbles and use of traction to enable saline to imbibe the entire joint space. The area 

suspected to have low subchondral bone density as the cause for segmentation error also 

suggests that subchondral bone should be sufficiently intact to obtain accurate measurements 

of cartilage thickness using 3D DESS.

There are several potential benefits to the described 3D DESS MR imaging protocol. First, 

as with any MR sequence, there is no exposure to ionizing radiation. Second, the accuracy 

of cartilage thickness measurements reported from this sequence is highest for MRI reported 

to date and is as good or better than CT arthrography (6,15). Third, inclusion of traction 

enabled separation of acetabular from femoral cartilage. Clinically, it is important to assess 

femoral and acetabular cartilage independently. For example, femoral cartilage thinning is 

typically indicative of advanced damage as deterioration of the acetabular cartilage usually 

precedes femoral cartilage deterioration (4,41). Therefore, consistent with the literature, we 

believe traction is a necessary component for imaging studies of the hip (17).

Acetabular cartilage thickness could be measured at discrete locations on a single image 

slice from the 3D DESS MR sequence. However, for diagnostic information and surgical 

planning, we believe 3D reconstructions of the bone cortex and cartilage provide more 

descriptive data to guide treatment planning. Fringe plots of cartilage thickness, visualized 

relative to the bony anatomy in 3D, could elucidate regions of thin cartilage that would help 

surgeons to choose between hip arthroplasty and hip-preserving surgery. It has been shown 

that predictions of cartilage contact stress by patient-specific finite element models are 

sensitive to changes in the thickness of cartilage as portrayed in the model (42). Therefore, 

beyond clinical assessments, having the ability to create 3D reconstructions of cartilage from 

MRI could increase the accuracy of computer models.

Using CT arthrography, the attenuation of cortical bone closely represents that of the intra-

articular radio-opaque contrast injected into the joint capsule. As a result, CT arthrographic 

images of the hip require substantial manual correction of segmentation to distinguish the 

bone-contrast boundary to create 3D models (16). In contrast, DESS MR images delineate 

bone cartilage, and injected saline at varying gray-levels as highlighted by automatic 

segmentation. Thus, use of DESS MRI may automate the process to generate 3D surface 

models for important structures of the hip.

There are some limitations with this study. First, the sample size was small, with a total 4 

hips. Also, post-processing of the MR images may have introduced error with the alignment 

procedure used to relate the first and second scans. Because bone and cartilage surfaces are 

generally smooth in the articulating region, we would not expect pronounced changes in 

thickness at the immediate regions identified by saline fiducials. Therefore, small errors in 

locating the spatial position of the cartilage cores would conceivably have minimal effect on 

the accuracy of measurements. Our approach to measure acetabular thickness relied on 

segmentation of the cartilage-subchondral bone boundary, but we did not explicitly quantify 

the accuracy of DESS MRI to measure bone anatomy. However, given the favorable results 
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herein, we believe DESS MRI can delineate the cartilage-subchondral bone boundary. 

Future studies will need to assess the accuracy of DESS MRI for measuring the thickness of 

subchondral and cortical bone. Finally, this study measured cartilage thickness in cadaver 

hip joints that did not show evidence of cartilage damage or thinning. Therefore, the results 

may not be relevant to those hips with severe cartilage thinning. However, the protocol may 

be appropriate for evaluating candidates for hip-preserving surgery.

Our study simulated patient imaging as closely as possible by scanning intact pelvis to toe-

tip specimens to obtain cartilage thickness maps. Translating this protocol into live subjects 

may be a challenge due to motion artifact and need for extended hip traction. However, a 

recent study that employed traction with a 2D MRI scan demonstrates the feasibility of 

using traction during an MR scan to visualize both layers of articular cartilage (43). In the 

future, we will incorporate methods to minimize motion artifact by scanning each hip 

separately and will also adopt techniques to stabilize the hip during traction despite possible 

muscular co-contraction.

In summary, using both automatic and semi-automatic segmentation, acetabular cartilage 

thickness from 3D reconstructions of DESS MR images could be estimated within ~0.5 mm 

of the physical measurements with 95% confidence. Historically, use of cumbersome 

methods and/or custom software to segment MRI images, such as cubic or quadratic splines 

(44), has likely been a factor that has hindered the widespread deployment of pre-operative 

models to facilitate operative decision making for patients with hip abnormalities. As we 

demonstrated here, use of automatic segmentation of cartilage and subchondral bone with 

commercially available software provides a level of accuracy that is very similar to semi-

automatic segmentation. By using basic, threshold-based automatic segmentation of 3D 

DESS MR images, it may be possible to generate pre-operative models that visualize 3D 

cartilage and bone anatomy within a reasonable time frame. The extent to which such an 

analysis would benefit the clinician is not yet known, but the results of our study provide a 

protocol to be extended to living subjects. Though there will be additional challenges to 

overcome when deploying 3D DESS for live patients, the accuracy results reported in the in 

vitro setting herein are promising as they represent the highest reported accuracy of cartilage 

thickness measurements from the available volumetric imaging modalities, including CT 

arthrography.
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Figure 1. 
Schematic of custom traction frame made of polyvinylchloride. The proximal segment of the 

pelvis was secured to the traction device using wide Velcro™ belts. Bilateral traction was 

applied through straps attached to the ankles. An inferiorly directed force (indicated by 

arrows) was applied to each ankle strap with a plastic cable tie that was then fixed to the 

distal segment of the traction device. Column Width, Grayscale.
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Figure 2. 
Photographs of acetabulum and core of cartilage. Left panel-exposed acetabulum after 5.3 

mm cartilage cores were harvested. Right panel-digital microscope image of bisected core 

with micrometer at 25× magnification. The dashed line labels the bone-cartilage interface 

and the arrows indicate cartilage thickness measurement. Page Width, Grayscale.
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Figure 3. 
MRI post-processing workflow. Analysis for the first and second MRI (separated by 

columns) occurred at distinct stages (separated by rows), including segmentation and 

generation of surfaces and ending with the determination of cartilage thickness at marker 

locations. Page Width, Color.
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Figure 4. 
Sample DESS image with three-dimensional reconstruction. Left panel-mid-joint coronal 

slice of DESS MRI with bone, cartilage, and saline clearly visualized. The acetabular cortex 

and cartilage automatically defined segmentation masks are outlined in yellow and blue, 

respectively. Right panel-lateral view of surface reconstruction of acetabular cortex and 

cartilage with posteroinferior (PI), posterosuperior (PS), anterosuperior (AS), anteroinferior 

(AI) regions identified and approximate locations of cartilage cores shown. Page Width, 

Color.
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Figure 5. 
Regions where automatic segmentation failed to delineate bone-cartilage and cartilage-saline 

boundaries. Upper left-shown at a posterior coronal slice, automatic segmentation did not 

properly identify the bone-cartilage boundary in regions of suspected low bone density and 

cartilage-saline boundary where saline failed to imbibe the joint space. Upper right-manual 

correction of the same coronal image in the upper left was used to better-define the bone and 

cartilage boundary. Lower left-shown at a sagittal image near the medial wall of the femur, 

an air bubble introduced into the anterior joint space prevented automatic segmentation of 

cartilage. Lower right-semi-automatic segmentation of the same sagittal image in the lower 

left panel corrected the site of the air bubble as indicated by the arrow. Page Width, Color.
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Figure 6. 
Cartilage thickness plots of both hips from one cadaver. The labrum was included in the 

cartilage surface reconstructions, and is much thicker than articular cartilage (indicated by 

the red color on the thickness plot); analysis of the thickness of the labrum was not 

performed. The thickest and thinnest cartilage was observed in the superolateral and 

posteromedial acetabulum, respectively. Page Width, Color.

Abraham et al. Page 19

J Magn Reson Imaging. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Bland Altman plots to assess the accuracy of automatic and semi-automatic segmentation. 

The average thickness of physical and MRI measurement are plotted against the difference 

between physical and MRI measurements. Automatic and semi-automatic points are 

indicated by circles and triangles, respectively. Improved accuracy of semi-automatic 

segmentation is evidenced by tighter 95% tolerance limits for semi-automatic segmentation 

(solid lines) compared to those of automatic segmentation (dashed lines). Column Width, 

Grayscale.
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