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Abstract

Purpose—Quantitative magnetic resonance imaging (QMRI) of the hip with sequences such as 

T1ρ and T2 mapping has been utilized to detect early changes in cartilage matrix composition. 

However, QMRI has not been performed in the presence of intra-articular contrast. Thus the 

purpose of this study was to evaluate the feasibility and use of QMRI during MR-arthrography 

(MRA) in femoracetabular impingement (FAI) patients.

Materials and Methods—Using a 3T MR-scanner, ten FAI patients underwent a unilateral 

MRA and standard MRI of the hip joint. Global and sub-regional T1ρ and T2 relaxation times of 

the acetabular and femoral articular cartilage were computed in the MRA and MRI assessments 

and agreement of these values were assessed using the Krippendorff’s alpha (α) coefficient and 

linear regression (μ). T1ρ and T2 relaxation times between the MRA and MRI were compared 

using a repeated measures analysis of variance.

Results—Both global and sub-regional T1ρ and T2 relaxation times demonstrated strong 

agreement (α>0.83; μ>0.85) independent of intra-articular contrast. Also, global and sub-regional 

acetabular T1ρ (p=0.72) and T2 (p=0.94), as well as femoral T1ρ, relaxation times were similar 

between MRA and MRI (p=0.73) yet femoral T2 relaxation times decreased when using intra-

articular contrast (p=0.04).

Conclusion—This study demonstrated the feasibility of T1ρ and T2 mapping for use in hip 

MRA with FAI patients. The inclusion of QMRI in MRA provides a quantitative assessment of the 

effects of FAI on hip joint articular cartilage while allowing for detailed assessment of labral 

pathology with the use of intra-articular contrast.
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Introduction

Femoracetabular impingement (FAI) is a disorder in which morphological variations of the 

hip result in abnormal contact between the femoral head-neck junction and the acetabular 

rim during hip joint motion (1). The pathomechanics of this condition can lead to labral 

tears, articular cartilage damage and may contribute to the early onset of hip joint 

osteoarthritis (OA) (1). Therefore, the identification of imaging strategies that improve the 

assessment of chondrolabaral damage, especially in the early stages, is essential to 

improving intervention strategies and long-term patient outcomes (2).

MR Arthrography (MRA) is an imaging modality that has been proven useful for evaluation 

of FAI, particularly in the detection of labral pathologies (3,4), through use of a contrast 

agent to improve visualization of labral tears and cartilage surface anatomy (4). Further, 

clinicians frequently use MRA as a method to localize the source of hip pain in patients as 

injection of local anesthetic or steroid along with the contrast agent can temporarily be 

therapeutic for intra-articular sources of pain (5). However, similar to MR imaging (MRI), 

MRA lacks the sensitivity to diagnose degeneration of the cartilage matrix in the early stages 

of FAI (6). For this reason, quantitative MRI (QMRI) techniques such as T1ρ and T2 

mapping (7–9) are appealing for use in FAI.

Previous studies have used QMRI to assess global and regional differences between subjects 

with FAI (7,8). These previous studies have only focused on non-contrast MRI, and it is not 

well understood whether or not T1ρ and T2 values are equivalent in the presence of a 

contrast agent. As MRA is used to detect labral pathology, the use of QMRI in the presence 

of contrast may provide a more comprehensive assessment of joint health than MRA alone, 

reduce the need for multiple radiological examinations (10) and improve clinical evaluation 

of FAI patients. Therefore, the purpose of our study was to assess the feasibility of T1ρ and 

T2 mapping, in the presence of intra-articular contrast, in the FAI population.

Materials and Methods

Patient Demographics

Ten patients (3 females) that were diagnosed with FAI were recruited for this study and the 

group demographics are displayed in Table 1. Patients were included in this study if they 

were diagnosed with symptomatic FAI as defined using MR-imaging and clinical signs of 

impingement. MR-based measurements of the lateral center edge (LCE) and alpha angles 

were determined for each participant by two musculoskeletal radiologists (B.J.S. with 4 

years of experience; T.M.L with 25 years of experience.) using anterior-posterior 

radiographs and oblique axial MR-images, respectively. The diagnosis of FAI was defined as 

either an LCE angle of greater than 25° (11) and/or an alpha angle of greater than 55° (12) 

as well as other morphological abnormalities including cartilage and labral abnormalities, 
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osseous bump formation or acetabular over-coverage. In addition, all participants 

demonstrated positive impingement signs upon examination by an orthopaedic surgeon 

(A.L.Z.) through use of the flexion, adduction and internal rotation (FADIR) test (13). 

Participants were excluded from this study if they had: a body mass index (BMI) of greater 

than 35kg·m−2, previous hip surgery on the affected side, radiographic indication of OA (KL 

grade > 1 and less than 2mm of joint space) or demonstrated MRI contraindications such as 

being pregnant, coronary stent, etc. This study was approved by the University Committee 

on Human Research. Each patient provided informed written consent.

MRI and MRA

Each participant underwent unilateral MRA and MRI within a one month time span. The 

MR-arthrogram examination was a part of the patient’s clinical examination. A combination 

of gadolinium and lidocaine (0.5%) was used as an intra-articular contrast and injected under 

fluoroscopic guidance. Each participant was scanned using a 3Tesla MR scanner (GE 

MR750, GE Healthcare, Waukesha, WI) and an eight channel cardiac coil (GE Healthcare, 

Waukesha, WI). For all scans, each participant’s feet were internally rotated and taped 

together in order to reduce hip movement.

The MRA and MRI protocols included a combined T1ρ and T2 sequence (9,14), in which 

the T2 echos are acquired immediately after the T1ρ echoes. The scan was applied in the 

sagittal plane with the slab in the left/right direction. The combined T1ρ and T2 sequence 

was obtained using a field of view of 14cm, matrix size of 256 × 128, slice thickness of 

4mm, recovery time of 1.2 seconds, views per segment is 64, bandwidth of 62.5 kHz, no 

gap, in-plane resolution of 0.5mm and acquisition time of 13:47. T1ρ images were acquired 

using a time of spin lock of 0/15/30/45ms, spin lock frequency of 300 Hz. T2 images were 

acquired using a preparation echo time of 0/10.4/20.8/41.7ms. In addition, sagittal, oblique 

coronal and axial images were obtained for each patient using intermediate-weighted, fat-

suppressed, fast spin-echo (FSE) sequences. These images were obtained with a repetition 

time of 2400 – 3700ms, echo time of 60ms, field of view of 14 – 20cm, matrix size of 

288×224, slice thickness of 3 – 4mm. These FSE images were used to assess morphological 

abnormalities including cartilage and labrum pathologies and osseous bump formation and 

acetabular over-coverage in each of the participants in this study.

Quantitative Cartilage Analysis

To avoid artifacts due to possible patient movement during the exam, the T1ρ and T2-

weighted images were rigidly registered to the first echo of the T1ρ image using the VTK 

CISG Registration Toolkit (Kitware Inc., Clifton Park, NY). T1ρ and T2 relaxation maps 

were created using a two parameter exponential fit (8,9). Femoral and acetabular cartilage 

were segmented on the first echo of the T1ρ images using a custom in-house software 

program which incorporates a spline-based semi-automated algorithm (automated edge 

detection and manual correction) developed in MATLAB (The Mathworks, Natick, MA, 

USA). The cartilage layers were segmented on approximately 4 consecutive slices near the 

center of the hip, and the closest matching slices were used for cartilage segmentation in 

both the MRA and MRI. Segmentations were performed by one trained operator (M.C.G.) 

and separate regions of interest (ROI) were created for the acetabular and femoral cartilage 
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layers. Intra-rater reliability was assessed in a previous pilot study in order to determine the 

operator’s ability to perform consistent hip joint cartilage segmentations. The acetabular and 

femoral ROIs were overlaid on the T1ρ and T2 maps and were used for quantification of 

global relaxation times. In addition, femoral and acetabular cartilage ROIs were subdivided 

for localized analysis (8,9). These sub-regions were created by drawing a reference line 

parallel to the femoral neck on one slice of the echo one image and 8 equal sub-regions were 

established based upon the reference line. Only sub-regions that consisted of at least 50 

pixels for all subjects were analyzed. As a result, sub-regions 1, 7 and 8 were excluded from 

the femoral analysis while sub-regions 1, 6, 7 and 8 were excluded from the acetabular 

analysis (Figure 1).

Statistical Analysis

T1ρ and T2 relaxation times determined from the MRA and MRI examinations were 

assessed for agreement using the Krippendorff alpha coefficient (15) and the estimated slope 

from linear regression through the origin. The Krippendorff alpha coefficient is a measure of 

the agreement of two or more methods used to generate data on the same set of objects (15). 

A bootstrap procedure was used in order to compute a 95% confidence interval for 

Krippendorff alpha (α). For both the Krippendorff alpha and estimated slopes (μ) from 

linear regression, a value of zero and one indicated no agreement and perfect agreement, 

respectively. In addition, the acetabular and femoral T1ρ and T2 relaxation times between 

the MRI and MRA were compared using a repeated measures analysis of variance, in order 

to assess the effects of intra-articular contrast on T1ρ and T2 relaxation times. All statistical 

analyses were performed using SPSS v22 (IBM, Armonk, NY, USA) and alpha was set a 

priori at the 0.05 level.

Results

The operator’s intra-rater reliability was found to be greater than 99% for MRI-based hip 

joint cartilage segmentations. The average global and sub-regional T1ρ and T2 relaxation 

times in the acetabular and femoral cartilage layers for the group are displayed in Table 2. 

Both sub-regional and global acetabular T1ρ and T2 relaxation times in both MRA and MRI 

were similar (P>0.05). The femoral cartilage sub-regional and global T1ρ relaxation times 

were similar (P>0.05) independent of contrast yet the femoral T2 relaxation times 

demonstrated a significant overall effect due to the intra-articular contrast (F(4, 6)=6.72, 

P=0.04). More specifically, T2 relaxation times in regions three (F(1, 9)=7.29, P=0.02), four 

(F(1, 9)=6.00, P=0.04) and five (F(1, 9)=7.07, P=0.03) were significantly lower in the 

presence of contrast (Figure 2).

Overall, the Krippendorff alpha values for both the acetabular and femoral cartilage layers 

ranged from 0.83 – 0.97 and demonstrated good agreement between the MRA and MRI 

values of T1ρ and T2 relaxation times (Table 3). The results of the linear regression 

produced estimated slopes of 0.85 – 0.97 and provided more evidence of strong agreement 

in T1ρ and T2 relaxation times between MRA and MRI examinations in both the acetabular 

and femoral cartilage layers.
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Discussion

The purpose of this study was to evaluate the feasibility of T1ρ and T2 mapping for use in 

MRA as a quantitative measurement of cartilage degeneration in FAI patients. Our findings 

suggest that both global and sub-regional values of the acetabular T1ρ and T2 relaxation 

times, as well as the femoral T1ρ relaxation times, were similar between MRA and MRI in 

subjects with FAI yet the femoral T2 relaxation times were affected by the presence of intra-

articular contrast. Strong agreement in T1ρ and T2 relaxation values, as demonstrated by 

linear regression and the calculation of Krippendorff’s alpha, between MRA and MRI of the 

femoral and acetabular cartilage layers support the feasibility of quantitative MRA. The 

results of this study suggest that T1ρ and T2 measurements are feasible independent of intra-

articular contrast.

The use of quantitative MRI (QMRI) during arthrography has been limited (16) and the 

implementation of QMRI may add to the importance of arthrography as a clinical tool (5). 

This study demonstrated that there is strong agreement in T1ρ values in both the acetabular 

and femoral cartilage layers independent of intra-articular contrast. These results suggest 

that assessment of T1ρ in MRA, as a measure of proteoglycan content, are similar to those 

measured in MRI and may add to the benefits of MRA in clinical evaluation of FAI.

T2 relaxation times in both the acetabular and femoral cartilage layers demonstrated strong 

agreement between MRA and MRI measured values. Despite this strong agreement, femoral 

T2 relaxation times were affected by the presence of intra-articular contrast. In particular, 

regions 3 – 5 of the femoral cartilage layer demonstrated significantly lower T2 relaxation 

times in the MRA compared to the MRI. Similar to the results of this study, previous work 

demonstrated that T2 relaxation times in the femoral cartilage of those with knee OA were 

reduced as an effect of contrast (17). In those with knee OA, T2 relaxation times were found 

to be significantly lower (18), as determined using post-contrast imaging, compared to pre-

contrast imaging and may be attributed to the fact that pathologic cartilage may exhibit T2 

shortening due to elevated concentrations of contrast (18). It is possible that a similar 

relationship is present in the FAI patients of this study, where the femoral cartilage within 

regions 3 – 5 (weight-bearing region of the hip joint) may be more damaged and therefore, 

exhibit T2 shortening due to the elevated levels of contrast within these regions of the 

femoral cartilage layer (18). The paramagnetic nature of the gadolinium contrast agent 

causes an inverse relationship between contrast absorption and proteoglycan content within 

the cartilage layer (19). More specifically, a non-uniform T2 mapping occurs, throughout the 

cartilage layer, with shorter and longer T2 values occurring in the superficial and deep layers 

of the articular cartilage, respectively (20). The regions of interest (ROIs) used in the current 

study, represent the average signal intensity within a particular ROI and may be affected by 

this non-uniform T2 mapping within regions 3 – 5. Also, the accumulation of contrast within 

the femoral cartilage layer, during mechanical unloading of the hip joint during the MRA 

examination, may be a possible source of change in relaxation time (21) and therefore, there 

may be a time-dependent effect of contrast on T2 mapping. A pattern of decreased T1ρ 
relaxation times occur in regions 3 – 5 in the femoral cartilage layer, with contrast, yet these 

changes are not significantly different and may be due to a lack of statistical power. The 

observed differences in T2 relaxation times within regions 3–5 of the femoral cartilage layer 
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may not be clinically significant yet the effect of contrast agent on both T1ρ and T2 

relaxation times warrant further investigation using a larger cohort.

Various limitations exist in the current study and should be considered when interpreting the 

results of this study. The ROIs used in the MRA may better represent the femoral and 

acetabular cartilage layers compared to the ROIs used in the MRI as contrast enhanced MRI 

using an intra-articular injection was shown to better delineate the hip joint cartilage 

compared to non-enhanced MRI (22) and may reduce the possibility of including both joint 

compartments within a single ROI. The increased delineation of the articular cartilage may 

allow for more accurate segmentations and therefore, may affect T1ρ and T2 quantification 

of the femoral and acetabular cartilage ROIs. In addition, there is a lack of knowledge on the 

effects of intra-articular contrast on T1ρ and T2 mapping as no clinical trials or external 

validations have been performed to determine the effect of contrast on T1ρ and T2 mapping 

of hip joint articular cartilage. In addition, the small cohort size in the current study does not 

allow for definitive conclusions as to the reliability of cartilage relaxation times in MR-

arthrography. Despite these limitations, this study demonstrated the possible added clinical 

benefit of T1ρ and T2 mapping in MRA. Future studies should evaluate the effects of FAI on 

cartilage degeneration using T1ρ and T2 mapping as markers of articular cartilage 

degeneration within the FAI population. In a future study using a larger cohort size, a 

conversion factor may be determined in order to properly interpret the signal changes in the 

femoral cartilage layer in MRA studies.

In conclusion, this study demonstrated the feasibility of T1ρ and T2 mapping in MRA within 

the FAI population. The strong agreement of T1ρ and T2 relaxation times between MRA and 

MRI suggests that the inclusion of QMRI in MRA may add value to the use of MRA in this 

population, by providing clinicians with more quantitative measures in detection of early 

cartilage damage. In the future, clinicians may consider adding T1ρ and T2 mapping to MR-

arthrograms in order to better evaluate the effects of FAI on hip joint articular cartilage 

degeneration.
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Figure 1. 
An example of the eight sub-regions of the hip that were created for localized analysis of the 

femoral and acetabular cartilage layers. In addition to the global femoral and acetabular 

cartilage assessment, five sub-regions (R2 – R6) of the femoral cartilage layer and four sub-

regions (R2 – R5) of the acetabular cartilage region were analyzed. The solid line represents 

the line drawn parallel to the femoral neck while the dashed lines represent the angle 

bisectors drawn to create the eight equal sub-regions.
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Figure 2. 
T1ρ and T2 mapping in both MR-arthrography (MRA) and MR-imaging (MRI) of the 

femoral and acetabular articular cartilage layers of one femoroacetabular impingement 

patient. The color scale indicates the relaxation time measured in milliseconds. Higher 

femoral T2 relaxation times can be observed in the MRI compared to the MRA.
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