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Abstract

Background Three-dimensional (3-D) delayed gadolin-

ium-enhanced MRI of cartilage (dGEMRIC) helps quantify

biochemical changes in articular cartilage that correlate

with early-stage osteoarthritis. However, dGEMRIC

analysis is performed slice by slice, limiting the potential

of 3-D data to give an overall impression of cartilage

biochemistry. We previously developed a computational

algorithm to produce unfolded, or ‘‘planar,’’ dGEMRIC

maps of acetabular cartilage, but have neither assessed

their application nor determined whether MRI-based

grading of cartilage damage or dGEMRIC measurements

predict intraoperative findings in hips with symptomatic

femoroacetabular impingement (FAI).

Questions/purposes (1) Does imaging-based assessment

of acetabular cartilage damage correlate with intraoperative

findings in hips with symptomatic FAI? (2) Does the planar

dGEMRIC map improve this correlation? (3) Does the

planar map improve the correlation between the dGEMRIC

index and MRI-based grading of cartilage damage in hips

with symptomatic FAI? (4) Does the planar map improve

imaging-based evaluation time for hips with symptomatic

FAI?

Methods We retrospectively studied 47 hips of 45 patients

with symptomatic FAI who underwent hip surgery between

2009 and 2013 and had a 1.5-T 3-D dGEMRIC scan within 6

months preoperatively. Our cohort included 25 males and 20

females with a mean ± SD age at surgery of 29 ± 11 years.

Planar dGEMRIC maps were generated from isotropic,

sagittal oblique TrueFISP and T1 sequences. A pediatric

musculoskeletal radiologist with experience in hip MRI

evaluated studies using radially reformatted sequences. For

six acetabular subregions (anterior-peripheral [AP]; anterior-

central [AC]; superior-peripheral [SP]; superior-central [SC];

posterior-peripheral [PP]; posterior-central [PC]), modified

Outerbridge cartilage damage grades were recorded and

region-of-interest T1 averages (the dGEMRIC index) were

measured. Beck’s intraoperative cartilage damage grades

were compared with the Outerbridge grades and dGEMRIC

indices. For a subset of 26 hips, 13 were reevaluated with the
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map and 13 without the map, and total evaluation times were

recorded.

Results There were no meaningful differences in the cor-

relations obtained with versus without referencing the planar

maps. Planar map-independent Outerbridge grades had a

notable (p \ 0.05) Spearman’s rank correlation (q) with

Beck’s grades that was moderate in AP, SC, and PC (0.3\q
\ 0.5) and strong in SP (q [ 0.5). For map-dependent

Outerbridge grades, q was moderate in AP, AC, and SC and

strong in SP. Map-independent dGEMRIC indices had a q
with Beck’s grades that was moderate in AP and SC (�0.3[
q[�0.5) and strong in SP (q\�0.5). For map-dependent

dGEMRIC indices, q was moderate in SC and strong in SP.

Similarly, there were no meaningful, map-dependent dif-

ferences in the correlations. When comparing Outerbridge

grades and dGEMRIC indices, there were notable correla-

tions across all subregions. Without the planar map, q was

moderate in AC and PC and strong in AP, SP, SC, and PP.

With the map, q was strong in all six subregions. In AC,

there was a notable map-dependent improvement in this

correlation (p \ 0.001). Finally, referencing the planar

dGEMRIC map during evaluation was associated with a

decrease in mean evaluation time, from 207 ± 32 seconds to

152 ± 33 seconds (p = 0.001).

Conclusions Our work challenges the weak correlation

between dGEMRIC and intraoperative findings of cartilage

damage that was previously reported in hips with symp-

tomatic FAI, suggesting that dGEMRIC has potential

diagnostic use for this patient population. The planar

dGEMRIC maps did not meaningfully alter the correlation of

imaging-based evaluation of cartilage damage with intra-

operative findings; however, they notably improved the

correlation of dGEMRIC and MRI-based grading in AC, and

their use incurred no additional time cost to imaging-based

evaluation. Therefore, the planar maps may improve

dGEMRIC’s use as a continuous proxy for an otherwise

discrete and simplified MRI-based grade of cartilage damage

in hips with symptomatic FAI.

Level of Evidence Level III, diagnostic study.

Introduction

In a recent summary of the Global Burden of Disease 2010

Study [15], March and colleagues [15] highlighted that hip

and knee osteoarthritis (OA) together account for 10.5% of

global disability burden resulting from musculoskeletal

(MSK) disorders. Furthermore, OA’s global burden has

increased by 65% since 1990—more than any other MSK

disorder category. Specifically in the hip, aberrant joint

biomechanics resulting from conditions such as develop-

mental hip dysplasia (DDH) and femoroacetabular

impingement (FAI) can predispose individuals to early OA.

Consequently, surgical techniques such as the periacetabular

osteotomy (PAO), the safe surgical dislocation, and arthro-

scopic osteoplasty have been developed to remodel hip

biomechanics, lessen the rate of OA progression, and extend

the hip’s natural lifetime [10].

Diagnostic MRI aids early-stage OA detection and

assists in surgical decision-making. One technique, delayed

gadolinium-enhanced MRI of cartilage (dGEMRIC), cor-

relates with histological markers of early-stage OA [4] and

pain symptoms associated with DDH and FAI [11, 13]. In

hips with DDH, dGEMRIC also correlates with the severity

of dysplasia and can predict premature joint failure after

treatment with PAO [8, 12, 13]. Briefly, glycosaminogly-

cans (GAG) constitute a major portion of the matrix in

cartilage and hold a strongly negative charge. As a joint

deteriorates, GAG is lost, thus reducing the overall nega-

tive charge of cartilage. In dGEMRIC, the negatively

charged contrast agent gadopentetate dimeglumine (Gd-

DPTA2�) penetrates cartilage in relation to the loss of

GAG. Because Gd-DPTA2� reduces the T1 relaxation

time, its increased presence in cartilage as measured by

MRI quantifies biochemical degradation. Finally, because

biochemical cartilage damage through loss of GAG content

precedes radiographic signs of damage [21], dGEMRIC

may aid the detection of early-stage OA.

Nonetheless, the evidence of MRI’s ability to reliably

predict cartilage damage in hips with symptomatic FAI has

been mixed. Anderson et al [2] reported that preoperative

MR arthrography has only 22% sensitivity for identifying

cartilage delamination. On the other hand, Lattanzi et al

[14] estimated dGEMRIC’s sensitivity and specificity as

47% and 58%, respectively. Furthermore, by using intra-

patient signal standardization methods, the researchers

could increase these values to over 70% and 60%,

respectively. Meanwhile, Bittersohl et al. [7] reported that

dGEMRIC and intraoperative findings correlate poorly (r =

0.114, p \ 0.126). However, we wondered whether there

may still be meaningful, subregion-specific correlation

between imaging-based (MRI or dGEMRIC) and intraop-

erative findings that would help validate MRI’s use for

detecting OA in the symptomatic FAI population.

Three-dimensional (3-D) dGEMRIC allows for quanti-

tative assessment of changes in hip cartilage biochemistry

[13]; however, the image slices that are generated are two-

dimensional and challenging to interpret clinically. Our

group developed a way to automatically process 1.5-T 3-D

dGEMRIC data to create a flattened image of the hip car-

tilage ‘‘horseshoe’’ that is analogous to a map of the earth’s

surface [19]. Briefly, the algorithm (1) takes an isotropic

morphology sequence (TrueFISP), two isotropic T1

sequences (3-D variable flip angle or 3-D VFA), and a

dGEMRIC sequence as inputs; (2) performs automated

segmentation of the morphology data into femur, cartilage,

and acetabulum using a reference set of manually
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segmented studies; (3) applies the generated segmentation

field to the dGEMRIC data; (4) isolates and radially

averages the acetabular portion of the cartilage segment;

and (5) unfolds the result into a planar, equal-area pro-

jection. This method therefore permits the visual

assessment of local biochemical changes in any acetabular

subregion (Fig. 1).

Although this algorithm appeared promising, we did not

know if it would be useful clinically. We were therefore

interested in seeing whether the map derived from our

algorithm correlated with surgical findings. Meanwhile,

because testing the planar map’s utility would entail using

intraoperative findings as a standard of comparison, we

were interested in reexamining the consistency of both

MRI-based grades and dGEMRIC with intraoperative

findings across specific subregions of acetabular cartilage

(Fig. 1B).

We therefore asked: (1) Does imaging-based assessment

of acetabular cartilage damage correlate with intraoperative

findings in hips with symptomatic FAI? (2) Does the planar

dGEMRIC map improve this correlation? (3) Does the

planar map improve the correlation between the dGEMRIC

index and MRI-based grading of cartilage damage in hips

with symptomatic FAI? (4) Does the planar map improve

imaging-based evaluation time for hips with symptomatic

FAI?

Patients and Methods

This was a retrospective study approved by our institu-

tional review board. The study cohort consisted of 47 hips

in 45 patients who underwent a 3-D dGEMRIC scan as part

of a diagnostic workup for FAI between September 2008

and April 2013 and subsequently had FAI-correcting

surgery.

Patients were included in the study if they (1) had a

diagnosis of symptomatic FAI; (2) underwent surgery to

treat the FAI; (3) underwent a 1.5-T 3-D dGEMRIC scan

within 6 months preoperatively that included both True-

FISP and dGEMRIC sequences; and (4) were part of our

institutional review board-approved surgical hip registry.

Patients were excluded if the dGEMRIC scan was deemed

of nondiagnostic quality or if the original record of intra-

operative findings was absent.

Planar dGEMRIC maps were generated from isotropic

sagittal oblique TrueFISP and T1 mapping sequences using

core computing clusters at the Boston Children’s Compu-

tational Radiology Laboratory (www.crl.med.harvard.edu)

as well as Harvard Medical School’s Orchestra cluster

(https://rc.hms.harvard.edu/#orchestra). The lead author

(EB) applied the segmentation algorithm and, in consul-

tation with the algorithm’s developer (CS), checked the

quality of each record’s segmentation using the visualiza-

tion program, ITK-SNAP [22] (www.itksnap.org). For

those records that demonstrated satisfactory overlay

between the T1 segmentation and the morphology

sequence, a pediatric musculoskeletal radiologist with

experience in hip MRI (SDB) performed all subsequent

assessment on deidentified studies.

Radial reformatting of each study was performed as

follows, in a manner that is generally consistent with pre-

viously published methodology [9]. The sagittal oblique

TrueFISP and DFE VIBE T1 (dGEMRIC) sequence s were

reformatted into radially oriented plane sequences using

the femoral neck as a standard axis of rotation (Fig. 2A–B).

Reformatting was performed using Synapse 3D software

(Fujifilm Corp, Tokyo, Japan). Eighteen radially refor-

matted TrueFISP images were acquired at 0.63 mm

thickness at 10� intervals, and 18 radially reformatted

dGEMRIC images were acquired at 2 mm thickness at 10�
intervals. The inferior radial plane was defined by the

image in which the transverse ligament is visualized in the

absence of both the anterior and posterior bony acetabulum

(ie, the inferior-most aspect of the acetabular ‘‘horseshoe’’-

shaped articular surface). The superior (S) sector was

defined by the radial plane bisecting the inferior joint and

the four radial planes anterior and posterior to this plane (a

sector spanning 80� of joint space). The anterior (A) sector

was defined by the radial plane rotated 90� in a clockwise

(right hip) or counterclockwise (left hip) direction from the

inferior plane and included the four radial imaging planes

superior and inferior to this plane. The posterior (P) sector

was defined by rotating the radial plane 90� in the opposite

direction from the inferior plane and included the four

radial imaging planes superior and inferior to this plane.

Reformatted images were saved as DICOM images and

sent to a PACS workstation for review.

For each of the sectors (A, S, P), the image slice con-

taining the morphologically or biochemically worst-

looking acetabular cartilage for the peripheral half (P,

bound by the acetabular rim) was chosen, and another one

was chosen for the central half (C, bound by the acetabular

fossa). This division scheme yielded six acetabular subre-

gions: AP, AC, SP, SC, PP, and PC. For each subregion,

cartilage damage was assessed on the morphology

sequence (Fig. 2C) using the modified Outerbridge grade

(Table 1), a standard cartilage damage rating scale (re-

ferred to simply as the ‘‘Outerbridge grade’’). Using the

corresponding dGEMRIC sequence (Fig. 2D), the mean T1

value from a region-of-interest trace within the acetabular

cartilage (the dGEMRIC index) was also measured for

each subregion.

Through this approach, one of the authors (SDB)

obtained two sets of imaging-based assessments per study

from radial reformats at least 3 weeks apart: one without
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visual reference to the corresponding planar dGEMRIC

map and another with visual reference to the map. The map

was projected on a separate screen and available for ref-

erence during evaluation but was not directly used to derive

measurements. Instead, the author (SDB) was instructed to

refer to the map when choosing the study imaging planes

with cartilage damage. To lessen potential order bias, 19

hips were randomly selected to be the first evaluated with

the planar map’s assistance and then without. All other hips

were evaluated in reverse order.

At least 4 weeks after evaluating the entire hip cohort,

the author (SDB) reevaluated a subset of 26 hips by

Outerbridge grade and the dGEMRIC index for the purpose

of calculating intrarater reliability. Thirteen of these hips

were reevaluated without the use of a planar dGEMRIC

map, and 13 were reevaluated with the use of a planar map.

For all 26 hips, the time it took to perform the evaluation

was recorded.

For each acetabular subregion, the orthopaedic surgeon

assigned an intraoperative grade using the Beck scale

(Table 1) at the time of surgery. These data, collectively

originating from three orthopaedic surgeons, composed the

intraoperative standard.

The variables analyzed included the Beck’s grade, the

Outerbridge grade, the dGEMRIC index in milliseconds,

and radiological evaluation time in seconds. For the Beck’s

grade, the average weighted Cohen’s kappas (j) for intra-

and interrater reliability were previously reported as 0.80

and 0.65, respectively [17]. For the Outerbridge grade, j
for the author’s (SDB) intrarater reliability was calculated

as 0.64 across all acetabular subregions. For the dGEMRIC

index, the intraclass correlation for the author’s (SDB)

intrarater reliability was 0.89 across all subregions.

All statistical analysis was performed by two of the

authors (EB, LAK) using MATLAB (MathWorks, Inc,

Natick, MA, USA) and R (www.r-project.org) [18].

Fig. 1A–D (A) The planar dGEMRIC map algorithm [19] takes 3-D,

isotropic, 1.5-T dGEMRIC hip sequences and performs automated

segmentation of the data to generate the acetabular (blue), cartilage

(red), and femoral (green) segments. Shown is a sagittal oblique view

of a T1 sequence slice with the segmentation overlay, visualized in

ITK-SNAP [22]. (B) The defined acetabular subregions are overlaid

on top of a pelvic model for reference. AP = anterior-peripheral; AC =

anterior-central; SP = superior-peripheral; SC = superior-central; PP =

posterior-peripheral; PC = posterior-central. (C) The cartilage

segment (red) is shown, from which the data are extracted and

further processed (visualized in ITK-SNAP). Behind it is the

acetabular segment (blue), whereas the femoral segment is not

shown. (D) Radial averaging and unfolding of the cartilage data yield

a planar map that displays the acetabular dGEMRIC signal (visual-

ized in MATLAB, www.mathworks.com). The red, dashed subregion

grid from B is overlaid on top of the planar map for clarifying pur-

poses only.
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Spearman’s rank correlation was used to measure the

pairwise correlations among Beck’s grade, the Outerbridge

grade, and the dGEMRIC index. The correlations were

calculated separately from planar dGEMRIC map-depen-

dent data and planar map-independent data, and 95%

confidence intervals and p values were presented for each

using the Fisher Z-transformation approach. We tested

whether the correlations with versus without the use of the

planar maps differed from each other using methods in

either Meng et al. [16] or Steiger [20] depending on

whether the pairs of correlated measures being compared

had one measure in common. When comparing the planar

map-dependent and map-independent Beck-Outerbridge

correlations as well as map-dependent and map-indepen-

dent Beck-dGEMRIC correlations, the same Beck’s grades

are used in every correlation and so the methods of Meng

et al. were used. In the Outerbridge-dGEMRIC analysis,

both Outerbridge and dGEMRIC data were measured with

and without the maps and thus the methods of Steiger were

used. Finally, the Wilcoxon rank-sum test was used to

nonparametrically test the significance of difference in

planar map-dependent and map-independent radiological

Fig. 2A–D (A) The figure shows the reformatting technique for

sagittal oblique TrueFISP sequence. Planes are aligned along the

femoral neck axis and rotate around a fixed central point in the

femoral neck. (B) A localizer image demonstrating the axis of

rotation of the radially reformatted TrueFISP sequence is shown.

Image planes rotate around a fixed central point in the femoral neck.

(C) The figure shows a reformatted radial TrueFISP image

demonstrating areas of full-thickness acetabular cartilage loss (white

arrowheads). The transverse ligament is denoted by the black arrow.

(D) The figure shows a reformatted radial DFE VIBE TI map

(dGEMRIC) image demonstrating the measurement of the dGEMRIC

index in the superior acetabular cartilage with indices of 301 msec

centrally and 265 msec peripherally.

Table 1. An overview of the MRI-based modified Outerbridge grade

[3] and the intraoperative Beck’s grade [5]

Modified Outerbridge grade Beck’s grade

0 = Normal cartilage 1 = Normal

1 = Signal changes and/or

minor surface irregularities

2 = Malacia (roughening

of surface, fibrillation)

2 = Cartilage thickness

loss B 50%

3 = Debonding (loss of fixation

to the subchondral

bone; carpet phenomenon)

3 = Cartilage thickness

loss[ 50%

4 = Cleavage (loss of fixation

to the subchondral bone;

frayed edges, thinning of

the cartilage flap)

4 = Total cartilage loss 5 = Full-thickness defect, complete

loss of cartilage
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evaluation times. Two-sided p values were used for all

comparisons, and the statistical significance threshold a
was set to 0.05.

The study cohort comprised 47 hips from 45 patients.

Twenty-five patients were male and 20 were female. The

distribution of the patients’ age at surgery had a mean ±

SD of 29 ± 11 years and ranged from 14 years to 57 years.

Forty-four hips had a maximum radial alpha (a) angle on

the radial reformat greater than or equal to 60�, which is a

previously proposed cutoff for normal morphology [1].

Five hips had a lateral center-edge angle of Wiberg greater

than or equal to 40�, which we used as the upper cutoff for

normal morphology. Four hips had a minimum joint space

width less than or equal to 2.5 mm as measured on the AP

view. Given the definitions of cam FAI (a C 60) and pincer

FAI (lateral center-edge angle of Wiberg C 40), 39 hips

had exclusively cam FAI, none had exclusively pincer FAI,

five had combined (cam + pincer) FAI, and three had no

radiographic signs of FAI despite impingement symptoms

(Table 2). To clarify, although the crossover sign is

sometimes also considered for the diagnosis of pincer FAI,

it is quite sensitive to the improper projection of the pelvis

in the AP radiograph view. Consequently, we excluded it

from consideration.

Regarding presurgical MRI, patients underwent a

dGEMRIC scan an average of 2.3 ± 1.5 months before

surgery and ranging from 1 day to 6 months.

From our surgical hip registry, we identified 68 hips that

underwent surgery between January 2009 and December

2013 (inclusive) and also had a 3-D 1.5-T dGEMRIC scan

within 6 months preoperatively. The scan included the

following isotropic sequences necessary for processing

through our algorithm: (1) a TrueFISP volume acquired at

256 x 256 x 144 voxel density using a (0.63 mm)3 voxel

resolution; (2) a dGEMRIC T1 volume acquired at 384 x

384 x 96 voxel density using a (0.83 mm)3 voxel resolu-

tion. Thirteen of 68 hips had study sequence alignment

issues that led to automated segmentation errors, and

another eight lacked intraoperative records. This left 47

hips for the study. Later in the analysis stage, it was dis-

covered that the Beck’s intraoperative grades for the

acetabular cartilage of three of the 47 hips were not

recorded during surgery; as a result, we excluded these hips

from analysis involving Beck’s grade but retained them for

all other analyses.

Results

Imaging-based assessment of acetabular cartilage damage

by MRI morphology (through Outerbridge grade) or bio-

chemistry (through the dGEMRIC index) correlates

moderately to strongly with intraoperative findings in

important acetabular subregions of hips with FAI.

Regardless of whether or not the planar dGEMRIC map

was used to aid evaluation, subregion-specific correlations

were noted between the Outerbridge and Beck’s grades

(Table 3) as well as between the dGEMRIC index and

Beck’s grade (Table 4). In the case of Outerbridge grade

versus Beck’s grade, correlation was moderate in AP and

SC (0.3\q\0.5) and strong in SP (q[0.5); likewise, for

the dGEMRIC index versus Beck’s grade, correlation was

moderate in AP and SC (�0.3[ q[�0.5) and strong in

SP (q\�0.5). Importantly, the Outerbridge grade and the

dGEMRIC index both correlated well with Beck’s grade in

AP and SP, the two subregions that demonstrated the

widest range of cartilage damage severity (data not shown)

and are most commonly damaged in hips with FAI [5]

(Fig. 3A–B).

Although imaging-based and intraoperative findings did

correlate, we saw no notable, planar map-dependent effects

on the strength of their correlation across the acetabular

subregions. For Outerbridge grade versus Beck’s grade,

none of the subregion-specific p values for the comparison

of map-dependent and map-independent correlation coef-

ficients, pdiff, were below the significance cutoff (p\0.05)

(Table 3). For the dGEMRIC index versus Beck’s grade,

only the pdiff for PC was low enough to potentially reject

the null hypothesis of no map-dependent effect; however,

both correlations were quite small (�0.2 \ q\ 0.2). An

analysis of the dGEMRIC index’s ability to classify normal

and damaged cartilage, ie, to distinguish Beck’s grade of

Table 2. Study cohort characteristics

Values

Patient demographics

Total hips 47

Total patients 45

Male sex 25 (56%)

Age at surgery (years; mean ± SD) 29 ± 11

Age range (years) 14–57

Time between MRI and surgery (months; mean ± SD) 2.3 ± 1.5

Time range (months) 0.03–5.9

Radiographic description

Minimum joint space width B 2.5 mm 4 (9%)

Lateral center-edge angle C 40� (pincer) 5 (11%)

Maximum a angle C 60� (cam) 44 (94%)

FAI description

Cam FAI only 39 (83%)

Pincer FAI only 0 (0%)

Combined (cam + pincer) FAI 5 (11%)

No radiographic signs of FAI 3 (6%)

FAI = femoroacetabular impingement.
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1 versus greater than 1 in either AP or SP, yielded sensi-

tivities and specificities that are consistent with those

previously reported but indicated no meaningful, map-de-

pendent effect (data not shown). On the whole, planar

dGEMRIC maps appear to neither increase nor decrease

the consistency of MRI-based grading and dGEMRIC

index with intraoperative findings.

The Outerbridge grade and the dGEMRIC index corre-

late well with each other across all acetabular subregions

(Table 5). Without the planar map, correlation is moderate

in AC and PC (�0.3[q[�0.5) and strong in AP, SP, SC,

and PP (q\�0.5). With the map, correlation is strong in

all subregions. Like before, we highlight that, in the more

damaged subregions AP and SP, strong correlations were

noted (Fig. 3C). When testing for a planar map-dependent

effect on the correlation between the Outerbridge grade and

the dGEMRIC index, AC witnessed a marked improve-

ment in q from �0.41 to �0.79 (pdiff \ 0.001). This

translated to a notably smoother and more predictable drop

in the dGEMRIC index with an increase in Outerbridge

grade (Fig. 4). In all other subregions, pdiff was below the

threshold of significance.

Finally, our analysis of total imaging-based evaluation

times with and without the help of the planar map suggests

that the map increases evaluation speed. Although planar

map-independent evaluation times had a mean ± SD of

207 ± 32 seconds, planar map-dependent times had a mean

± SD of 152 ± 33 seconds (Fig. 5). Therefore, the planar

Table 3. Spearman’s rank correlations and 95% confidence intervals for the modified Outerbridge grade versus Beck’s intraoperative grade

Acetabular cartilage

subregion

No map With map No map versus with

map difference

AP 0.40 (0.12–0.62)

p = 0.008

0.39 (0.10–0.61)

p = 0.009

pdiff = 0.94

AC 0.14 (�0.17 to 0.42)

p = 0.38

0.34 (0.05–0.58)

P = 0.02

pdiff = 0.15

SP 0.53 (0.28–0.71)

p\ 0.001

0.52 (0.27–0.71)

p\ 0.001

pdiff = 0.96

SC 0.41 (0.13–0.63)

p = 0.006

0.42 (0.14–0.64)

p = 0.005

pdiff = 0.93

PP 0.12 (�0.19 to 0.40)

p = 0.46

0.16 (�0.15 to 0.44)

P = 0.30

pdiff = 0.75

PC 0.37 (0.08–0.061)

p = 0.01

0.28 (�0.03 to 0.53)

p = 0.07

pdiff = 0.49

AP = anterior-peripheral; AC = anterior-central; SP = superior-peripheral; SC = superior-central; PP = posterior-peripheral; PC = posterior-

central.

Table 4. Spearman’s rank correlations and 95% confidence intervals for the dGEMRIC index versus Beck’s intraoperative grade

Acetabular cartilage

subregion

No map With map No map versus with

map difference

AP �0.35 (�0.58 to �0.06)

p = 0.02

�0.27 (�0.52 to 0.04)

p = 0.08

pdiff = 0.56

AC �0.03 (�0.32 to 0.27)

p = 0.87

�0.21 (�0.47 to 0.10)

p = 0.18

pdiff = 0.22

SP �0.63 (�0.78 to �0.41)

p\ 0.001

�0.57 (�0.74 to �0.33)

p\ 0.001

pdiff = 0.59

SC �0.32 (�0.56 to �0.02)

p = 0.04

�0.31 (�0.56 to �0.01)

p = 0.04

pdiff = 0.96

PP �0.04 (�0.34 to 0.26)

p = 0.80

�0.08 (�0.37 to 0.23)

p = 0.61

pdiff = 0.79

PC �0.17 (�0.45 to 0.13)

p = 0.26

0.14 (�0.17 to 0.42)

p = 0.38

pdiff = 0.04

dGEMRIC = delayed gadolinium-enhanced MRI of cartilage; AP = anterior-peripheral; AC = anterior-central; SP = superior-peripheral; SC =

superior-central; PP = posterior-peripheral; PC = posterior-central.
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map makes evaluation 55 seconds, or 27%, faster on

average (p = 0.001).

Discussion

dGEMRIC has been shown to quantify the biochemical

changes that are associated with early-stage OA; however,

the current mode of clinical evaluation with dGEMRIC

limits one’s ability to get a big picture view of hip articular

cartilage damage. In addition, an analysis of how well

dGEMRIC and other MRI-based findings correlate with

intraoperative findings of cartilage damage in hips with

symptomatic FAI has been limited. In this study, we

applied a previously developed algorithm for generating

planar maps of acetabular dGEMRIC values to MRI scans

of surgical hips with symptomatic FAI. We measured how

well both the MRI-based Outerbridge grading of cartilage

morphology and the dGEMRIC index correlate with

intraoperative findings and then tested what effect our

planar maps have on that correlation. Our findings suggest

that both the Outerbridge grade and the dGEMRIC index

correlate moderately to strongly with Beck’s intraoperative

grade in acetabular subregions that most commonly suffer

cartilage damage in hips with FAI. Meanwhile, the planar

dGEMRIC maps may improve the speed of radiological

evaluation by as much as 27% without affecting this

correlation.

This study had a number of limitations. First, the study

cohort comprised only 47 hips (44 hips for comparison to

intraoperative findings). This modest number could

account for some of the challenges encountered in cap-

turing planar dGEMRIC map-dependent effects on the

radiologist’s assessment. It is worth noting, however, that

the cohort was demographically diverse with respect to age

and sex, indicating that the use of the maps may be widely

applicable. Second, because the study was retrospective in

design, and three different surgeons performed the surg-

eries, this may lead to variability in the intraoperative

grading of cartilage damage. Therefore, the moderate-to-

strong correlation between imaging-based and intraopera-

tive assessments of cartilage damage despite this limitation

suggests even stronger potential correlations. Our study

was not designed to address correlation with clinical find-

ings such as pain or motion, and we thus cannot speak to

outcomes or prognosis. Lastly, the practical limitation of

incorporating the planar map into a clinical workflow made

it challenging to ascertain its potential clinical use. Future

work toward optimizing the automated processing of

dGEMRIC data such that the planar maps may be intro-

duced into a clinical workflow at the time of initial

interpretation will be helpful in this regard.

Our data show that MRI-based cartilage morphology

grading and the dGEMRIC index both correlate moderately

(0.3\ |q|\0.5) to strongly (|q|[0.5) with intraoperative

findings of cartilage damage in subregions AP, SP, and SC

bFig. 3A–C The figure shows the plots comparing radiological and

surgical assessments of cartilage damage for acetabular subregions

AP (left column) and SP (right column), which face the highest

likelihood of damage in hips with FAI [5]. Planar dGEMRIC map-

dependent and map-independent radiological assessment data are

displayed side by side in each plot. The mean values are connected by

either solid or dashed lines and the error bars indicate ± SD. (A) The

figure shows the modified Outerbridge grade (radiological) versus

Beck’s grade (surgical); (B) the dGEMRIC index (radiological)

versus Beck’s grade (surgical); (C) the dGEMRIC index (radiolog-

ical) versus the modified Outerbridge grade (radiological), examining

intermetric consistency in radiological assessment.

Table 5. Spearman’s rank correlations and 95% confidence intervals for the modified Outerbridge grade versus the dGEMRIC index

Acetabular cartilage

subregion

No map With map No map versus

with map difference

AP �0.55 (�0.72 to �0.31)

p\ 0.001

�0.71 (�0.83 to �0.53)

p\ 0.001

pdiff = 0.12

AC �0.41 (�0.62 to �0.14)

p = 0.005

�0.79 (�0.88 to �0.65)

p\ 0.001

pdiff\ 0.001

SP �0.71 (�0.83 to �0.53)

p\ 0.001

�0.77 (�0.87 to �0.62)

p\ 0.001

pdiff = 0.39

SC �0.75 (�0.85 to �0.58)

p\ 0.001

�0.71 (�0.83 to �0.53)

p\ 0.001

pdiff = 0.59

PP �0.58 (�0.74 to �0.35)

p\ 0.001

�0.51 (�0.69 to �0.26)

p\ 0.001

pdiff = 0.58

PC �0.32 (�0.56 to �0.04)

p = .03

�0.52 (�0.70 to �0.27)

p\ 0.001

pdiff = 0.24

dGEMRIC = delayed gadolinium-enhanced MRI of cartilage; AP = anterior-peripheral; AC = anterior-central; SP = superior-peripheral; SC =

superior-central; PP = posterior-peripheral; PC = posterior-central.
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(Tables 3, 4). AP and SP are two subregions of acetabular

cartilage that are most commonly damaged in hips with

FAI [5], and damage to the corresponding central

subregions would normally indicate poor surgical progno-

sis [6]. Therefore, our findings are promising for the

potential of both standard MRI and dGEMRIC to help

radiologists and surgeons predict the state of the joint that

they would observe intraoperatively.

These results challenge the prior work by Bittersohl

et al. [7], in which the authors reported a comparable

correlation between standard MRI and intraoperative

findings (r = 0.535, p \ 0.001) but a poor one between

dGEMRIC and intraoperative findings (r = 0.114, p \
0.126) for hips with FAI. This difference in dGEMRIC

findings may potentially be explained in two ways: (1) our

analysis is specific to subregions of the acetabulum,

whereas theirs pooled all examined subregions into one

global comparison; and (2) we had 44 hips with both

radiological and intraoperative findings, whereas they had

only 16 hips, leading to weaker statistical power.

Meanwhile, our results with applying the planar

dGEMRIC maps suggest that they do not notably alter the

correlation between imaging-based and intraoperative

assessments of acetabular cartilage damage in hips with

symptomatic FAI. Although we did see a planar map-de-

pendent change in the correlation between the dGEMRIC

indices and intraoperative findings in PC (pdiff = 0.04;

Table 4), the correlations in that subregion were quite

small (�0.2 \ q \ 0.2). It is worth mentioning that,

although no map-dependent improvement is captured

through assessment with radial reformats, it is possible that

the planar maps alone may be sufficient to permit an

accurate and comprehensive assessment of cartilage dam-

age. Alternatively, the planar map may offer the greatest

opportunity for improvement in MRI-based cartilage

grading among less experienced readers, thereby reducing

the impact of reader experience on the accuracy of the

results. These hypotheses could be tested in future studies

with radiologists and orthopaedic surgeons of different

levels of experience.

Planar dGEMRIC maps may improve the correlation

between the MRI grading of acetabular cartilage damage

and the dGEMRIC index in FAI, but in a subregion-

specific manner. We noted an improvement in this corre-

lation strictly for the AC subregion (pdiff\0.001). Because

damage to the central acetabular subregions has been

suggested to be a poor surgical prognosticator for FAI [6],

it is reassuring that referencing the planar maps signifi-

cantly improves the correlation between MRI-based

morphology and the dGEMRIC index in AC. This finding

hints at a map-dependent improvement in the consistency

between these two different modes of assessment. As far as

we are aware, this is the first study to formally report such a

correlation, and we believe it to have potential use in fur-

ther guiding the analysis of imaging-based assessment of

cartilage damage.

Fig. 4 A plot of the dGEMRIC index versus the modified Outer-

bridge grade for the AC subregion is shown with planar map-

dependent and map-independent assessments plotted side by side. The

mean values are connected by either solid or dashed lines and the

error bars indicate ± SD.

Fig. 5 A plot of radiological evaluation times comparing planar

dGEMRIC map-dependent and map-independent assessment is

shown. The Wilcoxon rank-sum test was used for the nonparametric

test of significant difference between the two groups of radiological

evaluation times.
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Finally, the planar dGEMRIC map reduced the time that

it took to perform Outerbridge grading and measure the

dGEMRIC indices (Fig. 5). On average, evaluation times

decreased by 55 seconds, or 27%. Although this is arguably

a minor change in the scheme of the entire radiological

workflow, it does strongly suggest that a radiologist can use

the map to obtain information about global cartilage bio-

chemistry without having to invest additional time. The

planar map is therefore potentially a costless workflow

intervention. As researchers and developers evaluate future

technologies, we encourage them to similarly bear the

clinician’s time in mind.

The fact that we found a moderate-to-strong, subre-

gion-specific correlation between imaging-based and

intraoperative assessments of acetabular cartilage damage

in hips with symptomatic FAI suggests that dGERMIC at

1.5-T resolution can be reliably applied to study this

patient population. Moreover, although using planar

dGERMIC maps to guide standard evaluation does not

appear to alter the correlation of imaging-based and

intraoperative damage findings, it does improve the cor-

relation between MRI-based morphology grading and

biochemical signal specifically in the AC subregion.

Importantly, the maps can offer radiologists more infor-

mation about cartilage quality without having them incur

significant time delay or lose evaluation accuracy. In the

future, we would be interested in seeing whether the

planar maps alone may be sufficient for accurate imaging-

based assessment of cartilage damage. There is also

potential benefit to conducting a survey of whether the

planar maps are useful to hip orthopaedic surgeons as

well as carrying out a more formal study of whether the

maps significantly improve the surgeons’ predictions of

Beck’s grades. Finally, we are interested in standardizing

the signal that the planar maps display to permit com-

parison across hip records and also making the planar

maps more quantifiable.
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