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Purpose: To evaluate the ability of T2* mapping to help differenti-
ate damaged from normal acetabular cartilage in patients 
with femoroacetabular impingement (FAI).

Materials and 
Methods:

The institutional review board approved this retrospective 
study, and the requirement to obtain informed consent 
was waived. The study complied with HIPAA guidelines. 
The authors reviewed T2* relaxation time maps of 28 
hips from 26 consecutive patients (mean patient age, 28.2 
years; range, 12–53 years; eight male patients (nine hips) 
with a mean age of 26.7 years [range, 16–53 years]; 18 
female patients (19 hips) with a mean age of 28.9 years 
[range, 12–46 years]). Conventional diagnostic 3.0-T 
magnetic resonance (MR) arthrography was augmented 
by including a multiecho gradient-recalled echo sequence 
for T2* mapping. After imaging, acetabular and femoral 
data were separated and acetabular regions of interest 
were identified. Arthroscopic cartilage assessment with 
use of a modified Beck scale for acetabular cartilage dam-
age was performed by an orthopedic surgeon who was 
blinded to the results of T2* mapping. A patient-specific 
acetabular projection with a T2* overlay was developed to 
anatomically correlate imaging data with those from sur-
gery (the standard of reference). Results were analyzed 
by using receiver operating characteristic (ROC) curves.

Results: The patient-specific acetabular projection enabled co-
localization between the MR imaging and arthroscopic 
findings. T2* relaxation times for normal cartilage (Beck 
score 1, 35.3 msec 6 7.0) were significantly higher than 
those for cartilage with early changes (Beck score 2, 20.7 
msec 6 6.0) and cartilage with more advanced degenera-
tion (Beck scores 3–6, 19.8 msec 6 5.6) (P , .001). At 
ROC curve analysis, a T2* value of 28 msec was identified 
as the threshold for damaged cartilage, with a 91% true-
positive and 13% false-positive rate for differentiating 
Beck score 1 cartilage (normal) from all other cartilages.

Conclusion: The patient-specific acetabular projection with a T2* 
mapping overlay enabled good anatomic localization of 
cartilage damage defined with a T2* threshold of 28 msec 
and less.
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logistically difficult to perform and cur-
rently gives a combined value for fem-
oral and acetabular cartilage (30). T2 
relaxation time measurements (26–29) 
and, more recently, T2* mapping have 
been reported in the hip (31–34). We 
speculated as to whether T2* mapping 
had the potential to be clinically prac-
tical for routine cartilage assessment 
because it takes little time, does not 
require contrast material, and is able 
to help differentiate femoral from ace-
tabular cartilage.

The purpose of our study, there-
fore, was to evaluate the ability of T2* 
mapping to help differentiate damaged 
from normal articular cartilage in pa-
tients with FAI. To do so, we sought to 
develop an anatomically precise tech-
nique with which to visualize T2* data; 
to then use this visualization method to 
compare T2* data with a surgical stan-
dard of reference; and, if successful, to 
use a receiver operating characteristic 
(ROC) curve to define a threshold T2* 
value for damaged acetabular cartilage, 
which would increase our ability to in-
terpret T2* values in the future.

Materials and Methods

Patients and Clinical Assessment
The institutional review board ap-
proved this retrospective study, and 
the requirement to obtain informed 

(10,11). Moderate cartilage damage, 
unfortunately, can be a challenge to 
diagnose (12). Radiographic evalua-
tion with use of Tönnis grading is the 
standard of care but has been shown 
to have poor interobserver reliability 
(13–15). Magnetic resonance (MR) 
imaging evaluation would seem to be 
the logical alternative. The accuracy 
of MR imaging and MR arthrography 
for detecting chondral damage in FAI, 
however, is poor (12,16–20). The iden-
tification of cartilage damage in FAI 
may be difficult owing to the pattern 
of cartilage damage particular to this 
condition (21).

In FAI, cartilage damage is fre-
quently limited to the acetabulum and 
occurs deep within the tissue as a 
debonding of articular cartilage from 
bone (3). This leaves the superficial 
layer intact, a pattern uniquely ill-
suited for diagnosis with traditional 
MR imaging—which is best at depict-
ing a void at the articular surface. 
As a consequence, investigators have 
turned to quantitative MR mapping 
techniques such as delayed gadolini-
um-enhanced MR imaging of cartilage 
(22–25) and T2 mapping (26–29). 
Delayed gadolinium-enhanced MR im-
aging of cartilage is the most widely 
applied investigational technique. It 
can, however, be time-consuming and 

Femoroacetabular impingement 
(FAI) is a common cause of hip 
pain and is due to abnormal 

periarticular morphology that results 
in pathologic abutment between the 
head-neck junction and the acetabu-
lar rim (1,2). FAI has been shown to 
cause labral and chondral lesions and 
lead to osteoarthritis (3–6). Joint pres-
ervation surgery is recommended for 
patients with symptoms unamenable 
to medical management who have nor-
mal or limited cartilage damage (7–9). 
Joint preservation procedures are con-
traindicated in patients with moderate 
to advanced cartilage changes because 
these levels of cartilage abnormality 
are associated with early failure and 
conversion to total hip arthroplasty 

Implications for Patient Care

 n T2* mapping may become a valu-
able method for the routine eval-
uation of articular cartilage with 
clinical MR units because it 
requires little additional time and 
no intravenous or intraarticular 
contrast material.

 n A patient-specific acetabular 
projection enables good anatomic 
localization of MR data and facili-
tates both preoperative patient 
assessment and the monitoring 
of specific cartilage lesions over 
time.

 n The T2* threshold for articular 
cartilage damage, with use of the 
defined protocol at 3.0 T, in-
creases our ability to interpret 
T2* values.

Advances in Knowledge

 n In patients with femoroacetabular 
impingement, T2* maps were 
found to have significantly lower 
values in regions with surgically 
identified cartilage damage 
(mean, 20.7 msec 6 6.0) than in 
normal cartilage (mean, 35.3 
msec 6 7.0) (P , .001).

 n A patient-specific acetabular 
projection with a T2* mapping 
overlay was developed to ana-
tomically correlate imaging data 
with those from arthroscopy (the 
standard of reference) on the 
basis of the Beck scale for 
cartilage damage.

 n Receiver operating characteristic 
curve analysis was used to define 
a threshold T2* value for dam-
aged acetabular cartilage as 28 
msec and less.

 n Despite the elimination of sur-
gical candidates with joint space 
narrowing or increased sclerosis, 
patients with Tönnis grade 1 
were found at surgery to have 
cartilage damage in 360 of the 
532 regions of interest (68%) 
and no hyaline cartilage in 29 
(5%); this underscores the insen-
sitivity of radiographs in deter-
mining the extent of osteoar-
thritis in this cohort.
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acetabulum because this area has the 
highest reported incidence of damage 
in patients with FAI (3,16,36). Acetab-
ular cartilage in this region as seen on 
three consecutive sagittal sections was 
divided into five ROIs in each section 
between the 12-o’clock position and the 
chondrolabral junction (Fig 2) by using 
the image processing application OsiriX 
(OsiriX v.4.1.1; 32 bit, http://www.
osirix-viewer.com/) (37), for a total of 
15 anterosuperior ROIs. For the assess-
ment of differences between deep and 
superficial tissue layers, each ROI was 
further split in half depth-wise. Each 
layer plus the full-thickness acetabular 
cartilage was subsequently assessed. 
Four ROIs were defined in the postero-
medial acetabulum, where articular 
cartilage damage is infrequent in FAI, 
to serve as control ROIs. These were 
processed in an identical fashion. Note 
that this landmark-based definition re-
sulted in ROIs comparable between the 
patients even though the volume (and 
number of voxels) varied from patient 
to patient depending on their physical 
size. To enable comparison with sur-
gical assessment, imaging data were 
anatomically located to their position 
on the patient’s acetabulum with use 
of a patient-specific, flattened acetab-
ular projection. Flattened projections 
were created by first segmenting the 
acetabular cartilage with data from ei-
ther 3D double-echo steady-state or 3D 

and evaluated with standardized radio-
graphs per published protocol (35).

MR Imaging and Image Processing
A 3.0-T clinical imaging protocol (Trio; 
Siemens Medical Solutions, Erlangen, 
Germany) and a body matrix phased-
array coil were used. This protocol is 
detailed in Table 1. A representative set 
of images from clinical MR arthrogra-
phy is shown in Figure 1. The protocol 
required approximately 45 minutes to 
complete, with the T2* data obtained 
during the final 7 minutes to prevent 
time dependence of T2* values after 
unloading (34). T2* maps were gener-
ated inline by using software (Mapit; 
Siemens Medical Solutions).

Postprocessing was performed in-
dependently by the primary reviewer 
(C.Z., a 2nd year orthopedic resident), 
who was blinded to the patients’ clinical 
information. Acetabular orientation was 
standardized on sagittal images by us-
ing a line passing through the center of 
the femoral head, perpendicular to the 
transverse acetabular ligament defining 
the 12-o’clock position superiorly and 
the 3-o’clock position anteriorly (Fig 2). 
The border between the acetabular and 
femoral articular cartilage layers was 
defined as the low-signal-intensity line 
(Fig 2) seen on the second echo of the 
gradient-recalled echo sequence (echo 
time = 11.2 msec). Cartilage damage 
ROIs were defined in the anterosuperior 

consent was waived. Compliance with 
the Health Insurance Portability and 
Accountability Act was maintained 
throughout.

All hip MR images obtained be-
tween February 2010 and March 2012 
were retrospectively assessed. In-
cluded were all consecutive patients 
with the clinical diagnosis and radio-
graphic signs of FAI without evidence 
of osteoarthritis who underwent the 
study imaging protocol, who were di-
agnosed with a labral tear, and who 
subsequently underwent hip arthros-
copy after conservative treatment 
failed. The clinical diagnosis of FAI 
was established by the presence of 
(a) moderate-to-severe persistent hip 
or groin pain that limited activity and 
worsened with flexion activity and (b) 
positive impingement sign (sudden 
pain at 90° hip flexion with adduction 
and internal rotation or extension and 
external rotation). Radiographic con-
firmation of FAI included findings such 
as a angle greater than 50°, pistol grip 
deformity, coxa profunda, and/or ace-
tabular retroversion. Exclusion criteria 
were osteoarthritis as evidenced by ra-
diographic changes (Tönnis grade .1) 
(15), previous hip surgery, or diagno-
sis of other abnormalities to explain 
the hip pain. All patients were exam-
ined by the same orthopedic surgeon, 
who specialized in hip arthroscopy 
(P.M., with 7 years of experience), 

Table 1

Imaging Parameters for MR Arthrography

Sequence* Plane TR/TE (msec)† No. of Sections Section Thickness (mm) Resolution (mm) Imaging Time

T1-weighted TSE FS Axial, sagittal, coronal 540–780/10–12 24 3–4 0.45 3 0.6 3–4 min
T2-weighted TSE FS Coronal, sagittal 2200–2600/68–75 24 3–4 0.45 3 0.6 3–4 min
PD-weighted TSE Coronal, oblique, axial 2000–2200/27–39 24 3–4 0.45 3 0.6 3–4 min
SPACE 3D 1000/30 … … 0.75 3 0.75 3 0.75 5 min 17 sec
DESS 3D 12/4.9 … … 0.75 3 0.75 3 0.75 or  

 1 3 1 3 1
5 min 50 sec

T2*-weighted GRE FS Sagittal 1040/4.2, 11.3,  
 18.4, 25.6, 32.7

24 3 0.52 3 0.52 interpolated  
 to 0.26 3 0.26

7 min

Note.—MR arthrography was performed after the administration of a dilute solution (2.5 mmol/L) of gadopentetate dimeglumine (Magnevist; Berlex Laboratories, Wayne, NJ).

* DESS = double-echo steady state, FS = fat saturated, GRE = gradient-recalled echo, PD = proton density, SPACE = sampling perfection with application optimized contrasts using different flip angle 

evolutions (three-dimensional [3D] turbo spin echo with variable flip angle), TSE = turbo spin echo.
† TR/TE = repetition time/echo time.
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was then applied on the flattened mesh, 
allowing the entire anatomically located 
set of T2* acetabular data to be seen on 
a single image (Fig 3).

Arthroscopy
All arthroscopic examinations were 
performed by the same orthopedic 
surgeon (P.M., with 7 years of expe-
rience). The orthopedic surgeon was 

turbo spin-echo with variable flip angle 
(SPACE, or sampling perfection with 
application optimized contrasts using 
different flip angle evolutions) imag-
ing, depending on which was available 
in the clinical protocol. A 3D volume 
mesh was then generated from the 
segmentation data by using software 
(BrainVoyager QX 2.4, http://www.bra-
invoyager.com/) (38). T2* maps were 

Figure 1

Figure 1: Images from MR arthrography of right hip. A, Coronal proton density–weighted, B, sagittal fat-suppressed T1-weighted (repetition time msec/echo time 
msec = 780/12, 3-mm-thick sections), and, C, axial oblique proton density–weighted (2200/37, 3-mm-thick sections) images. Coronal image depicts preserved joint 
space, with no definite evidence of cartilage damage. Sagittal image reveals high-signal-intensity contrast material interposed at chondrolabral junction, a finding that 
is most consistent with labral tear (arrow). Arrow on axial oblique image indicates irregular-appearing reduced femoral head-neck offset (bump).

Figure 2

Figure 2: Selection of ROIs in acetabulum for statistical analysis of T2* data. A, T2* gradient-recalled echo image (echo time, 11.2 sec) shows acetabular and 
femoral articular cartilage layers separated at low-signal-intensity line interposed between two sides of joint. Acquired in-plane resolution was 0.52 3 0.52 mm, 
interpolated to 0.26 3 0.26 mm, which allowed for 3–6 voxels within acetabular cartilage only, depending on cartilage thickness. B, Sagittal view of hip shows 
guides for 12-o’clock line, angular guides for five selected ROIs in anterosuperior labrum between 12-o’clock position and chondrolabral junction (CLJ), and angular 
guides for two control ROIs at fixed 10:30–11:30 positions. Transverse ligament (T) was used as anatomic landmark to consistently derive 12-o’clock position as an 
orthogonal line through center of femoral head, assuming that 12-o’clock position is superior and 3-o’clock position is anterior. C, Magnified area shows five zones 
of superficial and deep ROIs in anterosuperior acetabular cartilage. Also shown are two control zones of superficial and deep ROIs at fixed 10:30–11:30 positions. 
Magnified portion better illustrates delineation of acetabular and femoral cartilage with a thin dark line interposed between the two.

coregistered with the anatomic data 
and then sampled on the surface of this 
3D mesh by using Brain Voyager and 
Matlab (Matlab 2011b; MathWorks, 
Natick, Mass) to generate surface maps 
representing the T2* data of the ace-
tabular cartilage. Finally, the 3D mesh 
of the acetabular cartilage was flattened 
on a two-dimensional plane by using 
BrainVoyager and the T2* surface map 
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bottom of the anterior lunate cartilage, 
respectively. The medial borders of the 
notch define the lunate’s anteromedial 
borders. The posterior lunate has a 
consistent sulcus similar to the anterior 

the acetabular notch along with the 
parallel medial and lateral borders of 
the acetabular notch, and the base of 
the anterior lunate cartilage were read-
ily used to define the midpoint, top, and 

presented with a patient-individualized, 
flattened anatomic map of the acetab-
ulum, on which simple, obvious bony 
landmarks could be located at surgery. 
The psoas sulcus, the highest point of 

Figure 3

Figure 3: Flattening process. A, Sagittal (SAG), 
coronal (COR), and axial (AX) images show 
segmentation of acetabular cartilage on 3D turbo 
spin-echo with variable flip angle (SPACE, or 
sampling perfection with application optimized 
contrasts using different flip angle evolutions) 
or 3D double-echo steady-state data set. B, 3D 
mesh is generated from segmentation. C, D, T2* 
data are sampled from coregistered T2* data set 
on surface of mesh. E, Articular surface of seg-
mentation is separated from bone-side surface 
for flattening. F, G, Mesh is flattened onto a plane 
(an intermediate step in F is shown with filled 
mesh; mesh is fully flattened in G). H, Finally, T2* 
data shown in D are displayed onto flat mesh to 
create patient-specific T2* map.
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psoas sulcus and the superior point of 
the notch. Individual ROIs, once lo-
cated in space, were measured relative 
to a flexible probe measuring 2 mm in 
diameter, which served as a ruler. Be-
cause each patient had individualized 
ROIs known to the surgeon (who was 
blinded to the T2* values), the correla-
tion between the patient-individualized 
anatomic maps and the arthroscopic 
findings was accomplished by locating 
the ROI by triangulating between these 
readily identifiable bony landmarks and 
then refining the location with a ruler.

Surgical findings were recorded 
on the patient-specific acetabular 
projection. A modified Beck scale was 
used to characterize the degree of ar-
ticular cartilage damage (3) (Table 2). 
Control ROIs were specifically assessed 
for clinical signs of cartilage damage. 
The surgeon of record performed all 
assessments, and, although he was pro-
vided with the clinical radiology report, 
he was blinded to the T2* mapping data.

Statistical Analysis
ROIs were assigned to four groups ac-
cording to the Beck scale (1, 2, 3 and 4, 
and 5 and 6) (Table 2). Subsequently, 
the T2* values were compared among 
these groups by conducting pair-wise 
Wilcoxon rank sum tests (39). P , .05 
was indicative of a significant differ-
ence. To ensure a family-wise error rate 
no larger than the significance level, 
we corrected the P values by using the 
method used by Holm (40). Finally, the 
groups were investigated with multiple 
dichotomizations to estimate a predic-
tive model by using each of the resulting 

binary data sets. We then used ROC 
analysis to evaluate the sensitivity and 
specificity of our predictive models and 
to define a threshold T2* value for dam-
aged articular cartilage. The threshold 
value was taken to be the value of T2* 
that corresponds to the point on the 
ROC curve at which the sensitivity is 
equal to 1 minus specificity.

Interobserver reliability was as-
sessed by assigning two examiners of 
differing experience levels (C.Z. and 
M.B., with 1 year of experience) to 
independently generate ROIs and T2* 
values from five randomly selected 
hips. Each examiner made measure-
ments from the same sagittal sections 
of blinded MR images. Subsequently, 
a single-measure interclass correlation 
coefficient was used to determine with-
in-ROI variability between groups.

Assessment of the variation in the 
T2* data owing to the orientation with 
respect to the main magnetic field 
(B0)—the magic angle effect—was done 
by fitting a linear regression model 
with T2* values as the response and 
3cos2{[(x 2 15)p]/180} 2 1 as the pre-
dictor, where x is the angle in degrees 
(41). A fixed angle of 15° was used to 
correct for the average orientation of 
the 12-o’clock line that was used in the 
calculation of the ROI angles.

All statistical analyses were per-
formed by a biostatistician (J.H., with 
7 years of experience) with use of the 
R software package (version 2.15.2; R: 
A language and environment for statis-
tical computing, R core Team 2012R, 
Foundation for Statistical Computing, 
Vienna, Austria).

Results

Patients and Clinical Assessment

Twenty-six patients with 28 consecutive 
hip MR examinations met the inclusion 
criteria. There were 18 female and 
eight male patients. The mean age of all 
patients was 28.2 years (range, 12–53 
years), the mean age of male patients 
(nine hips) was 26.7 years (range, 
16–53 years), and the mean age of fe-
male patients (19 hips) was 28.9 years 
(range, 12–46 years). Patients present-
ed with characteristic symptoms of FAI, 
including groin pain, sitting intolerance, 
and limited hip range of motion. An av-
erage of 3 months elapsed between MR 
imaging and arthroscopy. Radiographic 
evaluation revealed an average a angle 
(6standard deviation) of 62.6° 6 14.5 
and an average lateral center edge an-
gle of 28.9° 6 6 (Fig 4). Tönnis grading 
revealed nine hips with Tönnis grade 0 
and 19 hips with Tönnis grade 1 joint 
space.

MR Imaging and Image Processing
Fifty-seven ROIs were studied per pa-
tient, for a total of 532 full-thickness 
ROIs. These ROIs were further split 
into superficial and deep halves, result-
ing in 1596 ROIs overall. The results of 
quantitative T2* relaxation time map-
ping for the deep, superficial, and full-
thickness acetabular cartilage layers 
are summarized in Table 3.

Arthroscopy
One hundred seventy-two of the 532 
full-thickness ROIs (32%) were classi-
fied as Beck 1 (normal, macroscopically 
sound articular cartilage) at arthros-
copy. One hundred sixty of the 532 
ROIs (30%) showed cartilage changes 
of softening and fibrillation and were 
classified as Beck 2. One hundred sev-
enty-one of the 532 ROIs (32%) were 
found to have either cartilage debond-
ing (Fig 5) or gross delamination con-
sistent with cleavage (Fig 6, A), with 
112 (21%) classified as Beck 3 changes 
and 59 (11%) as Beck 4 changes. Twen-
ty-one of the 532 ROIs (4%) had a fibri-
nous base (Beck 5) and eight (2%) had 
an eburnated base (Beck 6) denuded of 

Table 2

Modified Beck Scale

Score Description Criteria

1 Normal Macroscopically sound cartilage
2 Early changes Softening, fibrillation, cartilage remains adherent to underlying bone
3 Debonding Loss of fixation to the subchondral bone, carpet phenomenon
4 Cleavage Loss of fixation to the subchondral bone, frayed edges, thinning of  

 the cartilage, flap
5 Defect, fibrous base Full-thickness loss of articular cartilage with a thin fibrous  

 tissue–covered base
6 Defect, eburnated base Full-thickness cartilage loss with a base of eburnated bone
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demonstrated in Figure 7, A. The ROC 
curves indicated clear differentiation for 
all dichotomizations separating group 
1 (normal) from all other Beck scale 
levels (Fig 7, B and C). At ROC analysis 
of higher grades (ie, Beck scores 3 and 
4 vs Beck scores 5 and 6), no clear dif-
ferentiation was observed (Fig 7, D). 
ROC curve analysis showed that a 91% 
true-positive and 13% false-positive 
rate corresponded with a threshold T2* 
value of 28 msec for defining cartilage 
damage, a value that corresponds to an 
estimated probability of disease of 0.8.

Note that all P values were cor-
rected for multiple comparisons. The 
unadjusted P values were so small that 
adjusting for multiple comparisons did 
not affect the conclusions.

Discussion

Since its description and means of sur-
gical correction were first published, 
the surgical management of FAI has 
become increasingly common (1,42). 
Significant variation, however, has 
been seen in surgical outcomes, an 

interval: 0.82, 0.92). Assessment of 
the magic angle effect in the articular 
cartilage showed that, at most, 2% of 
the variation in the T2* data was due 
to orientation with respect to the main 
magnetic field (B0), as indicated by R2 of 
0.02 with the linear regression model.

In these patients with FAI, T2* 
maps were found to have significantly 
lower values in regions with surgically 
identified cartilage damage (mean, 20.7 
msec 6 6.0) than for normal cartilage 
(mean, 35.3 msec 6 7.0) (P , .001) 
(Table 3). The T2* values in the superfi-
cial layer were consistently higher than 
those in the deep cartilage layer (P , 
.001). For full, superficial, and deep 
cartilage, there was a significant differ-
ence between Beck scores 1 and 2 as 
well as between Beck score 1 and Beck 
scores 3 and 4 (P = , .001 for both). 
The respective box plots for T2* values 
in the different Beck scale groups are 

cartilage. The cartilage thickness was 
preserved in 503 of the 532 ROIs (95%) 
(Beck 1–4). Because we excluded pa-
tients with joint space narrowing (Tön-
nis grade 2 and higher), only a very 
limited number of ROIs (5%, 29 of 
532 ROIs) exhibited altered thickness 
of cartilage. As exemplified in Figure 
6, the area of acetabular cartilage de-
lamination as depicted at arthroscopy 
(Fig 6, A) correlates with markedly 
decreased T2* values (Fig 6, B) on the 
quantitative MR imaging map, whereas 
the plain radiograph (Fig 6, C) reveals 
Tönnis grade 0 and 1 with a preserved 
joint space.

Statistical Analysis
Interobserver reliability for the gener-
ation of acetabular deep, superficial, 
and full-thickness ROIs was found to 
have an estimated intraclass correla-
tion coefficient of 0.88 (95% confidence 

Table 3

Average T2* Values in All Analyzed ROIs according to Modified Beck Scale

Layer Beck Score 1 Beck Score 2 Beck Scores 3 and 4 Beck Scores 5 and 6

Full cartilage thickness 35.3 6 7.0 20.7 6 6.0 19.8 6 5.6 16.8 6 4.0 
Superficial cartilage 40.1 6 10.3 24.2 6 7.4 22.5 6 6.8 17.7 6 5.0 
Deep cartilage 30.6 6 6.5 17.4 6 5.5 17.2 6 5.1 15.8 6 4.0 

Note.—Data are in milliseconds. Beck score 1 (normal) was statistically different from all other scores (P , .001) for full 
thickness, superficial, and deep cartilage; there was no significant difference among Beck scores 2–6.

Figure 4

Figure 4: Representative clinical radiographs obtained in, A, anteroposterior and, B, frog leg lateral views. 
Anteroposterior radiograph reveals a reduced femoral head-neck offset, which is measured on frog leg 
lateral view. The a angle is 65°, which can be seen in clinical context of cam-type impingement indicative of 
a reduced femoral head-neck offset. Joint spaces are preserved on both radiographs.

Figure 5

Figure 5: Arthroscopic view demonstrates ap-
pearance of cartilage debonding (∗). Arrow indicates 
femoral head, and dashed line indicates chondro-
labral junction. Note that area of debonding subjacent 
to chondrolabral junction can be displaced from 
undersurface without evidence of a tear reaching the 
surface, also called “carpet phenomenon” (Beck score 
= 3). Area of cartilage debonding appears whiter than 
surrounding areas.
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importance and may simply represent 
a truncation artifact (47). Low T1- and 
T2-weighted signal intensity has been 
observed in delaminated cartilage (17). 
Without the ability to be quantified, this 
observation has been of limited utility.

In our study, however, we report 
new MR imaging findings, confirmed 
with arthroscopy, that may have sub-
stantial clinical diagnostic implications. 
Namely, we found a significant corre-
lation between cartilage damage and 
decreased T2* values. This is consis-
tent with findings from previous re-
ports (31–34,48). ROC curve analysis 
showed that a 91% true-positive and 
13% false-positive rate corresponded 
with a threshold T2* value of 28 msec 
at 3.0 T for defining cartilage damage, a 
value that corresponds to an estimated 
probability of disease of 0.8. We believe 
that this threshold will be helpful for 
clinicians interpreting the results of T2* 
maps and may provide the basis for an 
MR imaging–guided cartilage screening 
tool similar to, but more reliable than, 
Tönnis grading.

T2 relaxation time has been used 
as an indirect indicator of structural 
changes within articular cartilage owing 
to its sensitivity to alterations in water 
content (49), interaction between 
water molecules, and spatial collagen 
architecture (50,51). T2* relaxation is a 
combination of inherent “true” T2 relax-
ation and additional T29 relaxation due 
to both microscopic and macroscopic 
magnetic field inhomogeneities (1/T2* 
= 1/T2 + 1/T29). The reversible relax-
ation due to these inhomogeneities can 
be refocused and thus removed by using 
a 180° pulse for measurement of T2. 
In gradient-recalled echo sequences, 
however, there is no such refocusing 
pulse and the additional relaxation ef-
fects characterized with the parameter 
T29 are not removed. Thus, T2* is sen-
sitive to T2 changes as well as to ad-
ditional mechanisms that contribute to 
T29. Although the latter component is 
affected by bulk inhomogeneities in the 
static magnetic field, which are typically 
not of interest, it is also affected by the 
differences in tissue composition at a 
microscopic level (52), such as changes 
at the osteochondral interface and the 

issue that has been explained in part 
by the presence or absence of articu-
lar cartilage damage (9,11). Because 
of the abnormal contact stresses be-
tween the reduced femoral head-neck  
offset and the acetabulum, debonding 
occurs between the cartilage and sub-
chondral bone plate. This “inside out” 
process of articular cartilage delamina-
tion progressing from deep to superfi-
cial is unique to FAI. Therefore, previ-
ous imaging and arthroscopic staging 
guidelines, such as the International 
Cartilage Repair Society classification 
(43), which was created to describe the 
degenerative changes in the knee from 
superficial to deep, are limited in their 
application for the hip.

Currently, radiographic Tönnis 
grading is the most commonly used 
means of screening for level of cartilage 
damage incompatible with joint preser-
vation surgery (10,15). Tönnis grading, 
unfortunately, is unreliable (14,35). 
Our findings were consistent with this; 
despite the fact that we restricted 

Figure 6

Figure 6: A, Image from arthroscopy shows 
that area of acetabular cartilage delamination 
(∗) (Beck score = 4) correlates with markedly 
decreased T2* on, B, quantitative MR imaging 
map. This is in stark contrast with findings on 
plain radiograph, C, where joint space is pre-
served. Arrow in A and B indicates psoas notch, 
an arthroscopic anatomic landmark, which is a 
small depression at anterior rim of acetabulum.

surgery to patients with Tönnis grades 
0 or 1, 360 of the 532 ROIs (68%) 
showed evidence of cartilage damage 
at arthroscopy. This underscores the 
relative insensitivity of radiography in 
determining the extent of osteoarthritis 
in this cohort.

Efforts to improve cartilage as-
sessment with routine MR imaging 
have been disappointing (12,16–19). 
Cartilage debonding and gross delam-
ination may appear normal at routine 
MR imaging and MR arthrography 
(17,44,45). The “inverted Oreo cookie 
sign” (46), which is seen when contrast 
material becomes interposed between 
debonded cartilage and bone, is spe-
cific but has low sensitivity (17). We 
question if this is a consequence of the 
hip’s inherent congruency, which may 
prevent contrast material flow between 
delaminated cartilage and bone. The 
occurrence of a linear, dark line on 
T1-weighted images extending from 
the chondrolabral junction has also 
been noted. This line is of uncertain 



520 radiology.rsna.org n Radiology: Volume 271: Number 2—May 2014

MUSCULOSKELETAL IMAGING: Acetabular Cartilage Assessment in Patients with Femoroacetabular Impingement Ellermann et al

may suggest overall loss of mobile water 
molecules and decreased mobility of 
the remaining water molecules within 
the milieu of randomly oriented fibrous 
tissue. The additional T2* effect due to 
the lack of a 180° refocusing pulse that 
would be applied in pure T2 mapping 
can arise from the calcium deposits, 
further decreasing the measured T2* 
relaxation time.

The T2* studies were conducted in 
addition to the regular clinical imaging 
examination with intraarticular gadolin-
ium; as such, gadolinium was present 
during T2* mapping. Nieminen et al 
(59) have reported that the influence of 
gadolinium on cartilage T2 is insignifi-
cant, concluding that, in clinical trials 
involving gadolinium (delayed gadolini-
um-enhanced MR imaging of cartilage), 
T2 measurement could be done during 
the same imaging session unless very 
high doses are used. Our experimental 
T2* evidence is consistent with this. 
The T2* relaxation times of the weight-
bearing acetabular cartilage of two pa-
tients were assessed with T2* maps, 
measured both with and without gado-
linium during the same examination. 
The comparison between the data sets 
demonstrated near-perfect agreement, 
with an R2 value of 0.97 between the 
pre- and postgadolinium T2* values, 
indicating that 97% of the variation in 
pregadolinium T2* is explained by the 
postgadolinium T2*. The average dif-
ference in the relaxation times was less 
than 1 msec (pregadolinium T2* = 19.6 
msec, postgadolinium T2* = 20.3 msec 
[n = 129]; P = .1145, Wilcoxon test), 
further indicating that with the current 
(conventional clinical imaging) proto-
col, the influence of gadolinium on T2* 
relaxation time of acetabular cartilage 
is virtually nonexistent.

We also found that T2* mapping 
with its inherent high signal-to-noise ra-
tio and resolution enables the division 
of hip cartilage into femoral and ace-
tabular cartilage, consistent with previ-
ous reports (60,61). This is a significant 
advantage when imaging patients with 
FAI, a condition in which isolated ac-
etabular cartilage damage is common 
(3,6). We further divided the acetabular 
ROIs into deep and superficial halves; 

fibrous connective tissue. Granulation 
tissue with calcifications and osseous 
callus at its base was noted in repara-
tive zones. Given these histologic find-
ings, such microscopic inhomogeneities 
inherent to the disease process can in-
crease the sensitivity of T2* relative to 
T2. The damaged acetabular cartilage 
consists mostly of fibrous metaplasia 
and fibrocartilage-like tissue lacking 
a highly organized collagen network, 
which is reflected by the loss of the 
zonal variation of T2 observed in na-
tive cartilage (56). Similar to previous 
accounts, microfracture repair sites 
with fibrocartilage-like repair tissue 
show lower mean T2 values than con-
trol cartilage after microfracture pro-
cedures (26,57,58). A lower T2 value 

susceptibility changes induced by para- 
and/or diamagnetic alterations within 
the cartilage matrix.

MR arthrography and histologic 
correlations in cadaveric specimens 
have revealed fibrocartilage transforma-
tion with superimposed deposition of 
calcium hydroxyapatite (53). Further-
more, fibrocartilagenous metaplasia un-
dergoes mineralization by osteoblasts 
with penetration of capillaries at the 
osteochondral junction and subsequent 
deposition of osteoid matrix (54). This 
was also confirmed in small biopsies of 
symptomatic patients with FAI (55), 
clearly indicating the correlation of 
cartilage delamination in FAI with loss 
of normal hyaline cartilage architec-
ture, which had been transformed into 

Figure 7

Figure 7: A, Box plots for T2* values according to modified Beck scale over all patients and ROIs. Box plots 
show minimum, median, and maximum values.  = outlier. B, ROC curve (black) and delineation of 95% 
confidence band of ROC curve (blue) for differentiating between Beck scores 1 and 2 with T2*. C, ROC curve 
(black) and delineation of 95% confidence band of ROC curve (blue) for differentiating Beck score 1 from 
Beck scores 3 and 4. Beck 1 cartilage was clearly differentiated from more diseased cartilage. D, ROC curve 
(black) and delineation of 95% confidence band of ROC curve (blue) for differentiating Beck score 3 and 4 
cartilage from Beck score 5 and 6 cartilage show no differences between groups. Red line in ROC graphs 
indicates efficacy of random prediction.
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