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Abstract

Objective: A standardized definition of normative T2 values across the articular surface of the hip must be defined in order
to fully understand T2 values for detecting early degeneration. Therefore, in this article, we seek to lay foundational
methodology for reproducible quantitative evaluation of hip cartilage damage using T2 mapping to determine the
normative T2 values in asymptomatic individuals. Design: Nineteen prospectively enrolled asymptomatic volunteers (age
18-35 years, males 10, females 9, alpha angle 49.3° £ 7.2°) were evaluated with a sagittal T2 mapping sequence at 3.0 T
magnetic resonance imaging. Acetabular and femoral cartilage was manually segmented directly on the second echo of the
T2 mapping sequence by 3 raters, twice. Segmentations were divided into 12 subregions modified from the geographic
zone method. Median T2 values within each subregion were compiled for further analysis and interrater and intrarater
reliability was assessed. Results: In the femur, the posterior-superior subregion was significantly higher (P < 0.05) than
those in the posterior-inferior and anterior-inferior subregions. In the acetabulum, the anterior-inferior subregion was
significantly higher (P < 0.001) than in the anterior-superior, middle, and posterior-inferior subregions. T2 values of the
posterior-superior subregion were significantly higher (P < 0.05) than the anterior-superior, middle, and posterior-inferior
subregions. Interrater agreement was generally fair to good.
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Introduction the biochemical properties that specifically indicate carti-
lage health, T2 mapping may allow for earlier cartilage
damage detection and potentially prove useful in longitudi-
nal monitoring of the disease.’ Recognition of OA at an
early stage through T2 mapping provides the opportunity to
delay the onset of the disease by clinical and/or surgical
intervention, as well as provide valuable knowledge of the
grade and location of cartilage damage to aid in pre-surgical
planning.** Supporting this potential, other studies have
recently investigated the role of biochemical MRI in the
assessment of hip pathologies that are well known for caus-
ing premature OA, such as hip dysplasia and slipped capital
femoral epiphysis.**

The lack of sensitivity offered by conventional magnetic
resonance imaging (MRI) makes the assessment of an indi-
vidual’s cartilage health status challenging, especially at the
earliest stages of degeneration when intervention may be
the most beneficial.' This lack of sensitivity, specifically in
the hip, can be attributed to many factors, including the
inherently thin cartilage of the hip joint, the spherical joint
anatomy, which lends itself the partial volume averaging,
and can be susceptible to the magic angle effect. Quantitative
biochemical MRI techniques, in particular T2 mapping, are
being investigated as a useful addition to conventional MRI
images for evaluating cartilage health.

T2 mapping is able to quantitatively evaluate articular
cartilage through its sensitivity to water content and colla- 'Steadman Philippon Research Institute, Vail, CO, USA
gen anisotropy. The quantitative nature of this technology 2The Steadman Clinic, Vail, CO, USA
can serve as an attractive biomarker for osteoarthritis (OA) .
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Before T2 mapping can be used to evaluate cartilage in
the clinical setting, a quantitative definition of normative,
asymptomatic T2 values should be defined for each joint
using a standardized and reproducible methodology. Hip
joint cartilage topography analysis with T2 mapping has
been performed by Watanabe ef al.,” who observed topo-
graphic variations in T2 values in healthy volunteers with
no differences observed in T2 values between right and left
or between male and female. However, only a single mid-
head slice acquisition of T2 values was analyzed, and this
study did not provide measurements for the entire chondral
surface of the femur or the acetabulum. The literature cur-
rently lacks methodology for analyzing the entire hip joint
by dividing it into clinically relevant hip subregions report-
ing quantitative MRI values that can be replicated longitu-
dinally and across medical centers.

Using a standardized methodology to understand carti-
lage degeneration in the hip is currently of particular inter-
est because of femoroacetabular impingement (FAI).®
Considered a contributor to OA, FAI occurs when either the
femoral neck or acetabular rim have abnormal morphology
that causes impingement. Therefore, in this article, we seek
to lay foundational methodology for reproducible quantita-
tive evaluation of hip cartilage damage using T2 mapping to
determine the normative T2 values in asymptomatic indi-
viduals. We hypothesize that the biomechanics of the hip
joint naturally create variations in cartilage degeneration in
the asymptomatic population, free of symptoms and OA as
assessed by physical examination and conventional MRI,
which correlates with differences in T2 parameters between
the various geographic zones/subregions.

Methods

This study was approved by our institutional review board
and all volunteers provided informed consent. Nineteen
asymptomatic volunteers (age 18-35 years, maleslO,
females 9, alpha angle 49.3° £ 7.2°, body mass index 24.0 +
2.8 kg/m?) were prospectively enrolled. Volunteers were
deemed asymptomatic by a self-administered subjective
scoring form, an objective clinical examination performed
by a sports medicine orthopedic surgeon, and by morpho-
logical MRI examination by a musculoskeletal radiologist.
The self-administered subjective scoring form was used as
the first measure of the screening process for inclusion into
the asymptomatic study and included the Visual Analogue
Score, The Tegner Score, and a Modified Harris Hip Score.
Results from the scores indicated whether the subject could
move onto clinical examination and are not reported as out-
comes.”"! Clinical examination included evaluation of limb
alignment, pain/tenderness, and the following tests: Faber
test, hip dial test, anterior impingement sign, and evaluation
of range of motion in the supine (flexion, abduction, and
adduction) and prone (internal and external) positions.

Exclusion criteria included symptoms (e.g. pain, stiffness,
and swelling exceeding mild levels) in the hip and/or knee
of the imaged side, prior injury or surgery in the hip and
knee, history of inflammatory arthritis or infection within
the joint of interest, and evidence of high-grade cartilage
lesions (i.e., International Cartilage Repair Society [ICRS]
grades 3-4) from a conventional morphological MRI exam-
ination using the Hip Osteoarthritis MRI Scoring System
[HOAMS] score. '

Image Acquisition and Morphological Analysis

Magnetic resonance imaging of the hip joint was performed
supine at 3.0T (Magnetom Verio, Siemens Medical
Solutions, Erlangen, Germany) using a 4-channel Large
Flex Coil (Siemens Medical Solutions, Erlangen, Germany).
The time delay between lying on the scanner table for the
MR session and acquisition of the first sequences was lim-
ited to less than five minutes in all volunteers.

The scan protocol consisted of (1) a 3-dimensional (3D)
fat-suppressed Sampling Perfection with Application opti-
mized Contrasts using different flip angle Evolution (FS
SPACE) scan; (2) a multi-echo spin echo T2 mapping scan
in the sagittal plane (MESE T2 Map Sag); (3) a T2 weighted
turbo-spin echo sequence in the axial plane (T2w TSE Ax);
(4) a proton density turbo-spin echo scan in the coronal
plane (PD TSE Cor); and (5) a limited axial T1scan distally
at the level of the knee and femoral condyles for evaluation
of femoral version. The SPACE scan was reformatted in all
3 planes, including oblique axial images along the femoral
neck/head axis for evaluation of alpha angle. Detailed scan
parameters for all sequences are depicted in Table 1. The
T2 mapping sequence was performed at the end of the
examination following morphological scans, approximately
17 minutes after entering the scanner to allow for unloading
of the cartilage in a clinical scan time slot."

To investigate the presence of pathology within the joint
of the asymptomatic volunteers, the HOAMS was used to
grade the MR images of each individual.'"* The HOAMS
system is a semiquantitative MRI-based scoring system of
hip osteoarthritis that grades 13 articular features, including
cartilage, bright marrow lesions (BMLs), subchondral
cysts, osteophytes, labrum, synovitis, effusion, loose bod-
ies, attrition, trochanteric bursitis, insertional tendonitis of
the greater trochanter, paralabral cysts, and herniation
pits.'* A board-certified musculoskeletal (MSK) radiologist
with 17 years of experience conducted the grading of the
MR studies. For cartilage, BML, and subchondral cyst
assessment, the acetabulum and femur were divided into 9
subregions for cartilage evaluation and 15 subregions for
acetabular and femoral subchondral bone marrow assess-
ment as described in detail by Roemer et al.'* In our study,
a distinction (where possible) was made between the ace-
tabular and femoral cartilage, which was not made in the
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Table I. Parameters of the Imaging Sequences Used in the Study.

Sequence T2 map sag PD-TSE SPACE sag T2w-TSE ax T2w-PD-TSE cor TI-TSE ax
Repetition time (ms) 2,080 1,500 3,990 3,130 700

Echo time (ms) 18.0, 36.0, 54.0, 72.0, 90.0 44 91 30 33

Field of view (mm) 200 192 165 175 280
Matrix 256 % 256 256 x 256 256 x 192 320 x 256 256 x 192
Voxel size (mm) 0.8%0.8x20 0.8x0.8x0.9 0.9 x 0.6 x 3.0 0.9 x 0.7 x 3.0 1.6 x 1.1 x5.0
Slice thickness (mm) 2 0.9 3 3 5
Distance factor (%) 100 — 10 10 10
Number of slices 20 96 38 30 15

Echo trains/slice — — 6 24 9
Turbo factor — 84 20 8 20
Examination time 6:45 8:00 1:45 2:35 0:37

Magnetic resonance parameters for quantitative and morphological imaging: Sag = sagittal; map = mapping; PD = proton density; TSE = turbo spin echo;
SPACE = single slab 3-dimensional TSE sequence (Sampling Perfection with Application optimized Contrasts using different flip angle Evolution); Ax =

axial; Cor = coronal.

HOAMS scoring system. Cartilage, BMLs, subchondral
cysts, osteophytes, labral lesions, effusion, and loose bodies
were graded on a numeric scale with the lower number
being either no pathology or the least amount identifiable.'*
Attrition, dysplasia, trochanteric bursitis, insertional ten-
donitis, and herniation pits were graded as present or
absent.'* All our studies were nonenhanced and synovitis is
not graded on nonenhanced studies.

The alpha angle was determined for a more thorough
evaluation of this asymptomatic population. The alpha
angles for each volunteer were obtained from an oblique
axial reformation of the SPACE scan using the measure-
ment technique described by Notzli et al.'”” We used an
oblique axial slice parallel to the axis of the femoral neck
and closest to the center of the femoral head. From the fem-
oral head center, the point “hc” was defined and a perfect
circle was drawn around that point which encompassed the
cartilage-covered part of the femoral head. Point A was
determined as the most anterior point at which the bone cor-
tex exceeds the radius of the circle. A line from point “hc”
to the center of the neck at its narrowest point (“nc”) defined
the femoral neck axis. The alpha angle was measured later-
ally from the femoral neck axis to point A. The alpha angle
is between the lines A-hc and hc-nc (Fig. 1). Using this
technique, the angle is smaller if the femoral head is spheri-
cal and has a slim head-neck junction, yet larger if decreased
head-neck offset and a cam lesion are present.

Image Analysis

Acetabular and femoral cartilage were manually segmented
using Mimics software (Materialise, Plymouth, MI) directly
on the second echo of the T2 mapping sequence on a slice-
by-slice basis spanning all slices by 3 raters (1 orthopedic
surgeon, 2 MSK radiologists). Figure 2 depicts the full seg-
mentation regions for the acetabular and femoral cartilage

Figure |. Magnetic resonance image depicting the alpha angle
measurement. Point A is the anterior point where the distance
from the center of the head (hc) exceeds the radius (r) of the
subchondral surface of the femoral head. The alpha angle is
measured as the angle between A-hc and hc-nc, where “nc” is
the center of the neck at the narrowest point.

prior to subregion division. Segmentations were performed
twice, with 30 days observed between segmentations, in
order to evaluate inter- and intrarater reliability of the seg-
mentations. To facilitate the exclusion of areas of synovial
fluid and chemical shift artifact, the raters simultaneously
examined the corresponding sagittal fat suppressed SPACE
sequence on a neighboring monitor.

The geographic zone method described by Ilizaliturri et
al.' is used and adopted in this study to analyze T2 values
in subregions created using bony landmarks. The geo-
graphic zone method divides the cartilage into 6 subregions
each for the acetabulum and femur. This method is being
used more frequently by the orthopedic community since its
original description and may translate well to quantitative
image analysis. Using 2D multislice acquisition with rela-
tively thin slice thickness and 3D bone models of the
acetabulum and femur, data collection and analysis can be
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Figure 2. Depiction of segmentation on the second echo of the sagittal T2 mapping sequence in one asymptomatic subject by

one rater. (A) Femoral cartilage segmentation on 3 consecutive slices (lateral to medial). (B) Three-dimensional reconstruction/
visualization of cartilage segmentation overlaid on the bone model. (C) Acetabular cartilage segmentation on three consecutive slices.
(D) Three-dimensional reconstruction/visualization of entire cartilage segmentation overlaid on the bone mode. Red circles in (B) and

(D) represent landmarks manually chosen by the raters.

Note: three consecutive slices are shown; however, raters segmented all slices.

accurately replicated and standardized. For division into the
12 subregions (6 femoral and 6 acetabular) adopted from
the geographic zone method, a set of 14 bone landmarks,
visible on both MRI and during arthroscopy, were devel-
oped in order to aid in reproducibly dividing the carti-
lage.'®"” The method for dividing the subregions using the
landmarks is described in detail in our previous work."”
Each rater manually selected bone landmarks in Mimics by
placing the landmark directly on the subject’s specific bone
model. The subject specific 3D bone models were created
by segmenting the bone contours of the T2 mapping
sequence based on the low/absent signal of the subchondral
cortical bone surface and, using the segmentations, the sub-
ject’s 3D bone geometries of the acetabulum and femur
were reconstructed in Mimics. Using a split screen view,
the 3D bone models that triangulated to the second echo of
the T2 image, which allowed the rater to adjust landmark
placement based on the MRI. The 14 anatomical bone land-
marks are described in Table 2 and depicted on both the 3D
bone models and on the T2 mapping sequence in Figure 3.
The coordinates (x, y, z) of these landmarks were exported
and were used in a custom Matlab program (Mathworks,
Natick, MA) for cartilage division into the 12 subregions.
T2 values were calculated using a Siemens WIP (work
in progress) algorithm, modified from the Siemens Maplt
software algorithm (Siemens Medical Solutions, Erlangen,
Germany). The cartilage segmentations (femoral and

acetabular) were exported from Mimics as binary images
and imported into the custom Matlab program along with
the coordinates of the landmarks and the corresponding T2
maps. The program automatically divided the segmenta-
tion masks with the T2 overlay into the proposed 12 sub-
regions using the 3D coordinates of the 14 bone landmarks.
T2 parameters (mean, median, minimum, maximum, and
number of pixels) for each subregion were then deter-
mined. Only T2 values between 10.0 and 110.0 ms were
included in analysis in order to exclude outliers such as
subchondral bone and synovial fluid (T2 values > 110.0
ms), and T2 values rejected due to poor fit (T2 values of
0.0 ms).

Statistical Analysis

Median T2 values within each subregion were compiled
for further analysis. The median T2 value was chosen to
summarize the T2 measurements in each subregion for
each subject to reduce skewing by possible outlying
values from segmentation margins and partial volume arti-
fact. All subsequent comparison testing between subre-
gions used the mean of these median values of all the
subjects as data. To assess the repeatability of the segmen-
tations, single measure intraclass correlation coefficients
(ICCs) of median T2 values in each subregion were calcu-
lated via a 2-way random-effects model. This method



158

Cartilage 5(3)

Table 2. Description of Anatomical Location of the Landmarks of the Femur and Acetabulum.

Landmark

Description of Anatomical Location

Femur Femoral fovea (sup/inf)

Femoral fovea (med/lat)

Head and neck junction (sup/inf)
femur

Head and neck junction (med/lat)

Acetabulum Acetabular fossa (ant/post)

The most superior and inferior portion of the femoral fovea
The most medial and lateral portion of the femoral fovea
The most superior and inferior portion of the head and neck junction of the

The most medial and lateral portion of the head and neck junction of the femur
The most anterior and posterior portion of the acetabular fossa where there is

no cartilage articulation

Acetabular fossa (sup)

Insertion transverse ligament (ant/

The most superior portion of the acetabular fossa where there is no cartilage
articulation
The anterior and posterior insertions of the transverse ligament at the most

post) inferior portion of the acetabular fossa

Acetabular rim (superolateral)

Placed halfway between the ant/post transverse ligament landmarks by finding

midpoint and creating an orthoganal line to the midpoint of the superolateral
aspect of the acetabular rim

Med = medial; lat = lateral; inf = inferior; sup = superior; post = posterior; ant = anterior.

Acetabulum

7 P(%)A
J
j |
3
\ v Sup Fossa m
. 5 1

Sup Lat Acetab

Post Fossa Ant Fossa

Femur

e
Post Trans Lig Ant Trans Lig

Sup Neck

Sup Fovea
Post Neck Ant Neck
Post Fovea I

Inf Fovea

Inf Neck

Figure 3. Adapted geographic zone method mapping system (llizaliturri et a

') and bone landmarks. Subregions within the acetabular

and femoral cartilage were divided based on the set of bone landmarks (red, blue, and green circles) on the magnetic resonance image
(far left) and bone model (center) were manually identified on every volunteer by the 3 raters.

allows for generalization to a single future rater.
Interpretation of ICCs was guided by Fleiss'®: 0.75 to
1.00 = excellent reliability, 0.40 to 0.75 = fair to good reli-
ability, 0.00-0.40 = poor reliability. Pearson correlations
were used to check for association between alpha angle
and T2 values.

Repeated-measures fixed-effects models were used
to compare means (of median T2 values) between

subregions. Analysis of model residuals was performed to
check whether the parametric assumptions of normality,
homogeneity of variance and independence of errors were
met. All pairwise comparisons of subregions were made
in the femur and acetabulum separately and Bonferroni
corrections were applied. All statistical analyses were
performed using SPSS Version 20 (IBM Corporation,
Armonk, NY.
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Table 3. Results From the Semiquantitative Hip Osteoarthritis Magnetic Resonance Imaging (MRI) Scoring System (HOAMS) to
Investigate Any Present Pathology Using Conventional MRI.

Category
Bone Marrow Subchondral Loose Trochanteric Insertional Herniation Joint
Subject Cartilage Lesion Cyst Osteophyte Labrum Bodies Dysplasia  Bursitis  Tendonitis Pits Effusion Attrition
| 0 0 0 0 2 0 Absent  Absent Absent Absent 0 Absent
2 0 2 0 0 2 0 Absent  Absent Absent Absent 0 Absent
3 0 0 0 2 | 0 Absent  Absent Absent Present 0 Absent
4 0 0 0 0 2 0 Absent  Absent Absent Absent 0 Absent
5 0 0 0 0 | 0 Absent  Absent Absent Absent 0 Absent
6 0 0 0 0 2 0 Absent  Absent Absent Absent | Absent
7 0 0 0 0 | 0 Absent  Absent Absent Absent 0 Absent
8 0 | 0 0 2 0 Absent  Absent Absent Absent 0 Absent
9 0 0 0 | | 0 Absent  Absent Absent Absent | Absent
10 0 0 0 | 2 0 Absent  Absent Absent Absent [ Absent
I 0 0 0 0 | 0 Absent  Absent Absent Absent 0 Absent
12 0 0 0 0 | 0 Absent  Absent Present*  Absent 0 Absent
13 0 0 0 0 | 0 Absent  Absent Absent Absent | Absent
14 | 0 | 0 2 0 Absent  Absent Absent Absent | Absent
15 0 0 | 0 2 0 Absent  Absent Absent Absent 0 Absent
16 2 0 0 0 2 0 Absent  Absent Absent Absent 0 Absent
17 0 0 0 0 | 0 Absent  Absent Present*  Absent 0 Absent
18 0 0 0 0 2 0 Absent  Absent Absent Absent 0 Absent
19 2 0 0 0 2 0 Absent  Absent Absent Absent 0 Absent
*Denotes “very mild.”
Table 4. Interrater and Intrarater Intraclass Correlation Coefficients (ICCs).
Interrater Reliability Intrarater ICCs
Subregion Name Zone ICC Lower Upper Rater | Rater 2 Rater 3
Femur Inferior-anterior Zone | 0.65 0.40 0.84 0.86 0.74 0.77
Superior-anterior Zone 2 0.68 0.46 0.85 0.80 0.88 0.93
Superior-middle Zone 3 0.24 —-0.04 0.55 051 0.70 0.80
Superior-posterior Zone 4 0.66 0.42 0.84 0.73 0.73 0.66
Inferior-posterior Zone 5 0.34 —0.03 0.71 0.45 0.67 0.70
Acetabulum Inferior-anterior Zone | 0.56 0.02 0.96 0.65 0.88 0.82
Superior-anterior Zone 2 0.54 0.21 0.78 0.83 0.80 091
Superior-middle Zone 3 0.60 0.33 0.80 0.6l 0.53 0.84
Superior-posterior Zone 4 0.57 0.30 0.79 0.68 0.76 0.68
Inferior-posterior Zone 5 0.37 0.04 0.71 0.76 0.20 0.76

The inferior-middle subregion, Zone 6, was omitted from analysis. ICC = intraclass correlation coefficient; lower and upper refer to the bounds of the
95% confidence interval.

Results Rater Reliability

Magnetic Resonance Imaging Scoring Inter- and intrarater ICCs are reported in Table 4. Interrater

agreement was generally fair to good except in the middle-
The results from the HOAMS score are depicted in  superior and posterior-inferior aspects of the femur and the
Table 3. No volunteer was excluded based on the  posterior-inferior aspect of the acetabulum where agree-
HOAMS scores. All the HOAMS scores were in the  ment was poor. Intra-rater agreement for rater 3 was good to
lower range. excellent in all subregions.
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Figure 4. Boxplots display the first, second (median), and third quartiles of the T2 values in each femoral zone. Whiskers represent
the minimum and maximum T2 measurements except when a circle indicates an observed value more than 1.5 times the interquartile
range away from the box. Asterisks indicate significant difference between subregions.

Alpha Angles

Mean (SD) alpha angle among the subjects was 49.3° (7.2°),
and the 3 largest alpha angles were 54°, 61°, and 71°. Alpha
angle was significantly correlated with T2 values neither in
the acetabulum (» =0.104, P =0.671) nor in the femur (r =
0.195, P = 0.425).

T2 Values

Quantifying and Comparing T2 Values between Subre-
gions. Figures 4 of femur and 5 of acetabulum display
mean (£SD) of median T2 values for the subregions. .

Femur. Summary statistics, including 95% confidence
intervals, for the means for the T2 values in the 5 subre-
gions of the femur are included in Table 5. Means ranged
from 46.9 to 53.9 ms. The posterior-superior aspect exhib-
ited the highest T2 values and was significantly higher than
those in the posterior-inferior aspect (P = 0.011) and ante-
rior-inferior aspect (P = 0.049).

Acetabulum. Summary statistics, including 95% confidence
intervals, for the T2 wvalues in the 5 subregions of the

acetabulum are included in Table 5. Means ranged from
45.3 to 52.6 ms. The anterior-inferior portion exhibited the
highest T2 values and was significantly higher than those in
the anterior-superior (P < 0.001), middle (P < 0.001), and
posterior-inferior (P = 0.001) subregions. The posterior-
superior aspect also exhibited a mean T2 value that was sig-
nificantly higher than the anterior-superior (P = 0.009),
middle (P = 0.001), and posterior-inferior (P = 0.023)
subregions.

Discussion

The accurate noninvasive diagnosis of cartilage degenera-
tion in the hip before radiographical signs of OA remains
challenging. The possibility of assessing the hip cartilage
with morphological and biochemical MRI in asymptomatic
patients has been gaining interest in the orthopedic com-
munity.'*?° Our study describes a set of clinically relevant
subregions, adopted from the geographic zone method, to
describe T2 values in both the acetabular and femoral car-
tilage in the asymptomatic hip. The most important finding
of the present study was that significant differences in
median T2 values were observed among the different
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Figure 5. Boxplots display the first, second (median), and third quartiles of the T2 values in each acetabular zone. Whiskers
represent the minimum and maximum T2 measurements except when a circle indicates an observed value more than 1.5 times the
interquartile range away from the box. Asterisks indicate significant difference between subregions.

Table 5. Summary Statistics, Including 95% Confidence Intervals, of the Means for the T2 Values in the 5 Subregions of the

Acetabulum and Femur.

95% Confidence
Interval of the

Summary of T2 Values Mean
Standard
Zone N Mean Deviation Minimum Maximum Lower Upper

Femur Inferior-anterior Zone | 19 48.5 37 42 56 46.7 50.3
Superior-Anterior Zone 2 19 51.1 4.5 44 6l 49.0 533
Superior-middle Zone 3 19 51.9 5.5 43 63 49.2 54.5
Superior-posterior Zone 4 19 53.9 6.5 36 66 50.8 57.1
Inferior-posterior Zone 5 14 46.9 10.1 26 6l 41.1 52.8

Acetabulum Inferior-anterior Zone | 7 52.6 5.9 45.5 6l 47.1 58.0
Superior-anterior Zone 2 19 46.0 4.7 40 57 438 48.3
Superior-middle Zone 3 19 45.3 4.2 38 54 433 474
Superior-posterior Zone 4 19 50.1 4.5 42 62.5 479 522
Inferior-posterior Zone 5 14 46.1 5.3 38 56 43.0 49.1

The inferior-middle subregion, Zone 6, was omitted from analysis.

subregions, corroborating our hypothesis by demonstrating
that the biomechanics of the hip joint naturally create vari-
ations in cartilage T2 values, even in the asymptomatic
population. This means that there is not one single “nor-
mal” T2 value for asymptomatic cartilage within the hip

joint and that the location of the natural variation of T2
values therefore becomes important. With the proposed
methodology, inter-rater agreement proved to be generally
fair to good. An exception was observed in the middle-
superior and posterior-inferior aspects of the femur
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(femoral zones 3 and 5) and the posterior-inferior aspect of
the acetabulum (zone 5) where agreement was deemed
poor. Even so, intrarater agreement for rater 3 (MSK-
trained radiologist) was good to excellent in all
subregions.

In an attempt to ensure that our asymptomatic cohort had
a “normal” proximal femur morphology, we measured the
alpha angles of all volunteers. We observed an average
alpha angle of 49°, which is considered normal according to
the literature.”'** Interestingly, recent research has shown
that biochemical MRI may detect early chondral damage in
asymptomatic subjects with abnormally high alpha angles,
and that the severity of the damage correlates with cam
deformity severity.® On the other hand, our study was done
on subjects without cam deformity, and we did not observe
a similar correlation between increasing T2 values and
increasing alpha angles. These findings suggest that the
alpha angle can be a predictor of chondral damage for sub-
jects with cam deformity, but that does not necessarily
apply for the overall population without a cam.

We observed that the load bearing portion of the femoral
head (superior-anterior, middle, and superior-posterior)
have T2 values that are higher than the non-weightbearing
portions (inferior-anterior and inferior-posterior). This vari-
ation had been anticipated, since portions of the femoral
head that are not exposed to weight-bearing are expected to
have a different collagen and water content. We also
expected the superior-anterior zone (zone 2) to have higher
values than the superior-posterior (zone 4). Because of nor-
mal hip biomechanics, the flexion movement should cause
greater stress in the anterior cartilage. However, our find-
ings did not corroborate this. Yet in the flexed position it
was hypothesized that the femoral axis force may be greater
in the posterior superior zone (zone 4). We postulate that we
were unable to observe a significant difference because the
zone system we used includes large medial to lateral por-
tions of the articular surface, which may “wash out” minor
differences and does not account for medial/lateral varia-
tions. Another possibility is that such a difference is not big
enough to be observed in an asymptomatic cohort. In FAI
patients, a significant difference could be reached when
comparing the anterior and posterior zones of the weight-
bearing cartilage. Such a pattern has already been demon-
strated in dGEMRIC studies, where it was observed that
cam-FAI patients have cartilage lesions in the anterior-
superior zone more frequently than controls.” The same
study observed chondral damage in the posterior zone for
pincer type FAI patients, confirming the ‘“contrecoup
lesion”—a specific pattern of chondral damage observed in
the posterior acetabulum with pincer type FAI, secondary to
a levering mechanism due to anterior impingement.**

In the acetabular side, we detected similar T2 values for
the superior-anterior and middle zones (zones 2 and 3), with
slightly increased values for the superior-posterior zone

(zone 4). This finding is in accordance with a previous
study that employed dGEMRIC to compare different zones
of the hip joint.® We theorize that this pattern could be
reversed in subjects with FAI, due to the chondral damage
that is observed in the anterior-superior portion of the ace-
tabular cartilage, particularly in the most lateral portion.”

In a recent study, dGEMRIC findings were analyzed in
subjects with normal femoral morphology and asymptomatic
subjects with cam deformity.** The authors of the study
concluded that cam deformity is associated with cartilage
damage, even before the onset of symptoms. This study high-
lights the potential for an earlier diagnosis using biochemical
MRI. However; dGEMRIC requires the use of a contrast
agent and has an inherently long acquisition time, limiting its
widespread clinical application. Additionally, dGEMRIC
may be operator/site and technique dependent, including
contrast dose and the delay time and extent of exercise
between contrast administration and imaging, which hinders
reproducibility and portability among centers.

Using T2 mapping, Watanabe et al.” investigated topo-
graphic variation of hip articular cartilage in healthy volun-
teers. The authors concluded that topographic variations
exist, and therefore should be taken into account when eval-
uating T2 mapping findings. However, this study evaluated
a small cohort of 12 subjects and only performed their T2
evaluation at a central slice of the femoral head. Therefore,
it did not provide information regarding the entirety of the
hip joint cartilage surface. We present our results according
to subregions adopted from hip arthroscopy literature, thus
evaluating the entire chondral surface.

The posterior-superior subregion of both the acetabulum
and femur had significantly higher T2 values than the poste-
rior-inferior subregion, which is consistent with the literature.
Miese et al.® performed a similar study, looking at patients
with sequelae from slipped capital femoral epiphysis. They
identified significant differences between the slipped capital
femoral epiphysis group and the healthy controls. Moreover,
they compared different portions of the hip and concluded
that the contrast was most evident in the superolateral portion
of the hip joint, where the abnormal shape of the femoral head
causes an abnormal force concentration that overloads the
cartilage. Similarly, while investigating patients with hip dys-
plasia, Nishii ez al.” reached comparable conclusions.” It must
be emphasized that these studies also based their findings in
specific ROI’s that were manually defined, without a stan-
dardized routine to assess the entire hip joint. In a laboratory
study, Sparks ez al.*® evaluated the load transmission between
the femoral head and acetabulum, at several different posi-
tions. The authors observed that load tends to be concentrated
in the superior-anterior portion of the joint in most positions,
except for increased femoral adduction. This is not corrobo-
rated by our study, since we did not observe signs of load
concentration in the anterior portion of the joint. We hypoth-
esize that, in asymptomatic patients, the fluid seal effect



Ho et al.

163

provided by the intact labrum is capable of distributing forces
more evenly throughout the joint surface.”’ In a patient with
FALl, it is possible that the loss of the fluid seal effect due to
labral damage will alter the force transmission patterns,
allowing for load concentration in the anterior-superior joint.
Further studies comparing T2 mapping of all different zones
in both asymptomatic and FAI groups would be fundamental
to test this hypothesis.

We also observed increased T2 values in the anterior-
inferior acetabular zone (zone 1), associated with a high
standard deviation and lower interobserver agreement. The
clinical significance of this is unclear, since this zone cor-
responds to the medial and inferior portion of the joint,
close to the transverse ligament, where there is minimal
weightbearing and chondral damage is uncommon.”* We
hypothesize that this occurred because of the decreased car-
tilage thickness in this specific zone, which may be subject
to greater partial volume averaging error and compromise
the precision of the manual segmentation (also demon-
strated in the low interobserver ICC values). Previous stud-
ies in the knee joint also observed greater variability when
cartilage thickness is reduced.”®

This work outlines existing differences in clinically rel-
evant subregions of articular cartilage in terms of biochemi-
cal composition, structure and content at the asymptomatic
hip joint, indicating that all subregions within the hip are
unique in their make-up. It should be noted if that these
observed differences of normal variation may be attributed
to subregions that are affected earlier or more commonly by
degeneration. Our cohort, however, was chosen to reduce
this potential bias as we enrolled only young individuals
(age 18-35 years) since asymptomatic degeneration is rather
uncommon in this population. Previous research as demon-
strated that asymptomatic individuals younger than 35 years
are 13.7 times less likely to have asymptomatic chondral
defects.'” Further studies are warranted to evaluate symp-
tomatic populations and implications from interventions in
the biochemical composition of the hip cartilage.

There are limitations to the present study. Evaluation of
cartilage in the hip joint may be limited by utilizing seg-
mentations from the sagittal view alone. Visualization of
the most inferior aspects (zones 1 and 5) for both the femo-
ral and acetabular cartilage may be affected by their inher-
ently limited visualization in the sagittal plane and thus
more susceptible to imaging artifact and partial volume
averaging. The inferior aspects, especially the posterior
inferior aspects of the femur and actetabulum (zones 5), are
not common areas for the development of OA, which was
echoed in the present study as the superior posterior region
(zone 4) was significantly higher than the posterior inferior
region (zone 5) in both the acetabulum and femur. The lack
of visualization of these zones, however, could be addressed
by the integration of a quantitative mapping sequence in the
coronal plane. This study used manual segmentation, which

is still most reliable and widely used for research purposes.
However, manual segmentation coupled with manual land-
mark selection would be too time intensive for inclusion
clinically. Automated cartilage segmentation has recently
been the focus of research and could become available for
clinical use soon. This would potentially allow for repro-
ducible and time effective evaluation of biochemical MRI
values.

Conclusion

This study demonstrated characteristic patterns of cartilage
T2 mapping in articular cartilage subregions of the femur
and acetabulum. The proposed subregions adopted from the
geographic zone method may increase the efficacy and
reproducibility of quantitative MRI and may allow the data
to be transferrable across centers, and different time points,
and among orthopedists and radiologists to better integrate
quantitative mapping from theory to practice in the clinical
workflow.
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