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Summary

Objective: Early detection of cartilage disorder in dysplastic hips is important in predicting subsequent prograssion of ostecarthritis and de-
termining the appropriate timing of ostectomy surgery, We assessed the feasibility of T2 assessment using magnatic resonanca (MR) imaging
at 3T for evaluating early changes in the acetabular and femoral cartilages for patients with hip dysplasia.
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Introduction

Hip dysplasia is one of the major causes of hip osteoarthritis'~,
Radiological evidence of dysplasia in hips without osteoar-
thritls Is shown as a risk factor for the development of hip
osteoarthritis in a prospective study®, Hips with moderate or
severe degrees ol dysplasia are likely to deteriorate pro-
gressively and eventually develop into terminal ostecar-
thritis with persistent symptoms and severely impaired
function®. When effective surgical treatment such as os-
teotomy surgery Is applied before osteoarthritic changes
progress, rellable outcomes can be expected, with the
prevention of osteoarthritic changes; however, delay of
treatment following osteoarthritic involvement often results
in unsatisfactory outcomes®. Early detection of cartilage
disorders in dysplastic hips Is important in predicting the
subsequent progression of ostecarthritis and determining
appropriate timing for osteotomy surgery.
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Several Imaging medalities are currently available to eval-
uate osteoarthritis of the hip, Including plain radiography,
arthrography, bona scintigraphy®, computed tomography
[CT] arthrography’, and rnagnotlc resonance (MR) imaging

with and without aﬂhmgraphic effect®®, Plain radiography is
widely used for diagnosis and assessment of the severity of
joint ostecarthritis, and showed correlation with
hip cartilage thickness and volume ™; however, several other
reports have proposed Inaccurate relationships between
ra ic findings and the status of the articular carti-

lage'"'?, Recent investigations using CT arthrography’
and MR imaging with and without arthrographic effect’?
achieved excellent visualization and sensitive detection of
morphological changes in hip cartilage (thinning or defect);
however, the diagnostic abliities of these modalities are lim-
ited for early cartilage disorders without change of cartilage
thickness or volume, such as softening and surface fibrilla-
tion’. Disruption or alteration of the cartilage matrix such as
a decrease In the concentration of proteoglycan and an
increase in water content is found histologically in early
changes of ostecarthritis'®, It may be more effective to image
cartilage matrix disorders or water content than to Image car-
tilage morphological changes such as thickness and shape in
detecting early changes of cartilage disorders with high sen-
sitivity and accuracy.
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MR imaging techniques that have been proposed for sen-
sitive evaluation of cartilage matrix changes include T2 re-
laxation time (T2), delayed gadolinium-enhanced MR
imaging of cartilage (dGEMRIC), and T1 in the rotating
frame (T1rho)'“. Evaluation of T2 of the articular cartilage
shows great potential for the quantitative assessment of col-
lagen and water content'®'® and indicates clinical useful-
ness for knee imaging in vivo'™'®; however, to the best of
our knowledge thers have been no reports that assess
hip cartilage by T2. This Is because of difficulties involved
in obtaining satisfactory image quality and in differentiating
between the acetabular and femoral cartilages.

MR imaging at higher magnetic field strength (at 3T or
more) may provide improved image quality of the hip carti-
lage due to superior signal-to-noise contrast™. The objec-
tive of the present study Is to assess the feasibility of T2
evaluation using MR imaging at 3T in detecting early
changes in the acetabular and femoral cartilages in patients
with hip dysplasia.

Materials and methods

Ten normal volunteers (14 hips) and 23 patients with hip
dysplasia (26 hips) were included in this study. Because pa-
tients with hip dysplasia are predominantly female®®, men
were excluded from the study to prevent the potentially con-
founding_influence of sex difference on T2 in the articular
cartilage®'. Exclusion criterla for volunteers were present
and/or past experience of hip pain, stiffiness, or gait disabil-
ity. Hip dysplasia was defined by center-edge angle of
Wiberg of 24° or less®® on anteroposterior radiographs.
Inclusion criteria for dysplastic hips to the study were as fol-
lows: no previous hip surgery, Class | subluxation (less than
50%) according to the classification of Crowe et al?3, and
radiological osteoarthritis classification according to the
Kellgren—Lawrence system®* of grade 0 (no ostecarthritic
finding), grade 1 (possible narrowing of joint space and/or
osteophytes), or grade 2 (definite narrowing of joint space,
definite osteophytes, and slight sclerosis). In the present
study, osteoarthritis classification of grade 0 with radiologi-
cal evidence of hip dysplasia was categorized as pre-
arthritic stage, and grade 1 or 2 as early-arthritic stage.
Institutional review board approval was obtained for this
study, and all patients provided informed consent after the
nature of the procedure had been fully explained.

The average ages of the volunteers and patients were 34
years (range, 23—51 years) and 40 years (range, 22—69
years), respectively. The average helghts and weights
were 163cm (range, 153—171cm) and 54kg (range,
47-80kg) in the volunteers, and 157cm (range,
148—163 cm) and 53 kg (range, 42—80 kg) in the patients,
respectively. The center-edge angle of the patients ranged
from —20° to 24° (mean, 6.5°); there were 14 hips at the
pre-arthritic stage (grade 0) and 12 hips at the early-arthritic
stage (eight hips at grade 1 and four hips at grade 2). Pa-
tients had no pain in six hips and slight or moderate pain el-
ther while walking or after a long walk in 20 hips. The six
asymptomatic hips were diagnosed as hip dysplasia during
examination of the opposite symptomatic hips.

MR Imaging of the hip was performed on a Signa 3T MR
scanner (GE Healthcare, Wi, USA) using a flexible surface
coll. The volunteers and patients were positioned supine
with the hip In neutral position. Two-dimensional dual-
echo spin-echo images were obtained with the following pa-
rameters: repetition time/echo time 1500 ms/10 and 45 ms;
field of view 16cm; matrix 512 x 256 interpolated to

512 x 512 with a resulting in-plane pixel resolution of
312.5 um; 5 mm slice thickness, and two signals acquired
for a total time of 13.5 min. Frequency encoding was head
to foot across the hip joint, and the fat-suppression tech-
nigue was used to minimize chemical shift artifact at the
bone/cartilage interface. A single sagittal image passing
through the center of the femoral head was obtained.
When the imaging plane ‘was lateral to the outer edge of
the acetabular rim In the coronal scout view, the imaging
plane was moved medially to be located within the acetab-
ular rim. The sagittal plane was employed because cartilage
disorder Is often observed at the anterosuperior region of
the acetabulum in arthroscopic studies of dysplastic
hips®®. A single slice sequence was used to prevent inac-
curacy of T2 measurement caused by magnetization trans-
fer contrast from off-resonance radiofrequency irradiation
found in multi-slice sequences®®2",

The acetabular and femoral cartilages were manually
segmented on the mid-sagittal image and the T2 value
was calculated assuming a single exponential decay com-
ponent. A color-coded T2 map of the cartilage was overlaid
on the mid-sagittal image; low T2 values were represented
in red while high T2 values were colored green or blue
(Fig. 1). Regions of intarest (ROIs) in the acetabular and
femoral cartilages were defined at the weight-bearing area
of the superior 20° range of the cartilage, from the cartilage
surface to the basal area, and the average T2 value and
visual appearance of T2 mapping within the ROls were
evaluated. The visual appearances of T2 mapping were
classified into three patterns (Fig. 2); "gradient T2 pattern”
for low T2 values at the deep cartilage area and high T2
values at the superficial cartilage area, which was consid-
ered representative of the spatial variation of normal knee
cartilage®®; “low T2 pattem” for ROIs occupled predomi-
nantly by low T2 values up to the superficial cartilage
area; and "high T2 pattem" for ROls occupled predomi-
nantly by high T2 values even at the deep cartilage area.
On assessment for each case, representative cases of
the three mapping pattemns (Fig. 2) were used as the refer-
ence atlas. Definitions of the ROIs were repeated three
times by a single observer (TS) without knowledge of pres-
ence of hip dysplasia or the radiological osteoarthritis clas-
sification, and the T2 values of the ROIs were averaged.
Inter-observer reliability between two observers (TN, TS)
was assessed in the first 10 subjects, with a coefficient of
variation of 2.5% for the acetabular ROl and 3.8% for the
femoral ROI. Visual appearance of T2 mapping was Inter-
preted blindly by two observers (TN, TS) independently
without knowledge of presence of hip dysplasia or the radio-
logical ostecarthritis classification. In general (95% of the
cases in the acetabular cartilage and 93% of the cases In
the femoral cartilage), there was agreement between the
two observers. In the remaining cases, a consensus of
opinion was obtained between the two observers, All imag-
ing analysis was conducted using Beth Israel Deaconess
Medical Center software for functional imaging of cartilage
(Boston, MA, USA).

Clinical symptoms of the hip were evaluated using the
Westarn Ontarlo and McMaster Universities Osteoarthritis
(WOMAC)* pain score at the time that MR imaging was
conducted. When both hips were examined, WOMAC ques-
tionnaires were taken separately for the right and left hips.
The WOMAC pain score was calculated as a summation
of the scores ranging from 0 (no pain) to 4 (extreme pain)
in response to each of five items (range of possible total
score 0—20). T2 value and the visual appearance of T2
mapping for each ROl were compared among the normal,
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Fig. 1. Representative mid-sagittal MR images of a normal volunteer hip (a: 1500/10 ms, b: 1500/45 ms), and corresponding T2 map overaid
on the carlilage region (c). Superior and anterior directions of the hip are toward the top and left of each image, respectively,

pre-arthritic, and early-arthritic hips, using analysis of vari-
ance and the Fisher exact test. They were also compared
between asymptomatic and symptomatic hips, using the
nonparametric Mann—Whitney U test and the Fisher exact
test. Between normal hips and dysplastic hips, and between
asymptomatic hips and symptomatic hips, we calculated

on a previous report comparing T2 value in healthy knees
and osteoarthritic knees'®. Fourteen hips or more In each
group were sufficient to determine whether there was a sig-
nificant difference (power > 0.8, P < 0.05). The relationship
between WOMAC pain scores and T2 values was evalu-
ated using the Spearman correlation coefficient. A P value

a sample size to detect a 10% difference of T2 value based of less than 0.05 Indicated significance.

Gradient Low High

T2 pattern T2 pattern

Fig. 2. Representative cases for the three pattems in visual appearance of T2 mapping (upper imags) and their magnified images of the

weight-bearing area with segmentation of the ROls in the acetabular and femoral cartilages (lower image). Note T2 distribution within the

ROls of the acetabular cartilage (arows). Gradient T2 paltern shows low T2 at the deep cartilage area and high T2 values at the superficial
cartilage area; low T2 pattem shows predominantly low T2; and high T2 pattem shows predominantly high T2.
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Results

The average ages of the normal, pre-arthritic, and early-
arthritic groups were 34 years (range, 23—51), 35 years
(range, 22—50), and 45 years (range, 23—69), respectively.
The mean height/weight of the three groups were 163 cm/
54 kg, 156 cm/50 kg, and 157 cm/55 kg, respectively; there
was no statistical difference of age and weight among the
three groups, however, height of the normal group was sig-
nificantly higher than the other two groups (P< 0.05). All
hips in the normal group, four hips in the pre-arthritic group,
and two hips in the early-arthritic group showed no pain,
while the other 10 hips in the pre-arthritic group and 10
hips in the early-arthritic group showed slight or relatively
:}nclild pain with WOMAG pain scores ranging from 1 to 12

nts.

There was no significant difference in T2 value at the de-
fined superior ROI of the cartilage among the normal, pre-
arthritic, and early-arthritic groups, both for the acetabular
and femoral sides. On the acetabular cartilage ROI, the
mean T2 values =1 standard deviation for the normal,
pre-arthritic, and early-arthritic groups were 33.4 ms £ 4.5,
32.0ms 3.9, and 37.1 ms=+ 12.0, respectively. On the
femoral cartilage ROI, these values were 29.4 ms =+ 3.0,
28.0 ms = 4.4, and 28.0 ms + 3.7, respectively.

The visual appearance of T2 mapping for the acetabular
ROI showed a different distribution of the three pattems
among the normal, pre-arthritic, and early-arthritic groups
(Fig. 3). On the acetabular ROI, all hips in the normal group
demonstrated gradient T2 pattern, while six hips in the pre-
arthritic group (43%) and four hips in the early-arthritic
group (33%) demonstrated low T2 pattern. The remaining
eight hips in the early group (67%) demonstrated high T2
pattern. Consequently, the frequency of the gradient pattern
was significantly different between the normal (100%) and
pre-arthritic/early-arthritic groups (31%) (P < 0.0001). On
the femoral ROI, the frequency of the gradient pattem
was also significantly different between the normal (93%)
and pre-arthritic/early-arthritic groups (50%) (P < 0.05).

Comparing the 20 asymptomatic hips and 20 symptomatic
hips, frequency of gradient pattern in the acetabular/femoral
cartilages was significantly lower in the symptomatic
hips (35%/40%) than the asymptomatic hips (75%/90%)
(P < 0.05). However, there was no significant difference In
T2 value between the asymptomatic and symptomatic hips,
and there was no significant correlation between WOMAC
pain scores and T2 values at the superior ROl of the
cartilage.

Acetabular ROI

-

A\

Discussion

Degeneration of the articular cartilage in osteoarthritis is
assoclated with concomitant changes in the extracellular
matrix components that include disruption of collagenous
architecture, depletion of proteoglycan, or an increase/
decrease in water content, even at very early stages of
the disease®™*", There is a high expectation, based on nu-
merous experimental and clinical studies, that assessment
of T2 of the cartilage will become a potent surrogate of
cartilage matrix changes such as these, as well as the
assoclated loss of blomechanical function. Nieminen et al,
observed an Increase of T2 in the superficial zone of bovine
cartilage following degradation of collagenous architecture
by enzymatic treatment™. Lisse et al. demonstrated a close
correlation between the water content within the cartilage
and T2 relaxation rates for human cartilage removed from
the knee joint; the authors stated that the water content
could be accurately estimated from the correlation of T2%,
Wayne et al. showed significant inverse corelations of T2
with proteoglycan content or cartilage stiffness, using por-
cine patella cartilage with depletion of proteoglycan matrix
following enzymatic treatment'®. For in vivo imaging of the
knee joint, an increase in T2 was associated with aging'”**
and the Involvement of osteoarthritis'®, while a decrease in
T2 was associated with the stress of running® and also with
mechanical loading of the knee during MR imaging®, Other
than the knee joint, T2 assessment in vivo has also been
performed for interphalangeal joint cartilage™; however, to
the best of our knowledge, T2 assessment of the hip joint
has yet to be conducted.

Almost all hips of normal volunteers In the present study
showed the gradient pattemn of T2 mapping at the superior
portion of the acetabular and femoral cartilages. This spatial
variation, with T2 values increasing from the cartilage base
toward the articular surface, Is consistent with previous re-
ports of normal knee cartilage T2 values in vivo' 2%, This
T2 distribution was accounted for histologically by the phys-
lological spatial distribution of water, collagen and protec-
glycan, and by spatial differences in collagenous
architecture'”. High T2 values in the limited distance from
the bone/cartilage interface were described in a detailed
quantitative analysis of T2 variation of normal knee carti-
lage™™#%, but were not seen in the hip cartilages of the pres-
ent study, T2 variations in these eariier studies of the knee
were partly explained by chemical shift artitact and volume
averaging artifact at the bone/cartilage interfaca'’2, Aver-
age T2 values of the acetabular and femoral cartilages in

Femoral ROI
16 = B High

Low
] Gradient

. -
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Fig. 3. Distribution of gradient T2 patiem, low T2 pattem and high T2 pattern in the normal, pre-arthritic, and early-arthritic groups, for the
acetabular ROIls and femoral ROIs.
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the healthy female volunteers (29—33 ms) of the present
study were relatively low compared with those observed
in the knee cartilages of healthy women of a similar age
(40—60 ms) using 3 T MR imaging™*. A previous cadaveric
study revealed that mean cartilage thickness of the hip joint
is significantly thinner than the thickness of cartilage in the
knee joint, and that thinner cartilage is correlated with
a higher compressive stiffness of the cartilage®. Consider-
ing that compressive stiffness of the cartilage Is significantly
related to water content or proteoglycan content®?, the
difference In average T2 values between our study and
a previous knee study may parly reflect the physiological
differences of those matrix components at the two sites.

The favorable results of the present study might partly re-
sult from the superior hardware capability of 3 T MR imag-
ing. MR imaging of the hip carilage has been difficult at
conventional magnetic field strengths (<1.5 T) because of
the relatively thin structure of the acetabular or femoral car-
tilages, their location deep Inside the body, and the close
contact between the acetabular and femoral cartilages*'.
MR imaging with high magnetic field strength improves im-
age quality and precision because of the superior signal-to-
noise ratio and spatial resolution'®42~*_ If the cartilage
thickness of the hip joints is generally assumed to range
from 1 to 3mm****, the MR images at 3T in the present
study contain approximately 3—10 pixels across each of
the acetabular and femoral cartilages, We consider that
this high-resolution imaging with high signal-to-noise ratio
might be effective in classifying T2 mapping pattems and
differentiating between the acetabular and femoral cart-
lages. However, additional studies to compare diagnostic
accuracy and reproducibility between MR images at 3T
and at conventional 1.5 T are necessary to determine true
advantages of using 3 T on imaging of hip cartilage.

In contrast to the normal hips of volunteers in the present
study, the hips in the early-arthritic groups showed a high
frequency of the high T2 pattern in the acetabular cartilage.
The tendency of an increase in T2 associated with arthritic
involvement agrees with previous results concerning high
T2 in patients with knee osteoarthritis'®, Abnormal elevation
of T2 is accounted for pathologically by an increase in water
content and water mobility associated with a decrease in
pro n content and disruption of the collagen net-
work'®%2, Predominant occurrence of high T2 pattem in
the acetabular cartilage agrees with previous arthroscopic
findings®® showing high frequency of cartilage disorder in
the superior acetabular cartilage at eary-arthritic stages of
hip dysplasia. An Interesting finding of the present study
is the high frequency of the low T2 pattern in the acstabular
and femoral cartilage of the pre- and early-arthritic group.
There are several possible explanations for this specific pat-
tern of T2 mapping. First, the cartilage in dysplastic hips Is
prone to increasing biomechanical stress at the weight-
bearing area due to reduced contact area between the op-
posing surfaces®®. Previous interventional studies of the
knee cartilage showed that axial loading by mechanical
loading apparatus and cyclic compressive load by running
exercise had a T2-shortening effect, presumably due
to the loss of water content or an increase in collagen fiber
anisotropy®>*. The long-term blomechanical environment
of elevated stress distribution In dysplastic hips could lead
to a different quantity and distribution of the cartilage
matrix compared to normal hips, leading to different map-
ping of the low T2 pattern. Second, the articular cartilagi-
nous structure of the hip progressively changes during
postnatal developmental periods. In dysplastic hips, the in-
verted or hypertrophic labrum may cover the outer surface

of the acetabular articular cartilage after birth and may sub-
sequently constitute a portion of the acetabular cartilage
after the childhood developmental periods are comple-
ted*’~*°, Because the labrum has a considerably different
extracellular matrix structure from the hyaline cartilage,
with r glycoaminoglycan and disorganized collagen
fibril*®, acetabular cartilage with a mixture of original labral
components might provide a low T2 pattern in T2 mapping.
Hip of the early-arthritic group might present with either low
T2 or high T2 pattern in the acetabular cartilage, depending
on severity of involvement of degenerative changes.
Although further follow-up of hips with high and low T2 pat-
tems is needed to determine the clinical relevance of these
specific patterns, it Is tempting to suggest that T2 assess-
ment may not only provide early detection of osteoarthritic
degeneration but also enable the detection of developmen-
tal pathological disorders of the cartilage matrix that may
lead to disorders of biomechanical function on load-bearing
in cases of hip dysplasia.

Quantitative assessment of T2 values within the defined
ROI falled to show significant differences among the three
groups, although average T2 values of the acetabular ROI
for the pre-arthritic group were relatively low and those for
the early-arthritic group were relatively high, as compared
with the normal group. There Is considerable variation in
T2 values along the cartilage depth in response to physio-
logical non-uniform distribution of extracellular matrix in
nommal cartilage'’*®. Degenerative change of matrix com-
ponents in the early phase Is likely to occur In a superficial
or small localized area'’, Average T2 values of bulk ROI
from the cartilage base to the articular surface might be in-
sufficiently sensitive to detect small T2 changes in a reglonal
area, requiring the use of other quantitative methods such
as comparison of T2 profile curves as a function of normal-
ized distance from the bone/cartilage interface to the carti-
lage surface'’?®, or the enhancement of abnormal T2
adjusted by standard T2 value distributions within the carti-
lage at each pixel.

Pain assessment using the WOMAC score was not corre-
lated with T2 assessment in the hip cartilage at the superior
zone. This absence of correlation may partly reflect the rel-
atively mild level of hip pain in the present study. In addition,
there are many potential sources of hip pain other than dis-
orders of the articular cartilage, including labral tear, synovi-
tis, ganglionic cyst, and loose body®®. Previous arthroscopic
studies for dysplastic hips at the pre-arthritic stage indicated
a high correlation between hip pain and labral tear®'. The
status of labral disorders might have a stronger influence
on pain severity than the status of articular cartilage disor-
ders investigated in the present study.

There are several limitations In the present study. First,
the pulse sequences available In this study meant that T2
values were calculated from two echoes. In many previous
studies, T2 was calculated from more than two echo images
and the initial echo image obtained from a multi-echo se-
quence was excluded in calculating T2 to minimize T2 inac-
curacy caused by stimulated echoes'™®®; however,
a previous study that used a dual-echo spin-echo sequence
for T2 assessment successfully achieved significant differ-
ences between the knee cartilages of healthy subjects
and those of patients with osteoarthritis®, Given the similar-
ities of the gradient pattemn of T2 mapping in the present
study to previous findings in knee cartilage'”2%, we con-
sider that T2 assessment using a dual-echo spin-echo se-
quence allowed reliable assessment of the extracellular
matrix in the hip cartilage. Second, reliability of T2 assess-
ment was influenced both by reproducibility of acquisition of
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MR images and reproducibility of T2 calculation such as
definition of ROI or judgment of visual appearance of T2
mapping pattems. Acceptable reproducibility of T2 calcula-
tion was obtained in this study with intsr-observer reliability
ranging from 2.5% to 3.8%. However, reproducibility of ac-
quisition of MR images by scanning repeatedly was not
evaluated, and it is unknown how variations in acquisition
of MR images influenced the outcomes. Third, this was
a feasibility study that conducted comparison of T2 values
and mapping patterns between the normal hips and dys-
plastic hips only at the superior zone, where assessment
is particularly important for dysplastic hips, based on biome-
chanical condition and assessment of ostecarthritis pro-
gression. However, additional care should be taken in
interpreting T2 values in further studies to assess other an-
terior or posterior areas of the hip cartilage. Collagen fibril
orientation of the cartilage against the static magnetic field
differs considerably between the anterior, superior, and
posterior regions because of the strongly curved structure
of the articular cartilage of the hip. Assessment of T2 values
may be significantly influenced by the variations in collagen
fibril orientation associated with cartlage positions®2.
Finally, the number of normal volunteers and patients with
hip dysplasia was small. The subjects were limited to
female gender, and predominantly young subjects were
examined both in volunteers and patients, partly due to
the low frequency of pre-arthritic or early-arthritic stages in
older patients with hip dysplasia. Previous reports showed
that T2 in the knee joint was influenced significantly by
age'” and insignificantly by gender'; however, it Iis un-
known whether these factors influence the T2 of hip carti-
lage. Further studies are required to explore the degree of
influence of age, gender, and other relevant factors on hip
cartilage T2.

In summary, this preliminary study reveals that T2 as-
sessment using 3 T MR imaging shows promise in the early
detection of osteoarthritic degeneration and in the detection
of developmental pathological disorders of cartilage matrix
in patients with hip dysplasia. A combination of T2 assess-
ment and other quantitative assessment techniques such
as dGEMRIC®, which is sensitive to cartilage proteoglycan
content, may enable further detailed assessment of funda-
mental cartilage disorders in patients with dysplastic hips
and enhance the early detection of the degeneration of
hip cartilage.
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