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TECHNICAL DEVELOPMENTS: Loaded Cartilage T2 Mapping in Patients with Hip Dysplasia

Nishii et al

ip dysplasia is characterized by
H insufficient acetabular coverage

of the femoral head and is a major
cause of hip osteoarthritis (1,2). An
abnormal biomechanical environment
with elevated contact pressure on the
area with limited cartilage is assumed
to play a role in the progression of os-
teoarthritis in patients with hip dysplasia
(3-5). Before osteoarthritis progresses,
joint-preserving treatments such as
weight loss, exercise, and pelvic os-
teotomy surgery are effective in reduc-
ing symptoms and limiting progression
(6,7). Thus, it is important to accurately
identify patients who are at high risk
of osteoarthritis progression and apply
joint-preserving treatments for hip dys-
plasia at a preosteoarthritic or early os-
teoarthritic stage.

Several morphologic indexes on
plain radiographs are widely used to
quantify the morphologic characteristics
of osteoarthritis, including the center-
edge angle, Sharp angle, and acetabular
head index (8-10). Although these bone
morphologic assessments are related to
biomechanics, their prognostic value for
estimating osteoarthritic progression is
limited (2). Several investigators have used
computational-mathematical analysis,
including the rigid spring model (11,12)
and finite element analysis (13-16), to
estimate the biomechanical conditions
of hip articular cartilage. To our knowl-
edge, however, no biomechanical analy-
sis can enable direct evaluation of load
distribution on the cartilage of the hip
joint in vivo.

The load responsiveness of articular
cartilage has been experimentally stud-
ied by using magnetic resonance (MR)
imaging and excised cartilage-bone
plugs (17,18), and site-specific signal
intensity changes along the cartilage
depth were observed in response to

Advance in Knowledge

u Loaded aartllage T2 mappmg

the magnitude of applied compression
force. This change in signal intensity
is assumed to be caused by water ex-
trusion or a change in the collagenous
structure within the cartilage (17,19).
Currently, several quantitative MR im-
aging techniques for cartilage assess-
ment have been developed, including
delayed gadolinium-enhanced MR imag-
ing of cartilage and T2, T1p and sodium
MR imaging, and diffusion-weighted MR
imaging (20-22). The findings of these
examinations correlate with changes in
the cartilage’s extracellular matrix, in-
cluding changes in proteoglycans, col-
lagen, and water (19-24).

We hypothesized that comparison
between quantitative MR parameters
under unloaded and loaded conditions
in vivo could be useful in detecting a
critical cartilage area with elevated con-
tact pressure by enabling quantitative
evaluation of the change of collagenous
architecture or of the water influx or ef-
flux of the cartilage (19,23,24). Hence,
we developed a loading apparatus that
applies an axial load to the hip joint
during MR imaging to simulate physi-
ologic load-bearing conditions upon
standing. Among the quantitative MR
imaging techniques for cartilage assess-
ment, we chose T2 mapping because
(a) T2 has shown a close correlation
with collagenous architecture and wa-
ter content (23,24) and (b) there is a
zone-specific change in T2 along the
cartilage depth in response to external
loading (18). The purpose of this study
was to examine the change in T2 maps
with loading during MR imaging to de-
tect site-specific changes in cartilage T2
in patients with hip dysplasia.

Materials and Methods

Institutional review board approval was
obtained for this study, and all subjects
provided written informed consent after

lmpllcatlnn for Pallent care

the nature of the procedure had been
fully explained.

Study Population

Nine healthy volunteers (nine hips) and
15 patients with hip dysplasia (15 hips)
were included in this study between
April 2008 and February 2009. Because
most patients with hip dysplasia are
women (23), men were excluded from
this study to prevent the potentially
confounding influence of sex on T2
mapping of articular cartilage (26). Vol-
unteers were excluded if they were cur-
rently experiencing or had previously
experienced hip pain, stiffness, limita-
tion in the range of hip motion, or gait
disability. Patients with hip dysplasia
were included if they had not previ-
ously undergone hip surgery and had
a center-edge angle of 24° or less on
anteroposterior radiographs (27). Pa-
tients were also included if they had a
class I subluxation (<50%) according
to the classification used by Crowe et al
(28) and preosteoarthritis or early ra-
diologic osteoarthritis according to the
Kellgren-Lawrence classification (29)
of grade 0 (no osteoarthritic finding),
grade 1 (possible narrowing of joint
space and/or osteophytes), or grade 2
(definite narrowing of joint space, defi-
nite osteophytes, and slight sclerosis).
In a previous study (30), the Kellgren-
Lawrence classification of hip osteoar-
thritis was determined to provide suf-
ficient interobserver reproducibility and

Ptﬂ:limed nnline
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reliable validity with regard to the re-
lationship between clinical symptoms
and the prediction of total hip surgery.
At entry into this study, the Kellgren-
Lawrence score was determined by one
observer (N.S.), an orthopedic surgeon
with more than 20 years of experience
in the treatment of hip osteoarthritis.

The average ages of the volunteers
and patients were 28 years (range, 23-
40 years) and 39 years (range, 24-50
years), respectively. The average weight
and body mass index were 53 kg (range,
47-59 kg) and 20.8 kg (range, 18.9-
23.2), respectively, for the volunteers
and 56 kg (range, 43-70 kg) and 21.9 kg
(range, 18.9-29.5), respectively, for the
patients. There were no significant dif-
ferences between the volunteers and pa-
tients with respect to weight and body
mass index; however, the volunteers
were significantly younger than the pa-
tients with hip dysplasia (P = .004).

At study entry, the center-edge
angle of patients was measured on an-
teroposterior radiographs by one ob-
server (N.S.). The center-edge angle, as
measured on radiographs, ranged from
—10° to 16° (mean, 4.7°). Six hips
were classified as being in the prearth-
ritic stage (grade 0), and nine were
classified as being in the early arthritic
stage (grade 1 or 2). Three patients had
no pain in their hips, and 12 patients
had slight or moderate pain in their
hips either while walking or after a long
walk. The volunteers did not undergo
radiography. The center-edge angle of
both patients and volunteers was mea-
sured on midcoronal MR images by one
observer (N.S.). The interval between
measurements performed on MR images
and measurements performed on ra-
diographs was at least 1 month. All vol-
unteers had center-edge angles of more
than 25° (range, 26°-34°) on midcoro-
nal MR images. In patients, the center-
edge angles on midcoronal MR images
ranged from —8° to 17° (mean, 5°).

Clinical symptoms of the hip were
evaluated in all participants by using
the pain score of the Western Ontario
and McMaster Universities (WOMAC)
osteoarthritis questionnaire (31). The
WOMAC pain score was calculated as
the summation of the scores ranging

from O (no pain) to 4 (extreme pain) in
response to each of the five items (total
score range, 0-20). The WOMAC score
was determined by one musculoskeletal
clinician (N.S).

MR Imaging

Patients and volunteers were instructed
to limit strenuous weight-bearing activity
(eg, running or ascending stairs for a
long distance) 3 hours before MR imag-
ing. All subjects were instructed to sit
on a chair for at least 20 minutes be-
fore MR imaging. A unilateral hip joint
was imaged under loaded and unloaded
conditions by using a 3.0-T MR unit
with a flexible surface coil (Signa; GE
Healthcare, Milwaukee, Wis). The right
hip was examined in eight patients and
the left hip was examined in seven. The
volunteers were randomly assigned for
imaging at the right hip in five volunteers
and at the left hip in four.

During MR imaging, the volunteers
and patients were supine with the hip
in a neutral position on a custom-made
loading apparatus consisting of a back
board and a sliding foot plate on low-
friction rollers (Fig 1). Under the loaded
condition, axial compression force was
transmitted to the hip joint cranially by
means of the foot plate, which was con-
nected to a water-filled weight.

The correlation between the water
volume in the tanks and the actual force
applied to the foot with the foot plate
was confirmed in a preliminary exami-
nation: When seven different amounts of
water volume, set up evenly over a range
of 15-45 kg, were examined, there was
a high correlation between the water
volume and the actual force applied to
the foot plate, which was measured by
using a spring balance (r = 0.998, P <
.0001). Under the loaded condition, an
axial compression force was transmit-
ted to the hip joint by applying 50% of
the body weight only to the examined
leg, assuming that this would simulate
loading conditions in the static standing
position.

Coronal T2 maps were obtained un-
der the loaded and unloaded conditions
from two-dimensional dual-spin-echo
images with the following parameters:
repetition time msec/echo time msec,
1500/10 and 45; field of view, 16 cm;
matrix, 512 X 256 interpolated to 512 X
512 with a resulting in-plane pixel reso-
lution of 312.5 pwm; section thickness,
5 mm; and two signals acquired for a
total imaging time of 13.5 minutes.
Coronal T2 maps from two-dimensional
multiple-spin-echo images (repetition
time, 1500 msec; eight evenly spaced
echoes between 11 and 88 msec; field of

Figure 1:  Schematic of the
custom-made loading apparatus

e used during MR imaging. The

foot of the examined leg was
secured in a neutral rotational
position by strapping it tightly to
a sliding foot rest plate. The sub-
ject's shoulders were strapped
tightly to the back board. Under
the loading condition, axial
compression force was transmit-
ted to the hip joint cranially by
means of the foot plate, which
was connected to a water-filled
weight. The same magnitude of
counterforce was also applied

to the back board caudally to
prevent cranial displacement of
the body.
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view, 16 cm; matrix, 384 X 256; section
thickness, 5 mm; two signals acquired;
total imaging time, 13 minutes) were
also obtained under the unloaded condi-
tion. Owing to inferior in-plane resolu-
tion, however, the coronal T2 maps from
multiple-spin-echo images were used
only to examine the correlation of mea-
sured T2 values with those from dual-
spin-echo images. A frequency-selective
fat-suppression technique was used to
minimize the chemical shift artifact at
the cartilage-bone interface. Frequency
encoding was oriented in the cranial-
to-caudal direction. First, MR images
were obtained with the dual-spin-echo
sequence and the multiple-spin-echo se-
quence under the unloaded condition by
using the same axial localizing images.
Then, the load was applied for an aver-
age of 6 minutes (range, 5-7 minutes),
after which MR images were obtained
with the dual-spin-echo sequence under
the continuously loaded condition. The
imaging planes were co-registered by
comparing the positions on axial localiz-
ing images and coronal trial images un-
der the loaded and unloaded conditions.

MR Imaging Data Analysis

All analyses were performed with use of
the coronal images through the center
of the femoral head by using custom-
developed software (Baum, version 1.00;
Osaka University, Osaka, Japan). The T2
value was calculated on a pixel-by-pixel
basis by fitting the echo time data and
corresponding signal intensity to a mo-
noexponential equation. In the calcu-
lation of T2 values from the multiple-
spin-echo images, the first echo was
excluded to minimize T2 inaccuracy
due to stimulated echoes (32,33). The
acetabular and femoral cartilages at
weight bearing were manually defined
on the image corresponding to the first
echo from the lateral border of the
acetabular fossa to the lateral margin
of the acetabulum (Fig 2). Attention
was paid not to include joint fluid with
high signal intensity at the surface of
the acetabular and femoral cartilages
on the image with the second or later
echo time. Each acetabular and femoral
cartilage was automatically divided into
three radial sections with equal widths

Acetabular cartilage

Femoral cartilage

Figure 2:  Images illustrate the ROIs at the weight-bearing area in the acetabular cartilage and femoral
cartilage. Femoral cartilage zones Z3d and Z3s were excluded from analysis because of the frequent involve-
ment of the ligamentum teres at the insertion to the femoral head in patients with hip dysplasia.

(zones Z1, Z2, and Z3), and each sec-
tion was further divided into deep
layers (zones Z1d, Z2d, and Z3d) and
superficial layers (zones Z1s, Z2s, and
Z3s) with equal thickness. Zones Z3d
and Z3s of the femoral cartilage were
excluded from analysis because of the
frequent involvement of the ligamentum
teres at the insertion into the femoral
head in dysplastic hips. The average T2
value of each subdivided region of inter-
est (ROI) (zones Zls, Z1d, Z2s, 72d,
Z3s, and Z3d) and the average cartilage
thickness of each ROI (zones Z1, Z2,
Z3) were calculated. ROIs were mea-
sured three times, and the average T2
value and cartilage thickness were deter-
mined by one observer (T.N., with more
than 10 years of experience in the study
of articular cartilage imaging), who was
blinded to the radiologic assessments.

Reliability of T2 measurements
Jfrom dual-spin-echo images.—To assess
reliability in the calculation of T2 values
from dual-spin-echo images that were
used in the subsequent analysis, the
relationships between T2 values from
dual-spin-echo images and T2 values
from multiple-spin-echo images at each
zone under the unloaded condition were
evaluated by using the Spearman cor-
relation coefficient.

Reproducibility of T2 and cartilage
thickness measurements.—To assess
the reproducibility of measurements, an
additional observer (T.S., with 3 years of

experience in articular cartilage imag-
ing), who was blinded to the radiologic
assessments, independently evaluated
cartilage T2 and cartilage thickness
from dual-spin-echo MR images under
unloaded conditions in 10 subjects—the
first five volunteers and the first five
patients. The interobserver reproduc-
ibility in cartilage T2 and thickness at
each ROI was calculated from the mea-
surements by the two observers (T.N.
and T.S.) as the coefficient of variation
(expressed as percentage: [standard
deviation/mean] X 100), and the mean
reproducibility was calculated as the root-
mean-square average of the 10 cases.

Statistical Analysis

Statistical analysis was performed by
one observer (H.T., with 10 years of ex-
perience in the study of radiology) by us-
ing standard software (SPSS, version 11;
SPSS, Chicago, Ill). Descriptive analysis
was performed to evaluate the WOMAC
pain scores, the reliability of T2 mea-
surements with dual-spin-echo images
versus that with multiple-spin-echo im-
ages, and the reproducibility of mea-
surements between the two observers.
Cartilage T2 values and cartilage thick-
ness at each ROI under the unloaded
and loaded conditions were compared
between the volunteers and patients by
using the nonparametric Mann-Whitney
U test. In both volunteers and pa-
tients, cartilage T2 values and cartilage

radiology.rsna.org = Radiology: Volume 256; Number 3—September 2010
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Table 1

Relationships between Dual-Spin-Echo and Multiple-Spin-Echo T2 at Each Acetabular

and Femoral Cartilage Zone

T2 with Two T2 with Muttiple

Zone Echoes (msec)* Echoes (msec)* rValue PValue

Acetabular cartilage
Z1d 239 =34 354 + 4.8 0.72 .0005
Z1s 337 £ 46 437 = 6.1 0.83 .0001
Z2d 23537 347 =50 0.74 .0004
22s 342 +40 451 = 6.0 0.78 .0002
Z3d 26.5 = 6.2 421+79 0.78 .0002
Z3s 379 = 6.1 514 0.0 0.85 .0001

Femoral cartilage

Z1d 262 +33 327+44 0.62 .0028
Z1s 36.1 = 4.0 441 =44 0.67 .0014
Z2d 2601 +53 33.0+39 0.60 .0038
22s 355*53 438 +7.2 0.82 .0001

* Data are given as means = standard deviations.

thickness under the unloaded condition
were compared with those under the
loaded condition by using the Wilcoxon
signed rank test. Changes in T2 values
and cartilage thickness at each ROI
with loading were compared between
the volunteers and patients by using the
nonparametric Mann-Whitney U test.
Among the patients, the relationships
between the changes in T2 with loading
and age, body mass index, and center-
edge angle on radiographs were evalu-
ated by using the Spearman correlation
coefficient. A P value of less than .05
was indicative of statistical significance.

At MR imaging, a WOMAC pain score
of 0 was determined in all hips of the
healthy volunteers; the average WOMAC
pain score of the dysplastic hips was
3.5 (range, 0-9).

Compared with T2 values from
multiple-spin-echo images, T2 values
from dual-spin-echo images at the corre-
sponding zone showed lower mean values
under the unloaded condition (Table 1).
Results of Spearman correlation coef-
ficient analysis showed significant cor-
relations between both T2 values at all
zones, with r values of 0.60-0.85.

The interobserver reproducibility
of T2 measurements in the acetabular
cartilage was as follows: Z1d, 2.2%;

Z1s, 2.3%; 72d, 2.6%; Z2s, 1.2%; Z3d,
5.8%; and Z3s, 3.8%. The interobserver
reproducibility of T2 measurements in
the femoral cartilage was as follows:
Z1d, 4.5%; Z1s, 2.3%; 7Z2d, 4.7%; and
Z2s,1.3%. The interobserver reproduc-
ibility of cartilage thickness measure-
ments in the acetabular cartilage was
as follows: Z1, 4.9%; 72, 5.7%; and 73,
6.5%. The interobserver reproducibil-
ity of cartilage thickness measurements
in the femoral cartilage was 6.1% for
Z1 and 6.6% for Z2.

Cartilage T2 under the unloaded
condition did not show a predominant
trend of differences between normal
and dysplastic hips (Table 2). At zone
Z1d of the acetabular cartilage, T2 val-
ues of the patients were significantly
greater than those of the volunteers
(P = .01). Conversely, at zone Z1d of
the femoral cartilage, T2 values of the
patients were significantly lower than
those of the volunteers (P = .03).

In volunteers, there was no signifi-
cant difference between T2 values un-
der the unloaded condition and T2 val-
ues under the loaded condition at each
ROL. In patients, T2 values with loading
decreased significantly at acetabular
cartilage zones Zls and Z2s (P = .02
and P = .04, respectively). At acetabu-
lar cartilage zone Z1s, the decrease in
T2 values with loading was significantly
greater in patients with dysplasia than

in healthy volunteers (P = .04) (Table 2,
Figs 3, 4).

With respect to cartilage thickness,
the cartilage at most zones of the ac-
etabular and femoral cartilage in dys-
plastic hips was significantly thicker
than that in normal hips (Table 3). In
volunteers, there was no significant
difference between cartilage thickness
under the unloaded condition and car-
tilage thickness under the loaded con-
dition at each ROL In patients, carti-
lage thickness with loading decreased
significantly at acetabular cartilage zone
Z1 (P = .02). However, there were no
significant differences in the changes in
cartilage thickness between the volun-
teers and patients.

Among patients with hip dysplasia,
results of Spearman correlation coeffi-
cient analysis showed an inverse correla-
tion between patient age and T2 changes
with loading at acetabular cartilage
zone Z2d (P = .04, r = —0.52, Fig 5a)
and at femoral cartilage zone Z1d
(P=.03, r = —0.60, Fig Sb). Moreover,
there was a positive correlation be-
tween center-edge angle and T2 changes
with loading at acetabular cartilage
zone Z1d (P = .03, r = 0.67, Fig 5c).
There was no significant correlation be-
tween the T2 changes with loading and
the body mass index of the patients at
each ROL

Normal hip joint biomechanics relating
to pressure distribution on the articular
cartilage and acetabular labrum have
been studied extensively by using ca-
davers and computational-mathematical
modeling (2,4,16,34,33). Konrath et al
(34) measured the contact pressure
between the acetabulum and femoral
head of cadaveric hips by using a pres-
sure-sensitive film and showed a ten-
dency for a peripheral increase in load
with maximal strength at the superior
region of the normal acetabulum in a
simulated single-limb stance. By using
a computational simplified hip model,
Chegini et al (16) showed an inverse
correlation between the center-edge angle
and the peak contact pressure with fo-
cal overloading of the lateral edge of the
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Table 2

T2 Value under Unloaded and Loaded Conditions and T2 Changes with Loading at Each Acetabular and Femoral Cartilage Zone

T2 without Loading (msec) T2 with Loading (msec) T2 Change with Loading (%)t
Zone Volunteers™ Patients* PValue Volunteers* Patients* PValue Volunteers™ Patients* PValue
Acetabular
cartilage
Z1d 216 =27 254+ 31 01# 234 + 41 252+ 46 40 8.7 = 146 —-07 =115 07
21s 328 +3.0 342 +54 .53 33030 316 6.2 .53 1.2+109 ~7.6 =106 044
Z2d 217 £3.0 245+ 38 13 22136 255+ 4.7 a1 16 +6.9 44+133 46
22s 33341 347 £ 40 42 321+33 33.3+33 .39 =32+72 —36 6.7 93
23d 271769 258 +59 .57 28172 259+ 54 42 44 +26.9 1.2+139 98
Z3s 39.8 5.1 36.7 = 64 22 38.0x57 344+48 .04* —-13+144 —46 *+ 148 53
Femoral
cartilage
Z1d 28335 25.0 + 2.6 .03¢ 270+ 37 26.6 = 3.9 .70 —40+11.9 6.5 + 135 .06
Z1s 36.1+35 36.1 =43 74 36.7+ 49 346 +44 .39 1.9+108 -36+ 126 .33
22d 231 +45 27.8 = 5.1 .06 223+30 279+ 34 .001% 18+ 137 2.1 +15.0 70
22s 34149 36.4 =55 13 33649 346 =57 .57 -1.0+91 —45+98 .39

* Data are given as means = standard deviations.

172 change with loading was calculated for each volunteer or patient as follows: [(T2 value with loading — T2 value without loading)/T2 value without loading] X 100.
*The difference between the two groups was statistically significant.

acetabulum in dysplastic hips during
simulated walking. There are large indi-
vidual variations in the three-dimensional
morphologic and material properties of
the articular cartilage among patients
with hip dysplasia (36). To our knowl-
edge, there has been no biomechanical
patient-specific analysis of patients with
hip dysplasia reflecting morphologic
and material diversions of the articular
cartilage of individual patients.

MR imaging has the potential to
help evaluate the load responsiveness of
an articular cartilage. Rubenstein et al
(17) observed a gradual decrease in
the signal intensity of an excised bovine
cartilage, beginning at the superficial
cartilage layers and progressing to the
overall depth of the cartilage with in-
creasing pressure. A decrease in MR
signal intensity with loading can be
explained by extrusion of interstitial
water and deformation of cartilage ar-
chitecture within the cartilage (17,19).
With use of high-spatial-resolution mi-
croscopic MR imaging, Alhadlaq and Xia
(18) studied T2 changes in beagle carti-
lage specimens in response to external
loading and found that the change in car-
tilage T2 showed a positive correlation
with the strain value of compression.

Unloaded

Acetabular

Femoral

Loaded
80

+62.5

o,

Acetabular

Femoral

Figure 3: T2 maps of the acetabular and femoral cartilage on midcoronal MR images in a 30-year-old
female volunteer. A low T2 is indicated by blue, and a high T2 is indicated by green or red. Under the loaded
condition, the T2 of the acetabular cartilage was increased at the outer zones (Z1s and Z1d, arrow) and
decreased at the inner, superficial zone (Z3s, arrowhead).

In the present study, we evaluated the
change in cartilage T2 in the hip joint of
living human subjects with loading. The
topographic variation of cartilage T2,
with higher T2 values at superficial zones

in unloaded conditions, agrees with find-
ings from a previous clinical study (37).
The average T2 values with loading de-
creased at most superficial zones of the
acetabular and femoral cartilages. This
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Table 3

Cartilage Thickness under Unloaded and Loaded Conditions and Changes in Thickness with Loading at Each Acetabular and Femoral

Cartilage Zone
Thickness without Loading (mm) Thickness with Loading (mm) Change in Thickness with Loading (%)*
Zone Volunteers* Patients* PValue Volunteers* Patients* PValue Volunteers* Patients* PValue
Acetabular
cartilage
VAl 21+£07 2405 .08 22+07 22+06 49 34129 -79*=115 .08
2 16 £03 22+05 .001% 1604 2204 004* —26=*95 -18* 94 74
23 15+03 1.9+04 .018¢ 1502 19+04 001* —-2.2+14.0 26+89 .32
Femoral cartilage
1 12+02 1.6 *+03 .001% 1.2+02 1.7+04 .008* 45+176 28+158 .61
Z2 1.2+02 18+04 .001* 1.2+03 18+04 001# —0.8 + 15.2 —0.4 =145 74

* Data are given as means + standard deviations.

T Changes were calculated for each volunteer or patient as follows: (cartilage thickness with loading — cartilage thickness without loading)/cartilage thickness without loading X 100.
# The difference between the two groups was statistically significant.

Unloaded

Acetabular

Femoral

Loaded

Acetabular

Femoral

Figure 4: T2 maps of the acetabular and femoral cartilage on midcoronal MR images in a 28-year-old
woman with hip dysplasia. Under the loaded condition, the T2 of the acetabular cartilage was decreased at
both the outer and inner superficial zones (Z1s and Z3s, respectively, arrows).

finding was consistent with those from
previous experimental studies (17,18).
Although the mode of loading was differ-
ent from that used in the present study,
results of a clinical investigation evaluat-
ing cartilage T2 response to high-impact
exercise with a cyclic compressive load
showed a significant decrease in T2 val-
ues in the superficial femoral cartilage
in the knee joints of healthy volunteers
after 30 minutes of running (32). More

important, we found that the decrease
in T2 values at the outer superficial ac-
etabular cartilage area with loading was
significantly greater in dysplastic hips
than in normal hips. Assuming that the
decrease in T2 reflects changes in the
solid matrix of the cartilage or intersti-
tial water, our findings may indicate that
dysplastic hips were subject to a substan-
tial alteration in the extracellular matrix
composition and/or fluid distribution at

the outer acetabular cartilage when a
load was applied.

Two underlying pathomechanisms
may help explain this response. First, a
decrease in T2 with loading might reflect
a concentrated load-bearing force at the
outer acetabular cartilage in dysplas-
tic hips. This is supported by results of
previous computational studies in which
hip joint contact pressure was estimated
(4,16) and the correlation between
center-edge angle and T2 decrease with
loading in our study. Second, a large T2
decrease in dysplastic hips with load-
ing might indicate that the outer area
of the acetabular cartilage was already
involved in degenerative changes or in-
jury and failed to appropriately adapt to
the external compression force due to in-
creased hydration and disorganized col-
lagen structure within the cartilage. This
assumption was partly supported by a
significant increase in T2 at the outer ac-
etabular cartilage in dysplastic hips, pre-
sumably in association with degenerative
changes in the cartilage (38,39). Regard-
less of the possible mechanism, cartilage
T2 mapping with loading presumably
enabled the detection of a mechanically
critical cartilage area where substantial
changes in the ultrastructure or molecu-
lar composition of the cartilage occurred
when a physiologic load was applied.

Patient age was inversely correlated
with T2 changes at the deep zones of
the acetabular and femoral cartilage
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with loading. A previous experimental
study in which compression force was
applied on bone-cartilage plugs (17)
showed a decrease of MR signal inten-
sity in the superficial zone along with
an increase of signal intensity in the
deep zone at an initial pressure. These
signal intensity changes were mainly
accounted for by the depth-dependent
movement of water content and de-
formation of the collagen architecture
within the cartilage: With loading, in-
terstitial water exudes from the carti-
lage surface or moves to a deeper zone
of the cartilage, and this may contribute
to the decrease of T2 in the superficial
zone and the increase of T2 in the deep
zone. With loading, originally parallel
collagen fibers aligned perpendicular to
the subchondral plate in the deep zone
spread out and the portion of fibers ori-
ented at the magic angle with respect
to the static magnetic field increases;
this may lead to an increase of cartilage

T2 in the deep zone (40). With aging,
however, permeability to fluid flow in
the cartilage decreases (41) or cartilage
stiffness increases in association with the
accumulation of nonenzymatic glycation
products (42), which may cause a depth-
wise variation in T2 change with loading
between younger and older patients.

T2 values calculated from two
echoes were used for the evaluation of
load responsiveness in cartilage T2. In
many previous studies, T2 was calcu-
lated from images obtained with more
than two echoes, and the initial echo
image obtained with multiple-spin-echo
imaging was excluded in the calculation
of T2 to minimize T2 inaccuracy caused
by stimulated echoes (32,33); however,
the multiple-spin-echo sequence available
in this study provided inferior image
quality with lower in-plane resolution.
A previous study in which a dual-spin-
echo sequence was used for T2 assess-
ment successfully achieved significant

differences between the knee cartilages
of healthy subjects and patients with
osteoarthritis (38). Given the sufficiently
high correlation to T2 values from
multiple-spin-echo images in the present
study, we consider T2 assessment with
a dual-spin-echo sequence to provide a
reliable assessment of the extracellular
matrix in the hip cartilage. Although the
present image acquisition sequence was
not optimized for measuring cartilage
thickness, most zones of the acetabu-
lar and femoral cartilage were signifi-
cantly thicker in patients with dysplasia
than in healthy volunteers. This finding
was consistent with that from a previ-
ous study that used MR imaging with
fat-suppressed three-dimensional fast
spoiled gradient-echo sequences (43).
In our study, however, evaluation of
cartilage thickness with loading did not
enable the detection of a difference in re-
sponse to loading between healthy vol-
unteers and patients with hip dysplasia.
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MR imaging under the loaded con-
dition was examined previously in pa-
tients with an upright posture in the
evaluation of the cartilage contact area
in the knee or impingement between
the femoral neck and the acetabular rim
in the hip by using open-configuration
MR units (44,45). The image quality
obtained with open-configuration MR
units is relatively low owing to the low
magnetic field strength (0.5 T), and MR
images obtained with patients in an
upright position are more susceptible
to motion artifacts. We assumed that
the use of a closed-bore MR unit with a
high field strength (3.0 T) and the ap-
plication of a mechanical loading device
with the patient in a supine posture
were suitable for assessing cartilage
microstructural properties with load-
ing because a high image resolution can
be acquired with a sufficient signal-to-
noise ratio. In a previous investigation in
which a similar mechanical device was
used, compressive loading at T2 map-
ping of knee cartilage was successfully
evaluated (46). However, it is unclear
how accurately this system simulated the
mechanical environment in the physi-
ologic standing position because it did
not incorporate surrounding muscle ac-
tion such as contraction of the iliopsoas,
gluteus maximus, and gluteus medius
muscles and the relative angular and ro-
tational position of the pelvis against the
femoral head might be different.

This study had several limitations.
First, cartilage T2 was assessed only on
midcoronal hip joint images, and ante-
rior or posterior areas of the acetabular
and femoral cartilage were not evaluated
because the extensively curved joint
surface is susceptible to partial volume
averaging. Additional investigations with
various imaging planes are necessary
to clarify load responsiveness over the
entire articular cartilage. Second, delin-
eation of the cartilage surface in ROI
placement may be difficult owing to the
close contact between the acetabular
and femoral cartilages—particularly un-
der the loaded condition. Furthermore,
T2 assessment of most superficial carti-
lage areas is also susceptible to partial
volume averaging with synovial fluid on
the midcoronal images, and this might

be accentuated with the use of relatively
thick sections (5 mm). By referring to
the corresponding images obtained with
a longer echo time, we were careful not
to include joint fluid in the ROIs. How-
ever, to diminish these inherent difficul-
ties in delineating the cartilage surface
and to decrease the susceptibility of the
hip joint to partial volume artifacts, fur-
ther improvement is necessary so that
images can be acquired with a higher
spatial resolution and a sufficient signal-
to-noise ratio. Third, dysplastic hips at
both the prearthritic and early arthritic
stage were examined in this study.
Because hips with radiologic findings of
osteoarthritis have a high incidence of
cartilage abnormalities (39,47), the re-
sponsiveness of cartilage T2 to loading
may be partly influenced by the under-
lying cartilage degeneration in hip dys-
plasia. Because of the small number of
patients in this study, the load respon-
siveness of cartilage T2 was not com-
pared between patients at a prearthritic
stage and those at an early arthritic
stage, and further investigations with a
larger number of patients are needed to
explore the influence of the radiologic
osteoarthritis stage on the response of
cartilage T2 to loading. Fourth, the re-
sponse of cartilage thickness and T2 to
loading was evaluated after preloading
for an average of 6 minutes, followed by
loading for 13.5 minutes during MR im-
aging. Herberhold et al (48) studied the
deformational behavior of the articular
cartilage during static loading of 150%
of the body weight with femoropatellar
knee imaging ex vivo; the deformations
of the patellar and femoral cartilages
after 8 minutes of compression were
25%-30% of the final deformations of
those cartilages after 214 minutes of
compression. It was unknown whether
deformational equilibrium of the artic-
ular cartilage was achieved after pre-
loading for an average of 6 minutes in
this study. Although the location of the
cartilage and magnitude of compression
force used in our study differed from
those used by Herberhold et al (48),
our results may represent a relatively
early response of the hip cartilage un-
der static loading, simulating the status
of the articular cartilage in the standing

position for a relatively short period.
In addition, the numbers of volunteers
and patients were small. Because this
was, to our knowledge, the first inves-
tigation to compare loaded cartilage T2
mapping in patients with hip dysplasia
and healthy volunteers, we were not
able to perform power analysis for a
sufficient number of subjects before the
start of the study. However, because we
observed a significant difference in the
T2 response of cartilage to loading be-
tween the patients and volunteers, we
believe that loaded cartilage T2 map-
ping may help detect mechanically criti-
cal cartilage areas in patients with hip
dysplasia. The volunteers were signifi-
cantly younger than the patients. Previ-
ous reports have indicated that the T2
of the knee joint is significantly affected
by age (33). Although the relationship
between age and the T2 of cartilage in
the hip joint was not clarified, the sig-
nificant differences in T2 with unload-
ing and T2 changes with loading be-
tween the volunteers and patients could
have been partly influenced by the rela-
tively large age difference between the
groups. Additional studies are required
to compare the response of cartilage T2
to loading between age-matched volun-
teers and patients.

In conclusion, the decrease of carti-
lage T2 at the outer superficial zones of
the acetabular cartilage with loading was
significantly greater in patients with hip
dysplasia than in healthy volunteers. This
site-specific change in cartilage T2 with
loading presumably represents a me-
chanically critical response in which sub-
stantial changes occur in the ultrastruc-
ture or molecular composition of the
cartilage. Additional follow-up studies are
needed to clarify the potential of using T2
changes with loading to predict the sub-
sequent progression of osteoarthritis.
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Objective: Physiological magnetic resonance imaging (MRI) under loading or knee malalignment
conditions has not been thoroughly investigated. We assessed the influence of static loading and knee
alignment on T2 (transverse relaxation time) mapping of the knee femoral cartilage of porcine knee
joints using a non-metallic pressure device.
Methods: Ten porcine knee joints were harvested en bloc with intact capsules and surrounding muscles
and imaged using a custom-made pressure device and 3.0-T MRI system. Sagittal T2 maps were obtained
(1) at knee neutral alignment without external loading (no loading), (2) under mechanical compression
of 140 N (neutral loading), and (3) under the same loading conditions as in (2) with the knee at 10° varus
alignment (varus loading). T2 values of deep, intermediate, and superficial zones of the medial and
lateral femoral cartilages at the weight-bearing area were compared among these conditions using
custom-made software. Cartilage contact pressure between the femoral and tibial cartilages, measured
by a pressure-sensitive film, was correlated with cartilage T2 measurements.
Results: In the medial cartilage, mean T2 values of the deep, intermediate, and superficial zones
decreased by 1.4%, 13.0%, and 6.0% under neutral loading. They further decreased by 4.3%, 19.3%, and
17.2% under varus loading compared to no loading. In the lateral cartilage, these mean T2 values
decreased by 3.9%, 7.7%, and 4.2% under neutral loading, but increased by 1.6%, 9.6%, and 7.2% under varus
loading. There was a significant decrease in T2 values in the intermediate zone of the medial cartilage
under both neutral and varus loading, and in the superficial zone of the medial cartilage under varus
loading (P < 0.05). Total contact pressure values under neutral loading and varus loading conditions
significantly correlated with T2 values in the superficial and intermediate zones of the medial cartilages.
Conclusions: The response of T2 to change in static loading or alignment varied between the medial and
lateral cartilages, and among the deep, intermediate, and superficial zones. These T2 changes were
significantly related to the contact pressure measurements. Our results indicate that T2 mapping under
loading allows non-invasive, biomechanical assessment of site-specific stress distribution in the cartilage.
© 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

composition and degenerative changes' ™. Sensitive evaluations of
water, collagen, and proteoglycan content or collagen arrangement

Knee imaging using quantitative magnetic resonance imaging
(MRI) techniques such as delayed gadolinium-enhanced MRI of
cartilage (dGEMRIC), transverse relaxation time (T2) mapping and
T1rho showed great advancements in non-invasive assessment of
the articular cartilage, particularly with regard to matrix

* Address correspondence and reprint requests to: Takashi Nishii, Department of
Orthopaedic Medical Engineering, Osaka University Medical School, 2-2 Yama-
daoka, Suita, Osaka 565-0871, Japan. Tel: 81-6-6879-3271; Fax: 81-6-6879-3272.

E-mail address: nishii@ort.med.osaka-u.ac.jp (T. Nishii).

in the cartilage in vivo were made using the aforementioned tech-
niques, without performing destructive retrieval analysis. Quanti-
tative MRIrevealed site-specific and age- or sex-dependentvariation
in normal cartilage composition and allowed early detection of
osteoarthritic involvement of knee cartilages®°. MRI in most of these
investigations was performed without externally loading the knee
with patients or volunteers lying supine on the imaging table.

The articular cartilage in the knee joint has a load-bearing
function in conjunction with the interposed meniscus owing to its
highly organized collagen architecture and the osmotic pressure

1063-4584/$ — see front matter © 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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due to proteoglycan and interstitial water. While performing daily
activities such as standing or walking, the articular cartilage in the
knee joint is subjected to substantial external loading, which leads
to cartilage deformation along with alteration in the collagen
architecture or water distribution within the cartilage®’. This
property of the cartilage under loading differs among individuals,
depending upon factors such as weight, knee alignment, ligament
instability, and involvement of injury or degeneration of the carti-
lage and meniscus. Therefore, it is important to evaluate the
articular cartilage under loading for each individual to understand
the physiological and biomechanical status of the knee and to
explore the disorders of stress resistance function of the cartilage
that may lead to progression of osteoarthritis.

Responsiveness of the normal cartilage to compressive loading
was investigated using excised cartilage plugs or exposed articular
surfaces in experimental studies on MRI®*~!%, Changes in cartilage
thickness and signal intensity were observed in response to an
increase inloading. Among all MRI parameters, cartilage T2 mapping
of cartilage is influenced by water content and collagen fiber
orientation of cartilage and is indicated as a potent quantitative
index for the load response of the articular cartilage''~**. However,
few studies have investigated the load response of the articular
cartilage in an intact knee joint, with preservation of the other
fundamental structures such as menisci, ligaments, and capsules.

We developed a non-metallic pressure device for intact porcine
knee joints that allowed MRI under variable loading or knee
alignment conditions as a whole-joint model retaining the menisci,
ligaments, and capsules in situ. The purpose of this study was to
assess the load-bearing function of the femoral cartilage in asso-
ciation with knee alignment, using cartilage T2 as a surrogate of
cartilage matrix changes.

Materials and methods
Preparation of porcine specimens and loading device

Ten fresh porcine knee joints were harvested en bloc with intact
capsules and surrounding muscles and stored at —40°C. On the day
of MRI, specimens were thawed at room temperature before the
investigation. After conducting imaging and mechanical experi-
ments, macroscopic inspection of the joint surfaces did not reveal
any signs of joint disease or cartilage degeneration in the specimens
used.

Knee joints were mounted in the non-metallic custom
compression device, which was fitted into the head coil (eight-
channel brain phased array coil, GE Healthcare, WI, USA) of an MRI
scanner (Fig. 1). The femoral shaft was firmly fixed to the non-
mobile base of the device by holding it between two acryl blades.
The tibia was firmly fixed to the opposite side of the mobile plate
such that tibial movement along the longitudinal axis and varus/
valgus rotation of the knee was possible. The knee was positioned
at 20° flexion, simulating the normal standing position of pigs.
Under static loading conditions, axial compression force was
transmitted to the knee joint via a sliding plate bounded by a foam
material. The load was generated by a screw compression driver on
one end. The viscoelastic foam material, which was made of poly-
olefin elastomer (Fig. 1), was compressed by 10 mm displacement
and the uniaxial constitution force according to the degree of
displacement was transmitted to the knee joint through an acryl
plate. We used new foam material on each knee joint to avoid
degeneration of the foam material. Hayashi et al. studied static and
dynamic characteristics and stability of some kinds of elastomeric
polymers by uniaxial tensile and fatigue tests in air, and demon-
strated polyolefin elastomer had little stress relaxation'®. The
compression force was applied to achieve 140N across the

Fig. 1. Custom-made compression device along with a porcine knee joint. Axial
compression force was transmitted to the knee joint via a sliding plate (*) bounded by
a viscoelastic foam material (arrow). A: neutral position. B: 10° varus position.

tibiofemoral joint, which corresponded to approximately one-third
of the body weight of the specimen.

Accuracy test of loading in custom compression device

In a preliminary test, loading force in the custom compression
device was measured using an incompressible testing rod equipped
with a load cell (TU-BR, TEAC, Japan). The accuracy of the load cell is
within 0.05% rated output in non-linearity which means accuracy
of linear output, and within 0.05% rated output in hysteresis which
means reproducibility during loading. Compression force equiva-
lent to 140 N was applied continuously, and real force across the
testing rod was recorded from the load cell after 5, 10 and 30 min of
compression to determine the time course of change in force
measurements. This test was repeated five times, and the mean
force measurements and the values of coefficient of variation
[standard deviation/mean x 100 (%)] were 140 N and 1.5% at 5 min,
138N and 1.5% at 10 min, and 134N and 1.8% at 30 min. We
confirmed that constant pressure was applied after 5 min—30 min
of compression by the loading device.

MRI

MRI was performed using a 3.0-T MRI system (GE Healthcare). The
device was placed in a head-first orientation in the center of the head
coil. First, sagittal T2 maps and three-dimensional (3D) spoiled
gradient-echo (SPGR) images were obtained for the lateral and
medial femorotibial joints with neutral knee alignment and no
external compression (no loading). Next, sagittal T2 maps and 3D
SPGR images were obtained after 5 min of compression (neutral
loading-1). After imaging at neutral loading-1, compression was
continued for 30 min. Sagittal T2 maps and 3D SPGR images were
obtained again after 30 min of compression (neutral loading-2) to
examine the influence of loading duration on cartilage T2 measure-
ments compared with neutral loading-1. Finally, sagittal T2 maps and
3D SPGR images were obtained under the same compression condi-
tions as above with the knee at 10° varus alignment (varus loading).

T2 maps were generated using a monoexponential fit from two-
dimensional (2D) multi-spin echo sequences (TR, 1500 ms; eight
echoes between 10.0 ms and 80.0 ms; field of view, 10 cm; matrix,
384 x 256; slice thickness, 3 mm; signal averaging, 1; acquiring
time, 6 min and 51 s). Frequency encoding was oriented in the
cranial-to-caudal direction. 3D SPGR images were acquired with fat
suppression (TR, 50 ms; TE, 10 ms; field of view, 10 cm; matrix,
512 x 256; slice thickness, 3 mm; signal averaging, 4; acquiring
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Fig. 2. Sagittal view of the femoral cartilage in the porcine knee, which was subdivided
into three zones using custom-made software.

time, 2 min and 35 s). In both sequences, the same sagittal imaging
planes were obtained in each examination series using identical
axial localizing images.

Image analysis

Data was analyzed using custom-made software (Baum version
1.00; Osaka university, Japan). Sagittal images passing through the
middle of the medial and lateral femoral condyles were used. The
region of interest (ROI) was manually defined on the weight-
bearing area of the medial and lateral femoral cartilages between
the anterior and posterior margins of the meniscus based on SPGR
images. The ROI was then transferred to the corresponding T2 maps
and subdivided into superficial, intermediate, and deep zones with
thickness one-third that of the total cartilage, automatically
yielding mean T2 values of each subdivided ROI (Fig. 2). Definitions
of ROI were repeated twice by a single observer (TS) and the T2
values of each medial and lateral ROl were averaged. Reproduc-
ibility between the two measurements was calculated as the
coefficient of variation and mean reproducibility were calculated as
the root mean square average for all specimens. Reproducibility
values of T2 measurements in the superficial, intermediate, and
deep zones were 3%, 4%, and 3% in the medial cartilage and 5%, 3%,
and 4% in the lateral cartilage, respectively. Inter-observer repro-
ducibility between two observers (TS and IN, an orthopaedic
surgeon) for definition of ROI was also evaluated in five knee joints.
The reproducibility of T2 measurements in the superficial, inter-
mediate, and deep zones were 5%, 4%, and 5% in the medial cartilage
and 4%, 3%, and 3% in the lateral cartilage, respectively.

Joint pressure analysis with pressure-sensitive film

Following MR, the knee joints were wrapped in gauze soaked in
phosphate buffered saline (PBS) solution to be kept moist, and left

Table I
T2 values in each zone under no loading and each loading condition (N= 10)

for 10 h in an unloaded condition at 20°C in the acryl box. Two
pieces of pressure-sensitive film (FUJI PRESCALE low sensitivity,
FUJIFILM, Japan) were placed between the femur and the meniscus
on the medial and lateral sides after making a small opening in the
capsule. The incisions allowed access to the posterior root of the
lateral or medial meniscus and facilitated inspection of the poste-
rior compartments to confirm consistent placement of the film
below the lateral and medial femoral condyle as well as to verify
that the film was not folded on itself. Just as in MRI examinations,
the joints were mounted in the custom compression device.
Neutral loading-1 was applied for the corresponding imaging time.
Films were removed, calibrated with a 0.5 cm? stamp in a material-
testing machine by applying a set of defined loads, and the staining
of the film converted into pressure intervals (N) with image anal-
ysis. The same pressure analysis was conducted for varus loading.
Fukubayashi et al. estimated accuracy of Fuji Prescale films within
10%-15%'5, and Wu et al. reported the measurement error of the
film was approximately 10%S.

Statistical analysis

T2 values under no loading, neutral loading-1, neutral loading-2,
and varus loading conditions at each ROl were compared using
a paired t-test to estimate the influence of varying compression and
knee alignment. Relationships among T2 values in each zone and
joint pressure measurements recorded by a pressure-sensitive film
were evaluated using Spearman’s correlation coefficient. P < 0.05
was considered significant.

Results

Under no loading, mean T2 values of the deep, intermediate, and
superficial zones were 59.3 & 3.7 ms, 62.4 + 7.6 ms, and 67.3 + 6.4 ms
inthe medial cartilage,and 62.6 + 7.5 ms, 64.6 + 9.2 ms, 71.9 & 7.8 ms
in the lateral cartilage (Table I), respectively. T2 values in the medial
and lateral superficial zones had significantly higher values compared
to medial and lateral deep zones (P < 0.05).

In the medial cartilage, mean T2 values of the deep, interme-
diate, and superficial zones decreased by 1.4%, 13.0%, and 6.0%
under neutral loading-1, and further decreased by 4.3%, 19.3%, and
17.2% under varus loading, compared with the mean T2 values
under no loading (Figs. 3 and 4). In the lateral cartilage, these T2
values decreased by 3.9%, 7.7%, and 4.2% under neutral loading-1,
but increased by 1.6%, 9.6%, and 7.2% under varus loading (Figs. 3
and 5). There was a significant decrease in T2 values in the inter-
mediate zone of the medial cartilage under both neutral loading-1
and varus loading (P < 0.05). In all three zones, changes in T2 time
between neutral loading-1 and neutral loading-2 ranged from 0.8%
to 3.7%, but the difference was not significant (Table II).

No loading Neutral loading-1 Varus loading

Mean T2 (SD) Mean T2 (SD) Change (95% CI) P-Value Mean T2 (SD) Change (95% CI) P-Value
Medial cartilage
Deep 59.3(3.7) 58.4 (5.2) —1.4(-5.7, 2.9) 0.68 54.9 (5.2) —43(-7.3,-14) 0.14
Intermediate 62.4 (7.6) 54.4(7.4) -13.0(-17.3, -8.7) 0.03* 46.7 (9.1) -19.3 (-23.9, -14.6) 0.0005*
Superficial 67.3 (6.4) 63.1(6.4) —6.0(-9.1, -3.0) 017 53.4(5.1) -17.2 (-19.1, —=15.4) <0.0001*
Lateral cartilage
Deep 62.6 (7.5) 60.2 (6.1) —3.9(-8.0,0.3) 044 63.7 (6.5) 1.6 (-28,6.1) 0.75
Intermediate 64.6 (9.2) 59.6 (8.4) —7.7(-10.5, —-4.9) 0.22 70.7 (5.6) 9.6 (3.5, 15.6) 0.09
Superficial 71.9(7.8) 68.8 (9.0) —4.2(-75, -1.0) 043 77.1 (8.5) 7.2 (3.9,10.5) 0.17

Changes were calculated as (values at each loading condition — values at no loading)/values at no loading x 100.

95% CI: confidence interval.

* Significant difference between values under no loading and each loading condition.
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Fig. 3. Change in T2 values (95% confidence interval error bars) at each loading condition. (N = 10) Changes were calculated as (values at each loading condition — values at no

loading)/values at no loading x 100.

Total contact pressure values at the medial and lateral femoral
cartilages were 47 + 8.4 N and 46 & 5.1 N under neutral loading-1
and 94+ 21 N and 35+7.8 N under varus loading (Fig. 6). These
values significantly correlated with T2 values in the intermediate
(neutral loading-1 and varus loading: r=—0.64 and —0.49) and
superficial (r= —0.48 and —0.55) zones of the medial cartilage, and
in the intermediate (r=—0.48 and —0.78) and superficial (varus
loading: r= —0.73) zones of the lateral cartilage (Table III, Fig. 7).

Discussion

Changes in signal intensity and quantitative assessments of
MRI in response to static loading were investigated using
bone—cartilage plugs in experimental studies®>'*'7, Rubenstein
et al. examined the MRI appearance of an excised bovine cartilage
under static compression®. At an initial pressure of 1.10 MPa, they
observed a decrease in signal intensity in the thin superficial zone
of the cartilage but an increase in the deep zone. This was followed
by a gradual decrease in signal intensity along the entire depth of
the cartilage as the pressure was increased. At a continuous pres-
sure of 0.69 MPa, using a pressure cell, Kaufman et al. observed
a reduction in T1 and T2 values in both normal and trypsin-
degraded bovine cartilage discs under static pressure'l. They
calculated the permeability of the cartilage as a function of cartilage
strain, and showed that the high permeability seen in the uncom-
pressed state decreased progressively with increasing strain. A
decrease in T2 values under static loading has been mainly
accounted for depth-dependent movement of water content and
deformation of the collagen architecture within the carti-
lage®'31819 Approximately 80% of a normal cartilage is water??,
and 94% of this water is freely diffusible and readily exchanges with
the intraarticular synovial fluid?!. On applying static compression
onto the cartilage, interstitial water exudes from the cartilage

surface or moves to a deeper zone of the cartilage, contributing to
depth-specific changes in signal intensity of T2 on MRI?2. Further-
more, T2 of the articular cartilage is subject to the “magic angle
effect” in accordance with the relative position between collagen
alignment in the cartilage and direction of the external magnetic
field?®. T2 would change under loading because of altered orien-
tation of collagen fibers relative to the external magnetic field, but
the effect of the change is influenced by pressure distribution and
original anisotropic collagen fiber architecture along its depth?2.
Reiter et al. investigated water compartmentation in cartilage using
multiexponential analysis of T2 relaxation data to evaluate
anisotropy in the cartilage®®, Hardy et al. demonstrated elasto-
graphic method for measuring the spatial variation of compression
within articular cartilage?”,

In the present study, the influence of static loading on T2
mapping of the cartilage was investigated using whole animal knee
joints retaining all intraarticular structures, capsules, and
surrounding muscles. These realistic joint models allowed for static
loading under near-physiological conditions unlike excised carti-
lage specimens, and permitted examining simulated disease
conditions (e.g., varus knee alignment). As expected from experi-
mental studies®", a decrease in cartilage T2 occurred in response to
static loading in neutral alignment, with remarkable side- and
depth-dependent variation in T2 changes; this decrease was more
apparent in the medial femorotibial joints. In human knees with
neutral alignment, the medial compartment is subjected to higher
load than the lateral compartment because of the knee adduction
moment in the stance phase?5%’, Morrison et al. investigated the
mechanics of knee joint during walking using a force-plate cin-
ephotographic technique, and indicated that the greater part of the
joint force was transmitted by the medial condyle?’. Although there
are species-specific variations in knee morphology and biome-
chanics, the biomechanical status may differ between the medial

No loading Neutral loading-1 Newtral loading-2 Varus loading
Fig. 4. Representative sagittal MRI of the medial femoral cartilage in the porcine knee
at each condition. The femoral cartilage was subdivided into three zones using custom-

made software. The lower figures showed the detail of femoral cartilage.

No loading Neutral loading-1 Newteal loading-2 Varus loading
Fig. 5. Representative sagittal MRI of the lateral femoral cartilage in the porcine knee
at each condition. The femoral cartilage was subdivided into three zones using custom-

made software. The lower figures showed the detail of femoral cartilage.
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Table II
T2 values in each zone under neutral loading-1 and neutral loading-2 (N = 10)

Zones Medial cartilage (ms) Lateral cartilage (ms)

Neutral loading-1 (SD) Neutral loading-2 (SD) Change (95% CI) Neutral loading-1 (SD) Neutral loading-2 (SD) Change (95% CI)
Deep 58.4(5.2) 57.4(5.4) -1.8(-3.7,0.0) 60.2 (6.1) 58.0 (6.9) -3.7(-74,0.1)
Intermediate 54.4(7.4) 53.9(7.4) -08(-2.7,1.1) 596 (8.4) 58.8 (9.0) -1.4(-38,1.1)
Superficial 63.1(6.4) 62.6 (7.2) -1.1(-2.8,0.6) 68.8 (9.0) 67.1(8.9) -2.6 (-4.3,-09)

At neutral loading-2, T2 maps and 3D SPGR images were obtained after compression was continued for 30 min following MR imaging at neutral loading-1, to examine the

influence of loading duration on cartilage T2 measurements.

Changes were calculated as (values under neutral loading-2 — values under neutral loading-1)/values under neutral loading-1 x 100.

No significant difference between values under neutral loading-1 and neutral loading-2.

and lateral sides of the knee joint even at neutral alignment
showing side-dependent T2 changes under loading.

Decrease in T2 was significantly larger in the intermediate
cartilage zone than in the deep cartilage zone in both medial and
lateral femorotibial joints. This depth-wise change in cartilage T2
under static loading may be related to different biomechanical
functions of the cartilage zones. The deep zone of the cartilage
comprises predominantly parallel collagen fibers aligned perpen-
dicular to the subchondral plate (deep zone). The next zone of the
cartilage comprises randomly oriented fibers (intermediate zone).
The thin superficial zone of the cartilage comprises fibers aligned
parallel to the articular surface (superficial zone)?2. A radially
oriented collagen network is responsible for the elastic properties
of the cartilage, whereas the tangential arrangement of the collagen
network essentially reflects shear forces within the loaded carti-
lage?®. Using excised bone-cartilage plugs of juvenile pigs, Griinder
et al reported that under static loading MR intensity changed
differently in three zones and the MR intensity of radial zone
increased in which collagen fibers spread out and the portion of
fibers oriented at magic angle with respect to the static magnetic
field increased®. Rubenstein et al. observed an increase of cartilage
T2 in the deep zone of excised cartilage plugs under static loading
with the effect of increasingly obliquely oriented collagen fibers®. In
contrast, Visser et al. assessed diffusion tensor imaging and carti-
lage T2 to observe adaptations of collagen fibers to mechanical
compression in excised cartilage plugs and demonstrated
compression led to the largest decreased T2 value in the superficial
and transitional zone?®, Our result that cartilage T2 values changed
in layer-specific manner of three zones under static loading was
similar to those previous studies, but predominant trend of
increase or decrease of cartilage T2 by loading was different.
Cartilage T2 in response to static loading was influenced by several

Anterior

fesoydiiag

Fig. 6. Representative pressure distributions in pressure-sensitive films inserted under
the medial femoral condyle. The color scale at the bottom shows values representing
megapascals. (a) Under neutral loading-1 condition. (b) Under varus loading condition.
Circle in dotted lines corresponds to a weight bearing area. Note that pressure
concentration was shown more severely and diffusely along the medial meniscus
under varus loading condition compared with neutral loading-1 condition.

factors, such as deformation of cartilage architecture, extrusion of
water content, and relative increase of proteoglycan and collagen
content within the cartilage®®21313_patterns and severity of those
confounding factors under loading may be different between
excised cartilage plugs and the whole-knee joint model in our
study. Further investigation regarding layer-specific T2 value under
loading will be required.

These site-specific changes of cartilage T2 under static loading
were remarkable when there was a change in varus alignment
(varus loading). Guettler et al. investigated femorotibial pressure on
eight fresh-frozen cadaveric knees and found that a relatively small
degree of varus malalignment caused a dramatic alteration in
articular surface contact pressure*’. Our finding that cartilage T2
was further decreased in the medial joints but increased in the
lateral joints under varus loading was in accordance with the
biomechanical studies of Guettler et al3°. Significant correlation
with joint pressure measurements and cartilage T2 values in the
present study also indicated the usefulness of T2 change under
static loading for biomechanical assessment. In patients with knee
disorders, increased mechanical stress caused by malalignment is
an important risk factor for progression of femorotibial osteoar-
thritis?®. T2 mapping under loading may be a potent, non-invasive
imaging tool for prognosis of osteoarthritis progression by evalu-
ating altered loading condition imposed on the cartilage resulting
from abnormal knee alignment such as varus deformity, and
degenerative or traumatic disorders of the meniscus®.

Cartilage deformation under loading occurs as a function of time
and magnitude of load application. Herberhold et al. studied defor-
mational behavior of the articular cartilage under static loading of
150% of the body weight with femoropatellar knee imaging ex vivo™°.
The deformations of the patellar and femoral cartilages after 8 min of
compression were 25%—30% of the final deformation of these
cartilages after 214 min of compression. We compared cartilage T2
under the same static loading conditions after 5 min (neutral
loading-1) and 30 min (neutral loading-2) of compression to
examine the influence of loading duration on cartilage T2
measurements. There was no significant difference in T2 values
between neutral loading-1 and neutral loading-2 in any zone. This
may indicate that equilibrium of cartilage deformation in response

Table Il
Correlation coefficient between T2 values and contact pressure in each zone under
neutral loading-1 and varus loading (N = 10)

Zones Neutral Slope  P-Value Varus Slope  P-Value
loading-1 loading

Medial cartilage

Deep -0.17 -0.11 0647 -0.12 -0.13  0.741
Intermediate  —0.64 -066 0.031* —0.49 —-042 0.047*
Superficial -048 -047 0.048* -0.55 -0.53 0.043*
Lateral cartilage

Deep -023 -027 0533 -0.39 -041 0.179
Intermediate  -0.48 -059 0.049* -0.78 -0.67 0.005*
Superficial -041 -044 0.184 -0.73 -0.80 0.015*

* Significant correlation between T2 values and contact pressure.



