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Purpose:

Materials and
Methods:

Results:

Conclusion:

To image cartilage-bone interfaces in naturally occurring
and experimentally prepared human cartilage-bone speci-
mens at 3 T by using ultrashort echo time (TE) (UTE)
and conventional pulse sequences to (a) determine the
appearance of the signal intensity patterns and (b) iden-
tify the structures contributing to signal intensity on the
UTE MR images.

This study was exempted by the institutional review
board, and informed consent was not required. Five ca-
daveric (mean age, 86 years *= 4) patellae were imaged
by using proton density—weighted fat-suppressed (repeti-
tion time msec/TE msec, 2300/34), T1-weighted (700/10),
and UTE (300/0.008, 6.6, with or without dual-inversion
preparations at inversion time 1 = 135 msec and inver-
sion time 2 = 95 msec) sequences. The UTE images were
compared with proton density-weighted fat-suppressed
and T1-weighted images and were evaluated by two ra-
diologists. To identify the sources of signal on the UTE
images, samples including specific combinations of tissues
(uncalcified cartilage [UCC] only, calcified cartilage [CC]
and subchondral bone [bone| [CC/bone], bone only; and
UCC, CG, and bone [UCC/CC/bone]) were prepared and
imaged by using the UTE sequence.

On the UTE MR images, all patellar sections exhibited a
high-intensity linear signal near the osteochondral junc-
tion, which was not visible on protein density-weighted
fat-suppressed or T1-weighted images. In some sections,
focal regions of thickened or diminished signal intensity were
also found. In the prepared samples, UCC only, CC/bone,
and UCC/CC/bone samples exhibited high signal intensity
on the UTE images, whereas bone-only samples did not.

These results show that the high signal intensity on UTE
images of human articular joints originates from the CC
and the deepest layer of the UCC, without a definite con-
tribution from subchondral bone. UTE sequences may
provide a way of evaluating abnormalities at or near the
osteochondral junction.
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rticular cartilage is a connective
tissue that covers the osseous
surfaces of joints. It has a zonal
architecture, with uncalcified regions of
superficial or tangential, middle or tran-
sitional, and deep or radial layers (1),
as well as a calcified layer that anchors
it to the underlying subchondral bone.
Calcified cartilage (CC) is approximately
100 pm thick (2), is metabolically active
(3), and may remodel with both me-
chanical loading (4) and aging (2). The
region of the osteochondral junction,
including CC and subchondral bone, is
important for solute transport between
the vasculature and articular cartilage (5)
and has been implicated in the patho-
genesis of osteoarthritis. It also is im-
portant in chondral repair. The CC layer
thickens in osteoarthritis (6) and over-
loading (7), whereas it thins near focal
subchondralmicrocracks andlesions (8).
During microfracture surgery in horses,
the removal of the CC layer substantially
improved outcome (9). Together, the
articular uncalcified cartilage (UCC),
CC, and subchondral bone function as an
osteochondral unit and have an impor-
tant role in load-bearing joints (10,11).
Magnetic resonance (MR) imaging
has emerged as the imaging modality of
choice for evaluating articular cartilage
morphology (12-14), structure, and
composition (15,16). However, MR im-
aging has, to date, not been capable of
assessing the deep radial and calcified

Advances in Knowledge

® Ultrashort-echo time (UTE)
sequences showed a distinct
high-intensity linear signal near
and along the osteochondral
junction of all specimens; focal
abnormalities in the signal
included diffuse thickening as
well as a low-intensity thin
appearance.

B The sources of the high-intensity
linear signal near the osteochon-
dral junction on the UTE MR
images included the deepest
layer of uncalcified cartilage and
calcified cartilage (CC), with no
definite contribution from the
subchondral bone.

layers of cartilage. These deep radial and
calcified layers of cartilage have short
T2 characteristics, and conventional
pulse sequences are unable to acquire
data in this range. With the advent of
ultrashort-echo time (TE) (UTE) MR
imaging, signal from tissues with pre-
dominantly short T2 (and T2*) can be
detected (17-20). UTE MR imaging of
osteochondral tissues, imaged at 1.5 T
with low spatial resolution, has shown
a high-intensity linear signal in the re-
gion of the osteochondral junction (19).
These sequences are now becoming
available at 3-T imagers (21,22), togeth-
er with techniques such as dual inver-
sion-recovery preparation (DIR), which
can be used to selectively image short
T2 signals and suppress signals from
longer T2 components in fat and water.
These approaches provide high spatial
resolution and contrast, which may
allow identification of the anatomic
structures contributing to the high-
signal-intensity appearance.

The histologic basis of the signal in-
tensity areas identified at the osteochon-
dral junction on UTE MR images spatial
remains to be established. The purpose
of our study was to image cartilage-bone
interfaces in naturally occurring and ex-
perimentally prepared human cartilage-
bone specimens at 3 T by using UTE
and conventional pulse sequences to (a)
determine the characteristic appearance
of the signal intensity patterns and (b)
identify the structures contributing to
signal on the UTE MR images.

Materials and Methods

Specimen Preparation

MR imaging appearance of patellar
specimens.—This study was exempted
by the institutional review board, and
informed consent was not required.

Implication for Patient Care

B UTE MR imaging provides direct
visualization of the deepest layers
of the articular cartilage, includ-
ing CC; these tissues have been
implicated in the pathogenesis of
osteoarthritis and are important
in cartilage repair.

Patellae were harvested from five fresh-
frozen cadaveric human knees (two
women, three men; mean age, 86.4
years * 4.4). The specimens exhibited
gross cartilage degeneration but without
erosion down to the bone (Fig 1, A). The
patellae were notched (every 3 mm in the
axial plane) to specify orientation and
were secured upside down in a container
filled with saline. This container was
placed inside a 3-inch (7.62-cm) surface
coil, with the cartilage in the plane of the
coil and near the isocenter of the imager.
The specimen orientation in the imager
was comparable to the orientation of the
patella in a person in the supine position.

Osteochondral fragment samples
for identification of sources of UTE
signal.—Anatomic structures near the
osteochondral junction were isolated by
means of tissue preparation or disease
process and were studied by using UTE
MR imaging (Fig 1, B). Articular cartilage
was separated into layers by means of
resection (23). To remove the deep-layer
cartilage and retain CC and bone, papain
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Abbreviations:

CC = calcified cartilage

DIR = dual inversion-recovery preparation
TE = echo time

UCC = uncalcified cartilage

UTE = ultrashort TE
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Figure 1:  Samples were prepared and imaged for, A, evaluation of UTE appearance of human patella, by

creating axial notches for registration and, B, identification of sources of UTE signal. To identify sources of
high UTE signal in human osteochondral tissues, samples were prepared to include specific tissue compo-
nents. Two 3-mm-thick slices of human patellae were first imaged by using DIR UTE sequences. Slices were
cut into three pieces, and superficial-to-middle—layer UCC (sample 1 /7], n = 7) was removed by cutting
approximately 0.4 mm above the osteochondral junction. Remaining osteochondral fragments (17 = 6 total),
comprising the deepest layer of UCC, CC, and bone, were subjected to the following: no treatment

(sample 2 [2], n = 2), digestion of UCC with 125 w.g/mL papain solution for 24 hours at 60°C to leave CC
and subchondral bone intact (sample 3 /3], n = 2), and physical removal of CC and some of the subchondral
bone on one-half of the sample by dissection with a scalpel (sample 4 [4], n = 2). Osteochondral fragments
were obtained from femoral condyles of a patient with total-knee arthroplasty, with consent. An osteochon-
dral fragment with intact cartilage was surgically prepared (sample 5 /5], n = 1) by removing a UCC fragment
(n=1) and creating a chondral defect while preserving CC as described previously. Another specimen with
regions of osteoarthritis containing areas of both eburnation and partially eroded cartilage was obtained
(sample 6 /6], n=1). The removed UCC fragments (n = 7 total) were not treated. PDFS = proton density—

weighted fat-suppressed sequence.

enzyme digestion was used (24). CC
was removed by using surgical methods
(9,25,26). In addition, both UCC and
CC are lost in osteoarthritis in regions
of eburnation (6).

To identify sources of high UTE
signal in human osteochondral tissues,
samples were prepared to include spe-
cific tissue components. Two 3-mm-
thick slices of human patellae were
obtained from another cadaveric knee
in a 62-year-old woman, essentially as
described above. The slices were first
imaged by using a DIR UTE sequence,

as described below. Slices were cut into
three pieces, and the superficial-to-
middle-layer UCC (sample 1 [Fig 1, B])
was removed by cutting approximately
0.4 mm above the osteochondral junc-
tion. The remaining osteochondral
fragments (n = 6 total), comprising the
deepest layer of UCC, CC, and bone,
were subjected to the following: no
treatment (sample 2, n = 2 [Fig 1, B]),
digestion of the UCC with 125 pg/mL
papain solution for 24 hours at 60°C to
leave the CC and subchondral bone in-
tact (6,24) (sample 3, n=2 [Fig 1, B,]),

or physical removal of the CC and some
of the subchondral bone on one-half of
the sample by means of dissection with
a scalpel (sample 4, n =2 [Fig 1, B]).
Additionally, osteochondral frag-
ments were obtained, with consent, from
the femoral condyles of a patient under-
going total knee arthroplasty. A frag-
ment with intact cartilage was surgically
prepared (sample 5, n =1 [Fig 1, B]) by
removing a UCC fragment (n = 1) and
creating a chondral defect while pre-
serving the CC as described previously
(9,25). Another specimen with regions
of osteoarthritis containing areas of
both eburnation and partially eroded
cartilage was obtained (sample 6, n = 1
[Fig 1, B]). The removed UCC frag-
ments (n = 7 total) were not treated. All
samples were reimaged by using proton
density-weighted fat-suppressed, T1-
weighted, and DIR UTE sequences.

UTE MR Imaging
A 3-T MR imager (Signa Twinspeed;
GE Healthcare, Milwaukee, Wis) with
the maximum peak gradient ampli-
tude of 40 mT/m and slew rate of 150
mT/m/sec was used in conjunction with
either a single-channel 3-inch (7.62-
cm) receive-only surface coil (for patel-
lar specimens) or a l-inch (2.54-cm)
birdcage transmit-receive coil (for the
osteochondral fragments). Hardware
modification included an addition of a
custom transmit-receive switch to the
receiver preamplifiers for rapid switching
after the end of a radiofrequency exci-
tation pulse. This modification allowed
detection of signal as early as 8 usec after
the end of the radiofrequency pulse, which
is much shorter than the values typically
achievable with conventional imaging.
UTE pulse sequences.—Two types
of UTE pulse sequences were used.
Both aimed at imaging the short T2
components of osteochondral samples.
The first sequence, which was used to
assess UTE appearance of the notched
patellar samples, was a two-dimensional
projection-reconstruction sequence de-
scribed previously (19). Briefly, a half-
width radiofrequency pulse was used
with a section-selection gradient, fol-
lowed by projection reconstruction with
ramp sampling after a prescribed “time
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to echo” (TE). Although the term TE
is used, this acquisition initially helps
to detect the free induction decay, not
an echo. Each radial projection was
sampled twice with opposite section-
selection gradient polarities. The raw
data were then summed to form a ra-
dial projection. This process was re-
peated through 360° in approximately
500 steps. The radially sampled data
were regridded onto a 512 X 512 Car-
tesian grid and were reconstructed by
using two-dimensional Fourier transfor-
mation. The following parameters were
used for the UTE sequence: repetition
time msec/TE msec, 300/0.008, 6.6,
for a later gradient-echo acquisition
(at a TE of 6.6 msec, fat and water are in
phase); axial section selection; field
of view, 10 cm; readout, 512; projections,
511; section thickness, 1.7 mm; flip angle,
60°; sampling bandwidth, = 62.5 kHz;
and number of signals acquired, two. To
accentuate the short T2* components
of the tissue, the images reconstructed
from the second TE (6.6 msec) were
subtracted from those from the first TE
(0.008 msec), because the signal from
tissues with short T2* was markedly
reduced by the time of the second TE,
and this finding was highlighted on the
subtraction images.

The second UTE protocol, DIR UTE,
was also used to image the osteochon-
dral fragment samples with an enhanced
image contrast for short T2 components.
This protocol is a variation of UTE that
suppresses long T2* components in the
water and fat by using sequential adia-
batic inversion pulses centered on the
water and fat spectral peaks, respectively.
The water inversion pulse had a delay
time for inversion time 1 of 135 msec,
and the fat inversion pulse had a delay
time for inversion time 2 of 95 msec. The
simultaneous nulling of both the long T2*
water and fat signals provided high con-
trast for unsuppressed short T2* tissues.
The following parameters were used
with the DIR UTE sequence: 300/0.008;
field of view, 6 or 7 cm; section thickness,
0.7 or 1.0 mm; readout, 512; number of
projections, 899; bandwidth, = 50 kHz;
and number of signals acquired, two.

Conventional pulse sequences.—To
provide comparative data and to deter-

mine whether UTE MR images showed
signal from structures which gave no
signal on conventional MR images, pro-
ton density-weighted and T1-weighted
spin-echo sequences were also used to
image the same specimens. The proton
density-weighted fat-suppressed se-
quence was performed by using a fast
spin-echo readout with the following
parameters: 2300/34; field of view, 10
cm (for notched patella) or 6 cm (for
osteochondral fragments); echo train
length, seven; matrix, 512 X 512; sec-
tion thickness, 1.7 mm; and number of
signals acquired, two. The T1-weighted
sequence was also performed by us-
ing a fast spin-echo readout with the
following parameters: 700/10; field of
view, 10 em (for notched patella) or 6
cm (for osteochondral fragments); echo
train length, two; matrix, 512 X 512;
section thickness, 1.7 mm; and number
of signals acquired, two.

MR Image Evaluation

The images of all samples obtained with
all pulse sequences were reviewed in
consensus by two musculoskeletal radi-
ologists (C.B.C. and J.R.D., with 9 and
13 years of experience, respectively).
To determine the characteristic ap-
pearance and its prevalence on UTE im-
ages of human patellae (Fig 1, A), ap-
proximately six central sections in each
patella (30 sections total) were evalu-
ated, with particular attention to the
region near and along the osteochon-
dral junction. Specifically, the presence
and the appearance of the linear region
adjacent to bone were assessed for the
intensity and morphology of the linear
region, and classification was assigned
to one of three groups as follows: (a)
distinct high linear signal (Fig 2, C); (b)
thickened and diffuse medium-to-high—
intensity linear signal (Fig 3, A); and (¢)
markedly decreased signal with thinning
or complete absence (Fig 3, B). Within
each group, the length of the linear signal
along the osteochondral junction was
determined by using a program (Matlab;
MathWorks, Natick, Mass) that deter-
mined the length of line drawn by a ra-
diologist (C.B.C.) on the UTE images of
the intact patellae. Different colors were
used to distinguish the signal groups.

post:mortem
patella

mmm 1 cm

Figure 2. MR images of human patella in axial
plane obtained by using, A, proton density—weighted
fat suppressed, B, T1-weighted, and, C, UTE
sequences were compared. Areas of bone (A), UCC
(), bathing saline solution (), and subchondral
bone plate (thick arrows) were observed. UTE MR
images had high-intensity linear signal near the
osteochondral junction (thin arrows, C).

For each of the three groups, the length
was determined as a proportion of the
total pixel length of all three groups. In
addition, the prevalence of each type of
signal in individual sections of patellae
was determined.

To identify the sources of high signal
on the UTE images, observations were
made by radiologists on the images of
the prepared osteochondral specimens
(Fig 1, B). We hypothesized that each
tissue component (UCC, CC, or bone)
could contribute independently to sig-
nal on UTE images. By deduction, there
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Table 1 Figure 3

Outcomes for Presence of High Linear Signal Intensity on UTE MR Images according

to Osteochondral Components

Source of Signal High Linear Signal Intensity*
CC/Bone, Bone Only,
Possible UCC Only, UCC/CC/ Bone, Samples 4 Samples 3
Outcomes ucc cC Bone Sample 1 Sample 2 and 5 and 6
A X Present Present Absent Absent
B X Absent Present Present Absent
C X Absent Present Present Present
D Xt Xt Presentt Presentt Presentt Absentt
E X X Present Present Present Present
F X X Absent Present Present Present
G X X X Present Present Present Present

Note.—X indicates that the osteochondral component or components were the sources of the signal.

* Sample number as indicated in Figure 1, B.
1 Data are results of our study.

would be seven possible permutations
of UTE signal from the prepared sam-
ples (Table 1). For example, if the UCC
was the only tissue exhibiting signal on
the UTE images, the UCC only (sample 1,
n =7 [Fig 1, B]) and the UCC/CC/
subchondral bone (bone) (uncut region
of sample 2, n = 2) samples would ex-
hibit the signal, whereas the samples
containing CC/bone (sample 4, n = 2;
sample 5, n = 1) or bone alone (sample 3,
n = 2; sample 6, n = 1) would not
(Table 1, outcome A,). Similarly, if both
UCC and CC exhibited signal on the
UTE images, UCC only, UCC/CGC/bone,
and CC/bone samples would all exhibit
signal (Table 1, outcome D). The fre-
quency of occurrence of the linear sig-
nal on the UTE images of the specimens
was also determined.

Histologic Analysis

To validate the sample preparation
procedure (Fig 1, B), histologic analy-
sis was performed. The osteochondral
fragment samples were fixed in 10%
buffered formalin, decalcified in TBD-2
decalcifier (ThermoShandon, Pittsburg,
Calif), embedded in paraffin blocks,
sliced into 3-pm sections, and stained
with safranin O and fast green. The
stained slices were examined to assess
the appearance of the osteochondral
junction.

MR Imaging Appearance of Patellar
Samples

Conventional MR images.—In both pro-
ton density-weighted fat-suppressed (Fig
2, A) and T1-weighted (Fig 2, B) images
of human patella, the bulk of articular
cartilage (Fig 2, *) was distinct from sub-
chondral (arrows) and trabecular (Fig 2,
A) bone, as well as from the surrounding
saline solution (Fig 2, ). These images
did not exhibit a high-signal linear region
near the osteochondral junction.

UTE subtraction images.—With the
UTE echo subtraction images (Fig 2, C),
the patella exhibited a high-intensity lin-
ear signal (Fig 2, C, thin arrows) near
the osteochondral junction. This signal
was unique to images obtained by using
UTE sequences and was not identified on
images obtained with the conventional
sequences. The bulk of articular carti-
lage tended to decrease in signal from
the deep to the superficial layer and
was not distinct from the saline solu-
tion (Fig 2, C).

The high-intensity linear signal was
the predominant signal found on the
UTE images of the patellar samples
near the region of the osteochondral
junction. This signal was found in all
patellar sections and constituted 80%
(17341 of 21705 pixels) of the com-

post-mortem

s 1 M

Figure 3: In axial UTE MR images, subset of
patellar samples showed different UTE signal pat-
terns near the osteochondral junction characterized
by, A, thickening of the linear signal (arrows), and,
B, diminution (thin arrows) or absence (thick arrow)
of the signal.

bined length of the osteochondral
junction (of all samples). Some of the
samples exhibited focal regions of dif-
ferent morphology and/or signal inten-
sity, including thick diffuse linear signal
(10% [2179 of 217035] of pixels) of the
combined length (Fig 3, A, arrows) and
a decreased signal intensity with a thin
appearance or absence of signal (10%
[2185 of 21703] of pixels) of the com-
bined length (Fig 3, B, thick arrow).
Complete absence of the signal was
rare and constituted less than 2% of
the total combined length of the osteo-
chondral junction.

The individual patellar sections usu-
ally had a mix of different signal types;
20% (six of 30 sections) of all sections
exhibited only the high-intensity linear
signal, whereas no sections exhibited
solely the thick diffuse or thin or absent
signal, and 20%-40% of sections exhib-
ited a mix of different signals (Fig 4), al-
ways including the high-intensity linear
signal. Since the patellar samples were

Radiology: \/olume 254: Number 3—March 2010 = radiology.rsna.org
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Prevalence of Different Patterns of Linear Signal on UTE Images

High Linear Thick Diffuse  Thin or No. of Slices Prevalence
Signal Signal Absent Exhibiting Mix of (%)
Signal Signals
X 6 of 30 20
X X 50f 30 17
X X 13 of 30 43
X X X 6 of 30 20
Figure 4:  Prevalence of different patterns of linear signal intensity on UTE

images found near the osteochondral junction in patellar samples. X indicates
the exhibition of the described pattern within the same section.

Table 2

Expression of High Linear Signal
Intensity on UTE Images

Sample Type Sample No. Frequency
UCC only 1 5/7
UCC/CC/bone 2 2/2
CC/bone 4 2/2
CC/bone 5 17
Bone only 3 0/2
Bone only 6 0N

Note.—Sample number as indicated in Figure 1, B.
Frequency refers to the number of samples with positive
signal/total number of samples.

aged and moderately degenerate, the
focal occurrence of minor signal groups
(ie, thick or thin or absent) may have
been related to pathologic findings.

Identification of Source of UTE Signal

DIR UTE appearance of untreated
osteochondral fragments.—DIR UTE
images (Fig 5, A) of the patellar slices
showed a low signal intensity in nearly
all areas of the cartilage and bone except
for a linear region near the osteochondral
junction, where a distinct, high-signal
region (Fig 5, A, arrows) was observed.
This pattern was similar to that seen
on the UTE subtraction images of the
patella (Fig 3, C, thin arrows), but with
higher contrast and greater suppression
of other tissue and fluid signals.

DIR UTE appearance of treated
osteochondral fragment samples.—On
the basis of the appearance of treated
samples, the high signal intensity on the
DIR UTE images reflected the presence
of the deepest layer of UCC, as well
as CC, but not bone or superficial-to-

middle-layer UCC. UCC-only samples
(sample 1 [Figs 1, B; 5, B-E]), or five
of seven samples, exhibited a low-to-
intermediate—intensity linear signal
that faded from the deep (approximately
>0.4 mm from the layer of CC) to
the superficial layer (Fig 5, B-E, thick
arrows). In the untreated osteochondral
sample (sample 2 [Figs 1, B; 5, B]),
which contained the deepest layer of
UCC (approximately <0.4 mm from
the layer of CC) and CC (Fig 5, F), the
UTE signal intensity pattern was pres-
ent (Fig 5, B, 1). When the sample was
cut diagonally to remove the CC and a
thin layer of subchondral bone (sample
3 |Figs 1, B; 5, C]), the UTE signal in-
tensity pattern was preserved in the un-
cut region (Fig 5, C, 1) and was absent
in the cut region (Fig 5, C). This sample
preparation was validated by using his-
tologic analysis (Fig 5, G). In the sample
treated with papain (sample 4 [Figs 1, B;
5, D]) to remove UCC while retaining
CC (histologic analysis [Fig 5, H]), the
UTE signal intensity pattern was pre-
served (Fig 3, D, {). In the sample
treated surgically (sample 5 [Figs 1, B;
5, E) to remove UCC while retaining
CC (histologic analysis [Fig 5, I]), the
UTE signal intensity pattern was also
preserved (Fig 5, E, ).

The osteochondral fragments con-
taining eburnated regions caused by
osteoarthritis (sample 6, n =1 [Figs 1, B;
6]) exhibited a site-dependent UTE
signal intensity pattern. Within the
eburnated region without CC or UCC
(Fig 6, D, double triangle), the char-
acteristic normal UTE signal intensity
pattern of the osteochondral region was
absent (Fig 6, C). In contrast, in the

region covered with articular cartilage
(Fig 6, A-C, *) and intact CC (Fig 6, D,
arrows), the UTE signal pattern was
preserved (Fig 6, C, arrows).

These findings were consistent with
(Table 1, outcome D) the case of deep-
layer UCC and CC contributing to the
UTE signal, but not subchondral bone.
The UCC-only (sample 1), UCC/CC/
bone (sample 2), and CC/bone (sam-
ples 4 and 5) samples all exhibited a
linear signal pattern on the UTE images
(Fig 5, B-E, arrows), whereas bone-
only samples (cut region of sample 3
and the eburnated region of sample 6)
did not (Figs 5, C; 6, C). The frequency
of these observations is listed in Table 2.

Our results provided a detailed descrip-
tion of the MR imaging appearance of
human osteochondral tissue from the
knee by using two complementary UTE
techniques. The UTE subtraction MR
images of the human patella exhibited
a pattern of high-intensity linear signal
near the junction of cartilage and bone,
which was not visible on conventional
MR images. DIR UTE MR imaging also
confirmed the presence of the signal
near the osteochondral junction.

With analysis of the osteochondral
fragments, we identified the deepest
layer of UCC and CC as the sources of
the UTE signal intensity pattern. The
pattern was found in UCC only (in the
deep layer; sample 1), UCC/CC/bone
(sample 2), and CC/bone (samples 4
and 5) samples, whereas the samples
containing only bone (samples 3 and 6)
did not. Assuming that each tissue com-
ponent (UCC, CC, and bone) can con-
tribute independently to the UTE sig-
nal, these results suggest that UTE MR
signal in the osteochondral junction of
the human patella and femoral condyle
is caused by the presence of the CC, as
well as the deepest layer of the UCC,
with no definite contribution from the
subchondral bone. The signal is likely to
be detectable because of the capability
of the UTE sequences to capture rapidly
decaying signals (and filter out long T2
signals from water and fat), along with
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Figure 5: MR imaging appearances in axial plane of experimentally prepared samples suggested that both deep layer of UCC and layer of CC contribute to high linear
signal on DIR UTE images. A, DIR UTE image shows characteristic pattern of high linear signal intensity (arrows) near the osteochondral junction of an untreated and
intact sample. After this sample was divided into fragments (samples 1—4 in drawings above B-D), the characteristic pattern was present in, B, C, and D, untreated
UCC-only samples (T [sample 1]), B, UCC/CC/bone samples (4 [sample 2]), and, D, papain-treated CC/bone samples ({ [sample 4]). The pattern was also present
in, £, surgically prepared CC/bone sample (4 [sample 5]). The pattern was absent in, B, C, and D, superficial-to-middle layers of UCC-only samples (* [sample 1))
and, C, a region where UCC and CC was resected (O [sample 3]). By deduction, both UCC and CC, but not subchondral bone, contribute to the pattern of signal. F—/,
Histologic analysis of samples 2—5 show that our sample preparation successfully isolated intended components of osteochondral tissues: F, UCC/CC/bone sample
consisted of all three components of bone (blue), CC (purple [4]), and UCC (red). G, Resected region (O) consisted of mainly bone (blue) and small pockets of CC (4).
H, Papain-treated CC/bone sample consisted of bone and CC ({) but not UCC. /, Surgically prepared CC/bone sample also consisted of bone and CC ({) but not UCC
in the defect region. Dotted lines signify magnification from top row of micrographs.

short T2 values of the CC and the deep- liseconds, do not depict the short T2 profile, errors in the radial k-space tra-
est layer of UCC. In contrast, images signal and appear dark as a result. jectories, and off resonance (27-29).
obtained with conventional sequences, Technical challenges related to UTE ~ Eddy currents lead to distortion of the
with the minimum TEs of several mil- imaging include distortion of the slice section-selection gradient profile, resulting
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Figure 6

Figure 6: MR imaging appearance of an osteoarthritic osteochondral fragment containing regions of both eburnation (double triangle) and intact cartilage (),
suggesting that an eburnated bone does not contribute to the linear signal intensity pattern. A, Proton density—weighted fat-suppressed and, B, T1-weighted images
show that the eburnated region lacked articular cartilage layer and exhibited sclerotic bone, whereas the intact region on the right exhibited medium-intensity signal
from articular cartilage. C, On the DIR UTE image, the linear signal near osteochondral junction (arrows) was present only in region of intact cartilage (right half of
the sample) but not in region of eburnation (left half of the sample) or cancellous bone (triangle). D, Histologic analysis from subregions of sample (dotted-line boxes)
confirmed the lack of both UCC and CC in the eburnated region (double triangles, left half of the sample), and the presence of both UCC and CC (arrows) in the intact
region (right half of the sample). These results excluded subchondral bone as a source of UTE MR image signal intensity.

in out-of-section signal contamination
(27). These errors can be reduced by
measuring the section-selection gradient
and precompensating the distortion by
modifying the digital waveform input to
the gradient amplifier (29). Radial tra-
jectories are sensitive to gradient distor-
tion, which can be improved through
calibration of the sampling k-space tra-
jectory (29). Susceptibility effect near
the bone cartilage interface, together
with field inhomogeneity and chemical
shift, may lead to off-resonance artifacts
manifesting as blurring in the radial UTE
acquisition. Fat suppression helps to re-
duce this artifact. However, conventional
fat saturation pulses may suppress signal
from the short T2 components through
direct saturation and magnetization
transfer. The long adiabatic inversion
and signal nulling approach used in DIR
UTE is effective in suppressing long T2
fat signal with less short T2 signal at-
tenuation. Off-resonance artifacts can
also be corrected through an acquired
field map or multifrequency reconstruc-
tion (28). The combination of gradient
calibration and off-resonance correction,
together with efficient long T2 water and
fat suppression, may further improve the
robustness of this technique and will be
investigated in future work.

There were several limitations to
our study. The small number of samples
did not allow for statistical analysis. On
the basis of the observations, however,
it would seem likely that the presence or
absence of the characteristic UTE signal
pattern near the osteochondral junction
is affected by the sample preparation.
Papain digestion may have affected
MR properties of the tissue, and it was
observed that the trabecular space of
sample 4 was free of yellow marrow. In
addition, for UCC/CC/bone samples, it
was difficult to distinguish the deepest
UCC from the CC by using the DIR UTE
sequence, owing to the thickness of the
CC, which was only approximately 100-
200 pwm. A higher spatial resolution, as
well as another contrast mechanism,
may be needed to resolve CC struc-
ture. For example, T1 and T2* values
of deep-layer UCC and CC may be suf-
ficiently different, such that it may be
possible to distinguish the structures by
using appropriate weighting. The thin-
ness of the CC makes it also suscep-
tible to partial volume effects, which
may result in a diffuse UTE signal. In
addition, although chemical shift arti-
facts can be seen with UTE sequences
(17), the fact that high signal intensity
was seen on the DIR UTE images in the

absence of signal from fatty marrow
makes this artifact an unlikely explana-
tion for the observed high signals.
Evaluation of UTE MR imaging sig-
nal intensity patterns and identification
of sources of UTE signal has implications
for clinical assessment of the osteochon-
dral junction and provides new oppor-
tunities for assessing joint degeneration
and repair. UTE methods may allow
assessment of CC thickness, which is
important because there is histologic ev-
idence suggesting changes in the thick-
ness of the CC layer in osteoarthritis (6)
and aging (2). In cartilage repair, the
removal of CC during the microfracture
procedure improves the outcome (9),
and UTE imaging may be useful to de-
termine the successful removal of CC, as
well as the restoration of CC with heal-
ing or repair. Although it remains to be
established how the normal UTE signal
pattern changes with disease and injury,
our study is useful for understanding
UTE signal intensity changes in the re-
gion of the osteochondral junction and
offers opportunities to examine this pre-
viously unexplored region of tissue.
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