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Abstract

OBJECTIVE—To develop ultrashort echo time (UTE) magnetic resonance imaging (MRI)

techniques to image the zone of calcified cartilage (ZCC), and quantify its T2*, T1 and T1ρ.

DESIGN—In this feasibility study a dual inversion recovery ultrashort echo time (DIR-UTE)

sequence was developed for high contrast imaging of the ZCC. T2* of the ZCC was measured

with DIR-UTE acquisitions at progressively increasing TEs. T1 of the ZCC was measured with

saturation recovery UTE acquisitions at progressively increasing saturation recovery times. T1ρ of

the ZCC was measured with spin-locking prepared DIR-UTE acquisitions at progressively

increasing spin-locking times.

RESULTS—The feasibility of the qualitative and quantitative DIR-UTE techniques was

demonstrated on phantoms and in six cadaveric patellae using a clinical 3T scanner. On average

the ZCC has a short T2* ranging from 1.0 to 3.3 ms (mean ± standard deviation = 2.0 ± 1.2 ms), a

short T1 ranging from 256 to 389 ms (mean ± standard deviation = 305 ± 45 ms), and a short T1ρ

ranging from 2.2 to 4.6 ms (mean ± standard deviation = 3.6 ± 1.2 ms).

CONCLUSION—UTE MR based techniques have been developed for high resolution imaging of

the ZCC and quantitative evaluation of its T2*, T1 and T1ρ relaxation times, providing
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noninvasive assessment of collagen orientation and proteoglycan content at the zone of calcified

cartilage and the bone cartilage interface. These measurements may be useful for non-invasive

assessment of the ZCC, including understanding the involvement of this tissue component in

osteoarthritis.
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Introduction

Articular cartilage has a hierarchical structure. It can be divided into four zones: (i) the

superficial zone, (ii) the transitional zone, (iii) the radial zone, and (iv) the zone of calcified

cartilage (ZCC) which is 3-8% of the cartilage thickness (1, 2). The calcified cartilage is

separated from the overlying cartilage by the tidemark, and from subchondral bone (SCB)

by the cement line. The zones of articular cartilage have T2 relaxation times ranging from

around 40 ms for the superficial layer down to sub-millisecond for SCB (3-5).

The ZCC is a highly modified mineralized region of articular cartilage that forms an

important interface between cartilage and bone for transmitting force and attaching cartilage

to bone (6). It is a region that may change dramatically in OA (7-9). Its continued activity as

a growth plate in OA has long been the subject of much speculation (10-13). With a few

exceptions, almost all of our knowledge about the formation, development maturation,

aging, and possible changes in OA of the ZCC has come from the application of

microscopic techniques. Magnetic resonance imaging (MRI) is routinely used in the

diagnosis of OA because of its high spatial resolution and excellent soft tissue contrast (4).

However, conventional sequences typically have a minimum TE of several milliseconds or

longer, and show little or no signal for the ZCC because of its short T2*.

By using a special form of slice selection, rapid transmit/receive (T/R) switching, radial

mapping of k-space and variable-rate selective excitation (VERSE), pulse sequences with

nominal TEs as short as 8 μs, which is 100-1000 times shorter than those routinely available

on clinical MR systems, can be achieved (14-20). These 2D ultrashort TE (UTE) sequences

can directly image short T2* tissues such as cortical bone (15, 16), menisci (15, 17),

ligaments (17), tendons (17, 18), calcification in soft tissues (19), and the ZCC (20) using

clinical scanners. Although the ZCC can be detected with UTE sequences, its visualization

may be compromised by high signal intensity from the superficial layers of cartilage and

marrow fat. Efficient suppression of those long T2* signals can be used to improve short

T2* contrast and dynamic range for display of the ZCC (18, 20).

Recent research has focused on establishing correlations between quantitative MR

parameters and the biochemical, structural and biomechanical properties of articular

cartilage. T1ρ reflects slow interactions between motion restricted water molecules and their

local macromolecular environment (21). Recent studies have demonstrated that T1ρ has a

high sensitivity to proteoglycan (PG) loss in bovine cartilage samples as well as to OA in

patients (21, 22). T2 mapping based on Carl-Purcell-Meiboon-Gill (CPMG) sequences has

been used to monitor microstructural changes in collagen matrix (3). However, T1ρ and T2
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mapping usually utilize relatively long TEs, and so can only reflect the status of longer T2

tissue components, such as the more superficial layers of articular cartilage. As far as we are

aware, the MR relaxation properties of the ZCC are virtually unknown.

In this paper we describe techniques to image the ZCC and quantify its T2*, T1 and T1ρ

using UTE or dual adiabatic inversion recovery UTE (DIR-UTE) sequences. Qualitative and

quantitative UTE based sequences have been implemented on a clinical 3T MR scanner and

assessed on six cadaveric patella specimens in this study.

Materials and Methods

Pulse Sequences

Both regular two-dimensional (2D) DIR-UTE and spin-lock prepared DIR-UTE sequences

(Figure 1) were implemented on a 3T Signa TwinSpeed scanner (GE Healthcare

Technologies, Milwaukee, WI) with gradient capabilities of 40 mT/m amplitude and 150

mT/m/ms slew rate on each axis. The regular DIR-UTE sequence (Figure 1A) has three

parts: a half-sinc radiofrequency (RF) excitation pulse, 2D radial acquisition with ramp

sampling, and dual adiabatic inversion recovery preparation pulses for long-T2 water and fat

suppression (20). The spin-locking prepared DIR-UTE sequence combines a spin-locking

preparation pulse cluster with the regular DIR-UTE sequence (Figure 1C) (23).

The DIR-UTE contrast mechanism is illustrated in Figure 2. The first long adiabatic

inversion pulse (duration ~ 25 ms, spectral bandwidth ~ 500 Hz) is centered near the water

peak with an inversion time of TI-1 to invert and null the magnetization of the longer T2

superficial layers of articular cartilage. The second long adiabatic inversion pulse with the

same duration and spectral bandwidth is centered near the fat peak with an inversion time of

TI-2 to invert and null the magnetization of marrow fat. The superficial layers of cartilage

have longer T1s than marrow fat (24), and are inverted first The ZCC has a short T2* and its

longitudinal magnetization is not inverted. Signal from this tissue is subsequently detected

by the UTE data acquisition.

T2* Measurement

The approach to measurement of T2* was similar to the conventional strategy of varying TE

while keeping TR constant. In order to monitor short T2* species, however, the range of

echo times is significantly shorter than those used with standard MR imaging. T2* of the

ZCC was quantified through exponential fitting of DIR-UTE images acquired at a series of

TEs based on the following equation:

[1]

where a constant term C is introduced to account for background noise and artifacts

associated with DIR-UTE data acquisition and image reconstruction.

T1 Measurement

A non-selective 90° square pulse with a duration of 256 μs was followed by a large crusher

gradient to saturate signal from the ZCC. UTE acquisitions with progressively increasing
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saturation recovery times (TSRs) were then used to detect the recovery of the longitudinal

magnetization of the ZCC. The simple exponential signal recovery model shown below was

used to fit T1 (25):

[2]

where k accounts for the residual fraction of the longitudinal magnetization of the ZCC after

a nominal 90° pulse.

T1ρ Measurement

T1ρ of the ZCC was measured with spin-locking prepared DIR-UTE acquisitions at

progressively increasing spin-locking times (TSLs) using the following signal decay model

(23):

[3]

where TR is the time between α imaging pulses, and C accounts for background noise and

artifacts associated with spin-lock prepared DIR-UTE data acquisition and image

reconstruction.

Simulation

Numerical simulation was performed to investigate the effect of DIR preparation pulses on

short T2* signal attenuation based on the Bloch equations. Errors in T1ρ quantification due

to T1 contamination was also investigated through simulation based on equation [2]. The

following parameters were used: TR = 300 ms, TE = 8 μs, TI-1 = 140 ms, TI-2 = 105 ms,

T2* = 2 ms, flip angle = 60°, two adiabatic IR pulses centered on water and fat, respectively,

maximal adiabatic pulse amplitude of 12 μT. To study error propagation in T1ρ estimation, a

T1 of 300 were assumed.

Phantom Study

The DIR-UTE techniques were applied to a phantom consisting of a tube of distilled water

doped with MnCl2 (T1 ~ 1100 ms, simulating long T2* water signal), a tube of vegetable oil

(simulating fat), and a piece of rubber eraser (T2* ~ 0.3 ms, simulating short T2* signal).

For morphological comparison a regular UTE sequence, and UTE sequences combined with

a single adiabatic inversion pulse focused on either the water or fat peak, were performed.

For quantitative comparison, both conventional 2D UTE and DIR-UTE sequences were used

for measurements of T2* and T1ρ of the rubber eraser. The following imaging parameters

were used: a FOV of 8 cm, a slice thickness of 2 mm, a reconstruction matrix of 512×512, a

sampling bandwidth (BW) of 125 kHz, 511 half projections, two number of excitations

(NEX), 5 minutes scan time. Other parameters were similar to these used in the simulation.

To measure T2*, conventional UTE and DIR-UTE images were acquired at a series of TEs

of 8 μs, 0.2, 0.4, 0.8, 1.2, 1.6 and 2 ms. To measure T1ρ, UTE-T1ρ and DIR-UTE T1ρ

images were acquired at a series of TSLs of 0, 0.2, 0.4, 0.8, 1.2, 1.6 and 2 ms. A 3-inch

surface coil was used for signal reception (a body coil was used for signal excitation). T2*

and T1ρ values without, and with the DIR preparation pulse were compared.
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Cadaver Patellae Study

The quantitative DIR-UTE sequences were applied on six cadaveric human patellae. After

harvesting, a transverse slab of 5 mm thickness was cut from each patella and stored in a

phosphate buffered saline (PBS) soaked gauze at 4°C prior to MR imaging. During MR

imaging each patella sample was placed in perfluorooctyl bromide (PFOB) or saline solution

to minimize susceptibility effects at tissue-air junctions. A single slice at the center of each

patella slab was imaged with the apex normal to the B0 field to minimize the magic angle

effect which is known to affect both T2* and T1ρ (26, 27). For comparison a conventional

UTE sequence, a 2D gradient recalled echo (GRE) sequence with a TE of 3 ms, a proton-

density weighted fast spin echo (PD-FSE) sequence and a T1-weighted fast spin echo (T1-

FSE) sequence were also performed. Typical imaging parameters were similar to those for

the phantom studies, except for a thinner slice of 0.7 mm. T2* was quantified through DIR-

UTE imaging at a series of TEs (8 μs, 1, 4 and 12 ms). One sample was acquired with 10

TEs (8 μs, 0.2, 0.5, 1, 1.5, 2, 3.5, 5, 7.5 and 10 ms). T1ρ was quantified through spin-locking

prepared DIR-UTE imaging at a series of TSLs (0.02, 1, 4 and 12 ms). T1 was quantified

through saturation recovery UTE imaging at a series of TSRs (10, 100, 200, 400, 600, 800

ms). The total scan time was about 20 minutes for T2* quantification, 20 minutes for T1ρ

quantification, and 26 minutes for T1 quantification. A home-built 1-inch Transmit/Receive

birdcage coil was used for signal excitation and reception.

Quantitative Analysis

Both signal to noise ratio (SNR) and contrast to noise ratio (CNR) measurements were

performed. SNR was calculated as the ratio of the mean signal intensity inside a user drawn

region of interest (ROI) within the ZCC to the standard deviation of the signal in an ROI

placed in artifact free background. CNR between the ZCC and the superficial cartilage and

marrow fat were calculated as their signal difference over background noise. T2*, T1 and

T1ρ values were obtained using a Levenberg-Marquardt fitting algorithm written in Matlab

(The Mathworks, Natick, MA). The placement of manual ROIs is susceptible to volume

averaging and misregistration. A small line-shaped ROI containing approximately 10-20

pixels was chosen to minimize errors of this type. Five different ROIs were fitted to

determine the average relaxation times for the ZCC.

Results

Simulations

The Bloch equation simulations show that the DIR preparation pulse cluster results in about

68% signal loss for the ZCC when a T2* of 2 ms is assumed. Both the first and second IR

pulses almost completely saturate the longitudinal magnetization of the ZCC. The ~32%

longitudinal magnetization comes from T1 recovery during TI-2. The hard 90° pulse results

in a comparative signal loss of 3-8% for the ZCC with a T2* of 1 to 3 ms, when compared

with tissues with infinitely long T2* relaxation times. Based on equations [2] and [3], a 20%

error in T1 quantification roughly leads to 3% error in T1ρ quantification, while this error

increases to 12% as the T1 error increases to 100%.
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Phantom Study

Figure 3 shows the results of the phantom study using the DIR-UTE sequence, as well as

conventional UTE and UTE with a single long adiabatic inversion pulse focused on either

the water peak or fat peak. The long duration adiabatic inversion pulse focused on water

peak (0 Hz) selectively nulls the water signal, but signal from fat and the rubber eraser

remain high. When the long adiabatic inversion pulse is shifted to -440 Hz, fat signal is

selectively suppressed, but signal from water and rubber eraser remains high. There is some

residual fat signal from CH peak which is located at 5.3 ppm (close to the water peak) and is

not inverted/nulled by the inversion pulse. The DIR-UTE sequence selectively suppresses

both water and fat, leaving high signal and contrast from the rubber eraser.

T2* of the rubber eraser was measured to be 0.31 ± 0.02 ms with the UTE sequence and

0.29 ± 0.01 ms with the DIR-UTE sequence. T1ρ of the rubber eraser was measured to be

0.59 ± 0.12 ms with the UTE T1rho sequence and 0.57 ± 0.08 ms with the DIR-UTE T1rho

sequence. These results demonstrate that the DIR-UTE sequences provide consistent T2*

and T1ρ values (with an error of 3-6%) for the rubber eraser when compared to these from

conventional UTE sequences.

Cadaver Patellae Study

Figure 4 shows clinical and UTE MR imaging of a patella slice from a human cadaver knee

specimen. The clinical PD- and T1-FSE sequences show a signal void for the ZCC.

Conventional UTE sequence shows high signal for the ZCC, but with limited contrast

between it and the superficial layers of cartilage or marrow fat. The DIR-UTE sequence

selectively suppresses signals from both marrow fat and superficial layers of cartilage,

leaving the ZCC shown with high contrast. An association between signal reduction and

increase in thickness in the ZCC was observed in the lateral part of the patella.

Figure 5 shows clinical and UTE MR imaging of another patella. The clinical PD-FSE, T1-

FSE and GE sequences show a signal void for the ZCC. The regular UTE sequence shows a

high signal line, representing the ZCC, but with limited contrast. High contrast imaging of

the ZCC is shown with the DIR-UTE sequence. Figure 6 shows DIR-UTE imaging of the

ZCC at progressively increasing TEs. The excellent soft tissue suppression from the DIR

preparation pulse minimizes signal contamination from the long T2 superficial layers of

articular cartilage as well as marrow fat, resulting in robust measurement of T2* of the ZCC.

There is rapid signal decay with increasing TE, suggesting a short T2* relaxation time for

the ZCC. This is confirmed by the mono-exponential fitting which shows a T2* of 1.79 ±

0.20 ms for the ZCC.

Quantitative T2* and T1ρ DIR-UTE imaging of the ZCC of a patella sample are shown in

Figure 7. The DIR-UTE images show the ZCC with excellent contrast. It is hardly visible

with conventional UTE-T1ρ imaging. Exponential fitting of the DIR-UTE images shows a

short T2* of 3.26 ± 0.23 ms and T1ρ of 4.61 ± 0.07 ms, as indicated in Figure 8. T1ρ was

about 41% longer than T2* for the ZCC. A relatively short T1 of 304 ± 25 ms for the ZCC

of this patella derived from saturation recovery UTE imaging was used for T1ρ fitting.
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Interestingly, the rubber stopper had a short T2* of 0.38 ± 0.01 ms and a T1ρ of 6.09 ± 2.21

ms, suggesting that T1ρ was 16 times longer than T2*.

Quantitative measurements of SNR and CNR shown in Table 1 demonstrate that the DIR-

UTE sequence provides a significant contrast improvement between the ZCC and superficial

cartilage and marrow fat when compared with the conventional UTE and clinical sequences.

Table 2 shows the quantitative evaluation of T2*, T1 and T1ρ over six cadaveric patellae.

On average, T2* ranged from 1.0 to 3.3 ms (mean ± standard deviation = 2.0 ± 1.2 ms), T1

ranged from 256 to 389 ms (305 ± 45 ms), while T1ρ ranged from 2.2 to 4.6 ms (3.6 ± 1.2

ms).

Discussion

One of the most important questions about the ZCC is its involvement in the initiation of

pathogenesis in OA. It is generally believed that the initial changes of OA occur in the

noncalcified part of the cartilage rather than the calcified layer, and that degeneration and

erosion of the articular cartilage result in mechanical overload. Bone responds by becoming

sclerotic, and this leads to further degeneration (28-30). However, a number of recent

studies have found changes in the ZCC and SCB that are not readily explicable by this

model (31-37). The ZCC is an order of magnitude less stiff than bone, but 10-100 fold stiffer

than cartilage (32). This supports the concept that the ZCC forms a transition zone of

intermediate stiffness between the articular cartilage and the SBC. In an adult the ZCC

becomes quiescent but not inactive. In OA the ZCC may be reactive and progressively

extend to and calcify adjacent unmineralized cartilage. This may contribute to relative

thinning of uncalcified cartilage and increased force gradient across the uncalcified cartilage

leading to more damage (33). Burr found that in OA calcified cartilage was significantly

denser and had significantly more mineral than the adjacent SCB (34). He concluded that it

was likely that changes in the mineral content and thickness of the calcified cartilage played

a greater role in the pathogenesis of OA than had previously been realized. Ferguson et al

studied the ZCC and SCB in normal and osteoarthritic human femoral heads (35) and found

that the ZCC was extremely hypermineralized and twice as hard as neighboring SCB. Very

highly mineralized cartilage fragments may function as a grinding abrasive, accelerating

wear rates whether attached to, or separated from the bony surface of the ZCC. Highly

mineralized regions could also alter loading patterns and thereby contribute to further

destruction of the joint tissues (35). Revell et al were able to recover joints at the time of

surgery from 50 patients with OA and concluded that the ZCC was active in OA (36).

Histological studies have also revealed the presence of multiple tidemarks coupled with

thickening and over-mineralization of the ZCC in the OA joint (37).

Taken together, the results of different studies show that the ZCC may contribute to OA via

altered growth plate-like behavior of the deep cells of the deep zone and bony remodeling.

In addition a number of age-correlated changes in the ZCC could compromise adjacent

noncalcified cartilage and cause it to degenerate. Thus the ZCC may play an important role

in the initiation and/or progression of OA. The study of early and late alterations to ZCC

may therefore be of critical importance in elucidating the structural and functional

pathogenesis of OA including features associated with the internal stages of the disease.
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The qualitative and quantitative DIR-UTE sequences described in this paper may be

significant since they allow non-invasive assessment of the ZCC, which is a region that

cannot be assessed by conventional MRI techniques due to limited signal, or by

conventional radiography due to limited image contrast. Studies of articular cartilage have

demonstrated that T2 is related at the molecular level changes in the state of collagen (3).

More recently, T2*s of deep cartilage and menisci have been show to be sensitive to matrix

degeneration (38, 39). Increased T1 is associated with cartilage degeneration (40). T1ρ is

correlated with proteoglycan depletion (an early sign of OA) (21, 22). The quantitative

information on T2*, T1 and T1ρ may also be of value in evaluating the ZCC.

The phantom study shows that the DIR-UTE sequence allows consistent measurement of

T2*, while the spin-lock prepared DIR-UTE sequence allows consistent measurement of

T1ρ of short T2* species when compared with conventional UTE sequences. Based on our

study of six cadaveric human patellae, the ZCC shows a wide range of T2* values ranging

from 1.0 to 3.3 ms, and a wide range of T1ρ values ranging from 2.2 to 4.6 ms.

The primary goal of the DIR preparation pulse is to suppress signals from long-T2 water

(such as the superficial layers of cartilage, muscle, etc) and fat (such as bone marrow). UTE

sequences based on half pulse excitations are sensitive to eddy currents and are subject to

out-of-slice signal contamination. The DIR preparation pulse helps to reduce out-of-slice

long-T2 signal contamination, although out-of-slice short-T2* signal contamination still

exists. Although the DIR-UTE sequence provides high contrast visualization of the ZCC, it

is a low SNR technique. Numerical simulation based on Bloch equations suggests that the

DIR preparation pulses nearly saturate the ZCC magnetization while signals from the

superficial layers of cartilage and marrow fat are nulled. DIR-UTE signal of the ZCC comes

almost entirely from T1 recovery during TI-2. Recent studies show that short-T2 signal

attenuation depends on pulse spectral bandwidth, RF amplitude and the T2 values (18).

Further optimization of the adiabatic inversion pulses may result in better preservation of the

ZCC magnetization, and therefore higher SNR.

The current study was limited to ex vivo human cadaveric patellae. In vivo cartilage imaging

is time and subject constrained and this results in decreased spatial resolution, reduced SNR

and motion artifacts. More work will be needed to develop translational imaging of the ZCC

in vivo. This is likely to include further optimization of the DIR-UTE sequences, more

advanced reconstruction techniques and high performance localized coils. However, the use

of ex vivo data is a critical first step in the establishment and validation of sophisticated MR

pulse sequences and the quantitative information generated by them.

There are several limitations of this study. First, the sample size was small. More samples

would help investigate the ranges of T2*, T1 and T1ρ of the ZCC, especially in normal and

abnormal patellae. Second, reference standards such as histology and polarized light

microscopy (PLM) were not performed. The correlation between quantitative DIR-UTE MR

findings and histopathological scores will be investigated in future studies. Third, the DIR-

UTE signal may represent not only the ZCC, but part of the deepest radial layer of articular

cartilage due to limited spatial resolution. Our previous study show that the DIR-UTE signal

near the osteochondral junction included the deepest layer of uncalcified cartilage and
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calcified cartilage, with no definite contribution from the subchondral bone (41). Fourth, the

magic angle effect is a potential limitation of applying this technique, and was not

investigated in this study. UTE imaging of the patellae at a series of angular orientations

relative to the B0 field would help illustrating the angular dependence of T1, T2* and T1ρ

values (26, 27). Fifth, the T2 of the ZCC was not investigated in our study. T2 measurement

is more challenging due to the requirement for a 180° refocusing pulse. A rectangular 180°

pulse may take 500 μs or longer due to the relatively low peak RF power available on

clinical MR scanners. Since the T2* of the ZCC is comparable with the duration of the 180°

pulse, it is difficult to refocus the transverse magnetization of the ZCC for T2 measurement.

Sixth, the DIR-UTE sequences are based on 2D UTE imaging, therefore subject to partial

volume effect in imaging fine structures such as the ZCC (<0.1 mm) using a relatively thick

slice (e.g. 0.7 mm). However, this partial volume effect may have a more limited affect on

the quantification of T2* and T1ρ values, since the DIR preparation pulse efficiently

suppresses signals from long T2 water and fat. The 3D DIR-UTE sequences may allow more

accurate depiction and quantitative evaluation of the ZCC (42), and will be investigated in

the future.

Conclusion

The 2D DIR-UTE sequences can be used to robustly image the ZCC with high signal and

image contrast, and to quantify the T2*, T1 and T1ρ. These measurements may be useful for

non-invasive assessment of the ZCC.
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Figure 1.
(A) The DIR-UTE pulse sequence. This combines half pulse excitation, radial ramp

sampling and dual adiabatic inversion pulses to selectively image the ZCC with a nominal

TE of 8 μs. The longitudinal magnetization of the superficial layers of cartilage and marrow

fat are inverted and nulled by the two adiabatic inversion pulses. The corresponding radial k-

space trajectories are shown in (B). (C) The spin-locking prepared DIR-UTE sequence

combines a regular DIR-UTE sequence with a spin-locking preparation pulse, which

consists of a hard 90° pulse followed by a spin-locking field and another -90° hard pulse.
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Figure 2.
Data acquisition scheme for the DIR-UTE sequence. The first adiabatic IR pulse is centered

near the water peak and the second adiabatic IR pulse is centered near the fat peak. The

longitudinal magnetization for the ZCC is not inverted but largely saturated by each of the

two adiabatic IR pulses. UTE acquisition starts at a time delay of TI-1 to invert and null the

longitudinal magnetization of the superficial layers of cartilage, and a time delay of TI-2 to

invert and null the longitudinal magnetization of marrow fat. Signal from the ZCC recovered

during TI-2 is detected by subsequent UTE data acquisition, creating high image contrast for

the ZCC.
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Figure 3.
UTE imaging of a phantom consisting of a tube of water, a tube of fat and a piece of eraser

rubber with a short T2* (A). UTE imaging with the adiabatic inversion pulse centered on the

water peak completely nulls the water signal but the fat signal remains high (B). UTE

imaging with the adiabatic inversion pulse centered on the fat peak significantly suppressed

the fat signal but the water signal remains high (C). The DIR-UTE technique suppresses

both water and fat, leaving a high contrast image of the rubber (D). The ring artifacts

surrounding the fat tube and rubber are due to off-resonance effects.
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Figure 4.
Imaging of a patella slab using PD-FSE (A), T1-FSE (B), regular UTE (C) and DIR-UTE

(D) sequences, respectively. The clinical FSE sequences show a signal void for the ZCC (A,

B). The regular UTE sequence shows high signal for the ZCC, but provides little contrast

between the ZCC (arrows) and the superficial layers of cartilage (C). The DIR-UTE

sequence selectively suppresses signals from fat and the superficial layers of cartilage,

creating high contrast for the ZCC which is shows as a linear, well-defined area of high

signal (thin arrows) ) (D). There is a reduction in signal and increase in thickness from the

ZCC in the lateral part of the patella (thick arrows) where morphological degradation was

observed.
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Figure 5.
Imaging of a normal patella sample using PD-FSE (A), T1-FSE (B), GRE (C), regular UTE

(D) and DIR-UTE (E) sequences. The clinical FSE and GRE sequences show a signal void

for the ZCC. The regular UTE sequence shows high signal but low contrast for the ZCC

(arrows). This is shown with high contrast by the DIR-UTE sequence (E).
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Figure 6.
DIR-UTE imaging of the ZCC at a series of TEs of 8 μs (A), 200 μs (B), 500 μs (C), 1 ms

(D), 1.5 ms (E), 2 ms (F), 3.5 ms (G), 5 ms (H), 7.5 ms (I), 10 ms (J), as well as single

component exponential fitting to the decay curve (K). There is loss of signal with increasing

TE (A-J). The decay curve (K) shows a short T2* of 1.79 ms for the ZCC.
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Figure 7.
DIR-UTE imaging of the ZCC at a series of TEs of 8 μs (A), 1 ms (B), 4 ms (C) and 12 ms

(D), as well as DIR-UTE T1ρ imaging of the ZCC at a series of TSLs of 0.02 ms (E), 1 ms

(F), 4 ms (G) and 12 ms (H). Fat saturated UTE imaging of the same patella at a series of

TEs of 8 μs (I), 1 ms (J), 4 ms (K) and 12 ms (L) are also displayed for comparison. There is

progressive loss of signal from (A) to (D) and from (E) to (H). Fat saturation alone provides

poor delineation of the ZCC (I-L).
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Figure 8.
Single component curve fitting shows a short T2* of 3.26 ± 0.23 ms (A) and a T1ρ of 4.61 ±

0.07 ms (B) for the ZCC of the patella shown in Figure 7. In comparison, the rubber stopper

in the syringe has a short T2* of 0.38 ± 0.01 ms (C) and a T1ρ of 6.09 ± 2.21 ms (D).
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Table 2

Quantitative measurements of T2*, T1 and T1ρ of the ZCC. Minimum, maximum, mean and standard

deviation derived from six patellae were displayed.

Min Max Mean ± Std

T2* 1.0 3.3 2.0 ± 1.2

T1 256 389 305 ± 45

T1ρ 2.2 4.6 3.6 ±1.2
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