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Steady-State Diffusion-Weighted Imaging
of In Vivo Knee Cartilage
Karla L. Miller,1* Brian A. Hargreaves,1 Garry E. Gold,2 and John M. Pauly1
Diffusion-weighted imaging (DWI) has strong potential as a
diagnostic for early cartilage damage, with clinical impact for
diseases such as osteoarthritis. However, in vivo DWI of cartilage has proven difﬁcult with conventional methods due to the
short T2. This work presents a 3D steady-state DWI sequence
that is able to image short-T2 species with high SNR. When
combined with 2D navigator correction of motion-induced
phase artifacts, this method enables high resolution in vivo DWI
of cartilage. In vivo knee images in healthy subjects are presented with high SNR (SNR ⴝ 110) and submillimeter in-plane
resolution (0.5 ⴛ 0.7 ⴛ 3.0 mm3). A method for ﬁtting the diffusion coefﬁcient is presented which produces ﬁts within 10% of
literature values. This method should be applicable to other
short-T2 tissues, such as muscle, which are difﬁcult to image
using traditional DWI methods. Magn Reson Med 51:394 –398,
2004. © 2004 Wiley-Liss, Inc.
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The development of tools for diagnosing and monitoring
the progression of osteoarthritis (OA) is of considerable
clinical interest (1). A number of MRI techniques have
been proposed as potential OA diagnostics in recent years.
T2-mapping can detect collagen loss, but requires long
scan times (2). Delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) is sensitive to early changes in proteoglycan content, but is time-consuming and requires a contrast injection (3). Sodium imaging is also useful for imaging proteoglycan depletion, but has low SNR and requires
special hardware due to the shifted resonance frequency of
sodium (4). A promising alternative to these methods is
diffusion-weighted imaging (DWI) (5,6), which reﬂects tissue structure and may detect early cartilage matrix damage
(7,8).
While a number of in vitro studies have been performed
(5–10), in vivo DWI of cartilage has proven difﬁcult for two
reasons. First, the short T2 of cartilage (20 – 40 ms (6))
causes low SNR in standard DWI techniques such as spin
echo (SE-DWI), which require long echo times. While this
issue can be addressed with extensive averaging in vitro,
poor SNR is a signiﬁcant obstacle for in vivo DWI of
cartilage (11). Second, the sensitivity of DWI to even small
subject motion makes it difﬁcult to achieve the high resolution needed for the assessment of cartilage. To achieve
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the necessary resolution, multishot readouts with navigator motion correction are required (12,13).
This work presents a method for DWI of cartilage that is
based on steady-state DWI (SS-DWI) (14). SS-DWI achieves
strong diffusion weighting with high SNR for short-T2
species. Navigated correction of motion artifacts has recently been developed for 2D SS-DWI, enabling high-SNR,
high-resolution diffusion images of the brain (15). This
work extends the latter technique to 3D, with speciﬁc
application to knee cartilage. In vivo results are presented,
including quantitative measurements of the diffusion coefﬁcient, which has previously proven difﬁcult with SSDWI (16,17). This sequence enables high-resolution, highSNR, 3D DWI of in vivo knee cartilage in reasonable imaging times. This method should also be applicable to
other short-T2 tissues, such as muscle, which are difﬁcult
to image using traditional DWI methods.
THEORY
This work describes the 3D navigated steady-state DWI
sequence diagrammed in Fig. 1. This sequence consists of
a slab-selective RF excitation followed by a large, unbalanced diffusion gradient (which can be applied along any
direction, but is shown on the z-axis in Fig. 1). This gradient is followed by two readouts, a low-resolution 2D
navigator and a high-resolution 3D multishot readout (respectively, a spiral and 3DFT in Fig. 1). The components of
this sequence and its application to cartilage imaging are
discussed below.
Steady-State DWI
Diffusion weighting is usually added to a pulse sequence
with a pair of large gradients with the same area but
opposite polarity (referred to as a “bipolar” gradient set).
Diffusive motion between the lobes of the bipolar pulse
result in phase dispersion, and therefore signal attenuation. SS-DWI is able to obtain similar diffusion weighting
with a single, unbalanced gradient (Fig. 1) (14) by creating
a steady state in which an effective bipolar set is formed
from this single gradient over multiple TRs.
It is helpful to consider the steady-state signal as a
summation of echoes, where each echo is described by the
orientation of the magnetization (transverse or longitudinal) during the preceding periods. Figure 2a shows an
example echo. In this echo, the magnetization excited
during the ﬁrst transverse period is dephased by the diffusion gradient, tipped longitudinal by the next RF pulse,
and reenters the transverse plane 4 TRs later. The magnetization only forms an echo in this ﬁnal repetition period,
when the diffusion gradient rephases the signal (see Fig.
2b). If spins have diffused during the intervening longitudinal periods, the magnetization is incompletely refo-
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an even number of transverse periods, the signal is dominated by echoes that experience only two transverse periods (16) (i.e., spin and stimulated echoes). By considering
only coherence pathways with two transverse periods, the
signal attenuation AM can be approximated as (16):
AM ⫽
FIG. 1. Navigated 3D SS-DWI pulse sequence with a 3DFT acquisition and a 2D spiral navigator. As the sequence rapidly repeats,
the magnetization achieves a diffusion-weighted steady state.

cused, resulting in diffusion contrast. The total signal is a
summation of echoes similar to that depicted in Fig. 2a,
each with a different number of longitudinal periods. The
amount of attenuation a given echo experiences depends
on the length of time spins are allowed to diffuse, which is
proportional to the number of longitudinal periods. Echoes with a large number of longitudinal periods experience
heavy diffusion weighting.
SS-DWI enables the imaging of short-T2 species, provided the T1 is not also short. As described above, most of
the diffusion weighting in SS-DWI results from the inclusion of echoes with a large number of longitudinal periods.
During these longitudinal periods, the signal is decaying
according to T1 rather than T2 (see Fig. 2c). This mechanism enables strong diffusion weighting with minimal T2
decay, which is ideal for cartilage.
Diffusion Coefﬁcient Calculations
Since the SS-DWI signal is a weighted summation of many
diffusion-weighted echoes, there is a fairly complicated
signal dependence on T1, T2, D, and ﬂip angle (␣). While
the full signal expression includes all possible echoes with

FIG. 2. Relaxation and diffusion gradient effects on an example
echo pathway in SS-DWI. a: The example echo pathway consists of
two transverse periods separated by 4 longitudinal periods. b: The
diffusion gradient dephases the signal in the ﬁrst transverse period
and rephases the signal to form an echo in the second transverse
period. Diffusive motion during the longitudinal periods causes signal attenuation. c: The echo decays according to T1 during the
longitudinal periods, allowing long diffusion times without signiﬁcant
signal loss due to T2 decay.

M共G兲 AD 共1 ⫹ AD E1 兲共1 ⫺ E1 cos(␣))
⫽
M共0兲
(1 ⫹ E1 )(1⫺ADE1cos␣)

[1]

where AD ⫽ exp(–(␥ G)2TRD) is the diffusion attenuation
factor for a diffusion gradient of strength G and duration ,
and E1 ⫽ exp(–TR/T1). Equation 1 is independent of T2
since all of the echoes have the same T2 weighting. This
approximation is accurate provided TR ⱖ T2 and the ﬂip
angle is small. As illustrated in ﬁg. 2 of Ref. 16, the constraint on the ﬂip angle is lessened as the TR becomes long,
albeit with an accompanying loss of SNR.
Equation 1 has a different form from the attenuation of
standard DWI methods, for which AM ⫽ exp(–bD). For
convenience of description, we will refer to the diffusion weighting of our sequence with the b-value which
would give equivalent attenuation in cartilage (D ⫽
0.00145 s/mm2 (6,9)). This allows direct comparison of
the diffusion weighting of cartilage in our sequence with
standard DWI methods.
Given T1, Eq. 1 involves a single unknown, D, which can
be ﬁt using standard nonlinear optimization methods. This
procedure should be both simpler and less error-prone
than previous methods, which have attempted to ﬁt the
full expression for the SS-DWI signal using either assumed
T1 and T2 (16) or phantom calibrations (17). In this study,
we assume T1 ⫽ 800 ms (9,18) and ﬁt D to Eq. 1 from
several measurements with varying diffusion gradient
area. As discussed below, simulations indicate that large

FIG. 3. 3D diffusion-weighted knee images acquired using steadystate DWI with three levels of diffusion weighting. The cartilage
signal is attenuated with increasing b.
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plane, where the knee might rotate or shift. The knee might
also shift in the superior–inferior (S/I) direction, but more
complex motions in this direction are less likely. Depending on the direction of diffusion encoding, a shift in the S/I
direction may cause a constant phase offset, but no higherorder terms (12), indicating that a 2D axial navigator (i.e.,
at kz ⫽ 0) should be sufﬁcient to correct motion-induced
phase errors.
MATERIALS AND METHODS

FIG. 4. 3D diffusion-weighted knee images before and after navigator correction. Arrows indicate motion artifacts removed by the
correction. The navigator correction removes ghosting and blurring
artifacts from the cartilage. These images are windowed harshly to
accentuate artifacts.

errors in the T1 used in the ﬁt introduce a fairly small bias
(ⱕ10%) to the ﬁtted value of D.
Navigator Correction
Bulk motion in DWI results in phase offsets and causes
image artifacts in multishot acquisitions when this phase
varies from one readout to another (13). These motioninduced errors can be removed based on a low-resolution,
full-FOV phase reference known as a navigator (19). In
each excitation, the same navigator is acquired along with
the current high-resolution data frame. The navigator is
used to correct phase disturbances in the high-resolution
data before the individual readouts are combined to make
an image. The correction used here is an approximation to
the least-squares optimal reconstruction of phase-corrupted DWI data (15).
Removal of all possible phase errors in a 3D dataset
would require acquisition of a 3D navigator every TR.
However, motion in the knee is likely to be restricted. The
primary motion during scanning is likely to be in the axial

In vivo images of the patellar–femoral joint were acquired
in three healthy subjects on a 1.5 T Signa LX scanner (40
mT/m maximum gradient amplitude, 150 T/m/s maximum gradient slew rate) using a 7.5 cm surface coil centered on the patella. Axial images were gathered through
the articular cartilage covering a 14 ⫻ 14 ⫻ 4.8 cm3 FOV in
a 256 ⫻ 192 ⫻ 16 matrix for 0.5 ⫻ 0.7 ⫻ 3.0 mm2 voxel
resolution. Spiral navigators were acquired in the kz ⫽ 0
plane over a 14 ⫻ 14 cm2 FOV in a 4 ⫻ 4 matrix. The
SS-DWI sequence utilized TR ⫽ 30 ms and ␣ ⫽ 25° to
satisfy the constraints on Eq. 1. Diffusion gradients of
strength G ⫽ 7.8, 15, 27.5, and 40 mT/m were applied for
 ⫽ 5.5 ms, causing signal attenuation in cartilage equivalent to b ⫽ 30, 115, 350, 630 s/mm2. The subject was
stabilized using a knee-high plastic brace loosely mounted
on the patient bed. Three averages were acquired for a total
scan time for each b-value of 4:40. The diffusion-weighted
data was ﬁt on a voxel-by-voxel basis to Eq. 1 using the
nonlinear, bounded Golden Section search algorithm (20)
provided in Matlab (MathWorks, Natick, MA). The ﬁt used
an RMS-error (l2-norm) cost function and bounds 0.0 ⱕ
D ⱕ 0.01 mm2/s.
RESULTS
Figure 3 shows 3D SS-DWI knee images with varying
levels of diffusion weighting obtained on a healthy volunteer. These images have been navigator-corrected to remove motion artifacts. The cartilage has high signal at
low levels of diffusion weighting (SNR ⬇ 110 in the b ⫽
30 s/mm2 image), and is attenuated at increasing b-values
due to the relatively high diffusion coefﬁcient of cartilage.
Navigator correction was crucial in generating usable images, particularly at higher levels of diffusion weighting.
Figure 4 shows a typical b ⫽ 630 s/mm2 image before and

FIG. 5. Diffusion maps for three representative slices in the 3D SS-DWI acquisition (bottom row) along with the b ⫽
115 s/mm2 images for anatomical references (top row). The values ﬁt for the
diffusion coefﬁcient (D) are in the range
of literature values (0.00145 mm2/s).
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after navigator correction. The navigator correction removes the ghosting and blurring artifacts found in the
uncorrected image.
Figure 5 shows diffusion coefﬁcient (D) ﬁts for three
contiguous slices from a 3D SS-DWI dataset. The D-maps
have high SNR in cartilage, indicating a well-conditioned
ﬁt to the data. The average diffusion coefﬁcient over an
ROI of pure cartilage (433 voxels identiﬁed from the b ⫽
115 s/mm2 anatomical image) is 0.0016 mm2/s, slightly
higher than in vitro literature values of about
0.00145 mm2/s (6,9). This slight overestimate may be due
to a bias in the ﬁtting procedure itself, or may simply
reﬂect the existence of synovial ﬂuid in the ROI.
Previous work has reported characteristic spatial heterogeneity in cartilage, with low D and T2 at the bone–
cartilage interface, which increase across the cartilage to
peak at the articular surface (2,6). Figure 6 shows the ﬁtted
diffusion coefﬁcient (solid lines) and the T2-weighted signal from the b ⫽ 115 s/mm2 images (dashed lines) across
the cartilage (both femoral and patellar). These results are
in good qualitative agreement with previous ﬁndings (2,6).
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FIG. 7. Sensitivity of the diffusion coefﬁcient ﬁt (Dﬁt) to the ﬂip angle
and T1 used in the ﬁt. Data was simulated as described in the text.
The dashed lines in the plots above represent the “actual” values
used to generate the simulated data. The diffusion coefﬁcient was ﬁt
to the simulated data for a range of (incorrect) values for ␣ and T1 to
evaluate the sensitivity of the ﬁt to errors in these parameters.

DISCUSSION
Quantiﬁcation of D with SS-DWI requires care due to the
fairly complicated signal dependence on tissue parameters
and ﬂip angle (16). To evaluate the sensitivity of our ﬁtting
procedure to errors in the ﬂip angle and T1, ﬁts were made
to simulated data generated from the full expression for
the SS-DWI signal (16). Simulations used the imaging parameters from our experiments (TR ⫽ 30 ms, G ⫽
7.8,15,27.5,40 mT/m,  ⫽ 5.5 ms, ␣ ⫽ 25°), and the approximate tissue parameters for cartilage (T2 ⫽ 30 ms, T1 ⫽
800 ms, D ⫽ 0.0015 mm2/s). In each ﬁt, either the ﬂip angle
or the T1 used in the ﬁt was varied to simulate the effect of
an incorrect estimate of the given parameter. Each ﬁt was
repeated 200 times with varying Gaussian noise that
matched our experimental SNR ⬇ 110.
The results of these simulations are shown in Fig. 7. The
ﬁtting procedure is sensitive to errors in the ﬂip angle (Fig.
7a), reﬂecting the strong dependence of the diffusion
weighting on ﬂip angle. The use of a 3D acquisition essentially removes any slice proﬁle effects that may complicate

the ﬁtting procedure (16). However, quantiﬁcation of D
still requires an accurate ﬂip angle. Careful calibration of
the excitation pulse produced the data presented above,
which is within 10% literature values. The ﬁtting procedure is largely unaffected by the value of T1 used in the ﬁt
(see Fig. 7b). Although the choice of T1 introduces a bias to
the ﬁt (where underestimating T1 causes an overestimate
of D), this bias is relatively small.
CONCLUSIONS
We have presented a method for diffusion imaging of
cartilage based on steady-state DWI (SS-DWI). This
method obtains high SNR in vivo images of cartilage with
strong diffusion weighting despite the short T2 of cartilage.
Navigator correction of motion artifacts is crucial due to
the strong sensitivity of the method to even minor subject
motion. We have presented high-SNR 3D in vivo DWI of
cartilage with submillimeter in-plane resolution and reasonable scan times. Fitted values of the diffusion coefﬁcient were within 10% of literature values. Quantiﬁcation
with this method requires careful calibration of the ﬂip
angle due to the strong sensitivity of SS-DWI to ﬂip angle.
This technique should allow for diffusion-weighted imaging of the knee in the clinical setting, and may be useful in
other tissues with short-T2.
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