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Abstract
Objective To validate a radial imaging spin-echo diffusion tensor (RAISED) sequence for high-resolution diffusion tensor
imaging (DTI) of articular cartilage at 3 T.
Methods The RAISED sequence implementation is described, including the used non-linear motion correction algorithm. The
robustness to eddy currents was tested on phantoms, and accuracy of measurement was assessed with measurements of
temperature-dependent diffusion of free water. Motion correction was validated by comparing RAISED with single-shot diffu-
sion-weighted echo-planar imaging (EPI) measures. DTI was acquired in asymptomatic subjects (n = 6) and subjects with
doubtful (Kellgren-Lawrence [KL] grade 1, n = 9) and mild (KL = 2, n = 9) symptomatic knee osteoarthritis (OA). MD and
FA values without correction, and after all corrections, were calculated. A test-retest evaluation of the DTI acquisition on three
asymptomatic and three OA subjects was also performed.
Results The root mean squared coefficient of variation of the global test-restest reproducibility was 3.54% for MD and 5.34% for
FA. MD was significantly increased in both femoral condyles (7–9%) of KL 1 and in the medial (11–17%) and lateral (10–12%)
compartments of KL 2 subjects. Averaged FA presented a trend of lower values with increasing KL grade, which was significant
for the medial femoral condyle (-11%) of KL 1 and all three compartments in KL 2 subjects (-18 to -11%). Group differences in
MD and FAwere only significant after motion correction.
Conclusion The RAISED sequence with the proposed reconstruction framework provides reproducible assessment of DTI
parameters in vivo at 3 T and potentially the early stages of the disease in large regions of interest.
Key Points
• DTI of articular cartilage is feasible at 3T with a multi-shot RAISED sequence with non-linear motion correction.
• RAISED sequence allows estimation of the diffusion indices MD and FA with test-retest errors below 4% (MD) and 6% (FA).
• RAISED-based measurement of DTI of articular cartilage with non-linear motion correction holds potential to differentiate
healthy from OA subjects.

Keywords Articular cartilage . Diffusion tensor imaging . Osteoarthritis . Reproducibility of results . Magnetic resonance
imaging

Abbreviations
CV Coefficient of variation
DTI Diffusion tensor imaging
EPI Echo-planar imaging

FA Fractional anisotropy
FT Femoral trochlea
KL Kellgren-Lawrence score
LFC Lateral femoral condyle
LT Lateral tibia
MD Mean diffusivity
MFC Medial femoral condyle
MRI Magnetic resonance imaging
MT Medial tibia
OA Osteoarthritis
P Patella
PG Proteoglycan
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RAISED Radial imaging spin-echo diffusion
tensor

SE Spin echo
SNR Signal-to-noise ratio

Introduction

Diffusion tensor imaging (DTI) of articular cartilage is a novel
application that has the potential to assess compositional and
structural properties of articular cartilage as a biomarker for
osteoarthritis (OA) [1–7]. In vivo measurement of DTI of the
articular cartilage is technically challenging due to the require-
ments of spatial resolution (~ 0.6 mm in-plane) and the short
T2-relaxation time of cartilage (~ 30ms). Thus, it has not been
until recently that first studies have shown diagnostic value of
DTI for OA, first at high fields (7 T) and later at 3 T [8–10].
Spin-echo (SE)-based sequences offer many advantages in
performing DTI of articular cartilage since they provide ex-
cellent image quality, have SNR efficiency, and are insensitive
to B0 and B1 inhomogeneity [11]. The principal drawbacks of
SE sequences are their long acquisition times, and sensitivity
to motion due to its sequential acquisition of the k-space.

To overcome these limitations, we implemented a radial
imaging spin-echo diffusion tensor (RAISED) pulse se-
quence. The RAISED pulse sequence uses a radial acquisi-
tion that allows for higher undersampling rates (acceleration
factor) as compared to Cartesian acquisition while preserv-
ing image quality. To avoid motion artifacts caused by the
diffusion gradients, a 2D echo-planar readout was added
after each radial acquisition (spoke) for non-linear motion
correction [12]. Since articular cartilage is only a few milli-
meters in thickness, a careful validation of RAISED se-
quence is required to demonstrate that it can perform accu-
rate measurements. Particularly problematic, is the presence
of eddy currents that can cause both geometric distortion
and changes in the signal intensity depending on the polar-
ity of the diffusion gradients.

The purpose of this work was to investigate the feasibility
of DTI of articular cartilage at 3 T using the RAISED se-
quence. In particular, our objectives were to (1) validate the
RAISED sequence in phantoms for accuracy and robustness;
(2) establish the technical feasibility of RAISED for in vivo
imaging on healthy controls and OA subjects.

Materials and methods

MRI protocol

MRI was performed on a 3 T whole-body MRI scanner
(Prisma Magnetom, Siemens Healthineers) using a birdcage
transmit, 15-channel receive knee coil from the same vendor.

The RAISED sequence is shown in Fig. 1a. The sequence
includes a non-selective fat-saturation block with a spin-echo
diffusion-weighted preparation, followed by a radial readout
and a monopolar 2D echo-planar imaging (EPI) acquisiton for
non-linear phase correction. In particular, the RAISED images
were acquired with a TE/TR = 39/1400 ms using 105 radial
views (spokes) per slice with a bandwidth of 280 Hz/pixel.
Fifteen sagittal slices were acquired from each subject with a
slice thickness of 3 mm and an in-plane resolution of 0.6 ×
0.6 mm2 (208 × 208 acquisition matrix). One b0 image and
six diffusion-weighted images with a b value of 300 s/mm2

were acquired (Δ = 14 ms, δ = 9 ms, six directions obtained
from Downhill Simplex Minimization, DSM-6 [13]) with
acquisition time 17:50 min. The navigator was acquired

Fig. 1 a Diagram of the RAISED sequence that includes a fat saturation
block (light green), followed by a 90 degree excitation (cyan), diffusion
encoding (light blue), refocusing (dark blue), diffusion de-coding (light
blue), readout (purple), and EPI navigator (red). The readout gradients
change orientation for all acquisitions. b Summary of the image
reconstruction pipeline for the RAISED data including non-linear phase
correction and image registration
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with a 32 × 32 matrix (4.8 × 4.8 mm2) using a monopolar EPI
readout with a bandwidth of 800 Hz/Px and a partial Fourier
of 6/8. The imaging protocols for phantom and in vivo clinical
scans were the same, but the TR of phantom imaging was
reduced to 1150 ms in order to provide a similar SNR to that
of in vivo measurements. All knee images were acquired in
the sagittal plane-oriented perpendicular to the tangent line to
the posterior aspects of the femoral condyles.

Sequence validation

RAISED was validated for accuracy of water diffusion data
at different temperatures, starting from room temperature
(17 °C) to 38 °C. For room temperature measurements, the
phantom was kept in the MRI scanner suite for at least 24 h
before MRI. The water phantom was heated on an incubator
for at least 2 h and placed in an insulating recipient for MRI.
Phantom temperature was measured with a laser thermom-
eter just before the MRI scan. Our diffusion measurements
were compared to published measurements of water diffu-
sivity in a similar range of temperatures, [14–17] using an
Arrhenius plot available online [18].

We tested the sensitivity of the RAISED sequence to eddy
currents. Depending on the polarity of the diffusion gradients,
eddy currents can cause changes to the signal intensity, as well
as geometric distortions [19, 20]. In particular, we looked for
differences in signal intensity or geometric distortions be-
tween images acquired with opposite diffusion gradient-
encoding polarities. Diffusion-weighted images were acquired
with the gradients in two polarities along each direction in the
magnet reference system (± X, ± Y, ± Z). For each diffusion
polarity, three repetitions were acquired. All images were
acquired transversal to the phantom. The average signal inten-
sity was calculated in a region of interest placed in the center
of the phantom (kept the same for all measurements). For each
direction (X, Y, Z), we tested if the difference in average signal
between images acquired with different polarities (e.g., + X
and – X) were the same as the differences between repetitions
with the same direction and polarity (e.g., + X and + X).

Geometrical distortions were assessed using our segmen-
tation tool that allows for accurate sub-voxel segmentation
[21]. The segmentation program generates a polygonal con-
tour around the phantom with points placed at a distance
less than 0.5 voxel size. The geometric difference of two
segmentations was calculated as the average minimum dis-
tance of each point in the contour of one segmentation to all
the contour points in the second segmentation. We tested if
the geometric difference between segmentations of images
acquired with different polarities was significantly larger
than the geometric differences between segmentations of
images acquired with the same polarity.

Finally, we tested that the motion-corrected diffusion
values measured in vivo are not biased compared to a

single-shot EPI sequence unaffected by motion. EPI and
RAISED sequences were acquired in the right calf muscle of
three healthy volunteers with the same diffusion parameters as
in cartilage measurements (b value = 300 s/mm2, Δ = 14 ms,
δ = 9 ms, 6 directions DSM-6) and identical resolution (1.6 ×
1.6 mm2).We use the calf since EPI in joints have sub-optimal
resolution for the thin cartilage (~ 2 mm) and is affected by
off-resonance artifacts. ROIs were drawn in the soleus and the
gastrocnemius muscle groups on the RAISED b0 images. The
same ROIs were used for the EPI images after visual inspec-
tion that any artifact affected ROIs in EPI images. For each
ROI, the meanMD and FAwas calculated using the parameter
maps obtained from EPI, RAISED without motion correction,
and RAISED after motion correction.

Participants

MRI of the dominant knee was performed on six volunteers
and on the symptomatic knees of 18 patients with tibiofemoral
knee OA. Volunteer exclusion criteria were any episodes of
continued knee pain in the past 3 years and any history of knee
surgery or trauma. OA patients in the cohort had to fulfill the
clinical criteria of the American College of Rheumatology or
the diagnosis of knee OA [22]. Exclusion criteria were any
contraindication to MRI, pregnancy, history of any other form
of arthritis, and administration of hyaluronan or corticosteroid
injection to the affected knee in the 3 months before MRI.
Standardized X-rays using the Syna-Flexer® position frame
were available from the subjects within 1 week of the MRI.
Kellgren-Lawrence (KL) grade was assessed in X-rays [3]. A
subset of three healthy and three OA subjects were scanned
three times to assess test-retest reproducibility. The first two
scans were acquired back-to-back allowing for patient reposi-
tion between scans. The third scan was acquired a week later.
The study was approved by the Institutional Review Board
and performed in compliance with HIPAA regulations. All
subjects provided written informed consent.

Image processing

For motion correction RAISED reconstruction, we used the
method described in Miller et al (Fig. 1b) [12]. Briefly, the
2D back projection was calculated for each spoke, fromwhich
the phase of the 2D EPI navigator was subtracted. For each
received channel, an image was generated by summing all
motion-corrected back projections and the final image was
calculated as the sum of squares over all channels.

The last step of image reconstruction before calculating the
diffusion parameters was to register the different diffusion-
weighted images. A sub-voxel image registration algorithm
was selected that uses cross-correlation of the Fourier trans-
form of the images that is freely available in Matlab [23, 24].
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This registration method allows for sub-voxel accurate trans-
lation registration of the images.

Articular cartilage was segmented in the b0 images
(T2-weighted images) using in-house software PaCaSe
[21]. After identifying the maximum height of the
intercondylar fossa, the femoral cartilage was then
subdivided into the trochlea, the lateral condyle, and the
medial condyle. In total, we considered six cartilage
plates for our analysis: femoral trochlea (FT), lateral fem-
oral condyle (LFC), medial femoral condyle (MFC), me-
dial tibia (MT), lateral tibia (LT), and the patella (P).
Mean and standard deviation of MD and FA were calcu-
lated for each cartilage plate.

MD and FAwere calculated using custom routines from the
motion-corrected diffusion-weighted images [25]. The impact
in MD and FA of each processing step was assessed through
the average MD and FA values of the medial femoro-tibial
compartment of healthy (n = 5, KL 0) and OA KL 2 subjects
(n = 6) without correction, after motion correction, and after
motion correction plus registration.

The signal-to-noise ratio (SNR) was calculated by dividing
the signal intensity by the standard deviation of noise,σ. Since
no filters were used and the channels were combined using the
sum of squares, σ was calculated by fitting a noncentral χ2

distribution to the background noise [26].

Statistical analysis

Paired and unpaired t test were used to compare two
groups of parameters (e.g., derived from OA vs. healthy
subjects) after the data was confirmed as normally distrib-
uted via the non-parametric Kolmogorov-Smirnov test.
Comparisons of more than two groups (e.g., differences
across cartilage plates) were performed with the one-way
analysis of variance (ANOVA) test with Bonferroni cor-
rection. The concordance correlation coefficient (ρc) was
used to measure the level of agreement of the diffusion
measurements at different temperatures with those derived
from the literature [27]. Bland-Altman plots were used to
compare RAISED diffusion measurements with single-
shot diffusion-weighted EPI as a standard of reference.
Test-retest reproducibility was reported as the root mean
square of the coefficient of variation over the three scans
for each parameter and cartilage plate. An overall p value
of 0.05 was chosen to indicate statistical significance.

Results

Validation of the RAISED pulse sequence

When compared with the diffusivity of free water published in
the literature, the measurement of diffusivity in MR scanner

showed a high concordance correlation coefficient (ρc) of
0.996 with a 95% confidence interval (0.985, 0.999)
(Fig. 2). The root mean square error of the measured diffusiv-
ity was 0.028 × 10-3 mm2/s corresponding to 1.28% error
(range -1.8 to 2.1%).

There was no measurable effect due to eddy currents.
Differences in signal intensity of images acquired with oppo-
site polarity of the diffusion gradients was + 0.06 ± 0.20%,
and differences of acquisitions with the same polarity was −
0.01 ± 0.15%. There was no statistical significance between
images of the same and opposite polarity.

The average geometric difference of the segmentations
of the images acquired with opposite polarities was 0.07
± 0.11 mm, equivalent to 10% of in-plane resolution,
which was not different to the differences between
same-polarity repeated segmentations (0.06 ± 0.09 mm).
Differences in MD and FA calculated from acquisitions
with opposite diffusion gradient directions were (1.9 ±
0.8%) and (3.3 ± 1.2%), similar to the error produced by
rescanning with the same gradient polarity (MD 1.7 ±
0.3%, FA 3.1 ± 0.7%). SNR of phantom measurements
was 38.0 ± 7.2, slightly higher than in our in vivo mea-
surements (see BMotion correction^).

Comparison of EPI and motion-corrected RAISED diffu-
sion parameters showed no statistically significant bias neither
in MD (p = 0.17, difference in MD = [0.011 ± 0.041] ×
10-3 mm2/s, average coefficient of variation [CV] = 1.8%),
nor in FA (p = 0.08, difference FA = 0.015 ± 0.045, average
CV = 7.5%). Figure 2 shows Bland-Altman plots of MD and
FA values acquired with EPI as our standard of reference and
RAISED pulse sequences with (left column) and without
(right column) motion correction.

Fig. 2 Mean diffusivity of water phantoms at different temperatures and
comparison with literature values. The graph represents the MD from the
literature in the abscissa and the MD measured with the RAISED
sequence on the ordinate. Bars represent twice the standard deviation
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Participants

Healthy volunteers included three female and three male sub-
jects with a mean age of 43.5 ± 6.5 years (range 32–57 years),
BMI 26.9 ± 5.1 kg/m2 (range 23.3–34.8 kg/m2). Eighteen OA
patients were included with mean age 55.0 ± 7.6 years (range
45–67 years), and average BMI of 26.8 ± 7.3 kg/m2 (range
21.0–42.7 kg/m2). Nine OA subject were classified as KL
grade 1 (five female, age 53.8 ± 5.9 years, BMI: 26.7 ±
3.8 kg/m2) and nine as KL grade 2 (six female, age: 56.2 ±
9.6 years, BMI: 26.9 ± 5.2 kg/m2). One-way ANOVA did

show a statistical significant difference in age among the
groups (p < 0.016), but no BMI difference. Healthy volunteers
were significantly younger than OA patients (p = 0.002), but
there was no age difference between the KL 1 and KL 2
groups (p = 0.61). The difference in BMI between the healthy
and OA groups did not reach statistical significance.

Motion correction

Figures 3 and 4 illustrate the importance of motion
correction. The lack of motion correction led to clear

Fig. 3 Bland-Altman plots comparing the diffusion parameters measured
with the RAISED sequence with (dark gray) and without (light gray)
correction against the values obtained with a single-shot diffusion-
weighted EPI. The thick solid line corresponds to zero difference between
RAISED and EPI measurements, the dashed line represents the mean
difference between RAISED and EPI, and the dot-dash line the two-
sigma range of the difference. The 95% confidence interval of the mean

is indicated by the light gray area around the mean difference. RAISED
values will be biased against the EPI standard of reference if the zero
difference line lies outside the 95% confidence interval of the mean (light
gray area). MD and FA measured with RAISED after using motion cor-
rection do not have a significant bias compared to the EPI parameters
(p > 0.05), but there is a significant bias in the measurements if motion
correction is not applied
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signal loss that was most pronounced in the muscles and
the anterior region of the knee in 83% of the images. Not
registering motion-corrected images introduces character-
istic bands of abnormal MD and FA. The average dis-
placement correction increased with the slice number
from 0%, 10%, 28%, 47%, 58%, 66%, and 76% of the
voxel size.

Table 1 shows the effect of motion correction and
registration in the TM and MFC of KL 0 (n = 5) and
KL 2 (n = 6) subjects. Without motion correction, MD
of the femur and tibia of OA subjects was only + 11%
and + 13% higher than that of healthy subjects and did
not achieve statistical significance. Motion correction re-
sulted in reduced mean MD and FA with less group
variance in both groups (control MD/FA decreased
-16.6/-14.1%; OA MD/FA decreased -7.6/-18.4%),
achieving statistical significance (two sided t test,
p < 0.05).

The mean SNR of the b0 and the diffusion-weighted im-
ages across all subject was 18.3 ± 1.2, 16.5 ± 1.5, and 18.4 ±
2.7 for the femur tibia and patella respectively. Diffusion-
weighted images presented SNR values larger than 10 in all
cartilage plates (11.5 ± 0.8 for the femur, 10.4 ± 0.9 for the
tibia, and 11.4 ± 1.5 for the patella). There were no significant
differences in SNR between healthy and OA subjects in any
cartilage region.

Diffusion in healthy and OA subjects

Figure 5 shows parameter maps from healthy and KL 1 and 2
OA subjects. The averageMD and FAvalues per cartilage plate
for KL 0, 1, and 2 subjects are summarized in Table 2 and a
boxplot of the femoro-tibial compartment is shown in Fig. 6.
Both Table 2 and Fig. 6 show a trend of increased MD and
decreased FA with the KL grade. The medial compartment
(MFC and TM) had the largest variations in OA subjects. We
found significant increased MD in the LFC (+ 7%) and in the
MFC (+ 9%) for KL 1 subjects and in the medial (TM + 17%;
MFC + 11%) and lateral compartments (TL + 12% LFC +
10%) for KL 2 subjects. FA was significantly lower in the
MFC (-11%) of KL 1 subjects, and on the patello-femoral
(FT -14%; P -18%), lateral (TL -1%; LFC -14%) and medial
(MFC -13%) compartments in KL 2 subjects. Test-retest repro-
ducibility is summarized in Table 3 and was below 4% for MD
and 6% for FA for all cartilage plates but for the patella. There
were no differences between the same-day or short-term repro-
ducibility or between KL 0 and KL > 0 subjects.

Discussion

We have implemented and validated the RAISED sequence
with a non-linear motion correction algorithm for DTI of

Fig. 4 Example of image correction in MD and FA cartilage values.
From left to right, the images include the b = 0 and b = 300 s/mm2

images, as well as MD and FA maps overlaid on the b = 0 s/mm2

image. The top row shows reconstructed images without correction.
The middle row contains images after registration, which only aligns
the b300 images to the b0 changing the MD and FA values in the thin

cartilage layer. The bottom row shows images after motion correction
and registration. Notice the higher intensity in the cartilage in the b =
300 s/mm2 diffusion-weighted image and how the area of the patella
is better defined in both images. This results in lower MD and FA.
MD is in units of × 10-3 mm2/s
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articular cartilage. Our validation shows that RAISED se-
quence with a non-linear phase correction provides a repeat-
able measurement of diffusion parameters, with negligible
influence from eddy current or motion artifacts, and
with potential for the early diagnosis of OA.

Motion artifacts in radial sequences lead to decreased sig-
nal intensity due to incoherent addition of radial views
(spokes) that contain inconsistent phase information. Since
motion artifacts in radial images are smeared in all directions,
artifacts are much less striking than typical motion ghosting in
Cartesian sequences. Our results show that motion correction

is critical in recovering the signal loss and in providing accu-
rate diffusion values, even for moderate b values. Miller et al
first illustrated the need for motion correction in diffusion-
weighted imaging of articular cartilage using a 3D steady state
diffusion-weighted imaging (SSDWI) sequence with effective
b values up to 630 s/mm2 [28]. However, most of the studies,

Table 1 Change of average MD
and FAvalues with the processing
steps

MD FA

No correct. Nav. Nav.+reg. No correct. Nav. Nav.+reg.

Healthy TM 1.53 (0.11) 1.39 (0.11) 1.38 (0.09) 0.46 (0.04) 0.45 (0.03) 0.46 (0.05)

OA TM 1.77 (0.23) 1.71 (0.19) 1.62 (0.19) 0.41 (0.05) 0.36 (0.07) 0.42 (0.05)

Healthy MFC 1.67 (0.13) 1.50 (0.09) 1.46 (0.04) 0.53 (0.07) 0.52 (0.03) 0.42 (0.02)

OA MFC 1.74 (0.12) 1.70 (0.11) 1.60 (0.09) 0.46 (0.03) 0.40 (0.04) 0.37 (0.02)

Italicized numbers represent statistically significant difference between the healthy and OA subjects (t test,
p < 0.05). No Correct., reconstruction without correction; Nav., reconstruction with motion correction; Nav.+
reg., reconstruction including motion correction and sub-voxel registration. MD in units of × 10-3 mm2 /s

Fig. 5 Example of MD and FA maps on healthy and OA subjects with
KL 0, 1, and 2 showing increasingMD and decreasing FAwith KL grade

Table 2 Averaged MD and FA per cartilage region and KL score

Cartilage Parameter KL 0 (n = 6) KL 1 (n = 9) KL 2 (n = 9)

TL MD 1.40 (0.07) 1.51 (0.13) 1.57 (0.15)

[1.33–1.48] [1.30–1.71] [1.35–1.87]

FA 0.46 (0.05) 0.42 (0.04) 0.41 (0.04)

[0.42–0.53] [0.37–0.47] [0.34–0.45]

TM MD 1.34 (0.14) 1.48 (0.18) 1.57 (0.19)

[1.13–1.48] [1.24–1.83] [1.38–1.91]

FA 0.49 (0.10) 0.44 (0.03) 0.42 (0.05)

[0.38–0.60] [0.41–0.48] [0.34–0.50]

LFC MD┴ 1.47 (0.10) 1.58 (0.09) 1.62 (0.08)

[1.40–1.58] [1.44–1.69] [1.48–1.77]

FA┴ 0.43 (0.05) 0.38 (0.04) 0.37 (0.02)

[0.37–0.53] [0.32–0.45] [0.33–0.40]

MFC MD┴ 1.44 (0.07) 1.56 (0.08) 1.60 (0.09)

[1.30–1.53] [1.44–1.69] [1.45–1.75]

FA┴ 0.44 (0.04) 0.39 (0.02) 0.39 (0.02)

[0.40–0.46] [0.36–0.42] [0.34–0.41]

FT MD 1.48 (0.07) 1.59 (0.16) 1.57 (0.13)

[1.40–1.59] [1.34–1.81] [1.42–1.82]

FA┴ 0.45 (0.05) 0.41 (0.04) 0.39 (0.03)

[0.39–0.50] [0.37–0.45] [0.34–0.43]

P MD 1.50 (0.11) 1.62 (0.12) 1.63 (0.20)

[1.40–1.67] [1.48–1.83] [1.36–2.03]

FA┴ 0.44 (0.04) 0.40 (0.03) 0.37 (0.06)

[0.38–0.47] [0.37–0.47] [0.29–0.48]

Averaged values given as the mean, the standard deviation in brackets,
and the range from minimum to maximum in square brackets. MD in
units of × 10-3 mm2 /s. Italicized numbers indicate significant difference
to the control group (t test, p < 0.05)
┴One-way ANOVA significance (p < 0.05) for all three group comparison
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which used multi-shot sequences for diffusion quantification,
did not use any navigation correction [8, 29–31].

A non-linear phase correction represents an optimal
approach to correct motion in the knee joint. Here, we
implemented the method developed by Miller and Pauly,
for which a 2D navigator needs to be acquired after each
spoke [12]. Optimization of the 2D-EPI navigator was
needed to provide adequate image quality. Since naviga-
tors are of low resolution (32 × 32 in our case), we ac-
quired all lines in the same readout direction to avoid N/2
ghosting artifacts. To reduce echo time, we used partial
Fourier 6/8 and a relative high bandwidth (800 Hz/pixel)
that also helped reduce off-resonant artifacts in the phase
encoding. To further reduce image distortions around

cartilage, we found that the best phase-encoding direction
was head-foot for images acquired in the sagittal and cor-
onal planes, and anterior-posterior for axial images.

One last important processing step is image registra-
tion. Small misalignments of the diffusion-weighted im-
ages around the millimeter range articular-cartilage thick-
ness can cause artificially high or low diffusion values.
RAISED acquires diffusion-weighted images subsequent-
ly, and we observed a linear increasing misalignment of
the images. We measured the misalignment for different
diffusion directions and slice orientations and found very
similar displacements. However, we observed a consistent
shift in the frequency of the water peak of ~ 120 Hz be-
fore and after RAISED measurement. Thus, the observed
misalignment is likely due to a drift in the scanner hard-
ware caused by the intensive use of the gradients.

The MD and FA values measured in articular cartilage
of healthy volunteers have similar ranges to previous
studies published which use methods that are not motion
sensitive, such as the EPI, a 3D SSDWI, or line scan
diffusion tensor sequence [32]. We also found differences
between healthy and OA subjects, consistent with previ-
ous studies (+ 15% increase in MD and -12% reduction in

Fig. 6 Boxplot of average MD and FA of the tibiofemoral compartment for different KL grades. Data shows increased MD and decreased FA in MFC
and LFC both in KL 1, KL 2 subjects and in TM and TL in the KL 2 group

Table 3 Test-retest reproducibility (%)

Global FT LFC MFC TL TM P

MD 3.54 3.98 3.52 3.45 2.93 3.12 7.16

FA 5.34 6.10 5.69 5.53 4.72 4.63 10.81

Root mean square of the coefficient of variation over the 6 subjects (3
Healthy, 3 OA)
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FA) at 7 T or 3 T [9, 10, 33]. Once more, these differences
could be only detected after motion correction and regis-
tration. Our diffusion metrics have a reproducibility error
below 5%, which is in line with the reproducibility of
many other parameters used for cartilage such as T2
(1.0–4.0%), T1rho (3.9–5.0%), sodium imaging (7.5–
13.6%), and delayed gadolinium enhanced MRI of carti-
lage (dGEMRIC, 4.2–5.5%) [34–39]. FA showed worse
reproducibility than MD, which is to be expected, since
FA is a measure of eigenvalue dispersion and thus more
sensitive to noise. The worst test-retest values were found
in the patella due to the partial-volume effects that arise
because of the curved cartilage surface.

One last issue to discuss is the b value of the diffusion-
weighted images. In this work, diffusion-weighted images were
acquired with a b value of 300 s/mm2, which is lower than the
optimal b value given by b~1/D. Assuming an average diffu-
sivity of 1.5 × 10-3 mm2/s, the optimal b value would be around
666 mm2/s. Previous studies have used b values in the range of
160–650 s/mm2 in vivo with slice thickness between 3 and
4 mm [8, 28, 29, 31, 33, 40]. The selection of a sub-optimal
b value was dictated by necessity for adequate SNR (> 10) in
the diffusion-weighted images. A SNR of ten in the diffusion-
weighted images with six diffusion directions can provide ac-
curate cartilage-plate estimates, [25] although it can be insuffi-
cient for more accurate pixel-wise comparisons, especially for
the FA, which is more sensitive to noise. The use of a much
higher through-plane than in-plane resolution is a common
practice in the field of quantitative imaging biomarkers of ar-
ticular cartilage and can result in partial-volume effects.

This work has some limitations. First, our in vitro valida-
tion only tested indirectly the absence of eddy current artifacts,
but no direct measurement of fields could be made. Second,
we only included a limited number of subjects to show feasi-
bility of the technique. However, despite the small number of
subjects, we could see some group differences indicating the
potential of the method. Third, the healthy population was
BMI-matched to the OA groups but significantly younger
(~ 10 years) than the OA population, which could contribute
to increased group differences.

In summary, RAISED sequence with the proposed recon-
struction framework provides reproducible assessment of DTI
parameters in vivo at 3 T with potential to detect early stages
of the disease.
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