Radiology

Note: This copy is for your personal non-commercial use only. To order presentation-ready
copies for distribution to your colleagues or clients, contact us at www.rsna.ovglrsnarights.

Articular Cartilage: Evaluation with
FHuid-suppressed 7.0-T Sodium MR

Imaging in Subjects with and Subjects

without Osteoarthritis'

Purpose:

Guillaume Madelin, PhD
James Babb, PhD
Ding Xia, MSc

Gregory Chang, MD Materials and

Svetlana Krasnokutsky, MD Lt
Steven B. Abramson, MD
Alexej Jerschow, PhD
Ravinder R. Regatte, PhD
Results:
Conclusion:

1From the Department of Radiology, New York University
Langone Medical Center, 660 First Ave, 4th Floor, New
York, NY 10016 (G.M., J.B., D.X., G.C., R.R.R.); Department
of Medicine, Rheumatology Division, New York University
Langone Medical Center, New York, NY (S.K., S.B.A.); and
Department of Chemistry, New York University, Silver Cen-
ter for Arts and Science, New York, NY (A.J.). Received July
9, 2012; revision requested August 31; revision received
December 7; accepted January 7, 2013; final version
accepted January 10. Address correspondence to G.M.
(e-mail: guillaume.madelin@nyumc.org).

©RSNA, 2013

To assess the potential use of sodium magnetic resonance
(MR) imaging of cartilage, with and without fluid suppres-
sion by using an adiabatic pulse, for classifying subjects
with versus subjects without osteoarthritis at 7.0 T.

The study was approved by the institutional review board
and was compliant with HIPAA. The knee cartilage of
19 asymptomatic (control subjects) and 28 symptom-
atic (osteoarthritis patients) subjects underwent 7.0-T
sodium MR imaging with use of two different sequences:
one without fluid suppression (radial three-dimensional
sequence) and one with fluid suppression (inversion re-
covery [IR] wideband uniform rate and smooth truncation
[WURST]). Fluid suppression was obtained by using IR
with an adiabatic inversion pulse (WURST pulse). Mean
sodium concentrations and their standard deviations were
measured in the patellar, femorotibial medial, and lateral
cartilage regions over four consecutive sections for each
subject. The minimum, maximum, median, and aver-
age means and standard deviations were calculated over
all measurements for each subject. The utility of these
measures in the detection of osteoarthritis was evaluated
by using logistic regression and the area under the re-
ceiver operating characteristic curve (AUC). Bonferroni
correction was applied to the P values obtained with lo-
gistic regression.

Measurements from IR WURST were found to be signif-
icant predicators of all osteoarthritis (Kellgren-Lawrence
score of 1-4) and early osteoarthritis (Kellgren-Lawrence
score of 1 or 2). The minimum standard deviation pro-
vided the highest AUC (0.83) with the highest accuracy
(>78%), sensitivity (>82%), and specificity (>74%) for
both all osteoarthritis and early osteoarthritis groups.

Quantitative sodium MR imaging at 7.0 T with fluid sup-
pression by using adiabatic IR is a potential biomarker for

osteoarthritis.

©RSNA, 2013
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steoarthritis is the most common
form of arthritis in synovial joints
and a leading cause of chronic
disability in the elderly population (1).
In 2008, it was estimated that nearly
27 million adults in the United States
(~9% of the population) have clinical
osteoarthritis and that $185 billion is
spent annually on medical care as a re-
sult of this condition (2). It is predicted
that by 2030 nearly 67 million adults
(~25% of the adult U.S. population)
will be affected by osteoarthritis (3).
There are many obstacles to studying
osteoarthritis—including heterogeneity
in etiology, variability in progression of
disease, and the long time required to
see morphologic joint changes—and the
lack of available noninvasive biochemi-
cal markers have impeded the clinical
development of potential disease-mod-
ifying osteoarthritis drugs (4).
Osteoarthritis is a degenerative
disease of the articular cartilage that
can be associated with a reduction in
glycosaminoglycan (GAG) concentra-
tion, changes in the size and organiza-
tion of collagen fibers, and increased
water content (5). Many magnetic
resonance (MR) imaging methods for
assessing osteoarthritis in cartilage
are under development, such as T2
mapping (6), Tlp mapping (7), GAG
chemical exchange saturation trans-
fer (8), delayed gadolinium-enhanced
MR imaging of cartilage (9), diffusion-
tensor imaging (10), and sodium MR
imaging (11). All of these methods
have their advantages and weaknesses

(12,13), but sodium MR imaging has

Advance in Knowledge

B This study shows that fluid sup-
pression with adiabatic inversion
recovery can be applied to quan-
titative sodium MR imaging of
articular cartilage in vivo; its ac-
curacy (78%), sensitivity (82%),
and specificity (74%) for mea-
suring the loss of glycosamino-
glycan associated with osteoar-
thritis are improved when
compared to conventional (non-
fluid suppressed) sodium MR
imaging.

been shown to strongly correlate with
the GAG concentration in the cartilage
(5,14-16). Sodium MR imaging is
challenging owing to the low sodium-
detected signal and its fast relaxation
(5). It must be performed with ultra-
short echo time sequences and low
spatial resolution (=2 mm) (17). A
large partial volume effect must, there-
fore, be considered when measuring
the sodium concentration in cartilage
owing to the presence of synovial fluid
and/or joint effusion within the voxels.

We performed this study to assess
the potential use of sodium MR imag-
ing of cartilage, with and without fluid
suppression by using an adiabatic pulse
(18), for classifying subjects with ver-
sus subjects without osteoarthritis at
7.0T.

Materials and Methods

Volunteers

We imaged the knee cartilage of 19
asymptomatic volunteers (control sub-
jects) and 28 symptomatic volunteers
(patients with osteoarthritis). Subject
characteristics are provided in Table 1.

Asymptomatic subjects were re-
cruited from the general public. The
exclusion criteria included knee pain
or clinical symptoms, history of oste-
oarthritis or inflammatory arthritis,
previous knee injury, and surgery on
either knee. Symptomatic subjects
were selected from the New York Uni-
versity—Hospital of Joint Diseases knee
osteoarthritis cohort (19). These pa-
tients fulfilled the criteria for clinical
osteoarthritis symptoms defined by
the American College of Rheumatology
(20) and had radiographic evidence of
tibial-femoral knee osteoarthritis, with
a Kellgren-Lawrence grade of 1-4 on
standardized  weight-bearing fixed-
flexion posterior-anterior knee radio-
graphs (21). Patients were excluded if

Implication for Patient Care

B Quantitative fluid-suppressed
sodium MR imaging in vivo is a
potential biomarker for
osteoarthritis.

there was any inflammatory arthritis,
a history of traumatic knee injury or
surgery on either knee, or a history of
bilateral knee replacement.

This study was approved by the in-
stitutional review board and performed
in compliance with the Health Insur-
ance Portability and Accountability Act.
All subjects provided written informed
consent.

Hardware

Sodium images were acquired with a
7.0-T whole-body MR unit (Siemens
Healthcare, Erlangen, Germany) with
two different radiofrequency coils. The
first coil (coil 1) was a single-tuned
sodium birdcage knee coil (Rapid MR
International, Columbus, Ohio). The
second coil (coil 2) was a homemade
double-tuned proton-sodium knee coil.
The proton part of the coil was a four-
channel transmit-receive coil, whereas
the sodium part was a birdcage trans-
mit and eight-channel receive coil (22).

The first eight control subjects and
first six patients with osteoarthritis un-
derwent imaging with coil 1; all other
subjects underwent imaging with coil 2.
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IR = inversion recovery

ROI = region of interest
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WURST = wideband uniform rate and smooth truncation
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MR Image Acquisition

Proton images.—Anatomic proton im-
ages with T1 weighting (gradient-re-
called echo sequence) and proton den-
sity (turbo spin-echo sequence) were
obtained in subjects who underwent
imaging with coil 2. Imaging parame-
ters are shown in Table 2.

Sodium images.—Sodium images
without fluid suppression were acquired
by using an ultrashort echo time radial
three-dimensional (3D) sequence (23).
Fluid suppression was obtained with
inversion recovery (IR) by using an adi-
abatic pulse and appropriate inversion
time before the radial 3D sequence.
The adiabatic pulse was the wideband
uniform rate and smooth truncation
(WURST) pulse with a sweep range of
2 kHz (24); this sequence is referred
to as IR WURST. The two sequences
(radial 3D and IR WURST) were writ-
ten in SequenceTree 4.2.2 (25) and
compiled with Siemens software (IDEA
VB15A). Images were reconstructed
offline in Matlab (Mathworks, Natick,
Mass) by using a nonuniform fast Fou-
rier transform algorithm (26). The
sequence and reconstruction param-
eters are presented in Table 3. The
complete image acquisition and data
analysis protocol is shown in Figure 1.

Image Postprocessing

Sodium concentration maps.—All images
were acquired in the presence of cali-
bration phantoms placed within the field
of view. These phantoms were made of
4% agar gel with different sodium con-
centrations (100, 150, 200, 250, and 300
mmol/L). After T1 and biexponential T2*
correction of the signal intensity from
the phantoms (T1 = 23 msec, T2* =
2 msec, TZ*IO"g = 12 msec), sodium maps
were calculated by using linear regres-
sion. The sodium maps were then cor-
rected for the average T1 and biexpo-
nential T2* of cartilage in vivo (T1 = 20
msec, T2* | =1 msec, TZ*IDng =13 msec)
(18,27) to achieve a more accurate quan-
tification of the sodium concentration
in cartilage. Because, on average, 25%
of the volume in cartilage is made up of
solids without any sodium, the values of
the voxels of the final sodium maps were
divided by a factor of 0.75 (28,29).

Subject Characteristics

Kellgren-Lawrence Score

Characteristics All Subjects 1 2 3 4
Patients with osteoarthritis
All patients
No. of patients 28 16 7 4 1
Age (y)* 64.0 = 13.1 63.3 = 15.7 63.9 = 9.1 69.5 = 9.5 55
(30-83) (30-83) (53-80) (59-82)
Weight (kg)* 76.0 = 12.8 751 =146 73.7 =85 81.5 +=13.2 84
(52-107) (52-107) (63-86) (69-98)
Men
No. of men 12 8 2 1 1
Age (y)* 58.0 + 14.7 56.6 = 17.5 59.0 + 8.5 70 55
(30-83) (30-83) (53-65)
Weight (kg)* 85.3 =96 84.9 = 10.6 81.5*+6.4 98 84
(75-107) (75-107) (77-86)
Women
No. of women 16 8 5 3 0
Age (y)* 68.6 = 10.0 70.0 +10.8 65.8 + 9.4 69.3 = 11.7 NA
(47-82) (47-81) (54-80) (59-82)
Weight (kg)* 69.0 = 10.1 65.4 =114 706 = 7.4 76.0 =89 NA
(52—86) (52—85) (63-83) (69-86)
Control subjects
All subjects
No. of subjects 19 NA NA NA NA
Age (y)* 35.4 = 8.6 NA NA NA NA
(27-53)
Weight (kg)* 742 =153 NA NA NA NA
(53-102)
Men
No. of men 11 NA NA NA NA
Age (y)* 358 9.7 NA NA NA NA
(27-53)
Weight (kg)* 826 =123 NA NA NA NA
(64-102)
Women
No. of women 8 NA NA NA NA
Age (y)* 349+74 NA NA NA NA
(28-47)
Weight (kg)* 62.6 = 11 NA NA NA NA
(53-87)

Note.—NA = not applicable.

* Data are given as means *+ standard deviations when they apply to more than one subject. Numbers in parentheses are

ranges.

Sodium measurements.—Three re-
gions of interest (ROIs) of 30 pixels
were drawn on the patellar, femoro-
tibial lateral, and femorotibial medial
cartilage on four consecutives sections
of the sodium maps (G.M., with 3 years
of experience). The mean sodium con-
centration and standard deviation over

all pixels were then calculated for each
ROI (in millimoles per liter). Sodium
images with ROIs are presented in
Figure 2 alongside proton images.
Radiofrequency coil correction.—A
signal-to-noise ratio map of each coil
was calculated with a standard solution
phantom (45 mmol/L of NaCl) that filled
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Table 2

Proton Sequence Parameters

Parameter 3D Gradient-recalled Echo Sequence Turbo Spin-Echo Sequence
Weighting T Proton density
Section orientation Axial Coronal
Repetition time (msec) 20 3270
Echo time (msec) 5.21 26
Flip angle (degrees) 10 146
In-plane field of view (mm) 124 X 124 160 X 130
Matrix size 512 X 512 448 X 366
Resolution (mm) 0.24 X 0.24 0.36 < 0.36
Section number 60 30
Section thickness (mm) 1 3
Bandwidth (Hz/pixel) 290 243
Fat saturation No Yes
iPAT factor (GRAPPA)* 2
Turbo factor 5
Echo spacing (msec) 12.8
Echo trains/section e 39
Acquisition time 10 min 16 sec 4 min 23 sec

* GRAPPA = generalized autocalibrating partially parallel acquisitions, iPAT = integrated parallel acquisition technique.

Table 3

Sodium Sequence and Reconstruction Parameters

Parameter Radial 3D IR WURST
Weighting Sodium density Sodium density
No. of radial projections 10000 10000
Repetition time (msec) 100 140
Echo time (msec) 0.4 0.4
Flip angle (degrees) 90 90
Isotropic field of view (mm) 200 200
Dwell time (j.sec) 80 80
Adiabatic inversion pulse amplitude (Hz) 240
Adiabatic inversion pulse length (msec) 10
Inversion time (msec) 24
Nominal (reconstructed) resolution (mm)* 2 2
Real (Nyquist) resolution (mm)? 3.3 3.3
Acquisition time 16 min 44 sec 23 min 25 sec

* The nominal (reconstructed) resolution is the size of the isotropic voxels chosen in the regridding algorithm for reconstructing

the images from the 3D radial k-space trajectory.

T The real (Nyquist) resolution is the resolution calculated from the usual resolution equation, as follows: resolution = 1/(2 X
Kk.,), where k _ is the maximal value of the k-space used for reconstructing the images.

the whole volume inside the coil (22).
The image was acquired with the radial
3D sequence with 15000 projections
and the parameters given in Table 3.
Because the signal-to-noise ratio map
from coil 1 was flat over the uniform

sample (as expected from a birdcage
transmit-receive coil), no correction
was applied on the images obtained
with this coil. The signal-to-noise ratio
map from coil 2 was inhomogeneous
(see the article by Brown et al [22] for

the map) and therefore was used for
correcting the images from all subjects
who were imaged with this coil before
sodium quantification processing. The
correction was performed by normal-
izing the signal-to-noise ratio map and
dividing the magnitude images by this
normalized map.

Statistical Analysis

Logistic regression.—Logistic regres-
sion was used to assess and compare
sequences (radial 3D, TR WURST)
and regional measures (means and
standard deviations) in terms of their
ability to help differentiate patients
with osteoarthritis from control sub-
jects. The indicator variable identifying
subjects as patients with osteoarthri-
tis or control subjects was used as the
dependent variable. Two osteoarthritis
groups were tested: all osteoarthritis
(Kellgren-Lawrence score of 1-4) and
early osteoarthritis (Kellgren-Lawrence
score of 1 or 2 only). Because the im-
aging data are regional, recorded for
individual sections within each of three
compartments (patellar, femorotibial
medial, lateral), whereas the depen-
dent variable is a subject-level factor,
the value for each measure (mean
and standard deviation) was rendered
subject-level by computing the average,
median, minimum, and maximum over
all sections and compartments. These
summary statistics computed for each
combination of measure and sequence
were used as candidate predictors of
osteoarthritis. A Bonferroni multiple
comparison correction was applied to
the results of the logistic regression.
Because there are eight candidate pre-
dictors per sequence, significance after
Bonferroni correction was defined as
P < .05/8 = .0063. Stepwise variable
selection in the context of binary lo-
gistic regression was used to identify
combinations of two or more factors as
predictors of osteoarthritis from among
the subject-level summary statistics
from both IR WURST and radial 3D
sequences. Each fitted logistic model
computes the predicted probability
that a subject has osteoarthritis given
the data that the subject contributed to
the model. With use of the predicted
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- . Figure 1:  Acquisition and statistical analysis
_ bjects OA Patient Control
e [ ] [ ] protocol. ROIs of 30 voxels were drawn in cartilage

compartments on four consecutive sections. Mean

IRW and standard deviation (STD) of sodium concentra-

R3D
Sequences , :
(No fluid suppression) {Fluid suppression) tion were measured for each ROI of each section.

Compartments

Then, average, median, minimum, and maximum

mean and standard deviation were calculated over
all ROIs (all sections) and from all compartments for
each subject. Logistic regression and receiver op-

PAT |[ mep || AT )

on latter parameters to differentiate patients with

ROI (30 voxels) [ Slice 1 ] [ Slice 2 ] [ Slice 3 ] [ Slice 4 ] erating characteristics (ROC) analyses were applied

osteoarthritis (OA) from control subjects with radial

| MEAN l STD 3D (R3D) and IR WURST (IR sequences. Wilcoxon

rank sum test was applied to statistics parameters
on osteoarthritis data to assess significance of

StatiStiCS(I-‘dmmvlers] I Average l

Median [ Minimum ][ Maximum ] difference of measures between Kellgren-Lawrence

grades. LAT = femorotibial lateral, MED = femoro-
tibial medial, PAT = patellar.

Statistics (analysis) [ Logistic Regression] [ ROC Analysis ] [ Rank-sum Test ]

probability of osteoarthritis as the di-
agnostic test criterion, the sensitivity,
specificity, and accuracy in the detec-
tion of osteoarthritis were calculated
for all predictor analyses by using the
same (default) cutoff probability of 0.5
for the predicted probability of osteoar-
thritis to define subjects as test-positive
or test-negative for osteoarthritis (30).
Accuracy was calculated as the number
of true-positive findings (patients with
osteoarthritis) plus the number of true-
negative findings (control subjects) di-
vided by the total number of subjects.

Receiver operating characteristic
analysis.—The area under the receiver
operating characteristic curve (AUC)
was calculated as a measure of overall
diagnostic utility for each predictor.

Wilcoxon rank sum test.—The rank
sum test was applied to the summary
statistics of means and standard devi-
ations in patients with osteoarthritis to
assess the significance of the difference
of the measures between Kellgren-Law-
rence grades.

All statistical tests were conducted
at the two-sided 5% significance level
by using SAS software (SAS 9.3; SAS
Institute, Cary, NC) and Matlab. P <
.0063 was indicative of a significant dif-
ference after a suitable Bonferroni mul-
tiple comparison correction.

Sodium Images Proton Images

Calibration
Phantoms

Axial plane

Calibration
Phantom

\

Coronal plane

Figure 2: Representative sodium maps and proton images. Sodium maps show ROIs drawn on patellar
(PAT), femorotibial medial (MED), and femorotibial lateral (LAT) cartilages. Calibration phantoms (4% agar gel)
with different sodium concentrations are indicated.

Radiology: \olume 268: Number 2—August 2013 = radiology.rsna.org 485



Radiology

MUSCULOSKELETAL IMAGING: Fluid-suppressed Sodium MR Imaging of Articular Cartilage

Madelin et al

350 ; 50 -
A ® Control m OA a5 - B m Control m OA
300 + 3 f
5‘ | __40
£ 250 2 35 | . i
— £ 3 S | ,
'+: 200 e
£. 150 2 | | B | |
> =3
S 100 g 15 ,
b= - 10 i
5 E N
PAT MED LAT ALL | PAT MED LAT ALL PAT MED LAT ALL | PAT MED LAT ALL
R3D IRW R3D IRW

Figure 4:  Bar charts show, A, average means and, B, standard deviations of sodium concentrations with radial 3D (R3D) and IR WURST (1RW) sequences over all
ROIs for different cartilage regions (patellar /PAT], femorotibial medial [MED], femorotibial lateral /LAT)) and for all regions together in control subjects and patients

with osteoarthritis (OA).

R3D IRW [mM]
400

350

{ 300

Control

1250

i 200
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Figure 3:  Sodium maps from one control subject and one patient with osteoarthritis (OA). Maps were
reconstructed from data acquired with fluid suppression (IR WURST /IRW] sequence) and without fluid
suppression (radial 3D [R3D] sequence). Sodium concentrations with radial 3D sequence are similar for both
patients with osteoarthritis and control subjects. Note the higher difference in sodium concentration with

IR WURST between femorotibial medial and femorotibial lateral regions of control subject and patient with
osteoarthritis compared with radial 3D.

Sodium Concentration Maps

Figure 3 shows sodium maps in the coro-
nal plane acquired with IR WURST and
radial 3D sequences in one control sub-
ject and one patient with osteoarthritis.
The difference in sodium concentration
in the femorotibial medial and lateral
compartments between healthy and
osteoarthritis cartilage increased when
synovial fluid was suppressed, as shown
with the IR WURST data.

The average means and standard de-
viations of sodium concentrations over
all ROIs and all subjects are presented
in Figure 4. The average means mea-
sured with radial 3D were almost the
same in control subjects (range, 180-
210 mmol/L) and in patients with os-
teoarthritis (range, 170-190 mmol/L),
with a mean value over all cartilage of
the same order (192 mmol/L = 42 for
control subjects and 174 mmol/L. * 46
for patients with osteoarthritis). When
fluid suppression was applied with IR
WURST, there was an increase in the
difference of the means between con-
trol subjects (range, 220-270 mmol/L)
and patients with osteoarthritis (range,
170-200 mmol/L) on the order of 50-
70 mmol/L (which is the order of the
standard deviation of the means = 60
mmol/L).
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Figure 5:  Distribution of sodium concentrations in all voxels of all ROIs of all subjects with radial 3D sequence (no fluid suppression), for, A,

all cartilage compartments and, B, patellar, C, femorotibial medial, and, D, femorotibial lateral compartments. Distributions were fitted by using a
generalized extreme value (gev) function as an indicator of their shape for better visualization. Distributions from both patients with osteoarthritis
(0OA) and control subjects (CO) have a similar shape over same range of sodium concentrations.

Average standard deviations with
radial 3D showed little difference be-
tween control subjects (range, 19-21
mmol/L) and patients with osteoar-
thritis (range, 19-20 mmol/L), with
a mean value over all cartilage of the
same order (22 mmol/L. = 10 for con-
trol subjects and 19 mmol/L. = 9 for
patients with osteoarthritis). The dif-
ference was increased with IR WURST
between control subjects (range, 31-37
mmol/L; mean, 35 mmol/L. £ 8) and

patients with osteoarthritis (range, 24—
32 mmol/L; mean, 28 mmol/L. = 10).
Note also that the average standard de-
viations at IR WURST were higher than
those at radial 3D (by a factor 1.6) for
both osteoarthritis and control groups.

Statistical Analysis

Figures 5 and 6 show the distributions
of the sodium concentrations from
radial 3D and IR WURST data, respec-
tively, measured for all voxels of all the

[Na'] [mM]

ROIs of all subjects. Results are given
for all compartments together and for
individual compartments. In all cases,
the distributions were non-Gaussian
and the best fit was found when using
a generalized extreme value function.
The fitting curves are shown as indica-
tors of the shape of the distributions.
The distributions with radial 3D are
very similar for control subjects and
patients with osteoarthritis, whereas
the IR WURST method enabled better

Radiology: \/olume 268: Number 2—August 2013 = radiology.rsna.org
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Figure 6: Distribution of the sodium concentrations in all voxels of all ROIs of all subjects with IR WURST sequence (fluid suppression) for, A,
all cartilage compartments and, B, patellar, C, femorotibial medial, and, D, femorotibial lateral compartments. Distributions were fitted by using a
generalized extreme value (gev) function as an indicator of their shape for better visualization. Distributions from both patients with osteoarthritis

(0OA) and control subjects (CO) have a similar shape, but osteoarthritis distribution is shifted to lower sodium concentrations.

differentiation between the two popu-
lations because the osteoarthritis
distribution is shifted to lower sodium
concentrations compared with the con-
trol distribution.

The results from logistic regres-
sion are summarized in Table 4, which
shows the P values from the analysis
to assess the utility for the detection
of osteoarthritis (all osteoarthritis and
early osteoarthritis) of subject-level

statistics (average, median, minimum,
and maximum) computed for each
measure (mean and standard devia-
tion) derived from the sodium maps
of each sequence. There was no sig-
nificant predictor of osteoarthritis (af-
ter Bonferroni correction) among all
of the measures with use of data from
radial 3D (P > .012). With IR WURST,
the average, median, and minimum of
both means and standard deviations

were significant predictors of osteo-
arthritis when all patients with oste-
oarthritis were included (P < .0063);
however, only the average of the means
and the average and minimum of the
standard deviations were significant
predictors of early osteoarthritis (P <
.0058). From the stepwise variable se-
lection of the binary logistic regression
analysis, for each sequence, there was
no set of two or more factors identified
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Table 4

Results of Logistic Regression (P Values)

All Osteoarthritis Early Osteoarthritis
Statistic Radial 3D IR WURST Radial 3D IR WURST

Mean

Average 1198 .0054* .0470 .0058*

Median .2021 .0063* .0457 .0073

Minimum .0266 .0053* .0118 .0066

Maximum 4235 .0190 .3035 .0119
Standard deviation

Average .0571 .0031* .0512 .0034*

Median 1196 .0048* .0816 .0072

Minimum 1497 .0011* .1333 .0016*

Maximum 1769 .0338 2173 .0198

Note.—Data are Pvalues. P < .05 was indicative of a statistically significant difference.
* Significant results after Bonferroni correction for eight measurements per sequence per subject (P < .05/8 = .0063).

Table 5

Performance of IR WURST in the Differentiation between All Osteoarthritis and Early
Osteoarthritis Groups versus the Control Group

Measure and Statistic AUC Accuracy (%) Sensitivity (%) Specificity (%)
All osteoarthritis

Mean
Average 0.72 63.8 67.7 56.3
Median 0.72 63.8 67.7 56.3
Minimum 0.74 65.9 68.8 60.0

Standard deviation
Average 0.78 63.8 68.9 55.6
Median 0.77 70.2 73.3 64.7
Minimum 0.83 78.7 82.1 73.7

Early osteoarthritis

Average mean 0.75 61.9 64.0 58.8

Standard deviation
Average 0.79 7.4 73.9 68.4
Minimum 0.83 81.0 82.6 78.9

Note.—Accuracy, sensitivity, and specificity were calculated from logistic regression with a cutoff value of 0.5. The Kellgren-
Lawrence score was 1-4 for all osteoarthritis and 1 or 2 for early osteoarthritis.

as significant independent predictors
of osteoarthritis (all osteoarthritis pa-
tients included) or of early osteoarthri-
tis (patients with Kellgren-Lawrence
score of 1 or 2 only).

Table 5 shows the AUC from the re-
ceiver operating characteristic analysis,
and the sensitivity, specificity, and ac-
curacy of the classification from logistic
regression, for all significant predictors
from IR WURST after Bonferroni cor-
rection. For both osteoarthritis groups

(all osteoarthritis and early osteoar-
thritis), the minimum of the standard
deviation from IR WURST provided
the highest AUC (0.83) and the highest
accuracy (range, 79%-81%), sensitiv-
ity (range, 82%-83%), and specificity
(range, 74%-79%). The average stan-
dard deviation and average mean also
provided a reasonable AUC (range,
0.72-0.79) for both osteoarthritis
groups, but with lower accuracy, sen-
sitivity, and specificity (<74% for early

osteoarthritis, <69% for all osteoar-
thritis) than the minimum standard
deviation.

With the Wilcoxon rank sum test,
no significant difference was found be-
tween the average, median, minimum,
and maximum mean or standard devi-
ation with different Kellgren-Lawrence
grades, as measured in patients with
osteoarthritis by using IR WURST and
radial 3D.

Owing to the low spatial (Nyquist) res-
olution of the sodium images (=3 mm),
the presence of synovial fluid, with
a sodium concentration of 140-150
mmol/L. (16), within the voxels in the
images acquired without fluid suppres-
sion (radial 3D) led to a decrease in
the total sodium quantification mea-
sured in the cartilage and significantly
reduced the ability of the method to
help differentiate healthy cartilage
from osteoarthritis cartilage. Because
of the suppression of fluid within the
voxels with IR WURST, mean sodium
concentrations in cartilage in control
subjects were generally in the range of
220-270 mmol/L, which corresponds
to the usual values for healthy human
cartilage (13,16). The values for pa-
tients with osteoarthritis were less
than 220 mmol/L, corresponding to a
decrease of 20%-40% as is generally
found in the literature with osteoarthri-
tis (5,11,16).

With logistic regression analysis,
sodium quantification with fluid sup-
pression (IR WURST) was the only
significant marker of osteoarthritis (all
osteoarthritis and early osteoarthritis)
when using the mean and standard de-
viation of the sodium concentrations
measured for each patient. As expected
from the sodium distributions of all
voxels, and because of the presence of
synovial fluid within these voxels in the
radial 3D data, the sodium maps with-
out fluid suppression were not a sig-
nificant predictor of osteoarthritis (for
both standard deviation and mean).
The presence of fluid within voxels con-
taining cartilage results in a weighted
average of sodium quantification of
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both fluid and cartilage owing to partial
volume effects. As a result, there is ob-
scuration of the loss of sodium, which
occurs within the cartilage only in pa-
tients with osteoarthritis.

The minimum standard deviation
from IR WURST was the only signifi-
cant marker, showing high AUC and
high accuracy, sensitivity, and specific-
ity for differentiating both osteoarthri-
tis groups (all osteoarthritis and early
osteoarthritis) from the control group.
In cartilage, the GAG (and therefore
sodium) concentration is distributed
from the bone interface to the surface
of the cartilage (31,32), with a higher
concentration in the radial zone (close
to the bone interface) and a lower con-
centration in the tangential zone (near
the surface). In addition, we found that
the sodium concentration was higher in
healthy cartilage than in osteoarthritis
cartilage, which therefore increases the
range of values of sodium concentration
within each measured ROI in healthy
subjects compared with patients with
osteoarthritis. The minimum standard
deviation and average mean had a fairly
high correlation coefficient (R = 0.66)
to support this claim. Measurement of
the minimum standard deviation (ie,
the minimum variation of sodium con-
tent from all ROIs measured in each
volunteer) could therefore possibly help
differentiate subjects with a “normal”
high range of GAG (or sodium) con-
tent in their cartilage from those with
loss of GAG and therefore significantly
less variation of sodium within at least
one ROL. This explanation is limited be-
cause this is a preliminary study, and
more subjects with and without oste-
oarthritis must be included to confirm
our findings.

A limitation of these results is that
standard deviation is more difficult to
interpret than the mean for detecting
osteoarthritis, and some patients with
osteoarthritis might have very localized
loss of sodium content within a region of
cartilage and, therefore, a higher stan-
dard deviation in some ROI measure-
ments, which can be confounded with
the standard deviation from healthy
cartilage. Owing to the low nuclear MR
signal from sodium ions in cartilage and

very short T2* relaxation times, sodium
MR imaging is a challenging imaging
method that necessitates high magnetic
fields, special radiofrequency coils, op-
timized ultrashort echo time sequences
with long acquisitions (15-25 minutes),
and low spatial resolution (>3 mm).
Sodium MR imaging could be combined
with other noninvasive proton MR im-
aging, such as T2 mapping, T1p map-
ping, or diffusion-tensor imaging, to
assess many different aspects of oste-
oarthritis (eg, loss of GAG, increase in
water content, or degradation of colla-
gen matrix), but acquisition times must
be greatly reduced to apply a complete
imaging protocol in a reasonable time
for the subject (<1 hour). Applications
of compressed sensing to accelerate the
sodium MR imaging acquisition with
undersampling are now under investi-
gation (33,34).

Another limitation of the present
technique is that we used average T1
and T2* relaxation times measured in
vivo without fluid suppression (with
radial 3D) in healthy control subjects
(27) to correct the sodium maps from
all subjects. Further improvements
of the method will be to measure the
relaxation times for each subject with
fluid suppression for a better correction
of the individual sodium maps because
T1 and T2 (and T2*) are expected to
change from healthy to osteoarthritis
cartilage (35). These measurements
should be acquired quickly by using un-
dersampling and compressed sensing
reconstruction to include them in the
imaging protocol. Moreover, we expect
that the knowledge of these relaxation
times combined with mean and stan-
dard deviation measurements would
also greatly improve the sensitivity and
specificity of the method in the detec-
tion of early stages of osteoarthritis
or the differentiation of Kellgren-Law-
rence grades.

In the present study, age, sex, and
weight were not taken into account in
the logistic regression analysis. Sex and
weight have been found to be nonsig-
nificant predictors and therefore were
not used. Because the subjects from
the osteoarthritis and control groups
were not age-matched in this study, age

was found to be a significant confound-
ing predictor that could shadow the
detection of GAG concentrations and
variations in cartilage with sodium MR
imaging.

This study was performed at a very
high field strength (7.0 T) with use of
a research-only unit to assess the fea-
sibility and utility of sodium MR imag-
ing in the detection of loss of GAG in
cartilage, but further studies should be
performed with clinical MR units (3.0
T) to assess the potential translation to
clinical use of the method.

A last concern is that sodium maps
are corrected for an average water con-
tent of 75%, but this content can change
with osteoarthritis. Measurement of
this content (36) would improve the ac-
curacy of the method for measuring the
sodium content in cartilage.

In conclusion, the results of this
study show that quantitative sodium
MR imaging with fluid suppression by
using adiabatic inversion recovery could
be a useful biomarker for detecting os-
teoarthritis (loss of GAG) in articular
cartilage in vivo at 7.0 T.
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