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Abstract

Objectives To evaluate the potential of sodium MRI to
detect changes over time of apparent sodium concentra-
tion (ASC) in articular cartilage in patients with knee os-
teoarthritis (OA).

Methods The cartilage of 12 patients with knee OA were
scanned twice over a period of approximately 16 months with
two sodium MRI sequences at 7 T: without fluid suppression
(radial 3D) and with fluid suppression by adiabatic inversion
recovery (IR). Changes between baseline and follow-up of
mean and standard deviation of ASC (in mM), and their rate
of change (in mM/day), were measured in the patellar,
femorotibial medial and lateral cartilage regions for each sub-
ject. A matched-pair Wilcoxon signed rank test was used to
assess significance of the changes.

Results Changes in mean and in standard deviation of ASC,
and in their respective rate of change over time, were only
statistically different when data was acquired with the fluid-
suppressed sequence. A significant decrease (p =0.001) of
approximately 70 mM in mean ASC was measured between
the two IR scans.
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Conclusion Quantitative sodium MRI with fluid suppression
by adiabatic IR at 7 T has the potential to detect a decrease of
ASC over time in articular cartilage of patients with knee
osteoarthritis.

Key Points

» Sodium MRI can detect apparent sodium concentration
(ASC) in cartilage

* Longitudinal study: sodium MRI can detect changes in ASC
over time

* Potential for follow-up studies of cartilage degradation in
knee osteoarthritis
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Abbreviations

'H Proton

Na Sodium

ASC Apparent sodium concentration
GAG Glycosaminoglycan

IR Inversion recovery

IRW IR WURST

KL Kellgren—Lawrence

LAT Femorotibial lateral cartilage

MED Femorotibial medial cartilage

MRI Magnetic resonance imaging

OA Osteoarthritis

PAT Patellar cartilage

R3D Radial 3D

UTE Ultrashort echo time

WURST Wideband uniform rate and smooth truncation
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Introduction

Osteoarthritis (OA) is a disease of the entire joint that can
result from the breakdown of articular cartilage and underly-
ing bone, but also from broken ligaments or meniscus [1-3]. It
is the most common form of arthritis and a leading cause of
chronic disability in the elderly population [4]. OA is gener-
ally considered to be a degenerative disease characterised
mainly by an overall loss of glycosaminoglycan (GAG) in
cartilage, along with disruption of the collagen fibres and dis-
organization of the collagen matrix, and small increases in
water content [5]. Generally, these early OA changes in
GAG, collagen and water content precede the mechanical
damage of cartilage and bone.

Many MRI methods [6] are being developed to provide
quantitative information about the physiological changes in
cartilage due to OA, such as T2 mapping [7], T1p mapping
[8], GAG chemical exchange saturation transfer (gagCEST)
[9], delayed gadolinium-enhanced MRI of cartilage
(dGEMRIC) [10], diffusion tensor imaging (DTI) [11] and
sodium MRI [12]. Sodium MRI [13] has been shown to
strongly correlate with the GAG concentration in the cartilage
[5, 14-16]. It is therefore a promising candidate imaging bio-
marker for monitoring loss of GAG and cartilage degradation
over time in patients with OA, and also for monitoring the
effects of disease-modifying OA drugs [17].

In a previous study [18], we demonstrated that quantitative
sodium MRI with fluid suppression by inversion recovery
with an adiabatic pulse at 7 T in cartilage could significantly
differentiate asymptomatic subjects (controls) from patients
with knee OA, as it is less sensitive to partial volume effects
from surrounding synovial fluid than the acquisition without
fluid suppression. In the present study, which is a follow-up to
the previous one [18] and is based on the same patient cohort
(12 of the knee OA patients agreed to come back), we mea-
sured and compared the variations of apparent sodium con-
centration (ASC) in the articular cartilage with sodium MRI
with and without fluid suppression by adiabatic inversion, at
baseline and 16-month follow-up in patients with knee OA.
The aim of this pilot study is to evaluate the potential of sodi-
um MRI to detect changes over time of ASC in articular car-
tilage in patients with knee OA. The long-term goal of this
work would be to assess GAG depletion in knee OA patients
with longitudinal measurements of cartilage ASC using sodi-
um MRI.

Materials and methods
Patients with OA

This study was approved by the institutional review board
(IRB) and performed in compliance with the Health
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Insurance Portability and Accountability Act (HIPAA). All
subjects provided written informed consent. We scanned the
knee cartilage of 12 patients with OA, selected from the NYU
Hospital of Joint Diseases knee OA cohort [19]. Subject char-
acteristics are provided in Table 1. These patients fulfilled the
clinical OA symptoms defined by the American College of
Rheumatology [20] (ACR) as well as radiographic evidence
of tibial-femoral knee OA with Kellgren—-Lawrence (KL)
grade of 14 on the standardized weight-bearing fixed-flexion
posterior-anterior knee radiographs at baseline [21]. The ex-
clusion criteria were any inflammatory arthritis, prior traumat-
ic knee injury or surgery on either knee, or history of bilateral
knee replacements.

Hardware

All sodium images were acquired on a whole-body 7 T scan-
ner (Siemens Healthcare, Erlangen, Germany) with a home-
made double-tuned proton-sodium knee coil [22] (4-channel
transmit-receive for proton, birdcage transmit and 8-channel
receive for sodium).

Sodium MRI acquisition
MRI sequences

Sodium images without fluid suppression were acquired using
an ultrashort echo time (UTE) radial 3D sequence (R3D) [23].
Fluid suppression was obtained by inversion recovery (IR)
using an adiabatic pulse and appropriate inversion time prior
to the R3D sequence [24]. The adiabatic pulse was the
WURST (wideband uniform rate and smooth truncation)
pulse [25] with a sweep range of 2 kHz and the sequence is
referred to as IR WURST (IRW). The sequences were written
in SequenceTree 4.2.2 [26] and compiled with the Siemens
program IDEAVBI15A/VB17A. All sequence parameters, im-
aging gradients and RF pulses were exactly the same for the
two scans. Images were reconstructed offline in Matlab
(Mathworks, Natick, MA, USA) using a non-uniform fast
Fourier transform (NUFFT) algorithm [27]. Details of the se-
quences and reconstruction parameters are presented in
Table 2.

Acquisition protocol

All subjects were scanned at baseline and follow-up with both
R3D and IRW sequences. A summary flowchart of the proto-
col for data acquisition and analysis is presented in
Supplemental Fig. S1. Data was acquired in the period
November 2011-June 2012 for baseline and in the period
February 2013—October 2013 for follow-up.
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Table 1 Knee OA patients

characteristics at baseline Subjects Characteristics Kellgren—Lawrence (KL) Grade

All 1 2 3 4

All Number 12 7 3 2 0

Mean age (years) 65.8+11.4 69.7+12.4 57772 71.5+6.4 0

Age range (years) 47-81 47-81 53-66 67-76 0

Mean weight (kg) 75.1+10.9 73.7+13.1 79.3+9.1 73.5+6.4 0

Weight range (kg) 58-93 58-93 69-86 69-78 0

Men Number 4 2 1 1 0

Mean age (years) 69.3+11.1 74.0+4.2 53.0+0.0 76.0+0.0 0

Age range (years) 53-76 71-77 53 76 0

Mean weight (kg) 83.0+8.1 84.0+12.7 86.0+0.0 78.0+0.0 0

Weight range (kg) 75-93 75-93 86 78 0

Women Number 8 5 2 1 0

Mean age (years) 66.0+10.3 68.2+13.3 60.0+8.5 67.0+0.0 0

Age range (years) 47-81 47-81 53-66 67 0

Mean weight (kg) 71.1+10.3 69.6+12.0 76.0+9.9 69.0+0.0 0

Weight range (kg) 58-85 58-85 69-83 69 0

Image post-processing
Apparent sodium concentration maps

All sodium images were acquired in the presence of calibra-
tion phantoms made of 4% Agar gel with known sodium
concentrations (100, 150, 200, 250 and 300 mM). After T1
and T2* correction of the phantom signal intensities (T1 =
23 ms, T2%g0re =2 ms, T2%55, =12 ms), ASC maps were
calculated using linear regression [18, 24], which was consid-
ered valid only when the coefficient of determination R* was
at least 0.99, to improve robustness of the method against

noise and phantom signal variations [28]. The ASC maps
were then corrected for average T1 and T2* of cartilage
in vivo (T1=20 ms, T2*g,; =1 ms, T2%,,, = 13 ms) to in-
crease accuracy of the quantification of sodium concentration
in cartilage [29]. Since, on average, 25% of the volume in
cartilage is made up of solids without any sodium, the final
sodium maps were divided by a factor 0.75 [18, 30, 31].

Image co-registration

For each subject, all four 3D datasets (R3D and IRW from
baseline and follow-up) were co-registered using 3D Voxel

Table 2 Sodium acquisition

sequence and reconstruction Parameters Unit Radial 3D (R3D) IR WURST (IRW)

parameters
Number of radial projections - 10,000 10,000
Repetition time (TR) ms 100 140
Echo time (TE) ms 0.4 04
Flip angle (FA) degree 90 90
Isotropic field of view (FOV) mm 200 200
Dwell time us 80 80
Adiabatic inversion pulse amplitude Hz - 240
Adiabatic inversion pulse length ms - 10
Inversion time (TI) ms - 24
Nominal resolution” mm 2 2
Real resolution”” mm 33 33
Acquisition time (TA) min:s 16:44 23:25

* 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

" The real resolution is the resolution calculated from the usual resolution formula: resolution = 1/(2 X ki), With
kmax the maximal value of the A-space used for reconstructing the images
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Registration in Analyze 10.0 (AnalyzeDirect Inc., Overland
Park, KS).

ASC measurements

Three regions-of-interest (ROI) of 40 pixels were drawn on
the patellar (PAT), femorotibial lateral (LAT) and femorotibial
medial (MED) cartilage, on eight consecutives slices of the
ASC maps using the following protocol for each subject: (1)
For each consecutive slice, draw a large ROI surrounding the
cartilage area where we want to make the measurement; (2)
On the first R3D data (baseline), select 40 pixels with highest
ASC values within the large ROI; (3) Generate a mask from
this 40-pixel area; (4) Transpose this mask to all other three
co-registered datasets (baseline IRW, follow-up R3D and
follow-up IRW); (5) Measure the pixels values corresponding
to the mask in each dataset; (6) Calculate the mean and stan-
dard deviation (std) of ASC over all 320 pixels (eight ROIs of
40 pixels). Examples of ROIs and masks to measure ASC
values in PAT (transverse slice), MED and LAT (coronal slice)
are shown in Fig. 1. This procedure ensures that all the ASC
values are measured at exactly the same locations in all 3D
sodium datasets for each subject.

RF coil correction

A signal-to-noise ratio (SNR) map of the coil was calculated
on a uniform cylindrical water phantom doped with 45 mM of
NaCl that filled the coil volume [22], from an R3D acquisition
with 15,000 projections and other parameters from Table 2.
The SNR distribution was highest in the periphery and re-
duced toward the centre, which is typical of phased array coils
(see Brown et al. [22] for the map), and therefore was used to
correct the images from all subjects prior to ASC quantifica-
tion [18].

Statistical analysis

For each subject the change in each measure (mean or std of
ASC, in mM) from each region as determined by each se-
quence was computed as the value at baseline minus the value
at follow-up. As a result, positive change corresponds to a
decline in value over time. The regional rate of change in each
measure was computed for each subject as the change divided
by the time between scans for that subject. Rates of change are
expressed in units of mM/day. For each measure within each
region the matched-pair Wilcoxon signed rank test was used
to assess whether the measure changed over time and to com-
pare sequences in terms of the change over time and the rate of
change. Exact Mann—Whitney tests were used to compare
male and female patients in terms of the change and rate of
change in each regional measure. Spearman rank correlations
were used to assess the relationship of the change and rate of
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Fig.1 Examples of large regions-of-interest (ROIs) and masks generated
from 40 pixels with the highest values within the large ROIs, on a
transverse slice showing patellar cartilage (PAT), and on a coronal slice
showing femorotibial lateral (LAT) and medial (MED) cartilage. These
large ROIs and masks are generated on the first dataset acquired on each
subject (R3D at baseline). These masks are then transposed to the three
other co-registered datasets (baseline R3D, follow-up R3D, follow-up
IRW) where all 40 corresponding pixel values are measured. This
procedure ensures that all the ASC values are measured at exactly the
same locations in all 3D sodium datasets for each subject

change in each regional measure with age, weight and KL
score. Statistical significance is defined as a p value less than
0.05. All statistical tests were conducted at the two-sided 5%
significance level using SAS 9.3 (SAS Institute, Cary, NC).

Results
Sodium concentration maps

Figure 2 shows representative transverse and coronal ASC
maps through the knee cartilage from the same OA patient
(KL =1) at baseline (scan 1) and follow-up (scan 2, mean
delay =478 days, i.e. approximately 16 months later), calcu-
lated from radial 3D (R3D, no fluid suppression) and IR
WURST (IRW, fluid suppression) acquisitions. The ASC
measured with R3D look very similar in both scans, while a
greater difference in ASC can be visually detected with IRW
in all three cartilage regions.

Figure 3 shows the distributions of the ASC values mea-
sured in all voxels of all the ROIs of all subjects, from R3D
and IRW acquisitions, for individual cartilage compartments
(PAT, MED, LAT). We can visually detect a slight overall shift
to the left (lower ASC) between scan 1 and 2 for the R3D
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Fig. 2 Sodium maps from one OA patient, reconstructed from data
acquired with fluid suppression (sequence IRW) and without fluid
suppression (sequence R3D), at baseline (scan 1) and 16-month follow-
up (scan 2). a Transverse slices showing patellar cartilage (PAT). b

measurements, while this shift is noticeably larger for the IRW
measurements.

Figure 4 shows box plots of mean and std of ASC mea-
sured in PAT, MED and LAT compartments and calculated
from R3D and IRW acquisitions, for all OA patients, at base-
line (scan 1) and follow-up (scan 2). All ASC measures (mean
and std) in all compartments show a statistically significant
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Sequence: R3D - Region: MED
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Coronal slices showing femorotibial lateral (LAT) and medial (MED)
cartilage. The apparent sodium concentrations (ASC) measured with
R3D look very similar in both scans, while a higher difference of ASC
can be detected visually with IRW in PAT, MED and LAT

decrease between baseline and follow-up when calculated
from IRW acquisitions. When data is acquired using R3D,
only the mean ASC in LAT compartment shows a significant
decrease. See Table 3 for statistics.

Figure 5 shows scatter plots of mean and std of ASC mea-
sured in PAT, MED and LAT compartments, and calculated
from R3D and IRW acquisitions, for all OA patients: baseline
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Fig. 3 Distribution (histograms) of the apparent sodium concentrations (ASC) measured in all voxels of all the ROIs of all subjects, from R3D
acquisition (no fluid suppression) and from IRW acquisition (fluid suppression), for individual cartilage compartments (PAT, MED, LAT)

@ Springer



138

Eur Radiol (2018) 28:133-142

Mean [Na*]
PAT - Mean MED - Mean LAT - Mean
500 500 500
450 X 450 X 450 X . X
400 400 400
_ 350 _ 350 —9— _ 350
H H 1 H -
£ 300 E 300 E 300
‘s 250 : ‘s 250 - ‘s 250
— = s
% —= | § T —— = = E‘ [ o
g 200 3 ~ g 200 S —1= ; g 200 8 o s
= 150 = g '*i = 150 — e § | i = 150 El . Fgo
! - fo = 3 — =
—= £ —8 — =
100 . ¢+ 100 100 —
—
50 50 50
° R3D Scan 1 R3D Scan 2 IRW Scan 1 IRW Scan 2 0 R3D Scan 1 R3D Scan 2 IRW Scan 1 IRW Scan 2 0 R3D Scan 1 R3D Scan 2 IRW Scan 1 IRW Scan 2
Std [Na?]
PAT - Std MED - Std LAT - Std
80 80 80
. X ko X
70 f 1 70 ﬁ 70+ 1
60 60 60
s
= = ) - —
g 50 — g 50 g 50
E E E .
= — o f— o = w0 i
40 ‘g 40 —t= <
2 . 2 [ — f 2 i . ~—
= < ! —— — | 3 — =
2 —— 2 2 s
& 30 — - & 30 E, J ¢ —2 » 30 . )
- f -
20 Ej = 20 — - =3 20) s 8 - ‘—5
— ! —3—
10 4 10 10
0 R3D Scan 1 R3D Scan 2 IRW Scan 1 IRW Scan 2 0 R3D Scan 1 R3D Scan 2 IRW Scan 1 IRW Scan 2 0 R3D Scan 1 R3D Scan 2 IRW Scan 1 IRW Scan 2

Fig. 4 Box plots of mean and standard deviation (std) of apparent
sodium concentration (ASC) measured in PAT, MED and LAT cartilage

compartments and calculated from R3D (blue) and IRW (red)

acquisitions, for all 12 OA patients, at baseline (scan 1) and 16-month
follow-up (scan 2). *Statistical significance (P < 0.05)

Table3  Statistics of the intrasubject change in each measure of apparent sodium concentration (ASC) in mM, and the rate of change in each measure
of ASC in mM/day, within each cartilage region as determined using each sequence
Measure Region IR WURST Radial 3D
Mean Std Median IQR p Mean Std Median IQR )2
Change in measure of ASC (mM)*
Mean LAT 72.73 71.02 48.15 70.63 0.001 29.48 44.90 21.70 69.62 0.034
Mean MED 67.53 35.32 61.95 48.35 0.001 7.18 30.92 11.10 46.33 0.519
Mean PAT 73.29 48.81 64.00 40.85 0.001 31.42 38.55 34.25 68.48 0.052
Std LAT 14.82 8.02 13.05 5.33 0.002 2.63 8.29 2.00 15.10 0.077
Std MED 9.58 9.54 5.80 13.60 0.002 0.83 7.11 1.00 9.05 0.583
Std PAT 13.08 12.64 13.10 9.85 0.001 3.57 6.66 2.45 8.20 0.391
Rate of change in measure of ASC (mM/day)**
Mean LAT 0.149 0.084 0.138 0.087 0.001 0.064 0.076 0.072 0.146 0.027
Mean MED 0.139 0.065 0.125 0.098 0.001 0.014 0.062 0.025 0.098 0.519
Mean PAT 0.145 0.125 0.105 0.151 0.001 0.058 0.086 0.047 0.152 0.052
Std LAT 0.026 0.022 0.028 0.021 0.002 0.007 0.014 0.005 0.018 0.077
Std MED 0.020 0.020 0.013 0.025 0.002 0.002 0.015 0.002 0.017 0.622
Std PAT 0.030 0.014 0.028 0.012 0.001 0.005 0.017 0.004 0.032 0.380

p values in bold font represent statistical significance (p < 0.05)

PAT patellar cartilage, MED femorotibial medial cartilage, LAT femorotibial lateral cartilage, Std standard deviation, /QR interquartile range

* Each p value is calculated from the Wilcoxon test to assess whether the measure changed over time

** Each p value is calculated from the Wilcoxon test to assess whether the rate of change in the measure differed from zero
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Fig. 5 Scatter plots of mean and R3D IRW
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(scan 1) vs. follow-up (scan 2). We can notice that for R3D, all
data points are close to the diagonal (no change in measure-
ment), while for IRW most of the data points are below the
diagonal (decrease in measurement).

Statistical analysis

The time between scans of each patient had a mean + std of
477.67+33.3 days (min—max range =417-582 days) with a
coefficient of variation (CV) of 8.0%. This small CV implies
that results based on change and rate of change of ASC will be
highly consistent in terms of correlations and p values.

Table 3 presents the mean, std, median and interquartile
range (IQR) of the within-subject change in each measure of
ASC in mM, and the rate of change in each measure of ASC in
mM/day, within each cartilage region as determined using
each sequence. Each p value is calculated to assess whether
the measure changed over time or whether the rate of change
in the measure differed from zero. All changes of mean and std
of ASC, and rates of change of mean and std of ASC, over the
follow-up delay, were statistically significant for all cartilage
compartments when measured using IRW. R3D data shows a

significant decrease only for the mean ASC and for the rate of
change in mean ASC in the patellar cartilage. For IRW, de-
crease in mean ASC was in the range 67.5-73.3 mM, and
decrease in std of ASC was in the range 9.6-14.8 mM, in
whole cartilage. For R3D, the decrease in mean ASC was
much smaller (less than half of IRW), in the range 7.2—
31.4 mM, and the decrease in std of ASC was also very small
compared to IRW, in the range 0.8-3.6 mM. Rates of changes
for IRW were in the range 0.139-0.149 mM/day for mean
ASC, and 0.020-0.030 mM/day for std of ASC. Rates of
changes in mean and std of ASC from R3D were also much
smaller than from IRW, in the range 0.014-0.064 mM/day and
0.002-0.007 mM/day, respectively.

Complementary results from the statistical analysis are
shown in Tables S1-S4 of the Supplemental Material.
Table S1 presents the mean, std, median and IQR of the
within-subject difference between sequences (IRW minus
R3D) in terms of the change in each measure of ASC in
mM, and in terms of the rate of change in each measure of
ASC in mM/day, within each cartilage region. In all cases the
sequences differed significantly for change of mean and std of
ASC, and for rate of change of mean and std of ASC over
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time, for each subject. Table S2 presents the mean, std, median
and IQR of'the within-subject change in each measure of ASC
within each cartilage region as determined using each se-
quence for each gender. No significant difference was detected
between measurements in male and female patients, except for
the measure of std of ASC from R3D in PAT. Table S3 pre-
sents the mean, std, median and IQR of the within-subject rate
of change in each measure of ASC within each cartilage re-
gion as determined using each sequence for each gender. No
significant difference was detected between measurements in
male and female patients, except for the measure of std of
ASC from R3D in PAT. Table S4 presents the Spearman cor-
relation (R) and p value for the association of the change and
rate of change in each regional measure of ASC with age,
weight and KL grade. No correlation was found significant
between age and any change or rate of change in the measures
of mean and std of ASC. A significant correlation was found
between KL grade and change in mean ASC in LAT (R=

0.69, p=0.013), and between KL grade and change in std of
ASC in MED (R=0.79, p =0.002), for IRW acquisition only.
Similar correlations between KL grades and the rates of
change in measures of ASC in the same cartilage regions were
noticed for IRW data. A significant correlation was found
between weight and change in mean ASC (R=0.65, p=

0.023), in PAT for R3D acquisition. Significant correlation
were noticed between weight and the rate of change in mean
ASC in PAT from R3D (R=0.64, p=0.025), the rate of
change in std of ASC in PAT from R3D (R=0.61, p=

0.037) and the rate of change in std of ASC in MED from
IRW (R=0.58, p=0.046).

Discussion

From the results presented in Table 3, we can assert that mea-
surements of the changes in mean ASC and in std of ASC, and
in their respective rate of change over time, were only statis-
tically different between baseline and follow-up when data
was acquired with the fluid-suppressed sequence IRW.
Moreover, for each subject, the difference in all results from
IRW and R3D was significantly different, with the changes
measured from IRW data much larger (by at least a factor 2)
than the changes measured from R3D data. This is mainly due
to a reduction of partial volume effect of the surrounding
synovial fluid ([Na*] ~ 140 mM) by inversion recovery.
Acquiring sodium data with MRI is challenging because
the sodium MR signal in cartilage is about 3500 times lower
than the proton signal, and exhibits very fast relaxation that
necessitates specific ultrashort echo time (UTE) acquisition
sequences such as radial 3D [13]. As a result of these chal-
lenges, sodium MRI is generally acquired with low resolution
(3.3 mm isotropic in our case, which is similar to the thickness
of human knee cartilage [32]) and long acquisition times
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(16 min for R3D and 23 min for IRW) at 7 T. We showed that
IRW reduces partial volume effects of surrounding fluids as-
sociated with the coarse resolution. Going forward, this meth-
od could be implemented with more efficient UTE 3D se-
quences such as FLORET [33] or TPI [34] which can increase
signal-to-noise efficiency by 40-50%, and exploit data
undersampling and compressed sensing (CS) reconstruction
[35, 36]. The combination of ultra-high field (7 T) with fast
3D acquisition with fluid suppression and optimized multi-
channel CS reconstruction could allow one to acquire ASC
maps with higher resolution (about 2 mm) within 10 min. On
the other hand, we notice that the better performance of IRW
over R3D is valid only for voxels containing cartilage and
synovial fluid. For thin structures such as femoral cartilage,
it might be more advantageous to trade the higher signal in-
tensity of R3D for even higher spatial resolution (1 mm) with
reduced partial volume effect from synovial fluid and other
surrounding tissues.

Although the sample size was small (12 subjects), we were
still able to detect longitudinal reductions in cartilage apparent
sodium content, which provides support for the potential use
of sodium MRI to monitor disease progression in OA.
Unfortunately, progression of OA could not be assessed in
these patients, and KL grades at follow-up were therefore
not available for comparison with baseline and for possible
correlation between KL grade evolution and sodium quantifi-
cation in patients. We could not confirm clinically that the
level of OA progressed during follow-up. In the future, larger
longitudinal studies are needed with early OA subjects, along
with healthy controls, to prove that longitudinal reductions in
sodium (or GAG) content can be detected with sodium IRW
MRI, and have correlations with the later development of joint
space narrowing on radiographs and the evolution of KL
grade over time.

One limitation of this study is the lack of follow-up scans
on control subjects, which could be a good indicator of the
accuracy of the proposed method to detect changes in ASC in
cartilage due to OA compared to normal aging. It can, how-
ever, be noticed that a CV of 8—10% can be expected for ASC
quantification from IRW [37]. In this study, we measured a
decrease of ASC of approximately 70 mM from baseline in
the range 200-250 mM, corresponding to a variation of 28—
35%. We can thus assume that this decrease is probably not
due to acquisition uncertainties.

Another limitation is that, because of the small sample size,
no conclusive relationship between KL grade, weight and
ASC measures can be made. No significant statistical differ-
ence was found between results from male and female patients
and no correlation was found between age and the measure-
ments of mean and std of ASC.

A final limitation is that the sodium T1 and T2* relaxation
times in cartilage were considered fixed in the quantification
algorithm, as measured from healthy subjects in a prior study
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[29]. However, these relaxation times can change during car-
tilage degradation [38], as a result of GAG depletion and
collagen matrix deterioration, and influence ASC quantifica-
tion. Measuring relaxation times in vivo can be very time
consuming [29], but would bring new fundamental informa-
tion about cartilage degradation. An estimation of the error
propagation [24, 28, 39] of variations of T1, T2g,. and
T2ong of cartilage (from baseline values of 20 ms, 1 ms and
13 ms respectively [29]) of 10% each leads to a total uncer-
tainty of 9% in mean ASC, and variations of 20% in relaxation
times lead to an uncertainty of 19% in mean ASC for IRW.
When no inversion is involved (R3D), the uncertainty is less
than 1% in all cases. It is therefore difficult in the present study
to assign which part of the loss of ASC is due to real loss of
sodium content within the cartilage or due to variations of
relaxation times, but it can be noticed that both are expected
to be related to loss of GAG (and also collagen matrix degra-
dation for the relaxation part) and general cartilage degrada-
tion. We will therefore keep in mind that the ASC measured
with the present IRW protocol represent only an “apparent”
sodium concentration that is also influenced by changes in
relaxation times. Once a fast method of sodium data acquisi-
tion based on high field, efficient sequence and CS reconstruc-
tion is implemented, T1 and T2* measurement could poten-
tially be added to the scanning protocol and help separate the
effects of relaxation times on the ASC measured, along with
complementary proton MRI [6].

In conclusion, this study shows that quantitative sodium
MRI with fluid suppression by adiabatic inversion can detect
changes in ASC over time in the articular cartilage of patients
with knee OA.
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