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Abstract
Objective To determine the functional relevance of diffusion
tensor imaging (DTI) metrics and conventional MRI (signal
intensity change in T2, compression ratio) by measuring the
correlation of these parameters with clinical outcome mea-
sured by the modified Japanese Orthopedic Association
(mJOA) score.
Materials and methods A total of 20 cervical myelopathy
(CM) patients participated in this prospective cohort study.
The severities of CM were assessed using the mJOA score.
Conventional MRIs (T2-weighted images) measuring the sig-
nal changes of spinal cords and the degree of compression at
the lesion level and DTI metrics [fractional anisotropy (FA),
apparent diffusion coefficient (ADC)] at each lesion and be-
low each lesion (C7/T1) level were acquired using a 3-T
Achieva MRI. These parameters were correlated with the
mJOA scores to determine the functional relevance.
Results Ninety percent of CM patients showed signal changes
and 30 % of patients noted a more than 40% canal

compression ratio in conventional MRIs at the lesion level;
however, these findings were not correlated with the mJOA
score (p < 0.05). In contrast, FA values on DTI showed high
sensitivity to CM (100%), which was well correlated with the
mJOA score (p = 0.034, r = 0.475) below the lesion level (C7/
T1).
Conclusions This study showed a meaningful symptomatic
correlation between mJOA scores and FA values below the
lesion levels in CMpatients. It could give usmore understand-
ing of the pathological changes in spinal cords matched with
various clinical findings in CM patients than the results from
conventional MRI.
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Introduction

Cervical myelopathy (CM) is an insidiously progressive con-
dition usually showing a chronic course of clinical symptoms.
Most of the cases are easily diagnosed by conventional T2-
weighted magnetic resonance imaging (MRI) together with a
history of specific symptoms and neurological examinations
demonstrating myelopathic signs such as ankle clonus, in-
creased deep tendon reflex, and spasticity [1–3]. Although
MRI has played an important role in the diagnosis and
follow-up of spinal cord lesions at present, it still lacks rele-
vance to the functional outcome and prognosis [1, 4–7]. In
addition, it has been reported that up to 21% of patients iden-
tified as having as CM did not show any clinical findings [8].
This controversy may stem from the methodological limita-
tions to estimating and quantifying the spinal cord condition,
which could possibly explain the change in white matter in-
tegrity linking with the clinical symptoms of CM [3, 6, 7, 9].
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A recently introduced technique, diffusion tensor imaging
(DTI), has been investigated for estimating the neural tissue
integrity in the brain and spinal cord [2, 3, 10–13]. Limited
evidence has recently been published regarding the possibility
of using DTI in CM patients, showing a correlation with the
modified Japanese Orthopedic Association (mJOA) score for
CM [14, 15].

As the first step toward using this technique in the clinical
field, it would be important to validate the advantage of DTI in
terms of functional relevance compared to conventional MRI.
Thus, the underlying hypothesis in this study was that the DTI
technique would be better at estimating the clinical correlation
in terms of functional recovery (recovery after surgery) com-
pared to conventional MRI. Thus, the aim of this study was to
determine the functional relevance of DTI metrics [fractional
anisotropy (FA), apparent diffusion coefficient (ADC)], and
conventional MRI (intensity change in T2, compression ratio)
and whether these parameters correlated with the clinical out-
come measured by mJOA scores.

Materials and methods

Participants

This is a prospective cohort study. A total of 20 CM patients
participated in this study. The eligibility criteria were as
follows: patients with a history of clinical symptoms such
as neck pain with motor dysfunction or sensory deficits with
compressive lesions and/or signal changes (cervical
spondylotic myelopathy, ossification of the posterior longi-
tudinal ligament, ossification of the ligament flavum, cervi-
cal disc herniation, and cervical spinal stenosis) as visualized
on MRI for whom conservative treatment had had no effect
for more than 6 weeks and with an acute worsening of
neurological conditions. The exclusion criteria were as fol-
lows: any previous types of spine surgery, rheumatoid arthri-
tis, spinal infection, trauma, instability, tumor, neurological
disorders other than those of spinal origin, congenital anom-
aly of the spine, and contraindications to laminoplasty.
Informed consent was obtained from all individual partici-
pants included in the study. Along with compressive lesions
on MRI, signal changes, meaning increased signal intensity
of the spinal cords on T2 images, have been regarded as one
of the important radiological markers in CM patients [3, 6,
14, 15]. Besides, because of the vague symptoms of CM,
not directly relevant to the MR findings, we focused on CM
patients who had not responded to conservative treatment
for more than 6 weeks, had not undergone a previous sur-
gery, and had no other clinical conditions that might affect
the final outcomes, just like the requirements for patient
eligibility for surgery.

Conventional T2-weighted MRI acquisition and analysis

MRIs were obtained using a 3-T Achieva MRI scanner
(Achieva, Philips, Best, The Netherlands) with the following
parameters: same orientation plane as for diffusion-weighted
data (axial), slice thickness 3 mm, no gap, time repetition/echo
time 3600/120 ms, and field of view 250 mm. The signal
changes in T2-weighted images were measured automatically
by the computer and qualitatively assessed.

The compression ratio of the most compressed region for
the cord diameter (di) on MRI was measured as a percentage
of the non-compressed areas above (da) and below (db) the
lesion level using the following equations according to the
method described by Arvin et al. [14]. Compression ratio
(%) = 1 - [di/{(da + db)/2}] × 100. The sensitivity of the
compression ratio was considered a positive condition when
the compression ratio was over 40% [15]. The sensitivity of
signal change was considered a positive condition when a
signal change existed. At least two investigators confirmed
the signal change and compression ratio on MRI.

Diffusion tensor imaging (DTI) acquisition and analysis

DTI data were obtained using the same scanner. Single-shot
echo-planar imaging was used for the transverse DTI of the
cervical spinal cord with the following parameters: b value
500 s/mm2, number of diffusion gradient directions 15, slice
thickness 3 mm, no gap, time repetition/echo time
6300/63 ms, field of view 145 mm, and acquisition matrix
128 × 128.

For the DTI analysis, the raw image files were converted to
NIfTI files using MATLAB 2009b software (MathWorks,
Natick, MA, USA). The NIfTI files were split using FSL
software (University of Oxford, Oxford, UK) and then co-
registered according to their gradient directions using SPM8
software (University College London, London, UK). DTIFIT
implemented in FSL software was used to obtain DTI param-
eters including fractional anisotropy (FA) and the apparent
diffusion coefficient (ADC). Regions of interest (ROIs) were
marked at the anterior, lateral, and posterior white matter re-
gions in each half of the spinal cord according to the method
described by Thurnher et al. (Fig. 1) [16]. However, voxels of
ROIs were difficult to distinguish with severe compression at
the spinal cord lesion level. Therefore, the ROIs were defined
as six ROIs at and below the lesion level (C7/T1) in the cer-
vical vertebrae. FA and ADC values were measured in a given
ROI (Fig. 2). Also, an average of FA and ADC values of six
ROIs was used for statistical comparison of sensitivity to CM
and correlation with the mJOA score of CM betweenMRI and
DTI findings. FA and ADC values were measured in a given
ROI and averaged for six ROIs for statistical comparison of
sensitivity to CM and correlation with the mJOA score.
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Sensitivity of the metrics onDTI was measured as variation
of the lesion and below lesion level (C7/T1) from the non-
compressed areas above the lesion level (C2) [5, 13, 17–19].
DTI findings were confirmed with two investigators using
both MRI and color-coded FA maps.

Cervical myelopathy severity measurement

All cases of CM patients were carefully evaluated, and their
neurological status including motor and sensory changes was
recorded. Symptoms of CM were also evaluated according to
their severity as measured by the mJOA score, a scoring sys-
tem for evaluating functional outcome in cervical myelopathy
patients. It assesses motor function in the upper and lower
extremities, upper extremity sensory function, and bladder

function. Each scale ranges from 0 to 7, 5, 3, and 3, respec-
tively, with a total score of 18. Fehlings et al. defined the
severity of myelopathy as mild if the mJOA score was 15 or
larger, moderate if the mJOA score ranged from 12 to 14, and
severe if the mJOA score was less than 12 [20]. To reduce
errors, the two investigators were unaware of the intention of
this research and the clinical scoring (mJOA) results of partic-
ipants, which were measured twice at weekly intervals, and
the average of the measured values was used as the measured
value. Intra- and interobserver reliability of the measurements
on ROIs was analyzed using the interclass correlation coeffi-
cient (ICC) and 95% confidence interval. The ICC values
were interpreted according to the Landis-defined categories
for the interpretation of κ [21]. All physical signs regarding
the patients’ main discomfort were also recorded and
videotaped using a digital camera (D-90; Nikon, Tokyo,
Japan).

Statistical analysis

The Pearson correlation test was used to determine correlation
among the signal change, compression ratio, and mJOA
scores. It was also used to determine the correlation between
all DTI metrics and mJOA scores on both the lesion level and
the below lesion level as well as on conventional MRI. The
SPSS 13.0 statistical package (SPSS, Chicago, IL, USA) was
used. A value of p < 0.05 was accepted as significant.

Results

1. Baseline characteristics, conventional T2-weighted MRI
findings, and DTI findings.

A total of 20 patients were enrolled, and 17 patients were
male. Average age of the patients was 52.79 ± 8.01 years. All
patients had spinal stenosis; of these, 18 had signal changes on
conventional MRI. The average compression ratio at the le-
sion level was 34.6% (11.0%–74.5%). The range of mJOA
scores was 12 to 17. MRI and DTI findings of CM patients are
shown in Table 1.

2. Correlation of the MRI signal changes and compression
ratio on conventional T2-weighted MRI with the mJOA
score at the lesion level.

At the lesion level, signal changes of spinal cords on T2
imageMRI showed high sensitivity to CM (90%). However, it
was not correlated with the functional score (mJOA score)
(p = 0.102). The compression ratio on MRI showed low sen-
sitivity to CM (30%), which was also not correlated with the
mJOA score (p = 0.489) (Fig. 3). The signal change on MRI

Fig. 2 According to Thurnher, ROI voxels were difficult to distinguish
with severe compression at the lesion level of the spinal cord. In this
study, therefore, the ROIs were defined as six ROIs at and below the
lesion level (C7/T1) in the cervical vertebrae. FA and ADC values were
measured in a given ROI

Fig. 1 Regions of interest (ROIs) were marked at the anterior, lateral, and
posterior white matter regions in each half of the spinal cord according to
the method described by Thurnher et al.
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was not correlated with the compression ratio (p = 0.271)
(Table 2).

3. Correlation of DTI metrics with the mJOA score at and
below the lesion level.

At the lesion level, both FA and ADC values showed
high sensitivity to CM (85%, 95%) on DTI. However,
there was no statistically significant correlation with the
mJOA score of CM (p = 0.456, 0.929) (Fig. 4). On the
other hand, below the lesion level (C7/T1), the FA value
on DTI indicated high sensitivity to CM (100%) and
showed statistically significant positive correlation with
the mJOA score of CM [Pearson coefficient = 0.475,
p = 0.034, coefficient of determination (r2) = 0.23]
(Tables 3 and 4, Fig. 5).

4. Comparison of the DTI FA value below the lesion level
and the mJOA score in the CM patient groups.

The mean FA value below the lesion level of the mild CM
group (mJOA ≥15) was 0.539 (95%CI: 0.530–0.549) and that
of the moderate-to-severe CM group (mJOA ≤14) was 0.485
(95% CI: 0.476–0.494). The mild CM group showed a rela-
tively higher mean FA value below the lesion level [+0.0542
(95% CI: 0.00891–0.0994)] than the moderate-to-severe CM
group, and the difference was statistically significant
(p = 0.022) (Table 5).

5. Intra- and interobserver reliability of measurements

Intraobserver reliabilities of two observers were catego-
rized as perfect agreement with ICCs of 0.974 (95% CI:
0.935–0.990) and 0.970 (95% CI: 0.925–0.988), respectively.
Interobserver reliability between two observers was also
interpreted as perfect agreement with an intraclass correlation
coefficient (ICC) of 0.933 (95% CI: 0.830–0.973) (Table 6).

Discussion

CM developing progressively for years is a common degen-
erative disorder presenting symptoms of unsteady gait, wors-
ening balance, clumsy hands, spasticity, and voiding difficul-
ty. Also, these functional disorders can result in motor paral-
ysis and sensory disturbances [11].

Nowadays, MRI is essentially used for the diagnosis and
evaluation of CM in the clinical field. Besides the neurolog-
ical examination, MR findings such as signal changes and
compression of the spinal cord are diagnostic markers for
CM. The signal changes in the spinal cord caused by ossi-
fication of the posterior longitudinal ligament and ligament
flavum, cervical disc herniation, and cervical spinal stenosis,
however, have pitfalls when it comes to estimating function-
al recovery. Much evidence has been published about the
uncertainty of MRI in diagnosing CM [1, 3, 7, 9, 13, 22,
23]. In this study, we confirmed that neither the signal
changes nor the compression ratio had any significant cor-
relation with the functional scores in CM patients. The rea-
son it is not relevant to functional scores is that MRI lacks
the sensitivity to assess the condition of CM [1, 3, 22, 23]
because MRI cannot disclose the injured neuron of the spi-
nal cord. By diagnosing an abnormal spinal cord at an early
stage, CM patients are able to obtain better results with
optimal treatment from spine surgeons. However, it is diffi-
cult to assess the condition of the injured neuron of the
spinal cord with MRI at an early stage. Therefore, these
problems lead to difficulty in deciding the optimal treatment

Fig. 3 Correlation of the compression ratio on conventional T2-weighted
MR images with the Modified Japanese Orthopedic Association (mJOA)
score at the lesion level in CM patients

Table 2 Pearson correlation of signal change and compression ratio on
conventional T2-weighted MR images with the Modified Japanese
Orthopedic Association (mJOA) score at the lesion level in CM patients

mJOA score Signal change Compression ratio

mJOA score 1

Signal change −0.296(0.102) 1

Compression ratio 0.007(0.489) −0.145(0.271) 1

Pearson correlation coefficient (p-value); Pearson correlation is signifi-
cant at the 0.05 level (2-tailed); compression ratio = 1 - [di/{(da + db)/2}];
di, the cord diameter of the most compressed region on MRI; da and db,
the cord diameter of the non-compressed areas above (da) and below (db)
lesion level on MRI

Skeletal Radiol (2017) 46:1477–1486 1481



for CM [7]. In contrast, some patients had normal anatom-
ical cords on MRI despite having severe symptoms of CM.
Therefore, it is very difficult to explain the difference be-
tween the MR imaging and clinical findings [7, 9, 24].

Several investigators recently assessed the feasibility of
performing diffusion tensor imaging (DTI), which is an ad-
vanced MRI technique that can objectify and quantify neuro-
logical changes using several parameters. These parameters
are obtained by measuring the diffusion of extracellular water
molecules in ROIs, which is drawn to neuronal tracts. One
parameter, the FA value (fractional anisotropy, whose value
is from 0 to 1), is known to be related to the directionality of
water diffusivity and generally considered to be related to
function [3, 25]. A decrease in motor and sensory function
happens with a reduced number of fibers or reduced density
results in increased extracellular space [26]. The other

parameter, the ADC value (apparent diffusion coefficient), is
used to measure diffusive strength and thought to be useful for
monitoring the pathological condition such as the progression
of recovery from a spinal cord injury [27]. As the FA value
moves closer to 0 and the ADC values move closer to 1, a CM
subject has a greater possibility of being diagnosed with
poorer function [3].

Some DTI studies used different parameters, such as the
mean diffusivity (MD) and radial and axial diffusion (AD)
coefficients, because they are believed to reflect the degree
of axonal and myelin damage, respectively [28–31], and the
standard deviation (SD) of the primary eigenvector orienta-
tion, std. (q), was evaluated as a measure of white matter
disorganization and tract disruption [32]. Among these param-
eters, the FA and ADC values, most commonly used in DTI-
related research, were measured and analyzed in our study.

Fig. 4 Correlation of metrics on diffusion tensor imaging with the Modified Japanese Orthopedic Association (mJOA) score at the lesion level in CM
patients

Table 3 Pearson correlation of
metrics on the diffusion tensor
image with theModified Japanese
Orthopedic Association (mJOA)
score at and below the lesion level
in cervical myelopathy patients

FA at lesion
level

FA below lesion
level

ADC at lesion
level

ADC below
lesion level

mJOA

FA at lesion
level

1

FA below lesion 0.021(0.929) 1

ADC at lesion
level

−0.389(0.090) 0.336(0.147) 1

ADC below the
lesion

0.140(0.555) −0.387(0.092) 0.216(0.360) 1

mJOA 0.177(0.456) 0.475* (0.034) 0.021 (0.929) −0.285 (0.223) 1

Pearson correlation coefficient (p-value); FAvalues, fractional anisotropy values; ADC values, apparent diffusion
coefficient values; *Pearson correlation is statistically significant (p < 0.05)

1482 Skeletal Radiol (2017) 46:1477–1486



Previous studies tried to show the usefulness of DTI in
spondylosis and myelopathy patients. Ying et al. described
the positive correlation between the change of mean FAvalues
and mJOA scores in multilevel compressive myelopathy;
however, they did not explain the change in FA values below
and above the lesion level, only focusing on the change in
general mean FAvalues in white matter; we could not identify
the actual symptomatic correlation with the change in FA
values at the most compressed lesion sites [33]. Lindberg
et al. explained that DTI parameters could detect any change
in the spinal cords even in cervical spondylosis with no evi-
dence of cord damage on T2-weighted MRI imaging.
However, unfortunately, there is no practical way to prove
the actual effect and symptomatic correlation of only the

change of DTI parameters with clinical findings, especially
in patients with no evidence of structural change of the spinal
cord on conventional MRI at this time. To overcome these
limitations of DTI studies, we measured the DTI parameters
above and below the lesion levels as well as the lesion sites to
determine any correlation of the change in DTI parameters
with clinical findings. [34].

At the lesion level, both the FA and ADC values on DTI
indicated high sensitivity to cervical myelopathy (85%, 95%).
Although the DTI metrics in ROIs definitely showed signifi-
cant changes of the spinal cord at the lesion level in this study,
it did not correlate with the functional scores. Unfortunately,
when there are many structural changes with severe compres-
sion, the DTI technique does not display the spinal cord tract’s

Fig. 5 Correlation of metrics on diffusion tensor imaging with the Modified Japanese Orthopedic Association (mJOA) score below lesion level in CM
patients

Table 4 Comparison of
sensitivity and Pearson
correlation with the Modified
Japanese Orthopedic Association
(mJOA) score on T2-weighted
MRI and diffusion tensor image
findings of CM patients

MRI findings DTI findings

Lesion level Lesion level Below lesion leve

Signal
change

Compression
ratio

FA value ADC
value

FA value ADC
value

Positive 18 6 17 19 20 13

Negative 2 14 3 1 0 7

Sensitivity (%) 90 30 85 95 100 65

Pearson correlation
with JOA

P = 0.102 P = 0.489 P = 0.456 P = 0.929 P = 0.034* P = 0.223

*Pearson correlation is statistically significant (p < 0.05)
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neurological disruption at the compressed lesion level. Also,
some secondary histopathological changes, such as gliosis,
cystic degenerative changes, extracellular edema, extracellular
space, inflammatory cell proliferation, and decreased perfu-
sion of the cell membrane in the spinal cord, could influence
problems not correlated with CM symptoms [6]. Besides, oth-
er problems such as artifacts of susceptibility, movement of
cerebrospinal fluid (CSF), heart motion, respiration motion, a
high signal-to-noise ratio, and low resolution of DTI images
could influence the measurement of neurological changes of
the spinal cord [4, 7, 9]. Therefore, DTI findings at the lesion
level should be interpreted cautiously when analyzing sensi-
tivity to CM and correlation with CM symptoms.
Nevertheless, DTI can quantify the anatomical structure and
neurological changes of the spinal cord with DTI metrics such
as FA and ADC. DTI can be more objective and sensitive to
CM than MRI.

CM develops progressively for years but is sometimes
caused by acute events. In patients who have injured spinal
cord neurons, Wallerian degeneration can develop toward the
distal part of an injured neuron after spinal cord injury and be
detected at sites distant from the lesion as well [17]. Harsan
et al. also conducted a study showing water diffusion at great
distances from the damaged axons was restricted because of
accumulations of neurofilaments (NF) and other transported
proteins [35]. That is, changes to the DTI metrics below the
lesion level are likely to be caused by damage to the axonal
integrity of the descending tract of the lesion level.

Therefore, this study for measuring sensitivity to CM and
correlation with symptoms of CM was implemented at the
lesion level as well as below the lesion level because of current
DTI technical limitations at the lesion level and Wallerian
degeneration. As a result, FA values below the lesion level
(C7/T1) indicated high sensitivity to CM (100%) and also

showed statistically significant positive correlation with CM
symptoms.

In our previous study, DTI metrics sensitively reflected the
pathological status and were correlated with behavioral out-
come. DTI analysis could also give us more objective and
reliable information about the spinal cord structure symptoms
of CM than that MRI according to the results [3].

This study showed not only the diagnostic and predictive
value of DTI but also the important clinical significance of
neurological changes in spinal cords below the lesion level.

Because of technical limitations of current DTI imaging
analysis, we could not go down to the thoracic spine level
for measurement. The maximum level was C7/T1 as other
studies suggested [3, 7, 14, 15]. This is why we chose the
C7–T1 level as below the lesion level. As myelopathy symp-
toms are closely related to the severity of the damage in the
spinal cord at the lesion level as well as the axonal integrity of
the descending tract below the lesion level, one can easily
expect to measure the exact extent of the damage according
to the location as the lesion distortion and change in spinal
morphometry due to compression; at the same time, the integ-
rity of the spinal cord below the lesion level would give us
valuable information regarding pathological changes without
the problems of structural deformation.

According to this study, unfortunately, we could not sug-
gest the exact lower or upper threshold for FA that is predic-
tive of a mild (mJOA ≥15) and moderate to severe
(mJOA ≤14). This is because each patient could express dif-
ferent degrees of symptoms or clinical findings at all different
areas, even with the same amount of FAvalue change. It is the
same in the mJOA scoring system. As the mJOA scoring
system is just based on the patients’ subjective symptoms,
and simply divided into four categories such as motor (upper
and lower extremities), sensory, and sphincter dysfunction,
almost all patients with the same mJOA score could have
different clinical findings; for instance, some patients might
only have motor dysfunction in their upper extremities or
others might have symptoms in their lower extremities or only
sensory dysfunctions. This discrepancy indicates the difficulty
in deciding the exact upper or lower threshold for the FAvalue
predicting the mild and moderate CM groups. Nevertheless,
based on our observations, the mean FA value below the le-
sion level of the mild CM group was 0.539 (95% CI: 0.530–
0.549) and that of moderate to severe CM group was 0.485

Table 5 Comparison of the
diffusion tensor imaging FAvalue
below the lesion level and
Modified Japanese Orthopedic
Association (mJOA) score in the
cervical myelopathy patient
groups

FA below lesion level,
mean(95% CI)

Group difference estimate
(95% CI)

p-value

Mild mJOA group 0.539 (0.530–0.549) +0.0542 (0.00891–0.0994) 0.022*
Moderate-to-severe

mJOA group
0.485 (0.476–0.494) Reference

Statistical method, independent t-test; mJOA score; mild ≥15, moderate, 12–14; severe ≤11; *statistically signif-
icant (p < 0.05)

Table 6 Intra- and interobserver reliability of mesurements

Intraobserver reliability Interobserver reliability

Rater 1 Rater 2

ICC 0.974 0.970 0.933

95% CI 0.935–0.990 0.925–0.988 0.830–0.973

ICC, Intraclass correlation coefficient; CI, confidence interval
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(95% CI: 0476–0.494); the difference was statistically signif-
icant (p = 0.022). Further investigation will be needed in re-
gard to this matter.

Our research has several limitations. First, the small num-
bers of the participants could be a weakness of this research.
Second, there could be a bias in studying mostly mild and
moderate patients according to the mJOA score.

In conclusion, this DTI study showed a meaningful symp-
tomatic correlation between mJOA scores and FA values be-
low lesion levels in CM patients. It could give us more under-
standings of pathological changes in spinal cords, matched
with various clinical findings in CM patients than convention-
al MRI.
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