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Abstract BACKGROUND CONTEXT: Magnetic resonance imaging (MRI) is the standard imagindatho
ity for the assessment of cervical spinal cord; however, ki$gessment of the spinal cord in cervical
spondylotic myelopathy patients has not demonstrated sistent association with neurologic func-
tion or outcome after surgical or medical intervention. 3ithere is a need for sensitive imaging bio-
markers that can predict functional impairment in patievith advanced cervical spondylosis.
PURPOSE: To implement diffusion tensor imaging (DTI) as an imagingrbarker for micro-
structural integrity and functional impairment in patientith cervical spondylosis.

STUDY DESIGN: Nonrandomized, single institution study.

PATIENT SAMPLE: Forty-eight cervical spondylosis patients with or withgptnal cord signal
change underwent DTI of the spinal cord along with functiassessment.

OUTCOME MEASURES: Functional measures of neurologic function via modifiedajese
Orthopedic Association (mJOA) score.

METHODS: A zoomed-echoplanar imaging technique and two-dimensispatially selective
radiofrequency excitation pulse were used for DTI measerénfractional anisotropy (FA), mean
diffusivity (MD), radial and axial diffusion (AD) coefficigt, AD anisotropyj , defined as AD-MD,
and the standard deviation (SD) of primary eigenvectorntaition were evaluated at the site of
compression.

RESULTS: Results suggest average FA, transverse apparent diffesiefficient,j , and SD of
primary eigenvector orientation at the spinal level of legihcompression were linearly correlated
with mJOA score. Receiver-operator characteristic amalggggested FA ang could identify
stenosis patients with mild-to-moderate symptoms withlatixely high sensitivity and specificity.
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CONCLUSIONS: The results of this study support the potential use of DTItaismarker for predict-
ing functional impairmentin patients with cervical spolmdys. O 2014 Elsevier Inc. All rights reserved.

Keywords: Diffusion tensor imaging; DTI; Spinal cord; Ceal spondylotic myelopathy; Biomarker; CSM; StenosisQAJ

Introduction Materials and methods

Cervical spondylosis is a spinal disorder characterized by Patients
degeneration of vertebral bodies, intervertebral disasetf
joints, and associated ligaments typically resulting imrfa- o . :
tion of bony spurs and, in some cases, myelopathy. Cervical DTIdch:ract_erlstlcfs 2: ser\t/_edtthror:ghout the cerwcgfl;ﬂs |8n
spondylosis, with or without myelopathy, occurs more fre- cord. A series o patients §8; age range, 38—

s : - - ; meah 60 years) diagnosed with cervical spondylo-
uently with increasing age and is seen in as many as 950,y €ars; Me ) ,
gf merﬁland 70% of wc?megn, aged 60 to 65 yeaisMyelo- sis, with (rb 32) or without (% 16) neurologic symptoma-

pathy from cervical spondylosis is the most common diagno- tOIOQY’ wgh homc;gefneous DTI ?cql:\'li'_:'?n %ar:rrletders v,:l/e:e
sis for patients with spinal cord disorders older than 64yea fhx"f?r'lf‘e taj par Of agrc&sgectzr:veNlH - L(Ijnthe study. (Note
[2] and is thought to occur primarily from spinal canal steno- at this study was funded by the. and there are no per-
sis, resulting in the compromise of spinal cord tissue. iSfud ceived biases associated with this funding source.) Fiftee

have shown that a prolonged duration of symptoms may pePatients unqlerwen_t two or more scans during the period

associated with a poor surgical outcoffiel], and therefore, of observa_ltlon: Nlr!e healthy volunteers underwent the

early surgical intervention is commonly advocated based on same cervical imaging .and ser\{ed_as a control group..AII

imaging features before severe symptoms manifest. procedgre; complied with the pr|nC|pIe§ of .the. Declarapon
Magnetic resonance imaging (MRI) is the standard imag- of Helsinki ar_1d were approved by the institutional review

ing modality for the assessment of cervical spinal cordtheal board at our institution.

Assessment of the spinal cord for cervical spondylotic my- .

elopathy (CSM) often includes morphology measurements, Conventional MRI

such as canal size or Torg-'PavIov rafig and T1/T2- Imaging procedures consisted of both routine conven-
weighted MRI signal changes; however, morphomginy] tional MRI and DTI scans performed on a 3.0 T MRI scan-

and abnormal MR signal change-16]have notdemonstra-  ner (3T TrioTim; Siemens Healthcare, Erlangen, Germany),
ted consistent associations with neurologic function dr ou using a standard whole body coil array for radiofrequency

come after surgical intervention. Thus, there is a need for (RF) reception (with only two neck coil elements covering
reliable radiologic criteria and imaging biomarkers fagridi- the cervical spinal cord activated). Routine clinical MRI

fying patients who will benefit from surgical interventifty]. . gcans consisted of T1- and T2-weighted sequences in the
_ Diffusion tensor imaging (DTI), an MRI technique sensi-  gqqittal plane and T2-weighted images in the axial plane.
tive to the magnitude and orientation of water self-difsi  The presence of T2-weighted signal change and spinal cord
is sensitive to spinal cord tissue microarchitectliré| and morphometry defined by the anteroposterior diameter of the
superior to routine T2-weighted MRI in detecting subtle g 4t the level of highest compression was documented

changes in spinal cord integrity after injufy9-21} Pre- 44 ysed for subsequent comparisons with DTI metrics.
liminary reports have found differing diffusion charadser

tics between normal volunteers and patients with cervical
spondylosis and myelopathy, suggesting that this tecleniqu
might be of diagnostic utility10,19,20,22] Although stud- Axial diffusion-weighted images were collected through
ies have explored the use of DTl as a tool to study CSM and the level of most significant canal narrowing. Excitation
DTI has shown promise in characterizing other spinal cord consisted of a custom two-dimensional (2D), spatially se-
pathologies, there remains a need for systematic evafuatio lective RF excitation pulse (2D-RF) and the resulting
of DTI metrics and potential neurologic correlations to MRI signals were acquired using a reduced field of view
move DTI from the benchtop into clinical practice. EPI (echoplanar imaging) readout, with ramp sampling
In the present study, we performed axial DTI through the (zoomed-EPI). Echo time/repetition time was set to 67
upper cervical spinal cord in 9 healthy, neurologically in- ms/5 s, slice thickness was set to 4 mm with no gap, num-
tact control subjects and 48 patients with cervical spondy- ber of excitations 15, and six diffusion sensitizing direc-
losis, with or without mild-to-moderate myelopathy, to tions were collected at®500 s/mm, along with a single
determine whether DTI provides information about spinal T2-weighted (B 0 s/mnf) image.
cord integrity and neurologic impairment beyond conven-  After acquisition of diffusion-weighted images, eddy-
tional MRI examination. current and motion correction was performed using FSL

A prospective study was carried out to describe the

Diffusion tensor imaging
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(Functional Magnetic Resonance Imaging of the Brain Soft-
ware Library; Oxford, UK;http://www.fmrib.ox.ac.uk/fs).

The diffusion tensor was then constructed in Analysis of
Functional Neurolmages (available fttp://afni.nimh.nih.
gov). The eigenvalues and eigenvectors were extracted from
the diffusion tensor and fractional anisotropy (FA}]; axial
diffusivity, AD (corresponding to the largest eigenvalug)

dial diffusivity, RD (corresponding to the average of thetw
smallest eigenvalues); mean diffusivity (MD, average of al
three eigenvalues); and AD anisotropy, (corresponding

to AD-MD [24,25)) were calculated. The measures of AD
and RD were chosen because they are believed to reflect
the degree of axonal and myelin damage, respectively
[26—29] Additionally, the standard deviation (SD) of the
primary eigenvector orientation, std)( defined as the angle

T
95 tan 1@ Y FPWLIEA - ihin the level of highest

YLB
compression was calculated as a measure of white mattel
disorganization and tract disruption. For instance, iftevhi
matter tracts are tightly packed and organized in a single di
rection, the SD will be low because the eigenvectors for all
voxels will be oriented in the same general direction. Alter
natively, if white matter tract orientation is disruptecthase
of compression or damage, the eigenvector orientation for
voxels within the cord at the site of compression will likely
be less coherent, resulting in a larger SD of primary eigen-
vector orientation.

Regions of interest

Manual segmentation of spinal cord regions of interest
was performed for the whole cord (no gray/white matter
distinction) at each axial image slice location, using the
T2-weighted anatomical images, similar to previous techni
ques[30,31]. Regions of interest were placed within the
spinal cord at each image location such that at least two

voxels around the edge of the cord were excluded to assure
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EVIDENCE
METHODS

Context
While MRI is considered the imaging modality of

choice for the detection of cervical spondylotic myelop-
athy (CSM), there is limited correlation between MRI
findings and neurological function as well as outcomes
following treatment. The authors sought to evaluate
whether the use of diffusion tensor imaging (DTI) could
improve diagnostic capabilities in the setting of CSM.

Contribution
The authors performed a prospective analysis of 48 pa-

tients with different levels of neurologic compromise as-
sociated with CSM. Furthermore, 9 healthy controls also
underwent the imaging protocol. DTI results were corre-
lated with severity of CSM as measured on the mJOA
scale. DTI appeared to have relatively high sensitivity
and specificity for detecting patients with symptomatic
CSM.

Implications
The authors’ findings demonstrate that DTI can be applied

to the evaluation of patients with CSM. How this would
change surgeon management at present is not clear. Cer-
tainly, physical examination findings may be correlated
with the results of imaging studies and this is typically
the way in which decisions are made for surgical interven-
tion. Relatively few patients §115) in the current work
underwent DTI multiple times and the “prognostic” ca-
pacity of this modality cannot truly be addressed. Further-
more, the design of this study obviates the possibility of
determining how DTl may be used to predict response
to surgical intervention. These are clearly important is-
sues that should be addressed in future work.

—The Editors

no partial volume contamination from surrounding cerebro- giaiistics

spinal fluid. Data from all voxels in the region of interest

were pooled and averaged across each vertebral level (2-3 Conventional MRI measures of anteroposterior diameter
slices) and the space between each level (ie, space comand T2 hyperintensity were explored as predictors of func-
monly exhibiting compression in CSM patients, usually tional impairment. A Student t test was used to determine
2-3 slices). Diffusion tensor imaging measurements at the whether there was a significant difference in spinal cord

site of compression were used for subsequent analysis. compression between patients with spondylosis and healthy
volunteers. Linear regression was used to determine whethe

the anteroposterior spinal cord diameter was correlatéd wi
mJOA score. An analysis of variance (ANOVA) was used

The present study used the modified Japanese Orthopedi¢o test whether there was a relationship between spinal cord
Association (mJOA) score, the most commonly used func- diameter at the site of compression between patients with
tional outcome assessment instrument in CSM patigats no neurologic impairment (MJ@AL8), mild impairment
that has been demonstrated to be a valid and reliable outcomgmJOAS5 15-17), and moderate impairment (mJ®O20—-14).
measurement in this populatif®]. Moderate symptomatol- Next, the signal-to-noise ratio (SNR) of the spinal cord
ogy was defined as having an mJOA score between 11 andat various spinal cord segments in healthy controls were
14 and mild symptomatology was a score between 15 and 17.compared with historic dai@1] using a two-way ANOVA.

Functional assessment
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Fig. 1. Conventional magnetic resonance imaging meastigsral cord compression. (Left) Linear regression rasettmparing mJOA score with ante-
roposterior (AP) spinal cord diameter¥R0.0707, 5 .0678). (Right) Comparison of AP spinal cord diameter betwpatients without neurologic impair-
ment (MJOA 18), patients with mild impairment (mJ@AL5-17), and patients with moderate impairment (m3QA-14). Results show no significant
difference in spinal cord diameter between these groupaysis of variance, p.4146). mJOA, modified Japanese Orthopedic Association.

The repeatability of DTl measurements within the spinal with neurologic symptoms (mJQA18) from spondylosis
cord were examined in a subset of 15 patients with minimal patients without symptoms (mJ@AL8), and distinguish
neurologic impairment (mJGA17) by calculating the me-  between moderately affected patients (mJAds) and
dian coefficient of variation for both FA and MD. those with mild or no impairment. The area under the
A one-way ANOVA was used to determine whether ROC curve (AUC) was used as a measure of DTI metric
there was a significant difference in FA at the site of com- performance. A two-way ANOVA was used to test whether
pression between patients with no neurologic impairment, the ROC performance differed across the various DTI met-
mild impairment, or moderate impairment. Tukey test for rics and between detecting any impairment (m30A8 vs.
multiple comparisons was used to test difference betweenmJOA 18) or moderate impairment (mJOAS5 vs.
these individual groups. Linear regression was then usedmJOA$ 15).
to test whether FA, MD, AD, RDj, or std () at the level
of compression correlated with mJOA score. A
Bonferroni-corrected p value .0083 was considered stat- Results
istically significant for linear regression analysis (cor-
rected p valub .05/6).
Additionally, receiver-operator characteristic (ROC) The majority of the cervical spondylosis cohort with
analysis was used to determine the sensitivity and specific-neurologic symptoms presented with gait and/or hand coor-
ity for DTI indices to differentiate spondylosis patients dination difficulty. The mean mJOA score in this cohort

Clinical symptoms

Stenosis + Stenosis + Stenosis +
No Impairment Mild Impairment Moderate Impairment

"N

Neurologically-Intact
g > ’

= 077 . °
<
N R
[ o ..
% $06 —ge_ °®
;,E: 8 0.54 .. .... 'Y
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=6 . o °
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£ 1041 o o
A C g % .
ey o0
0.3 T T T
No Mild Moderate
Impairment Impairment Impairment
' (mJOA=18) (mJOA=15-17) (mJOA=11-14)
B S HE™S |

Fig. 2. FA at the site of spinal cord compression. (A, C, E, @yifal T2-weighted and (B, D, F, H) FA images of a neuroladjicintact (A, B) control
subject, (B) showing high FA in spinal cord white matter, [J,a patient with cervical spondylosis without neurologigpairment (mJOA 18), (E, F) a
patient with cervical spondylosis with mild impairment @A5 15), and (G, H) a patient with cervical spondylosis with madie impairment (mJO2.12).
Note that patients demonstrate a decreasing FA at the siteosf severe compression with increasing neurologic impit, suggestive of increasing
microstructural damage. Note on axial images, postetiop, anterios bottom. (I) Comparison of FA at the site of compression betwpatients without
neurologic impairment (mJCA18), patients with mild impairment (mJ@AL5-17), and patients with moderate impairment (m3QA8-14). Results show

a significant difference between patients with moderateaimpent and those with mild or no impairment (analysis ofaraze, p .0001; Tukey test,!p.05

for moderate vs. mild or no impairment). The arrows showaedgif spinal cord compression.!*p05. mJOA, modified Japanese Orthopedic Association.
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was 15.1, with a range from 11 to 17. Neck pain was the images, were acquired using the 2D{RFoomed-EPI se-
most common clinical presentation in the cohort of cervical quence. When compared with historic contr{i#§], axial
spondylosis patients without neurologic symptomatology. FA measurements from C2 through the C6—C7 level in the
All 16 patients without symptoms had a mJOA score of 18. nine neurologically intact volunteers in the present study
showed no significant differences, suggesting the pulse
sequence used in the present study may provide compa-
rable results with previous studies (two-way ANOVA,
The mean anteroposterior spinal cord diameter in cervi- p5 .129 between studies,5p128 across spinal levels,
cal spondylosis patients was significantly narrower inieerv  p5 .410 interaction). To test the repeatability of spinal cord
cal spondylosis patients than healthy controls (8.5®2 DTI measurements, we examined a subset of 15 patients
[SD] mm vs. 7.0@ 0.75 [SD] mm; t test, p .0001). Within with spinal stenosis, minimal neurologic impairment
the cervical spondylosis cohort, there was a slight trerd be (mJOA$ 17), no change in impairment during observation,
tween spinal cord diameter and neurologic impairment. In and more than two scans over an average duration of 200
particular, we observed a trend between anteroposteriordays 6 13 days standard error of the mean [SEM]). Evalua-
diameter and mJOAH(g. 1, Left; R°5 0.0707, |5 .0678; tions of MD and FA at C2 in these patients (average distance
Poweb 0.53%); however, there was no relationship ob- from site of compressidn37.06 3.5 mm) demonstrated a
served between neurologic impairment and presence ofmedian coefficient of variation for MD and FA of 8.7%
intraspinal T2 hyperintensity. Additionally, no relatgmp and 4.6%, respectively.
between spinal cord diameter and severity of neurologic
impairment (none, mild, and moderate) within the cervical
spondylosis cohort was observedd. 1, Right; ANOVA,
p5 .4146). Fractional anisotropy images demonstrated high diffu-
sion anisotropy within regions of white matter in neuro-
logically intact control subjects, consistent with heglth
densely packed axon tractsiq. 2, A—B). In contrast with
High quality 6 0 s/mnf and 5 500 s/mn% images, the high diffusion anisotropy in neurologically intact ualt
reaching a maximum SNR of nearly 20 and an SNR full- teers, patients with symptomatic spondylosis showed signi

Conventional MRI

Fractional anisotropy changes at the site of compression

Reproducibility and quality of DTI data

width, half-max of approximately 80 mm forst0 s/mnf ficant narrowing of the spinal canal and a reduction in FA
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Fig. 3. Correlation between diffusion tensor imaging andralgic impairment. Linear regression results comparmiDA with (A) FA (RP5 0.4144,
p .0001), (B) RD (R50.1448, 5 .0067), (C)j (R®50.2764, 5.0001), and (D) standard deviation of primary eigenvectdensation or std q)
(R?5 0.4080, p .0001). All measurements were made at the level of highésalspord compression. mJOA, modified Japanese Orthopesodation.
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(Fig. 2, C-D). A closer examination of our patient cohort ANOVA, p! .0001). For example, patients showing spondy-
revealed a pattern of decreased FA at the site of compresdosis without neurologic symptoms demonstrated a rela-
sion with increasing neurologic impairment (decreasing tively high FA measurement at the site of compression
mJOA). Fractional anisotropy measurements at the site of compared with adjacent levels. In patients with relatively
compression could significantly stratify patients based on mild neurologic impairment, for example, mJ6A5 to

categorical severity of neurologic impairmeritiq. 2, E;

1004
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- =) ¢
—T s’
’
’
s
’
’
s

= FA (mJOA < 18)
RD (mJOA < 18)

- ’,
L [ ===y (MJOA< 18)
v id std(8) (mJOA < 18)
C ] L] L] ]
0 25 50 75 100

100 -

75

504

Sensitivity of

259

1-Specificity of Detecting Impairment

— FA(mJOA < 15)
RD (mJOA < 15)

===y (mJOA < 15)
std(0) (mJOA < 15)

Detecting Moderate Impairment

0 T T T 1
0 25 50 75 100
1-Specificity of Detecting Moderate Impairment
Bl noA<15
10 - CJ mioAa<1s
(]
>
S 0.9 =
O
3
Q 08 -
o}
2074
>
3
= 0.6 4
0.5 =
FA RD U std(6)

Fig. 4. ROC results for diffusion tensor imaging (DTI) mesi (Top)
ROC curves showing the sensitivity and specificity of diéfer DTI
metrics to spondylosis patients with mJOA8. (Middle) ROC curves
showing the sensitivity and specificity of different DTI rie$ to stenosis
patients with moderate impairment. (Bottom) Area undeRXC curve as
a measure of performance for DT metrics for mJQI5 (solid black bars)
and mJOA 18 (white bars). ROC, receiver-operator characteristitO,
modified Japanese Orthopedic Association; FA, fractionalaropy; RD,

radial diffusivity.

17, FA values at the site of compression were slightly de-
creased relative to adjacent levels, although not signitfliza
different from patients without neurologic impairment
(Tukey test for multiple comparisonsQp05 for mild vs.

no impairment). In patients with moderate myelopathy,
for example, mJOA 11 to 14, FA values were markedly re-
duced compared with adjacent levels and patients with mild
or no neurologic impairment (Tukey test, @5 for moder-
ate vs. mild & moderate vs. no impairment).

DTI correlates of neurologic impairment

Consistent with more qualitative observations, a significa
positive linear correlation was found between FA measure-
ments at the site of compression and mJOA sceig 3, A;
Pearson, B5 0.4144, p .0001; Powes 93%). No significant
linear correlation was observed between MD or AD and mJOA
score (R 0.03, |©.25, Powed 60% for both MD and AD).

A significant, although rather weak, negative correlatiasw
observed between RD and mJOAiq. 3 B; R*5 0.1448,

p5 .0067, Powes 51%). Although neither MD nor AD was
considered statistically significant predictor of mJOArs;o

i , or the difference between AD and MD, showed a positive
linear correlation with mJOA Kig. 3, C; RP50.2764,

p5 .0001, Powes 52%). To test whether displacement in
the orientation of white matter tracts at the site of compres
sion is a significant predictor of neurologic impairment, we
examined the variance in the primary eigenvector oriestati
that should be relatively small in the intact spinal cordy-su
gesting all white matter tracts are oriented in the samedire
tion (ie, rostral-caudal). Our results demonstrate a gtron
negative correlation between the SD of primary eigenvector
orientation and mJOARig. 3 D; R®5 0.4080, p .0001,
PoweO 90%), suggesting disorganization in white matter tract
orientation at the site of compression is higher in patietitts
more neurologic impairment.

Receiver-operator characteristic analysis aimed atrdiffe
entiating spondylosis patents with and without neurologic
impairment suggested that FA, and SD in primary eigen-
vector orientation could identify symptomatic patients
with significant sensitivity and specificity. Specificallyn
average FA value, measured at the site of highest compres-
sion, less than 0.55 resulted in a 72% sensitivity and 75%
specificity of detecting patients with mJOA18 (Fig. 4,
Top and Bottom; AUG 0.776 0.07 SEM, 5 .0024) and
an 81% sensitivity and 92% specificity of detecting patients
with moderate impairmentHg. 4, Middle and Bottom;
mJOA 15; AUC5 0.95% 0.03 SEM, p .0001). Average
j , RD, and SD of primary eigenvector orientation at the
site of compression were not significant predictors of symp-
tomatic patients (mJQAL8) after Bonferroni correction
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(Fig. 4, Top and Bottom; ©.0083), but were all significant examining a cohort of cervical spondylosis composed of
predictors of moderate impairment (mJOAS) (Fig. 4, symptomatic and asymptomatic individuals.
Middle; @ .0095). A side-by-side comparison of the AUC Results support the hypothesis that AD and RD may be
for all DTI metrics suggested no significant difference in sensitive biomarkers to axonal dysfunction and demyelina-
metrics performance (ANOVA; DTI metric,5.1064); how- tion, respectively26—29] Previous studies by Song et al.
ever, there was a significant increase in ROC performance[27,28] have eloquently demonstrated that dysmyelination
when identifying stenosis patients with moderate neuiolog results in an increased RD, without a change in AD. Con-
impairment (mJOA 15) compared with identification of pa-  versely, the studies by Ellingson et ak6] and Budde
tients with only slight neurologic impairment (mJOAS; et al.[29] have demonstrated a strong correlation between
Fig. 4, Bottom; ANOVA, severity of impairment,5.0004). the decrease in AD and a decrease in axonal function.
Further supporting this hypothesis is the observation that
changes in AD and RD follow distinctly different tem-
poral profiles[30], where the decrease in AD occurs much
quicker than the increase in RD. In the present study, we
Cervical spondylosis and stenosis are pathological con-observed a negative linear correlation between RD and
ditions of the spinal column that affect the vast majority mJOA, suggesting a decrease in neurologic function may
of older individuals with increasing age. The diagnosis of accompany an increase in demyelination in patients with
CSM typically includes static or dynamic X-rays, computed chronic spinal cord compression. Although we did not
tomography, myelography, or conventional MRI. Despite observe a significant correlation between AD or MD and
the significant advancement of conventional MRI technol- mJOA, AD anisotropy j(), defined as the difference be-
ogy since its inception, the value of traditional imaging tween AD and MD, was significantly correlated with func-
technologies in diagnosing and predicting early responsetional impairment. In the context of the present study, we
to treatment remains controversial. Results from the ptese hypothesized thgt would allow for assessment of AD in-
study suggest a trend may exist between anteroposteriordependent of MD because MD was thought to fluctuate as
spinal cord diameter and mJOA; however, the study did a result of spinal cord compression. Taken together, these
not have adequate statistical power (53%) to make a defin-results may imply that some degree of both axonal dysfunc-
itive conclusion. However, the low correlation coefficient tion (myelopathy) and demyelination may be present in pa-
(R?5 0.0707) and slope associated with this relationship tients with spinal cord compression.
suggests that traditional MRI measures are not likely to  Results from the present study demonstrated a strong cor-
be predictive of neurologic impairment. relation between the SD in primary eigenvector orientation
Chronic compression of the spinal cord produces patholog- and mJOA score. Consistent with our findings, a recent study
ical changes in the tissue microstructure that can be @gtect by Song et al[38] showed abnormal deflection in primary
using DTI. For example, results from the present study lslear eigenvector orientation, illustrated using FA color maps,
demonstrate anincrease in MD and decrease in FA at the site oBipproximately three-fourth of patients with myelopathy. |
chronic compression in patients with chronic stenosidivela  another recent study, Cui et &9] documented a high de-
to neurologically intact control subjects, consistentwgte- gree of “entropy,” or disorganization, in primary eigesstor
vious studieg10,19,20,22] Additionally, we observed a de-  orientation at the compression site in patients with CSM
crease in FA in CSM patients proportional to the degree of compared with healthy controls. These results appear to be
neurologic impairment as measured with mJOA score, con- consistent with the hypothesis that primary eigenvectar or
sistentwith arecent study by Jones efa4]. Ourresultsalso  entation, which is thought to be a surrogate of white matter
suggest, FA measurements at the site of compression are #&ract orientation, dendritic orientation, or interneumienta-
strong biomarker for identifying symptomatic stenosis pa- tion, becomes more disorganized with increasing neurologi
tients (MJOA 18 or mJOA 15), which is a trend also ob-  impairment. Future studies aimed at exploring the role ef ax
served by other investigato}35,36]. on and cell body morphological changes in mild-to-
Inconsistent with our present findings is the hypothesis moderate CSM may provide more insight into the influence
that MD is a significant predictor of myelopathy. Data from of these mechanisms on DTI measurements.
a study published by Demir et 4l.9] suggested MD meas-
urements at the site of compression had a relatively high
sensitivity and specificity for identifying symptomatic-pa
tients. Additionally, data from Uda et al37] suggested One of the strengths of this study is that in contrast to
MD was the best predictor of myelopathy when compared some of the other published DTI studies, both neurologicall
with FA; however, this study compared healthy control symptomatic and asymptomatic patients with severe cervi-
subjects directly with symptomatic patients and did not cal spondylosis were analyzed, rather than just symptoma-
compare symptomatic and nonsymptomatic patients with tic CSM patients. The inclusion of a spectrum of patients
cervical stenosis. Our results clearly demonstrated no sig with advanced cervical stenosis and spondylosis mirrors
nificant correlation between MD and mJOA score when what is encountered in practice by many spine surgeons

Discussion

Clinical relevance
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and represents an area of clinical management controversy [8] Suk KS, Kim KT, Lee JH, et al. Reevaluation of the paviov ratio

and challenge. As demonstrated-iiy. 2, it can be very dif-
ficult to discern neurologic status based on standard MRI

because each of the study patients has significant stenosis,

yet very different neurologic status.

patients with cervical myelopathy. Clin Orthop Surg 2008:1.Q

[9] Fernandez de Rota JJ, Meschian S, Fernandez de Rota A, et al.
Cervical spondylotic myelopathy due to chronic compresdiae role
of signal intensity changes in magnetic resonance imagdésutbsurg
Spine 2007;6:17-22

Although none of the standard MRI parameters (spinal [10] Mamata H, Jolesz FA, Maier SE. Apparent diffusion coeffitiand

cord diameter, signal change) were able to discern clinical
condition between patients with similar appearing MRI

scans, DTI was clearly able to discriminate neurologic con-
dition. As such, this novel imaging technology may be able

to serve as a potential noninvasive biomarker and help play[12]

a role in the treatment algorithm of patients with advanced
cervical spondylosis and myelopathy.
Study limitations

A potential limitation to the present study was the use of
only six diffusion sensitizing directions to estimate ttie d

fusion tensor. Although previous spinal cord DTI studies [14]

have suggested that white matter integrity in the spinal cor
does not require a full tensor, only longitudinal (axialdan
transverse (radial) diffusion sensitiviti€é$0], DTI studies

in the brain suggest an increase in accuracy of diffusion

(23]

fractional anisotropy in spinal cord: age and cervical siytosis-
related changes. J Magn Reson Imaging 2005;22:38-43

[11] Matsuda Y, Miyazaki K, Tada K, et al. Increased MR signal msiey

due to cervical myelopathy. Analysis of 29 surgical casééeurosurg
1991,74:887-92

Mastronardi L, Elsawaf A, Roperto R, et al. Prognostic retee of
the postoperative evolution of intramedullary spinal cohdnges in
signal intensity on magnetic resonance imaging after emmtdecom-
pression for cervical spondylotic myelopathy. J NeurosSmne
2007;7:615-22

Matsumoto M, Toyama Y, Ishikawa M, et al. Increased signggrin
sity of the spinal cord on magnetic resonance images incargom-
pressive myelopathy. Does it predict the outcome of comdier/
treatment? Spine 2000;25:677-82

Mehalic TF, Pezzuti RT, Applebaum Bl. Magnetic resonancagimg
and cervical spondylotic myelopathy. Neurosurgery 198@27-26;
discussion 226-7

[15] Morio Y, Yamamoto K, Kuranobu K, et al. Does increased signal

tensity of the spinal cord on MR images due to cervical myatop
predict prognosis? Arch Orthop Trauma Surg 1994;113:254-9

tensor estlmat|0n W|th |ncreas|ng number Of d|ffus|0n dl_ [16] Puzzilli F, Mastronardi L, Ruggerl A, Lunardi P. Intramehkuj/ in-

rections[41,42] Despite this potential limitation, our results
in neurologically intact control subjects were consisteitih
historical data performed with many more diffusion semsiti
ing directions. Furthermore, since we performed DTI with a
large number of averages, it is likely this signal-to-nase
vantage was sufficient to maintain a highly accurate estimat
of the diffusion tensor.

Conclusions

Results from the present study support the use of DTI as
an imaging biomarker for predicting neurologic impairment
in patients with mild-to-moderate CSM.
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