MRI study of latent cervical spondylosis volunteers
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Abstract
Cervical spondylosis myelopathy brings lots of trouble to people in daily lives. Magnetic resonance imaging (MRI) describes cervical spine changes from the Pavlov ratio of the cervical spinal canal on sagittal T2-weighted images (T2WI), trace value and fractional anisotropy (FA) value of cervical spinal cord on Diffusion tensor images (DTI). In our study, above mentioned parameters were compared among three groups. In Pavlov ratio, there were statistical differences on 7 levels of 10 levels between Group A and B, on all levels between Group C and another two groups. On trace value, there was no statistical difference on all levels between Group A and B. There are statistical differences on 7 levels of 10 levels between Group C and another two groups. On FA value, there was also no statistical difference on all levels between Group A and B. There were statistical differences on 3 levels of 10 levels between Group A and C, on 5 levels of 10 levels between Group B and C. The Pearson correlation between trace value and FA value is -0.526 (p = 0). The correlation between them was significant. Pavlov ratio can distinguish well three groups. Trace value and FA value’s specificity are lower relative.
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1 Introduction

Numbness of limbs, walk difficulty, dysuria, and urinary retention are common manifestations of cervical spondylosis myelopathy (CSM). And these symptoms bring lots of trouble to people in daily lives. Magnetic resonance imagery (MRI) can describe the alterations of the cervical spinal canal (CSC) and spinal cord completely. Firstly, morphological changes of CSC can be described through anterior-posterior (a-p) diameter, area, and the Pavlov ratio of CSC. Secondly, MRI can find the reasons why lead to cervical spinal canal stenosis, such as, congenital cervical spinal canal stenosis, intervertebral disc bulging or protrusion, hyperosteogeny, ligament hypertrophy, etc. Thirdly, pathologic changes of cervical spinal cord in gross structure can be reflected by MR signal changes. Long T1 long T2 signal region in cervical spinal cord represents tissue edema. Short T1 long T2 signal region in cervical spinal cord represents tissue hemorrhage. Fourthly, the microstructure of cervical spinal cord on molecular level also can be described by diffusion tensor imaging (DTI) parameters, such as trace value, FA value.
Recently, the research about DTI is increasing. In the past, dozens of papers reported MR study of healthy or CSM volunteers. But a group of people which appear cervical spine degeneration on medical imaging without clinic symptom were not mentioned. We called this group latent cervical spondylosis (LCS). In this clause, the parameters including Pavlov ratio, trace value and fractional anisotropy (FA) value of LCS were compared with healthy and CSM volunteers in particular. At the same time, the correlation and clinic applications of above parameters were also devoted.
2 Materials and methods

2.1 Subjects

A total of 39 volunteers, including 19 males and 20 females (average age was 52.67 ± 11.10 years), were recruited in this study. The written informed consent forms that were approved by the ethics committee were signed before testing. The volunteers were divided into 3 groups (Group A, B, and C) based on MRI manifestations, clinical symptoms, and physical examinations (Table 1). Volunteers of Group A, B, and C were healthy, LCS and CSM, respectively.
2.2 Conventional MRI scans
All images were taken by 3.0-Tesla MRI scanner (Philips Achieva). The pulse sequence programming was done prior to skimming in order to optimize the picture tone. During the acquisition process, the volunteer was supine with the SNV head and neck coil enclosing the cervical region, and was instructed not to swallow in order to minimize the motion artifacts. Head and neck of volunteers were in neutral position, avoiding flexion or extension position. The volunteer was then scanned with the T1-weighted image (T1WI), T2-weighted image (T2WI). The standardized procedures in this study were approved by the authors' Institutional Review Board.
Axial and sagittal T1WI and T2WI were acquired for each volunteer. Fast spin echo (FSE) sequence was employed. For axial imaging, the imaging parameters were as follows: FOV = 80 × 80 mm, slice thickness = 7 mm, slice gap = 2.2 mm, fold-over direction = anterior/posterior (AP), Number of excitation(NEX) = 3, resolution = 0.63 × 0.68 × 7.0 mm3 (T1WI) and 0.63 × 0.67 × 7.0 mm3 (T2WI), recon resolution = 0.56 × 0.55 × 7.0 mm3 (T1WI) and 0.63 × 0.63 × 7.0 mm3 (T2WI), TE/TR = 8/1000 ms (T1WI) and 120/4000 ms (T2WI). Cardiac VCG triggering was applied to minimize the pulsation artifact from CSF. A sum of 12 axial images covering the cervical spinal cord from C1 to C7, each of which was located at the central of either vertebral body or intervertebral disc, was assumed. For sagittal imaging, the imaging parameters were as follows: Field of view (FOV) = 250 × 250 mm, slice thickness = 3 mm, slice gap = 0.3 mm, fold-over direction = Feet/Head (FH), NEX = 2, resolution = 0.92 × 1.16 × 3.0 mm3 (T1WI) and 0.78 × 1.01 × 3.0 mm3 (T2WI), recon resolution = 0.49 × 0.49 × 3.0 mm3, Time of echo (TE)/Time of Repetition (TR) = 7.2/530 ms (T1WI) and 120/3314 ms (T2WI). A total of 11 sagittal images covering the whole cervical spinal cord was acquired.

2.3 DTI scans
Diffusion MRI images were acquired using pulsed sequences: spin-echo echo-planar imaging (SE-EPI). Diffusion gradients in 15 directions were applied with b-value = 600 s/mm. The imaging parameters were as follows: FOV = 80 × 80 mm, slice thickness = 7 mm, slice gap = 2.2 mm, fold-over direction = AP, NEX = 3, resolution = 1 × 1.26 × 7.0mm3, recon resolution = 0.63 × 0.64 × 7.0 mm3, TE/TR = 60 ms/5 heart beats. The image slice planning was the same as the anatomical axial T1WI and T2WI, with 12 slices covering the cervical spinal cord from C1 to C7. The duration of DTI averaged 24 minutes per subject with an average heart rate of 60 beats per minute. Spatial saturation with Spectral Presaturation with Inversion Recovery (SPIR) was applied to suppress the fold-over effect. To alleviate EPI distortion problem caused by increased magnetic susceptibility at 3.0-T, the distortion correction method based on the reversed gradient polarity and parallel imaging were employed (Andersson et al., 2003; Chuang et al., 2006; Morgan et al., 2004).

2.4 Pavlov ratio calculation

The mid-sagittal T2WI were selected to measure a-p diameters of CSC and cervical vertebral body/intervertebral disc. T1WI was used to analyze the lesions.

There were 10 levels on mid-sagittal T2WI, including C2/3, C3, C3/4, C4, C4/5, C5, C5/6, C6, C6/7, C7. The levels of C1, C1/2, C2 were not included. There were two reasons. Firstly, the shape of C1 and C2 was special. Secondly, intervertebral disc bulging or protrusion was seldom happening to these levels.

Adopted MRIcro, the original images were converted to images which could be identified by ImageJ (National Institute of Health, USA). A-p diameters of CSC and cervical vertebral body/ intervertebral disc were measured by “straight line selections” of ImageJ. At the center of vertebral body/intervertebral disc paralleling to end plate on mid-sagittal T2WI, A-p diameters of CSC and cervical vertebral body/intervertebral disc were measured by two radiologists independently (Figure 1). The averages of two radiologists’ measurement results were recorded. Pavlov ratio was calculated as the following formula.

At the center of cervical vertebral body: The Pavlov ratio = CSC a-p diameter on mid-sagittal T2WI / vertebral body a-p diameter on mid-sagittal T2WI.

At the center of cervical intervertebral disc: The Pavlov ratio = CSC a-p diameter on mid-sagittal T2WI / intervertebral disc a-p diameter on mid-sagittal T2WI.

2.5 Measurements of Trace value and FA value

Diffusion measurement was performed using DTI Studio software (Version2.4.012003, Johns Hopkins Medical Institute, Johns Hopkins University, Baltimore, MD). Image volume realignment and 3D rigid body registration with different diffusion gradients were conducted by an Automated Image Registration (AIR) program, a source code embedded in DTI Studio, in order to reduce the effect of motion artifact. The realigned and co-registered diffusion weighted data sets were double checked for image quality and then used for estimation of diffusion tensors, including three eigenvalues and the corresponding eigenvectors. The FA maps were derived for quantitative analysis.

The region of interest (ROI) was deﬁned as figure 2, including cervical vertebral body level and intervertebral disc level. Because the resolution of FA map is low not to identify the gray matter and white matter of cervical spinal cord clearly, the ROI covers the whole axial spinal cord. The FA values were calculated and averaged all selected voxels in the whole axial spinal cord for all volunteers using ImageJ. ROI was delineated to exclude approximately 2 voxels from the edge of the cord along the anterior and posterior margins.

2.6 Statistical analysis

SPSS 15.0 was adopted. The averages of CSC Pavlov ratio, cervical spinal cords trace and FA value was calculated at all levels. And scatters of above parameters were drawn.

All above parameters’ average of three groups on every level were analyzed with one-way analysis of variance (ANOVA) between every two groups. There was a statistical difference between every two groups when p value was less than 0.05.

Correlation coefficients of them among three groups were calculated with Bivariate Correlate. When the p value was less than 0.01, the correlation was highly significant.

3 Results

3.1 The averages and scatters of Pavlov ratio in three groups of all levels

The Pavlov ratio of Group A was ranged from 0.82 to 0.95. The maximum appeared on C2/3 and C5 levels. The minimum appeared on C6 level. The Pavlov ratio of Group B ranged from 0.49 to 0.83. The maximum appeared on C7 level. The minimum appeared on C5/6 level. The Pavlov ratio of Group C ranged from 0.31 to 0.71. The maximum appeared on C7 level. The minimum appeared on C4/5 and C5/6 levels. Scatters referred to Figure 3. On each level, Pavlov ratio was gradually decreasing according to the order of Group A, Group B, Group C. In the same group, Pavlov ratio was always smaller at vertebral disc level than on the adjacent vertebral body.

3.2 The averages and scatters of trace value in three groups of all levels

The Trace value of the Group A ranged from 3.22×10-3 mm2/s to 3.60×10-3 mm2/s. The maximum appeared on C7 level. The minimum appeared on C2/3 level. The Trace value of Group B ranged from 3.15×10-3 mm2/s to 3.79×10-3 mm2/s. The maximum appeared on C7 level. The minimum appeared on C2/3 level. The Trace value of Group C ranged from 3.50×10-3 mm2/s to 4.88×10-3 mm2/s. The maximum appeared on C7 level. The minimum appeared on C4/5 level. Scatters referred to Figure 4. Except C7 level, the trace value of Group C was always larger than Group A and B at other levels. However, there was no apparent difference between Group A and B at all levels.

3.3 The averages and scatters of FA value in three groups of all levels

The FA value of Group A ranged from 0.57 to 0.67. The maximum appeared on C7 level. The minimum appeared on C2/3 level. The FA value of Group B ranged from 0.58 to 0.70. The maximum appeared on C7 level. The minimum appeared on C2/3 level. The FA value of Group C ranged from 0.49 to 0.61. The maximum appeared on C2/3 level. The minimum appeared on C4/5 level. Scatters referred to Figure 5. The FA value of Group C was always smaller than Group A and B at all levels. However, there was no apparent difference between Group A and B at all levels.

3.4 The statistical difference of all above parameters’ averages in three groups of all levels

Table 2 showed p value of one-way ANOVA about all above parameters’ average in different levels between every two groups. Pavlov ratio: There were statistical differences on 7 levels of 10 levels between Group A and B. There were statistical differences on all levels between Group C and another two groups. Trace value: There was no statistical difference on all levels between Group A and B. There were statistical differences on 7 levels of 10 levels between Group C and another two groups. FA value: There was also no statistical difference on all levels between Group A and B. There were statistical differences on 3 levels of 10 levels between Group A and C, on 5 levels of 10 levels between Group B and C.

3.5 Correlation and scatter between trace value and FA value in three groups

Scatter referred to Figure 6. Pearson correlation was -0.526. The correlation of trace value and FA value in the three groups was highly significant because the p value was equal to zero (p<0.01).

4 Discussion

4.1 Clinic application of Pavlov ratio

In medical imaging, a lot of parameters including CSC a-p diameter, CSC area, space available for the spinal cord (SAC), Pavlov ratio, and so on, were used to describe CSC morphology 
 ADDIN EN.CITE 
[1-5]
. It was important for cervical spinal canal stenosis diagnosis that which parameter can reflect CSC morphology accurately, simply, and quickly. For all above parameters, the CSC a-p diameter was acquired most simply and quickly compared with two- or three-dimensional parameters. Individual CSC a-p diameter’s change was large because of the differences of the race, gender, height, etc. If above mentioned factors were ignored, and the same standard value of CSC a-p diameter was used to everyone, cervical spinal canal stenosis diagnosis was one-sided, even wrong. Pavlov ratio was put forward firstly in 1987 6[]
. It was equal to spinal canal a-p diameter divided by vertebral body a-p diameter at the center level of vertebral body on lateral cervical spine X-ray film. It was relatively objective and accurate to describe CSC stenosis because of removing the bias caused by individual differences.

In our research, Pavlov ratio of Group A, Group B, Group C was 0.82-0.95, 0.49-0.83, 0.31-0.71, relatively. It was different with other researches 7-9


[ ADDIN EN.CITE ]
. Besides individual differences caused by the race, gender and height, other factors including imaging method, measurement level, operator, and so on, also led to the difference (Table 3).

Our study showed cervical spinal canal stenosis appeared when Pavlov ratio ≤ 0.8. This was identical with Pavlov report 6[]
. And cervical spinal cord compression symptoms appeared when Pavlov ratio ≤ 0.7. We also found Pavlov ratio was always smaller at vertebral disc level than at adjacent vertebral body. It proved that acquired CSC stenosis caused by intervertebral disc bulging or prominent which occurred easily at C3/4, C4/5, C5/6, and C6/7 levels.

4.2 Clinic application of trace value and FA value

Trace is the abbreviation of “the trace of the diffusion tensor”. It’s a DTI’s invariant parameter which unit is mm2/s. The larger Trace value is, the freer water molecules are. FA is derived from the diffusion tensor matrix to describe the diffusion properties of the voxel, which ranges from 0% (isotropic diffusion) to 100% (diffusion along one orientation only) 10[]
. For example, FA of CSF is nearer to 0%. However, FA of cerebral white matter fiber is nearer to 100%.

Trace value and FA value have become two major parameters of DTI for examination of spinal cord tissue architecture. They were calculated by 3 eigenvalues 11[]
 reflected tissue microstructure changes on molecular level. Thus, they were the basis of cervical spinal cord disease study. In our research, trace value of healthy group was (3.22-3.60) × 10-3 mm2/s. The FA value of them was 0.57-0.67. The average of FA value obtained from healthy cervical spinal cord were spread in a very wide range (Table 4), the mean value previously reported from 0.43 to 0.84 
 ADDIN EN.CITE 
[12-19]
.

Our study showed: Trace value of CSM group was (3.50-4.88) × 10-3 mm2/s. FA value of CSM group was 0.49-0.61. In the literatures, there were a few studies about healthy, CSM and other cervical spine disease in trace value and FA value (Table 4). Basing on Nurick myelopathy grading (NMG) to the group, Kim 13
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 found that the FA value of cervical spinal cord lesion region in 50% CSM patients was obviously lower than contrast group. Shanmuganathan 18[]
 compared FA value of healthy and cervical injury’s volunteers: On the whole cervical spinal cord, there was no different between two groups. However, on the injury region, FA value of the latter was lower than the former. Ellingson 12[]
 studied about chronic spinal cord injury (spinal cord injury history > 4 years): comparing with healthy volunteers, FA value of injury region magnificently decreased (p < 0.001). on the contrary, mean diffusivity (MD) on injury region magnificently increased (p < 0.05) except upper part (C1-3) of spinal cord. Roser 20[]
 research showed: FA value of cervical spinal cord lesion region in Syringomyelia patients was obviously lower than healthy group (p < 0.001). Outside of lesion region, there was no difference between two groups on FA value. Hesseltine 21


[ ADDIN EN.CITE ]
 found: DTI metrics in areas of NASC in MS were significantly different in patients compared with control subjects; FA were lower in the lateral (p < 0.0001), posterior (p < 0.0001), and central (p = 0.49) NASC ROIs. DTI parameters were proved useful in detecting occult spinal cord pathology, predicting clinical course, and monitoring disease progression and therapeutic effect in MS.

4.3 Correlation between trace value and FA value

We still found that trace value and FA value among 3 groups were moderate negative correlation. Kim also discovered FA value decreased while eigenvalue increased 13


[ ADDIN EN.CITE ]
. It illustrates: free movement of water molecules decline, anisotropic diffusion enhances, and Integrity and continuity of cervical spinal cord in lesion region are destroyed.

4.4 Influence factors of trace value and FA value

As above mentioned, trace value and FA value of cervical spinal cord were spread in a very wide range. Presumably, these differences may cause by magnetic field intensity of MR, scanning sequence, ROI selection, and so on. The sample’s difference including the race, gender, age, and so on, also led to trace and FA value changes. Santarelli 17[]
 made a detailed study about number of diffusion gradient direction’s (NDGD) and spiral resolution’s influence for FA. The result was FA value would decrease while NDGD increased. And when NDGD was unchanged, FA value would decrease while spiral resolution increased.

In addition, trace value and FA value varied between the different segments of cervical spinal cord. Mamata 14[]
 found the mean ADC of the normal spinal cord was 0.81 +/- 0.03 mm2/ms at the relatively wide C2-C3 level and 0.75 +/- 0.06 mm2/ms at the narrower C4-C7 level. The FA at the corresponding level was 0.70 +/- 0.05 and 0.66 +/- 0.03, respectively. Shanmuganathan 18[]
 placed ROI on upper, middle and lower part of cervical spinal cord relatively. He found: there was obviously different between middle part and lower part on FA value (FA value of middle part 0.69 ± 0.06, lower part 0.63 ± 0.06). On trace value, there was apparent difference between upper part and middle part, between upper part and lower part. At each segment of cervical spinal cord, FA values were different between gray and white matter 16
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, and they also varied among ventral, lateral and dorsal columns of white matter 21
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. Landman 22
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 and Jones 23[]
 confirmed that measurement error about FA value or trace value would occurred because ROI was identified difficultly due to DWI signals nearer to background noise when voxel size was decreased or diffusion-weighting was increased.

Certainly, some factor would not affect trace value and FA value. Kim 13


[ ADDIN EN.CITE ]
 made a contrast study using custom-made coil and clinical coil that FA value and eigenvalue were all unchanged.

4.5 Control study of Pavlov ratio, trace value and FA value among three groups

In our study, On Pavlov ratio, there were statistical differences on 7 levels of 10 levels between Group A and B, on all levels between Group C and another two groups. However, there was no statistical difference on all levels between Group A and B about trace value and FA value. About trace value, there were statistical differences in more than half levels between Group C and another two groups. About FA value, there were statistical differences in less than half levels between Group C and another two groups.

Basing on the above analysis, Pavlov ratio can distinguish well three groups. Trace value and FA value’s specificity are lower relative. They can’t distinguish Group A and B. But when clinic symptoms appeared, they can tell a part of Group C from others, especially at cervical intervertebral disc levels. For these CSM patients without trace value and FA value changes, it is to be paid more attention. Whether this is associated with degree of cervical spinal cord compression or statistical bias caused by small sample size, it need to be devoted.

In summary, Pavlov ratio can reflect cervical spinal canal stenosis in gross anatomy. And trace value and FA value can describe the water molecules’ free movement of cervical spinal cord in microstructure. The former can indirectly speculate disease progression through visible cervical spinal canal morphological changes. The latter can directly reflect cervical spinal cord microstructure changes in order to early detect disease changes in nature. From images collection to parameters measurement, the former need a short time, their requirements for the surveyor (measurement) is low, and measurement results are easy to control. But the latter need a long time, their requirements for the surveyor (measurement) is high, and measurement results are difficult to control.

4.6 About LCS

In the literatures, a group of patients, which appeared cervical spine degeneration on medical imaging without clinic symptom weren’t described. In our work, we called this group LCS. These patients are common in clinics. Clinic doctors should pay more attention to them. Otherwise, they might develop to CSM soon.
In above three parameters, Pavlov ratio can distinguish the LCS group from the other two groups. Trace value and FA value can’t achieve it because the cervical spinal cord of LCS isn’t pressed yet. And Pavlov ratio is obtained simply and rapidly. So, Pavlov ratio is the best parameter to pick out LCS in clinics.
Acknowledgments

The study is supported by the General Research Fund of the University Grant Council of Hong Kong (771608M). The authors would like to thank Dr. Kin-Cheung Mak and Dr. Henry Mak for their assistance in patient recruitment and MRI scanning.

References

1.
Prasad SS, O'Malley M, Caplan M, Shackleford IM, et al. MRI measurements of the cervical spine and their correlation to Pavlov's ratio. Spine (Phila Pa 1976). 2003, 28(12):1263-8.

2.
Song KJ, Choi BW, Kim SJ, Kim GH, et al. The relationship between spinal stenosis and neurological outcome in traumatic cervical spine injury: an analysis using Pavlov's ratio, spinal cord area, and spinal canal area. Clin Orthop Surg. 2009, 1(1):11-8.

3.
Tierney RT, Maldjian C, Mattacola CG, Straub SJ, et al. Cervical Spine Stenosis Measures in Normal Subjects. J Athl Train. 2002, 37(2):190-193.

4.
Tsurumi T, Goto N, Shibata M, Goto J, et al. A morphological comparison of cervical spondylotic myelopathy: MRI and dissection findings. Okajimas Folia Anat Jpn. 2005, 81(6):119-22.

5.
Yanase M, Matsuyama Y, Hirose K, Takagi H, et al. Measurement of the cervical spinal cord volume on MRI. J Spinal Disord Tech. 2006, 19(2):125-9.

6.
Pavlov H, Torg JS, Robie B, and Jahre C. Cervical spinal stenosis: determination with vertebral body ratio method. Radiology. 1987, 164(3):771-5.

7.
Chen IH, Liao KK, and Shen WY. Measurement of cervical canal sagittal diameter in Chinese males with cervical spondylotic myelopathy. Zhonghua Yi Xue Za Zhi (Taipei). 1994, 54(2):105-10.

8.
Lim JK and Wong HK. Variation of the cervical spinal Torg ratio with gender and ethnicity. Spine J. 2004, 4(4):396-401.

9.
Yue WM, Tan SB, Tan MH, Koh DC, et al. The Torg--Pavlov ratio in cervical spondylotic myelopathy: a comparative study between patients with cervical spondylotic myelopathy and a nonspondylotic, nonmyelopathic population. Spine (Phila Pa 1976). 2001, 26(16):1760-4.

10.
Basser PJ and Jones DK. Diffusion-tensor MRI: theory, experimental design and data analysis - a technical review. NMR Biomed. 2002, 15(7-8):456-67.

11.
Le Bihan D, Mangin JF, Poupon C, Clark CA, et al. Diffusion tensor imaging: concepts and applications. J Magn Reson Imaging. 2001, 13(4):534-46.

12.
Ellingson BM, Ulmer JL, Kurpad SN, and Schmit BD. Diffusion tensor MR imaging in chronic spinal cord injury. AJNR Am J Neuroradiol. 2008, 29(10):1976-82.

13.
Kim TH, Zollinger L, Shi XF, Kim SE, et al. Quantification of diffusivities of the human cervical spinal cord using a 2D single-shot interleaved multisection inner volume diffusion-weighted echo-planar imaging technique. AJNR Am J Neuroradiol. 2010, 31(4):682-7.

14.
Mamata H, Jolesz FA, and Maier SE. Apparent diffusion coefficient and fractional anisotropy in spinal cord: age and cervical spondylosis-related changes. J Magn Reson Imaging. 2005, 22(1):38-43.

15.
Ries M, Jones RA, Dousset V, and Moonen CT. Diffusion tensor MRI of the spinal cord. Magn Reson Med. 2000, 44(6):884-92.

16.
Rossi C, Boss A, Steidle G, Martirosian P, et al. Water diffusion anisotropy in white and gray matter of the human spinal cord. J Magn Reson Imaging. 2008, 27(3):476-82.

17.
Santarelli X, Garbin G, Ukmar M, and Longo R. Dependence of the fractional anisotropy in cervical spine from the number of diffusion gradients, repeated acquisition and voxel size. Magn Reson Imaging. 2010, 28(1):70-6.

18.
Shanmuganathan K, Gullapalli RP, Zhuo J, and Mirvis SE. Diffusion tensor MR imaging in cervical spine trauma. AJNR Am J Neuroradiol. 2008, 29(4):655-9.

19.
Valsasina P, Rocca MA, Agosta F, Benedetti B, et al. Mean diffusivity and fractional anisotropy histogram analysis of the cervical cord in MS patients. Neuroimage. 2005, 26(3):822-8.

20.
Roser F, Ebner FH, Maier G, Tatagiba M, et al. Fractional anisotropy levels derived from diffusion tensor imaging in cervical syringomyelia. Neurosurgery. 2010, 67(4):901-5; discussion 905.

21.
Hesseltine SM, Law M, Babb J, Rad M, et al. Diffusion tensor imaging in multiple sclerosis: assessment of regional differences in the axial plane within normal-appearing cervical spinal cord. AJNR Am J Neuroradiol. 2006, 27(6):1189-93.

22.
Landman BA, Farrell JA, Jones CK, Smith SA, et al. Effects of diffusion weighting schemes on the reproducibility of DTI-derived fractional anisotropy, mean diffusivity, and principal eigenvector measurements at 1.5T. Neuroimage. 2007, 36(4):1123-38.

23.
Jones DK and Basser PJ. "Squashing peanuts and smashing pumpkins": how noise distorts diffusion-weighted MR data. Magn Reson Med. 2004, 52(5):979-93.



Figure legends
Figure 1: Clinical data. Cervical spine measurement on sagittal T2WI. 1, 2 represents anterior-posterior diameter of vertebral body, and anterior-posterior diameter of the cervical canal on vertebral body level, relatively. 3, 4 represents anterior-posterior diameter of intervertebral disc, and anterior-posterior diameter of the cervical canal on intervertebral disc level, relatively.

Figure 2: The region of interest (ROI). Surrounded area by the black curve represents ROI, which is entire spinal cord, including gray matter and white matter. (A) Cervical vertebral body level. (B) Cervical intervertebral disc level.
Figure 3: Scatter about average of Pavlov ratio at all levels in three groups. The mid-sagittal T2WI were selected to measure a-p diameters of CSC and cervical vertebral body/intervertebral disc. T1WI was used to analyze the lesions. Pavlov ratio was gradually decreasing according to the order of Group A, Group B, Group C. In the same group, Pavlov ratio was always smaller at vertebral disc level than on the adjacent vertebral body.

Figure 4: Scatter about an average of trace value at all levels in three groups. In Group A, the maximum trace value appeared on C7 level and the minimum appeared on C2/3 level. In Group B, the maximum appeared on C7 level and the minimum appeared on C2/3 level. In Group C, the maximum appeared on C7 level and the minimum appeared on C4/5 level.

Figure 5: Scatter about average of FA value at all levels in three groups. In Group A, the maximum FA value appeared on C7 level and the minimum appeared on C2/3 level. In Group B, the maximum appeared on C7 level and the minimum appeared on C2/3 level. In Group C, the maximum appeared on C2/3 level and the minimum appeared on C4/5 level.

Figure 6: Scatter of trace value and FA value at all levels in three groups. Pearson correlation was -0.526. The correlation of trace value and FA value in the three groups was highly significant because the p value was equal to zero (p<0.01).
Tables

Table 1 Clinical data
	Group
	Number of cases
	MRI manifestations
	Clinic symptom
	Physical examination 

	
	
	
	
	Sensory and motor function
	Hoffman's sign

	A
	8 (3 males, 5 females, average age 42.25y±8.84y)
	normal
	none
	intact
	negative

	B
	18 (12 males, 6 females, average age 51.22y±7.29y)
	cervical spinal canal stenosis
	none
	intact
	negative

	C
	13 (7 males, 6 females, average age 61.08y±10.83y)
	cervical spinal canal stenosis
	different symptom
	Incomplete
	positive

	Normal: it means signal of cervical vertebral disc on T2WI decreased without other reasons led to cervical spinal canal stenosis, such as cervical intervertebral disc bulging or protrusion, hyperostosis, ligament hypertrophy, and so on.

Different symptom: including numbness of limbs, walk difficulty, dysuria, urinary retention, and so on.


Table 2 The comparison of Pavlov ratio, trace value and FA value in the 3 groups
	Parameter
	Group
	Measurement level

	
	
	C2/3
	C3
	C3/4
	C4
	C4/5
	C5
	C5/6
	C6
	C6/7
	C7

	Pavlov ratio
	A and B
	0.056
	0.035
	0.006
	0.064
	0
	0.001
	0
	0.003
	0
	0.447

	
	A and C
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.007

	
	B and C
	0.001
	0
	0
	0
	0
	0
	0
	0
	0.002
	0.012

	

	Trace value
	A and B
	0.8
	0.933
	0.828
	0.92
	0.829
	0.685
	0.726
	0.405
	0.968
	0.318

	
	A and C
	0.032
	0.013
	0.019
	0.003
	0
	0.041
	0.105
	0.023
	0.504
	0.626

	
	B and C
	0.004
	0.002
	0.002
	0
	0
	0.04
	0.021
	0.06
	0.438
	0.087

	

	FA value
	A and B
	0.456
	0.577
	0.264
	0.562
	0.975
	0.765
	0.944
	0.362
	0.912
	0.479

	
	A and C
	0.085
	0.014
	0.413
	0.049
	0.001
	0.104
	0.716
	0.062
	0.149
	0.104

	
	B and C
	0.004
	0
	0.025
	0.03
	0
	0.096
	0.596
	0.201
	0.1
	0.228


Table 3 Pavlov ratio about healthy and CSM volunteers in literatures

	Author
	Journal
	Year
	Subject
	Race
	Imaging method
	Pavlov ratio

	Lim JK
	Spine J.
	2004
	80 healthy
	ethnic Chinese
	radiography
	male<female (the minimum both at C4)

male 0.87

	
	
	
	
	
	
	

	Ryan T. Tierney
	J Athl Train.
	2002
	14 healthy
	?
	1.5T MR
	0.72-0.81(the minimum at C7)

	
	
	
	
	
	
	

	Yue WM
	Spine (Phila Pa 1976).
	2001
	88 healthy
	?
	radiography
	0.95

	
	
	
	28 CSM
	
	
	0.72

	
	
	
	
	
	
	

	Chen IH
	Zhonghua Yi Xue Za Zhi (Taipei).
	1994
	100 healthy
	ethnic Chinese
	radiography
	< 55 years old: 0.94-0.97 (the minimum at C3)

≥55 years old: 0.88-0.93(the minimum at C5)

	
	
	
	100 CSM
	
	
	< 55 years old: 0.75-0.81(the minimum at C4)

≥55 years old: 0.71-0.76 (the minimum at C4)


Table 4 Trace value and FA value about healthy, CSM and RRMS volunteers in literatures

	Author
	Journal
	Year
	Subject
	MFI of MR
	Scanning sequence
	ROI
	NDGD
	FA value
	Trace value (mm2/s)

	
	
	
	
	
	
	SI/AI
	GM/WM
	
	
	

	Xenja Santarelli
	MAGN RESON IMAGING
	2010
	20 healthy
	1.5T
	Pulsed-gradient SS-EPI
	SI
	GM and WM
	6
	0.84
	/

	
	
	
	
	
	
	
	
	15
	0.76
	

	
	
	
	
	
	
	
	
	32
	0.71
	

	

	T.H. Kim
	AJNR
	2010
	14 healthy, 8 CSM
	3T
	2Dss-IMIV-DWEPI
	SI
	GM and WM
	12
	0.5-0.65 (healthy), 0.2-0.65 (CSM)
	/

	

	K.Shanmuganathan
	Am J Neuroradiol
	2008
	8 healthy
	1.5T
	EPI
	SI
	GM and WM
	6
	0.63-0.69
	(2.49-2.92)×10-3

	

	B.M. Ellingson
	Am J Neuroradiol
	2008
	13 healthy
	1.5T
	Single-shot twice-focused SE-EPI
	AI
	GM and WM
	25
	0.5-0.6
	(2.21-2.7)×10-3

	

	Hesseltine, S.M.
	Am J Neuroradiol
	2006
	24 healthy, 24 RRMS
	1.5T
	pulsed gradient, SE-EPI
	AI
	lateral of spinal cord
	6
	0.69±0.09 (healthy), 0.56±0.10 (RRMS)
	/

	
	
	
	
	
	
	
	posterior of spinal cord
	6
	0.63±0.10 (healthy), 0.52±0.11 (RRMS)
	

	
	
	
	
	
	
	
	central of spinal cord
	6
	0.58±0.10 (healthy), 0.53±0.10 (RRMS)
	

	

	Mamata, H
	MAGN RESON IMAGING
	2005
	11 healthy
	1.5T
	?
	SI
	GM and WM
	?
	0.66±0.03~0.70±0.05
	/

	

	Rossi, C.
	MAGN RESON IMAGING
	2008
	11 healthy
	1.5T
	SS-EPI sequence with double spin-echo diffusion preparation
	AI
	WM
	?
	0.79±0.07 (dorsal), 0.69±0.08 (lateral)
	/

	
	
	
	
	
	
	
	GM
	
	0.45±0.06
	


MFI: magnetic field intensity, SI: sagittal image, AI: axial image, GM: gray matter, WM: white matter, SE-EPI: spin-echo echo planar imaging, SS-EPI: single-shot echo planar imaging.

