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Abstract
Diffusion tensor imaging plays an important role in the accurate diagnosis and prognosis of spinal cord diseases. However, because of tech-
nical limitations, the imaging sequences used in this technique cannot reveal the fine structure of the spinal cord with precision. We used 
the readout segmentation of long variable echo-trains (RESOLVE) sequence in this cross-sectional study of 45 healthy volunteers aged 20 
to 63 years. We found that the RESOLVE sequence significantly increased the resolution of the diffusion images and improved the median 
signal-to-noise ratio of the middle (C4–6) and lower (C7–T1) cervical segments to the level of the upper cervical segment. In addition, the 
values of fractional anisotropy and radial diffusivity were significantly higher in white matter than in gray matter. Our study verified that 
the RESOLVE sequence could improve resolution of diffusion tensor imaging in clinical applications and provide accurate baseline data for 
the diagnosis and treatment of cervical spinal cord diseases.
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Graphical Abstract

The readout segmentation of long variable echo-trains (RESOLVE) sequence improves the resolution of 
diffusion tensor imaging (DTI) image in clinical application

Introduction
Diffusion tensor imaging (DTI) is an advanced noninvasive 
magnetic resonance imaging (MRI) method that can qualita-
tively and quantitatively analyze the diffusion of water with-
in a voxel in three-dimensional space (Sąsiadek et al., 2012). 
Because of the sheath’s structure, water molecules tend to 
move along the longitudinal axis of axons in neural tissues 
(Beaulieu, 2002). This feature strongly favors the utility of 
DTI for the assessment of spinal cord diseases. A previous 
study has reported that DTI can detect cord damage, which 
is easily misdiagnosed on T2-weighted images (Banaszek et 
al., 2014). Most research has generally focused on clinical 
applications (Demir et al., 2003; Petersen et al., 2012; Elling-
son et al., 2014). Only a few studies have focused on the de-
tailed structure of the spinal cord, and most did not precisely 
characterize the anatomical microstructure because of the 
confined spatial resolution or relatively low signal-to-noise 
ratio (SNR) (Rossi et al., 2008). The low SNR also affected 

the accuracy of DTI parameters (Jones and Basser, 2004). 
DTI is useful in clinical diagnosis and outcome assessment 
of patients with cervical cord diseases, and it is necessary to 
establish the baseline microstructure of the cervical spinal 
cord with a high spatial resolution DTI sequence.

The readout segmentation of long variable echo-trains 
(RESOLVE) sequence is a novel scanning magnetic reso-
nance (MR) technique, based on a readout segmented echo 
planar imaging (EPI) strategy. Our study applied RESOLVE 
sequences with DTI techniques to improve image quality at 
the technical level and to clearly distinguish gray matter and 
white matter funiculi of the spinal cord in a large number 
of healthy individuals. We collected foundation data for the 
further study of cervical spinal cord diseases.

Participants and Methods
Participants
We studied 45 healthy, asymptomatic subjects from the 
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physical examination center of our hospital: 19 men and 
26 women with ages ranging from 20 to 63 years (average 
39.15 years). Participants underwent a neurological evalu-
ation and MRI. In this cross-sectional study, patients with 
neurological disorders, congenital spinal canal narrowing, 
central spinal canal widening, previous spinal surgery, and 
those with any incidental findings on plain MR images 
suggestive of a neurological disorder were excluded from 
this study. The study protocols were approved by the Ethics 
Committee of China-Japan Union Hospital of Jilin Uni-
versity of China. The research followed the international 
and national guidelines in accordance with the procedures 
of the Helsinki Declaration of 1975 as revised in 2000. All  
voluntary participants were fully informed about the exper-
imental process, and provided signed consent.

Image acquisition
MR examinations were performed with a 3.0 Tesla (T) clini-
cal MR scanner (MAGNETOM Skyra; Siemens Medical Sys-
tems, Berlin, Germany), using a 32-channel coil dedicated to 
neck and head imaging (Siemens Medical Systems). The MR 
protocol consisted of a sagittal T1-weighted image (T1WI; 
repetition time/echo time = 600/20 ms), sagittal T2-weight-
ed image (T2WI; repetition time/echo time = 2,800/120 ms), 
sagittal proton density-weighted image (repetition time/echo 
time = 2,600/15 ms), and axial proton density-weighted im-
age (repetition time/echo time = 2,700/20 ms), followed by 
an axial DTI sequence.

The DTI sequence was acquired using the RESOLVE 
sequence over the entire cervical spine (C1–T1). Diffusion 
weighted images were obtained using the following scan-
ning parameters: (1) axial slices were acquired to distinguish 
white matter and gray matter, which was perpendicular to 
the spinal cord with diffusion gradients in 20 equidistant 
directions with a b = 1,000 s/mm2; (2) phase encoding di-
rection, anterior-posterior; (3) repetition time/echo time = 
2,800/89 ms; (4) slice thickness = 3 mm; (5) number of slices 
= 15; (6) interslice gap = 0 mm; (7) number of excitations = 
2; (8) matrix size = 256 × 256; field of view = 220 mm × 220 
mm; (9) generalized autocalibrating partially parallel acqui-
sitions acceleration factor = 2; and (10) readout segments = 
5. The total acquisition time was controlled at an appropriate 
level of 6 minutes and 39 seconds.

Regions of interest (ROIs)
DTI images were processed using Neuro 3D engine on a 
Siemens workstation, and three slices per cervical level were 
selected for analysis. Five fields of view for each slice were 
covered on the ventral, lateral, and dorsal funiculi as well as 
the central gray substance on axial T2WI images. Then the 
ROI information was coregistered to all maps of DTI param-
eters with MRIcron software (McCausland Center for Brain 
Imaging of University of South Carolina, Columbia, SC, 
USA) (Figure 1). The small ROIs were designed with at least 
two voxels inside the cord edge to avoid the partial volume 
effect of cerebrospinal fluid. The measurement results of the 
right and left lateral funiculi were averaged. 

Three regions were defined in the cervical cord: upper 
segment (upper border of C1–lower border of C3), middle 
segment (upper border of C4–lower border of C6), and lower 
segment (upper border of C7–lower border of T1) (Figure 2). 
The SNR of all the cervical spinal cord regions was calculated 
from b = 1,000 s/mm2 images. Signal ROIs were selected at 
a consistent location inside the body, while noise ROIs were 
selected in air, and were obtained at least 10 voxels away 
from the borders of the image. 

Data processing
SNR and DTI parameters of all levels were estimated and 
analyzed on a Siemens workstation. The median SNR of each 
region was calculated using the following equations:
                 

where SI is signal intensity and SD is standard deviation.
Fractional anisotropy (FA), apparent diffusion coefficient 

and three eigenvalues (λ1, λ2, λ3) were derived from each 
ROI. Axial diffusivity (λ‖) and radial diffusivity (λ⊥) were cal-
culated using the following equations:
                                     
 

Axial diffusivity is correlated with axon diameter, and 
radial diffusivity is positively correlated with axon spacing. 
Both of them reflect distinct histological parameters and 
characterize tissue integrity beyond the general measure of 
anisotropic water diffusion with additional information.

Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 
for Windows, Version 22.0 (IBM Corp., Armonk, NY, USA). 
To compare the SNR data of each region, Mann-Whitney U 
test was used. The difference was determined between left and 
right lateral funiculi by Student’s t-test. One-way analysis of 
variance was used to compare DTI measures of spinal fibers, 
and Tukey’s post hoc test was performed to compare sub-
groups of each funiculus. Data were recorded as the mean ± 
SD. A value of P < 0.05 was considered statistically significant. 

Results
We enrolled 50 participants in the study, 5 participants were 
excluded because routine neurological exam was positive. 
The residual participants showed significant cord disease on 
T2WI and proton density–weighted image. All of the axial 
DTI parameter maps were compared with the correspond-
ing axial T2WI in a representative subject.

 SNR=SI(spinal)/SD(air)

λ‖=λ1

Figure 1 Axial slice of the cervical 
spinal cord of a 28-year-old man.
Five regions of interest were covered 
on T2-weighted image and coregis-
tered with all diffusion tensor imaging 
parameters images. Two voxels at least 
were apart from the edge of spinal cord 
to avoid contamination of regions of in-
terest by cerebrospinal fluid. Red circle: 
Regions of interest.
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SNR
The median SNR of the diffusion images was 7.3 across all 
levels. The median SNR of the upper, middle, and lower 
cervical cord segments are shown in Table 1. The SNR had 
no significant difference in different segments of the cervical 
spinal cord (Mann-Whitney U test; P = 0.13).

White matter and gray matter
The mean FA,   λ‖ and λ⊥ of all white matter tracts and gray 
matter are shown in Tables 1 and 2. There was no significant 
difference between left and right lateral funiculi; therefore, we 
combined both lateral funiculi as one group with average data. 
The whole-cord FA of the upper group was higher than in 
other groups (P = 0.00 < 0.01) (Table 1). The  λ‖ of the ventral 
funiculi in all groups was higher than other regional funiculi 
(P = 0.003 < 0.01) (Table 2). The FA and λ⊥ of the gray matter 

were significantly lower than in the white matter (P = 0.004 < 
0.01). Table 2 shows each regional difference between DTI pa-
rameters of gray matter and individual white matter funiculi.

Discussion
Diffusivities of gray and white matter in the normal human 
spinal cord have been measured and evaluated (Onu et al., 
2010). However, important limitations of DTI for the cervical 
spinal cord have emerged. Because of the poor spatial reso-
lution and little data, DTI parameters of the individual white 
matter funiculi were found to be inaccurate (Ellingson et al., 
2007). In other reports, because of an underestimation of dif-
fusion anisotropy, the results of DTI parameters were affected 
by the SNR (Dietrich et al., 2001; Jones and Basser, 2004). In 
our study, RESOLVE sequencing was used with the prelimi-
nary DTI technique and then verified to improve the spatial 
resolution and SNR in the cervical spinal cord. Compared 
with other DTI sequences, the RESOLVE sequence is based 
on the multishot EPI, including a sampling stand readout 
segmental EPI and a 2D navigate echo, which could minimize 
phase-encode distortion artifacts and T2* blurring through 
fast k-space filling, while SNR efficiency increases substantially 
(Frost et al., 2014). This sequence could also be combined with 
the generalized autocalibrating partially parallel acquisitions 
technique, which could allow direct reduction of the acquisi-
tion time (Yamada et al., 2016). Because of these advantages, 
this sequence is clearly beneficial and demonstrates FA differ-
ences; further, sequences provide better results in a short time 
period (Banaszek et al., 2014; Middleton et al., 2014), even 
though the images are not as visually impressive. The SNR of 
all segmental groups of the cervical spinal cord was improved 
in our study, especially in the lower group, which was easily 
affected by swallowing or body morphology. Therefore, the 
accuracy of all DTI parameters significantly improved.

In our study, the effect of SNR was minimized, and the 
trend in SNR values across the cervical spinal cord was 
uniform. However, the whole-cord FA value of the upper 
cervical group was still higher than in the middle group and 
the lower group. This result may involve the fiber density, 
which correlated with extracellular spaces (Takahashi et al., 
2002; Ong et al., 2008). Because of cervical enlargement, the 
fiber density of the upper group may be higher than in the 
middle and lower groups. The mean white matter FA value 
in the cervical cord was similar to that in some previous re-
ports, and the larger sample size of our study could explain 
minor variations in DTI parameters. Similar to the study by 
Vedantam et al. (2013), our results revealed that significant 
differences between the FA in each area of individual white 
funiculi and the FA value of ventral funiculi were lowest 
compared with lateral and dorsal funiculi through all the 
white matter bundles. We also found that axial diffusion 
was highest in the ventral funiculi. Previous studies suggest 
that radial diffusivity strongly associates with the diameter of 
axons and to the fiber packing density. For example, the ves-
tibulospinal tract with the largest axons also had the highest 
radial diffusivity values (Schwartz et al., 2005). Thus, axon 
diameter of the ventral funiculi increases and axons are less 

Figure 2 Axial fractional anisotropy maps and T2-weighted images 
at individual levels of the cervical spinal cord of a 28-year-old man.
Images were obtained with a Siemens SKYRA 3.0T clinical magnetic 
resonance scanner. CoFA maps show higher anisotropy in the white 
matter funiculi than in the central gray matter. C1-7: Cervical vertebrae 
1-7; T1: thoracic vertebra 1. FA: Fractional anisotropy.

Table 1 Signal-to-noise ratio and fractional anisotropy values of each 
cervical spinal cord segment

Segment SNR FA

Upper 7.6±1.2 0.78±0.02**

Middle 7.3±0.9 0.67±0.05**

Lower 7.4±1.1 0.68±0.02

Upper segment: Upper border of C1–lower border of C3, middle 
segment: upper border of C4–lower border of C6, lower segment: upper 
border of C7–lower border of T1. Data are recorded as the mean ± SD. 
Signal-to-noise ratio (SNR) is analyzed by the Mann-Whitney U test (P 
= 0.13), and fractional anisotropy (FA) is analyzed by one-way analysis 
of variance followed by Tukey’s post hoc test. The difference between the 
left and right lateral funiculi was determined by Student’s t-test. **P < 
0.01, vs. lower segment.

 C1    C5   

 C2    C6   

 C3  C7   

 C4  T1   
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densely packed relative to the lateral and dorsal funiculi. The 
general pattern of gray matter is similar to that reported by 
Onu et al. (2010), and the FA of gray matter is lower than that 
of white matter through the whole cervical spinal cord.

In conclusion, the RESOLVE sequence improves spatial 
resolution of DTI imaging in clinical applications and pro-
vides DTI baseline data for the gray matter and different 
white matter funiculi throughout the cervical spinal cord.
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Table 2 Fractional anisotropy,  λ‖ and  λ⊥ values of all regions of interest of each cervical spinal cord segment

Segment DTI metrics Ventral funiculus Lateral funiculus Dorsal funiculus Central gray matter

Upper FA(a) 0.73±0.09†† 0.80±0.03†† 0.77±0.01†† 0.53±0.03
λ‖(b) 1.66±0.20 1.77±0.09 1.56±0.27 1.59±0.02
λ⊥(c) 0.31±0.05†† 0.37±0.02##†† 0.40±0.08##†† 0.66±0.04

Middle FA(a) 0.70±0.01†† 0.75±0.08†† 0.73±0.02†† 0.51±0.05
λ‖(b) 1.78±0.13 1.60±0.20 1.64±0.08 1.74±0.40
λ⊥(c) 0.36±0.01†† 0.38±0.03##†† 0.42±0.06##†† 0.70±0.09

Lower FA(a) 0.68±0.02†† 0.76±0.02†† 0.69±0.03†† 0.54±0.03
λ‖(b) 1.65±0.28 1.59±0.07 1.73±0.17 1.66±0.25
λ⊥(c) 0.34±0.02†† 0.39±0.04##†† 0.44±0.05##†† 0.68±0.07

Upper segment: Upper border of C1–lower border of C3; middle segment: upper border of C4–lower border of C6; lower segment: upper border of 
C7–lower border of T1. Data are recorded as the mean ± SD and analyzed by one-way analysis of variance followed by Tukey’s post hoc test. ##P < 0.01, 
vs. ventral funiculus; ††P < 0.01, vs. central gray matter. FA: Fractional anisotropy.


