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Objective. To explore the optimal b value setting for diffusion tensor imaging of rats’ spinal cord at ultrahigh field strength (7 T).
Methods. Spinal cord diffusion tensor imaging data were collected from 14 rats (5 healthy, 9 spinal cord injured) with a series of
b values (200, 300, 400, 500, 600, 700, 800, 900, and 1000 s/mmz) under the condition that other scanning parameters were
consistent. The image quality (including image signal-to-noise ratio and image distortion degree) and data quality (i.e., the
stability and consistency of the DTI-derived parameters, referred to as data stability and data consistency) were quantitatively
evaluated. The min-max normalization method was used to process the calculation results of the four indicators. Finally, the
image and data quality under each b value were synthesized to determine the optimal b value. Resulfs. b =200 s/mm? and b=

900 s/mm? ranked in the top two of the comprehensive evaluation, with the best image quality at b =200 s/mm? and the best

data quality at b=900s/mm?

. Conclusion. Considering the shortcomings of the ability of low b values to reflect the

microstructure, b =900 s/mm? can be used as the optimal b value for 7 T spinal cord diffusion tensor scanning.

1. Introduction

Magnetic resonance imaging (MRI) is an important imag-
ing method to detect spinal cord injury (SCI) at present,
but conventional MRI has deficiencies in detecting the
microstructure of spinal cord tissue and the integrity of
white matter fiber tracts [1]. Diffusion tensor imaging
(DTI), a special MRI technique, can reflect the alterations
of tissue microstructure by measuring the water diffusion
motion, so it has important application prospects in eval-
uating the severity of SCI and its therapeutic effects [1-
3]. At present, there are many researches on SCI using
DTT technology. Zhao et al. [4] used spinal cord contused
Wistar rats to analyze the DTI data and behavioral scores
before SCI, and 1, 3, 7, 14, and 84 days post SCL It is
proved that DTI technique can noninvasively reflect the
spatiotemporal characteristics of SCI-induced white matter
fiber bundles degeneration and can directly show the dam-

age of white matter fiber tracts. Liu et al. [5] investigated
the dynamic correlation of DTI and neurological function
scores in spinal cord-injured beagles and showed that DTI
has the potential to accurately predict the recovery of neu-
rological function after SCI.

During scanning, the setting of sequence parameters
will affect the DTI results, and the diffusion sensitivity
coefficient b value is one of them. Chung et al. [6] assessed
the parameter setting of DTT in normal human brain and
revealed that the increase of b value generally leads to the
decrease of signal-noise ratio (SNR) of DTI image. Barrio-
Arranz et al. [7] performed brain DTI on 13 healthy sub-
jects and found that the increase of b value would lead to
the decrease of mean diffusivity (MD), axial diffusivity
(AD), and radial diffusivity (RD) when the gradient direc-
tions and voxel resolution remained constant. Therefore,
to some extent, the setting of b value will determine the
reliability of DTI results.
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At present, many studies focus on the exploration of
the optimal b value in DTI sequence at the low field
strength of MR scanner. Sakai et al. [8] evaluated the
DTI imaging quality of lumbar nerve root at b=200,
400, and 800s/mm® by using 1.5T MRI and reported the
less distortion of DTI images at 400s/mm’. Taib et al.
[9] performed a human whole brain DTT at 1.5T scanner
and used two settings of voxel size: 2.0 x 2.0 x 2.0 mm?®
and 2.5x2.5x2.5mm’. Six sets of parameter settings
were formed under three b values: 700, 1000, and
1200 s/mm?®. In the comparison of SNR, fractional anisot-
ropy (FA), and MD under these six settings, it is suggested
that the SNR, FA, and MD of imaging results are the best
when the voxel size is 2.5 % 2.5 x 2.5mm?, and the b value
is 700 or 1000s/mm>. Although there have been some
achievements in the study of optimal b value settings at
low field strength, researchers often need to use the ultra-
high field strength MR equipment in the basic research of
SCI to obtain precise DTT images [10, 11]. However, it is
still unclear whether the optimal b value obtained at the
low field strength (1.5T) can accurately guide that at the
ultrahigh field strength. Therefore, it is essential to explore
the most appropriate b value in the DTI sequence under
the ultrahigh field strength.

In this study, the DTI data of normal and spinal cord-
injured animals were collected by using the ultrahigh field
strength (7T) MR instrument. Image quality (including
image SNR and image distortion degree) and data quality
(including data stability and data consistency) were calcu-
lated under different b value settings. The optimal b value set-
ting for spinal cord DTI under the 7 T scanner was explored
and evaluated through these four indicators.

2. Materials and Methods
2.1. Data Acquisition

2.1.1. Animals. Fourteen adult female Wistar rats (weighed
between 180 and 220g, 5 normal and 9 spinal cord trans-
ected) suffered an MRI scan. All experiment procedures were
approved by the Biological and Medical Ethics Committee of
Beihang University.

2.1.2. Image Acquisition. All datasets were collected in vivo
by using the Bruker BioClinScan Animal MRI System
(bore size 31cm, gradient field strength 290 mT/m, and
slew rate 1160T/m/s) dedicated to small animals. Rats
were anesthetized by intraperitoneal injection of ketamine
(60mg/kg) and xylazine (10 mg/kg). Anesthetized animals
were placed in the supine position, fixed with foam pads
and adhesive tapes located in the forelimbs, hindlimbs,
and abdomen. A dual-channel surface receive coil was
fixed on the back corresponding to the thoracic spinal
cord, and the head was lifted by a head sheath to reduce
the amplitude of respiratory movement and to avoid obvi-
ous movements during scanning. The midline of the spinal
cord was approximately parallel to the axis of the magnet.
Three-plane loc scanning was performed to obtain the
position of the region of interest (ROI). Saturation bands
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were added to the thorax and abdomen to reduce motion
artifacts during scan. Parallel imaging was not used during
scan.

T2-weighted structural images were acquired using rapid
acquisition with relaxation enhancement (RARE) sequence.
The parameters were as follows: TR/TE = 3000/45 ms, FOV
=4x4cm?, matrix =256 x 256, slice thickness = 1 mm
without interslice space, number of slices = 20, NEX = 6, and
phase encode direction is left-right (TR: repetition time; TE:
echo time; FOV: field of view; NEX: number of excitations).

Axial-orientation diffusion-weighted (DW) images were
acquired at the same central line as T2-weighted images.
Single-shot  spin-echo echo-planar imaging (SE-EPI)
sequence was used with the following parameters: TR/TE =
5000/23 ms, FOV =1.88x1.88cm?, matrix=128 x 128,
number of slices = 20, interslice space =0, voxel size = 0.147
x 0.147 x 1 mm?, NEX =4, and phase encode direction is
left-right. Considering the anesthesia effect and the require-
ment of spinal cord DTI, to shorten the scanning time, gradi-
ent directions were set to six noncollinear directions. In the
same scanning parameters mentioned above, b0 was set to
0s/mm? and the b values were set to 200, 300, 400, 500,
600, 700, 800, 900, and 1000 s/mm?, respectively. The effec-
tive b values were about: 206, 309, 410, 513, 613, 715, 816,
919, and 1020 s/mm?, respectively. All data under each b
value were collected for each animal, and the scanning order
of b values was randomly selected. The scanning time for
each b value was ~3 minutes, and the whole scanning time
for each animal was ~40 minutes. The respiratory rate (~70
breaths/min) and heart rate (~270 beats/min) of the animals
remained stable throughout the scanning process.

All collected images were first screened by visual inspec-
tion to exclude data with obvious artifacts that may affect the
accuracy of subsequent image processing results.

2.1.3. DTI Processing. The professional software MedINRIA
(http://www-sop.inria.fr/asclepios/software/MedINRIA)
was used to process and calculate the DTI data under each
b value by the methods below: first, the DICOM volumes
in mosaic format were split, and the series were averaged
according to their gradient directions. Then, eddy current
correction was performed for all DW scans using 12-
mode linear affine intrasubject registration with the b0
image as a reference. The method proposed by Ardekani
and Sinha [12] was used to correct the geometric distor-
tions caused by residual susceptibility. Anisotropic filter
was used for image smoothing and denoising. For each
session, intensity histograms between nonweighted EPI
images and T2-weighted structural images were normal-
ized and matched, and nonrigid deformation fields were
estimated to register EPI to the structural volume. For
each direction in all DW scans, the deformation field
was calculated in the same way and applied accordingly.
After the postprocessing, ROIs were selected from the
middle slice of the spinal cord and 5mm and 10 mm
rostral and caudal from the middle slices (i.e., the 1st,
5th, 10th, 15th, and 20th slices of the images). FA and
MD values were then extracted from the ROIs for each
animal [13].
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2.2. Evaluation Indicators

2.2.1. Image Quality Indicators. EPI images in the fourth gra-
dient direction were randomly selected from six noncollinear
gradient directions for image quality evaluation. The SNR
and the degree of distortion of these images were calculated,
respectively. The slices of images are the same as where FA
and MD were measured.

(1) SNR: ROI was selected manually at the central part of
the spinal cord, and four square ROIs were taken at the back-
ground area, whose edges were 0.147mm away from the
boundary, and the area was 2.161 mm” for each square ROI
(Figure 1). The averaged signal intensity of the ROI at the
center (S) and the mean standard deviation in the signal
intensity of the square ROI at the edge (SD) were extracted
and calculated by formula [14]

SNR =0.655 X —. (1)
SD

The factor 0.655 is due to the Rician distribution of the
background noise in an MRI image [14]. The larger the
SNR, the more obvious the contrast between the useful signal
and the interference noise, that is, the better the image
qualities.

(2) Degree of Image Distortion: T2-weighted structural
images and corresponding EPI images were selected. Nor-
malized mutual information (NMI) method was used to eval-
uate the distortion degree of EPI images [15]. Image mutual
information values were calculated as follows:

I(A, B) = H(A) + H(B) - H(A, B). (2)

And normalization processing was performed using the
formula as follows:

NMI = 2I(A, B)/(H(A) + H(B)), (3)

where H (A) represents the information entropy of A, and
H (A, B) is the combined entropy of A and B [16]. In this
study, the larger the NMI value, the smaller the distortion
degree of the EPI images relative to the corresponding T2-
weighted structural images, that is, the better the quality of
the EPI images.

2.2.2. Data Quality Indicators. Based on the b0 images
(bvalue = 0 s/mm?), four suitable ROIs were selected at both
ends of the sagittal and transverse diameters of the spinal
cord with an area of 0.086 mm? (Figure 2). FA and MD values
in the ROI were extracted and calculated.

(1) Data Stability: compare the overall data stability of FA
and MD values, respectively, to measure imaging quality. The
magnitude of individual data deviating from the mean value
of this slice’s overall data is calculated. The smaller the devi-
ation, the smaller the difference of data in the same slice, that
is, the better the data stability.

Take FA as an example: calculate the absolute value
(JAFA,|) of the difference between each slice’s FA value
(FA,) and mean FA value (FA) for each rat under each b

FIGURE 1: Schematic diagram of ROI selection in the axial EPI
images of the spinal cord. Arrow indicated the central signal area
(spinal cord), and the four square ROIs are boundary signal areas
(background noise).

value, and take the mean of all absolute values as the FA sta-
bility (FA,) under this b value, i.e.,

FA = |FA, - FA|. (4)

Same for the MD stability (MD,).

In principle, stability is a measure of the difference of data
in the same slice, which will not be affected by the nature of
data itself, and the changing trend of FA and MD stability
with b value may be different. Therefore, we chose to inte-
grate FA and MD stability as the data stability indicator by
the methods below: normalize the FA and MD values to the
[0, 1] interval with the min-max normalization method. By
summing the normalized FA and MD values (nFA; and
nMD,) and normalizing the result again, we get the data sta-
bility (Data,) of this slice, i.e.,

Data, = minmax(nFA, + nMD). (5)

(2) Data Consistency: compare the variation of the data in
the 1st, 5th, 10th, 15th, and 20th slices to evaluate the consis-
tency of FA and MD values, respectively, between the differ-
ent slices. Variability in mean FA and MD values between
different slices were assessed, respectively. The smaller the
variability, the smaller the variation of data between different
slices, that is, the better the consistency. Since the data of dif-
ferent slices differ greatly in SCI rats, this indicator is only for
healthy animals [4, 11].

Take FA as an example: calculate the absolute value
(|AFA|) of the difference in each slice’s mean FA value (FA
) for each rat under each b value, and take the mean of all
absolute values as the FA consistency (FA,) under this b
value. Same for the MD consistency (MD,).

See for data stability: consistency is a measure of the var-
iation of data between different slices, which will not be
affected by the nature of data itself, and the changing trend
of FA and MD consistency with b value may be different.
Therefore, we chose to integrate FA and MD consistency as



Caudal

BioMed Research International

FiGure 2: ROI diagram of FA and MD values. (a) b0 image and the four selected ROIs (red circles); (b) display of ROI position on the
corresponding colored FA image; (c) sagittal T2-weighted structural image of the spinal cord, with dashed lines indicating the location of
the five slices of the spinal cord where the above measurements were executed.

the data consistency indicator by the formula
Data_ = minmax(nFA_ + nMD,). (6)

2.2.3. Statistical Analysis. The results for each indicator were
statistically analyzed using spss22.0 (SPSS Inc., Chicago,
IL). Firstly, the normality of the results was tested. Then,
the paired sample T test (normal distribution) or Wil-
coxon signed rank test (nonnormal distribution) were used
to compare the differences of each indicator under differ-
ent b values, and Bonferroni correction was used for mul-
tiple comparisons. Mann-Whitney U test was used to
compare the difference between healthy and SCI groups
at the same b value. Pearson’s correlation analyses were
conducted to explore the correlations between image/data
quality results and b values. The level of statistical signifi-
cance was set at P <0.05 (for Bonferroni multiple compar-
ison correction: P . q < 0.05/n, where n is the number
of tests), and the results are given as mean + standard
deviation (mean + SD).

2.3. Comprehensive Evaluation. In order to comprehensively
evaluate the influence of different b values on the imaging
quality, the indicators of image quality (including SNR
and distortion degree) and data quality (including data

stability and consistency) were processed as follows: (i)
SNR, NMI, stability, and consistency results of each rat
under each b value were normalized by using min-max
normalization method. (ii) The normalized values were
integrated. SNR and NMI values were added as a result
of image quality; data stability and consistency values were
also added as a result of data quality (DQ) (i.e, DQ=
Data, + Data,). (iii) The results of image quality and data
quality of each b value were normalized again and then
used as the horizontal and vertical coordinates of the
two-dimensional plane. (iv) The comprehensive imaging
quality is evaluated by comparing the Euclidean metric
(EM) between the different b value coordinates and the
axis origin. The larger the EM is, the better the integrated
imaging quality of the b value is.

3. Results

DTI datasets of 5 healthy and 9 spinal cord-injured rats
under different b values were collected, and the correspond-
ing T2-weighted structural images of each rat were also
obtained. No structural image or DTT dataset was excluded.

3.1. Image Quality Evaluation Results. The SNR of the image
gradually decreases with the increased b values. The SNR
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result decreased from 6.0 + 1.6 (b =200s/mm?) to 3.6 + 1.2
(b=1000s/mm?), and there were significant differences
among all groups (P .ceq < 0.00139) except for the b value
between 600 vs. 700 (Pyecteq =0-010), 700 vs. 800
(Porrecteq = 0.017), 800 vs. 900 (P, .ioq = 0.052), and 900
vs. 1000 (P g ecteq = 0.328) (Figure 3(a)).

The highest NMI result of the image appeared at b=
200 s/mm? (0.381 + 0.038) and the lowest at b=1000s/m
m? (0.354 + 0.044). Comparison results showed that there
were significant differences among group b =200,
300 s/mm* and group b =600, 700, 800, 900, 1000 s/mm?,
group b=400s/mm? and group b =800, 900, 1000 s/mm?,
group b=500s/mm* and group b=800s/mm? (for all,
P orrected < 0.00139) (Figure 3(b)).

3.2. Data Quality Evaluation Results. For data stability, the
difference in FA stability between groups was small. Only FA
stability values at groups b =300 s/mm? (0.088 + 0.067) and
b =500 s/mm?* (0.089 + 0.067) were significantly better than
that at group b=400s/mm? (0.099 +0.071) (300 vs. 400:
P, rected = 0.000; 400 vs. 500: P oieq = 0.001) (Figure 3(c)).
MD stability values at groups b =400 s/mm? (1.0 +0.8) and
b =700 s/mm? (1.0 + 0.8) were significantly worse than those
at other groups (for all, P ....q < 0.00139) (Figure 3(d)).

For data consistency, the FA consistency value at

groups b=400s/mm? (0.058+0.048) and b =800s/mm?>
(0.061 +£0.049) was significantly better than that at other
groups (for all P ..q <0.00139) (Figure 3(e)). However,
the consistency of MD at group b = 400 s/mm? (1.0 + 0.7) was
indeed worse than that at groups b= 600s/mm? (0.7 +0.5)
and b =900 s/mm? (0.7 + 0.6) (400 vs. 600: P .4 = 0.000;
400 vs. 900: P, ecreq = 0.001). The MD consistency at group
b =1000 s/mm? (1.0 +0.7) was also pronounced worse than
that at group b =600 s/mm? (P, eq = 0.000). There was no
significant difference among the other groups (for all,
P, 1receq > 0.00139) (Figure 3(f)).
3.3. Comprehensive Evaluation. As the b value increased, the
SNR and NMI results decreased gradually (Figure 4). The
image quality, as a combination of SNR and NMI, also
showed a decline tendency (Figure 5) and was negatively cor-
related with b values (r =-0.9779, P <0.0001, two-tailed).
However, the data stability and consistency results showed
relatively large fluctuations among the b values (Figure 4),
and the overall data quality results reached the highest level
at b =800 and 900 s/mm? (Figure 5). No significant correla-
tion between data quality and b values was observed
(r=0.1469, P =0.7061, two-tailed).

Figure 6 displayed the distribution of each b value in a
two-dimensional plane composed by normalized image qual-
ity and data quality (n-image/n-data quality). The coordinates
of low b value are distributed below the 45° dashed line, indi-
cating they have better n-image quality than n-data quality.
On the contrary, the high b value coordinates are distributed
above the dashed line. The EM between the point at b =200
s/mm? and the axis origin was the longest (EM = 1.242584),
followed by b =900 s/mm? (EM = 1.004105) and b = 800 s/m
m? (EM = 0.994274). Considering the insufficient sensitivity

of low b value for the detection of microstructure [17, 18], b
=900 s/mm? can be thought of as the most appropriate b
value for rat spinal cord DT scan at 7 T.

3.4. FA and MD Comparison

3.4.1. Comparison between Different b Values. For FA, there
was no significant difference in FA value for each b value,
only group b = 400 s/mm? was significantly lower than group
b=900s/mm? (P, cceq = 0.00132) (Figure 3(g)). For MD,
when b value is not so high (b = 200 — 600 s/mm?), MD value
increases with the increase of b value significantly (e.g., group
b=200s/mm? is significantly lower than group b=300—
1000 s/mm?, and group b = 300 s/mm? is significantly lower
than group b =700 — 1000 s/mm?, 5), while with the gradual
increase of b value (b =700 — 1000 s/mm?), the increase of
MD value is not significant anymore (except for the group
b =800 s/mm?, which was significantly lower than group b
=1000 s/mm?, P, =0.00028) (Figure 3(h)).

corrected —

3.4.2. Comparison between Healthy and SCI Groups. For FA
value, there were significant differences between healthy
and SCI groups at each b value, except at b=200s/mm?
(P=0.699) and b=500s/mm? (P=0.190). Similarly, for
MD value, we found significant differences between the
two groups except when b=300s/mm? (P =0.060)
(Figure 7).

4. Discussion

In this study, rats’ spinal cord DTI was performed under
ultrahigh field strength (7T) MR equipment. A series of b
values were set, and the imaging quality under each b value
was analyzed from two aspects: image quality and data qual-
ity. Although different hardware and research purposes may
affect the user’s choice, there are rules for the effect of differ-
ent b values on imaging quality. By comparing the results of a
series of b values in the spinal cord DTI under the same scan-
ning conditions, the influence of b values on image quality
and data quality was revealed. The optimal b value in rats’
spinal cord scanning was determined by integrating four
indicators, thus providing guidance for the parameter set-
tings of animal experiments with ultrahigh field intensity
MR equipment.

Data reliability is one of the priority aspects to be con-
sidered in diffusion imaging quantitative studies. In order
to improve the data reliability as much as possible, a vari-
ety of quality control methods were used in this study. In
the step of setting scanning parameters, we used a water
phantom to conduct sufficient preexperiments, ensuring
the correct application of diffusion weighting gradients
for each b value and determining the appropriate setting
for each parameter [19, 20], such as ss-SE-EPI sequence
with a fast acquisition speed, which can acquire an image
within a very short time and thus reduce the influence of
physiological motion (e.g., breathing) [21]. In the data
processing, we also used a variety of postprocessing
methods, like eddy current correction, anisotropic smooth-
ing, and motion correction [22-24]. Through these quality
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F1GuRre 3: Color matrix diagram of the results and statistical differences of each indicator. (a-h): SNR, NMI, FA stability, MD stability, FA
consistency, MD consistency, FA, and MD, respectively. Data results are given as mean + SD. Color bar indicates the P value, and red
color represents a significant difference.

control procedures, the impact of equipment, animal phys- As one of the basic parameters of image quality, SNR is
iological structure, and physiological activities on data reli-  an important criterion to evaluate medical image quality
ability was reduced as far as possible. [25, 26]. Previous studies have shown that high b value
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images usually tend to have a decrease in SNR due to the
application of large diffusion gradients [6]. In this research,
SNR of the images at b= 300 — 1000 s/mm? is significantly
lower than that at b =200 s/mm?, which is consistent with
the previous studies [27, 28]. We also noticed that the SNR
at high b values was relatively low in this study, which means
relatively high noise in the image, making it insufficient to
quantify right FA and MD according to Jones and Basser
[29]. However, the reason why low SNR leads to the wrong
estimation of FA and MD is mainly due to the influence of
noise floor sampling [29]. But this had little effect on this
experiment, as the data quality was evaluated by the FA/MD
stability and consistency rather than the FA/MD value. Even
if alow SNR magnified the impact of noise floor sampling on
FA/MD at a certain b value, the influence would be same for
FA/MD at all locations in the image at that b value, thus has
little impact on the FA/MD stability and consistency. Fur-
thermore, Landman et al. [30] suggested that the propensity
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F1GURE 6: Distribution of imaging quality under each b value in two-
dimensional coordinates. The 45" dashed line indicates that the n
-image quality is the same as the n-data quality.

for bias and errors did not monotonically increase with noise.
Giannelli et al. [31] compared the DTI measurements of two
coils with different SNR and found that the difference in
mean FA and MD values between the two coils was relatively
significant, while the standard deviation of FA and MD only
showed a trend of variation, indicating that the distribution
of the measured DTI-derived parameters was relatively less
affected by SNR. Finally, it is known that SNR will decrease
with the increased b value, even if this will impact FA and
MD values; it is also one of the consequences by increasing
b values. Only from the perspective of SNR, the choice of
the optimal b value should be as small as possible. However,
low b value DTI results lack to reflect the microstructure.
Fukutomi et al. [17] found that DTI-derived data at low b
value cannot reasonably characterize the microstructure of
the cerebral cortex. Thapa et al. [32] displayed that the
gray-white matter contrast of spinal cord DTI is more obvi-
ous at high b values than that at low b values. For these rea-
sons, a lower b value cannot be selected just to obtain a
better image SNR.



BioMed Research International

200 300 400 500 600 700 800 900 1000

b value (s/mm?)

mmm Healthy
Injured

MD (x10~>mm?/s)

200 300 400 500 600 700 800 900 1000

b value (s/mm?)

mmm Healthy
Injured

FiGure 7: The differences in FA and MD obtained at different b values and in healthy and spinal-cord injured groups. *P < 0.05, **P < 0.01,

***P <0.005, ****P < 0.001.

Previous studies on optimal b value are mainly focused on
the low field strength. Taib et al. [9] also evaluated the imaging
quality from the aspects of image quality (SNR) and data qual-
ity (FA, MD). However, the number of b values set in their
study was relatively less (b= 700, 1000, and 1200s/mm?),
and only SNR, FA, and MD were assessed. In our study, a
series of b values were set, and the NMI indicator was also
added. The use of NMI to assess image distortion mainly takes
into account the following characteristics of the spinal cord
relative to the brain [22]: (i) the spinal cord has a narrow phys-
iological structure; (ii) adjacent vertebrae and intervertebral
discs of the spinal cord may cause magnetic field inhomogene-
ity; and (iii) spinal cord is easily affected by physiological activ-
ities. These factors can lead to serious distortion of EPI images
during DTT scanning. For these reasons, measuring the degree
of distortion is essential to evaluate the imaging quality of spi-
nal cord DTI. The differences in the morphological structure
and physiological environment between the brain and the spi-
nal cord may also be one of the reasons why the b values com-
monly used in the studies of brain DTI studies are different
from those of spinal cord DTI.

At present, the evaluation of DTI data quality mostly
focuses on the changing trend of indexes such as FA and
MD. For example, some research results show that the MD
value decreases with the increasing of b value [33-35], while
the FA value is less affected by the alteration of b value [34,
35]. In our study, the difference in FA value under different
b values was small, which was consistent with these results.
However, the changing trend of MD value is not the same,
which should be noted as the enhancement of noise floor
effects [36] and the attenuation of interference of nondiffu-
sion effects [37] usually lead to lower MD value at high b
values. While in this study, it was found that MD value
increased with the increasing of b value, then it tended to
be stable. After confirming that it was not an erroneous result
caused by operational lapses, we made the conjecture that the
anomaly was attributed to the field strength and b value
setting.

Generally, high field strength is beneficial for the detec-
tion of subtle diffusion in tissues and for the precise estima-
tion of DTI-derived indices, because it can bring about a

relatively high SNR [6], which may compensate to some extent
for the decreased SNR caused by the increased b value. At the
ultrahigh field strength (7 T) set up in this study, subtle diffu-
sion which was difficult to detect at low field strengths (1.5T,
3T) may be captured and used for the estimation of DTI-
derived indices with the increasing of b value (i.e., diffusion
sensitivity coeflicient), leading to the slight increase of MD.
Second, Bastin et al. [38] and Froeling et al. [39] showed
that a low SNR generally lead to the overestimation of the pri-
mary eigenvalue A, and the underestimation of the other two
eigenvalues A,, A;, which finally caused a lower estimated MD
than its true value. However, considering the narrow physio-
logical structure of spinal cord, in which the diffusion of water
molecules is overwhelmingly along the direction of white mat-
ter fiber tracts [38], results in the contribution of A, to MD
value in spinal cord DTI much greater than that of A, and
A;, which may have led to the phenomenon that MD did
not suffered an obvious underestimation in this experiment
despite the decreasing SNR with increasing b value.
Meanwhile, the range of b value setting in this research
(200-1000 s/mm?) was much smaller than those other studies
(such as the 500-2500s/mm? in Wu et al. [33] and 350-
3000 s/mm? in Dudink et al. [34]), with the highest b value
of 1000 s/mm?®, while nonmono-exponential diffusion decay
at b> 1000 s/mm? had been observed in rabbit [40] and rat
[41] hearts, implying the possible nondiftusion effects. And
Scott et al. [42] showed that the reference b value (i.e., diffu-
sion weighting of the reference images) would also affect the
changing trend of MD as a function of b value, as the appli-
cation of proper reference b value could effectively suppress
the influence of tissue capillary perfusion, thereby making
MD less dependent on the b value. Therefore, the b value set-
ting in this experiment may not completely suppress the non-
diffusion effects, which may have led to the fact that MD did
not decrease with the increasing of b value. The study of
Wang et al. [43] can verify our conjecture to some extent;
they performed the DTI of rats’ knee joint under 9.4 T ultra-
high field strength and set a series of b values of 250, 500, 750,
1000, and 1250 s/mm? Comparing MD results under differ-
ent parameter settings, it is found that MD value increases
with the increasing of b value, but when b value is higher than
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750 s/mm?, MD value tends to be stable, suggesting that too
high b value may not have much effect on the improvement
of DTI data quality. Our results also showed that when b
value was in low level (b=200-600s/mm?), MD value
increased with the increasing of it; however, MD was in stable
when b value was in high level (b =700 — 1000 s/mm?). The
data quality at b= 1000 s/mm? is also not better than that at
b =900 s/mm?, which are consistent with the results of previ-
ous studies.

In the present study, the FA value of SCI group was gen-
erally lower than that of healthy group at each b value, while
the MD value was on the contrary, mostly higher than that of
healthy group, keeping consistent with some previous studies
[44, 45]. This may be due to the SCI-induced disruption of
the normal physiological structure of spinal cord, such as
axonal interruption and disintegration which may reduce
the difference in water molecules’ diffusion along axonal
direction and other directions, leading to the reduction of
FA value. And the retention of cerebrospinal fluid (CSF) at
the injury site may increase the diffusion degree of water
molecules, resulting in the increase of MD value. There are
also some studies on acute SCI that indicate a transient
decrease in MD value postinjury [5, 46], which may be the
result of cell swelling, as it can cause an increase in cell radius,
leading to an increased tortuosity, and ultimately induce a
decrease in MD value [5].

While the differences in FA and MD obtained at different
b values and in different groups have been widely evaluated
nowadays, there are relatively few studies on the stability
and consistency of these data in the same individual. The
results of this study showed the b value-induced obvious fluc-
tuations of FA and MD values in the same slice and between
different slices. It is suggested that further studies should also
pay attention to the effects of such changes on the experi-
mental datasets.

Our study showed that image quality is generally better
than data quality with lower b values, while the opposite is
true with higher b values. The main reason for this phe-
nomenon is that, on the one hand, image quality is nega-
tively correlated with b value, meaning the significant
decrease of image quality with the increase of b value;
on the other hand, data quality is independent of the
change of b value. This result further illustrates that the
trade-off between image quality and data quality is very
important. It is of great significance to obtain more accu-
rate DTT results by setting and optimizing imaging param-
eters to meet the needs of image quality and improve the
data quality as much as possible.

There are some limits in this study. First, the evaluation
criteria for image quality and data quality include, but are
not limited to, the four indicators used here. Whether the
current research results can be applied to other evaluation
environments needs further verification. In addition, consid-
ering that too high b value will lead to a significant reduction
of SNR and a lack improvement of data quality in DTI, sub-
sequent studies can appropriately reduce the range of b value
and refine the division of b value to obtain more accurate
results. Thirdly, the number of gradient directions (NGD)
selected in this experiment is relatively small, while more
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directions are generally used in the clinical examinations to
improve DTI reliability [47]. However, the main purpose in
this study is to explore the difference in DTT imaging quality
under different b values and find the optimal b value setting;
the conclusion will mainly be affected by b values rather than
other parameters like NGD. Previous experiments have also
shown that DTI can provide measurements with high reli-
ability even for images with few directions [48], and six-
direction data provide diffusion measures with comparable
robustness to those under higher gradient directions [49].

5. Conclusion

This study explored the effect of different b values on the
imaging quality of spinal cord DTT at 7 T Bruker MR instru-
ments, and proved that b =900 s/mm? had the best compre-
hensive results of image quality and data quality. The results
of this research provide an experimental basis for the future
extensive application of DTI in the study of SCI and are help-
tul for researchers to set imaging scanning parameters more
reasonably.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (grant numbers 31970970 and
31900980), Beijing Natural Science Foundation Program
(grant number 7194286), and Fundamental Research Funds
for the Central Universities (grant number YWF-20-BJ-J-
811).

References

[1] M. Kaushal, S. Shabani, M. Budde, and S. Kurpad, “Diffusion
tensor imaging in acute spinal cord injury: a review of animal
and human studies,” Journal of Neurotrauma, vol. 36, no. 15,
pp. 2279-2286, 2019.

[2] O. A. Zaninovich, M. J. Avila, M. Kay, J. L. Becker, R. J. Hurl-
bert, and N. L. Martirosyan, “The role of diffusion tensor
imaging in the diagnosis, prognosis, and assessment of recov-
ery and treatment of spinal cord injury: a systematic review,”
Neurosurgical Focus, vol. 46, no. 3, 2019.

[3] W. Tae, B. Ham, S. Pyun, S. Kang, and B. Kim, “Current clin-
ical applications of diffusion-tensor imaging in neurological
disorders,” Journal of Clinical Neurology, vol. 14, no. 2,
pp. 129-140, 2018.

[4] C. Zhao, ]. Rao, X. Pei et al., “Longitudinal study on diffusion
tensor imaging and diffusion tensor tractography following
spinal cord contusion injury in rats,” Neuroradiology, vol. 58,
no. 6, pp. 607-614, 2016.



BioMed Research International

(5]

(14]

(15]

(16]

(17]

(18]

(19]

C. Liu, D. Yang, Q. Meng et al., “Dynamic correlation of diffu-
sion tensor imaging and neurological function scores in bea-
gles with spinal cord injury,” Neural Regeneration Research,
vol. 13, no. 5, pp- 877-886, 2018.

A. W. Chung, D. L. Thomas, R. J. Ordidge, and C. A. Clark,
“Diftusion tensor parameters and principal eigenvector coher-
ence: relation to b-value intervals and field strength,” Magnetic
Resonance Imaging, vol. 31, no. 5, pp. 742-747, 2013.

G. Barrio-Arranz, R. de Luis-Garcia, A. Tristan-Vega,
M. Martin-Fernandez, and S. Aja-Fernandez, “Impact of MR
acquisition parameters on DTT scalar indexes: a tractography
based approach,” Plos One, vol. 10, no. 10, article e0137905, 2015.

T. Sakai, K. Doi, M. Yoneyama, A. Watanabe, T. Miyati, and
N. Yanagawa, “Distortion-free diffusion tensor imaging for
evaluation of lumbar nerve roots: utility of direct coronal
single-shot turbo spin-echo diffusion sequence,” Magnetic Res-
onance Imaging, vol. 49, pp. 78-85, 2018.

N. H. Mohd Taib, W. A. K. Wan Abdullah, I. Lutfi Shuaib,
E. Magosso, and S. Mat Isa, “Determination of optimum com-
bination of voxel size and b-value for brain diffusion tensor
imaging,” Sains Malaysiana, vol. 46, no. 1, pp. 67-74, 2017.

T. Luo, O. Oladosu, K. S. Rawji et al., “Characterizing struc-
tural changes with devolving remyelination following experi-
mental demyelination using high angular resolution diffusion
MRI and texture analysis,” Journal of Magnetic Resonance
Imaging, vol. 49, no. 6, pp. 1750-1759, 2019.

C. Zhao, J. Rao, X. Pei et al., “Diffusion tensor imaging of spi-
nal cord parenchyma lesion in rat with chronic spinal cord
injury,” Magnetic Resonance Imaging, vol. 47, pp. 25-32, 2018.

S. Ardekani and U. Sinha, “Geometric distortion correction of
high-resolution 3 T diffusion tensor brain images,” Magnetic
Resonance in Medicine, vol. 54, no. 5, pp. 1163-1171, 2005.

J. Li, C. Zhao, J. Rao et al., “Structural and metabolic changes in
the traumatically injured rat brain: high-resolution in vivo
proton magnetic resonance spectroscopy at 7 T,” Neuroradiol-
ogy, vol. 59, no. 12, pp. 1203-1212, 2017.

L. Griffanti, F. Baglio, M. G. Preti et al., “Signal-to-noise ratio
of diffusion weighted magnetic resonance imaging: Estimation
methods and in vivo application to spinal cord,” Biomedical
Signal Processing And Control, vol. 7, no. 3, pp. 285-294, 2012.
R. Xu, Y. W. Chen, S. Y. Tang, S. Morikawa, and Y. Kurumi,
“Parzen-window based normalized mutual information for
medical image registration,” IEICE Transactions on Informa-
tion and Systems, vol. E91-D, no. 1, pp. 132-144, 2008.

M. Modat, G. R. Ridgway, Z. A. Taylor et al., “Fast free-form
deformation using graphics processing units,” Computer
Methods and Programs in Biomedicine, vol. 98, no. 3,
pp. 278-284, 2010.

H. Fukutomi, M. F. Glasser, K. Murata et al., “Diffusion tensor
model links to neurite orientation dispersion and density
imaging at high b-value in cerebral cortical gray matter,” Scien-
tific Reports, vol. 9, no. 1, 2019.

N. Wang, A. J. Mirando, G. Cofer, Y. Qi, M. J. Hilton, and
G. A. Johnson, “Characterization complex collagen fiber archi-
tecture in knee joint using high-resolution diffusion imaging,”
Magnetic Resonance In Medicine, vol. 84, no. 2, pp. 908-919,
2020.

D. Malyarenko, C. J. Galbén, F. J. Londy et al., “Multi-system
repeatability and reproducibility of apparent diffusion coefficient
measurement using an ice-water phantom,” Journal of Magnetic
Resonance Imaging, vol. 37, no. 5, pp. 1238-1246, 2013.

(20]

(21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

11

L. Fedeli, G. Belli, A. Ciccarone et al., “Dependence of apparent
diffusion coeflicient measurement on diffusion gradient direc-
tion and spatial position - a quality assurance intercomparison
study of forty-four scanners for quantitative diffusion-
weighted imaging,” Physica Medica, vol. 55, pp. 135-141, 2018.

M. Froeling, A. J. Nederveen, D. F. R. Heijtel et al., “Diffusion-
tensor MRI reveals the complex muscle architecture of the
human forearm,” Journal of Magnetic Resonance Imaging,
vol. 36, no. 1, pp. 237-248, 2012.

J. Rao, Z. Liu, C. Zhao et al., “Image correction for diffusion
tensor imaging of Rhesus monkey thoracic spinal cord,” Jour-
nal of Medical Primatology, vol. 48, no. 6, pp. 320-328, 2019.
Z. H. Ding, J. C. Gore, and A. W. Anderson, “Reduction of
noise in diffusion tensor images using anisotropic smoothing,”
Magnetic Resonance in Medicine, vol. 53, no. 2, pp- 485-490, 2005.
J. Rao, C. Zhao, Z. Yang et al., “Diffusion tensor tractography
of residual fibers in traumatic spinal cord injury: a pilot study,”
Journal of Neuroradiology, vol. 40, no. 3, pp. 181-186, 2013.
R. Kaur, M. Juneja, and A. K. Mandal, “A comprehensive review
of denoising techniques for abdominal CT images,” Multimedia
Tools and Applications, vol. 77, no. 17, pp. 22735-22770, 2018.

H. V. Bhujle and B. H. Vadavadagi, “NLM based magnetic res-
onance image denoising — a review,” Biomedical Signal Pro-
cessing and Control, vol. 47, pp. 252-261, 2019.

F. Grinberg, I. I. Maximov, E. Farrher, and N. J. Shah, “Micro-
structure-informed slow diffusion tractography in humans
enhances visualisation of fibre pathways,” Magnetic Resonance
Imaging, vol. 45, pp. 7-17, 2018.

M. G. Di Trani, M. Nezzo, A. S. Caporale et al., “Performance
of diffusion kurtosis imaging versus diffusion tensor imaging
in discriminating between benign tissue, low and high Gleason
grade prostate cancer,” Academic Radiology, vol. 26, no. 10,
pp. 1328-1337, 2019.

D. K. Jones and P. J. Basser, “"Squashing peanuts and smashing
pumpkins": how noise distorts diffusion-weighted MR data,”
Magnetic Resonance in Medicine, vol. 52, no. 5, pp. 979-993, 2004.
B. A. Landman, J. A. D. Farrell, H. Huang, J. L. Prince, and
S. Mori, “Diftusion tensor imaging at low SNR: nonmonotonic
behaviors of tensor contrasts,” Magnetic Resonance Imaging,
vol. 26, no. 6, pp. 790-800, 2008.

M. Giannelli, G. Belmonte, N. Toschi et al., “Technical note:
DTT measurements of fractional anisotropy and mean diffu-
sivity at 1.5 T: comparison of two radiofrequency head coils
with different functional designs and sensitivities,” Medical
Physics, vol. 38, no. 6Partl, pp. 3205-3211, 2011.

B. Thapa, N. Sapkota, Y. Lee et al., “Ultra-high-b radial
diffusion-weighted imaging (UHb-rDWI) of human cervical
spinal cord,” Journal of Magnetic Resonance Imaging, vol. 49,
no. 1, pp. 204-211, 2019.

Y. Wu, C. Zou, W. Liu et al,, “Effect of b-value in revealing
postinfarct myocardial microstructural remodeling using MR
diffusion tensor imaging,” Magnetic Resonance Imaging,
vol. 31, no. 6, pp. 847-856, 2013.

J. Dudink, D. J. Larkman, O. Kapellou et al., “High b-value dif-
fusion tensor imaging of the neonatal brain at 3T,” American
Journal of Neuroradiology, vol. 29, no. 10, pp. 1966-1972, 2008.
N. C. Chuck, G. Steidle, I. Blume, M. A. Fischer, D. Nanz, and
A. Boss, “Diffusion tensor imaging of the kidneys: influence of
b-value and number of encoding directions on image quality
and diffusion tensor parameters,” Journal of Clinical Imaging
Science, vol. 3, p. 53, 2013.



12

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

A. D. Scott, S. Nielles-Vallespin, P. F. Ferreira, L. A. McGill,
D.J. Pennell, and D. N. Firmin, “The effects of noise in cardiac
diffusion tensor imaging and the benefits of averaging complex
data,” NMR in Biomedicine, vol. 29, no. 5, pp. 588-599, 2016.

Q. Feng, Z. Ma, S. Zhang, and J. Wu, “Usefulness of diffusion
tensor imaging for the differentiation between low-fat angio-
myolipoma and clear cell carcinoma of the kidney,” Springer-
Plus, vol. 5, no. 1, 2016.

M. E. Bastin, P. A. Armitage, and I. Marshall, “A theoretical
study of the effect of experimental noise on the measurement
of anisotropy in diffusion imaging,” Magnetic Resonance
Imaging, vol. 16, no. 7, pp. 773-785, 1998.

M. Froeling, A. J. Nederveen, K. Nicolay, and G. J. Strijkers,
“DTI of human skeletal muscle: the effects of diffusion encod-
ing parameters, signal-to-noise ratio and T-2 on tensor indices
and fiber tracts,” NMR in Biomedicine, vol. 26, no. 11,
pp. 1339-1352, 2013.

J. R. Forder, J. D. Bui, D. L. Buckley, and S. J. Blackband, “MR
imaging measurement of compartmental water diffusion in
perfused heart slices,” American Journal of Physiology-Heart
and Circulatory Physiology, vol. 281, no. 3, pp. H1280-
H1285, 2001.

E. W. Hsu, D. L. Buckley, J. D. Bui, S. J. Blackband, and J. R.
Forder, “Two-component diffusion tensor MRI of isolated
perfused hearts,” Magnetic Resonance in Medicine, vol. 45,
no. 6, pp. 1039-1045, 2001.

A. D. Scott, P. F. A. D. C. Ferreira, S. Nielles-Vallespin et al.,
“Optimal diffusion weighting for in vivo cardiac diffusion ten-
sor imaging,” Magnetic Resonance in Medicine, vol. 74, no. 2,
pp. 420-430, 2015.

N. Wang, A. J. Mirando, G. Cofer, Y. Qi, M. J. Hilton, and
G. A. Johnson, “Diffusion tractography of the rat knee at
microscopic resolution,” Magnetic Resonance in Medicine,
vol. 81, no. 6, pp. 3775-3786, 2019.

A.-N. Murgoci, L. Baciak, V. Cubinkova et al., “Diffusion ten-
sor imaging: tool for tracking injured spinal cord fibres in rat,”
Neurochemical Research, vol. 45, no. 1, pp. 180-187, 2020.

W. Sun, J. Tan, Z. Li et al,, “Evaluation of hyperbaric oxygen
treatment in acute traumatic spinal cord injury in rats using
diffusion tensor imaging,” Aging and Disease, vol. 9, no. 3,
pp- 391-400, 2018.

C.-B. Liu, D.-G. Yang, X. Zhang et al., “Degeneration of white
matter and gray matter revealed by diffusion tensor imaging
and pathological mechanism after spinal cord injury in
canine,” CNS Neuroscience & Therapeutics, vol. 25, no. 2,
pp. 261-272, 2019.

F. W. A. Hoefnagels, P. C. de Witt Hamer, P. J. W. Pouwels,
F. Barkhof, and W. P. Vandertop, “Impact of gradient number
and voxel size on diffusion tensor imaging tractography for
resective brain surgery,” World Neurosurgery, vol. 105,
Pp. 923-934.e2, 2017.

J. Y. Wang, N. Abdi, K. Bakhadirov, R. Diaz-Arrastia, and
M. D. Devous, “A comprehensive reliability assessment of
quantitative diffusion tensor tractography,” Neurolmage,
vol. 60, no. 2, pp. 1127-1138, 2012.

C. Lebel, T. Benner, and C. Beaulieu, “Six is enough? Compar-
ison of diffusion parameters measured using six or more
diffusion-encoding gradient directions with deterministic trac-
tography,” Magnetic Resonance in Medicine, vol. 68, no. 2,
pp. 474-483, 2012.

BioMed Research International



	Effect of b Value on Imaging Quality for Diffusion Tensor Imaging of the Spinal Cord at Ultrahigh Field Strength
	1. Introduction
	2. Materials and Methods
	2.1. Data Acquisition
	2.1.1. Animals
	2.1.2. Image Acquisition
	2.1.3. DTI Processing

	2.2. Evaluation Indicators
	2.2.1. Image Quality Indicators
	2.2.2. Data Quality Indicators
	2.2.3. Statistical Analysis

	2.3. Comprehensive Evaluation

	3. Results
	3.1. Image Quality Evaluation Results
	3.2. Data Quality Evaluation Results
	3.3. Comprehensive Evaluation
	3.4. FA and MD Comparison
	3.4.1. Comparison between Different b Values
	3.4.2. Comparison between Healthy and SCI Groups


	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

