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ABSTRACT

BACKGROUND AND PURPOSE: The zonally magnified oblique multislice EPI (ZOOM-EPI) diffusion-weighted sequence has been visually
shown to provide superior MR diffusion image quality compared with the full-FOV single-shot EPI sequence (non-ZOOM-EPI) in the adult
cervical spinal cord. The purpose of this study was to examine the diffusion tensor imaging indices in the normal human cervical spinal cord
between ZOOMED and non-ZOOMED DTI acquisitions and determine whether DTl values are comparable between direct and indirect
age-matched groups.

MATERIALS AND METHODS: Fifty-four subjects 23-58 years of age (9 direct age-matched and 45 indirect age-matched) were scanned
using a 1.5T scanner. Diffusion tensor indices including fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity were
generated from the DTl dataset. These DTl values were calculated for both ZOOM and non-ZOOM acquisitions and compared at each
intervertebral disc level. The variability of the DTI values for ZOOM and non-ZOOM sequences was measured using a coefficient of
variation within direct and indirect age-matched controls.

RESULTS: The mean diffusivity, axial diffusivity, and radial diffusivity values obtained along the cervical spinal cord in the age-matched
controls showed a significant decrease using the ZOOM sequence (P = .05, P = .002, and P < .001). Mean fractional anisotropy showed a
significant increase (P = .04) using the ZOOM sequence. The indirect age-matched controls showed a statistically significant increase in
fractional anisotropy (P = .03) and a decrease in mean diffusivity (P = .002), axial diffusivity (P < .001), and radial diffusivity (P = .002) using
the ZOOM sequence. Less variability has been shown in DTI using the ZOOM sequence compared with the non-ZOOM sequence in both
direct and indirect age groups. The ZOOM sequence exhibited higher SNR (SNR,oon = 22.84 *+ 7.59) compared with the non-ZOOM
sequence (SNR, ., .zoom = 19.7 = 7.05). However, when we used a 2-tailed t test assuming unequal variances, the ZOOM sequence did not
demonstrate a statistically significant increase.

CONCLUSIONS: ZOOM DTl acquisition methods provide superior image quality and precision over non-ZOOM techniques and are
recommended over conventional full-FOV single-shot EPI DTI for clinical applications in cervical spinal cord imaging.

ABBREVIATIONS: AD = axial diffusivity; CoV = coefficient of variation; FA = fractional anisotropy; MD = mean diffusivity; RD = radial diffusivity; ZOOM = zonally
magnified oblique multislice

I n recent years, techniques like diffusion tensor imaging of the
spinal cord have become powerful quantitative tools that track
the diffusion of water molecules throughout the length of the
cord." DTT has been used in past studies to investigate white mat-
ter and its axonal projections in the cord. However, it is difficult to
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obtain distortion-free, high-resolution diffusion-weighted im-
ages of the spinal cord using single-shot EPL." Long readout times
and low bandwidths in the phase-encode direction of the stan-
dard single-shot EPI sequence increase the possibility of distor-
tion in the resultant images." Coherent macroscopic or bulk mo-
tion varies during each echo acquisition; this variation can give
rise to ghosting artifacts in the final images. Motion adds addi-
tional phase to the spins, which will also challenge the phase re-
quirements between transverse magnetization and radiofre-
quency pulses." Despite these challenges, single-shot EPI offers a
short acquisition time that decreases the probability of motion-
related artifacts, making this technique most appealing for clinical
imaging of the spinal cord.”

Recently, reduced FOV imaging sequences have generated
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valuable spinal cord imaging data. Diffusion-weighted imaging
sequences like the zonally magnified oblique multislice (ZOOM)
sequence have used this reduced FOV to acquire diffusion metrics
in the spinal cord.”* The impetus was to create a ZOOM acquisi-
tion that could replace the standard full-FOV method for clinical
use. This is predicated on the goal of keeping acquisition times as
close to or less than those of conventional full-field DTI tech-
niques, with superior results. Several reduced FOV diffusion-
weighted sequences, including the ZOOM sequence and the inner
FOV 2D radiofrequency excitation and overvolume suppression
techniques, have been applied to obtain DTT of the spinal cord. It
has been shown that in nearly all these instances, the reduced FOV
EPI DTI method provides an increase in the signal-to-noise ratio
compared with conventional full-FOV EPI techniques (non-
ZOOM).>>° Using these techniques, several researchers have
been able to acquire more precise diffusion metrics using ZOOM
DTI sequences. In 1 study, ZOOM DTI increased diagnostic con-
fidence in 33% of clinical examinations in a sample size of 180
clinical scans.” This cohort included a range of various patholo-
gies such as demyelination, acute infarction, infection, and abnor-
mal tissue growth.” Other groups have used these techniques to
investigate the healthy population, ranging from mapping of the
optic nerve,® assessing the pediatric spinal cord, and comparing of
intrinsic artifacts among imaging techniques.” In each use, the
ZOOM DTI sequences have been shown useful for clinical
application.

The purpose of this study was to perform a quantitative com-
parison of ZOOM and non-ZOOM DTI techniques in the adult
cervical spinal cord. We hypothesized that due to the inherent
capability of ZOOM to reduce susceptibility artifacts coupled
with a higher SNR, the DTT metrics generated from ZOOM meth-
ods would be more precise. A direct age match compares data
from the same subject scanned using both imaging sequences,
while an indirect age match is a comparison of 2 different subjects
whose ages match. In theory, a direct age match will reduce vari-
ation that may arise from natural anatomic and diffusive differ-
ences among participating subjects compared with indirect age-
matched groups.

MATERIALS AND METHODS

Subject Recruitment

In this prospective monocenter study, 54 patients between 23 and
58 years of age (mean age, 38.09 * 8.5 years; 26 men and 28
women) were recruited. Each of the patients was deemed healthy;
with no clinical or imaging criteria of spinal cord pathology. Ex-
aminations were performed as part of clinical care for screening in
trauma to exclude soft-tissue injuries. Nine of the recruited sub-
jects underwent scans that implemented both acquisition tech-
niques that were used for a direct age-matched comparison. In
addition, an indirect age-matched group was created using a sep-
arate group of 22 subjects who were scanned using the non-
ZOOM technique and who were later used to compare with the 23
subjects scanned using the ZOOM technique. The diffusion data
of this study were compared using the 2 different methods. The
study was approved by the institutional review board of Thomas
Jefferson University Hospital. Informed consent was obtained
from all patients.

1556 Alizadeh  Aug 2018 www.ajnr.org

Image Acquisition

All MR imaging scans were performed on the same magnet using
an Achieva 1.5T scanner (Philips Healthcare, Best, Netherlands)
with a 16-channel neurovascular array coil, including 8 head ele-
ments and 4 neck and 4 chest elements. Axial DTI covering the
cervical spinal cord was acquired using either the ZOOM or non-
ZOOM techniques in the same anatomic location prescribed for
the T2-weighted images to cover the entire cervical spinal cord
(C1to C7-T1 levels). The non-ZOOM DTI scan parameters were
the following: TR = 6176 ms, TE = 82 ms, number of signal
averages = 8, FOV = 220 X 130 mm, matrix = 144 X 84, number
of slices = 36, slice thickness = 4 mm, voxel size = 1.53 X 1.53 X
4.0 mm. The ZOOM scan parameters were the following: TR =
4950 ms, TE = 95 ms, number of signal averages = 4, FOV =
110 X 110 mm, matrix = 96 X 96, number of slices = 32, slice
thickness = 4 mm, voxel size = 1.15 X 1.15 X 4.0 mm. Both
sequences used 6 directions at b=800 s/mm?*. The acquisition
time of each technique was kept under 5 minutes. The imaging
acquisition time was deliberately minimized to make it as clini-
cally practical as possible; therefore, neither gating nor anesthesia
was used during scanning.

In both techniques, manual shim and fat saturation volume
adjustments were also performed before data acquisition to con-
fine the adjustment volume to the anatomy of interest as much as
possible to limit residual distortions and chemical shift artifacts.

Image Processing

Initially, DTT volumes were corrected for motion-induced arti-
facts by aligning diffusion directional images to the reference im-
age (B,) based on the affine transformation technique. Next, DTI
scalars, including fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial difusivity (RD), were
computed using a linear estimation of the tensor in DTI Fiber-
Trak software (Philips Healthcare; https://www.usa.philips.com/
healthcare/product/HCNMRB617/dti-fibertrak-mr-software).
Global thresholding and smoothing techniques were applied to
remove background, decrease the computational time, and mini-
mize the effects of noise in the tensor calculation.

Manual ROI Definition

To obtain DTI metrics, we manually drew ROIs at each cervical
intervertebral disc level on the generated FA map in the axial
plane. These intervertebral disc levels included C1-C2, C2-C3,
C3—C4, C4-C5, C5-C6, C6-C7, C7-T1. Each ROI was drawn
within 1-2 voxels of the cord boundary to prevent partial volume
effects from the nearby cord/CSF junction.” Figure 1 shows the
mean size of the ROIs at each intervertebral disc level in all
subjects.

Statistics

On the basis of the definition of whole-cord ROIs, we performed
statistical analysis between the non-ZOOM and ZOOM groups. A
comprehensive data table was created containing information
about DTI measures (Tables 1 and 2). Means and SDs of each
measure for every subject along the cervical spinal cord were cal-
culated. These measures then were compared between non-
ZOOM and ZOOM subjects for both indirect and direct groups
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FIG1. The size of ROIs manually drawn at each intervertebral disc level. The error bars represent

the SDs.

Table 1: Comparison of non-ZOOM and ZOOM of averaged FA,
MD, AD, and RD values along the cervical spinal cord levels and
across direct age-matched subjects®

Non-ZOOM ZOOM Prob<|t|
FA 0.65 =+ 0.042 0.74 = 0.038 P=.04
MD 072 = 0.038 0.50 * 0.032 P =005
AD 136 + 0.086 0.99 + 0.021 P =.002
RD 0.42 = 0.041 0.24 = 0.037 P <.001

Note:—Prob<[t| indicates the P value for 2-tailed test.
? Data are means and SDs.

Table 2: Comparison of non-ZOOM and ZOOM of averaged FA,
MD, AD, and RD values along the cervical spinal cord levels and
across indirect age-matched subjects®

Non-ZOOM ZOOM Prob<|t|
FA 0.65 = 0.067 0.76 = 0.04 P=.03
MD 0.7 = 0.038 0.49 + 0.047 P =.002
AD 13+ 0.06 1.02 = 0.05 P <.001
RD 0.4 = 0.06 0.23 = 0.05 P =.002

Data are means and SDs.

on the basis of the standard least squares linear regression model
and restricted maximum likelihood method (JMP Pro 13.0 soft-
ware; SAS Institute, Cary, North Carolina). This model was con-
structed looking at group differences by assuming ROI level and
group (non-ZOOM/ZOOM) composition as the fixed effects and
subject as the random effect. A P value of .05 was used throughout
to determine statistical significance.

Image-Quality Assessment

Image-quality assessments were performed on raw datasets for
each sequence using the SNR. The signal intensities within man-
ually drawn ROIs for each directional diffusion image were calcu-
lated and averaged (W _corg)- Next, the SNR was computed for
).' The SD of
air was measured from a large area outside the cord and surround-

each sequence as follows: SNR, 1 = tpyry_cora/ O

air
ing tissues.

RESULTS

The mean AD values of the whole cord along the entirety of the
cervical spinal cord in the age-matched controls for the proposed
sequences were the following: non-ZOOM = 1.36 * 0.086 X
10 °>mm?/s and ZOOM = 0.99 *+ 0.021 X 10~ >mm?/s, which
show a significant decrease using the ZOOM sequence (P = .002).
The mean RD values were the following: non-ZOOM = 0.42 *

0.041 X 10 ’mm®/s and ZOOM =
0.24 * 0.037 X 10~ ’mm?/s. A statisti-
cally significant decrease was shown in
RD (P < .001). The mean FA (non-
ZOOM = 0.65 * 0.042 and ZOOM =
0.74 = 0.038) and MD (non-ZOOM =
0.72 * 0.038 X 10 ’mm?s and
ZOOM = 0.50 = 0.032 X 10~ >mm?/s)
showed a significant increase (P = .04)
and decrease (P = .05), respectively, us-
ing the ZOOM sequence. Also, these pa-
rameters (ie, FA, MD, AD, and RD) were

c6-C7
calculated and compared between pro-

C7-T1

posed sequences in the indirect age-
matched controls. Statistically signifi-
cant increases in FA (P = .03) and
decreases in MD (P = .002), AD (P < .001), and RD (P = .002)
were shown (Tables 1 and 2).

Figures 2 and 3 represent the DTI indices as a function of
intervertebral disc levels. In all cases, there is a clear difference
between data acquired from the ZOOM and the non-ZOOM se-
quences. In both direct and indirect age-matched groups, the
ZOOM sequence uniformly demonstrated an increase in mean
FA values and a decrease in mean MD, AD, and RD values at each
cervical intervertebral cord level compared with the non-ZOOM
method.

Using the spinal cord mask, we calculated means and SDs of
SNR,6om and SNR, .. zoom- The ZOOM sequence exhibited
higher SNR (SNR, o = 22.84 * 7.59) compared with the non-
ZOOM sequence (SNR, .. zoom = 19.7 £ 7.05). However, by
means of a 2-tailed f test assuming unequal variances, the ZOOM
sequence did not demonstrate a statistically significant increase.
As seen in Figs 4 and 5, ZOOM DTI shows better definition of
WM/GM, CSF, and CSF/cord edge.

Variability of ZOOM EPI versus Full-FOV Single-Shot EPI
The variability of the DTI values for ZOOM and non-ZOOM se-
quences was measured using the coefficient of variation (CoV)
within direct and indirect age-matched controls. The CoV of the DTI
values within direct age-matched subjects showed: FA (CoV ,oom =
0.06 % 0.02,CoV.... yoom = 0.1 = 0.01), MD (CoV,o0n = 0.14 =
0.05, CoV,zoom = 0.2 % 0.05), AD (CoVyoon = 0.14 = 0.04,
CoV.or yoom = 0.24 * 0.13), and RD (CoV,,00n = 0.25 = 0.06,
CoV onzoom = 0.31 = 0.09). Less variability was shown in DTI
using the ZOOM sequence compared with the non-ZOOM se-
quence. Similar results were shown in the indirect age group as fol-
lows: FA (CoV,o0n = 0.06 = 0.01, CoV,... yoon = 0.09 * 0.02),
MD (CoV,o0n = 0.18 = 0.04, CoV,... soon = 0.19 = 0.04), AD
(CoV00m = 0.16 = 0.03, CoV,... soon = 022 = 0.02) and RD
(CoVo0m = 0.28 % 0.05, CoV,., soom = 0.23 = 0.03).

DISCUSSION

This report demonstrates that a ZOOM-EPI DTI sequence ac-
quires more precise high-resolution cervical spinal cord diffusion
images compared with the more common non-ZOOM DTl in the
healthy adult cervical spinal cord. In the clinical setting, non-
ZOOM is commonly used to generate DTI due to its rapid acqui-
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FIG 2. Averaged DTI parameters of ZOOM and non-ZOOM (full-FOV [fFOV] single-shot-EPI [ss-EPI]) sequences for the direct age-matched
group as a function of intervertebral disc levels across all subjects. The error bars represent the SDs.

FA by Levels MD by Levels
0.9 1
08 L—w_‘l 2N =~—fFOVEPI =+=Z0O0OM EPI
o T
IN
07 e I  — ];_,J___-I
0.6 5 b
=06
e 05 —~
Mo 3
- o4
0.3 2
0.2 0.2
0.1 %
0 0
C1-C2 (C2-C3 (3-C4 C(4C5 (C5C6 C6C7 C7-T1 C1-C2 (2-C3 (3-C4 C(C4C5 C5C6 C6C7 C7-T1
AD by Levels RD by Levels
1.8 0.6
- ——fFOVEPI —=ZOOM EPI = ——fFOVEPI  =—ZO!
w16 o 05
‘%‘ 14 L,L | | I I | g
g 1.1 g 0.4
. I | I I | @03
b 7
S 06 S 02
Doy =)
’ 0.1
Q 0.2 a
0 0
C1-C2 (€23 (3-C4 (4C5 C5C6 C6C7 C7-T1 C1-C2 (C2-C3 (3C4 C4C5 C5C6 C6C7 C7-T1

FIG 3. Averaged DTl indices of ZOOM EPI and non-ZOOM (full-FOV [fFOV] single-shot-EPI) sequences for the indirect age-matched group as
a function of intervertebral disc levels across all subjects. The error bars represent the SDs.

1558 Alizadeh  Aug 2018 www.ajnr.org



FIG4. lllustration of DTlindices at different spinal cord levels localized by a T2-weighted image in ZOOM. Midsagittal T2-weighted image shows
the location of the 7 axial diffusion tensor images that cover the entire length of the cervical spinal cord. Color and gray-scale FA maps are in
the first and second columns. MD, AD, and RD maps at each location are also shown. Note that spatial resolution is improved and distortion is
lower compared with the non-ZOOM acquisition (Fig 5). ssEPI indicates single-shot EPI.
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FIG 5. lllustration of DTlindices at different spinal cord levels localized by a T2-weighted image in non-ZOOM. Midsagittal T2-weighted image
shows the location of the 7 axial diffusion tensor images that cover the entire length of the cervical spinal cord. Color and gray-scale FA maps
are in the first and second columns. MD, AD, and RD maps at each location are also shown.

sition time coupled with a high SNR. These appealing variables
result in a quick scan that is relatively insensitive to motion arti-
facts. However, due to the low pixel bandwidth of EPI along the
phase-encoding direction, images are vulnerable to susceptibility
artifacts such as chemical shift and geometric distortions.! Addi-

tionally, EPI generates poor in-plane spatial resolution.” These

disadvantages become especially apparent in smaller anatomic
structures like the spinal cord. One way to reduce the proba-
bility of these susceptibility artifacts is to limit the FOV along
the phase-encoding direction, the method that ZOOM-EPI
implements.*>®

In the direct age-matched group comparison, the mean FA
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values were significantly higher using reduced-FOV ZOOM at
each cervical level. MD, AD, and RD values were significantly
lower at all cervical cord levels compared with the non-ZOOM
method. The disparity of these DTT indices generated from these 2
imaging techniques is predominantly a product of the ability of
ZOOM to accurately segment white matter from gray matter with
artifact reduction. The higher SNR of ZOOM coupled with the
manual ROI definition is the significant strengthening factor for
the segmentation algorithms in the future.

One limitation of this study was the inability to compare all
subjects using a direct age-matched comparison. This would have
increased the sample size, allowing greater power to detect differ-
ences between the experimental groups and reduce intersubject
variability. Although this was not the case, each analysis showed
clear differences and patterns, supporting the conclusion that
ZOOM offers superior results for DTT acquisitions in the cervical
cord.

A major focal point for this study was to develop a protocol
appropriate for clinical use. For clinical scans, one must minimize
the scan time while maintaining an acceptable image quality.
Thus, the number of gradient directions was kept low, resulting in
an acquisition time of <5 minutes. For future examination of this
sequence, additional gradient directions may be considered to
further increase image quality with a slight increase in scan time.
Past studies have used 15 gradient directions for 7 minutes and 30
seconds'' and 20 gradient directions for 8:49 minutes.” Despite
the slight increase in scan time, these additional gradient direc-
tions have improved DTI metric estimations. Nonetheless, the
ZOOM sequence for this study showed clear advantages over con-
ventional single-shot EPI. This limitation could be overcome by
imaging the spinal cord using parallel or multiband DTI tech-
niques, which will allow faster imaging.

Several published spinal cord ZOOM studies have evaluated
this technique in the thoracic spinal cord using a standard clinical
1.5T scanner. Future exploration of this ZOOM imaging tech-
nique will also focus on the general application in the thoracic
spinal cord, the intrinsic capability for segmentation and analysis
of white matter, and the generation of white matter fiber tracts
using tractography. In this evaluation, the ROIs of the spinal cord
were manually defined to encompass both gray and white matter
in a cross-section of the entire cervical spinal cord. White matter is
inherently more anisotropic due to the longitudinal organization
of axonal tracts and myelin sheath architecture.'> The natively
higher resolution and improved SNR capability of ZOOM offer
the best means to make this assessment. There are added benefits
for ZOOM methods in improved tractography modeling.

The ZOOM technique as implemented on a Philips scanner
is based on the technique known as inner volume imaging.
Inner volume imaging limits the FOV to acquire the target
structure while excluding any extraneous tissues. Like full-
FOV, single-shot EPI ZOOM excites a volume using a 90° ra-
diofrequency pulse followed by a 180° refocusing pulse. On the
contrary, ZOOM uniquely applies this 180° refocusing pulse
obliquely, effectively acquiring a reduced FOV volume of the
pertinent tissue.

In general, previous studies have shown that DTT indices ob-
tained using high-field scanners (3T) are statistically significantly
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different from those generated by 1.5T scanners.'>'* These quan-
titative differences are largely a product of the increase in SNR
that one can achieve on a 3T scanner. In prior studies investi-
gating the effect of field strength on diffusion parameters, there
was good agreement, showing a significant increase in FA and
a significant decrease in MD. Our results of an increase in FA
and a decrease in MD, AD, and RD are supported by other
literature as well.'®> However, our mean MD values were
slightly reduced®'®'” and may due to the slight differences in
scanner parameters.

CONCLUSIONS

The cervical spinal cord data obtained with the ZOOM imaging
sequence provide more precise diffusion metrics, FA, MD, AD,
and RD, with less variability compared with standard full-FOV
single-shot EPI. These results suggest that ZOOM DTT is the pre-
ferred method for cervical spinal imaging.
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