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Background: Limited magnetic resonance (MR) pulse sequences facilitate lumbosacral nerve imaging with 
acceptable image quality. This study aimed to evaluate the impact of parameter modification for Diffusion 
Weighted Image (DWI) using Readout Segmentation of Long Variable Echo-trains (RESOLVE) sequence 
with opportunities for improving the visibility of lumbosacral nerves and image quality.
Methods: Following ethical approval and acquisition of informed consent, imaging of an MR phantom and 
twenty healthy volunteers (n=20) was prospectively performed with 3T MRI scanner. Acquired sequences 
included standard two-dimensional (2D) turbo spin echo sequences and readout-segmented echo-planar 
imaging (EPI) DWI-RESOLVE using three different b-values b-50, b-500 and b-800 s/mm2. Signal-to-
noise ratio (SNR), apparent diffusion coefficient (ADC) and nerve size were measured. Two musculoskeletal 
radiologists evaluated anatomical structure visualisation and image quality. Quantitative and qualitative 
findings for healthy volunteers were investigated for differences using Wilcoxon signed-rank and Friedman 
tests, respectively. Inter and intra-observer agreement was determined with κ statistics.
Results: Phantom images revealed higher SNR for images with low b-values with 206.1 (±10.9), 125.1 
(±45.2) and 59.2 (±17.8) for DWI-RESOLVE images acquired at b50, b500 and b800, respectively. 
Comparable results were found for SNR, ADC and nerve size across normal right and left sided for healthy 
volunteer images. The SNR findings for b-50 images were higher than b-500 and b-800 images for healthy 
volunteer images. The qualitative findings ranked images acquired using b-50 and b-500 images significantly 
higher than corresponding b-800 images (P<0.05). Inter and intra-observer agreements for evaluation across 
all b-values ranged from 0.59 to 0.81 and 0.83 to 0.92, respectively.
Conclusions: The modified DWI-RESOLVE images facilitated visualization of the normal lumbosacral 
nerves with acceptable image quality, which support the clinical applicability of this sequence. 
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Introduction

Traditionally, diffusion-weighted magnetic resonance 
imaging (DW-MRI) was undertaken using the single-shot 
echo-planar imaging (ss-EPI) sequence and was principally 
introduced to evaluate the central nervous system, showing 
high sensitivity and specificity for detecting acute infarct, 
tumors and abscesses (1-6). With recent hardware and 
software advances, DW-MRI is now in routine diagnostic 
use for assessment of the liver (7,8), kidneys (9) and 
musculoskeletal system (10). 

Research suggests that DW-MRI may have an important 
contribution to detecting and characterizing nerve 
abnormalities. This scanning technique generates MR 
images providing information about tissue microstructure 
by monitoring the random movement of water molecules, 
which become restricted in tissues (11). A number of studies 
have evaluated different EPI based DWI sequences for 
assessing the lumbosacral nerves and found that DWI-MRI 
is appropriate for non-invasively assessing the lumbosacral 
nerves and nerve roots (12-15). However, ss-EPI DWI 
sequences have a number of limitations including high 
sensitivity to geometric distortion, signal loss and T2* 
blurring, mainly due to slow k-space filling in the phase 
encoding direction (16). Since these adverse effects are 
more severe at tissue boundaries, such as those involving 
the soft tissue, bowel gas and bone in the vicinity of the 
lumbosacral nerves, the associated reduction in image 
quality compromises the clinical usefulness of conventional 
ss-EPI-based DW sequences (17).

Currently, a DWI based sequence, known as Readout 
Segmentation of Long Variable Echo-trains (RESOLVE) 
involving a k-space sampling strategy in which the readout 
direction is divided into a number of ‘readout segments’, 
was released to improve image quality and therefore, clinical 
applications of DWI. This readout-segmented EPI-based 
DWI sequence incorporates a number of characteristics to 
speed up k-space traversal and thereby reduce the distortion 
typically associated with EPI. These include reduced echo 
spacing facilitated by a wide receive bandwidth, parallel 
imaging with generalized auto-calibrating partial parallel 
acquisition (GRAPPA) together with the use of an alternate 
k-space trajectory whereby k-space is segmented into 
multiple adjacent and partially overlapping segments (18).  
The reduction in geometric distortion achievable is 
proportional to the width of each segment (19). Each 
readout segment is acquired as a separate shot and a two-
dimensional navigator-based reacquisition scheme corrects 

for motion-induced phase errors (16).
Literature evidence indicates that the DWI-RESOLVE 

sequence has applications in various anatomical regions 
including the brain, breast and kidney (20-23). The findings 
of these studies have demonstrated that through the use of 
shortened echo spacing in each segment and acceleration 
of k-space filling in the readout direction, together with 
parallel imaging, DWI-RESOLVE is capable of in-plane 
rigid motion correction and produces images with less 
susceptibility artifact, distortion, and blurring with higher 
spatial resolution than ss-EPI (20-23). This technical 
advancement is important to minimize the effect of artifacts 
that can reduce the diagnostic performance of DWI (24,25). 
To our knowledge, the application of the EPI DWI-
RESOLVE has not been described for the lumbosacral 
nerves. Therefore, in this study, the DWI-RESOLVE 
sequence was modified and applied on a phantom to 
quantitatively and qualitatively establish baseline image 
quality characteristics on human subjects to evaluate the 
clarity of visualization of lumbosacral nerves and image 
quality in preparation for clinical study (26). We present the 
following article in accordance with the MDAR reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-191/rc).

Methods

Phantom construction

Ethical approval was obtained prior to commencing 
phantom and healthy volunteers recruitment and scanning. 
This research study was approved by the Research Ethics 
Committee at the Mater Misericordiae University Hospital, 
Dublin, Ireland (Reference number: 1/378/1719). The 
study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). The phantom phase was 
essential to ensure that image quality is acceptable and not 
suffering from artifacts before performing the modified 
sequence on human subjects. To calculate the signal-to-
noise ratio (SNR) and contrast-to-noise ratio (CNR) of 
images acquired using the DWI-RESOLVE MR pulse 
sequence, initial phantom scanning was undertaken using a 
cylindrical, copper sulphate-based phantom. The Perspex 
phantom was constructed to comprise two cylinders with 
the following dimensions: height 300 mm, inner diameter 
185 mm and inner cylinder 140 mm fitted with a coaxial 
inner cylinder (inner diameter 140 mm) (Figure 1). The 
inner cylinder was filled with deionized water doped with 

https://qims.amegroups.com/article/view/10.21037/qims-22-191/rc
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copper sulphate (770 mg, CuSO4, 5H2O, Sigma-Aldrich) 
and sodium chloride (2000 mg, NaCl, Sigma Aldrich) (27).  
The outer ring was filled with corn oil (Mazola®) to 
simulate the subcutaneous, intra-abdominal and intrapelvic 
fat encountered during body MR imaging (27).

Human subjects

Twenty (n=20) adult volunteers (female n=12; male n=8; 
age range 21-59 years; mean age 32 years; weight range 
61-88 kilograms; mean weight 72.6 kilograms) were 
prospectively recruited and scanned over a 5-week period. 
Written consent form was obtained from all the participants 
before the MRI examinations. The healthy volunteers 
were medical or paramedical personnel, with no history of 
attending a clinician and/or physiotherapist for evaluation 
and/or treatment of lumbar spine disease. Any participants 
with contraindication according to the MR safety-screening 
questionnaire were excluded (28).

MR imaging protocol

Lumbosacral spine imaging was undertaken on a 3 Tesla 
whole-body MR system (MAGNETOM Skyra, Siemens 
Healthcare GmbH, Erlangen, Germany) with a 32-channel 

spinal phased array coil used together with an 18-channel 
body-matrix coil placed over the patient’s lower abdomen/
pelvis. 

All participants underwent spinal MRI with both the 
axial 2D navigator-corrected readout-segmented EPI 
DWI sequence known as RESOLVE and a routine 2D 
MR scanning protocol for lumbar spine (Table 1). The 
high-resolution DWI-RESOLVE sequence included the 
following b-values: 50, 500 and 800 s/mm2, with Spectral 
Attenuated Inversion Recover (SPAIR) fat suppression. The 
diffusion mode was 3 scan trace and monopolar diffusion 
scheme. The noise level for this sequence is 10 and the 
signal is 1. The signal is a relative term provide a guide to 
any changes in parameters that might compromise the SNR 
in the image. 

Diffusion weighted gradients were applied in three 
directions: anteroposterior (AP), right-left (RL) and head-
foot (HF). The 2D lumbar spine protocol included: sagittal 
T1- and T2-weighted Turbo Spin Echo (TSE), axial T2-
weighted TSE of L3/L4, L4/5, and L5/S1 in a single 
scanning session. The conventional 2D TSE sequences 
were performed to ensure that the volunteer participants 
were not suffering from disc herniation, spinal stenosis or 
other unsuspected pathology.

Sequence modification

Since the DWI-RESOLVE sequence provided by the 
vendor (Table 1) was not specifically designed for evaluating 
the lumbosacral nerves, the sequence required modification 
using phantom images before applying it on human 
subjects. Several parameters manipulated to obtain an 
optimal balance between acquisition time and image quality. 
The selection of the b-values for the DWI-RESOLVE 
sequence was based on guidance from previous literature 
that utilized a conventional single-shot EPI-based DWI 
sequence for evaluating the lumbosacral nerves and nerve 
roots (12-14). We found that incorporating three different 
b-values: b-50, b-500 and b-800 s/mm2 into the DWI-
RESOLVE sequence allowed for comprehensive evaluation 
of the lumbosacral nerves. The b-50 images facilitated 
evaluation for the shape and size of nerves, while the b-500 
and b-800 images enabled assessment of signal intensity 
differences, providing high CNR between the lumbosacral 
nerves and blood vessels.

The modification process involved modification of the 
following parameters: TR, voxel size, number of slices, field-
of-view (FoV), base resolution, and bandwidth (Table 1).  

Figure 1 Image of the copper sulphate-based MR image quality 
phantom. The inner cylinder was filled with deionized water doped 
with copper sulphate and sodium chloride. The outer ring was 
filled with corn oil. MR, magnetic resonance.
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Table 1 Scanning parameters for DWI-RESOLVE and 2D sequences

Parameters Non-modified DWI-RESOLVE Modified DWI-RESOLVE Sagittal T2 Axial T2 x3 Sagittal T1

TR (ms) 5,600 12,700 3,500 2,870 650

TE (ms) 55 57 92 106 8.6

FoV read (mm2) 230 250 280 190 280

Slice thickness (mm) 3.5 4 4 4 4

Number of slices 25 55 15 10 15

Voxel size (mm) 2.3×2.3×3.5 1.9×1.9×4 0.7×0.7×4 0.6×0.6×4 0.8×0.8×4

Base resolution 110 130 384 320 320

Phase resolution (%) 100 90 75 85 80

Phase encoding direction AP AP HF RL HF

Phase partial Fourier off off off off off

Echo-spacing (ms) 0.32 0.32 9.2 11.8 8.58

Bandwidth (Hz/px) 874 1012 250 252 252

PI Acceleration factor GRAPPA-2 GRAPPA-2 GRAPPA-2 GRAPPA-2 Off

Fat suppression SPAIR SPAIR NA NA NA

Flip angle (o) 180 180 160 160 150

Averages 1 1 1 2 1

Readout segments 7 5 NA NA NA

Acquisition time (mins) 7:09 10:11 2:10 1:06 3:01

DWI, diffusion weighted imaging; RESOLVE, readout segmentation of long variable echo-trains; TR, repetition time; TE, echo time; FoV, 
field of view; PI, parallel imaging; AP, anterior/posterior; HF, head/foot; RL, right/left; GRAPPA, generalized auto-calibrating partial parallel 
acquisition; SPAIR, spectral attenuated inversion recovery.

The TR was increased from 5,600 ms to 12,700 ms in 
order to increase the number of slices ensuring sufficient 
anatomical coverage. By increasing the matrix, the voxel size 
was reduced from 2.3 mm × 2.3 mm × 3.5 mm to 1.9 mm ×  
1.9 mm × 4 mm, thereby increasing spatial resolution and 
reducing blurring of the lumbosacral nerve roots, which 
require high spatial resolution to facilitate their delineation 
and the detection of subtle abnormalities within them (29). 
However, the FoV and slice thickness were increased to 
improve the SNR and coverage. The receive bandwidth 
was increased from 874 to 1,012 Hz/px to enable the TE 
to be minimized to support reduced acquisition time and 
enhanced the diffusion weighting and minimized T2 shine 
through (29). In an effort to reduce the acquisition time, 
the number of readout segments was reduced from 7 to 5.  
Table 1 summarizes the changes applied to the DWI-
RESOLVE sequence.

Image analysis

Quantitative assessment
Phantom: Using image J software (National Institutes 
of Health, Bethesda, MD, USA; http://rsbweb.nih.gov/
ij), a specialist MR radiographer calculated the numerical 
values of MR image quality for the representative images 
of the phantom including: SNR and CNR. Regions of 
interest (ROIs) for determining the signal intensities were 
drawn in areas where signals from fluid and suppressed fat 
appeared separately in the MR images, taking care to avoid 
sampling signal from ghosting artifacts. The circular ROI 
sizes were consistent for all measurements. The ROIs were 
placed in the central region of the phantom. The standard 
deviation (SD) of the noise was measured for each image by 
placing a circular ROI in the background, avoiding phase 
ghosting or other artifacts, if present. A total of 33 images 

http://rsbweb.nih.gov/ij/download.html
http://rsbweb.nih.gov/ij/download.html
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Figure 2 The green circles in diffusion weighted readout segmentation of long variable echo-trains (DW-RESOLVE) images (A) b=50, 
(B) b=500, (C) b=800 demonstrate examples of regions of interest (ROI) placements for S1 nerves. Image (D) b=50, the green dimensional 
calipers for size measurements.

(11 images for each b-value) were selected from the center 
of the phantom, and these images were used to measure the 
numerical indices of SNR and CNR. The SD was calculated 
using multiple slices.

Healthy volunteer imaging: Quantitative measurements 
were determined by calculating numerical values of MR 
image quality for the representative axial DWI-RESOLVE 
images through the lumbosacral nerves (L5, S1 and S2), 
which included: SNR and apparent diffusion coefficient 
(ADC) and nerve size using Syngo software (Syngo, Siemens 
Medical Solutions, Erlangen, Germany). 

An expert MR radiographer measured the signal 
intensity to calculate the SNR and ADC values. Axial DWI-
RESOLVE images were used to evaluate the lumbosacral 
nerves by precisely drawing ROIs within the center of the 
nerves (Figure 2), typically at a point approximately 3 cm 
distal to the exit foramen. The circular ROI sizes remained 
close to 5 mm2 for all measurements. For SNR and ADC 
(b500 and b800) measurements, the ROIs were placed at 
the same spatial position for all b-value images to avoid bias 
(Figure 2). Furthermore, b-50 images were used for placing 
circular ROIs of the lumbosacral nerves as the signal 
intensity is greater and the shape of the nerves are well 
defined than b-500 and b-800 images. After that the ROI 
was copied to b-500 and b-800 images and each ROI was 
checked carefully that it is in the center of the nerve. For 
nerve size measurements, the AP and transverse dimensions 
of the lumbosacral nerves were assessed using the b-50 
images as we found these modified evaluation of nerve root 
shape and size.

The SNR within the anatomical regions was calculated 

using the following formula (30): 

( ) ( )/nerve noiseSNR SI SD=  [1]

The SI(nerve) is signal intensity of the lumbosacral nerves, 
and SD(noise) is the standard deviation of the noise. A circular 
ROI within the image background was placed to measure 
the SD of the noise , avoiding any artifact if present. 

The ADC values were calculated using the following 
formula (31): 

( ) ( )0 / 1 / 1 0ADC In Sb Sb b b= −    [2]

(Sb0 = mean signal intensity for b-50 images, Sb1= mean 
signal intensity for b-500 or b-800 images, b0=50, and 
b1=500 or 800).

Qualitative assessment
Qualitative evaluation involved an independent, subjective 
evaluation of the degree of visibility of normal lumbosacral 
nerves and overall image quality. Assessment was performed 
by two musculoskeletal (MSK) radiologists, with 8 and  
10 years of experience respectively, with images displayed 
on a PACS monitor with 5-megapixel resolution (BarcoTM). 
The standard lumbosacral 2D TSE images were evaluated 
by one radiologist to ensure that the volunteer participants 
did not have underlying disc herniation, spinal stenosis or 
other abnormality. Both readers independently evaluated 
the images acquired using the DWI-RESOLVE sequence. 

Qualitative assessment included evaluation of the clarity 
of visualization of anatomical structures: L4, L5, S1, S2, 
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S3, and sciatic nerves using an ordinal 5-point Likert-
scale (1= not visible; 2= poor; 3= adequate; 4= good; 5= 
excellent) (32). Each anatomical structure was rated based 
on its appearance on DWI-RESOLVE images as follows: 
1= no part of the nerve is visible (not visible); 2= nerve is 
barely, but incompletely visible; specifically, the distal part 
of the nerve is not visible (poor); 3= entire nerve is visible, 
including the proximal and distal parts, but these are 
incompletely visualized in a given image, or in a series of 
images (adequate); 4= entire nerve is visible, including the 
proximal and distal parts (good); 5= entire nerve is visible in 
its outline and extent within the slices acquired (excellent).

Furthermore, an ordinal 5-point Likert-scale was also 
employed to evaluate other aspects of the image quality, 
which included contrast between lumbosacral nerves and 
blood vessels, artifacts and noise (1= severe; 2= serious; 
3= moderate; 4= minor; 5= none) (32,33). The severity of 
each type of artifact was subjectively graded as follows: 1= 
severe artifacts preventing visualization of the lumbosacral 
nerves (severe); 2= artifacts significantly reducing visibility 
of the lumbosacral nerves, resulting in serious impairment 
of diagnostic quality (serious); 3= clearly visible artifacts, 
resulting in partial visibility of the lumbosacral nerves; 
minimal acceptable image quality with some deficiencies 
(moderate); 4= barely visible artifacts, resulting in above 
average image quality, with minor deficiencies, which do not 
affect lumbosacral nerve visibility (minor); 5= no artifacts 
evident, with excellent visibility of the lumbosacral nerves 
(none) (32,33). The grading scales utilized for visualization 
of anatomical structures and image quality were piloted on 
images acquired from four healthy volunteers to ensure that 
the scales were appropriate for clinical use on the healthy 
volunteer cohort. At the time of each image evaluation 
session, the radiologists were blinded to the sequence 
parameters. 

Statistical analysis

All statistical analyses were carried out using SPSS (IBM 
SPSS Statistics for Macintosh, Version 23.0, Armonk, NY: 
IBM Corp.). Statistical significance was assumed for P<0.05. 

Phantom images: for phantom images, the distribution 
fitting each data set was assessed by obtaining descriptive 
statistics. SNR and CNR (mean and SD) were quantified 
for b-50, b-500 and b-800 images (Table 2).

Healthy volunteer imaging: The SNR, ADC and nerve 
size were compared using a Wilcoxon signed-rank test with 
Bonferroni correction. The SNR, ADC and nerve size 
(AP and transverse dimension) values for the right and left 
nerves were compared separately for each b-value. Due 
to repeated measurements collected on each patient, the 
Friedman test was used to test for differences in anatomical 
structure visualization, and image quality gradings across all 
b-values. The Friedman test is an omnibus test, and hence 
(when significant) was followed by pairwise post hoc testing 
using the Wilcoxon signed-rank test with Bonferroni 
correction. P-values reported therefore, are adjusted for 
multiple testing. Kappa (κ) statistics with 95% confidence 
intervals determined the inter and intra-observer agreement 
during MR image scoring. Specifically, κ is a measure of 
agreement beyond the level of agreement expected by 
chance alone and has a maximum value of one when there is 
perfect agreement and a minimum value of zero indicating 
no agreement (34).

Results

Quantitative data

Phantom
The SNR mean values for fluid and partially suppressed 
fat resulting from the DWI-RESOLVE sequence acquired 
with the three different b-values are listed in Table 2. In 
general, the SNR means for both fluid and fat were higher 
with the low b-value images. With respect to the contrast 
between fluid and fat, Table 2 shows that it follows the 
previous results, as higher CNR means were associated with 
low b-values.

Healthy volunteers
The SNR, ADC and nerve size findings for normal 
lumbosacral nerves bilaterally had comparable values e.g., 
mean (± SD) SNR for S1 at b-50 images were 78.5 (±36.5) 
and 78.8 (±38.5) for the right and left sides, respectively 

Table 2 Signal-to-noise ratio and contrast-to-noise ratio findings 
for the phantom images

Sequence type SNRfluid SNRfat CNR 

DWI-RESOLVE b-50 206.1 (±10.9) 23.1 (±10.6) 183 (±16.1)

DWI-RESOLVE b-500 125.1 (±45.2) 20.9 (±9.1) 107.3 (±42.7)

DWI-RESOLVE b-800 59.2 (±17.8) 20.2 (±7.7) 38.9 (±12.7)

Mean (± SD) of SNR and CNR shown by b-value. SNR, signal-
to-noise ratio; CNR, contrast-to-noise ratio; DWI, diffusion 
weighted imaging; RESOLVE, readout segmentation of long 
variable echo-trains; SD, standard deviation.
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Table 3 Signal-to-noise ratio findings for lumbosacral nerves

Sequence type
L5 S1 S2

Right Left Right Left Right Left

DWI-RESOLVE b-50 48.9 (±22.2) 48.9 (±21.0) 78.5 (±36.5) 78.8 (±38.5) 72.7 (±33.8) 75.2 (±32.8)

DWI-RESOLVE b-500 44.0 (±23.4) 44.4 (±21.4) 65.7 (±26.5) 70.4 (±29.4) 66.7 (±30.1) 69.7 (±32.2)

DWI-RESOLVE b-800 38.3 (±24.2) 38.9 (±23.7) 51.6 (±23.8) 54.2 (±25.2) 55.6 (±24.3) 59.4 (±29.4)

Mean (± SD) of SNR shown by DWI b-value and anatomical structure. Wilcoxon signed-rank tests were carried out comparing right 
and left, with P-value corrected for 9 tests, but no statistically significant differences were observed. DWI, diffusion weighted imaging; 
RESOLVE, readout segmentation of long variable echo-trains.

Table 4 Size measurements (mm) for lumbosacral nerves

Axis
L5 S1 S2

Right Left Right Left Right Left

Vertical 5.7 (±0.1) 5.8 (±0.1) 6.0 (±0.1) 6.2 (±0.1) 5.6 (±0.1) 5.5 (±0.1)

Transverse 7.1 (±0.1) 7.2 (±0.1) 6.7 (±0.1) 6.8 (±0.1) 5.4 (±0.1) 5.3 (±0.1)

Mean (± SD) of nerve size shown by axis orientation and anatomical structure. Wilcoxon signed-rank tests were carried out comparing 
right and left, with P value corrected for 6 tests, but no statistically significant differences were observed. SD, standard deviation.

(Tables 3,4 and Figure 3). Wilcoxon tests comparing SNR 
(acquired at each b-value), ADC and nerve size across 
normal right and left sided nerves for DWI-RESOLVE 
images were not significantly different for any anatomical 
structure (Tables 3,4 and Figure 3). The SNR findings for 
b-50 images were higher than b-500 and b-800 images  
(Table 3). 

Qualitative data

The findings of the MR images acquired using the routine 
lumbar spine protocol confirmed that all participants were 
healthy, with no evidence of bone, soft tissue or nerve 
abnormality involving the lumbosacral spine. Table 5 
summarizes the image scoring for clarity of visualization of 
anatomical structures, mean and SD for each lumbosacral 
nerve. In general, mean scores for clarity of visualization of 
these anatomical structures were found to be higher with 
DWI-RESOLVE b-50, followed by b-500 and b-800 images 
(Figure 4). Results for b-50 images were found to significantly 
differ when compared to b-800 images for all lumbosacral 
nerves except for S1 (P=0.055). The b-500 images were 
found to significantly differ relative to those for b-800 images 
for all lumbosacral nerves except for S3 (P=0.292). 

Susceptibility artifact severity was approximately 

proportional to the higher b-value means of 4.3 (±0.8), 
3.7 (±1.1) and 3.1 (±1.1) with b-50, b-500, and b-800, 
respectively (Table 6). In some of our cases, susceptibility 
artifact adversely affected the visualization of the 
lumbosacral nerves located at the margins of the defined 
FoV (Figure 5). While b-50 and b-500 images demonstrated 
higher SNR than b-800 images, the b-50 images were 
scored lower for the contrast between lumbosacral 
nerves and blood vessels (Figure 6). For contrast between 
lumbosacral nerves and blood vessels, reader-assigned 
scores for the b-50 images were found to differ significantly 
from those for the b-500 and b-800 images, with P=0.008 
and P=0.009, respectively. However, for this image quality 
index, the b-500 images were not significantly different 
when compared to b-800 images.

While inter-observer agreement was moderate (0.41–
0.60) for the grading of the b-800 images, substantial 
agreement (0.61–0.80) was associated with scoring of 
b-50 and b-500 images. Inter-observer agreement values 
and standard error were 0.81±0.04 (95% CI: 0.74–0.88), 
0.77±0.04 (95% CI: 0.69–0.85), and 0.59±0.05 (95% CI: 
0.49–0.69) for b-50, b-500, and b-800 images, respectively. 
Intra-observer agreement showed excellent agreement 
(0.81–1) within both readers across all b-value DWI-
RESOLVE images (Table 7).
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Discussion

While studies evaluating the DWI-RESOLVE sequence 
are reported in the literature (16-21), to our knowledge, 
no published studies evaluating the use of this sequence for 
the assessment of lumbosacral nerve abnormalities such as 
those associated with nerve irritation due to stenosis and/
or discogenic disease of the lumbar spine could be sourced. 
Previous studies have focused on the applications of DWI-
RESOLVE in different parts of the body such as the 
musculoskeletal system (17), kidneys (20), breast (21,22), 
brain (23), prostate gland (35), pelvic tumors (36), and 

pelvic splanchnic nerve (37). 
Several studies have determined the utility of ss-EPI 

DWI in the musculoskeletal system and lumbosacral nerves 
(11,12,17). However, the severity of inherent geometric 
distortion, signal loss and T2* blurring, particularly at the 
air-, bone-soft tissue boundaries encountered when imaging 
the lumbosacral region has the potential to limit the utility 
of ss-EPI DWI for accurate nerve size measurement 
to differentiate normality from compression-induced 
inflammation. These adverse image quality effects are 
augmented at 3T, requiring parameter modification.

Technological advances in scanner hardware and software 
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Figure 3 The relationship between ADC values and lumbosacral nerves sides for both ADC 500 and ADC 800. Circle = potential outlier, 
defined as value more than 1.5 interquartile above third quartile or below first quartile. Star = extreme value, more than 3 interquartiles 
above 3rd quartile or below 1st quartile. ADC, apparent diffusion coefficient.

Table 5 Anatomical structure visualization findings

Anatomical structures DWI-RESOLVE b-50 DWI-RESOLVE b-500 DWI-RESOLVE b-800

L4 4.5 (±0.4)** 4.3 (±0.4)** 3.4 (±0.6)

L5 4.3 (±0.6)** 4.3 (±0.5)** 3.7 (±0.3)

S1 4.3 (±0.5) 4.6 (±0.4)** 3.8 (±0.4)

S2 4.1 (±0.7)** 4.4 (±0.7)** 3.4 (±0.5)

S3 3.1 (±0.6)** 2.9 (±0.8) 2.4 (±0.4)

SI 4.4 (±0.4)** 4.3 (±0.6)** 3.5 (±0.4)

Mean (± SD) of anatomical structure visualization shown by DWI b-value and anatomical structure, and p-values from Wilcoxon signed-
rank tests were corrected for 24 tests. *, Bonferroni-adjusted P value <0.05 when DWI-RESOLVE b-50 is compared to DWI-RESOLVE b-500. 
**, Bonferroni-adjusted P value <0.05 when DWI-RESOLVE b-50 or DWI-RESOLVE b-500 is compared to DWI-RESOLVE b-800. DWI, 
diffusion weighted imaging; RESOLVE, readout segmentation of long variable echo-trains; SD, standard deviation.
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A B

Figure 4 Axial DW-RESOLVE images for a 51-year-old female healthy volunteer highlighting the visualization performance for the 
lumbosacral nerves. While L5 nerves (arrows) were well visualized with b-50 images (A), L5 nerves (arrow heads) were poorly visualized 
with b-800 images (B). The signal intensity and therefore the conspicuity of the sacral nerves is slightly reduced in (B). DW-RESOLVE, 
diffusion weighted readout segmentation of long variable echo-trains.

Table 6 Image quality scores for DWI-RESOLVE images

Image quality DWI-RESOLVE b-50 DWI-RESOLVE b-500 DWI-RESOLVE b-800

Susceptibility artifact 4.3 (±0.8)*/** 3.7 (±1.1)** 3.1 (±1.1)

Noise 3.8 (±0.3)** 3.8 (±0.3)** 3.2 (±0.4)

CNR lumbosacral nerves/blood vessels 2.3 (±0.5)*/** 3.0 (±0.2) 3.1 (±0.4)

Mean (± SD) of image quality shown by DWI b-value and image quality criteria, and P values from Wilcoxon signed-rank tests were 
corrected for 12 tests. *, Bonferroni-adjusted P value 0.05 when DWI-RESOLVE b-50 is compared to DWI-RESOLVE b-500. **, Bonferroni-
adjusted P value <0.05 when DWI-RESOLVE b-50 or DWI-RESOLVE b-500 is compared to DWI-RESOLVE b-800. DWI, diffusion weighted 
imaging; RESOLVE, readout segmentation of long variable echo-trains; CNR, contrast-to-noise ratio; SD, standard deviation.

A B

Figure 5 Axial DW-RESOLVE images of lumbosacral region in a healthy volunteer (A) b=50 and (B) b=800 demonstrating the effect of 
susceptibility artifact. The susceptibility effect was minor and slight signal loss was evident in the right side compared to the left (A). The 
image demonstrates moderate loss of signal on the right side of the body compared to the left (B). The right sciatic nerve (arrow head) is 
hypointense relative to the sciatic nerve (arrow) in the left side. The normal left sciatic nerve (arrow) appears asymmetric due to this spurious 
artifact. DW-RESOLVE, diffusion weighted readout segmentation of long variable echo-trains.
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A B

Figure 6 Axial DW-RESOLVE images for a 32-year-old female healthy volunteer demonstrating the contrast between lumbosacral 
nerves and blood vessels. The contrast between right L5 nerve root (arrows) and adjacent blood vessels (arrow heads) was poor with DWI-
RESOLVE b-50 image (A). The contrast between L5 (arrows) and blood vessels (arrow heads) was excellent with DW-RESOLVE b-800 
image as flowing blood vessel generated hypointense signal compared to the L5 nerves (B). DW-RESOLVE, diffusion weighted readout 
segmentation of long variable echo-trains.

Table 7 Intra-observer agreement findings for both readers

Sequence type
Reader 1 Reader 2

κ ± SE 95% CI κ ± SE 95% CI

DWI-RESOLVE 
b-50

0.83±0.14 0.55, 1.1 0.83±0.11 0.62, 1

DWI-RESOLVE 
b-500

0.92±0.08 0.76, 1.1 0.83±0.11 0.62, 1

DWI-RESOLVE 
b-800

0.83±0.1 0.6, 1.1 0.82±0.1 0.58, 1

CI, confidence interval; SE, standard error; DWI, diffusion 
weighted imaging; RESOLVE, readout segmentation of long 
variable echo-trains.

have facilitated readout-segmented EPI DWI, for which a 
reduction in the number of columns in the readout direction 
supports fast gradient reversals, in turn reducing echo-
spacing, overall readout time and susceptibility artifacts 
(16,17,19). The shorter spacing between echoes in the echo 
train further reduces geometric distortion, T2* blurring 
and susceptibility artifacts (37). While these characteristics 
of the readout segmented EPI DWI-RESOLVE sequence 
provide potential for improvements in image quality 
through fewer artifacts, reduced signal loss and higher 
spatial resolution, to our knowledge, these features have not 
been described for the lumbosacral nerves. Therefore, this 
study involved the evaluation of the technical quality of 3T 
DWI-RESOLVE images of a phantom and the lumbosacral 
nerves of healthy volunteers in preparation for clinical 

study (26), with opportunities for improving the visibility of 
lumbosacral nerves and image quality.

The non-modified DWI-RESOLVE sequence was 
originally designed for evaluating the prostate gland, 
which, as a small anatomical structure, can be encompassed 
using a smaller FoV and fewer slices. The more extensive 
anatomical coverage required to evaluate the lumbosacral 
nerves necessitated an appreciable increase in TR, which, 
while enabling the number of slices to be doubled, in turn 
lengthened the acquisition time. 

This modification and subsequent evaluation of the 
DWI-RESOLVE sequence was required due to the small 
size of the lumbosacral nerves and their anatomical location 
surrounded by different tissue interfaces including soft 
tissue/bone interfaces in the lumbar spine and tissue/
air interfaces in the bowel, which may degrade the image 
quality (11,38,39). 

The two regions method was utilized to calculate SNR 
as this technique was found to be more practical, especially 
for human subject imaging with sequences that require 
relatively long acquisition times such as the EPI DWI-
RESOLVE (26). While the subtraction method for SNR 
calculation is reported to be more accurate and robust (40),  
it is impractical for human subject imaging as it requires 
each sequence to be acquired twice, increasing the 
likelihood that signal variations may occur due to patient 
motion and physiological effects, thereby introducing a 
potential for differences in SNR values due to these sources 
of error (41). 
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Eguchi et al. (11,14), used the ADC map images to 
calculate ADC for b-1,000 images; however, this technique 
is reported to be unreliable as mis-registration between 
b-0 and the other b-value images usually arises as a result 
of image distortion from motion probing gradients 
(13,42). The limitation of this technique became more 
pronounced when calculating ADC values for small regions 
such as nerves, with the potential to generate inaccurate 
information (13). A further method relies on using different 
b-value images to calculate the ADC values (31,42) and was 
used in our study based on the evidence for its robustness 
and more accurate ADC values.

Previous studies used b-values of 0 and 1,000 s/mm2 
with ss-EPI-DWI images for the evaluation of lumbosacral 
nerves (11,13,14). A recent study evaluated the sciatic 
nerve using 16 b values ranged from 0–1,500 s/mm2 (43). 
Our modified DWI-RESOLVE sequence included three 
different b-values 50, 500 and 800 s/mm2. These values 
reflect low, intermediate, and high b-values. We found these 
b-values to be more favorable for the DWI-RESOLVE 
sequence. During preliminary modification phase DWI-
RESOLVE imaging, we found the SNR of the lumbosacral 
plexus could be suboptimal at a b-value of 1,000 s/mm2 but 
reasonable at a b-value of 800 s/mm2. Expert radiologists 
determined that the b-50 images were best for evaluating 
the shape and size of nerves and the b-500 and b-800 
images were more appropriate for assessing signal intensity 
together with high contrast between the lumbosacral nerves 
and blood vessels. We found that the resultant poor contrast 
resolution between lumbosacral nerves and blood vessels 
tended to prolong the evaluation of the nerves during both 
the objective and subjective measurement processes. 

A number of study limitations are recognized. The 
participants of this study were all healthy, and the 
MR signal intensity values for the lumbosacral nerves 
may change under disease conditions. However, this 
experimental phase involving normal lumbar spinal nerve 
imaging was considered necessary to ensure that the DWI-
RESOLVE sequence produced images of sufficient quality 
to enable radiologists to visualize the small-diameter 
normal lumbosacral nerves before applying the sequence 
on a patient cohort. While the long scan time for DWI-
RESOLVE creates potential for motion-related artifact in 
restless patients, further technical advances in sequence 
design, including simultaneous multi-slice imaging such 
recent may help to offset this penalty (44). The quantitative 
values for S3 and the blood vessels were not included as 
these anatomical structures were too small in diameter 

for ROI placement. The justification for omitting these 
measurements is supported in a study by Eguchi et al. (14)  
who suggested that ROIs should be smaller than the 
anatomical structures being evaluated to avoid partial 
volume averaging effect. A further potential limitation of 
our study is that, despite the radiologists being blinded to 
the DWI b-values, the DWI b-value images with signal 
intensity characteristics that were recognizable for each 
b-value to the reviewing radiologists. However, this bias 
is unavoidable and was not considered to adversely impact 
on quality scoring by the radiologists. Only the axial plane 
DWI-RESOLVE images were acquired as the research 
team found that this plane was more appropriate to evaluate 
the lumbosacral nerves in terms of performing quantitative 
and qualitative assessments and measurements of the 
transverse and vertical axes of each nerve, a strategy that 
was followed by other researchers (13).

In conclusion, the phantom and volunteer experimental 
phases of this study were undertaken to ensure that the 
image quality associated with the locally modified DWI-
RESOLVE MR pulse sequence was clinically verified prior 
to utilizing it on patients with suspected lumbosacral nerve 
abnormalities. The resultant DWI-RESOLVE images 
were of a quality that facilitated visualization of the normal 
lumbosacral nerves with acceptable image quality. These 
findings support the clinical applicability of this sequence. 
While the DWI-RESOLVE sequence has now been 
integrated into the lumbar spine MR scanning protocol, 
continued technological developments in pulse sequence 
design will contribute further improvements in acquisition 
time, SNR and spatial resolution
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