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Abstract

This work proposes a low-cost, fishing line-based phantom for quality control of diffusion tensor imaging (DTI). The device
was applied to investigate the relationship between DTI indexes (DTIi) and imaging acquisition parameters. A Dyneema®
fishing line phantom was built with fiber bundles of different thicknesses. DTT acquisitions were performed in a 3T magnetic
resonance imaging scanner using an 8-channel and a 32-channel head coil. For each coil, the following acquisition parameters
were changed, one at a time: diffusion sensitivity factor (b value), echo time, sensitivity encoding, voxel size, number of sig-
nal averages, and number of diffusion gradient directions (NDGD). DTTi including fractional anisotropy, relative anisotropy
(RA), linear anisotropy (CL), and planar anisotropy (CP) were calculated for each image; the data were analyzed using the
coefficient of variation (CV) and distributions of DTIi values. The 32-channel head coil presented higher CV values for the
DTIi RA, CL, and CP when voxel size was changed. Using the phantom, dependences between diffusion-related parameters
(b value and NDGD) and DTIi were also observed; the majority of these were for the smaller thickness fiber bundles. The

device proved to be useful for the verification of the DTI performance over time.
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1 Introduction

Diffusion tensor imaging (DTI) combines magnetic reso-
nance imaging (MRI) techniques with diffusion measure-
ments [1]. It is applied to the study of body structures under
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healthy and pathological conditions [2, 3]. Currently, it
is known that DTI indexes (DTIi) are sensitive to factors
related to image acquisition, such as magnetic field inho-
mogeneity, susceptibility effects, and eddy currents. These
factors can present more detrimental effects on diffusion data
than on T1 or T2 images [4]. In recent years, researchers
have suggested different types of phantoms for quality con-
trol (QC) of diffusion imaging techniques. Some groups have
used phantoms for isotropic diffusion, usually consisting of
spheres or cylinders filled with liquids or gels [5, 6]. Others
have used fiber phantoms made of microcapillary arrays per-
meated by liquids to simulate axonal tracts or cardiac mus-
cles [7-9]. Some researchers have used biological phantoms,
such as green asparagus inside a water container or animal
tissues [10, 11]. Among the variety of materials for building
DTI phantoms, Dyneema®, a fiber composed of ultrahigh-
molecular weight polyethylene, has been suitable to simulate
anisotropic structures [12—14]. These fibers possess a lower
surface relaxivity [15—-17], which results in overall longer
relaxation times; this enables diffusion measurements to be
collected with a higher signal-to-noise ratio (SNR) or longer
echo time (TE). This is especially important in the case of
strong diffusion weightings and time-dependent studies.
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Until now, only Dyneema® raw fibers have been used

to build anisotropic diffusion phantoms; thus, the present
work proposes a low-cost Dyneema® fishing line-based
phantom for the QC of DTI. The phantom was applied to
study the influence of the acquisition parameters such as
diffusion sensitivity factor (b value), TE, number of signal
averages (NSA), sensitivity encoding (SENSE), voxel size,
and number of diffusion gradient directions (NDGD) on the
following DTIi: fractional anisotropy (FA), relative anisot-
ropy (RA), linear anisotropy (CL), planar anisotropy (CP),
mean diffusivity (MD), volume ratio (VR), and spherical
anisotropy (CS) [18]. The influence of the fiber bundle thick-
ness was also considered.

2 Materials and methods
2.1 Phantom construction

The phantom consisted of a cylindrical acrylic container
with a height of 200 mm, and external and internal diam-
eters of 180 mm and 170 mm, respectively, where a diffusion
evaluation module (DEM) was inserted, consisting of a rec-
tangular hollow section of 180 x 120 mm? and a wall thick-
ness of 10 mm. The DEM had 18 circular holes of 10 mm in
diameter and 18 circular holes of 20 mm in diameter regu-
larly distributed over its sides, where the fiber bundles were
positioned (Fig. 1a). The holes could also be useful to esti-
mate geometric distortion effects. The DEM geometry and
dimensions held the module fixed to the container to reduce
the effects of unwanted vibrations due to the application of
magnetic field gradients during the measurements.

Three fiber bundles with a length of 190 mm, composed
of Dyneema® fishing lines, and identified as B1, B2, and
B3, were positioned at three of the 20-mm-diameter holes
(Fig. 1b). These bundles, respectively, possessed 200 fibers
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(fishing lines) of 0.25 mm diameter, 150 fibers of 0.35 mm
diameter, and 130 fibers of 0.40 mm diameter (specifications
provided by manufacturer). The compression and fixation of
the bundles were achieved using nylon cable ties, causing
the three bundles to have approximately the same average
thickness: (17.5+1.20) mm for bundle B1, (16.81 +0.95)
mm for bundle B2, and (16.45+2.01) mm for bundle B3,
measured using a digital caliper. The container was filled
with distilled water, with a diffusivity of 2.2x 10~ mm?s
at room temperature [14].

The phantom was designed under the following con-
straints: simple to manufacture, constructed from readily
available material, simple to use, robust, and providing a
fixed geometry. Its dimensions were defined to fit inside
MRI head coils. Dyneema® fishing lines were selected as
they are MRI compatible [12], anisotropic, and less suscepti-
ble to the effects of gradient variations than microfabricated
structures and other types of fibers. Furthermore, they have
greater availability and lower cost than other types of materi-
als. Intentionally, the bundles were not completely straight,
because in the majority of biological tissues the tracts are
disposed according to anatomical contours.

2.2 Imaging acquisition and processing

All images were acquired on the axial plane, in an Achieva®
3T MRI scanner (Philips Medical Systems, Cleveland,
Ohio, United States) located at the Clinics Hospital of the
University of Campinas (UNICAMP), using an 8-channel
and a 32-channel head coil. The phantom was placed in
the scanner’s room 72 h before acquisitions to avoid tem-
perature variation effects. For all acquisitions, the position
of the phantom was identical. Its center was aligned by a
laser with the center of each coil and the DTI measurements
were acquired changing the following parameters, one at a
time, using the clinical acquisition protocol as a standard:
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Fig. 1 Pictures of the DTI phantom. a DEM with one fiber bundle positioned. b Phantom mounted and filled with distilled water. The red lines
highlight the orientation of the axial plane. ¢ DWI acquired in the axial plane using the 32-channel head coil and b=2500s/mm?
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Table 1 DTI acquisition standard parameters for both coils and the
variations tested in this study

Acquisition parameter Standard Pro- Variations
tocol
b (s/fmm?) 1000 500/800/1000/12
00/1500/2000/
2500
TE (ms) 85 70/80/85/90/100
NSA 1 1/2/4/6
SENSE 2.5 2/2.5/2.8/3/3.5/3.8
Voxel size (mm?) 2 1/1.5/2/2.5/3
NDGD 32 6/15/32

b, TE, NSA, SENSE, voxel size, and NDGD. The variations
of parameters were identical for both coils, as presented in
Table 1.

During the 7 months of data collection, two DTT using
the standard protocol were obtained at the beginning of
each experiment session. The phantom reproducibility was
assessed from the mean and the CV values of the calculated
MD and FA, considering all fiber bundles and both coils.

Before DTIi estimation, all images acquired with identi-
cal parameters, i.e., the non-diffusion-weighted image (T2)
and all diffusion-weighted images (DWI), were co-registered
using mutual information maximization-based algorithms
implemented in the MRI scanner. This step reduces the
effects of vibration and motion during patients’ scans. How-
ever, for this phantom study, there were no visual differences
between the images before and after co-registration. Never-
theless, non-visible differences due to vibration, which could
affect DTIi, could be present; therefore, the co-registration
step was maintained.

Afterwards, the DTI measurements were submitted to the
QC routines of the ExploreDTI software [19, 20], which
employs calculations based on a residual model and cre-
ates image outlier maps to detect distortions that could lead
to bias in DTIi. For images without significant outliers,
ExploreDTI was also used to manually draw seed regions
of interest (ROIs) in the coronal plane, one for each fiber
bundle and each DTI measurement acquired (Fig. 2). From
these ROIs, the eigenvalues (4,, 4,, and 1) were calculated
and the tract reconstructions were generated.

2.3 DTli calculation and data analysis

The calculation of the DTIi was performed from A values,
using Matlab® (version R2014b, Matlab Inc., Natick, MA,
USA) routines. The data analysis (DTIi distributions analysis
and CV calculation) was performed using SPSS (version 22;
SPSS Inc., Chicago, IL, USA); for each bundle, each coil,
and each acquisition parameter changed.

a

B1 B3 B2

Fig.2 Examples of seed ROIs on the coronal plane of DTI for the
determination of tensor eigenvalues for each fiber bundle. a b
value =500 s/mm?. b b value =2500 s/mm? (eight-channel head coil).
The color coding is based on water diffusion orientation (red: right—
left, blue: dorsal-ventral, and green: anterior, posterior)

3 Results
3.1 Phantom stability evaluation

Considering all acquisitions, for the eight-channel head coil,
the mean of MD values for bundles B1, B2, and B3 was
(1.43£0.01)x 10~ mm?s, (1.42+0.03) X 107> mm?/s, and
(1.36 +£0.04) X 107> mm?%/s, respectively, and the FA val-
ues were (0.34 +0.003), (0.39+0.005), and (0.43 +0.002),
respectively. For the 32-channel head coil, the MD values
were (1.46+0.03) x 1073 mm?/s, (1.49+0.06) x 107> mm?/s,
and (1.38 +£0.04) x 1073 mm?/s, respectively, and the FA val-
ues were (0.31 +0.002), (0.32+0.001), and (0.40 +0.001),
respectively.

Figure 3 presents the CV values of MD and FA obtained
in this step of the study. For both coils and all bundles,
these values were lower than 5%, indicating that the MD
and FA values remained stable over time under identi-
cal image acquisition conditions, reflecting the phantom
reproducibility.

3.2 DTli distribution analysis

Figure 4 presents boxplots for MD and FA for the 8-chan-
nel and 32-channel head coils. For MD and the eight-
channel head coil, the highest variations of values, for the
same fiber bundle (B3), are observed when the voxel size is
changed, followed by b and NDGD. An analogous behavior
is observed for the FA values. For the 32-channel head coil,
identical acquisition parameters produce the highest varia-
tions of MD, which demonstrates a broader range of values
when b is changed.
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Fig.3 CV values of a MD and b FA for the evaluation of phantom reproducibility
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Fig.4 Boxplots of MD and FA for the 8-channel (a, ¢), and 32-channel (b, d) head coils, considering fiber bundles B1 (red), B2 (yellow), and

B3 (green)

Figure 5 presents boxplots for RA and VR for the
8-channel and 32-channel head coils. The SENSE and
NSA modifications produce higher variations of the RA
and VR values for the 8-channel and 32-channel head coil,

respectively, followed by b, which influences all DTIi

values.

Figure 6 presents boxplots for CS, CL, and CP for the
8-channel and 32-channel head coils. The geometric indices,
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Fig.5 Boxplots of RA and VR for the 8-channel (a, ¢) and 32-channel (b, d) head coils, considering fiber bundles B1 (red), B2 (yellow), and B3

(green)

CS and CP, demonstrate the largest range of values when
NSA and SENSE are changed, followed by b. For the
8-channel head coil, additional variations of CS and CP are
observed when SENSE is modified, while for the 32-channel
head coil, larger variations of CS, CL, and CP are obtained
when NSA is modified. For the eight-channel head coil, a
larger range of CL values is obtained when b or NDGD are
varied.

3.3 CV analysis

Figure 7 presents the CV values of DTIi for bundles B1,
B2, and B3, with varied acquisition parameters for each
coil used. The highest CV values are primarily observed
for the geometric DTIi CL and CP, for all bundles and
coils used. Among these values, the highest CV is
observed for CP (75.26%) for the NSA changes, consider-
ing B2 and the eight-channel head coil (Fig. 7c). For B1
and the eight-channel head coil (Fig. 7a), the highest CV

value is obtained for CP (66.74%), for the NSA changes.
Considering still bundle B1, but with the 32-channel head
coil (Fig. 7b), the highest CV values are observed for CL
and CP, for the voxel size variation (56.12% and 55.24%,
respectively). In this case, the modifications of b and
SENSE also produce higher CV values of CP (45.95%
and 40.61%, respectively).

For bundle B2 and the acquisitions with the 32-chan-
nel head coil (Fig. 7d), the highest CV value is obtained
for CP when the voxel size is changed (59%). The bundle
B3 and the eight-channel head coil acquisitions (Fig. 7e)
result in higher CV values for CP when TE, NDGD, b,
and SENSE are modified (24.95%, 23.23%, 20.68%, and
14.59%, respectively). Still for bundle B3, but with the
32-channel head coil (Fig. 7f), the voxel size variation and
SENSE alterations result in higher CV values for CL, CP,
and RA (72.78%, 53.22%, and 70.15%, respectively, for
voxel size, and 67.75%, 37.75%, and 48.75%, respectively
for SENSE).
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3.4 Diffusion ellipsoids and tract

Figures 8 and 9 show examples of h
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tion parameter variations can visually change the diffusion
ellipsoids and reconstruction of tracts. Figure 8 presents
examples of diffusion ellipsoids and tracts estimated from
seed ROIs defined in the ExploreDTI software, for both

1,1
1,0

0,9

CSs

0,8
0,7
0,6

0,5

0,4

0,3}

0,2

0,4

CP

0,1Ff

0,0

-0,1

coils and different values of NDGD. All fiber bundles
are displayed in all images. However, for both coils, the
lower thickness bundle, B1, is not properly visualized in
all slices for NDGD = 6. For NDGD =32, all bundles are
defined. For lower NDGD values, the 8-channel coil
exhibits less background noise than the 32-channel coil.

well

0,3

02}

3z;-cl;an}1el ‘coill S ‘ I L I-;3‘]I
L " |mB2 4
== B3
i O ; ]
——
. b o [ — . -=
L * eh s T em ==
~b  TE NSA SENSE voxel NDGD
size
T T T T T T T T T T T T T T T T T T
32-channel coil == B1
L B2
¥ ===k
[ . 2= =]
N ? [ _,_='= - EE
b TE NSA SENSE voxel NDGD
size
32]-chlanr]1el Icoill T T I-IB1 I
L B2
B3
- I:"‘:'I ...i' : =
b TE NSA SENSE voxel NDGD

size



Investigation of anisotropic fishing line-based phantom as tool in quality control of diffusion...

167

a
80 T T T T T

F B1 - 8-channel coil
70

60
50
40 ¢
30 ¢
201
10 £
0t

Coefficient of variation (%)

-10
b TE NSA SENSE voxel NDGD

size
Aquisition parameter

80 F T T T T T T
B2 - 8-channel coil = MD
70 mm FA 7
mm RA

1 CS
mm CL
40 L == CP

30 F .

10F

Coefficient of variation (%)

Lol | ]

TE = NSA SENSE voxei NDGD
size
Aquisition parameter

80 T T T T T
B3 - 8-channel coil

70 F
60 [

50 F

40F

Coefficient of variation (%)

b TE  NSA SENSE voxel NDGD
size

Aquisition parameter

Coefficient of variation (%)

Coefficient of variation (%)

Coefficient of variation (%)

b

80 T T : T v T T T T T
70k B1 - 32-channel coil =MD ]
. FA
60 F mm RA ]
mm VR
50 | == CS
mm CL
40t == CP 7
30 F E
20 F B
10 ]
0
0

-1

TE NDGD

NSA SENSE voxel
size

Aquisition parameter

80 T T v T T T T T
" B2 - 32-channel coil =MD
. mm FA |

60 F mm RA |}
mm VR

50 F == CS ]
mm CL

40 | —1CPH

30F 3

20 F 3

, l.l s

0

8

Ll
TE NSA SENSE voxel NDGD
size

Aquisition parameter

0 T T X T T ¥ T
B3 - 32-channel coil

0

W "W Rk

b TE  NSA SENSE voxel NDGD
size
Aquisition parameter

Fig.7 CV values of the DTIi obtained from bundles B1, B2, and B3, for the 8-channel (a, c, e, respectively) and 32-channel (b, d, f, respec-

tively) head coil

In Fig. 9, examples of tract reconstructions for acquisi-
tions changing the b value are displayed. It can be observed
that for b=500 s/mm?, bundles B1 and B2 are not displayed

from the DTI data acquired with the 8-channel head coil
(Fig. 9a). Furthermore, for this b value and coil, the bundles
are thinner than for the 32-channel head coil. For b=1500 s/
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Fig. 8 Examples of diffusion ellipsoids (upper line) and tracts (lower
line) calculated from seed ROIs defined in the ExploreDTI soft-
ware. a, e 8-channel head coil, NDGD =6. b, f 8-channel head coil,
NDGD=32. ¢, g 32-channel head coil, NDGD=6. d, h 32-channel
head coil, NDGD =32. In each image, the bundles B1, B2, and B3

32-channel
head coll

8-channel
head coll

2
b = 500 s/mm

e f 9 . h

are displayed on the left, in the middle, and on the right, respectively.
The color coding of tractography was applied, according to diffusion
orientation (red: right-left, blue: dorsal-ventral, and green: anterior—
posterior)

32-channel
head coil

8-channel
head coil

Fig.9 Reconstructions of the tracts for acquisitions changing the b value, for the 8-channel and 32-channel head coils. b values used: a 500 s/

mm?, and b 1500s/mm?

mm?, all bundles could be visualized (Fig. 9b), from acquisi-
tions using either the 8- or the 32-channel head coils. Similar
results are obtained with NDGD =6 and 32, respectively.

4 Discussion

In this work, we proposed and developed a Dyneema® fish-
ing line-based fiber phantom for DTI QC and applied the
device to verify the influence of the acquisition parameters
on DTTi. The evaluation of MD and FA values of each fiber
bundle from DTI acquired using the standard protocol, at the
beginning of each session of acquisitions, demonstrates that

the phantom is stable over time and can be applied as a tool
for assessing the DTTi stability.

The primary advantages of Dyneema® fishing lines to
build fiber phantoms are the higher impermeability (ena-
bling the simulation of biological anisotropic diffusion) and
the higher viscosity (which reduces the effects of convec-
tive motion) than other materials, such as polyamide fish-
ing lines. Dyneema® fibers are easy to handle, rendering it
possible to build bundles in multiple configurations (e.g.,
straight, twisted, compacted, or mixed arrangements), pre-
serving the diffusion characteristics. Furthermore, these fib-
ers are strong, biocompatible, and are used in vascular pros-
theses and suture in tendons and ligaments [21], structures



Investigation of anisotropic fishing line-based phantom as tool in quality control of diffusion... 169

commonly evaluated by MRI. The proposed phantom also
tends to be more stable because inside the fishing lines the
fibers are already organized in a multifilament, favoring the
confection of uniform bundles. Finally, the proposed phan-
tom is a lower cost device than other phantoms composed
of microfabricated structures, which present more DTIi
variations due to the EPI effects, even for acquisitions using
identical parameters [8]. The holes of the DEM can also be
used for the evaluation of geometric distortion effects and
the water-filled portion of the cylinder can be used to check
the quality of isotropic diffusion data.

For the primary white matter tracts of the normal brain,
the FA values range from 0.4 to 0.8 [2, 22]. According to
previous studies [23, 24], the FA values of the phantom bun-
dles determined here are near the range observed in brain tis-
sues and in the range of cardiac muscle. However, the values
determined here for MD were out of the range observed for
human brain tissues [25]. This is probably because the fibers
used in the phantom have a higher impermeability than axon
tracts, therefore, affecting the MD. Nevertheless, the FA and
MD values of the bundles can be improved by increasing the
compression of the bundles and using a CuSO,-based solu-
tion for MRI phantoms. However, the difference in values
did not compromise the device performance.

As expected, we observed that the geometric DTTi was
more sensitive to the variations of the DTI acquisition
parameters (especially voxel size, NSA, and SENSE) than
the other indices. The highest CV values were observed for
the 32-channel head coil and the DTIi RA, CL, and CP,
when NSA was changed for bundle B3. The NSA directly
affects the SNR, which can influence the DTIi [26]. These
facts can explain the higher CV values for CL and CP (which
are geometric DTIi), and even for RA, in contrast to results
demonstrated in [26]. However, it remains unclear why the
32-channel coil was affected more than the 8-channel coil.
A hypothesis is that for the 32-channel coil, the larger dis-
tance between the DEM and the coil elements could produce
image distortions in the phase-encoding direction.

The analysis of DTIi distributions demonstrated rela-
tions between the parameters of the diffusion weight (b and
NDGD) and the DTIi, as previously described in [7]. For
fiber bundles having a lower thickness, this effect was more
significant. Regarding the TE, the DWI are T2 weighted as
the TE should be long enough to be compatible with the
duration of diffusion gradients [27]. Therefore, DTIi, such
as MD and FA, are expected to vary when the TE is changed
[28]. However, an influence of the TE on DTIi was observed
primarily for the 32-channel head coil, and only for bundles
B2 and B3, which were composed of thicker fibers. This
suggests that the contrast in those bundles was affected more
by TE changes than in bundle B1. Moreover, the fact that the
32-channel head-coil can improve the SNR could also have
contributed to this difference.

Indeed, a relation between the SENSE factor and DTIi
was observed only for the 8-channel head coil, probably due
to its lower SNR compared with the 32-channel coil, which
reduced the effect of noise or geometric distortions due to
SENSE. Furthermore, the higher number of channels also
reduced the effects of the voxel size variation. This is prob-
ably due to the fact that for the 32-channel coil, there is a
higher sensitivity to the volume of material near each coil
channel, which collects more spatial information for data
reconstruction.

The relation between the acquisition parameters and
the DTIi is not clearly defined yet; neither are its causes.
Although several studies exploring the relation between the
acquisition parameters, and MD and FA are in the literature,
there is no consensus between these studies as phantoms
and acquisition set-ups are not identical. Several authors
observed a relation between FA and voxel size and NDGD
[29-31]; others, between FA and SENSE, b, or TE [31-33],
or even no relationship between the DTIi and acquisition
parameters [26, 34-36]. The majority of those studies used
image acquisitions of healthy subjects, which are not the
most suitable choice to explore scanner parameters and per-
formance characteristics due to the inherent variability of
human tissues and the fact that we do not know the exact
body composition of the subjects. Depending on the body
region or tissue, different relations between acquisition
parameters and DTIi have been observed [37].

The phantom presented here was designed for usage in
a clinical MRI scanner, fitting inside head coils. Neverthe-
less, it can be scaled for other coils or MRI scanner types.
It has been tested using DTI, despite the existence of more
advanced diffusion-weighted MRI techniques; factors that
compromise DTIi also tend to affect more accurate tech-
niques, such as high-angular diffusion imaging [38], diffu-
sion spectral imaging [39], and Q-Ball [40]. Furthermore,
DTI is still widely applied in developing countries, where
the present QC routines have been implemented.

These results must also be considered in the case of multi-
scanner or multicentric studies. In the future, we intend to
use the phantom for the QC of other scanners, other diffu-
sion-weighted MRI techniques, as well as for adapting the
device for different types of coils.

5 Conclusion

The results of this study suggest that the proposed phantom
can be used as a reference for assessing the DTTi over time.
Given that the acquisition parameter variations can change
DTIi, it is important to change the acquisition protocols
carefully, avoiding comparisons of data acquired with differ-
ent set-ups, primarily in studies of low-diameter fiber tracts.
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