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Technical Note

Ground Truth Hardware Phantoms for Validation of
Diffusion-Weighted MRI Applications

Pim Pullens, MSc,1,2* Alard Roebroeck, PhD,1

and Rainer Goebel, PhD1,2

Purpose: To quantitatively validate diffusion-weighted
MRI (DW-MRI) applications, a hardware phantom con-
taining crossing fibers at a sub-voxel level is presented. It
is suitable for validation of a large spectrum of DW-MRI
applications from acquisition to fiber tracking, which is
an important recurrent issue in the field.

Materials and Methods: Phantom properties were opti-
mized to resemble properties of human white matter in
terms of anisotropy, fractional anisotropy, and T2. Sub-
voxel crossings were constructed at angles of 30, 50, and
65 degrees, by wrapping polyester fibers, with a diameter
close to axon diameter, into heat shrink tubes. We show
our phantoms are suitable for the acquisition of DW-MRI
data using a clinical protocol.

Results: The phantoms can be used to succesfully esti-
mate both the diffusion tensor and non-Gaussian diffu-
sion models, and perform streamline fiber tracking. DOT
(Diffusion Orientation Transform) and q-ball reconstruc-
tion of the diffusion profiles acquired at b ¼ 3000 s/mm2

and 132 diffusion directions reveal multimodal diffusion
profiles in voxels containing crossing yarn strands.

Conclusion: The highly purpose adaptable phantoms
provide a DW-MRI validation platform: applications
include optimisation of acquisition schemes, validation of
non-Gaussian diffusion models, comparison and valida-
tion of fiber tracking algorithms, and quality control in
multi-center DWI studies.

Key Words: phantom; diffusion weighted imaging; valida-
tion; fiber tracking
J. Magn. Reson. Imaging 2010;32:482–488.
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DIFFUSION TENSOR-BASED fiber tracking is limited
in resolving complex white matter cytoarchitecture,
such as diverging or crossing nerve fibers. Further-

more, the tracts are virtual representations of nerve
fiber bundles, depending on data quality as well as
tracking algorithm and its user-set parameters. It is
important to assess the quality of fiber tracking
results not only qualitatively, but also to be able to
quantify precision, reproducibility and accuracy (1).

Hardware diffusion phantoms have the important
advantage of a controllable but realistic gold-stand-
ard, that can also be used to generate data on a clini-
cal scanner. Vegetables with fibrous structures such
as asparagus have been used (2) as well as prepared
rat spinal cords (3) or other animal nerve structures,
i.e., garfish or lobster nerves (4). However, these stud-
ies lack the possibility to construct custom geome-
tries; most importantly, interdigitated crossing fibers
cannot be constructed. Finally, the properties of such
phantoms might change over time.

Therefore, hardware phantoms made from capilla-
ries or artificial fibers have proven to be an extremely
valuable tool. Because glass capillaries, e.g., (5,6) are
rigid and PTFE (TeflonVR ) (5) capillaries have a large
wall thickness (300 mm), they impose limits to the ge-
ometry of phantom design. In contrast to capillaries,
artificial fiber phantoms (7–11) are more adaptable to
the geometry and configuration needed for validation
and testing. Hydrophobic fiber materials (e.g.,
DyneemaVR , polyamide) have desirable properties,
because fractional anisotropy (FA) is reported to be
higher than in hydrophilic materials such as viscose,
linen, and hemp (10).

Recently, a phantom was developed (11) using
acrylic fibers packed at 1900 fibers/mm2. The
authors report a signal-to-noise ratio (SNR) greater
than 4 at b values up to 10,000 s/mm2; however, the
used voxel volume was greater than 1400 mm3, which
is far beyond the voxel size of approx 8 mm3 used in
clinical practice. Furthermore, fiber packing density
achieved by enclosing fibers tightly in a tube has an
important effect on diffusivity and anisotropy meas-
ured in the phantom (8,9). Shrink-wrapping fibers
can increase anisotropy up to maximum FA values of
0.4 and 0.6, respectively (8,9), compared with a FA of
�0.2 (7) or 0.3–0.4 (11) in a non–shrink-wrapped
phantom.

Here, the aim is to construct and test a phantom
suitable for data acquisition using a clinical protocol,

1Maastricht Brain Imaging Center, Faculty of Psychology and
Neuroscience, Maastricht University, The Netherlands.
2Brain Innovation BV, Maastricht, The Netherlands.

*Address reprint requests to: P.P., P.O. Box 1142, 6201BC Maas-
tricht, The Netherlands
E-mail: pim.pullens@maastrichtuniversity.nl

Received May 29, 2009; Accepted April 28, 2010.

DOI 10.1002/jmri.22243
Published online in Wiley InterScience (www.interscience.wiley.com).

JOURNAL OF MAGNETIC RESONANCE IMAGING 32:482–488 (2010)

VC 2010 Wiley-Liss, Inc. 482



with a T2 and anisotropy values similar to human
white matter, by packing fiber bundles tightly in heat
shrink tubes. The phantoms presented in this study
are suitable for validating diffusion models and fiber
tracking algorithms, since complex, sub-voxel interdi-
gitated fiber bundles, representing crossing, kissing,
or combined geometries are possible.

First, a preliminary study was performed to investi-
gate the effect of fiber packing density on diffusion
anisotropy. Based on the results, crossing phantoms
were built with fiber organization similar to white
matter architecture, by crossing a larger number of
small diameter (<0.4 mm) fiber bundles. The phan-
toms were specifically constructed to produce intra-
voxel crossings in an interdigitating manner. We were
able to perform DTI based fiber tracking and to fit
non-Gaussian diffusion models on the phantom data.

METHODS

Determination of Optimal Yarn Packing Density

Fiber packing density rf is crucial for optimal phan-
tom design, since it determines the amount of aniso-
tropic diffusion that can be established. Second, the
water content inside the phantom needs to be suffi-
cient to get enough signal.

The experiments were performed at room tempera-
ture (21–23�C). It should be considered that at higher
(body) temperature, and at a given fiber packing den-
sity, diffusion parameters might differ slightly, for
instance ADC and FA are expected to be slightly
increased at higher temperatures, as demonstrated in
a temperature-controlled diffusion phantom (12).
Therefore, we have optimized fiber packing density for
usage at room temperature. Optimal fiber density is
assessed by evaluating the diffusive properties—par-
allel versus perpendicular diffusion, and FA—of tubu-
lar phantoms while varying yarn packing density
inside the phantoms.

Phantom Construction

Straight Phantoms

A tubular phantom is built by wrapping a bundle of
yarns in shrink-wrap tubing (Farnell InOne, NL). The
yarn material used is Kuag DiolenTM 22 dtex f 18
(KUAG Elana GmbH, Heinsberg-Oberbruch, Ger-

many), a polyester yarn. Each yarn strand is com-
posed of 18 filaments (‘‘fibers’’) with a circular diame-
ter of 10 mm. Phantom construction consists of three
stages: (i) Winding several yarns to a bundle. A reel
driven by a drill operating at �600 rpm is used to
wind yarns. The revolutions of the drill are counted
by a switch connected to a PC running custom count-
ing software. (ii) Once an appropriate amount of yarns
is wound, the bundle is taken off the reel and trans-
ferred to water or an aqueous solution. (iii) A piece of
shrink tube is slid over the bundle, and the whole is
transferred to a >95�C water/solution bath. The
phantom is left there for at least 5 min to ensure max-
imum shrinkage of the shrink tube. Five straight
phantoms were constructed with a range of 7,000–
11,000 yarns in a 14-mm preshrinking diameter tube.

Shrinking reduces the diameter of the tube to 4.7–
4.8 mm, this leads to rf ¼ 400 � 600 yarns/mm2

(7200–10,800 fibers/mm2) after shrinking. The
shrinking stage was performed in tap water or de-
mineralized water doped with 0.03 g/L MnCl2�4H2O to
adjust T2 to a value comparable to human white mat-
ter T2 and 2.4 g/L NaCl for resistive coil loading.

Phantoms were kept in their respective solution
during the entire experiment. The results of the opti-
mal fiber density experiment can be found in the
Results section. Combining the findings of the anisot-
ropy ratio and the FA and ADC values, we choose a
yarn density of 10,000 yarns (�470 yarns/mm2 or
�8.5�103 fibers/mm2) to be optimal.

Construction of Crossing Phantoms

A crossing ‘‘X’’-shaped phantom is constructed by
interdigitating smaller bundles, until the required
yarn density is reached: The process is shown sche-
matically in Figure 1. Based on the results in the
straight phantoms, crossing phantoms consist of
10,000 yarns per leg. Twenty-five bundles of 400
yarns (7200 fibers) were interdigitated to form cross-
ings. Together, these �0.4-mm-thick bundles
account for a phantom leg diameter of 5.7 6 0.9 mm
and a fiber density of �8.5�103 fibers/mm2. The legs
of the ‘‘X’’ shape were fixed at 30, 50 and 65 degrees
respectively. The 14-mm shrink-wrap tube was slid
over the legs tightly up to the crossing area and
shrunk over the legs and a piece of 20-mm tube was
shrunk over the center of the crossing. The crossings
have dimensions (width � height) of 9.3 6 0.2 by

Figure 1. Schematics of crossing phantom construction. Stage 1: Bundles of yarns are placed interdigitating on top of each
other. The legs of the ’’X’’ are wrapped with a shrink-wrap tube. The tube is slid over the fibers up to the crossing, leaving
only a short portion of the crossing fibers uncovered, and put into a heated water bath. Stage 2: The center of the X is cov-
ered by another piece of shrink-wrap tube and heated again.
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10.1 6 0.2 mm. All phantoms were fixated in the
container filled with 0.03 g/L MnCl2�4H2O and 2.4
g/L NaCl, see Figure 2.

Data Acquisition

The phantoms were aligned parallel to the bore (z-axis)
of a 3 Tesla (T) Siemens Allegra scanner (Siemens,
Erlangen, Germany) equipped with a standard bird-
cage head coil; maximum gradient strength 40 mT/m.
Experiments were done at room temperature 21–23�C.

The experiments below were performed on the tubu-
lar phantoms. A standard twice refocused spin-echo
echo-planar imaging diffusion-weighted sequence was
used. In all measurements, 50 slices with 2 � 2 � 2
mm voxels in a 128 � 128 matrix were acquired,
which are clinically relevant acquisition parameters.

DW-MRI was performed in 3 orthogonal directions
(slice, read-out, and phase-encoding directions) plus a
b0 image, with b varying from 250–3000 s/mm2. Rep-
etition time/echo time (TR/TE) was kept constant
across measurements at 8700/104 ms. DW-MRI with

48 diffusion directions þ 6 b0 volumes (interleaved at
every 12 diffusion volumes) at b ¼ 1000 s/mm2 was
acquired: 50 slices, 2 � 2 � 2 mm voxels, 128�128
matrix.

The crossing phantoms were scanned with 54 and
132 diffusion directions schemes, derived from (13). A
b-value of 1000 s/mm2, TR/TE ¼ 6300/83 ms. D ¼
32.44 ms, d ¼ 25.34 ms, was applied for standard
DTI. SNR is 11.9 in the b0 image, and 5.0 in the diffu-
sion weighted image (estimated from a VOI in the leg
of the 50 deg phantom). A b-value of 3000 s/mm2,
TR/TE 7400/105 ms. D ¼ 43.44 ms, d ¼ 36.34 ms,
was used to enable q-ball (14) and Diffusion Orienta-
tion Transform (DOT) (15) reconstructions. SNR is 2.0
in the diffusion weighted image.

Data Processing

The anisotropy in each representative voxel of the tu-
bular phantoms was computed by calculating the
parallel and perpendicular diffusion; anisotropy ¼
ADCparr/ADCperp. Because the long axis of the phan-
toms is aligned to the z-axis of the scanner, this is the
parallel signal.

Tensor calculation and computation of FA/ADC val-
ues was done in BrainVoyagerQX 1.9.10 (Brain Inno-
vation, NL) and Matlab R2007b (The Mathworks,
USA), together with an in house developed toolbox
(available from http://support.brainvoyager.com/
available-tools/).

Fiber tracking was performed with a streamline
algorithm using a local projection operator, as pro-
posed by Westin et al (16), implemented in-house. The
tracing was terminated in regions were FA < 0.2.
Fiber tracking was also terminated when the angle
between the current and the previous tracing step
was smaller than 40 degrees.

The linear measure shape Cl as introduced in
Westin et al (16)

Ci ¼
l1 � l2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l21 þ l22 þ l23

q ; ½1�

with l1>l2>l3 the three eigenvectors of the diffusion
tensor, was also computed. In regions of kissing or

Figure 2. Overview of the crossing phantoms with the re-
spective crossing angles. The container is a Perspex cylinder
and the phantoms are fixed with tie-wraps to prevent vibra-
tion artifacts. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Table 1

Ratio of Parallel ADC Over Perpendicular ADC (ADCk/ADC?) in 7,000-11,000 (‘‘7k-11k’’) Yarns/Phantom

No. of yarns
7k 8k 9k 10k 11k

b-value

[s/mm2] MnCl2 H2O MnCl2 H2O MnCl2 H2O MnCl2 H2O MnCl2 H2O

b¼250 2.62(0.78) 2.49(0.42) 2.85(0.87) 2.61(0.47) 2.78(0.87) 2.86(0.77) 2.82(0.61) 2.68(0.59) 2.97(0.69) 3.04(0.76)

b¼500 2.90(0.62) 2.43(0.35) 2.80(0.74) 2.65(0.48) 2.99(0.89) 2.64(0.55) 2.96(0.96) 2.70(0.47) 2.72(0.75) 3.04(0.73)

b¼750 2.79(0.63) 2.45(0.30) 3.25(0.93) 2.61(0.48) 2.96(0.86) 2.71(0.59) 2.92(0.74) 2.67(0.43) 2.89(0.75) 3.06(0.69)

b¼1000 2.82(0.70) 2.46(0.38) 2.88(0.69) 2.63(0.48) 2.76(0.69) 2.69(0.50) 2.78(0.75) 2.75(0.45) 2.81(0.51) 2.99(0.69)

b¼1500 2.67(0.55) 2.62(0.52) 2.73(0.63) 2.69(0.59) 2.58(0.52) 2.89(0.65) 3.01(0.99) 2.91(0.61) 2.89(0.85) 2.93(0.71)

b¼2000 3.20(0.91) 2.44(0.35) 2.89(0.71) 2.56(0.41) 2.71(0.68) 2.71(0.56) 3.09(0.91) 2.76(0.54) 2.78(0.70) 2.71(0.56)

b¼2500 2.81(0.90) 2.43(0.36) 2.72(0.78) 2.39(0.35) 2.80(0.68) 2.48(0.41) 2.72(0.74) 2.49(0.41) 3.13(0.90) 2.57(0.48)

b¼3000 2.71(0.76) 2.28(0.24) 3.01(0.77) 2.34(0.27) 3.03(0.94) 2.50(0.46) 2.83(0.77) 2.48(0.42) 2.86(0.77) 2.45(0.39)

Mean 2.8 2.5 2.9 2.6 2.8 2.7 2.9 2.7 2.9 2.8

Note. In (boldface) the signal of MnCl2 doped phantoms. Reported values are mean and (standard deviation) over representative voxels

inside the phantoms.
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crossing fibers, it is expected that Cl is reduced with
respect to the value of Cl in coherent fiber bundles
(17).

q-ball and Diffusion Orientation Transform (DOT)
reconstructions were done in DTItool v1.0 [BIOMIM,
Eindhoven University of Technology, NL]. Q-ball
reconstruction was performed with 6th order spheri-
cal harmonics and a Laplace-Beltrami smoothing fac-
tor of 0.0006 (18). The DOT reconstructions were
made with 6th order spherical harmonics and t ¼ 25
ms, R0 ¼ 20mm.

RESULTS

Fiber Packing Density Experiment

Results are taken from representative, selected voxels
inside the phantoms. Across yarn densities, the ani-
sotropy is relatively stable, ranging from 2.58–3.25 in
the MnCl2 doped phantoms, see Table 1. On average,
across increasing b-values and doped with
MnCl2�4H2O, 10,000 yarns offer the highest most sta-
ble anisotropy ratio of 2.9.

Mean ADC (trace(D)/3) values (0.376–0.491�10�3

mm2/s) are in the range of, but slightly higher than,
mean ADC values found in healthy human white mat-
ter, which is reported to be 0.27–0.33�10�3 mm2/s
(19) at a b-value of 1000 s/mm2. Mean FA values
(0.272–0.361, with maximum FA up to 0.6–0.8; see
Fig. 3 and Table 2) are in accordance with FA values
found in large parts of human white matter. As can be
seen in Table 2, a lower FA is observed for the phan-
toms with 7, 8, or 11,000 yarns as compared to the
phantoms containing 9,000 and 10,000 yarns. The

packing density might be too low in the 7–8,000 yarns
phantoms, while water content is probably too low in
the 11,000 yarns phantom, possibly causing a lower
FA. A difference in ADC value is observed between
MnCl2 doped and water only phantoms. This might be
due to the presence of paramagnetic manganese ions,
which cause the T2 to be lowered and also decrease
the apparent diffusion constant, as demonstrated in
Zhong et al (20). The relatively large standard devia-
tion of FA values may be attributed to measurement
noise, and potential partial volume effects in some
voxels on the border between phantom tube and
water.

Diffusion Tensor Estimation

In Figure 4a, the tensor boxoids are shown of 50
degree crossing phantom. It reflects the true three-
dimensional crossing, unlike the sheet-like crossings
constructed by stacking layers of capillaries. Boxoids
have a more elongated shape in the legs of the ‘‘X’’
and the dominant direction of the diffusion tensor is
along the direction of the yarn-fibers, while a more
cubic shape is observed in the crossing region of the
phantoms, indicating lower modeled diffusion anisot-
ropy and showing the known inability of the diffusion
tensor to model the multimodal diffusion profile. a
detail, is shown. In Figure 4b, the linear shape mea-
sure Cl is shown. Higher values of Cl, indicating an
increase in the linear shape of the tensor ellipsoid,
are observed in the legs of the phantom, while a
decrease in Cl, common for crossing, kissing, or

Figure 3. FA distributions of water and MnCl2�4H2O doped 10,000 yarn phantoms taken from representative voxels at b ¼
1000 s/mm2 and 54 diffusion directions. The distributions have been normalized for easy comparison. a: FA distribution of
the water-based 10,000 yarn phantom at a b-value of 1000 s/mm2. b: FA distribution of the MnCl2�4H2O doped 10,000 yarn
phantom at a b-value of 1000 s/mm2. The distribution of water-based phantoms is restricted to a more narrow range than
the distribution of the MnCl2-doped phantoms, the latter being more close to the range in human white matter FA distribu-
tion. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Table 2

Mean(Standard Deviation) of FA and Mean ADC [10�3 mm2/s] Values of Straight Phantoms With 7,000-11,000 (‘‘7k-11k’’) Yarns/Phantom

at b¼1000[s/mm2], 48 Diffusion Directions, 6 b0s

No. of yarns 7k 8k 9k 10k 11k

Water FA 0.345(0.04) 0.345(0.06) 0.401(0.06) 0.414(0.07) 0.346(0.16)

Water ADC 0.482(0.17) 0.474(0.16) 0.434(0.14) 0.449(0.14) 0.478(0.15)

MnCl2 FA 0.272(0.14) 0.293(0.10) 0.361(0.18) 0.347(0.15) 0.335(0.11)

MnCl2 ADC 0.491(0.10) 0.406(0.11) 0.409(0.15) 0.376(0.13) 0.383(0.10)
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diverging fibers, is observed in the crossing of the
phantom.

DTI Fiber Tracking

Regions of interest (ROIs) were placed in the legs of
the phantoms at slices 10 and 40 (of total 50). Seed
density was adjusted empirically to 7 � 7 seeds per
voxel in-plane. Results are shown in Figure 5 for the
most challenging case, the 30 degree crossing. As can
clearly be observed in Figure 5a (FA threshold 0.2), all
tracked fibers stay on the same side, while the true
fibers cross. When applying a forced AND operation,
as commonly used in fiber tracking studies (21), and
lowering the FA threshold (FA>0.05), tracked fibers
cross (Fig. 5b), although with a seemingly unrealistic
curved path through the crossing.

q-ball and DOT Reconstructions

q-ball and DOT reconstructions were made from the
data set acquired with 132 directions at a b-value of
3000 s/mm2. Figure 6 is an example of the potential
use of the phantom for comparison of HARDI methods
and validation of their improvement of the diffusion
tensor in modeling multimodal diffusion profiles. In
Figure 6a, the normalized q-ball reconstructions are
shown in RGB color coding, overlaid on the FA map.
The ‘‘X’’ shape of the phantom is clearly recognizable.
In the legs of the phantom, where fibers are arranged
in parallel, a single-lobe ODF is observed (yellow
boxes). The center of the phantom contains multimo-
dal ODFs consisting of more than one orientation in
the black boxes. In Figure 6b, the DOT reconstruc-
tions of the data are shown. Again, we observe single
lobe ODFs in the legs of the phantom and multiple
lobe-ODFs in the center of the phantom containing
the crossing fibers.

DISCUSSION

In this study, we have presented a phantom that can
be used with clinical MR protocols, suitable for valida-
tion of a large spectrum of DW-MRI applications, from
acquisition to fiber tracking and with realistic white
matter (WM) properties in terms of relaxivity and dif-
fusive properties.

Previous studies (9,10), where a similar phantom
design was used, did not consider yarn packing den-
sity. It was shown with Monte Carlo simulations that
FA is positively related to yarn packing density (8). In
our experiment, optimal yarn packing density was
empirically determined and optimized by FA and the
anisotropy ratio ADCk/ADC?. The yarn density of
approx. 8.5�103 fibers/mm2 was found to be optimal.

Figure 4. Tensor boxoids of the crossing phantom at b ¼ 1000 mm2/s, 54 diffusion directions. a: Lateral view of the 50
degree phantom. Direction color-coded boxoids (red: left–right, blue: inferior–superior, green: anterior–posterior) in the 50
degree fiber crossing phantom. The color coding depends on the orientation of the phantom in the scanner, which is: longest
axis in the direction of the B0 field in the current setup. The cuboids show a more cubic shape where fibers cross. This indi-
cates decreased anisotropy common for crossing voxels. More elongated boxoids are observed in the areas where fibers run
parallel, indicating increased anisotropy in that area. b: Map of linear shape measure Cl of the 50 degree crossing phantom,
showing higher values (yellow colors) in the legs of the phantom, and lower values (red colors) in the crossing region. This
confirms the observation of a difference in shape in the boxoids in the crossing (lower Cl) versus the areas where fibers run
in parallel (higher Cl).

Figure 5. Examples of fiber tracking on the 30 degree
phantom. Data set used: 54 diffusion directions, b ¼
1000 s/mm2. a: Fibers tracked from both ROIs on the left
with FA > 0.2 threshold. Phantom fibers are running contra-
lateral, but the tracked reconstructed fibers stay ipsilateral.
This behavior was observed in all three phantoms. b: Fibers
forced contralaterally by tracking with an AND operation and
low FA > 0.05 threshold.
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The resulting anisotropy ratio was 2.9, close to the ra-
tio of 2.8 found in the nonmyelinated walking leg
nerve of the lobster at a b-value of 1000 s/mm2 (4),
and a FA distribution close to the distribution found
in human white matter (19) producing an average FA
of 0.35, with maximum FA of 0.6–0.8 in several vox-
els. It should be noted that, because the fibers are
hydrophobic, only intercellular diffusion is modeled
with these types of phantom materials. T2 relaxation
of the phantom is adapted closely to WM T2 by doping
it with a MnCl2�4H2O solution. T1 relaxation is not
included in the present study, because DW-MRI is a
technique mainly based on T2 contrast.

Streamline fiber tracking on a 54-direction DTI scan
with a b-value of 1000 s/mm2 is feasible on the cross-
ing phantoms and shows the incapability of DTI to
resolve crossing fibers DOT and q-ball reconstruction

of the diffusion profiles acquired at b ¼ 3000 and 132
diffusion directions reveal multi-modal diffusion pro-
files in voxels containing crossing yarn strands. A
clear difference can be observed between voxels con-
taining multiple fiber orientation and voxels contain-
ing a single fiber orientation.

The presented phantoms provide a platform for
highly purpose-adaptable phantoms. The phantom in
itself is flexible and may be bent into a circular or hel-
ical configuration. The fibers inside the phantom may
be twisted, crossed, or kissed to create more challeng-
ing data sets to evaluate and improve fiber tracking
algorithms. Other possible applications include: com-
parison and optimization of acquisition schemes (e.g.,
diffusion direction gradient schemes, b-values, q-
space sampling), quality control in multicenter stud-
ies, and validation and comparison of non-Gaussian
diffusion models.

The raw data from DW-MRI scans will be made
available to the community at http://www.brainvoya-
ger.com/diffusionphantoms/.
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