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Diffusion MRI is an efficient and widely used technique for the investigation of tissue structure and
organisation in vivo. Multiple phenomenological and biophysical diffusion models are intensively
exploited for the analysis of the diffusion experiments. However, the verification of the applied diffusion
models remains challenging. In order to provide a ‘‘gold standard” and to assess the accuracy of the
derived parameters and the limitations of the diffusion models, anisotropic diffusion phantoms with well
known architecture are demanded. In the present work we built four anisotropic diffusion phantoms con-
sisting of hollowmicrocapillaries with very small inner diameters of 5, 10 and 20 lm and outer diameters
of 90 and 150 lm. For testing the suitability of these phantoms, we performed diffusion measurements
on all of them and evaluated the resulting data with a set of popular diffusion models, such as diffusion
tensor and diffusion kurtosis imaging, a two compartment model with intra- and extra-capillary water
spaces using bi-exponential fitting, and time-dependent diffusion coefficients in Mitra’s limit. The per-
spectives and limitations of these diffusion phantoms are presented and discussed.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Diffusion-weighted magnetic resonance imaging (MRI) is a very
well known technique which is widely exploited in physics, biol-
ogy, chemistry, and medicine. Particularly in medicine, diffusion
MRI has enormous benefit and fascinating applications, for exam-
ple, in the human brain studies such as the origin of pain [1], stroke
diagnostics [2,3], understanding of circadian rhythms [4], neuroon-
cology [5], and more (see Ref. [6] and references therein).

During the last decade, multiple phenomenological and bio-
physical diffusion models were developed in order to explain and
predict the signal attenuation in different experimental setups
[7–14]. However, a clear and robust interpretation of the diffusion
signal decay in a macroscopic voxel in terms of the characteristic
diffusion parameters remains a theoretically and computationally
challenging problem [13]. In turn, artificially designed structures
with well known composition and architectural organisation at
micrometre scales, such as diffusion phantoms [15–23], allow
one to validate diffusion models and to assess the accuracy of
the derived diffusion scalar metrics [24–26]. Nevertheless, design
of the diffusion phantoms is still not a trivial problem even in
the case of numerically simulated phantoms [27,28].

Diffusion models of white matter are often designed by using a
simplified representation consisting of sticks, cylinders, ellipsoids,
spheres, etc. [29–32]. However, the implementation of complex
tissue models in actual hardware is an almost impossible mission.
On the other hand, the representation of an individual nerve fibre
as a long, flexible, water-impermeable cylinder is a good approxi-
mation. Thus, plain fibre bundles are a frequent choice in phantom
design procedures [16,19,17,69]. The plain fibres allow one to con-
sider the diffusion in extra-axonal space only and, consequently, to
simplify the mathematical description. Such types of flexible fibre
bundles can be configured into typical neuronal compositions, for
example, crossing, kissing, bending or branching fibres
[15,33,34,25]. This type of anisotropic diffusion phantoms found
extensive applications in the tests of tractographic algorithms
[35,26] and in the determination of the axonal density packing
[36,37].

The diffusion in intra-axonal space evokes a strong interest in
both, diffusion models [38–40] as well as a source of powerful
biomarkers [41]. A phantom resembling the nerve composition
with intra- and extra-axonal spaces can be delineated by using
capillaries with very small inner diameters [42–45]. In the present
work we designed a set of phantoms based on microcapillaries
with varying inner diameters from 5 up to 20 lm. Additionally,
the used microcapillaries allowed us to choose different ratios
between inner and outer diameter (ID/OD) from 0.22 (20/90) up
to 0.033 (5/150). The range of ratios allows one to introduce an
additional structural parameter which is not accessible in the
case of plain fibres. However, available ID/OD values are still not
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biologically relevant in sense of resembling the typical axonal ratio
range of [0.5;0.8].

The designed phantoms were tested by diffusion NMR micro-
scopy in order to assess the signal attenuation from intra- and
extra-capillary water. High resolution imaging allowed us to verify
the applicability and validity of popular diffusion approaches such
as diffusion tensor imaging (DTI) [7], diffusion kurtosis imaging
(DKI) [8], bi-exponential fitting of two-compartment signal decay
[14], and time-dependent diffusion coefficients [46]. As a result,
we proved that the diffusion phantoms, based on microcapillaries,
are robust and powerful systems for the verification of diffusion
models.

2. Methods and materials

All measurements were performed using our wide-bore 14.1 T
microimaging Varian system. The system is equipped with gradi-
ent coils providing amplitudes up to 3 T/m in z-direction and 2 T/
m in x- and y-directions. The temperature inside of the system
was monitored and equal to 15.6 �C.

2.1. Phantom construction

All phantoms were designed using the hollow flexible fused sil-
ica capillaries manufactured by Polymicro TechnologiesTM [47]. In
order to build diffusion phantoms we used microcapillaries with
IDs of 20, 10 and 5 lm and OD of 90, 150 and 150 lm, respectively.
Fig. 1. Four designed diffusion phantoms. (a) Optical microscope images of the individual
OD 150 lm. (b) Photographs of the designed phantoms: (b1) is phantom I; (b2) is phan
water-filled phantoms I–IV.
Fig. 1a shows optical microscope images of the capillary cross-
sections, in Fig. 1b and c optical images of the whole samples
and T2-weighted cross sections are presented, respectively.

To fix the bundle of capillaries in place, we used glass tubes
with ID of �1.2 mm. The glass tube was flame-sealed on one side
and a bundle of the microcapillaries was inserted. In order to
assure that water fills the whole sample, without air remaining
in the intra- and extra-capillary spaces, we put the NMR tube into
distiled water at a reduced pressure of 100 mbar for a few hours. In
order to test the water filling of phantoms we performed a visual
inspection of a few slices in each phantom using Protocol I without
diffusion weightings (see Table 2). The results of testing images for
the phantom I are presented in Fig. 2. The partially darkened slices
are caused by the problems with volume shimming and used coil
sensitivity.

Afterwards, the water-filled NMR tube was sealed off with sili-
cone. Diffusion measurements often suffer from vibrations gener-
ated by the rapidly switching diffusion gradients. In order to
prevent motion artefacts, we increased the outer diameter to
5 mm using adhesive tape so that the whole phantom fits the
5 mm probehead (see Fig. 1b). Table 1 summarises the structural
parameters of all phantoms. The values presented in Table 1 are
explained in Fig. 3a, which exhibits three important features of
the designed diffusion phantoms: variations in diameters and den-
sities of the used microcapillaries; the known volume fraction of
the intra- and extra-capillary water; and the surface-to-volume
fraction.
microcapillaries: (a1) ID 20 lm, OD 90 lm; (a2) ID 10 lm, OD 150 lm; (a3) ID 5 lm,
tom II; (b3) is phantom III; (b)4 is phantom IV; (c) T2-weighted axial images of the



Fig. 2. Multi-slice T2-weighted image of phantom I. A set of slices allowed us to
inspect a goodness of phantom water filling and microcapillary alignment. The slice
thickness is 1 mm, the in-plane resolution is 4 � 4 lm2.
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2.2. Experimental protocols

We measured water diffusion using three pulse sequences: the
classical Stejskal-Tanner (ST) sequence [48] with and without an
imaging block, and a recently developed isotropically weighted dif-
fusion sequence: FAst MEan Diffusion (FAMED) [49,50]. The z-axis
of our coordinate system lies along the capillary axis. The used
sequence schemes are presented in Fig. 4.

The isotropic diffusion weighting scheme employs a designed
orthogonality of the qðtÞ-vector entries along the time axis, i.e.R TE
0 qiðtÞqjðtÞdt ¼ dij, where TE is the echo time and dii ¼ 1 is the

Kronecker function, and qðtÞ ¼ c
R t
0 GðsÞds. In the case of Gaussian

diffusion, one can weigh the elements of second order symmetric
diffusion tensor in such a manner that all off-diagonal terms would
be suppressed [49–52]. To satisfy the orthogonality condition for
qðtÞ-entries we use simple (co)sine modulations (see a notation
in Fig. 4):
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Table 1
The parameters of the designed diffusion phantoms. Phantom numeration is the same as

Phantom model Number of capillaries Phantom diameter (mm) Intra-ca

20 lm 10 lm 5 lm

I 190 0 0 1.50
II 0 95 0 2.07

III 0 0 156 2.25

IV 19 20 13 1.17
As a result, the signal decay can be estimated as a simple exponen-
tial decay S ¼ S0 expð�b �MDÞ, where S0 is the signal without diffu-
sion weighting, and MD is the mean diffusion.

The three sequences are represented by their protocols:
Protocol I: ST sequence with imaging block. We used conven-

tional DTI protocol with three mutually orthogonal diffusion direc-
tions. The voxel size is 4� 4� 103 lm3.

Protocol II: ST sequence without imaging block with diffusion
weighting gradients directed in both directions, parallel as well
as perpendicular to the microcapillary orientation.

Protocol III: It repeats protocol II with the FAMED sequence
[49,50].

The sequences parameters for all protocols are summarised in
Table 2.
2.3. Numerical simulations

The designed diffusion phantoms grant a unique opportunity to
establish a comparison of the performed measurements with
numerical simulations using the well known phantom structure.
In the case of simple geometries such as infinite cylinders one
can estimate the signal attenuation using a method of multiple cor-
relation functions (MCF) [9,10]. In our work we used Matlab MCF
library written by Denis Grebenkov. The MCF approach allowed
us to compute the theoretical signal decay for intra-capillary water
diffusion for IDs of 10 and 20 lm and predict an apparent diffusion

coefficient Dsim
xx .

The complex diffusion of water molecules in the phantoms
might be modelled by Monte Carlo (MC) simulations. In order to
reproduce the geometrical constraints of the phantoms we used
binary masks rendered from T2-weighted images (see Fig. 3b).
We converted the binary masks to a Cartesian grid in the x-y-
plane with a constant step Dr ¼ 0:1 lm.

In the case of the Monte Carlo simulations we used number of
particles N equals to 107. The trajectory of an individual particle
is generated by a random walk process. In each time step
dt ¼ Dr2=4D0 a particle performs one step to a randomly chosen
neighbour place on the grid, where D0 ¼ 1:8 � 10�3 mm2/s is the
diffusion coefficient of free water, and dt ¼ 1:4 ls is the used time
step. The z-component of each particle trajectory, which is only
important for the FAMED sequence, is supposed to be the Gaussian.
Time-dependent gradients are discretised in accordance with the
time step dt. As a result, at the end of the spin-echo experiment
the particles accumulated a phase change /i ¼ c

P
jGðtjÞriðtjÞdt,

and the synthetic signal attenuation can be estimated by a sum-
ming over all particles: S ¼ P

j expði/jÞ [53]. At the beginning, we
compared MCF solutions for cylinders with IDs 10 and 20 lm in
order to verify an accuracy of the chosen MC parameters.

All curves were fitted using Matlab. In the case of linearised
mono-exponential fitting we used fit-function, the logarithmised
kurtosis signal was fitted using fit-function and linear least squares
method. In order to estimate the parameters of the bi-exponential
model we used lsqcurvefit-function with applied constraints: vol-
ume fraction f � ½0;0:5�, extra-capillary diffusion coefficient
in Fig. 1. The parameter meaning is explained in Fig. 3.

pillary water fraction q ¼ Vic=ðVec þ VicÞ Surface-to-volume ratio ðm�1Þ � 104

0.11 6.6

4:4 � 10�3 3.2

7:7 � 10�6 6.8

2:1 � 10�2 7.1



Fig. 3. (a) Schematic representation of main phantom parameters. Ni is the number of used capillaries with ID k ¼ 20;10;5 lm (left). Vic is intra- and Vec is extra-capillary
water volumes (centre), and the surface-to-volume geometry (right). (b) Masks for the Monte Carlo simulation. The masks are rendering phantom structures in Fig. 1c. A pixel
size corresponds to 1� 1 lm2.

Fig. 4. Schematic representation of the used diffusion pulse sequences. (a)
Conventional Stejskal-Tanner sequence; (b) isotropically weighted FAMED
sequence [49].
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Dec � ½0;2� � 10�3 mm2/s, and intra-capillary diffusion coefficient
Dic � ½0;1:5� � 10�3 mm2/s. We used the trust-region-reflectivity
algorithm. The constrained optimisation procedure strongly
depends on the used initial guess. In our model the initial guesses
were Dec ¼ 1:7 � 10�3 mm2/s, Dic ¼ 0:5 � 10�3 mm2/s and f ¼ 0:1.
Table 2
Sequence parameters of the used protocols. Diffusion time D, duration of rectangular pulse
presented as [min:step:max].

Protocol D (ms) d (ms) b-value

I 40 1 0,10
II [40:10:100] 1 [0:300
III [40:10:100] – [0:300
3. Results

3.1. Diffusion tensor imaging

In order to detect and visualise the intra- and extra-capillary
diffusion, we chose the phantom IV and protocol I. The resulting
images are presented in Fig. 5. The blurring effect in Fig. 5 might
originate from both, the motion artefacts (vibrations) produced
by fast switching gradients, as well as the very small voxel size,
with a characteristic diffusion length l � 19 lm which is higher
then the voxel size 4 lm. The capillary walls (OD = 90 and
150 lm) are invisible in NMR. The signal from capillaries with
ID = 5 lm is almost invisible due to a very low signal-to-noise ratio
(SNR). Voxels localised on the outer face of the microcapillaries are
also distorted by susceptibility artefacts due to the high magnetic
field gradient as well as by the partial volume effect due to the
large slice thickness of 1 mm. Using the known capillary axes ori-
entation and invoking axial symmetry, we can determine the typ-
ical diffusion parameters such as mean diffusivity (MD) and
fractional anisotropy (FA) by a linear fitting of the logarithmised
signal decay. The scalar DTI diffusion metrics are presented in
Fig. 5d and e, respectively.

The high spatial resolution of the images allowed us to distin-
guish the signals from intra- and extra-capillary regions and sepa-
rately determine averaged values of the diffusion DTI scalar
metrics such as Dxx, Dyy, Dzz, MD and FA. Spatial averages were per-
formed using the manually selected regions of interest (ROI),
namely: extra-capillary space, intra-capillary spaces: for ID = 20
and 10 lm (for the ROI see Appendix Fig. 9). The averaged DTI dif-
fusion values are summarised in Table 3. The histograms of MD
and FA scalar metrics demonstrate two separate peaks associated
d, echo time (TE), repetition time (TR), number of excitations (NEX). Range of values is

(s/mm2) TE (ms) TR (s) NEX

00 50 10 20
:3000] [50:10:110] 10 8
:3000] [50:10:110] 10 8



Fig. 5. High resolution images of the phantom IV. (a)–(c): Measured apparent diffusion coefficients Dapp for phantom IV along the mutually orthogonal directions x; y, and z,
respectively. The main axis of the capillaries lies along the z direction. Diffusion scalar metrics are presented by: mean diffusivity (d) and fractional anisotropy (e). The
histograms present a distribution of scalar metrics in accordance to the same colour scheme as well as in the image.

Table 3
Spatially averaged DTI scalar metrics such as the apparent diffusion coefficients Dapp,
MD and FA for three ROIs of phantom IV (see Fig. 5). The used ROIs are presented in
Appendix Fig. 9.

Values Extra-capillary space intra-capillary space

20 lm 10 lm

Dxx (mm2/s) � 10�3 1.6 ± 0.3 0.6 ± 0.5 0.4 ± 0.3

Dyy (mm2/s) � 10�3 1.5 ± 0.2 0.9 ± 0.5 0.5 ± 0.4

Dzz (mm2/s) � 10�3 1.6 ± 0.2 1.7 ± 0.6 1.8 ± 0.7

MD (mm2/s) � 10�3 1.6 ± 0.1 1.0 ± 0.3 0.9 ± 0.3

FA 0.15 ± 0.07 0.6 ± 0.2 0.7 ± 0.2
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with intra- and extra-capillary pools of the phantom. Notably, that
the FA histogram exhibits the strong peak for intra-capillary
values.

At the same time the signal from single microcapillary can be

estimated using analytic approach. The Dsim
xx values determined

with the MCF approach by Grebenkov [9,10] fit the experimen-

tal results: ID 20 lm: Dsim
xx ¼ 0:55 � 10�3 mm2/s; ID 10 lm:

Dsim
xx ¼ 0:14 � 10�3 mm2/s (see Supplementary Materials for the

details). The strong variation of the experimental results is
stipulated by the mentioned above imaging artefacts.
3.2. Apparent diffusion: mono-exponential decay

In this test we measured all phantoms using the protocols II and
III. In order to estimate the mono-exponential signal decay, we
considered only b-values lower than 103 mm2/s. The diffusion sig-
nal decay in the case of the Gaussian diffusion is

ln
SðbÞ
S0

� �
¼ �bDapp; ð3Þ

where Dapp is the apparent diffusion coefficient, S0 is the signal
without diffusion weighting. Dapp for each phantom was estimated
by linear fitting. The results are presented in Fig. 6. In the case of the
FAMED sequence the calculated diffusion coefficient represents the
MD [49,50]. The solid lines in Fig. 6 represent the time dependence
obtained from the MC simulations.

The values for free water are the references. The literature value
is 1:81 � 10�3 mm2/s [54] for a temperature of 15.6 �C.

3.3. Apparent diffusion: kurtosis expansion

In order to detect a deviation of the water diffusion from the
Gaussian behaviour, we used data with all b-values from the pro-
tocols II and III from measurements with all four phantoms and



Fig. 6. Apparent diffusion coefficients Dapp in the case of mono-exponential signal decay. (a) Dapp obtained by ST sequence perpendicular to the main phantom axis; (b) Dapp

obtained by ST sequence along to the main phantom axis; and (c) MD values obtained by FAMED sequence. Solid lines are the results of the MC simulations.
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free water. The non-Gaussianity metrics were determined by using
second order expansion of the diffusion signal [8]. The diffusion
signal in this case can be represented as

ln
SðbÞ
S0

� �
¼ �bDapp þ 1

6
ðbDappÞ2Kapp; ð4Þ

where Dapp and Kapp are the apparent diffusion and kurtosis coeffi-
cients, respectively. The estimated apparent diffusion and kurtosis
coefficients resulting from fitting of the data using b-values up to
3000 s/mm2 are presented in Fig. 7. The solid lines in Fig. 7 repre-
sent the time dependence obtained from the MC simulations.

3.4. Apparent diffusion: bi-exponential signal fitting

The diffusion model consisting of two independent compart-
ments such as intra- and extra-capillary spaces can be described
as a bi-exponential signal decay:
Fig. 7. Apparent diffusion Dapp and kurtosis Kapp coefficients for four diffusion phantom
directions. The data obtained with the FAMED sequence are presented in panel (c). The e
simulations.
SðbÞ
S0

¼ f � expð�bDicÞ þ ð1� f Þ � expð�bDecÞ; ð5Þ

where f is the volume fraction between two signal components con-
tributing to the final decay with intra-capillary diffusion Dic and
extra-capillary diffusion Dec coefficients. The results of the bi-
exponential assessments are presented in Fig. 8. To demonstrate
the goodness of fit the coefficient of determination R2 [55] is used.
The solid lines in Fig. 8 represent the time dependence obtained
from the MC simulations.

3.5. Time-dependent diffusion coefficients

In the short diffusion time limit, the time dependence of the dif-
fusion coefficient is described by the expression

DðtÞ ¼ D0 1� 4
3d

ffiffiffiffi
p

p A
V

ffiffiffiffiffiffiffiffi
D0t

p� �
; ð6Þ
s and free water. The data were measured using the ST sequence in x (a) and z (b)
rror bars represent the 95% confident intervals. Solid lines are the results of the MC



Fig. 8. Apparent diffusion coefficients and volume fractions f of intra- (Dic) and extra-capillary (Dec) water for four diffusion phantoms and free water are presented. The data
were measured with the ST sequence in perpendicular x (a) and longitudinal z (b) directions. The FAMED results for bi-exponential fitting are presented in panel (c). Solid
lines are the results of the MC simulations.
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of Mitra et al. [56], with the diffusion constant of free water
D0 ¼ 1:81 � 10�3 mm2/s [54], the surface-to-volume ratio (SVR)
A=V and the characteristic dimension d. The time-dependent appar-
ent diffusion coefficients estimated from the mono-exponential and
the kurtosis expansion models were used in order to determine the
SVR values. The results are presented in Table 4.

4. Discussion

A validation of phenomenological and biophysical diffusion
models using ground truth information is a very important and
Table 4
Surface-to-volume ratio (SVR) using Mitra’s limit [56] for four phantoms. We used two se
kurtosis expansion approaches. The original phantom parameters are presented in Table 1

Sequence Fitting

I

– Geometrical 6.6

ST Kurtosis based 5.1 ± 0.1
Mono-exponential based 5.4 ± 0.1

FAMED Kurtosis based 7.7 ± 0.3
Mono-exponential based 8.0 ± 0.2
challenging problem of diffusion MRI. In order to overcome the
typical obstacles related to frequently used phantoms with plain
fibres, gels, and others, we designed and tested four anisotropic
diffusion phantoms based on microcapillaries with IDs of 5, 10,
and 20 lm. The phantoms allowed us to validate various tech-
niques for diffusion measurement often used in clinical settings,
namely, mono-exponential, cumulant expansion, bi-exponential
fittings, and time-dependence of the diffusion coefficients in
Mitra’s limit. We demonstrated that the phantoms consisting of
microcapillaries are useful and provide advanced modelling fea-
tures such as intra- and extra-capillary spaces, high anisotropy,
ts of time-dependent diffusion coefficients obtained from the mono-exponential and
.

SVR (m�1) � 104 of Phantom

II III IV

3.2 6.8 7.1

2.8 ± 0.1 4.6 ± 0.1 4.8 ± 0.2
3.5 ± 0.2 5.0 ± 0.1 5.2 ± 0.2

4.2 ± 0.4 6.9 ± 0.9 6.5 ± 0.9
4.9 ± 0.3 6.9 ± 0.2 7.2 ± 0.2



Fig. 9. Manually chosen regions of extra- and intra-capillary water with ID = 20 and
10 lm.
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set of g-factors, known surface-to-volume ratio and water volume
fractions, and radii distribution.

One of the main questions in diffusion MRI is, if is it possible to
determine an intra-axonal diameter within the clinically achiev-
able hardware setups. There are many theoretical and experimen-
tal attempts to assess the intra-axonal diameter using diffusion
phantoms [57–59] as well as in vivo experiments [40,38]. The pre-
sent work shows that even in the case of high-resolution
microimaging NMR, the signal from capillaries lower than 5 lm
is problematic (see Fig. 5). However, the capillaries with ID of 10
and 20 lm exhibited promising results, in particular, in the case
of the diffusion scalar metrics. The averaged metrics such as the
apparent diffusion coefficients, MD and FA are in a good agreement
with the expected values (see Table 3). Problems related to the
small voxel size of the microimaging should be taken into account,
such as additional distortions from motion artefacts and suscepti-
bility distortions, one expects to have an influence of the surface
relaxation for the fused silica capillaries, in particular, inside of
the cavities [60]. The surface relaxation effect might explain the
high FA metrics posed close to the external microcapillary walls
(see Fig. 5).

The apparent diffusion coefficients and MD values determined
from mono-exponential and second-order expansion of diffusion
signal are typical scalar metrics used as characteristic tissue
parameters [70]. It is particularly interesting to investigate the
changes of diffusion metrics estimated by mono-exponential and
second-order expansion fittings depending on the diffusion times
[61]. The results obtained by mono-exponential fitting approach
are underestimated diffusion coefficients compared to the kurtosis
based approach (see Figs. 6 and 7) at the longer diffusion times.
The effect diffusion metric discrepancy was already revealed ear-
lier in brain studies [62]. In the case of Gaussian diffusion, such
as along main phantom axis or isotropic weighted sequences, kur-
tosis based metrics have a smaller deviation for all diffusion times.
For diffusion perpendicular to the main phantom axis, we found
significantly increased kurtosis metrics with increasing diffusion
times (see Fig. 7). Some difference between the MC simulations
and experimental data for the long diffusion times might
originate from above mentioned artefacts and relaxation effects.
Notably, the FAMED-based scalar metrics exhibit a good agreement
with the MC simulations comparing to the conventional ST
sequence.

Attempts to determine the signal contributions from different
diffusion compartments have been made many times [63,39].
However, a reliable signal decomposition was almost impossible
to evaluate robustly due to fine effects and complexity of the used
subjects and an absence of a ‘‘gold standard”. Application of our
phantoms allowed us to perform an exact comparison between
the signal fits and real compartments since the geometry of the
phantoms are determined with high accuracy. As one can see in
Fig. 8, if the intra- and extra-capillary diffusion coefficients exhibit
adequate values, the volume fraction f has significant bias. We
assume that the bias of water volume fraction can be stipulated
by the constrained optimisation algorithm which is very sensitive
to a noise presence and selection of initial guesses. Only in the case
of phantom I where the intra-capillary fraction is very high the f-
fraction estimation is close to the true value (see Fig. 8b). More-
over, in the case of longitudinal and isotropic weighted scheme
the diffusion coefficients for both intra- and extra-capillary spaces
demonstrated very weak time dependence (see Fig. 8b and c). In
Fig. 8a we found a strong time-dependence of the diffusion coeffi-
cients for the extra-capillary water. Interestingly, the isotropic
weighted sequence FAMED provided results almost independent
of the phantom structures in contrast to the conventional ST
sequence, in particular, for the perpendicular diffusion direction.
The free water sample also caused problems for the fitting due to
zero ratio of intra-capillary water and complications related to
the constrained optimisation.

The time-dependence of the diffusion coefficients is a very
attractive approach for determining the diffusion parameters and
axonal structure parameters. Two diffusion time limits are cur-
rently used for diffusion MRI [46]: a short diffusion time limit
[56] (also known as Mitra’s limit) and a tortuosity limit [13]. Exper-
imentally, these two regimes are exploited in oscillating diffusion
gradients [12] in order to achieve the shortest diffusion times
and with stimulated echoes [13] in order to suppress relaxation
artefacts. We tried to provide the estimations using our phantoms
in the case of short diffusion time limits using the conventional ST
sequence and isotropic weighted scheme. The shortest diffusion
time was equal to 40 ms, which can be considered as close to the
short time limit of Mitra. In this case the diffusion length of free
water is lD ¼ 12 lm, which is within the range of the inner diame-
ters used in our phantoms. However, for the diffusion times of
� 100 ls, this is no longer fulfilled. Nevertheless, the obtained
results demonstrated excellent agreement with geometrical esti-
mations for the phantoms (see Table 4).

As a possible limitation we have to mention that the g-ratio
between inner and outer diameters for the capillaries of 5 (and
accessible but not used at the moment 2) lm is very far away from
the real g-factor in the human brain axons. At the same time an
arbitrary composition of the microcapillary phantoms might lead
to the irregular shapes of the extra-capillary space, i.e. to the pos-
sibly strong internal magnetic gradients even in the case of parallel
main magnetic field to the capillary axes. Besides the possible
internal field distortions, an order of the surface relaxation effect
for the fused silica microcapillaries should be estimated as well.
Another limitation is an absence of water permeability of the cap-
illary walls, which excludes the possibility of using it for modelling
myelin water. However, we expect that progress in material
science will overcome this point soon [64,65].

5. Conclusion

The designed anisotropic diffusion phantoms based on the flex-
ible fused silica microcapillaries with inner diameters in the range
of a few microns allowed us to construct complex diffusion models
and to perform an accurate validation of different phenomenolog-
ical diffusion models. In the future we plan to build phantoms
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mimicking anatomical structures such as corpus callosum or pre-
cortical white matter regions with a good histological credibility.
As a result, the designed phantoms are good candidates for a cali-
bration of the experimental setups using hyperpolarised sub-
stances [66,67] or diffusion gradient shape optimisation [59,68].
Acknowledgements

The work was financially supported by the DFG Grant SU
192/32-1. IIM gratefully thanks PD Dr. Valerij G. Kiselev for fruitful
discussions.
Appendix A

For masking the typical regions with extra-capillary, and intra-
capillary regions we used high resolution T2-weighted image. The
regions were drawn manually in each case. The resulting mask is
presented in Fig. 9.
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