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Purpose: Recent advances in diffusion- weighted MRI provide “restricted diffusion 
signal fraction” and restricting pore size estimates. Materials based on co- electrospun 
oriented hollow cylinders have been introduced to provide validation for such meth-
ods. This study extends this work, exploring accuracy and repeatability using an 
extended acquisition on a 300 mT/m gradient human MRI scanner, in substrates 
closely mimicking tissue, that is, non- circular cross- sections, intra- voxel fiber cross-
ing, intra- voxel distributions of pore- sizes, and smaller pore- sizes overall.
Methods: In a single- blind experiment, diffusion- weighted data were collected from 
a biomimetic phantom on a 3T Connectom system using multiple gradient direc-
tions/diffusion times. Repeated scans established short- term and long- term repeata-
bility. The total scan time (54 min) matched similar protocols used in human studies. 
The number of distinct fiber populations was estimated using spherical deconvolu-
tion, and median pore size estimated through the combination of CHARMED and 
AxCaliber3D framework. Diffusion- based estimates were compared with measure-
ments derived from scanning electron microscopy.
Results: The phantom contained substrates with different orientations, fiber configu-
rations, and pore size distributions. Irrespective of one or two populations within the 
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1 |  INTRODUCTION

Obtaining reliable quantitative tissue microstructure in-
formation using non- invasive MRI has long been a holy 
grail in microstructural MRI.1,2 Improvements in gradient 
hardware3,4 give increased sensitivity to smaller water dis-
placements, and higher signal- to- noise ratio (SNR) per unit 
time, while improvements in modeling2 can potentially yield 
higher specificity to compartment- specific properties. Two 
measures of particular interest are: (1) the fraction of the sig-
nal that comes from spins trapped within pores, known as 
the “restricted signal fraction”5; and (2) the inner- diameter 
(pore- size) of restricting geometries.6,7 In white matter, for 
example, the former is taken as an indicator of “axon den-
sity,” while the latter is taken as an indicator of axon diame-
ter, one of the major factors influencing the speed of action 
potentials.8,9

Most previous validations of such measurements have 
estimated diameters in tightly controlled architectures (eg, 
using a phantom comprising synthetic fibers all with the 
same orientation, or in the mid- line of the corpus callosum 
where the fibers are largely co- aligned) on small- bore pre-
clinical scanners (exploiting the strong gradients that typi-
cally accompany such systems).7,10- 18 In comparison, there 
is much less work validating measurements in more com-
plex substrates using MRI systems designed for clinical use, 
which is essential for pushing forward in vivo microstructural 
quantification in human tissue.

Ex vivo/post- mortem brain samples might be the most di-
rect route for validation since, by definition, they reflect the 
real physical complexity of the tissue, albeit with limitations 
imposed by changes in relaxation times, diffusivities, and 
tissue shrinkage.19 However, lack of parametric control over 
tissue properties, such as size, shape, or distribution makes 
the systematic study of the performance characteristics of a 
microstructural pipeline more challenging.

The ability to specify the microstructural properties of a 
substrate a priori can potentially facilitate the design of far 

more efficient experiments to ascertain accuracy and preci-
sion. Numerical/in silico phantoms have been used to simu-
late different substrates by modeling diffusion properties with 
different geometries.20,21 However, digital phantoms are gen-
erally over- simplistic in several respects, including the fact 
that they do not simulate acquisition conditions faithfully.22 
To the best of our knowledge, this can only be achieved feasi-
bly through actual scanning of physical phantoms comprising 
synthetic substrates.10,23- 25 As discussed by Fan et al,10 while 
physical phantoms can never fully replace ex vivo samples in 
reflecting real tissue status, they serve as an important step 
between in silico simulations and actual construction of bi-
ological tissues.

Using a hollow textile filament (or “taxon”) phantom, Fan 
et al,10 validated non- invasive pore size estimates on a human 
MRI system with ultra- strong gradients (up to 300 mT/m). 
Sampling over a wide range of diffusion times and gradient 
strengths, they estimated inner diameter and restricted sig-
nal fraction using a simplification of the AxCaliber model7 
that, as with ActiveAx,6 fits for a single pore diameter. Their 
results showed good agreement with the known phantom 
properties, supporting the feasibility of estimating microfi-
ber pore size on a clinical MRI system. However, the data- 
acquisition took 38 h, and the phantom comprised fiber with 
a: (1) single orientation; (2) circular cross- section; and (3) 
a single, relatively large (compared with diameters typically 
found in the brain26), diameter of 12 µm. While this work, 
therefore, represents an important step in understanding the 
capabilities of emerging hardware and modeling frameworks 
to recover microstructural parameters on a clinical system, 
it is important to extend the validation framework into more 
complex substrates, moving toward architectures that mimic 
tissue properties in vivo. Moreover, for full clinical transla-
tion, exploring the fidelity of microstructural estimates with 
shorter acquisition protocols is essential.

To approach the kinds of microstructural geometries 
found in vivo, and to achieve the parametric control of prop-
erties such as pore size, shape, density, and orientation, Zhou 

voxel, the pore- size estimates (~5 μm) and orientation- estimates showed excellent 
agreement with the median values of pore- size derived from scanning electron micro-
scope and phantom configuration. Measurement repeatability depended on substrate 
complexity, with lower values seen in samples containing crossing- fibers. Sample- 
level repeatability was found to be good.
Conclusion: While no phantom mimics tissue completely, this study takes a step 
closer to validating diffusion microstructure measurements for use in vivo by demon-
strating the ability to quantify microgeometry in relatively complex configurations.

K E Y W O R D S
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et al,27 developed the manufacture of co- electrospun microfi-
bers from highly hydrophilic hollow polycaprolactone (PCL). 
Critically, this approach has a stochastic element, thereby 
introducing a distribution in the cross- sectional shape of 
individual pores, and facilitates control over pore size and 
orientation.25 This approach has been used to create “axon- 
mimicking” fibers25,27 that resulted in anisotropic diffusion 
of water within them. Moreover, by tuning the fiber inner- 
diameter, the authors previously demonstrated control over 
diffusion tensor MRI- based properties such as fractional 
anisotropy and radial diffusivity25 and used these materials 
to help characterise signals from multidimensional diffusion 
encoding acquisitions.28

Again, while work such as described above represent 
steps toward validating estimates of pore size, several caveats 
remain. In previous validations of AxCaliber, the free dif-
fusivities of the liquid and inner pore diameter were known 
a priori. Moreover, measurements were limited to samples 
with a single and known orientation (physical phantom/cor-
pus callosum), limiting the generalizability of the validation 
of quantitative measurements across a whole organ, such as 
the brain. It is also important to ensure that such measure-
ments have excellent short- term and long- term repeatability, 
to ensure that any observed changes in the signal/measure-
ment reflect true changes in the substrate being imaged, 
rather than a perturbation introduced through noise/scanner 
instability/instabilities in the data- processing pipeline. To fa-
cilitate this, it is important to have a substrate that will not 
change its physical properties over time, but which also mim-
ics the physical properties of the target substrate of interest 
(eg, white matter).

To address these issues, we aimed to validate AxCaliber 
estimations of microstructural parameters using co- 
electrospun substrates containing microfibers with un-
known (to a subset of the authors) distributions of size, 
shape, and orientation, and complexity (ie, number of dis-
tinct compartment populations). This study was completed 
in a single- blind manner to prevent any potential bias in es-
timates, pre- processing or post hoc inference. Thus, an es-
sential feature of this study was that any information on the 
phantom microstructure was totally withheld from a sub-
set of the authors (C- CH, C- CHH, SK, DKJ) until all data 
acquisition, analysis, and final estimations were complete. 
To maintain translational relevance to in vivo applications, 
we used a diffusion- weighted imaging protocol with a total 
scan time less than 1 h (54 min). Constrained spherical de-
convolution (CSD)29 was used to estimate the number of 
distinct fiber orientations and a single- parameter continu-
ous Poisson distribution model30 within the Axcaliber3D31 
framework to fit the range of pore sizes in the biomimetic 
phantom.

2 |  METHODS

2.1 | Experimental design

At the beginning of this single- blind validation study, a sub-
set of the authors knew only that the phantom contained 
six tubes with hollow microfibers and one tube with pure 
liquid medium produced according to the method of Zhou 
et al.27,32,33 Other than a numbering system to reference each 
tube, it was impossible to differentiate between the sam-
ples with the naked eye. The construction of the phantom is 
shown in Figure 1A, and “sagittal” and “axial” sections of 
the phantom through a diffusion- weighted MRI (dMRI) are 
shown in Figure 1B. Figure 1C shows a schematic overview 
of the experimental design, and full protocol details are de-
scribed in the following sections.

2.2 | Phantom construction and fiber 
characterization

The co- electrospinning setup used to generate the phantom 
has been detailed previously.34 Briefly, a coaxial spinneret 
with two concentric needles was filled with a solution of 
10 wt.% PCL (Mn = 80 k g/mol) with 1 wt.% polysiloxane- 
based surfactant (PSi) in CHCl3/DMF (8/2 w/w) (outer nee-
dle, inner diameter = 1.19 mm) and 4 wt.% polyethylene 
oxide (PEO, Mv = 900 k g/mol) in water (inner needle, inner 
diameter = 0.41 mm).27 The outer needle was connected to 
the positive electrode of a DC voltage power supply, while 
the fiber collector was grounded. A voltage of 9 or 15 kV was 
applied to generate uniaxially or randomly aligned fibers, re-
spectively. A rotating drum (diameter = 11 cm), spinning at 
800 or 10 revolutions/min, was placed at a distance of ~5 or 
14 cm from the tip of the concentric needles as a collector. 
To allow the fiber deposition to be spread uniformly, the col-
lector was positioned on a translational x- y stage, moving left 
and right at 1 mm/s. The flow rates of the outer and inner so-
lutions were fixed at 3 and 1 mL/h, respectively. The transla-
tion distance of the x- y stage was 30 or 55 mm for uniaxially 
or randomly aligned fibers.

Six phantom samples labeled 1- 6 were constructed by 
packing one (tubes 1, 5, and 6) or two blocks (tubes 2, 3, 
and 4) comprising ~24 fiber layers (10 mm × 10 mm) into 
a 15 mL centrifuge tube filled with deionized water. The 
same co- electrospun substrate was used for the construc-
tion of tubes 1 and 6, where the fibers comprising the block 
were stacked in an interleaved fashion, crossing at 45° (tube 
1) and 90° (tube 6); fibers comprising the blocks in tube 2 
and 3 were randomly oriented; fibers within each block in-
side tubes 4 and 5 were uniaxially aligned (0°), but in tube 4, 
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the two distinct blocks (made from the same substrate) were 
oriented at 90° to each other. Six phantom samples were ini-
tially placed into a vacuum- degassing chamber to remove air 
bubbles before they were assembled into a cylindrical plastic 
container (inner diameter: ~140 mm; height: ~180 mm); The 
six tubes (1- 6) were spaced equally around the circumference 
of the container and one tube containing only deionized water 
(labeled 0) was placed at the center. Due to the single- blind 
study design, the specification/configuration of the phantom 
was not revealed until the MRI acquisition and data analyses 
were complete.

2.3 | MRI experiment

The diffusion- weighted phantom scans were performed 
on the 3T Connectom MRI system (maximum gradient 
strength = 300 mT/m) using a Siemens 32- channel head coil 
at the Cardiff University Brain Research Imaging Centre 
(CUBRIC). The phantom container was placed along the 
scanner’s y- axis (vertical orientation and perpendicularly to 
the static magnetic B0 field), so that any air bubbles floated 
to the top of the tubes, and was immobilized with cushions to 
minimize vibrations during scanning.

The same imaging protocol was applied four times to 
evaluate the repeatability of diameter estimates. The first 
two scans (scan 1 and scan 2) were conducted on May 20, 

2019, and June 3, 2019, whereas the other two scans (scan 
3a and scan 3b) were a pair of immediate scan- rescan ac-
quisitions conducted on June 16, 2020. All scans were per-
formed under ambient conditions and the temperature was 
not recorded. The protocol comprised two diffusion frame-
works, the Composite Hindered And Restricted ModEl of 
Diffusion (CHARMED)5 and the AxCaliber3D framework.31 
The CHARMED model considered the diffusion signal to 
arise from a combination of hindered and restricted diffu-
sion components and fitted the data to the composite model, 
with a fixed diameter distribution of fiber to estimate signal 
fractions, diffusivity parameters, and axonal orientations. In 
contrast, the AxCaliber model expands CHARMED by in-
troducing the diameter distribution of restricted cylindrical 
fibers as an unknown function to estimate but, in its original 
implementation, only considers diffusion- encoding along a 
single axis, assumed to be orthogonal to the fiber orientation.

By combining CHARMED and AxCaliber, AxCaliber3D 
enables axon diameter distributions to be recovered for more 
complicated fiber configurations, and with arbitrary orien-
tation of the fibers with respect to the diffusion encoding. 
Both datasets were acquired using a diffusion- weighted spin- 
echo blipped- CAIPI (EPI) sequence35 with 1.5 mm isotropic 
resolution, with parameters summarized in Table 1. For the 
CHARMED acquisition, the diffusion gradient pulse dura-
tion and the diffusion time were both fixed, and the gradi-
ent amplitude was varied between 51 mT/m and 281 mT/m 

F I G U R E  1  The overview of the diffusion phantom and the design of the single- blind experiment. A, There were seven tubes in the phantom 
container, each tube held one or two block- samples of fiber phantom with liquid filled (the characteristic of filling medium was unknown during 
experiments). B, The sagittal and coronal slices of the diffusion- weighted image of the phantom are shown to demonstrate the voxels with 
anisotropic phantoms. C, The flowchart describes the design of the single- blind experiment
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resulting in b- values ranging from 200 to 6000 s/mm2. In 
each shell, the diffusion- encoding gradient directions were 
uniformly distributed over the unit sphere according to Jones 
et al.36 For AxCaliber3D, images with six different diffusion 
times were acquired using a fixed gradient pulse duration 
and varying the prescribed b- value between 2200 and 25500  
s/mm2, with a maximal gradient amplitude of 288 mT/m. In 
each b- value shell, data were acquired over 30 uniformly dis-
tributed encoding directions. A total of 24 b = 0 s/mm2 im-
ages were interleaved between the different b- shells to allow 
for the correction of signal drift. The total acquisition time 
was 54 min. Other imaging parameters included a field- of- 
view of 128 mm x 128 mm, 30 continuous slices, with an 
isotropic voxel size of 1.5 mm, simultaneous multi- slice fac-
tor of 2, partial Fourier of 6/8, and no GRAPPA was applied.

2.4 | Data pre- processing and analysis

The regions of interest (ROIs) used for model fitting were 
selected manually from the cross- sectional images of the 
tubes through the following steps: (1) thresholding the b = 0  
s/mm2 images with intensity higher than 10% of its maxi-
mal signal intensity to avoid processing background noise; 
(2) separating the thresholded binary mask image spatially 
into nine ROI components for each fiber sample in the tubes 
(labeled as tubes 1, 2a, 2b, 3a, 3b, 4a, 4b, 5, 6, corresponding 
to the label on the phantom tubes as shown in Figure 1A); (3) 
cropping the ROI along the axis parallel to the tube orienta-
tion to ensure that it only covered the anisotropic samples 
in the tube; (4) Eroding the ROIs by two voxels to elimi-
nate inhomogeneous partial- volume voxels at the boundaries 

between the phantom material and the plastic tube containing 
the material.

For both the CHARMED and AxCaliber3D datasets, 
the signal pre- processing involved: (1) denoising37; (2) drift 
correction38; (3) eddy current distortion39; (4) gradient non-
linearity distortion40; and (5) correction for Gibbs- ringing 
artifacts.41

The b = 2400 s/mm2 (61 directions) shell data of the pre- 
processed CHARMED data were used to derive the fiber ori-
entation distribution function (fODF) via CSD with lmax = 8 
in MRtrix3 (http://www.mrtrix.org/). The number of unique 
fODF peaks in each sample was extracted via Newton opti-
mization.42 The threshold was set to 0.1 absolute amplitude 
of the fODF and above 33% of the maximum amplitude of 
each voxel to exclude small peaks.43

The AxCaliber3D framework,31 embedded into the 
Microstructure Diffusion Toolbox (MDT, https://github.com/
robbe rt- harms/ MDT), was used to estimate the microfiber 
inner diameters. MDT includes a model- cascade approach44 
that shortens the overall run time and improves fitting accu-
racy and precision. Initially, CHARMED data were used to 
model the signal using one hindered diffusion compartment 
(using a zeppelin diffusion tensor) and one or two restricted 
diffusion compartments (based on the estimated num-
ber of fiber populations from the CSD analysis) using van 
Gelderen’s45 expression for restricted diffusion in a cylinder. 
The estimated fiber peak orientations then served as prior 
fixed parameters and initial starting estimates of the restricted 
diffusion signal fractions for the fitting of the AxCaliber3D 
model. The total measured signal decay was assumed to be a 
sum of diffusion- weighted signal decays for each pore size 
weighted by their respective area- weighted probability and 

T A B L E  1  Diffusion- weighted image protocol

b- Values (s/mm2)
No. of diffusion 
directions

Gradient Strength 
(mT/m)

Range of q- value 
(µm−1)

Gradient pulse 
duration (δ, ms)

Diffusion 
times (∆, ms)

CHARMED (TR/TE = 4500/74 ms)

200 20 51.30 0.015 7 24

500 20 81.12 0.024

1200 30 125.7 0.038

2400 61 177.7 0.053

4000 61 229.4 0.068

6000 61 281.0 0.084

3D- AxCaliber (TR/TE = 5000/138 ms)

2200/4400 30 for each shell 200.1/283.0 0.060/0.084 7 18

3600/7150 204.0/287.5 0.061/0.086 27

4900/9800 203.7/288.1 0.061/0.086 36

6200/12400 203.5/287.9 0.061/0.086 45

8400/16750 203.8/287.9 0.061/0.086 60

12750/25500 203.6/288.0 0.061/0.086 90

http://www.mrtrix.org/
https://github.com/robbert-harms/MDT
https://github.com/robbert-harms/MDT
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the pore- size populations were modeled with a continuous 
Poisson diameter distribution,30 yielding an average pore- size 
for each voxel in the ROI.

2.5 | Scanning electron 
microscopy of the phantom

The surface morphology and cross- sections of co- electrospun 
fibers were observed using a FEI Quanta 650 field emission 
gun scanning electron microscope (SEM) with an accelerat-
ing voltage of 5 kV. The co- electrospun fiber specimens were 
coated with a gold- palladium film to increase their conduc-
tivity and the fiber strips were cut using a sharp scalpel in 
liquid nitrogen for imaging their cross- sections. ImageJ (im-
agej.nih.gov/ij) was used to measure the pore size (fiber inner 
diameters) using its “Pore Measurement” function. For each 
sample, pore sizes (areas) were automatically measured from 
five different SEM images and manually converted into the 

fiber inner diameters within the sample with the assumption 
of circular pores.33 The area- weighted fiber inner diameters 
and fractions were calculated using a method reported pre-
viously.46 Those responsible for the phantom manufacture 
(F.Z., G.P.) noted that, because fiber deposition could not 
be controlled precisely during the co- electrospinning pro-
cess, some large “extra- fiber” pores were formed randomly 
and frequently in the phantom (see Figure 5 and Supporting 
Information Figure S1, which is available online). In these 
spaces, for the diffusion times used here, the spins would not 
experience hindrance/restriction during their displacement, 
effectively leading to a third mode of diffusion, that is, “free 
water.” Estimating all pore sizes, irrespective of dimension 
(and including these larger pores) would give a false impres-
sion of restricting pore size, and so the estimated restricting 
fiber volume fractions from SEM were estimated by dividing 
the total area of pores with diameter less than 15 µm, by the 
total area of all pores (ie, pores with diameters in the range: 
[0, ∞]), see Table 2).

T A B L E  2  Phantom properties estimated by dMRI and SEM

Scan 1 (May 20th 2019) Scan 2 (June 3rd 2019)

SEMP1 P2 P1 P2

Tube 1

Pore size (µm) 4.97 (4.15, 5.62) 5.19 (4.45, 5.72) 5.54 (4.03, 7.19) 6.02 (4.34, 7.95) 6.01 (4.42, 8.03)

Signal/volume 
fractionsa 

0.17 (0.15, 0.20) 0.17 (0.15, 0.19) 0.18 (0.15, 0.22) 0.17 (0.15, 0.19) 0.36 (0.34, 0.62)

Angle (°) 50.4 (47.6, 54.8) 48.4 (45.7, 51.6) 45b 

Tube 6

Pore size (µm) 4.84 (4.17, 5.57) 4.72 (3.94, 5.47) 5.24 (4.36, 6.72) 4.90 (4.09, 6.43) 6.01 (4.42, 8.03)

Signal/volume 
fractionsa 

0.17 (0.14, 0.19) 0.15 (0.13, 0.17) 0.17 (0.15, 0.19) 0.16 (0.14, 0.18) 0.36 (0.34, 0.62)

Angle (°) 87.4 (84.9, 88.9) 87.4 (84.9, 88.9)

P1 P1

Tube 4a

Pore size (µm) 4.98 (4.72, 5.23) 5.10 (4.59, 6.99) 5.13 (3.65, 7.26)

Signal/volume 
fractionsa 

0.32 (0.24, 0.35) 0.33 (0.30, 0.36) 0.47 (0.46, 0.52)

Tube 4b

Pore size (µm) 5.04 (4.67, 5.47) 5.13 (4.29, 6.12) 5.13 (3.65, 7.26)

Signal/volume 
fractionsa 

0.32 (0.27, 0.34) 0.30 (0.24, 0.32) 0.47 (0.46, 0.52)

Tube 5

Pore size (µm) 4.67 (4.47, 4.96) 4.78 (4.29, 6.81) 5.38 (3.96, 7.62)

Signal/volume 
fractionsa 

0.42 (0.35, 0.44) 0.40 (0.30, 0.43) 0.57 (0.55, 0.59)

Note: Parameter estimates for the different tubes. The median (and upper and lower quartiles) are shown. “Angle” represents the crossing angle between two fiber 
populations. Note, tube 1 and tube 6 contain crossing fibers so parameters for each population (P1 and P2) are shown separately.
aThe estimated signal fraction from dMRI represents the fitting result of restricted diffusion signal fraction, while the volume fraction of SEM represents the ratio of 
the total area of pores with diameter ≤15 µm to the total area of pores with diameter in the range [0, ∞]).
bThe fibers in the blocks of tubes 1 and 6 were designed to be interleaved, crossing at 45° and 90°.

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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2.6 | Statistical analysis

Due to the different positioning of the phantom between 
scans 1, 2, and 3, it was not possible to obtain exact spa-
tial correspondence between the ROIs across the different 
scans to establish long- term repeatability. Therefore, rather 
than comparing estimates on a voxel- by- voxel basis, we 
evaluated repeatability of the pore- size estimate distribu-
tion using the Kolmogorov- Smirnov test (KS- test) and the 
Jensen- Shannon distance. To compare the distributions ob-
tained from the dMRI scans and the ground truth from SEM, 

we first binned the accumulated area fraction of fiber pore 
size into 30 bins (bin range from 0 to 15 µm, bin width = 
0.5 µm). We then calculated the median value, and the first 
and third quantiles (Q1 and Q3) to identify asymmetric dis-
tributions. A two- sample KS- test determined whether the 
two samples (SEM versus dMRI, or between the repeat- scan 
data) came from the same continuous distribution. The intra- 
class correlation coefficient (ICC), within- voxel coefficient 
of variation (CV), and the repeatability coefficient (RC) 
were calculated to evaluate the repeatability of measures at 
both the voxel- level and sample- level of the repeat- scan.47

F I G U R E  2  The representative measurement from the first scan on May 20,2019. Measurement of the fODF in the anisotropic phantom 
obtained from CSD. The fiber orientations are shown with directional colour encoding in x- z plane (A) and x- y plane (B) view. As the figure 
shows, tubes 1 and 6 contain crossing fibers, tubes 4a, 4b, 5 contain a single orientation, while tubes 2a, 2b, 3a, and 3b appear to contain randomly 
oriented fibers. C, The number of unique fODF peak orientations in each sample voxel with the threshold of 0.1 absolute amplitude and 33% of 
the maximum amplitude. The color represents the number of unique peaks, where blue = 1, cyan = 2, and green represent 3 or more peaks. D, The 
histogram of the estimated angle between fibers in each voxel in tubes 1 and 6 (left and right, respectively)
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3 |  RESULTS

3.1 | Phantom examination using dMRI

3.1.1 | SNR evaluation

The SNR was calculated as the mean signal within the tubes 
(≥10% of maximal intensity in b = 0 s/mm2 image) divided 
by the SD of the background (<10% of maximal intensity in 
b = 0 s/mm2 image) using the non- diffusion- weighted (b = 
0 s/mm2) image. The SNRs for the four scans were: May 20, 
2019 = 45.3, June 3, 2019 = 44.7, first scan on June 16, 2020 
= 34.2, second scan on June 16, 2020 = 34.2.

3.1.2 | Fiber population information, based on 
CSD model

Due to the single- blind study design, the number of dis-
tinct fiber populations in each phantom tube not known 
before analysis. Since the number of restricted- diffusion 
compartments is set a priori in the CHARMED model, it 
was therefore necessary to first estimate the number of dis-
tinct fiber populations, for which CSD was used. Figure 2 
shows the CSD- estimated fiber orientations in the axial and 
sagittal plane of the tubes. Four distinct phantom configu-
rations were observed: (1) randomly oriented fibers; (2) 
single- oriented fiber- population; (3) two fiber- populations; 
(4) high diffusivity, isotropic medium (in the central tube, 
later revealed to be water). Both tube 1 and tube 6 showed 
an obvious crossing pattern, where the proportions of vox-
els that contained two distinct fiber populations were 0.73 
and 0.88, respectively. No distinct anisotropic characteris-
tic was observed in tube 2 and tube 3, in which the fODF 
analysis suggested that more than 80% of voxels contained 
more than three distinct populations in each voxel. For the 
purposes of our study, we assumed this was consistent with 
a random distribution and not amenable to analysis with 
the CHARMED/AxCaliber3D frameworks. Moreover, we 
observed that tube 4 contained two distinct fiber substrate 
blocks (one on top of the other); thus, we labeled these 
two blocks as tube 4a and tube 4b for further analyses and 
reporting.

3.1.3 | Angle information, based 
on CHARMED

The median crossing angles of tube 1 and tube 6 were es-
timated using the CHARMED framework to be 50.37° and 
87.36°, respectively (Figure 2C and Table 2). No crossing 
fiber configuration was observed in tube 4a, tube 4b, or tube 
5 (Figure 2A- B).

3.1.4 | Pore sizes, based on 3D- AxCaliber

Due to parameter explosion, voxels with a large number of 
randomly aligned fibers (eg, tubes 2 and 3) are not amenable 
to analysis by the Axcaliber3D framework. Thus, we only re-
ported fiber diameter estimates in samples identified as con-
taining one or two fiber orientations (tubes 1, 4a, 4b, 5, and 
6). Table 2 shows the estimated median fiber diameters and 
the estimated restricted signal fraction. In tube 1 (deemed to 
contain two distinct fiber- populations), the estimated median 
diameter for population 1 (p1) was 4.97 µm, and population 
2 (p2) was 5.19 µm (mean diameter: p1/p2 = 4.96/5.09 µm). 
Tube 4 was deemed to contain two blocks, each with a single 
fiber- population, but with distinct orientations. The median 
pore diameter in the first block (4a) was 4.98 µm, and in 
the second block (4b) was 5.04 µm (mean diameter: 4a/4b 
= 5.00/5.05 µm). Tube 5 was deemed to contain a single- 
fiber- population model, with a median diameter of 4.67 µm 
(mean diameter = 4.77 µm). Finally, tube 6 was also deemed 
to contain two distinct fiber populations (median diameter: 
p1/p2 = 4.84/4.72 µm; mean diameter: p1/p2 = 4.89/4.76 
µm). The fittings and parameter estimates were homogene-
ous across most voxels within the ROI (Figure 3).

3.1.5 | Comparing the dMRI- derived estimates 
with SEM- derived estimates

The authors responsible for manufacturing the phantom 
(F.Z., G.P.) confirmed that two of the six tubes contained 
orientationally disperse samples (tubes 2 and 3), two con-
tained samples with two fiber populations with crossing 
angles (tubes 1 and 6), two tubes contained single fiber 
population blocks (tubes 4 and 5), and one contained purely 
isotropic media (water). Figure 2A shows that the estimated 
orientations of the fiber populations were consistent with 
the ground truth fiber configuration; the median of crossing 
angles of tube 1 and tube 6 were 50.37° and 87.36° (Figure 
2C), respectively, relative to the ground truth values of 45° 
and 90° (see the Discussion section regarding the precision 
of SEM/manufacturing). Figure 3 shows the Poisson fitting 
for all voxels within each ROI to recover the median diam-
eter inside the fiber phantom across each scan. As noted 
above, due to the manufacturing process, the samples in 
tubes 1 and 6, and tubes 4a and 4b were derived from the 
same substrate; thus, there was only one set of SEM im-
ages available for each pair. For tubes 1 and 6, tubes 4a 
and 4b, and tube 5, the median (mean) diameters derived 
from SEM were 6.01 (6.43), 5.13 (5.82), and 5.38 (5.92) 
µm, respectively (Table 2). The dMRI- derived restricted 
signal fractions are similar to the values derived from SEM 
(total area of pores with diameter ≤ 15 µm / total area of 
pores with diameter in the range [0, ∞]), in which tube 1 
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and tubes 6, 4, and 5 are 0.36, 0.47, and 0.57, respectively 
(Shown in Table 2).

The KS- test indicated that the distributions recovered 
from the first dMRI scan and SEM were significantly differ-
ent (P < .01). No significant differences were found between 
dMRI and SEM results in scan 2, scan 3a, and scan 3b, ex-
cept for tube 4a in scan 3b (Figure 4 and Table 3). The phan-
tom characterization in different tubes is presented by the 
SEM micrographs (see Figure 5A- C) in which we observed 
that the phantom does contain some “extra- fiber”- like 

spaces. The histogram of pore size diameter against the area- 
weighted fraction was also shown in Figure 5D to depict the 
distribution of pore sizes in different phantom blocks.

3.1.6 | Repeatability of the dMRI- 
derived estimates

Table 3 shows the KS- test applied to different scans among 
different tubes for evaluating the long- term and short- term 

F I G U R E  3  Fitting quality of fiber diameter estimations in five phantoms. To ensure fitting quality across different voxels, we examined 
three parameters including the Akaike Information Criterion (AIC), the number of distinct fiber populations (“fiber population”), and the pore size 
diameter (“p1 diameter”). This figure shows the manually selected ROI in the 2D image slice, and the fitting results in the 3D scatter plots in a 
voxel- wise manner. Samples containing two distinct fiber populations (A,B); samples with a single fiber population (C,D)
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F I G U R E  4  Cumulated fractions of the estimated fiber diameters from MRI and SEM. This figure shows the Poisson fitting for all voxels 
within each ROI for the different scans. The ground truth distribution of the pore size (estimated by SEM) is shown by the black line in each panel. 
Rows A to D represent the result from the different scans. The left column shows the two- fiber- population of tube 1 and tube 6, the middle column 
shows the single- fiber- population of tube 4a and 4b, and the right column shows the single fiber- population of tube 5
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repeatability. The distribution obtained from scan 1 is sig-
nificantly different to those obtained from later scans, where 
all recovered distributions are broadly similar. The experi-
mental design of the third scan session (ie, no phantom re- 
positioning between the two scans) allowed estimates of 
short- term repeatability on a voxel- wise basis (Figure 6 and 
Table 4). For tube 4a and tube 4b, the voxel- level RC values 
of the estimated diameters are 4.13 µm and 4.10 µm, the ICC 
values are 0.519 and 0.361, respectively. The tubes contain-
ing samples with crossing fiber architectures (tubes 1 and 6) 
showed higher RC (tube 1/tube 6: 5.52 µm / 4.43 µm) and 
lower ICC values between repeat scans (ICC tube 1/tube 6: 
0.150 / 0.131). The sample- level RC value is 1.13 µm, the 
ICC value is 0.727, and the CV value is 11.3%.

4 |  DISCUSSION

This single- blind study used a 3T Connectom human MRI 
scanner, advanced modeling, and a co- electrospun hollow 
PCL- PSi microfiber phantom to establish the reliability of 
microfiber diameter estimates in a scan time < 1 h.

The results demonstrate fiber orientation and median pore 
size estimates that are highly comparable with results ob-
tained by SEM, demonstrating the validity and robustness of 
the microstructural imaging pipeline with the phantom con-
figuration used here. Compared with others in the literature, 
this phantom confers several advantages. The inner diameter 
approximates the median of the range of diameters within 
the human white matter (0.25~10 μm)48 (although please see 
the Limitations section below). Moreover, the pore shape is 
more comparable to that seen in vivo making the phantom 
more “biomimetic” than other phantoms developed to date. 
Finally, (see Figure 5), the substrate contains larger extra- 
fiber “voids” between the restricting geometries (a result of 
the manufacturing process) where the diffusion path- length 
will be considerably longer than for spins trapped within the 
intra- fiber pores. Thus, the phantom has surrogate “extra- 
fiber” compartments as well as intra- fiber compartments, 
which again pushes the properties closer to that of real tissue.

A previous study used a phantom comprising both extra-  
and intra- fiber compartments with a uniform inner diameter 
(12 ± 0.9 µm).10 The same group recently constructed a phan-
tom with an inner diameter of 0.8 µm,14 and have started to 
fashion cross- fiber configurations. However, no quantitative 
estimates of pore- size in these more complex configurations 
have been reported. Validation of such estimates in phan-
toms with complex architectures is necessary since human 
white matter fiber bundles are not perfectly co- aligned, even 
in “single fiber” populations, and 60 ~ 90% of voxels con-
tain multiple fiber orientations.42 Thus, the acquired signal 
in each voxel may originate from the restricted water across 
several fiber bundles in different orientations or even more T
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complicated geometrical configurations (eg, axonal diame-
ter), increasing uncertainty in fiber orientation estimates.49 
Such partial volume effects confound the estimation of frac-
tional anisotropy and fiber diameter in restricted volumes.

The present study extends previous work by validating the 
AxCaliber3D framework using a more sophisticated phantom 
that includes a range of pore sizes (with a median around 5 
µm), and both single and crossing fiber- orientations (about 

F I G U R E  5  SEM images of  
Co- Electrospun PCL- Psi fiber phantom. 
A- C, SEM images with low (left) and higher 
(right) resolution. D, The area- weighted 
fractions of each sample pore size are shown 
in blue (tube 1 and tube 6), orange (tube 4a 
and 4b), and yellow (tube 5)
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45° and 90°). Regarding non- crossing single fiber condi-
tions, the AxCaliber framework has been shown to recover 
axonal diameter distributions accurately.7,50 In the current 
study, to account for crossing fiber configurations, we used 
AxCaliber3D31 with a continuous Poisson pore size distri-
bution30 to resolve diameters. On the whole, regardless of 
whether the sample contained one or two fiber populations, 
the recovered fiber orientation and pore- size estimates agreed 
well with measurements obtained by direct SEM.

Good repeatability is critical to quantitative MRI research 
to provide stable metrics that are less influenced by measure-
ment instability. Long- term repeatability facilitates the study 
of subtle longitudinal changes in pore size, while short-  (and 
long- ) term variability both impact the random errors and 
precision of the estimation model. Our results showed in-
consistency of estimated pore- size distributions between the 
first scan session and other scan sessions. Across the long- 
term scans, it was not possible to perform a voxel- by- voxel 
comparison due to the difference in the phantom positioning. 
Furthermore, images with lower SNR may introduce uncer-
tainties in orientation and restricted- diffusion signal fraction 
estimation and, thus, result in variations in pore- size distribu-
tion.51 That is, differences in estimated pore- size distribution 
might be explained, in part, by differences in the SNR.

We observed a reduction in SNR of approximately 25% 
over 1 y (between scans 2 and 3), although no difference was 
observed between scans 1 and 2. The source of this varia-
tion in SNR is unclear but could possibly reflect changes in 
the phantom material. For example, in the co- electrospinning 
manufacturing process, the core solution is PEO in water 
while the shell solution is PCL in Chcl3+DMF. The hollow 
microfibers are formed in situ after the evaporation of the 

F I G U R E  6  The ICC between immediate scan and rescan. The upper row plots show the estimated diameter from scan 3a against that from 
scan 3b of block samples with crossing orientation (in tube 1 and 6), whereas the bottom row plots are block samples with single orientation (in 
tube 4 and 5). The line of best fit between the data from the repeated scans is shown in red. RC, repeatability coefficient (µm); CV: within- voxel 
coefficient of variance (%)

T A B L E  4  Repeatability between different MRI scans 3a and scan 
3b

RC 
(µm) ICC CV(%)

Voxel- level repeatability

Tube 1 5.52 0.150 58.9

Tube 6 4.43 0.131 52.6

Tube 4a 4.13 0.519 40.6

Tube 4b 4.10 0.361 42.2

Tube 5 4.75 0.201 38.8

Sample- level repeatability 1.13 0.727 11.3

Note: Asterisks are shown to indicate that P < .01.
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solvents in both the shell and core. The PEO polymer is as-
sumed to deposit on the inner surface of the resultant hollow 
PCL fibers but is not removed before the phantom is assem-
bled. It can be expected that PEO would dissolve gradually in 
water, when the hollow fibers are filled with water. However, 
PEO has a very high molecular weight (900 kg/mol) and dis-
solves very slowly at room temperature. The PCL polymer in 
the microfiber shell is subject to hydrolytic degradation, tak-
ing 2- 4 y for a complete degradation, depending on the initial 
molecular weight and surrounding fluid.52 Therefore, consid-
ering the 1- y gap between the second and third scan sessions, 
a certain level degradation of PCL polymer can be also ex-
pected in the water- filled phantom. This may have shortened 
T2, leading to a reduction in SNR and is worthy of further 
investigation, but is beyond the scope of the current work.

Duval et al,53 previously demonstrated stable AxCaliber 
estimates in the spinal cord of healthy human participants, 
with correlation coefficient (r) 0.64. We note that in the spi-
nal cord, the axons tend to be largely co- axial. In our study, 
pore- size estimates demonstrated good repeatability at the 
sample- level (ICC = 0.727, RC = 1.13 µm), whereas the 
repeatability of pore- size estimates at the voxel- level was 
considerably better for “single orientation” samples than for 
those containing multiple fiber orientations. However, the 
short- term repeatability remained poor in both cases, which 
suggests the uncertainty at the voxel level that may still be 
affected by the errors from many parameters fitting in the 
model or potential residual misalignment in the scan- rescan 
test. Nevertheless, pore size and fiber orientations were esti-
mated accurately by the proposed framework, but the repeat-
ability at the voxel level should be re- examined and improved 
in the future.

4.1 | Limitations of the study and 
future directions

While our work demonstrated the strength and reliability of 
AxCaliber3D model to resolve the complex fiber architec-
tures in this particular substrate, it is important to keep in 
mind that this study also has several limitations. Most impor-
tantly, we caution against full extrapolation to “axon diam-
eter” mapping. While this phantom is a definite move toward 
the white matter properties, it would be premature (and incor-
rect) to conclude that this work fully licenses claims about 
the validity of AxCaliber3D for estimating axon diameters in 
all of white matter.

The most obvious hurdle preventing these claims is that 
the pore sizes remain considerably larger than the modal ex 
vivo white matter axons in the human brain. Further work 
is needed to manufacture pores with a smaller internal di-
ameter. Second, there was no explicit attempt to control the 

temperature of the scan room during data acquisition. Lack 
of temperature control may have led to differences in the dif-
fusivities of the phantom substrate between scans which may 
have affected the precision/ repeatability of the microstruc-
tural estimates. Although we did not anticipate this to be a 
major contributor, future work should record the real- time 
temperature during scanning to clarify such a possible con-
found. Moreover, we observed changes in the diffusion MRI 
characteristics of the phantom materials between scans 1 and 
2 that are challenging to explain. We considered degradation 
of the phantom, but the only potential evidence of this is a 
change of around 25% in SNR that was observed between 
scans 2 and 3, over a period of 1 y; this does not explain the 
differences between scans 1 and 2. Additionally, as can be 
seen in Figure 4 and Table 3, the cumulative histograms of 
fiber diameters for the SEM measurements of the phantom 
(measured before any of the MRI scans) match the cumula-
tive histograms of fiber diameters from the diffusion MRI 
scans at time points 2, 3a, and 3b well. The diffusion MRI cu-
mulative histograms from scans 2, 3a, and 3b also match each 
other well but do not match the diffusion MRI histograms 
from scan 1. The cause of this outlier behaviour for the diffu-
sion measurements at scan 1 requires further investigation in 
future longitudinal studies; at this time, we are unable to rule 
out potential short- term issues with water penetration into the 
phantom material, scanning temperature variations, or errors 
in the diffusion MRI data acquisition as potential causes.

Third, the phantom was not explicitly designed to mimic 
the relative size and shape of the extra- axonal space seen in 
tissue; thus, estimates of tortuosity and extra- axonal time- 
dependence are unlikely to reflect the situation in vivo.12,30,54 
Fourth, the degree to which water exchanges across the 
fiber membranes is currently unknown, although a reason-
able degree of restriction is apparent in the clear presence 
of time- dependent diffusion.28 Finally, due to the way in 
which the phantom is manufactured, the substrate is hetero-
geneous; thus, the control of the “ground truth” fiber angle 
and pore size is imprecise, which adds uncertainty to the 
cross- validation process. Thus, achieving perfect agreement 
between the dimensions extracted from the SEM of a subsa-
mple of the material and the sample used for imaging can be 
challenging.

Despite these limitations, this study can be considered as 
a useful step in the evolution of validating pore size estimates 
in complex geometries on a human MRI scanner. Similar 
validations in non- uniform pore phantoms in relatively short 
scanning times will enlighten the clinical practice of micro-
structural imaging in different living tissues including, but 
not limited to, the prostate,55 and muscle fibers.56,57

Owing to the blind nature of the experiment, the sample 
geometry and restricted diffusivity were totally unknown a 
priori. Thus, a wide range of diffusion times (diffusion time: 
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19 ~ 90 ms) was used to maximize the sensitivity of diffusion 
displacement to possible pore sizes.58 If more information is 
known a priori, the acquisition protocol could be optimized 
accordingly, including a reduction in total acquisition time. 
This is likely to lead to improved precision of microstruc-
tural parameter estimation and may, therefore, also improve 
repeatability.

In summary, by spanning multiple diffusion times and 
gradient strengths on an ultra- strong gradient scanner, we 
successfully estimated the fiber architectures that had ex-
pected pore sizes lower than 10 μm (around 5 μm) in both 
single- aligned fiber populations and in populations of cross-
ing fibers within a new biomimetic phantom with non- 
uniform cross- sections, which more closely mimics the 
white matter features than previously used simple geomet-
ric phantoms. Our microstructure measurements show good 
agreement with the new generation diffusion phantom and 
support validity for microstructure quantification of complex 
environment at the micron level. Future work is underway to 
validate pore- size estimates in phantoms with more crossing 
populations (including completely random), variable “extra- 
cellular” volume fractions and smaller non- uniform pore- size 
diameter than studied here.
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FIGURE S1 Larger field of view SEM image showing the 
irregularity of the manufacturing process, including the large 
“extra- fibre” pores
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