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Deliverable 4.1 
Summary of validation analysis 

 
Short Background 
With no ground truth, validation of diffusion MRI connectivity and micro-structure measures is 
limited. In this WP we set to explore various procedures that can increase the certainty of our 
observations. The diffusion imaging data and the different analysis routine developed in WP1 
and 2 were challenged in 3 studies:  

1. Validating tractography and microstructure measures in brain maturation: The goal of 
learning how the human brain matures and organizes itself within the first couple of 
decades of life has continued to attract increasing interest within the scientific arena. 
Diffusion MRI, and the application of diffusion tensor imaging (DTI), provide a unique in 
vivo insight into the brain’s microstructural changes, especially those within the white 
matter. However, DTI-based estimates are non-specific and amalgamate features from 
different tissue microstructures i.e. fibre density, myelination, axonal diameters, glial 
cell density etc. Moreover, the image resolution of clinical diffusion MRI is limited and 
imaging artefacts due to motion, limited scan time and partial volume effects are 
significant and become more severe in unique populations such as diseased subjects 
and children.  

2. Developing analysis tools for connectivity that can be compared to known databases: 
Diffusion-weighted imaging has become an established technique to infer the micro-
structure of the brain. Its more popular application, fibre tractography, remains the 
unique non-invasive tool to infer the human brain structural connectivity in vivo. Indeed, 
tractography based on diffusion-weighted MRI can be used to estimate the aspects of 
anatomical connectivity between different brain structures (see, e.g., Kaden et al. (1); Yo 
et al.(2)). Validation of these measures could be performed by direct comparison with 
known connectivity data (from other invasive methods). Yet, additional development in 
analysis routines of diffusion MRI data should be performed in order to achieve such 
comparison.  

3. White Matter Phantoms: Many different tractography algorithms have been described 
in the literature, but the validation aspect is relatively scarce. Several hardware 
phantoms were developed in the past to mimic real brain tissues, even though their 
“microstructure” remains simple compared to that found in living tissues. Thus, the 
measurement of micro-structure and connectivity, in-vivo is valuable for it-self but the 
meaning of these measures, taking into account the limitations of the method, is 
undefined. Validation of tissue microstructure measurements and of tractography 
results requires ground truth information derived from samples with properties that are 
close to those observed in human neuronal tissue (3). 

 

Goals 
 
The goals of this part of the project are: 
 
- Validation of micro-structural parameters in the excised Tissue. Under this topic we will try 

to:  
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1. visualize microstructural changes, such as axon diameter and fibre density, in 
the maturing monkey brain ex vivo using diffusion MRI based axon diameter 
estimates and to compare specific microstructural estimates with conventional 
DTI measures.  

2. To test and tune the diffusion acquisitions, mainly from WP1, for ex vivo 
imaging and to visualize microstructural changes such as axon diameter and 
fibre density in the maturating monkey brain ex vivo using diffusion MRI based 
axon diameter estimates and DTI.   

3. To investigate correlates of the micro-structural parameters extracted from new 
acquisition methods developed in WP2. 
 

- To develop a software tool to enable investigation and validation of connectivity.  
1. To develop a robust intra-subject and cross-subject fiber clustering 

methodology.  
2. To implement the software pipeline in the BrainVISA/Connectomist-2.0 toolbox.  
3. 3. To validate it on a MRI database including HARDI data. 

 
- To validate the interpretation of tractography results in terms of quantitative aspects of 

anatomical connectivity.  
1. Under this topic the group of TK worked on the incorporation of diffusion based 

connectivity information (obtained from YA) into a dynamic model of the rat 
brain. For this purpose, we digitized a rat brain atlas, registered it to the MRI 
data and computed a quantitative connectivity matrix between the various 
brain areas. 

2. To perform tractography on diffusion data of pig brains (obtained from TD). We 
worked on the quantitative validation of these results using manganese tracing 
performed in the same brains 

3. To use known anatomical connectivity in the macaque visual cortex to provide 
validation of tractography strategies. 
 

- To validate experimental frameworks through phantoms.  
1. To develop a novel hardware phantom dedicated to the validation of high 

angular resolution diffusion imaging (HARDI) and tractography algorithms. The 
phantom's geometry was designed to mimic a human brain coronal slice at the 
level of the cortico-spinal tracts, depicting a variety of complex fibre 
configurations (crossing, kissing, splitting, or U-fibres).  

2. To develop axon-mimetic materials that may be used as phantoms for the 
calibration and validation of diffusion MRI, with application for tractography and 
microstructure measurements. 

3. Validate new diffusion MRI protocol on designed phantoms 
 

Main Results 
 
Validation of Micro-structural parameters in the excised Vervet brain 
 
Tuning DTI and microstructural imaging using ActiveAx protocols:  
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For single shell DTI we used the setup of Dyrby et al 2011 (4) and a whole-brain HARDI dataset 
was acquired overnight. For ActiveAx (HARDI multi-shell) we optimized the protocol for a Gmax 
of 300 mT/m, as suggested by WP1. We reduced the number of measurements from 360, 
following the optimization of acquisition WP2 and WP3, to 250, which then allowed a whole-
brain dataset to be acquired over a weekend (2.5 days). Due to the large amount of data it was a 
practical challenge to setup the ActiveAx protocol on the 4.7T Varian scanner. We completed 
data collection by the end of October 2011 on all of the sixteen perfusion-fixated monkey brains 
that we received from the Montreal Brain Bank. The monkey brains are age-grouped from 1 to 
48 months, corresponding to years 1 to 14 of the human brain.  
We have setup the imaging-processing pipeline for the ex vivo data that includes a DTI and a 
microstructural estimation stage: 

1) DTI: Diffusivity and anisotropy are calculated and analysis is initiated. Figure 1 shows an 
example of color-coded fractional anisotropy (FA) of a five- and a 48-month old monkey 
brain. Compared to the elderly brain, the young brain size is smaller and FA in white 
matter is, as expected, generally lowered. This is due to its early maturation stage, when 
myelination and axonal diameter changes are on-going. We hope to be able to visualize 
the latter using ActiveAx.  

2) Microstructural estimation: We use the ActiveAx code developed by the group of Daniel 
Alexander in the previous reporting period, now made freely available in the Camino 
diffusion tool box, for calculating axon diameter and fibre density indices. The image 
processing-pipeline for ActiveAx is setup and ready to process. However, ActiveAx is 
very computationally demanding, and therefore we focus upon a region-of-interest 
(ROI) analysis and not the whole brain. We are in the process of defining the ROIs, in 
addition to sub-regions of corpus callosum, which will be included in the analysis.  
 

 
Super Resolution of DTI data: 
As part of the pre-processing stage we investigated a super-resolution (SR) technique (5) to 
reduce the partial volume effect (PVE). Here the raw HARDI data is interpolated to a higher 
resolution before reconstruction. The motivation was to confirm if this simple SR-technique 
could retrospectively reduce the PVE within a HARDI dataset. Simulation results show that SR 
does reduce PVE in DTI. Results comparing HARDI datasets acquired at different image 
resolutions support the simulations, and previously hidden anatomical details, which only 
appear after applying the SR-technique, are verified by histology. An example is shown in Figure 

 

Figure 1: color-coded FA of fixated monkey brains at different ages. FA tend lowered (darker) at 5 month. Voxel resolution is 

isotropic 0.5 mm voxels. 

5 months 12 months 24 months 48 months
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2. Besides the increased amount of data, which needs to be processed, the SR technique does 
have other limitations and so must be used with caution. 
 

 
Figure 2: Simple SR technique extract anatomical data not seen in original low resolution data due to PVE. A) 
Simulation of crossing fibres with one fibre having different thickness (green). B) Sagittal slice through 

hippocampus layers in ex vivo monkey brain. Example of SR where (left) original data is the low-resolution image 

that is interpolated to eight times higher resolution (SR-DTI) (B, mid). Compared to original high-resolution 
reference image details in the SR-DTI reveal anatomical details of hippocampal layers not visible in original data 

due to PVE. 

 
 
Validation of d-PFG micro-structural parameter on the mature rat brain  
We implemented d-PFG MRI sequences on our 
7T MRI. After ensuring that the sequence is 
functioning properly, we have applied the d-PFG 
sequence to the ex-vivo and in vivo rat brain. 
We have performed the experiments only in the 
long tm regime. The angular d-PFG experiment 
was performed in the X-Y plane and the angle ψ 
was varied between 0º and 360º in thirteen 
steps. The E(ψ) images were co-registered and 
then all of the images were normalized to a 
reference image Eref= ([E(ψ=0º)+E(ψ=360º)]/2), 
yielding normalized E(ψ) images. A pixel-by-
pixel analysis was then performed on the data 
with the group of Yaniv Assaf. The normalized 
angular dependence was fitted to the following 

function: E(ψ)norm=1-aE*sin2(ψ-)+C (where aE is 

the apparent eccentricity,  is a measure of the 
residual ensemble anisotropy and C is a 
constant) using a Levenberg-Marquardt 

 
Figure 3: (a) Apparent eccentricity (aE) map. (b) Absolute-
valued apparent eccentricity map (|aE|).(c) Map of the 

residual ensemble anisotropy phase . (d) Maps of the 

symmetrized phase, sym, where the negative color-bar was 
made equal to the positive color-bar. Note the marked 

contrast in cortical regions in these images, especially the 

contrast resembling cortical layering in the aE map and the 
strong contrast in the medial–lateral direction observed in the 

 maps. The experiments were performed in the X–Y plane. 
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algorithm in Matlab®. Apparent eccentricity maps and residual ensemble anisotropy maps () 
and their absolute vales were computed as seen in Figure 3.  
Figure 3a shows that under the experimental conditions used, the aE values vary between ~-0.8 
to 0.8 in the brain. TheaE maps appear quite symmetrical when the two hemispheres are 
compared, and several important features can be noted. First, when cortical gray matter is 
inspected from its superior part towards the inferior part of the cortex a contrast arises, 
showing between five and six "layers" in the aE maps. Furthermore, a distinct contrast emerges 
between the areas of the most medial part of the gray matter, which has negative aE (thus 
appearing blue), and the more lateral gray matter area, which has a positive aE. The gray matter 
of the striatum also shows non-uniformity in aE contrast; furthermore, the striatal gray matter 
has different aE compared with cortical gray matter (Figure 3a). Note that in these aE images, 
the white matter (for example the corpus callosum) does not appear homogeneous, but shows a 
variation in the sign of aE along the white matter: in the regions where the corpus callosum is 
more aligned in the medial-lateral direction, the aE appears negative, while where it is aligned in 
a more superior-inferior direction, the aE is positive. Figure 4b shows a map of absolute-valued 
aE, |aE|. Here, the white matter of the corpus callosum appears more uniform and the layering 
is still clearly evident, as well as the contrast within the striatum which remains robust. Figure 1c 
shows the map of the residual orientation, φ. These images reveal strong contrast, especially in 
gray matter regions of the cortex. Looking from the most medial part laterally in the cortex, the 
φ parameter creates a contrast that appears as "bands" of varying φ-values across the cortex.  
 
Notably, the variation in the values of φ in one 
hemisphere is mirrored in the second hemisphere, 
but with opposite signs of φ; this indeed reflects the 
opposite residual orientations due to ensemble 
anisotropy of compartments in the gray matter 
between the two hemispheres. To verify that the φ-
values are indeed symmetrical across the brain, the 
colorbar was symmetrized with respect to 0; indeed, 
a highly symmetrical image of φsym is then obtained 
(Figure 3d). Note also the strong contrast that 
appears in the gray matter of the striatum in both φ 
and φsym maps, where the contrasts are opposite in 
sign in φ and highly symmetrical in φsym. 
We have also performed a preliminary comparison 
between the angular D-PGSE MRI and DTI which is 
presented in Figure 4. Clearly the information seen 
on the d-PGSE MR images is different from that 
obtained from the DTI. However it seems that at 
least the e1-e3 maps obtained from DTI show some 

similarities to the  maps obtained from d-PGSE 
MRI. Further studies will be needed to evaluate the 
similarities and differences between the information 
obtained from both methods. 
 
 
 
 

 
Figure 4: A, B: d-PGSE MRI derived maps. C–H: DTI-

derived parameters. A and B represents aE and  maps, 

respectively. C, E and G: maps of the eigenvalues 

1,2, and 3 and (D, F, and H)  maps of eigenvectors 
e1, e2, and e3,respectively. The contrast observed in the 

u maps resembles the contrast in the primary 

eigenvector, to a certain extent. However, further 
studies dedicated to comparison of d-PGSE MRI and 

DTI maps are required to establish the uniqueness of the 

contrasts observed. 
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Development of analysis toolbox to study anatomical connectivity of the human brain 
 
The analysis toolbox that was developed (i.e. complete redesign of BrainVISA's diffusion toolbox, 
connectomist 2.0) includes the following features: 
 

 Data management and q-space sampling, quality check and artefact corrections – this 
component manages DWI data and their corresponding q-space sampling scheme (cartesian, 
single shell spherical, multiple shell spherical, custom) while performing the pre-processing 
steps. 

 Local modelling – this component builds the ODF or PDF fields from several models such as: 
the Diffusion Tensor model, the numerical or analytical Q-ball models, the Diffusion Spectrum 
Imaging model, the Diffusion Orientation Transform model, the Constrained Super Resolved 
Spherical Deconvolution model, the Sharpening Deconvolution Transform model, and the 
multiple q-shell Diffusion Propagator Imaging model. Further, it processes the maps of all 
related indices (GFA, Mean diffusivity, color-encoded map, nematic order, normalized entropy, 
etc.). 

 Tractography domain definition – this component builds an anatomy-based robust mask of 
the white matter using anatomical T1-weighted data 

 Tractography – this component offers different methods to infer the whole brain anatomical 
connectivity from deterministic, probabilistic or global tractography algorithms; all the 
algorithms have been made generic with respect to the choice of local models, and were 
carefully optimized to enable fast computations. 

 Bundle filtering and selection – this component provide all the necessary methods to post-
filter the obtained tractograms and to select fibres from predefined regions of interest. It also 
enables defining bundle centroids, as well as it enables plotting information profiles (such as 
GFA, mean diffusivity, transverse diffusivity, parallel diffusivity along curvilinear coordinate 
systems (bundle mean lines). 

 Connectivity matrices – this component allows building the connectivity matrix for a given set 
of regions of interests; sets of regions can be 3D volumes of labels, surface vertices, or 2D sets 
of regions on the surface. 

 Intra and inter-subject fibre clustering – this component allows for automatic and hierarchical 
classification of fibres into bundles either for a single subject or for a group of subjects; it is a 
useful tool to build group atlases of bundles for various ranges of lengths, thus enabling to 
build atlases of long bundles as well as atlases of short U-fibre bundles . 

 Intra and inter-subject parcellation of regions of interest – this component allows for 
automatic subdivision of predefined regions of interests according to their connectivity profile; 
for instance, using this component, it is possible to parcelate the gyri on the cortical surface 
into clusters sharing similar connectivity profiles. 

 Intra and inter-subject striato-pallido-cortical connectivity – this component permits the 
analysis of the striato-pallido-cortical connectivity on the surface of the cortical mantel and 
provides the tools to analyse group differences of such surface connectivity maps. 

 Monte-Carlo simulator of the diffusion process – this component is related to large scale 
Monte-Carlo simulations of water molecular diffusion inside a geometry defined by membrane 
meshes (synthetic or extracted from microscopy), and to simulate the diffusion-weighted 
signal obtained from a large set of distinct diffusion pulse sequences (PGSE, dPGSE, OGSE, …) 
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In order to reduce the dimensionality of the problem of clustering massive sets of tracts, a novel 
methodology was implemented from a two-level intra-subject and inter-subject clustering 
strategy. 
At the intra- level, the methodology was relying on several steps (see figure 5):  

1) separation of tracts into « segments » including the right and left hemispheres, the 
inter-hemispheric segment and the cerebellum,  

2) division of the sets of tracts into groups of tracts according to their length,  
3) clustering of the fibers at the level of each group using a hierarchical decomposition of 

the tracts with the main clustering step executed in the space of white matter voxels ; 
during this clustering, the white matter voxels are merged when they are connected by 
several tracts, leading to reconstruct gross masks of the underlying bundles, used 
subsequently to obtain small sets of fibers, composed by overlapping bundles that are 
split further using sensitive clustering algorithms ; the intra-subject clustering reduces 
the tractography dataset from more than one million tracts to a few thousand fiber 
bundles;  

4) construction of the centroids corresponding to each obtained cluster since their regular 
shape allows to represent them by a single « average » fiber. 

 
At the intra- level, the methodology was also relying on several steps:  
1) a centroid is first calculated for each bundle using the mean of the two mean closest point 

distance and for each subject ;  
2) the centroids from all the subjects are then transformed to the Talairach space using an 

affine transformation estimated from the T1-weighted images ;  
3) a bundle centroid affinity graph is computed using a pairwaise distance between centroids ;  
4) an average-link hierarchical 

clustering is computed from 
the affinity graph to extract 
very tight clusters yielding the 
generic bundles of interest. 

The set of generic bundles was 
finally used to establish two 
novel cross-subject WM bundle 
atlases: an atlas of deep white 
matter bundles (as depicted in 
figure 6) and an atlas of short 
white matter bundles. 
The full clustering pipeline has 

been integrated to 

BrainVISA/Connectomist-2.0 that 

should be released in early 2012 

and made available to the 

community. 

 
 

 
Figure 6 : Atlas of the deep white matter bundles constructed from a database of 

12 healthy volunteers 
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Figure 5 : General scheme of the intra-subject fiber clustering method 
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Validation of tractography using Mn2+ tracing: 

Before quantitative estimates of connectivity based on diffusion MRI can be trusted, it is 

important to evaluate the relationship between tractography and the number of axons. For this 

purpose, the groups of TD and TK ran a comparison study between probabilistic tractography 

and Mn2+ tracing in pig brains (see (4)). Manganese is an independent anatomical modality for 

validating tractography, because it does not rely on water diffusion. It is transported inside 

axons and does not have crossing fibre problems. 

We used diffusion MRI data of 3 pig brains (6) to perform probabilistic and deterministic 

tractography, based various local models (diffusion tensor, DT, MedINRIA (7), spherical 

deconvolution, SD (MRtrix) (8), ball-and-stick (FSL) (9)). For each of these brains, Mn2+ tracing 

images are available, based on injection sites in prefrontal cortex, motor cortex and 

somatosensory cortex (6). The injection sites were also used as seeds for the probabilistic 

tractography. Deterministic tractography was globally initialized and computed with the tensor 

deflection (DT) and streamline (SD) algorithm. The fibers crossing the seed ROI were selected to 

compute a tractogram in the voxel space. 

The comparison between tractography and tracing depends on thresholding. We varied the 

thresholds between zero and the maximum of the image. We manually selected regions of 

interest in the manganese images, manually determined the appropriate thresholds and 

computed reconstruction accuracy for these regions (Fig. 6). The plot shows that regions close 

to the injection sites show higher reconstruction accuracies. Distant and difficult to reach 

regions, like dorsal thalamus and substantianigra show lower values. The probabilistic tensor 

tracking yields particularly high values in most regions, streamline track produces lower values. 

In pig 3, all methods (except for the prob. tensor) yield somewhat lower detection accuracies. 

Both, manganese tracing and diffusion tractography are limited by image resolution and 

projections show some kind of distance dependence. For manganese projection sites, GM 

appears brighter than the actual tracts, while WM appears more significant closer to the 

injection site/seed region than at longer distances. This effect was dealt with the definition of 

regions of interest with taylored thresholds. Similar effects are seen for tractography, but this is 

related to path-length dependency: short connection appears having a higher confidence of 

connectivity than the longer ones. This is confirmed by the region based analysis. The two tested 

probabilistic method both yield good results in the region-based analysis, where the tensor 

based one is even better. However, when looking globally, it turns out that the tensor model 

yields many false positive tracts to regions not touched by the manganese, while the ball/stick 

model does not. The tensor tracking simply seems to spread out easily into all directions in 

regions of low FA. Determistic methods also have problems reaching many regions, possibly 

because they are too unflexible at crossing and branching points, also to take the less preferred 

route. 
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       ------------ pig 1------------------------|--------- pig 2 ----------|----------- pig 3 ---------------- 
Figure 6: Detection accuracies as sqrt(sensitivity*specficity). The depicted values are the maxima over all 

tested tractography thresholds. Note that some regions (CC, SN) are repeated for different brains. Labels: 

Pig1 -  ipsilateral prefrontal cortex (injection region, PFCinj), upper contralateral PFC (cPFCup), 

contralateral PFC (cPFC), corpus callosum (CC), medio-dorsal nucl. of thalamus (MD), substantianigra 

(SN). Pig 2: ipsilateral somatosensory cortex (injection region, SCinj), contralateral somatosensory cortex 

(cSC), ventro-anterior nucl. of thalamus (VA), CC.  Pig 3: ipsilateral motor cortex (injection region, 

MCinj), contralateral motor cortex (cMC), VP nucl. of thalamus, CC. 
 

 

Incorporation of dMRI based connectivity estimates into dynamic brain models: 

To explain dynamic brain activity as reflected by, e.g., EEG and MEG, biologically inspired models 

like the Neural Mass Model (NMM) can be used. These models are characterized by the mean 

firing rates and postsynaptic membrane potentials. NMMs can be extended to Neural Field 

Models (NFMs) incorporating spatial information. We propose a mathematical framework for a 

NFM that can accommodate different types of empirical information on connectivity strength 

(local and distal) between different parts of the brain, and transmission speed information of 

these connections (which relates to axonal caliber such as potentially revealed, e.g., by the 

AxCaliber method). We use integro-differential equations to describe the NFM. 
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Experimental data of rats are used to specify the propagation velocity using empirical, position-

variant, axonal diameter distributions of myelinated and unmyelinatedcallosal axons (10). 
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Diffusion tensor imaging is used to 

reconstruct axonal projections 

through the white matter. We use 

an atlas-based parcellation of the 

rat brain (11) to allocate the 

reconstructed projections to 

specific brain regions, yielding the 

connectome.  

Summarizing, in this proof-of-

principle study we demonstrate the 

feasibility of the model using 

anatomical information from 

microscopic investigations as well 

as diffusion weighted MRI in rat. 

These connectivity patterns (i.e., 

the connectome) need to be 

further refined and validated in the 

future.  Additional validation can be obtained by comparison of the model prediction with 

experimentally acquired electrical brain data (e.g. local field potentials). 

 

 

 

 
 
Figure 8: Left: Sample connectome based on DTI for rat. The structures that are most strongly interconnected in the rat brain are the 

hippocampus, the thalamus, the motor and the sensory cortices Right: Example of dynamic simulation of mean membrane potential. 

  

 
Figure 7: Velocity probability density. The profile includes two peaks, which 
are caused by unmyelinated (major peak) and myelinated (side peak) axons.  

Unmyelinated axons influence the propagation velocity distribution more 

strongly than myelinated axons (more than 23 times). Thus, axonal delays are 
mostly caused by unmyelinated fibers. 
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(c)Validation of tractography using known macaque visual system connectivity 
The group of GP made progress on the assessment of tracking algorithm accuracy via the use of 

quantitative comparisons between the known connections in the macaque visual cortex and 

non-invasive tractography in pre-existing post-mortem macaque data.The initial aim was to 

assess the potential benefit of distance correction applied to probabilistic tractography. The test 

data was formed of two pre-existing macaque diffusion MRI data sets were obtained from the 

Max Planck Institute for Biological Cybernetics, Tübingen, and the Athinoula A. Martinos Center, 

MGH.  The visual cortex was parcellated using the cortical partitioning scheme of Felleman and 

Van Essen (FVE91) available as part of the Caret 5.5 software. 22 cortical regions were identified 

in each hemisphere and were used as seed regions for probabilistic tractography using the PICo 

algorithm. For each dataset, the cortico-cortical interconnection (SCI) matrix of connectivity 

‘strengths’, scaled between 0-100%, was created. Using a range of thresholds for “accepted 

connection strengths” between 1 and 100%, comparisons were made with the Felleman and 

Van Essen atlas and true positive (TP) and false positive (FP) rates were calculated. A measure of 

accuracy with and without distance correction was determined, given as the percentage of 

correctly determined connections (including TP and true negatives (TN)).  

We have been able to show that it is possible to use our validation framework to identify 

optimum thresholds for probabilistic tractography that minimise false positives and false 

negatives. We have also shown that distance correction for probabilistic tractography makes no 

significant difference to the overall accuracy of probabilistic tractography (Fig. 10). We now plan 

to perform a comparison of the published tractography techniques in common use. 
 

Tissue Mimetic Phantom  
As outlined in the first period report we have developed methods for coaxial electrospinning 

(Co-ES) of materials with microscopic dimensions comparable to axons. Phantom microscopic 

features: The microscopic features of our axon-mimetic structures are determined by the choice 

of polymer materials and Co-ES process parameters such as voltage, translation stage velocity, 

polymer flow rate and needle-surface working distance. The orientation of these structures is 

controlled via the use of translation stages or mandrels in combination with optimised choices 

Co-ES process parameters.We have used translation stages to generate a range of geometries 

including crossing, bending and fanning structures (see first periodic report). This flexible 

 
Figure 9. Connectivity matrices in the macaque visual system (red: connection; blue: no connection). L-R: Cortical regions used in the 

tractography; In vivo connection from Felleman& van Essen; probabilistic tractography results without distance correction; 

probabilistic tractography results with distance correction. 
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approach to fibre deposition has allowed us to produce structures of similar dimensions to 

white matter tracts. 

Choice of phantom materials: Polymer choice for Co-ES is an important consideration, as 

viscosity, solubility and volatility all affect the nature of the final structures. A range of different 

combinations of materials was assessed for suitability for phantom construction. The wettability 

of the material is also of critical importance to allow fluid to enter the porous structures of the 

‘axons’, which in turn leads to the need to identify the most appropriate wetting fluid. This fluid 

must have similar diffusion and relaxation time characteristics to human tissue water.A 

promising candidate combination for the Co-ES process is polycaprolactone (PCL; outer Co-ES 

needle) and polyethelene oxide (PEO; inner Co-ES needle). The PEO is then evaporated away, 

leaving a PCL shell (the ‘axon’ membrane). For imaging, the material was placed in 8 mm NMR 

tubes, which were filled with cyclohexane; a proton rich solvent capable of infusing into the 

hydrophobic polymer, with a suitable T1 and ADC to mimic the free liquid in axonal bodies. 

Microscopic phantom features:As shown in Figs. 10 and 11, we have been successful in 
producing Co-ES axon mimics with a range of diameters compatible with the biological range for 
axons in vivo. Figure 2 shows Co-ES structures, again with differing average diameters, but with 

a greater packing density to those shown in Fig. 10, illustrating the range of deposition options 
available. An electron micrograph illustrating the micron scale anatomy that is being mimicked is 
also shown. 

 

 

Figure 10. Co-ES fibres with diameters ranging from (L-R) 0.4 μm, 3 μm, 4 μm, 12.2 μm 

 

Figure 11. Co-ES fibres with mean diameters ranging from (L-R) 3.3 μm, 5.2 μm, 10.6 μm, 12. Far right: Electron micrograph of 

healthy young and aged occipital lobe axons (www.bumc.bu.edu/anatneuro/research/electron-microscopy) 
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Figure 12 shows two examples of long-range association fibre tract-like phantoms constructed 

using materials consisting of the microscopic features demonstrated in Figs. 15 & 16. The 

flexibility of the Co-ES process means that a wide range of possible tract mimics is possible. 

Phantom diffusion MRI 

acquisition: We used the 7 T 

Bruker MRI scanner at the 

University of Manchester and the 

4.7 T Varian scanner at the 

Danish Research Centre for 

Magnetic Resonance (DRCMR). 

Diffusion tensor imaging 

acquisitions were based on a 

protocol with 30 gradient 

directions, b = 800 s mm-2 (plus 1 

b= 0 s mm-2), δ = 4 ms, Δ = 10 ms, Gmax = 300 mTm-1. An AxCaliber-like acquisition was also 

performed perpendicular to the fibres using STEAM with Gmax= 320 mTm-1, in 72 steps [0:Gmax], 

TE = 20.5 ms, δ = 4 ms, Δ = [16.5, 25, 50, 75, 100, 125] ms. 

As shown in Fig. 13, initial diffusion MRI measurements indicate that ADC increases and FA 

decreases with mean fibre inner diameter, with compatible results being obtained at both 

scanning centres, indicating the potential for phantom use in standardisation across sites. 

AxCaliber analyses are ongoing in order to assess the ability of the method to recover the known 

diameters of the Co-ES structures. 

 
Figure 13. ADC (left) and FA (right) measurements in phantoms at 7 T at the University of Manchester. Similar results were 
obtained at 4.7 T at DRCMR 

 
Validating d-PFG on phantom and excised tissue 
After studying coherently organized packs of microcapillaries, we extended the methodology to 
randomly oriented phantoms, where both radial and angular d-PFG MR experiments proved 
robust and offered new microstructural information even on compartment shape. Furthermore, 

 

Figure 12. Example ‘Fibre tracts’ created using our Co-ES process. 
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we developed the angular bipolar-d-PFG (bp-d-PFG) sequences, in order to cope with large 
susceptibility-induced in-homogeneities of the magnetic field.  Angular bp-PFG MR sequences 
were shown to be suitable to study size and shape in Toluene-in-Water emulsionsand yeast cells 
as well as in other samples. 
After validating the methodology angular d-PFG MR experiments were used to study the 
signature of WM and GM tissues separately. We studied isolated pig optic nerve as a model for 
WM and GM from rat brain. 
Conventional s-PFG NMR experiments in the x-, y- and z-directions revealed the cylindrical 
symmetry of the nerve and the diffusion isotropy in the GM. The s-PFG NMR results 
demonstrated very large ensemble anisotropy in the white matter, with diffusion in the z-
direction (parallel to the principal axis of the optic nerve) much faster compared to diffusion in 
the x- and y- directions. In the grey matter, however, diffusion appeared completely isotropic, 
representing the macroscopic isotropy of the specimen. 
Then angular bp-d-PFG MRS experiments were performed on each specimen at zero and long 
mixing times (tm), and at different q-values. The data obtained from the angular bp-d-PFG 
experiments is very much different for both types of tissues.5In the short tm regime, one can 
observe a bell-shaped function for WM, which represents the microscopic anisotropy (μA) 
present in this specimen. By contrast, the GM clearly exhibits a cos(2ψ) modulation convoluted 
with the bell-shaped E(ψ) dependence, an indication on the coupling of μA and compartment 
shape anisotropy (csA). Moreover, at long tm a cos(2ψ) dependence is observed in the GM, while 
in the WM, a much shallower modulation is obtained. This means that in GM, water is diffusing 
in randomly oriented compartments having a certain eccentricity.5This approach was also used 
to study the MRS characteristics of the spinal cords of LES rats in vitro. We are currently trying 
to model and analyze this data. 
 
Validation with a phantom that mimics a human brain coronal slice  
The mechanical design of the hardware phantom relied on the technology developed in DB's 
team. Two negative and positive mediums made from polyurethane material were 
manufactured to represent the shape of the typical fibre bundles contained in a coronal slice of 
the human brain. Sheets of cylindrical acrylic fibres (20µm in diameter) were carefully 
interleaved in the negative medium in order to form bundles of crossing, kissing and a U-fibres 
characterized (of 1cmx1cm cross-sections). The sequence for installing fibre layers was such that 
the density of fibres remains constant over the whole phantom and equal to 1900 fibres/mm². A 
specific container was designed to receive the hardware phantom as well as the pure water 
solution in which the phantom is immersed (Fig 14c), and a dedicated filling system was used to 
fill the container under vacuum conditions, in order to prevent the creation of air bubbles that 
might provoke susceptibility artifacts. 
Diffusion-weighted images were acquired using three q-space shells at three b-values 
650/1500/2000 s/mm², using a single-shot twice refocused spin echo echo-planar (DW-EPI) 
pulse sequence with the following parameters:  TE=77/94/102ms; TR=5s; matrix 64x64; 
TH=3mm; FOV=192mm; 3 slices; parallel acceleration factor GRAPPA=2; read bandwidth 
RBW=1775Hz/pixel. 
In order to prove that this hardware phantom is suitable for studying and validating local models 
of the diffusion process as well as tractography algorithms,  a study was conducted using the 
analytical Q-ball model (QBI) published by Descoteaux to build a field of the orientation 
distribution functions (ODF) using the maximum spherical harmonic order 6 with a 
regularization factor 0.006. Then, a streamline probabilistic tractography was launched from 27 
uniformly distributed seeds per voxel contained in a pre-processed binary mask of the fibre 
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bundles, using an aperture angle of 45° and a forward step of 0.5mm. Of course, this hardware 
phantom is not limited to the QBI/SPT combination and can be used to study and validate any 
ODF model underpinning any tractography algorithm. 
The ADC was estimated to three times the average value found in the white or grey matter, 
suggesting that a maximum b-value of 2000s/mm² in this phantom is equivalent to a maximum 
b-value of 6000s/mm² in brain tissues, in terms of SNR. Although the FA remains low due to the 
large diameter of the acrylic fibres, the computed ODFs still depict distinct peaks in regions of 
crossings, kissings and splittings. The figure below depicts a 3D rendering of the analytical Q-ball 
ODFs and provides a zoom of a region of crossings highlighting the coherence between the 
peaks of the ODFS and the underlying fibre-directions. The probabilistic tractography was 
successful in 1) recovering all the fibre bundles present in the hardware phantom, and 2) in 
adequately dealing with the crossing/kissing/splitting configurations. 

Figure 14. 
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