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Abstract
The introduction of diffusion tensor imaging fifteen years ago revolutionised the way of studying white matter disorders
through the means of diffusion magnetic resonance fibre tractography. It remains the only method available to date to
non-invasively study white matter architecture in-vivo. However, there are a number of limitations and pitfalls associated
with this technique that calls to question the validity of fibre tractography. In particular the lack of a genuine gold standard
prohibits quantitative analysis on the performance of fibre tractography algorithms. It is therefore of great importance for
proper validation of fibre tractography to establish robust methods that may serve as a gold standard. In this review, several
classical and contemporary methods used to study white matter architecture are discussed that can be used to validate the
anatomical trajectory of white matter bundles in the brain derived by fibre tractography with high precision. It emphasises
the need for true three-dimensional acquisition of ground truth data at high resolution from realistic specimen in order to
accurately resolve the correct trajectory of white matter tracts in the presence of crossing fibres.
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Introduction
Diffusion MRI is a powerful method for measuring white mat-
ter architecture non-invasively and in-vivo (Johansen-Berg &
Behrens, 2009; Jones, 2011). Based on the assumption that
diffusion of protons is restricted by macromolecular structures
such as myelin sheets wrapped around axons (Le Bihan &
Johansen-Berg, 2012), details about white matter architec-
ture can be derived from the principle direction of diffusion
(Basser, Mattiello, & Le Bihan, 1994). With the introduc-
tion of the first diffusion tensor fibre tractography algorithm
by Mori, Crain, Chacko, and van Zijl (1999) more than a
decade ago a whole near era of brain research began. The
unique ability diffusion tensor imaging to visualise the com-
plex white matter architecture of the living brain caused many
research groups targeting neurological disorders to quickly
adopt the technique (Ciccarelli, Catani, Johansen-Berg, Clark,
& Thompson, 2008). Moreover, fibre tractography is exten-
sively used in a new field entitled connectomics that stud-
ies the structural and functional connectivity of the brain
(Hagmann et al., 2010). The strong resemblance of fibre
tractography with known anatomy of white matter structures
detailed in anatomical atlases (Figure 1) ensured the technique
was readily accepted by the research community.

However, although fibre tractography produces qualita-
tively good results, its reliability and robustness remain largely
unproven. This is a serious concern, as the entire processing
pipeline of fibre tractography suffers from a number of lim-
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Figure 1. Diffusion tensor imaging of the corpus callosum using
the streamline fibre tractography algorithm shows a strong
correspondence with known anatomy of the commissural tracts and
cortical projection tracts. Adapted from (Jones, 2011).

itations that could produce errors in the results. Diffusion
MR fibre tractography is challenged with three major lim-
itations (Jbabdi & Johansen-Berg, 2011). First of all, it is
an indirect measure of white matter architecture. Secondly,
the accuracy of reconstructed fibre tracts is considerably low
in the presence of crossing fibres. And thirdly, the results
are difficult to quantify. The errors introduced by these lim-
itations can have detrimental effects on the validity of the
results. Caution should therefore be applied when interpreting
fibre tractography results without proper control experiments
(Jones, Knösche, & Turner, 2013).

To test the reliability of a novel techniques, the results are
often compared to well-established methods that proof the
integrity of the new technique. Although the similarities are
strong in the comparison of fibre tractography with known
white matter anatomy (Figure 1), a more quantitative approach
to prove the reliability and robustness of fibre tractography
is preferred. This is particularly true if the technique is to be
used in clinic settings. A quantitative analysis can be achieved
by comparing the results with a known ground truth, or so
called gold standard. Unfortunately, diffusion MR is currently
to only method to visualise white matter architecture non-
invasively and in-vivo. It is therefore extremely difficult to
acquire solid ground truth in live specimen using any other
well-established method. As a consequence, there exists no
genuine gold standard for fibre tractography.

Nevertheless, several attempts have been made to validate
fibre tractography, although mostly on postmortem ex-vivo
specimen. The methods that have been used for this pur-
pose are covered in the two overviews by Johansen-Berg and
Behrens (2009) and Jones (2011). In this master thesis, a
review of recent advances in validation methods for diffusion
MR fibre tractography will be provided. In particular, the fo-
cus will be on validating the precise anatomical trajectory of
the reconstructed fibre tracts. Good and reliable localisation
of white matter tracts plays an important role in surgery where
sub-millimetre precision is critical during resection of brain

tumours near white matter tracts or during disconnection of
disrupting white matter pathways in patients with epilepsy.

This master thesis is structured as following. The next
chapter briefly covers the fundamental steps of fibre tractogra-
phy, starting from the acquisition of diffusion MR images up
to tracing white matter bundles with fibre tractography algo-
rithms. The third chapter takes a critical look at limitations to
each step and indicates possible sources of errors in localisa-
tion of reconstructed tracts. Once the need for validation of
fibre tractography is made clear, the fourth chapter presents an
overview of methods that can be used for verify of the precise
anatomical trajectory of white matter tracts. Each validation
method is introduces with a brief description on how it works
and how it compares to diffusion MRI before it is closed
with a discussion on the advantages and disadvantage of the
method. The fifth chapter tries to bring all validation methods
together by presenting the methods in a comparison chart for
evaluation. In this chapter, the common components of im-
age registration and evaluation metric shared by all validation
methods are discussed. As well as some prospects for future
research. Finally, the master thesis ends with a conclusion on
what makes a good validation method.

Fundamentals
The processing pipeline of fibre tractography consists of many
consecutive steps. From high abstraction point, the entire
process can be reduced to three important phases (Figure 2).
The first phase is the acquisition of diffusion MR images. Dur-
ing this phase, diffusion of protons is measured with an MR
scanner and diffusion-weighted images are reconstructed. The
second phase involves modelling of diffusion profiles from
the acquired data. This phase is critical if fibre tracts are to be
traced correctly in the presence of crossing fibres. The final
phase is the actual reconstruction of tracts from the modelled
data. During this phase, fibre tractography algorithms are
applied to modelled data in order to extract continuous fibres
that can be visualised.

This chapter is only briefly covers the important steps
in diffusion MR fibre tractography. For a more extensive
overview on the techniques described in this chapter, the
reader is referred to (Johansen-Berg & Behrens, 2009; Jones,
2011) and references cited in this chapter.
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Figure 2. The three consecutive phases in the fibre tractography
pipeline, from acquisition of diffusion MR data from patients or
specimen to the fibre tractography results of fibre tractography
algorithms.
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Diffusion MR
Acquisition of diffusion MR images relies on the random
diffusion of molecules, a process also known as Brownian
motion. Thermal energy causes the molecule to diffuse a
certain distance D, depending on the mass of the molecule, the
temperature, and the viscosity of the medium (Einstein, 1905).
In diffusion MR imaging, the molecule under investigation is
typically the unbound water proton H+.

In a homogenous medium, protons can diffuse freely in
all three directions. But in a heterogenous medium the diffu-
sion of the proton is hindered or restricted by macromolecular
structures and the actual diffusion distance is reduced. There
is still some dispute about the right model for what cellular
components and compartmentalisation are responsible for the
limited diffusion (Le Bihan & Johansen-Berg, 2012). In one
model, four types of limited diffusion are described by restric-
tion, tortuosity, molecular crowing, and permeable barriers
(Figure 3). Regardless of the right model, the principle idea
behind diffusion MRI is that the restriction to the displacement
of proton between measures can be quantified. The reduc-
tion in diffusion distance can then be exploited to uncover
information about the surrounding of the proton.

The first successful acquisition of a diffusion-weighted
MR image was achieved by Le Bihan et al. (1986). In the
same publication, the well-known b-factor was introduced.
This b-factor plays an essential role in quantifying the aver-
age diffusion distance D of molecules based on the signal
attenuation A from the MR acquisition, as shown in equation
1.

A = exp(�bD) (1)

Water diffusion in brain tissue is not free

The ADC in the brain is 2 to 10 times smaller than free water dif-
fusion in an aqueous solution (which is 3.10-3 mm2.s-1 at 37 °C). Fur-
thermore, many studies have experimentally established that the
water diffusion-sensitized MRI signal attenuation in brain tissue
(and other tissues as well) as a function of the sensitization (b-
value) could not be well described by a single exponential decay, as
would have been expected (Eq. (2)) in an unrestricted, homogenous
medium (free brownian diffusion) (Niendorf et al., 1996). High vis-
cosity, macromolecular crowding and restriction effects have been
proposed to explain the water diffusion reduction in the intracellular
space (Hazlewood et al., 1991), and tortuosity effects for water diffu-
sion in the extracellular space (Chen and Nicholson, 2000; Nicholson
and Philipps, 1981) (Fig. 3). With restricted diffusion, for instance, the
displacements of the molecules become limited when they reach the
boundaries of close spaces and the ADC goes down with longer diffu-
sion times. However, no clear restriction behavior has been observed
in vivo for water in the brain, as the diffusion distance seems to in-
crease well beyond cell dimensions with long diffusion times (Le
Bihan et al., 1993; Moonen et al., 1991). Furthermore, studies have
established long ago that the overall low diffusivity of water in cells
could not be well explained by true compartmentation (restriction)
effects from cell membranes nor by scattering or obstruction (tortu-
osity) effects from cellular macromolecules (Chang et al., 1973;
Colsenet et al., 2005; Rorschach et al., 1973). This strongly suggests
that the cellular components responsible for the reduced diffusion co-
efficient in biological tissues are much smaller than the diffusion
length currently used with MRI. Indeed, there is growing evidence
that membranes, even if they are permeable, are likely the main
actor which “hinders” the water diffusion process (see Le Bihan,
2007 for a review).

Phenomenologically, however, the dMRI signal attenuation as a
function of the b-value is often very well fitted, however, with a biex-
ponential function corresponding to two water diffusion pools or

phases in slow exchange, with a fast and a slow diffusion coefficient
(Assaf and Cohen, 1998; Niendorf et al., 1996):
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f and D are the volume fraction and the diffusion coefficient associat-
ed to the slow and fast diffusion phases (SDP and FDP, respectively),
with fslow+ffast=1 (in this simple model differences in T2 relaxation
are not taken into account). Studies performed by Niendorf et al.
(1996) in the rat brain in vivo (with b factors up to 10,000 s mm!2)
using this model yielded ADCfast=(8.24 ±0.30)!10!4 mm2/s and
ADCslow=(1.68±0.10)!10!4 mm2/s with ffast=(0.80 ±0.02) and
fslow=(0.17±0.02). Similar measurements have been made in the
human brain using b factors up to 6000 s mm!2. The estimates for
those diffusion coefficients and the respective volume fractions of
those pools have been strikingly consistent across literature (Clark
and Le Bihan, 2000; Maier et al., 2001; Mulkern et al., 1999); Le Bihan
et al., 2006 6552/id.

The problem with this biexponential model is that the nature of
the two diffusion pools has remained elusive. It has been often con-
sidered that the extracellular compartment might correspond to the
FDP, as water would be expected to diffuse more rapidly there than
in the intracellular, more viscous compartment. However, the volume
fractions of the two water phases obtained using the biexponential
model do not agree with those known for the intra- and extracellular
water fractions (Fintra>=0.80 and Fextrab=0.20 (Nicholson and
Sykova, 1998; LeBihan and vanZijl, 2002). Furthermore, some careful
studies have shown that such biexponential diffusion behavior could
also be seen solely within the intracellular compartment, pointing out
that both the SDP and FDP probably coexist within the intracellular
compartment. Theoretical models have shown that restriction
caused by cylindrical membranes can also give rise to a pseudo-
biexponential diffusion behavior in nerves (Stanisz et al., 1997).
Other models have been introduced, for instance based on a combina-
tion of extraaxonal water undergoing hindered diffusion and intraax-
onal water undergoing restricted diffusion (so-called CHARMED
model Assaf et al., 2004). Although such models could account for a
pseudo-biexponential diffusion behavior and diffusion anisotropy in
white matter, with the potential to estimate white matter fiber average
diameter (Assaf et al., 2008), it remains to be seen how it could be
applied to the brain cortex, given that true restricted diffusion effects
have not been really observed for water in the brain. Several groups
have also underlined the important role of dynamic parameters, such
asmembrane permeability and density (Novikov et al., 2011),water ex-
change (Chin et al., 2004; Karger et al., 1988; Novikov et al., 1998), and
geometrical features, such as cell size distribution or axons/dendrite
directional distribution (Chin et al., 2004; Kroenke et al., 2004;
vanderWeerd et al., 2002; Yablonskiy et al., 2003). Noticeably, however,
those distinctmodels lead to a diffusion signal decaywhich is neverthe-
less well approximated by a biexponential fit (Chin et al., 2004;
Sukstanskii et al., 2004; Yablonskiy et al., 2003).

This biexponential shape of the diffusion attenuation would also
remain valid in the presence of 2 water pools when the exchange
regime becomes ‘intermediate’, but one has to replace the values for
fslow,fast and Dslow,fast in Eq. (4) by more complex parameters taking
also into account the residence time of the molecules in the fast and
slow compartments relative to the measurement time in a more realis-
tic manner (Karger et al., 1988). Unfortunately, in this condition, the
parameters in Eq. (4) no longer represent the volume fractions and
diffusion coefficients of two genuine physical compartments, but
become complex mathematical expressions mixing the intrinsic diffu-
sion coefficients, the volume fractions and the acquisition parameters.
Other pertinent mathematical models have been introduced (see
Yablonskiy and Sukstanskii, 2010 for a review) with associated
parameters, such as the kurtosis (Jensen and Helpern, 2010a), which
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Fig. 3. Elementary mechanisms of hindered diffusion. For free diffusion, the diffusion
distance increases linearly with the square root of the diffusion distance with the diffu-
sion coefficient as a constant slope. In the presence of obstacles, such as cell mem-
branes, diffusion is not free and the diffusion distance increases less with the
diffusion time. For diffusion restricted in a space of dimension d, the diffusion distance
plateaus at d. For tortuous diffusion or diffusion through permeable barriers, the diffu-
sion distance first increases as for free diffusion for very short diffusion times (usually
not reachable with MRI) and stabilizes at a slower rate for long diffusion times. This re-
duced diffusion coefficient depends on the geometry of the tissue (tortuosity factor)
and the membrane permeability constant. Bulk diffusion may also be reduced com-
pared to free water because of the molecular crowding (proteins, macromolecules)
within the cellular environment.
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Figure 3. In the model buy (Le Bihan & Johansen-Berg, 2012),
four sources of restricted diffusion are explained as restriction of
protons in compartments, molecular crowding due to high affinity of
the proton to a stationary component in the cell, tortuosity from
moving freely around cells, and diffusion of the proton across
permeable barriers. All four types restrict the diffusion distance of a
proton compared to one in a homogeneous medium. Adapted from
(Le Bihan & Johansen-Berg, 2012).

Long diffusion times results in an exponential decay of the
measured MR signal. However, signal attenuation A does not
accurately measure the amount of diffusion at a voxel, as it
is confounded by other parameters like T1 and T2, especially
in pathological tissue (Le Bihan & Johansen-Berg, 2012). It
is therefore important to acquire pure quantitative diffusion
maps, usually done by acquiring at least two diffusion MR
images at different b-factor values b and b0 to cancel out these
confounding factors using equation 2.

ADC = ln [A(b0)/A(b)]/(b�b0) (2)

This provides a map of the amount of diffusion at every voxel
in the image. This image is not a diffusion-weighted MR
image anymore, but rather a true diffusion MR image. ADC
maps have become an accepted measure for diagnosis in the
clinic, for example in the diagnosis of the brain region affected
by stroke (Figure 4). However, the ADC maps do not provide
information about the direction of diffusion that is required in
fibre tractography.

Diffusion models
To resolve the direction of diffusion, more information needs
to be retrieved from the data than just the apparent diffusion
coefficient. Mathematical models are applied to the diffusion
data in order to achieve this goal. The first of such mathe-
matical models is the diffusion tensor model by Basser et al.
(1994). The idea begin the diffusion tensor model is based on
the Stejskal-Tanner equation. The diffusion tensor itself is a
three by three symmetrical matrix that represents the diffusion
direction in three dimensions (Figure 5). In order to recon-
struct the diffusion tensor model, at least six diffusion MR

Figure 4. An ADC map of a patient who suffered from a stroke.
The red boundary highlights the region affected by the stroke. This
region can easily be identified on the maps because of slow diffusion
rates in the affected tissue. Adapted from (Le Bihan &
Johansen-Berg, 2012).
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Figure 5. Diffusion tensor model. Since the matrix is symmetrical,
it suffices to take at least six measurements in orthogonal directions
to fill the matrix.

measurements are required in orthogonal directions. The prin-
ciple direction of diffusion can be derived by decomposition
of the diffusion tensor matrix into its eigenvectors. The prin-
ciple direction of diffusion is assumed to be the eigenvector
with the largest eigenvalue. The principle direction of diffu-
sion is sufficient information to reconstruct fibre tracts with
streamline fibre tractography algorithms; for a final results,
see Figure 1.

However, the diffusion tensor model is a relatively simple
model. Indeed, only taking into account the principle diffu-
sion direction is not always sufficient to describe the fibre
configuration in the presence of crossing fibres. The diffusion
tensor model is accurate when fibres run parallel to each other,
for example in the corpus callosum (Behrens, Johansen-Berg,
Jbabdi, Rushworth, & Woolrich, 2006). But when fibres start
to fan out, cross over, kiss each other or bend together, the
diffusion tensor models produces the exact same tensor (Fig-
ure 6). To solve this problem, more complex model such a
Q-ball imaging, High-Angular Resolution diffusion Imaging
(HARDI) or diffusion spectrum imaging (DSI), have been
proposed that take into account these common fibre config-
urations (Assemlal, Tschumperlé, Brun, & Siddiqi, 2011).
The variety of models sample the specimen at many different

Figure 6. Different configurations of fibre orientations results in
the same diffusion tensor. This makes it difficult to distinguish
between the different configurations is such a simple model is
applied. More advanced model that incorporate more information
are able to resolve this situation more precisely. Adapted from
(Jbabdi & Johansen-Berg, 2011).

angles, different b-values, different spatial distributions, or
combination thereof. This leads to additional information
about the white matter architecture, just enough to resolve the
complex fibre configurations. The trade-off to acquire this
information is either an increase in scan time or a decrease
in resolution. Consequently, the relatively simple but fast
diffusion tensor model remains the preferred protocol for use
in the clinic.

Fibre tractography
Regardless of what model is used to derive diffusion profiles
of the protons, this information is input to the wide variety
of fibre tractography algorithms available to date. They all
have the same goal, but try to achieve that goal through dif-
ferent means. Some of the algorithms work only on local
regions, others try to incorporate global criteria. In general,
one important distinction can be made between fibre tractog-
raphy algorithms; those that reconstruct a single fibre tract
orientation from the model data and those that consider the
distribution of possible fibre orientations for a particular voxel.

Streamline fibre tractography
The first fibre tractography algorithm by Mori et al. (1999)
belongs to this first class of so called deterministic, or stream-
line, tractography algorithms. Starting from a seed point in
the data, the next voxel on the tract is determined by the prin-
ciple direction of the tensor at the current voxel (see Figure 7).
Two stopping criteria are used to determine when the tracing
procedure should terminate. The first is based on the frac-
tional anisotropy (FA) of a voxel. If the fractional anisotropy
drops below a certain threshold (e.g., the orange track on the
bottom right in Figure 7d hit a grey voxel with low fraction
anisotropy), it becomes difficult to determine in which di-
rection to go based on the principle diffusion direction. The
second criteria is based on the maximum bending energy of
tracts. If the track makes a sharp bend (e.g., the orange track
on the bottom left in Figure 7d), it is unlikely the track follows
this path.

Several improvements have been proposed since the in-
troduction of the streamline algorithm. For example, region
of interests can be selected for reconstructed fibres to pass
through in order to filter out non-relevant or erroneous tracts.
Other have tried to improve on the integration procedure used
to determine the direction of the tracts. Whereas the original
streamline algorithm by Mori et al. (1999) would use discreet
temporal steps during integration of the partial derivative equa-
tion used in streamline fibre tractography algorithms, the Eu-
ler’s method uses a fixed spatial step-size and the Runge-Katta
method uses an adaptive spatial step-size (Jones, 2011). All
the former approach reconstruct similar tract, only the smooth-
ness of the reconstructed curve is affected and at voxels with
complex fibre configurations slightly different pathways may
be chosen.

Another major improvement to the streamline fibre trac-
tography algorithm is using all the available information from
the diffusion tensor data, rather than just the principle diffu-



Methods for validating the anatomical trajectory of reconstructed fibre tracts in diffusion magnetic resonance fibre tractography — 5/25

Figure 7. Example application of a streamline fibre tractography algorithm at work. The diffusion tensors of (b) can be visualised in a
colour-coded scheme (a) where red indicated fibres running left-right, green indicated fibres running top-bottom, and blue indicated fibre
running in-out-plane. Grey indicated isotropic tensors. The principle diffusion direction (c) can be extracted from the diffusion tensor (b) as
the eigenvector corresponding to the largest eigenvalue. Starting from the seeding points in (d) indicated by green dots, the fibre tractography
algorithm traces lines through the vector field. The traced curve remains parallel to the principle diffusion direction. The tracing procedure is
terminated if the track hits a voxel with low fractional anisotropy, e.g., the orange track on the bottom right, or when the track makes a sharp
turn, e.g., the orange track on the bottom left. Adapted from (Jones, 2011)

sion direction. The tensor deflection (TEND) algorithm by
(Lazar et al., 2003) determines the direction in which to the
reconstructed fibre tract should bend based on the full tensor
of a voxel (see Figure 8). This approach can partially solve
the crossing fibre problem as it can continue to trace curves
through voxels with low fractional anisotropy due to crossing
fibres. It also makes the algorithm less sensitive to noise or
deviations from propagating localisation errors.

An alternative reconstruction approach is the G-TRACT
algorithm by Cheng et al. (2006). Two termination points are

Figure 8. The diffusion tensor deflection model by (Lazar et al.,
2003) can continue the tracing procedure even in the presence of
high uncertainty. For example, when the fractional anisotropy is low
(i.e., the lower right example), or when the track hits an orthogonal
tensor (i.e., the lower left example). In all examples the fibre
tractography algorithm uses the full information of the tensor to
determine in which direction the track should continue. Adapted
from (Jones, 2011).

selected in the brain and the algorithm tries to find a connec-
tion between the two. The final tract does not necessarily have
to be the one with the lowest diffusion hindrance (i.e. conform
to the principle diffusion direction). This approach enables
more tracts to be found, but requires additional heuristics or
constraints to filter out erroneous tracts.

Probabilistic fibre tractography
Streamline fibre tractography algorithms all face a major chal-
lenge in the presence of crossing fibres. Since crossing fibres
are extremely common in every brain, a different approach to
tracing fibre tracts is required. The second class of fibre trac-
tography algorithms tries to solve this problem to some extent
by determining the likelihood two end points are connected
through a particular voxel, rather than tracing a single fibre
tract.

Probabilistic fibre tractography algorithms often apply
simulated diffusion random walk or front-wave propagation
techniques to determine to what degree voxels are connected
to each other. Since they do not try to find the most opti-
mal track based on the principle diffusion direction, these
algorithms can deal with uncertainties from low fractional
anisotropy in the presence of crossing fibres (Figure 9). At
each intersection, the likelihood a path exists is decreased
until it approaches zero or some other constraint. The result
is a map of probabilities of voxels which are likely connected
to the seeding point (Figure 10).

Limitations
Thus far the three steps in the processing pipeline for fibre trac-
tography has been presented. However, there has been little
discussion about the limitations and pitfalls of each step that
contribute to errors in fibre tractography. The possible sources
of errors will be addressed in this chapter. Errors in the fibre
tractography pipeline can be classified into three categories
(Johansen-Berg & Behrens, 2009; Jbabdi & Johansen-Berg,
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2011). First, there is the acquisition error that involves mostly
signal noise and motion artefacts during acquisition of the
diffusion-weighted scans. Next, there is the modelling error
that results from the assumptions we make about the under-
lying model for proton diffusion in white matter architecture.
This type of error becomes particularly important when deal-
ing with the crossing fibre problem. Finally, there is the
reconstruction error that plays a critical role during the actual
tracing of the white matter tracts in the diffusion-weighted
images.

The errors from all three stages accumulate throughout
the process of tracing white matter bundles in the brain. This
accumulation of errors may result in large deviations of the
final reconstructed tracts. Deviations of the reconstructed
tracts from the true anatomy can have major implications
for the application of fibre tractography in both research and
clinic applications where precision is key.

Acquisition
Diffusion MRI suffers from a number of limitations that can
have a dire influence on the efficacy of fibre tractography in
brain connectivity analysis. The main concern is with what
we actually measure with fibre tractography. What we would
like to measure is the white matter bundles coursing through
the brain. However, we should keep in mind that what we
actually measure in diffusion MRI is the dephasing of spins
when a spatially-varying gradient is applied to the system
(Jones et al., 2013). This is not the same as white matter
bundles. In fact, the diffusion of molecules is restricted by
all types of micro-structural components in the tissue, like
cell membranes, myelin sheaths and microtubules (Beaulieu,
2002). One of the fundamental limitations of fibre tractogra-
phy is that diffusion MR is an indirect probe for white matter
architecture (Jbabdi & Johansen-Berg, 2011). Other acqui-
sition schemes such as magnetised transfer may hold more
merit in localising myelinated white matter bundles (Jones
et al., 2013), but it remains to be seen if this approach can
also be used in fibre tractography as it lacks any directional
data similar to diffusion-weighted MR. In addition, myelin
is not required for diffusion anisotropy, although has been
proven to modulate the degree of anisotropy (Le Bihan &
Johansen-Berg, 2012).

Although diffusion MRI is the only technique available

Figure 9. The front wave approach in probabilistic fibre
tractography algorithms is capable of dealing with uncertainties at
voxels where fibre tracts diverge. Adapted from (Jones, 2011).

Figure 10. Results of probabilistic fibre tractography algorithm
with simulated diffusion random walk. The fibre tractography
algorithm was initiated at the voxel indicated by the arrow. Yellow
voxels represent high probability that it is connected to the seeding
point whereas dark orange voxels represents low probability.
Adapted from (Jones, 2011).

today to measure diffusion in vivo non-invasively, a major dis-
advantage of the technique is the trade-off between resolution,
SNR and scanning time. Diffusion MRI is an inherently noisy
acquisition scheme, resulting in low SNR. Repeated measure-
ments can be used to improve the acquired signal strength.
However, for typical clinical applications, we would like to
keep the scanning time to a minimum. On top of that, the mod-
els used to resolve crossing fibres require acquisition of the
same voxel at multiple angles. This does not help to improve
the SNR, but does increase the scanning time, leaving little
time for repeated measurements. Sacrificing spatial resolution
for improved signal strength is not a good option either. The
partial volume effect, resulting from low spatial resolution,
is a major obstacle in resolving crossing fibres. Regarding
the acquisition of diffusion-weighted MR images, Jones et al
(Jones et al., 2013) recommend pushing for the highest possi-
ble spatial resolution, as long as the voxels remain isotropic
and the SNR does not drop below 3:1 unless appropriate mod-
els for the noise distribution are used to improve the SNR of
the acquired images.

Other limitations that should be taken in to account during
acquisition of diffusion MR images is that the use of live
subjects is likely to introduce motion artefacts into the images.
Since several acquisitions at different gradient directions are
necessary to measure diffusion in enough directions for the
model to derive a diffusion profile, registration of subsequent
images is essential. The inherently low SNR make this a tricky
procedure. For postmortem specimens, change in morphology
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and diffusion of protons need to be taken into account (Miller
et al., 2011).

Modelling
Extracting more parameters from the acquired data is crucial
to model the diffusion profiles correctly in the presence of
crossing fibres. Of course, the information that can be ex-
tracted from the data is limited by the SNR, spatial resolution,
partial volume effects and b-values of the acquired images.
Consequently, there is an interaction between the acquisition
parameters and the quality of the model. The more informa-
tion that is needed for extraction of the diffusion profiles, the
more images need to be acquired. For clinical settings this
means a trade-off between scan time and resolution.

The white matter achitecture is vastly more complex (Behrens
et al., 2006) than can be represented by current models. Con-
sequently, modelling errors are extremely difficult to quantify.
Since the physiological properties of white matter architecture
are large unknown, we do not have to right statistical tools
to evaluate our models regarding their accuracy (Jbabdi &
Johansen-Berg, 2011). As is often the case when dealing with
pathology, the diseased tissue may exhibit other properties
than healthy brain tissue. For this reason, diffusion MRI is
in patients suffering from stroke since the contrast between
diseased tissue and healthy tissue is high. In the same way,
the diffusion constant for the developing brain in children is
higher than those of the adult brain (Hüppi & Dubois, 2006).
Consequently, the b-values selected for imaging should be
set slightly lower. Models need to take these variations into
account in order to provide accurate descriptions of the dif-
fusion profile. Although more biophysicial model have been
proposed that describe fibre orientation distributions rather
than diffusion profiles (Johansen-Berg & Behrens, 2009).

This dependency on models to generate diffusion profiles
is a major disadvantage. For this reason acquisition schemes
have been proposed that are free of modelling, i.e., they do
not rely on prior biological assumption about white matter
architecture or diffusion of protons. Examples of such acqui-
sition scheme include Q-ball imaging and diffusion kurtosis
imaging (Assemlal et al., 2011). The disadvantage of these
acquisition schemes is the vast number of images required
to construct diffusion profiles that can resolve complex fibre
configurations accurately.

Reconstruction
Most streamline tractography algorithm depend on this one
assumption; that the tangent of the curve traced by the algo-
rithm is parallel to the peak in the data estimated from the
data by the chosen model. The principle diffusion direction
may not always correspond with the orientation of the fibre
(Jones, 2011; Johansen-Berg & Behrens, 2009). This may be
particularly true when fibres intersect/cross and the diffusion
tensor is modified. Other criteria may be applied, such as the
maximum curvature of the tracts or the minimum fractional
anisotropy (FA) threshold level. But as Jones et al (Jones et
al., 2013) righteously point out, the values chosen for these

Figure 11. Variations in noise can cause streamline fibre
tractography algorithms to deviate from the actual white matter
tracts. The dispersion has a linear relationship to the distance of the
reconstructed tract. Adapted from (Lazar et al., 2003).

parameters are hardly ever justified in literature. In fact, select-
ing the right parameters depends on the regions of the brain
that is being processed. Structures with largely parallel white
matter bundles, such as the corpus callosum, are much easier
to extract than twisting and crossing white matter bundles in
Meyer’s loop.

Another major problem in reconstructing fibre tracts is that
reconstruction takes several steps. In addition, the integration
steps are evaluating in an imaging grid while reconstruction is
done in continuous space (Johansen-Berg & Behrens, 2009).
This makes fibre tractography extremely sensitive to noise
from for example distortion, motion artefacts, or ghosting
(Jones, 2011). Errors during the integration procedure prop-
agate to the next step. In particular long continuous tracts
are subject to propagation of this errors. The dispersion of
the reconstructed tract from the actual white matter bundle is
linear to the distance from the seed point (Figure 11). This
errors can easily be up to 1 mm for longer pathways (40mm
or more) and also depends on the SNR (Lazar et al., 2003).
Probabilistic fibre tractography algorithms also suffers from
an artificial reduction in probability for longer tracks (Jones,
2011). Some solutions are offered in term of diffusion tensor
regularisation to make the procedure less sensitive to noise
(Lazar et al., 2003). Robust artefact correction for imaging
artefacts and image registration for motion artefacts is needed.

Another major limitation to diffusion MR fibre tractog-
raphy is that orientation in the term of polarity, i.e., whether
the pathway is afferent, efferent or bidirectional, cannot be
determined with diffusion MRI (Jbabdi & Johansen-Berg,
2011). This information can be used to determine flow of
information in connectivity studies, but also help determine
the underlying fibre configuration when fibres cross. Other
imaging modalities such as electroencephalography (EEG) or
magnetoencephalography (MEG) can measure polarity. In
the section of validation methods a techique for MR-visible
tracers is described that allows polarity of fibre tracts to be
determined with MRI in vivo.

Nevertheless, the major issue remains the inability to re-
solve crossing fibres due to limited spatial resolution and
partial volume effects of MRI (Jones et al., 2013; Johansen-
Berg & Behrens, 2009). Streamline algorithm cannot properly
deal with crossing fibres. Moreover, due to partial volum-
ing effect a single voxel is compromised of a heterogenous
mixture of tissue (Beaulieu, 2002). Tissue other than white
matter may have an influence on the diffusion of the proton
as well, thereby confounding the diffusion MR measurements.
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Probabilistic fibre tractography tries to deal with this issue by
taking into account possible errors made in the acquisition
or modelling because of noise and artefacts. However, the
computational overload of reconstructing tracts from many
different seeding points is quite high for probabilistic fibre
tractography algorithms as compared to streamline algorithms
(Johansen-Berg & Behrens, 2009).

On a final note on the interpretation of fibre tractography
results is that it can be difficult to interpret. The algorithms
produce wonderful images of major pathways in the brain.But
given the pitfalls mentioned in this chapter, without proper
validation of fibre tractography cautious should be used about
drawing conclusion from these images. Interpreting the data
derived from probabilistic fibre tractography algorithms is
even more tricky, as it is tempting to interpret the probabili-
ties derived from the algorithm as a measure of connectivity.
However, the probabilities in probabilistic fibre tractography
represent likelihood that a tract originating from the seeding
point end up at that particular voxel, rather than providing
a probability on the connection strength (Johansen-Berg &
Behrens, 2009; Jones et al., 2013). A final word of caution on
interpreting the results from fibre tractography is that the fibre
count of white matter bundles cannot be accurately determined
(Jones et al., 2013).

Need for validation
In conclusion on the limitations of diffusion MR fibre tractog-
raphy, it is an indirect measure to track white matter bundles
through the brain. The plenty pitfalls throughout the entire
process of fibre tractography should call for caution when
interpreting the results. Since there is no intrinsic measure
for tract localisation errors in diffusion MRI, the reliability of
the fibre tractography results are difficult to quantify (Jones,
2011). Nevertheless, the ability of diffusion MR fibre trac-
tography to non-invasively and in-vivo image white matter
structures and its strong colocalisation of fibre tractography
results with known major white matter tracts has made it a
widely adopted technique in both research and clinic. Be-
cause of its wide use and uncertainty about its reliability,
proper validation of fibre tractography algorithms is required
before relying too heavily on its results in research studies
and clinical applications.

Validation methods
Long before diffusion MR became available, people have been
studying white matter structures in the brain using classical
dissection methods. More recently, studies using histological
sectioning and studies into white matter pathology are at the
root of today’s white matter atlases. The use of immunologi-
cal staining methods and tracers have boosted research into
cell-specific studies, resulting in improved accuracy of white
matter atlases. With MR scanners, physical phantoms and
software simulations are common provide new opportunities
for repeated measures.

The ability to measure white matter pathways in the hu-
man brain in vivo spawned a new era of connectome studies
(Hagmann et al., 2010; Sporns, 2013). These studies concern
themselves with the structural connectivity between regions of
the brain, i.e. to what extent brain regions are interconnected.
For these kind of studies, validating the existence of a con-
nection between two brain regions is necessary and sufficient.
At least, for as long as we cannot accurately determine the
strength of the connection (Hagmann et al., 2010; Sporns,
2013; Jones et al., 2013).

However, clinical applications of diffusion MR fibre trac-
tography tend to be more concerned with the anatomical tra-
jectory of the fibres rather than structural or functional con-
nectivity, i.e. determine the exact spatial location of white
matter pathways in the human brain. After all, precision is
key when it comes to dissecting a brain tumour or transection
of the cerebral cortex in the presence of epilepsy. For clinical
application it is therefore not only important to validate what
white matter pathways connect to which brain region, but also
validate their exact course through the brain.

In this chapter, we will discuss the wide range of methods
available for validation of the precise anatomical trajectory
of diffusion MR fibre tractography and address their benefits
and drawbacks.

Physical phantoms
One common approach to validating the accuracy and per-
formance of clinical scanners of any kind is the use of phys-
ical phantoms. At present, two distinct classes of physical
phantoms are available. The first class of phantoms are the
phantoms constructed from artificial fibrous materials such
a polymer or yarn. The second class of phantoms are the
biological tissue samples.

Procedure
Phantoms are constructed from materials with known proper-
ties and modelled in such a way it represents the part of the
body of interest. Finding the right materials and construct-
ing a descent model are the major challenges for physical
phantoms. Obviously, materials that consists of strands are
most appropriate for use in diffusion MR phantoms. However,
not every fibrous material is suitable. Glass capillaries are
too rigid to bend in curves and strands of Teflon R� capillar-
ies are too thick to properly represent white matter bundles
(Pullens, Roebroeck, & Goebel, 2010). In recent year, poly-
mer fibres, such as polyethylene, polyamide, or Dyneema R�,
have become increasingly popular as material to work with
in physical phantoms not only for their flexibility and small
diameter, but also for similar values of anisotropy and T2 to
human white matter (Pullens et al., 2010).

Individual fibres are usually constructed by twisting many
fibres of polymer together into a single large strand that repre-
sents fascicles of individual neurones. These strands are then
bundled together to form a larger single fibre that represents
a white matter bundle. Strands can also be interwoven to
represent crossing fibre bundles in the brain (Figure 12). Fibre
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with a T2 and anisotropy values similar to human
white matter, by packing fiber bundles tightly in heat
shrink tubes. The phantoms presented in this study
are suitable for validating diffusion models and fiber
tracking algorithms, since complex, sub-voxel interdi-
gitated fiber bundles, representing crossing, kissing,
or combined geometries are possible.

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

METHODS

Determination of Optimal Yarn Packing Density

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

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

Phantom Construction

Straight Phantoms

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

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

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

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

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

Construction of Crossing Phantoms

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

Figure 1. Schematics of crossing phantom construction. Stage 1: Bundles of yarns are placed interdigitating on top of each
other. The legs of the ’’X’’ are wrapped with a shrink-wrap tube. The tube is slid over the fibers up to the crossing, leaving
only a short portion of the crossing fibers uncovered, and put into a heated water bath. Stage 2: The center of the X is cov-
ered by another piece of shrink-wrap tube and heated again.

Hardware Phantoms for DW-MRI Validation 483

Figure 12. Construction of a simple physical phantom with
crossing fibres from strands of Dyneema R�. Crossing of the fibres is
achieved by weaving the strands at the intersection. Additional
shrink-wrapping is performed to tighten the strands together and
keep the fibres from falling apart. Adapted from (Pullens et al.,
2010).

bundles can be shrink-wrapped to tighten the strands together
and increase the anisotropy. The fibre bundles can than be
positioned inside the container of the physical phantom.

For biological phantoms, tissue needs to be excised from
a subject. The best tissue is one that has a known white matter
structure, or at least a white matter structure that is easy to
predict. For example, Campbell, Savadjiev, Siddiqi, and Pike
(2006) spinal cord tissue from a rodent was used because
spinal cord are long parallel fibres with relatively simple and
well-known surrounding tissue. The excised tissue can then be
arranged into any configuration preferred before it is scanned
(Figure 13).

Advantages and limitations
Physical phantoms have some severe limitations with appli-
cation to validation of fibre tractography. First of all, the
phantoms tend to be overly simplistic compared to the com-
plex structure of the brain, although an attempt has been made
to create a semi-realistic phantom for use in the FiberCup
competition (Figure 14). This semi-realistic phantom contains
all forms of white matter tracts that are common to the human
brain; i.e., commissural tracts, lateral tracts and projection
tracts. Moreover, model contains several sites of crossing
fibres.

Figure 13. Two strands of spinal cord tissue excised from a rodent
are positioned in such a way the strands overlap in a crossing fibre
configuration (a). The results of diffusion tensor imaging of the
bounding box is shown in (b). The effect of overlap as a decrease in
fractional anisotropy is small but present at the intersection.
Adapted from (Campbell et al., 2006).

Another limitation to physical phantoms is that it can be
difficult to select the right material to match properties of
white matter. Although Dyneema R� comes close to match-
ing the T2 and anisotropy of human white matter, real white
matter is not a homogeneous material. Therefore any polymer
material would face the same limitations. This limitation has
been overcome by using biological tissue, such as spinal cords
from rodents (Campbell et al., 2006) or asparagus (Lätt et al.,
2007). The tissue is arranged in a known position before
imaging (Figure 13. Biological tissue may have the advantage
of having the natural complexity of fibres, their ground truth
is much harder to establish accurately. This would require
dissection of the specimen to reveal the internal structure of
the fibres. For this reason, biological phantoms are limited
to tissue for which it is known in what orientation fibres run
from anatomical studies.

Finally, the physical phantoms are often used in studies
that focus on the crossing fibre problem. These studies are
mainly interesting in resolving the crossing fibre problem to
ensure fibre tractography algorithm select the correct branch
for continuous tracking. That is, well are crossing fibres
resolved, rather than the localisation of tracts. The precise
location cannot accurately be controlled in the construction of
the phantom and therefore are less suited for this application.

As mentioned before, one of the major limitations to hard-
ware phantoms are the very simplistic structure that can be
made using the polymer fibres. One solution is to use biolog-
ical tissue excised from postmortem animals or plants, such
as spinal cord from rodents (Campbell et al., 2006) or aspara-
gus (Lätt et al., 2007). The use of biological tissue has the
advantage that it is the most natural product resembling white
matter tissue with regard to its properties. However, there
are some limitations to using ex-vivo tissue samples, since
the fibre composition inside the sample remains largely un-
known, unless the tissue sample is further analysed by one of
the subsequent techniques described in this article. Moreover,
the effects of postmortem delays on the diffusion property of

(Campbell et al., 2006), and numerical simulation data (Hall and
Alexander, 2009) are detailed.

Recently, the FiberCup phantom dataset (Fillard et al., 2011) was
proposed to study the effect of the huge variety of diffusion models,
tractography and combinations thereof. This phantom is publicly
available (www.lnao.fr/spip.php?article112) and is now used by the
community for quantitative evaluation of tracking algorithms
(Pontabry and Rousseau, 2011; Reisert et al., 2011; Wilkins et al.,
2012b; Wilkins et al., 2012a; Röttger et al., 2011; MomayyezSiahkal
and Siddiqi, 2010). However, the original FiberCup contest does not
well reflect brain connectivity analysis, especially in terms of seed-
ing and performance evaluation. In our opinion, two important
drawbacks of the FiberCup are the placement of the seed points
given and the quantitative metric used to compare with ground
truth. Only 16 seeds are given and these are close to boundaries
and in the middle of structures. These 16 seeds result in 16 individ-
ual streamlines that are compared with the ground truth in terms of
spatial, tangent to the tract and curvature distances. These measures
are local and do not capture well the global connectivity profile of
the tractography algorithm. Other problems are that each partici-
pant of (Fillard et al., 2011) performed his own analysis and that
the implementations used are not available to the community.

In this paper, we propose a revised FiberCup analysis that is clo-
ser in spirit to brain connectivity analysis. In brain connectivity, the
importance is connectivity. Does region A connect to B as expected?
Does region A connect to unexpected regions of the brain? There-
fore, instead of using local seeds and local point-by-point distances
for evaluation, we propose a global view of the dataset and the fi-
ber tractography streamline output. We developed an evaluation
method to compare tractography pipeline streamline outputs and
evaluate the number of found and not found fiber bundles, the pro-
portion of streamlines part of existent and non-existent bundles,

and the proportion of incomplete streamlines. Since these charac-
teristics have a direct impact on connectivity analysis, having a
tractography evaluation tool is crucial for human connectome
studies.

This paper is thus aimed at providing a framework to encourage
the community to rigorously choose a tractography processing
pipeline and report the known limitations of their technique.
Therefore, in the rest of the paper, we describe our new online sys-
tem to evaluate and rank pipelines (url: tractometer.org). At this
stage, a user has the choice of providing 3 things to the system:
(1) A diffusion dataset corrected with the user’s best algorithm,
(2) a field of ODFs coming from the user’s best algorithm, or (3) a
set of streamlines. The user can then obtain a ranking against
the current database of state-of-the-art techniques. Presently, in
this database, we have N ! 57;096 different streamline outputs
of tractography pipelines coming from our in-house tools, MRtrix
(Tournier et al., 2012) and TrackVis (Diffusion Toolkit) (trackvis.org)
using the different FiberCup acquisitions, local estimation tech-
niques, and tracking parameters. A preliminary version of this pa-
per appears in the MICCAI 2012 proceedings (Côté et al., 2012).
Relative to that contribution, the current work adds 56,000 trac-
tography pipelines to the testing framework, including new data-
sets of different b-values and new tractography algorithms. We
also added new quantitative connectivity measures.

2. Materials and methods

2.1. Terminology

The diffusion MRI community needs to agree on definitions for fi-
ber tracking. Unfortunately, there are many examples of confusing

Fig. 1. FiberCup mimicking a coronal slice of the brain with typical short ‘U’ fibers (bundle 4), larger ‘U’ fibers mimicking the corpus callosum (bundle 1), left-to-right
hemisphere commissural projections (bundle 3) and fanning bundles mimicking the corticospinal tract (bundles 2, 5, 6 and 7).

Fig. 2. Example of a tractography pipeline output and the resulting valid connections filtered by the ROIs.

M.-A. Côté et al. / Medical Image Analysis 17 (2013) 844–857 845

Figure 14. A semi-realistic hardware phantom used in the
FiberCup competition. The model contains commissural tracts,
lateral tracts and projection tracts resembling structures common in
the human brain. The ground truth of the seven pathways and their
corresponding termination sites are shown on top of the image.
Adapted from (Côté et al., 2013).
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the tissue need to be determined prior to its use. This makes
the use of biological tissue less ideal for the validation of the
precise course of fibres.

Software models
Another validation technique that belongs to the phantom
class is software models. Based on the models on white matter
structures from neuroanatomy that are available in large-scale
brain maps and atlases, artificial diffusion-weighted MR im-
ages can be synthesised. Modelling an entire human brain
at the cellular level is still beyond the reach of current day
knowledge and computational power. Fortunately, such overly
complex models are not needed for validation of fibre tractog-
raphy algorithms. These algorithm usually run on a subset of
measures derived from white matter architecture. For this rea-
son it suffices to use synthetic diffusion tensor fields, unless
the algorithm incorporates additional measures.

Procedure
The first step in creating synthetic tensor fields involves creat-
ing tubular structures that represents the white matter tracts to
be traced. This structure can vary from simple in plane piece-
wise linear line segments (Figure 15) up to rather complex
three dimensional curvilinear structures (Figure 16). From
these tracts, the eigenvalues for each voxel are determined to
construct the final tensor model for the artificial image. At
this stage of modelling, noise can be added to the diffusion
direction and orientation. Finally, additional imaging noise
and artefacts can be added when necessary.

Right after the initial explosion of deterministic fibre trac-
tography algorithms developed, Tournier et al. (2002) per-
formed an initial analysis of these algorithms using computer-
simulated data. The purpose of the study was to determine
how different parameters including noise affects the perfor-
mance of the fibre tractography algorithms, assuming different
algorithms are susceptible to parameters in varying degrees.

Figure 15. Example of a simple software model for the analyses
on the performance of fibre tractography algorithms. Semicircular
paths are simulated in a two-dimensional plane for testing fibre
tracking at different curvatures with noise added to the tensor image.
Adapted from (Tournier et al., 2002).

Very simplistic models were used (Figure 15), but this level
of complexity was sufficient for a first error analyses.

As indicated by Leemans, Sijbers, Verhoye, Van der Lin-
den, and Van Dyck (2005), simple models may suffice for
analysing the effect of different properties of white matter
tracts on accuracy of the fibre tractography algorithms, such
as curvature, noise or fractional anisotropy. More complex
models are required to models important properties of white
matter tracts, such a the effect of partial volume effect in cross-
ing fibres or at termination sites near the grey matter cortex.
Most importantly, white matter fibres do not have constant
fibre density as they mix and mingle with other fibres. In ad-
dition, the transition between the fibre tract and surrounding
tissue is rarely sharply defined as is often the case in simple
models. For this reason, additional filtering steps were intro-
ducing to the process of generating synthetic diffusion tensor
fields to make the models more realistic.

Over time, even more complexity has been added to the
process of synthesising diffusion tensor fields. The com-
plex models focus in particular on partial volume effect due
to the crossing fibre problem as this has currently the most
detrimental effect on the performance of fibre tractography
algorithms. Fibre bundles are now models as set of individual
fibre strands and are interwoven into complex patterns similar
to the patterns found in the human brain (Figure 16). Even
semi-realistic models based on diffusion tensor brain atlases
have been proposed (Leemans et al., 2005; Barbieri, Bauer,
Klein, Nimsky, & Hahn, 2011). Here, actual diffusion MRI
scans are used as a basis on which to build synthetic white
matter tracts through the brain.

Advantages and limitations
The main advantage of software simulations is that any shape
imaginable can be modelled using synthetic tensor fields.
Moreover, the imaging parameters can be set to any preferred
value and the exact position of the tracts in known with high

while preserving the same cross-sectional area. The complete method
is described in more detail in the following sections.

Model

Strands are 3D linear splines with constant circular cross-sections.
Each strand is defined by two fixed endpoints, a variable number of
control points, a cross-sectional radius and fixed ending orientations
(see Fig. 1). If fixed exclusions are to be included, they are each
specified by a point and a radius about this point.

Initialisation

Bundles are initialised as single, straight thick strands. The control
points of these strands are evenly spaced with a user-defined spatial
frequency, f0 (see Appendix B for complete list of default parameters),
along the lines joining the strands' randomly generated endpoints.
Endpoints are generated evenly around a sphere of user-defined

radius, R0. The cross-sectional radii of the strands are randomly drawn
from a uniform distribution between user-defined lower and upper
bounds, r1 and ru, which are both considerably smaller than R0 (again,
see Appendix B for complete list of default parameters). Fixed
exclusions are specified explicitly by the user if required.

During the initialisation stage, care is taken to avoid any overlap at
the strand endpoints. As the endpoints are fixed, the optimisation
stage would not be able to remove the overlap and the adjoining
segments would end up being highly splayed in order to minimise the
overlap. To avoid this problem, strands are initialised sequentially and
potential strands rejected if their endpoints overlap with the
endpoints of previously generated strands. Note that the process of
rejecting overlapping endpoints means that strands with larger radii
are increasingly more likely to be rejected as the surface of the sphere
is filled. This skews the distribution of strand radii from a uniform
distribution towards the lower bound.

The initialisation has a natural stopping point when it is not
possible to fit anymore endpoints on the sphere surface (refer to Fig. 2

Fig. 2. Evolution of the simulated structure through the method. Top left: Random initialisation of straight-line segments representing bundles. Top right: Optimisation of bundle
strand control points w.r.t. overlap and curvature cost function.Middle right: Trimming of bundle strands to intermediate sphere.Middle left: Subdivision of bundles into sub-bundles
and subsequent resampling of the sub-bundle strand control points. Bottom left: Optimisation of sub-bundle strand control points w.r.t same cost function. Bottom right: Trimming of
sub-bundle strands to final sphere.

1290 T.G. Close et al. / NeuroImage 47 (2009) 1288–1300

Figure 16. Example of a complex artificial white matter structure
with crossing fibres synthesised by a software model. The
complexity of the model is in having a three-dimensional structure
with strands of fibres that twist and bend much like natural white
matter tracts. Packaging them densely together creates crossing fibre
configurations for which the ground truth of the fibres is known with
high precision. Adapted from (Close et al., 2009).
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precision. No other class of phantoms or validation technique
allows this much control over the parameters. Additional ben-
efits are achieved when comparing the derived results with the
ground truth as no registration of the two images is requires
since they operate within the same coordinate space.

A slight disadvantage of this technique is that generation
of a realistic model is computationally intensive. Comput-
ing a single instance of the model from Close et al. (2009)
requires about one day. This is mainly due to iterative process
of compacting the bundles together without causing them to
run through each other. Fortunately, this disadvantage can be
downplayed by the fact a model needs only be generated once
and can then be used many times. However, selecting the right
parameters in a complex model is a challenging task. Most
models used to date use relatively simple mathematical de-
scriptors of shapes that are fast to compute but no where close
to true biological complexity. Nevertheless, the high preci-
sion of ground truth and extensive control over the parameters
make software models an interesting options for validation of
fibre tractography.

Dissection
Long before radiography was available to view inside the hu-
man body, physicians have been studying the human anatomy
through dissection studies. The first dissection studies date
back to the Greek physician Galen, around 130-200 AD
(Johansen-Berg & Behrens, 2009). But it wasn’t until 1543,
when the Belgian physician Andreas Vesalius published his
anatomical masterpiece De Humani Corporis Fabrica (On the
Structure of the Human Body), that a detailed map of the
human brain was available that clearly differentiated between
white matter structures and grey matter cortex (Figure 17).
In the early twentieth century, a renewed interest into the
workings of the human brain revitalised interest in dissec-
tion studies and promoted the advancement of techniques for
dissection studies.

Procedure
A major breakthrough in studying white matter structures
came from Klingler (1935). In his article, he describes a prepa-
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system structures. Among the central white matter 
structures he distinguished the corona radiata, inter-
nal capsule, external capsule, and cerebellar peduncles 
(Figure 13.2, right). After discovering numerous faults 
in Galen’s work he encouraged his contemporaries to 
launch a new era of discovery, intended to challenge 
the doctrines that had ruled medicine for more than 
1000 years (Singer, 1952; Swanson, 2000).

B. Early Microscopic Observations, Enhanced 
Tissue Preparation and the Development of 
Histological Applications

At the end of the 16th century, the Dutch specta-
cle-makers Hans and Zacharias Jansen built the first 
compound microscope. This imaginative optical 
instrument opened new vistas in scientific explora-
tion in the field of tracing of nerve tracts in the central 
nervous system. However, because of the primitive 
nature of the device at the time, dissection remained 
the primary tool for central nervous system investiga-
tion while in the background, technical developments 
in the design of the microscope slowly carried on. In 
1664 the Italian Marcello Malpighi, regarded by some 
as the founder of microscopic anatomy and the first 
histologist, boiled nervous tissue in water and pro-
vided the first microscopic description of white mat-
ter. Notably, his observations suggested nerve tissue 
was composed of “fibers”. Significant improvements 
in the microscope were made by the English physicist 
Robert Hooke (1635–1703) who was the first to des-
ignate the term “cell” from a biological perspective. 
He selected this term because of the compartmental-
ized appearance of plant cells which reminded him 
of the architectural configuration of monks’ quarters 
which were at the time referred to as “cellula”. The 

Dutchman Antonius van Leeuwenhoek (1632–1723) 
became one of the most renowned scientists of the 
17th century because he possessed genuine, unabated 
scientific inquiry and a unique skill to fabricate the 
best microscope lenses of the time (Finger, 1994). He 
reportedly possessed hundreds of self-made micro-
scopes and in a letter sent to the Royal Society of 
London in 1674, provided the first detailed account of 
the microscopic anatomy of a nerve fiber (Figure 13.3) 
(Clark and O’Malley, 1996).

Subsequent advances in tissue preparation included 
boiling nervous tissue in oil (Raymond de Vieussens, 
1635–1715), hardening the brain in alcohol (Felix Vicq 
d’Azyr, 1748–1794), and adding potash or ammonia 
to alcohol (Christian Reil, 1759–1813). All these inno-
vations supported the advancement of finer, more 
detailed dissections of the human brain, revealing 
more and more of the three-dimensional organization 
of this remarkable organ (Figure 13.4) (Schmahmann 
and Pandya, 2006; Swanson, 2000). Nicolaus Steno’s 
(Niels Stensen, 1638–1686) scraping method of dis-
section, designed to follow or trace fiber bundles 
from one definable end to the other, led to significant 
advancements in our understanding of the anatomical 
organization of the central nervous system in the 17th 
and 18th centuries (Schmahmann and Pandya, 2006). 
Undeniably, gross dissection of the CNS and anatomi-
cal discovery continued to flourish, and the synthesis 
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Figure 17. Anatomical dissection of the human brain as visualised
in Humani Corporis Fabrica by the Belgian physician Andreas
Vesalius. Adapted from Johansen-Berg and Behrens (2009)

ration method that involves repeatedly freezing the formalin-
fixed postmortem brain. The ice crystals that form during
freezing loosen up the tight white matter bundles in the brain.
This allows for detailed dissection and visualisation of sepa-
rate white matter fibres.

Klingler’s dissection technique is still used to date to study
gross anatomical tracts in prepared specimen of both human
and animal postmortem brains. The technique can expose
white matter bundles in exquisite detail. It even allows fibre
tracts to be traced in 3D space, offering a greater potential
than 2D histological sectioning since the fibre tracts are not
cut to thin pieces (Jones, 2011; de Castro, de Holanda Dde
H Christoph, dos Santos, & Landeiro, 2005; Türe, Yaşargil,
Friedman, & Al-Mefty, 2000). The dissection technique par-
ticularly excels in the presence of complex fibre orientations,
such as in Meyer’s Loop where the complex fibre orientations
can be carefully dissected (Figure 18) (Agrawal et al., 2011).
Although histology has taken away some of the attention from
dissection studies, the ability for the dissection technique to
study small fibre tracts makes it still as valid as any histology
technique available (Agrawal et al., 2011).

Advantages and limitations
However, anatomical dissection is a labour-intensive task
that requires fine motor skills, plenty of patience, and exten-
sive prior anatomical knowledge for good quality dissections
(Johansen-Berg & Behrens, 2009; Jones, 2011; Agrawal et al.,
2011). Although mapping of the 3D course of the fibre tracts
is feasible with dissection, it is a rather complex process to ac-
curately keep track of the spatial position of the fibres (Jones,
2011). Usually only one major fibre tracts per postmortem
brain can be studied, since the process of dissection tends to
cut away surrounding fibre tracts in a destructive manner that
makes studying the smaller fibres located particularly near
terminations sites in the cortex difficult (Jones, 2011; Türe
et al., 2000; Fernandez-Miranda et al., 2008). In addition, it
can still be challenging to distinguish between white matter

Figure 18. Klingler’s dissection technique applied to a prepared
specimen of a postmortem human brain exposing the white matter
fibres of the optical tracts, including the complex configurations in
Meyer’s loop. Aapted from (Agrawal et al., 2011).
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ventral and medial “division” from orbital cortex to
form the uncinate (Dejerine, 1895; Crosby et al., 1962).
This runs for a short length inferior to the fronto-
occipital fasciculus before entering the temporal lobe
as a single compact bundle within which the two divi-
sions can still be distinguished. The uncinate then
hooks round anteromedially to terminate in the tem-
poral pole, uncus, hippocampal gyrus, and amygdala
(Crosby et al., 1962; Kingler and Gloor, 1960).

The cingulum. Figure 10 shows a lateral view of
the reconstructed trajectory of the cingulum. The cin-
gulum contains fibers of different lengths, the longest
of which run from the uncus and parahippocampal
gyrus to subrostral areas of the frontal lobe (Crosby et
al., 1962; Nieuwenhuys et al., 1988). From the uncus,
the cingulum runs posteriorly to arch through almost
180 degrees around the splenium to constitute most of
the white matter of the cingulate gyrus. It then extends
around the genu of the corpus callosum to the subcal-
losal gyrus and the paraolfactory area of Broca (Crosby
et al., 1962). Shorter fibers, that join and leave the
cingulum along its length, connect medial frontal gy-
rus, posterior parietal lobule, and the cingulate, cu-
neate, lingual, and fusiform gyri (Dejerine, 1895; Nieu-
wenhuys et al., 1988).

Commissural (Interhemispheric) Fibers

The anterior commissure. The anterior commissure
is a bundle of fibers shaped like the handlebars of a

bicycle and straddling the midline (England and
Wakely, 1991). Two types of fibers are recognized
within the tractography result presented in Fig. 11:
more anterior fibers connecting the olfactory bulb, an-
terior perforated substance, and anterior olfactory nu-
cleus and more posterior fibers connecting the amyg-
dala, hippocampal gyrus, and inferior temporal and
occipital cortex (Crosby et al., 1962; England and
Wakely, 1991; Di Virgilio et al., 1999). The olfactory
fibers are said to be exceedingly small in primates
(Lauer, 1945; Kiernan, 1998) and were not visualized
in our images. The nonolfactory fibers can be further
subdivided into more anterior and more posterior sub-
divisions. The more anterior of these connect the amyg-
dala (Turner et al., 1979) and temporal pole (Demeter
et al., 1990), while the more posterior connect middle
and inferior temporal gyri, parahippocampal region,
and fusiform gyri (Crosby et al., 1962; Pandya and
Rosene, 1985). The anterior commissure also receives
fibers from the inferior occipital cortex in man, but not
in macaque (Di Virgilio et al., 1999; Rockland and
Pandya, 1986). The anterior commissure is a familiar
landmark on sagittal conventional MR images (Mai et
al., 1997) where it crosses the midline as a compact
cylindrical bundle between anterior and posterior col-
umns of the fornix beneath the septum pellucidum and
anterior to the third ventricle (Dejerine, 1895). After
crossing the midline, the tract runs laterally at first
through the perforated substance and between the glo-

FIG. 10. Lateral view of the left cingulum. The long fibers connect the frontal lobe to the temporal lobe, whereas the short fibers connect
neighboring areas of the cingulate and medial gyri of the frontal, parietal, occipital, and temporal lobes.
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Figure 19. Strong correspondence of the reconstructed tracts in the
corpus callosum with the known anatomy of the fibres tracts in the
corpus callosum. Adapted from (Catani et al., 2002).

and grey matter without staining, even for trained experts (de
Castro et al., 2005).

Anatomical dissection and diffusion MR tractography
have a reciprocal relationship from which both techniques
can benefit. The prior knowledge required for robust dis-
section means new tracts are hard to discover in exploratory
dissection. However, fibre tractography prior to dissection can
aid the process of dissecting by visualising major fibre tracts
in the specimen before dissection starts to improve the quality
of the dissection (Skadorwa, Kunicki, Nauman, & Ciszek,
2009). Because of the non-destructive nature of diffusion
MR tractography, this technique has found its way into neu-
roanatomical education as a virtual dissection training tool
(Agrawal et al., 2011; Skadorwa et al., 2009; Catani, Howard,
Pajevic, & Jones, 2002; Hagmann et al., 2003).

Diffusion MR tractography can benefit from dissection
studies as a validation measure. Diffusion MR tractography
shows close resemblance to known major white matter tracts.
In a study by Catani et al. (2002), a virtual dissection tool was
created using diffusion tensor images. White matter tracts
were selected using a set of region of interests (ROIs) the
fibre pathway had to pass through. These ROIs were selected
using white matter atlases constructed by Ludwig and Klingler
(1956) based on dissection. Upon qualitative inspection, the
reconstructed tracts showed a strong correspondence with the
known white matter anatomy of the brain for all the major
fibre tracts (Figure 19). Hagmann et al. (2003) used a similar
approach to develop a virtual dissection tool and came to the
same conclusion that diffusion MR tractography offered a
good matching with known anatomical data.

Because most brain atlases, including the ones on white
matter structures, tend to be based on a single brain specimen,
there might be a difference in overlap between reconstructed
pathways and actual white matter tracts due to difference in
brain morphology. To properly validate the reconstructed

pathways using classical dissection, Lawes et al. (2007) first
constructed a white matter atlas from 15 young healthy vol-
unteers to capture intersubject variability in the white matter
tracts. These results were then compared to tracts dissected
from several postmortem formalin-fixed brains. The results
showed quite promising overlaps (Figure 20). However, par-
ticularly near the termination sites of a white matter tracts
where intersubject variability is high, the results showed a
diminished overlap with the dissected tracts.

In addition, diffusion MR tractography can assist careful
dissection of brain specimen, as shown by Kier, Staib, Davis,
and Bronen (2004). Dissection requires extensive prior knowl-
edge about white matter structure. Using diffusion MR trac-
tography, the dissection can be assisted for precise localisation
of brain white matter tracts. Coregistration of the intermediate
MR images with the pictures of the specimen as layers of
the brain are peeled back plays an essential role for precise
localisation of the tracts. Using this method, successful dis-
section is permitted without extensive prior knowledge and
experience, and reduces that chance of accidentally cutting
tracts.

Pathology
Closely related to anatomical dissection is the use a pathology
to trace white matter tracts in the brain. Assuming diffusion
MR tractography traces white matter structures, any changes
to these structures should be visible on the scans. Several neu-
rodegenerative diseases are assumed to affect the integrity of
the white matter. Such diseases include Alzheimer’s disease,
multiple sclerosis, and amyotrophic lateral sclerosis. Other
processes may introduce changes to white matter structures as
well, such as myelination of nerve fibres during childhood and
neuroplasticity after stroke or the presence of brain tumours.

Procedure
Nerve fibres tend to degenerate progressively, either starting
distal to the site of injury, a processes known as anterograde
degeneration, or proximal to the site of injury, called retro-
grade degeneration. Progressive degeneration have originally
been verified by staining methods in histology (Johansen-
Berg & Behrens, 2009) which will be covered in the next
section. Degeneration can be induced artificially by cutting
or damaging axons, but this approach is limited to animal
studies. Despite that, this approach has also been applied to
postmortem human brains after brain injury (Johansen-Berg
& Behrens, 2009)].

Studying patients with progressive neurodegeneration has
great potential to identify both the origin and termination site
of nerve pathways and possibly deduce polarity of pathways
(Johansen-Berg & Behrens, 2009). Where original staining
methods were invasive, much like the classical dissection
approach, diffusion MR tractography allows in vivo visual-
isation of neurodegeneration (Ciccarelli et al., 2008). As
myelin is progressively degenerated, either anterograde or
retrograde, the changes it causes to white matter structures
can be visualised with diffusion MR imaging. Pierpaoli et al.
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Figure 20. The right temporo-parieto-occipital pathway. (i) reconstructed pathway form diffusion tensor imaging. (ii) the pathway exposed
in the partially dissected brain specimen (iii) the white matter tracts extracted from the brain specimen. Adapted from (Lawes et al., 2007)

(2001) showed that Wallerian degeneration can be detected
using DTI. Other diseases and processes affecting nerve fibres
can be visualised similarly using diffusion MR tractography,
e.g. in patients suffering from stroke (Xue et al., 2001) or
myelination of nerve fibres during maturation of the brain in
childhood (Maas et al., 2004; Knickmeyer et al., 2008). Lon-
gitudinal studies of patients with neurodegenerative diseases
in combination with a functional evaluation study can reveal
the location of entire pathways as they are progressively de-
generated or myelinated. Degeneration of white matter can be
classified by a decrease in fractional anisotropy and a slight
increase in mean diffusivity of voxels affected by the degenera-
tion (Ciccarelli et al., 2008; Jones, 2011). Disease monitoring
is usually done by quantifying these measures along a selected
reconstructed pathway (Ciccarelli et al., 2008).

Advantages and limitations
Based on the correlation between functional deficiencies and
affected white matter pathways we can determine the location
of white matter pathways. However, there are limitations to
how much we know about the cause, process and effect of
neurodegenerative diseases on white matter integrity. This
makes studying changes to white matter structures in neurode-
generative diseases difficult. Studying pathology may not be
the most accurate measure to validate the precise course of
fibre tracts if the exact location of the lesions cannot be deter-
mined. It may however prove useful in validation of global
functional connectivity studies.

Moreover, there are ethical consideration of putting pa-
tients with a debilitating neurodegenerative disease in longi-
tudinal studies. Given the time course and degeneration of
quality of life for patients with neurodegenerative diseases,
the demands put on by the trials may be strenuous for the
patients. An alternative can be found in artificially induced
degeneration of neurones. However, these kind of studies are
limited to animals only for obvious reasons and a one-on-one
mapping of white matter tracts cannot not always be made in
translational studies between animals and humans. Regardless
of the ethical considerations for animal studies, artificially in-
duced lesions do offer extensive control over the location of
neurodegeneration. Additionally, planned termination of the

animal’s life can be carried out in order to freeze the brain
at its current state of degeneration for further post-mortem
studies using any of the techniques mentioned in this article.

Histology
Another well-established classical method for studying white
matter architecture is the use of histology with additional
staining techniques. Histology is the study of structure of
tissues using microscopy techniques. For this purpose, a
specimen needs to be fixated before it is sliced into sections.
A device called a microtome cuts very thin sections with
a thickness down to several micrometre from the specimen.
These sections are then transferred to a coverslip or other
medium for storage and handling prior to inspection. Before
analysing the sections, additional staining techniques can be
applied to increase to contrast between structures of interest
and surrounding structures. Finally, the sections are analysed
using light microscopy techniques.

Procedure
Histology operates on ex-vivo specimen that need to be fixated
before they are slices into sections. The fixation procedure
is similar to that of Klingler’s dissection method, except that
repeated freezing and thawing of the brain specimen in order
to loosen up white matter fibres is not necessary and best avoid
to preserve morphology. The brain specimen is either emerged
in paraformaldehyde (PFA) or the specimen is perfused with
PFA through the cardiovascular system for several weeks until
it stiffens. Once the specimen has been set, it can be sliced
into sections. The thickness of the sections can vary from
a centimetre when slices are cut by hand down to several
micrometre when slices with a microtome. Typical histology
produces a single two-dimensional image of the surface of
a section. Consequently, the thickness and spacing between
sections determines the axial resolution of the reconstructed
3D images.

Sections derived from fixated specimen can be studies
directly with light imaging techniques such as light cameras
or light microscopy. However, the contrast between tissue
types may be poor. For improved contrast, additional staining
techniques may be applied to the sections prior to inspection.
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Many dyes are available to stain specific structures of tissue.
For studying white matter architecture in the brain, dyes that
target the lipid layers of myelin wrapped around axons can
be used. The first myelin staining was developed by Carl
Weigert in 1862 (Johansen-Berg & Behrens, 2009). Sections
are first treated with chrome and copper solutions which binds
primarily to the lipid structure of myelin. After treatment with
hematoxylin, the myelin is stained with a deep blue to black
colour, making it easy to distinguish myelinated white matter
structures from surrounding tissue. Nowadays, Luxol fast blue
is a commercially available dye that has replaced Weigert’s
method for staining myelin. Other neuronal markers, such
as Nissl staining or Black-Gold II staining for neuronal cell
bodies have also been used (Flint et al., 2010; Hansen et al.,
2011).

Another class of staining techniques that is of particular
interest to fibre tractography are tracers (Johansen-Berg &
Behrens, 2009; Jones, 2011). Tracers are substances that are
either actively or passively transported by the neurones or
it can be a virus that infects neuronal cells. This property
makes them particularly interesting for studying connectivity,
but they can also be used to selectively stain a small set of
fibres in a region of the brain e.g., in a study by Seehaus et
al. (2013). Tracers have to be injected into the specimen prior
to fixation. After injection, the substance or virus is taken
up by surrounding axons. Depending on the substance use,
retrograde or anterograde transportation of the substance la-
bels the entire neurone. Most substance tracers are limited to
single neuronal transmission, although most viruses and some
substances can be transferred between neurones at synaptic
terminals (Ciccarelli et al., 2008). This allows longer tracts
to be visualised. Viral tracers require an additional process-
ing step in which the infected neurones are labeled using
immunochemistry.

After sections have been stained with dyes or tracers, light
imaging techniques can be used to visualise the white matter
structure. The human eyes can be used to study sections in
which a dye was used to label white matter structures, but a
microscope is preferred to study the microscopic structure.
A fluorescent microscope is required for analysing sections
stained with tracers since the substances and immunochem-
ical labels used in the process are not visible without. The
result of the analysis are two-dimensional images of the face
of the section in which white matter or select white matter
fibres are clearly visible. Another approach is to use laser
scanning confocal fluorescence microscopy that allows addi-
tional optical sectioning of the section to reconstruct small
three-dimensional volumes rather than only surface images.

Advantages and limitations
Histology is a labour-intensive procedure for much the same
reasons as dissection. The process is limited to ex-vivo spec-
imen of brains that need to be fixated and processed before
sections of the brain can be analysed. The advantage of his-
tology over MRI is the superior spatial resolution that can
be achieved. Resolutions higher than MRI can already be

Figure 21. A tracer has been injected into the cortex of the brain at
the upper left corner of the image. The substance is distributed in
the vicinity of the injection site, before it is taken up by a fibre
pathway. This fibre pathway is clearly visible from the data in the
encircled region. Adapted from (Seehaus et al., 2013).

achieved using light imaging with a high-quality camera. With
the additional use of a light microscope, the resolution can
be increased to the nanometre level. Moreover, modern im-
munochemical staining are highly selective with high affinity
for their target. This offers much more certainty about white
matter structures than with the indirect probe used in diffusion
MRI to measure white matter structures. However, histol-
ogy requires a well-equipped laboratory, and the use of viral
tracers requires the right permissions to use the technique.
Some tracers rely on active transportation of the substance. It
is uncertain for how long this process continues after death.
Consequently, the distance tracers can travel to label neurones
is limited to this process.

Polarised light imaging
Histological staining methods requires a biological laboratory
that is allowed to work with genetically modified materials
and that may not always be available at every research institute.
Rather than staining histological brain section with antibodies,
the same histological sections can be studies using polarised
light imaging (H. Axer, Axer, Krings, & Keyserlingk, 2001;
M. Axer, Amunts, et al., 2011; M. Axer, Gräßel, et al., 2011;
Choe, Stepniewska, Colvin, Ding, & Anderson, 2012).

Procedure
Polarised light imaging relies on the anisotropic structure of
the lipid layers in myelinated axons, nerve fibres that exhibit
a birefringent property. The birefringent properties of tissue
bends the polarisation of linearly polarised light that is trans-
mitted through the section. Using polarisation filters and an
additional quarter wave retardation plate, the out-plane incli-
nation and in-plane direction of nerve fibres can be visualised.
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In the case of the central nervous fibers, two impor-
tant parameters have to be dealt with, the optimal
thickness of the section and the birefringent properties
of the nervous tissue. Nervous fibers are negatively
anisotropic (Wolman, 1975), an effect due to the radi-
ally oriented lipids in the myelin sheaths. Thus polar-
ized light can be used to visualize differently oriented
tracts of fibers (Kretschmann, 1967; Fraher and Mac-
Conaill, 1970; Miklossy and Van der Loos, 1991; Axer
et al., 1999a).

Polarized light microscopy provides images, which
are highly influenced by the architecture of 3-D orienta-
tion of the fibers. Previously, we described a method to
categorize the inclination of fibers in each point of the
image using fuzzy approximations. However, this al-
gorithm only distinguished four classes of inclination
(Axer et al., 2000). Nevertheless, this method was suffi-
cient for a visualization of the nerve fiber orientation in
the sections.

In contrast, the aim of this study was to develop a
method for the quantitative estimation of the orienta-
tion angles of the nervous fibers in polarized light
images. Two angles describe the 3-D orientation of the
fiber course. The orientation of the fibers in the plane
of the section (xy-plane) is defined as direction, and the
elevation of the fibers in the depth of the section
(z-direction) is defined as inclination. The inclination of
the fibers influences the amount of light (intensity),
which passes the analyzer, while the direction of the
fibers is represented by that azimuth where the lowest
intensity can be measured.

Digital image processing allows measurements of
light intensity in all pixels of the images scaled onto an
interval between 0 and 255.

2. Materials and methods

All human materials used in this study were derived
from body donors who have donated their bodies for
anatomical study. The brains were fixed in 4% formalin
solution for at least 4 weeks.

An apparatus (Fig. 1) was constructed for imaging of
the samples using polarized light, which allows to rotate
the two polarization filters while the specimen itself
remains in a fixed position. Polarizer and analyzer were
oriented perpendicular to each other, and this combina-
tion of filters can be rotated. The sample is placed
between these rotatable filters. In addition, a quarter
wave plate (!/4) can be inserted into this filter combina-
tion. Polarization filters and the quarter wave plate
were purchased from B+W Filter, Schneider, Bad
Kreuznach, Germany.

Thus, polarization images of the samples can be
derived using different rotation angles of the filters
(azimuth). The polarized images were digitized with the
3CCD video camera Sony DXC-930P, which was con-
nected to a Pentium personal computer using Windows
NT (Microsoft). In this study, the magnification of the
camera was adjusted that one pixel in the digital image
represents an area of 200!200 !m in the sample. In all
experiments, the settings of the imaging system (mag-
nification, contrast, brightness) were constant.

2.1. Optimal thickness of the samples — corpus
callosum

The body of the corpus callosum of a human brain
(female, 88 years) was cut into small blocks at 0, 30, 45,
60, and 90° with respect to the main fiber direction.
These blocks were sectioned at 20, 50, 100, 150, 200,
and 300 !m using a microtom cryostat (HM 500 OM,
Microm, Waldorf, Germany). The sections were
mounted with Aquatex© (Merck, Darmstadt, Ger-
many) and coverslipped without staining. Some of the
sections were labeled with DiI (1,1!-dilinoleyl-3,3,3!,3!-
tetramethylindocarbocyanine perchlorate, FAST
DiI©oil, Molecular Probes Europe BV, Leiden, The
Netherlands) for confocal laser scanning microscopy
(Leica TCS NT, Leica Microsystems, Heidelberg, Ger-
many) in order to perform an exact visualization of the
nervous fibers in their 3-D orientation as described
earlier in detail (Axer and Keyserlingk, 2000).

A series of 19 pictures of each section was digitized
under rotation of the polars (0–180° azimuth) with
polarization filters only. Another series was acquired
with a quarter wave plate additionally. The quarter
wave plate is a compensator, which is capable to im-
pose a phase shift of 1/4 cycle on the light wave.

Thirty pixels in each series were unbiasedly selected.
Thus the intensities at these points in each section were
measured under azimuths ranging from 0 to 180°. Fig.

Fig. 1. The principle of polarized light microscopy in a setting as used
in this study. The combination of filters can be rotated while the
sample itself remains in a fixed position. A quarter wave plate (!/4)
can be arbitrarily inserted into the filter combination.

Figure 22. The setup for polarised light imaging. The sample is
placed between to opposing polarised that can be rotated while the
sample remains fixed. Light is linearly polarised by the polariser
beneath the sample, birefringent tissue retards the polarised light,
the second polarised filters out only the retarded component of the
light, and finally the light is measured with a camera. An additional
quarter-wave retardation plate can be inserted after the sample.
Adapted from (H. Axer et al., 2001).

The result after registration of the separate 2D sections in a
depth stack produced a high-resolution 3D vector field that
constitute the fibre tracts in the specimen.

The preparation step of obtaining histological section is
the same as with staining procedures. The brain specimen
needs to be fixated in formaldehyde over a prolonged period.
Often, the specimen is encased in gelatine to create a solid
block for better alignment during sectioning (M. Axer, Gräßel,
et al., 2011). Imaging of the histological section is done by
placing the sample between two opposing polarisers, a method
known as cross polarisation (Figure 22). Light rays emitted
from a light source is linearly polarised by the first polariser.
As the polarised light rays pass through the sample, the light
rays are retarded by the birefringent properties of the sample.
Depending on the angle of the nerve fibre and the density of
the nerve fibres, light rays are affected to different proportions.
The second polariser is perpendicular to the first polarisers.
As light rays hit the second polariser, only the retarded compo-
nent is allowed to pass through. Finally, the transmitted light
is captured by a camera. And additional quart-wavelength
plate can be placed between the specimen and the second
polariser to add an additional quarter wavelength retardation
to the transmitted light.

Light intensity measures are acquired with the cross po-
larisers at several angles for each histological section. The
number of acquisition angles determine the angular resolu-
tion of the acquired data. Without the additional quarter-
wavelength retardation plate, the global maximum light inten-
sity measured by the camera reflects the out-plane inclination
of the nerve fibre for each pixel in the section (upper graph in
Figure 23). When using the addition quarter-wavelength retar-
dation plate, the in-plane direction of the nerve fibre for each
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Fig. 2. Example of two measurements. The use of two polars only produces two maximum and two minimum peaks. The maximum value of the
brightness can be used to calculate the inclination of fibers at this point. In contrast, measurements with a quarter wave plate additionally reveal
only one maximum and one minimum peak. Thus, the direction of the fibers can be unambiguously estimated by finding the azimuth with the
lowest grey scale value.

2 shows an example of these measurements in one pixel
under different azimuths. The measurements of light
intensity (i.e. the grey scale value in a pixel) were
performed with the software OPTIMAS 4.10 (Bioscan
Inc., Edmonds, WA, USA).

The minimum, the maximum brightness, as well as
their difference in each series were calculated. The mean
values for these parameters were used to calculate a
linear function resembling the relationship between in-
tensity value and the inclination angle of the fibers. The
software SPSS 7.5 (SPSS Inc., Chicago, IL, USA) was
used for calculation of Pearson correlation coefficients
between these parameters.

2.2. Function of calibration — optic tract

The optic tracts of eight human brains (four males,
four females, 67–88 years) were thoroughly prepared
and embedded in gelatine. Small blocks were dissected
0, 30, 45, 60, and 90° with respect to the main fiber
direction. These were sectioned at 100 !m by a micro-
tome cryostat. The sections were mounted with Aqua-
tex© (Merck, Darmstadt, Germany) and coverslipped
without staining. Some of the samples were stained
with DiI for confocal scanning laser microscopy.

Again 30 pixels in each section were selected, and the
intensities in these pixels were measured as described

Figure 23. Example of light intensity of a voxel in the specimen
measured at discrete angles. In the upper graph, the inclination of
the fibre is determined by two global maximum. Hence, ambiguity
between the sign of the inclination needs to be solved using a tilting
stage (M. Axer, Gräßel, et al., 2011). In the In the lower graph, the
direction of the fibre at a given voxel can be determined by the
global minimum in measured light intensity. Adapted from (H. Axer
et al., 2001).

pixel in the section can be determined by the global minimum
in light intensity (lower graph in Figure 23). In standard po-
larised light imaging, there is an ambiguity in the inclination
of the detected fibres; i.e., an inclination of a 2 [0,90] =�a
(upper graph in Figure 23). To resolve this ambiguity, M. Axer,
Gräßel, et al. (2011) used a tilting stage to image the section
at different angles to create a stereoscopic view. From this
data, the sign of the inclination can be determined.

Two-dimensional maps of fibre inclination and fibre direc-
tion can be derived from polarised light imaging at a resolution
of up to 100µm (M. Axer, Gräßel, et al., 2011). The results
show a striking resemblance to diffusion MR fibre tractog-
raphy when colour-coded with the same orientation scheme
(Figure 24). In fact, using the data acquired by polarised light
imaging, slightly modified diffusion tensor imaging fibre trac-
tography algorithm can be applied to the images to trace tracts
(Figure 25 (M. Axer, Gräßel, et al., 2011). For quantitative
analysis, a robust comparison method needs to be developed
to analyse the differences between the two images of different
spatial resolution. As described in the previous section on
histology, downsampling the polarised light image to the spa-
tial resolution of the diffusion MR image would be a simple
and straightforward solution, but one that includes the loss of
information from the detailed polarised light images. More
advanced comparison techniques are needed to take advantage
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Figure 24. Qualitative comparison between fibre tractography
results using diffusion tensor imaging and the results of PLI on the
same section of a specimen shows a strong correspondence between
fibre orientations. Adapted from (Jones, 2011).

of the increased spatial and angular orientation of polarised
light imaging.

The polarised light imaging method has been validated
using confocal microscopy by staining the histological sec-
tions for myelin with DiI (H. Axer et al., 2001). In the same
study synthetic images were used to validate polarised light
imaging. It was shown that the inclination and direction of
the nerve fibres in the section derived by polarised light imag-
ing conforms with the results of the well-established staining
method and the synthetic images. This confirmation with the
true anatomy could help to establish polarised light imaging
as a solid and robust validation method for fibre tractography
results.

Advantages and limitations
The slice thickness of the sections is an important parameters
in polarised light imaging. If the slices are too thin, the retar-
dation of the polarised light is too small to be detected by the
camera. If the slices are too thick, attenuation and scattering
of the photons become an issue. Optimal slice thickness was
determined to be 100 µm by H. Axer et al. (2001). This puts
a limitation on the axial resolution of this method. Since the
total retardation of the light depends on the thickness of the
slice, the slice thickness needs to remain constant throughout
the experiment and the camera needs to be calibrated for the
selected thickness.

Other tissue in the brain may also exhibit the birefringent
property. For example, collagen, a substance found in blood
vessels, exhibits the birefringent property. Fortunately, the
amount of collagen present in cerebral blood vessel in rather
small (H. Axer et al., 2001). Still, tissue surrounding nerve
fibres can distort the image. Even at higher resolution, the
partial volume effect continues to play a role. The orienta-
tion of the measured fibres is the result of a summation of

fibres passing through the thin section of the specimen. In
addition, from stained sections placed under a confocal laser
scanning microscope, it is shown that even in white matter
structure where the fibres are assumed to run mainly parallel,
the architecture of the structure is not homogeneous (M. Axer,
Amunts, et al., 2011). Consequently, the measured data are
averaged over this heterogenous distribution of nerve fibres.

The resolution of polarised light imaging can be even fur-
ther improved by using polarised light microscopy. Using
this technique, the resolution can be improved up to 1.6 µm
for modern day microscopes (M. Axer, Gräßel, et al., 2011).
Single nerve axons can be imaged at this resolution that al-
lows clear distinction between crossing fibres (Figure 25).
However, a major limitation remain the thickness of the his-
tological section. Even with current microscopy techniques,
the slice thickness cannot drop below 20 µm, resulting in
anisotropic voxels (M. Axer, Gräßel, et al., 2011). Another
disadvantage of polarised microscopy is that only small sec-
tions can be imaged at a time, with each dimension of the
section up to several mm. Finally, however small the voxel
are, partial voluming effect still plays a role. Especially at
the boundary between white matter and grey matter, where
the partial volume effect may result in steep inclinations or
non-existing fibre tracts.

The time it takes to prepare a brain specimen and to image
an entire human brain with polarised light imaging remains a
major disadvantage of the technique. With polarised light mi-
croscopy, the amount of time it takes to image an entire human
brain is even worse, as only small sections of the specimen can
be imaged at a time. However, a multi-resolution approach
can be applied to save time, where only troubling sections
with many crossing fibres are analysed using polarised light
microscopy while other sections are analysed with polarised
light imaging.

Manganese tracer
Finally, there is one last validation methods that deserve men-
tion and that is the manganese tracers. This tracers works
similar to substance and viral tracers mentioned in the section
on histology, but the added benefit of manganese is that it is
visible on MR images. This enables a whole new class of
validation studies as it can be performed in vivo.

Procedure
A manganese (Mn2+) solution is injected at a site where it
can be taken up by the fibre pathway. In the study by Pautler
(2004), the eye of the rodent was chosen as site. This makes
injecting the tracer at the correct site more accessible, but
limits imaging to the right optical pathway (Figure 26). The
manganese tracer is allowed to diffusion over a period of one
day before the brain is imaged using T1-weighted MR imag-
ing. The manganese tracer shortens the relaxation time of the
tissue, thereby enhancing its contrast on the T1-weighted MR
image. Subtraction from non-enhanced T1-weighted images
reveals the position of the pathway. Imaging at time intervals
can even reveal in which direction the tracer diffuses.
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Axer et al. 3D-polarized light imaging

FIGURE 6 | Reconstructed fiber tract models in five regions of interest
(volumes of 2 mm ! 2 mm ! 1 mm) sampled with an isotropic resolution
of 100 µm. The individual color spheres (legend: A, anterior; P, posterior; I,
inferior; S, superior; R, right; L, left) indicate the orientations of the fiber tract
models. Fiber models were generated in (A) the Corpus callosum, (B) the
Corona radiata, (C,D) the internal capsule (green), perforated by small
fascicles (red and magenta) connecting the cerebral cortex with the Thalamus

(C), Red nucleus and Substantia nigra (D), and (E) the Pons
(green = cortico-spinal tract, red = transversal branches). Superimposed
retardation maps (gray values) serve as anatomical references. (F) The RGB
fiber orientation map is a representative of the stacked whole brain sections
used for the study. The black rectangles highlight the magnified regions of
interest (A–E) and the arrows indicate the individual observer’s perspective.
Legend: Cc, corpus callosum; Ci, internal capsule; Po, pons; R, right; L, left.

anatomical connectivity map could target three levels of organiza-
tion (microscale, mesoscale, and macroscale) requiring reasonable
cross-level integration.

MR-based diffusion imaging is the most frequently used
method to visualize fiber pathways in both the living (Basser et al.,
1994; Pierpaoli and Basser, 1996; Conturo et al., 1999; Beaulieu,
2002; Tuch et al., 2002, 2003; Hagmann et al., 2003; Tuch, 2004;
Mori and Zhang, 2006; Schmahmann et al., 2007; Naidich et al.,
2008; Johansen-Berg and Rushworth, 2009) and the postmortem
(Englund et al., 2004; Larsson et al., 2004) human brain. With a
spatial resolution at the millimeter scale, diffusion imaging con-
tributes nearly exclusively to the construction of data sets at the
level of macroscopic structural connectivity. However, restricted
by the resolution, complex fiber networks and small fiber tracts
cannot be discovered reliably at present. Furthermore, the ter-
minal parts of fiber tracts within the cerebral cortex cannot be
demonstrated.

Conversely, microscopic techniques generate data sets of
impressing neuroanatomical detail, but they are limited to small
sample sizes (i.e., small areas of interest in a small number of
subjects). This substantially restricts their predictive power. In the
recent years, anatomical connections in the human postmortem
brains were studied with dissection techniques (Klingler, 1935;
Türe et al., 2000), in myelin stained sections of adult human brains
(Bürgel et al., 1997, 2006), or of immature brains taking advan-
tage of heterochronic myelination of different fiber tracts during
pre- and early postnatal development (Flechsig, 1901), in lesioned
brains using various techniques for staining degenerating fibers
(Funk and Heimer, 1967; Clarke and Miklossy, 1990), and using
tract-tracing methods for discovering local connections (Burkhal-
ter et al., 1993; Lanciego and Wouterlood, 2000). These studies
have contributed to our knowledge about human brain fiber tracts,
but all of these approaches suffer from severe restrictions, if fiber
tracts are to be mapped in the adult human brain including their
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Figure 25. Several sections (A-E) are analysed from a single slice (F) using polarised light microscopy. With a spatial sampling size below
the size of a single axon, minor deflections in the fibre tract can be visualised. In particular, appreciate the resolution in the presence of
crossing fibres in subfigure C through E. The tracts are reconstructed using slightly modified diffusion tensor imaging tractography
algorithms. Adapted from (M. Axer, Gräßel, et al., 2011).
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Figure 26. A manganese solution was injected into the right eye.
After 24 hours, the retina and optical pathway are enhanced by the
manganese tracer. Adapted from (Pautler, 2004).

Advantages and limitations
As already mentioned, the main advantage of the manganese
tracer is that it is visible on MR images. Consequently, sin-
gle pathways can be visualised in-vivo with the use of this
tracer at the same time as diffusion MR images are acquired.
Where most substance tracers are limited to single neuronal
transmission (Ciccarelli et al., 2008), thereby restricting its
use to studies that focus on a single axons, manganese can
be transferred across synapses (Pautler, 2004). In this study,
the entire optical pathway of the rat was studies (Figure 26).
The disadvantage is that the entire pathway is enhanced and
no distinction can be made between merged fibre pathways.
Additional injection sites in the same subject could be used,
but may confound the results if the tracers merge onto the
same tract. Although manganese tracer is eventually washed
out of the system in about three to four days, depending on the
concentration and size of the subject. Since the manganese
tracer is toxic, its application is limited to animal studies only.
This requires translational studies to map the results to human
anatomy.

Discussion
In the previous chapter several method for validation of the
trajectory of reconstructed fibre tracts in diffusion MR fibre
tractography and their individual advantages and limitations
have been discussed. In this chapter, the different techniques
are compared with each other based on the following criteria:
what is measured, at what spatial resolution, specimen prepa-
ration, and the complexity of the method. After the discussion
on validation methods, the process of image registration of
multimodal images and the metric common to all validation
methods are also discussed in this chapter. Finally, some
speculative ideas for future research are presented.

Validation methods
One of the major problems with diffusion MR fibre tractogra-
phy is that the probe used to measure white matter architecture
is indirect. Diffusion of protons in not only regulated by white
matter, but also by surrounding tissues, temperature and vis-
cosity of the medium. Therefore, a quality of a gold standard
should be that is accurately measures the desired object of
interest. Achieving highly selective probes with high affinity
can be a challenging quest in the natural world because of
the complexity of nature. Many types of tissue share similar
properties. Even though modern staining methods are highly
selective and have high affinity, even here false positive may
occur. The promising technique of polarised light imaging
relies on the birefringent property of myelin sheet, but the
birefringent property is also shared by other cellular compo-
nents such as microtubule. The best approach to deal with this
limitation is to use software models, since they only model
the object of interest. However, software model tend to be an
oversimplification of the real world and actual performance
of fibre tractography algorithms should therefore always be
tested on realistic data as well.

A second major issue with diffusion MR fibre tractogra-
phy is the limited spatial resolution that can be achieved even
with ultra-high field MR scanners. Partial volume effects are
introduced into the measurement as a result of the limited spa-
tial resolution. In turn, the partial volume effect is at the root
of the crossing fibre problem. Diffusion tensor microscopy
can solves this problem, but this technique is limited to small
samples rather than the whole brain. However, it can help in
providing a solid ground truth of white matter architecture
using the same imaging probes as traditional diffusion tensor
imaging. To effectively solve the problem of crossing fibres
and establish a ground truth in which the true orientation and
direction of fibres is known even in the presence of crossing
fibres, an imaging modality at the level of several microme-
ters is required. Physical phantoms and maganese tracers are
both limited to the same spatial resolution since they use MRI
as well. The resolution of dissection is tricky to define, but
dissecting small fibres bundles continues to remain problem-
atic. Only techniques using microscopy, such as histology and
polarised light imaging over the superior resolution that can
solve this problem.

Diffusion MRI does offer the advantage of in-vivo three-
dimensional imaging. No other technique can match that.
This means that most validation studies are performed on post-
mortem ex-vivo brain specimens. Postmortem human brains
are scarce and using animal brain requires careful ethical con-
siderations. In addition, preparing the brain specimens for
analysis takes quite some time and requires special equipment
and expertise. More importantly, the diffusion parameters
of tissue may alter depending on the postmortem delay of
the specimen. If the postmortem brain specimen is used in
histology or polarised light imaging, additional sectioning of
the brain is required. The major complaint about histology of
brain specimens is that sectioning of the specimen introduces
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additional artefacts. Although this issue can be regulated
with images registration, as is discussed in the next section.
Still, brain volumes are reconstructed from two-dimensional
slices. Polarised light imaging offers something in between
2D and 3D imaging, as it is also able to measure out-of-plane
inclination of fibre orientations. However, this technique still
requires sectioning of the specimen, even when the block-face
technique is applied.

There is often a tradeoff between the amount of effort
required to obtain the ground truth and the precision of tract
localisation. Or rather, solving the crossing fibre problem by
applying high-resolution whole-brain imaging is a tremen-
dous tasks that produces enormous amounts of data. Although
this approach is used today by Amunts et al. (2013) in the
BigBrain project, as will be discussed in the section on future
research. These high-resolution approaches often also require
laboratory equipment and permissions to work with the ma-
terials used. In addition, working with these methods often
require high levels of expertise, such as is the case in dissec-
tion or histology. Actually, high resolution for the entire brain
may not be necessary after all. In white matter structures with
mostly thick parallel fibres, techniques offering lower spatial
resolution but larger volume coverage per unit time could
be used. While for complex white matter structures, high
resolution images can be used to establish ground truth for
these parts. A multi-scale approach may therefore be the best
option. Such an approach was used by (M. Axer, Gräßel, et al.,
2011) where whole brian slices were images using polarised
light imaging and brain region with complex fibre configura-
tions were further analysed using polarised light microscopy
(Figure 25).

Finally, an inherent limitation of diffusion MR fibre trac-
tography is the inability to measure polarity of pathways.
Although this property becomes only of interest in connec-
tivity studies, it is worthwhile to mention that tracer studies,
whether they use histology or manganese, can reveal this kind
of information about pathways and may be a valuable addition
to such studies but could also be of benefit to reconstructing
fibre pathways.

Image registration
Nearly all validation methods, with the exception of software
models, work with imaging modality other than MRI to ac-
quire ground truth. In addition, sectioning of the specimen
with the microtome may introduce shearing and tearing arte-
facts that need to be corrected. Consequently, registration of
the two types of images is required before they can be used
for validation. This holds also true for physical phantoms
and maganese tracers where diffusion MR and structural MR
images need to be registered.

With physical phantoms, fiducial markers can be added to
the frame that holds the artificial fibres. This relatively easy
registration of the images with the established ground truth.
Validation studies using manganese tracers requires image
registration as well. For software models there is often no

need for image registration as the simulation can be run in the
same spatial coordinate system as the ground truth; i.e., the
images are already aligned.

For the other validation methods, in particular histology
and polarised light imaging, image registration can be com-
plicated due to orders of magnitude differences in resolution
and difference in contrast between tissue types. In addition,
three-dimensional volumes need to be reconstructed from the
two-dimensional images obtains from the sections in histology
and polarised light imaging. For histology, the registration of
stained sections with anatomical MRI scans is detailed in a
recent manuscript by Stille, Smith, Crum, and Modo (2013).
Manually selecting landmarks is a laborious task. However,
automated image registration is complicated by the fact that
the relationship between contrast of tissue in the different
imaging modalities can be complicated to describe. The best
alternative would be to use automatically detected landmarks
in histological and MR images (Stille et al., 2013). Using this
technique, a registration error of approximately 0.3mm can
be achieved.

An alternative approach to avoid the need for complex
registration procedures is to prepare the ex-vivo specimen
as a block face construct, as is done by M. Axer, Gräßel, et
al. (2011) and Choe et al. (2012) for polarised light imaging.
With block-face imaging, the brain specimen is encased in
a transparent solution that will hold the specimen in posi-
tion during imaging and provide the specimen with additional
integrity during sectioning with the microtome. Fiducial mark-
ers can be added to the solution to aid the registration proce-
dure. Although this procedure prevents most of the shearing
and tearing during microtome sectioning, other deformations
from misaligned sections or sections lost in the process can
still occur.

When light microscopy is used to image histological slices
with either staining methods or polarised light imaging, the
process of image registration is even more complicated be-
cause only small volumes can be used with light microscopy,
with volume sizes of only a couple of cubic millimetres. With
the limited resolution of MRI with voxel sizes about the same
order of magnitude, automatic registration is likely to fail.
The best approach for image registration is still open for dis-
cussion, but manual registration remains an option.

Evaluation metric
One more challenges still remaining in validating tractogra-
phy is defining a proper evaluation metric for comparing the
tractography results with the established ground truth. Fibre
tractography in its current state is inherently limited by the
spatial resolution of MRI and noise. Tractography results are
therefore unlikely to exactly coincide with the true anatomy.
If we want to compare the performance of fibre tractography
algorithms, we not only need to establish a ground truth, but
also require a metric to compare the performance.

A common metric in image analysis with respect to seg-
mentation is the use of volume overlap to determine how well
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two segmentations coincide, e.g. using the DICE index. How-
ever, using volume overlap to compare the results of fibre
tractography would be a poor choice since overlap may occur
irrespective of the origin, destination and curvature of the
tracts. A proper metric should include this information along
the full length of the tract.

Several metrics have already been developed for global
connectivity assays. For example, in (Côté et al., 2013) several
metrics have been introduced for connectivity analysis that
makes use of expected ROIs to classify fibres bundles into
valid connections, invalid connections, or non connections.
Expected ROIs are also used to determine valid and invalid
bundles. Although volume overlap may not be the best metric
by itself, it can still be used to determine the average bundle
coverage for the entire brain. A similar approach of using
ROIs for global connectivity has been used in Close et al.
(2009), where strands are classified as valid connections if
they terminate within respectable distance from the target
ROI.

The number of incoming and outgoing connections be-
tween nodes and finding the right target may suffice for vali-
dation of global connectivity assays. For precise tract local-
isation, the full length of the fibres need to be validated. In
(Barbieri et al., 2011), one such approach is used to measure
the fibre-tracking error along the full length of a fibre bundle.
A minimum safety radius is determined such that circle with
this radius aligned at fibres inside the bundle cover the cross
section of the modelled fibre bundle. This safety radius is
calculated at regular intervals along the fibre bundle.

However, the approach by Barbieri et al. (2011) is rather
computational intensify, as it requires computation of the
Voronoi diagram at each cross section. Depending on the
output of the tractography algorithm, the mean squared dif-
ference between the reconstructed tracts and the ground truth
may be sufficient for tracts represented by piecewise curvi-
linear functions or b-splines (J. Li & Wunsche, 2005). An
addition step of curve fitting might be needed for voxel-based
representations to convert the data into piecewise curvilinear
functions or b-splines.

This relatively simple but robust evaluation metric has also
been used in (Tournier et al., 2002). Four metric are defined as
(i) the absolute difference in distance between the end-points
of the reconstructed tract and the ground truth, (ii) the root-
mean-square difference in distance between points along the
tracts, (iii) the maximum difference in distance from points
along the tracts, and (iv) a success rate classification based
on the maximum deviation from the tract. Other properties
of tracts, such as the total length of the tract (Leemans et al.,
2005), can also be used as an evaluation metric.

Future research
Advances in ultra-high field MRI enables visualisation of
the brain at increasing resolution in limited amount of time.
Future progress in this field can aid advances in fibre tractogra-
phy by improving the resolution of voxels with crossing fibres.

However, for clinical applications, the resolution of MRI is in-
herently limited by the available scan time and signal-to-noise
ratio of diffusion MR. In the previous section on histological
methods we have already seen what ultra-high field MRI can
reveal about white matter structures when applied to small
volumes of brain specimen in diffusion tensor microscopy
(Figure 25). For whole-brain diffusion MRI of the human
brain, the level of resolution from diffusion tensor microscopy
may be beyond the reach in clinical application, with cur-
rent spatial resolution at 7 tesla limited to about 0.5mm and
in experimental setups at 11.7 tesla limited to 125-255µm
(Aggarwal et al., 2013). This expresses the continuing need to
establish tools for validating diffusion MR fibre tractography
in the presence of crossing fibres.

In the previous section we have seen that for validation
of tractography we either have to move to simplistic mod-
els constructed at macroscopic scale, or we have to move a
microscopic analysis of anatomical samples. The latter has
preference if the tractography algorithms are to be used in
clinical settings. Dealing with microscopic analysis has its
downsides. For one, only small volumes can be processed at
a time. Moreover, most techniques described in the article use
2D sections for the microscopic analysis. Since fibres tend to
run in all three dimensions, these approached severely limit
the accuracy of the ground truth, even if a 3D volume is recon-
structed from the 2D sections. Only polarised light imaging,
and polarised light microscopy for improved resolution, offer
a certain degree of three dimensional imaging of a 2D slices of
the specimen. That is, the technique can measure the in-plane
direction of fibres as well as the out-of-plane inclination of
fibres.

There is one promising combination of techniques that, as
far as the author knows is only a speculative application to vali-
dation of diffusion MR fibre tractography, holds merit to move
whole-brain microscopic analysis to true three-dimensional
analysis. A recently developed technique called CLARITY
(Chung et al., 2013; Chung & Deisseroth, 2013) that removes
lipid structures from organs. This morphological modifica-

respectively), were robust to ionic detergent extraction (Fig. 2, Sup-
plementary Fig. 1 and Supplementary Video 1). Second, whereas passive
diffusion of detergent micelles would take many months to completely
extract lipids from the adult mouse brain, we developed an active-
transport organ-electrophoresis approach, which we term electro-
phoretic tissue clearing (ETC), that capitalizes on the highly charged
nature of ionic micelles. This method expedites the extraction by
orders of magnitude (Fig. 1 and Supplementary Fig. 2). We anticipated
that the hydrogel would secure biomolecules and fine structural fea-
tures such as membrane-localized proteins, synapses and spines in
place, whereas membranous lipids that cause light scattering and pre-
vent penetration of macromolecules would be actively removed,
leaving behind an otherwise fully assembled biological system suitable
for labelling and imaging intact.

Whole adult mouse brain imaging
To test anticipated features of the technology, we processed with
CLARITY (hereafter ‘clarified’) the brain of a 3-month-old line-H
mouse, in which the cytosolic fluorescent protein enhanced YFP
(eYFP), under control of the Thy1 promoter sequence region, is
expressed in a subset of projection neurons25,26. Within 8 days, the
intact adult brain was transmuted into a lipid-extracted and struc-
turally stable hydrogel–tissue hybrid. Scattering still occurs owing to

heterogeneously distributed protein and nucleic acid complexes in the
hybrid; however, after immersion in refractive-index-specified solu-
tions matching the CLARITY hybrid (for example, 85% glycerol or
FocusClear, both with a refractive index of ,1.45), the intact brain
(including heavily myelinated white matter, thalamus and brainstem)
becomes uniformly transparent (Fig. 2a–c and Supplementary Videos
2–5). ETC is crucial: passive refractive-index matching of non-ETC-
processed brain provided little clearing (Supplementary Fig. 3),
whereas full CLARITY processing enabled imaging of the entire intact
mouse brain at cellular resolution even using single-photon micro-
scopy (Fig. 2d–f and Supplementary Videos 2–5); this is important as
many dyes and fluorescent proteins are better suited to single-photon
rather than two-photon illumination27,28).

Because imaging depth in clarified tissue appeared to be limited
only by the working distance of the objective (here 3.6 mm, although
8-mm working distance/0.9 numerical aperture objectives are available),
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image of brain depicted in b. d, Dorsal aspect is imaged (single-photon (1p)
microscopy), then brain is inverted and ventral aspect imaged. e, Three-
dimensional rendering of clarified brain imaged (310 water-immersion
objective; numerical aperture, 0.3; working distance, 3.6 mm). Left, dorsal
half (stack size, 3,100mm; step size, 20mm). Right, ventral half (stack size,
3,400mm; step size, 20mm). Scale bar, 1 mm (Supplementary Videos 3–5).
f, Non-sectioned mouse brain tissue showing cortex, hippocampus and
thalamus (310 objective; stack size, 3,400mm; step size, 2mm). Scale bar,
400mm (Supplementary Video 2). g–l, Optical sections from f showing
negligible resolution loss even at ,3,400-mm deep: z 5 446mm (g, h),
z 5 1,683mm (i, j) and z 5 3,384mm (k, l). h, j and l, boxed regions in
g, i and k, respectively. Scale bars, 100mm. m, Cross-section of axons in clarified
Thy1–channelrhodopsin2 (ChR2)–eYFP striatum: membrane-localized
ChR2–eYFP (1-mm-thick coronal block; 363 glycerol-immersion objective;
numerical aperture, 1.3; working distance, 280mm). Scale bar, 5mm.
n, Dendrites and spines of neurons in clarified Thy1–eYFP line-H cortex
(1-mm-thick coronal block; 363 glycerol objective). Scale bar, 5 mm.
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Figure 27. Example of a rodent brain before CLARITY is applied
(a), and the rodent brain after CLARITY has been applied (b). The
removal of lipids from the organ makes the structure transparent to
light, allowing deeper penetration of photons in light microscopy
imaging. Adapted from (Chung et al., 2013).
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tion turn the entire organ, for example the brain, transparent
to the eye (Figure 27). Using multi-photon confocal light
microscopy, the entire organ can be imaged in all three dimen-
sions without having to section the specimen. This results in
true 3D imaging at microscopy level. At the current stage of
the technique, it is restricted to small volumes like the rodent
brain due to limitations on the lipid removal from structure
deep inside the organ and limitations on the depth of pene-
tration of photons for light microscopy. The disadvantage
to using CLARITY is that it requires extensive preparation
of the brain specimen prior to imaging. During the prepa-
ration, lipids are removed from the organ that may alter the
morphology of the organ. In particular, there are some con-
cerns about the lipid myelin sheets wrapped around axons.
This problem can be avoid by a surprising simple alternative
of soaking the organ in sucrose solution that turn the organ
transparent without altering its morphology using a technique
called SeeDB (Ke, Fujimoto, & Imai, 2013). Together with
the BrainBow technique (Livet et al., 2007; Lichtman, Livet,
& Sanes, 2008), that uses a transgenic lineage of a species that
expresses a whole range of fluorophores with different colour
for individual neurones, it enables tracing of neuronal circuits
at microscopic level (Figure 28). Although this approach
is incredibly time consuming, it would allow the creation
of brain maps of both neuronal localisation and connectiv-
ity in exquisite detail. Combined with pre-preparation and
post-preparation high resolution diffusion MR images of the
specimen, a near-golden standard could be established for
validation of diffusion MR fibre tractography.

An alternative approach is high-resolution micro-optical
sectioning tomography with additional staining for neuronal
structures. It has previously been applied to the rodent brain
(A. Li et al., 2010) and more recently to the human brain

altered expression is consistent with the observation that shortening a
transgene can increase its probability of expression16. These tests
show that recombination of both Brainbow-1 and Brainbow-2 trans-
genes leads to mosaic expression of multiple fluorescent proteins
in vivo. As was the case in vitro, no XFP expression other than the
default was detected in the absence of Cre (Supplementary Fig. 3a).
Combinatorial XFP expression. In some Thy1-Brainbow mouse
lines, individual neurons expressed only one of the XFPs present in
the transgene (Fig. 3d and Supplementary Table 2). More commonly
however, transgenic Brainbow lines showed co-expression of mul-
tiple colours in individual cells (Figs 4 and 5, Supplementary Fig. 2
and Supplementary Table 2). Notably, a large number of different
hues was observed. In a confocal stack through a peripheral motor
nerve, for instance, we distinguished at least ten XFP combinations

in different axons (Fig. 4b). Neurons of the central nervous system
also exhibited combinatorial XFP expression (Figs 4c and 5, and
Supplementary Fig. 2).

How were these colour combinations generated? Polychromatic
cells were not unexpected given that pronuclear injection typically
leads to the tandem integration of multiple transgene copies17. If, for
example, three copies of the Brainbow-1.0 construct were present in
mice and recombined independently, at least ten colour mixtures
would be expected (Fig. 4a). Indeed, quantitative polymerase chain
reaction (PCR) tests detected eight transgene copies in Brainbow-1.0
line H and 16 in line G (data not shown). To investigate whether
combinatorial XFP expression was caused by these multiple copies,
we reduced their number16, making use of an FRT site that we had
inserted into the Brainbow transgene (Fig. 1a). Applying Flp/FRT-
mediated recombination (analogous to the Cre/lox system but using
a different recombinase and target sequence10), we excised tandem
repeats of the Brainbow construct by crossing lines G and H with Flp-
expressing mice18 (Fig. 4d). Two Thy1-Brainbow-1.0(Flp) lines were
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inversion. a, In Brainbow-2.0, Cre triggers inversion of a DNA segment
flanked by loxP sites in opposite orientation. In 50% of cells, inversion
should end in an antisense orientation and switch gene expression. b, HEK
cells stably expressing CMV-Brainbow-2.0 produce RFP, and stochastically
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(nGFP). Cre recombination triggers expression of YFP, RFP or M-CFP. pA1
and pA2, SV40 and bGH polyadenylation signals. Scale bars, 50 mm.
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Figure 3 | XFP expression in Brainbow transgenic mice. a, b, Thy1-
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CreERT2-expressing animals. Tamoxifen injection led to mosaic XFP
expression throughout the brain. a, Brainstem, line H; b, hippocampal mossy
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mice, transient recombination with the CreERT2/tamoxifen system triggers
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2.1 mice, CreERT2-mediated recombination leads to expression of multiple
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Brainbow-1.0 mice line H crossed with the retina-specific Chx10-Cre driver.
Recombination is almost completely restricted to retinal ganglion cells, as
shown by label of their axons arborizing in the superior colliculus. The boxed
area in the left panel is shown at greater magnification in the right panel. Scale
bars: a–c, 10mm; d, 20mm; e (left), 250mm; e (right), 50mm.
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Figure 28. Example of a neuronal network stained with the
BrainBow colouring technique in the dental gyros of a rodent brain.
Adapted from (Livet et al., 2007).

as well (Amunts et al., 2013). This automatic approach to
sectioning large volumes enables the creation of highly de-
tailed maps of the brain at unprecedented resolution in the
range of 1µm for the rodent brain and 10µm for the human
brain. However, regardless of the resolution, this technique
is still very much time consuming, the brain is still sectioned
into 2D slices and the large volume of data is complicated to
analyse. Although polarised light imaging could be used in
addition to standard optical microscopy to extract out-of-plane
fibre inclination to reconstruct a proper 3D volume of the 2D
sections.

One of the methods that may seem to be missing from the
list is cryogenic transmission electron microscopy (Glaeser,
2008). Although this technique is known for its exquisite
spatial resolution beyond the range of light microscopy. It
is most often used only for imaging of subcellular compo-
nents. This level of resolution is probably not needed for fibre
tractography. In addition, the disadvantage of using electron
microscopy is the destructive properties of the electron beam
on the specimen and again it requires 2D sectioning of the
specimen. Thereby deeming it unnecessary and unsuitable as
a validation method for diffusion MR fibre tractography.

Finally, there is an post-processing step to diffusion MR fi-
bre tractography that holds promise for super-resolution imag-
ing of white matter structures. This technique, called track-
density imaging or track-weighted imaging, allows tracks
to be visualised up to a resolution of 125µm using clinical
high-field MR scanners at 3 tesla (Figure 29) (Calamante et
al., 2010). However, since the technique relies on the same
method we want to validate the accuracy for, it would be con-
tradictory to use this technique as a validation method. Still,
the techniques faces the same problems as diffusion MR fibre
tractography, and they could both benefit from their progress
in established a proper ground truth for validation. Several

The use of multiple shifted images has also been exploited for super-
resolution in many other imaging modalities, including video and
satellite imaging. In the context of standard 2D MRI, it is now
generally accepted that this approach can only lead to super-
resolution in the slice-encoded direction due to the band-limited
nature of Fourier-encoded data (Greenspan et al., 2002). While the
super-resolution approach proposed here also relies on increasing
resolution by combining information from multiple images (i.e. using
the fiber-tracking model generated from those images), it is based on
a different principle to the standard super-resolution method (i.e. the
images used to construct the TDI maps are not shifted relative to each
other, but use additional information provided by the continuous
nature of the long-range fiber-tracks).

Technical considerations

While fiber-tracking studies can require significant user interac-
tion (and therefore a potential source of subjectivity and variability)
the TDI method described here relies on whole-brain tracking, where
no seed/target regions need to be defined. The procedure can

therefore be implemented in a fully automatic and completely
objective way. This should facilitate their widespread use since their
production does not rely on the presence of specialized trained staff
locally.

The step-size of the streamlines algorithm should be smaller than
the dimensions of the grid-size of the final TDImap. It is for this reason
that a relatively small step-size (i.e. 0.1 mm) was used in this study.
One of the drawbacks of this requirement is an increase in processing
time for the tractography step; however, this can be ameliorated by
multi-threaded processing. As an indication of the processing time
involved, using the MRtrix software on a standard desktop worksta-
tion (Intel Core2 Quad 2.8 GHz, 4Gb RAM, 64-bit Linux), the steps
involved in generating a typical TDI map (1 million tracks and 250 μm
isotropic resolution) can be performed in: 2 min for the CSD analysis,
50 min for generating the tracks, and 2 min to generate the TDI map.

It should be emphasized that increasing the number of fiber-tracks
in post-processing cannot compensate for the use of a protocol with
small number of DWI-directions during acquisition. For example, the
TDI maps generated from the 20 DWI-protocol in this study will not
have the same quality as those generated from the 150 DWI-protocol,

Fig. 5. Targeted fiber-tracking for seeds defined in the thalamus. (a) Targeted fiber-tracking resulting from 7 small seed ROIs. The tracks are shown on a sagittal projection (left side of
image is anterior anatomically), and the tracks generated from each seed ROI are labeled with different colors. The seed ROIs were defined in areas identified in the high-contrast TDI
maps (maps generated with 250 μm isotropic resolution using 1,000,000 tracks); see (b) for an example axial slice (zoomed at the level of the thalamus), and (c) for 5 of the 7 seed
ROIs present in that slice (the remaining 2 seed ROIs were defined in different slices). (d) Zoomed-region on a different axial slice at the level of the thalamus, and (e) the
corresponding fiber-tracking results (only the tracks within the 250 μm-slice are displayed). The color-coding used in (c) and (e) corresponds to the same convention used in (a).
Note that the fiber-tracking results are generated from the original (low resolution) DWI data, and the TDI maps are only used to define the seed ROIs.

1239F. Calamante et al. / NeuroImage 53 (2010) 1233–1243

Figure 29. Example of the spatial resolution that can be achieved
in super-resolution track-density imaging of tracts seeded from the
human thalamus with seven manually selected ROIs. Adapted from
(Calamante et al., 2010)
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attempts have been made to validate the correctness of the
super-resolution property for this technique (Calamante et al.,
2011, 2012). One way that this technique could be used is to
use the post-processed super-resolution track-density images
and compare them to polarised light images of the same reso-
lution, rather than downsampling high-resolution microscopy
images to the scale of diffusion MR images.

Conclusion
Diffusion MR fibre tractography is the only method available
to date to non-invasively measure white matter structures in
the living human brain. For this reason, it is an indispensable
tool for analysing white matter pathology in diseases and dis-
orders. However, due to its intrinsic limitations on resolution
and signal-to-noise ratio, proper validation of tractography
results is essential before it can be used reliably in the clinic.

In this review, a concise overview of various methods for
validation of the precise anatomical course of white matter
tracts measured with diffusion MR fibre tractography is pro-
vided. No one method excels above all others. The choice
of the right method often depends on the resources available
to the researchers and to what extend validation is necessary.
Higher precision in establishing ground truth requires methods
that have an intrinsic higher resolution, such as microscopy
or histology compared to physical phantoms, dissection or
MR-visible tracers, but these methods are often more labour
intensive. Software phantoms may provide a practical solu-
tion since it can generate large datasets of ground truth with
only few resources. But like physical phantoms, the major
drawback is the lack of realism, since the data is only as good
as the model used to generate the data.

There is one particular method that stands out between
all others. Polarised light imaging, including polarised light
microscopy, shows a lot of promise. Although this method
can also only be applied to postmortem brains, its relatively
easy setup to scan whole sections of the brain and the amount
of information that can be derived from the high-resolution
realistic data is encouraging. In particular, the option to use
additional staining of viral tracers on the same sections and
the ability to use light microscopy on sections with complex
fibre configurations is a valuable combination.
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713–720.

Le Bihan, D., & Johansen-Berg, H. (2012). Diffusion MRI at
25: Exploring brain tissue structure and function.
NeuroImage, 61(2), 324–341.

Leemans, A., Sijbers, J., Verhoye, M., Van der Linden, A., &
Van Dyck, D. (2005). Mathematical framework for
simulating diffusion tensor MR neural fiber bun-
dles. Magnetic Resonance in Medicine, 53(4), 944–
953.

Leergaard, T. B., White, N. S., de Crespigny, A. J., Bol-
stad, I., D’Arceuil, H., Bjaalie, J. G., & Dale, A. M.
(2010). Quantitative Histological Validation of Dif-
fusion MRI Fiber Orientation Distributions in the
Rat Brain. Plos One, 5(1), e8595.

Leergaard, T. B. T., Bjaalie, J. G. J., Devor, A. A., Wald,
L. L. L., & Dale, A. M. (2003). In vivo tracing of major
rat brain pathways using manganese-enhanced mag-
netic resonance imaging and three-dimensional digital
atlasing. NeuroImage, 20(3), 10–10.

Li, A., Gong, H., Zhang, B., Wang, Q., Yan, C., Wu, J., . . .
Luo, Q. (2010). Micro-Optical Sectioning Tomography
to Obtain a High-Resolution Atlas of the Mouse Brain.
Science, 330(6009), 1404–1408.

Li, J., & Wunsche, B. C. (2005). An Analysis of Algorithms
for In Vivo Fiber Tractography Using DW-MRI Data.
The Computer Science Department. The University of
Auckland.

Lichtman, J. W., Livet, J., & Sanes, J. R. (2008). A techni-
colour approach to the connectome. Nature Publishing
Group, 9(6), 417–422.

Livet, J., Weissman, T. A., Kang, H., Draft, R. W., Lu, J.,
Bennis, R. A., . . . Lichtman, J. W. (2007). Transgenic
strategies for combinatorial expression of fluorescent
proteins in the nervous system. Nature, 450(7166),
56–62.

Lorenz, R., Bellemann, M. E., Hennig, J., & Il’yasov, K. A.
(2008). Anisotropic phantoms for quantitative diffusion
tensor imaging and fiber-tracking validation. Applied
Magnetic Resonance, 33(4), 419–429.

Maas, L. C., Mukherjee, P., Carballido-Gamio, J., Veeraragha-
van, S., Miller, S. P., Partridge, S. C., . . . Vigneron,
D. B. (2004). Early laminar organization of the human
cerebrum demonstrated with diffusion tensor imaging
in extremely premature infants. NeuroImage, 22(3),
1134–1140.

Miller, K. L., Stagg, C. J., Douaud, G., Jbabdi, S., Smith,
S. M., Behrens, T. E. J., . . . McNab, J. A. (2011). Diffu-
sion imaging of whole, post-mortem human brains
on a clinical MRI scanner. NeuroImage, 57(1), 167–
181.

Mori, S., Crain, B. J., Chacko, V. P., & van Zijl, P. C. M.
(1999). Three-dimensional tracking of axonal projec-
tions in the brain by magnetic resonance imaging. An-
nals of neurology, 45(2), 265–269.

Pautler, R. G. (2004). In vivo, trans-synaptic tract-tracing uti-
lizing manganese-enhanced magnetic resonance imag-
ing (MEMRI). Nmr in Biomedicine, 17(8), 595–601.

Pierpaoli, C., Barnett, A., Pajevic, S., Chen, R., Penix, L.,
Virta, A., & Basser, P. (2001). Water Diffusion
Changes in Wallerian Degeneration and Their De-
pendence on White Matter Architecture. NeuroIm-
age, 13(6), 1174–1185.

Pullens, P., Roebroeck, A., & Goebel, R. (2010).
Ground truth hardware phantoms for validation
of diffusion-weighted MRI applications. Journal of
Magnetic Resonance Imaging, 32(2), 482–488.

Seehaus, A. K., Roebroeck, A., Chiry, O., Kim, D.-S., Ronen,
I., Bratzke, H., . . . Galuske, R. A. W. (2013). Histologi-
cal Validation of DW-MRI Tractography in Human



Methods for validating the anatomical trajectory of reconstructed fibre tracts in diffusion magnetic resonance fibre tractography — 25/25

Postmortem Tissue. Cerebral cortex (New York, N.Y. :
1991), 23(2), 442–450.

Skadorwa, T. T., Kunicki, J. J., Nauman, P. P., & Ciszek, B. B.
(2009). Image-guided dissection of human white matter
tracts as a new method of modern neuroanatomical
training. Folia morphologica, 68(3), 135–139.

Sporns, O. (2013). The human connectome: Origins and
challenges. NeuroImage, 1–9.

Stille, M., Smith, E. J., Crum, W. R., & Modo, M. (2013). 3D
reconstruction of 2D fluorescence histology images and
registration with in vivo MR images: Application in a
rodent stroke model. Journal of Neuroscience Methods,
219(1), 27–40.

Tournier, J.-D., Calamante, F., King, M. D., Gadian, D. G.,
& Connelly, A. (2002). Limitations and requirements

of diffusion tensor fiber tracking: An assessment using
simulations. Magnetic Resonance in Medicine, 47(4),
701–708.
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