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a b s t r a c t
Introduction: Diffusion tractography relies on complex mathematical models that provide anatomical information indirectly, and it needs to be validated. In humans, up to now, tractography has mainly been validated by
qualitative comparison with data obtained from dissection. No quantitative comparison was possible because
Magnetic Resonance Imaging (MRI) and dissection data are obtained in different reference spaces, and because
ﬁber tracts are progressively destroyed by dissection. Here, we propose a novel method and software
(FIBRASCAN) that allow accurate reconstruction of ﬁber tracts from dissection in MRI reference space.
Method: Five human hemispheres, obtained from four formalin-ﬁxed brains were prepared for Klingler's dissection, placed on a holder with ﬁducial markers, MR scanned, and then dissected to expose the main association
tracts. During dissection, we performed iterative acquisitions of the surface and texture of the specimens using
a laser scanner and two digital cameras. Each texture was projected onto the corresponding surface and the
resulting set of textured surfaces was coregistered thanks to the ﬁducial holders. The identiﬁed association tracts
were then interactively segmented on each textured surface and reconstructed from the pile of surface segments.
Finally, the reconstructed tracts were coregistered onto ex vivo MRI space thanks to the ﬁducials. Each critical
step of the process was assessed to measure the precision of the method.
Results: We reconstructed six ﬁber tracts (long, anterior and posterior segments of the superior longitudinal
fasciculus; Inferior fronto-occipital, Inferior longitudinal and uncinate fasciculi) from cadaveric dissection
and ported them into ex vivo MRI reference space. The overall accuracy of the method was of the order of
1 mm: surface-to-surface registration = 0.138 mm (standard deviation (SD) = 0.058 mm), deformation of
the specimen during dissection = 0.356 mm (SD = 0.231 mm), and coregistration surface-MRI = 0.6 mm
(SD = 0.274 mm). The spatial resolution of the method (distance between two consecutive surface acquisitions)
was 0.345 mm (SD = 0.115 mm).
Conclusion: This paper presents the robustness of a novel method, FIBRASCAN, for accurate reconstruction of ﬁber
tracts from dissection in the ex vivo MR reference space. This is a major step toward quantitative comparison of
MR tractography with dissection results.
© 2014 Elsevier Inc. All rights reserved.

Introduction
Cerebral white matter ﬁber tract anatomy is of great importance for
greater understanding of brain physiology and physiopathology, and for
Abbreviations: ADC, apparent diffusion coefﬁcient; AF, arcuate fasciculus; DTI, Diffusion
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Tomography; ROI, region of interest; SLF, superior longitudinal fasciculus; SNR, signal-tonoise ratio; UF, uncinate fasciculus; VOI, volume of interest.
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diagnosis and follow-up of degenerative, inﬂammatory or tumoral diseases. Diffusion tractography is the only non-invasive technique for
localizing cerebral white matter ﬁber tracts in humans. Diffusion Tensor
Imaging (DTI), which models diffusion as an ellipsoid for each voxel
(Basser et al., 1994; Le Bihan and Breton, 1985), is widely used in both
clinical practice and research to evaluate ﬁber tract pathways (Mori
and van Zijl, 2002). DTI-based tractography oversimpliﬁes ﬁber tract
anatomy because it only considers a single direction of diffusion per
voxel. Alternative methods for data acquisition, such as High Angular
Resolution Diffusion Imaging (Tuch et al., 2002), and post-processing,
such as spherical deconvolution (Alexander, 2005; Tournier et al.,
2004) and probabilistic algorithms (Behrens et al., 2003, 2007; Parker
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and Alexander, 2005), have been proposed for the detection and
reconstruction of several populations of ﬁbers in a single voxel. However, although tractography has already been used for pre-operative
planiﬁcation and per-operative navigation in patients operated on for
cerebral tumors (Nimsky et al., 2006; Yu et al., 2005), it has sometimes
been shown to lack reliability (Kinoshita et al., 2005; Nimsky et al.,
2005). Indeed, diffusion tractography relies on complex acquisition
methods and post-processing mathematical models, which provide anatomical information indirectly, and therefore needs to be validated.
Many validation methods on phantoms, animal and human anatomical
specimens have been proposed, but none are entirely satisfactory.
Phantoms include biological and synthetic objects modeling water
diffusion in biological tissues, and artiﬁcial data. Tractography is possible in biological phantoms mimicking diffusion in the brain, such as
muscle, spinal cord or plants (Basser et al., 1994; Latt et al., 2007). However, the ﬁber route is relatively simple in these specimens and they
cannot be used over a long period of time due to their biological nature.
Synthetic phantoms made of capillaries (Lin et al., 2003; Yanasak and
Allison, 2006) remain very simple compared to the complex microarchitecture of the brain. For this reason, phantoms including crossing
or angular ﬁbers that are closer to the organization of white matter
have been built using various textile ﬁbers with known directions and
calibers: rayon (Perrin et al., 2005), polyester (Pullens et al., 2010),
and acrylic (Fillard et al., 2011; Poupon et al., 2008). Finally, artiﬁcial
data are computer-generated and are thought to be similar to DTI
(Chen and Song, 2008). They can be used to assess algorithms but of
course not to check the anatomical validity of the acquired data.
In animals, tractography has been compared with autoradiography in
monkeys (Dauguet et al., 2007; Schmahmann et al., 2007), with a lack of
perfect concordance, possibly because of difﬁculty reconstructing a histological volume from autoradiographic slices before registering it onto
in vivo MRI. Manganese has been proposed to limit difﬁculty related to
histological preparation (Dyrby et al., 2007; Lin et al., 2001, 2003);
once applied on the animal cortex, it acts as a tracer that follows the
neighboring axons. Marked axons gain paramagnetic properties from
the manganese and appear hyperintense on T1-weighted MRI. Direct
comparison of tractography with manganese tracing on T1-weighted
MRI is therefore possible with no need for histological preparation. Nevertheless, even when manganese is stereotactically injected, regional
diffusion occurs, marking a large area of the brain (Dyrby et al., 2007;
Lin et al., 2001).
For obvious ethical reasons, only ex vivo techniques are acceptable
in humans. Ex vivo axonal tracing using silver (Mesulam, 1979) or Di-I
(1,1-dioctadecy 1–3,3,3′,3′-tetramethyl lindocarbocyanine perchlorate)
(Sparks et al., 2000) have been proposed. Unfortunately, this stain only
diffuses to 20 to 40 mm from the injection point, which is insufﬁcient for
large ﬁber tracts. Polarized light imaging (PLI) records light transmission through an anatomical slice; due to optical birefringence of the myelin sheaths, light transmission depends on the relative orientations of
light polarization and ﬁber tracts (Axer et al., 2001; Dammers et al.,
2010; Palm et al., 2010). Reﬁnements of this promising technique can
evaluate ﬁber direction at a micrometer-scale resolution but, as it uses
slices, it suffers from the same limitation as histological preparation
for axonal tracing, i.e. loss of 3D coherence of ﬁber tracts. Optical
Coherence Tomography (OCT) directly images the ﬁber direction at
the surface of the specimen with (Wang et al., 2011) or without
(Magnain et al., 2014) polarized light. As it studies this orientation directly at the surface of the blockface, and not on slices, it does not suffer
from artifacts induced by specimen slicing. Convincing images have
been published for imaging the rat (Wang et al., 2011) but not the
whole human brain, mainly because of technical limitations, especially
specimen size. Direct comparison of ex vivo tractography and dissection
in the same specimens is of course a very attractive but challenging approach (D'Arceuil et al., 2007). Post-mortem scanning of ﬁxed specimens
has at least two advantages: long scanning time and absence of physiological and motion noise. Recently, a pipeline for high-quality ex vivo
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scanning using limited b-value (4000 s/mm2) and gradient strength
value (56 mT/m) was proposed by Dyrby et al. (2011) in sedated pigs
transcardially perfused with formalin. As demonstrated by D'Arceuil
and de Crespigny (2007), such an immediate ﬁxation limits the drop
of apparent diffusion coefﬁcient (ADC), T2 and signal-to-noise ratio
(SNR) occuring post-mortem but cannot be obtained in humans for
evident reasons. Consequently, the resulting ADC drop needs to be
corrected by modiﬁed scanning conditions. For instance, increasing gradient strength was proposed to preserve ex vivo DWI image quality
(D'Arceuil and de Crespigny, 2007). It indeed allows high b-values to
be achieved with much shorter echo times, and thus much higher SNR
than on conventional scanners.
White matter dissection of formalin-ﬁxed anatomical specimens
after freezing and defrosting was ﬁrst proposed by Klingler (Klingler,
1935; Klingler and Gloor, 1960; Ludwig and Klingler, 1956). This method, which helps the dissection of white matter tracts, is widely considered to be a gold standard to validate tractography results in the
human, and good concordance has generally been found between
tractography and dissection (Catani et al., 2002, 2005; Catani and
Thiebaut de Schotten, 2008; Lawes et al., 2008; Mori et al., 2002,
2008; Oishi et al., 2008; Peltier et al., 2010a,b; Stieltjes et al., 2001;
Wakana et al., 2004). Nevertheless, this ﬁnding has certain limitations
and can only be considered at a coarse scale for two main reasons:
(1) results from dissection and tractography are obtained in different
reference spaces (anatomy laboratory and MR scanner, respectively),
and often from different individuals, allowing qualitative but not quantitative comparisons; and (2) Klingler's method is destructive because
superﬁcial layers of the studied specimen and tract are removed to
study inner anatomical structures, making it difﬁcult to study the relationships of ﬁber tracts to the cortex and between ﬁber tracts.
We have developed an original method and software, FIBRASCAN:
(1) to monitor dissection of white matter tracts by iterative surface
and texture acquisitions of the specimen; (2) to interactively segment
tracts on these surfaces; (3) to reconstruct tracts from these segmented
surfaces; and (4) to port the reconstructed tracts into ex vivo MR anatomical space.
We present this method below and illustrate it with the reconstruction of four association ﬁber tracts: the arcuate fasciculus (AF), the
Inferior fronto-occipital fasciculus (IFOF), the Inferior longitudinal fasciculus (ILF), and the uncinate fasciculus (UF).
Materials and methods
Section 2.1 presents the different steps of the procedure: brains were
prepared for dissection, MR scanned, and then dissected. Textured surfaces of the specimens were iteratively acquired during dissection and
then registered onto the ﬁrst acquired surface, used as a reference
space. Association tracts were then interactively segmented on each
surface, 3D reconstructed, and ﬁnally ported into ex vivo MRI anatomical space (see Fig. 1).
Section 2.2 then explains how each step of the procedure was
assessed to check that the reconstructed tract had correctly modeled
the underlying anatomy.
Detailed process of the method
Anatomical preparation of the brains
Five human hemispheres obtained from four subjects involved in
a body donation program were prepared as proposed by Klingler
(Klingler and Gloor, 1960): to avoid decomposition, brains were extracted within 48 h of death. Then, they were hung from the basilar
artery in a 5% formalin solution for four months. Formalin solution
was renewed every two weeks. The arachnoid, pia mater and cortical
vessels were removed before the specimens were frosted at − 23 °C
for one week, and then slowly defrosted at + 5 °C for three to ﬁve
days in water. After this process, the hemispheres were split from
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Fig. 1. Description of the method. (A) A human hemisphere is prepared for dissection and ﬁxed on a PVC holder, containing non-coplanar surface (red dots) and MRI markers (not visible
on panel A). The specimen is maintained in the holder by a thin layer of green parafﬁn. (B) The specimen is ﬁrst MR scanned. The four MR ﬁducial markers appear as hyperintense spheres
around the hemisphere. (C) The specimen is dissected in its holder and ﬁber tracts (here the arcuate fasciculus or AF) are progressively exposed (AF). At each of the n steps of dissection, the
surface of the specimen and markers is acquired using a laser scanner (C-a). Texture is also captured with two digital cameras (C-b). The texture is projected onto the corresponding surface, and the AF is interactively segmented on this textured surface (C-c). At the end of the dissection, n segments of surface are available for the AF (C-d). (D) Tract reconstruction: The pile
of segments is converted into a volumetric object with the same spatial resolution as the initial MRI. (E) The reconstructed tract is coregistered with MRI scanned prior to dissection.

the cerebellum and brainstem, and the corpus callosum was sagittally
cut. Each hemisphere was kept in a 2.5% formalin solution until
dissection.
Each anatomical specimen was placed on a specially designed polyvinyl chloride (PVC) holder where a 1 cm layer of melted parafﬁn
had previously been cast. After cooling, parafﬁn prevented any movement of the specimen in the holder. The latter provided easy manipulation of the specimen during dissection and contained ﬁducial markers
that were used as a reference for registration of the dissected tracts
onto MRI: four calibrated non-coplanar cavities located in the PVC
holder walls received spherical MRI markers (BrainLab, Feldkirchen,
Germany) immobilized by plastic screws. The top of each screw also
contained a calibrated depression used as a surface marker. MRI and
surface markers allowed localization of the holder on MRI by visualization of a hyperintense signal, and during surface acquisitions by direct
palpation of the screws (see below).

Ex vivo morphological MRI
As freezing creates deformations (Rosene et al., 1986), the specimens were scanned after formalin ﬁxation, freezing and defrosting to
allow further comparison between MR and dissection data. The prepared specimens (i.e. formalin ﬁxed, frozen-defrosted) ﬁxed on the
holder were immersed in saline for scanning on a Signa HDxt 1.5T magnet (General Electric Healthcare, Milwaukee, WI, USA) equipped with a
Transmit/Receive Quadrature 16-pin birdcage coil. This type of coil
increases signal homogeneity in the entire explored volume and
decreases spatial deformation, as compared to multi-elements coils.
It was also chosen as it was large enough to contain the PVC box
in which the specimen and its holder were placed. We empirically
determined sequence parameters providing the best gray–white
matter contrast on post-mortem specimens. Hence, we performed a
T1-weighted inversion recovery acquisition using the following parameters: TR = 7 ms; TE = 3 ms; TI = 400 ms; ﬂip angle = 20°;
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bandwidth = 25 kHz; Nex = 1; axial 1 mm thick slices, no gap; matrix = 256 × 256; FOV = 256 × 256 mm including the specimen and
markers.
Klingler's dissection
After cortex resection, the main ﬁber tracts were progressively
dissected using the method and tools described by Klingler (Klingler
and Gloor, 1960; Ludwig and Klingler, 1956). This process is similar to
“anatomy guided sculpture”: after removing the cortex, white matter
tracts are progressively exposed. Whereas “classical” Klingler's method
only shows the superﬁcial aspect of the tracts, we also wanted to capture the whole corresponding volume of interest to reconstruct it in
MR space. For this reason, once discovered, tracts were progressively removed, only taking off very thin layers of white matter ﬁbers between
each surface acquisition.
To evaluate our method, we dissected the three segments of the AF,
IFOF, ILF and UF in two hemispheres (one right and one left, from two
different brains). We used the anatomical descriptions obtained from
the literature (Déjerine and Dejerine-Klumpke, 1895; Klingler and
Gloor, 1960; Ludwig and Klingler, 1956; Makris et al., 2009; Martino
et al., 2013b; Peltier et al., 2006) to dissect these tracts as follows.
First, resection of the cortex and underlying U-ﬁbers of the inferior
part of the supra-marginal gyrus allowed exposure of the long posterior
(vertical) segment of the AF. Next, the same method was applied to the
superior part of the supra-marginal gyrus to expose the white matter of
the parietal operculum, i.e. the anterior (horizontal) segment of the AF,
connecting frontal and parietal lobes. Further dissection, posteriorly, anteriorly, and ventrally, exposed the lateral aspect of the long segment of
the AF. After removal of the inferior temporal cortex, the lateral aspects
of the ILF were progressively exposed. Deep dissection was then continued, until exposure of the corona radiata, claustrum radiations, and ﬁbers of the stratum sagittale (including the IFOF). When other tracts,
especially the pyramidal tract, crossed the AF we deliberately chose to
preserve AF ﬁbers, while eliminating crossing ﬁbers. This point is described in detail in the Discussion section and is illustrated in video 1
provided with this paper. Finally, the insular cortex was removed. The
extreme capsule ﬁbers and the claustrum were then dissected to expose
the stem of the IFOF and UF before their anterior terminations were
identiﬁed.
Iterative surface and texture acquisition of the specimen (see Fig. 2)
To allow an accurate reconstruction of the tracts, Klingler's dissection technique had to be adapted to the surface acquisition method.
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Whereas Klingler's method only shows the superﬁcial aspect of the
tracts, here we also wanted to capture the whole corresponding volume
of interest to reconstruct it in the MR space. For this reason, once exposed, tracts were progressively removed, only taking off very thin
layers of white matter ﬁbers between each surface acquisition using
two complementary techniques:
1. Laser surface: a surface scanner (ScanArm V2®, FARO Technology Inc,
Lake Mary, FL, USA) was used to reconstruct a mesh with dedicated
software (Geomagic Studio®, Geomagic, Morrisville, NC, USA). Two
modes of acquisition were available: for surface marker acquisition
used for the registration of surfaces in a later step, a mechanical
probe on the scanner was used to locate the screw depressions of
the specimen holder; for surface acquisition, a laser beam was
displaced onto the anatomical specimen. The accuracy of this device,
as declared by the manufacturer, is 0.096 mm and 0.046 mm for the
laser and for the mechanical pointer respectively.
2. Texture: The laser surface technique did not provide any texture
information, which is nonetheless essential for identifying white
matter tracts. For this reason, texture acquisition was also performed
using two high-resolution digital cameras (Pentax© K-20 camera
with Pentax© lens D-FA 100 mm f/2.8 Macro). The digital cameras
were screwed onto a column and the specimen was reproducibly
wedged between rigid PVC rails before each acquisition. The photograph was performed orthogonally by one camera and obliquely by
the other to obtain three different viewpoints by applying two 90degree rotations to the specimen (see Supplementary data Fig. 1).
The minimum distance between cameras and the specimen was
chosen to obtain good spatial resolution. The choice of a prime lens
with a long focal length minimized image distortion.
Texture projection onto surface
Each dissection step was modeled by a laser-acquired surface and its
corresponding texture. The 3D laser surface provided by 3D laser scanner was a triangle mesh which was textured using a perspective texturing technique (Everitt, 2001): the photographs were projected onto the
corresponding laser surface using parameters that were calculated for
the ﬁrst surface/texture couple. These parameters were: (1) the ﬁeld
of view, calculated from the focal length of the lens and the dimensions
of the sensor; (2) the distance between the sensor and the specimen;
and (3) the position of surface markers, which were visible on both
laser surface and photographs and were used to tune the registration
manually. As cameras and anatomical specimen positions were ﬁxed
across scanning sessions, the same parameters were used for the remaining surface/texture couples obtained for the same specimen. Finally, texture projection quality was carefully checked on key anatomical
landmarks.
Surface-to-surface registration
The set of textured surfaces obtained during dissection of a specimen
was registered into a common anatomical reference space, namely the
surface of the specimen scanned prior to any dissection. For this afﬁne
registration we used the surface markers as landmarks, and the Iterative
Closest Point (ICP) algorithm (Besl and McKay, 1992) was applied to
these landmarks.

Fig. 2. Laser scanner. The laser scanner is composed of an articulated two-segment arm,
whose tip displacement is recorded precisely and transferred to an attached personal
computer. Surface information was mostly obtained from a laser pointer, but also from a
mechanical probe, both attached to the arm tip. For surface acquisition, the laser was
displaced onto the anatomical specimen, and a mesh was computed and displayed online
from impacts of the beam on the surface.

Interactive segmentation of the tract on textured surfaces
The set of coregistered textured surfaces was displayed in
FIBRASCAN interface. White matter segments belonging to the visible
association tracts were manually segmented on each textured surface
(see Fig. 3) using anatomical rules previously described in the literature.
FIBRASCAN includes tools to draw paths on the surface using variable
orientations, to ﬁll the resulting path, and to assign an anatomical
class to the resulting region of interest (Serres et al., 2013). To help identify paths, the textured surface and a high-resolution photograph of the
studied surface were simultaneously displayed.
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Fig. 3. Interactive segmentation of ﬁber tracts on textured surfaces. a–d: Lateral views of the textured surface of a right hemisphere as it appears in the FIBRASCAN software during the
interactive segmentation. The arcuate fasciculus is segmented (in blue) on each surface acquired during dissection. As an example, step 7 (a), step 17 (b), step 25 (c) and step 29
(d) of dissection are represented. e–h: Lateral views of the textured surface of a left hemisphere at step 37 before (e) and after (f) segmentation of the long segment of the AF (in blue)
and the ILF (in purple), and at step 54 before (g) and after (h) segmentation of the IFOF (in blue), the UF (in green) and the ILF (in purple).

Reconstruction of the tract from surfaces
At the end of the segmentation step, we obtained a set of textured
surfaces, which contained segments of tracts. The tracts were then reconstructed by piling up these segments obtained from the series of surfaces. The tracts obtained from dissection and the surface markers were
converted into a volume with the same spatial resolution as MRI (cubic
voxels of 1 mm3, matrix 256 × 256). This volumetric object contained
small holes (one voxel maximum) due to the spatial resolution of the

iterative surface acquisitions, which were ﬁlled with a single closing operation (dilatation followed by erosion) (Jain, 1986).

Registration into ex vivo MRI space
To allow subsequent inter-modality comparisons, the tracts were
registered into the ex vivo MRI space. The binarized reconstructed volume was rigidly registered onto ex vivo MRI space using: MR-ﬁducial
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markers, surface markers (screw depressions), and ICP algorithm (Besl
and McKay, 1992).
Assessment of the method
Each major step of the process was assessed to validate its accuracy:
Assessment of the surface-to-surface registration and surface acquisition
reproducibility
The ICP algorithm (Besl and McKay, 1992) was proposed to minimize distance between a pair of surfaces. Here, it was used to minimize
the distance between corresponding surface markers of the two
surfaces.
Robustness of this registration method was checked on an anatomical specimen: we acquired the surface of this specimen three times,
with very different orientations. Surfaces were coregistered in pairs,
using the ICP algorithm. For each of these three pairs of surfaces, the
ICP was initially used to coregister the two surfaces of a given pair by
only minimizing the distance between corresponding surface markers.
It was then applied to the whole specimen, not for registration purposes, but to compute the minimum distance between the two surfaces
of a pair.
We ﬁrst evaluated the distance between surface ﬁducial markers
after coregistration of a given pair of surfaces. As the precise location
of the markers was obtained by direct palpation using the mechanical
probe of the laser scanner, this distance mainly depended on the robustness of the registration method. The excellent value obtained (0.05 mm,
see results section) allowed us to assess the surface acquisition reproducibility by computing distance maps and histograms from a large zone of
white matter (i.e. the region of interest of the study) for each pair of surfaces. Any error in surface acquisition would have increased the distance
between the coregistered surfaces.
Assessment of specimen deformation induced by dissection
Prior to ﬁber tract reconstruction, it was necessary to demonstrate
that the dissection did not signiﬁcantly deform the specimens. For two
of the dissected specimens, we considered the surfaces acquired before
dissection and at the tenth step of dissection. The two surfaces were
coregistered using the same method (linear registration using the ICP
on ﬁducial markers). Non-dissected areas of the specimen were delineated by visually comparing photographs taken at both steps, and distance maps between surfaces were then computed for these regions.
Without any deformation or slackening of the specimens, the distance
between the two surfaces was expected to remain close to zero in
these non-dissected areas.
Assessment of the spatial resolution of the dissection method
Inter-surface spatial resolution of our method depended on acquisition rate between surfaces. This rate was adapted to the user and specimen to obtain a spatial sampling of about 1 mm. We evaluated this
rate by measuring the inter-surface distance for one of the dissected
tracts (AF) between 11 consecutive dissection steps of one specimen.
Assessment of the coregistration of surface and MRI
The robustness of the method used to register surface data onto
ex vivo MRI was checked using two human hemispheres. For each
one, an additional MRI was acquired at an advanced step of dissection,
when the AF was exposed. The specimen was laser-scanned to obtain
the corresponding laser-acquired surface. The laser surface was then
coregistered onto the corresponding MRI using the presented method
(MR-ﬁducial markers, surface markers (screw depressions), and ICP algorithm). To evaluate the precision of the registration, we ﬁrst extracted
the surface of the specimen (saline-specimen interface) from MRI data.
We then manually delineated the dissected white matter area on this
surface. Finally, for each pair of surfaces obtained from surface and MR
acquisitions, we built distance maps restricted to the area of interest

111

(dissected white matter). This was possible in our software (Serres
et al., 2013), using a dedicated tool to compute a distance map from a
selection of one of the two surfaces. This tool used the ICP, as described
in section 2.2.1, not to minimize the distance between the two surfaces,
but to calculate the distance between each point of the selected surface
and the nearest point of the other surface.
Assessment of tract reconstruction from surfaces
This reconstruction process was validated on a simple test object.
We used a hard-boiled egg, which was ﬁxed in the same specimen holder, using agar-agar instead of parafﬁn to facilitate its “dissection”. The
egg was MR scanned, and then the egg yolk was dissected and scanned
step by step using the previously described method. The egg yolk was
then reconstructed from the pile of surfaces, converted into a binarized
volume and registered onto the corresponding MRI (considered as the
ground truth). Finally the egg yolk reconstructions obtained from dissection and from MRI were compared using several indicators: precision and recall obtained from the confusion matrix, and Dice and
Jaccard coefﬁcients (Dice, 1945; Jaccard, 1901).
Precision and recall were calculated from the confusion matrix, a tool
used to compare the quality of the covering of two different sets. Here,
we compared two binarized volumes: V (reconstructed volume from
“dissection”, to be validated) and Vref (reference MRI-binarized volume,
or ground truth).
If the confusion matrix is
V

∉

∈

a
c

b
d

Vref
∉
∈

then the precision (P), deﬁned as the ratio between the set of common
voxels of the two volumes and those not present in the ground truth, is
P¼

d
;
bþd

ð1Þ

and the recall (R), deﬁned as the ratio between the set of common
voxels of the two volumes and those present only in the ground truth, is
R¼

d
:
cþd

ð2Þ

Dice coefﬁcient (D) is a special case of the Kappa coefﬁcient; it is the
intersection divided by the mean volume of the two sets:
D¼2

V∩Vref
:
jV þ Vref j

ð3Þ

Jaccard coefﬁcient ( J) is another overlap agreement measure used to
compute similarity and diversity between two samples; it is the intersection over the union:
J¼

V∩Vref
:
jV∪Vref j

ð4Þ

Dice and Jaccard coefﬁcients can also be written with the confusion
matrix using d and a cardinal operator (card):
D¼2

J¼

d
;
cardðV Þ þ cardðVref Þ

d
:
cardðV Þ þ cardðVref Þ

ð5Þ

ð6Þ

A value of 1 for P, R, D and J would correspond to a perfect overlap.
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Results
We ﬁrst present reconstructions obtained from dissection, then the
results of the method assessment.
Tract reconstruction obtained from dissection
As a consequence of the modiﬁed Klingler method we used, each
dissected tract was reconstructed from several “steps” of dissection.
Tract reconstructions presented here were obtained from two different brains. First, the SLF/AF was progressively dissected from a right
hemisphere using Klingler's method and reconstructed from 32 surface
acquisitions obtained from dissection. Then, the anterior, posterior and
long segments of the SLF/AF, the IFOF, the ILF and the UF, dissected from
a left hemisphere, were respectively reconstructed from 12, 21, 31, 13,
42, and 15 surface acquisitions. The reconstructed tracts were then
ported into ex vivo T1-weighted MR images. Fig. 4 and video 1 show
several steps of dissection, while Fig. 5 and video 2 display the result
of reconstruction in the MR reference space.

The morphology of the dissected association tracts was consistent
with previous descriptions (Déjerine and Dejerine-Klumpke, 1895;
Klingler and Gloor, 1960; Ludwig and Klingler, 1956; Makris et al.,
2009; Martino et al., 2013b; Peltier et al., 2006). The three segments of
the SLF/AF (Catani et al., 2005) were recognized. They were located medial to the U-ﬁbers of the frontal operculum, inferior parietal lobule
(gyrus supramarginalis and gyrus angularis), and posterior part of the superior and middle temporal gyri. The SLF/AF contained two superﬁcial
and one more medial long segment. The superﬁcial segments were
the anterior horizontal segment, which connected the ventral premotor
cortex to the inferior parietal lobule, also known as SLF III (third part
of the superior longitudinal fasciculus), and the posterior vertical segment, which connected the inferior parietal lobule to the posterior superior and middle temporal gyri. The third segment — the long segment or
AF proper — was medial to them and was a C-shaped structure joining
the pars opercularis and pars triangularis of the inferior frontal gyrus to
the posterior middle temporal gyrus. The SLF/AF was surrounded by
several white matter structures: U-ﬁbers of the frontal, parietal and
temporal operculas ran lateral to the SLF/AF; the SLF II (second part of

Fig. 4. Klingler dissection of the arcuate fasciculus. As an illustration, the arcuate fasciculus (AF) was dissected from the lateral aspect of the hemisphere. Left panel: dissection of a right AF;
only ﬁve steps out of 32 are shown. Klingler's method is a destructive technique that makes it difﬁcult to study the relationships of a given ﬁber tract with the surrounding structures. Right
panel: enlargements of three of these dissection steps. (1) The superﬁcial horizontal segment of the AF, or superior longitudinal fasciculus (SLF) III (not shown), runs between the frontal and
parietal opercula. It is located at the deep aspect of the pre-central gyrus (PreCG), post-central gyrus (PostCG) and supra-marginal gyrus (SMG). The superﬁcial posterior vertical segment
(AF vert) joins the parietal and temporal lobes. (2) The long segment of the AF (AF long or AF proper), which joins the frontal to the temporal lobes, only appears after removal of the
superﬁcial segments. The vertical segment of the AF and the insular cortex were removed, to show the medially located extreme capsule (ExtrC) and claustrum (Claustr). The acoustic
radiations (AR) run medially to the vertical and long segment of the AF, ending in the TTG. (3) The only way to ensure that the whole AF was dissected was to expose the medially located
structures: at the end of the dissection of the AF, the corona radiata (CR), the external capsule (ExtC), the Inferior fronto-occipital fasciculus (IFOF) and uncinate fasciculus (UF) were exposed. AF Arcuate fasciculus AF long Long segment of the arcuate fasciculus AF vert Vertical segment of the arcuate fasciculus AR Acoustic radiations Claustr Claustrum CR Corona radiata
ExtC External capsule ExtrC Extreme capsule IFOF Inferior fronto-occipital fasciculus PostCG Post-central gyrus PreCG Pre-central gyrus SMG Supramarginal gyrus STG Superior temporal
gyrus TTG Transverse temporal gyrus UF uncinate fasciculus.
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Fig. 5. Registration of the reconstructed tracts into ex vivo MRI space. Top panel. 3D semi-tranparent lateral, antero-lateral and supero-lateral views of the ex vivo MRI of a left hemisphere.
The registered dissected fasciculi are overlaid: superior longitudinal fasciculus (green, yellow and red), Inferior fronto-occipital fasciculus (cyan), Inferior longitudinal fasciculus (blue) and
uncinate fasciculus (purple). Bottom panel. Ex vivo coronal MR sections of the same left hemisphere showing the registered tracts.

the SLF) and ILF were respectively dorsal and ventral to the AF; the
acoustic radiations were anterior to the posterior vertical segment of
the SLF/AF and ran medially toward the thalamus; the pyramidal and
thalamo-cortical tracts crossed the ﬁbers of the long segment of the
AF perpendicularly in the depth of the fronto-parietal opercula; ﬁnally,
after removal of the insular cortex, we found the ﬁbers of the extreme
capsule, the IFOF, the UF, the claustrum radiations (external capsule),
and the corona radiata.
The IFOF connected the frontal lobe (dorsolateral prefrontal cortex,
pars orbitaris of the inferior frontal gyrus) to the occipital lobe (superior
and middle occipital gyri). The UF connected the frontal lobe (ventrolateral orbitofrontal cortex and prefrontal cortex) to the temporal lobe
(anterior temporal pole and uncus). The insular segments of the IFOF
and UF were part of the temporal stem, deep within the limen insulae.

These two association tracts had a ventral and dorsal fan shape, while
their middle insular segment was compact.
Finally, the ILF connected the temporal to the occipital pole, on the
ventral aspects of the previously described (SLF/AF, IFOF and UF) association tracts. Cortical connections were found on the ventral aspects
of the temporal terminations of the SLF/AF (posterior part of the inferior
temporal and fusiform gyri), splitting the superﬁcial segment of the ILF
into an anterior and a posterior segment.
Assessment of the accuracy of the method
Surface-to-surface registration and surface acquisition reproducibility
Surface-to-surface registration: Before the ICP was computed, the
maximum distance between the surface markers of different acquisitions
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was 58.198 mm. The algorithm coregistered the surface markers after
three iterations. The distance between the markers after computation
of the ICP was between 0.0325 and 0.0534 mm (mean = 0.0397 mm).
Surface acquisition reproducibility: After surface-to-surface registration, the mean and maximum distances between the pairs of surfaces
were 0.138 mm (SD = 0.058 mm) and 0.923 mm, respectively (see
Fig. 6).
Specimen deformation induced by dissection
For the two specimens used for this assessment, registration of
step 0 and step 10 of dissection showed a mean error of 0.356 mm
(SD = 0.231 mm) for the non-dissected area. The error exceeded
1 mm for only 0.2% of the points from this area (see Fig. 7).
Spatial resolution of the dissection method
Inter-surface distance between two consecutive steps of dissection
was calculated for 11 steps of dissection, inside the area of the studied
tract, i.e. the AF. The mean and maximum distances were 0.345 mm
(SD = 0.115 mm) and 2.978 mm, respectively. The mean of the maximum distances for these 11 steps, which represents the spatial resolution of the dissection method, was 1.773 mm (SD = 0.609 mm) (see
Fig. 8).
Coregistration of laser-acquired surface and MRI
Coregistration was then checked on two anatomical specimens.
After registration between surfaces obtained from the laser scanner

Fig. 7. Assessment of the deformation induced by dissection. For two of the studied specimens, the surfaces obtained before dissection (surface 0) and at dissection step 10 were
coregistered using the ICP algorithm on surface landmarks. Top panel. The distance map
between surfaces 0 and 10 for one specimen is presented. Distance threshold was set at
1.5 mm. Red areas mainly represent dissected parts of the specimen. Bottom panel. The
non-dissected areas were delineated from the corresponding photographs, and the histogram was computed for these regions. Inter-surface distance for non-dissected areas was
inferior to 1 mm for 99.8% of the points.

and MRI segmentation, error maps showed a mean and maximum distance of 0.6 mm (SD = 0.274 mm) and 2.2 mm respectively (see Fig. 9).
Tract reconstruction from surfaces
The tract reconstruction method was assessed using a simple 3D object (hard-boiled egg). Several indicators (precision, recall, Dice and
Jaccard coefﬁcient) used to compare reconstruction of the simple object
from dissection and from MRI (considered as the ground truth) are presented in Table 1.
Overall accuracy of the method
Finally, when we consider the sum of the mean errors of surface-tosurface registration (0.1 mm), specimen deformation induced by dissection (0.3 mm), and registration onto MRI (0.6 mm), the accuracy of the
whole process was of the order of 1 mm.
Discussion

Fig. 6. Surface-to-surface registration and surface acquisition reproducibility. The surface
of a large region of white matter for the same specimen was acquired three times, and surfaces were coregistered in pairs (1–2, 1–3, 2–3) using the Iterative Closest Point (ICP) algorithm on surface markers. For each of these three pairs of surfaces, the smallest
distance between the two surfaces was computed. Top panel. The result of one registration
(pair 1–2) is illustrated with a color map. Bottom panel. The mean and median values of the
inter-surface distance are shown for each of the three pairs of surfaces. Intervals containing 98% (whiskers) and 50% (range: 25 to 75%) of data (orange box) are also presented.

Our novel technique allows accurate reconstruction of white matter
tracts in ex vivo MRI space, from iterative textured surface acquisition
and segmentation of an anatomical specimen. The name FIBRASCAN
was used to embrace the whole framework (ﬁxation/MRI/dissection —
laser scan — photography/virtual segmentation/3D reconstruction/
coregistration to MRI) to ﬁnally visualize dissected tracts in MRI space.
As an example, we monitored the dissection of six association tracts
from two hemispheres.
Tractography is unique by giving access to in vivo reconstruction of
white matter tracts in humans. It is not perfect but improves now
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Fig. 9. Surface-to-MRI registration. The registration was assessed for two specimens, on a
large zone of white matter exposed by the dissection. A new MRI was performed for each
specimen, at the corresponding step of dissection. This MRI was thresholded to extract the
specimen surface, which was then coregistered to the laser-acquired surface using the Iterative Closest Point algorithm. Top panel. The registration color map is presented for one
specimen for the area of interest (white matter) only. Bottom panel. The maximum, mean
and median values of the distance between laser-acquired and MRI-extracted surfaces are
shown for the two specimens. Intervals containing 98% (whiskers) and 50% (range: 25 to
75%) of data (orange box) are also presented.

Fig. 8. Spatial resolution of the method (inter-surface distance). Top panel. One dissection
step is illustrated for one specimen and the distance map calculated inside the area of dissection. Bottom panel. Inter-surface distance for two consecutive steps of dissection was
computed within the dissected area of the same specimen. The maximum, mean and median values of the inter-surface distance are shown for each of the 11 dissection steps. Intervals containing 98% (whiskers) and 50% (range: 25 to 75%) of data (orange box) are also
presented. The registration between two consecutive steps of dissection revealed a maximum error of 1 to 3 mm in the dissected area. The dissection had to be performed very
slowly to improve the spatial resolution, i.e. to minimize the distance between surfaces.

when using crossing ﬁbers reconstruction methods, stronger gradients
to disentangle cellular spaces, better image resolution and new tracking
approaches. Nevertheless, despite these technical reﬁnements,
tractography remains an indirect method. Far from being an anatomical
imaging method displaying tracts directly, it uses water diffusion patterns to provide information about the brain's supposed underlying
microarchitecture indirectly (Hubbard and Parker, 2009). Current diffusion and tractography models are based on the fact that water molecule
diffusion is constrained inside and outside the axons by the cellular
membrane (the two compartment theory, which postulates that the
cellular membrane is impermeable), while the exact mechanisms leading to anisotropy in neural tissues have not been fully elucidated (Jones
et al., 2013; Le Bihan and Johansen-Berg, 2012; Tournier et al., 2011). In
particular, the role played by the glial tissue, the vessels, and the active
and passive transport of water and larger molecules through the cellular
membrane still remains unclear.
None of the validation approaches proposed in humans today
provide direct comparison of diffusion tractography with anatomy
in the same specimen and at the scale of an entire ﬁber tract. We used
Klingler's dissection to validate diffusion tractography because it provides anatomical data at the macroscale level of the connectome. The
aim of our novel approach is to produce a tool to directly compare
these anatomical data to MRI data.

Anatomical considerations
Historically, human brain diffusion tractography was generally accepted in the community only because it produces roughly the same results as those previously obtained by dissection; an imaging technique
providing very different results to dissection would certainly have
been rejected. While dissection is still regularly compared to diffusion
tractography (Fernandez-Miranda et al., 2012; Kinoshita et al., 2012;
Lawes et al., 2008; Martino et al., 2013a), it is no longer always considered as a ground truth, especially in the imaging community, for several
reasons. One criticism of Klingler's dissection is its low spatial resolution
as compared to histology, PLI or OCT. However, we show that dissection
provides a high level of details (see video 1 and Fig. 4), not obtained by
diffusion tractography. To obtain this level of resolution, and to consider
dissection as a ground truth, great care has to be taken at each step of
the process: early extraction of the brain after death, preparation of
the specimen with a long ﬁxation time at a low concentration of formalin, a long period of freezing, and careful dissection by a trained anatomist. This high degree of anatomical expertise required to identify
white matter bundles and the time needed for accurate dissection are
further limitations of Klingler's method. By allowing the iteratively
scanned surfaces to be labeled by several anatomists, FIBRASCAN
enables white matter tracts to be identiﬁed in the same specimen by
different operators. A prerequisite for this is obviously to provide

Table 1
Tract reconstruction validation on a simple 3D object (hard-boiled egg).
Indicator

Experimental value

Ideal

Precision
Recall
Dice coefﬁcient
Jaccard coefﬁcient

0.869
0.972
0.918
0.848

1
1
1
1
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unambiguous dissection and tract identiﬁcation rules similar to those
proposed for sulco-gyral nomenclature (Destrieux et al., 2010). Dissection and tractography have a similar limitation for ROI/VOI delineation;
in both cases, multiple deﬁnitions of tracts/ROI are available, leading to
variable results. Provision of a clear set of dissection rules would greatly
improve the interactive segmentation step of our method by facilitating
the identiﬁcation of ﬁber bundles and by minimizing inter-operator
variability.
Another frequent criticism of Klingler's technique is its supposed inability to detect crossing ﬁbers. When two bundles cross, the anatomist
obviously has to choose one tract of interest while destroying the other,
so that two crossing bundles cannot be studied completely in the same
dissection. For instance, complete dissection of the AF entails partial destruction of crossing ﬁbers connected to the pre- and post-central gyri,
i.e. pyramidal and thalamo-cortical tracts (see video 1). Thus, our method cannot reconstruct the entire connectome for a given specimen.
However, this is not a major limitation of this technique as a validation
tool, which entails focusing on a few non-crossing tracts in each specimen and studying several specimens in order to obtain data for the
whole connectome. Indeed, reconstructing tracts from several brains
has already been successfully used in other works using autoradiography in the monkey (Schmahmann and Pandya, 2009). Hence, mapping
delineated tracts onto a standard brain and generating a tract-based
atlas of human white matter from Klingler dissection could be an interesting application of our method.
Klingler's method is also said to be limited to the dense “core” of
white matter tracts without any information about their cortical termination. However, it has been used to follow tracts up to the cortex and to
study relationships between them, even in regions such as the stratum
sagittale and temporal stem, where tracts are thin and densely packed
(Martino et al., 2009, 2010; Peltier et al., 2010a). FIBRASCAN further
helps understand relationships between the dissected tract and the
overlying cortex; to obtain a complete white matter tract using traditional dissection, the surrounding cortex has to be destroyed, but with
our method it is possible to navigate among the set of surfaces and
thus to identify the cortical connections of the tracts precisely by
reconstructing them in reverse, from their deep aspects up to the cortex
(see video 2).
The limitations of dissection are counterbalanced by the facts that it
is currently the only validation method that can be used with human
brains without losing the 3D coherence of the ﬁber tracts, and that
no other method directly visualizes the human connectome at a scale
comparable to tractography. For instance, PLI (Axer et al., 2011a,
2011b) and OCT (Ben Arous et al., 2011; Goergen et al., 2012;
Magnain et al., 2014) are very promising methods, sometimes regarded
as “the” validation solutions for tractography. PLI attains a spatial resolution of the order of the micrometer for a given slice or series of neighboring slices. However, because it uses slices, the reconstruction of an
entire tract will suffer from a loss of 3D coherence. On the other hand,
OCT is theoretically not concerned by slicing, as acquisitions are performed on a volume. Unfortunately, the size of the samples that OCT
can explore is currently too small to provide data on an entire hemisphere. Furthermore, even if the problem of sample size is eventually resolved, the depth of exploration of OCT will remain limited, leading to
the need for registration steps between samples, and then to reconstruction of white matter tracts with algorithms similar to those used
in diffusion tractography. These two methods will be of great importance for the validation of diffusion tractography at the microscale
level as they provide greater accuracy (micrometer scale) than dissection (millimeter scale), but they will be less relevant at the macroscale
level as they suffer from a loss of 3D coherence during data acquisition.
Finally, as a competing validation method, ex vivo diffusion
tractography could provide images at a higher spatial resolution than
in vivo tractography. However, because it is also based on water diffusion along the ﬁbers, it cannot be considered as a ground truth without
prior anatomical validation.

Technical considerations
There are two prerequisites for any quantitative comparison of
in vivo or ex vivo tractography and dissection: a common reference
space for MRI and dissection, and a method of tract reconstruction
from dissection that compensates for the destructiveness of the dissection process. The lack of a quantitative comparison method between
tractography and dissection probably led to the feeling that Klingler's
method was imprecise, whereas the imprecision stemmed from the
evaluation, and not from the dissection process. By providing a common
anatomical space, our technique ﬁlls the gap between the anatomy laboratory and the MR scanner and is the ﬁrst step toward a quantitative
comparison of the two techniques.
We demonstrated the feasibility of our method on six white matter
tracts (SLF/AF subcomponents, IFOF, ILF, UF), but it can of course be applied to other intra-hemispheric association ﬁber tracts (e.g., Middle
Longitudinal Fasciculus, SLF II, Vertical Occipital Fascicle of Wernicke,
Frontal Aslant Tract), or to projection ﬁber tracts (e.g., optic radiations,
acoustic radiations, cortico-spinal tract). Moreover, simultaneous acquisition of several non-crossing tracts during the same dissection provides
information about their relationships that are not easily studied by traditional dissection methods.
To validate this technique, we demonstrated ﬁrst that dissection did
not induce deformation of the anatomical specimen that would have altered the geometry of the reconstructed tract. Mean deformation
(0.3 mm) induced by dissection was negligible as compared to the spatial resolution of DW-MRI (1 to 2 mm), to which the results will ultimately be compared. This absence of deformation is not surprising in
view of the rigidity of the plastic holder, parafﬁn- and formalin-ﬁxed
brain. The mean error in surface-to-surface registration was also negligible
(0.1 mm). This was related to the precise localization of ﬁducial markers
by the mechanical probe of the scanner arm, to the absence of relative
movement of the specimen ﬁxed on the holder, and to the precision of
the laser beam. We then demonstrated that object reconstruction (simple object and anatomical specimen) from a stack of segmented surfaces
in the MRI volume was possible and accurate (0.6 mm). Again, this value
has to be compared with the resolution of the 3D T1-weighted MR
images we used (1 mm). Surfaces used as a ground truth to evaluate
this step were obtained from MRI, with the same resolution. Finally,
the spatial resolution of the method, which was estimated as the maximum distance between two dissection steps, was 1.8 mm. As Klingler's
dissection and tractography used in clinical practice have about the
same resolution (order of mm), a comparison between these methods
makes sense.
Alternative methods of reconstructing a dissected tract have been
proposed. For instance, Kier et al. (2004) performed iterative MRIs of
the specimen during dissection and segmented the tract of interest on
the surface of the specimen obtained from MRI. Our method provides
a higher scanning rate of the specimen, for practical but also cost reasons. Due to the spatial resolution of the MRI (order of 1 mm) and of
the laser scanner (order of 0.1 mm), reconstructions obtained from
our method are more accurate. Finally, the texture projection in our
method considerably improves identiﬁcation of the tracts on the reconstructed surface.
We do not claim that FIBRASCAN is the only feasible method
for tractography validation in the human. It should be regarded as a
new tool for this complex task, which can probably only be accomplished by combining several methods. For instance, PLI is accurate at
a micro/millimeter scale, while OCT can study white mater tract organization for small brain volumes. Our method could be used to validate
tractography at the macroscopic scale, and also to collect small anatomical samples from dissection in critical regions (e.g., crossing regions or
cortico-sub-cortical junctions) and compare them to tractography.
Combining macro- (dissection) and micro- (PLI/OCT) information
would clearly improve efﬁciency of the validation process; FIBRASCAN
could provide precise localization of samples in the MR anatomical

I. Zemmoura et al. / NeuroImage 103 (2014) 106–118

space, while OCT and PLI could provide accurate reconstruction of ﬁbers
in these samples at a submillimetric scale.
Atlas of human white matter based on Klingler dissection could also
be proposed as an interesting additional application of our method, as
discussed above. Nonetheless, although a group-based atlas is very interesting on an anatomical point of view, it is probably not the right
tool for tractography validation because of intersubject variability of
ﬁber tracts location and shape. Indeed, this variability can be considerable, leading for example to less than 50% overlap for the anterior cingulum or less than 70% for the UF (Burgel et al., 2006). For this reason, we
consider that the best method to correctly validate tractography is to directly compare in vivo tractography to the anatomical ground truth,
which might be approached by white matter dissection in the same
subject.
The novel software we developed as part of the FIBRASCAN set-up is
a suite containing different modules for texture projection, surface
coregistration, virtual segmentation, surface-MR resampling and registration. We will progressively add functions (such as in vivo/ex vivo,
comparison between dissection and tractography) before making it
available to the community.
The novel technique presented in this article allows accurate acquisition and segmentation of white matter tracts obtained from dissection
and their reconstruction in ex vivo MR anatomical space. It is the ﬁrst
step toward a quantitative comparison of both ex vivo and in vivo diffusion tractography with dissection, which is considered as a ground
truth. It should be regarded as a complementary rather than a competing approach to other validation techniques studying the connectome at
the microscopic level.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.09.016.
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