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The brain is the most magnificent structure, and we are only at the cusp of unravelling

some of its complexity. Neuroanatomy is the best tool to map the brain’s structural

complexity. As such, neuroanatomy is not just an academic exercise; it serves our

fundamental understanding of the neurobiology of cognition and improves clinical

practice. A deepened anatomical understanding has advanced our conceptual grasp of

the evolution of the brain, interindividual variability of cognition in health and disease,

and the conceptual shift toward the emergence of cognition. For the past 20 years,

diffusion imaging tractography has dramatically facilitated these advances by enabling

the study of the delicate networks that orchestrate brain processes (for review, see

(Thiebaut de Schotten and Forkel, 2022)).

Historically, the bedrock of neuroanatomy is formed by clinical cases presenting

significant changes in behaviour and cognition after suffering a lesion to the brain

(Broca, 1865; Corkin, 2002; Macmillan, 2000; Thiebaut de Schotten et al., 2015;

Wernicke, 1874). These famous cases were assessed with the methods available at the

time, and in some circumstances, the brain (Dronkers et al., 2007; Signoret et al., 1984),

skull (Damasio et al., 1994; Ratiu et al., 2004; Van Horn et al., 2012), or digital data

(Annese et al., 2014; Augustinack et al., 2014; Corkin et al., 1997) were preserved. With the

emergence of novel methods, neuroscience’s famous cases are regularly re-evaluated

((Dronkers et al., 2007; Signoret et al., 1984; Thiebaut de Schotten et al., 2015)), most

recently using diffusion-weighted tractography to visualise the networks damaged by
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each lesion (Dronkers et al., 2007; Signoret et al., 1984; Thiebaut de Schotten et al., 2015).

While neurosciences have learned a lot from individual patients, the availability of

magnetic resonance imaging (MRI) introduced a shift toward studying the brain in

health and disease in large populations and across time (i.e. longitudinal study designs).

There are many methods to study the brain’s surface (gyri and sulci, e.g. (Lerch et al.,

2017; Naidich et al., 1992; Ono et al., 1990; Ribas, 2010; Yousry et al., 1997)), its

cross-sectional anatomy (subcortical structures) (e.g. (Lerch et al., 2017)),

cytoarchitectonics (Amunts et al., 1999; Uylings et al., 2005), and postmortem

connectional neuroanatomy (Akeret et al., 2022; Dziedzic et al., 2021; Kadri et al., 2017;

Klingler, 1935; Lawes et al., 2008; Thiebaut de Schotten et al., 2011; Türe et al., 2000;

Vergani et al., 2014b; Yendiki et al., 2022). However, there is only one method that allows

the investigation of the structural networks of the living human brain -

diffusion-weighted imaging (DWI) tractography (e.g. (Assaf et al., 2019; Basser et al.,

1994; Catani and Thiebaut de Schotten, 2008; Dell’Acqua and Tournier, 2019; Jbabdi and

Johansen-Berg, 2011; Pierpaoli et al., 1996).

With tractography, it is possible to map the connectional anatomy of the brain across

large numbers of healthy participants (Catani and Thiebaut de Schotten, 2008; Mori et

al., 2005; Rojkova et al., 2016; Thiebaut de Schotten et al., 2010) and various clinical

cohorts (Ciccarelli et al., 2008; Forkel et al., 2014a; Thiebaut de Schotten et al., 2005),

associate white matter properties with cognitive correlates (Catani et al., 2012; Forkel et

al., 2022a), and study inter-and intraindividual variability (Croxson et al., 2018; Forkel et

al., 2020, 2014a; Scholz et al., 2009; Thiebaut de Schotten and Forkel, 2022). A recent

meta-analysis showed that studying white matter is a reliable measure of variability in

anatomy and that this variability is related to cognitive differences in health and disease

(Forkel et al., 2022a). We, therefore, dedicate this chapter to studying the network

neuroanatomy of the human brain.

Despite tractography being a relatively novel method, it has rapidly developed over the

past four decades and resulted in 6,880 studies today (PubMed search term

tractography, 08/11/2022). Anatomically-guided manual dissections often rely on

deterministic tracking algorithms that have been optimised best to match the

connectional anatomy of the human brain as defined by Klingler post-mortem

dissections (see PART IV: Tractography Algorithms, Figure 1).
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Figure 1. Comparison of Klingler postmortem dissection (A), diffusion tensor imaging

(DTI) tractography (B), and spherical deconvolution (C) in vivo dissections. (personal

data)

Deterministic tractography is commonly used as a whole-brain analysis tool [cross-ref

tracking chapter Leemans et al.]. The resulting tractogram, or connectome (i.e.

whole-brain white matter), is reconstructed from the diffusion signal before individual

pathways or networks are segmented using anatomically defined regions of interest

(ROIs). The placement of ROIs follows specific anatomical criteria but may vary

depending on the interindividual brain anatomy (Croxson et al., 2018). While a given set

of ROIs might be consistently applied in healthy participants, these regions may need

adjustments in clinical cohorts due to brain tissue displacement or loss of tissue. The

advantage of using tractography to segment white matter pathways based on

anatomically-guided manual dissections is that it can be applied to any species (Barrett

et al., 2020; Croxson et al., 2018; Friedrich et al., 2021; Mars et al., 2018), population, or

pathology, which automatic algorithms may not easily achieve. As the dissections are

performed in the participant space and brain-by-brain, tractography accounts for

interindividual variability; see for review (Forkel et al., 2022a).

When analysing tractography data, several steps are consistent across all studied

populations and brain states (health/disease). We will discuss various considerations for

dissections across populations and give practical tips on common pitfalls and features

to improve the visualisation of the dissections. We briefly discuss specific

considerations for manual dissections in non-human primates. Lastly, we provide an

atlas of regions of interest (ROIs) for the most commonly delineated white matter

connections.
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Principles of anatomically-guided manual dissections

Optimal diffusion maps for ROI delineation

Before placing a region of interest, it is crucial to locate prominent anatomical features

(e.g. midsection of the corpus callosum, hand knob, anterior commissure) to orient

oneself. Identifying anatomical features not only depends on the expertise of the

tractographer but also varies significantly with the resolution of the data and the choice

of brain map (e.g. fractional anisotropy [FA] map, anisotropic power [AP] map,

T1-weighted scan; Figure 2). Diffusion data is acquired rapidly using a spin-echo

sequence [cross-reference to chapter], which prioritises a fast acquisition over spatial

resolution (classically around 2-2.5mm); however, recent developments have pushed

spatial resolution in the living human brain (1.25mm in 3T HCP, Figure 2A) and in post

mortem imaging (~500 μm). The higher the spatial resolution, the easier it is (especially

for novices) to identify anatomical structures. As such, high-resolution in vivo data is

optimal for anatomical studies (e.g. 7T HCP dataset, ~1 mm).

Figure 2. Anatomical resolution in the HCP dataset (1.25mm, A) and a healthy control

dataset (1.8mm, B). Panel A details the HCP anatomy of subcortical and white matter

structures. Panel B shows the range of possible maps used for manual delineations.

Panel C shows a dorsal view of the tractogram (i.e. whole brain white matter) obtained

from the healthy participant.
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AP6� anisotropy power map, RD: radial diffusivity, MD: mean diffusivity, RGB: colour-coded

(red-green-blue) fractional anisotropy map, FA: greyscale fractional anisotropy map, T1�

T1-weighted structural scan.

Traditionally, a greyscale fractional anisotropy (FA) map is used to delineate ROIs

(Figure 2B). Often, the colour-coded FA map is even more helpful, as it indicates the

direction of connections in a standard Red-Green-Blue system representing

commissural-association-projection connections. FA maps lose signal in areas closer to

the cortical ribbon and when two or more connections cross. This can lead to

erroneous interpretations by the algorithms and interpreters.

More recently, software and preprocessing pipelines have facilitated the

coregistration of a high-resolution structural scan to the tractogram (Figure 2C). Other

approaches rely on the use of diffusion-derived maps, such as the anisotropic power

map (AP), which has a similar contrast as a structural T1-weighted scan but additionally

contains the diffusion information and can visualise anisotropy closer to the cortex

compared to a classical FA map (Figure 2B) (Dell’Acqua et al., 2014).

All these maps have their advantages and limitations when delineating ROIs. These

differences are amplified when studying clinical populations and should be carefully

considered (Forkel and Catani, 2018). The clinical usability of these contrasts varies in

their sensitivity to lesion onset (e.g. in stroke), data resolution, and how long it takes to

acquire the image (e.g. motion artefacts with longer sequences). Depending on the

clinical pathology, an added layer of complexity might be introduced by the lesion’s

appearance on a scan (e.g. pseudonormalisation). For example, diffusion indices are

highly sensitive to stroke lesions that suddenly alter the brain’s anatomy and

microstructure. However, brain tumours can gradually shift and displace neuronal

tissue, including white matter fibres (Zhang et al., 2022; Zhylka et al., 2021). In clinical

settings, it is, therefore, vital to choose a map that represents the lesion best and be

aware of the interactions between a given pathology and diffusion-derived maps for ROI

delineation.

Tractography in clinical populations - stroke and neurosurgical patients

Diffusion-derived maps are sensitive to early microstructural changes in the immediate

aftermath of a stroke (Moseley et al., 1990; Pierpaoli et al., 1996). This makes them better

candidates than structural maps in the acute stages of stroke if one is interested in
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delineating ROIs surrounding a stroke or assessing the extent to which certain white

matter tracts are affected by the injury. However, it is crucial to remember that this

effect is variable over time. In the immediate aftermath (minutes) of a stroke, the

diffusion signal changes in the affected tissue and remains in this altered state. Despite

this damage, the affected tissue slowly and temporarily regains its original signal, known

as pseudonormalisation (Schlaug et al., 1997). This may last for days before longer-term

changes start causing a deviation of the diffusion signal from its normal range (Warach

et al., 1995). This phenomenon is highly relevant if one studies the brains of acute stroke

patients but is less relevant in the chronic stages (Forkel and Catani, 2018).

It is essential to keep this information in mind if one is interested in performing

dissections in stroke patients. Due to the altered diffusion metrics, this might affect

both the diffusion-derived maps on which ROIs are delineated and the tracking

algorithms. For example, oedema can cause diffusion metrics such as FA to drop, which

may be interpreted as anisotropy of the underlying white matter fibres. However,

despite this reduced FA, the white matter fibres passing through oedematous tissue

may not (yet) be directly affected. Consequently, algorithms may stop tracking when

they reach an area of low FA and produce a false negative result where the connection is

not traced through oedema [cross-reference Tractography in normal and pathological

anatomy: practical considerations from Theaud et al.]. Advanced tractography

algorithms and multishell acquisitions can, however, partially overcome these

limitations. In stroke patients, tractography has emerged as a reliable tool to predict

long-term recovery from acute neuroimaging by looking at the anatomy of the

contralesional hemisphere (Forkel et al., 2014a) or the pattern of white matter

disconnections caused by a lesion (Dulyan et al., 2022; Pacella et al., 2019; Salvalaggio et

al., 2020; Souter et al., 2022; Talozzi et al., 2021).

In cases where injury to the brain is caused by a mass (e.g. glioma), the mass may have

compressed or displaced neighbouring white matter fibres causing their shape and

location to deviate from the expected anatomy. For example, a lateral frontal lobe

tumour can compress and push a part of the corticospinal tract (CST) toward the medial

wall. However, this will only affect the portion of the CST immediately neighbouring the

tumour, altering its overall trajectory [FIGURE 3]. Importantly, this will be specific to

each patient, so there are no other means of anticipating the exact shape of the CST

without visualising it in each patient using tractography. The clinical usefulness of

tractography has introduced it as a pivotal tool in the neurosurgical theatre (Cochereau
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et al., 2020; Dragoy et al., 2020; Duffau, 2008; Kemerdere et al., 2016; Leclercq et al.,

2010; Mirchandani et al., 2020; Sollmann et al., 2020; Teichmann et al., 2015; Thiebaut de

Schotten et al., 2005).
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Figure 3. Tractography in stroke and brain tumours. Panel A shows the computer

tomography, structural, diffusion, and perfusion images acquired in a single patient with

acute stroke and aphasia. On conventional imaging, the frontal lesion is barely visible on

these contrasts (e.g. CT, T1). By contrast, diffusion and perfusion imaging immediately

highlight the vast lesion impact. While all these scans indicate that the white matter is

affected by the stroke, none of those maps allow us to visualise white matter pathways

along their entire course. B shows the individual reconstruction of the arcuate

fasciculus in an acute stroke patient with the scalar FA value plotted along the pathway.

In the left hemisphere, the lesion reduces the FA index along the arcuate fasciculus,

while the right hemisphere still harbours a healthy pathway. Panel C shows the various

possible configurations that the presence of a tumour might have of the anatomical

architecture of the white matter. Panel D shows the impact tractography algorithms

(e.g. tensor-based or spherical deconvolution) can have on estimating the distance

between a lesion and the white matter of the cortico-spinal tract (CST). Modified from

Francesco Vergani & Henrietta Howells. Panel E shows the displacement (white vectors)

of the CST caused by a tumour (green) in reference to the atlas-based location of the

CST (red) in a healthy brain. This shows how the location of the CST, as observed (blue),

has been pushed medially due to the compressing and displacing forces exerted by the

growing mass on the surrounding tissue.

Anatomical placement of ROIs

ROIs are typically placed in “bottleneck” regions, constituting obligatory passages

(Catani et al., 2002; Hau et al., 2016; Schilling et al., 2022). For example, the inferior

fronto-occipital fasciculus (IFOF) fans out in the frontal and occipital lobes (Forkel et al.,

2014b; Schmahmann and Pandya, 2007). Still, it is compressed into a compact bundle

while travelling through the external capsule. Placing a single ROI in this bottleneck

region will capture most of the streamlines associated with the IFOF. However, it is best

to use three ROIs to separate connections; in this case, the IFOF is dissected as part of

the ventral triade with the uncinate fasciculus and the inferior longitudinal fasciculus

(Figure 4). Another example is the fronto-temporal arcuate fasciculus which can be

segmented by placing a single ROI in the inferior parietal white matter, where the
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connection consolidates while fanning out in the frontal and temporal cortices (Catani

et al., 2005).

Not every connection, however, passes through a bottleneck region. In these

cases, a multiple ROI approach defines a connection as passing between two brain

regions (e.g. all streamlines between the frontal and parietal lobes) (Thiebaut de

Schotten et al., 2011). When using various ROIs, each region can serve as an inclusion or

an exclusion region using Boolean operators (‘AND’, ‘OR’, ‘NOT’). In addition, the operator

chosen for a ROI can be applied to any part of a tractography streamline (the ‘waypoint’

rule) or strictly to its terminations (the ‘end point’ rule). In this context, a ‘waypoint’ ROI

is used to visualise (or exclude) streamlines that pass through it (‘AND’, ‘OR’, ‘NOT’), while

an ‘endpoint’ ROI is used to visualise (or exclude) streamlines that terminate in it (

‘either end’, ‘both ends’, ‘no end’). A particular use of the endpoint option is ‘both ends’,

which is best suited when dissecting short U-shaped fibres that connect neighbouring

gyri. Only streamlines that begin and end within the same ROI are visualised (Figure 4).

It is possible to examine nearly every white matter connection with these few rules.

FIGURE 4 Region of Interest (ROI) operations to virtually reconstruct white matter

connections using waypoint ROIs and exclusion regions in the combinations of ‘AND’

and ‘NOT’, as well as endpoint rules such as ‘both ends’ or ‘either end’.
ROI: region of interest, LS: long segment, AS: anterior segment, PS: posterior segment, IFOF:

inferior fronto-occipital fasciculus, UF: uncinate fasciculus, ILF: inferior longitudinal fasciculus,

M1� motor cortex, S1� somatosensory cortex.
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Anatomical delineation in non-human primates

Most methods available for studying the connectional anatomy of the brain are invasive

by nature and, as such, are only applicable to non-human brains (e.g. axonal tracing) or

postmortem specimens (e.g. histological staining) (for review, see (Yendiki et al., 2022).

Tract dissection in non-human primates offers a unique opportunity to compare white

matter anatomy across species (Barrett et al., 2020; Croxson et al., 2005; Dyrby et al.,

2007; Jbabdi et al., 2013; Knösche et al., 2015; Li et al., 2013; Rilling et al., 2008;

Roumazeilles et al., 2020; Warrington et al., 2020) and validate findings from

tractography by comparing directly with axonal tracing (Azadbakht et al., 2015;

Calabrese et al., 2015; Dauguet et al., 2007; Donahue et al., 2016; Gao et al., 2013; Jbabdi

et al., 2013; Schilling et al., 2019; Schmahmann et al., 2007; Thomas et al., 2014; van den

Heuvel et al., 2015).

Diffusion-weighted imaging is the only method available for comparative studies to

apply to living human and non-human primate (NHP) brains. The last decade has seen a

steep increase in comparative neuroimaging studies aiming to map evolution through

connectivity (Friedrich et al., 2021). This comparison allowed for the computation of

deformation fields between species’ brains (Mars et al., 2018). These deformation fields

capture similarities and differences between species. Comparative studies assume that

similarities between species can be traced back to a common ancestor and account for

preserving specific functions across evolution (Croxson et al., 2018). Recent comparative

work revealed one of the first comprehensive maps of the phylogenetic organisation of

brain regions (Mars et al., 2018). Such technical advances in comparative neuroimaging

will allow targeted studies that better match human brain mechanisms to their

phylogenetic counterparts. Further, they may also help discover and mimic

neuroprotective mechanisms in animals that could potentially translate to improving

human disease models and therapeutics (Royo et al., 2021).

The approach to the manual delineation of connections in non-human primates is very

similar to what has been described above for humans, except that anatomical references

will differ. The anatomical guidance for ROI placement in monkeys is most commonly

based on axonal tracing (Schmahmann and Pandya, 2006; Thiebaut de Schotten et al.,
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2012), although other methods, including Klinger dissections, may also be referred to.

For non-human species, axonal tracing is often considered the gold standard of the

methods available for describing white matter anatomy, as it is robust to false positives

and able to distinguish between mono- and polysynaptic pathways (Petrides and

Pandya, 2002; Schmahmann et al., 2007). As with human tractography dissections, ROIs

can be drawn manually (Thiebaut de Schotten et al., 2012) or imported from atlases

based on cortical parcellations (Paxinos et al., 2000; Rohlfing et al., 2012). For example,

the three branches of the fronto-parietal network of the superior longitudinal fasciculus

(SLF1-3) have been dissected using four way-point ROIs (Thiebaut de Schotten et al.,

2011). The three anterior ROIs in the white matter adjacent to the superior, middle and

inferior frontal gyri specify the three branches, and a single ROI has been placed

posteriorly to intercept the streamlines before they fan towards their endpoints in the

parietal cortex. There are currently efforts to compile whole-brain white matter atlases

of several non-human primate species (Bryant et al., 2020). We, therefore, focus on

manual tractography dissections in the human brain but want to reiterate that the same

principles apply to NHP manual dissections.

Extracting statistical indices

Once the anatomically-guided dissections are completed, one can extract statistical

values that can be voxel-based or tract-based, depending on the chosen approach

[cross-reference Part III: Diffusion models and Part IV: Tractography algorithms].

Several filtering options should be double-checked before rushing to extract along-tract

mean values as a proxy of microstructural integrity. The various filters can automatically

be applied in the different visualisation software packages (e.g. ExploreDTI, Trackvis).

These filters are pivotal to be aware of as they might directly influence the statistical

values one can extract from virtual dissections.

The first concerns a ‘skip filter’, which the software may automatically apply to

reduce the computational demand. This ‘skip’ filter only displays a subset (e.g. 70%) of

the streamlines while ‘skipping’ the rest (e.g. 30%), resulting in a lighter dataset to

interact with while dissecting. However, this would result in 30% data loss if this option

remains selected when exporting statistical values. This filter does have a clear

visualisation advantage, especially when computational resources are limited. It is,
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however, critical to disable the filter before extracting any measurements for

subsequent analysis to ensure that any metric represents the complete pathway.

Another filter that can be applied is a ‘length threshold’. While dissecting, we may

apply a filter to the displayed streamlines using a length threshold. This can be

especially useful for removing spurious streamlines which follow unrealistic trajectories

(e.g. crossing sulcal boundaries). However, caution should be applied while using this

filter as it does not discriminate between anatomically plausible and implausible (i.e.

artefacts) streamlines. Therefore, extra care should be taken when the chosen length

threshold is close to the length of a target pathway. It would also be necessary to

consider inter-individual differences in brain size and pathway length that are likely to

affect the chosen length threshold for each individual.

After the filters have been checked, various voxel-based and tract-based

statistical measures can be extracted. The type of available indices will depend on the

chosen preprocessing pipeline [cross-reference Chapter tractometry Chamberland et

al.]. The most commonly reported index is fractional anisotropy (50% of studies, see

(Forkel et al., 2022a), which reflects the directionality of water diffusion in a given voxel

(Basser and Jones, 2002; Catani and Forkel, 2019; Derek K. Jones et al., 2013; Jones,

2008). Such values are then exported into statistical programmes and used for further

analysis (for a detailed example, see (Forkel and Catani, 2017).

Statistical analysis can be calculated with values extracted from individual

dissections in the participant’s native space or a common standard space at the group

level. For the latter, the final virtual dissection can be exported as a tract density map to

create an overlay map across a group of interest. This allows the creation, for example,

of percentage overlay maps that encode the interindividual variability across the group

for each connection (Figure 5).
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Figure 5. Percentage overlay map for the fornix from 178 participants from the HCP 7T

dataset. Adopted from (Akeret et al., 2022).

Many features exist to visualise virtual reconstructions and render them akin to axonal

connections. The most impactful rendering option is visualising tubes instead of

streamlines, giving more volume to each reconstruction. This allows the visualisation

software to treat streamlines as 3D objects which reflect light and produce shadows,

adding clarity to their 3D trajectory. This is especially helpful for understanding the

anatomy of white matter bundles as it creates a depth effect in the image. However, it is

essential to remember that this is simply a visualisation tool that does not bear any

meaning on the actual thickness or size of the dissected connection and does not

convey direct information about the underlying axonal populations.

Before producing the final image of the dissected bundle, it is worth checking

whether the visualisation software has an ‘anti-aliasing filter’, which is effectively a

low-pass filter placed on the image reconstruction. Aliasing is an artefact which occurs

when the visualisation software simplifies the graphical representation of the image for

efficiency, resulting in jagged lines. Therefore, the anti-aliasing filter would ensure that

the final rendering of the connections is smooth and of better quality.
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Atlas of Neuroanatomical Dissections

For ease of viewing and anatomical references, the ROIs will be shown in one

hemisphere while the other is used for anatomical labelling. We offer the inclusion and

exclusion ROIs and detail how to combine them during the virtual dissections. The ROIs

described below are based on previous atlases that used a tensor-based algorithm

(Catani and de Schotten, 2012; Catani and Thiebaut de Schotten, 2008) and an advanced

spherical deconvolution algorithm (Rojkova et al., 2016). Details about the advantages

and limitations of these algorithms can be found in Chapters 10-12 in Part III.

Superior Longitudinal Fasciculus (SLF)

The three branches of the superior longitudinal fasciculus (SLF1-3, Figure 6D) were first

described in the living human brain in 2011 and are intrahemispheric fronto-parietal

association connections (Thiebaut de Schotten et al., 2011). The SLFs are in both

hemispheres with a slight rightward prominence (Thiebaut de Schotten et al., 2010).

Each branch is dissected using a 2-ROI approach (Figure 6A-B) plus an exclusion ROI in

the left and right temporal lobe (Figure 6C).
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Figure 6. ROIs and their combinations of the three branches of the SLF. A) Three

waypoint ROIs are placed in the frontal lobe covering the superior frontal gyrus (SFg),

superior frontal gyrus (MFg), and precentral gyrus (Prg). B) A single posterior waypoint

region is placed in the left parietal lobe (PaL). C) A single exclusion ROI is placed around

the white matter of the temporal lobe to exclude the connections belonging to the

temporal-frontal arcuate fasciculus in either hemisphere. D) Virtual reconstruction of

the three branches of the SLF in the left hemisphere.
SFg: superior frontal gyrus, Prg: precentral gyrus, MFg: middle frontal gyrus, PaL: parietal lobe,

TL: temporal lobe, SLF: Superior longitudinal fasciculus, CC: corpus callosum, PC: posterior

commissure, AC: anterior commissure, Cing: cingulum, ParaCg: paracentral gyrus, PoCg:

postcentral gyrus.

Cingulum

The cingulum (Figure 7C) is an interlobar association connection on the medial aspect of

the brain. Its white matter runs within the cingulate gyrus that surrounds the corpus

callosum. The most extended cingulate connections link the orbitofrontal cortex with

the anterior temporal lobe. Several shorter connections in the cingulum branch out to

the medial frontal, parietal, occipital, and temporal lobes. Anatomically, it is considered

part of the limbic system (Catani et al., 2013).

Using postmortem dissection techniques and tractography, the results often indicate a

dorsal and ventral part of the cingulum (D. K. Jones et al., 2013). The separation between

the two occurs at the level of the parieto-occipital fissure. Due to its proximity to the

commissural connections of the corpus callosum, an exclusion region needs to be used

(Figure 7B).

16

https://paperpile.com/c/vfmvEJ/BT53
https://paperpile.com/c/vfmvEJ/2H0W


Figure 7. ROIs and their combinations for the dissection of the dorsal and ventral

cingulum. A) Two waypoint ROIs are placed to define the cingulum dorsal to the

parieto-occipital sulcus (POs) and ventral to it. B) A single waypoint exclusion region is

placed in the corpus callosum (CC). C) Virtual reconstruction of the full cingulum in the

left hemisphere.
Cingd: dorsal cingulum, Cingv: ventral cingulum, CC: corpus callosum, SFg: superior frontal

gyrus, MFg: middle frontal gyrus, Occ: occipital lobe , POs: parieto-occipital sulcus.

Uncinate fasciculus (UF)

The uncinate fasciculus (Figure 8C) is a fronto-temporal association connection and is

considered part of the limbic network and the language system (Catani et al., 2013). It is

also part of a ventral fronto-temporal-occipital system often dissected in a 3-ROIs

approach (Figure 8A). The uncinate consolidates and runs in the ventral floor of the

external capsule and radiates into the orbitofrontal and anterior temporal lobes.
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Figure 8. ROIs and their combinations for the dissection of the ‘ventral network’

composed of the inferior fronto-occipital fasciculus (IFOF, B), the uncinate fasciculus

(C), and the inferior longitudinal fasciculus (ILF, D). The three connections share some

ROIs (see Figure 4) and are therefore shown together. A) Three-waypoint ROIs are

placed to define the subcortical external capsule, the temporal lobe white matter (TL),

and the occipital lobe white matter (Occ). B-D) Virtual reconstruction of the ventral

network in the left hemisphere.
Ex: external capsule, TL: temporal lobe, Occ: occipital lobe, ILF: inferior longitudinal fasciculus,

IFOF: inferior fronto-occipital fasciculus, SFg: superior frontal gyrus, MFg: middle frontal gyrus,

IFg: inferior frontal gyrus, Ins: insula, POs: parieto-occipital sulcus, CI: internal capsule, Rg: gyrus

rectus.

Inferior Longitudinal Fasciculus (ILF)

The inferior longitudinal fasciculus (ILF, Figure 8D) is an occipital-temporal association

connection composed of long-range medial connections and shorter lateral

connections connecting early and late visual cortices and branching into the occipital

and temporal lobes (Catani et al., 2003). The ILF connects occipital visual areas to the

amygdala and hippocampus and higher-order visual areas in the temporal lobe.

Inferior fronto-occipital fasciculus (IFOF)

As its name suggests, the inferior fronto-occipital fasciculus (IFOF, Figure 8B) is a white

matter that connects occipital and frontal cortices. Posteriorly, it originates from the
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cuneus, lingual gyrus, posterior fusiform gyrus, and occipital pole. As the IFOF leaves

the occipital lobe and enters the temporal stem, its fibres gather at the level of the

external/extreme capsule level above the uncinate fasciculus. These fibres form a thin

sheet in the frontal lobe that curves toward the inferior frontal gyrus, medial

orbitofrontal region, and frontal pole. This pathway has a convoluted history; for review,

see (Forkel et al., 2014b; Schmahmann and Pandya, 2007; Türe et al., 1997). A remnant of

its history is indicated in its name, as labelling the pathway ‘inferior’ implies that there is

a ‘superior’ fronto-occipital fasciculus. Even though this label is still available in some

atlases (e.g. John Hopkins University JHU atlas (Mori et al., 2005)), several studies using

different methods reject its existence (Forkel et al., 2014b; Liu et al., 2020; Meola et al.,

2015).

Arcuate fasciculus (AF)

The arcuate fasciculus (Figure 9B) is an interlobar (fronto-parietal-temporal) association

connection that links the inferior frontal gyrus, inferior parietal lobe (SMg, Ag), and

posterior temporal lobe (STg, MTg; Figure 9A). The arcuate fasciculus can be considered

in its entirety as a fronto-temporal connection or can be segmented into several

branches (Catani et al., 2005). The terminology of the components varies in the

literature. There is a consensus that the additional segments are more lateral than the

fronto-temporal connection, one being a fronto-parietal (also referred to as horizontal

or anterior) component and the other being a parietal-temporal (also referred to as

vertical or posterior) segment (see (Catani et al., 2005; Forkel et al., 2022a; Frey et al.,

2008; Giampiccolo and Duffau, 2022; Kaplan et al., 2010). The exact terminations of each

component are still a matter of debate and vary slightly depending on the methods

applied (Giampiccolo and Duffau, 2022).

Originating from early anatomical papers, we are still faced with a body of

literature that uses the terms SLF and arcuate fasciculus interchangeably. While there is

some overlap between both networks, for example, between the SLF-III and the anterior

segment of the arcuate fasciculus, other branches and segments are distinct. From an

anatomical and etymological perspective, the superior longitudinal fasciculus should be

considered to be solely those fibres connecting frontal and parietal regions (i.e. superior

and longitudinal; (Thiebaut de Schotten et al., 2011), whereas the arcuate fasciculus

should be considered to be the fronto-temporal connection (i.e. ‘arcuatus’ translates to

‘arching’ around the Sylvian fissure) (Catani et al., 2005).
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Figure 9. ROIs and their combinations for the dissection of the three segments of the

arcuate fasciculus. A) Three waypoint ROIs are placed to define Broca’s territory (BT) in

the inferior frontal gyrus and the ventral premotor cortex, Geschwind’s territory (GT)

covering the inferior parietal lobe (SMg and Ag), and Wernicke’s territory (WT) in the

posterior temporal lobe (STg and MTg). B) Virtual reconstruction of the three segments

of the arcuate fasciculus in the left and right hemispheres.
Ag: angular gyrus, SMg: supramarginal gyrus, HG: Heschl’s gyrus, SCg: subcentral gyrus, PoCg:

postcentral gyrus, PrCg: precentral gyrus, IFg: inferior frontal gyrus, STg: superior temporal

gyrus, MTg: middle temporal gyrus, ATL: anterior temporal lobe, BT: Broca’s territory, GT:

Geschwind’s territory, WT: Wernicke’s territory.

Frontal Aslant Tract (FAT)

The FAT (Figure 10B) is an intralobar connection in the frontal lobe between the inferior

frontal gyrus and the superior frontal gyrus (Catani et al., 2011; Vergani et al., 2014a). A

two-ROI approach can delineate the FAT (Figure 10A).
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Figure 10. ROIs and their combinations for the dissection of the frontal aslant tract

(FAT), inferior and superior frontal longitudinal fasciculi (IFL, SFL). A) A total of three

waypoint ROIs are placed on axial slices to define the superior frontal gyrus (SFg),

middle frontal gyrus (MFg), and inferior frontal gyrus (IFg, including the pars

opercularis, triangularis, and orbitalis). Virtual reconstruction of the bilateral FAT (B),

SFL (C), and IFL (D).
SFg: superior frontal gyrus, MFg: middle frontal gyrus, IFg: inferior frontal gyrus, FAT: Frontal

Aslant tract, SFL: superior frontal longitudinal fasciculus, IFL: inferior frontal longitudinal

fasciculus

Fronto Insular tracts (FITs)

The frontal insular tracts (FITs) are a group of short connections between the inferior

frontal gyrus (incl. Orbitofrontal cortex, pars triangularis, pars opercularis, precentral

gyrus, and subcentral gyrus) and the three anterior short gyri and the two posterior

long gyri of the insula cortex (Figure 11A). The FITs are numbered (1-5) from anterior to

posterior (Figure 11B).
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Figure 11. ROIs and their combinations for the dissection of the fronto-insular tracts

(FITs). A) A total of six waypoint ROIs are placed on sagittal slices to define the insula

cortex (INS), orbitofrontal cortex (orb), pars triangularis (tri), pars opercularis (op),

ventral precentral gyrus (PreCg), and the subcentral gyrus (SC). B) Virtual

reconstruction of the FITs 1-5.
Orb: pars orbitalis, tri: pars triangularis, op: pars opercularis, PreCg: precentral gyrus, SCg:

subcentral gyrus, INS: insula, FIT: fronto-insular tract.

Corticospinal tract (CST)

The CST (Figure 12B) is part of an extensive projection system between the cortex, the

internal capsule, and the brainstem. The CST is the strand connecting to the precentral

motor gyrus (Figure 12A). The CST is the most commonly studied pathway in

neurological patients (Forkel et al., 2022a).
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Figure 12. ROIs and their combinations for the dissection of the Corticio-spinal tract

(CST). A) Two waypoint ROIs are placed on sagittal and axial slices to define the motor

cortex (PreCg) and the cerebral peduncle in the brainstem (CP). Virtual reconstruction

of the CST using a deterministic tensor-based algorithm (B) and a probabilistic spherical

deconvolution algorithm (C) on the same data with the identical preprocessing.
PreCg: precentral gyrus, CP: cerebral peduncle, CST: cortico-spinal tract.

Anterior thalamic radiations

Thalamocortical projections (Figure 13B) are the primary drivers of cortical activity in

sensory areas and associative brain regions. The thalamus is densely connected to the

entire brain, often called the brain's gatekeeper. The only sensory input that is not

filtered by the thalamus is olfaction. As a result, the thalamic projections radiate into the

cortex. Here we visualise only anterior thalamic projections into the frontal cortex

(Figure 13B). Still, the same logic can be applied to the rest of the brain by combining the

thalamus ROI with different lobar ROIs (Figure 13A).
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Figure 13. ROIs and their combinations for the dissection of the frontostriatal and

anterior thalamic projections. A) A total of three waypoint ROIs are placed in the frontal

lobe (FL), the thalamus (th), and the striatum (St). Virtual reconstruction of the anterior

thalamic projections (B) and the frontostriatal projections (C).
FL: frontal lobe, th: thalamus, St: striatum

Fronto-striatal projections

Fronto-striatal projections (Figure 13C) connect frontal lobe regions with subcortical

nuclei, including the nucleus accumbens, caudate nucleus and the putamen. The circuit

mediates motor, cognitive, and behavioural functions within the brain. The striatal

projections form a delicate brain circuit that radiates into the frontal, parietal, and

occipital cortices.

Pre- and postcentral U-shaped fibres

The precentral and postcentral gyri (Figure 14B) are functionally considered the motor

and sensory cortices. A close interaction between both structures is essential, especially

for the hand (e.g. fine finger movements) and face (e.g. mouth movements) (Catani et al.,

2011). Figure 14 details the ROIs to dissect the short U-shaped fibres between both

structures to isolate the connections of the paracentral gyrus, the dorsal and ventral
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hand knob region, and the motor-sensory face areas. These connections can be

dissected using a two-ROI approach, as shown in Figure 14A. It is possible to use a

sphere as ROI and select a filter specifying that the connections should start and

terminate within the sphere. This is often called the ‘both ends’ filter and is a valuable

option for short U-shaped connections.

Figure 14. ROIs and their combinations for the dissection of the paracentral, hand

superior, hand inferior, and face U-shaped connections. A) A total of eight waypoint

ROIs are placed in pre-and postcentral gyri from dorsal to ventral. B) Virtual

reconstruction of the short interlobar U-shaped connections for the paracentral gyrus,

dorsal and ventral hand region, and the face area.
aPaC: anterior paracentral gyrus, pPaC: posterior paracentral gyrus, aH: anterior hand knob, pH:

posterior hand knob, avH: anterior ventral hand knob, pvH: posterior ventral hand knob, PreCg:

ventral precentral gyrus, PosCg: ventral posterior central gyrus.

Geniculocalcarine fasciculus/ Optic radiation (OR)

The optic radiation (Figure 15B) connects the thalamus's lateral geniculate nucleus (LGN)

with the calcarine fissure in the occipital lobe - hence, it is also known as the

geniculocalcarine fasciculus. The OR   loops from the LGN anteriorly, forming Meyer's
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loop, before it takes a posterior turn toward the occipital lobe and terminates in the

striate cortex of the calcarine sulcus (Figure 15A). Meyer’s loop might be challenging to

dissect with stringent angular thresholds and can benefit from advanced algorithms

(Chamberland et al., 2017) [cross-ref chapter Improving tractography with Multimodal

integration & anatomical priors].

Figure 15. ROIs and their combinations for the dissection of the optic tract (OT) and

optic radiations (OR). A) For the OT, two waypoint ROIs are placed around the lateral

geniculate nucleus (LGN) and the optic chiasm; for the OR, the same LGN ROI is

combined with another waypoint ROI placed in the white matter of the occipital lobe. B)

Virtual reconstruction of the OT and OR between the LGN and visual cortex. Note that

tractography reconstructions of the OT are difficult, especially in the region of the optic

chiasm, due to image distortions caused by the acquisition sequence and by eye

movements; the latter cause severe shifts in the location of the optic nerve (anterior to

the chiasm), and by association cause movements in the chiasm as well.
POs: parieto-occipital sulcus, LGN: lateral geniculate nucleus, Occ: occipital lobe

Medial occipital longitudinal tract (MOLT)
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The MOLT (Figure 16B) is a recently defined occipital-temporal connection that links the

cuneus and lingual gyrus on one end with the medial temporal cortex, namely the

parahippocampal gyrus, on the other end (Beyh et al., 2022). The MOLT's ventral

(lingual) component is larger than the dorsal (cuneus) component, and the tract shows

slight right lateralisation. Functionally, the MOLT has been implicated in the visuospatial

processing domain, particularly in the encoding of spatial configuration.

Figure 16. ROIs and their combinations for the dissection of the medial occipital

longitudinal tract (MOLT). A) Three-waypoint ROIs define the cuneus and the white

matter of the lingual and parahippocampal gyri. B) Virtual reconstruction of the MOLT

between medial temporal and occipital cortices.
CU: cuneus, Ling: lingual gyrus, Para: parahippocampal gyrus, MOLT: medial occipital

longitudinal tract.

Corpus Callosum (CC)

The CC is the most prominent white matter tract in the human brain that connects the

fronto-parietal, occipital, and temporal cortices of the two hemispheres (Figure 17). The

only part of the brain not connected by the CC is the anterior temporal lobes associated

with the anterior commissure.
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Figure 17. ROIs and their combinations for the dissection of the corpus callosum (CC). A)

Three-waypoint ROIs define the cuneus and the white matter of the lingual and

parahippocampal gyri. B) Virtual reconstruction of the MOLT between medial temporal

and occipital cortices.
CC: corpus callosum

Anterior Commissure (AC)

The anterior commissure is a well-known landmark to orient neuroimaging scans with

stereotactic atlases. On cross-sectional sagittal slices, it is easily identified as a small

white structure. Its 3D anatomy is, however, slightly less established. The anterior

commissure is an interhemispheric white matter pathway that primarily connects the

anterior temporal lobes and parts of the visual cortex (Catani and Thiebaut de Schotten,

2008; Peltier et al., 2011). The fibres of the AC cross the interhemispheric midline

between the anterior and posterior columns of the fornix (Akeret et al., 2022) just above

the intersection of the optic nerves. Significant interspecies differences have been

reported, whereby the AC is smaller in the human brain (Barrett et al., 2020; Foxman et

al., 1986).
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Figure 18. ROIs and their combinations for the dissection of the anterior commissure

(AC). A) Two-waypoint ROIs define the AC on a sagittal plane just off the midline (due to

the crossing with the fornix). This ROI can be combined with a left and right temporal

ROI for a cleaner dissection. The posterior projections are consistently dissected with

tractography but are often removed in publications. B) Virtual reconstruction of the AC

connecting the left and right anterior temporal lobes.
Rg: gyrus rectus, TL: temporal lobe, AC: anterior commissure.

Frontomarginal and fronto-orbito-polar tracts (FMT/FOP)

Two intralobar frontal pole connections have been identified (Figure 19B), namely the

frontomarginal tract (FMT) and the fronto-orbito-polar tract (FOP) (Catani et al., 2011;

Rojkova et al., 2016). The FMT runs beneath the fronto-marginal sulcus from the medial

to the lateral part of the frontal pole (BA10) (Rojkova et al., 2016). The FOP connects the

posterior orbital gyrus (BA12) to the anterior orbital gyrus (BA11) and the ventro-medial

region of the frontal pole (Figure 19A).
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Figure 19. ROIs and their combinations for dissection of the frontomarginal tract (FMT)

and the fronto-orbito-polar tract (FOP). A) Three-waypoint ROIs define the lateral and

medial frontal pole and the posterior orbitofrontal cortex. B) Virtual reconstruction of

the FMT and FOP.
Rg: gyrus rectus, Orb: orbitofrontal cortex, TL: temporal lobe, mFP: medial frontal pole, lFP:

lateral frontal pole, FMT:  frontomarginal tract, FOP: fronto-orbito-polar tract tract.

Fornix (Fx)

The fornix (Figure 20B) is a complex structure underneath the corpus callosum and

connects the mamillary bodies to the medial temporal lobe (Dogan et al., 2022).

Anteriorly, it engulfs the anterior commissure between its anterior and posterior

columns. The body of the fornix is abutting the CC and can sometimes be split.

Posteriorly, the fornix separates into two branches known as the fimbriae. Owing to its

anatomy, automatic methods that rely on priors of commissural-projection-association

connections might miss the connection in its entirety due to its commissural (body),

projection (fimbria), and longitudinal orientations along its course. The fornix in either

hemisphere can be dissected using a single ROI (Figure 20A). Functionally, the fornix is

considered part of the limbic system (Catani et al., 2013). A multimodal approach to the
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forniceal anatomy recently revisited the existence of the forniceal commissure and

concluded that it is a thin membrane rather than a commissure (Akeret et al., 2022).

Figure 20. ROIs and their combinations for the dissection of the fornix. A) A single

waypoint ROI is defined on axial slices around the columns, body and fimbriae. B) Virtual

reconstruction of the fornix (dorsal view). C shows the fornix in relation to the corpus

callosum and the anterior commissure (lateral and ventral view).
CC: corpus callosum, th: thalamus, TL: temporal lobe, AC: anterior commissure, hippo:

hippocampus

Vertical Occipital Fasciculus (VOF)

The VOF (Figure 21B) connects the dorsolateral and ventrolateral visual cortex

(Takemura et al., 2017; Vergani et al., 2014b; Yeatman et al., 2014), including the Visual

Word Form Area (VWFA), a part of the ventral occipitotemporal cortex specialised in

processing visual formation of words and reading (Dehaene et al., 2002; Forkel et al.,

2022b; Wandell et al., 2012). The first comprehensive description of the occipital lobe

white matter was provided in the atlas ‘The white matter of the human cerebrum. Part 1.

The Occipital Lobe’ by Heinrich Sachs (Forkel, 2015; Forkel et al., 2015). Sachs' mentor

Carl Wernicke was an enthusiastic advocate of his anatomical insights and encouraged

his trainee to further pursue this research. The atlas was, in fact, intended to be a
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multi-volume project, in which subsequent books would have been dedicated to the

function and clinical correlates of each tract. In recent years, and with the help of

tractography and Klingler dissections, the occipital white matter was revisited (Bugain

et al., 2021; Vergani et al., 2014b). To identify the VOF, two ROIs need to be placed, one in

the ventral and one in the dorsal occipital lobe. The ROIs are delineated on axial slides

to be perpendicular to the vertical fibre system. The dorsal ROI is placed just behind the

parietal-occipital sulcus (POS), and the ventral ROI is delineated on axial slides behind

the occipital notch. The most lateral aspect of the occipital region contains the

preoccipital (or temporo-occipital) notch, which demarcates the border between the

inferior temporal gyrus and the ventral surface of the inferior occipital gyrus.

Sometimes this landmark is in continuation with the inferior temporal sulcus. The

borders of the occipital lobe are drawn between the landmarks of the POs and the notch

to separate the occipital from the temporal and parietal lobes.

Figure 21. ROIs (A) and their combinations for the dissection of the Vertical Occipital

Fasciculus (VOF, B). C shows the reconstruction compared to a Klingler dissection of the

VOF (personal data).
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SLF: superior longitudinal fasciculus, AF: arcuate fasciculus, IC: internal capsule, IFOF: inferior

fronto-occipital fasciculus, Put: putamen, UC: uncinate fasciculus, VOF: vertical occipital

fasciculus

Accumbofrontal pathway

The accumbofrontal pathway is a white matter pathway that connects the nucleus

accumbens, a brain region involved in reward and pleasure, with the orbital/prefrontal

cortex, a brain region involved in decision-making and executive function (Karlsgodt et

al., 2015). The accumbofrontal pathway is thought to play a role in regulating

reward-related behaviour and may be involved in the development of addiction

(Feltenstein and See, 2008). The accumbofrontal pathway is in close vicinity to other

pathways, such as uncinate fasciculus and anterior thalamic radiation, but is located

more medially (Karlsgodt et al., 2015; Pascalau et al., 2018) (Figure 22).
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Figure 22. The accumbofrontal pathway in relation to other white matter pathways

(A-D). The limbic network (cingulum in blue, fornix in teal), accumbofrontal pathway

(purple), anterior fronto-striatial pathway (green), anterior commissure (pink), and the

inferior longitudinal fasciculus (ILF, magenta).
CG, cingulate gyrus; SFG, superior frontal gyrus; MFG, middle frontal gyrus, IFG, inferior frontal

gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus; I, insular cortex; ITG, inferior

temporal gyrus; Phg, parahippocampal gyrus; am, amygdala; Put, putamen; NAc, nucleus

accumbens, Cd, caudate nucleus; OFC, orbitofrontal cortex; GR, gyrus rectus; OLF, olfactory

cortex; mOFG, medial orbitofrontal gyrus; aOFG, anterior orbitofrontal gyrus; lOFG, lateral

orbitofrontal gyrus; pOFG, posterior orbitofrontal gyrus; FG, fusiform gyrus; ATL, anterior

temporal lobe; GP, globus pallidus; Hip, hippocampus

In conclusion, manual virtual dissections are essential to capture the magnitude of

interindividual variability associated with the brain’s white matter. This is particularly

important in the presence of brain lesions that amplify the variability in anatomy by

disrupting, disconnecting, and displacing brain structures.

We hope that this dissection manual and atlas of 34 pathways will assist the next

generation of tractographers in mapping the brain’s white matter comprehensively and

accurately.

The general principles of anatomically-guided manual dissections apply regardless of

the studied population (health/pathology), species (e.g. non-human primates), or the

type of data (e.g. FA/RGB) are the following: i) know your anatomy, ii) be consistent in

your approach (e.g. applying thresholds), and iii) fully document your approach to

improve reproducibility across studies.
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