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ABSTRACT 

Whether brain networks underlying the multimodal processing of language in humans are 

present in non-human primates is an unresolved question in primate evolution. Conceptual 

awareness in humans, which is the backbone of verbal and non-verbal semantic elaboration, 

involves intracerebral connectivity via the inferior fronto-occipital fascicle (IFOF). While non-

human primates can communicate through visual information channels, there has been no 

formal demonstration that they possess a functional homologue of the human IFOF. Therefore, 

we undertook a post-mortem diffusion MRI tractography study in conjunction with Klingler 

micro-dissection to search for IFOF fiber tracts in brain of Old-World (vervet) monkeys. We 

found clear and concordant evidence from both techniques for the existence of bilateral fiber 

tracts connecting the frontal and occipital lobes. These tracts closely resembled the human 

IFOF with respect to trajectory, topological organization, and cortical terminal fields. 

Moreover, these fibers are clearly distinct from other bundles previously described in this 

region of monkey brain, i.e. the inferior longitudinal and uncinate fascicles, and the external 

and extreme capsules. This demonstration of an IFOF in brain of a species that diverged from 

the human lineage some 22 millions years ago enhances our comprehension about the evolution 

of language and social behavior. 

Keywords: white matter, Klingler dissection, inferior fronto-occipital fascicle, brain 

connectivity, tractography, monkey anatomy 
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INTRODUCTION 

Conceptual awareness, or the sense of self is the foundation of semantics, language, 

and social behavior (Hurford 2003). This multi-level functional development is subserved in 

human brain by the so-called ventral (or “what”) pathway, which encompasses several long 

white matter (WM) fasciculi: the uncinate (UF), inferior longitudinal (ILF), middle 

longitudinal (MdLF), and inferior fronto-occipital fascicles (IFOF) (Saur et al. 2008; Duffau 

2015). Recent research has shown the IFOF to be the main structural pathway for verbal 

semantic elaboration in the language dominant hemisphere of human brain (Sarubbo et al. 

2015a; Duffau 2015; Sarubbo et al. 2013). Deactivation of the IFOF in the non-dominant 

language hemisphere through direct electrical stimulation (DES) does not block speech, but 

perturbs non-verbal semantic cognition. This dissociation highlights the bilateral multimodal 

organization of the semantic network, which these long-range association fibers subserve 

(Herbet et al. 2017). Trolard and Curran first described the IFOF in human brain in the early 

20th century (Trolard 1906; Curran 1909), following upon an earlier description by Burdach 

(Burdach 1822). Micro-dissection and diffusion MRI tractography studies have recently 

confirmed the anatomy of this pathway (Hau et al. 2016; Sarubbo et al. 2013; Martino et al. 

2010; Caverzasi et al. 2014; Wu et al. 2016; Panesar et al. 2017). Its entire course through the 

ventral part of the external capsule (EC) connects the occipital cortex and (to a lesser extent) 

the parietal and temporal cortices to the frontal cortex. 

Like humans, non-human primates can communicate with conspecifics in the special 

sense of transforming visual information into vocalizations that may include semantic content. 

In fact, ethological studies established decades ago that Old-World monkeys, such as vervets, 

give alarm calls in response to viewing predators, produce distinct vocal warnings to different 

predators, and generally categorize other species by visual identification (Price et al. 2015; 

Seyfarth et al. 1980). To accomplish this, Old-World monkeys must engage a ventral WM 
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pathway analogous to the human IFOF. Certainly, the processing of visual information in the 

primate ventral pathway must play a crucial role in semantic communication, especially so in 

Old-World monkeys, given the relatively large territory of their primary visual cortex 

compared to that of other primary senses (Schoenemann 2012). Moreover, neuronal tract-

tracing studies show that Old-World monkeys possess a ventrolateral frontal cortical area, 

which is architectonically and physiologically comparable to Broca’s area, which subserves 

human speech production (Duffau et al. 2003; Petrides et al. 2005).  

Previous authors proposed a structural substrate for the “what” pathway in non-human 

primates, distinct from the human IFOF in connecting only the temporal cortex to the inferior 

frontal cortex through the UF and the extreme capsule (EmC) (Petkov and Wilson 2012). There 

has hitherto been no documentation in monkey neuroanatomic studies of a pathway 

corresponding to the ventral part of the IFOF (Petkov and Wilson 2012; Schmahmann and 

Pandya 2006; Schmahmann et al. 2007).  Although invasive tract-tracing studies are generally 

impossible in in vivo human brain, investigations of the IFOF have greatly benefited from the 

combination of ex-vivo Klingler micro-dissection and in-vivo tractography (Hau et al. 2016; 

Sarubbo et al. 2013; Martino et al. 2010). For the first time, we have applied this dual tract 

tracing method in a systematic search for the presence of IFOF in Old-World monkeys, aiming 

to establish the course and the cortical projections through ex-vivo diffusion MRI tractography 

combined with and Klingler micro-dissection of the same vervet monkey brains.  

 

 

METHODS 

 

Subjects 

Two male/female vervet monkeys (Chlorocebus aethiops sabeus) aged 3.5-4 years 

were included in the neuroanatomic study combining ex vivo diffusion MRI followed by 

Klingler micro-dissection. The animals had been raised in an enriched environment in the 
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laboratories of the Behavioral Science Foundation (BSF; St-Kitts, West Indies), a facility that 

is recognized by the Canadian Council on Animal Care (CCAC). The brain specimens were 

collected from animals enrolled in a terminal project reviewed and approved by the local 

Institutional Review Board of the BSF, and were donated by Prof. Roberta Palmour from 

McGill University, in a collaboration with the BSF. The animals were deeply sedated with 

ketamine hydrochloride (10 mg/kg, i.m.) intramuscular and then killed with an overdose of 

sodium pentobarbital (25 mg/kg, i.v.), according to procedures approved by the American 

Veterinary Medical Association. After death, they were transcardially perfused with phosphate 

buffered saline (PBS-pH 7.4), followed by 4% paraformaldehyde (PFA) solution in PBS (1 L). 

Following fixation in situ, the brains were carefully removed from the cranium and prepared 

for MRI. 

 

Ex-vivo diffusion MRI 

Diffusion MRI was acquired from the two perfusion-fixed monkey brains (M1 and M2) 

on a Bruker BioSpec 7 T MR scanner with maximal gradient of 660 mT/m according to an ex-

vivo imaging pipeline described previously (Dyrby et al. 2011). In short, to restore the T2 signal 

prior to MRI scanning, excess PFA was removed by immersing the brains in a large volume of 

PBS for at least one week. We ensured minimal susceptibility artifacts in dMRI and continued 

tissue hydration during the prolonged scanning by sealing the brains in individual plastic 

wrappers containing a small volume of PBS. The brains were then placed within a 72 mm 

quadrature radio frequency (RF) coil for acquiring a pulsed-gradient spin echo (PGSE) 

sequence with single-line readout. Short-term instabilities due to thermal equilibration and 

small motion effects due to physical handling of the tissue were reduced by acquiring diffusion 

MRI dummy scans for at least five hours. The dMRI acquisition included 130 whole-brain 

image volumes repeated with a number of excitations (NEX), i.e. five for M1 and nine for M2. 
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Ten image volumes were acquired at b = 0 s/mm2 (b0) and 128 volumes acquired with evenly 

distributed non-collinear gradient directions at nominally b = 7,700 s/mm2 (diffusion encoding 

pulse duration () = 8 ms; time of onset between diffusion encoding gradients () = 17 ms, and 

gradient strength (G) = 350 mT/m). The scan parameters were as follows: TR = 3061 ms, TE 

= 31.4 ms, matrix 128 x 256, 85 slices, FOV = 64 x 128 mm2, voxel size = 0.5 x 0.5 x 0.5 mm. 

Total scan time per NEX was 16 hours, thus giving grant totals of 80 hours for M1 and 144 

hours for M2. We saw a minor spatial drift in the dMRI dataset, which was corrected using the 

FMRIB software library (FSL, (Smith et al. 2004)). 

 

Tractography 

We used the streamline tractography framework that reduces tractography biases in 

position, shape, size, and length of delineated tracts (Girard et al. 2014). Whole-brain fiber 

peaks maps were first calculated from spherical deconvolution and then used for tractography 

(Tournier et al. 2007; Descoteaux et al. 2009) (Supplementary Figure 1b). Deterministic 

streamline tractography with reduced tracking biases was performed using the Continuous Map 

Criterion (CMC) and the Particle Filtering Tractography (PFT) method developed by Girard et 

al (2014) and implemented in Dipy (Garyfallidis et al. 2014). The CMC strategy uses WM, 

GM, and CSF partial volume estimation to define the probability of stopping the tracking 

process, whereas the PFT ensures robust tracking through complex anatomical regions. The 

default tractography parameters were maximal curvature of 60° and a step-size of 0.05 mm. 

Streamline lengths exceeding 90 mm or less than 10 mm, as well as looping streamlines (>360 

degrees), were excluded.  
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Seeding, inclusion and exclusion masks 

Seeding, inclusion and exclusion masks were needed for generating the whole-brain 

tractograms and to delineate association fibers. These were based on a publicly available 

postmortem rhesus macaque brain atlas (CIVM) (Calabrese et al. 2015). Both vervets 

(Chlorocebus pygerythrus, used in current study) and macaques (Macaca mulatta, CIVM 

template) are Old-World monkeys. Upon adjusting for minor brain size differences, the two 

templates match closely in shape (Martin and Bowden 2000; Maldjian et al. 2014). We warped 

the CIVM into the native spaces of the M1 and M2 T2w images by using ANTS linear and 

non-linear registration (stnava.github.io/ANTs, (Avants et al. 2011)). The final masks for 

tractography included WM, deep GM, and CSF masks, a midsagittal plane, and masks defining 

the entire right and left hemispheres. Six cortical lobar masks (frontal, occipital, parietal, 

temporal, cingulum and insula) were created for each hemisphere by grouping the respective 

cortical CIVM ROIs, and we used to delineate association fibers (Figure Fig. 1e).  

Generation of tractograms 

Whole-brain tractograms were generated by seeding 100 times each voxel within the 

WM mask, which resulted in more than two million streamlines in each animal. Spurious 

streamlines were excluded (i.e. those terminating within the lateral ventricles) using a CSF 

exclusion mask (Supplementary Figure 2a-b). Exclusion of streamlines not representing the 

association tracts of each hemisphere was accomplished by the following exclusion criteria:  

streamlines passing through the midbrain, those terminating in deep GM structures (basal 

ganglia and thalamus), and commissural streamlines passing through the inter-hemispheric 

midline, consisting on the main of callosal and anterior commissural streamlines 

(Supplementary Figure 2c-e). Then, we split the remaining association streamlines into left and 

right hemispheric tractograms (Supplementary Figure 2f).  

http://stnava.github.io/ANTs
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Fully automated virtual dissection of the IFOF, ILF, UF and EmC 

Association fibers were segmented in each hemisphere based on their trajectory and 

connections between any two of the six cortical lobes. This resulted in six intra- and 15 inter-

lobar sub-tractograms, from which four inter-lobar association bundles were segmented, 

namely the IFOF between the frontal and occipital lobes, the ILF between the temporal and 

occipital lobes, and the UF and EmC between the frontal and temporal lobes. The three ventral 

bundles were extracted based on their classical definition (Schmahmann and Pandya 2006; 

Schmahmann et al. 2007). 

IFOF segmentation. To construct the IFOF, the medial-most streamlines passing through the 

cingulum were removed from the sub-tractogram encompassing all the streamlines with one 

termination in the occipital cortex and the other in the frontal cortex. It is worth noting that this 

simple segmentation process yielding fronto-occipital streamlines resembling the well-known 

IFOF course in humans. 

ILF segmentation. The ILF was constructed from the temporo-occipital sub-tractogram by 

extracting all streamlines with one termination in the occipital cortex and the other in the ROIs 

corresponding to the superior temporal gyrus along the superior temporal sulcus in the CIVM 

template (see Calabrese et al. (2015) for ROI labeling). 

UF and EmC segmentations. Both UF and EmC were extracted by first considering the sub-

tractogram encompassing all streamlines with one termination in the frontal lobe and the other 

in the temporal lobe. We then applied the temporal CIVM ROIs to extract the fronto-temporal 
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streamlines terminating in the temporo-polar CIVM ROIs as UF streamlines and those ending 

in the superior temporal gyrus and along the superior temporal sulcus as EmC. 

Finally, we applied to each bundle the hierarchical QuickBundles clustering algorithm 

(Garyfallidis et al. 2014) to prune away outlier streamlines, namely any streamlines with an 

aberrant anatomical course (Côté et al. 2015). We applied the same  cut-off for the left and 

right hemispheres for IFOF ( =0.8 for M1, 0.6 for M2), ILF ( = 0.7 for M1 and M2), and 

UF and EmC (( =0.8 for M1 and M2). Figure 3B shows in detail the patterns of these different 

bundles for one monkey (M1), whereas the bundle volumes for each monkey are presented in 

Table 1. All tractograms are visualized with the MI-Brain visualization software 

(www.imeka.ca/mi-brain) (Supplementary Figure 1d).  

Klingler’s micro-dissection 

We processed the two brains by the Klingler method, according to the protocol 

previously described by our group (Sarubbo et al. 2016; De Benedictis et al. 2016; Sarubbo et 

al. 2015b; De Benedictis et al. 2014). After removal of the arachnoid mater, brains were 

immersed in a 10% formalin solution for 40 days at room temperature and then frozen at -80 

°C for 20 days. Upon defrosting, we separated the two brains into four hemispheres. The 

microdissection (at 4x binocular magnification) consisted of initial removal of the gray matter 

of the occipital, parietal, temporal and frontal sulci to reveal the U-fibers, with particular 

attention to those connecting the occipital and temporo-parietal layers. This procedure exposed 

the fibers of the ILF, running inferiorly and anteriorly from the dorsal and ventral occipital 

cortices and the inferior parietal lobule to the middle and anterior portions of the temporal lobe. 

We subsequently exposed a layer of horizontal fibers directed to the whole occipital lobe, and 

continued with removal of the gray matter of the insula, thus exposing the fibers of the external 

capsule, which arch between the frontal and temporal opercula. These cortices were partially 

http://www.imeka.ca/mi-brain
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cut to expose the ventral third of the claustrum and external capsule, whereupon the residual 

gray matter of the claustrum was removed. This exposed a thick stem of WM including fibers 

arching between the frontal and the temporal poles (i.e. UF fibers) and fibers with a postero-

anterior and superior course, connecting the temporal lobe to the frontal cortices. Following 

separation of the UF fibers and the isolation of the stem of the supposed IFOF, we proceeded 

to make a precise layer-by-layer dissection of the residual fibers with a postero-anterior and 

superior course extending their terminations at both ends.  

We demarcated the main contingents of fibers in the various dissected bundles using 

thin colored tags to differentiate and visually highlight their reciprocal anatomical relationships 

(Figures 1-2 and 5-6). All steps of dissection were captured with high-definition images, which 

were stored for off-line analysis of the course, terminations, and anatomical relationships of 

the dissected bundles, as previously reported. The first author (S.S.) had earlier a performed 

corresponding dissection of the human IFOF in the context of the Structural and Functional 

Connectivity Lab Project (approved by the Ethical Committee) of the Azienda Provinciale dei 

Servizi Sanitari (APSS) of Trento (Italy). We present the human case along with the non-

human primate preparations for the sake of comparison (Figure 1). 

 

RESULTS 

Discovery of monkey IFOF resembling the human IFOF 

The MR tractography and Klingler micro-dissections both revealed the presence in each 

hemisphere of the monkey brains fiber bundles connecting the ventral part of the frontal cortex 

with the occipital cortex, running a ventral postero-anterior course similar to that of the human 

IFOF (Figure 1-4). Figure 1A shows in detail the matching anatomical features to tractography 

and microdissection. The rectilinear and fascicular segment of the frontal part of the IFOF was 

present in all four monkey brain hemispheres (labels 1-2). We also observed an upward-
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twisting enlargement of the bundle from the posterior output of the external capsule (labels 3-

4), which coalesced into a large horizontal bundle projecting to the posterior-most part of the 

occipital lobe (labels 4-5). Of note, the same general pattern is discernible to tractography in 

vivo (Figures 1, 3 and 4). 

We saw remarkable concordance between results of the successive micro-dissection 

steps exposing the IFOF, VOF, ILF, and UF with MR-based tractography findings of the same 

brain hemisphere (Figure 2). The tractography data enable the three-dimension depiction of the 

IFOF to an extraordinary degree of precision. Converging from the ventral part of the frontal 

lobe to form a narrow stem extending along the external capsule, the monkey IFOF 

progressively widens in a thin convex bundle of WM fibers running posteriorly up to the dorsal 

and ventral cortices of the occipital lobe (Figure 3A). 

 

Topological organization of the monkey IFOF 

Tractography revealed a topological organization of the IFOF in all four hemispheres 

examined (Figure 4). Concurring with the dissection results, these long-range fronto-occipital 

fibers terminate their anterior course in the ventro-lateral frontal cortices, while their posterior 

termination involves most of the occipital convexity. On other words, when emanating from 

the ventral part of the frontal cortex, the general topology of the IFOF retains its trajectory 

toward the occipital lobe. Occipital and frontal ROIs of the CIVM template were used to 

identify the distribution of the IFOF termination (Figure 4 and Table 2). In the four hemispheres 

examined, the occipital IFOF terminated mainly in the primary (V1), and to a lesser extent in 

the secondary visual area (V2). Those tractography streamlines ending in V2 consistently ran 

dorsally to the V1 streamlines and terminated mainly in the medial part of V2 (Figure 4A). The 

IFOF terminations in the ventral part of the frontal lobe were mainly distributed between lateral 

(areas 47 and premotor, orbital (areas 11) and polar (area 10) frontal cortices, and to a lesser 
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extent in lateral area 46 and orbital area 14 (Figure 4B and Table 2). Results of the Klingler’s 

micro-dissection indirectly support the MR tractography findings by showing a well-ordered 

fasciculation along the entire bundle. Figures 5 and 6 show more specifically that the different 

bundles (IFOF, UF and EmC) passing through the narrow region of external capsule do not 

cross and form a layer-based organization similar to the one observed in tractography on Figure 

3B. 

 

Monkey IFOF and the other ventral association fibers. 

Both tractography and Klingler micro-dissection showed that anterior IFOF fibers of 

monkey brain were distinct from the UF and EmC, with U-shaped courses between the frontal 

and temporal cortices. IFOF fibers posterior to ILF had a more infero-anterior directed course, 

extending from the dorsal and lateral occipital cortices to the anterior and basal temporal lobe 

(Figure 3B). 

In comparison with the UF, the IFOF showed a more posterior direction and a longer 

trajectory to the occipital cortex (Figures 2, 3B and 5). Thus, the IFOF had a more dorsal and 

posterior location relative to the UF stem. The curvature of the uncinate fibers and the inverted 

triangular pattern of the IFOF bundle posterior to the UF were similar in tractography and 

micro-dissection of the same specimen. IFOF fibers were also clearly distinct from the EmC, 

as detailed in Figure 6. As in the dissection as usually performed for human UF/IFOF 

demonstration, we first highlighted the fibers of the EC and EmC (Figures 6B and 6C), which 

arch between the frontal and temporal opercula. These resided in a more superficial layer 

(Figure 6C, purple tag) of monkey WM compared to the fibers of the UF (Figure 6C, red tag). 

The stem of the UF lies deeper (Figure 6D, red tag) but also more ventral with respect to the 

EC, and has a distinctly different course and orientation (Figure 6D, bundle colored in light 

green) compared to the EC fibers (Figure 6D, upper bundle colored in light blue). After removal 
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of the more superficial fibers of UF stem, we highlighted other fibers characterized by a 

longitudinal (Figure 6E, red tag) and antero-posterior course (Figure 6F, bundle colored in light 

green), in a layer lying beneath the fibers of the EC/EmC (Figure 6F, raised by green pin). 

These fibers (Figure 6G, red tags), having a course similar to the human IFOF, showed a 

different orientation (Figure 6H, bundle in light green) than the deeper and typically arching 

fibers of the monkey UF (Figure 6H, bundle in purple). Finally, we revealed the full course of 

these fibers extending all the way to anterior the frontal lobe (Figure 6I). 

 

DISCUSSION 

In this study we used an integrated approach of ex-vivo diffusion-weighted tractography 

and Klingler micro-dissection for the first such investigation in the same Old-World monkey 

brain. We thus demonstrated the existence, course, topological organization, and cortical 

terminations of IFOF fiber connecting the occipital cortex with ventral frontal cortical 

territories of the vervet brain.  

 

The existence of the IFOF in the Old-World monkey brain 

Despite an abundance of functional evidence supporting a central role of occipito-

frontal circuitry in cognition and sensory integration, previous neuroanatomic studies of the 

pathway in non-human primates using histological tracing or tractography (Schmahmann and 

Pandya 2006; Schmahmann et al. 2007) failed to demonstrate a direct connection between 

occipital and frontal cortices. The missing IFOF was notable, considering that those same 

monkey studies did reveal the other well-known association bundles of the ventral stream (ILF, 

UF, and EmC), which run parallel or around the human IFOF. In fact, there was recently a 

direct comparison by tractography of macaque and human EmC projections (Mars et al. 2016). 
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Interestingly, that study indicated a surprising anatomic similarity of the macaque and human 

EmC pathways, suggesting a common inferior fronto-occipital pathway. Moreover, post 

mortem dissection of rhesus monkey brains recently gave the first direct evidence for the 

existence of IFOF in non-human primates (Decramer et al. 2018). We shall require a larger 

sample size to detect possible hemispheric asymmetries of the IFOF, as addressed in the human 

brain (Panesar et al. 2017; Wu et al. 2016; Hau et al. 2016). Thanks to the present combination 

of tractography and microdissection in the same specimens, we are also able to distinguish 

clearly the courses of the monkey EmC and IFOF (Figures 3 and 6). 

Putting aside matters of terminology for the ‘extreme capsule fiber complex’ (Mars et 

al. 2016) versus IFOF, previous and present results call into question why earlier tracer studies 

failed to detect this long-range fronto-occipital pathway, despite attesting to the precise origin 

and termination of single constituent axons (Schmahmann and Pandya 2006). Earlier studies 

may have missed the monkey IFOF simply because it had not been their focus. Alternately, the 

pathway may not have been conspicuous in earlier tract tracing studies revealing only 

monosynaptic connections. That scenario would imply the existence of an indirect pathway 

from occipital to lateral/temporal cortex and thence to frontal cortex (through the EmC), rather 

than a direct fronto-occipital pathway. However, recent tracer studies did reveal sparse direct 

monosynaptic connections from frontal to visual areas of monkey brain, a matter calling for 

further investigation (Gerbella et al. 2010; Markov et al. 2014). Unfortunately, neither diffusion 

imaging tractography nor dissection can resolve the number of synapses in the pathway, due 

to their millimeter scaled resolution. Although the Klingler micro-dissection is an established 

complementary technique to combine with tractography data, its relative lack of quantitative 

measurements presents a limitation, compared to tractography, which yields bundle volumes 

and terminal fields. Generally, the challenge for quantification of micro-dissection is how to 

generate a distortion-free 3D volume of the dissection for projection in a space comparable to 
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that of MRI. FIBRASCAN is a recently presented method that enables 3D imaging of step-

wise dissection of a tract using a laser image scanner, and provides quantification of Klingler 

micro-dissection in conjunction with MRI (Zemmoura et al. 2014). Post-mortem brain 

photogrammetry has also recently emerged as a tool for post-dissection acquisition of accurate 

metrics of WM anatomy (De Benedictis et al. 2018). Applying brain photogrammetry during 

the different steps of WM micro-dissection can be combined with equivalent tractography data 

projected together on the 3D-brain rendering of the specimen. Such an approach promises to 

provide both qualitative and quantitative cross-validation between the two techniques, while 

quantifying structural brain connectivity. However, only tract-tracing studies in monkeys will 

definitively evaluation the contribution of monosynaptic fibers to the monkey IFOF in the light 

of precise inter-species homologies. Thus, the historical definition of IFOF in dissected human 

brain (Curran 1909), reinforced by recent tractography and microdissection data  (Wu et al. 

2016; Hau et al. 2016; Caverzasi et al. 2014; Sarubbo et al. 2013; Martino et al. 2010; Panesar 

et al. 2017), together substantiate the existence of the monkey IFOF. To quote Curan`s original 

description of the IFOF (1909 “…subsequent investigation brought out its true nature, that of 

continuous fibers uninterrupted by nuclei at any place in its course.”  

Our description of the monkey IFOF topological organization is consistent with the 

IFOF subdivision recently described in humans (Panesar et al. 2017; Wu et al. 2016; Hau et al. 

2016). We observed that the ventro-lateral (area 47 and proMotor) and ventro-medial (area 10 

and 11) frontal origins of the IFOF streamlines were topologically conserved along the bundle, 

with the former projecting to the medial occipital cortex and the later preferentially to a more 

territory (Figure 4B). As suggested by Panesar et al. (2017), such subdivided IFOF 

arrangements may subserve a multifunctional role of this bundle, where one division may be 

engaged in vocalization in response to visual cues.  
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In general, functional evolution has strong links with structural evolution. Increasing 

gyrification and maturation of short connections are the basic elements of the phylogenetic 

evolution from non-human primate to human brain (Hofman 2012). These structural processes 

together enhance the capacity for multimodal integration and plasticity, and enable greater 

efficiency for brains with larger associative areas (Hofman 2012; Harrison et al. 2002; 

Karbowski 2003). Consequently, from an evolutionary perspective, one might not have 

expected that a long association pathway such as the IFOF should arise in human brain without 

earlier precedence established in the primate lineage.   

Our linking of post-mortem diffusion-based tractography and Klinger’s micro-

dissection in the same specimens enabled the first demonstration of this crucial ventral pathway 

in non-human primates. The combination of high-sensitivity provided by tractography and 

specificity from direct visualization and isolation of WM bundles with Klingler’s dissection 

was critical for the reliability of present results.  Our cross-modal results concurred with respect 

to the IFOF course and its cortical termination, while also revealing the surrounding tracts 

previously described in monkeys (ILF, UF, EmC) around the external capsule. The external 

capsule embodies a known bottleneck in the WM bundles, which poses many problems to 

tractography algorithms and often leads to construction of false-positive bundles (Maier-Hein 

et al. 2017). Thanks to our combined approach in the same specimens, we observed by 

tractography and by Klingler’s dissection that these different bundles showed a layer-based 

organization in the bottleneck region of the external capsule. Such laminar anatomical 

knowledge may be integrated as anatomical priors in advanced tractography algorithms to 

control for false-positive and false-negative bundle reconstruction (Daducci et al. 2016; 

Rheault et al. 2019; Innocenti et al. 2019; Dyrby et al. 2018).  
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The missing connection for language evolution 

Early efforts to establish intracranial structures relevant to the evolution of human language 

focused on asymmetry of the planum temporale in non-human primates (Gannon et al. 1998). 

However, the ventral network mediating the integrating sensory inputs with executive 

functions is a key issue from the functional perspective. Indeed, the mid-ventrolateral frontal 

territories of the human brain interact functionally with posterior cortical association areas in 

subserving the active retrieval of information required for basic decision processes, especially 

if relevant stimuli are not stably or strongly represented in memory (Petrides 2002). The 

monkey IFOF termination fields were ventral to the ventral premotor area (F5), where auditory 

and visual mirror neurons were originally described (Kohler et al. 2002). This territory lies 

anterior to the monkey cortical region that is cytoarchitectonically and neurophysiologically 

comparable to the human BA 44 region (Petrides et al. 2005) crucial for language production 

(Duffau et al. 2003; Ojemann et al. 1989).  

Our present findings seem crucial for a reliable elucidation of the anatomical background of 

the dissociated and parallel processing of visual information by non-human primates. Indeed, 

the ventral stream connecting the occipital and frontal lobes underlies visual recognition and 

discrimination, which is a prerequisite for communicating threats to conspecifics. Particularly, 

ventro-lateral frontal cortices, which have functional interconnections with visual stream areas, 

are involved in processing pattern, color, object, and face information (Wilson et al. 1993). 

Moreover, the activation of perceptual representations may deliver (top-down) feedback effect 

from frontal cortices to the posterior visual areas (Ungerleider et al. 1998). Finally, a ventral 

pathway for proto-syntactic learning in non-human primates has been hypothesized, although 

not yet defined structurally (Petkov et al. 2008).  
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Conclusion 

The present study demonstrates the existence in Old-World monkeys of a long-range WM 

ventral pathway resembling that in humans, which seems poised to mediate the processing and 

integration of visual information for conceptualization and basic communication acts. This is 

the first multimodal demonstration of the existence in monkey brain of an anatomic structure 

deemed essential for conceptualization, and potentially supporting a core ability for semantic 

elaboration, comprehension and syntax communication in monkeys. Our results shed new light 

on the anatomical evolution of the ventral pathway in the primate lineage, constituting a 

missing link for understanding the evolution of language and social behavior in a brain system 

established more than 20 million years ago (Glazko and Nei 2003).  
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FIGURE LEGENDS 

Figure 1. A. Results of microdissection and fiber tracking of the IFOF in two female vervet 

monkeys. B. Corresponding examples of Klingler’s micro-dissection and tracking of IFOF 

fibers12,22 in the left human hemisphere ex vivo and in vivo, respectively. The tractography 

reconstructions of the human IFOF were made using the method of Hau et al. (2016).  

Figure 2. Upper: the layer-by-layer dissection (with Klingler’s technique on the left and 

tractography on the right) of the lateral WM at the temporo-occipital region is shown, along 

with demarcation of vertical fibers of the VOF (red tags, blue fibers). Middle: a depiction of 

the crossing course between the vertical fibers of the ILF and the posterior portion of the IFOF. 

Bottom:  an overview of the course and relationships between the IFOF (green), running within 

the ventral third of the external capsule, the parallel and more inferior course of the ventral 

portion of the ILF (red) and the arching fibers of the UF (yellow), running paired to the IFOF. 

IFOF: inferior fronto-occipital fascicle; ILF: inferior longitudinal fascicle; UF: uncinate 

fascicle; VOF: vertical occipital fascicle. 

Figure 3. A. Different three-dimensional views of the left and right IFOF of a vervet monkey 

brain (M1) determined by tractography ex vivo. A: anterior view. B. tractography overview of 

the anatomical relationships between the inferior fronto-occipital fascicle (IFOF, green fibers) 

and the other ventral pathways in the same monkey brain (M1), including inferior longitudinal 

fascicles (ILF, red fibers), uncinate fascicle (UF, yellow fibers), and extreme capsule (EmC, 

blue fibers).  

Figure 4. Three-dimensional views of the left and right IFOF of the two vervet monkeys (M1 

and M2) showing the distributions of the occipital (A) and frontal (B) terminations. See Table 

2 for the proportional volumes. A: anterior, L: left and R: right. 

Figure 5. Micro-dissection and tractography details highlighting the main differences between 

the UF and IFOF stems in monkey brain. See text in Results for details. 

Figure 6. Details of the microdissection highlighting the main differences between the fibers 

of UF/IFOF stem and the well-known fibers of the EmC, as emerged after removal of the 

fronto-temporal opercula and insular cortex (A) by the Klingler method. See text in Results for 

details. 

A: anterior; EC: external capsule; EmC: extreme capsule; IFOF: inferior fronto-occipital 

fascicle; P: posterior; UF: uncinate fascicle. 



Figure Click here to access/download;Figure;Figure_1_f.tif

https://www.editorialmanager.com/bsaf/download.aspx?id=157717&guid=4a22d528-d094-45a0-9560-4a21472ef927&scheme=1
https://www.editorialmanager.com/bsaf/download.aspx?id=157717&guid=4a22d528-d094-45a0-9560-4a21472ef927&scheme=1


Figure Click here to access/download;Figure;Figure_2_f.tif

https://www.editorialmanager.com/bsaf/download.aspx?id=157718&guid=ebafa6b0-df34-476d-82e6-b4df299047d4&scheme=1
https://www.editorialmanager.com/bsaf/download.aspx?id=157718&guid=ebafa6b0-df34-476d-82e6-b4df299047d4&scheme=1


Figure Click here to access/download;Figure;Figure_3_f.tif

https://www.editorialmanager.com/bsaf/download.aspx?id=157719&guid=c1ffd4b6-28c1-49e5-bff7-0b63ef7369d2&scheme=1
https://www.editorialmanager.com/bsaf/download.aspx?id=157719&guid=c1ffd4b6-28c1-49e5-bff7-0b63ef7369d2&scheme=1


Figure Click here to access/download;Figure;Figure_4_f.tif

https://www.editorialmanager.com/bsaf/download.aspx?id=157720&guid=e2cdf672-e69a-4fb8-88af-352838002c0f&scheme=1
https://www.editorialmanager.com/bsaf/download.aspx?id=157720&guid=e2cdf672-e69a-4fb8-88af-352838002c0f&scheme=1


Figure Click here to access/download;Figure;Figure_5_f.tif

https://www.editorialmanager.com/bsaf/download.aspx?id=157721&guid=d0cfda07-90ef-480c-9c20-9b781137c19d&scheme=1
https://www.editorialmanager.com/bsaf/download.aspx?id=157721&guid=d0cfda07-90ef-480c-9c20-9b781137c19d&scheme=1


Figure Click here to access/download;Figure;Figure_6_f.tif

https://www.editorialmanager.com/bsaf/download.aspx?id=157722&guid=17f3d7ff-834c-4dd5-bbef-9e404f153169&scheme=1
https://www.editorialmanager.com/bsaf/download.aspx?id=157722&guid=17f3d7ff-834c-4dd5-bbef-9e404f153169&scheme=1


 

1 

 

Table 1 

Volumes of the IFOF, ILF, UF and EmC (in mm3) as emerged from the tracking of the two 

hemispheres (left and right) of each scanned brain (M1 and M2). IFOF: fronto-occipital 

fascicle; ILF: inferior longitudinal fascicle; UF: uncinate fascicle; EmC: extreme capsule. 

 

 M1 M2 

 Left Right Left Right 

IFOF 1635.2 1551.1 1339.5 1345.6 

ILF 1916.1 1926.7 1988.2 2053.0 

UF 424.0 452.4 285.6 338.9 

EmC 813.5 857.7 846.1 855.6 

 

  

Table



 

2 

 

Table 2. Distribution of the IFOF terminations within the occipital and frontal cortices of the 

vervet monkey. Area labelling corresponds to the publicly available post-mortem rhesus 

macaque brain atlas (CIVM) (see Supplementary Table 2 in Calabrese et al. 2015). 

 M1 M2 

 Left Right Left Right 

Occipital IFOF terminations (in %)     

V1 

V2 

V3d 

V3v 

V3A 

77.8 

21.5 

0.7 

0.0 

0.0 

61.7 

38.0 

0.3 

0.0 

0.0 

91.2 

8.6 

0.2 

0.0 

0.0 

90.4 

9.5 

0.1 

0.0 

0.0 

Frontal IFOF termination (in %)     

Area 4 

Area 6 

Area 8 

Area 9 

Area 9-46 

Area 10 

Area 44 

Area 45 

Area 46 

Area 47 

Area ProMotor 

Area 11 

Area 13 

Area 14 

Area 25 

Orbital cortex 

Gustatory Cortex 

0.0 

0.0 

0.0 

0.2 

0.0 

36.9 

0.0 

0.0 

1.3 

33.5 

17.3 

8.7 

0.2 

1.9 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2.6 

0.0 

0.6 

0.8 

36.8 

38.5 

19.4 

1.2 

0.0 

0.0 

0.0 

0.1 

0.0 

0.0 

0.2 

0.5 

0.5 

50.6 

0.0 

3.8 

4.9 

11.8 

9.8 

14.8 

0.0 

2.0 

0.0 

1.1 

0.0 

0.0 

0.0 

0.0 

0.2 

0.1 

85.9 

0.0 

0.2 

1.9 

1.6 

0.2 

4.4 

0.0 

5.5 

0.0 

0.0 

0.0 
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Fig. 1: Summary of the different steps of post-processing for the extraction of the whole-brain 

tractogram. 

 

 



Fig. 2: Summary of the multiple steps for cleaning the whole-brain tractogram. 




