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Abstract

The anterior limb of internal capsule (ALIC) is an important locus of frontal-subcortical fiber 

tracts involved in cognitive and limbic feedback loops. However, the structural organization of its 

component fiber tracts remains unclear. Therefore, although the ALIC is a promising target for 

various neurosurgical procedures for psychiatric disorders, more precise understanding of its 

organization is required to optimize target localization. Using diffusion tensor imaging (DTI) 

collected on healthy subjects by the Human Connectome Project (HCP), we generated 

parcellations of the ALIC by dividing it according to structural connectivity to various frontal 

regions. We then compared individuals’ parcellations in order to evaluate the ALIC’s structural 

consistency. All 40 included subjects demonstrated a posterior-superior to anterior-inferior axis of 

tract organization in the ALIC. Nonetheless, subdivisions of the ALIC were found to vary 

substantially, as voxels in the average parcellation were accurately assigned for a mean of only 

66.2% of subjects. There were, however, some loci of consistency, most notably in the region 

maximally connected to orbitofrontal cortex. These findings clarify the highly variable 

organization of the ALIC and may represent a tool for patient-specific targeting of 

neuromodulation.

1 Introduction

Frontal-subcortical cognitive and limbic feedback loops, which link prefrontal cortex to 

subcortical structures notably including the mediodorsal and anterior thalamic nuclei, 

modulate various higher cognitive functions, including attention, memory, emotional 

regulation, and sensory processing and gating [Bonelli and Cummings, 2007; Cummings, 

1993; Lang et al., 2006; Levitt et al., 2002; Levy et al., 1997; Tekin and Cummings, 2002]. 

Connections between these prefrontal and subcortical regions course through white matter 

tracts within the anterior limb of the internal capsule (ALIC) [Albin et al., 1989; Alexander 

et al., 1991; Cummings, 1995; Levitt et al., 2010]. Abnormalities in the ALIC could 

therefore generate dysfunction in cognitive and limbic feedback loops, which could produce 

a wide variety of neuropsychiatric symptoms [Levitt et al., 2012].

Indeed, ALIC abnormalities have been observed in various psychiatric disorders, including 

schizophrenia, obsessive-compulsive disorder (OCD), and depression. For instance, 
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reductions in ALIC volume have consistently been seen in studies of schizophrenia patients 

[Chua et al., 2007; Lang et al., 2006; Wobrock et al., 2008; Zhou et al., 2003]. Multiple 

diffusion tensor imaging (DTI) studies have also found that fractional anisotropy (FA) is 

abnormal in the ALIC of schizophrenia and OCD patients [Cannistraro et al., 2007; Jeong et 

al., 2009; Oh et al., 2009; Sussmann et al., 2009]. Abnormal FA is thought to be a marker of 

white matter integrity [Kochunov et al., 2007], but it may also indicate variable patterns of 

connectivity. Functional imaging studies suggest that, relative to controls, patients with OCD 

exhibit significantly increased metabolic activity at rest in various nodes of frontal-

subcortical circuits, including orbitofrontal cortex (OFC), prefrontal cortex (PFC), and 

thalamus [Baxter et al., 1987; Baxter et al., 1988; Bourne et al., 2012; Göttlich et al., 2014; 

Saxena and Rauch, 2000; Saxena et al., 1998; Schwartz et al., 1996], and this increased 

metabolic activity appears to correlate with OCD symptomatology [Breiter et al., 1996; 

Göttlich et al., 2014; McGuire et al., 1994; Rauch et al., 1994; Schwartz et al., 1996; Simon 

et al., 2010]. Moreover, depression has been associated with macroscopic white matter 

lesions affecting frontal-subcortical feedback loops in patients suffering strokes [Vataja et 

al., 2001; Vataja et al., 2004].

Although the majority of patients with psychiatric disorders can be managed effectively by 

medical and behavioral therapies, stereotactic neurosurgical interventions are an important 

and useful option for those with severe, treatment-refractory disease [Nuttin et al., 2014]. 

Several of these neurosurgical procedures target the ALIC given its relevance in disease 

pathophysiology. For instance, anterior capsulotomy, a procedure pioneered by Talairach in 

1949 [Talairach et al., 1949], demonstrates a 45–65% response rate for severe treatment 

refractory OCD [D’Astous et al., 2013; Kondziolka et al., 2011; Lopes et al., 2014; Rück et 

al., 2008; Sheehan et al., 2013]. Deep brain stimulation (DBS) of the ventral ALIC and 

adjacent ventral striatum (ventral capsule/ventral striatum, VC/VS) has also emerged as a 

treatment option for refractory OCD [Nuttin et al., 1999], and has exhibited response rate 

similar to that for capsulotomy [Abelson et al., 2005; Greenberg et al., 2008; Greenberg et 

al., 2006; Pepper et al., 2015; Roh et al., 2012; Tsai et al., 2012]. DBS of the VC/VS and 

surrounding region has also been explored as a potential therapy for treatment refractory 

depression [Gutman et al., 2009; Luyten et al., 2016; Malone et al., 2009]. However, 

precision is important in targeting these regions for neuromodulation, as modulation of 

nearby tracts, such as accumbens region outflow or PFC projections, may engender harmful 

side effects, such as panic or memory loss [Kooistra and Heilman, 1988; Scheibel and 

Scheibel, 1967; Shapira et al., 2006].

However, the precise locations of optimal neurosurgical targets within the ALIC remain 

uncertain as do the precise locations of functionally important but pathophysiologically 

unrelated tracts to be avoided, partially because neuroimaging work is still required to 

delineate the structural organization of involved circuits [Greenberg et al., 2010]. For 

example, with more experience, the DBS target for OCD has migrated to become 

increasingly posterior, approaching the junction of the ALIC, anterior commissure, and 

posterior ventral striatum [Greenberg et al., 2008]. The ALIC is thought to contain multiple 

frontal-subcortical circuits that underpin distinct behavioral functions [Bonelli and 

Cummings, 2007; Cummings, 1993; Levitt et al., 2010], although the organization of these 

circuits within the ALIC remains unclear. Rhesus monkey tract-tracing studies and initial 
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human tractography focusing on ventromedial prefrontal cortex suggest an organization of 

tracts along a dorsal-ventral gradient [Jbabdi et al., 2013; Schmahmann and Pandya, 2006]. 

Further clarification is required for tracts connecting with a broader range of prefrontal 

cortex. It would also be useful to understand how the organization of the ALIC differs 

between individuals, as there have been indications of inter-individual variability in prior 

research [Jbabdi et al., 2013]. Observing a high degree of variability could lend support for 

implementing more robust protocols for patient-specific targeting of neurosurgical 

procedures.

We therefore performed and compared different tractographic techniques on high-quality 

diffusion tensor imaging of healthy subjects in order to parcellate the ALIC by patterns of 

frontal connectivity. We then compared the ALIC parcellations between individuals in order 

to evaluate for patterns of consistency in the structural organization of prefrontal-subcortical 

tracts.

2 Materials and methods

2.1 Template-based parcellation

Frontothalamic radiations were generated using deterministic tractography on a template 

incorporating diffusion data from 842 Human Connectome Project controls (470 women, 

372 men; 176 age 22–25, 367 age 26–30, 293 age 31–35, 6 age >36) with analysis 

performed in DSI Studio [Yeh and Tseng, 2011; Yeh et al., 2010]. For each hemisphere, 

tracts were developed by seeding from the ipsilateral thalamus (defined by the Harvard-

Oxford subcortical atlas [Desikan et al., 2006]), using the ipsilateral ALIC (defined by the 

Johns Hopkins University white matter atlas [Hua et al., 2008]) as a waypoint, using the 

contralateral hemisphere as a region of avoidance, and using frontal Brodmann areas (BA04, 

BA06, BA08, BA09, BA10, BA11, BA44, BA45, BA46, and BA47) as independent 

terminating regions (Figure 1a). For each frontal Brodmann area (BA), 100,000 seeds were 

used on each side, and tractography parameters included a maximum turning angle of 50 

degrees, minimum fractional anisotropy of 0.15, step size of 0.50mm, minimum length of 

30mm, and maximum length of 300mm. Connections were only found to BA06 

(supplementary motor area), BA08 (frontal eye fields), BA09 (medial and dorsolateral 

prefrontal cortex), BA10 (rostral prefrontal cortex), BA11 (orbitofrontal cortex), BA46 

(dorsolateral prefrontal cortex), and BA47 (pars orbitalis), and so they were the only frontal 

BAs used for further analyses (Figure 1b). Tract densities within the ALIC were saved on 

the 1mm MNI152 template and normalized by dividing the volume of the corresponding 

individual frontal BAs, as calculated using the FMRIB Software Library v5.0 (FSL) 

[Jenkinson et al., 2012]. The ALIC was then parcellated using FSL by assigning each ALIC 

voxel to the frontal BA with maximum normalized tract density. A specificity index was 

calculated for each voxel of this template-based parcellation by dividing the maximum 

normalized tract density in this specific voxel by the voxel’s total normalized tract density. 

For each voxel, the specificity index represented the maximum proportion of passing fibers 

going to the same frontal BA.
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2.2 Individual-based parcellations

Parcellations were also generated on 40 randomly selected HCP subjects (22 women, 18 

men; 4 age 22–25, 16 age 26–30, 20 age 31–35; Supplementary Table 1) in order to validate 

the findings of the template-based parcellation. HCP DTI data were prepared by modeling 

crossing fibers with up to three fibers per voxel using FMRIB’s Diffusion Toolbox (FDT) 

[Behrens et al., 2007].

2.2.1 Probabilistic individual-based parcellation—Probabilistic parcellation was 

performed on each of the 40 subjects using connectivity-based seed classification in FDT 

[Behrens et al., 2003; Johansen-Berg et al., 2004]. For each hemisphere, voxels within the 

ipsilateral ALIC were used as seed regions and frontal BAs were used as target masks. The 

contralateral hemisphere and the ipsilateral basal ganglia, thalamus, and posterior limb of 

the interior capsule were used as regions of avoidance in order to eliminate anatomically 

invalid streamlines between the ALIC and included frontal regions (Supplementary Figure 

1). Default tracking parameters were employed, including 5000 samples, 2000 steps, a 

curvature threshold of 0.2, and a step length of 0.50mm. The resulting parcellations were 

then non-linearly transformed into standard 1mm MNI152 space to enable comparison 

across individuals.

The 40 transformed probabilistic individual-based parcellations were consolidated into a 

single combined parcellation in winner-take-all fashion by assigning each ALIC voxel to the 

frontal BA with which it was most frequently associated in the 40 individual parcellations. 

For each ALIC voxel, the proportion of individuals whose parcellations matched the 

combined parcellation was calculated in order to assess the degree of consistency in ALIC 

organization. The combined parcellation was then thresholded four times so that it was 

restricted to voxels that were representative for at least 50%, 80%, 90%, or 100% of 

individuals. The volumes of ALIC regions associated with each included frontal BA were 

quantified for the combined parcellation and its thresholded versions.

2.2.2 Deterministic individual-based parcellation—A combined deterministic 

individual-based parcellation was also generated in order to isolate the source of differences 

between the deterministic template-based parcellation and the combined probabilistic 

individual-based parcellation. For this effort, individual-based parcellations were created for 

each of the 40 subjects using the same deterministic tractography techniques employed to 

create the template-based parcellation. As with the probabilistic individual-based 

parcellations, the 40 deterministic individual-based parcellations were non-linearly 

transformed into standard 1mm MNI152 space and were amalgamated in a winner-take-all 

fashion to produce a combined parcellation. The representativeness and consistency of this 

combined parcellation was also evaluated using the same methods of calculation and 

thresholding.

2.3 Comparisons between parcellations

The template-based parcellation, the combined probabilistic individual-based parcellation, 

and the combined deterministic individual-based parcellation were quantitatively compared 

to one another using the Sørensen-Dice index of similarity [Dice, 1945; Sørensen, 1948]. 
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This index can be used to evaluate the spatial similarity of two regions by calculating the 

volume of their intersection divided by the average of their volumes. Essentially, it 

represents the overlapping fraction of two regions. When assessing the similarity of regions 

A and B, the index is calculated as 2|A∩B|/(|A|+|B|). Parcellations were compared in a 

pairwise fashion, one frontal BA at a time. For each frontal BA, a pair of parcellations was 

compared by calculating the Sørensen-Dice index for the regions in the parcellations 

corresponding to the selected Brodmann area. Similarly, probabilistic and deterministic 

individual-based parcellations for all 40 HCP subjects were compared pairwise to one 

another and to the template-based parcellation by calculating Sørensen-Dice indices for each 

frontal BA region.

3 Results

3.1 Template-based parcellation

The template-based parcellation technique yielded a 3235 mm3 parcellation primarily 

covering the medial aspect of the ALIC (Figure 2a). ALIC regions associated with different 

frontal BAs were organized along a posterior-superior to anterior-inferior axis. The 

parcellation’s most commonly represented BAs by volume were those associated with 

prefrontal cortex (PFC), namely BA09 and BA10 (Table 1). The mean (+/− standard 

deviation) specificity index (i.e., the proportion of streamlines passing through a voxel and 

terminating in the same frontal BA) was 0.882 +/− 0.171, and the median specificity index 

was 1.000 (Supplementary Figure 2).

3.2 Individual-based parcellations

All of the probabilistic and deterministic individual-based parcellations demonstrated a 

similar posterior-superior to anterior-inferior axis of organization (Figure 3; Supplementary 

Figure 3). However, unlike in the template-based parcellation, the medial aspects of 

subjects’ probabilistic and deterministic individual-based parcellations were dominated by 

BA47 (Supplementary Figure 4; Supplementary Figure 5).

3.2.1 Probabilistic individual-based parcellation—The combined probabilistic 

individual-based parcellation spanned 6156 mm3 covering the entire ALIC (Figure 2b). On 

average, the frontal BA assignments of voxels of the combined probabilistic parcellation 

were consistent with 66.2% (+/− 21.9%) of individuals’ probabilistic parcellations (Figure 5; 

Supplementary Figure 6a). The region assigned to BA11 exhibited the highest degree of 

consistency across individuals, with 12.1% of the BA11 region of the combined probabilistic 

parcellation being assigned to BA11 in all 40 subjects (Table 1).

3.2.2 Deterministic individual-based parcellation—The combined deterministic 

individual-based parcellation covered 6153 mm3 over the entire ALIC (Figure 2c). The 

deterministic parcellation was less consistently representative than the probabilistic 

parcellation, as the frontal BA assignments of voxels of the combined deterministic 

parcellation were consistent on average with 35.4% +/− 17.2% of subjects’ deterministic 

parcellations (Supplementary Figure 6b; Supplementary Figure 7). No voxels in the entire 
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combined deterministic individual-based parcellation were consistently assigned across all 

40 subjects (Table 1).

3.3 Comparisons between parcellations

The Sørensen-Dice indices of similarity between regions of the template-based and the 

probabilistic individual-based parcellations was 0.259 +/− 0.183 (Supplementary Figure 8a). 

The probabilistic individual-based parcellations exhibited greater similarity to one another, 

as the mean Sørensen-Dice index between probabilistic individual-based parcellation regions 

was 0.455 +/− 0.272 (Supplementary Figure 8b). Regions assigned to BA11 were the most 

similar to one another across probabilistic individual-based parcellations, with a mean 

Sørensen-Dice index of 0.714 +/− 0.076.

The Sørensen-Dice indices of similarity between regions of the template-based and the 

deterministic individual-based parcellations was 0.208 +/− 0.167 (Supplementary Figure 8c). 

The deterministic individual-based parcellations were less similar to one another than the 

probabilistic individual-based parcellations, as the mean Sørensen-Dice index between 

deterministic individual-based parcellation regions was 0.214 +/− 0.206 (Supplementary 

Figure 8d).

In comparing the summary parcellations to one another, the mean Sørensen-Dice index was 

0.576 +/− 0.396 for the combined probabilistic and combined deterministic individual-based 

parcellations, 0.283 +/− 0.229 for the template-based and combined probabilistic individual-

based parcellations, and 0.255 +/− 0.212 for the template-based and combined deterministic 

individual-based parcellations (Table 2).

4 Discussion

Our results illustrate the organization of the human ALIC based on its structural connectivity 

to different regions of the prefrontal cortex. Specifically, they reveal a posterior-superior to 

anterior-inferior axis of organization (Figure 2), which was found in all 40 subjects whose 

ALICs were parcellated individually. This axis runs parallel to the ALIC organization 

previously described in rhesus monkey tract-tracing studies [Schmahmann and Pandya, 

2006] and to the dorsal-ventral gradient described in prior human tractographic studies 

[Jbabdi et al., 2013].

Although the general gestalt of ALIC organization was found to be consistent across all 40 

subjects, there were still substantial organizational deviations between subjects. For instance, 

even for the probabilistic individual-based parcellations, which exhibited the least inter-

subject variability, the mean Sørensen-Dice index for pairwise comparisons (0.455) 

suggested that, on average, less than half of the region assigned to the same frontal BA was 

shared between two individuals. Furthermore, voxels of the combined probabilistic 

individual-based parcellations were accurate for only a mean of 66.2% of subjects, and only 

18.8% of voxels were similarly assigned for at least 90% of subjects (Table 1; Figure 4). 

Taken together, these results indicate that the exact locations of particular tracts running 

through the ALIC vary substantially between individuals.
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These findings have implications for the application of neurosurgical procedures of the 

ALIC. The generalized combined probabilistic parcellation may provide a map for where to 

target procedures intended to modulate circuits involving certain frontal regions that are 

thought to be involved with disease neuropathophysiology (e.g., cortico-striato-thalamo-

cortical circuits in OCD). Perhaps more pertinently, though, the high variability found in the 

ALIC suggests that the locations of optimal nodes to modulate these networks likely vary 

from patient to patient. The results of these analyses may therefore argue for taking a 

“precision medicine” approach to neuromodulation by performing preoperative tractography 

in order to develop patient-specific parcellations that inform patient-specific targeting.

It is notable that there is relative consistency across subjects in the location of the region of 

the ALIC predominantly connecting with BA11 (OFC), which is particularly targeted in 

capsulotomy and DBS for OCD [Greenberg et al., 2010]. This relative consistency of 

location may account for the high efficacy and response rates (approximately 55%) seen in 

these procedures [Greenberg et al., 2008; Lévêque et al., 2013]. It is possible that the relative 

consistency of the BA11 region may be partially attributed to its location at the ventral 

extreme of the ALIC, so that it only shows variability on the dorsal front. The consistency of 

the BA11 within healthy controls may also make it a useful reference point in comparisons 

between healthy individuals and patients. However, even this region of the ALIC exhibits 

some variation between healthy subjects. The voxels assigned to BA11 in the combined 

probabilistic parcellation were not assigned to BA11 for a mean of 26.6% of subjects’ 

individual probabilistic parcellations (Supplementary Figure 5). Given that this region of the 

ALIC also exhibits substantial inconsistency between individuals, albeit less so than other 

ALIC regions, related procedures may still benefit from targeting that is informed by 

patient-specific tractography. Indeed, this anatomical inconsistency may account for a 

significant portion of the remaining variability in patient response following these 

procedures.

These results may also have methodological implications about the application of template-

based versus individual-based approaches and the use of probabilistic or deterministic 

tractography. The template-based and individual-based parcellations showed similar general 

organizations, as they both had the same axis of orientation. However, the template-based 

parcellation did exhibit substantial qualitative differences (e.g., restriction of tracts to the 

medial aspect of the ALIC) and quantitative differences (e.g., average Sørensen-Dice indices 

less than 0.283 compared to the combined individual-based probabilistic and deterministic 

parcellations). It is possible that averaging diffusion data across subjects to create a template 

may wash out the effects of multimodal tensor distributions, which would lead to decreased 

tract sensitivity and accuracy. Findings based on template datasets should therefore be 

validated by individual-based analyses. Also, although the combined individual-based 

probabilistic and deterministic parcellations were fairly similar (Figure 2b; Figure 2c), the 

deterministic individual-based parcellations were far more variable (Table 2; Supplementary 

Figure 5). For instance, no voxels were consistently assigned across all 40 deterministic 

parcellations whereas 239 voxels were consistently assigned across all 40 probabilistic 

parcellations (Table 1). This finding of decreased consistency in deterministic parcellations 

could at least partially be explained by a decreased signal-to-noise ratio in the deterministic 

tractography methods used here.
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These findings may be limited by the subdivision of the frontal lobe by BAs. Although this 

method was readily standardized and replicable across subjects, BAs are based on 

cytoarchitectural organization and so they may not perfectly delineate the functions of the 

frontal lobe, which may reduce the direct applicability of the developed ALIC parcellation. 

Also, although winner-takes-all classification generates discrete and interpretable 

parcellations, some information may be lost by this methodology. For instance, although a 

voxel may be dominated by connections to one frontal BA, it may also contain substantial 

connections to another, which are discarded in winner-takes-all parcellation.

Since white matter architecture has been shown to evolve [Lebel et al., 2012; Scholz et al., 

2009], the ALIC organization described here may be representative of a state biological 

marker, but longitudinal studies would clarify whether it changes over time. To extend the 

implications of this study, it would be helpful to identify clinical and behavioral correlates of 

ALIC organization, both within pathologic and non-pathologic populations. It would also be 

useful to compare the ALIC organizations of healthy controls and patients. Analysis of the 

patient ALIC could both inform neurosurgical targeting and potentially clarify 

pathophysiology. Future investigations should correlate the localizations of neurosurgical 

procedures as per ALIC parcellation with patient outcomes and anatomic or functional 

changes, as can be measured by modalities like structural imaging, functional imaging, or 

EEG. Doing so might elucidate the mechanisms and consequences of neuromodulation.

5 Conclusion

Overall, the findings here describe the organization of the human ALIC, an important and 

clinically relevant white matter region. Specifically, they describe a consistent posterior-

superior to anterior-inferior axis of organization. However, they also underscore the high 

degree of variability between individuals’ patterns of frontal structural connectivity within 

the ALIC. This study may therefore represent a step towards prospectively performing 

patient-specific tractography and parcellation in order to inform and optimize the targeting 

for neurosurgical procedures focused on this region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Included frontal Brodmann areas and corresponding frontothalamic radiations
(A) The frontal BAs included in analyses and (B) the connections between the thalamus and 

these frontal BAs through the ALIC as generated by deterministic template-based 

tractography
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Figure 2. Parcellations of the ALIC
Mappings of the ALIC as generated by (A) deterministic template-based, (B) combined 

probabilistic individual-based, and (C) combined deterministic individual-based 

tractography
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Figure 3. Heat maps of probabilistic individual-based parcellations
The color scale indicates the number of the 40 analyzed HCP subjects for whom 

probabilistic individual-based parcellation resulted in a voxel being assigned to the indicated 

frontal BA.
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Figure 4. Combined probabilistic parcellation at varying thresholds of consistency
The voxels of the combined probabilistic individual-based parcellation that are assigned 

accurately for at least the indicated percent of the analyzed HCP subjects
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