
ORIGINAL RESEARCH PAPER

A Cortical Parcellation Based Analysis of Ventral Premotor Area Connectivity
John R. Sheetsa, Robert G. Briggsa, Nicholas B. Dadario b, Isabella M. Young c, Michael Y. Bai d, 
Anujan Poologaindrane, Cordell M. Bakera, Andrew K. Connera and Michael E. Sughrued

aDepartment of Neurosurgery, University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma, USA; bRobert Wood Johnson 
Medical School, Rutgers University, New Brunswick, New Jersey, USA; cCingulum Research, Cingulum Health, Sydney, Australia; 
dDepartment of Neurosurgery, Centre for Minimally Invasive Neurosurgery, Prince of Wales Private Hospital, Sydney, Australia; eBrain 
Mapping Unit, University of Cambridge, Cambridge, UK

ABSTRACT
Introduction. The ventral premotor area (VPM) plays a crucial role in executing various aspects 
of motor control. These include hand reaching, joint coordination, and direction of movement 
in space. While many studies discuss the VPM and its relationship to the rest of the motor 
network, there is minimal literature examining the connectivity of the VPM outside of the 
motor network. Using region-based fMRI studies, we built a neuroanatomical model to account 
for these extra-motor connections.
Methods. Thirty region-based fMRI studies were used to generate an activation likelihood 
estimation (ALE) using BrainMap software. Cortical parcellations overlapping the ALE were 
used to construct a preliminary model of the VPM connections outside the motor network. 
Diffusion spectrum imaging (DSI)-based fiber tractography was performed to determine the 
connectivity between cortical parcellations in both hemispheres, and a laterality index (LI) was 
calculated with resultant tract volumes. The resulting connections were described using the 
cortical parcellation scheme developed by the Human Connectome Project (HCP).
Results. Four cortical regions were found to comprise the VPM. These four regions included 6v, 
4, 3b, and 3a. Across mapped brains, these areas showed consistent interconnections between 
each other. Additionally, ipsilateral connections to the primary motor cortex, supplementary 
motor area, and dorsal premotor cortex were demonstrated. Inter-hemispheric asymmetries 
were identified, especially with areas 1, 55b, and MI connecting to the ipsilateral VPM regions.
Conclusion. We describe a preliminary cortical model for the underlying connectivity of the 
ventral premotor area. Future studies should further characterize the neuroanatomic under-
pinnings of this network for neurosurgical applications.
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Introduction

The Ventral Premotor Area (VPM) is responsible for 
coordinating various aspects of everyday actions in 
humans [1]. It has been demonstrated to have a role 
in finger placement and grip strength determination 
when lifting an object [2–15]. Specifically, the VPM is 
believed to relay information about the geometrical 
shape of an object to the Primary Motor Cortex to 
facilitate more specific finger placement for optimal 
grasp [7]. If a lesion is placed between Dorsal 
Premotor Area (DPM) and VPM, the subject will be 
unable to perform the complex distal hand and finger 
movements required to securely grasp and lift an 
object [4]. Additionally, the VPM is highly active in 
action observation/imitation [16–19] and it is sug-
gested that it could play a role in the basis of human 
language acquisition [18].

While these previously mentioned studies do pre-
sent a clear picture of functional connections and the 
associated activity of the VPM, no studies yet have 
shown a detailed anatomical map of the VPM and its 

complete cortical projections. A detailed map of VPM 
projections could be a key tool in future research 
studies, aiding in the identification of specific white 
matter tracts. Additionally, such a map could also be 
useful in the analysis of tumor patients for surgical 
intervention by serving as a guide for useful regions to 
preserve, if possible.

In this study, we constructed a model of the VPM 
based on the cortical parcellation scheme published 
from the Human Connectome Project (HCP) [20]. 
Using relevant task-based functional magnetic reso-
nance imaging (fMRI) studies and BrainMap (http:// 
www.brainmap.org/), a collection of open-access soft-
ware programs used to generate activation likelihood 
estimations (ALEs) from fMRI studies, we have iden-
tified the key cortical areas involved in the VPM 
[21,22]. After identifying these regions of interest, we 
performed diffusion spectrum imaging (DSI)-based 
tractography to determine the structural connectivity 
between parcellations, both within the VPM and its 
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connections to other areas of the cortex. Our goal is to 
provide a more detailed anatomic model of the VPM 
and its outside connections for use in future studies.

Methods

Sleuth literature search

We utilized Brainmap Sleuth to perform a search in 
July 2017. Studies were selected for meta-analysis if 
they mapped the Ventral Premotor Area (The 
Brainmap Functional Papers database includes over 
3000 papers that use functional imaging to measure 
task-dependent brain activity to relate cognitive func-
tions to brain regions; www. brainmap.org).

The database search was carried out based on brain 
region as opposed to function for the reason that it 
would be difficult to isolate the VPM in a motor-based 
task without picking up numerous other regions in the 
process [23–26]. Only studies utilizing healthy sub-
jects were utilized. This search revealed 32 studies 
focusing on the Ventral Premotor Area each with 
specific foci mapped [13,14,27–56].

GingerALE meta-analysis

All foci for the search were exported in Talaraich 
space as a GingerALE text file. Brainmap 
GingerALE was used to perform ALE meta-analyses 
on the foci generated from the Sleuth search using 
Talaraich coordinate space and the recommended 
settings for Cluster-Level Interference found in the 
GingerALE manual: Single Study, Coordinate System: 
Talaraich, Cluster Level 0.05, Permutations = 1000, 
Uncorrected P = 0.001. Cluster-Level Interference is 
a thresholding algorithm in the GingerALE software 
that finds contiguous volumes above a minimum 
‘cluster-forming threshold’ using FDR or an uncor-
rected P-value and tracks the distribution of their 
volume (brainmap.org). The Cluster-Level 
Interference algorithm then generates simulated 
data clusters such that only a small percentage (in 
our case: Cluster Level = 5%) of the simulated data 
clusters may exceed the threshold.

Matching of parcellations to literature search ROIs

The NIFTI file generated by GingerALE was opened in 
Brainmap’s Mango as an overlay on Mango’s default 
3D brain ‘sample image’. Parcellations from Glasser’s 
2016 study that had previously been converted to MNI 
NIFTI Region of Interests (ROIs) were overlaid and 
converted to Talaraich Space coordinates [20]. 3D 
Images of Glasser Parcellation ROIs overlapping with 
the Semantic ROIs were generated using Mango’s 
Surface function. A parcellation was determined to 
‘match’ a literature search ROI if it could be visually 

observed to overlap with the region when viewed 
sagittally, coronally, and axially. Parcellations that 
only touched ROI edges were excluded.

Tractography

Fiber tractography was done in DSI Studio (http:// 
dsi-studio.labsolver.org) using publicly available 
imaging data from the Human Connectome 
Project (HCP) (http://humanconnectome.org, 
release Q3). Diffusion studies from the HCP uti-
lized a customized Siemens 3T Skyra scanner 
(Gmax = 100 mT/m) to study 1200 subjects as 
described previously [20,57]. Tractography in this 
study was performed individually with 25 randomly 
chosen adult subjects. A multi-shell diffusion 
scheme was used, and the b-values were 990, 
1985, and 2980 s/mm2. The number of diffusion 
sampling directions was 90, 90, and 90, respec-
tively. The in-plane resolution was 1.25 mm. The 
slice thickness was 1.25 mm. The diffusion data 
were reconstructed using generalized q-sampling 
imaging with a diffusion sampling length ratio of 
1.25 [58].

Laterality indices (LI) were calculated based on the 
average volume of major tracts identified using the 
formula (Right average tracts – Left average tracts)/ 
(Right average tracts + Left average tracts) [59]. 
A Shapiro-Wilk test for normality was performed on 
all data and paired Wilcoxon signed-rank tests with 
continuity correction were utilized to assess differ-
ences between cerebral hemispheres for major tracts 
(p ≤ 0.05).

Results

ALE regions and their corresponding parcellations

Figure 1 shows the ALE of the 30 region-based fMRI 
experiments included in our meta-analysis. Both right 
and left cerebral hemispheres were included in this 
analysis to account for possible cerebral differences 
within individuals. Four regions of interest were iden-
tified which overlapped the fMRI data. The four 
regions include6v, 4, 3b, and 3a. Comparison overlays 
between the cortical parcellations and the ALE are 
shown in Figure 2.

Structural connectivity of the VPM

Tractography was utilized to determine the basic 
structural connectivity of VPM. These results are 
shown in Table 1 and Figure 4 through Figure 7. 
The connections found consistently across all 25 
subjects included in our analysis are summarized 
in Figure 3. It was found that area 3a has ipsilat-
eral connections with 6a, 6d, and 6r (Figure 4). 
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Area 3b has ipsilateral connections with premotor 
areas FEF, 55b, and 6r (Figure 5). Area 4 has 
ipsilateral connections with premotor areas FEF, 
55b, 6r, 6d, and 6a. Additionally, area 4 showed 
contralateral connections to premotor areas FEF 
and 55b (Figure 6). Furthermore, areas 3a, 3b, and 
4 showed contralateral VPM counterparts, with 
areas 3a, 3b, and 4 on the contralateral side. 
A schematic showing the average number of tracts 
is shown in Figure 8.

Significant rightward lateralization was demon-
strated in all VPA regions of interest with tracts 
connecting to area 1 on the ipsilateral side 
(p < 0.05 for area 4, 6v, 3b, and 3a). Connections 
between area 55b and 6v were lateralized to the 
right as well as area 3a and MI to the left. The 
connections of area 4 with its analog on the con-
tralateral side were found to be lateralized to the 
right (Table 1).

Discussion

In this study, we utilized meta-analytic software and 
deterministic tractography to construct a preliminary 
model of the VPM and its connections throughout the 
human cortex. We aim to create a more specific ana-
tomical map of not only the VPM but also its projec-
tions both ipsilaterally and contralaterally to be used 
in future studies. Here we will present an analysis of 
the parcellations described in our model and their 
cortical projections. Included is some basic informa-
tion on the function of each of the general areas 
projected from the VPM, to encourage discussion on 
the possible reason is for the consistent anatomical 
connections.

Premotor cortex

As expected, the VPM and its associated parcellations 
show extensive connections with areas deemed to be 
within the more classic interpretation of the premotor 
area. The premotor cortex has long been associated 
with its ability to facilitate movement [60] and plays 
a significant role in the actions attributed to VPM. 
Considering VPM activity has been demonstrated in 
language acquisition, the connections observed 
between VPM, 55b, and 6r are consistent with those 
findings [17]. 55b and 6r are two areas that have been 
classically associated with numerous language function 
activities [61,62]. Additionally, area FEF is known to 
function in visual attention processes [63], an action 
likely critical for the VPM action observation/imitation 
functions [15–18]. These connections likely provide 
anatomical reasoning for these functional associations.

Interestingly, the ipsilateral connection between 
area 55b and 6v were found to be lateralized to the 
right. Area 55b is an area recently thought to be 
involved in language processing and is asymmetrical 
between hemispheres [20]. In the left hemisphere, area 
55b associates with the DMN network system while it 
associates with the Salience network on the right. 
Given that area 6v is part of the Salience network in 
both cerebral hemispheres, it is interesting to speculate 
that our data showing a lateralized connection 
between 55b and 6v offer an opportunity to further 
study a possible mechanism for the different network 
affiliations between hemispheres for area 55b.

Inferior Frontal Gyrus and Middle Frontal Gyrus

Area 3a of VPM demonstrated connections to Middle 
Frontal Gyrus (MFG) areas 8AV and 8BL. 

Figure 1. Representative sagittal images on a sample MNI brain showing the ALEs in the study. Colored pixels represent significant 
ALE values with lighter colors representing higher ALE values.
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Additionally, area 4 of VPM also demonstrated con-
nections to MFG area 8AV and Inferior Frontal Gyrus 
area 8C. The MFG and IFG have both been implicated 
in aspects of executive function including action selec-
tion, action inhibition, and verbal fluency/proces-
sing [64–67]. Executive function abilities are 

a large part of the actions attributed to VPM such 
as finger placement based on the geometrical shape 
and grip strength when lifting an object. 
Additionally, the language acquisition aspect of 
VPM could also be contributed to by the connec-
tions to IFG and MFG observed here [2–15,18].

Figure 2. Comparison overlay images between cortical parcellation (green) with ALE data (red).
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Table 1. Type and average strength of connection in the VPM network. Connections from the VPM network were measured with 
regions on both the ipsilateral and contralateral hemispheres. A lateralization index was calculated as (Right average tracts – Left 
average tracts)/(Right average tracts + Left average tracts). Negative values indicate a leftward asymmetry and positive values 
a rightward asymmetry. Paired Wilcoxon signed-rank tests with continuity correction were calculated with 95% confidence 
intervals between left hemispheric tracts and right hemispheric tracts between individuals.

4 6v 3b 3a

Ipsi-lateral 6d 1456.36 LI = −0.12 
(p = 0.210)

7.96 LI = −0.78 
(p = 0.281)

674 LI = 0.02 
(p = 0.647)

464.76 LI = −0.28 
(p = 0.247)

6r 476.36 LI = −0.27 
(p = 0.592)

1834.24 LI = 0.06 
(p = 0.474)

172.84 LI = −0.64 
(p = 0.157)

124.08 LI = −0.14 
(p = 0.306)

8AV 120.76 LI = −0.19 
(p = 0.590)

79.4 LI = −0.26 
(p = 0.435)

48.24 LI = −0.59 
(p = 0.126)

26.36 LI = −0.16 
(p = 0.675)

8BL 141.48 LI = 0.51 
(p = 0.944)

4.56 LI = −0.12 
(p = 0.888)

24.56 LI = −0.24 
(p = 0.834)

18.56 LI = 0.23 
(p = 0.529)

PFt 316.52 LI = −0.17 
(p = 0.987)

41.84 LI = −0.29 
(p = 0.937)

620.92 LI = −0.09 
(p = 0.374)

125.88 LI = 0.27 
(p = 0.603)

MI 112.16 LI = −0.76 
(p = 0.701)

16.32 LI = −0.08 
(p = 1.000)

78.24 LI = −0.79 
(p = 0.056)

51.2 LI = −0.89 
(p = 0.013)*

Lipd 31.6 LI = −0.78 
(p = 0.067)

2.8 LI = −1.00 
(p = 1.000)

54.8 LI = −0.17 
(p = 0.706)

20.68 LI = −0.58 
(p = 0.151)

IP1 50.8 LI = 0.30 
(p = 0.834)

2.88 LI = −1.00 
(p = 1.000)

74.6 LI = 0.31 
(p = 0.722)

18 LI = 0.39 
(p = 1.000)

AIP 216.12 LI = −0.23 
(p = 0.484)

18.84 LI = 0.07 
(p = 0.554)

334.16 LI = −0.23 
(p = 0.843)

57.56 LI = −0.09 
(p = 0.472)

PFm 155.72 LI = −0.15 
(p = 0.195)

20.2 LI = 0.10 
(p = 0.529)

112.4 LI = −0.45 
(p = 0.158)

48.8 LI = 0.03 
(p = 1.000)

1 1689.24 LI = 0.10 
(p = 0.026)*

172.72 LI = 0.24 
(p = 0.043)*

4419.48 LI = 0.13 
(p = 0.026)*

876.68 LI = 0.06 
(p = 0.011)*

55b 790.88 LI = −0.01 
(p = 0.263)

404.48 LI = 0.25 
(p = 0.006)**

639.24 LI = −0.07 
(p = 0.578)

170.84 LI = −0.35 
(p = 0.256)

FEF 1253.64 LI = 0.39 
(p = 0.101)

62.28 LI = −0.43 
(p = 0.660)

578.96 LI = −0.03 
(p = 0.259)

173.8 LI = −0.55 
(p = 0.033)

8C 133.52 LI = 0.17 
(p = 0.433)

334.32 LI = −0.19 
(p = 0.679)

64.36 LI = −0.36 
(p = 0.067)

34.4 LI = 0.00 
(p = 0.799)

Contra-lateral 4 883.44 LI = 0.13 
(p = 0.006)**

10.64 LI = 0.17 
(p = 1.000)

176.72 LI = 0.14 
(p = 0.660)

154.04 LI = 0.00 
(p = 0.328)

3a 122.52 LI = 0.37 
(p = 0.889)

1.16 LI = 0.66 
(p = 0.414)

19.88 LI = 0.09 
(p = 0.400)

4.68 LI = 0.33 
(p = 0.174)

3b 119.32 LI = 0.13 
(p = 0.616)

4 LI = 1.00 
(p = 0.371)

102.2 LI = −0.07 
(p = 0.155)

12.32 LI = 0.12 
(p = 0.888)

FEF 25.64 LI = 0.35 
(p = 1.000)

5.84 LI = −1.00 
(p = 0.371)

2.88 LI = −1.00 
(p = 0.371)

0.32 LI = −1.00 
(p = 1.000)

55b 21.8 LI = 0.29 
(p = 0.590)

0.24 LI = −1.00 
(p = 0.371)

3.92 LI = −1.00 
(p = 1.000)

1.12 LI = −0.14 
(p = 1.000)

LI, lateralization index. *p < 0.05 **p < 0.01

Figure 3. Diffusion tractography in sagittal and coronal planes showing all parcellations and basic model of the VPM. Different 
colors represent unique fiber bundle tracts.
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Figure 4. Diffusion tractography in sagittal and coronal planes showing connections of parcellations with area 3a. Different colors 
represent unique fiber bundle tracts.
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Inferior and Superior Parietal Lobule

All parcellations within VPM were shown to have 
connectivity to portions of the Inferior Parietal 
Lobule (IPL). Area 3a of VPM showed connections 
to areas PFt and IPl of the IPL. Area 4 and area 3b of 
VPM showed connections to area PFt of IPL. Area 6v 
of VPM showed connections to area PFm of IPL. 
These connections can also be supported by functional 
similarities between the two regions considering IPL 
has been implicated in spatial perception and also the 
integration of visuomotor tasks [68]. These are skills 
related to the various functions of VPM, especially 
when considering its role in gripping and finger place-
ment based on an object’s size and shape [2–15]. 
Moreover, 6v was recently demonstrated to be part 
of the negative motor area of the face and upper 
limb [69].

Additionally, each VPM parcellation also showed 
connectivity to the areas of the Superior Parietal 
Lobule (SPL). Area 3a of VPM demonstrated 

connections to area LIPd of the SPL, and areas 3a, 
3b, 4, and 6v each showed connections to area AIP of 
the SPL. Regions of the SPL have been suggested to 
function in visually guided motor tasks and also in 
creating an internal representation of one’s whole 
body in space [70,71]. While the role of VPM in 
visuomotor tasks has been discussed previously, this 
is the first out of network connection that seems to 
possibly be contributing to action observation/imita-
tion functionality seen by VPM [16–19] considering 
that such abilities would require some sort of proprio-
ceptive input, likely being organized by and received 
from the ipsilateral SPL.

The VPM and DPM are two structurally and func-
tionally different subregions and these differences may 
be related to their connections with the parietal and 
frontal regions [72]. The VPM has been previously 
described to be more interconnected with the IPL, 
and the DPM with the SPL. While we have also pre-
viously described connections between the DPM and 
the IPL and SPL [73], this current study did not 

Figure 5. Diffusion tractography in sagittal and coronal planes showing connections of parcellations with area 3b. Different colors 
represent unique fiber bundle tracts.

NEUROLOGICAL RESEARCH 601



Figure 6. Diffusion tractography in sagittal and coronal planes showing connections of parcellations with area 4. Different colors 
represent unique fiber bundle tracts.
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measure differences between the VPM and DPM with 
the parietal regions and offer an interesting opportu-
nity for future study.

Sensorimotor

Areas 3a and 4 of VPM both showed connections to 
area 1 of the sensorimotor area. Area 1 is involved in 
the processing of cutaneous tactile stimulation from 
distal extremities. It provides not only input for the 
localization of such stimuli, but also characterizes the 

type of stimuli that is being experienced including 
information such as texture and nociception [74,75]. 
These are both important aspects of the known func-
tions of the VPM especially when considering aspects 
of grasping movements [2–15]. Interestingly, all 
regions of interest in this study (area 4, 6v, 3b, and 
3a) showed relatively strong connections to area 1, 
which were lateralized to the right (Table 1). Motor 
coordination, such as handedness, as well as painful 
and nonpainful somatosensory processing is com-
monly believed to be lateralized [4,76–78]. These 

Figure 7. Diffusion tractography in sagittal and coronal planes showing connections of parcellations with area 6v. Different colors 
represent unique fiber bundle tracts.

Figure 8. A wire schematic of the connections found in the study. The numbers indicate the average number of tracts between 
two cortical regions. Tract volumes were calculated as the average amount of tracts identified between cerebral hemispheres for 
each subject. All connections were to the ipsilateral brain region identified unless marked otherwise.
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hemispheric asymmetries identified with area 1 could 
provide a possible covariate to include in future mod-
eling of the mechanisms of handedness.

Insula

Area 3a of VPM shows connections to area MI near 
the insula. The insula is proposed to be involved in 
coordinating motor responses to relevant environ-
mental stimuli [32,79]. While these functional connec-
tions are less clear between the two areas, it could be 
proposed that the insular white matter connections 
could contribute to the action observation/imitation 
functional role of VPM [15–18]. Additionally, it has 
also been shown that VPM can coordinate finger pla-
cement based on the geometrical shape of an object 
[3]. The geometrical shape may be one such environ-
mental stimuli that require insular input to VPM. 
Furthermore, possible inter-hemispheric insular 
asymmetry was demonstrated as connections with 
MI from 3a were lateralized to the left, as described 
elsewhere [80]. Insular asymmetry favoring the left has 
been reported as early as in the neonate brain [81].

Limitations

Although our study provides an extensive model of 
cortical connections in the ventral premotor area, it 
was not without its limitations. Meta-analytic metho-
dology provided this study the opportunity to study 
numerous cortical parcellations often previously stu-
died in isolation; however, meta-analyses are inher-
ently limited by the quality of literature [29]. We 
intended to be comprehensive in our definition of 
the VPM by using relevant region-based fMRIs to 
generate ALEs with a strict Cluster-Level 
Interference algorithm, but the analyzed studies still 
had differences in their methods and coordinate-based 
definitions of the VPM , which therefore inherently 
limits the quality of our data [82].

Furthermore, it is important to note that this 
manuscript was designed to be predominantly 
a qualitative, descriptive paper to provide anatomic 
information that encourages further study on func-
tional relevance. Therefore, while connectomics allows 
the modeling of the common connections in an area of 
interest with strong prediction values [83], there are 
individual variations that may offer additional connec-
tions not readily apparent in connectomic analyses 
[84]. Still, connectomic analyses of large data sets 
allowed us the ability to observe possible relationships 
between cortical structures otherwise invisible to the 
human eye, such as the interhemispheric asymmetry 
identified between area 6v and 55b, which could pro-
vide insight into further study for future clinical appli-
cations. However, quantitative analyses from diffusion 
tractography should be viewed cautiously despite its 

ability to model qualitative analyses well due to limita-
tions with individual uniqueness and differences.

Conclusions

We present a preliminary anatomical model of the 
ventral premotor area (VPM) and its connections 
within and outside of the motor system. Further stu-
dies may refine this model with the ultimate goal of 
clinical application.
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