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Abstract
The heterogeneous neuronal subgroups of the basal forebrain corticopetal system (BFcs) have been shown to modulate
cortical functions through their cholinergic, gamma-aminobutyric acid-ergic, and glutamatergic projections to the entire
cortex. Although previous studies suggested that the basalo-cortical projection system inﬂuences various cognitive
functions, particularly via its cholinergic component, these studies only focused on certain parts of the BFcs or nearby
structures, leaving aside a more systematic picture of the functional connectivity of BFcs subcompartments. Moreover,
these studies lacked the high-spatial resolution and the probability maps needed to identify speciﬁc subcompartments.
Recent advances in the ultra-high ﬁeld 7T functional magnetic resonance imaging (fMRI) provided potentially
unprecedented spatial resolution of functional MRI images to study the subdivision of the BFcs. In this study, the BF space
containing corticopetal cells was divided into 3 functionally distinct subdivisions based on functional connection to cortical
regions derived from fMRI. The overall functional connection of each BFcs subdivision was examined with a test-retest
study. Finally, a meta-analysis was used to study the related functional topics of each BF subdivision. Our results
demonstrate distinct functional connectivity patterns of these subdivisions along the rostrocaudal axis of the BF. All three
compartments have shown consistent segregation and overlap at speciﬁc target regions including the hippocampus, insula,
thalamus, and the cingulate gyrus, suggesting functional integration and separation in BFcs.
Key words: 7-Tesla, basal forebrain, BOLD, fMRI, resting-state

Introduction
The basal forebrain (BF) is located close to the medial and ventral surfaces of the cerebral hemispheres, and contains several
interlocked anatomical structures, including the basal nucleus
of Meynert (BNM), the nucleus accumbens or ventral striatum,
and cell groups underneath the globus pallidus bridging the
centromedial amygdala to the bed nucleus of the stria terminalis (also named “extended amygdala”). The primate BNM comprises a set of large hyperchromic neurons, also referred as

magnocellular neurons, which provide the major cholinergic
innervation to the cerebral cortex (Mesulam et al. 1983;
Hedreen et al. 1984; Saper and Chelimsky 1984; Mesulam and
Geula 1988). The majority of these cholinergic magnocellular
neurons project topographically to large and discrete cortical
regions, such as frontal, cingulate, and temporal cortices (Jones
et al. 1976; Bigl et al. 1982; Pearson et al. 1983; Bloem et al. 2014;
Zaborszky et al. 2015). Anatomical studies in rodents and
primates have shown that gamma-aminobutyric acid-ergic
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(GABAergic) and glutamatergic corticopetal neurons as well as
various peptidergic interneurons intermingle with the cholinergic
neurons (Mesulam and Van Hoesen 1976; Smiley et al. 1999; Hur
et al. 2009; Zaborszky et al. 2012, 2015) and modulate cortical
functions in a complex fashion (Detari 2000; Zaborszky and
Duque 2003; Lee et al. 2005).
The BF is highly involved in several cognitive functions,
including attention, learning, memory, reward, and is also
involved in basic neurobiological processes, such as arousal,
sleep-wake control as well as cortical plasticity (Wilson and
Rolls 1990; Richardson and DeLong 1991; Voytko et al. 1994;
Chiba et al. 1995; Everitt and Robbins 1997; Kilgard and
Merzenich 1998; Baxter and Chiba 1999; McGaughy et al. 2002;
Conner et al. 2005; Sarter et al. 2006; Weinberger 2007; Xu et al.
2015). BF dysfunction has been associated with several neurodegenerative diseases, such as Alzheimer’s (Price et al. 1986;
Zaborszky et al. 2008), Parkinson’s disease (PD; Candy et al.
1983; Whitehouse et al. 1983), Korsakoff’s disease (Arendt
et al. 1995), Down syndrome (Sweeney et al. 1989; Granholm
et al. 2000), and psychotic disorders such as schizophrenia
(Heimer 2000). Despite its broad involvement in cortical modulation, the details of the functional organization of the BF are
not well understood.
Mesulam et al. (1983) contributed to the study of BF organization by introducing a Ch nomenclature that delineates cholinergic neurons based on their topography in the BF and their
cortical targets in rodents and primates. However, it is difﬁcult
to consistently deﬁne subcompartments using this original Ch
nomenclature because it lacks speciﬁc topographical landmarks in standardized MRI space. To address this issue,
Zaborszky and colleagues developed stereotaxic probabilistic
maps of the magnocellular BF space by delineating the various
BF compartments on 2D images of silver-stained histological
sections obtained from brains that were processed for postmortem T1-weighted MRI scanning. (Zaborszky et al. 2008).
The simple subdivisions are reproducible and have been validated in several studies (Butler et al. 2013, 2014, 2018; Li et al.
2014; Kline et al. 2016; Lammers et al. 2016; Cantero et al. 2017;
Zhang et al. 2017). Since the postmortem probabilistic maps
were constructed primarily based on the presence of large
neurons that are mostly cholinergic (see discussion in
Zaborszky et al. (2008)), the BF space considered in this study
is also called BF cholinergic space.
Resting-state functional MRI has been widely used to
address the functional connectivity of brain regions in vivo
(Biswal et al. 1995, 2010; Fox and Raichle 2007). Previous studies have used resting-state functional magnetic resonance
imaging (fMRI) to characterize functional connectivity of major
subcortical regions, such as the thalamus (Zhang et al. 2008;
Yuan et al. 2016), the basal ganglia (Draganski et al. 2008; Choi
et al. 2012), the amygdala (Roy et al. 2009), the cerebellum
(Buckner et al. 2011), as well as the brain stem (Beissner et al.
2014). Previous studies also investigated resting-state functional connection (RSFC) of 2 neighboring structures, such as
the nucleus accumbens (Cauda et al. 2011), and the bed
nucleus of the stria terminalis (Torrisi et al. 2015), as well as
the BNM (Li et al. 2014). However, limited spatial resolution,
except the one by Torrisi et al. (2015) and absence of a probability map prevented most of these studies from identifying
microstructural details, and a systematic accounting of the
functional connectivity of the subdivisions of the BF corticopetal space (BFcs) remains to be investigated.
In the present study, we tested whether BF topographical
(Mesulam et al., 1983; Zaborszky et al., 2008) or microstructural

compartments (Zaborszky et al., 2008) correspond to functional
networks or functional topics as deﬁned in the literature.
Utilizing high-resolution 7T functional MRI, we parceled the
entire BFcs as delineated by the postmortem MRI (Zaborszky
et al. 2008) into distinct subdivisions based on RSFC. This datadriven approach results in 3 compartments (clusters). Next, we
investigated the test-retest RSFC patterns in each of these
functional compartments. The relations between the functional connection of each compartment and major networks
were explored. Furthermore, to have a comprehensive view of
the BFcs system, we utilized meta-analysis based on task
responses in order to explore co-activation maps of each
compartment and its related cognitive processes. Our results
demonstrate distinct functional connectivity patterns and
functional topics of these 3 clusters along the rostrocaudal
axis of the BF.

Materials and Methods
Data Acquisition
High-resolution 7-Tesla test-retest resting-state fMRI images
and anatomical images were downloaded from the Max Planck
research group (https://github.com/INCF/BIDS-examples/tree/
master/7t_trt) (Gorgolewski et al. 2015), consisting of 21 subjects
with 10 males and 11 females, aged from 18 to 26. The fMRI
images were collected with 1.5 mm3 isotropic voxel size, TR =
3 s, TE = 17 ms, FA = 70, FOV = 192*192 mm2, 70 slices, and 300
time points. In total, each subject was scanned with 2 runs
with 2 sessions. The second scan session occurred after 1 week
of the ﬁrst session. Considering the scanning design, we only
used the ﬁrst run of resting-state fMRI from each session. The
ﬁrst ﬁve-time points of resting-state data were removed, leaving 295-time frames for each subject. The T1-weighted anatomical scan was a magnetization-prepared rapid-acquisition
gradient echo for each subject (MP2RAGE, 200 slices with a
320*320*240 matrix; voxel size 0.7 mm3, TR = 5 s, TE = 2.45 ms).

Data Preprocessing
All functional MRI data were prepared by using SPM12 software
package (http://www.ﬁl.ion.ucl.ac.uk/spm/software/spm12/),
AFNI (http://afni.nimh.nih.gov/afni/), as well as in-house programs in MATLAB (MathWorks). Functional MRI data were corrected for physiological motion effects (1) (respiratory and
cardiac recordings resampled at 40 Hz) in time series by 3 dretroicor from AFNI; (2) corrected for ﬁeld mapping to alleviate
the spatial distortion; (3) aligned to correct for head motion,
and co-registered with each subject’s T1-weighted images; (4) 6
motion parameters, obtained by rigid body registration and
squared motion parameters, motion derivatives, motion forward derivatives and 13 slice-based regressors generated from
physiological recordings (using RetroTS.m) have been regressed
out; (5) the subject’s structural images were segmented into
grey matter (GM), white matter (WM), and cerebrospinal ﬂuid
(Potts et al. 2014); (6) the functional images were normalized to
the standard Montreal Neurological Institute (MNI152) template
in 1.5 mm3 by using Diffeomorphic Anatomical Registration
Through Exponentiated Lie algebra (DARTEL, (Ashburner 2007)
toolbox); (7) the masks of CSF and WM were deﬁned by thresholding individual tissue probability maps at 0.99. The ﬁrst ﬁve
principal components from each of the CSF and WM masks
were regressed out from time series of every voxel; (8) a bandpass ﬁlter ranging from 0.01 to 0.1 Hz was applied to the time
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series of each voxel. A 3-mm Gaussian kernel was used to
smooth the functional images excluded the BF regions.

The Mask of Basal Forebrain
Using histological sections obtained from 10 postmortem
brains (Zaborszky et al. 2008), the individual components of the
magnocellular groups of the BF were delineated, 3D reconstructed, and warped to the single subject reference space of
the MNI coordinates (Collins et al. 1994; Holmes et al. 1998).
The deﬁnition of the various subdivisions used here (Ch1-2 =
mask 1; Ch3 = mask 2; Ch4 = mask 3; Ch4p = mask4; Zaborszky
et al. 2008) follows a much simpler scheme than the original
subdivisions proposed by Mesulam (Mesulam et al. 1983), as in
many instances it is not possible to consistently deﬁne boundaries between individual compartments, which was noted in
1988 in a symposium on nomenclature of the BF system
(Butcher and Semba 1989). Each individual compartment has a
stereotaxic probabilistic map, which ranges from 0 to 10 indicating the number of brains from which speciﬁc magnocellular
cell groups overlap in a speciﬁc voxel. In order to remove small
overlaps between each subcompartment’s mask, winner-takesall (WTA) maps (Fig. 1B) were obtained by labeling each voxel to
the subcompartment of the highest probabilistic value. Then,
all WTA maps were thresholded at 50%. We down-sampled
these maps into 1.5 mm per voxel as the functional images.

Parcellation Analysis
To explore the functional segregation of BF areas, we parceled
the 50% of the left and right BF volume. Functional correlation
maps were calculated by correlating each voxel within the BF
to the rest of the brain. All functional correlation maps were
Fisher’s Z-transformed. For each subject, eta2 value was
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obtained for each pair of voxels’ z-transformed functional correlation maps, which resulted in an eta2 similarity matrix. Then
we performed 3 sets of clustering analysis. The ﬁrst set of eta2
matrix is based on the left BF from 2 scanning sessions. The
second set is based on the right BF from 2 scanning sessions.
For each set, the averaged eta2 similarity matrix was parceled
into 2–15 clusters. To achieve a stable result, we performed the
spectral cluster analysis 100 times on each set. The optimal
cluster solution was based on 2 widely used topological criterions: variation of information (VI, (Meilă 2003)) and Hartigan
metric (Hartigan 1985). The variation of information has been
used to measure the similarity between the cluster K and cluster K + 1. A good solution K showed a signiﬁcant decrease in VI
from K−1 to K or signiﬁcant increase from k to K + 1 (a gap pattern). Variation of information is deﬁned as:

VI (Ck −1 , Ck)k = H (Ck −1) + H (Ck) − 2MI (Ck −1 , Ck),
where H represents the entropy of the cluster solution C, and
MI represents the mutual information shared by the 2 cluster
solution.
Hartigan metric (Hartigan 1985) is commonly used as an
index to estimate the relative change of model ﬁtness as number of clusters changes. If k is the result of k clusters and k + 1
is the result of k + 1 clusters, then it is justiﬁable to add the
extra cluster when Hartigan value is higher than 10. Thus, the
smallest value below 10 indicates the best solution. The other
option would be looking at the elbow points of the curve.

⎛ trWk
⎞
−1⎟ (n − k−1)
hartigank = ⎜
⎝ trWk +1 ⎠
Wk is the within cluster distance at the cluster K based on
cosine similarity. We calculated all the criteria for each cluster
size and each voxel-term matrix. By applying rules as

Figure 1. Illustrates the location and subdivisions of the human BF. (A) 3D view of functional BF subdivisions as delineated by this study. (B) the 50% winner-takes-all
clusters on MNI template from Zaborszky et al. (2008). (C) the axial view of BF functional subdivisions that are derived from this study.
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mentioned above, the optimal solution is decided for left and
right as well as the whole BF (Supplementary Fig. S1). Finally,
we performed spectral clustering with the optimal cluster size
on averaged conjunction matrices of whole BF to generate the
ﬁnal parcellation map of the BF.

Seed-Based Correlation
Seed time series were extracted by averaging all voxels
from each cluster of the parcellation map. All seeds were
orthogonalized to each other by the Gram–Schmidt process.
We calculated the correlation coefﬁcient between each
orthogonalized seed with the time series of all other voxels
within the whole-brain GM mask, resulting in functional correlation maps for each compartment. All functional correlation maps were Fisher’s z-transformed. One-sample t-tests
were performed on z-transformed correlation maps of each
subcompartment.

Test-Retest Reliability of Resting-State Connectivity on
Each Subdivision
To test whether the voxels that are signiﬁcant during the test
are still signiﬁcant during the second session, 2 approaches
were used to secure the reliability of the results. Based on the
one-sample t-test from each session, a formal conjunction
analysis was conducted with hypothesizing the conjunction
null. A voxel-based family-wise correction of P < 0.05 was used
to correct the multiple comparisons. Jaccard index was calculated to ﬁnd the percent of voxels that are shared across various thresholds of one-sample t-test results.

Meta-Analysis Co-Activation Modeling and Decoding
If these subregions identiﬁed by the clustering analysis reﬂect
meaningful functional divisions, they should emerge not only in
time course-based analysis but also in large-scale analysis of
entire studies. Neurosynth is the largest open-access database
which comprises reported activations from around 10 000 previous studies. We downloaded the latest version of the Neurosynth
dataset (https://github.com/neurosynth/neurosynth)(v5). First,
studies (including PET and fMRI) in the Neurosynth database that
reported activation within each subcompartment of BF were
obtained. All those coordinates in Talairach space were converted into MNI space by using (tal2ichm). Each voxel in the
binary database was coded as 1 if it fell within the 10-mm focus
reported in the study (Wager et al. 2009; Yarkoni et al. 2011). The
co-activation map in each cluster of BF space was estimated by a
multiple logistic regression (presence vs. absence). Each map was
thresholded using FDR corrected P < 0.05. To decode the psychologic process associated with each subcompartment of the BF,
we measured the dice coefﬁcient between each co-activation
map with the reverse inference co-activation maps from four
sets of topics. The top ﬁve unique topics from each cluster were
listed.

Results
Functional Parcellation of the Magnocellular Groups of
the Basal Forebrain
Based on the functional proﬁle of each voxel, this data-driven
approach divided the magnocellular groups of the entire BF
cholinergic space as delineated by Zaborszky et al. (2008) into 3
compartments (clusters) along the rostral–caudal axis of the BF

(Fig. 1A), and the cluster size was optimized across subjects
and 2 fMRI sessions (Supplementary Fig. S1). Here, to avoid misunderstanding, the compartments delineated in the postmortem
study (Zaborszky et al. 2008) are referred to as Ch masks; when
referring to the Ch compartments by Mesulam, only the alphanumeric signs are used (Ch1-2; Ch3; etc.). Volumes delineated
in the current functional study are termed clusters or compartments. The spatial distribution of clusters can be seen in transversal planes of Figure 1C. The rostral subdivision (cluster 1, blue
in Fig. 1A and C) encompassed 100% of the Ch1-2 mask and
100% of the Ch3 mask, as well as about 6% of the Ch4 mask.
The middle subdivision (cluster 2, green) is composed of about
54% of the Ch4 mask, and the caudal subdivision (cluster 3,
red) covered 40% of Ch4 and 100% of the Ch4p mask (Table 1).
These derived clusters were concordantly organized in both
hemispheres.

Functional Connectivity with Speciﬁc Cortical or
Subcortical Regions
As shown in Figure 2 and Table 2, spontaneous activity of the
rostral compartment (cluster 1) was positively associated with
several cortical regions, including the anterior cingulate cortex
[BA24/32/25], the parahippocampal region [BA28/35], the insula
[BA13], the superior [BA22] and middle temporal gyrus [BA21],
the middle frontal gyrus [BA11], the inferior frontal gyrus
[BA47] and the posterior cingulate cortex/precuneus [BA31]
(Fig. 2, Table 2). The mediodorsal nucleus (MDN), medial geniculate nucleus (MGN), and the pulvinar of the thalamus were
positively correlated with this cluster. The middle compartment (cluster 2) was signiﬁcantly connected to the lateral globus pallidus, putamen, caudate, and several cortical areas,
including the mid-cingulate cortex [BA24/32], the insula [BA13],
middle and inferior frontal gyrus [B/47], and the parahippocampal gyrus [BA27] (Fig. 2, Table 3). In the thalamus, in addition to
the MDN, the anterior (AN), and ventral anterior nucleus (VAN)
also displayed positive association. The caudal compartment
(cluster 3) was signiﬁcantly correlated with the lentiform
nucleus, (putamen and globus pallidus), the entorhinal and retrosplenial cortex (BA28/30), the thalamus, the cerebellum, claustrum, insula, the precentral gyrus [BA4/6], and the middle and
inferior frontal gyrus [BA6/] (Fig. 2; Table 4). The detailed slicewise view of functional connectivity maps within each session
is illustrated in Supplementary Figs S2–S4. These results demonstrated high test-retest reliability. The overlaps (dice coefﬁcients)

Table 1. Overlaps between the data-driven parcellation based on
RSFC and the individual compartment of the magnocellular groups
of the BF. Panel A shows the number of overlapped voxels between
data-driven cluster and the BF masks. Panel B illustrates the percentage of the number of overlapped voxels versus the size of each
mask
Mask 01
(Ch1-2)
A: overlapped voxels
Cluster 1
63
Cluster 2
0
Cluster 3
0
B: overlapped percentage
Cluster 1
1
Cluster 2
0
Cluster 3
0
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Mask 02
(Ch3)

Mask 03
(Ch4)

Mask 04
(Ch4p)

43
0
0

12
99
73

0
0
52

1
0
0

0.06
0.54
0.40

0
0
1
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Figure 2. Functional connectivity of individual subdivision and its relation with major networks. The signiﬁcantly correlated regions of each cluster were rendered on
MNI standard space (FWE corrected P < 0.05) on the left-hand size. The functional connection between each cluster and major networks is shown on the graph at
right-hand side. The averaged strength of association is based on the ﬁrst fMRI session. Only the signiﬁcant associations (FDR P < 0.05) at both sessions are indicated
next to each network by color-coded dots.

Table 2. Conjunction analysis results of the group-level functional connectivity of cluster 1. Clusters are thresholded at P < 0.05, and the minimum cluster size is 20
Cluster size

31 318

211
113
40
27

MNI coordinates (mm)
X

Y

Z

0
6
−6
−3
−2
−2
−3
−10
−15
2
22
28
20
−39
−48
16
60
54
0
−26
44
48
40

3
36
28
33
34
45
40
40
−30
−9
−34
−24
−30
4
−2
−26
−10
−12
−40
45
21
21
20

−2
−6
−9
−3
4
−8
3
−10
−6
8
3
−15
−8
−12
−6
−8
−15
−12
40
−15
−12
−8
−15

T-value

Side

Anatomical region

BA

53.65
14.78
13.83
12.92
12.3
12.03
11.84
10.87
12.85
11.39
10.97
12.07
11.03
11.38
11.27
10.9
7.09
6.84
6.71
7.02
6.6
6.32
6.17

L
R
L
L
L
L
L
L
L
L
R
R
R
L
L
R
R
R
L
L
R
R
R

Caudate
Anterior Cingulate
Anterior Cingulate
Anterior Cingulate
Anterior Cingulate
Anterior Cingulate
Anterior Cingulate
Anterior Cingulate
Thalamus (MGN)
Thalamus (MDN)
Thalamus (Pulvinar)
Parahippocampal Gyrus
Parahippocampal Gyrus
Insula
Superior Temporal Gyrus
Basal forebrain
Middle Temporal Gyrus
Superior Temporal Gyrus
Precuneus
Middle Frontal Gyrus
Inferior Frontal Gyrus
Inferior Frontal Gyrus
Inferior Frontal Gyrus

*
24
24
24
24
32
32
32
*
*
*
28
35
13
22
*
21
22
31
11
47
47
47

*Means that there is no corresponding Brodmann area for this region.
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Table 3. Conjunction analysis results of group-level functional connectivity of cluster 2. Clusters are thresholded at P < 0.05, and the minimum cluster size is 20
Cluster size

14 561

1675

21

MNI coordinates (mm)
X

Y

Z

21
−20
−22
−12
−10
15
12
−8
−14
−8
10
2
15
44
−39
32
−2
3
3
10
−2
−2
−3
−8
6
−24

3
−3
0
9
9
14
3
4
−4
−3
−2
−12
−8
15
14
8
9
9
18
18
20
24
30
20
14
33

−8
−10
−9
4
0
3
10
−2
16
6
10
12
15
−3
−2
8
45
45
39
30
38
30
22
28
46
−12

T-value

Side

Anatomical region

BA

40.05
33.88
39.53
17.66
17.18
15.24
14.17
12.15
11.09
13.41
12.97
11.23
10.07
11.95
10.46
10.6
8.51
8.24
7.57
7.55
7.41
7.1
6.82
6.62
8.09
6.98

R
L
L
L
L
R
R
L
L
L
R
L
R
R
L
R
L
R
R
R
L
L
L
L
R
L

Lateral Globus Pallidus
Lateral Globus Pallidus
Putamen
Caudate
Caudate
Caudate
Caudate
Caudate
Caudate
Thalamus (VAN)
Thalamus (AN)
Thalamus (MDN)
Thalamus
Insula
Insula
Claustrum
Cingulate Gyrus
Cingulate Gyrus
Cingulate Gyrus
Cingulate Gyrus
Cingulate Gyrus
Cingulate Gyrus
Cingulate Gyrus
Cingulate Gyrus
Medial Frontal Gyrus/dorsal anterior cingulate
Inferior Frontal Gyrus

*
*
*
*
*
*
*
*
*
*
*
*
*
13
13
*
24
24
32
24
32
32
32
24
32
47

*Means that there is no corresponding Brodmann area for this region.

across different threshold t maps between 2 sessions were as
high as 0.8 (Supplementary Fig. S5). The dice coefﬁcients of percentile t map only plummeted when those maps were thresholded at extreme levels (Supplementary Fig. S5).

Functional Connectivity with Major Brain Networks
The connections between each cluster and well-deﬁned resting-state networks were also measured. As shown in Fig. 2,
these subdivisions were preferably connected with different
resting-state networks. Cluster 1 was signiﬁcantly associated
with the default mode network (DMN), posterior default
mode (PDMN), salience network, auditory and language networks, as well as premotor (precentral) network. Cluster 2
was signiﬁcantly connected with the salience, attention, language, and premotor networks. Cluster 3 was preferentially
correlated with the sensory-motor, premotor, attention,
salience and auditory networks. However, based on the average association strength, cluster 2 was more strongly associated with salience and attention networks, while cluster 3
was more strongly associated with premotor and sensorymotor networks.

Meta-Analytic Co-Activation Networks of Each
Subdivision
To further conﬁrm the connectivity pattern of each compartment of the BFcs, we performed meta-analysis based on the
Neurosynth dataset. The meta-analytic connectivity modeling
(MACM) measures the co-activation patterns of a seed region
across a large number of neuroimaging studies. The underlying

assumption is that if 2 regions are reported together across
studies, there is a very good chance that they are co-activated,
and might indicate that these 2 regions are functionally connected. The meta-analytic co-activation analysis identiﬁed similar patterns as found in the RSFC analysis (compare Fig. 2 with
Fig. 3), although the co-activation regions only partially overlapped with that of RSFC. The co-activation regions of cluster 1
were along the orbital gyrus [BA11], fusiform gyrus [BA 20],
middle and inferior frontal gyrus [BA47], rectus gyrus [BA11],
the inferior temporal gyrus, and the hypothalamus. Cluster 2
was coupled with the basal ganglia, the thalamus, the right
superior frontal, and the anterior cingulate gyrus [BA24].
Cluster 3 was coupled with the supplementary motor area
(SMA), precentral gyrus, the inferior temporal gyrus, the inferior
frontal gyrus, and the declive of the cerebellum.

Decoding of Basal Forebrain Subdivisions
As previous studies have introduced, correlating each metaanalytic insula co-activation map with the reverse inference
meta-analytic map is an effective way to decode mental states
from functional networks of brain regions (Yarkoni et al. 2011).
We followed the same procedure, except instead of choosing
single set of topics, we measured the correlation with 200
topics (Supplementary Fig. S5), as well as 50 topics, 100 topics,
and 400 topics (Supplementary Fig. S6). According to the 200
topics set, the cluster 1 was associated with learning-related
topics such as “decision choice,” “feedback_error,” and “feedback_learning”; and also reward-related topics such as “reward
motivation,” “drug_cocaine,” “alcohol drug,” “food_obese,” and
“food_taste.” Cluster 2 was mainly correlated with emotion-
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Table 4. Conjunction analysis results of group-level functional connectivity result of cluster 3. Clusters are thresholded at P < 0.05, and the
minimum cluster size is 20
Cluster size

3086

3639

2290

312
249

80
62
37
31
22

MNI coordinates (mm)
X

Y

Z

−27
−28
−28
−32
−32
−30
−33
−30
−33
−42
−46
27
28
32
28
27
21
21
18
33
32
21
33
42
50
15
16
16
2
−16
−18
20
−20
12
−9
−2
−18
−16
−16
−21
18
21
−20
10
12
6
2
3
6
56
−51
−46
−6
−39

−8
−3
−18
−21
4
−24
−12
6
−8
4
8
−4
2
6
−10
−16
−4
−14
−32
−10
−22
−27
−20
4
2
−24
−26
−6
3
−14
−18
−21
−26
−3
−4
−6
−21
−15
−10
−22
−16
−21
−20
2
−52
−56
−63
−6
0
−3
−3
−3
−6
30

−6
−12
8
8
6
10
10
10
10
8
−2
−6
−9
9
−6
−14
−9
−14
−6
14
10
−6
8
8
8
−3
−8
20
−3
21
21
21
21
12
10
8
16
16
15
10
16
14
3
46
−14
−10
−14
63
63
42
10
12
52
3

T-value

Side

Anatomical region

BA

26.37
25.4
14.2
11.73
10.25
8.96
7.94
7.9
7.7
6.16
6.07
26.2
23.18
10.72
25.33
10.04
23.92
9.86
7.24
9.22
8.61
8.62
8.59
8.35
7.06
7.97
7.8
11.97
11.8
10.73
10.73
8.86
8.47
10.67
9.69
9.54
9.26
9.15
8.46
8.39
7.93
7.84
7.75
8.58
7.18
6.7
6.09
6.59
6.44
6.81
6.7
6.41
6.38
7.05

L
L
L
L
L
L
L
L
L
L
L
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
L
L
L
R
L
R
L
L
L
L
L
L
R
R
L
R
R
R
R
L
R
R
L
L
L
L

Lentiform Nucleus
Lentiform Nucleus
Lentiform Nucleus
Lentiform Nucleus
Claustrum
Claustrum
Claustrum
Claustrum
Claustrum
Insula
Insula
Putamen
Putamen
Putamen
Lateral Globus Pallidus
Lateral Globus Pallidus
Medial Globus Pallidus
Parahippocampal Gyrus
Parahippocampal Gyrus
Claustrum
Claustrum
Medial Geniculum Body
Lentiform Nucleus
Insula
Insula
Mammillary Body
Basal forebrain
Caudate Body
Caudate Head
Caudate Body
Caudate Tail
Caudate
Caudate
Thalamus (AN)
Thalamus (AN)
Thalamus
Thalamus (LPN)
Thalamus (VLN)
Thalamus (VLN)
Thalamus (Pulvinar)
Thalamus (LPN)
Thalamus (VPN)
Thalamus (VpLN)
Cingulate Gyrus
Culmen
Culmen
Declive
Medial Frontal Gyrus
Medial Frontal Gyrus
Precentral Gyrus
Precentral Gyrus
Insula
SMA
Inferior Frontal Gyrus

*
*
*
*
*
*
*
*
*
13
13
*
*
*
*
*
*
28
30/27
*
*
*
*
13
13
*

*Means that there is no corresponding Brodmann area for this region.
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6
4
6
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6
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Figure 3. Co-activation map of each cluster and its functional proﬁles. For each cluster, thresholded whole-brain co-activation maps were generated (FDR corrected
P < 0.05 and cluster size >200 mm3). All maps were rendered on MNI template. Based on 200 topics, each cluster was proﬁled to its most preferred topics. Each cluster
showed distinct functional preference. The dice coefﬁcients were further ﬁsher-Z scored.

related topics, such as “emotional_faces,” “emotional_negative,” and “anxiety_threat.” Cluster 3 was associated with
motor-related topics, like “motor_movement,” “motor_sensorimotor,” “force_motor,” and “Parkinson_disease.”

Signiﬁcant Overlaps and Segregation of Cortical
Projections from Each Subdivision
The functional connection of each compartment showed
complex functional connectivity patterns where both segregation and overlaps were observed (Fig. 4). For example, the
insula was related to all 3 compartments; cluster 1 was associated primarily toward the ventral part of the insula. Cluster
2 was linked to the dorsal section of the insula, and cluster 3
was related to the posterior portion. As for the cingulate
gyrus, cluster 1 was highly associated with the rostral anterior cingulate cortex, while cluster 2 was correlated with the
dorsal cingulate cortex. Cluster 3 was correlated with part of
the cingulate motor cortex and the SMA. In general, functional connectivity between the cingulate cortex and BF clusters was organized along the anterior to posterior axis. The
hippocampus has long been reported to be connected with
BFcs (Mesulam et al. 1983), and here all 3 clusters were signiﬁcantly connected with the hippocampus. The functional connectivity of the ﬁrst cluster showed the largest spatial extent
in the hippocampus, and it comprised the majority of the CA1
subdivision in the ventral part of the hippocampus. The functional connectivity of cluster 2 and cluster 3 was mainly
related to the dorsal part of the hippocampus, which corresponded to the CA2 and CA3 subdivisions. Thus, the functional connectivity of all clusters overlapped in the dorsal

Figure 4. The overlaps and differences between functional connectivity of each
cluster. The ﬁrst column illustrates overlaps between cluster 1 and cluster 2.
The second column demonstrates overlaps between cluster 2 and cluster 3. The
third column shows overlaps between cluster 1 and cluster 3.
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part of the hippocampus, but only cluster 1 was functionally
connected to the ventral part of the hippocampus (Fig. 4).
Additionally, all clusters were functionally connected with
the thalamus (Fig. 4). Cluster 1 was shown to have functional
connectivity to the largest portion of the thalamus, including
the AN, MDN, and pulvinar; while cluster 2 was only signiﬁcantly correlated with the AN. Cluster 3 was correlated with
the posterior lateral nucleus.

Discussion
Based on high-resolution fMRI, this study demonstrates that
the human BFcs comprises at least 3 compartments with distinct patterns of large-scale functional connectivity. These
results illustrate a continuous projection from the BF to the
medial prefrontal cortex, cingulate cortex, and precuneus.
Moreover, each compartment showed a distinct connectional
pattern. Meta-analysis was also utilized to infer its divergent
contributions to human cognition and behavior. Cluster 1 was
preferentially related to topics such as reward, decision. Cluster
2 was involved with emotion-related topics, and cluster 3 was
associated with topics related to motor movement.

Functional Cluster Correspondence with the Stereotaxic
Probabilistic Masks
The Ch nomenclature was proposed by Mesulam et al. (1983) to
delineate the cholinergic neurons based on their topography in
the BF and their cortical projection pattern. Cholinergic cells in
the medial septum and diagonal band of Broca that project to
the hippocampus were designated as Ch1 and Ch2, respectively. The Ch3 group was used to refer a band of fusiform neurons that are close to the ventral surface of the brain in the
subcommissural area and project to the olfactory bulb
(Mesulam and Geula 1988; Mufson et al. 1989). Those cholinergic cells projecting to the major part of the cortex and amygdala were termed as Ch4. The Ch4 compartment was further
divided into six subdivisions; however, most of those delineations on standardized MRI were impractical and difﬁcult to
reproduce due to lack of speciﬁc landmarks (Zaborszky et al.
2008, 2015). For example, there is no clear boundary in the septum between Ch1 and Ch2. Similarly, it is difﬁcult to delineate
the various subdivisions within the Ch4 group. To avoid arbitrary delineation Zaborszky et al. (2008, 2015) and colleagues
combined Ch1 and Ch2 as mask Ch1-2 together. In this latter
probabilistic stereotaxic delineation map, the Ch3 mask represents a transitory area between the septum–diagonal band
complex and the major part of BNM; mask Ch4 corresponds to
BNM and mask Ch4p represents a well-deﬁned posterior cell
group behind the supraoptic nucleus where the optic tract
attaches to the internal capsule/cerebral peduncle. These subdivisions are deﬁned solely on topographic grounds without
reference to projection targets. Interestingly, the functional
parcellation scheme combines Ch1, Ch2, and Ch3 masks all
together into cluster 1. Cluster 2 represents the anterior part of
the Ch4 mask, and cluster 3 consists of the caudal part of the
Ch4 mask and the entire Ch4p mask. In this current study, the
functional parcellation follows a rostrocaudal pattern, although
there are fewer functional subdivisions than the original postmortem stereotaxic delineation map.
As several studies have shown, the spectral cluster analysis
is relatively robust as compared with other clustering methods,
and it has been widely used in neuroimaging studies (Kelly
et al. 2012; Bzdok et al. 2013; Chang et al. 2013). However, any
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clustering algorithm is inevitably embedded with biases that
affect clustering solutions concerning the number, shape, relative size, and contiguity of the clusters. While the cluster validity problem is an unresolved issue in several scientiﬁc ﬁelds,
such as pattern recognition and machine learning, and the current clustering solution might not fully reﬂect the underlying
functional segregation of the BFcs, it still can shed a light on
the functional division of this tiny structure, and provides a
general understanding of its inner architecture. Future highresolution fMRI studies may reveal more detailed functional
subdivisions such as proposed in the rodent BFcs.

Functional Connectivity of BFcs Compartments with
Speciﬁc Cortical or Subcortical Regions
Corticopetal cells projecting to speciﬁc cortical areas in monkeys form longitudinal bands along the rostromedial–caudolateral axis of the BF (Pearson et al. 1983), while projection cells
are not homogeneously distributed but show high-density cell
aggregates with some topography (Mesulam and Van Hoesen
1976; Mesulam et al. 1983; Mesulam and Geula 1988; Zaborszky
et al. 2015). For example, the hippocampus primarily receives
its cholinergic projection from the medial septum and the diagonal band of Broca (Ch1-2); the subgenual and dorsal anterior
parts of the cingulate cortex (corresponding to BA 25, 32, 24 in
humans) is innervated from the Ch4am of Mesulam, and the
auditory association areas corresponding to BA 20, 21 in the
superior and middle temporal gyrus in humans receive their
cholinergic projection from the Ch4p compartment of
Mesulam. Moreover, cells projecting to widely separated cortical areas often overlap in the monkey BF (Pearson et al. 1983;
Ghashghaei and Barbas 2001). In a detailed quantitative study
of the rodent BF, it was shown that the extent of overlap
between 2 randomly chosen populations in the BF correlates
with the strengths of cortico-cortical interconnections of the
projection targets of these 2 populations (Zaborszky et al. 2015).
Also, the same cortical target region may receive projections
from more than one BF cell group; for example, the same part
of the orbitofrontal cortex receives projections from the horizontal limb of the diagonal band as well as from various compartments of the BNM in monkeys (Ghashghaei and Barbas
2001). The interpretation of the RSFC is further complicated by
the fact that functional connectivity reﬂects not only mono-,
but also polysynaptic anterograde and retrograde connections
(Skudlarski et al. 2008; Honey et al. 2010).
Although the functional connectivity of each cluster has
shown a unique pattern on a large-scale, there are some interesting local separations and overlaps between each cluster’s
functional projections (Fig. 4). For instance, the insula in primates is strongly connected with Ch4 with a cascading pattern
(Mesulam et al. 1983; Mesulam and Geula 1988), in which the
anterior insula is highly connected with the intermediodorsal
Ch4 compartment (Ch4id); the middle insula is connected with
an anterior Ch4 compartment (Ch4ai) and the posterior insula
is connected with an intermedioventral Ch4 (Ch4iv) compartment. The current study has shown that the insula is linked to
all 3 clusters; cluster 1 was associated more toward the ventral
part, cluster 2 linked to the middle-dorsal section, and cluster 3
was related to the posterior portion (Fig. 4). RSFC association of
BF clusters generally corresponds to the functional segregation
of the insula as suggested by Klein et al. (2013). As shown in
Fig. 4, the functional projections from cluster cluster1 and cluster 2 were highly overlapped at the thalamic VA/AN, which
have a reciprocal connection with prefrontal regions and are
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highly related with DMN, and also the salience and executive
networks (Yuan et al. 2016). Cluster 3 was functionally connected to the VL nucleus, and had no overlap with other clusters’ projection. The VL nucleus forms a major portion of the
motor thalamus. In monkeys, it receives input from the globus
pallidus and cerebellum and projects to the premotor cortex
(Sakai et al. 2000). The mediodorsal thalamic nucleus (MDN)
was linked to both cluster 1 and cluster 2, supporting rodent
data showing that the MDN receives a projection from the BF
(Young et al. 1984). It is possible that BF connections may play
a crucial role in the control of thalamic functions. However,
since the only cholinergic and GABAergic projections from the
BF that have been found are to the MDN (Young et al. 1984;
Asanuma 1989) and the reticular thalamic nucleus (Asanuma
1989; Pita-Almenar et al. 2014), the functional connectivity to
VA/VL might be due to indirect connection. Nevertheless, all
clusters are strongly connected with certain parts of the striatum, such as the caudate head, globus pallidus, and putamen,
following a rostral to caudal organization and medio-lateral
arrangement. The human striatum has been shown to be
involved in a large array of brain functions, such as rewardrelated processes, emotional regulation, and sensorimotor processes (Choi et al. 2012; Pauli et al. 2016). The BF and the striatum are adjacent structures with several functional overlaps.
For instance, cluster 1 shows greater connection with caudate
head compared with cluster 3. Both cluster 1 and caudate head
are shown to be related to reward functions. However, the striatum itself has a complex functional and structural organization. It would be difﬁcult to infer BF’s functions solely based on
functional connectivity with subcortical structures.

Functional Relation of BF Subcompartments with Major
Brain Networks
Functional studies on human brains have identiﬁed several
major functional networks, which also correspond to regions
co-activated by various tasks (Biswal et al. 1995; Dosenbach
et al. 2007; Smith et al. 2009; Power et al. 2010; Yeo et al. 2011;
Choi et al. 2012). In the current study, we explored the relationship between each BF subdivision and major resting networks
(Fig. 2).
Cluster 1
Was highly correlated with the DMN and PDMN. The DMN
might be the most extensively studied network in humans,
which shows enhanced activation during rest and reduced activation during attention-demanding tasks (Shulman et al. 1997;
Raichle et al. 2001; Buckner et al. 2008). DMN also seems to be
associated with a wide range of cognitive functions, such as
memory, consciousness, and self-reﬂection (Gusnard et al. 2001;
Buckner et al. 2008; Christoff et al. 2009). Procholinergic drugs
suppressed activity in regions that highly overlap with the DMN
(Ghatan et al. 1998; Bentley et al. 2011). Therefore, the association between cluster 1 and DMN might occur simply due to the
anatomical connection between cholinergic neurons in cluster 1
and the hippocampus, cingulate cortex, and precuneus. Many of
the same studies have shown that cholinergic stimulation
increases task-related activity in dorsolateral frontal and posterior parietal regions, suggesting that the BF shifts processing
from the default network to attentional-sensory systems.
However, imaging studies using systemic cholinergic pharmacological challenges must be interpreted cautiously, because the
drugs used will affect every brain region containing the respective receptors and changes in brain activity may occur

downstream from the initial site of pharmacological action. In
fact, it has been shown that glutamatergic axon terminals originating in the anterior cingulate cortex (ACC/BA 32) contain m2muscarinic receptors and synapse on inhibitory and pyramidal
neurons in the dorsolateral prefrontal cortex (DLPFC/BA 9).
Thus, cholinergic mechanisms play a complex role in the opposite activation pattern between ACC and DLPFC; the action of
speciﬁc presynaptic receptors must be considered in addition to
the state-dependent modulations in ACC/DLPFC by the quantitatively differing ascending BF projections to ACC and DLPFC
(Medalla and Barbas 2012). Interestingly, both reduced activation
of DMN (Sorg et al. 2007; Buckner et al. 2008; Palop and Mucke
2010) and loss of neurons in BNM (Iraizoz et al. 1991; Lehericy
et al. 1993) were reported to occur in Alzheimer’s disease, and
volume changes in different BF compartments have been shown
to correlate with cognitive decline in MCI patients (Grothe et al.
2010). Although the Ch1-2 compartment, which projects to hippocampus, seems to have a stable amount of cells (Bigl et al.
1987), its volume shows reduction in MCI patients and this
reduction is positively correlated with hippocampal atrophy
(Cantero et al. 2017).
Noticeably, structures which are adjacent to cluster 1, such
as the nucleus accumbens and bed nucleus of the stria terminalis (BNST), have also been reported to be functionally connected to the DMN (Cauda et al. 2011; Torrisi et al. 2015). It is
possible that shared interactions with the DMN may arise due
to their similar input/output relation. Otherwise, it could be
because these structures are too close to current functional
image resolution and most of them did deﬁne masks using
microstructural details. (Zaborszky et al. 2015). Moreover,
reverse inference analysis and earlier lesion studies indicate
that cluster 1 is involved with reward processing and decisionmaking (Olmstead et al. 1998; Robledo et al. 1998).
Cluster 2
Previous animal studies support the role of the BF in processing
salient and novel stimuli for reward, learning as well as cognitive motor control (Sarter et al. 2006; Paolone et al. 2013; Raver
and Lin 2015). Indeed, cluster 2 was signiﬁcantly correlated
with the salience and attention networks (Fig. 2) and metaanalysis indicated that the cluster 2 was related with functions
such as regulating and organizing neural responses to homeostatically signiﬁcant stimuli (Dosenbach et al. 2007; Seeley et al.
2007), emotion (Peyron et al. 2000), and social interaction
(Eisenberger et al. 2003) From a functional perspective, cluster
2 was also highly correlated with the attention network.
Previous lesion studies in rats and monkeys have postulated
that damage to the nucleus basalis of Meynert (cluster 2)
causes impairment in attention other than memory or learning (Voytko 1996). The dorsal anterior cingulate cortex, which
was functionally linked to cluster 2 in our study, participates
in a sympathetic drive, while the subgenual (BA 25) cingulate
cortex, which is linked cluster 1, generates antisympathetic
(parasympathetic) tone (Critchley and Harrison 2013). Our
study, thus, points to unexplored modulatory effects of the
cholinergic system on these different autonomic mechanisms
that are orchestrated from segregated BFcs clusters.
Cluster 3
Considering that cluster 3 was highly connected with motorrelated networks, it is reasonable to assume that the cluster 3
is involved preferentially with motor-related functions. The
reverse inference from the meta-analysis also indicated that
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cluster 3 was related to motor-related clinical diseases, such as
PD. Although PD is potentially caused by the degeneration of
the dopaminergic cells in the substantia nigra and ventral tegmental area, cholinergic cell loss in the BF is comparable or
more severe in PD and PD with dementia (PDD) than in AD
cases (Muller and Bohnen 2013; Liu et al. 2015).
Interestingly, based on the functional connectivity, both
cluster 1 and cluster 3 were correlated with the auditory association cortex (BA21,22). However, according to the metaanalysis, only cluster 3 co-activated with auditory associated
cortex. Anatomical studies in primates and rodents also indicate that the auditory association regions receive their major
projection from a caudal cholinergic cell group, located around
and underneath the globus pallidus (Wenk et al. 1980; Mesulam
and Geula 1988; Chavez and Zaborszky 2017). It is unclear what
the cause of this discrepancy is. Considering that co-activation
maps were mostly derived from task fMRI and the functional
connectivity in this paper was based on resting-state fMRI, the
observed mismatch might due to functional reconﬁguration of
the corticopetal system between task and rest.
Noticeably, the salience network, which includes 2 prominent nodes in the anterior insula and the dorsal anterior cingulate cortex that are commonly co-activated both in resting-state
fMRI and a wide range of cognitive and affective tasks (Seeley
et al. 2007; Menon 2015), is associated with all 3 clusters. The
anterior insula (Fig. 4) and the dorsal anterior cingulate cortex
(Fig. 2) were prominently linked in RSFC to cluster 2, while clusters 1 and 3 also showed signiﬁcant association (FDR p < 0.05).
The unique association of the salience network with all 3 clusters may relate to the notion that the salience network plays a
dynamic switching role between the default mode and the central executive networks (Menon 2015).
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(Bianciardi et al. 2009; Metzger et al. 2010; Lenglet et al. 2012;
Torrisi et al. 2015).

Concluding Remarks
Although the BF has long been acknowledged to be anatomically heterogeneous (Burgunder and Young 1989; Heimer et al.
1991; Zaborszky et al. 1991; Benzing et al. 1993; Geula et al.
1993), most of the functional studies regarded BF as a homogeneous structure without comparing activation location with
microstructural details and ignored potential functional segregation in the BFcs system. As suggested in a review almost 30
years ago (Heimer et al. 1991), the interdigitating nature of 3
macro systems of the BF, namely, the ventral striopallidal system, the extended amygdala and the magnocellular corticopetal system, may be the reason that many neuropsychiatric
diseases with a site of action in this brain area result in overlapping motor disturbances, derailment of affect, motivation,
and other cognitive symptoms. Recently, it has been speculated
that the susceptibility of neurons in various sectors of the BF
and the progression of degeneration may be speciﬁc for various
degenerative diseases, including Alzheimer’s and Parkinson’s
(Liu et al. 2015). Our study using high-resolution imaging provides a ﬁrst glimpse of how distinct subdivisions of the human
BFcs relate to various functional cortical networks. Given the
rostrocaudal functional differences in RSFC disclosed in this
study, a more rigorous assessment of the pathology in the BF
with similar subdivisional functional imaging studies might
help to predict the progression of AD, PD and related neurodegenerative diseases.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.

Limitations and Concerns
There are several limitations in this study. First of all, this parcellation is solely based on the resting-state data and may not
fully reﬂect its functional connectivity during tasks or even its
dynamic organization. The BFcs has a complex anatomy, in
which cholinergic, GABAergic and glutamatergic corticopetal
neurons are intermingled to some extent with neurons of the
striatopallidal and extended amygdala systems. Considering
the lack of precise knowledge of the interrelationships of the
various corticopetal axons in the target regions, it is expected
that future imaging studies might provide a more precise parcellation and associated cortical projection patterns. In fact,
recent studies in rodents using virus-based tracing (WatabeUchida et al. 2012; Ogawa et al. 2014; Pollak Dorocic et al. 2014;
Weissbourd et al. 2014; Beier et al. 2015) suggest that each of
the monoaminergic systems are organized much more speciﬁcally than previously assumed in order to modulate selective
cortical areas or functions. For example, using monosynaptic
virus tracing techniques in rats, it has been shown that each
cortical area receives a speciﬁc set of inputs via the cholinergic
corticopetal system (Gielow and Zaborszky 2017).
It is also worth mentioning that ultra-high-ﬁeld 7T image
provides higher resolution and higher signal-to-noise ratio,
but with the drawback of more distortion and potentially
more non-Gaussian noise (Yang et al. 2012). Since few studies
have addressed these questions and the lack of a feasible
solution, the current study followed the typical 3T image preprocessing steps similar to recent studies using 7T dataset
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