
R E S E A R CH AR T I C L E

The corticotopic organization of the human basal forebrain as
revealed by regionally selective functional connectivity profiles

Hans-Christian J. Fritz1,2 | Nicola Ray3 | Martin Dyrba1 | Christian Sorg4 |

Stefan Teipel1,2 | Michel J. Grothe1

1Clinical Dementia Research Section, German

Center for Neurodegenerative Diseases

(DZNE), Rostock, Germany

2Department of Psychosomatic and

Psychotherapeutic Medicine, Rostock

University Medical Center, Rostock, Germany

3Department of Psychology, Manchester

Metropolitan University, Manchester, UK

4Departments of Neuroradiology and

Psychiatry, TUM-Neuroimaging Center of

Klinikum rechts der Isar, Technische

Universität München TUM, Munich, Germany

Correspondence

Michel J. Grothe, German Center for

Neurodegenerative Diseases (DZNE),

Gehlsheimer Str. 20, D-18147 Rostock,

Germany.

Email: michel.grothe@dzne.de

Abstract
The cholinergic basal forebrain (CBF), comprising different groups of cortically projecting cholin-

ergic neurons, plays a crucial role in higher cognitive processes and has been implicated in

diverse neuropsychiatric disorders. A distinct corticotopic organization of CBF projections has

been revealed in animal studies, but little is known about their organization in the human brain.

We explored regional differences in functional connectivity (FC) profiles within the human CBF

by applying a clustering approach to resting-state functional magnetic resonance imaging (rs-

fMRI) data of healthy adult individuals (N = 85; 19–85 years). We further examined effects of

age on FC of the identified CBF clusters and assessed the reproducibility of cluster-specific FC

profiles in independent data from healthy older individuals (N = 25; 65–89 years). Results

showed that the human CBF is functionally organized into distinct anterior-medial and

posterior-lateral subdivisions that largely follow anatomically defined boundaries of the medial

septum/diagonal band and nucleus basalis Meynert. The anterior-medial CBF subdivision was

characterized by connectivity with the hippocampus and interconnected nodes of an extended

medial cortical memory network, whereas the posterior-lateral subdivision was specifically con-

nected to anterior insula and dorsal anterior cingulate components of a salience/attention net-

work. FC of both CBF subdivisions declined with increasing age, but the overall topography of

subregion-specific FC profiles was reproduced in independent rs-fMRI data of healthy older

individuals acquired in a typical clinical setting. Rs-fMRI-based assessments of subregion-

specific CBF function may complement established volumetric approaches for the in vivo study

of CBF involvement in neuropsychiatric disorders.
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1 | INTRODUCTION

Nuclei of cholinergic neurons in the basal forebrain innervate the

entire cerebral cortex and limbic structures such as the hippocampus

(Luiten, Gaykema, Traber, & Spencer Jr., 1987; Mesulam, Mufson,

Levey, & Wainer, 1983). Corticopetal signaling from the cholinergic

basal forebrain (CBF) modulates neuronal activity in its cortical target

regions and has been implicated in attentional processes as well as in

synaptic plasticity, learning, and memory (Ballinger, Ananth, Talmage, &

Role, 2016; Hasselmo & Sarter, 2011). Dysfunction of the CBF has

been associated with a range of neuropsychiatric disorders, including

schizophrenia (Sarter, Lustig, & Taylor, 2012), autism (Perry et al.,

2001), Alzheimer's disease, and Lewy body disease (Rogers, Brogan, &

Mirra, 1985; Whitehouse et al., 1982; Whitehouse, Hedreen, White

3rd, & Price, 1983).

According to Mesulam's nomenclature (Mesulam, Mufson, Levey,

et al., 1983; Mesulam, Mufson, Wainer, & Levey, 1983), the CBF can

be cytoarchitectonically subdivided from anterior to posterior into

four main cell groups (Ch1–4), which reflect cholinergic neurons of

the medial septum (MS, Ch1), the vertical (Ch2) and horizontal (Ch3)
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limb of the diagonal band of Broca (DB), and the nucleus basalis Mey-

nert (NBM, Ch4). The NBM represents the largest cluster of choliner-

gic neurons within the CBF and can be further subdivided into

anterior-medial and anterior-lateral (Ch4am, Ch4al), intermediate

(Ch4i), and posterior (Ch4p) sections based on anatomo-topographic

characteristics. Evidence from axonal tracer studies in rodents and

nonhuman primates indicates that CBF neurons project to the cortex

in a distinct topographic organization. Thus, anterior-medial cell

clusters of the CBF project predominantly to the hippocampus and

ventromedial cortical regions, whereas the projection density progres-

sively shifts to lateral neocortical areas for more posterior-lateral cell

clusters (Bloem et al., 2014; Ghashghaei & Barbas, 2001; Luiten et al.,

1987; Mesulam, Mufson, Levey, et al., 1983; Zaborszky et al., 2015).

In the human brain, cholinergic cell clusters are arranged in a similar

anatomic topography within the CBF (Hedreen, Struble, White-

house, & Price, 1984; Mesulam & Geula, 1988), and the cholinergic

pathways emanating from the CBF travel through analogous fiber

bundles to their cortical target areas (Kitt, Mitchell, DeLong, Wainer, &

Price, 1987; Mesulam, Hersh, Mash, & Geula, 1992; Selden, Gitelman,

Salamon-Murayama, Parrish, & Mesulam, 1998). However, given that

direct axonal tracing studies are not feasible in humans, little is known

about the corticotopic organization of CBF projections in the human

brain (Mesulam & Geula, 1988).

Over the last years, functional connectivity (FC) analysis of

resting-state functional magnetic resonance imaging (rs-fMRI) data

has emerged as a powerful in vivo tool to study interconnected neuro-

nal systems and subcortical–cortical interactions in the human brain

(Englot et al., 2017; Libby, Ekstrom, Ragland, & Ranganath, 2012; Roy

et al., 2009; Zhang, Hu, Chao, & Li, 2016). This method has previously

been used to characterize the FC profile of the NBM using a seed

region derived from a cytoarchitectonically-defined stereotactic atlas

of CBF nuclei (Li et al., 2014; Zaborszky et al., 2008). Although this

study provided unprecedented insight into the cortical connectivity of

the NBM in the human brain, it was limited in scope by the focus on

an a priori defined NBM seed region. More recently, connectivity dif-

ferences between CBF subdivisions were explored using rs-fMRI data

from young adults (Markello, Spreng, Luh, Anderson, & De Rosa,

2018) but not yet across a wider age range or in an older population.

In the present study, we used FC-based parcellation of the CBF

as a well-established data-driven approach for studying FC character-

istics of presumably functionally heterogeneous brain regions

(Eickhoff, Thirion, Varoquaux, & Bzdok, 2015; Kahnt, Chang, Park,

Heinzle, & Haynes, 2012; Mishra, Rogers, Chen, & Gore, 2014; Pasc-

ual et al., 2015; Zhang, Snyder, Shimony, Fox, & Raichle, 2010; Zhuo

et al., 2016). Parcellation was based on a comprehensive cytoarchitec-

tonically defined spatial outline of the CBF without predefined seg-

ments. Based on the distinct corticotopic organization of CBF

projections observed in rodents and nonhuman primates, we hypothe-

sized that the human CBF may be parcellated into at least two clearly

functionally distinct subdivisions along its anterior–posterior axis that

reflect the previously described preferential projections to hippocam-

pus/ventromedial cortex and lateral neocortical areas, respectively.

We then characterized the identified CBF FC profiles in relation to

well-described cortical functional networks (Yeo et al., 2011), exam-

ined negative effects of age on FC of the different CBF subdivisions,

and assessed the reproducibility of subdivision-specific FC patterns in

independent rs-fMRI data of healthy older individuals as acquired in a

typical clinical setting.

2 | MATERIALS AND METHODS

2.1 | Subjects

Imaging data were obtained from the Nathan Kline Institute (NKI)/

Rockland sample (Nooner et al., 2012), available through the Interna-

tional Neuroimaging Data-Sharing Initiative (http://fcon_1000.

projects.nitrc.org). From this population-based cohort (N = 207), we

first selected all subjects with an age over 17 years as well as no cur-

rent or lifetime diagnosis of mental disorders according to the Diag-

nostic and Statistical Manual of Mental Disorders (DSM-IV-TR;

American Psychiatric Association, 2000) (N = 105). Two subjects were

rejected because of missing information regarding the DSM-IV-TR

information, and one subject was rejected because of missing struc-

tural imaging data. After preprocessing (see below), we excluded the

imaging data of subjects with more than 2 mm and 2� in maximum

head motion (N = 17). In total, 85 subjects (age range: 19–85 years,

47 males) were included in the parcellation procedure.

For validation purposes, we applied our parcellation results on rs-

fMRI data of an independent sample derived from our local cohort of

healthy elderly volunteers recruited at the DZNE in Rostock (N = 25,

age range: 65–89 years, 13 males). Acquisition parameters and pre-

processing procedures for the 3T MRI data of this sample have previ-

ously been described in detail (Dyrba, Grothe, Kirste, & Teipel, 2015)

and followed similar settings as described for the NKI/Rockland sam-

ple in the next sections.

2.2 | Image acquisition

Ten-min rs-fMRI scans were obtained from all subjects on a single 3T

Siemens MRI scanner (Magnetom TrioTim, Siemens Medical Systems,

Erlangen, Germany) using an echo planar imaging sequence with the

following parameters: orientation = transversal, FoV = 216 mm, voxel

size = 3.0 mm isotropic, slice thickness = 3.0 mm, repetition time =

2,500 ms, echo time = 30 ms, flip angle = 80�.

For anatomic reference and image preprocessing, high-resolution

structural MRI (sMRI) scans were obtained using the same scanner

and a magnetization prepared rapid acquisition gradient echo

sequence with the following parameters: orientation = sagittal, FoV =

256 mm, voxel size = 1.0 mm isotropic, slice thickness = 1.0 mm,

repetition time = 2,500 ms, echo time = 3.5 ms, flip angle = 8�.

2.3 | Preprocessing

We used the advanced version of the Data Processing Assistant

for rs-fMRI (DPARSFA; Chao-Gan & Yu-Feng, 2010) in conjunction

with the statistical parametric mapping software (SPM8, http://

www.fil.ion.ucl.ac.uk/spm) and the toolbox for Data Processing

and Analysis of Brain Imaging (DPABI, http://rfmri.org/DPABI). We

first removed the 10 initial time points of the rs-fMRI time-series

and applied slice timing correction on the remaining volumes. The
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slice-timed rs-fMRI volumes were realigned and motion corrected,

and the mean volume was coregistered to the corresponding

sMRI. sMRIs were segmented into gray matter (GM), white matter

(WM), and cerebrospinal fluid (CSF) partitions and spatially nor-

malized to stereotactic Montreal Neurological Institute (MNI)

space using Diffeomorphic Anatomical Registration Through

Exponentiated Lie Algebra (DARTEL) (Ashburner, 2007). We

regressed out nuisance covariates in the rs-fMRIs with 24 head

motion parameters (Friston, Williams, Howard, Frackowiak, &

Turner, 1996), as well as global, WM, and CSF signal as nuisance

regressors, including a linear detrend. Subsequently, rs-fMRIs

were normalized to MNI space using the normalization parame-

ters of the coregistered sMRI scans. Finally, the rs-fMRIs were

smoothed with a 6 mm full width at half maximum Gaussian ker-

nel, masked for cerebral tissue, and bandpass filtered between

0.01 and 0.08 Hz (Logothetis, Pauls, Augath, Trinath, & Oelter-

mann, 2001; Lu et al., 2007).

2.4 | Definition of CBF region of interest and FC
analyses

A comprehensive CBF region-of-interest (ROI) was defined in the

MNI space template based on combined information from existing

stereotactic atlases of basal forebrain cholinergic nuclei in MNI space

(Kilimann et al., 2014; Teipel et al., 2005; Zaborszky et al., 2008). This

mask was resampled to a final voxel size of 3 mm isotropic to match

the voxel size of the rs-fMRI images. For each of the 189 voxels in the

CBF-mask, we calculated an FC map by correlating the voxel's signal

time course with all other GM voxels of the brain (as defined in the

Harvard-Oxford atlas for cortical and subcortical regions; Desikan

et al., 2006). Voxel-specific FC maps were Fisher z-transformed and

then averaged over all subjects.

2.5 | Experimental design and statistical analysis

2.5.1 | Connectivity based parcellation

The CBF ROI was parcellated into functionally homogeneous subdivi-

sions by clustering its voxels based on the similarity of their averaged

FC maps on group-level using the k-means clustering algorithm

(Eickhoff, Laird, Fox, Bzdok, & Hensel, 2016; Lloyd, 1982). For this,

the data were first organized into an n-by-m matrix representing the

FC maps of all CBF voxels, where n represents the voxels in the CBF

ROI (189 voxels) and m all other brain GM voxels with their corre-

sponding FC values. Similarity between the voxels' FC maps was esti-

mated using Pearson's correlation coefficient, and one minus the

correlation coefficient was used as a distance measure. The k-means

clustering algorithm then partitioned the CBF voxels (rows of the n-

by-m matrix) by initially assigning all voxels to k different clusters

based on centroids positioned by chance and iteratively reassigning

the voxels until the intra-cluster distances across all clusters reached a

minimum (maximum 1,000 iterations). For each k, the clustering was

repeated for 100 random starting positions of the initial centroids and

the best solution was chosen based on the mean silhouette value for

all voxels (Kaufman & Rousseeuw, 1990). The silhouette value ranges

from −1 to +1 and measures the similarity of a given voxel to all other

voxels within the same cluster compared to the voxels in the other

clusters.

In our primary analysis, we set k = 2, because we hypothesized

that the well-described cortical projection differences between

anterior-medial (MS, DB) and posterior-lateral (NBM) CBF subdivi-

sions in animal models (Luiten et al., 1987; Mesulam, Mufson,

Levey, et al., 1983) would be detected as differential rs-fMRI FC

profiles in the human CBF. In additional analyses using k = 3 and

k = 4, we further explored the feasibility of using rs-fMRI data for

detecting even more fine-grained functional distinctions among

CBF divisions in the human brain.

FIGURE 1 Functional connectivity (FC)-based cholinergic basal forebrain (CBF) parcellation for a two-cluster solution. (a) Coronal slices from

anterior to posterior showing the anterior-medial (aCBF, green) and posterior-lateral CBF clusters (pCBF, red) identified by k-means clustering
(k = 2) of voxel-wise FC profiles. Slice positions are indicated by Montreal Neurological Institute (MNI) y-coordinates. (b) Corresponding FC
profiles of aCBF and pCBF seeds (p(FWE) < .05) are illustrated on lateral, medial, and ventral brain surfaces, as well as on representative coronal
sections at MNI coordinates (y = −15, y = 9, and y = 30) [Color figure can be viewed at wileyonlinelibrary.com]
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2.5.2 | Cluster-wise FC

For each cluster of the final CBF parcellations, we determined the

specific FC profile leading to the definition of that cluster. Cluster-to-

voxel FC maps were calculated for each individual and subjected to

second-level one-sample t-tests, using age and gender as covariates,

and restricting the search space to the GM mask that was also used

for the FC maps driving the CBF parcellation. Because of the uncer-

tain interpretation of negative time course correlations (anticorrela-

tions) that can emerge as an artifact of global signal regression, we

only considered positive effects in the FC maps (Murphy & Fox,

2017). Results are reported at a voxel-wise statistical threshold of

p < .05, corrected for multiple testing using the family-wise error

rate (FWE).

Given animal-derived evidence for a functional topography of

CBF projections that follows the organization of interconnected corti-

cal systems (Ghashghaei & Barbas, 2001; Zaborszky et al., 2015), we

further analyzed FC profiles of the CBF in relation to functional brain

networks using an established parcellation of the human cerebral cor-

tex into 17 intrinsically connected networks (Yeo et al., 2011). For

each subject, the CBF clusters' signal time courses were correlated

with the average signal time course of each of the 17 networks. These

correlations were Fisher z-transformed, and significance of their devi-

ance from zero was assessed using one-sample t-tests.

2.5.3 | Effects of age on cluster-wise FC

Effects of age on CBF FC were assessed for the two principal CBF

subdivisions revealed by the k = 2 clustering parcellation. Analyses

employed voxel-wise linear regressions of age on cluster-specific FC

maps and were controlled for gender. The search space was restricted

to the thresholded positive connectivity profile of each CBF cluster,

and statistical significance was assessed at p < .05, corrected for the

false discovery rate (FDR).

2.5.4 | Replication of cluster-wise FC profiles in an
independent sample

For the two principal CBF subdivisions identified in our primary analy-

sis, we calculated cluster-wise FC profiles within the independent rep-

lication sample using FC analyses as described above. Topographic

correspondence between the cluster-wise FC profiles derived from

the two independent samples was quantified using spatial correlation

(Pearson's r) of the sample-specific FC signals across all cortical net-

works (Buckner et al., 2009; Fjell et al., 2015; Grothe & Teipel, 2016).

3 | RESULTS

3.1 | Connectivity-based parcellation

k-means clustering for k = 2 parcellated the CBF into an anterior-

medial cluster (aCBF) and a posterior-lateral cluster (pCBF; Figure 1).

The aCBF cluster mostly covered the rostral nuclei of the MS/DB but

also included anterior-medial parts of the NBM (Figure 1a) and was

characterized by predominant FC with the hippocampus, ventromedial

prefrontal cortex, and retrosplenial/posterior cingulate cortex

(Figure 1b, Table 1). The pCBF cluster covered the remaining anterior-

lateral, intermediate, and posterior parts of the NBM (Figure 1a), and

markedly differed in its FC profile from the aCBF cluster; there was

TABLE 1 Locations of local functional connectivity maxima for the anterior and posterior cholinergic basal forebrain (CBF) according to

automated anatomical labeling atlas (AAL, http://www.gin.cnrs.fr/en/tools/aal-aal2/). FWE corrected on voxel-level (p < .05), minimum
cluster-size 20 voxel

Number Cluster-size (voxels)

MNI coordinate

Region Side T x y z

Anterior CBF

1 3,016 Cadaute nucleus L 33.42 −6 6 −6

Caudate nucleus R 29.51 6 12 −6

Olfactory gyrus L 17.37 −12 12 −15

2 93 Middle temporal gyrus R 8.30 57 −6 −18

3 100 Middle temporal gyrus L 7.95 −57 −3 −21

Middle temporal gyrus L 7.68 −51 −12 −18

Middle temporal gyrus L 6.04 −63 −15 −18

4 166 Lingual gyrus L 7.71 −9 −99 −18

Superior occipital gyrus R 7.61 18 −105 6

Inferior occipital gyrus L 7.05 −21 −99 −12

5 32 Angular gyrus L 7.22 −48 −75 39

Angular gyrus L 6.45 −42 −75 45

Angular gyrus L 6.10 −51 −75 30

6 42 Posterior cingulum L 5.99 −3 −51 30

Precuneus L 5.82 −6 −57 12

Posterior CBF

7 7,401 Putamen L 41.60 −21 6 −9

Putamen R 39.88 21 9 −6

Amygdala R 34.47 27 0 −12
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more pronounced connectivity with the insula, dorsal anterior cingu-

late cortex (dACC), and thalamus, and an absence of effects in

posterior-medial cortical areas (Figures 1b and 5, Table 1). The clusters

had overlapping FC within regions of the medial prefrontal and (poste-

rior) lateral orbitofrontal cortex, temporal pole, as well as hippocam-

pus and amygdala.

At higher cluster numbers (k = 3 and 4), the aCBF cluster was fur-

ther partitioned into two and three subclusters, whereas the pCBF

cluster remained virtually unchanged (Figure 2). The first partition

(k = 3) separated a region corresponding to anterior-medial parts of

the NBM that was characterized by a more selective FC profile with

anterior medial temporal and ventromedial prefrontal regions com-

pared to the parent cluster (k3_2; blue cluster in upper part of

Figure 2). The second partition (k = 4) further subdivided the remain-

der of the aCBF cluster along a horizontal axis anterior to the crossing

of the anterior commissure, although the resulting dorsal and ventral

subclusters were characterized by very similar FC profiles (k4_1 and

k4_2; cyan and orange clusters in bottom part of Figure 2).

3.2 | Connectivity with cortical networks

We further characterized the distinct FC profiles of the principal aCBF

and pCBF clusters with respect to functional cortical networks

(Table 2, Figure 3). In accordance with the voxel-wise profiles, the

aCBF cluster showed significant positive FC with limbic networks cen-

tered on orbitofrontal (t(84) = 16.8, p < .001) and anterior-medial

temporal cortices (t(84) = 8.9, p < .001), as well as with midline (t

(84) = 6.2, p < .001) and posterior-medial temporal subsystems of the

default mode network (DMN) (t(84) = 5.1, p < .001). The pCBF cluster

also showed positive FC with the anterior-medial temporal limbic net-

work (t(84) = 15.5, p < .001) but differed from the aCBF cluster in

showing selective FC with the posterior ventral attention network

(VAN) (t(84) = 9.6, p < .001), as well as with lateral-temporal parts of

the DMN (t(84) = 6.5, p < .001) and the ventrolateral somatomotor

network (t(84) = 6.4, p < .001).

3.3 | Subregion-specific effects of age

Voxel-wise effects of age on FC of the aCBF and pCBF subdivisions

are shown in Figure 4. For the aCBF, higher age was associated with

lower FC with the ventromedial prefrontal cortex, hippocampus, and

the basal ganglia. For the pCBF, higher age was associated with lower

FC with the dACC, anterior insula, lateral orbitofrontal cortex, and

basal ganglia.

3.4 | Replication sample

Seed-based FC analyses in the replication sample produced very simi-

lar FC profiles of the aCBF and pCBF subdivisions as initially identified

FIGURE 2 Functional connectivity (FC)-based cholinergic basal forebrain (CBF) parcellation at higher cluster solutions. Figure shows CBF

parcellations and corresponding FC profiles (p(FWE) < .05) when using higher cluster solutions (k = 3, top row and k = 4, bottom row) for the k-
means clustering algorithm. Analogously to Figure 1, CBF parcellations are depicted on coronal slices from anterior to posterior spanning
Montreal Neurological Institute (MNI) coordinates from y = 8 to y = −5. Corresponding FC profiles are illustrated on lateral, medial, and ventral
brain surfaces, as well as on representative coronal sections at MNI coordinates (y = −15, y = 9, and y = 30). Violet: k3_1, blue: k3_2 and k4_3,
red: k3_3 and k4_4, cyan: k4_1, and orange: k4_2 [Color figure can be viewed at wileyonlinelibrary.com]
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in the NKI/Rockland sample (Figure 5). When quantified in a spatial

correlation analysis across all cortical networks, the respective FC pro-

files of the aCBF (r(15) = .84, p < .001) and pCBF (r(15) = .83,

p < .001) subdivisions were highly correlated between both samples.

4 | DISCUSSION

4.1 | CBF subdivisions and their respective FC
profiles

In line with our initial hypothesis, a two-cluster solution parcellated

the CBF into distinct anterior-medial and posterior-lateral clusters

that were characterized by largely differing FC profiles. Although

these clusters were automatically defined based solely on FC char-

acteristics and not constrained by any predefined segments or

manual groupings, their boundary shows a striking anatomic resem-

blance with the distinction between cytoarchitectonically defined

MS/DB (Ch1-3) and NBM (Ch4) subdivisions as revealed by stereo-

tactic mappings (Kilimann et al., 2014; Zaborszky et al., 2008).

However, this correspondence between functionally and cytoarchi-

tectonically defined subdivisions was not complete, given that the

aCBF cluster also covered anterior-medial parts of the NBM,

whereas the pCBF cluster covered the remaining anterior-lateral,

intermediate, and posterior parts of the NBM. The aCBF cluster

showed FC predominantly with the hippocampus, ventromedial

prefrontal cortex, and retrosplenial/posterior cingulate cortex,

whereas the pCBF cluster showed selective FC with the insula,

dACC, and thalamus.

According to axonal tracing studies in animal models, posterior

CBF neurons (including intermediate and posterior NBM sections)

project predominantly to the lateral neocortex and mesocortex, partic-

ularly the ventrolateral orbital cortex, insula, and temporal pole (Luiten

et al., 1987; Mesulam, Mufson, Levey, et al., 1983), and these sites are

also dominantly represented in our observed pCBF FC profile. In con-

trast to the pCBF–dACC connectivity observed here, the ACC has

been reported to receive cholinergic input primarily from anterior-

medial parts of the NBM (Mesulam, Mufson, Levey, et al., 1983).

However, a recent detailed topographic mapping study between CBF

neurons and medial prefrontal cortex in mice indicated that this may

only be true for the ventral ACC, whereas the dACC was found to be

most densely connected with more posterior CBF neurons (Bloem

et al., 2014). Furthermore, the prominent insula–dACC–thalamus con-

nectivity of the identified pCBF subdivision reported here largely rep-

licates the FC profile of the NBM reported in a previous study using

an a priori seed region based on a cytoarchitectonically defined ste-

reotactic map (Li et al., 2014). Although axonal tracing studies have

documented selective projections from the NBM into the thalamic

reticular nucleus (Hallanger, Levey, Lee, Rye, & Wainer, 1987; Levey,

Hallanger, & Wainer, 1987), the main cholinergic innervation of the

thalamus does not arise from the CBF but from cholinergic nuclei

within the brainstem (Ch5/6) (Mesulam, Mufson, Wainer, et al., 1983).

Thus, the pCBF/NBM–thalamus connectivity observed in rs-fMRI

data may also reflect an indirect functional connection mediated by

TABLE 2 Functional connectivity of aCBF and pCBF subdivisions with cortical connectivity networks

aCBF pCBF

Network Mean T Sig. (2-tailed) Mean T Sig. (2-tailed)

1 0.005 0.198 n.s. −0.101 −5.135 <0.001

2 −0.057 −2.618 n.s. −0.097 −4.945 <0.001

3 0.035 1.659 n.s. −0.044 −1.456 n.s.

4a 0.029 1.588 n.s. 0.179 6.398 <0.001

5 −0.128 −6.222 <0.001 −0.192 −11.910 <0.001

6 −0.125 −5.935 <0.001 −0.121 −5.141 <0.001

7a −0.078 −4.433 <0.001 0.214 9.610 <0.001

8 −0.175 −8.669 <0.001 0.042 1.986 n.s.

9a,b 0.211 8.895 <0.001 0.313 15.454 <0.001

10b 0.456 16.763 <0.001 0.029 1.390 n.s.

11 −0.059 −3.089 0.003 −0.179 −9.090 <0.001

12 −0.217 −12.630 <0.001 −0.137 −7.675 <0.001

13 −0.146 −7.494 <0.001 −0.203 −9.624 <0.001

14a −0.032 −1.963 n.s. 0.140 6.464 <0.001

15b 0.104 5.050 <0.001 −0.010 −0.567 n.s.

16b 0.144 6.233 <0.001 −0.022 −1.064 n.s.

17 0.021 1.012 n.s. 0.018 1.017 n.s.

CBF = cholinergic basal forebrain; aCBF = anterior-medial cluster; pCBF = posterior-lateral cluster; n.s. = not significant (false discovery rate-corrected
alpha = 0.003). Note. Network numbers correspond to their initial description in (Yeo et al., 2011). According to (Hansson et al., 2017), these may be
termed as follows: 1, higher visual; 2, primary visual; 3, dorsal somatomotor network (SMN); 4, ventral SMN-auditory; 5, posterior dorsal attention network
(DAN); 6, frontal eye field-DAN; 7, posterior ventral attention network (VAN); 8, anterior VAN; 9, temporal pole/anterior medial temporal lobe (MTL) limbic
network (LIM); 10, orbitofrontal LIM; 11, precuneus non-default mode network (DMN); 12, frontoparietal network (FPN) component 1; 13, FPN compo-
nent 2; 14, lateral-temporal DMN/language; 15, posterior MTL-retrosplenial DMN; 16, midline DMN; and 17, anterior DMN.
a Significant positive functional connectivity with pCBF.
b Significant positive functional connectivity with aCBF.
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the common implication of these structures in a larger functional brain

network (see further discussion below). Although only very limited

data on FC characteristics of anterior-medial parts of the CBF is avail-

able from one recent rs-fMRI study (Markello et al., 2018), the

observed profile of most pronounced aCBF FC with the hippocampus

and interconnected areas of the retrosplenial/posterior cingulate and

ventromedial prefrontal cortex is well in line with this recent study

and largely agrees with the axonal tracing literature on cortical projec-

tion patterns of the anterior CBF nuclei (Bloem et al., 2014; Gaykema,

Luiten, Nyakas, & Traber, 1990; Mesulam, Mufson, Levey, et al., 1983;

Parvizi, Van Hoesen, Buckwalter, & Damasio, 2006).

Although the aCBF and pCBF subdivisions are characterized by

largely diverging cortical FC profiles, they also show a notable conver-

gence in connectivity within areas of the posterior ventromedial pre-

frontal cortex, temporal pole, and especially hippocampus and

amygdala. Besides receiving the most dense cholinergic innervation

among all brain regions (Mesulam, Volicer, Marquis, Mufson, & Green,

1986), these key limbic and paralimbic structures are also the only cor-

tical areas that provide neural input into the CBF (Mesulam & Mufson,

1984). A limitation of the FC metric used in our human in vivo study is

that it cannot distinguish the signaling direction of the functional con-

nection. Future studies may use effective connectivity paradigms

based on experimentally evoked brain activity to further explore the

directionality of the identified CBF-cortical connectivity profiles

(Friston et al., 2017).

4.2 | Relation to cortical functional networks

Visually the aCBF FC profile resembles a previously described medial

temporal DMN subsystem/episodic memory network (Andrews-Hanna,

Reidler, Sepulcre, Poulin, & Buckner, 2010; Vincent et al., 2006),

whereas the prominent insula/dACC components of the pCBF FC pro-

file are characteristic of a distinct network that has been variably

referred to as VAN, salience, or cingulo-opercular network (Dosenbach

et al., 2007; Seeley et al., 2007). This network-specific connectivity of

aCBF and pCBF subdivisions could also be confirmed by quantitative

assessment using standardized templates of well-described cortical

brain networks (Yeo et al., 2011). Interestingly, a specific connectivity

of the pCBF with the VAN agrees with findings from a previous molec-

ular imaging study demonstrating a disproportionately high density of

cortical nicotinergic receptors in this particular brain network (Picard

et al., 2013).

In general, the finding of network-specific FC profiles of the iden-

tified aCBF and pCBF subdivisions coincides with previous evidence

from axonal tracing studies in animal models indicating a functionally

based topographical organization of CBF projections (Zaborszky et al.,

2015). Thus, the cortical projection patterns of distinct CBF subdivi-

sions appear to be determined by the functional relatedness and inter-

connectivity of the cortical target areas, rather than following strict

anatomic gradients of spatial adjacency. It has been hypothesized that

this complex corticotopic organization of CBF projections might facili-

tate coordinate control of spatially separated but functionally linked

nodes of large-scale cortical networks (Ballinger et al., 2016).

The specific FC of the aCBF with the medial temporal DMN/

episodic memory network and of the pCBF with the VAN matches

the assumed roles of these CBF subdivisions in particular cognitive

functions, as revealed by selective lesion studies in animal models.

Thus, septohippocampal projections of the anterior CBF have been spe-

cifically implicated in memory processes, whereas the neocortical

FIGURE 3 Functional connectivity (FC) of cholinergic basal forebrain (CBF) subdivisions with specific cortical networks. Lines indicate significant positive

FC of the identified anterior-medial (aCBF, green) and posterior-lateral (pCBF, red) CBF subdivisions with specific cortical connectivity networks as defined
by standardized network templates (Yeo et al., 2011). Line thickness indicates effect size [Color figure can be viewed at wileyonlinelibrary.com]
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projections of the NBM appear to be more closely related to attentional

functions (Berger-Sweeney et al., 2001; Voytko et al., 1994). Future

studies combining in vivo FC measures of the identified CBF subdivi-

sions with detailed psychometric assessments may allow studying in

more detail the role of CBF signaling in human cognition, thereby com-

plementing analogous covariance-based studies on the cognitive corre-

lates of structural CBF decline in aging and neurodegenerative disease

(Butler et al., 2012; Grothe, Heinsen, Amaro Jr., Grinberg, & Teipel,

2016; Ray et al., 2015).

4.3 | More fine-grained CBF parcellations

Surprisingly, higher cluster solutions did not result in an increasing

parcellation of the pCBF cluster covering different cytoarchitectonic

NBM subdivisions, but further fractionated the aCBF cluster. In a first

step, this resulted in a separation of a region corresponding to

anterior-medial parts of the NBM, which was characterized by a more

selective FC profile with anterior medial temporal and ventromedial

prefrontal regions compared to the parent cluster. Among all NBM

neurons, the anterior-medial populations show the strongest axonal

FIGURE 4 Effects of age on subregion-specific cholinergic basal forebrain (CBF) functional connectivity (FC). Significant negative effects of age

on FC of the anterior-medial (aCBF, green) and posterior-lateral (pCBF, red) CBF subdivisions are displayed on representative sagittal, coronal,
and transversal sections of the standard space template (p(FDR) < .05) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Reproducibility of subregion-specific cholinergic basal forebrain (CBF) functional connectivity (FC) profiles. Top and middle panels

show unthresholded FC maps of the anterior-medial (left side, aCBF) and posterior-lateral (right side, pCBF) CBF clusters derived from the
cluster-defining NKI/Rockland sample (top) and the local replication sample of healthy older individuals (middle). FC maps are displayed on
representative sagittal, coronal, and transversal sections of the standard space template. Confirming the qualitatively visible correspondence
between the FC maps, diagrams plotting the respective FC profiles (expressed as effect size) across 17 cortical networks (Yeo et al., 2011) show
that these are highly correlated between the independent samples (see text for spatial correlation statistics) [Color figure can be viewed at
wileyonlinelibrary.com]
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projections to the hippocampus and ventromedial cortex in animal

models, and accordingly this subdivision has been described as a

transitional zone between the anterior and posterior CBF (Luiten

et al., 1987; Mesulam, Mufson, Levey, et al., 1983). In a second

step, the most anterior medial cluster further split along a horizon-

tal axis at the level of the anterior commissure, which may poten-

tially reflect connectivity differences between the MS/vertical DB

and the horizontal DB. However, in contrast to the parcellated

subdivisions identified in the previous steps, this distinction was

only based on very subtle differences in the respective FC profiles.

In this context, it has to be noted that the employed clustering

approach is explorative in nature, and the correct number of

meaningful subdivisions is not known a priori. Rather, the

approach allows exploring regional differences in FC characteris-

tics across increasing parcellation resolutions. The marginal differ-

ence in FC profiles at the highest examined clustering solution

indicates that this resolution may represent a limit for resolving

meaningful functional differences among CBF subdivisions by

means of conventional rs-fMRI acquisitions. Future studies using

ultra-high field fMRI acquisitions may potentially further improve

the corticotopic mapping of human CBF connectivity (Maass,

Berron, Libby, Ranganath, & Duzel, 2015).

4.4 | Rs-fMRI CBF connectivity as an in vivo marker
of alterations in CBF function

We demonstrated the potential of using rs-fMRI to investigate

alterations in CBF function by showing a significant age-related

decline in subregion-specific CBF FC. This finding may reflect the

well-described decrease in cholinergic tone during normal brain

aging, which is believed to underlie subtle impairments in cognition

and a higher susceptibility to anticholinergic side effects (Risacher

et al., 2016; Schliebs & Arendt, 2011). Most interestingly, despite

both CBF subdivisions showing prominent connectivity to the hip-

pocampus, only the hippocampal connectivity of the aCBF subdivi-

sion was negatively affected by advancing age. Although this

finding nicely coincides with the marked age effects on cholinergic

septohippocampal projections described in animal models

(Ypsilanti, Girao da Cruz, Burgess, & Aubert, 2008), it has to be

noted that our in vivo connectivity approach cannot distinguish

between cholinergic and non-cholinergic neuron populations in the

examined CBF-mask. Although definition of this region was based

on stereotactic mappings of histologically determined CBF nuclei

in the human brain (Kilimann et al., 2014; Teipel et al., 2005;

Zaborszky et al., 2008), this brain area also contains non-choliner-

gic, particularly GABAergic, projection neurons that may show

similar age-related changes (Rubio et al., 2012; Yang, Thankachan,

McCarley, & Brown, 2017). Irrespective of this limitation, these

findings underline the importance of using functionally homoge-

neous seed regions when studying age or disease-related CBF con-

nectivity alterations with rs-fMRI, similar to what has been

reported for FC studies focused on the hippocampus and posterior

cingulate cortex (Damoiseaux, Viviano, Yuan, & Raz, 2016; Dillen

et al., 2016).

5 | CONCLUSION

Our study paves the way for using rs-fMRI-based assessments of

subregion-specific CBF function to complement established volumet-

ric approaches in the in vivo study of CBF involvement in cognitive

aging and neurodegenerative disease (Grothe, Heinsen, & Teipel,

2012; Schmitz & Spreng, 2016). As a first step toward such applica-

tions, we demonstrated that the dissociated FC profiles of the identi-

fied CBF subdivisions are reproducible in rs-fMRI acquisitions of

elderly participants as typically collected in clinical research settings.

We expect rs-fMRI-based assessments of CBF connectivity to be par-

ticularly useful for the study of functional CBF alterations in prede-

mentia stages of neurodegenerative disease (Brayda-Bruno et al.,

2013; Grothe, Ewers, Krause, Heinsen, & Teipel, 2014; Lim et al.,

2015; Ray et al., 2017), as well as other neuropsychiatric conditions

with cholinergic involvement that are not typically associated with

gross neurodegeneration (Grothe et al., 2017; Perry et al., 2001; Sar-

ter et al., 2012).
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