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Abstract

Homeostatic adaptations to stress are regulated by interactions between the brainstem and regions of the fore-
brain, including limbic sites related to respiratory, autonomic, affective, and cognitive processing. Neuroana-
tomic connections between these homeostatic regions, however, have not been thoroughly identified in the
human brain. In this study, we perform diffusion spectrum imaging tractography using the MGH-USC Con-
nectome MRI scanner to visualize structural connections in the human brain linking autonomic and cardio-
respiratory nuclei in the midbrain, pons, and medulla oblongata with forebrain sites critical to homeostatic
control. Probabilistic tractography analyses in six healthy adults revealed connections between six brainstem
nuclei and seven forebrain regions, several over long distances between the caudal medulla and cerebral
cortex. The strongest evidence for brainstem-homeostatic forebrain connectivity in this study was between
the brainstem midline raphe and the medial temporal lobe. The subiculum and amygdala were the sampled
forebrain nodes with the most extensive brainstem connections. Within the human brainstem-homeostatic
forebrain connectome, we observed that a lateral forebrain bundle, whose connectivity is distinct from that
of rodents and nonhuman primates, is the primary conduit for connections between the brainstem and medial
temporal lobe. This study supports the concept that interconnected brainstem and forebrain nodes form an
integrated central homeostatic network (CHN) in the human brain. Our findings provide an initial foundation
for elucidating the neuroanatomic basis of homeostasis in the normal human brain, as well as for mapping
CHN disconnections in patients with disorders of homeostasis, including sudden and unexpected death,
and epilepsy.

Key words: brainstem; diffusion MRI; limbic system; medial forebrain bundle; sudden unexplained death in
epilepsy (SUDEP); tractography

Introduction

Deep within the human forebrain lies a group of struc-
tures that play major roles in autonomic, respiratory,

neuroendocrine, emotional, immune, and cognitive adapta-
tions to stress. Collectively, these forebrain structures have
been known, in part, as the limbic system, a term that re-
tains usefulness today due to their anatomic proximity to
the hypothalamus, robust mono- and/or oligo-synaptic con-
nectivity to one another, and shared participation in homeo-
stasis. The definition of the limbic system, as apart from the
limbic lobe, has evolved since the classical descriptions by

Broca (1878), Papez (1937), and Maclean (1952), reflecting
different perspectives as to the overarching function(s) of
the system.

In this study, we consider an expanded limbic network in
which inclusion of neuroanatomic nodes is based upon
human and experimental data indicating nodal participation
in homeostasis, that is, adaption to stress. Homeostatic fore-
brain nodes within this network receive sensory information
concerning extrinsic threats and intrinsic metabolic derange-
ments from the brainstem, resulting in arousal from sleep,
heightened attention and vigilance during waking, and vis-
ceral and somatic motor defenses (Ulrich-Lai and Herman,
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2009). Yet despite emerging evidence for brainstem–fore-
brain interactions in regulating homeostasis, little direct in-
formation about the neuroanatomic connections between
homeostatic regions of the brainstem and forebrain is avail-
able in the human brain. Current knowledge is based almost
solely upon extrapolations from animal studies (Barger et al.,
2014; Kaas, 2013), which are inherently limited due to major
species differences in limbic anatomy. Temporal lobes, for
example, occur only in primates and are most fully devel-
oped in humans (Barger et al., 2014; Kaas, 2013).

In this study, we performed ultra-high resolution diffusion
spectrum imaging tractography in the brains of six healthy
human adults using the MGH-USC Connectome MRI scan-
ner to elucidate the structural connectome of selected brain-
stem and forebrain regions related to homeostasis. We tested
the hypothesis that brainstem nuclei known to mediate auto-
nomic and cardiorespiratory function are structurally con-
nected with functionally related forebrain regions relevant
to autonomic control, respiration, arousal, and affective
and cognitive responses to homeostatic challenges in the
adult human brain, including traditionally considered limbic
regions. Based upon our connectivity findings, we propose
the concept of a ‘‘central homeostatic network’’ (CHN)
that expands upon prior models of the limbic system by inte-
grating forebrain and brainstem structures involved in human
homeostasis. Furthermore, the concept of a CHN is based
upon the recognition that the network regulates not only au-
tonomic functions (i.e., cardiac muscle, smooth muscle, and
sweat glands) but also respiratory functions, which are medi-
ated by skeletal muscle. The CHN connectome identified in
this study represents an initial step toward elucidating the
neuroanatomy of human homeostasis and defining altered
connectivity in future studies of patients with disorders of
homeostasis, such as sudden infant death syndrome (SIDS)
(Kinney et al., 2015), sudden unexplained death in childhood
(SUDC) (Kinney et al., 2007, 2009), and sudden unexplained
death in epilepsy (SUDEP) (Massey et al., 2014).

Materials and Methods

Clinical dataset

We analyzed the brains of six healthy human subjects
without a history of neurological, psychiatric, or medical dis-
ease. All studies were performed with written informed con-
sent and the approval of the Institutional Review Board at the
Massachusetts General Hospital (Boston, MA). The three
men and women ranged in age from 23 to 37 (median 27.5)
years.

Diffusion data acquisition and processing

Data were acquired on the MGH-USC Connectome 3 Tesla
MRI scanner (McNab et al., 2013; Setsompop et al., 2013)
equipped with 300 mT/m maximum gradient strengths. A
custom-made 64-channel phased array coil was used for sig-
nal reception (Keil et al., 2013). We utilized probabilistic
tractography for quantitative connectivity measurements
and deterministic tractography for qualitative visualization
of the pathways by which streamlines travel between seed
and target nodes (Edlow et al., 2012; McNab et al., 2013).
We have previously described our methods in detail
(McNab et al., 2013) applying a 55-min diffusion spectrum

imaging protocol with a 515 q-space lattice, bmax = 10,000
sec/mm2, and 2-mm isotropic voxels.

Brainstem seeds and forebrain targets

We focused on connectivity between six brainstem seed
nuclei and seven limbic forebrain target regions (Fig. 1).
Four of the six brainstem nuclei were selected because
they are key components of the raphe/extra-raphe system
and contain neuronal cell bodies that produce serotonin
(5-HT), which is critical for homeostatic regulation: (1) me-
dian raphe in rostral pons; (2) dorsal raphe in rostral pons and
caudal midbrain; (3) caudal raphe (mainly the raphe obscu-
rus) throughout the rostrocaudal length of the medulla oblon-
gata; and (4) paragigantocellularis lateralis (PGCL) in the
rostral medulla (Azmitia and Gannon, 1986; Brust et al.,
2014; Ray et al., 2011; Severson et al., 2003). In addition,
the PGCL is thought to contain the human homologue of
the preBotzinger complex, the central rhythm generator of
respiration (Feldman et al., 2013; Schwarzacher et al.,
2011). The locus coeruleus of the rostral pons was analyzed
because it contains neuronal cell bodies that produce norepi-
nephrine (NE), likewise important for homeostatic regula-
tion and arousal (Aston-Jones and Cohen, 2005; Gompf
et al., 2010; Li and Nattie, 2006). With diffusion tractogra-
phy, we were not able to delineate 5-HT- or NE-specific
fiber pathways within the raphe/extra-raphe and locus coeru-
leus pathways, respectively; nevertheless, the connectivity of
these brainstem regions of interest (ROIs) as a whole was a
surrogate for the transmitter-specific subsets. Two vagal nu-
clei in the medulla, the dorsal motor nucleus of the vagus,
and nucleus of the solitary tract were selected for analysis be-
cause, in addition to their roles in sensorimotor aspects of
autonomic control, they are involved in the treatment of ep-
ilepsy with vagal nerve stimulation (Ogbonnaya and Kalia-
perumal, 2013). Due to the very small size of these two
nuclei (largest combined diameter in adult human brainstem
*5 mm), we placed the ROI around these two nuclei to-
gether, combined as the vagal complex (VC).

The forebrain target ROIs were the hippocampus proper,
subiculum, entorhinal cortex, and amygdala in the medial
temporal lobe, the superior temporal gyrus (anterior and pos-
terior) in the lateral temporal lobe, and the insula (Frysinger
and Harper, 1990; Koseoglu et al., 2009; Oppenheimer et al.,
1992; Ter Horst and Postema, 1997; Ulrich-Lai and Herman,
2009; Vertes et al., 1999). The two lateral sites have been
shown to participate in modulation of autonomic and/or re-
spiratory processes in humans and experimental animals
(Augustine, 1996; Harper et al., 2013). We did not examine
the hypothalamus, which is regarded historically as the head
ganglion of the autonomic nervous system (Saper and Lowell,
2014), or the cingulate cortex, which was included in early
descriptions of the limbic system by Broca and Papez. Rather,
because of our group’s focus, we concentrated upon those
sites known to be responsible for the greatest burden of
homeostasis-related disorders, seizures, and sudden death
in clinical practice, that is, hippocampus, amygdala, supe-
rior temporal lobe, and insula.

Brainstem seed ROIs were traced manually on the diffu-
sion dataset of each subject by a neurologist (B.L.E.) and
neuropathologist (H.C.K.). We determined the neuroana-
tomic boundaries of the seed ROIs by precise correlation
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of the radiologic data with three reference templates: (1) an
ex vivo human brainstem template of ROIs generated by
direct correlation with serially sectioned cytoarchitectural
data in the same specimen (stained with hematoxylin and
eosin and Luxol-fast-blue) (Edlow et al., 2012); (2) a
human brainstem atlas (Paxinos et al., 2011); and (3) a
novel template of brainstem ROIs in Montreal Neurologic
Institute space that is being made available to the academic
community as the Harvard Ascending Arousal Network
Atlas (www.martinos.org/resources/aan-atlas). Target fore-
brain regions were generated using atlases distributed with

the FMRIB Software Library (FSL; www.fmrib.ox.ac.uk/fsl)
( Jenkinson et al., 2011) (Table 1). These target ROIs were
transformed from Montreal Neurologic Institute space to
native diffusion space using FSL’s nonlinear image regis-
tration tool (FNIRT). Of note, diffusion tractography does not
provide information about the direction of electrical signaling
(i.e., anterograde versus retrograde) along a streamline. Thus,
we refer to ‘‘brainstem–forebrain connections’’ based upon
our probabilistic tractography methodology, in which brain-
stem nuclei were used as seeds and forebrain regions as tar-
gets. This nomenclature convention is not intended to suggest

FIG. 1. Brainstem seed re-
gions and homeostatic fore-
brain regions are
demonstrated with three-
dimensional reconstructions
in native diffusion space from
an anterior (A), left lateral
(B), posterior (C), and right
lateral (D) perspective. Amg,
amygdala; CR, caudal raphe;
DR, dorsal raphe; Ent, ento-
rhinal cortex; Hippo, hippo-
campus; Ins, insula; LC,
locus coeruleus; MR, median
raphe; PGCL, paragiganto-
cellularis lateralis; STGa, su-
perior temporal gyrus
(anterior); STGp, superior
temporal gyrus (posterior);
Sub, subiculum; VC, vagal
complex.

Table 1. Definition of Target ROIs

Target ROI Atlas
Atlas ROI(s) used to create

target ROI
Initial thresholding

before coregistrationa

Insula Harvard-Oxford Cortical
Structural Atlas

Insular cortex 10–100

STG anterior Harvard-Oxford Cortical
Structural Atlas

STG anterior division 10–100

STG posterior Harvard-Oxford Cortical
Structural Atlas

STG posterior division 10–100

Amygdala Harvard-Oxford
Subcortical Structural Atlas

Left amygdala + right amygdala 10–100

Hippocampus
proper

Harvard-Oxford
Subcortical Structural Atlas

Left hippocampus + right hippocampus 10–100

Subiculum Juelich Histological Atlas GM hippocampus subiculum L + GM
hippocampus subiculum R

75–100

Entorhinal
cortex

Juelich Histological Atlas GM hippocampus entorrhinal cortex L + GM
hippocampus entorrhinal cortex R

75–100

Atlas ROIs were acquired from the FMRIB Software Library (www.fmrib.ox.ac.uk/fsl).
aInitial thresholding was individualized for each ROI. After nonlinear coregistration of the target ROIs to native subject space, additional

thresholding was performed (80–100).
GM, grey matter; L, left; R, right; ROIs, regions of interest; STG, superior temporal gyrus.
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that homeostasis is mediated solely by ascending pathways
from the brainstem to forebrain. Rather, prior studies suggest
that homeostatic functions are modulated by bidirectional
‘‘bottom-up’’ and ‘‘top-down’’ signaling between the brain-
stem and forebrain (Saper, 2002; Ulrich-Lai and Herman,
2009).

Connectivity analyses

Probabilistic tractography was performed using FMRIB’s
Diffusion Toolbox with the ball and two stick model (Beh-
rens et al., 2003, 2007). Five thousand streamlines were
propagated from each voxel within the seed ROIs, and target
ROIs were used as termination masks. To quantitatively
compare the probabilistic tractography results for seed–
target pairs, we report a ‘‘streamline probability’’ (SP):

The SP is a measure of the probability of a streamline con-
necting a seed ROI and target ROI, and does not reflect the
strength of the neuroanatomic connection ( Jbabdi and
Johansen-Berg, 2011). Since probabilistic tractography
yields a flare of high SP near the seed ROI compared to
more distant locations, we used the distance correction op-
tion (�pd) in FSL (probtrackx). With this option, the SP at
each target voxel equals the number of streamline samples
that cross the target voxel multiplied by the average length
of those streamlines. The distance correction was applied
because the distances between the seed and target ROIs
are different, and we did not want the SP measurements to
be biased by distance. Quantitative SP-based connectivity
of the brainstem–forebrain network was visually displayed
using an adaptation of the connectogram technique (Irimia
et al., 2012) developed by our laboratory (Edlow et al.,
2013).

SP may be influenced by a variety of methodological fac-
tors pertaining to diffusion data acquisition and postprocess-
ing. Furthermore, the SP value between node A and node B
will be lower if node A has widely distributed connectivity
because the probability of a fiber tract connecting with node
B goes down as the probability of that fiber tract connecting
with other nodes goes up. Nevertheless, quantitative mea-
sures, such as SP, obtained from probabilistic tractography
provide valuable information about the validity of the
reconstructed streamline trajectories. In accordance with re-
cently published recommendations for reporting quantita-
tive imaging biomarker results (Kessler et al., 2015), we
calculated the between-subject coefficient of variation
(standard deviation/mean) for the SP values of each seed–
target pair.

Deterministic tractography was also performed for visual-
ization purposes using the Diffusion Toolkit and TrackVis
(www.trackvis.org), as previously described (McNab et al.,
2013). To reduce the likelihood of identifying spurious
streamlines at sites of white matter crossing ( Jones et al.,
2013), we rigorously excluded nearby, nonlimbic white
matter pathways by manually tracing these nonlimbic ROIs
and performing a ‘‘NOT’’ function in TrackVis.

Results

Connectivity overview

Probabilistic tractography utilizing the MGH-USC Con-
nectome scanner demonstrated reproducible streamlines in
all six subjects that connected the selected seed brainstem
nuclei (dorsal raphe, median raphe, locus coeruleus, caudal
raphe, PGCL, and VC) with target limbic forebrain regions
(hippocampus, amygdala, subiculum, entorhinal cortex,
insula, anterior superior temporal gyrus, and posterior supe-
rior temporal gyrus) (Figs. 2 and 3). The brainstem nucleus
with the highest SP with the sampled forebrain regions over-
all was the dorsal raphe, and with the lowest SP, the VC.
While the trajectories of streamlines between the brainstem
and limbic forebrain were consistent across the brains
of the six subjects studied, the SP measurements for each

pathway among the subjects were variable (Fig. 4). The
seed-target pairs with the highest between-subject SP coeffi-
cients of variation were the VC-superior temporal gyrus ante-
rior (1.10), dorsal raphe-superior temporal gyrus anterior
(0.83), and PGCL-subiculum (0.77). The seed-target pairs
with the lowest between-subject SP coefficients of variation
were the dorsal raphe-insula (0.19), dorsal raphe-amygdala
(0.20), and median raphe-hippocampus (0.20). Overall, the
between-subject SP coefficients of variation for the six brain-
stem seeds were within the following ranges for each forebrain
target: amygdala (0.20–0.53), entorhinal cortex (0.34–0.59),
hippocampus (0.20–0.44), insula (0.19–0.74), superior tempo-
ral gyrus anterior (0.55–1.10), superior temporal gyrus poste-
rior (0.53–0.70), and subiculum (0.39–0.77).

Despite different streamline trajectories between the seed
and target ROIs, the subiculum was the site that shared the
highest SP with all but one of the brainstem nuclei sampled.
The exception was the PGCL, whose highest SP was with the
amygdala, not the subiculum. The medial temporal lobe
structures (hippocampus, entorhinal cortex, amygdala, and
subiculum) demonstrated higher SPs with all brainstem nu-
clei sampled compared to the lateral temporal lobe and insula
(Figs. 2 and 4). The dorsal raphe was the brainstem monoam-
inergic seed with the highest SP with the medial forebrain
targets, followed in decreasing order by the caudal raphe,
median raphe, and locus coeruleus.

Pathways within the brainstem

Streamlines from the three medullary seed nuclei ran in
three separate pathways within the medullary and pontine
tegmentum (Fig. 5). Streamlines of the caudal raphe tra-
versed the midline medullary and pontine tegmentum, the
latter level where they passed through the median and dorsal
raphe in the rostral pons (Fig. 6). Streamlines of the VC tra-
versed both sides of the dorsolateral tegmentum of the me-
dulla and pons. Streamlines of the PGCL likewise traveled
bilaterally, but in the ventrolateral tegmentum of the medulla
and pons, overlapping partially with the central tegmental
tract on each side. Streamlines of the locus coeruleus traveled

SP =
# of streamlines reaching target · Average streamline length

# of streamlines propagated from seed
· 100
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bilaterally in the dorsolateral tegmentum of the pons, and
those of the median and dorsal raphe in the midline tegmen-
tum of the pons (Fig. 5). Notably, the vast majority of
streamlines from bilateral nuclei (e.g., left- and right-sided
PGCL, VC, and LC) were visualized ipsilateral to their re-
spective seed nuclei. Thus the term ‘‘bilateral’’ refers to
streamlines traversing both sides of the brainstem tegmen-
tum and is not intended to imply that streamlines crossed
the midline.

At the junction of the pons and midbrain, all streamlines
from the six brainstem seed nuclei joined two bundles,
which we identified and named the rostral and caudal mesen-
cephalic homeostatic bundles (MHBR and MHBC) (Fig. 7).
The MHBR continued along the dorsal tegmentum of the
midbrain bilaterally, overlapping partially with the central
tegmental tract, and then turned ventrally at the rostral
midbrain to enter the posterior hypothalamus (level of the

mammillary bodies). The MHBC turned ventrally at the pon-
tomesencephalic junction and traveled within the raphe
(midline) toward the ventral tegmental area. Upon reaching
the posterior aspect of the ventral tegmental area, the
MHBC diverged into two distinct bundles, which traveled be-
tween the ventral tegmental area on their medial border and
the cerebral peduncles on their lateral border, before entering
the posterior hypothalamus. Both the MHBR and MHBC con-
tained streamlines from all six brainstem seed nuclei, and
streamlines from both bundles became intermingled as they
entered the posterior hypothalamus (Fig. 7).

Pathways within the forebrain

Upon converging at the level of the posterior hypothalamus,
streamlines from the MHBR and MHBC yet again diverged,
forming four distinct bundles bilaterally (Figs. 8 and 9).

FIG. 2. Streamline proba-
bility (SP) measurements and
connectogram. (A) SP mea-
surements (mean – SD) are
provided for each seed–target
pair. (B) The connectogram
of the human central homeo-
static network (CHN). Brain-
stem seed nodes are
displayed on the outside of
the connectogram and limbic
forebrain target nodes at its
center. Connectivity is repre-
sented quantitatively, with
line thickness being propor-
tional to the SP for each dyad.
Connectogram lines are color
coded according to the
brainstem nucleus of origin:
turquoise, DR; green, MR;
dark blue, LC; red, PGCL;
light blue, CR; yellow, VC.
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Three of these bundles connected with target forebrain
homeostatic-related sites; the fourth was the rostral ventral
tegmental tract (VTTR), recently described as the primary con-
duit for connections between brainstem arousal-related nuclei
(e.g., locus coeruleus and median and dorsal raphe) and the
paraventricular nuclei of the thalamus (Edlow et al., 2012).
Of the three bundles that connected with the sampled forebrain
sites, we considered two to be branches of the medial forebrain
bundle (MFB). The other was the newly identified lateral fore-
brain bundle (LFB).

Medial forebrain bundle

The two branches of the MFB were the inferomedial me-
dial forebrain bundle (imMFB) and superolateral medial
forebrain bundle (slMFB), consistent with nomenclature re-

cently proposed (Coenen et al., 2012). The main site of
imMFB connectivity was the orbitofrontal cortex, a region
that was not a prespecified target in this study, but that was
readily identified as a site that connected with all of the
brainstem nuclei analyzed (Fig. 9). Within the medial hypo-
thalamus and basal forebrain, the imMFB traveled alongside
fiber tracts of the caudal ventral tegmental tract (VTTC), re-
cently described as the primary pathway connecting brain-
stem arousal nuclei to the human hypothalamus and basal
forebrain (Edlow et al., 2012).

The slMFB diverged from the imMFB in the posterior hy-
pothalamus and entered the anterior limb of the internal cap-
sule (Fig. 3), as previously described in human adults
(Coenen et al., 2012). From there, slMFB streamlines con-
nected with the prefrontal lobe. The slMFB was also the pri-
mary conduit of streamlines connecting with the insula and

FIG. 3. Montage of probabilistic tractography data from representative cases. Probabilistic streamlines are shown for the
lateral forebrain bundle (LFB), superolateral medial forebrain bundle (slMFB), fornix, and cingulum bundle in the axial, cor-
onal, and sagittal planes. Voxels are color coded according to the number of streamlines passing through, with yellow indi-
cating higher numbers and red indicating fewer. Streamline thresholding (i.e., minimum and maximum number displayed)
was adjusted to optimize visualization of the pathways of interest. In the LFB analysis, the turquoise arrows indicate LFB
streamlines connecting with the amygdala (semitransparent blue target region of interest [ROI]). In the slMFB analysis,
streamlines connect with the insula (semitransparent green ROI). In the fornix analysis, the pink arrows indicate fornix
streamlines connecting with the amygdala (axial and coronal images) and hippocampus (sagittal image). In the cingulum bun-
dle analysis, the green arrows indicate cingulum streamlines connecting with the hippocampus (semitransparent turquoise,
axial and coronal images) and the entorhinal cortex (sagittal image). All streamlines are propagated from the caudal
raphe seed ROI to demonstrate long-range connectivity between the caudal medulla and forebrain targets.
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FIG. 4. SP bar graphs for all seed–target analyses and all subjects (n = 6).

FIG. 5. Pathways of the human CHN. Connections between brainstem seeds and forebrain targets occur by multiple path-
ways traveling through the medulla, pons, mesencephalon, and forebrain. Each brainstem seed generates streamlines that
travel a unique pathway within the medulla and/or pons. All CHN streamlines converge at the pontomesencephalic junction
to travel through the rostral and caudal mesencephalic homeostatic bundles (MHBR and MHBC). At the mesencephalic–
diencephalic junction, streamlines from the MHBR and MHBC converge and then distribute to five different forebrain path-
ways: LFB, slMFB, inferomedial medial forebrain bundle (imMFB), fornix, and cingulum bundle. CTT, central tegmental
tract; Hypothal, hypothalamus; N/A, not applicable; PBC, parabrachial complex; VTTC, caudal ventral tegmental tract.
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FIG. 6. Shared raphe connectiv-
ity with limbic medial temporal
lobe sites. Streamlines between
raphe nuclei and the Hippo, Sub,
and Amg are shown from a right
lateral view, superimposed on axial
and sagittal T1-weighted images in
a representative subject. Stream-
lines passing through the CR (blue)
and DR (turquoise) are color coded
turquoise, while fiber tracts passing
through CR and MR (green) are
green. Though not measured with
tractography, mono-and/or oligo-
synaptic connections may be pres-
ent between the caudal and rostral
(median and dorsal) raphe. All net-
work nodes are semitransparent so
that streamlines are seen within the
nodes, except for Sub, which is
opaque and visualized along the
inferomedial margin of Hippo.
Fiber tracts from the raphe system
connect with Hippo, Sub, and Amg
through the fornix (Fx) and cingu-
lum bundle (CB), as well as through
the LFB, which is located medial to
Hippo, Sub, and Amg in this figure.
The slMFB and imMFB also con-
tain streamlines that originate in CR
and pass through DR and MR.

FIG. 7. The MHBR and
MHBC. Streamlines gener-
ated from (A) CR (light blue),
(B) MR (green), (C) DR
(turquoise), (D) PGCL (red),
(E) VC (yellow), and (F) LC
(blue), all connect with lim-
bic forebrain sites by two
discreet bundles in the mid-
brain: the MHBR and MHBC.
All streamlines are shown
from a right lateral view,
superimposed on axial and
sagittal T1-weighted images
in a representative subject.
Cerebellar, basis pontis, and
superior cerebellar peduncle
tracts are excluded for clarity.

194 EDLOW ET AL.



superior temporal gyrus. These latter connections occurred
by streamlines that traveled through the anterior limb of
the internal capsule and then curved posterolaterally to
enter the external capsule before reaching their insular and
lateral temporal lobe targets (Fig. 3).

Lateral forebrain bundle

The fourth distinct pathway diverging at the level of the
posterior hypothalamus was named by us as the LFB. The
LFB was identified bilaterally in probabilistic and determin-
istic analyses of the brains of all six adult subjects, traveling
laterally and circumferentially around the posterior limb of
the internal capsule, posterior to the anterior commissure
and superior to the optic tracts (Figs. 8 and 9). After this ini-
tial course, LFB streamlines passed laterally to the medial
temporal lobe targets, that is, hippocampus, subiculum, ento-
rhinal cortex, and amygdala and posteriorly through the ex-
ternal capsule to widely distributed frontal, parietal, and
occipital targets.

Fornix and cingulum bundle

In addition to the imMFB, slMFB, and LFB, two addi-
tional fiber bundles included streamlines that connected
brainstem seed nuclei to forebrain limbic targets: the fornix
and cingulum bundle (Figs. 3 and 5–8). Streamlines from

all six brainstem nuclei sampled entered the fornix through
the hypothalamus and traveled within it to differentially
branch to the hippocampus proper, subiculum, entorhinal
cortex, and amygdala. Streamlines entered the cingulum
bundle after traveling from brainstem nuclei to the basal
forebrain through the VTTC; they traversed the cingulum
bundle to connect with the hippocampus proper, subiculum,
entorhinal cortex, and amygdala.

The human CHN connectogram

The CHN connectogram conveys that all six brainstem
seed nuclei were interconnected with all seven limbic fore-
brain target sites, but with markedly different SPs (Fig.
2B). While the SP results appeared to correlate with the
size of the target regions, this effect is not easily corrected
for because the probability of streamline connections at
each voxel in the target is not expected to be equal. There-
fore, the size of the target ROI remains a potential confound
in these SP measurements. To ensure that the target ROI size
was not the only factor contributing to the SP, we verified
that the SP measurements were derived from anatomically
plausible pathways for which information was available
from animal models (Azmitia and Gannon, 1986; Vertes,
1984a,b) or other diffusion tractography studies of subcorti-
cal pathways in the human brain (Coenen et al., 2012; Edlow
et al., 2012).

FIG. 8. Neuroanatomic trajectory
of the human LFB. The LFB is
shown from right lateral (A) and
superior (B) perspectives. LFB
streamlines diverge from the mes-
encephalic homeostatic bundles in
the posterior hypothalamus, then
travel laterally around the posterior
limbs of the internal capsules just
posterior to the anterior commissure
(Ant Comm, yellow), and superior
to the optic tracts (OpTr, purple)
and lateral geniculate nuclei (LGN,
pink). LFB streamlines enter the
external capsule, from which they
branch out to limbic targets in the
medial temporal lobes. All stream-
lines are color-coded according to
their brainstem nucleus of origin:
turquoise, dorsal raphe; green, me-
dial raphe; and blue, locus coeru-
leus. Streamlines running in close
proximity to the LFB are shown:
lateral dorsal tegmental tract
(DTTL), Fx, imMFB, slMFB,
VTTC, and rostral ventral tegmental
tract (VTTR).
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Discussion

The conceptual framework for forebrain modulation of
subcortical homeostatic functions has been in place since
at least the last century with the canonical observations
of Cannon (1929) on the relationship between emotional
states and autonomic responses. Mounting evidence from ex-
perimental animals supports the idea that homeostasis is me-
diated by ascending and descending interconnections
between brainstem nuclei and forebrain regions, which to-
gether regulate autonomic, respiratory, and arousal responses
to stress (Azmitia and Gannon, 1986; Feldman et al., 2013;
Harper, 1986; Vertes, 1984a,b). While the limbic lobe/system
was historically regarded as the neuroanatomic substrate of
emotion (Barger et al., 2014; Kaas, 2013), its role in the reg-
ulation of homeostasis has been increasingly recognized, and
the originally defined sites have been encompassed in the cen-
tral autonomic network (Beissner et al., 2013; Benarroch,
1993; Mraovitch and Calando, 1999; Saper, 2002), or ‘‘flight
or fight’’ system (Nicolaides et al., 2015; Ulrich-Lai and Her-

man, 2009). In this study, we provide initial evidence for con-
nectivity between forebrain and caudal brainstem regions that
participate in the regulation of homeostasis in the human
brain. These nodes and connections form, we propose, a
CHN because its nodes not only regulate autonomic functions
such as ‘‘fight or flight’’ and arousal (e.g., median and dorsal
raphe, and locus coeruleus) but also nonautonomic homeo-
static functions such as respiration (i.e., PGCL) and regulation
of emotion/affect (e.g., amygdala). Within the human CHN,
forebrain nodes are interconnected with multiple brainstem
nodes over long distances between the cerebral cortex (e.g.,
insula), pons and medulla, suggesting a ‘‘limbic pons’’ and
‘‘limbic medulla’’ to add to Nauta’s (1958) classic recognition
of the ‘‘limbic midbrain.’’

The highest probability of connectivity (SP value) for five
of the six brainstem nuclei analyzed was with the subiculum.
In animals, the subiculum by inhibitory hypothalamic projec-
tions limits or terminates the ‘‘fight or flight’’ stress response
mediated by the hypothalamic–pituitary–adrenal (HPA) axis
(Lowry, 2002). We found that the human subiculum is

FIG. 9. Divergence of the medial
forebrain bundle, LFB, and ventral
tegmental tracts in the posterior
hypothalamus. (A) Anterior view of
streamlines generated from the
locus coeruleus (dark blue), dorsal
raphe (turquoise), and median raphe
(green) superimposed upon axial
and coronal T1-weighted images
(center inset) for a representative
subject. In the posterior hypothala-
mus, streamlines from the locus
coeruleus, dorsal raphe, and median
raphe diverge as the follows: (1)
slMFB, connecting to the prefrontal
cortex; (2) VTTR, connecting to the
paraventricular nuclei of the thala-
mus (Thal); (3) the VTTC, con-
necting to the anterior hypothalamus
and basal forebrain, running
alongside the imMFB; and (4)
LFB, connecting to temporal lim-
bic sites. (B) Zoomed view of the
image in (A) demonstrates the di-
vergence of the slMFB, VTTR,
VTTC, and LFB in the posterior
hypothalamus. Anatomic land-
mark; third ventricle (3V).
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connected with brainstem nuclei known to be involved with
homeostatic responses, including the median and dorsal
raphe, locus coeruleus, VC, caudal raphe, and PGCL. We
therefore speculate that these subicular-brainstem intercon-
nections underlie, at least in part, the coordinated HPA
axis response in human ‘‘fight or flight.’’

The MFB is a major white matter conduit for forebrain–
brainstem interconnections within the human CHN, consistent
with animal studies (Vertes, 1984a,b). We observed that brain-
stem pathways in the tegmentum of the medulla and pons
sampled in this study converge into newly described caudal
and rostral divisions of an MHB in the midbrain, and in
turn, into the MFB on either side of the third ventricle.
Recently, the MFB was visualized for the first time in the
human brain with diffusion tractography (Coenen et al.,
2009, 2012) and was shown to traverse the anterior limb of
the internal capsule on its way to the prefrontal cortex. We
confirmed the capsular trajectory of the slMFB and its prefron-
tal connections, but we also visualized connections with the
insula and superior temporal gyrus, two forebrain targets
that are known to contribute to homeostatic regulation.

The identification of an LFB in the human brain sheds new
light on the white matter pathways by which the medial tem-
poral lobe connects with the brainstem. We observed that
the LFB, but not the MFB, connects brainstem homeostatic
nuclei with the hippocampus, amygdala, subiculum, and
entorhinal cortex. The human LFB shares homologous con-
nectivity properties with the rodent and primate MFB and
dorsal raphe cortical tract (Azmitia and Gannon, 1986), but
the pattern of brainstem–temporal lobe connectivity visual-
ized in this study by the human LFB has not been previously
reported in rodent, primate, or human studies. These human
LFB connectivity findings have significant implications for
future studies of homeostatic dysfunction in neurologic dis-
eases. Temporal lobe epilepsy, for example, is postulated
to be a disorder of the limbic system (Bartolomei et al.,
2001; Bonilha et al., 2012; Spencer, 2002), and seizure dis-
orders are increasingly conceptualized as network disorders
(Blumenfeld, 2014; Stefan and Lopes da Silva, 2013). Seiz-
ures originating in temporal sites have been shown to spread
along established axonal pathways (Mraovitch and Calando,
1999; Yoo et al., 2014), allowing the seizure activity to prop-
agate to subcortical arousal nuclei necessary for cortical ac-
tivation. Our identification of a human LFB thus provides a
putative pathway by which temporal lobe seizures may
cause dysfunction within brainstem arousal nuclei, with sub-
sequent inhibition of the cerebral cortex and impaired con-
sciousness (Blumenfeld, 2012).

Medullary–forebrain connectivity through the human LFB
also provides a potential neuroanatomic basis for CHN disor-
ders such as SUDEP (Engel et al., 2013; Richardson, 2012;
Sowers et al., 2013), which is associated with temporal
lobe epilepsy (Mueller et al., 2014; Schuele et al., 2011),
as well as SIDS and SUDC, which are associated with hippo-
campal anomalies in infants and young children, respectively
(Kinney et al., 2007, 2009, 2015). A paradoxical feature of
the CHN is its marked susceptibility to generate and propa-
gate seizures (Harper, 1986; Oliveira et al., 2011)—paradoxical
in that a network so vital to survival is so prone to sei-
zures that are inherently dangerous and potentially lethal.
We found that the hippocampus, amygdala, and insula—
seizure-prone regions of the CHN—are connected to med-

ullary nuclei involved in heart rate and rhythm (VC), respi-
ratory rhythm genesis (PGCL), and cardiorespiratory
integration (caudal raphe). We speculate that seizure dis-
charges originating in a hippocampus with a structural or
molecular defect may propagate along axonal pathways of
the LFB, fornix, and/or cingulum bundle to medullary nu-
clei, resulting in a dysfunction in brainstem nodes that man-
ifests in lethal cardiac dysrhythmias, respiratory arrest, and/
or blood pressure changes.

Notably, recent animal data suggest that SUDEP is linked
to cardiorespiratory collapse after a seizure that is associated
with spreading depolarization, defined as a self-propagating
depolarizing wave that silences neuronal networks (Aiba
and Noebels, 2015). Since depolarization waves do not travel
along axons, but rather as large gradients of excess extracel-
lular glutamate and potassium, it may be that seizure dis-
charges from a forebrain node of the CHN travel rapidly
along axonal pathways to medullary nuclei, where they con-
tribute to the generation of local spreading depolarization.
These depolarizations may silence medullary nodes of the
CHN, leading to cardiorespiratory arrest and sudden death.
The fornix and cingulum bundle were also observed to con-
nect the brainstem to the medial temporal lobe, but
these pathways are known to be oligosynaptic, with synapses
in the hypothalamus and basal forebrain, respectively.
Although diffusion tractography cannot provide information
about the number of synapses in a pathway or the direction of
electrical signaling (i.e., anterograde or retrograde), we spec-
ulate that the LFB may be the most direct route (i.e., contain-
ing the fewest synapses) by which electrical signals travel
from the medial temporal lobe to the brainstem within the
human CHN.

An important consideration in interpreting the findings of
this study, as in all studies utilizing diffusion tractography to
map brain networks, is the potential for false positive and
negative connections ( Jbabdi and Johansen-Berg, 2011;
Jones et al., 2013; Thomas et al., 2014). The SP measurement
is influenced by the structure of neuroanatomic connections
(e.g., myelinated versus unmyelinated axons), the trajecto-
ries of these connections (e.g., tight bundles versus diffuse
projections or crossing fibers), and multiple methodological
parameters, including spatial resolution, diffusion weighting
(i.e., b value), and the signal-to-noise ratio. For these rea-
sons, the SP cannot be interpreted as a direct measure of
connection strength, and we are careful to avoid this termi-
nology. Nonetheless, diffusion imaging techniques detect
significant anisotropic water diffusion even within unmyelin-
ated axons (Beaulieu, 2002), which is particularly relevant to
imaging diffuse ascending arousal pathways that contain
widespread projections of unmyelinated fibers (Azmitia
and Gannon, 1986). Furthermore, the dominant diffusion ori-
entations in a voxel are known to correspond to the white
matter fiber orientations within that voxel (Basser et al.,
1994), and prior tractography studies of complex pathways
in the human brainstem show associations with correlative
histopathological data (Edlow et al., 2013). Even if diffusely
branching axonal projections within the CHN may exceed
detection by diffusion tractography, the human CHN’s
large white matter bundles—the MFB and LFB—share ho-
mologous properties with bundles described in rodents and
primates (Azmitia and Gannon, 1986; Vertes, 1984a,b) and
therefore provide novel targets for in vivo mapping of altered
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CHN connectivity in human disease. It should be emphasized
that human and animal data further indicate that the projec-
tions of the ascending arousal systems are not homogeneous
across the cerebral cortex, but rather, preferentially innervate
different cortical regions (e.g., motor versus sensory sites), as
well as different lamina of cerebral cortex.

Perhaps the most challenging methodological limitation,
which may not be fully surmountable even with the highly
optimized Connectome MRI scanner utilized here, is that ax-
onal pathways that travel closely to one another can be diffi-
cult to map independently, as streamlines are prone to
‘‘jump’’ from one pathway to another, creating false positive
connections between seed–target pairs. In this study, the con-
vergence of medullary and pontine streamlines into two mes-
encephalic homeostatic bundles raises the possibility of a
‘‘highway effect,’’ whereby caudal streamlines all enter the
same two highways at the pontomesencephalic junction
and thereafter cease to demonstrate unique patterns of con-
nectivity. Yet, arguing against the possibility of a ‘‘highway
effect’’ confounding our CHN structural connectome are the
following results: (1) the qualitative observation that deter-
ministic streamlines emerge from the mesencephalic homeo-
static bundles (i.e., exit the highways) in unique
neuroanatomic patterns at the mesencephalic–diencephalic
junction and (2) the quantitative observation that brainstem
probabilistic streamlines demonstrate variable SP measure-
ments with forebrain targets. If all streamlines from the cau-
dal brainstem lost their target specificity once they
intermingled within the mesencephalic bundles, one would
expect random equally distributed connections with fore-
brain targets, not the highly specific and reproducible pat-
terns of target connectivity observed here.

Furthermore, although manual segmentation of brainstem
homeostatic nuclei in native diffusion space may introduce
variability with respect to the neuroanatomic localization of
streamline seeds, we observed that caudal streamlines entered
the rostral ‘‘highways’’ (i.e., mesencephalic forebrain bun-
dles) at consistent neuroanatomic locations in all subjects.
Nevertheless, in recognition of the inherent challenges associ-
ated with precise localization of brainstem nuclei, we are dis-
tributing to the academic community the Harvard Ascending
Arousal Network Atlas (www.martinos.org/resources/aan-
atlas)—a resource that we hope will enable replication of
these connectivity results and facilitate the ongoing develop-
ment of automated algorithms for segmentation of homeo-
static brainstem nuclei (Bianciardi et al., 2015).

Ultimately, while tractography-based connectivity mea-
surements will always be vulnerable to errors, we believe
that the potential discovery and validity of new connectivity
patterns in the human brain, as suggested in this study, are
grounded in the following: (1) the technical soundness of
the MGH-USC Connectome MRI scanner (McNab et al.,
2013; Setsompop et al., 2013), which has been optimized
for diffusion imaging with unique 300 mT/m gradients; (2)
the high angular resolution of the 55-min diffusion spectrum
imaging sequence, which has been optimized for mapping
complex white matter microstructure with bmax = 10,000
sec/mm2 and a 515 q-space lattice (McNab et al., 2013;
Wedeen et al., 2008); (3) the quantitative SP measures pro-
vided by the probabilistic tractography analysis (Behrens
et al., 2007); and (4) the anatomic congruence in evolution-
arily sustained fiber bundles between the brains of humans

and those of experimental animals, particularly primates
(Azmitia and Gannon, 1986).

Our tractography findings provide novel evidence for the
integration of forebrain and brainstem nodes into a single
network by long-range fiber bundles to subserve the complex
and multifaceted function of homeostasis. Although the well-
recognized methodological limitations of diffusion tractog-
raphy ( Jbabdi and Johansen-Berg, 2011; Jones et al.,
2013; Thomas et al., 2014) necessitate further validation
and refinement of the CHN connectome proposed here,
our in vivo tractography analyses provide a structural con-
nectivity map that until now has not been achievable with
postmortem labeling or other in vivo imaging methods in
the human brain. These findings thus enable future hypoth-
esis testing in experimental models and clinical studies of
myriad homeostatic disorders, such as those associated
with sudden death (e.g., SIDS, SUDEP, SUDC), psychiatric
diseases (e.g., depression, addiction), and severe brain inju-
ries (e.g., paroxysmal sympathetic hyperactivity).

We envision that a connectogram can be built for each dis-
order of the CHN based upon cohort analysis, enabling clini-
cians to define which nodes and/or connections are pathogenic
and warrant targeted therapies. It may be possible to use struc-
tural connectivity maps to pinpoint specific fiber bundles in-
volved in different homeostatic disorders. Of major interest
is the confirmation in future large cohorts of intersubject
variability in connectivity, which could make an individual
more vulnerable to a disease process. Of additional interest
is the development of the CHN connectogram from fetal
life through adulthood to determine maturational differences
in connectivity that may underlie age-related risk. Ultimately,
building CHN connectograms for multiple patients with dif-
ferent homeostatic disorders associated with sudden unex-
pected death may lead to the discovery of a single, final
common axonal pathway shared by all entities, or alterna-
tively, multiple pathways with a common lethal outcome.
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