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Abstract

Systemic complications are common after acute brain injury (ABI) and may trigger coagulation cascades, systemic
inflammation, as well as dysfunction of the cardiovascular, respiratory, and gastrointestinal systems, etc. The patho-
genesis of these systemic manifestations is multifactorial but not yet fully elucidated. This paper introduces the novel
term neurogenic organ dysfunction syndrome (NODS) to characterize systemic instability arising from internal

and external perturbations of the neuronal center following ABI. Elucidating the central neurogenic mechanisms

of NODS is critical for early detection and prevention of complications, thereby reducing mortality and improving
patient outcomes following ABI. In this paper, we explore the potential central neurogenic mechanisms of NODS
from the perspective of complex brain network theory, focusing on the structural network of the central autonomic
system (CAS) that maintains systemic stability, and the functional network governed by the central stress system (CSS).
The CAS can be divided into the cortical autonomic network, which involves higher cortical regions, and the subcor-
tical autonomic network, which is relatively conserved, with its main connections located in deep brain structures.
The CSS is a large-scale complex network characterized by hierarchy, hubs, and modularity, which together enable
the competitive optimization of functional segregation and integration. Under physiological conditions, modules
(mediating functional segregation) and hubs (functional integration) within the CSS dynamically trade-off with each
other to maintain the overall homeostasis. However, this balance is disrupted following pathological insults or injury,
resulting in weakened functional integrity of the CSS following ABI, impaired module activity, and disturbed hub
integration. This paper also demonstrates the distinct pathological manifestations arising from disturbances at differ-
ent levels of the homeostatic system. Finally, this study proposes potential clinical interventions, including analgesia
and sedation, neuromodulation, and receptor regulation, for early interventions and potential treatment of NODS,
aiming to improve patient outcomes.
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Background
Acute brain injury (ABI), including traumatic brain
injury (TBI), subarachnoid hemorrhage, and stroke, is a
major cause of mortality and poor neurological outcomes
[1]. The incidence of ABI has increased dramatically, and
patients with ABI often require prolonged hospital stays
and intensive care unit (ICU) management. Although
numerous studies have investigated the mechanisms of
ABI, research on its effects on extracranial organ dys-
function remains limited. The concept dates back over
a century, when Cushing’s ulcers and reflexes were first
raised [2, 3]. In recent years, there has been a growing
recognition that systemic multi-system/organ complica-
tions following ABI constitute a set of clinically observ-
able phenomena that can be repeatedly observed, such as
neurogenic stress cardiomyopathy [4], neurogenic pul-
monary edema (NPE) [5], paroxysmal sympathetic hyper-
excitation (PSH) [6-8], cerebral salt wasting (CSW) [9,
10], syndrome of inappropriate secretion of antidiuretic
hormone [11]. Systemic complications following ABI also
include delirium [12], post-traumatic stress disorder [13,
14], as well as other psychological and neurological dis-
orders [15, 16]. The pathophysiology of multiple organ
dysfunction syndrome (MODS) is traditionally attributed
to humoral regulatory mechanisms, such as systemic
inflammatory response syndrome or compensatory anti-
inflammatory response syndrome. MODS is a critical
illness characterized by reversible physiological abnor-
malities involving dysfunction of two or more organs
simultaneously, leading to longer ICU stays and higher
mortality (27 — 100%) [17]. MODS occurs frequently
following ABI and plays an important role in patient
outcomes [16, 18]. Akerlund et al. [19] reported worse
outcomes in patients with moderate ABI and concurrent
metabolic disorders, compared with patients with severe
ABI but normal metabolism. Consequences of MODS
following ABI may include sympathetic system dysfunc-
tion, excessive proinflammatory response, disturbed
metabolism, reduced cerebral blood flow, hypoxia, acido-
sis, and bleeding, collectively contributing to homeostatic
destabilization [20-22]. This paper introduces the novel
term neurogenic organ dysfunction syndrome (NODS) to
characterize systemic instability arising from internal and
external perturbations of the neuronal center following
ABI (Fig. 1 and Additional file 1: Table S1).

Identifying the fundamental mechanisms of NODS
is crucial for reducing mortality and developing early
interventions. With the progress of neuroscience,

research has demonstrated that the central nervous
system (CNS) serves as the primary control center for
maintaining systemic stability, including the respira-
tory system [23], circulatory system [24], and basic
homeostasis [25-28]. However, most studies have
mainly focused on individual organs rather than sys-
temic dysfunction [23-28]. Moreover, the role of the
injured brain itself in organ dysfunction, independ-
ent of the effects of concurrent polytrauma, remains
poorly understood. To address these issues, we adopt
the basic concept of complex brain networks[29],
including structural brain networks (physical, anatomi-
cal connections) and functional brain networks (pat-
terns of neural activity) [30], as well as modularity (the
organization of nodes into modules with dense inter-
nal connections) [30, 31], hubs (nodes with high cen-
trality) [32, 33], and hierarchy (functional implications
including fractal subdivision, hub integration span,
and information processing order) [33, 34], to explain
the physiological mechanisms by which the CNS main-
tains systemic homeostasis. We also apply it to further
explain the clinical manifestations of NODS and to
clinical interventions for its early treatment, to improve
patient outcomes.

The control center that maintains systemic stability
Spontaneous homeostasis is the most fundamental con-
dition for sustaining human life [35, 36], which involves
numerous biological parameters, including respiration,
blood circulation, body temperature, blood gas, glucose,
osmolality, and inflammation. Two terms are commonly
used to describe systemic stability: homeostasis and
allostasis [37-40], both of which consider the brain as the
control center of systemic stability, viewed from the per-
spectives of feedback and feed-forward theory [41-43].
The homeostasis control system consists of 2 networks:
a structural network based on the central autonomic
system (CAS) and a functional network governed by the
central stress system (CSS).

The structural brain network for homeostasis maintenance
Several structural network models have been proposed
regarding homeostasis maintenance, including the cen-
tral autonomic network [44, 45], the neurovisceral inte-
gration model [46, 47], the polyvagal theory [48], the
structural connectome of the central homeostatic net-
work [49], and the cortical autonomic neural network
[50]. Reisert et al. [51] provided a global view of the CAS
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Fig. 1 ABl-induced neurogenic organ dysfunction syndrome (NODS). After ABI, signals are transmitted to peripheral organs through the efferent
segment of the autonomic nervous system (ANS) and neuroendocrine pathways, causing structural changes and/or functional damage to multiple
subsystems or organs, resulting in multisystem complications. Arrows indicate that dysregulated signals are transmitted via neuroendocrine

and autonomic pathways, leading to systemic manifestations. TC takotsubo cardiomyopathy, NSC neurogenic stress cardiomyopathy, SIRS systemic
inflammatory response syndrome, CARS compensatory anti-inflammatory response syndrome, MARS mixed antagonist response syndrome, NPE
neurogenic pulmonary edema, ARDS acute respiratory distress syndrome, PCO, partial pressure of carbon dioxide, PSH paroxysmal sympathetic
hyperexcitation, AGl acute gastrointestinal injury, SRMD stress-related mucosal disease, CSW cerebral salt wasting, SIADH syndrome of inappropriate
antidiuretic hormone secretion, DI diabetes insipidus, GH growth hormone, ACTH adrenocorticotropic hormone, DIC disseminated intravascular

coagulation

and reconstructed the structural network underlying the
ANS using diffusion-weighted imaging from the Human
Connectome Project database. The CAS, a representa-
tive structural brain network responsible for maintaining
homeostasis, can be divided into the cortical autonomic
network (CAN) and the subcortical autonomic network
(SAN) (Fig. 2).

The CAN involves several higher cortical regions,
including the medial prefrontal cortex, insular cortex,
and cingulate cortex [50]. Three white matter pathways
also play critical roles in CAN: the parieto-anterior-tem-
poral pathway, the occipito-posterior-temporo-frontal
pathway, and the limbic pathway (divided into a rostral-
anterior pathway and a mid-cingulate pathway) [51]. In
contrast to the CAN, the SAN is relatively conserved,
with its primary connections located in deep brain

structures, including the hypothalamus, periaqueductal
gray (PAG), locus coeruleus (LC), dorsal medullary seed,
and lateral medullary seed. The main white matter path-
ways of SAN consist of dorsal and lateral pathways. In
addition, the insula and hypothalamus act as the connec-
tor hubs between CAN and SAN [51-53].

The functional brain network for homeostasis maintenance
The functional brain network refers to the connec-
tions between individual neurons and neuron clusters
that are engaged during the execution of specific tasks,
which normally involve dynamic interactions and coor-
dination among multiple brain regions [30, 54]. Different
functional brain networks have been proposed to sup-
port homeostasis maintenance [55-58], with the CSS
being the most representative, specialized in processing
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Fig. 2 Schematic diagram of the central autonomic system (CAS). The CAS comprises the cortical autonomic network (CAN) and the subcortical
autonomic network (SAN), forming the structural network that serves as the control center for systemic stability. Higher-order cortical regions,
including the medial prefrontal cortex (mPFC), insular cortex (IC), and cingulate cortex, are involved in CAN and are connected via 3 white matter
pathways: the parieto-anterior-temporal, the occipito-posterior-temporo-frontal, and the limbic pathways (divided into a rostral-anterior pathway
and a mid-cingulate pathway). Network nodes of SAN include hypothalamus (HT), periaqueductal gray (PAG), locus coeruleus (LC), dorsal medullary
seed (DMS), and lateral medullary seed (LMS). White matter pathways in SAN are divided into dorsal and lateral pathways, with the insula and HT
acting as connector hubs between SAN and CAN. MCC mid cingulate cortex, rACC rostral anterior-cingulate cortex, HF hippocampal formation,
PHG parahippocampal gyrus, SMG supramarginal gyrus, Pc precuneus, AMG amygdala, LG lingual gyrus, STG superior temporal gyrus, MTG middle

temporal gyrus, ITG inferior temporal gyrus

information related to internal and external sensations
as well as visceral movement [59, 60]. In much of the lit-
erature, the stress system is generally regarded as a key
entity for homeostasis maintenance and for inducing
peripheral responses [36, 61-63]. However, the under-
standing of how the central components of the stress
system perform neural information processing and
operation remains limited to simple descriptions. We
attempt to apply the theoretical framework of complex
brain networks to reorganize relevant neurophysiologi-
cal materials and describe the central neurogenic mecha-
nisms underlying homeostasis maintenance. Figure 3a
illustrates the relative anatomical locations of hubs in the
brain, including those governing thermoregulation, glu-
coregulation, chemoreflex, osmoregulation, baroreflex,
and inflammatory reflex. These hubs form the basis for
basic homeostatic regulation within the CSS. As shown

in Fig. 3b, the CSS forms a large-scale complex network
with small-world, hierarchical hubs and hierarchical
modules, which collectively support this highly-efficient
massive system and ensure the competitive optimization
of information segregation and integration [64—67].

Hierarchical modular structure: the separated network
supports efficiency for specific brain functions

Modularity is an essential biomarker of brain networks
associated with efficient and complex brain functions. It
refers to individual brain subnetworks that are segregated
from other modules within the whole-brain network,
with networks exhibiting high modularity having dense
intra-module connections and sparser inter-module con-
nections [68, 69]. Modularity can be characterized using
graph theory, in which large-scale brain networks are
comprised of individual brain regions (nodes) and the
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connections between them (edges). Complex brain func-
tions require multiple modules to execute regional and
specific functions efficiently. These modules often exhibit
scale-free or hierarchical properties, whereby smaller
modules can be embedded within larger ones and per-
form more specialized functions [31, 33, 64, 70-74].

The CSS functions as a representative hierarchical
modular network, integrating multiple brain networks,
and can be divided into three tiers. Tier-1 is composed
of sub-networks mediating physical stress and psycho-
logical stress [75]. Tier-2 includes brain regions and
nuclei responsible for sympathetic, parasympathetic,
and neuroendocrine functions [76, 77]. Tier-3 consists
of homeostats essential for maintaining homeostasis,
such as regulators of temperature, blood gas, inflamma-
tion, blood pressure, blood glucose, and osmolality [25,
27, 28, 61, 77-81]. Several Tier-3 modules may share the
same nuclei. For example, the nuclei of the tractus soli-
tarius (N'TS), C1 neurons, and LC play important roles in
maintaining blood gas homeostasis, which also regulate
respiration [23, 78]. Some Tier-3 modules can be fur-
ther subdivided, such as the osmolality module, which
comprises water balance and sodium balance sub-mod-
ules [82]. This hierarchical modularity network enables
the CSS to achieve a stepwise functional specialization
from central to peripheral levels. Psychological or physi-
cal stressors trigger the corresponding sub-networks,
eliciting a series of responses, including activation of
the sympathetic nervous system (SNS) and hypothala-
mus—pituitary—adrenal axis, as well as suppression of the
parasympathetic nervous system. At the Tier-3, dynamic
changes occur in the cardiovascular, respiratory, meta-
bolic, and immune systems, ultimately extending to
peripheral target organs under the regulation of the nerv-
ous system and chemical neurotransmitters.

Hierarchical hub: the hub connecting the internal

and external worlds

Hubs are nodes with high centrality, occupying central
positions in both structural and functional brain net-
works [30, 33, 83]. They can be further classified as pro-
vincial hubs and connector hubs [65]. Provincial hubs
mainly connect nodes within the same functional mod-
ule, whereas connector hubs mainly link nodes across
different modules [67]. Hierarchical hubs integrate infor-
mation across levels, from global and inter-module net-
works to intra-module networks. From the perspective
of neurophysiology and functional anatomy, hierarchical
hubs enable the CSS to establish distributed and inter-
active connections from the cortex to the brainstem,
integrating different modules into a functional integrity.
The fundamental survival modules of the CSS are usu-
ally regulated by provincial hubs. As shown in Fig. 3,

Page 5 of 16

the preoptic area primarily regulates body temperature
homeostasis, while the ventrolateral medulla regulates
blood pressure [25, 61]. As connector hubs, the paraven-
tricular hypothalamic nucleus (PVN) and the nucleus
of the NTS integrate the sympathetic and parasympa-
thetic systems at the subcortical and brainstem levels,
respectively [84, 85]. The prefrontal cortex, hippocampus
(Hippo), PVN, and ventral tegmental area also act jointly
as connector hubs, managing physical and psychological
stress [75]. A study of chronic moderate-to-severe TBI
found that patients with depressive symptoms showed
significantly enhanced resting-state functional connec-
tivity between the anterior prefrontal cortex and multiple
sensory and motor cortical regions [86]. A specific type of
connector hub, termed a bridge hub, refers to nodes that
strongly connect inter-modules. It plays a critical role in
efficient global communication [65]. In the CSS, the PVN
has the most overlapping connections between modules,
managing both psychological and physical stress, inte-
grates the ANS and neuroendocrine system [76, 87], and
is also involved in the regulation of osmolality and blood
glucose [27, 28, 61, 80]. A study demonstrated that mild
blast TBI induces persistent hyperactivity in corticotro-
pin-releasing factor neurons within the PVN, resulting
from dysfunction of gamma-aminobutyric acid-ergic
(GABAergic) synapses [88]. Perturbation of the PVN
increases the network vulnerability of the CSS. Due to
the “embedded” nature of hierarchical modularity, the
CSS only integrates part of the hubs across different hier-
archical modules.

Small-world network: the guarantee for achieving

the optimal global efficiency

The human brain network exhibits the topological char-
acteristics of the small-world networks, quantified by a
higher local clustering coefficient and a relatively short
path length between distant nodes [89-91]. Real com-
plex brain networks lie between random and regular
networks [33, 72], achieving optimal efficiency via trade-
offs between modules and hubs [70, 92—94]. This small-
world network topology endows the brain with emergent
functional properties [90]. Therefore, the small-world
networks serve as one of the primary structural bases
for competitively optimizing wiring cost and commu-
nication efficiency in the structural networks, as well as
segregation and integration in the functional networks
[95-98]. The above-mentioned hierarchical modular-
ity structure supports functional segregation from the
center to the periphery, while hierarchical hubs facili-
tate integration from localized to global functional coor-
dination in the control center. Over millions of years of
evolution, the function of the control center has been
optimized, giving rise to sophisticated mechanisms that
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Fig. 3 Schematic diagram of the central stress system (CSS). a The relative anatomical location of the hubs in the brain, including those involved
in thermoregulation, glucoregulation, chemoreflex, osmoregulation, baroreflex, and inflammatory reflex. b The hierarchical module network

is represented by a coil, and the highest module (solid line) includes the psychological and physical stress subnetworks. The secondary modules
(dashed lines) include sympathetic, parasympathetic, and neuroendocrine modules. The lower modules (filled areas) encompass homeostats
necessary for maintaining homeostasis, including, but not limited to, homeostats regulating body temperature, blood gas, blood glucose,

blood pressure, osmolality, and inflammation. Hub levels are represented by circles, and different border colors represent bridges, connectors,
provincial hubs, and ordinary nodes, as shown in the figure legend. Provincial hubs exhibit high intra-module connectivity, connector hubs have
high inter-module connectivity, and bridge hubs represent global integration. PVN paraventricular nucleus of the hypothalamus, NTS nuclei

of the tractus solitarius, DMX dorsal motor nucleus of the vagus nerve, LC locus coeruleus, VLM ventrolateral medulla, IL infralimbic cortex, PL
prelimbic cortex, CeA central amygdala, DMH dorsomedial hypothalamus, NA nucleus ambiguus, BST bed nucleus of the stria terminalis, VTA ventral
tegmental area, NAc nucleus accumbens, Hippo hippocampus, BLA basolateral nucleus, C1 C1 neurons, POA preoptic area, Arc arcuate nucleus

maintain systemic stability. As shown in Fig. 4a, based
on the nature of small-world network topology, the CSS
exhibits a distribution from optimal to sub-optimal in
terms of functional segregation and integration for main-
taining homeostasis. Especially when it shifts to a sub-
optimal state under internal and external perturbations,
the whole-body manifests deviation of homeostasis or
allostasis load and overload caused by modular organi-
zation and/or hub integration. Such disruption may lead
to a series of diseases associated with impaired modular
organization and/or hub integration [99].

Possible pathophysiological mechanisms

of ABl-induced NODS

Whole-body homeostasis is maintained by the systemic
organization and operation of the CNS network. Fol-
lowing ABI, any damage to the brain may compromise
structural or functional integrity, disrupt relevant brain
functions, and ultimately lead to NODS (Fig. 4).

Modularity and NODS

ABIl-induced impairment of hierarchical brain network
modularity is associated with highly localized network
alterations, often confined to the local modules of the
functional network, with the hierarchy of the affected
modules determining the clinical manifestations [99]. In
cases of impaired cardiovascular function following ABI,
the clinical manifestations depend on the tier of the per-
turbed module [100-102].

If the physical or psychological stress sub-network is
disturbed, a systemic stress response will occur, known
as the general adaptation syndrome [103, 104]. Perturba-
tion of the Tier-2 module, such as the SNS, can result in
sympathetic excitation of the heart, including increased
heart rate and blood pressure, as well as systemic effects
of sympathetic innervation on other effectors [22, 105—
108]. Heart rate variability is lower in individuals who
experienced moderate to severe ABI compared with con-
trols, indicating increased SNS activity and decreased

parasympathetic nervous system function following ABI,
which serves as clear evidence of autonomic dysfunction
[109]. Disturbance of the Tier-3 module, such as the car-
diovascular center, primarily affects the ANS and sympa-
thoadrenal system [4, 110], with minimal impact on other
systems. Moreover, disruption of the cardiac sympathetic
and sympathoadrenal modules can lead to abnormalities
in the heart base or apex, respectively [100]. Therefore,
by analyzing the impaired peripheral dysfunction, it is
possible to infer the disruption of central modules caused
by ABI, helping to distinguish stress cardiomyopathy
from neurogenic stress cardiomyopathy in the above
cases [101, 102].

Hub integration and NODS

In ABI, disturbances to the functional or structural brain
hubs may differentially affect functional integration
within and between modules [111]. Damage to central
hubs represents a hotspot in unconscious patients after
brain injury [112], impacting global, inter-module, or
even intra-module integration [99]. Moreover, in most
PSH cases, although structural disturbances occur in
various brain regions, stimulation or disinhibition of
PAG may lead to similar clinical manifestations, such as
abnormalities in the coordinated functions of sympa-
thetic, motor, and pain-modulating neural circuits [6].
Clinical reports have also confirmed that corpus callo-
sum, medial temporal lobe, and diencephalo-mesence-
phalic injury increase the risk of PSH [7, 113, 114], due to
the disinhibition of the PAG. These findings suggest that
the PAG may be one of the brainstem hubs in this patho-
physiological process [6].

Hierarchy and NODS

In this paper, hierarchy includes three functional impli-
cations (Fig. 4b). The hierarchy of functional disorders is
also reflected in information processing sequences. For
example, different levels of brain injury may lead to dif-
ferent patterns of respiratory dysfunction [78]. Specifi-
cally, the Cheyne-Stokes respiration is primarily caused
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Fig.4 Schematic diagram of the physiological and pathophysiological network operation mechanisms of the central stress system (CSS).

a According to the basic organizational principles of functional brain networks, the CSS exhibits hierarchical, modular, and hub-integration
properties, which interact through hierarchical modularity, hierarchical hub integration, and small-world networks to execute the neural information
processing. Hierarchical modularity organizes CSS modules in a fractal manner, enabling stepwise subdivision and specialization from central

to peripheral levels. Hierarchical hub integration enables the integration of hubs within CSS across global, inter-module, and intra-module levels
according to their integration span, thereby achieving functional integration. The small-world network organization balances the trade-off
between the cost and efficiency imposed by the former two networks, optimizing the segregation and integration of CSS functions and giving
rise to the “wisdom”that maintains systemic homeostasis[94]. Under physiological or psychological stress, a series of acute or chronic
stress-related diseases may occur when the network organization of the CSS is suboptimal, even in the absence of structural changes. Disruption
of the small-world networks can shift brain function from an optimal state to a sub-optimal state. b Hierarchy includes the following functional
implications: (i) “fractal” refers to the repeated encapsulation of smaller modules within larger ones, with the hierarchy of this type of (dys)function
reflected in the degree of functional subdivision; (i) ‘reach” refers to the integration span of hubs, with the hierarchy of such (dys)function
manifested in the extent of function integration; (iii) ‘ordering” refers to the sequence of information processing, with the hierarchy of this type

of (dys)function expressed as a top-to-bottom chain of command. ¢ Modularity organization, and hub integration. A module is a group of nodes
that have dense intra-module connections and sparse connections with nodes outside the module. A hub is a node with a high degree or high
centrality. PVN paraventricular nucleus of the hypothalamus, NTS nuclei of the tractus solitarius, DMX dorsal motor nucleus of the vagus nerve,

LC locus coeruleus, VLM ventrolateral medulla, IL infralimbic cortex, PL prelimbic cortex, CeA central amygdala, DMH dorsomedial hypothalamus,
NA nucleus ambiguus, BST bed nucleus of the stria terminalis, VTA ventral tegmental area, NAc nucleus accumbens, Hippo hippocampus, BLA
basolateral nucleus, C1 C1 neurons, POA preoptic area, Arc arcuate nucleus
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by bilateral hemispheric or diencephalic damage, whereas
Apneustic breathing is considered a consequence of
injury at the level of the Koélliker-Fuse nucleus [115, 116].
Biot’s breathing pattern occurs after medulla oblongata
injury, and respiratory arrest arises from damage to the
pre-Botzinger complex or upper spinal cord [117].

Small-world network and NODS

During the dynamic response of the brain network to
internal and external perturbations, the small-world net-
work may be sub-optimal, causing the system to gradu-
ally shift from allostasis or homeostasis toward allostatic
load, overload, or deviation of homeostasis, even in the
absence of structural damage to the CAS following ABI.
Systemic regulation of the ANS and hypothalamus—pitui-
tary—adrenal axes is mediated by autonomic nervous
and neuroendocrine modules and hubs within the CSS,
including the hypothalamus, Hippo, and NTS.

Under physiological conditions, modules (mediat-
ing functional segregation) and hubs (mediating func-
tional integration) within the CSS dynamically trade-off
with each other to maintain the overall homeostasis[94].
However, under pathological or injury conditions, this
optimal state is disrupted, leading to abnormal module
function or disturbed hub integration. The functional
integrity of the CSS is weakened following ABI, mani-
festing as abnormal function of modules (sympathetic,
parasympathetic, and neuroendocrine) and disturbed
integration of hubs (PVN and PAG). Specifically, the pri-
mary insult and subsequent secondary injury cascades,
including neuroinflammation and oxidative stress, lead
to neuronal death and synaptic dysfunction within criti-
cal hub regions such as the PVN and PAG. Dysregula-
tion of the ANS or neuroendocrine system contributes to
clinical manifestations such as inflammatory responses,
gastrointestinal ischemia, stress cardiomyopathy, cardiac
arrest, CSW, and syndrome of inappropriate antidiuretic
hormone secretion. For example, neurogenic hypoten-
sion arises from abnormal module function: when the
sympathetic module is impaired or the parasympathetic
module is overactivated, loss of vasomotor tone and car-
diac regulatory control leads to hypotension. Impaired
hub integration reduces systemic regulatory efficiency,
leading to conditions such as immunosuppression, meta-
bolic syndrome, PSH, and NPE. In conclusion, when the
small-world organization shifts toward a suboptimal state
following ABI, systemic homeostasis is disturbed either
due to module dysfunction or hub impairment.
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Discussion

It is evident that the pathophysiological mechanisms of
NODS following ABI involve interactions between the
peripheral and central systems, as well as among com-
ponents within the central system; this paper, however,
focuses on the latter.

The complex brain network theory is applied to inte-
grate the fragmented neurophysiological evidence. At the
physiological level, this paper aims to address the ques-
tion of the origin of the body’s “wisdom” for maintaining
homeostasis. At the pathophysiological level, this paper
attempts to explain how NODS arises from central neu-
rogenic mechanisms.

NODS following ABI is a complex, multi-factorial
pathophysiological process [118, 119]. Following ABI,
PVN, and PAG exhibit high vulnerability. These nodes
serve as convergence points of numerous neural path-
ways, making them highly susceptible to injury and capa-
ble of amplifying local damage in a cascading effect on
multiple downstream systems they regulate. In the brain,
pathophysiological alterations arising from damage to
control centers, including direct mechanical damage,
blood-brain barrier disruption, excitotoxicity, oxygen
stress, cell death, and mitochondrial dysfunction, disturb
systemic homeostasis [120, 121]. Recent evidence also
indicates that ABI-induced changes in the immune sys-
tem, including immune suppression and inflammatory
activation, have a profound impact on the brain and the
peripheral organs [122—125]. However, the fundamental
organization and operation principles of the control cent-
ers that regulate systemic homeostasis remain incom-
pletely understood, and advancing this knowledge will
potentially fill the gaps in our current understanding of
NODS following ABL

Various terms have been used to describe systemic
manifestations following ABI, such as non-neurologic
organ dysfunction [126-128], extracranial complica-
tions [129, 130], and non-neurological complications
[131-133]. In cases of isolated ABI, systemic manifesta-
tions can still be observed even when primary systemic
inflammatory response syndrome or compensatory anti-
inflammatory response syndrome due to infection, pan-
creatitis, and multiple traumas are excluded. Clinically,
it is necessary to consider the potential involvement of
central neurogenic mechanisms following ABI. In addi-
tion, in MODS caused by other reasons, stress response
or secondary brain injury often occur during critical ill-
ness, and attention should be paid to the role of central
neurogenic mechanisms in this vicious circle.

NODS are not only a stress-related organ dysfunc-
tion. First, the classic stress response cannot explain all
systemic manifestations following ABI, such as Cush-
ing’s ulcer [134], CSW [9, 10], PSH [6], and NPE [135].
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Second, ABI-induced NODS involves the structural and
functional integrity of the control center responsible for
maintaining systemic stability. Therefore, it is necessary
to provide broader and profound explanations from the
perspective of complex brain network theory to elucidate
the fundamental mechanisms underlying stress-related
organ dysfunction.

NODS is a complex system, and its mechanisms can-
not be fully explained from a unidimensional perspective
[118]. We must consider not only the structure and func-
tion of the CNS, but also study the interactions among
different modules and hubs.

In clinical investigations of systemic manifestations
following ABI, the multiple organ dysfunction score and
Sequential Organ Failure Assessment (SOFA) score are
used to assess the severity of systemic organ dysfunc-
tion caused by ABI. However, it is important to adjust
these scores by excluding organs with low incidence, such
as the liver, as well as the nervous system [20, 126, 127].
Krishnamoorthy et al. [20] reported a significant differ-
ence in prognosis between modified SOFA scores of 0—7
versus > 8 in TBI patients. These classical scoring systems
focus on major organs and can partially reflect deviation
of systemic homeostasis. However, given the CNS’s role in
neurogenic regulation of systemic homeostasis, it is nec-
essary to develop a scoring system that comprehensively
reflects systemic stability, enabling accurate assessment of
deviation of systemic homeostasis following ABI [136].

Finally, based on the neuropathophysiological mecha-
nisms of NODS following ABI, multiple clinical inter-
vention strategies have been proposed. Targeted
analgesia and sedation under neuromonitoring may
represent potential approaches for the treatment and
prevention of ABI-induced NODS. While ensuring the
efficacy and safety of intracalvarium under neuromoni-
toring, analgesic and sedative drugs can be titrated
according to systemic stability targets and regulated vari-
ables. In addition to being standard treatment for ABI,
these interventions also provide neuroprotective effects
and can regulate the excitability and neurotransmission
of major nuclei within the CSS. Based on the neurophar-
macological mechanisms—with propofol and benzodi-
azepines acting on GABAergic neurons, ketamine acting
on glutamatergic neurons, opioids acting on peptidergic
neurons, and dexmedetomidine regulating the excit-
ability of adrenergic neurons—these agents can inter-
fere with the dynamics of brain networks [137-141].
Specifically, as shown in Fig. 5, propofol binds to post-
synaptic membranes, enhances GABAergic inhibitory
effects, counteracts arousal input signals of pyramidal
cells, and reduces their excitatory activity, thereby pro-
moting loss of consciousness. Benzodiazepines enhance
the neuroinhibitory effects of GABA. Dexmedetomidine
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binds to receptors on LC neurons and inhibits norepi-
nephrine release in the ventrolateral preoptic nucleus
(VLPO) (inhibition indicated by orange dashed lines).
Consequently, the VLPO becomes disinhibited and low-
ers arousal through its inhibitory output. Opioids bind to
receptors in the PAG and ventrolateral medulla, and can
also inhibit acetylcholine release from thalamic project-
ing neurons. Ketamine binds to inhibitory interneurons
in the cerebral cortex (e.g., medial prefrontal cortex, insu-
lar cortex), limbic system, and hippocampus, leading to
uncoordinated neuronal excitation and the emergence of
an active electroencephalogram pattern, and subsequent
loss of consciousness [137, 138]. Analgesic and sedative
drugs play major roles in the prevention and treatment
of specific systemic complications of ABI, such as PSH
[6] and NPE [135]. Moreover, in severe TBI cases treated
according to the Lund Concept, patients receiving anal-
gesics and sedatives demonstrate remarkably low rates of
systemic complications [142, 143].

Receptor modulators also hold promise in the clinical
management of NODS. B-blockers and a-agonists have
potential clinical applications for improving outcomes
following ABI [144-146]. Although B-blockers have been
shown to reduce mortality in TBI, their efficacy remains
incompletely established [147]. Due to the lack of high-
quality evidence, the use of this medication in TBI is
restricted, underscoring the need for further validation of
its actual efficacy through high-quality randomized trials
[148]. These medications, by targeting specific receptor
pathways, offer an alternative approach to managing the
systemic dysregulation associated with NODS.

Neuromodulation methods, such as vagus nerve stimu-
lation and sympathetic ganglion blockers, have emerged
as innovative clinical interventions. Although noninva-
sive, their application requires careful ethical evaluation,
including consideration of organ dysfunction caused by
excessive vagal inhibition or sympathetic hyperactiv-
ity, or systemic instability. These approaches directly
modulate the activity of key neural circuits involved in
maintaining systemic homeostasis, offering a non-phar-
macological strategy for the treatment of NODS [149,
150]. Spatially, these interventions can target multiple
levels, including neuronal excitability in the brain, affer-
ent and efferent nerves, and peripheral effector receptor
regulation. Temporally, early-stage therapy may involve
the combined use of analgesic and sedative drugs, fol-
lowed in later stages by targeted receptor modulation and
neuromodulation of affected effectors.

Graph-theoretic analysis has been employed to evaluate
the functional and structural connectivity changes in spe-
cific brain networks following ABI [151-153]. The small-
world properties of these networks can also be quantified
[154—156]. The balance and dynamics of segregation and
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integration of brain functions can be tracked using time-
resolved functional connectivity derived from resting-
state functional magnetic resonance imaging data [157].
Although bedside magnetic resonance imaging has been
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used to assess brain injury in patients with ABI, signifi-
cant challenges remain in conducting CSS analysis using
functional magnetic resonance imaging in patients with
NODS following ABI. These challenges include logistical
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Fig.5 Schematic diagram of early sedation-analgesia, late neuromodulation, receptor regulation, and the roles of the central autonomic system
and central stress system. In the early stage after ABI, based on the pharmacological mechanisms of analgesic and sedative drugs on different nodes
within the central stress system, these drugs can be used to maintain systemic homeostasis. Dexmedetomidine activates receptors on LC neurons,
enhancing inhibitory activity and thereby producing sedation and sympathetic inhibition. It also activates receptors on NTS neurons, further
inhibiting sympathetic output while enhancing vagal activity. Together, LC inhibition and NTS activation lead to the inhibition of the ventrolateral
medulla (VLM), weakening the pathway of excessive sympathetic output and providing cardioprotection. Dexmedetomidine activates receptors
on LC and NTS, which results in reduced excitatory drive to VLM, decreased efferent sympathetic output, lowered sympathetic tone in mesenteric
blood vessels, vasodilation, and the restoration and improvement of blood flow. In stress-induced heart disease treated with vagus nerve
stimulation, NTS, upon receiving signals, activates NA and enhances its firing, thereby slowing down the heart rate. Additionally, B-blockers exert
therapeutic effects in stress-induced heart disease. GABA gamma-aminobutyric acid, mPFC medial prefrontal cortex, IC insular cortex, NAc nucleus
accumbens, Ach acetylcholine, Hippo hippocampus, AMG amygdala, PAG periaqueductal gray, NTS nuclei of the tractus solitarius, NA nucleus

ambiguous, NE norepinephrine, LC locus coeruleus

support issues for patients, interference from intracranial
metal implants, uncertainty regarding the clinical ben-
efits of functional magnetic resonance imaging analyses,
and ethical considerations concerning whether patients
are likely to benefit from the analysis. Furthermore, there
is currently a lack of clinical cases, and substantial rele-
vant research is needed to validate the conceptual theory
we have proposed. The absence of diagnostic biomarkers
for NODS constitutes a barrier that hinders the transla-
tion of theoretical concepts into practical clinical appli-
cations. In addition, ensuring that medical professionals
possess a comprehensive understanding and acceptance
of this novel concept is crucial, as resistance or misun-
derstanding may impede its adoption and implementa-
tion. If network analysis studies based on CAS or CSS
in patients with NODS following ABI can be realized,
they would open a window for us to explore the central
neurogenic mechanisms underlying the survival system.
Autonomic function assessment is already clinically fea-
sible, with metrics such as heart rate variability measur-
able at the bedside using non-invasive tools. Patients can
also undergo real-time tracking of systemic parameters,
such as blood pressure and temperature. Comprehensive
analysis can also include intracranial pressure, cerebral
oxygenation, and blood gas analyses.

As CAS and CSS are also key parts of the survival
system in the human body, their pathology or injury
usually indicates a state of critical illness. Therefore,
the challenges of using a model of NODS following
ABI to study CAS or CSS connectivity are as follows:
1) the subjects require neurointensive care; 2) com-
plementary peripheral markers must be developed to
facilitate the study of the organization and connec-
tivity of these neural components. Certain bedside
continuous monitoring variables, such as heart rate
variability and baroreflex sensitivity, represent ANS
output and have the potential to assess autonomic
dysfunction. When combined with other continuously
monitored homeostatic variables, these metrics can

not only provide individualized evaluation of systemic
stability and serve as treatment targets, but also func-
tion as complementary tools for decoding and map-
ping the connectivity of the control center [158, 159].

Conclusions

In conclusion, NODS following ABI reflect systemic
instability resulting from central network dysfunc-
tion and may represent an important factor affect-
ing the outcomes of ABI patients. In clinical practice,
the possible neuropathophysiological mechanisms
of NODS can be interpreted from the perspective of
complex brain network theory, encompassing both
structural and functional networks characterized by
small-world networks, hierarchy, hubs, and modu-
larity. The integration of these networks supports an
efficient, large-scale brain system and ensures the
competitive optimization of information segregation
and integration.

Abbreviations

ABI Acute brain injury

ANS Autonomic nervous system
CAN Cortical autonomic network
CAS Central autonomic system
CNS Central nervous system

CSS Central stress system

CSwW Cerebral salt wasting

Hippo  Hippocampus

ICU Intensive care unit

LC Locus coeruleus

MODS  Multiple organ dysfunction syndrome
NODS  Neurogenic organ dysfunction syndrome
NPE Neurogenic pulmonary edema

NTS Nuclei of the tractus solitarius

PAG Periaqueductal gray

PSH Paroxysmal sympathetic hyperexcitation
PVN Paraventricular nucleus of the hypothalamus
SAN Subcortical autonomic network

SNS Sympathetic nervous system

TBI Traumatic brain injury



Zhang et al. Military Medical Research (2025) 12:77

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540779-025-00662-8.

Additional file 1. Table S1 Clinical investigation of systemic manifesta-
tions after ABI.

Acknowledgements

The authors sincerely thank Jian-Xuan Li, Yue-Tian Li, Guan-Tao Jin, Feng Ling,
Jiang-Nan Liu, and Rui-Chen Gong for their support and assistance through-
out the research and writing of this thesis. Their insights and inspiration in
relevant fields have provided important impetus for the improvement of this
thesis and contributed to the smooth progress of the study. Some figures
were created by BioRender (www.biorender.com). All sections of the manu-
script have undergone language polishing, including correcting grammatical
errors, refining terminology, and improving sentence structure for better
readability. The language polishing of this manuscript was undertaken by a
professional company, Zibo Yimore Translation Co,, Ltd.

Authors’ contributions

HZ, WJC, YGC, CR, MC, PS, ZC, YJW, XCM, XYL, and DM contributed to the
preparation of the manuscript. HZ, WJC, YGC, NS, XH, DZY, CGH, MZ, WH, and
XYL were responsible for designing the tables and figures. NS, CR, MC, PS,
ZC, XH, DZY, CGH, MZ, WH, YJW, XCM, XYL, and DM participated in revising
the manuscript. All authors have read and approved the final version of the
manuscript.

Funding

This work was supported by the Scientific Research Innovation Capability
Support Project for Young Faculty (ZYGXQNJSKYCXNLZCXM-H15), the National
Science Fund for Excellent Overseas Scholars (0401260011), the National
Natural Science Foundation of China (82472098, 32300704), the Tianjin Natural
Science Foundation—Outstanding Youth Project (24JCJQJC00250), the Major
Science and Technology Special Projects and Engineering—Major Project of
National Key Laboratories (24ZXZSSS00510), the National Key Technologies
Research and Development Program (2021YFF1200602), and the Non-Profit
Central Research Institute Fund of Chinese Academy of Medical Sciences
(2024-JKCS-16).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflicts of interest to report.

Author details

'Department of Neurosurgery, the First Hospital of China Medical University,
Shenyang 110001, China. 2Departmem of Neurosurgery, Neuroscience ICU,
Xuanwu Hospital Capital Medical University, Beijing 100032, China. *Depart-
ment of Critical Care Medicine, the First Hospital of Tsinghua University,
Beijing 100016, China. “State Key Laboratory of Advanced Medical Materials
and Devices, School of Medicine, Tianjin University, Tianjin 300072, China.
*IRCCS for Oncology and Neuroscience, San Martino Policlinico Hospital,
16132 Genoa, Italy. 6Departmem of Clinical Neurosciences, University of Cam-
bridge, Cambridge CB1 0QQ, UK. ’Department of Critical Care Medicine,
Beijing Tongren Hospital, Capital Medical University, Beijing 100730, China.
8Nell Hodgson Woodruff School of Nursing, Emory University, Atlanta, GA
30322, USA. *Ministry of Education Key Laboratory for Neuroinformation,
School of Life Science and Technology, University of Electronic Science

and Technology, Chengdu 611731, China. '°Department of Critical Care

Page 13 of 16

Medicine, West China Hospital, Sichuan University, Chengdu 610041, China.
""Department of Critical Care Medicine, the First Affiliated Hospital of USTC,
Division of Life Science and Medicine, University of Science and Technology
of China, Hefei 230001, China. '2Department of Critical Care Medicine, the
First Hospital of China Medical University, Shenyang 110001, China. '*Haihe
Laboratory of Brain-Computer Interaction and Human-Machine Integration,
Tianjin 300380, China. “School of Pharmaceutical Science and Technology,
Tianjin University, Tianjin 300072, China.

Received: 5 July 2025 Accepted: 26 October 2025
Published online: 07 November 2025

References

1. GBD 2019 Stroke Collaborators. Global, regional, and national
burden of stroke and its risk factors, 1990-2019: a systematic
analysis for the global burden of disease study 2019. Lancet Neurol.
2021;20(10):795-820.

2. Cushing H. Concerning a definite regulatory mechanism of vasomotor
centre which controls blood pressure during cerebral compression. Bull
Johns Hopkins Hosp. 1901;12:290-2.

3. Cushing H. Peptic ulcers and the interbrain. Surg Gynecol Obstet.
1932;55:1-34.

4. Ziaka M, Exadaktylos A. The heart is at risk: understanding stroke-heart-
brain interactions with focus on neurogenic stress cardiomyopathy-a
review. J Stroke. 2023;25(1):39-54.

5. Busl KM, Bleck TP Neurogenic pulmonary edema. Crit Care Med.
2015;43(8):1710-5.

6. Meyfroidt G, Baguley 1J, Menon DK. Paroxysmal sympathetic hyperactiv-
ity: the storm after acute brain injury. Lancet Neurol. 2017;16(9):721-9.

7. Podell JE, Miller SS, Jaffa MN, Pajoumand M, Armahizer M, Chen H, et al.
Admission features associated with paroxysmal sympathetic hyperac-
tivity after traumatic brain injury: a case-control study. Crit Care Med.
2021;49(10):2989-1000.

8. Jafari AA, Shah M, Mirmoeeni S, Hassani MS, Nazari S, Fielder T, et al.
Paroxysmal sympathetic hyperactivity during traumatic brain injury.
Clin Neurol Neurosurg. 2022;212:107081.

9. Maesaka JK, Imbriano LJ. Cerebral salt wasting is a real cause of hypona-
tremia: pro. Kidney360. 2023;4(4):e437-40.

10.  Wijdicks EFM. Duck or rabbit? Cerebral salt wasting and SIADH in acute
brain injury. Neurocrit Care. 2023;39(1):260-3.

11.  Adrogué HJ, Madias NE. The syndrome of inappropriate antidiuresis. N
EnglJ Med. 2023;389(16):1499-509.

12. Wilson JE, Mart MF, Cunningham C, Shehabi Y, Girard TD, MacLullich
AMJ, et al. Delirium. Nat Rev Dis Primers. 2020;6(1):90.

13. Aita SL, Schuler KR, Isaak SL, Borgogna NC, Moncrief GG, Hollis SD, et al.
Posttraumatic stress disorder complicated by traumatic brain injury: a
narrative review. SN Compr Clin Med. 2023;5(1):92.

14. Ressler KJ, Berretta S, Bolshakov VY, Rosso IM, Meloni EG, Rauch SL, et al.
Post-traumatic stress disorder: clinical and translational neuroscience
from cells to circuits. Nat Rev Neurol. 2022;18(5):273-88.

15. Smith DH, Johnson VE, Trojanowski JQ, Stewart W. Chronic traumatic
encephalopathy - confusion and controversies. Nat Rev Neurol.
2019;15(3):179-83.

16. lzzy S, Chen PM, Tahir Z, Grashow R, Radmanesh F, Cote DJ, et al.
Association of traumatic brain injury with the risk of developing chronic
cardiovascular, endocrine, neurological, and psychiatric disorders. JAMA
Netw Open. 2022;5(4):e229478.

17. Asim M, Amin F, El-Menyar A. Multiple organ dysfunction syndrome:
contemporary insights on the clinicopathological spectrum. Qatar Med
J.2020,2020(1):22.

18. Barea-Mendoza JA, Chico-Ferndndez M, Servia-Goixart L, Quintana-Diaz
M, Garcia-Séaez |, Ballesteros-Sanz M, et al. Associated risk factors and
impact in clinical outcomes of multiorgan failure in patients with TBI.
Neurocrit Care. 2023;39(2):411-8.

19. Akerlund CAl, Holst A, Stocchetti N, Steyerberg EW, Menon DK, Ercole
A, et al. Clustering identifies endotypes of traumatic brain injury in an
intensive care cohort: a CENTER-TBI study. Crit Care. 2022;26(1):228.

20. Krishnamoorthy V, Temkin N, Barber J, Foreman B, Komisarow J, Korley
FK, et al. Association of early multiple organ dysfunction with clinical


https://doi.org/10.1186/s40779-025-00662-8
https://doi.org/10.1186/s40779-025-00662-8
http://www.biorender.com

Zhang et al. Military Medical Research

22.

23.

24.

25.

26.

27.
28.

29.

30.

31
32.
33.
34.
35.
36.
37.

38.

39.
40.
41.

42.

43.

44,

45.

46.

47.

(2025) 12:77

and functional outcomes over the year following traumatic brain injury:

a transforming research and clinical knowledge in traumatic brain
injury study. Crit Care Med. 2021;49(10):1769-78.

Battaglini D, De Rosa S, Godoy DA. Crosstalk between the nervous
system and systemic organs in acute brain injury. Neurocrit Care.
2024,40(1):337-48.

Wongsripuemtet P, Ohnuma T, Minic Z, Vavilala MS, Miller JB, Laskowitz
DT, et al. Early autonomic dysfunction in traumatic brain injury: an
article review on the impact on multiple organ dysfunction. J Clin Med.
2025. https://doi.org/10.3390/jcm 14020557.

Del Negro CA, Funk GD, Feldman JL. Breathing matters. Nat Rev Neuro-
sci. 2018;19(6):351-67.

Manuel J, Farber N, Gerlach DA, Heusser K, Jordan J, Tank J, et al. Deci-
phering the neural signature of human cardiovascular regulation. Elife.
2020;9:e55316.

Morrison SF, Nakamura K. Central mechanisms for thermoregulation.
Annu Rev Physiol. 2019;81:285-308.

Ramirez JM, Severs LJ, Ramirez SC, Agosto-Marlin IM. Advances in cel-
lular and integrative control of oxygen homeostasis within the central
nervous system. J Physiol. 2018;596(15):3043-65.

Ichiki T, Augustine V, Oka Y. Neural populations for maintaining body
fluid balance. Curr Opin Neurobiol. 2019;57:134-40.

Bernal A, Zafra MA, Simén MJ, Mahia J. Sodium homeostasis, a balance
necessary for life. Nutrients. 2023;15(2):395.

Barabasi DL, Bianconi G, Bullmore E, Burgess M, Chung S, Eliassi-

Rad T, et al. Neuroscience needs network science. J Neurosci.
2023;43(34):5989-95.

Bullmore E, Sporns O. Complex brain networks: graph theoreti-

cal analysis of structural and functional systems. Nat Rev Neurosci.
2009;10(3):186-98.

Girvan M, Newman MEJ. Community structure in social and biological
networks. Proc Natl Acad Sci U S A. 2002;99(12):7821-6.

Sporns O, Honey CJ, Kétter R. Identification and classification of hubs in
brain networks. PLoS ONE. 2007:2(10):e1049.

Stam CJ, van Straaten ECW. The organization of physiological brain
networks. Clin Neurophysiol. 2012;123(6):1067-87.

Ravasz E, Barabdsi AL. Hierarchical organization in complex networks.
Phys Rev E Stat Nonlin Soft Matter Phys. 2003;67(2 Pt 2):026112.
Cannon WB. The wisdom of the body. New York, W.W. Norton, 1939.
Goldstein DS. How does homeostasis happen? Integrative physiologi-
cal, systems biological, and evolutionary perspectives. Am J Physiol
Regul Integr Comp Physiol. 2019;316(4):R301-17.

Sennesh E, Theriault J, Brooks D, van de Meent JW, Barrett LF, Quigley
KS. Interoception as modeling, allostasis as control. Biol Psychol.
2022;167:108242.

Pereira A Jr. Developing the concepts of homeostasis, homeorhesis,
allostasis, elasticity, flexibility and plasticity of brain function. NeuroSci.
2021,2(4):372-82.

Bobba-Alves N, Juster RP, Picard M. The energetic cost of allostasis and
allostatic load. Psychoneuroendocrinology. 2022;146:105951.

Wang S, Qin L. Homeostatic medicine: a strategy for exploring health
and disease. Curr Med. 2022;1(1):16.

Schulkin J, Sterling P. Allostasis: a brain-centered, predictive mode of
physiological regulation. Trends Neurosci. 2019;42(10):740-52.

Billman GE. Homeostasis: the underappreciated and far too often
ignored central organizing principle of physiology. Front Physiol.
2020;11:200.

Kleckner IR, Zhang J, Touroutoglou A, Chanes L, Xia C, Simmons WK,

et al. Evidence for a large-scale brain system supporting allostasis and
interoception in humans. Nat Hum Behav. 2017;1:0069.

Benarroch EE. The central autonomic network: functional organization,
dysfunction, and perspective. Mayo Clin Proc. 1993;68(10):988-1001.
Sklerov M, Dayan E, Browner N. Functional neuroimaging of the central
autonomic network: recent developments and clinical implications.
Clin Auton Res. 2019;29(6):555-66.

Thayer JF, Lane RD. A model of neurovisceral integration in emotion
regulation and dysregulation. J Affect Disord. 2000;61(3):201-16.
Thayer JF, Hansen AL, Saus-Rose E, Johnsen BH. Heart rate variability,
prefrontal neural function, and cognitive performance: the neurovis-
ceral integration perspective on self-regulation, adaptation, and health.
Ann Behav Med. 2009;37(2):141-53.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

Page 14 of 16

Porges SW. The polyvagal theory: new insights into adaptive reactions
of the autonomic nervous system. Cleve Clin J Med. 2009;76(Suppl
2):586-90.

Edlow BL, McNab JA, Witzel T, Kinney HC. The structural connec-

tome of the human central homeostatic network. Brain Connect.
2016;6(3):187-200.

Al-Khazraji BK, Shoemaker JK. The human cortical autonomic network
and volitional exercise in health and disease. Appl Physiol Nutr Metab.
2018;43(11):1122-30.

Reisert M, Weiller C, Hosp JA. Displaying the autonomic processing
network in humans - a global tractography approach. Neuroimage.
2021;231:117852.

Benarroch EE. Insular cortex: functional complexity and clinical correla-
tions. Neurology. 2019;93(21):932-8.

Tadross JA, Steuernagel L, Dowsett GKC, Kentistou KA, Lundh S,
Porniece M, et al. A comprehensive spatio-cellular map of the human
hypothalamus. Nature. 2025;639(8055):708-16.

Eguiluz VM, Chialvo DR, Cecchi GA, Baliki M, Apkarian AV. Scale-free
brain functional networks. Phys Rev Lett. 2005;94(1):018102.

Beissner F, Meissner K, Bar KJ, Napadow V. The autonomic brain: an
activation likelihood estimation meta-analysis for central processing of
autonomic function. J Neurosci. 2013;33(25):10503-11.

Valenza G, Duggento A, Passamonti L, Toschi N, Barbieri R. Resting state
neural correlates of cardiac sympathetic dynamics in healthy subjects.
IEEE EMBC. 2019;2019(2019):4330-3.

Valenza G, Passamonti L, Duggento A, Toschi N, Barbieri R. Uncovering
complex central autonomic networks at rest: a functional magnetic
resonance imaging study on complex cardiovascular oscillations. J R
Soc Interface. 2020;17(164):20190878.

Quadt L, Critchley H, Nagai Y. Cognition, emotion, and the central
autonomic network. Auton Neurosci. 2022;238:102948.

Goldstein DS. Stress and the “extended” autonomic system. Auton
Neurosci. 2021;236:102889.

Fink G. Eighty years of stress. Nature. 2016,539(7628):175-6.

Goldstein DS. Linking the extended autonomic system with the
homeostat theory: new perspectives about dysautonomias. J Pers Med.
2024;14(1):123.

Schiller M, Ben-Shaanan TL, Rolls A. Neuronal regulation of immunity:
why, how and where? Nat Rev Immunol. 2021;21(1):20-36.

Chan KL, Poller WC, Swirski FK, Russo SJ. Central regulation of
stress-evoked peripheral immune responses. Nat Rev Neurosci.
2023,24(10):591-604.

Zhou C, Zemanova L, Zamora G, Hilgetag CC, Kurths J. Hierarchical
organization unveiled by functional connectivity in complex brain
networks. Phys Rev Lett. 2006;97(23):238103.

Fornito A, Zalesky A, Breakspear M. The connectomics of brain disor-
ders. Nat Rev Neurosci. 2015;16(3):159-72.

Ge M, Ni X, Qi X, Chen S, Huang J, Kang Y, et al. Synthesizing brain-net-
work-inspired interconnections for large-scale network-on-chips. ACM
Trans Des Autom Electron Syst. 2021;27(1):1-30.

Liao X, Vasilakos AV, He Y. Small-world human brain networks: perspec-
tives and challenges. Neurosci Biobehav Rev. 2017;77:286-300.
Newman MEJ, Girvan M. Finding and evaluating community structure
in networks. Phys Rev E Stat Nonlin Soft Matter Phys. 2004;69(2 Pt
2).026113.

Gallen CL, D'Esposito M. Brain modularity: a biomarker of intervention-
related plasticity. Trends Cogn Sci. 2019,;23(4):293-304.

Pan RK, Sinha S. Modular networks emerge from multiconstraint
optimization. Phys Rev E Stat Nonlin Soft Matter Phys. 2007;76(4 Pt
2):.045103.

Sporns O, Betzel RF. Modular brain networks. Annu Rev Psychol.
2016,67:613-40.

Stam CJ. Modern network science of neurological disorders. Nat Rev
Neurosci. 2014;15(10):683-95.

AhnYY, Bagrow JP, Lehmann S. Link communities reveal multiscale
complexity in networks. Nature. 2010;466(7307):761-4.

Wig GS. Segregated systems of human brain networks. Trends Cogn Sci.
2017;21(12):981-96.

Godoy LD, Rossignoli MT, Delfino-Pereira P, Garcia-Cairasco N, de Lima
Umeoka EH. A comprehensive overview on stress neurobiology: basic
concepts and clinical implications. Front Behav Neurosci. 2018;12:127.


https://doi.org/10.3390/jcm14020557

Zhang et al. Military Medical Research

76.

77.

78.

79.
80.
81.
82.
83.
84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

(2025) 12:77

Ulrich-Lai YM, Herman JP. Neural regulation of endocrine and auto-
nomic stress responses. Nat Rev Neurosci. 2009;10(6):397-409.

Guyenet PG, Stornetta RL, Bochorishvili G, Depuy SD, Burke PG, Abbott
SB. C1 neurons: The body’s EMTs. Am J Physiol Regul Integr Comp
Physiol. 2013;305(3):R187-204.

Krohn F, Novello M, van der Giessen RS, De Zeeuw Cl, Pel JJM, Bosman
LWJ.The integrated brain network that controls respiration. Elife.
2023;12:e83654.

Benarroch EE. Brainstem integration of arousal, sleep, cardiovascular,
and respiratory control. Neurology. 2018;91(21):958-66.

Ruud J, Steculorum SM, Briining JC. Neuronal control of peripheral
insulin sensitivity and glucose metabolism. Nat Commun. 2017;8:15259.
Tracey KJ. Reflex control of immunity. Nat Rev Immunol.
2009;9(6):418-28.

Lowell BB. New neuroscience of homeostasis and drives for food, water,
and salt. N Engl J Med. 2019;380(5):459-71.

van den Heuvel MP, Sporns O. Network hubs in the human brain.
Trends Cogn Sci. 2013;17(12):683-96.

Loewy AD. Descending pathways to sympathetic and parasympathetic
preganglionic neurons. J Auton Nerv Syst. 1981;3(2-4):265-75.
Ondicova K, Mravec B. Multilevel interactions between the sympathetic
and parasympathetic nervous systems: a minireview. Endocr Regul.
2010;44(2):69-75.

Elfaki LA, Sharma B, Meusel LC, So I, Colella B, Wheeler AL, et al. Examin-
ing anterior prefrontal cortex resting-state functional connectivity
patterns associated with depressive symptoms in chronic moderate-to-
severe traumatic brain injury. Front Neurol. 2025;16:1541520.

Stern JE. Neuroendocrine-autonomic integration in the paraventricular
nucleus: novel roles for dendritically released neuropeptides. J Neu-
roendocrinol. 2015;27(6):487-97.

Simmons S, Langlois LD, Oyola MG, Gouty S, Wu TJ, Nugent FS. Blast-
induced mild traumatic brain injury alterations of corticotropin-releas-
ing factor neuronal activity in the mouse hypothalamic paraventricular
nucleus. Front Synaptic Neurosci. 2021;13:804898.

Watts DJ, Strogatz SH. Collective dynamics of “small-world" networks.
Nature. 1998;393(6684):440-2.

Bassett DS, Bullmore E. Small-world brain networks. Neuroscientist.
2006;12(6):512-23.

Bassett DS, Bullmore ET. Small-world brain networks revisited. Neurosci-
entist. 2017;23(5):499-516.

ChenY, Wang S, Hilgetag CC, Zhou C. Trade-off between multiple con-
straints enables simultaneous formation of modules and hubs in neural
systems. PLoS Comput Biol. 2013;9(3):21002937.

Bertolero MA, Thomas Yeo BT, D'Esposito M. The modular and integra-
tive functional architecture of the human brain. Proc Natl Acad SciU S
A.2015;112(49):E6798-807.

Seguin C, Sporns O, Zalesky A. Brain network communication: concepts,
models and applications. Nat Rev Neurosci. 2023;24(9):557-74.
Bullmore E, Sporns O. The economy of brain network organization. Nat
Rev Neurosci. 2012;13(5):336-49.

ChenY, Wang S, Hilgetag CC, Zhou C. Features of spatial and functional
segregation and integration of the primate connectome revealed

by trade-off between wiring cost and efficiency. PLoS Comput Biol.
2017;13(9):21005776.

Deco G, Tononi G, Boly M, Kringelbach ML. Rethinking segregation and
integration: contributions of whole-brain modelling. Nat Rev Neurosci.
2015;16(7):430-9.

Lynn CW, Bassett DS. The physics of brain network structure, function
and control. Nat Rev Phys. 2019;1(5):318-32.

van den Heuvel MP, Sporns O. A cross-disorder connectome landscape
of brain dysconnectivity. Nat Rev Neurosci. 2019;20(7):435-46.

Lyon AR, Citro R, Schneider B, Morel O, Ghadri JR, Templin C, et al. Patho-
physiology of takotsubo syndrome: JACC state-of-the-art review. J Am
Coll Cardiol. 2021;77(7):902-21.

Ancona F, Bertoldi LF, Ruggieri F, Cerri M, Magnoni M, Beretta L, et al.
Takotsubo cardiomyopathy and neurogenic stunned myocardium:
similar albeit different. Eur Heart J. 2016;37(37):2830-2.

Tavazzi G, Zanierato M, Via G, lotti GA, Procaccio F. Are neurogenic stress
cardiomyopathy and takotsubo different syndromes with common
pathways?: etiopathological insights on dysfunctional hearts. JACC
Heart Fail. 2017;5(12):940-2.

103.

104.

105.

106.

107.

108.

110.

113.

114.

115.

116.

117.

118.

119.

120.

122.

123.

124.

125.

126.

127.

128.

Page 150f 16

Brame AL, Singer M. Stressing the obvious? An allostatic look at critical
iliness. Crit Care Med. 2010;38(Suppl 10):5600-7.

Cuesta JM, Singer M. The stress response and critical illness: a review.
Crit Care Med. 2012;40(12):3283-9.

Fisher JP, Young CN, Fadel PJ. Central sympathetic overactivity: maladies
and mechanisms. Auton Neurosci. 2009;148(1-2):5-15.

Schmidt JM, Crimmins M, Lantigua H, Fernandez A, Zammit C, Falo C,
et al. Prolonged elevated heart rate is a risk factor for adverse cardiac
events and poor outcome after subarachnoid hemorrhage. Neurocrit
Care. 2014;20(3):390-8.

Rachfalska N, Putowski Z, Krzych £J. Distant organ damage in acute
brain injury. Brain Sci. 2020;10(12):1019.

Hasegawa Y, Uchikawa H, Kajiwara S, Morioka M. Central sympa-

thetic nerve activation in subarachnoid hemorrhage. J Neurochem.
2022;160(1):34-50.

Baguley 1J, Heriseanu RE, Felmingham KL, Cameron ID. Dysautonomia
and heart rate variability following severe traumatic brain injury. Brain
Inj. 2006;20(4):437-44.

Prasad Hrishi A, Ruby Lionel K, Prathapadas U. Head rules over the heart:
cardiac manifestations of cerebral disorders. Indian J Crit Care Med.
2019;23(7):329-35.

Stam CJ. Hub overload and failure as a final common pathway in neuro-
logical brain network disorders. Netw Neurosci. 2024;8(1):1-23.
Achard S, Delon-Martin C, Vértes PE, Renard F, Schenck M, Schneider

F et al. Hubs of brain functional networks are radically reorganized in
comatose patients. Proc Natl Acad Sci U S A. 2012;109(50):20608-13.
Lv LQ, Hou LJ, Yu MK, Qi XQ, Chen HR, Chen JX, et al. Prognostic influ-
ence and magnetic resonance imaging findings in paroxysmal sympa-
thetic hyperactivity after severe traumatic brain injury. J Neurotrauma.
2010;27(11):1945-50.

Podell JE, Moffet EW, Bodanapally UK, Pajoumand M, Silva LM, Hu P,

et al. Magnetic resonance imaging lesions associated with paroxysmal
sympathetic hyperactivity after traumatic brain injury. Neurotrauma
Rep. 2024;5(1):317-29.

Brown HW, Plum F. The neurologic basis of cheyne-stokes respiration.
Am J Med. 1961,30(6):849-60.

Mador MJ, Tobin MJ. Apneustic breathing. A characteristic feature of
brainstem compression in achondroplasia? Chest. 1990,97(4):877-83.
Summ O, Hassanpour N, Mathys C, Gro8 M. Disordered breathing in
severe cerebral illness - towards a conceptual framework. Respir Physiol
Neurobiol. 2022;300:103869.

Dobson GP, Morris JL, Letson HL. Traumatic brain injury: symptoms to
systems in the 21st century. Brain Res. 2024;1845:149271.

Robba C, Wahlster S, Newcombe V. Update on acute brain injury. Inten-
sive Care Med. 2025;51(10):1924-6.

Hill CS, Coleman MP, Menon DK. Traumatic axonal injury: mechanisms
and translational opportunities. Trends Neurosci. 2016;39(5):311-24.
Jarrahi A, Braun M, Ahluwalia M, Gupta RV, Wilson M, Munie S, et al.
Revisiting traumatic brain injury: from molecular mechanisms to thera-
peutic interventions. Biomedicines. 2020;8(10):389.

Shi K, Tian DC, Li ZG, Ducruet AF, Lawton MT, Shi FD. Global brain
inflammation in stroke. Lancet Neurol. 2019;18(11):1058-66.

Sabet N, Soltani Z, Khaksari M. Multipotential and systemic effects of
traumatic brain injury. J Neuroimmunol. 2021,357:577619.

Sammons M, Popescu MC, Chi J, Liberles SD, Gogolla N, Rolls A.
Brain-body physiology: local, reflex, and central communication. Cell.
2024;187(21):5877-90.

Busl KM, Bogossian EG, Claassen J, Helbok R, Provencio JJ, Robba C,

et al. Beyond the bleed: complications after aneurysmal subarachnoid
hemorrhage. Pathophysiology, clinical implications, and management
strategies: a review. Crit Care. 2025;29(1):414.

Zygun DA, Doig CJ, Gupta AK, Whiting G, Nicholas C, Shepherd E, et al.
Non-neurological organ dysfunction in neurocritical care. J Crit Care.
2003;18(4):238-44.

Zygun DA, Kortbeek JB, Fick GH, Laupland KB, Doig CJ. Non-neurologic
organ dysfunction in severe traumatic brain injury. Crit Care Med.
2005;33(3):654-60.

Astarabadi M, Khurrum M, Asmar S, Bible L, Chehab M, Castanon L,

et al. The impact of non-neurological organ dysfunction on outcomes
in severe isolated traumatic brain injury. J Trauma Acute Care Surg.
2020;89(2):405-10.



Zhang et al. Military Medical Research

129.

130.

131

132.

133.

134.

135.

136.

138.

139.

140.

142.

145.

147.

149.

150.

(2025) 12:77

Piek J, Chesnut RM, Marshall LF, van Berkum-Clark M, Klauber MR, Blunt
BA, et al. Extracranial complications of severe head injury. J Neurosurg.
1992;77(6):901-7.

Mascia L, SakrY, Pasero D, Payen D, Reinhart K, Vincent JL. Extracranial
complications in patients with acute brain injury: a post-hoc analysis of
the SOAP study. Intensive Care Med. 2008;34(4):720-7.

Alberti A, Agnelli G, Caso V, Venti M, Acciarresi M, D’Amore C, et al. Non-
neurological complications of acute stroke: frequency and influence on
clinical outcome. Intern Emerg Med. 2011;6(Suppl 1):119-23.

Corral L, Javierre CF, Ventura JL, Marcos P, Herrero JI, Mafnez R. Impact
of non-neurological complications in severe traumatic brain injury
outcome. Crit Care. 2012;16(2):R44.

Goyal K, Hazarika A, Khandelwal A, Sokhal N, Bindra A, Kumar N, et al.
Non- neurological complications after traumatic brain injury: a pro-
spective observational study. Indian J Crit Care Med. 2018;22(9):632-8.
Kumaria A, Kirkman MA, Scott RA, Dow GR, Leggate AJ, Macarthur DC,
et al. A reappraisal of the pathophysiology of cushing ulcer: a narrative
review. J Neurosurg Anesthesiol. 2024,36(3):211-7.

Sedy J, Kunes J, Zicha J. Pathogenetic mechanisms of neurogenic
pulmonary edema. J Neurotrauma. 2015;32(15):1135-45.

Tuzi S, Kranawetter B, Moerer O, Rohde V, Mielke D, Malinova V. Logistic
organ dysfunction system as an early risk stratification tool after aneu-
rysmal subarachnoid hemorrhage. Sci Rep. 2024;14(1):27639.

Brown EN, Lydic R, Schiff ND. General anesthesia, sleep, and coma. N
Engl J Med. 2010;363(27):2638-50.

Hu 'Y, Wang Y, Zhang L, Luo M, Wang Y. Neural network mechanisms
underlying general anesthesia: cortical and subcortical nuclei. Neurosci
Bull. 2024;40(12):1995-2011.

Hawryluk GWJ, Aguilera S, Buki A, Bulger E, Citerio G, Cooper DJ, et al. A
management algorithm for patients with intracranial pressure monitor-
ing: the Seattle International Severe Traumatic Brain Injury Consensus
Conference (SISBICC). Intensive Care Med. 2019:45(12):1783-94.
Varley TF, Sporns O, Puce A, Beggs J. Differential effects of propo-

fol and ketamine on critical brain dynamics. PLoS Comput Biol.
2020;16(12):21008418.

Varley TF, Denny V, Sporns O, Patania A. Topological analysis of differen-
tial effects of ketamine and propofol anaesthesia on brain dynamics. R
Soc Open Sci. 2021;8(6):201971.

Grande PO. The “lund concept”for the treatment of severe head
trauma-physiological principles and clinical application. Intensive Care
Med. 2006;32(10):1475-84.

Réen L, Cederberg D, Radman A, Marklund N, Visse E, Siesjo P. Low
morbidity and mortality in children with severe traumatic brain injury
treated according to the lund concept: a population-based study. J
Neurotrauma. 2023;40(7-8):720-9.

Khalili H, AhI R, Paydar S, Sjolin G, Cao Y, Abdolrahimzadeh Fard H, et al.
Beta-blocker therapy in severe traumatic brain injury: a prospective
randomized controlled trial. World J Surg. 2020;44(6):1844-53.
Nordness MF, Maiga AW, Wilson LD, Koyama T, Rivera EL, Rakhit S, et al.
Effect of propranolol and clonidine after severe traumatic brain injury: a
pilot randomized clinical trial. Crit Care. 2023;27(1):228.

Alshaya Al, Aldhaeefi M, Alodhaiyan N, Algahtani M, Althewaibi

S, Alshahrani W, et al. Clonidine safety and effectiveness in the
management of suspected paroxysmal sympathetic hyperactivity
post-traumatic brain injury: A retrospective cohort study. Sci Prog.
2023;106(4):368504231201298.

Mansour MS, Seidy NSE, Fathey YI. Evaluation of beta-blocker effects
on patients with traumatic brain injury: interventional double-blinded
randomized controlled trial. Ain Shams J Anesthesiol. 2023;15(1):65.
Hart S, Lannon M, Chen A, Martyniuk A, Sharma S, Engels PT. Beta block-
ers in traumatic brain injury: a systematic review and meta-analysis.
Trauma Surg Acute Care Open. 2023;8(1):e001051.

Borgmann D, Rigoux L, Kuzmanovic B, Edwin Thanarajah S, Minte

TF, Fenselau H, et al. Technical note: modulation of fMRI brainstem
responses by transcutaneous vagus nerve stimulation. Neuroimage.
2021;244:118566.

Lee MC, Bartuska A, Chen J, Kim RK, Jaradeh S, Mihm F. Stellate ganglion
block catheter for paroxysmal sympathetic hyperactivity: calming the
“neuro-storm.” Reg Anesth Pain Med. 2023;48(10):522-5.

Sharp DJ, Scott G, Leech R. Network dysfunction after traumatic brain
injury. Nat Rev Neurol. 2014;10(3):156-66.

152.

153.

155.

156.

157.

158.

159.

Page 16 of 16

Petrella JR. Use of graph theory to evaluate brain networks: a clinical
tool for a small world? Radiology. 2011;259(2):317-20.

Filippi M, van den Heuvel MP, Fornito A, He Y, Hulshoff Pol HE, Agosta F,
et al. Assessment of system dysfunction in the brain through MRI-based
connectomics. Lancet Neurol. 2013;12(12):1189-99.

Pandit AS, Expert P, Lambiotte R, Bonnelle V, Leech R, Turkheimer FE,

et al. Traumatic brain injury impairs small-world topology. Neurology.
2013;80(20):1826-33.

Swanson LW, Hahn JD, Sporns O. Neural network architecture of a
mammalian brain. Proc Natl Acad Sci U S A. 2024;121(39):e2413422121.
Swanson LW, Hahn JD, Sporns O. The intrinsic neuronal network of the
central nervous system and its modular (subsystem) architecture in a
mammal. Proc Natl Acad Sci U S A. 2025;122(40):2519768122.
Fukushima M, Betzel RF, He Y, van den Heuvel MP, Zuo XN, Sporns O.
Structure-function relationships during segregated and integrated net-
work states of human brain functional connectivity. Brain Struct Funct.
2018;223(3):1091-106.

Thayer JF, Lane RD. Claude Bernard and the heart-brain connection:
further elaboration of a model of neurovisceral integration. Neurosci
Biobehav Rev. 2009;33(2):81-8.

De Raedt S, De Vos A, De Keyser J. Autonomic dysfunction in acute
ischemic stroke: an underexplored therapeutic area? J Neurol Sci.
2015;348(1-2):24-34.



	Neurogenic organ dysfunction syndrome after acute brain injury
	Abstract 
	Background
	The control center that maintains systemic stability
	The structural brain network for homeostasis maintenance
	The functional brain network for homeostasis maintenance
	Hierarchical modular structure: the separated network supports efficiency for specific brain functions
	Hierarchical hub: the hub connecting the internal and external worlds
	Small-world network: the guarantee for achieving the optimal global efficiency


	Possible pathophysiological mechanisms of ABI-induced NODS
	Modularity and NODS
	Hub integration and NODS
	Hierarchy and NODS
	Small-world network and NODS

	Discussion
	Conclusions
	Acknowledgements
	References


