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Introduction 
Resilience refers to the ability to maintain a state of normal equilibrium in 

the face of extremely unfavorable circumstances ( Bonanno, 2004 ). The fact

that some individuals have a relatively good psychological outcome despite 

circumstances that are expected to lead to serious negative consequences 

has led researchers to search for factors underlying resilience. Identifying 

the factors that increase one's ability to maintain a state of equilibrium in the

face of extremities has important preventive value as well as implications for

understanding mechanisms of resilience. 

Resilience research has usually undertaken an approach that has focused on 

identifying protective factors associated with specific stress conditions (e. g.,

war, trauma, abuse) or with specific psychopathologies (e. g., post-traumatic 

stress disorder [PTSD]; e. g., Heinrichs et al., 2005 ; Admon et al., 2009 ; 

Kempton et al., 2009 ). With this approach, researchers have outlined a 

broad range of social, psychological, behavioral, biological, and 

neurobiological factors that describe individuals that have experienced 

adversity but have managed to overcome it. On the psychosocial level, 

factors such as positive emotions, active coping style, cognitive flexibility, 

moral compass, and social support have been shown to promote greater 

resilience in individuals facing extreme adversity ( Masten, 2001 ; Haglund et

al., 2007 ; Cicchetti, 2010 ). On the biological and neurobiological level, 

researchers have associated various hormones, neurochemicals, brain areas,

specific neuronal activity and even genes to resilience mechanisms (e. g., 

Davidson, 2000 ; Caspi et al., 2003 ; Charney, 2004 ; Heinrichs et al., 2005 ; 
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Haglund et al., 2007 ; Admon et al., 2009 ; Vialou et al., 2010 ; DeYoung et 

al., 2011 ). 

Although much of resilience research has searched for protective factors in 

specific contexts, implicit across this work is the concept that resilience is a 

global construct, invariant to the unfavorable circumstances or the 

psychopathologies that may develop. That is, while an unfavorable 

circumstance can be one of many (e. g., psychological or external life 

stressors, aberrations in anatomical brain structures during development or 

neurodegeneration, chemical stressors, or brain hemorrhages) and while a 

wide range of psychopathologies can be triggered by each of these 

unfavorable circumstances, the mechanisms underlying the resilience of an 

individual in each of these cases are expected to be similar. Here we would 

like to contribute to understanding resilience—and its counterpart, 

vulnerability—by employing an approach that goes back to its underlying 

conceptualization and makes use of this invariant quality. Since in our 

context vulnerability and resilience are two sides of the same coin (a 

vulnerable brain is one that is expected to be less resilient) and since 

vulnerability is easier to detect than resilience, we will focus on vulnerability 

in the remainder of this manuscript. 

How can looking at this invariant quality help advance our understanding of 

vulnerability? For one, it can assist in the determination of indicators of the 

vulnerability state, an important task with both clinical and research 

implications. Like the vulnerability state itself, indicators of vulnerability 

should also manifest this invariant quality. Thus indicators of vulnerability 
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should display two main characteristics: first, we can expect them to be 

invariant to the unfavorable circumstance or the psychopathology that can 

be developed. In other words, when we look at vulnerability as an invariant 

global quality, we expect similar indicators to appear across individuals 

regardless of their specific risk factors. Second, if vulnerability is a global 

quality that describes an individual before encountering a stressor and 

developing a psychopathology, then we expect indicators of a vulnerable 

state to be evident much before any full-blown psychopathology appears. It 

follows that indicators should already exist in at-risk populations or in 

individuals that will later develop a psychopathology, and therefore we 

expect the indicators to have a predictive nature. 

Here we identify two sets of indicators that adhere to the two main 

characteristics stipulated above. The first set is related to observations from 

developmental and clinical psychopathology regarding subtle impairments 

and irregularities in motor, sensory, and regulatory processes that occur in 

association with many psychopathologies. We review the pattern of 

appearance of these irregularities and show that they both appear in 

correlation with psychopathological symptoms and are predicative of 

psychopathology; thus they can serve as valuable behavioral indicators of a 

vulnerable state. The second set of indicators is from the rising field of 

systems neuroscience. We review reports from systems neuroscientists 

regarding irregularities in network metrics and show that these irregularities 

are found across psychopathologies and are predictors of psychopathology; 

thus they may be interesting candidates for network indicators of vulnerable 
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states. Finally, we explore how behavioral indicators may be related to 

network indicators, and discuss the implications of our work. 

Sensory, Motor and Regulatory Irregularities as Indicators 
of Vulnerability 
In the clinical and developmental psychopathology literature, disorders are 

characterized mainly by their distinguishing symptoms and behaviors, often 

referred to as primary symptoms. For example, autism is defined by 

difficulties in communication and restricted behavior, attention deficit 

hyperactivity disorder (ADHD) by attention deficits, schizophrenia by reality 

distortion and Alzheimer's disease by memory loss. Gaining much less 

attention, although widely described, are “ low-level” irregularities that often

accompany the primary symptoms. These irregularities appear across 

disorders and are sometimes termed by clinicians “ secondary” or “ non-

specific” signs. They refer to subtle impairments in motor, sensory, and 

regulatory processes. Motor signs include motor coordination difficulties and 

impaired complex motor sequencing ( Sanders and Keshavan, 1998 ; Chan et

al., 2009 ). Sensory signs include deficits in sensory integration, modulation, 

and regulation ( Sanders and Keshavan, 1998 ; Chan et al., 2009 ). 

Regulatory signs refer to difficulties in self-regulation (e. g., state control, 

self-calming, mood regulation, emotional, and behavioral control), and to 

problems with the regulation of arousal and sleeping and eating cycles (

DeGangi et al., 2000 ). The non-specific nature of these regulatory, sensory, 

and motor irregularities has largely precluded their use as indicators of 

specific psychopathologies. However, in our approach, this non-specificity is 
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actually an advantage as it means that the irregularities may be associated 

with a general state of vulnerability. 

Sensory, Motor and Regulatory Irregularities are Associated with Symptoms 
of Psychopathology 
Numerous publications have reported the existence of sensory, motor and 

regulatory irregularities in association with psychopathologies. With regard 

to sensory/motor irregularities, which are often described together, much 

clinical data has described their prevalence in individuals on the autistic 

spectrum ( Ornitz, 1974 ; Jones and Prior, 1985 ; Tani et al., 2006 ; Liss et al.,

2006 ; Ben-Sasson et al., 2007 ; Leekam et al., 2007 ; Bhat et al., 2011 ; for 

review see Reynolds and Lane, 2008 and Fournier et al., 2010 ) and in 

individuals with schizophrenia (e. g., Manschreck et al., 1985 ; Arango et al., 

2000 ; Brown et al., 2002 ; Bombin et al., 2005 ; Javitt, 2009 ; for review see 

Chan et al., 2010a ). In addition, in developmental disorders, non-specific 

sensory/motor symptoms have been reported in young children with minimal

neurological impairment ( Steinberg and Rendle-Short, 1977 ) and in children

with ADHD ( Piek et al., 1999 ; Mangeot et al., 2001 ; Yochman et al., 2004 ; 

Parush et al., 2007 ; Davis et al., 2009 ; Udal et al., 2009 ; for review see 

Reynolds and Lane, 2008 ), learning disorders ( Ayres, 1978 ; Levinson, 1988

), and dyslexia ( Levinson, 1988 ; Brookes et al., 2010 ). Abnormalities in 

sensory and motor systems have also been documented in affective and 

psychiatric disorders such as anxiety ( Erez et al., 2004 ; Emck et al., 2009 ; 

Shefer et al., 2010 ), depression ( Carton et al., 1995 ; Emck et al., 2009 ), 

PTSD ( McFarlane et al., 1993 ; Kremen et al., 2012 ), social anxiety disorder 

( Hofmann and Bitran, 2007 ), borderline personality disorder ( Brown et al., 
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2009 ; for review see Reynolds and Lane, 2008 ); bipolar affective disorders (

Negash et al., 2004 ), schizotypal personality disorder ( Neumann and 

Walker, 2003 ; Mittal et al., 2007 ), and obsessive compulsive disorder (OCD;

Karadag et al., 2011 ; Dar et al., 2012 ). Sensory and motor abnormalities 

have also been observed in neurological and degenerative states such as 

Alzheimer's disease (e. g., Seidl et al., 2009 ) and traumatic brain injury (

Annoni et al., 1992 ; Galvin et al., 2009 ) and even in normally aging 

individuals ( Chan et al., 2011 ). 

With regard to irregularities in regulatory processes, difficulties in self-

regulation and in sleeping and eating cycles have been described across 

many psychopathologies. For example, abnormalities in sleeping and eating 

patterns are prevalent in children with autism spectrum disorder ( Schreck et

al., 2004 ; for review see Richdale and Schreck, 2009 ), in children with 

ADHD ( Owens et al., 2002 ; Shochat et al., 2009 ) and in children with 

mental retardation and severe behavioral disorders ( Piazza et al., 1996 ). 

Sleep/eating irregularities are associated with affective disorders ( Modell et 

al., 2005 ), such as OCD ( Insel et al., 1982 ; Alfano and Kim, 2011 ), major 

depression, ( Breslau et al., 1996 ), and psychiatric disorders ( Ivanenko and 

Johnson, 2008 ; Sakar et al., 2010 ). Regulatory difficulties are also well-

documented in degenerative disorders such as Alzheimer’s disease (

Yesavage et al., 2004 ). 

One might argue that the above irregularities are a direct result of the 

individual's psychopathology. However, as we will demonstrate below, these 

irregularities are also present in healthy individuals who display more 
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negative mental health symptoms than healthy individuals without these 

irregularities. This fact lends evidence to the argument that these sensory, 

motor and regulatory irregularities are not the consequence of 

psychopathology but rather a characteristic of an underlying vulnerability to 

psychopathology. 

Many studies have shown that individuals with irregularities in emotion 

regulation and reactivity exhibit more psychopathology related signs (e. g., 

see Davidson, 2000 ). With regard to sensory/motor irregularities, healthy 

individuals with extreme sensory reactivity are more likely to display signs of

anxiety and depression ( Kinnealey and Fuiek, 1999 ; Balaban, 2002 ; Liss et 

al., 2005 , 2008 ; Goldsmith et al., 2006 ; Engel-Yeger and Dunn, 2011 ; 

Levit-Binnun et al., submitted) and stress (Levit-Binnun et al., submitted). 

These individuals also display higher signs of alexithymia (inability to 

identify, describe, and interpret emotional states; Liss et al., 2008 ), autistic 

characteristics ( Liss et al., 2008 ), social phobia ( Neal et al., 2002 ) and 

avoidant and borderline personality traits ( Meyer and Caver, 2000 ; Meyer et

al., 2005 ). Preschoolers and school-aged children with sensory regulation 

dysfunction (e. g., sensory over-responsivity) were more likely to display 

early and co-occuring internalizing and externalizing behaviors, lower levels 

of concurrent adaptive social behaviors and more psychiatric symptoms (

Ben-Sasson et al., 2009 ; Gouze et al., 2009 ). Similarly, preschoolers with 

motor coordination difficulties exhibited negative emotional symptoms such 

as signs of depression and anxiety ( Piek et al., 2008 ) 
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In sum, secondary motor and regulatory irregularities appear in association 

with psychopathology, both in individuals displaying full-blown symptoms 

and in those displaying mild, non-clinical signs of psychopathology. These 

irregularities thus adhere to the first characteristic of an indicator of 

vulnerability that we set forth above: they are invariant to the unfavorable 

circumstance or the psychopathology that can be developed. 

Sensory, Motor and Regulatory Irregularities Appear Before 
Psychopathology is Evident 
The second characteristic of an indicator of vulnerability that we set forth 

above was that they should be evident much before any full-blown 

psychopathology appears. That is, indicators of vulnerability should already 

exist in at-risk populations or in individuals long before they develop a 

psychopathology. Although this characteristic is reminiscent of the concept 

of endophenotypes—which are heritable biomarkers expressed long before 

the disease is manifested, and are also present in family members at-risk for 

the disease ( Gottesman and Gould, 2003 )—it is important to note that we 

use the word “ indicators” here to describe a broader set of signs that, unlike

endophenotypes, include those with a non-genetic component. 

A number of clinical studies have examined the occurrence of specific 

sensory irregularities in infants at-risk for psychopathology and found these 

irregularities to be present much before the full-blown symptoms appear. For

example, sensory difficulties precede autism symptoms in most infants that 

will later develop autism spectrum disorder ( Baranek, 1999 ; Bryson et al., 

2007 ; Rogers, 2009 ). DeGangi and Greenspan, (1988) found that at-risk 

infants (i. e., those assessed as having a difficult temperament or a 
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developmental delay relative to their age group) were more likely to 

demonstrate tactile over-sensitivity than infants without any reported 

difficulty. In addition, poor ocular-motor control and vestibular deficits were 

significant as compared to normal infants. Other studies have found 

vestibular dysfunction in infants exhibiting later motor and speech delays (

Quirós, 1976 ) and in infants at-risk for schizophrenia ( Fish and Dixon, 1978

). 

Other studies have focused on motor irregularities as predictors of 

psychopathologies. Motor coordination difficulties assessed in at-risk children

predicted later adult schizophrenia symptoms and outcome ( Schiffman et 

al., 2009 ). Significantly more motor difficulties were observed in children 

that would later develop autism ( Baranek, 1999 ; Bryson et al., 2007 ; 

Ozonoff et al., 2008 ). In a prospective study following 401 toddlers, motor 

abilities were found to be predictive of ADHD ( Kroes et al., 2002 ). In 

toddlers at-risk for familial dyslexia, researchers found a relationship 

between motor development at infanthood and the level of language skills at

toddlerhood ( Viholainen et al., 2006 ). 

Additional research has centered on a subset of abnormalities in both 

sensory and motor processes (often called “ neurological soft signs”) and has

found them to be predictive of negative outcome. In several prospective 

epidemiological studies, an association was found between neurological soft 

signs and the development of anxiety, depression and obsessive symptoms 

overtime ( Shaffer et al., 1985 ; Pine et al., 1993 ). Fellick et al., (2001) 

studied the occurrence of neurological soft signs in mainstream pupils and 
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found that children with higher scores on the soft sign battery had worse 

performance on measures of cognition, coordination and behavior. The same

children were also more likely to have cognitive impairment, coordination 

problems, or ADHD. Significantly more soft neurological signs were found in 

children and relatives with a higher genetic risk for schizophrenia ( Walker et

al., 1999 ; Mittal et al., 2007 ; for review see Chan et al., 2010b ; Neelam et 

al., 2011 ) and in those that later became adult schizophrenics ( Asarnow et 

al., 1995 ; Schiffman et al., 2009 ). Whether a particular vulnerable child 

became psychotic, or developed a less severe personality disorder, was 

related to the severity of his early soft signs interacting with his unique 

environment ( Fish and Dixon, 1978 ). Interestingly, recent studies on twins 

have found that soft neurological signs represent vulnerability to PTSD: not 

only did combat veterans with PTSD have significantly more soft neurological

signs than combat veterans without PTSD, but their unexposed co-twins had 

significantly more soft neurological signs than the unexposed co-twins of the 

veterans without PTSD ( Gurvits et al., 2006 ; Kremen et al., 2012 ). 

With regard to regulatory deficiencies, evidence in the developmental 

literature indicates that self-regulatory difficulties—specifically those related 

to the regulation of affect and mood—are early risk factors for developing a 

later developmental or psychiatric/affective psychopathology (e. g., 

Davidson, 2000 ; DeGangi et al., 2000 ; Gomez and Baird, 2005 ; Koenen, 

2006 ; Bryson et al., 2007 ; Lewis et al., 2008 ; Amstadter, 2008 ; Cicchetti, 

2010 ). However, little attention has been given to the broader range of 

regulatory processes, such as the regulation of sleeping and eating cycles. In

several prospective studies, DeGangi and colleagues showed that fussy 
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babies exhibiting sleeping or eating problems and high-sensitivity to sensory 

stimulation had a much greater chance of developing a disorder at 36 

months as compared to non-fussy babies. In addition, the group of babies 

who had more regulatory difficulties had a 95% probability of developing 

some kind of clinical diagnosis related to motor, language, and cognitive 

difficulties and/or parent-child relational problems at 36 months ( DeGangi et

al., 1993 , 2000 ). In another study examining fussy babies, DeSantis et al. 

(2004) found that hours of fussing during infancy significantly correlated with

greater inattention, higher emotional reactivity and sensory sensitivity, 

poorer environmental coping, and more externalizing behavior at 3–8 years 

of age. In older children, sleeping/eating irregularities have been associated 

with the subsequent development of various affective disorders ( Gregory 

and O'Connor, 2002 ; Ong et al., 2006 ). Sleep irregularities, such as 

abnormalities in REM sleep, have also been found in healthy adults who have

relatives with affective disorders ( Modell et al., 2005 ). In addition, sleep 

irregularities have been proposed as a marker for psychiatric disorders (

Lauer et al., 1995 ) and sleep insomnia has recently been suggested as a risk

factor for Alzheimer's disease that may even play a direct role in the 

progression of the disorder ( Wang et al., 2011 ). 

To summarize, the brief review above demonstrated the association of non-

specific sensory, motor and regulatory irregularities with psychopathology 

(both in the full-blown disease but also in healthy individuals with mild 

subclinical signs) and in individuals at-risk for developing a psychopathology.

This pattern of occurrence matches the two main characteristics we outlined 

above, and suggests that the irregularities can be behavioral indicators of a 
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general state of vulnerability. Although regulation of emotion and mood has 

already been associated with resilience ( Cicchetti, 2010 ), sensory, and 

motor irregularities, as well as dysregulation in sleeping and eating cycles, 

have rarely been discussed in the direct context of vulnerability and 

resilience. Thus the approach we undertook here—examining the invariant 

qualities of vulnerability across disorders—allowed us to outline novel 

candidate indicators that at first glance may not appear relevant in the 

context of vulnerability and resilience. 

Patterns of Network Aberrations as Indicators of 
Vulnerability 
Network analysis uses graph theoretical tools to assess various network 

metrics from connectivity data. These network metrics are a measure of how

well the brain functions, and indicate the efficiency of information transfer 

across the whole network and the ability of large-scale networks within the 

brain to switch between engaged and disengaged modes of function. They 

are also a measure of the brain's resilience, or in systems neuroscience 

terms, “ brain robustness,” which is defined as the robustness of the system 

to intrinsic and extrinsic perturbations ( Kitano, 2004 ; Sporns, 2010 ). This 

robustness is supported by global network mechanisms ( Sporns, 2010 ) that 

arise in specific network configurations and can limit the effects of 

potentially disruptive perturbations ( Achard et al., 2006 ; Bassett and 

Bullmore, 2006 ). 

An example of a network metric is how much the brain adheres to a global 

network architecture called a “ small world network” that describes a 

configuration in which most nodes are not neighbors, but can be reached 
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from every other node by a small number of steps ( Menon, 2011 ). Other 

network metrics include measures of local connectivity levels (such as the 

clustering and modularity of various nodes in the network), measures of 

global integration (such as the average path length between two nodes, 

which is indicative of how efficiently the network is connected) and measures

of the importance of specific hub nodes (such as the centrality of specific 

nodes; Sporns, 2010 ). Aberration in these network metrics can result in 

general network failure, which affects network robustness as well as efficient

information transfer, and can cause deficits in the access, engagement, and 

disengagement of large-scale networks ( Dosenbach et al., 2008 ; Sporns, 

2010 ). 

Recent methodological advances concerned with the study and analysis of 

complex networks in the brain are allowing neuroscientists to extract these 

network metrics from a large body of functional and structural connectivity 

data obtained from diffusion tensor imaging (DTI), functional magnetic 

resonance imaging (fMRI), magnetoencephalography (MEG) and 

electroencephalography (EEG) studies. Analysis of connectivity data from 

many studies examining various states of psychopathologies has found 

common aberrations in various network metrics ( Sporns, 2010 ; Menon, 

2011 ). For example, when comparing structural data from schizophrenia 

patients and healthy controls, schizophrenia brains show a loss of “ small 

world” architecture as measured by a significantly lower clustering 

coefficient, longer characteristic path lengths and dysfunctional central hubs 

( Bassett et al., 2008 ; van den Heuvel et al., 2010 ). Abnormalities in these 

network metrics were also reported when functional connectivity data from 
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patients with Alzheimer's disease was compared to controls ( Stam et al., 

2007 , 2009 ; Supekar et al., 2008 ; Sanz-Arigita et al., 2010 ). Network 

abnormalities were also observed in many other disorders, including autism (

Belmonte et al., 2004 ; Just et al., 2007 ), ADHD ( Castellanos et al., 2008 ; 

Wang et al., 2009 ), and dementia ( Pievani et al., 2011 ). Taken together, 

these studies suggest that network aberrations are a general characteristic 

of psychopathologies and thus they adhere to the first characteristic that we 

outlined for indicators of vulnerability. 

In addition, initial evidence suggests that these network aberrations also 

adhere to the second characteristic we expect of vulnerability indicators, 

namely, that they should have a predictive nature. Results of a very recent 

study ( Yao et al., 2010 ) indicated that abnormalities in network metrics can 

be detected before a psychopathology is evident. In the study, researchers 

measured network parameters from patients with Alzheimer's disorder (AD), 

individuals with mild cognitive impairment disorder (MCI) and healthy age-

matched controls. They found the greatest clustering coefficient and the 

longest absolute path length in patients with AD, which indicates that the 

small world organization of the cortical network was the least optimal in AD. 

The small world measures of the MCI network exhibited intermediate values 

between AD and the normal aging controls. Given that MCI is considered to 

be the transitional stage between normal aging and AD, these findings 

suggest that network aberrations are evident before the full-blown AD 

symptoms appear. In another study, Dazzan et al. (2011) obtained MRI data 

from 102 individuals considered to be at a very high-risk for schizophrenia 

and subsequently followed them for one year. Those that developed 
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schizophrenia or other forms of psychosis had more volumetric abnormalities

in distributed brain areas at the time of the MRI scan. Although the authors 

did not perform a graph-theoretical analysis, this study provides further 

evidence that network aberrations predate the onset of a psychopathology. 

Thus, a pattern similar to the one described above for behavioral 

irregularities seems to arise in the systems neuroscience framework with 

regard to network aberrations. Evidence for network aberrations that give 

rise to network failure have been observed across psychopathologies, and 

there is initial evidence that these irregularities appear before the 

psychopathology is evident. Hence, network aberrations fit both of the 

characteristics that we proposed as indicators of vulnerability. Although 

systems neuroscience is still in its infancy, and the evidence here is less 

conclusive than that from the well-established fields of developmental and 

clinical psychopathology, the emerging pattern leads us to suggest that 

network aberrations can serve as network indicators of brain vulnerability. 

Discussion 
In this review we used the invariant quality of vulnerability to outline two 

main characteristics that we would expect from indicators of a vulnerable 

state: that they should appear across disorders regardless of specific 

circumstances, and that they should appear much before the disorder is 

evident. We were able to identify two sets of factors that exhibited this 

pattern of association with psychopathological states. The first was “ low-

level” sensory, motor and regulatory irregularities that have been reported 

across the clinical literature. The second was the set of aberrations in 
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network metrics that have been reported in the field of systems 

neuroscience. Both of these sets were therefore proposed as indicators of 

vulnerability, albeit at different levels of description. 

By searching for indicators based on patterns of invariance, rather than 

based on specific pathologies or risk factors, we were able to identify novel 

factors that at first glance may not seem relevant to resilience. Unlike, for 

example, the cortisol hormone that is known to be related to stress and is 

therefore expected to relate to vulnerability, the relationship between 

vulnerability and sensory/motor difficulties, or between vulnerability and 

irregularities in eating or sleeping cycles, is less direct. However, the fact 

that these relationships to vulnerability are not immediately visible should 

not deter us from investigating them more seriously. Indeed, leading 

researchers in the resilience field have recently suggested that resilience 

and vulnerability are dynamic developmental constructs that can arise from, 

and be influenced by, a complex dynamic interaction between multiple brain 

processes ( Masten, 2006 ; Cicchetti, 2010 ). This implies that various brain 

processes that are not directly associated with stress mechanisms, such as 

the ones we suggested here, may still affect vulnerability through non-linear 

interactions with other processes. For example, an individual who has 

sensory hypersensitivity may find dyadic interactions stressful. This can lead 

to self-deprivation of the social environment, which is considered important 

for enhancing resilience. 

Although the two sets of indicators proposed here come from different levels 

of description—one at the behavioral level and the other at the network level
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—the fact that they display similar patterns suggests that they may be 

related. Indeed, a recent set of experiments has shown that “ soft 

neurological signs” (see above) are associated with structural brain 

irregularities in individuals exhibiting these signs ( Dazzan et al., 2004 , 2006

; Janssen et al., 2009 ; Thomann et al., 2009 ; Heuser et al., 2011 ). This 

relation can also be supported theoretically using the network description of 

vulnerability as a state in which network robustness is compromised 

following network failure. Network failure not only leads to less robustness 

but also to less efficient information transfer and computation throughout 

the network, as well as to the disruption of mechanisms in charge of 

maintaining dynamic balance ( Sporns, 2010 ). As a result, network failure 

should affect general network function, including the most basic input, 

output, and regulation processes. Thus, irregularities in sensory, motor, and 

regulation processes can be viewed as co-arising with the loss of robustness 

due to network failure. 

Implications and Future Directions 
Finding indicators of brain vulnerability has both clinical and research 

applications. On the clinical level it can enable the identification of 

vulnerable individuals at pre-traumatic stages and help inform the design of 

preventive resilience-boosting interventions. The behavioral indicators we 

outlined here—such as motor coordination difficulties, sensory 

hypersensitivity and fussiness—can be recognized even by a non-

professional eye and may be addressed with simple parent-based 

interventions (e. g., Klein et al., 2008 ; Jaegermann and Klein, 2010 ). Such 

interventions could enhance current preventive programs that aim to avoid 
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the snowballing of problems and promote positive development ( Masten, 

2006 ). In the future, as systems neuroscience becomes more established, it 

is likely that network indicators will be used as part of general screening 

tests to detect vulnerable individuals ( Wen et al., 2011 ). 

On the research level, the ability to identify vulnerable individuals at pre-

traumatic periods would enable us to further explore the differences 

between resilient and vulnerable brains, as well as examine the temporal 

dynamics of vulnerable brains, before and after they are impacted by a 

stressor ( Admon et al., 2009 ). Moreover, to date, most resilience and 

vulnerability research has focused on specific at-risk populations (e. g., 

firefighters or soldiers; Heinrichs et al., 2005 ) or has involved conducting 

large-cohort prospective studies ( Cicchetti, 2010 ). Therefore, the ability to 

identify vulnerable individuals would facilitate research that focuses only on 

a subset of individuals with brain vulnerability. 

Finally, viewing vulnerability as an invariant state can assist in the 

development of neurobiological tools to measure brain vulnerability. Such 

tools would enable the direct testing of the association of possible indicators,

such as those proposed here, with brain vulnerability. As mentioned above, 

in the systems neuroscience framework brain resilience is defined in general 

terms of “ robustness to perturbation.” This view implies that measuring the 

reaction of large brain networks to targeted perturbations can serve as a 

means of directly studying brain resilience and vulnerability. Various tools 

can serve the purpose of measuring robustness to perturbations, one 

example being transcranial magnetic stimulation (TMS), which is widely used
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to induce or inhibit activity in a localized brain area. Recently, we used single

TMS perturbations to study the stability of a specific network in a healthy 

state and in a disordered schizophrenia state ( Levit-Binnun et al., 2007 ). 

We found signs of network vulnerabilities in the schizophrenia state that 

appeared only in response to the TMS perturbations and that were not 

observed in the healthy state. Future work should continue this direction in 

order to develop neurobiological tools that can quantitatively measure brain 

vulnerability and resilience. Indicators that enable the identification of a 

vulnerable brain state, together with tools that directly measure brain 

vulnerability, can greatly advance the understanding of how vulnerability 

and resilience mechanisms emerge from the brain's complexity and its 

interaction with the environment. 
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