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Abstract

Background: Behavioral and emotional dyscontrol commonly occur following traumatic brain
injury (TBI). Neuroimaging and electrophysiological correlates of dyscontrol have not been
systematically summarized in the literature to date.

Objective: To complete a systematic review of the literature examining neuroimaging and
electrophysiological findings related to behavioral and emotional dyscontrol due to TBI.

Methods: A PRISMA compliant literature search was conducted in PubMed (MEDLINE),
PsycINFO, EMBASE, and Scopus databases prior to May 2019. The database query yielded 4392
unique articles. These articles were narrowed based on specific inclusion criteria (e.g. clear TBI
definition, statistical analysis of the relationship between neuroimaging and dyscontrol).

Results: A final cohort of 24 articles resulted, comprising findings from 1,552 patients with

TBI. Studies included civilian (n=12), military (n=10), and sport (n=2) samples with significant
variation in the severity of TBI incorporated. Global and region-based structural imaging was
more frequently used to study dyscontrol than functional imaging or diffusion tensor imaging. The
prefrontal cortex was the most common neuroanatomical region associated with behavioral and
emotional dyscontrol, followed by other frontal and temporal lobe findings.

Conclusion: Frontal and temporal lesions are most strongly implicated in the development

of post-injury dyscontrol symptoms, although they are also the most frequently investigated
regions of the brain for these symptom categories. Future studies can make valuable contributions
to the field by 1) emphasizing consistent definitions of behavioral and emotional dyscontrol,

2) assessing pre-morbid dyscontrol symptoms in subjects, 3) utilizing functional or structural
connectivity-based imaging techniques, or 4) restricting analyses to more focused brain regions.
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INTRODUCTION

Traumatic brain injury (TBI) is an alteration in brain function caused by an external force to
the head 1. TBI is common — in the U.S. alone, 1.4 million people each year sustain a TBI,
and approximately 2% of the population is living with a TBI 2. New research suggests that
TBI is a disease process rather than an isolated event, as it consists of both acute and chronic
downstream consequences 3. Due to its severity and chronicity, TBI is a major source of
disability both in the United States and worldwide 2.

Neuropsychiatric disturbances following TBI account for a significant portion of the
disability and impairment associated with the injury. These symptoms can occur

acutely post-injury in the context of a post-traumatic encephalopathy or develop more
gradually and insidiously after other acute symptoms appear to resolve. Although some
acute neuropsychiatric manifestations of TBI, such as coma, delirium, or subsyndromal
delirium, are gravely disabling, they are often transient.#. After the acute post-traumatic
encephalopathy resolves, protracted neuropsychiatric sequelae develop in as many as half
the TBI patients °. This review specifically addresses these more chronic neuropsychiatric
sequelae of TBI. These symptoms can be either new-onset psychiatric complications

or exacerbation of pre-existing, previously well-controlled conditions. Many types of
neuropsychiatric symptoms can develop after TBI, including mood changes, personality
changes, psychosis, sleep changes, or changes in one’s ability to regulate behavior and
emotion. The inability to regulate behavior and emotion constitutes an impairing class of
symptoms described by Arciniegas and Wortzel © and frequently encountered in patients
post-TBI. This construct, commonly referred to as behavioral and emotional dyscontrol,
includes symptoms such as aggression, impulsivity, disinhibition, irritability, affective
lability, agitation, and pathological laughing and crying. It is one of the most challenging
consequences of TBI faced by patients and families, and one of the most difficult to manage
for providers 7.

Neuroimaging modalities are commonly used in the study of TBI and psychiatric disorders,
although they are rarely studied in conjunction. For example, TBI has been linked to

brain volume loss due to degradation of parenchyma in the acute, subacute, and chronic
time periods 8. This volume loss has been reported both globally ° and in discrete brain
regions such as the caudate 10. Mild TBI has also been associated with changes in task-
mediated activation on functional MRI (fMRI) in the dorsolateral prefrontal cortex (PFC),
ventrolateral PFC, and basal ganglia 8.

Separately, a growing literature exists attempting to link neuropsychiatric symptoms

with their neuroimaging correlates in various disease processes 11, again using both
structural and functional imaging techniques. Electroencephalography (EEG) has also been
used to correlate electrophysiological findings with neuropsychiatric symptoms. Though
EEG is better classified as an electrophysiological modality, rather than a traditional

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.
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neuroimaging modality, it can be similarly useful for characterizing and localizing brain-
behavior relationships. For conciseness, when neuroimaging is referenced generically in
this manuscript, it is referring to both traditional neuroimaging and EEG. Such research
on neuroimaging findings associated with neuropsychiatric symptoms of TBI has yet to
be systematically compiled. Understanding these relationships has the potential to impact
clinical decision-making surrounding post-TBI prognosis and management. For example,
one promising study found that cognitive benefits of methylphenidate post-TBI were only
seen in those patients who had low caudate dopamine transporter levels as measured with
123|joflupane single-photon emission computed tomography (SPECT) 12,

Over the past several years, members of a TBI Special Interest Group comprised of
clinicians, researchers, and trainees in neuropsychiatry undertook a large research effort
designed to systematically review the existing literature on the topic of neuropsychiatric
symptoms (NPS) due to TBI, specifically as they relate to neuroimaging findings. This
paper is a product of that larger research effort and focuses on symptoms of behavioral
and emotional dyscontrol in the setting of TBI. To our knowledge, this review is the
first to summarize the neuroimaging literature investigating behavioral and emotional
dyscontrol in those who have experienced TBI. This study will further characterize

the relationship between imaging and TBI-related behavioral and emotional dyscontrol
through the following aims: 1) Identifying literature trends based on imaging modality,
2) Highlighting patterns based on pertinent TBI variables (i.e., severity, occurrence,
population), 3) Describing relevant findings related to neuroimaging in TBIl-associated
behavioral and emotional dyscontrol, and 4) Outlining the current trends in research practice
including an assessment of potential bias in common study designs.

MATERIALS AND METHODS

Search Strategy

A structured literature search strategy was designed to identify articles with neuroimaging
and NPS components in human TBI samples. Articles were extracted from PubMed
(MEDLINE), PsycINFO, EMBASE, and Scopus databases. Boolean searches were kept
broad in the interest of reflecting all neuroimaging modalities and in order to capture
broad domains of neuropsychiatric symptomatology. A more general approach was also
necessitated by the current state of the TBI literature, which comprises many disparate
approaches to definition, severity, population, and timing of assessment. We employed 41
imaging-related keywords, 46 NPS-related keywords, and 15 TBI-related keywords. Exact
search phrases and MeSH search field qualifiers are outlined in Appendix 1. For this
particular review on the topic of dyscontrol, we narrowed our search to 19 NPS-related
keywords: aggression, agitation, behavioral dyscontrol, disinhibition, emotional dyscontrol,
emotional dysregulation, emotional incontinence, forced crying, impulsivity, inappropriate
laughter, involuntary crying, involuntary emotional expression disorder, irritability, lability,
pathological emotionalism, pathological emotionality, pathological laughing and crying,
pathological laughter, and pseudobulbar affect.

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.
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Review Protocol

This review adhered to PRISMA 13 guidelines for implementation and reporting of
systematic reviews. A summary of the review protocol, including the number of articles
included and excluded in each step, can be found in Figure 1. In the first level of

the screening process, titles and abstracts were reviewed in parallel for determination of
inclusion or exclusion. Individuals in dyads were blind to each other’s determinations and
an identical data extraction sheet was utilized by all reviewers. Discrepancies and cases
when a reviewer was unsure were routed to a third-party reviewer for a final decision.

All included articles were then subjected to a full-text review by dyads, again followed

by a reappraisal if necessary. The resulting article cohort was then split up into six NPS
domains: depression, anxiety, post-traumatic stress disorder, sleep disturbance, behavioral
and emotional dyscontrol, and psychosis. The present review focuses on the NPS domain of
behavioral and emotional dyscontrol. A series of subsequent reviews focused on the other
NPS domains will be published from these same efforts.

Inclusion and Exclusion Criteria

For both title/abstract and full-text reviews, a standardized set of inclusion and exclusion
criteria were applied. Articles were excluded if they 1) Lacked any one of the three

key elements (neuroimaging, NPS, or TBI); 2) Were of an ineligible study type (i.e.,

case reports/case series with 7< 5, editorials, commentary letters, replies to editor, book
reviews, non-peer-reviewed articles, conference proceedings, poster abstracts, dissertations);
3) Were not written in English; and/or 4) The study population had no human subjects or
adult data (<18 years). Articles were not judged on the basis of TBI severity, singularity

or reoccurrence of TBI, acuity or chronicity of NPS, neuroimaging modality, or if
neuroimaging was conducted in the acute, sub-acute, or chronic time period post-TBI. This
information was, however, collected on all articles.

Final articles selected for the present review focused on behavioral and emotional dyscontrol
symptoms subsequent to TBI. These articles met all of the following additional criteria:

1) Statistically analyzed the relationship between neuroimaging findings and behavioral or
emotional dyscontrol in individuals with TBI; 2) Had a clear TBI definition for participants
included in the study (formalized or study-specific criteria with any combination of Glasgow
Coma Scale score, loss/alteration in consciousness, and/or post-traumatic amnesia); and

3) Reported a clear behavioral or emotional dyscontrol outcome. Articles that satisfied

these criteria were then reviewed for individual analyses between behavioral and emotional
dyscontrol and neuroimaging findings. These analyses were then organized based on
imaging modality, presence or absence of lesion, and neuroanatomical localization. Articles
drawing from unique subsamples of the same patient cohort were summed without removal
of overlapping data for demographic transparency.

Article Quality Review

Included articles were rated for bias and quality by two independent reviewers using the
Newcastle-Ottawa Scale 14, with specific focus on study design as applicable for dyscontrol
outcomes of interest. Studies with significant limitation in quality or bias were included in
the review with notation of their limitations.

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.
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Following application of inclusion and exclusion criteria, the final cohort of articles
consisted of 24 studies published between 1986-2018. There were 1,552 total patients with
TBI and 335 non-TBI comparisons represented in the cohort of articles, for an aggregated
sample size of 1,887. Twenty-two of the 24 articles reported statistically significant findings
related to behavioral and emotional dyscontrol. Population of Interest: Civilian populations
(12 articles) were the most commonly studied, followed by military (10 articles), and

sport (2 articles). 7B/ characteristics. Seven studies included all levels of TBI severity,
whereas other articles restricted inclusion to mild TBI (8 articles), severe TBI (4 articles),
moderate and severe TBI (4 articles), or mild and moderate TBI (1 article). Thirteen articles
studied patients with a singular TBI, 10 articles included participants with either singular

or recurrent TBI, and one article studied only patients with recurrent TBI. Chronicity: The
majority of articles studied participants using neuroimaging acquired greater than six months
post-TBI (13 articles), followed by any time less than six months (3 articles), between two
weeks and six months (2 articles), and less than two weeks (2 articles). Four articles did not
specify the timing of neuroimaging acquisition. For the purposes of evaluating risk of bias,
eight of the articles were formulated as case-control studies, and 16 were evaluated as cohort
studies. A summary of article characteristics can be found in Table 1.

Findings by Imaging Modality

Structural Imaging—Key findings are summarized in Table 2 and imaging modality
breakdown is displayed in Figure 2. Fifteen of the studies used structural imaging analyses;
six utilized computed tomography (CT), six magnetic resonance imaging (MRI), and

three both CT and MRI. These studies included 1,285 TBI participants and 229 non-TBI
comparisons in total. Thirteen of the 15 structural imaging studies reported significant
findings relating neuroimaging findings to behavioral and emotional dyscontrol. In studies
that investigated nonspecific lesion versus non-lesion, lesions were positively associated
with greater impulsivity1®, disinhibition 16, and agitation 17, but not hostility 1°. Studies that
looked at the brain globally found that traumatic axonal injury (defined as a trauma-induced
white matter lesion identified with a combination of imaging modalities) was positively
associated with emotional dyscontrol 18, volume loss was positively associated with
disinhibition 19, and left greater than right hemispheric lesions were positively associated
with aggression 20. Localization of lesions are presented in Figure 3.

The PFC was the most common site of neuroimaging findings associated with dyscontrol.
Specifically, four studies found positive associations between dyscontrol and lesions to

the right orbitofrontal cortex (OFC) 1921-23 one with the left OFC 23, and one with

the OFC bilaterally 24. Another study 22, however, found that aggression was no longer
significantly related to OFC morphometry after Bonferroni correction. One study found that
aggression was positively associated with medial PFC lesions26. Another study found that
the bilateral dorsolateral PFC lesions?4 were positively associated with violent attitudes,

though a contrasting study found a negative association between lateral PFC and aggression
26

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.
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Regarding other brain regions, six studies found frontal lesions were positively associated
with dyscontrol16:17.19.21.27.28 Three studies found positive associations between temporal
lesions and dyscontrol 17:19.24_QOne contrasting study 2° found no significant differences

in aggression scores between temporal and non-temporal lesion groups. Finally, isolated
significant relationships were found between dyscontrol and the bilateral gyrus rectus,
bilateral insula, and precentral and postcentral regions 19, as well as the left and right angular
gyri, right cerebellum, and right mid-occipital cortex 23.

Diffusion Tensor Imaging—~Four of the studies used diffusion tensor imaging (DTI)
analyses. These studies included 103 TBI participants and 65 non-TBI comparisons in

total. All four DTI studies reported significant findings relating neuroimaging findings to
behavioral and emotional dyscontrol. One study 30 found that greater aggression (Buss-Perry
Aggression Questionnaire) was positively correlated with increased radial diffusivity in the
corpus callosum; physical aggression in particular was associated with increased diffusivity
in the splenium, while aggressive attitude was associated with increased diffusivity in

the body of the corpus callosum. A second study showed an association of decreased
uncinate fasciculus axial diffusivity with increased aggression and impulsivity scores 22,

The remaining two studies found that fractional anisotropy was positively correlated with
impulsivity (Barratt Impulsiveness Scale). One 31 found the correlation for both the right and
bilateral anterior thalamic radiations, while the other 32 noted the same relationship for the
total cingulum, right cingulum, and right genu.

Functional Imaging and EEG—Five of the studies used functional imaging analyses;
three utilized fMRI, one SPECT, and one positron emission tomography (PET). Three more
studies utilized EEG. Collectively, these eight studies included 300 TBI participants and

75 non-TBI comparisons. Seven of the eight studies reported significant findings related to
behavioral and emotional dyscontrol. Two of the three resting state fMRI studies showed
significant results — one found aggression was positively associated with increased right
hippocampus to mid-cingulate cortex connectivity 33 and another found aggression was
positively associated with connectivity between the right cerebellar lobule V11 region and the
default mode network 34. A third study examined left and right OFC to anterior temporal
lobe (ATL) connectivity and found no association with aggression 22, Both studies that
utilized EEG exclusively 3536 found frontal lobe abnormalities to be positively associated
with aggression. The SPECT study 37 similarly found that low regional cerebral blood flow
in the frontal lobes was positively associated with disinhibited behavior. The PET-CT study
38 found that right lateralized thalamic glucose metabolism was positively associated with
uncooperativeness.

Quality Metrics

The Newcastle-Ottawa Scale results are shown in Figure 4. Risk of bias for each criterion
was considered to be high for explicit failure to meet the criterion or if the reporting was
unclear. Notable areas of high risk for potential bias introduction across cohort studies
included: 14 of 16 studies failed to demonstrate that the outcome of interest was not present
at the start of the study; 10 of 16 studies did not clearly delineate adequate follow-up; and
10 of 16 studies had an exposed cohort that was not clearly representative of the community

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.
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of interest. For case-control studies, the most common areas of potential bias introduction
included: 8 of 8 studies failed to adequately report non-response rates; 5 of 8 did not
provide adequate case definition; and 4 of 8 studies did not have cases that were clearly
representative of the community of interest.

DISCUSSION

This systematic review summarizes the literature on neuroimaging correlates of TBI-
associated behavioral and emotional dyscontrol. The conceptualization of this symptom
cluster was based largely on a construct championed in the literature by Arciniegas and
Wortzel8. This review is part of a larger project that outlines the neuroimaging correlates of
several neuropsychiatric symptoms that commonly present after TBI.

The findings of this review support several conclusions. First, they strengthen the notion that
neuropsychiatric symptoms such as behavioral and emotional dyscontrol have identifiable
imaging correlates. The studies discussed here suggest that patients who have an identifiable
structural lesion on neuroimaging following TBI are more likely to experience behavioral
and emotional dyscontrol than patients who have no identifiable lesion. This is of significant
clinical relevance as impulsivity following TBI, especially in the setting of emotional
dysregulation or depression, can contribute to greater suicide risk as discussed by Lopez-
Larson et al. (2013).

Second, this review recapitulates previous work suggesting that dyscontrol symptoms are
a common subtype of personality disturbance after frontal lobe injury 3. The PFC was

the neuroanatomical location most commonly associated with neuroimaging changes in
subjects demonstrating behavioral and emotional dyscontrol symptoms post-TBI. The OFC
in particular had six positive associations with dyscontrol 1921-24 The orbitofrontal circuit
has been described as the “neocortical representation of the limbic system” and helps to
determine the appropriate time, place, and strategy for environmentally-elicited behavioral
responses 40, It is no surprise then that abnormalities or damage in this neuroanatomical
region would lead to dysregulated behavioral and emotional responses to stimuli 41,
Moreover, the term disinhibition syndrome has been used to describe a similar cluster

of symptoms including emotional lability and impulsivity, reminiscent of features seen

in mania, attention deficit hyperactivity disorder, antisocial and borderline personality
disorders, and substance abuse #2. Disinhibition syndrome results from disruption of the
OFC, which is again consistent with the findings of the present review.

Additionally, frontal lobe changes were the most common location of abnormalities
associated with behavioral and emotional dyscontrol observed in functional neuroimaging.
A previous systematic review by Brower and Price found that the literature supports

an association between frontal lobe dysfunction and increased aggressive and antisocial
behavior 43. Despite this strong association between the prefrontal cortex and dyscontrol,
we must keep in mind that various other subtypes of personality change can occur
following prefrontal injury, including executive dysfunction, depression, hypo-emotionality,
and apathy 39. Such findings highlight the importance of continued neuroimaging research
focusing on more spatially and functionally specific brain regions in order to parse out the
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unique and complex personality changes that can occur following a TBI or other brain lesion
affecting the frontal lobe.

A third conclusion from this review is that temporal lobe structures are also frequently
implicated in dyscontrol syndromes, often in combination with the frontal lobe. These
results are consistent with findings in frontotemporal degenerative illnesses, such as
Pick’s disease, non-specific frontotemporal degeneration, and motor neuron disease, or
postsurgical effects in those regions 44. For example, Alsemari and Malloy found that
dyscontrol symptoms were more prevalent in frontotemporal dementia when compared to
both Alzheimer’s disease and non-TBI controls®,

Some studies in this review also implicate brain regions in post-TBI dyscontrol disorders
which are less expected, such as the cerebellum 23, This is consistent with the previously
mentioned work of Alsemari and Malloy, which showed that cerebellar changes identified
with both structural and functional imaging are associated with dyscontrol 4°. This is
consistent with literature on cerebellar cognitive affective syndrome 46, a neuropsychiatric
presentation of cerebellar dysfunction or stroke 47 involving emotional dyscontrol and

aggression in addition to deficits in executive function, visuospatial cognition, and language
48

Another noteworthy observation from this review is that the studies included are highly
heterogeneous in terms of the tools used to measure dyscontrol, the tools used for
neuroimaging, and the details of the TBI itself and the population being studied. For
example, 20 different measures of dyscontrol were employed across the 23 studies,

making generalization of findings across studies challenging. These different measures have
different methods for categorizing and classifying dyscontrol and its associated findings.
Moreover, there were variations in the definitions of agitation and aggression in different
studies included in this review, as well as differences between subtypes of behavioral

and emotional dyscontrol. A unique challenge amongst these studies is that behavioral

and emotional dyscontrol outcome measures are often self-report scales (or report from a
close relative or proxy). Heterogeneity among statistical methods and sample sizes further
complicated the task of objectively comparing statistical associations or the lack thereof. In
order to mitigate the impact of this limitation, the articles underwent quality review using
the Newcastle-Ottawa Scale and each of their sample sizes is listed in Table 2. An effort
was made to limit the scope of this paper to reduce some of this variability. Consequently,
this review did not look at cognitive or task-based measures of disinhibition or executive
dysfunction, which was formulated as a separate symptom category. Finally, this paper
excluded studies that focused on depression or anxiety as outcomes — although these
symptom clusters could broadly be considered emotional dyscontrol entities, we reserve
examination of them individually and in greater detail elsewhere.

In terms of variability in imaging across studies, a notable observation is the variation in
chronicity of TBI at time of imaging. Some studies used imaging taken immediately after
the TBI, others greater than six months after the TBI, and still others used neuroimaging
from a more variable range of time points. A paper from Han et al. concluded that
Apolipoprotein E showed compensatory changes in the first three years following TBI4°.

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.
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This is important for our review, as variations in timing of neuroimaging may elucidate
different aspects of TBI, whether they be the immediate effects of TBI or subsequent
compensatory changes. The use of different imaging modalities such as MRI, CT, EEG,
and functional imaging modalities to study TBI-associated changes also contributes to the
difficulty of comparing results across studies.

The variable aspects of TBI chronicity and severity are also outlined in detail in Table

2. These studies looked at subjects with TBIs of various severities and frequencies, with
various definitions for what was classified as a TBI, and at symptoms observed post-TBI
over varying lengths of time. All these factors make generalizable conclusions difficult if not
impossible to draw. This does, however, help to guide future research in this topic area by
providing researchers with a list of important factors to consider and control for in designing
new studies.

The Newcastle-Ottawa Scale 14 was applied in this study to offer a general idea of

where the challenges and opportunities lie for future work in neuroimaging correlates

of TBIl-associated dyscontrol symptoms. Notably, the scale was applied based on the
article’s study design as it applied to our outcome of interest. As such, some studies were
formulated as case-control or cohort design based on which it most closely resembled in
regards to the dyscontrol and imaging associations. This scale served to further highlight
some of the research challenges mentioned previously and also identified additional areas
for improvement. First, very few of the studies in our review accounted for pre-morbid
functioning or personality traits in the study population. This makes it impossible to know
with certainty to what degree the dyscontrol symptoms result from TBI or neuroimaging
changes. Future work should consider prospective studies in high-risk TBI populations,
looking at pre-morbid neuroimaging and neuropsychiatric functioning, to minimize this
complicating factor and also provide a highly similar non-TBI comparison group.

Second, amongst these studies, many were studies of convenience samples or retrospective
studies that took advantage of available data on TBI patients or took a subsample of

data from a larger cohort study. This raises concern for potential sampling bias and
generalizability. For example, many articles had study populations that included only
males or veterans and thus were poorly representative of the TBI population as a whole.
Prospective studies again could mitigate some of these problems, although an inherent
problem in this research will always be the inability to ethically “randomize” patients to a
TBI exposure. Finally, this review revealed potential reporting bias for studies with positive
results, as only two of 23 articles reported negative results.

This paper offers a review of neuroimaging findings and modalities studied in behavioral
and emotional dyscontrol disorders following TBI. Neuroimaging is becoming one of the
most common tools for studying the pathophysiological underpinnings of neuropsychiatric
illness. As the field grows ever more sophisticated, imaging techniques discussed in this
paper are now being utilized in combination, with multimodal neuroimaging improving our
understanding of clinical symptoms 20, However, the present study did find a surprising
lack of white matter tract connectivity or functional imaging results. Both areas represent
promising avenues for future research.
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Conclusions

In summary, we performed a systematic review of neuroimaging literature examining

TBI and co-occurring behavioral and emotional dyscontrol. We found that the majority

of studies focused on global / regional structural neuroimaging and that the PFC is the
neuroanatomical region most frequently associated with dyscontrol symptoms. Future
studies that place additional emphasis on consistent definitions of behavioral and emotional
dyscontrol symptoms, as well as those that account for pre-morbid functioning, will be
valuable contributions to the literature.
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APPENDICES

Appendix A. Search Terms

(“Magnetic Resonance Imaging”’[mh:noexp] OR “Diffusion Magnetic Resonance
Imaging”[mh] OR “Magnetic Resonance Angiography”[mh] OR “magnetic resonance
imaging” OR “magnetic resonance imaging” OR “MRI” OR “fMRI” OR “MR

imaging” OR “diffusion imaging” OR “diffusion tensor imaging” OR “DTI” OR
“tractography” OR “magnetic resonance angiography” OR “perfusion weighted imaging”
OR *“perfusion imaging” OR “Tomography, X-Ray Computed”’[mh:noexp] OR “Four-
Dimensional Computed Tomography”[mh] OR “Tomography, Spiral Computed”[mh]
OR “Multidetector Computed Tomography”[mh] OR “computer assisted tomography”
OR “computed tomographic angiography” OR “computed tomography” OR “electron
beam tomography” OR “computer tomography” OR “optical tomography” OR
“susceptibility weighted imaging” OR “SWI” OR “Positron-Emission Tomography”[mh]
OR “Positron emission tomography” OR “PET” OR “EEG” OR “electroencephalogram”
OR “electroencephalography”[mh] OR “electroencephalography” OR “MEG” OR
“magnetoencephalography” OR “magnetoencephalography”[mh] OR *“Spectroscopy,
Near-Infrared”[mh] OR “infrared imaging” OR “near-infrared spectroscopy” OR
“neuroimaging”[mh] OR “neuroimaging” OR “voxel-based morphometry” OR “VBM” OR
“SPECT”)

AND

(“neuropsychiatric” OR “psychiatric” OR “delusion” OR “hallucination” OR “psychotic
Disorders”[mh] OR “affective Disorders, Psychotic”[mh] “psychotic” OR “aggression”
OR “agitation” OR “emotional dyscontrol” OR “behavioral dyscontrol” OR “dysphoria”
OR ”depression”[mh] OR “Depressive disorder’[mh] OR “depressive” OR “Anxiety”[mh]
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OR “mania” OR “elation” OR “euphoria” OR “apathy”[mh] OR “disinhibition” OR
“lability” OR “irritability” OR “stress disorders, Post-Traumatic”’[mh] OR “post-traumatic
stress disorder” OR “PTSD” OR “Sleep Wake Disorders”’[mh] OR “Sleep Disorders,
Circadian Rhythm”[mh] OR “sleep disorder” OR “sleep disorders” OR “Circadian Rhythm”
OR “sleep apnea” OR “executive dysfunction” OR “impulsivity” OR “personality” OR
“pathological laughing and crying” OR “pseudobulbar affect” OR “pathological laughter”
OR “inappropriate laughter” OR “involuntary crying” OR “emotional incontinence” OR
“pathological emotionalism” OR “pathological emotionality” OR “emotional dysregulation”
OR “forced crying” OR “involuntary emotional expression disorder”)

AND

(“Brain Injuries”[mesh] OR “Brain Hemorrhage, Traumatic”’[mh] OR “Diffuse Axonal
Injury”[mh] OR “traumatic brain” OR “cerebral trauma” OR “brain trauma” OR “diffuse
axonal injury” OR “brain injury” OR “brain injuries” OR “Brain Concussion”[mh] OR
“concussion” OR “concussed” OR “Brain Injury, Chronic”’[mh] OR “traumatic brain injury”
OR “TBI” OR “head injury”)

NOT

(*animals”[mesh] NOT (“animals”[mesh] AND “humans”[mesh]))
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Figure 1.

Article Selection Process
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Findings Stratified by Imaging Modality
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Figure 3.
Brain Map Representing the Approximate Locations of Replicated Neuroimaging Findings

in TBI-related Behavioral and Emotional Dyscontrol
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Summary of Article Characteristics (7= 24)

Variable %
Study Type
Case-control 33
Cohort 67
Population
Civilian 50
Military 42
Sport 8
TBI Severity
Mild 33
Mild & Moderate 4
Moderate & Severe 17
Severe 17
Any severity 29
TBI Occurrence
Single 54
Recurrent 4
Single & Recurrent 42
Imaging Timing Post-TBI t
Acute/subacute 8
Acute/subacute & Intermediate 13
Intermediate & Chronic 8
Chronic 54
Unclear 17

fNote: Acute/subacute = 0 hours—2 weeks, intermediate = 2 weeks —6 months, and chronic = >6 months.
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Avrticles Comparing Neuroimaging and Neuropsychiatric Symptoms of Behavioral and Emotional Dyscontrol
in Traumatic Brain Injury (n=24)

' Study  sample . TBI Diagnostic Bl Timing of Neuroimaging Neuropsychiatric o«
Article Type™™ Size Population Criteria O?:?L/J?rrlgée Ne;;(():lg‘ﬁgllng M odality Outcome M easure(s) Key Findings
Borek et Cohort 98 Civilian Non-penetrating All Unclear EEG, CT, MRI  Presence/absence of Left hemisphere
al., 2001 brain injury, (majority aggression and injury more
defined by severe); irritability recorded associated with
duration of LOC,  Single from case notes aggression than
GCS, and PTA; right hemisphere
severe = LOC > lesion (58% vs.
24 hours or GCS 41%, p = 0.02).
<9,0orPTA>1 No association for
week irritability.
Cristofori  Case- 145 (112 Military Penetrating head ~ Severe; About 40 CT Implicit Association More positive
etal., control  TBI, 33 injuries from the  Single years Test (IAT) focused implicit attitude
2016 non- Caveness on implicit towards violence
TBI) Vietnam Head attitudes towards associated with
Injury Study violence/aggression, lesions of the left
phase 4 Aggression posterior inferior
Questionnaire, temporal cortex,
Attitudes Towards bilateral DLPFC,
Guns and Violence and bilateral OFC.
Questionnaire Less positive
(AGVQ), State-Trait implicit attitude
Anger Expression toward violence
Inventory (STAXI) associated with
lesions of the
middle and
superior OFC.
Dailey et Cohort 26 (10 Sport Based on Mild; Both 6 monthsor 12 MRI (DTI) Buss-Perry Reduced white
al., 2018 TBI; 16 VA/DoD and months Aggression matter integrity
@) non- ACRM criteria Questionnaire (increased radial
TBI) (LOC < 30 min, (BPAQ), Personality diffusivity) in the
PTA < 24 hours, Assessment Inventory  corpus callosum
AOC, focal (PAI) associated with
neurological greater aggression
damage that may on BPAQ total
or may not be score. Physical
transient) aggression
associated with
higher radial
diffusivity and
lower fractional
anisotropy in
splenium of CC.
Aggressive
attitude associated
with higher radial
diffusivity in body
of CC.
Dailey et Cohort 34 (17 Civilian Based on ACRM  Mild; =6 months (M rsfMRI Buss-Perry Elevated
al., 2018 TBI, 17 and VaDoD Single =290.40 days, Aggression aggression
(b) non- Criteria (GCS = SD =91.87) Questionnaire associated with
TBI) 13-15,LOC < 30 (BPAQ) increased right
min., PTA< 24 hippocampus to
hours, transient midcingulate
AOC) cortex
connectivity in
TBI compared to
controls.
Epsteinet  Case- 82 (55 Military OSU TBI-ID Mild; Both > 12 months MRI Buss-Perry Aggression was
al., 2016 control  TBI, 27 (injury to the (M =107.3 (MPRAGE) Aggression not significantly
non- head followed by months, SD = Questionnaire related to OFC
TBI) AOC or LOC); 93.3 months) (BPAQ) morphometry after
ACRM Bonferroni
guidelines correction.
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(dizziness,
confusion, or
LOC < 30 min.
and PTA <24
hours)
Finnanger ~ Cohort 139 (67 Civilian Head Injury Moderate, Median = 10 MRI Behavioral Regulation  Presence of
etal., TBI, 72 Severity Scale severe; days, range = Index including traumatic axonal
2015 non- (HISS) criteria Single 1-120 days inhibition and injury on MRI
TBI) emotional control correlated with
subscales (BRIEF-A), total scores on
Achenbach System BRIEF-A and
of Empirically Based ASEBA Adult
Assessment (ASEBA)  Self-Report form.
Adult Self-Report
form
Formisano  Cohort 48 Civilian LOC/AOC 3 Severe; 1-2 years CT Fragebogen zur No significant
etal., weeks to 2 Single Erfassung von differences in FAF
1991 months, Aggressivitatsfaktoren  scores between
Innsbruck Coma (FAF) temporal and non-
Scale temporal groups;
(Gerstenbrand no pathological
1982) score scores in any
15-20, GCS 3-9 group.
Goswami Cohort 36 (19 Sport Patient self- Mild; Unclear MRI (DTI), Personality Negative
etal., TBI, 17 report Recurrent rsfMRI Assessment Inventory  correlation
2016 non- operationalized (PALl) aggression between right
TBI) by the scale, Sustained OFC thickness
International Attention to Response  and aggression,
Consensus Task (SART) impulsivity (via
Statements task errors on
go/no-go);
negative
correlation
between uncinate
fasciculus axial
diffusivity and
aggression;
impulsivity (via
task errors on
go/no-go). rsfMRI
showed no
significant
associations
between left/right
OFC and left/right
ATL.
Grafman Cohort 103 (52 Military Vietnam Head Moderate, About 15-20 CT Profile of mood states  Patients with left
etal, TBI; 51 Injury Study severe; years (“ready to fight,” dorsofrontal
1986 non- criteria; presence  Both “angry,” “grouchy,” lesions more
TBI) of lesion on “bad-tempered,” likely to endorse
neuroimaging “rebellious™) “angry”, “ready to
fight”, “grouchy”,
“bad-tempered”
compared to left
OFC, non-frontal,
control groups;
right OFC more
“angry”, “ready to
fight”, “grouchy”
than left OFC,
bilateral OFC,
right dorsofrontal
or non-frontal
lesions or controls.
Knutson Cohort 177 Military Caveness All; Both 33-39 years CT Neuropsychiatric Disinhibition
etal, Vietnam Head Inventory (NPI) scores showed
2015 Injury Study behavioral associations with
Phase 3 disinhibition scale lesions to the right

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.
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OFC, bilateral
insula, right
temporal lobe, left
frontal, precentral
and postcentral
regions, and
bilateral gyrus
rectus. Patients
with higher
disinhibition
scores also had a
greater percentage
of volume loss
throughout the
brain in general.
Koponen Cohort 58 Civilian Head trauma All (plus M=315years MRI “Organic personality Presence of
etal, causing very syndrome” assessed contusions on
2006 neurologic severe); using DSM-I11- MRI associated
symptoms Both R criteria with disinhibited
(headache and (labile, aggressive, organic
nausea) = 1 week disinhibited subtypes)  personality
and at least one syndrome. Frontal
of the following: lesions associated
LOC =1 min., with organic
PTA = 30 min., personality
neurological syndrome and
symptoms (other disinhibited
than headache subtype.
and nausea) in
first 3 days post-
injury,
neuroradiological
findings
Leeetal., Cohort 72(41 Civilian Admitted to All; Single > 5 months MRI Barratt Impulsiveness ~ Non-planning
1997 with emergency Scale (BIS); impulsivity more
CNS department for Symptom Checklist associated with
lesions, head injury 90-R (SCL-90-R) brain lesions vs.
31 following traffic no-lesion group.
without) accident, patient/ No significant
family member difference
report of trauma between lesion
history and non-lesion
groups for
SCL-90-R
hostility measure.
Lopez- Case- 74 (40 Military Report of an Mild; Both Unclear MRI (DTI) Barratt Impulsiveness  Positive
Larson et control  TBI injury event to Scale (BIS) correlation
al., 2013 only, 19 the head between BIS total
TBI + followed by score and right
suicidal AOCorLOC < anterior thalamic
behavior, 30 min.; OSU radiation
15 non- TBI-ID fractional
TBI) anisotropy.
Positive
regressions found
for fractional
anisotropy of the
bilateral anterior
thalamic radiation
and BIS total, BIS
planning, and BIS
attention.
McGlade Cohort 41 Military OSU TBI-ID; All; Both Unclear MRI Buss-Perry All in males only:
etal., Patient report of Aggression BPAQ associated
2015 head injury Questionnaire with decreased left
followed by (BPAQ) physical OFC to left
AOC or LOC; aggression subscale, angular gyrus

Belanger et al.,
2009 criteria

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.

Displaced Aggression
Questionnaire (DAQ)

connectivity; DAQ
associated with
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(mild=A0C < revenge planning increased right
24 hours or LOC scale, Profile of Mood ~ OFC to right
<30 min; States (POMS) cerebellum and
moderate = AOC right angular
24 hoursto 7 gyrus connectivity,
days or LOC 30 as well as
min. to 24 hours; associated with
severe = AOC > decreased right
7 days or LOC > OFC to right mid-
24 hours) occipital cortex
connectivity.
Moore et Cohort 81 (52 Military American Mild; Both 11-50 months EEG Profile of Frontal beta
al., 2016 TBI, 29 Academy of (M=225 Mood States (anger/ asymmetry on
non- Neurology months) hostility) EEG associated
TBI) criteria with self-reported
anger/aggression
in athletes post-
concussion.
Nathanet  Cohort 27 (15 Military Based on Mild; 2-10 months rsfMRI Personality Aggression scores
al., 2015 TBI, 12 VA/DoD Criteria ~ Single (M = 147 days Assessment Inventory  correlated with
non- (PTA < 24 hours, (PAI) aggression and right cerebellar
TBI) LOC < 15 min.) borderline feature lobule VI spatial
scales information within
default mode
network;
borderline features
correlated with
left cerebellar
lobule I-1V.
Oder et Case- 36 Civilian Closed head Severe; Within 2 SPECT Giessen test Disinhibited
al., 1992 control injury based on Single months (disinhibition behavior was
GCS and aggression associated with
components) low regional
cerebral blood
flow in the frontal
lobes. Aggressive
behavior was
associated with
low blood flow in
right brain
regions.
Pardiniet  Cohort 170 (141 Military Penetrating TBI;  Moderate, 36-39 years CT Neuropsychiatric ANCOVA on NPI
al., 2014 TBI, 29 Caveness severe; Inventory (NPI) revealed an
non- Vietnam Head Single agitation and interaction effect
TBI) Injury Study aggression subscale for dopamine
phase 3 receptor D1

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.

genotype x lesion
location; no
significant main
effects for lesion
location group.
Dopamine
receptor D1
carriers had higher
NPI scores than
G/G carriers in the
medial PFC group
and lower NPI
scores in the
lateral PFC group.
ANCOVA on NPI
scores for
dopamine receptor
D2 x lesion
location and
catechol-O-
methyltransferase
x lesion location
showed no
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Study  sample

Type** Size Population

TBI Diagnostic
Criteria

TBI
Severity;
Occurrence

Timing of
Neuroimaging
Since TBI

Neuroimaging
Modality

Neuropsychiatric
Outcome Measure(s)

Key Findings*

Spikman
etal.,
2016

Stern et
al., 2004

Tateno et
al., 2004

Van Der
Naalt, et
al., 2000

Cohort 186 Civilian

Case- 37
control

Civilian

Case- 92
control

Civilian

Cohort 67 Civilian

GCS 9-12
(moderate TBI)
or GCS 3-8
(severe TBI)

LOC < 24 hours,
GCS 13-15,
normal CT scan,
normal skull x-
ray, and EEG
with no focal
signs

GCS, PTA

GCS 9-14, PTA
> 1 hour

Moderate,
severe;
Single

Mild,;

SingI’e

All

Mild,
moderate;
Single

Upon
presentation to
emergency
department

M=21
months

Upon
admission for
TBI

Median = 45
days, range =
<1hourto3
months

CT

EEG

CT, MRI

CT, MRI

J Acad Consult Liaison Psychiatry. Author manuscript; available in PMC 2023 June 07.

Presence/absence of
anger as reported
on study-specific
structured survey

“Extraverted-
aggressive”
classification by semi-
structured interview

Pathological
Laughing and Crying
Scale

Presence/absence
of agitation,
inappropriate
behavior as reported
by nurse and/or
treating physician
clinical observation

significant main
effects, interaction
effects, or
covariate effects
with other
genotypes.

Patient and proxy
ratings of anger
were higher for
the frontal TBI
group as opposed
to the nonfrontal

group.

Enhanced alpha/
theta ratio in the
frontal and
parietal leads for
extraverted
aggressive group
vs. introverted-
withdrawn and
low-complaint
groups.

Patients with PLC
had a greater
frequency of
frontal lobe injury
than patients
without PLC
(p=0.04). Diffuse
lesions were more
common in the no-
PLC group. No
significant
between group
differences in
frequency of
lesions in other
brain areas.
Lateral aspect of
the left frontal
lobe was
associated with
the presence of
PLC with logistic
regression analysis
(p=0.03).

Agitation was
related to lesions
on CT and number
of lesions. A
similar
relationship was
seen for relating
symptoms to
presence and
number of lesions
on MRI for
agitation and
inappropriate
behavior). More
than 2x as many
lesions were seen
on MRl and CT
for patients with
restlessness and/or
agitation
compared to
patients without
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Study
Type** Size

Sample Population

TBI Diagnostic
Criteria

TBI Timing of
Severity; Neuroimaging
Occurrence Since TBI

Neuroimaging
Modality

Neuropsychiatric
Outcome Measure(s)

Key Findings*

Yamaki et
al., 2018

Yurgelun-
Todd et
al., 2011

Case- 26
control

Case- 32 (15
control

Civilian

Military
TBI, 17

non-

TBI)

Field GCS <8
and severe verbal
disturbance

Patient report of
injury to the head
followed by
AOC or LOC;
OSU TBI; mild =
LOC < 30 min.,
moderate/severe
=LOC > 30 min.

Severe;
Both

M = 623 days

104.5-192.2
months

All; Both

18F-FDG-
PET/CT

MRI (DTI)

Brief Psychiatric
Rating Scale (BPRS)
uncooperativeness
subscale

Barratt Impulsiveness
Scale (BIS)

behavioral
disturbance.
Restlessness,
agitation, and
inappropriate
behavior were
associated with
more
frontotemporal
lesions on CT and
MRI
(approximately
half of patients
with behavioral
disturbance).

Thalamic glucose
metabolism
imbalanced (R >
L) and lateralized
in 6 patients who
exhibited
uncooperativeness.

Total cingulum
fractional
anisotropy, right
genu fractional
anisotropy, and
right cingulum
fractional
anisotropy
positively
correlated with
BIS total score;
total cingulum and
right genu
correlated with
BIS attention
subscale measures
of impulsivity;
right genu
fractional
anisotropy
positively
correlated with
BIS planning
subscale.

Note:

*
Key findings are statistically significant unless otherwise noted.

Aok

Study type as it applies to outcome of interest, may be different than overall study design.

18F-FDG-PET = 18F fluorodeoxyglucose positron emission tomography, ACRM = American Congress of Rehabilitation Medicine, ANCOVA =
analysis of covariance, AOC = alteration of consciousness, ATL = anterior temporal lobe, cc = corpus callosum, CT = computed tomography,
DLPFC = dorsolateral prefrontal cortex, DTI = diffusion tensor imaging, DWI = diffusion weighted imaging, EEG = electroencephalogram,
GCS = Glasgow Coma Scale, LOC = loss of consciousness, MRI = magnetic resonance imaging, MPRAGE = magnetization-prepared rapid
gradient-echo, non-TBI = controls without traumatic brain injury, OFC = orbitofrontal cortex, OSU TBI-ID = Ohio State University TBI
Identification Method, PFC = prefrontal cortex, PLC = pathological laughing and crying), PTA = post-traumatic amnesia, rsfMRI = resting state
functional magnetic resonance imaging, SPECT = single-photon emission computerized tomography, TBI = traumatic brain injury, VA/DoD =
Veterans Affairs/Department of Defense.
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