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Summary

Traumatic Brain injury (TBI) in war veterans and civilians is a formidable health and socio-
economic issue. Beyond the large number of deaths following a TBI, the survivors often live
with physical, psychological, cognitive and social limitations related to the injury. The
challenge faced by them is also shared by family members, friends, and even more
specifically by the primary caregiver. In this context, it is necessary to include caregivers in
the equation of the rehabilitation of TBI individuals. In a 40-year follow-up study of Vietnam
War veterans, we were interested in the reciprocal relationship between these two partners:
the TBI individual and his/her caregiver. The TBI patients we studied had suffered
penetrating traumatic brain injuries (pTBI) and while they are rarer than blunt or blast head
injuries, their lesions are much more focal and it is easier to interpret the effects of pTBI on
particular functions.

In the first study, we investigated the effects of TBI-related brain lesions on long-term
caregiver burden in relation to dysexecutive syndrome. Burden was greater overall in
caregivers of TBI individuals compared to healthy controls veterans. Also, caregivers of
individuals with brain lesions located in areas affecting cognitive and behavioral indicators of
a dysexecutive syndrome (i.e., left dorsolateral prefrontal and dorsal anterior cingulate
cortices) showed greater long-term burden than caregivers of participants with lesion(s)
elsewhere in the brain.

In a second study, we investigated the role of the caregiver attachment style on the
TBI individual’s cognitive trajectory. After controlling for other factors, cognitive decline
was more pronounced in TBI individuals with a highly fearful caregiver, compared to those
with a caregiver who demonstrated low levels of fearfullness.

Consequently, there is a long-lasting reciprocal influence between these two partners.

First, some TBI-related brain lesions have a lasting effect on long-term caregiver burden due



to cognitive and behavioral factors. Second, it seems that caregivers exercise a significant
impact on TBI individuals’ environments, sometimes negatively. These results, combined
with compelling evidence in the literature about neural plasticity and cognitive reserve, lend
support to the impact of the caregiver on the TBI individual; the caregiver can be a surrogate
for the environment and provides key stimulation that can both modify and facilitate

plasticity. Finally, we discuss potential intervention strategies based on these new findings.



Résume

Le traumatisme cranio-cérébral (TCC) est un probléme socio-économique et sanitaire
important, voire dramatique, chez les militaires comme chez les civils. En plus de la haute
prévalence de déces parmi les personnes présentant un TCC, les survivants sont souvent
confrontés a des séquelles physiques, psychologiques et cognitives, associées a un possible
isolement social. L’inévitable défi de vie imposé par ce TCC implique non seulement la
personne elle-méme, mais également 1’entourage et, plus particulierement, le proche-aidant.
Dans ce contexte, il est nécessaire d’intégrer le proche-aidant dans 1’équation de la prise en
charge globale de la personne avec un TCC. Lors d’une étude de suivi prospectif sur 40 ans
chez des vétérans de la guerre du Vietnam victimes d’un TCC, nous nous sommes intéressés
a la relation réciproque entre les deux partenaires, a savoir la personne avec un TCC et son
proche-aidant. Les TCC étudiés dans ce travail sont de type pénétrant. Alors qu’ils sont
moins fréquents que les TCC fermés, les lésions sont plus focales, ce qui facilite
I’interprétation de leur association avec des fonctions cognitives.

Dans notre premicre étude, nous avons investigué les effets des Iésions cérébrales du
sujet avec un TCC sur le fardeau de son proche-aidant, 40 ans apres le TCC. Comme nous
I’avions prédit, le fardeau des proche-aidants des sujets avec un TCC est plus sévére que celui
des proche-aidants des sujets du groupe controle (vétérans de la guerre du Vietnam sans
TCC). Par ailleurs, les proche-aidants des sujets avec un TCC qui présentent une 1ésion dans
les aires cérébrales principalement impliquées dans les fonctions exécutives (a savoir les
cortex préfrontal dorsolatéral et cingulaire antérieur gauches) ont une valeur de fardeau
significativement supérieure a celle des proche-aidants dont les sujets n’ont pas de 1ésion
dans les régions cérébrales précitées.

Dans notre seconde étude, nous avons exploré le role du style d’attachement du

proche-aidant sur 1’évolution cognitive du sujet avec un TCC. Apres avoir contrdlé pour les



autres facteurs, nous avons mis en évidence un déclin cognitif significativement supérieur
chez les sujets avec un TCC dont le proche-aidant présente un style d’attachement anxieux.
Par conséquent, il existe une influence réciproque entre ces deux partenaires avec,
premicrement, un effet a long-terme de la localisation cérébrale des 1ésions du sujet avec un
TCC sur le fardeau du proche-aidant, probablement dii a des facteurs cognitifs et
comportementaux liés aux fonctions exécutives ; Deuxiémement, il semble que le proche-
aidant exerce un effet important sur 1’environnement du sujet avec un TCC, parfois
négativement. Ces résultats sont interprétés a la lumicre de la littérature existante sur la
plasticité neuronale et la réserve cognitive et sont accompagnés d’une réflexion sur les

interventions thérapeutiques potentielles.
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Traumatic Brain Injury

Traumatic Brain Injury (TBI) results from an impact to the head, a penetrating head injury
and/or a rapid acceleration-deceleration of the head, with consequent damage ranging from
exclusive damage in white matter tracts in mild cases of TBI (also called concussion) to
“diffuse enlargement of the ventricles, focal shearing and contusions, in more severe cases of
TBI”.'? Leading causes of TBI in the USA are falls (40.5%), struck by/against (15.5%),
motor vehicle accidents (14.3%), assaults (10.7%) and unknown/other (19%).> Some of those
will result in penetrating TBI (pTBI), which are rarer than blunt or blast head injuries, but
their lesions are much more focal and it is easier to interpret the effects of pTBI on particular
functions. In this work, all participants sustained a pTBI.

TBI is a serious health and socio-economic issue in both civilian and military
populations. It contributes each year to 30% of all injury-related deaths in the USA.
Approximately ten million individuals worldwide sustain a TBI every year."” Fourteen
percent of combat veterans sustained a brain injury during the Vietnam War,® and 294,172
active duty individuals sustained a TBI during the OEF (Operation Enduring Freedom)/OIF
(Operation Iragqi Freedom)/OND (Operation New Dawn) conflicts (2000-2013).” Many
individuals still demonstrate residual symptoms after a TBI. For example, in the USA, 3.2-5.3
million are currently living with a TBI-related disorder.®” They are often faced with physical,
cognitive, and social limitations that may persist for their lifetime. These limitations are
challenging, not only for the individual who sustains the injury, but also for family members

. 10,11
and friends,

and in particular for the primary informal caregiver. The unpaid contribution
of care provided by a family caregiver corresponds to the estimated economic value of $470
billion in the U.S.A. in 2013.'*'"* This informal care reduces the need for professional care,
but places a significant burden on the informal/primary caregiver, who takes on a toll

14-17

financially, physically, and emotionally. Eventually, when the caregiver is no longer able
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to care for the patient, assisted living or nursing home options have to be sought, leading to
an increased financial burden on public services.'>" In this context, taking care of patients is
not enough; it is necessary to consider the caregivers’ global health as well.
There has been growing interest in the relationship between TBI individuals and caregivers in
the last 2 decades. Lately, research focused mainly on caregiver burden and its behavioral
predictors in many diseases as well as post-TBIL. In this work, we are interested in the
reciprocal influence between individuals with a penetrating TBI and their caregiver.

More specifically, we investigated the impact of caregivers on the cognitive evolution
of individuals with TBI as well as the relationship between brain lesion location of

individuals with TBI and long-term caregiver burden.

Caregiver burden

The caregiver in our study provides informal care to TBI individuals. Informal care “has been
defined as any person from the patients’ environment voluntarily caring for or helping with
activities of daily living”.'"® This non-professional person will provide financial, physical
and/or moral support to another individual with reduced autonomy in her/his daily life
activities.

The burden of a caregiver refers to the physical, psychological, emotional, social, and
financial challenges one faces when providing care to individuals with chronic illness.'®" It
has been widely studied in many diseases such as stroke,”® TBIL*'** diverse chronic
illnesses,” cancer in particular,24 and dementia."” Among dementias, caregivers of patients
with a fronto-temporal dementia feel significantly more burden than in Alzheimer disease,
probably due to high prevalence and severity of behavioral changes.””® High levels of

caregiver burden increase the risk of poor caregiver physical health, anxiety, depression,

social isolation, decreased personal independence and reduced quality of life and

12



satisfaction.'®?73?

Interestingly, it seems that male and female caregivers are not totally equal
regarding some of these risks. For example, a study investigating blood pressure in caregivers
compared with non-caregivers, found that female caregivers are at higher risk of developing
high blood pressure.>* Consequently, the authors argue that female - but not male - caregivers
are more likely to have cerebral, cardiovascular or kidney disease than non caregiver
individuals.'>**

The severity of caregiver burden over time is a question under debate. There is
compelling evidence that the experience of care evolves over time; being a caregiver in an
acute and post-acute disease is different than being a caregiver 6 months, 5 years or even
longer after an injury/beginning of a chronic illness. Some studies showed that the severity of
burden decreases over time, suggesting that once the environmental adjustment is made, new
skills and coping strategies are developed and routines established, the distress reduces.'>*%
On the other hand, one can also argue that an extended time of tiredness, social isolation,
absence of self-care, constant alertness, may increase - or at least maintain - the initial level
of distress.*®’

The magnitude of burden is influenced by factors related to the patient, caregiver, and
their support systems. Factors related to caregivers are time spent caring for the patient,

38,39 Furthermore, the

coping strategies and perceived stigma associated with caregiving.
caregiver’s mental health is better when family needs are met via adequate health information
and emotional and instrumental supports.”® Factors related to the patient are related to

18,19,40 -
»7"" For example, dysexecutive syndrome

cognitive, emotional and behavioral impairment.
is characterized by a diverse pattern of behavioral and cognitive disorders related to impaired

executive functions (EF)." Understanding the link between caregiver burden and EF, as well

as its neural signature could be very useful for clinical practice and have a profound impact
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on caregivers; those at risk of developing a significant burden would be identified early after

the injury and should be carefully followed and wisely advised.

Executive function (EF)

Executive function (EF) is a complex cognitive domain that is constantly evolving and refers
to a wide variety of “higher order” cognitive functions and related behaviors. The concept
initially included “goal setting, initiation, inhibition, planning, shifting and verification”.*
Now, it is a broader domain that includes behavioral changes and additional cognitive
aspects, such as social cognition, theory of mind, strategic processes of episodic memory,
insight, and metacognition.*’ The main aims of EF are to facilitate adaptation to new
situations and to maintain goal-directed behaviors.'>'%*

Dysexecutive syndrome (EF impairment), has been reported in several neurological
and non-neurological disorders, such as Parkinson’s disease, stroke, fronto-temporal
dementia, attention-deficit/hyperactivity disorder, antisocial personality disorder, and
schizophrenia.*** Although it is extremely common and present in many diseases, with
consequent related literature, the definition of EF remains inconsistent depending on the
underlying model.*! Therefore some authors emphasize the need for consensual criteria to
define EF disorders." These authors defined criteria for behavioral and cognitive aspects of

the dysexecutive syndrome, some of these criteria being highly suggestive while others are

supportive deficits (7able 1).
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Table 1. Criteria for Behavioral and Cognitive Dysexecutive Syndrome

Criteria for Behavioral and Cognitive Dysexecutive Syndrome”

Behavioral Disorders Cognitive Disorders

Highly suggestive Highly suggestive
e Global hypoactivity with apathy and/or abulia e Response inhibition

e Global hyperactivity with distractibility and/or e Rules deduction and generation
psychomotor instability

e Stereotyped and perseverative behavior e Maintenance and shifting of sets

e Environmental dependency (imitation and e [nformation generation (fluency tasks)
utilization behavior)

Supportive deficits and developing areas Supportive deficits and developing areas

e Disorders of emotional control (apathy, e Planning
euphoria, moria, emotional lability)

e Disorders of social behavior e Response initiation and sustained
alertness
e Disorders of sexual, eating and urinary e (Coordination of dual tasks
behavior
e Spontaneous confabulation, reduplicative e Episodic memory strategic processes
paramnesia (retrieval and memory selection)
e Anosognosia, anosodiaphoria e Theory of mind and metacognitive
processes

“Higly suggestive = impairment demonstrated in at least 2 studies showing a significant relation
between the impairment and the lesion of the frontal subcortical network (typically comparison
between anterior and posterior lesions).

Supportive deficits and developing areas = impairment demonstrated in a group (or subgroup) of
patients compared to healthy controls or controversial results across studies or limited number of
studies.

“To be considered as dysexecutive, the disorder should not be more readily explained by perceptuo-
motor, psychiatric (depression, manic state, or obsessive-compulsive disorder), or other cognitive
(language, memory, visuo-spatial) disturbances.” (Godefroy et al, 2010)"'

The neural signature of EF has been widely studied in healthy individuals and
participants with brain injuries.** Considering the diversity of functions hiding behind the
executive construct, brain areas associated with executive tasks are numerous. Among the

44,50-52

main areas involved in EF, we find the prefrontal cortex (PFC), the anterior cingulate

15



51,52,54 52,54-56

cortex (ACC),**** the inferior parietal lobes, and the superior temporal lobes.
The PFC and ACC play key roles in higher-level processes of EF; the ACC is subdivided into
two distinct anatomic parts: the rostro-ventral ACC, i.e. subgenual and perigenual parts of the
ACC, associated with affective processes, and the dorsal ACC (dACC), posterior to the
rostro-ventral AC, associated with cognitive processes (Figure 1 ).57’58

The PFC comprises all frontal areas anterior to the premotor cortex and is associated
with cognition and behaviors related to EF. The dACC and PFC are highly interconnected
and functionally complete one another.”® More specifically, the PFC is implicated in
executive control and decision making whereas the dACC is involved in monitoring

. 59,60
performance and error detection.””
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Figure 1. Anterior cingulate cortex (ACC) anatomy. “The upper right part of the figure
contains a reconstructed MRI of the medial surface of the right hemisphere of a single human
brain (anterior towards the left, posterior towards the right). The cortical surface has been
partially inflated to allow simultaneous viewing of gyri and sulci. In this example, a single
cingulate gyrus lies between the cingulate sulcus and the corpus callosum. A schematic
representation of cytoarchitectural areas (numbered) of ACC is shown on the enlarged section
(left). Cognitive division areas are outlined in red and affective division are outlined in blue.
These simplified localizations are only approximations for illustrative purposes. A schematized
flat map of actual anterior cingulate cortical areas is shown in the bottom right panel. The
borders of each sulcus appear as thin unbroken black lines, whereas a combination of broken
and dotted lines outline cingulate areas.” (Bush et al. 2000)”’

Although evidence exists that patients with dysexecutive syndrome increase caregiver
burden, ">'*'"** limited data exists on neural correlates of caregiver burden. A study
investigated caregiver burden in behavioral variant of fronto-temporal dementia (bv-FTD)
and cortico-basal syndrome (CBS). Higher burden was associated with right orbitofrontal

gyrus atrophy in bv-FTD, and with left inferior and middle temporal gyri in CBS.* Another

17



recent study examining the impact of social cognition impairment in bv-FTD patients on
caregiver burden showed that caregiver burden increases with greater atrophy in left lateral
premotor cortex. In animal models, this region is associated with the presence of mirror
neurons which are possibly involved in empathy.®*

Nevertheless, the effect of TBI-related brain lesions on long-term burden remains
unexplored. Hence, we decided to address this particular question in Study 1, that we called
“The Invisible Side of War” as burden in caregiver and family members was empathetically

coined in a paper by Griffin et al.®®
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Reciprocal influence of TBI individual and his caregiver

Most of the studies investigating the relationship between TBI individuals and
caregivers were interested in the impact of the TBI on the caregiver. However, evidence
exists that the influence is bidirectional. Indeed, the caregiver has an important role in the
TBI individual’s rehabilitation process.'* For example, a study by Taylor et al (2001) on TBI
in children noted that the family’s response to the new situation might affect the recovery of
the child." On the other end of the developmental spectrum, some research has examined
individuals with dementia and their caregivers,®’”° showing that a stimulating environment
predicts a slower cognitive and functional decline in this population.” Individuals with
dementia are able to delay nursing home placement when the caregiver is the spouse, is in

6859 In other

good health, provides positive interactions, and spends less time providing care.
words, it is possible that the way a caregiver interacts with his disabled partner has an impact

on certain outcomes. One available measure to assess an individual style of interacting is

“Attachment style”.

19



Attachment style (AS)
Attachment style (AS) affects the way individuals cope with emotional events and interact
with others, including those to whom they are attracted.”'””* The roots of AS lie in John
Bowlby’s work on what he called the “attachment behavioral system”.”* Bowlby believed
that attachment behavior has a biological function such as protection and was innate in most
mammals. Also, he highlighted that an AS was established during early childhood according
to the primary attachment figure (mainly the mother) but then it remains mostly stable
throughout life as confirmed by recent studies.”””’ Individual differences in AS were
predicted by Bowlby and then systematically studied in mother-infant relationships by Mary
Ainsworth.”®

Inspired by this developmental literature, it was shown that adults can be classified
into 4 attachment categories.”” The adult AS theory holds the view that an individual’s AS is
organized on two axis (model of Self and model of Others). The axis symbolizing the model
of Self represents the individual view of himself, how worthy he is to be loved by others. In
contrast, the model of Others represents the view an individual has of others, how positive
this view is, and how much the individual will count on others. Preoccupied AS is defined by
a negative self-esteem (negative on the model of Self) and positive sociability (positive on the
model of Others), whereas dismissing AS individuals present a positive self-esteem but are
socially avoidant. Secure AS consists of positive self-esteem and sociability, whereas fearful
AS individuals have a low self-esteem and are socially anxious and avoidant (see Figure 2).
80,81

The association between caregiver AS and behavioral outcomes in individuals with
TBI has not been explored yet. In Study 2 (The Remarkable Role of Caregiver), we argue

that the caregiver has a strong influence on the TBI environment; we used her/his AS as an

20



environmental factor that might impact neural plasticity and cognitive reserve in TBI

patients.
(A) B)
Model of Others
. +
Positive
mcc;del of Fearful: Preoccupied:
thers “Avoid intimate “their self-esteem is
Pr ied - contact with highly dependent on
@ others because others’ approval, and
they fear being they are quick to
rejected” become involved
“less likely to seek | with others”
Negative Positive social support” “More likely to seek
model of Self model of Self social support”
Model of
Self Dismissing: Secure:
“Avoid intimate “They perceive
- contact with themselves as
others, because worthy and
MNegative they value competent, and are
model of independence and | comfortable with
Others self reliance” intimate
“less likely to seek | relationships”
social support” “More likely to seek
social support”
Figure 2. Adult Attachment styles (AS). Adapted from Griffin and Bartholomew, 1994, and
from Ognibene and Collins 1998. (4) Representation of the 4 adult AS defined on two axis, the
model of Self and the model of Others, each stretching along a continuum from the most
. .. . .. 71,82
negative to the most positive perception. (B) Short definition of each AS.

Reserve hypothesis

The reserve is the apparent result of lifetime intellectual activity; it influences the timing of

cognitive decline in aging and delays clinical progression in neurodegenerative disorders."*’
The remarkable contrast between brain pathology and clinical expression in

Alzheimer’s disease raised the hypothesis of reserve. Indeed, some individuals who exhibit

excellent daily life functioning and an apparent healthy cognitive functioning were found to

have advanced Alzheimer disease (AD) pathology based on autopsy diagnosis.** Also,

21



individuals with an equal amount of AD pathology had very different timing between onset

of the disease and their death, that is: the more education the less time between diagnosis and

death (Graph I1). 3%

Reserve hypothesis can be split into two main models: Brain reserve capacity (BRC)

and Cognitive reserve (CR). These two models tend to overlap since cognitive reserve has a

neuronal explanation too, although more at the level of synaptic organization and the use of

specific brain areas (brain network), whereas BRC refer to the quantity of neural substrate.

Clinical severity

Severs AL

P Mild A D

MCI

Momna

Low reserve | _.-*" -

.-'""#.-.. Diagnostic threshold

s S S S

.-'-'..-
.-‘-'...
.-"’l-.
-
'J
-~

Mild Moderate

AD pathology

Graph 1. Clinical implications of cognitive reserve in patients with AD. “Individuals with low
cognitive reserve might seem to be clinically demented when AD pathology is mild, whereas
those with higher cognitive reserve might remain clinically normal. At higher levels of
pathology, both groups might appear to be clinically demented. Still, those with higher reserve
will appear to be less clinically severe than those with lower reserve. AD=Alzheimer disease.
MCI=Mild Cognitive Impairment.”(Stern et al 2012) *’

The passive model of BRC holds the view that the bigger the brain, the more reserve,

and is measured by brain volume, head circumference or neuronal count. In other words, it
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implies that a certain amount of brain atrophy is needed to reach a threshold, at which one
will express deficits.*® The active CR model suggests that the brain compensates the damage

8658 that is for the same amount of damage each

by using pre-existing cognitive processes,
individual will cope differently.

Measures used for CR are lifetime experience indicators, such as educational and
occupational accomplishments, leisure or mentally stimulating activities, as well as pre-
morbid IQ and socio-economic status, although these two last measures have shown
inconsistent results.* Fratiglioni et al (2007), in a meta-analysis, demonstrated that social
network was a consistent factor implicated in CR.* In particular, a longitudinal study
evaluating 1203 elderly showed a clear association between the richness of this social
network and the risk of dementia.”® In this study, social network was characterized by
frequency of contact and satisfaction of relationship with family and friends. The
combination of frequency and satisfaction was significantly and negatively correlated with
the risk of dementia; the absence of a close social tie represents a higher risk to develop a
dementia.”® This was confirmed by a cross-sectional study that reported also an association
between the number of confidants and the odds ratio of dementia.”’ Further studies confirmed

92,93

the presence of a “social factor” correlated with cognitive decline. Beyond social

network, the social factor is characterized by any activity that includes a social
environment.”*"*

Other leisure activities are not analyzed as variable of CR/BRC but have shown an
effect on cognitive performance and brain structure;”” One of them is bilingualism.gs'97
Interestingly, some authors argue that it is the social implication of being bilingual that has an

impact on brain changes.” Indeed, bilinguals potentially have to adapt not only to language

switching but also to cultural/community differences linked to language.
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Regarding genetic factors (for example, the APOE), very few studies have
investigated the interaction between genetics and leisure activities, and results are
inconsistent. Some studies showed that leisure activities were protective against cognitive
decline in carriers of APOE &4, others argued for an association between leisure activities and
cognitive decline in non-carriers of APOE ¢4. Yet, another study did not find a correlation

between APOE and leisure activities.”>”" %!

Neural plasticity
Cognitive reserve and brain reserve are linked to the general concept of neural plasticity.*
Neural plasticity is the “ability of the brain to change, either in response to experience or to
injury”.'®® Neural plasticity, whose function is for an animal to adapt his behavior to the
environment,'” occurs spontaneously, e.g. after a stroke, but also in the absence of a lesion
and throughout the life span. Although we thought until recently that neural plasticity
remained stable once the adult brain has fully developed,'™ there is now almost universal
acceptance that some neurons are generated continually. It is true that the efficiency of neural
plasticity declines with age, with a reduction of the proliferation of new cells, but the
dendritic morphology of new and mature neurons is similar to those produced in the young
brain, 105106
The efficiency of neural plasticity depends on genetic, biological and environmental

106,107

factors, the latter being the focus in this work.

Animal models have shown compelling evidence that enriched environments induce

neurogenesis, synaptogenesis, and dendritic growth, which potentially propel recovery after a

103,108-111

brain injury. Living in an enriched environment enhances damage-induced

- - - o . 11e 103,108,112,113
neurogenesis after brain damage in adults; it improves memory and learning skills.”™ ™"~

The description of an enriched environment differs slightly depending on the studies; it might
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be characterized by (1) a large area with objects (toys, running wheels, tunnel), (2) the fact
that the location of the objects is changed on a regular basis, and (3) the company of other

103

animals, necessitating social interactions. ~ Most investigations regarding environment were

applied on rodents, and one on adult non-human primates.'"*

In this work, Kozorovitskiy et
al. investigated the impact of enriched environments on dendritic spine density, dendritic
length and dendritic complexity of neurons in the hippocampus and the prefrontal cortex, in a
marmoset population. Marmosets were placed into three different cages: a new standard
laboratory control cage, a complex single cage (larger than the standard ones, with
vegetation, 15 objects and food placed in holes) or a complex double cage (compared with
the single complex cage, the cage size, as well as the number and variety of objects were
doubled). Also, objects were rotated regularly in both complex cages. After a month,
marmosets received a lethal injection. Post-mortem results showed that living only one month

in a complex environment has a significant impact on dendritic spines on cells in the

hippocampus area (dentate gyrus, CA1) and the prefrontal cortex (PFC) (see Figure 3 ).

25



=3 Control
m— Complex
B33 2xComplex

Dendritic spines/um
Mean intervaricosity
interval (um)

Dendritic spines/10um

K2 B RS RS A 5 o .
CA1 GC PFC MSN PFC Striatum
apical basal basal basal

Figure 3. “Environmental complexity enhances dendpritic spine density in the adult
marmoset brain. (A) Photograph of a marmoset in a complex environment representing
~40% of a complex single cage, with branches, vegetation, and objects typically
included in the complex environment: a straw nest, a tree stump with holes, wooden
swings, a wooden ladder, and blocks. (B) Photomicrograph of a Golgi impregnated
CAIl pyramidal neuron, with close-up views of representative CAIl apical (a-c) and
basal (d-f) dendrites, from animals in control (a and d), and complex single (b and e)
and complex double cages (c and f). Arrows point the spines. (C) Photomicrograph of a
Dil-labeled PFC pyramidal neuron (green color assigned for illustration purposes)
with close-up views of a representative basal dendritic segment (upper right) and a
cortico-striatal axonal segment (bottom right). Arrows point to spines and varicosities,
respectively. (D) Marmosets living in complex environments for 4 weeks have greater
dendritic spine density on several types of Golgi-impregnated neurons in the
hippocampus and the PFC, compared with marmosets living in standard laboratory
environments. Error bars represent SEM; asterisks reflect statistically significant
differences from control group on Tukey post hoc comparison: * P<0.05; ** P<0.01;
k% P<0.001. (E) Marmosets living in complex environments have greater dendritic
spine density on Dil-labeled neurons compared with animals living in standard
laboratory conditions. (F) No differences in intervaricosity spacing on cortico-striatal
axons were observed for marmosets living in standard and two types of complex
housing.” (Kozorovitskyi et al. 2005)'"*
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In contrast, an impoverished environment has a negative impact on neural plasticity.
For instance, rats that live in a traditional laboratory cage develop hippocampal atrophy.'®
Interestingly, regions preferentially involved in anxiety, for example, the hippocampus,
prefrontal cortex, and amygdala, are particularly plastic and capable of transformation as a
result of activity and experience.'*>!>!1¢

Adaptive plasticity observed in the hippocampus and medial PFC (mPFC) is reversed
or inhibited by chronic stress, which also causes dendritic atrophy in the mPFC and

116

hippocampus, and hypertrophy in the amygdala.”” The PFC and the amygdala are also some

of the most common brain areas affected in TBL.""”

The association between life experience and hippocampus plasticity has been shown
in human studies, too. For example, a recent work investigating the correlation between
cognitive leisure activities during early adulthood and the volume of different brain areas in
individuals with MS found an association between cognitive leisure activities and
hippocampus atrophy.''®

Based on functional imaging studies, Stern and collaborators identify two types of
neural processes underlying cognitive reserve: neural reserve and neural compensation.®’
Neural reserve implies that, in case of pathology, cognitive reserve is mediated by the same
network than in the absence of pathology, whereas compensation reserve implies that, in
addition to the usual network, another neural network is sought to compensate the initially

involved and currently dysfunctional network 7119120
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Cognitive decline after TBI

Recovery after TBI is variable and whether TBI is associated with dementia onset is a
debated question. A meta-analysis of case-control studies demonstrated the existence of a
correlation between TBI and Alzheimer’s disease (AD): mild to severe TBI are predictive

12l although the risk might increase with TBI severity.'

variables for the development of AD,
The presence of amyloid-f plaques, which is also typical of AD, was found in 30% of TBI
patients and the fact that APOE €4 affects amyloid pathology and outcome after TBI were
hypothesized to be responsible for that link.' In contrast, a more recent meta-analysis failed to

122 A lack of association between TBI and AD

show the association between TBI and AD.
does not mean that there is no difference between TBI and healthy controls in their cognitive
trajectory. However, having a dementia or a mild cognitive impairment means that the patient
crossed the threshold of pathological functioning (see Graph 1); before this threshold is
reached, the analysis of a TBI individual’s cognitive function can reveal an increased decline
when compared with healthy controls.

Moretti et al, as well as others, argue that TBI is a risk factor for an exacerbated
cognitive decline or even for precipitating dementia in some individuals. Indeed, there are
structural and functional changes linked to normal ageing, as well as in individuals who
sustained TBI, both with resultant neural losses. It is the interaction between these two
phenomena that would differentiate TBI individuals from healthy controls (see Figure 7).!

Cognitive decline is not always a fatality and can be modulated by the environment.
The role of the environment on brain plasticity has been widely studied in animal models, as
shown in a previous section (“Neural plasticity”), but less in humans. Based on these animal
models and cognitive reserve hypothesis in humans, we argue that the caregiver can be a

surrogate for the environment and provides key stimulation that can both modify and

facilitate neural plasticity.
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Figure 4. “Hypothetical changes in neural networks in normal ageing and after
brain injury. Initial brain damage resulting from traumatic brain injury combined with
the expected pathological changes of normal ageing can result in an increased risk of
exacerbated cognitive decline. (A) A healthy neural network. (B) Some connections in
the healthy network are lost with normal ageing. (C) After traumatic brain injury,
several nodes (small-scale neuronal networks within a brain region) are missing. (D)
Whereas the healthy network is virtually unaffected by the loss of connections
associated with normal ageing, the network damaged by traumatic brain injury can be
severely impaired during normal ageing.” (Moretti et al 2012)"
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Box 1. Summary of the Introduction

In summary :

Individuals with Traumatic Brain Injury (TBI) face physical, cognitive and social limitations.
These limitations are challenging for them and for their caregivers. It is necessary to take
care of both the patients and their informal caregivers.

Some caregivers of TBI individuals are at high risk to feel burden, with consequent physical
and psychological health issues.

The magnitude of burden is influenced by factors related to the caregiver, the patient or the
support system. The patient’s dysexecutive syndrome is one of them.

Executive function is a broad and complex construct that is associated with a wide neural
signature.

Although studies showed the possible effect of executive impairment on caregiver burden,
there is a lack of data regarding the direct link between TBI-related brain lesions and

caregiver long-term burden (Study 1: The Invisible Side of War).

Reciprocally,

It is possible that the way a caregiver interacts with her/his disabled partner has an impact on
certain outcomes, triggering the concepts of reserve and neural plasticity.

Attachment style (AS) is a measure to assess an individual style of interacting, with social
implications.

Cognitive reserve (CR) and brain reserve capacity (BRC), the result of lifetime intellectual
activity, influence the timing of cognitive decline in aging and delay clinical progression in
neurodegenerative disorders. Social factor is one indicator of CR and BRC.

CR and BRC are linked to the general concept of neural plasticity.

Neural plasticity is the “ability of the brain to change, either in response to experience or to

192 and occurs throughout the life span; its efficiency depends on genetic, biological

injury
and environmental factors.
The association between caregiver AS and behavioral outcomes in individuals with TBI has

not been explored yet (Study 2: The Remarkable Role of Caregivers).
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Aim of the Thesis

Our main goal was to investigate the reciprocal influence between individuals with TBI and
their caregiver in terms of TBI’s cognitive evolution, brain lesion location and long-term

caregiver burden.

We questioned the possible relationship between TBI individuals’ brain lesion
location and long-term caregiver burden, as well as the association between caregiver

attachment style and TBI individual’s cognitive evolution.

Aims specific to each part of this project are described for each of the two studies.
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PARTICIPANTS (Vietnam Head Injury Study)
Participants were drawn from the Vietnam Head Injury Study (VHIS), a prospective and
wide-ranging study of male veterans with (mostly penetrating) TBI. The VHIS consisted of 4

phases that stretched over more than 40 years.'”

Recruitment period for the registry ran
during Vietnam war, conducted by Dr William Caveness at the National Institutes of Health.
Initially, military physicians based in Vietnam during the war filled out forms compiling
information on demographic, injury and initial outcome data of any soldier who survived the
first week after a severe head injury. Phase I occurred approximately 5 years post-injury,
where available information was collected for the record (1221 men). Phase II (1981-1984)
involved neuropsychological testing at the Walter Reed Army Medical Center; Phase III
(2003-2006) involved neuropsychological testing, genetic testing, and computed tomography
(CT) acquisition at the National Naval Medical Center in Bethesda, Maryland. Finally, in
phase IV (2008-2012), i.e more than 40 years after sustaining the TBI, participants and their
caregivers came to the National Institute of Neurological Disorders and Stroke of the
National Institutes of Health (NIH/NINDS), Bethesda, MD, for a five-day study. During that
stay, TBI participants underwent a complete neuropsychological and neurological
examination; their caregivers filled several questionnaires and an interview. All participants

gave written informed consent and the study was approved by the Institutional Review Board

of the NINDS/NIH, Bethesda, MD.
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Study 1

The Invisible Side of War...
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Association between Traumatic Brain Injury-Related Brain Lesions and

Long-term Caregiver Burden

Andrea Brioschi Guevara, Jean-Frangois Démonet, Elena Polejaeva, Kristine Knutson, Eric

Wassermann, Jordan Grafman and Frank Krueger.

See Appendix I for the full published article (Brioschi Guevara A, Démonet J-F, Polejaeva E,

Knutson K, Wassermann E, Grafman J and Krueger F. Association between Traumatic Brain
Injury-Related Brain Lesions and Long-term Caregiver Burden. J Head Trauma Rehabil.
2015 Jun 19)

Objective

Although the association between Traumatic Brain Injury (TBI) and caregiver burden has
been widely studied, the implication of TBIl-related brain lesions location remains

unexplored. Thus, the goal of our study was 2-fold:

1. To investigate long-term caregiver burden in relation to dysexecutive syndrome in a
group of participants with penetrating TBI,

2. To study the effect of TBI-related brain lesions on long-term caregiver burden.

Methods

Participants with penetrating TBI (TBI, N=105) were compared with healthy controls
veterans (HCv, N=23) on perceived caregiver burden (Zarit Burden Interview [ZBI] at 40
years post-injury) and neuropsychological assessment measures. Data of computed
tomographic scans and behavioral statistical analyses were combined to identify brain

lesions associated with caregiver burden.
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Results

1. Groups were matched on all demographics data, yet, perceived burden was
significantly greater in caregivers of TBI group (ZBI total score: 15.51£12.57) than
in caregivers of HCv group (ZBI total score: 8.17+5.18) (Z=-2.45; P=0.014).

2. Because of the lack of literature regarding the possible relationship between
caregiver burden and TBI lesion location, we started with an overlay lesion map
using the 24 participants with TBI whose caregivers had a relevant higher burden
(ZBI>24)(Figure 5b). For these, a maximum overlap of lesions was found in the left
dACC (peak coordinate: x=-14; y=16; z=43, in Montreal Neurological Institute
space). Based on this result, we built 2 groups of TBI: one comprising participants
with a lesion involving dACC (TBI-T, Figure 5¢) and the other TBI group, including
all other participants with a TBI (TBI-C)(Figure 5d) (for a flowchart detailing the

criteria and triage of our groups, see Figure 6).

Based on these neuroimaging data, we compared TBI-T, TBI-C and HCv on their
caregiver burden, as well as on demographics, cognitive functions, mood, behavior,
functional impairment. Descriptive and inferential statistics are presented in 7able 2. Non-
parametric analyses (Kruskal-Wallis H test) demonstrated that groups differed significantly
on EF measures (FAS, TMT, NBRS, FrSBe apathy, FrSBe disinhibtion, FrSBe EFs), memory
(WMS), and post-injury 1Q (AFQT total score). Follow-up planned non-parametric analyses
(Mann-Whitney U tests, Bonferroni corrected) between lesion groups. As expected, the
caregivers of the TBI-T group had a significantly higher burden than the caregivers of the
TBI-C group (ZBI, Z=-2.08: P<0.037, r=0.20) and HCv (ZBI, Z=-3.25; P<0.001, r=0.541).
Also, TBI-T performed significantly worse than TBI-C on verbal fluency (FAS: Z=-2.85,
P<0.012), mental flexibility (TMT-S: Z=-2.72, P<0.021), caregiver assessment (FrSBe

apathy: Z=-2.82; P=0.015, FrSBe disinhibition Z=-2.79; P=0.015, FrSBe EFs: Z=-2.67,
40



P=0.024), and examiner assessment (NBRS: Z=-3.00, P<0.009), but not on memory (WMS:
Z=-1.72, P=0.258), a control task (TMT-C: Z=-1.65, P=0.100), or post-injury 1Q (AFQT
total score: Z=-1.98, P=0.141). Comparing the TBI-T group with the HCv group, non-
parametric tests (Mann-Whitney U tests, Bonferroni corrected) demonstrated that the TBI-T
group performed significantly worse on EF - verbal fluency (FAS: Z=-3.44, P<0.005),
mental flexibility (TMT-S: Z=-3.83, P<0.001), caregiver assessments (FrSBe apathy: Z=-
2.90; P=0.009, FrSBe disinhibition: Z=-2.34; P=0.048, FrSBe EF: Z=-2.34; P=0.048), and
examiner assessment (NBRS: Z=-2.51, P<0.05) - but also on post-injury 1Q (AFQT total
score: Z=-3.20; P<0.001). TBI-T and HCv did not differ significantly on memory (WMS:
Z=-1.87, P=0.195).

Finally, since TBI-T and TBI-C groups differed significantly on percentage of brain
volume loss, a Spearman’s coefficient correlation was applied between percentage of brain

volume loss and ZBI total score; no significant correlation was found (7=0.45; P=0.121).
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Figure 5. Lesion overlay map. Z: superior-inferior coordinate in the Talairach space. (a)
Entire TBI sample (n=105), (b) participants with TBI (n=24) whose caregiver had significant
perceived burden (ZBI total score > 24), (¢) TBI-T, participants whose lesion comprised left
dACC and dIPFC (n=13), and (d) TBI-C, participants whose lesion does not comprise left
dACC and dIPFC (n=92). The color bar represents the number of overlapping lesions at each
voxel. Red indicates a greater number of participants with TBI who have a lesion on a

particular voxel. In each image, the right hemisphere is on the reader’s left.
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(256 Participants ) l,
Caregivers (N=118) ‘ 128 Vietnam War veterans (N=128)
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Based on Fig. 1b (2 maxinmum overlap of
lesions found in left dACC), and in order to
assess a possible correlation between the left
dACC and caregiver burden. we divided the
TBI group mto 2 groups.

Does Caregiver have a
significant burden
score (ZBI==24) 7

Does the veteran’s
brain lesion cover the
left dACC 7

Overlaymap \e | 1gyc N=02 |€—
(Fig. 1d) )

Overlay map
TBI-T group, N=13 (Fig. 1b)

Figure 6. Flow chart for the criteria and triage of our groups’ constitution, as well as the
number of participants. HCv, Healthy Control veterans; TBI, Traumatic Brain Injury.
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Table 2. Descriptive and inferential statistics for demographics and clinical data for TBI-T

(n=13), TBI-C (n=92), and HCv (n=23) groups.

TBI-T

Mean (s.d.) [Min;Max]

TBI-C
Mean (s.d.) [Min;Max]

HCv
Mean (s.d.) [Min;Max]

Statistics

DEMOGRAPHICS

Age (years) 62.15 (1.35) 63.59 (3.12) 62.70 (1.74) H(2)=3.68; P=.159
Education (years) 14.31 (2.02) 14.77 (2.19) 15.13 (1.94) H(2)=1.35; P=.508
Handedness (R:A:L) 10:00:03 77:02:13 17:01:05 X?(4)=2.00; P=.735
Pre-injury 1Q (percentile) 62.92 (27.52) 64.01 (23.23) 73.00 (18.39) H(2)=2.58; P=.275
FSQ (total scaled score) 89.77 (17.30) 96.51 (18.41) 97.35 (20.65) H(2)=2.22; P=.329
Brain volume loss (percentage) 6.00 (3.64) 2.29 (3.05) - Z=-4.10; P<.001
PERCEIVED CAREGIVER BURDEN
ZBI (total score) 22.38 (10.83) 14.54 (12.55) 8.17 (5.18) H(2)=12.89; P=.002
[2;39] [0;49] [0;18]
EXECUTIVE FUNCTIONING MEASURES
FAS (total scaled score) 5.54 (2.60) 9.10 (3.65) 11.09 (3.73) H(2)=18.73; P<.001
TMT control (scaled score) 8.38 (3.73) 9.60 (3.61) 11.83 (1.50) H(2)=12.49; P=.002
TMT switching (scaled score) 6.92 (3.43) 9.42 (4.03) 11.13 (2.67) H(2)=13.13; P=.001
NBRS (total pathology score) 47.23 (22.65) 35.99 (11.24) 35.17 (9.35) H(2)=9.13; P=.009
FrSBe Apathy (Total score) 77.31 (20.28) 60.98 (17.58) 57.74 (18.30) H(2)=9.84; P=.007
FrSBe Disinhibition (Total score) 71.46 (17.20) 56.98 (15.77) 56.09 (15.63) H(2)=7.97; P=0.019

FrSBe EF (Total score)

76.08 (18.73)

60.99 (16.87)

60.17 (19.79)

H(2)=7.55; P=.023

CONTROL MEASURES

Post-injury 1Q (percentile)

BDI-II (total raw score)

M-PTSD (total score)

BNT (total score)

WMS (delay Memory scaled score)
VOSP (average percentage)

44.23 (27.08)
12.69 (11.76)
87.00 (21.04)
49.15 (13.74)
93.23 (21.32)
81.89 (10.11)

55.87 (25.42)
6.83 (6.95)
77.23 (22.34)
53.58 (6.30)
101.28 (16.25)
84.83 (10.01)

72.65 (18.14)
9.48 (7.91)
80.57 (22.62)
55.91 (3.87)
106.87 (17.04)
89.26 (4.19)

H(2)=12.29; P=.002
H(2)=4.31; P=.116
H(2)=3.57; P=.168
H(2)=3.65; P=.161
H(2)=5.12; P=.077
H(2)=5.37; P=.068

Bold statistics are significant. TBI-T, TBI target; TBI-C, TBI control; HCv, Healthy Control
veterans; 1Q, Intelligence quotient; FSQ, Functional Status Questionnaire; ZBI, Zarit Burden
Inventory; FAS, Verbal Fluency (letter F, A, S); TMT, Trail making test; NBRS, Neurobehavioral
Rating Scale; FrSBe, Frontal System Behavioral Scale; EF, Executive function; BDI-Il, Beck
Depression Inventory; M-PTSD, Mississippi — Post-traumatic stress disorder scale; BNT, Boston
Naming test; WMS, Wechsler Memory scale abbreviated; VOSP, Visual Object and Space Perception

battery.
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Box 2. Summary of the results and conclusion of Study 1.

Main results:

Burden was greater in caregivers of veterans with TBI than in caregivers of HCv.

Caregivers of participants with lesions affecting cognitive and behavioral indicators of
dysexecutive syndrome (ie, left dorsolateral prefrontal cortex and dorsal anterior cingulate
cortex) showed greater long-term burden than caregivers of participants with lesions

elsewhere in the brain.

Conclusion:

The TBI-related brain lesions have a lasting effect on long-term caregiver burden due to

cognitive and behavioral factors associated with dysexecutive syndrome.
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Study 2

The Remarkable Role of Caregivers...
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Association between Long-Term Cognitive Decline in Vietnam Veterans

With TBI and Caregiver Attachment Style

Andrea Brioschi Guevara, Jean-Frangois Démonet, Elena Polejaeva, Kristine Knutson, Eric

Wassermann, Frank Krueger and Jordan Grafman

See Appendix 11 for the full published article (Brioschi Guevara A, Démonet JF, Polejaeva E,

Knutson KM, Wassermann EM, Krueger F, Grafman J. Association between Long-term
Cognitive Decline in Vietnam Veterans With TBI and Caregiver Attachment Style. J Head
Trauma Rehabil. 2015 Jan-Feb;30(1):E26-33)

Objective

The association between caregiver AS and behavioral outcomes in individuals with TBI has
not been explored yet. In this study, we hypothesized that the caregiver plays a key role in
determining the richness of the individual’s environment, thereby affecting the trajectory of
long-term cognitive change after TBI. More specifically, we sought to examine whether a
caregiver’s attachment style is associated with patient cognitive trajectory after TBI, in a 40-

year follow-up study.

Methods

On the basis of caregivers’ AS (secure, fearful, preoccupied, dismissing), participants with
TBI (TBI, N=40) were grouped into a high or low group. To examine the association between
cognitive trajectory of participants with TBI and caregivers’ AS, we ran four 2 X 2 analysis of

covariance on cognitive performances. Those were measured by the Armed Forces
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Qualification Test (AFQT, the standardized cognitive evaluation used by the US Army)

percentile score, completed at 2 time points: pre-injury and 40 years post-injury.

Results
Fearful AS

On the basis of a median split on caregivers’ fearful AS z-scores, 20 patient-caregiver pairs
were assigned to the low fearful (LF) and 20 pairs to the high fearful (HF) group. There were
no significant differences between the groups on demographic, clinical, or total percent

volume loss (see Table 3a, Table 3b).

The ANCOVA evaluating the association between cognitive trajectory for
participants with TBI and caregivers’ fearful AS showed a significant interaction effect for
Trajectory x AS (F34 =9.328; P = .004) (effect size : ;72=0.215) but no main effect for
Trajectory (F34 =2.155; P = .151) or for AS (Fi34 =0.508; P = .481). The covariates,
dismissing AS (F34 =0.597; P = .445), secure AS (Fi34 =1.962; P = .170), and NEO
conscientiousness (£ 34 =1.237; P = .274), were not significantly related to trajectory. Post
hoc analysis showed that participants with TBI with HF caregivers performed significantly
worse 40 years post-injury than at pre-injury (¢19 = 4.360; P< .001), whereas participants

with TBI with LF caregivers were stable (¢;9 = 0.545; P =.592) (see Figures 7 and §8).
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Secure, preoccupied, and dismissing ASs

Using secure caregiver AS as a between-subjects factor, we found a main effect for
trajectory (F34 =8.554; P = .006; ;7220.201) but no main effect for AS (£ 34 =0.037; P =

.849), nor a significant interaction effect for trajectory x AS (F34=3.455; P =.072).

Using dismissing caregiver AS as a between-subjects factor, we found no main effects
for trajectory (F34 =5.555; P = .024) or AS (F134 =0.056; P = .815), nor a significant

interaction effect for trajectory x AS (F34=0.355; P =.555).

Finally, using preoccupied caregiver AS as a between-subjects factor, we found a
main effect for Trajectory (F 34=4.591; P =.039; 772=0.1 19), but no main effect for AS (¥ 34
=0.025; P = .243), nor a significant interaction effect for trajectory x AS (F34=0.000; P =

983).
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Table 3a. Participants with TBI of the LF and HF groups: Descriptive and inferential

statistics (mean and standard deviation) of demographic, neuropsychological, and

psychiatric data.
LF HF Statistics
n=20 n=20
mean (s.d.) mean (s.d.) P-value

Participants with TBI

Age (years) 63.85 (4.38) 62.70 (1.98) 0.291
Education (years) 14.15 (2.11) 13.80 (1.74) 0.57
Handedness (R:L) 16:04 17:03 0.667
Secure AS (z score) 0.099 (0.974) -1.134 (0.727) 0.398
Fearful AS (z score) -0.243 (0.580) 0.215 (0.903) 0.065
Preoccupied AS (z score) -0.243 (0.750) 0.155 (0.811) 0.116
Dismissing AS (z score) -0.003 (0.894) 0.068 (0.989) 0.813
NEO Neurotic 44.300 (9.370) 49.25 (15.172) 0.222
NEO Extrovert 50.60 (9.779) 45.40 (12.592) 0.153
NEO Openness 44.60 (9.422) 45.15 (8.425) 0.847
NEO Agreeable 50.40 (10.065) 49.60 (12.424) 0.824
NEO Conscientiousness 54.95 (10.650) 46.65 (13.747) 0.039*
Functional Status Questionnaire 96.50 (18.763) 92.30 (20.846) 0.507
Mississippi PTSD (total raw) 73.35(21.3555) 84.30 (26.821) 0.161
Beck depression 5.35(7.527) 10.65 (10.358) 0.073
I\szzfrl;rsxgosrgoi;ﬂe (total 95.10 (19.523) 95.84 (15.446) 0.993
Boston naming test (total raw) 53.00 (6.936) 53.47 (5.531) 0.816
Token test (total correct) 97.05 (5.424) 97.37 (2.543) 0.817
Verbal fluency (letter, raw) 28.05 (12.931) 28.25(9.358) 0.931
fg:lgl(i ;;Stsizf:;bsi:;‘;deSmptio" 10.20 (3.04) 9.68 (2.89) 0.590
f:sasﬂeﬁilr‘)i“g test (number letter set 0.40 (0.821) 0.21 (0.419) 0.374
\B];F;ly()bj“t and Space Perception 19.20 (1.056) 19.74 (0.562) 0.057
Total percent volume loss (cm?) 3.9 (4.69) 2.51 (2.30) 0.243
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Table 3b. Caregivers of the LF and HF groups: Descriptive and inferential statistics (mean

and standard deviation) of demographic, neuropsychological, and psychiatric data.

LF HF Statistics
n=20 n=20

mean (s.d.) mean (s.d.) P-value
Caregivers
Age (years) 62.15 (4.660) 60.9 (3.076) 0.323
Education (years) 13.65 (1.872) 13.85 (2.300) 0.765
Gender (M:F) 02:18 01:19 0.545
2;?3:5;%52;?12 ;‘Et) with TBI 17:02:01 19:01:00 0.486
gzgtrzrssfl.";n}zs‘:;zmi(’logic Studies 7.20 (8.40) 13.10 (7.45) 0.024*
Zarit Burden Inventory 15.45 (13.617) 21.35(13.743) 0.181
Secure AS (z score) 0.411 (0.855) -0.372 (0.818) 0.005*
Fearful AS (z score) -0.725 (0.327) 0.646 (0.786) <0.001*
Preoccupied AS (z score) -0.083 (0.941) 0.014 (0.810) 0.731
Dismissing AS (z score) -0.452 (0.740) 0.408 (0.901) 0.002*
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Figure 7. Cognitive persormances measured with AFQT over time. Mean values and
standard error of the mean for the AFQT percentile scores are shown for the
paticipants with TBI of the low and high fearful caregiver groups at preinjury. AFQT
indicates Armed Forces Qualification Test;, TBI, traumatic brain injury.
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Figure 8. Individual cognitive decline slopes of the 20 participants with TBI of the high
fearful group. AFQT indicates Armed Forces Qualification Test; TBI, traumatic brain
injury. Participant with TBI 20 is an outlier but it is not unheard of for someone to
show improvement over a lifetime of experience. In his case, he completed his GED
after leaving the military (which means after his pre-injury AFQT). He also reported
experiencing some difficulties with English and reading while in school. In the port-
injury AFQT, his vocabulary subscore is about the same than his arithmetic one.
Although we don’t have the detail of his pre-injury AFQT, we can speculate that he
might have improved greatly his semantic knowledge in the meanwhile.
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Box 3. Summary of the results and conclusion of Study 2

Main results:

e After controlling for other factors, cognitive decline was more pronounced in
participants with TBI with a high fearful caregiver than among those with a low
fearful caregiver.

e Other attachment styles were not associated with decline.

Conclusion:

e (Caregiver fearful attachment style is associated with a significant decline in cognitive

status after TBI, probably due to the social consequence of this style.
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DISCUSSION

We drew our TBI and caregiver participants from the VHIS study, a 40-year follow-up study
of a homogeneous population of participants with TBI individuals: US males of similar age
and education, who sustained their TBI during combat in Vietnam. Beyond matching the TBI
groups for all demographics variables, our controls were also all combat veterans from
Vietnam War.

We investigated the reciprocal influence of these two partners, TBI individuals and
their caregivers. On one hand, we showed an association between TBI lesion location and
caregiver burden; on the other hand, we found an association between caregiver attachment
style and TBI cognitive trajectory.

In our first study, we showed that caregiver of participants with TBI still perceive
burden more than 40 years after the injury. Burden was less severe than shown in previous

. 18,124
studies on severe TBI, ™

probably due to time since injury in our investigation: about 40
years against 6 months to 5 years, more rarely 10 years, in previous works. A decrease in the
intensity of burden over time concurs with the hypothesis that caregivers develop new skills
and coping strategies, on top of an adjusted environment, leading to distress reduction. >
Moreover, TBI participants mean age is over 60 years old, and their caregivers are mostly
their spouse. This generation is less likely to have additional care recipients; children in
particular are usually adults at this point.

This study demonstrated also an association between left dACC/dIPFC lesions and
caregiver burden, which might be mediated by cognitive and behavioral factors such as
executive function. PFC and ACC are among the brain areas involved in EF, along with

44,51-56

inferior parietal lobes and superior temporal lobes; more specifically they are highly

interconnected and complete each other in the role they play in higher-level processes of

EF 57,58
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Although the behavioral and cognitive factors have been widely studied in caregiver
burden, lesion location has been less frequently addressed;® our study aimed to bridge the
gap through the design we described above. While previous studies have shown an
association between the behavioral expression of an injured brain and caregiver burden, we
demonstrated that there is a direct link between brain injury location and caregiver burden.

We argue that the brain location association is clinically relevant. Indeed, clinicians
must be aware that a caregiver whose spouse/offspring/parent suffered a lesion including the
dACC/dIPFC is at higher risk of feeling burdened and developing mental health issues. This
special risk doesn’t involve only caregivers of TBI patients, but possibly caregivers of any
other diseases with a dysfunctional dACC/dIPFC, such as some forms of multiple sclerosis,
stroke, frontotemporal or vascular dementias. This additional attention to these caregivers is
important not only for the individuals but also for society; it is a well-established fact that at
least at the chronic stage in these patients, a great proportion of care costs is covered via the
informal care provided by close relatives. '

On top of a possible psychological therapy to work for example on caregiver’s coping
strategies, one may recommend to intervene on some factors that are now well-known to
reduce the caregiver burden, such as instrumental (helping the caregiver to take care of the
house, so that he/she has enough rest) and social supports. It might also be helpful to provide
caregivers with information on TBI (including the progression expectations) hence making
sure that the whole familial system is prepared to face the behavioral and cognitive
consequences of TBL.!**1%

While raising here a red flag about a specific risk of caregivers of patients with
damaged dIPFC and dACC, we should acknowledge that patients’ outcomes are sometimes

dissociated from imaging results. For example, in individuals with neurodegenerative
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diseases, it is not rare to notice a double dissociation between brain atrophy and cognitive or

behavioral disorders, and even more specifically, with autonomy in daily life activities.**®’

In our second study, we showed an association between the caregivers’ Attachment
Style (AS) and participants with TBIs’ cognitive trajectory. The two partners, the participant
with TBI and his caregiver, knew each other for 42 years on average. We found that
participants with TBI whose caregiver scored high on fearful AS had a significantly larger
cognitive decline from pre-injury to the present. Animal literature on neural plasticity
supports the fact that a stimulating environment enhances neurogenesis, synaptogenesis and
dendrite growth. Reciprocally, a deprived environment has negative effects on neural
plasticity. Moreover, studies involving human participants regarding cognitive reserve and/or
brain reserve capacity confirm the influence of lifetime experience indicators on cognitive
performances. Among these indicators, social activities and social networks were consistently
found to be essential for maintaining and improving cognitive reserve, as it has been shown
through influencing longitudinal and cross-sectional studies, then confirmed by meta-
analyses.*** A social indicator is characterized by any activity that includes a social
environment, from attending social events to taking care of any dependant individual.

The current study confirmed that caregivers exercise important effects on the
individuals with TBIs’ environment beyond providing physical, social, and emotional
support. Referring to the initial definition, an individual with a fearful AS, will avoid intimate
contact with others because they fear being rejected and they are less likely to seek social
support. Therefore, we hypothesized that a caregiver with a fearful AS might be more
socially isolated and might be a factor of the TBI individual’s cognitive decline by depriving
him of the protective effect of more positive styles. In addition, by being more anxious, it is

likely that these caregivers increased stress in the environment of the individual with TBI and
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reduced richness of their social activities. In contrast, LF caregivers may allow participants
with TBI to be challenged more and increase the variety and interaction potential of their
environments. Along those lines, a study showed that a caregiver who spent less time taking
care of her/his partner postponed the time of admission to nursing home. Interestingly, the
large effect size found for the association between caregivers’ AS and cognitive decline of
individuals with TBI is equal to or even greater than the medium to large effect size reported
in cognitive reserve studies.'**'?’

Future research should take into account the possible effects of the caregiver behavior
on recovery and maintenance of functional abilities. Also, one may recommend to evaluate
caregivers’ AS when establishing long-term rehabilitation strategies in individuals with TBI
in order to design cost-effective caregiver interventions targeting AS, thereby preventing
long-term cognitive decline in the patient. Very few studies have investigated the impact of a
therapy on AS; this limitation is probably due to the concept itself of AS, being considered a
trait. One recent study demonstrated an increase in secure attachment along with a decrease
in fearful attachment after 6 weeks of intensive psychotherapy.'?® Another strategy would be
to explore therapies that prove to have an effect on symptoms associated with fearful AS. For
example, cognitive-behavioral therapy has short-term and long-term efficacy for anxiety.'”
Since fearful AS is associated with anxiety disorder,'** it might be valuable to treat anxiety in

caregivers in order to benefit the caregiver as well as in hope of protecting or enhancing

cognition in participants.
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Limitations

Our studies have some limitations. Some strong advantages of the VHIS population, such as
the homogeneity of our all male TBI sample, the uniqueness of the kind of injury and the
time frame from injury, can also become a disadvantage as it may limit the potential of
generalization of the results to other populations that may differ in terms of sex, age, ethnicity
and socioeconomic status. Additionally, our study design did not allow one to explore causal
links between our variables. Instead of causal relationships, we could argue for association
between brain lesion location and caregiver burden in Study 1, and cognitive decline and AS
in Study 2.

In Study 1, we had relatively few participants with a lesion to the left dACC/dIPFC,
therefore path analysis was not a suitable option. Computed tomographic scans were used as
an imaging technique in this study rather than magnetic resonance imaging (MRI) or even
diffusion tensor imaging (DTI); those would have been optimal techniques to observe more
accurately brain regions of atrophy. Unfortunately, penetrating injuries often resulted in the
participant retaining metallic fragments or shrapnel at the site of injury, MRI scans were not
feasible.

In Study 2, the variable we used to assess the cognitive evolution of the TBI
participants - the AFQT - did not allow us to determine associations between TBI’s specific

cognitive impairments and AS.

Future directions

An interesting direction for Study 1 would be to select a larger number of patients with
lesions in the left dJACC/dIPFC and run path analyses to replicate our work and better
determine the links between dACC/dIPFC, EFs and caregiver burden, including a

longitudinal perspective from the acute to chronic and long lasting stages.
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In Study 2, an interesting research exploration would be to analyze caregiver’s behavioral
data, measuring, for example, how much the caregiver controls the environment of

participants with TBI or how much the caregiver protects the participants with TBI.

Conclusion

In conclusion, taking care of the caregiver of a brain damaged patient should be a priority;
supporting the caregiver might facilitate her/his caring activity towards the patient. These
studies are clinically relevant. First, they give additional cues to clinicians on who among the
caregivers are at risk to be more burdened. Also, we provided evidence that perceived burden
persist for a very long time post-injury, particularly when the injury involves brain areas
linked to executive function. Inversely, the caregiver exercises a significant impact on a TBI
individual’s environment; this impact can be deleterious although without ill-intention. We
believe that a cost-effective caregiver intervention which targets AS could be beneficial to
potentially reducing long-term cognitive decline in the patient. Indeed, as shown in animal
and human models, a deprived environment has negative effects on neurogenesis,
synaptogenesis and dendrite growth. Hence, enriching TBI individual’s environment through

the improvement of caregiver’s behavior, could have an impact on TBI neural plasticity.
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Association Between Traumatic Brain
Injury-Related Brain Lesions and
Long-term Caregiver Burden
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Objective: To investigate the association between traumatic brain injury (TBI)-related brain lesions and long-term
caregiver burden in relation to dysexecutive syndrome. Setting: National Institute of Neurological Disorders and
Stroke, National Institutes of Health, Bethesda, Maryland. Participants: A total of 256 participants: 105 combat
veterans with TBI, 23 healthy control combat veterans (HCv), and 128 caregivers. Outcome Measure: Caregiver
burden assessed by the Zarit Burden Interview at 40 years postinjury. Design: Participants with penetrating TBI
were compared with HCv on perceived caregiver burden and neuropsychological assessment measures. Data of
computed tomographic scans (overlay lesion maps of participants with a penetrating TBI whose caregivers have
a significantly high burden) and behavioral statistical analyses were combined to identify brain lesions associated
with caregiver burden. Results: Burden was greater in caregivers of veterans with TBI than in caregivers of HCyv.
Caregivers of participants with lesions affecting cognitive and behavioral indicators of dysexecutive syndrome (ie, left
dorsolateral prefrontal cortex and dorsal anterior cingulate cortex) showed greater long-term burden than caregivers
of participants with lesions elsewhere in the brain. Conclusion and Implication: The TBI-related brain lesions have
a lasting effect on long-term caregiver burden due to cognitive and behavioral factors associated with dysexecutive
syndrome. Key words: caregiver burden, dorsal anterior cingulate cortex (dACC), dorsolateral prefrontal cortex (dIPFC),

dysexecutive syndrome, executive functions (EFs), traumatic brain injury (TBI)

RAUMATIC BRAIN INJURY (TBI) is a serious

health and socioeconomic issue that leads to phys-
ical, cognitive, and/or social limitations that may persist
throughout life. These limitations also affect the fam-
ily unit, particularly the primary caregiver for whom
these limitations take a financial, health, and emotional
toll.1# The estimated economic value of the care pro-
vided by family caregivers was $450 billion in the United
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States in 2009.° Notably, the caregiver plays a crucial role
in the rehabilitation process of an individual with TBI.!+¢

Caregiver burden refers to the physical, psychologi-
cal, emotional, social, and financial challenges one faces
when providing care for patients with chronic illness.”-8
High levels of caregiver burden increase the risk of poor
caregiver physical health, anxiety, depression, social iso-
lation, decreased personal independence, and reduced
quality of life and satisfaction.”*~* Eventually, when
the caregiver is no longer able to care for the patient,
assisted living or nursing home options have to be
sought, leading to an increased financial burden on pub-
lic services.’

Short-term caregiver burden has been prominently
studied in individuals with frontotemporal dementia,'
Alzheimer disease,'® and more recently in TBI37-!7
These investigations demonstrated that the magnitude
of burden is influenced by factors related to the patient,
caregiver, and their support systems. Factors related to
caregivers are time spent caring for the patient, posi-
tive coping strategies, and perceived stigma associated
with caregiving.!®!° Furthermore, the caregiver’s men-
tal health benefits from positive environmental factors,
such as family needs being met via adequate health infor-
mation as well as emotional and instrumental support.'’
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Factors related to the patient consist of motor disabil-
ity as well as cognitive and behavioral impairment.”!?
Although many variables affect caregiver burden, in the
current study we focused on the impact of dysexecu-
tive syndrome, a cognitive and behavioral factor, since
it is a major predictor of caregiver burden.”-?%:2! Dy-
sexecutive syndrome is characterized by a diverse pat-
tern of behavioral and cognitive disorders related to
impaired executive functions (EFs).?? Dysexecutive syn-
drome is observed in several medical conditions, in-
cluding TBI, stroke, and Alzheimer disease.?? Execu-
tive functions encompass higher-order processes such
as planning, problem-solving, and abstract thinking to
amend goal-directed behavior.?>® Evidence exists that
patients’ planning and abstract thinking deficits, disin-
hibition, depression, apathy, social isolation, and im-
pairment increase caregiver burden.””*"” Dysexecutive
syndrome can be assessed by cognitive testing of the
patient, through behavioral assessment by a clinician
during an interview, and via observation by a caregiver
in daily life.

The neural signatures of EFs have been widely studied
in healthy individuals and participants with damage to
brain areas,”*? including prefrontal cortex (PFC),2>-28
anterior cingulate cortex (ACC),?>-28:2% inferior parietal
lobes,?”+?%:3% and superior temporal lobes.?8:3032 The
PFC and ACC play key roles in higher-level processes
of EF; The ACC is subdivided in 2 distinct anatomic
parts, the rostroventral ACC, that is, subgenual and
perigenual parts of the ACC, associated with affec-
tive processes, and the dorsal ACC (dACC), posterior
to the caudal-dorsal ACC, associated with cognitive
processes.>>3* The PFC comprises all frontal areas ante-
rior to the premotor cortex and is associated with cogni-
tion and behaviors related to EFs. The JACC and PFC
are highly interconnected and functionally complete
each other.3®> More specifically, the PFC is implicated
in executive control and decision making, whereas the
dACC is involved in monitoring performance and error
detection.?3-3¢

Although the effect of TBI on caregiver burden has
been widely studied in the past 2 decades, the effect
of penetrating TBI-related brain lesions on long-term
burden remains unexplored. The goal of our study was
2-fold. First, we investigated long-term caregiver bur-
den in relation to dysexecutive syndrome in a group
of participants with penetrating TBI and a healthy con-
trol group of Vietnam veterans 40 years after injury.
We predicted that long-term burden is greater for care-
givers of the TBI group than for caregivers of the control
group because of participants’ dysexecutive syndrome.
Second, we studied the effect of TBI-related brain lesions
on long-term caregiver burden and predicted that long-
term burden associated with dysexecutive syndrome is
greater in caregivers of participants with lesions in key

77

areas involved in EFs than in caregivers of participants
with TBI lesions not typically associated with EFs.

METHODS
Participants

Participants were drawn from Phase IV (2008-2012) of
the W.F. Caveness Vietham Head Injury Study (VHIS)
registry, a longitudinal study of male veterans with
mostly focal penetrating TBI. The VHIS consisted of
4 phases described in detail elsewhere.’” Phase I was
a recruitment period for the registry; phase II (1981-
1984) involved neuropsychological testing at the Walter
Reed Army Medical Center; phase III (2003-2006) in-
volved neuropsychological testing, genetic testing, and
computed tomography (CT) acquisition at the National
Naval Medical Center in Bethesda, Maryland; and phase
IV (2008-2012) included neuropsychological testing at
the National Institute of Neurological Disorders and
Stroke (NINDS), Bethesda, Maryland.

A total of 134 male veterans with brain injury and 35
male veterans without brain injury participated in phase
IV. To ensure study eligibility, a phone interview was
conducted before enrollment, and a screening neurolog-
ical history and examination were performed at the test
site. For this study, we enrolled 128 veterans who were
accompanied by their primary caregiver (or family mem-
ber for the healthy control veteran [HCv] group) and
whose caregiver completed the burden scale described
later. The total number of participants can be divided
into 2 groups: a group with brain injury (TBI, n = 105)
and a control group of veterans who had served in com-
bat during the Vietnam era (HCv, n = 23) (note that
we will also use the term “caregiver” for the HCv group
instead of “family member”). Caregivers of the TBI and
HCv groups were not significantly different with respect
to age (TBI: mean = 58.31, SD = 8.80; HCv: mean =
56.65, SD = 9.24; 16 = 0.81, P = .418), years of edu-
cation (TBI: mean = 14.31, SD = 2.35; vHC: mean =
14.30, SD = 2.12; #126 = 0.02, P=.985), gender (TBI: 96
females, 9 males ; HCv: 21 females, 2 males; x2 = 0.00,
P = .985) and type of relationship (TBI: 83 spouses, 6
children, 4 siblings and 12 others; HCv: 17 spouses, 3
children, 2 siblings, 1 other; x? = 5.14, P = .526).

All participants gave written informed consent, and

the study was approved by the institutional review board
of the NINDS/NIH.

Computed Tomography Acquisition

Computed tomographic scans were acquired on a GE
Medical Systems Light Speed Plus CT scanner in helical
mode. Images were reconstructed with 1-mm overlap-
ping slice thickness and a 1-mm interval. Location and
volume of lesion were determined from CT images by
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manual tracing using Analysis of Brain Lesion (ABLe)
software®®3? implemented in MEDx (Medical Numer-
ics Inc, Sterling, Virginia) with enhancements to support
the Automated Anatomical Labeling atlas.*® The trac-
ing was performed by a trained neuropsychiatrist and
then reviewed by J.G., an experienced observer, who
was blind to the results of the clinical evaluations. A
consensus judgment determined the final lesion out-
line. On the basis of the lesion volume, we determined
the percentage of volume loss (lesion volume in cc) x
100/total brain volume in cc).

Clinical assessment—Caregiver burden

We assessed perceived caregiver burden with the 22-
item version of the Zarit Burden Interview (ZBI).*' Care-
givers rated statements expressing specific feelings that
arose when taking care of someone else (5-point Likert
scale: 0 = never, 4 = nearly always). Caregivers were
verbally instructed to respond to this questionnaire as
it pertains to the participant they were accompanying
for this study. The last item measured overall burden
felt from caring for someone else using the same 5-point
Likert scale. A total score was obtained by summing the
first 21 items; higher scores indicated greater burden. A
cutoff score of 24 was determined to be clinically rel-
evant, since it identifies caregivers who are more likely
to develop depression and are thus in need of further
assessment and potential interventions.*?

Clinical assessment-—Executive functions

We assessed participants’ EFs with 2 cognitive tasks:
the phonologic verbal fluency task and the trail making
test from the Delis-Kaplan EF system (D-KEES)
battery.*® The verbal fluency task assesses one’s capacity
to produce as many words as possible that start with
a given letter (F, A, and S) within 60 seconds per let-
ter (FAS). The scaled score of the total number of new
words listed (repetitions not counted) (FAS-T) was used.
The trail making test switching condition (TMT-Switching,
TMT-S) assesses mental flexibility to connect in alter-
nation letters and numbers, respecting alphabetic and
numeric order. A second TMT condition was used to
control for alphabetic order. Participants had to link let-
ters in alphabetic order without alternating with num-
bers (TMT-control, TMT-C). The scaled score of the sum
of sequences produced was used for each condition
(TMT-S, TMT-C).

In addition, the Frontal System Behavioral (FrSBe)
scale* and the Newurobehavioral Rating Scale (NBRS),¥
clinically relevant measures related to participants’ EFs,
were collected from the caregivers and the test exam-
iner, respectively. The FrSBe consists of 46 statements
assessing apathy, disinhibition, and EFs. The caregivers
rated the responses (5-point Likert scale: 1 = almost

never, 5 = almost always) to reflect the care recipient’s
observed behavior. Note that although each statement
was rated twice during phase [V—once assessing dysex-
ecutive syndrome before the injury and once assessing it
at present (with higher scores indicating greater “frontal
syndrome” behavior)—only the present scores were used
for this study (FrSBe apathy, FrSBe disinhibition, FrSBe
EF). The NBRS is based on the examiner’s observa-
tion of the care recipient’s behavior, including affect (eg,
emotional withdrawal, decreased initiative/motivation,
lability of mood) and cognitive aspects (eg, disinhibi-
tion, conceptual disorganization, poor planning) of EFs.
The total pathology score on the 27 items (7-point Likert
scale: 1 = the symptom is not present, 7 = the symptom
is extremely severe) was used. The test examiner typically
spent a total of 30 hours observing the participant before
completing the NBRS.

Clinical assessment-—Instrumental functions, PTSD,
and mood

We included additional neuropsychological tests as
instrumental measures. We administered the Armed
Forces Qualification Test (AFQT-7A), a global intelligence
test of word knowledge, arithmetic word problems, ob-
ject function matching, and mental imagery. Scores on
this test correlate highly with performance on the Wech-
sler Adult Intelligence Scale.*®*’ Participants completed
the AFQT prior to military entry (preinjury 1Q) and
during their visit for phase IV (postinjury 1Q). The
total AFQT score was converted to a percentage score
of correct answers. We assessed language abilities with
the Boston Naming Test (2nd edition),*® on which par-
ticipants viewed black and white drawings of common
objects and were asked to name each object. We used
the total score—the number of correct answers.

We evaluated visual and auditory declarative mem-
ory with the Wechsler Memory Scale abbreviated (WMS-
III @)% using the delayed memory scaled score. We
assessed aspects of visual perception with the Visual
Object and Space Perception battery,>® which consists of 8
subtests: incomplete letters, silhouettes, object decision,
progressive silhouettes, dot counting, position discrim-
ination, number location, and cube analysis. For our
purpose, we selected 2 of 4 tasks assessing object percep-
tion (ie, silhouette and object decision) and 2 of 4 tasks
assessing space perception (ie, position discrimination
and cube analysis), avoiding the use of letter or number
as stimuli to minimize the involvement of cognitive fac-
tors related to letter and number knowledge (for the de-
scription of the tasks, see Schintu et al’!). We converted
the total score of each subtest into a percentage and used
the average of these 4 percentages for further statistical
analyses. Finally, we used the Beck Depression Inventory>
to assess severity of depression and the Mississippi
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Scale (M-PTSD) to evaluate posttraumatic stress
disorder.>® The total raw scores of these self-report mea-
sures were used for our analyses. Finally, we assessed
global disability, using the total scaled score of the Fuznc-
tional Scale Questionnaire.”

Statistical Analysis

We used IBM SPSS (version 16 for Mac, www.
spss.com) and applied a threshold of P < .05 (2-
tailed). To investigate long-term caregiver burden, we
first compared TBI and HCv groups on demograph-
ics and clinical assessments, using Mann-Whitney U
tests. Then partial correlations were computed be-
tween caregiver burden (ZBI total score) and EF mea-
sures (FAS, TMT-C, TMT-S, FrSBe, and NBRS), while
controlling for language (Boston Naming Test) since
our targeted brain region is located in the left hemi-
sphere. Second, to investigate the effect of brain
lesion location on long-term caregiver burden, lesion
maps for the entire TBI population were overlaid to en-
sure coverage of regions previously identified in dysexec-
utive syndrome. Next, lesion maps for those participants
with TBI whose caregivers had a clinically relevant high
burden score (ZBI > 24) were overlaid to identify a con-

sistent lesion pattern associated with caregiver burden.
Participants whose injury was included in the identified
lesion pattern were separated into a target group (TBI-
T) and the remaining participants into a control group
(TBI-C). In addition, 3 overlap maps were created, in-
cluding 2 subtraction maps (1 displaying only lesions of
the TBI-T group and another only lesions of the TBI-C
group) and a conjunction map (showing the overlap in
both groups) (see Figure 1).

Finally, to investigate the effect of lesion location
on deficits in dysexecutive syndrome that may medi-
ate long-term caregiver burden, demographics and clin-
ical assessment measures were compared using Kruskal-
Wallis H tests among groups (TBI-T, TBI-C, and HCv)
and planned follow-up Mann-Whitney U tests between
groups (TBI-T vs TBI-C, TBI-T vs HCv).

RESULTS

The groups (TBI, HCv) were matched on age, years of
education, handedness, and preinjury IQ (see Table 1).
The caregivers of those in the TBI group showed a sig-
nificantly higher burden than the caregivers of the HCv
group (Z = —2.45; P < .05). Participants with TBI per-
formed significantly worse than HCv on EF tasks (FAS,

256 Participants

' |_no
HC group, N=23 <—

L

128 Vietnam War veterans (N=128)

Did the veteran
sustain
aTBI?

YES /—\R
/ Overlay map of the TBI

Based on Fig. b (a maximum overlap of
lesions found in left dACC), and in order to
assess a possible correlation between the left
dACC and caregiver burden, we divided the
TBI group into 2 groups.

TBI group, N=105 | ——> | group (Fig. 1a)

Does Caregiver have a
significant burden
score (ZBI==24)?

Does the veteran’s
brain lesion cover the
left dJACC ?

NO

Overlay map o TBI-C, N=92

\\(Fig. 1d)

TBI-T group, N=13

Overlay map

Figure 1. Flow chart for the criteria and triage of our groups’ constitution, as well as the number of participants.
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Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

79


http://www.spss.com
http://www.spss.com

L_W W/JHTR  JHTR-D-14-00130 May 7, 2015 16:12

Association Between Traumatic Brain Injury-Related Brain Lesions and Long-term Caregiver Burden 5

Descriptive (Mean [SD]) and Inferential Statistics of Demographics and
Clinical Data for TBI (n = 105) and HCv (n = 23) Groups®

TBI HCv Statistics
Demographics
Age, vy 63.41 (2.99) 62.70 (1.74) Z=-0.76; P= .448
Education, y 14.71 (2.17) 15.13 (1.94) Z=-0.78; P= .437
Handedness (R:A:L) 87:2:16 17:1:5 x?(2)=1.156 P= 562
FSQ (total score) 95.68 (18.33) 97.35 (20.65) Z=-0.39 P=.700
Preinjury 1Q (percentile) 63.87 (23.66) 73.00 (18.39) Z/=-157,P=.116
Perceived caregiver burden
ZBI (total score) 15.51 (12.57) 8.17 (5.18) Z=-245 P=.014
Executive functioning measures
FAS (total scaled score) 8.66 (3.72) 11.09 (3.73) Z=-2.98; P=.003
TMT control (scaled score) 9.44 (3.63) 11.83 (1.50) Z=-3.10; P=.002
TMT switching (scaled score) 9.10 (4.03) 11.13 (2.67) Z=-231, P=.021
NBRS (total pathology score) 37.38 (13.55) 35.17 (9.35) Z=-0.77, P=.440
FrSBe Apathy (total score) 63.02 (18.64) 57.74 (18.30) Z=—1.44; P= 151
FrSBe Disinhibition (total score) 58.79 (16.58) 56.09 (15.63) Z=-0.53; P= .594
FrSBe EF (total score) 62.88 (17.74) 59.57 (17.42) Z=-0.777, P= 437
Control measures
Postinjury 1Q (percentile) 54.38 (25.79) 72.65 (18.14) Z=-3.16; P=.002
BDI-II (total raw score) 7.55 (7.87) 9.48 (7.91) Z=-1.14;, P= 256
M-PTSD (total score) 78.44 (22.32) 80.57 (22.62) Z=-0.48; P= .630
BNT (total score) 53.02 (7.69) 55.91 (3.87) Z=-1.87, P=.062
WMS (delay memory scaled score) 100.25 (17.07) 106.87 (17.04) Z=-1.99;, P=.077
VOSP (average percentage) 84.45 (10.02) 89.26 (4.19) Z=-2.00;, P= .045

Abbreviations: BDI-Il, Beck Depression Inventory; BNT, Boston Naming Test; EFs, executive functions; FAS, verbal fluency (letter F,
A, S); FrSBe, Frontal System Behavioral Scale; FSQ, Functional Status Questionnaire; HCv, healthy control veterans; IQ, intelligence
quotient; M-PTSD, Mississippi—Posttraumatic Stress Disorder Scale; NBRS, Neurobehavioral Rating Scale; TBI-T, TBI target; TBI-C, TBI
control; TMT, trail making test; VOSP, Visual Object and Space Perception battery; WMS, Wechsler Memory scale abbreviated; ZBI,

Zarit Burden Interview.
aBold statistics are significant.

TMT), postinjury 1Q, and visual perception. However,
these groups did not differ significantly on caregiver
and test examiner EFs’ assessments (respectively FrSBe
and NBRS) or the remaining measures (global disability,
depression, posttraumatic stress disorder, memory, lan-
guage) (see Table 1). For the TBI group, significant cor-
relations between ZBI and all EF measures were found
after controlling for language (FAS: r = —0.19, P <
0.05; TMT-S: r = —0.25, P = 0.005; FrSBe EF: r =
0.65, P < .001; FrSBe apathy: r = 0.59, P < .001; FrSBe
disinhibition: » = 0.60, P < 0.001; and NBRS: r=0.38;
P < .001).

To investigate the effect of lesion location on long-
term caregiver burden, an overlay lesion map for the en-
tire TBI sample was examined and showed coverage of
brain regions previously identified in dysexecutive syn-
drome (see Figure 2a). Another overlay lesion map was
created using the 24 participants with TBI whose care-
givers had a clinically relevant higher burden (ZBI total
score > 24) (see Figure 2b). For these, a maximum over-
lap of lesions (6 participants) was found in the left JACC
(peak coordinate: x = —14; y = 16; z = 43, in Montreal
Neurological Institute space). Participants with injury to

the left dACC were placed into a TBI-T subgroup (n =
13) (see Figure 2c) and the remaining participants into
a TBI-C subgroup (n = 92) (see Figure 2d). Subtraction
maps between groups showed that the TBI-T group had
lesions covering predominantly the left JACC and dor-
solateral PFC (dIPFC) (left frontal superior and middle
gyri), but also the left frontal inferior gyrus, left precen-
tral gyrus, left supplementary motor area, left insula and,
to a lesser extent, the right inferior gyrus, right supple-
mentary motor area, right ACC and right olfactory bulb
(see Figure 3a). The TBI-C group had lesions that cover
most of the right frontal lobe (except for the middle and
superior orbital gyri), a limited portion of the left frontal
lobe (precentral gyrus), most of the left and right pari-
etal, temporal, and occipital lobes (see Figure 3b). The
conjunction map showed that the groups had common
lesions in the left and right anterior parts of the frontal
superior, middle, and inferior gyri and, to a lesser extent,
the left and right rostroventral ACC (see Figure 3c).

To investigate the effect of brain lesion location on
deficits in EF affecting long-term caregiver burden, we
compared groups (TBI-T, TBI-C, and HCv) on age, years
of education, handedness, global disability, TBI severity,
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Figure 2. Lesion overlay map. Z: superior-inferior coordinate in the Talairach space. (a) Entire TBI sample (n = 105), (b)
participants with TBI (n = 24) whose caregiver had significant caregiver burden (ZBI total score > 24), (c) TBI-T, participants
whose lesion comprised left dACC and dIPFC (n = 13), and (d) TBI-C, participants whose lesion does not comprise left JACC
and dIPFC (n = 92). The color bar represents the number of overlapping lesions at each voxel. Red indicates a greater number
of participants with TBI who have a lesion on a particular voxel. In each image, the right hemisphere is on the reader’s left.

and preinjury IQ, and found no significant differences,
but the TBI-T group had a significantly larger percent-
age of volume loss than the TBI-C group (see Table 2).
As expected, the caregivers of those in the TBI-T group
had a significantly higher burden than the caregivers of
participants in the TBI-C group (Z = —2.08; P < .037, r
=0.20) and HCv (ZBI, Z = —3.25; P < .001, = 0.541).
Since TBI-T and TBI-C groups differed significantly on
percentage of brain volume loss, a Spearman coefficient
correlation was applied between percentage of brain
volume loss and ZBI total score, but the correlation
was not significant (r, = 0.45; P = .121).
Nonparametric analyses (Kruskal-Wallis H test)
demonstrated that groups differed significantly on EF
measures (FAS, TMT, NBRS, FrSBe apathy, FrSBe dis-
inhibition, FrSBe EFs), memory (WMS), and postinjury
IQ (AFQT total score) (see Table 2). Follow-up planned
nonparametric analyses (Mann-Whitney U tests, Bonfer-
roni corrected) between lesion groups revealed that the
TBI-T participants performed significantly worse than
those in the TBI-C group on verbal fluency (FAS: Z
= —2.85, P < .012), mental flexibility (TMT-S: Z =
2.72, P < .021), caregiver assessment (FrSBe apathy: Z
= —2.82, P = .015; FrSBe disinhibition: Z = —2.79, P
= .015; FrSBe EFs: Z = —2.67, P= .024), and examiner
assessment (NBRS: Z = —3.00, P < .009), but not on

81

memory (WMS: Z = —1.72, P = .258), a control task
(TMT-C: Z = —1.65, P=.100), or postinjury IQ (AFQT
total score: Z = —1.98, P=.141). Comparing the TBI-T
group with the HCv group, nonparametric tests (Mann-
Whitney U tests, Bonferroni corrected) demonstrated
that the TBI-T group performed significantly worse on
EF—verbal fluency (FAS: Z = —3.44, P < .005), mental
flexibility (TMT-S: Z = —3.83, P < .001), caregiver as-
sessments (FrSBe apathy: Z = —2.90, P = .009; FrSBe
disinhibition: Z = —2.34, P = .048; FrSBe EF: Z =
—2.34, P=.048), and examiner assessment (NBRS: Z =
—2.51, P < .05)-but also on postinjury IQ (AFQT total
score: Z = —3.20, P < .001). TBI-T and HCv did not
differ significantly on memory (WMS: Z = —1.87, P =
195).

DISCUSSION

Our study investigated the association between brain
lesion location in penetrating TBI and long-term per-
ceived burden in caregivers as it related to dysexecutive
syndrome in participants with TBI. Our first goal was
to assess caregiver burden in a cohort of participants
with TBI who sustained their injury 40 years earlier.
As predicted, we found that burden was significantly
higher in caregivers of participants with TBI than in
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Figure 3. Subtraction and conjunction maps: (a) Subtraction overlay map showing lesions present only in the TBI-T group, (b)
subtraction overlay map showing lesions present only in the TBI-C group, and (c) conjunction overlay map showing lesions
present in both TBI groups. In each slice, the right hemisphere is on the reader’s left and the lesions are represented in yellow.

caregivers of matched healthy controls. Our reported
measure of burden was lower than previously reported
in studies with severe TBI,”»>> probably because of the
time since injury in our investigation. Previous studies
focused on a time frame ranging from 6 months to 5
years postinjury and demonstrated that caregiver bur-
den is already substantially decreased from 6 months
to 1 year postinjury.>!> While our study involved a
cross-sectional sample approximately 40 years after in-
jury, those in the TBI group still exhibited cognitive

deficits, and their caregivers demonstrated greater bur-
den than the control group.

Our second goal was to identify any relation between
TBl-related brain lesions and long-term caregiver bur-
den. As hypothesized, we found that long-term care-
giver burden was associated with impaired EF from
lesions to the left dACC and dIPFC, 2 highly inter-
connected key regions involved in executive control
and decision making, particularly in novel situations, as
well as monitoring of performance and error detection,

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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respectively.?®-5%>% Participants with lesions in these ar-
eas demonstrated deficits in cognitive and behavioral
indicators associated with dysexecutive syndrome but
not in other control measures (ie, language abilities,
space and object perception, memory, depression, post-
traumatic stress). These participants were impaired on
EF laboratory tasks such as verbal fluency and mental
flexibility. Given that verbal fluency requires inhibition
of inappropriate responses, error detection, and mon-
itoring of conflicting responses,’®®" previous imaging
studies demonstrated consistent activation in the left
dACC and dIPFC for this task in healthy controls.>®:¢0-62
Furthermore, although bilateral PFC has been impli-
cated in mental flexibility, some evidence points to a
more dominant role of the left PFC (ie, dIPFC)*®-¢% and
functionally connected regions such as ACC in mental
flexibility.®4

Moreover, these participants also showed deficits in
behaviors associated with dysexecutive syndrome re-
ported by the caregiver (evaluation of apathy, disinhibi-
tion, and EFs in daily life) and the examiner (evaluation
of cognitive and affective aspects of EFs).

We found that participants with a TBI in the left
dIPFC and dACC have greater brain volume loss than
in those with TBI without a lesion in these areas. This
can be explained by the location of the ACC deep in
the brain; since they were all penetrating brain injuries,
to reach a midline structure like the ACC, the lesion
needed to penetrate deeply, hence affecting on average
more cortical tissue than a lesion restricted to the lateral
surface of the cortex. However, further correlation anal-
ysis between brain volume loss and caregiver burden did
not show an association.

We argue that the lesion localization we identified has
clinical significance. Indeed, clinicians should be aware
that a caregiver whose spouse/offspring/parent has a left
dACC/dIPFC lesion is at higher risk of feeling burdened
and developing mental health issues. This specific risk
may relate not only to caregivers of TBI patients, but
possibly also to caregivers of patients affected by any
disease involving dysfunctional left JACC/dIPFC, such
as some forms of multiple sclerosis, stroke, and fron-
totemporal or vascular dementias. Paying special atten-
tion to caregivers of these patients is important not only
at the individual level but also at the societal level, since
the health care system does not offer comprehensive
services and private caregivers often serve a complemen-
tary role in providing such care. Social and instrumental
support reduces caregiver burden. Psychological ther-
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Association Between Long-Term

Cognitive Decline in Vietnam
Veterans With TBI and Caregiver

Attachment Style

Andrea Brioschi Guevara, MA; Jean-Frangois Démonet, PhD; Elena Polejaeva, BSc;
Kristine M. Knutson, MA; Eric M. Wassermann, MD; Frank Krueger, PhD;

Jordan Grafman, PhD

Objective: To examine whether a caregiver’s attachment style is associated with patient cognitive trajectory after
traumatic brain injury (TBI). Setting: National Institute of Neurological Disorders and Stroke, National Institutes
of Health, Bethesda, Maryland. Participants: Forty Vietnam War veterans with TBI and their caregivers. Main
Outcome Measure: Cognitive performance, measured by the Armed Forces Qualification Test percentile score,
completed at 2 time points: preinjury and 40 years postinjury. Design: On the basis of caregivers’ attachment style
(secure, fearful, preoccupied, dismissing), participants with TBI were grouped into a high or low group. To examine
the association between cognitive trajectory of participants with TBI and caregivers’ attachment style, we ran four 2
x 2 analysis of covariance on cognitive performances. Results: After controlling for other factors, cognitive decline
was more pronounced in participants with TBI with a high fearful caregiver than among those with a low fearful
caregiver. Other attachment styles were not associated with decline. Conclusion and Implication: Caregiver fearful
attachment style is associated with a significant decline in cognitive status after TBI. We interpret this result in the
context of the neural plasticity and cognitive reserve literatures. Finally, we discuss its impact on patient demand
for healthcare services and potential interventions. Key words: attachment style (AS), caregiver, cognitive reserve, fearful,

neural plasticity, traumatic brain injury (TBI)

RAUMATIC BRAIN INJURY (TBI) is a world-
wide health and socioeconomic concern. Approxi-
mately 3.2 to 5.3 million Americans are currently liv-
ing with a TBl-related disorder. Fourteen percent of
combat veterans sustained a brain injury during the
Vietnam War,! and 294,172 active-duty individuals sus-
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tained a TBI during OEF (Operation Enduring Free-
dom)/OIF (Operation Iraqi Freedom)/OND (Operation
New Dawn) conflicts (2000-2013).2 In the Vietnam War,
there were more gunshot and fragment wounds (35% of
the injuries vs 19% in OEF/OIF), whereas blast-related
injuries were more prevalent during OIF/OEF combat
(81% vs 65% during the Vietnam War).> As a conse-
quence, there were more penetrating TBIs during the
Vietnam War, whereas OIF/OEEF injuries were mainly
mild or moderate closed-head injuries with only 1.4%
being penetrating TBIs.*> Individuals with a TBI are of-
ten faced with physical, cognitive, and social limitations
that may persist for their lifetime. These limitations are
challenging not only for the individual but also for fam-
ily members and friends.®” However, there are limited
data concerning the impact of caregivers on cognitive
evolution of individuals with TBI.

A study by Taylor et al,® on TBI in children noted that
the family’s response to the new situation may affect the
recovery of the child. On the other end of the develop-
mental spectrum, some research has examined individu-
als with dementia and their caregivers,”!? showing that
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a stimulating environment predicts a slower cognitive
and functional decline in this population.’ Individuals
with dementia are able to delay nursing home placement
when the caregiver is the spouse, is in good health, pro-
vides positive interactions, and spends Jess time provid-
ing care.!®11 Also, the caregiver’s attachment style (AS)
plays a role in the behavior of the individual with de-
mentia: the more avoidant the caregiver’s AS, the more
aggression and agitation are exhibited by the patient.!?

Attachment style affects the way individuals cope
with emotional events and interact with others, includ-
ing those to whom they are attracted.’*!> The roots
of AS lie in John Bowlby’s!® work on what he called
the attachment behavioral system. Bowlby!® believed
that attachment behavior has a biological function such
as protection and was innate in most mammals. Also,
he highlighted that an AS was established during early
childhood according to the primary attachment figure
(mostly the mother) but then it remains mainly stable
throughout life, as confirmed by recent studies.!”° In-
dividual differences in AS were predicted by Bowlby
and then systematically studied in mother-infant rela-
tionships by Mary Ainsworth.?? Inspired by this devel-
opmental literature, it was shown that adults can be clas-
sified into 4 attachment categories (secure, preoccupied,
fearful, and dismissing).?! Preoccupied AS is defined by
a negative self-esteem and positive sociability, whereas
dismissing AS individuals present a positive self-esteem
but are socially avoidant. Secure AS consists of positive
self-esteem and sociability, whereas fearful AS individu-
als have a low self-esteem and are socially anxious and
avoidant.??:?3 The association between caregiver AS and
behavioral outcomes in individuals with TBI has not
been explored yet.

Animal models show compelling evidence that en-
riched environments induce neurogenesis, synaptoge-
nesis, and dendritic growth, which potentially propel
recovery after a brain injury.?*?> Living in an enriched
environment enhances damage-induced neurogenesis in
the adult brain?® and has been shown to slow functional
deterioration in neurodegenerative disorders, such as in
a rat model of Huntington disease.?’ Interestingly, a
recent study of adult rats showed that an enriched en-
vironment has a protective effect on glutamate excito-
toxicity, reducing oxidative damage.?® In contrast, an
impoverished environment has a negative impact on
neural plasticity. For instance, rats that live in a tradi-
tional laboratory cage develop hippocampal atrophy.?’
There are few such studies on nonhuman primates, but
in adult marmosets, exposure to a complex environment
for 1 month enhanced the length and complexity of den-
drites and increased dendritic spines and synaptophysin
in the hippocampus and frontal cortex.3°

Regions preferentially involved in anxiety, for ex-
ample, the hippocampus, prefrontal cortex (PFC), and
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amygdala, are particularly plastic and capable of trans-
formation as a result of activity and experience.?®-31:32
Adaptive plasticity observed in the hippocampus and
medial PFC (mPFC) is reversed or inhibited by chronic
stress, which also causes dendritic atrophy in the mPFC
and hippocampus, and hypertrophy in the amygdala.3?
The PFC and the amygdala are also some of the most
common brain areas affected in TBL.3?

In humans, cognitive reserve, the apparent result
of lifetime intellectual activity, influences the timing
of cognitive decline in aging and delays clinical
progression in neurodenerative disorders.**% Intelli-
gence, education, and occupation are associated with
increased synaptic density, neurogenesis, and synaptic
plasticity.34:3

We hypothesize that the caregiver plays a key role
in determining the richness of the individual’s environ-
ment, thereby affecting the trajectory of long-term cog-
nitive change after TBI. Anxious individuals experience
increased distress, as has been shown among melanoma
survivors.?3 This suggests that a caregiver with a fearful
AS might not only limit social interactions of individu-
als with TBI but also increase stress in the environment
with a resultant negative effect on plastic or protective
processes or capacities important for recovery or preser-
vation of cognitive capacities in individual with TBI
across the life span. We hypothesize that cognitive de-
cline in an individual with TBI, which is greater than
in controls,! could be exacerbated if his or her caregiver
has a high fearful AS than if his or her caregiver has a
low fearful AS. While the current observational study
could not be used to determine a causal relationship be-
tween AS and cognitive decline, we sought to establish
whether an association could be detected.

METHODS
Participants

A subgroup of male participants was selected from the
Vietnam Head Injury Study (VHIS), a prospective and
wide-ranging study of veterans who sustained brain dam-
age from penetrating head injuries (TBI) during the Viet-
nam War. The VHIS consists of 4 phases that stretched
over more than 40 years. Phase 1 occurred during the
Vietnam War (1967-1970) and included medical records
of 1221 veterans who survived the first week post-TBIL.
Phase 2 occurred between 1981 and 1984 at the Walter
Reed Army Medical Center and was a follow-up of 520
individuals with TBI among the initial 1221 participants
collected in phase 1. Phase 3 occurred from 2003 to 2006
at the National Naval Medical Center (Bethesda, Mary-
land), with an extensive neuropsychological follow-up
of 199 individuals with TBIL. In phase 4 (2008-2012),
participants and their caregivers came to the National
Institute of Neurological Disorders and Stroke of the
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National Institutes of Health (NINDS/NIH), Bethesda,
Maryland, for a 5-day study. The caregivers completed
a series of questionnaires and an interview.

From the 134 phase 4 participants with penetrating
injuries, we selected individuals if (2) they had a doc-
umented induction Armed Forces Qualification Test
(AFQT) score (preinjury), (#) they were accompanied by
a caregiver during their phase 4 evaluation, (c) the care-
giver had known the individual since preinjury or within
5 years postinjury (mean years since caregiver and par-
ticipant with TBI knew each other: 42.10 & 6.57 years).
The final sample consisted of 40 couples (see Table 1).
All veterans had completed the AFQT-7A upon military
induction and during VHIS phase 4.

All participants gave written informed consent, and
the study was approved by the institutional review
board of the NINDS/NIH, Bethesda, Maryland.

Clinical assessment

Participants underwent assessments of their global
functioning (Functional Status Questionnaire3®), per-
sonality (NEO-Five Factor Inventory®’), posttraumatic
stress disorder (Mississippi PTSD [posttraumatic stress

WLIRM Demographic characteristics of
the entire sample (40 participants with

TBI and 40 caregivers)
Mean (SD)
Participants with TBI
Age, y 63.28 (3.404)
Education, y 13.97 (1.915)
Handedness (right:left) 37:3
Gender (male:female) 40:0
Loss of consciousness
None n=13
Momentary n=>5
1-15 min n=238
15 minto1d n=>5
>1d n==~6
Unknown n=3
Posttraumatic amnesia
None n=20
<1h n=2
Thto<1d n=20
1dto <1 wk n=7
1Twkto <1 mo n=>5
>1 mo n=4
Unknown n=2
Caregivers
Age, y 61.52 (3.948)
Education, y 13.75 (2.072)
Gender (male:female) 3:37
Relation to participant with TBI 36:3:1
(spouse:sibling:friend)

Abbreviations: SD, standard deviation; TBI, traumatic brain injury.

disorder]®®), depression (Beck Depression Inventory’),
memory (Wechsler Memory Scale*?), language (Boston
Naming Test*! and Token Test*?), executive functions
(from the Delis-Kaplan Executive Function System*3:
Verbal Fluency, Sorting Test, Trail Making Test), and
visual perception (Visual Object and Space Perception
Battery**). Also, caregivers’ depression (Center for Epi-
demiological Studies Depression Scale)® and burden
(Zarit Burden Inventory)* were evaluated.

Measures
Armed Forces Qualification Test

The AFQT-7A contains 100 multiple-choice ques-
tions on word knowledge, arithmetic word problems,
object function matching, as well as mental imagery.
Fifty minutes is allowed for completion. The difference
in the AFQT percentile score from preinjury to phase 4
was used as the measure of cognitive trajectory. AFQT
correlates strongly with the Wechsler Adult Intelligence
Test*” and has a good validity and reliability (0.7 and
0.73, respectively).*8

Relationship Questionnaire and Relationship Scale
Questionnaire

The Relationship Questionnaire (RQ) is a measure of
adult attachment based on a 4-category model: secure,
preoccupied, dismissing, and fearful.?! In this model,
secure attachment consists of a positive view of self and
others, preoccupied attachment is a negative view of
self but a positive view of others, dismissing attachment
is a positive view of self and negative view of others,
and fearful attachment is a negative view of self and
other.#”»>® The RQ consists of 4 paragraphs; participants
rate how much each of the 4 paragraphs represent them
on a 7-point Likert scale. The Relationship Scale Ques-
tionnaire (RSQ) is a similar measure that contains 30
statements in which participants respond on a 5-point
Likert scale to the extent that each statement is con-
sistent with their feelings about close relationships.'3
The participants with TBI and their caregiver completed
both questionnaires. A recent study confirmed good
test-retest short-time reliability and internal consistency,
as well as a solid factor analysis.’!

A combination of the RQ and RSQ scores for each
person, on each of the 4 ASs, was used to establish a
continuous rating.!* Continuous indexes were obtained
by first converting the raw scores for each AS on the RQ_
and the RSQ to standardized z-scores.

Computed tomographic acquisition and analysis

Computed tomographic (CT) scans were acquired on
a GE Medical Systems Light Speed Plus CT scanner
in helical mode. Images were reconstructed with 1-mm
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overlapping slice thickness and a 1-mm interval. Le-
sion volume was determined from CT scans by man-
ual tracing using the Analysis of Brain Lesion (ABLe)
software®?+3% implemented in MEDx (Medical Numer-
ics Inc, Sterling, Virginia) with enhancements to support
the Automated Anatomical Labeling atlas. The trac-
ing was performed by a trained neuropsychiatrist and
then reviewed by J.G., an experienced observer, who
was blind to the results of the clinical evaluations. A
consensus judgment determined the final outline of the
lesion. On the basis of the lesion volume, we determined
the percentage of volume loss [lesion volume (cm?) x
100/total brain volume (cm?)].

Statistical analysis

We used IBM SPSS (version 16 for Mac, www.spss.
com) and applied a level of significance of P < .05
(2-tailed) to all analyses and a Bonferroni correction to
analyses of covariance (ANCOVA:s) (a level of signifi-
cance for P < .013). We report the effect size when the
analyses reached the level of significance.

On the basis of our hypothesis, we split the patient-
caregiver pairs by the median score of the caregiver fear-
ful AS and placed them into a “high fearful” (HF) or “low
fearful” (LF) group. To compare the LF and HF groups
on demographic, clinical variables, percentage of brain
volume loss, and AS (i.e., secure, fearful, dismissing and
preoccupied) of the caregiver and the participants with
TBI, we used independent-samples ¢ tests.

To examine the association between cognitive tra-
jectory of participants with TBI and caregivers’ fearful
AS, we ran a 2 x 2 ANCOVA on cognitive perfor-
mances (mean AFQT percentile scores) with trajectory
(preinjury, postinjury) as a within-subjects factor and AS
(LF, HF) as a between-subjects factor. Caregiver secure
and dismissing ASs, as well as caregiver depression and
NEO Conscientiousness variable of participants with
TBI were integrated as covariates in the model (the only
measures, with caregiver fearful AS, that were signifi-
cantly different between LF and HF).

Also, we controlled for the other AS by repeating the
aforementioned analysis 3 more times, each time using
a different AS as the between-subjects factor and the
remaining behavioral variables that differed significantly
between LF and HF as covariates.

RESULTS
Fearful AS

On the basis of a median split on caregivers’ fearful AS
z-scores, 20 patient-caregiver pairs were assigned to the
LF and 20 pairs to the HF group. There were no signif-
icant differences between the groups on demographic,
clinical, or total percent volume loss (see Table 2).
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The ANCOVA evaluating the association between
cognitive trajectory of participants with TBI and care-
givers’ fearful AS showed a significant interaction effect
for trajectory x AS (Fj34 = 9.328; P = .004) (effect size:
n? = 0.215) but no main effect for trajectory (Fj34 =
4.252; P = .047) or for AS (Fi34 = 0.508; P = .481).
The covariates, dismissing AS (Fi34 = 0.597; P = .445),
secure AS (Fi34 = 1.962; P = .170), caregiver depres-
sion (F 34 = 1.167; P = .288), and NEO Conscientious-
ness (Fi34 = 1.237; P = .274), were not significantly
related to trajectory. Post hoc analysis showed that par-
ticipants with TBI with HF caregivers performed signifi-
cantly worse 40 years postinjury than at preinjury (¢19 =
4.360; P < .001), whereas participants with TBI with
LF caregivers were stable (f19 = 0.545; P = .592) (see
Figures 1 and 2).

Secure, preoccupied, and dismissing ASs

Using secure caregiver AS as a between-subjects factor,
we found a main effect for trajectory (Fi34 = 8.554; P
= .006; n* = 0.201) but no main effect for AS (Fj34 =
0.037; P = .849), nor a significant interaction effect for
trajectory x AS (Fj34 = 3.455; P = .072).

Using dismissing caregiver AS as a between-subjects
factor, we found no main effects for trajectory (Fi34 =
5.555; P =.024) or AS (F134 = 0.056; P = .815), nor a
significant interaction effect for trajectory x AS (Fi34 =
0.355; P = .555).

Finally, using preoccupied caregiver AS as a between-
subjects factor, we found a main effect for trajectory
(F134 = 8.554; P=.006; n* = 0.201) but no main effect
for AS (F1 34 = 0.037; P= .849), nor a significant interac-
tion effect for trajectory x AS (F134 = 3.455; P = .072).

DISCUSSION

In a 40-year follow-up study, we investigated the asso-
ciation between caregiver AS and the cognitive decline
of a homogeneous population of participants with TBI:
US males of similar age and education, who sustained
their TBI during combat in Vietnam and who knew their
caregivers for 42 years on average. Our results indicate
that participants with TBI whose caregiver scored high
on fearful AS (as measured at follow-up) had a signif-
icantly larger cognitive decline from preinjury to the
present. Since we used an observational study design
and the AS and the final cognitive outcome were mea-
sured concurrently, it is not possible to draw firm con-
clusions regarding causal relationships. The relationship
observed could be due to a third unmeasured variable,
and it is also conceivable that cognitive decline led to
a more fearful AS. However, we can consider several
alternative hypotheses.

On the basis of animal and human research on
neural plasticity and cognitive reserve, we predicted
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Descriptive and inferential statistics (mean and standard deviation) of
demographic, neuropsychological, and psychiatric data of the LF and HF groups

LF (n = 20), HF (n = 20),
mean (SD) mean (SD) Statistics, P
Participants with TBI
Age, y 63.85 (4.38) 62.70 (1.98) 291
Education, y 14.15 (2.11) 13.80 (1.74) 570
Handedness (right:left) 16:4 17:3 .667
Secure AS (z score) 0.099 (0.974) —1.134 (0.727) .398
Fearful AS (z score) —0.243 (0.580) 0.215 (0.903) .065
Preoccupied AS (z score) —0.243 (0.750) 0.155 (0.811) 116
Dismissing AS (z score) —0.003 (0.894) 0.068 (0.989) .813
NEO Neurotic 44.300 (9.370) 49.25 (15.172) 222
NEO Extrovert 50.60 (9.779) 45.40 (12.592) 153
NEO Openness 44.60 (9.422) 45.15 (8.425) .847
NEO Agreeable 50.40 (10.065) 49.60 (12.424) .824
NEO Conscientiousness 54.95 (10.650) 46.65 (13.747) .039°
Functional Status Questionnaire 96.50 (18.763) 92.30 (20.846) .507
Mississippi PTSD (total raw) 73.35 (21.3555) 84.30 (26.821) 161
Beck Depression Inventory 5.35 (7.527) 10.65 (10.358) .073
Wechsler Memory Scale (total Memory 95.10 (19.5623) 95.84 (15.446) .993
scaled score)
Boston Naming Test (total raw) 53.00 (6.936) 53.47 (5.531) .816
Token Test (total correct) 97.05 (5.424) 97.37 (2.543) .817
Verbal Fluency (letter, raw) 28.05 (12.931) 28.25 (9.358) 931
Sorting Test (combined description 10.20 (3.04) 9.68 (2.89) .590
composite scaled score)
Trail Making Test (number letter set loss 0.40 (0.821) 0.21 (0.419) 374
error)
Visual Object and Space Perception Battery 19.20 (1.056) 19.74 (0.562) .057
Total percent volume loss, cm? 3.9 (4.69) 2.51 (2.30) 243
Caregivers
Age, y 62.15 (4.660) 60.9 (3.076) .323
Education, y 13.65 (1.872) 13.85 (2.300) .765
Gender (male:female) 2:18 1:19 .545
Relation to participant with TBI 17:2:1 19:1:0 486
(spouse:sibling:friend)
Center for Epidemiological Studies 7.20 (8.40) 13.10 (7.45) .0242
Depression Scale
Zarit Burden Inventory 15.45 (13.617) 21.35 (13.743) 181
Secure AS (z score) 0.411 (0.855) —0.372 (0.818) .005°
Fearful AS (z score) —0.725(0.327) 0.646 (0.786) <.001@
Preoccupied AS (z score) —0.083 (0.941) 0.014 (0.810) 731
Dismissing AS (z score) —0.452 (0.740) 0.408 (0.901) .002°

Abbreviations: AS, attachment style; HF, high fearful; LF, low fearful; PTSD, posttraumatic stress disorder; SD, standard deviation.

aMeasures that survived statistical significance.

that a fearful AS would be associated with cognitive
decline in individuals with TBI, possibly by depriv-
ing persons with TBI of the protective effect of more
positive styles. In line with our prediction, partici-
pants with TBI whose caregiver scored high on fear-
ful AS showed a significantly greater degree of cogni-
tive decline than those whose caregiver scored low on
fearful AS.

By being generally more anxious and avoiding social
situations, it is likely that HF caregivers’ increased stress

in the environment of participants with TBI and reduced
the richness of social activities of participants with TBI.
In contrast, LF caregivers may allow participants with
TBI to be challenged more and increase the richness of
their environments.

The consequences of environmental complexity on
brain recovery and cognitive decline have been thor-
oughly studied in animals?*?>2830:5%35 and show the
protective effect of complex housing by modulating
the damage-induced neurogenesis and dendritic
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Figure 1. Cognitive performances measured with AFQT over
time. Mean values and standard error of the mean for the
AFQT percentile scores are shown for the participants with TBI
of the low and high fearful caregiver groups at preinjury and 40
years postinjury. AFQT indicates Armed Forces Qualification
Test; TBI, traumatic brain injury.

growth.?4-26:30.54 These findings in rodents are sup-
ported by research on nonhuman primates.>® Cogni-
tive enrichment not only is a protective factor for
cognitive decline but also potentially improves cogni-
tion in aging populations via cognitive stimulation.’® In
addition, some authors argued that if participants en-
gaged in cognitively stimulating activities such as com-
pleting puzzles, reading, or learning new games or activ-
ities as they are aging or postinjury, this would increase
their cognitive reserve.’’>>® Interestingly, the large effect
size found for the association between caregivers’ AS
and cognitive decline of individuals with TBI is equal
to or even greater than the medium to large effect size
found in cognitive reserve studies.’”-¢°

Factors other than the caregiver certainly influence
cognitive decline and might have confounded the group
differences we report. However, we found no signifi-
cant between-group differences for AS participants on
language (naming, comprehension), executive functions
(mental flexibility, verbal fluency, abstract reasoning),
memory or visual perception, posttraumatic stress dis-
order, functional status, or brain volume loss at their
phase 4 evaluation.

It is also possible that participants predisposed to par-
ticular cognitive trajectories might have become paired
with caregivers with particular ASs. Although individu-
als, regardless of their own AS, are overall more attracted
by secure individuals, some studies found other patterns
of attraction.!>-®! Those with an insecure AS are more
likely to be attracted by insecure partners than secure
individuals. In the current study, we didn’t find any sig-
nificant difference between LF and HF participants’ AS
and personality traits.

100
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Figure 2. Individual cognitive decline slopes of the 20 par-
ticipants with TBI of the high fearful group. AFQT indicates
Armed Forces Qualification Test; TBI, traumatic brain injury.
Participant with TBI 20 is an outlier but it is not unheard of for
someone to show improvement over a lifetime of experience.
In his case, he completed his GED after leaving the military
(which means after his pre-injury AFQT). He also reported
experiencing some difficulties with english and reading while
in school. In the post-injury AFQT, his vocabulary subscore
is about the same than his arithmetic one. Although we don’t
have the detail of his pre-injury AFQT, we can speculate that
he might have improved greatly his semantic knowledge in the
meanwhile.

There have been very few studies that have examined
interventions to modify AS; this limitation may be due
to AS being considered a trait. A recent study by Kinley
and Reyno® found increased secure attachment and
decreased fearful attachment after 6 weeks of intensive
group psychotherapy. Another intervention that could
be explored is cognitive-behavioral therapy, as it has
shown short-term and long-term efficacy for anxiety.®
Since fearful AS is associated with anxiety disorder,®
it might be valuable to treat anxiety in caregivers in
the hope of protecting or enhancing cognition in
participants.

The study has some limitations. While the VHIS sam-
ple has many advantages, such as homogeneity and base-
line data, it may limit the generalizability of the results
to populations more diverse in terms of sex, age, race,
and socioeconomic status. Moreover, the study design
did not allow for conclusions regarding the direction of
the association between cognitive decline and AS, nor
does it allow inference of causal relationship. Although

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

93



Association of Caregiver Attachment Style With Patient Cognitive Decline After TBI 7

we showed a large effect size of the association between
caregivers’ AS and cognitive trajectory of participants
with TBI, we are unsure of the mediator factor(s) of this
association. An interesting research direction would be
to analyze caregiver’s behavioral data, measuring, for
example, how much the caregiver controls the environ-
ment of participants with TBI or how much the caregiver
protects the participant with TBI. Finally, the association
between caregivers’ AS and specific cognitive functions
could not be determined because of the limitations of
the AFQT; we were not able to address this issue. Our
participants with TBI were older than 60 years at the
time of this evaluation. On the basis of our extensive 1-
week inpatient evaluation, we did not detect symptoms
of dementia in this cohort but we were able to document
exacerbated cognitive decline that was dependent on a
number of factors such as lesion characteristics, prein-
jury cognitive status, presence or absence of epilepsy,
and so on.
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