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Abstract

Mood and anxiety disorders are psychiatric diagnoses characterized primarily by
poorly controlled expression of negative emotion. Clinical neuroimaging studies have
identified abnormalities in the structure and function of the ventromedial sector of the
prefrontal cortex (vmPFC) in virtually all mood and anxiety disorders, suggesting that
this brain area underlies some critical domain of affective function that cuts across
diagnostic categories. However, the neural mechanisms by which vimPFC contributes to
affective psychopathology are not fully understood. The predominant neural circuitry
theory proposes that vimPFC regulates negative affect via top-down inhibition of areas
involved in processing negative emotion—particularly the amygdala—and that
pathologically elevated levels of negative affect characteristic of mood and anxiety
disorders result from deficient vimPFC-mediated inhibition of amygdala activity. The
goal of this dissertation is to test and refine this model through a novel combination of
functional magnetic resonance imaging (fMRI) and human lesion methodologies.
Subjects included neurosurgical patients with focal, bilateral vimPFC lesions and
psychopathic prison inmates with similar deficits in affective processing. Using an fMRI
task involving the cued presentation of aversive and neutral visual stimuli in the vimPFC
lesion patients, we found evidence for a causal role of vmPFC in regulating amygdala
activity. Building on the results of this first experiment, we examined the effects of
vmPFC damage on brain regions outside of the amygdala. Patients with vmPFC damage
exhibited altered anticipatory processing of uncertain outcomes in bilateral insula and

reduced resting perfusion in the bed nucleus of stria terminalis, highlighting the



distributed effects of vimPFC damage on brain regions and psychological processes
relevant to affective psychopathology. In a final study of prison inmates with
psychopathy, we discovered reduced structural and functional connectivity between the
amygdala and vimPFC, underscoring the relevance of circuit-level connections with
vmPFC across a range of affective dysfunction. Taken together, the findings summarized
in this dissertation provide direct evidence of a causal role of vmPFC in the modulation
of neural, physiological, and behavioral expressions of negative affect. These studies
highlight a need to refine and elaborate prevailing neurocircuitry models of affective

psychopathology.
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Chapter 1. Introduction and Significance

Recent epidemiological survey data indicate that nearly one third of the United States
population currently meets diagnostic criteria for one or more psychiatric disorders in the
Diagnostic and Statistical Manual (DSM) of Mental Disorders (Kessler et al., 2005a).
Mood and anxiety disorders, characterized primarily by deficits in the expression and
regulation of negative emotion, are two of the most common diagnoses, with prevalence
rates of 18 and 10 percent, respectively (Kessler et al., 2005b; Kessler et al., 2005a).
Despite the considerable burden these disorders pose to individuals and to society
(Bereza et al., 2009), depression and anxiety remain poorly understood and, in many
cases, resistant to treatment (Bruce et al., 2005; Gibbons et al., 2012; Cuijpers et al.,
2014). Substantial individual variability in their presentation, course, and response to
treatment introduce significant barriers to effective clinical management. Unlike many
other disorders treated within the contemporary medical establishment, for which
clinicians use reliable biomarkers to effectively guide diagnosis, prognosis, and
treatment, the identification of consistent and meaningful biological substrates of
psychiatric disorders has remained elusive (Kapur et al., 2012).

Although current diagnostic categories based on clinical consensus have provided an
invaluable foundation for clinical diagnosis and research, many clinicians and researchers
see poor treatment outcomes as an indictment of overly rigid diagnostic categories that
fail to capture the underlying mechanisms of dysfunction (Insel et al., 2010; Kapur et al.,
2012). Therefore, a major goal of modern psychiatric medicine is to develop a system of

diagnosis and treatment that is based on the pathophysiological mechanisms underlying



mental illness, irrespective of diagnostic category (Insel et al., 2010; Kapur et al., 2012;
Cuthbert and Insel, 2013). This framework places a particular emphasis on the objective
assessment of neural circuits responsible for particular domains of psychological or
behavioral dysfunction that may be shared across traditional diagnoses (Insel et al., 2010;
Kapur et al., 2012; Cuthbert and Insel, 2013).

Brain structure and function, readily measured in vivo using modern neuroimaging
techniques, are beginning to emerge as potential diagnostic and prognostic markers for a
host of psychiatric disorders (Mayberg et al., 2000; Whalen et al., 2008; Nitschke et al.,
2009; Pizzagalli, 2011; Heller et al., 2013; McGrath et al., 2013). However, to date,
neuroscientific study of the biological substrates of psychopathology in humans has been
dominated by research comparing individuals with a clinical diagnosis to typically
developing, or psychiatrically “healthy”, adults. Although these studies have yielded
undeniable insights to the patterns of brain structure and (dys)function associated with
mood and anxiety disorders, they are inherently limited in their capacity to assess the
causal contributions of observed neurobiological differences to dysfunctional behavior; in
other words, while these studies succeed in “mapping” dysfunction to particular systems
and circuits, they are unable to determine whether observed neurobiological differences
are indicative of a diathesis, or pre-existing risk, or whether they instead reflect changes
that emerge as a consequence of the disorder. This limitation has clear implications for
the utility and predictive validity of neuroimaging in the diagnosis and treatment of
mental illness. The development of more reliable and predictive biomarkers for mood and

anxiety disorders would therefore benefit from a complementary approach to more fully



illuminate the neural circuitry responsible for affective functions commonly disrupted in
these disorders.

The ventromedial sector of prefrontal cortex (vimPFC) is a brain area of critical
importance in this regard. Clinical neuroimaging studies have identified abnormalities in
vmPFC function and structure in virtually all mood and anxiety disorders, including
major depression (Drevets et al., 1992; Mayberg et al., 1999; Mayberg et al., 2000;
Mayberg et al., 2005; Greicius et al., 2007; Etkin and Schatzberg, 2011), post-traumatic
stress disorder (Rauch et al., 2006; Shin et al., 2006; Etkin and Wager, 2007; Koenigs and
Grafman, 2009b; Kuhn and Gallinat, 2012), obsessive-compulsive disorder (Harrison et
al., 2012; Stern et al., 2012), generalized anxiety disorder (Etkin and Schatzberg, 2011;
Greenberg et al., 2013), panic disorder (Uchida et al., 2008), bipolar disorder (Almeida et
al., 2009; Versace et al., 2010), social anxiety disorder (Blair et al., 2010), and specific
phobias (Hermann et al., 2007, 2009). The pervasive involvement of vimPFC dysfunction
in mood and anxiety disorders suggests that vimPFC underlies some critical domain (or

domains) of affective function that cut across traditional diagnostic categories.

Research Strategy

The lesion method has traditionally been the gold standard for interrogating whether a
brain region is a critical neural substrate for a particular functional domain. The strength
of the lesion method lies in its unique capacity to ascertain whether damage to a
particular brain region is causally related to the impaired function. Examining patterns of
brain activity, peripheral physiology, and behavior following focal damage to key brain

regions implicated in anxious and depressive psychopathology could be a key step toward



elucidating the critical neural substrates of affective dysfunction in these disorders. The
ubiquity of studies reporting alterations in structure and function of vimPFC, across
diagnostic categories, highlights the necessity of research investigating the mechanisms
by which this brain region contributes to observed behavioral phenotypes.

Using the lesion method, in concert with human neuroimaging techniques, the aim of
this dissertation is to better understand the varied roles of vmPFC in affective function
and dysfunction. In the following sections, I briefly introduce the reader to the concepts
of emotion and emotion regulation, summarize data linking these processes to specific
brain regions and networks (particularly vmPFC), and conclude the introduction by
outlining a widely accepted neural circuitry model of affective dysfunction in mood and
anxiety disorders. In the ensuing empirical chapters, I describe a series of experiments
that test and refine central predictions of this model in pursuit of a more complete
understanding of the role of vimPFC in affective processes relevant to psychopathology.
Using existing models as a guiding framework, I conclude by presenting alternative

explanations to better reconcile the full complement of available data.



Chapter 2. Emotion Regulation and Psychopathology

Emotion is an evolving concept. Throughout recorded human history, emotions have
alternately been viewed as supernatural intrusions, signs of virtue, disruptive influences
on cold reason, and adaptive biological phenomena (Solomon, 2010; Stearns, 2010). The
emergence of Darwinian perspectives on psychology in the 19" century heralded a
palpable shift toward a more functionalist approach to emotion (Darwin, 1872; James,
1884). This approach highlights the potential adaptive functions of emotions, suggesting
that emotional states can serve as visceral guidance cues to bias action tendencies, guide
decision-making, enhance memory, and facilitate social interaction (Campos et al., 1994).
Emotional states, like fear, sadness, anger, and disgust, are each associated with loosely
coupled but coordinated changes in autonomic and endocrine physiology, behavior, and
subjective experience that anticipate and guide behavioral responses based on the context
of the situation and the goals of the individual.

Inherent in the functionalist perspective is the capacity for emotions to influence and
potentially disrupt higher-order cognitive and intellectual processes (Campos et al.,
1994). In other words, the mechanisms by which one evaluates and controls one’s
emotions and with which one’s emotions affect control processes are mutually influential.
At times, the disruptive influences of emotion can seem overwhelming: fear of an
impending public speech directing attention to negative feedback, sadness leading to
withdrawal from important and personally meaningful goals, unchecked or misplaced
anger disrupting valuable interpersonal relationships. Each of these situations provides an

example of the power of our emotions to guide our thoughts and behavior in ways that



are maladaptive and potentially harmful to wellbeing. Thus, in most situations, we must
regulate our emotions to conform to our current goals, or to the environmental and social
context within which the emotion occurs.

An emerging field of research on emotion regulation has largely focused on
conscious, cognitive strategies that can be used to deliberately regulate emotional
experience (Gross, 2002; Ochsner and Gross, 2005; Ochsner and Gross, 2008). However,
the expression of any given emotional response may be highly variable depending on any
number of mutually influential factors, such as: the environmental or social context of the
experience, previously learned associations, expectations about the experience, awareness
or attention, effortful attempts to regulate or reappraise the experience, and even the
current emotional state, to name a few. Evidently, any given emotional experience can be
influenced by a variety of intrinsic and extrinsic psychological processes involved in
monitoring, evaluating, and modifying emotional reactions (Thompson, 1994). For the
purposes of this dissertation, I will define emotion regulation as a set of conscious and
unconscious processes by which individuals modulate their emotions to appropriately

respond to contextual demands (Aldao et al., 2010).

The burden of dysregulation

In certain cases, unchecked emotional expression or an impaired capacity for
regulation can have profound effects on physical and psychological health (McEwen and
Sapolsky, 1995; Sapolsky, 1996; Aldao et al., 2010). Indeed, problems with emotion or
emotion regulation feature prominently in the diagnostic criteria for the majority of DSM

diagnoses (American Psychiatric Association, 2013). Mood and anxiety disorders in



particular are largely defined by deficits in emotional expression and regulation. For
example, across anxiety disorders, the principle diagnostic criterion is “marked fear or
anxiety” about particular objects, situations, or events (American Psychiatric Association,
2013). In major depressive disorder, diagnostic criteria include persistent depressed mood
and feelings of sadness (American Psychiatric Association, 2013). In both disorders,
affective pathology is typically characterized by context-inappropriate emotional
expression—the experience and display of a potentially normative emotional response
that does not match the guidelines of current goals or situations (Davidson et al., 2000).
Thus, although fear and sadness may be perfectly normal emotional responses in the
appropriate context, when they are expressed at inappropriate times, or in situations in
which most individuals would not express such emotions, they become pathological. In
modern society, such contextually inappropriate response patterns can encourage social
isolation and further reinforce maladaptive patterns of emotional expression and
modulation.

Clearly, a better understanding of the neurobiological underpinnings of effective and
dysfunctional emotional expression and regulation could have a profound impact on the
way clinicians diagnose and treat mood and anxiety disorders. In the next section, |

review evidence supporting a key role for the vmPFC in affective processing.



Chapter 3. Neurobiological underpinnings of adaptive and maladaptive emotion

regulation

Phineas Gage and modern insights from the lesion method

In 1848, the physician John Harlow published what is now considered the first
reported link between brain injury and emotional dysfunction (Harlow, 1848). In
September of that year, Harlow was called upon to treat Phineas Gage, a 25-year-old
railroad foreman on the Rutland & Burlington line in Vermont. Gage had been preparing
blasting powder with a tamping rod when, suddenly, the iron rod sparked against the
rock, triggering an explosion that sent the tapered end of the roughly 4-foot long, 1.25
inch diameter rod through the side of Gage’s face and up through the midline of his brain
before exiting through the top of his head and landing some distance away. Despite the
mortal nature of his injury, Gage regained consciousness within a few minutes and was
able to walk under his own power shortly after arriving to a nearby town for treatment.

In a retrospective report published two decades after the accident, Harlow described

the unique changes that befell Gage in the wake of his brain injury:

““His contractors, who regarded him as the most efficient and capable foreman in their employ

previous to his injury, considered the change in his mind so marked that they could not give him his
place again. The equilibrium or balance, so to speak, between his intellectual faculties and animal
propensities, seems to have been destroyed. He is fitful, irreverent, indulging at times in the grossest
profanity (which was not previously his custom), manifesting but little deference for his fellows,
impatient of restraint or advice when it conflicts with his desires, at times pertinaciously obstinate, yet
capricious and vacillating, devising many plans of future operation, which are no sooner arranged than

they are cloned in turn for others appearing more feasible. [...] Previous to his [injury] though



untrained in the schools, he [...] was looked upon by those who knew him shrewd smart business man,

very energetic and [persistent] executing all his plans of operation. In this regard [he] was radically

995

changed, so decidedly that his [friends] and acquaintances said he was ‘no longer Gage.”” (Harlow,

1868)

Harlow paints the picture of a man who, once a model of persistence, respect, and
strength of character, was immediately and permanently transformed following his injury.
After his recovery, Gage was profane, obstinate, and animalistic, absent any overt
alterations in his cognitive faculties of language, memory, reason, and general
intelligence. In sum, the injury left Gage with profound disruptions in affect, behavioral
control, and decision-making.

From the anatomical description of Harlow (Harlow, 1868) and subsequent modern
anatomical reconstructions (Damasio et al., 1994), we now know that Gage suffered
damage restricted primarily to the ventral and medial sectors of his frontal lobes. This
region, commonly referred to as ventromedial prefrontal cortex (vmPFC), covers a large
swath of the frontal lobes, extending from the medial surface of the orbitofrontal cortex
to the ventral third of the medial prefrontal cortex. Although the exact boundaries of
vmPFC remain a subject of debate in the literature, this area is generally thought to
subsume Brodmann’s cytoarchitectonic areas 11, 12, 13, 24, 25, 32, and the medial
portion of 10 below the level of the genu of the corpus callosum (Figure 1). Therefore,
vmPFC encompasses a heterogeneous population of cytoarchitectonically and
functionally distinct subregions sharing a common gross anatomical location and a

largely conserved pattern of connectivity with other brain areas. The vmPFC is a higher
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order association cortex with extensive inputs and outputs, especially to limbic' regions
like the insula, cingulate gyrus, amygdala, hippocampus, and dorsomedial thalamus
(Figure 1). This network of connections affords the vimPFC the ability to receive and
monitor large amounts of sensory data and to influence a host of other brain regions,
particularly the amygdala. Importantly, damage to vmPFC, in addition to affecting local
processing within this region, disrupts the majority of bidirectional connections between
the frontal lobes and subcortical and limbic regions (Eslinger and Damasio, 1985).

In more than a century since the first description of Gage’s injury, similar reports of
profound, yet specific, alterations in personality and emotion began to emerge in the
literature. In most cases, these patients suffered damage similar to Gage, restricted largely
to the orbital and medial surfaces of the frontal lobes, commonly resulting from large
anterior cranial fossa meningiomas or anterior communicating artery aneurysms. The
patterns of behavior in these patients stood in stark contrast to other descriptions of
frontal lobe damage following more extensive cortical lesions to the dorsal and lateral
cortex. Whereas global prefrontal lesions elicited variable behavioral deficits in executive
functions (e.g., attention, memory, and planning) depending on the location and extent of
damage, nearly all cases of vmPFC damage were accompanied by disruptions in emotion,
social behavior, and decision-making (Fuster, 2008b). In 1975, Blumer and Benson

coined the term “pseudopsychopathy” to describe the personality changes characteristic

' The “limbic system” refers to a network of brain areas linked by common
cytoarchitectonic organization, similar functional properties, and overlapping anatomical
connectivity to brainstem and hypothalamic regions involved in the control of visceral
and physiological processes. The word “limbic” comes from the Latin word “limbus”,
meaning, “border” or “edge.” Indeed, the brain regions comprising the limbic system
form a sort of border, or interface, between higher order cortical structures and brainstem
and hypothalamic structures controlling the internal physiological milieu (Papez, 1937;
Maclean, 1954).
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vmPFC
Amygdala

ACC

Insula
Hippocampus

Thalamus

Figure 1. Illustration of ventromedial prefrontal cortex and interconnected structures. The area
shaded in yellow on sagittal midline (top left) and axial (top right) sections of the brain denotes vmPFC.
Ventral areas of the ACC, shown in blue on sagittal (top left) and coronal (bottom left) sections, are
sometimes included in anatomical descriptions of vimPFC. ACC, Anterior Cingulate Cortex; vmPFC,
ventromedial Prefrontal Cortex.

of these patients (e.g., blunted affect, lack of empathy, irresponsibility, and poor decision-
making), in light of their striking resemblance to hallmark psychopathic personality traits
(Blumer and Benson, 1975).

In recent decades, groups of patients with focal vmPFC lesions have been more
carefully studied, permitting more thorough characterization of the specific affective

processing deficits associated with damage to this brain region. For example, utilizing the
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Towa Rating Scale of Personality Change (IRSPC)?, Barrash and colleagues found that,
relative to patients with lesions outside vimPFC, patients with focal vimmPFC damage
exhibited dampening of emotional experience and poorly modulated emotional reactions,
in addition to other deficits in decision-making and goal-directed behavior (Barrash et al.,
2000). In other studies, adult-onset vmPFC damage has been associated with increased
aggression and emotional lability, especially in response to frustrating situations
(Grafman et al., 1996; Blair and Cipolotti, 2000). More recently, vimPFC damage has
been linked to variable deficits in recognizing emotional expressions in others (Heberlein
et al., 2008; Wolf et al., 2014).

One of the most consistently reported deficits in vmPFC lesion patients is attenuation
of the autonomic and physiological components of an emotional response. Electrodermal
skin conductance responses (SCRs) are commonly used peripheral indices of autonomic
arousal, reliably elicited by stimuli with emotional or arousing content (Bradley et al.,
2001; Dawson and Schell, 2007). Damasio and colleagues observed that patients with
vmPFC damage exhibited blunted SCRs to emotionally evocative stimuli, despite
exhibiting normative SCRs to orienting stimuli like loud noises (Damasio et al., 1990). In
a similar study investigating the recall and re-experience of a previous emotional event,
Tranel and colleagues observed decreased SCRs and decreased self-reported emotional
intensity in patients with vimPFC damage (Tranel et al., 1998). Several studies have

linked vimPFC damage to reduced anticipatory arousal under conditions of risk and

? The Towa Rating Scale of Personality Change is a structured clinical assessment of 30
specific personality changes obtained from a close associate (usually spouse or family
member) that is familiar with the change in the patient’s real-world behavior before and
after brain damage. Using information from collateral sources is necessary because
patients with vimPFC lesions are notable for their lack of insight to their own behavior
(Barrash et al., 2000).
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uncertainty (Bechara et al., 1997; Bechara et al., 1999), which correspond directly to
decision-making deficits in tasks involving uncertain or risky outcomes (Bechara et al.,
1994; Fellows and Farah, 2003; Tsuchida et al., 2010).

In spite of the profound alterations in affect observed in these patients,
neuropsychological testing indicates that intellectual and cognitive abilities of speech,
language, vocabulary, general intelligence, and memory remain intact, and in some cases,
above average. This profile is largely consistent with a putative role of vmPFC in the
generation and modulation of affect, sparing higher order cognitive and intellectual

capacities.

Modern insights from human brain imaging and post-mortem analysis

With the emergence and popularization of in vivo magnetic resonance imaging (MRI)
in the 1990s, the vmPFC has become the focus of significant attention as researchers
attempt to better understand psychiatric disorders characterized by disruptions in
affective processing, like depression and anxiety. As group lesion studies revealed large-
scale disruptions in social and affective processing following vimPFC damage, clinical
neuroimaging studies began to identify consistent differences in vimPFC structure,
function, and connectivity in mood and anxiety disorders (Mayberg et al., 2000; Etkin
and Wager, 2007; Greicius et al., 2007; Drevets et al., 2008; Etkin and Schatzberg, 2011;
Stern et al., 2012). For example, neuroanatomical studies of cortical volume in major
depressive disorder have found reduced volume in the subgenual cingulate region of
vmPFC (Drevets et al., 1997), with some studies indicating that volume increases

following successful pharmacological treatment (Manji et al., 2000). Post-mortem
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analyses of the brains of patients with major depressive disorder largely support the
structural imaging results, finding reduced numbers of glial cells and reduced neuronal
cell density within the vmPFC (Ongur et al., 1998; Cotter et al., 2001). In contrast,
functional imaging with positron emission tomography (PET) has revealed increases in
glucose metabolism in vmPFC in major depression (after correcting for reductions in
gray matter volume)(Drevets et al., 1997; Mayberg et al., 1999), with reductions in
resting metabolism observed after successful pharmacological treatment (Mayberg et al.,
2000; Drevets et al., 2002).

Although alterations in structure and function have been observed in a number of
additional brain regions linked to affective processing—including, but not limited to the
amygdala, insula, posterior cingulate/precuneus, lateral prefrontal cortex, and ventral
striatum—the vmPFC and amygdala are perhaps the most commonly cited neural
correlates of affective psychopathology in the extant literature, and have thus been the
focus of considerable investigation (Quirk and Gehlert, 2003; Quirk and Beer, 2006;
Rauch et al., 2006; Shin et al., 2006). Taken together, the brain lesion and imaging data
support the hypothesis that vmPFC is a critical neural substrate of emotion and social
behavior. In the following section, I outline the prevailing neurobiological model of
emotion regulation, which draws heavily upon previous human and animal research

implicating the vimPFC in affective psychopathology.
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Chapter 4. A model of vmPFC function in emotion regulation

The predominant neural circuitry model of emotion regulation, based largely on
animal studies of fear conditioning and extinction, proposes that vimPFC serves to
regulate negative affect via top-down inhibition of brain regions involved in processing
negative emotion—particularly the amygdala—and that pathologically elevated levels of
negative affect in mood and anxiety disorders result from deficient vmPFC-mediated
inhibition of amygdala activity (Quirk and Gehlert, 2003; Milad et al., 2006; Rauch et al.,
2006). Multiple lines of convergent evidence support this inhibitory model of vmPFC

function, described in turn below.

The role of amygdala in negative emotion

Abundant convergent data from human and animal studies implicate the amygdala as
a principal neural substrate of negative emotions, including fear and sadness (Davis and
Whalen, 2001; Dolan and Vuilleumier, 2003; Phelps and LeDoux, 2005). The amygdala
projects to brainstem and hypothalamic structures that coordinate the physiological,
autonomic, and musculoskeletal components of an emotional response (LeDoux et al.,
1988), and the central role of the amygdala in the acquisition and expression of
conditioned fear is well documented (Phelps and LeDoux, 2005). Stimulation of human
amygdala is sufficient to induce subjective experience of fear, anxiety, and sadness,
which are accompanied by concomitant increases in peripheral indices of autonomic
arousal (Lanteaume et al., 2007). Furthermore, human amygdala lesions are associated

with an increased tendency to approach potentially dangerous stimuli and reduced
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recognition and display of negative emotional expressions (Adolphs et al., 2005; Tranel
et al., 2006; Feinstein et al., 2011), although these patients have recently been shown to
exhibit anxious behavior under certain extreme conditions (Feinstein et al., 2013).
Together, these data implicate the amygdala as a critical neural substrate for the

expression of negative emotional states.

vmPFC-amygdala interactions and emotion regulation

Using fear conditioning and extinction paradigms, an elegant set of rodent studies
have demonstrated a causal chain between activity in infralimbic cortex (the purported
homolog of human vmPFC), inhibition of amygdala, and extinction of conditioned
behavioral and physiological fear responses (Milad and Quirk, 2002; Quirk et al., 2003;
Milad et al., 2006; Quirk et al., 2006). Projection fibers from rodent infralimbic cortex
synapse on inhibitory intercalated cells that strongly inhibit the output of the amygdala
(Royer et al., 2000), electrophysiological studies in rodents have demonstrated that
medial PFC stimulation directly decreases the responsiveness of amygdala neurons
(Quirk et al., 2003; Rosenkranz et al., 2003), with corresponding reductions in the
behavioral and physiological expression of conditioned fear (Milad and Quirk, 2002).

In humans, functional imaging studies have demonstrated that activity in vimPFC and
amygdala is inversely related during the extinction of conditioned fear (Phelps et al.,
2004) and during the volitional suppression of negative emotion (Urry et al., 2006;
Johnstone et al., 2007; Delgado et al., 2008), with the inverse coupling between vimPFC
and amygdala commonly disrupted in mood and anxiety disorders (Milad et al., 2006;

Rauch et al., 2006; Johnstone et al., 2007). More recently, both anxiety and depression
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have been associated with decreases in structural and functional connectivity between the
amygdala and medial PFC (Kim and Whalen, 2009; Kim et al., 2010; Kim et al., 2011).

Anatomical tracing studies in rodents and non-human primates indicate that the
amygdala and prefrontal cortex (PFC) are extensively and reciprocally connected
(Amaral and Price, 1984; McDonald et al., 1996; Ghashghaei et al., 2007), with orbital
and medial regions of the PFC exhibiting the highest concentration of projected
(McDonald et al., 1996) and received fibers (Ongur and Price, 2000), providing a viable
anatomical substrate for the observed functional relationship.

Taken together, these studies strongly support the assertion that the PFC, with a
particular emphasis on ventral and medial sub-regions, is an important regulator of the
amygdala (Davidson, 2002; Ochsner et al., 2002), and further, that the exaggerated
negative affect typical of mood and anxiety disorders may be due to deficient regulation

of amygdala by vmPFC (Drevets, 2003; Quirk and Gehlert, 2003; Rauch et al., 2006).

Limitations of the top-down inhibition model

Given the putative role of vmPFC in emotion regulation, one might predict that
individuals with damage to this region would exhibit patterns of behavior consistent with
pathological anxiety or depression. Although the data presented above are consistent with
the proposal that vmPFC plays a critical and causal role in regulating amygdala activity,
the characteristic presentation of human vmPFC lesion patients (summarized in the
previous section) reveals a discrepancy between predicted and observed behaviors.
Human vmPFC lesions are commonly associated with changes in personality and

behavior that are notably distinct from those typical of anxious and depressive
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psychopathology (Eslinger and Damasio, 1985; Barrash et al., 2000). Rather, personality
changes accompanying vimPFC damage (e.g., lack of empathy, social disinhibition,
blunted affect, irresponsibility, and poor decision-making) bear striking resemblance to
hallmark psychopathic personality traits, and have been dubbed “pseudopsychopathy”
(Blumer and Benson, 1975) and “acquired sociopathy” (Eslinger and Damasio, 1985).
Similarly, patients with vimPFC damage typically exhibit blunted (not enhanced)
physiological responses to emotionally evocative stimuli, more akin to individuals with
psychopathy than patients with depression and anxiety (Hare, 1965; Hare et al., 1978;
Damasio et al., 1990; Bechara et al., 1997; Bechara et al., 1999). Focal vmPFC damage
has actually been shown to reduce the likelihood of developing post-traumatic stress
disorder (PTSD) and depression (Koenigs et al., 2008a; Koenigs et al., 2008b). These
observations are largely consistent with previous studies of resting glucose metabolism in
major depression, indicating that metabolism in the subgenual cingulate region of vmPFC
is increased (not decreased) in depression (Mayberg et al., 2000), and that successful
treatment is associated with reductions in resting metabolism. Thus, increased vimPFC
activity in depression may reflect the generation and expression (rather than the
regulation) of negative affective states. Finally, a recent study of non-human primates
found that orbitofrontal cortex lesions impinging on the major outflow tracts between
vmPFC and amygdala were associated with reduced activity in the extended amygdala
and reduced anxiety behaviors (Fox et al., 2010).

Thus, it remains unknown whether the disruption of vmPFC function would in fact
significantly disinhibit amygdala activity in humans. These seemingly contradictory

findings suggest that a more thorough understanding of the interaction between the



vmPFC and amygdala (or other brain regions involved in negative affect) will be

necessary to elucidate the contribution of vmPFC to emotional psychopathology.
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Chapter 5. Objectives and Hypotheses

Despite substantial convergent evidence supporting a putative role of vimPFC in the
modulation of emotion through direct regulation of amygdala activity, there are several
apparent limitations to this model of vimPFC function in its current form. Most notably,
human vmPFC lesions elicit changes in behavior and physiology in direct opposition to
what might be expected if vimPFC were indeed critical for top-down regulation of
negative affect. These ostensibly contradictory findings suggest that a more nuanced
understanding of the interaction between the vimPFC and other brain regions implicated
in the expression of negative emotion, like the amygdala, will be necessary to clarify the
role of vimPFC in the modulation of negative affective states.

To date, much of the insight linking particular brain regions to the psychological
processes of emotion regulation has been gleaned from electrophysiological studies in
animals and functional imaging studies in humans with psychiatric illness. Although
these sources of data have significantly advanced our understanding of the neural bases
of mood and anxiety disorders, there are significant limitations associated with each
approach. Animal models are inherently restricted in their capacity to address the
uniquely human features of psychiatric illness, and the correlative nature of human
neuroimaging data precludes causal inferences between observed brain activity and
behavior. Therefore, a more complete understanding of the neurobiological mechanisms
underlying mood and anxiety disorders requires a complementary experimental approach.

As outlined in the introduction, the lesion method has traditionally been the gold

standard for interrogating whether a brain region is a critical and causal neural substrate
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for a particular functional domain. The inconsistency between current neurobiological
models of emotion regulation and extant human lesion data highlights the necessity of
research investigating the mechanisms by which brain regions implicated in affective
processing contribute to observed behavioral phenotypes. Examining patterns of brain
activity, physiology, and behavior following focal damage to vimPFC will be a
fundamental step toward elucidating the critical role of this brain region in the
modulation and expression of negative affect.

In the next three chapters of this dissertation, I deploy the method outlined above to a
group of rare human patients with focal, stable vimPFC lesions. In Chapter 6, I use
structural and functional imaging techniques, together with peripheral recordings of
cardiac physiology, to examine how damage to the vmPFC affects amygdala activity and
peripheral physiological responses to aversive stimuli. Building on the results of this first
experiment, the subsequent two chapters examine the effects of vmPFC damage on brain
regions outside of the amygdala, and how individual differences in brain activity in these
regions contribute to behavioral and physiological processes relevant to the pathogenesis
of anxiety and depression. Finally, in Chapter 9, I apply the insights from previous
chapters to a separate clinical population with marked impairments in affective
function—prison inmates with psychopathy. As mentioned above, psychopathic
individuals are notable for their similarity to patients with vmPFC damage. This final
experiment illustrates the generalizability of new perspectives of vimPFC function
gleaned from the previous chapters. I conclude with a summary and integration of the
research findings, with special consideration given to neurobiological models of affective

psychopathology.
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Chapter 6. Ventromedial prefrontal cortex is critical for the regulation of

amygdala activity in humans

As described in the previous sections, despite considerable evidence from cellular and
electrophysiological studies in animals and functional imaging studies in humans, the
prevailing model of emotion regulation is unable to reconcile the predicted and observed
patterns of behavior following human vmPFC lesions. Whereas the model predicts that
vmPFC damage should promote amygdala hyperactivity and downstream enhancement
of behavioral and physiological indices of negative affect, patients with focal vimPFC
lesions characteristically present with blunted physiological and behavioral indices of
emotion and are /ess likely to develop anxious and depressive psychopathology than
patients with lesions outside vmPFC (Damasio et al., 1990; Koenigs et al., 2008a;
Koenigs et al., 2008b).

Thus, it remains unknown whether the disruption of vmPFC function would in fact
significantly disinhibit amygdala activity in humans. In this chapter, I address this
empirical gap through a novel application of functional magnetic resonance imaging
(fMRI) to four neurosurgical patients with focal, bilateral vmPFC lesions. The aim of this
chapter is to determine whether patients with vmPFC damage exhibit increased amygdala
activation to aversive stimuli, as would be predicted by the prevailing model of vmPFC
function in emotion regulation.

Previous work in human populations indicates that pictures with aversive content
(e.g., images of interpersonal violence, accidents, dismemberment, and otherwise

aversive material) robustly activate the amygdala in neurologically and psychiatrically



23

healthy adults, as well as in mentally ill populations (Phan et al., 2002; Costafreda et al.,
2008; Ewbank et al., 2009). To examine the effects of focal vimPFC damage on amygdala
reactivity, the present study used fMRI and a peripheral measure of cardiac physiology
during a task involving the cued presentation of aversive and neutral picture stimuli. A
finding of increased amygdala activation to aversive stimuli in the vmPFC lesion group
would provide support for the hypothesis that vimPFC exerts a causal influence on

amygdala activity in humans.

Methods

Participants

The target lesion group consisted of four adult neurosurgical patients with extensive
bilateral parenchymal damage, largely confined to the vmPFC—defined as the medial
one-third of the orbital surface and the ventral one-third of the medial surface of
prefrontal cortex, bilaterally (Figure 2). Each of the four patients underwent surgical
resection of a large anterior cranial fossa meningioma via craniotomy. Initial clinical
presentations included subtle or obvious personality changes over several months
preceding surgery. On post-surgical MRI, although vasogenic edema largely resolved,
there were persistent T,-weighted signal changes, consistent with gliosis, in the vimPFC
bilaterally. All experimental procedures were conducted more than three months after
surgery, when the expected recovery was complete. At the time of testing, all patients had
focal, stable MRI signal changes and resection cavities and were free of dementia and

substance abuse.
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# of patients with damage

Figure 2. Lesion overlap of vmPFC patients. Color indicates the number of overlapping lesions at
each voxel. All vmPFC patients had damage to the medial one-third of the orbitofrontal cortex and the
ventral one-third of medial surface of prefrontal cortex, bilaterally. This area includes Brodmann areas
11,12, 13, 24, 25, 32, and the medial portion of 10 below the level of the genu of the corpus callosum,
as well as subjacent white matter.

Nineteen healthy adults with no history of brain injury, neurological or psychiatric
illness, or current use of psychoactive medication were recruited as a normal comparison
(NC) group. From the full NC group, we selected a subsample of n=10 subjects who were
more closely matched to the vmPFC patients in age and gender, to corroborate results
from the larger NC sample. Demographic and neuropsychological data for the vimPFC

and NC groups are summarized in Table 1.

Event-related fMRI task
During the fMRI task, adapted from a previous paradigm shown to elicit strong

amygdala activation in healthy subjects (Sarinopoulos et al., 2010), subjects viewed 64
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Table 1. Subject Characteristics: Lesion Study

Pos Neg
Age Sex Edu 1Q BDI-II | STAI-T
Aff Aff
vmPFC 58.5 3M 155 | 103.8 36 17.0 7.0 34.3
(n=4) (6.2) 1F @n [ 124 | 84 | 87 | B2 9-5)
NC 51.7 11 M 17.7 | 1109 | 37.8 13.0 4.0 31.6
(n=19) 9.9) 8F (3.5) (7.2) (4.9) (2.4) (3.3) (6.0)
NC age 50+ 59.8 8M 16.8 | 113.1 | 392 12.6 3.7 29.6
(n=10) (4.7) 2F 23 | 72 | 64 | en | @9 (5.0)
P (vmPFC vs NC) 0.16 0.63 0.51 0.25 0.56 0.73 0.11 0.44
P (vmPFC vs NC
(vmPFC vs 0.95 099 | 064 | 014 | 054 | 064 | 013 0.28
age 50+)

Means are presented with standard deviations in parentheses. Edu, years of education; 1Q, intelligence
quotient estimated by the Wide Range Achievement Test 4, Blue Reading subtest (Wilkinson and
Robertson, 2006); Pos/Neg Aff, scores from the Positive and Negative Affect Schedule (PANAS) (Watson
et al., 1988); BDI-II, Beck Depression Inventory-II (Beck et al., 1996) ; STAI-T, trait version of the
Spielberger State Trait Anxiety Inventory (Spielberger et al., 1983).

unique images drawn from the International Affective Picture System (IAPS) (Lang et
al., 2008), divided evenly among pictures with aversive and neutral content (see Figure 3
and Supplementary Table 1 for details). Aversive stimuli consisted of 32
negative/unpleasant and arousing images, based on published norms (Ewbank et al.,
2009; Lang et al., 2008) (Valence: 2.01+0.39; Arousal: 6.25+0.7). Neutral stimuli
consisted of 32 images with neutral valence and low arousal ratings (Valence: 4.96+0.21;
Arousal: 2.95+0.77). All images were preceded by one of three visual cues (“X”, “O”, or
“?”). The “X” and “O” cues indicated that the subsequent image would be aversive or
neutral, respectively, whereas the “?” cue provided no information regarding the
emotional content of the image (equal likelihood of aversive or neutral content). Each
experimental trial consisted of a cue presented for 2 s, followed—after a jittered inter-

stimulus interval (ISI) (range: 2-8 s)—by a 1 s picture presentation. After a second

jittered ISI (range: 5-9 s), subjects had 4 s to rate their emotional response to the image
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Picture

Aversive

Trial: 17 - 29 s
Run: 12.4 min

Figure 3. fMRI task used to assess amygdala responses to aversive and neutral pictures. Each
experimental trial (pictured) consisted of a cue (“X”, “O”, or “?”) presented for 2 s, followed—after a
jittered inter-stimulus interval (IST) (range: 2-8 s)—by a 1 s picture presentation (Aversive or
Neutral). After a second jittered ISI (range: 5-9 s), subjects had 4 s to rate their emotional response to
the image using a 4-item likert scale ranging from 1 (“very positive™) to 4 (“very negative”). There
were two experimental runs of 32 trials each, with each run lasting ~12.4 min.

using a 4-item scale ranging from 1 (“very positive) to 4 (“very negative”) (see
Supplementary Table 2 for rating data). Prior to scanning, subjects were informed of all
cue-picture contingencies and completed a practice task consisting of 16 unique trials (4

per cue-picture pair) to ensure task comprehension.

MRI data acquisition

All structural and functional MRI data were acquired using a 3.0 T GE Discovery
MR750 scanner equipped with an 8-channel radio-frequency head coil array (General
Electric Medical Systems; Waukesha, WI). High-resolution T;-weighted anatomical

images were acquired using an inversion-recovery spoiled GRASS [SPGR] sequence



(TR=8.2ms, TE=3.2ms, a=12°, FOV=256x256mm, matrix=256x256, in-plane
resolution=1x lmm?, slice thickness=1mm, 1024 axial slices). To facilitate lesion
segmentation, we collected a separate T,-weighted FLAIR scan (TR=8650ms,
TE=136ms, a=0°, FOV=220x220mm2, matrix=512x512, in-plane
resolution=0.43x0.43mm?, slice thickness=5 mm, gap Imm, 25 axial slices).

Baseline resting cerebral blood flow (CBF) was estimated using a 3D fast spin echo
spiral sequence with pseudocontinuous arterial spin labeling (pcASL) (Dai et al., 2008;
Xu et al., 2010; Okonkwo et al., 2012) and background suppression for quantitative
perfusion measurements (TR=4653ms, TE=10.5ms, post-labeling delay=1525ms,
labeling duration=1450ms, eight interleaved spiral arms with 512 samples at 62.5 kHz
bandwidth and 38 4-mm thick slices, number of excitations=3, scan duration=4.5min).

Whole-brain functional scans were acquired using a T,*-weighted gradient-echo
echoplanar imaging (EPI) sequence (TR=2000ms; TE=22ms; a=79°;
FOV=224x224mm?”; matrix=64x64, in-plane resolution=3.5x3.5mm?>, slice
thickness=3mm, gap=0.5mm, 38 interleaved axial oblique slices). Field maps were

acquired using two separate acquisitions (TR=600ms, TE;=7ms, TE;=10ms, 0=60°,
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FOV=240x240mm’, matrix=256x128, slice thickness=4mm, 33 axial oblique slices). The

two task runs lasted 12.4 minutes each. Scans were acquired in the following order:

pcASL, field map, rest, task, T1, T2-FLAIR.
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Heart rate data acquisition.
Cardiac data were acquired at 100 Hz with GE’s photoplethysmograph, affixed to the
left index finger throughout the scan session. Heart rate data were available for n=12 NC

subjects and all n=4 vmPFC lesion patients.

Lesion segmentation and image normalization.

Individual vmPFC lesions were visually identified and manually segmented on the
T;-weighted images. Lesion boundaries were drawn to include areas with gross tissue
damage or abnormal signal characteristics on T; or T» FLAIR images. T;-weighted
images were skull-stripped, rigidly co-registered with a functional volume from each
subject, then diffeomorphically aligned to the Montreal Neurological Institute (MNI)
coordinate system using a Symmetric Normalization (SyN) algorithm (Avants and Gee,
2004) with constrained cost-function masking to prevent warping of tissue within the
lesion mask (Brett et al., 2001). We created the lesion overlap map (Figure 2) by

computing the sum of aligned binary lesion masks for all four vmPFC patients.

fMRI task preprocessing and analysis.

Data analysis was conducted using AFNI (Cox, 1996) and FSL
(http://www.fmirb.ox.ac.uk/fsl) software. Individual task runs were slice time corrected,
field map corrected (Jezzard and Clare, 1999), motion corrected, smoothed with a 6-mm
full-width half-maximum (FWHM) Gaussian kernel, and scaled to percent signal change.
Preprocessed task data were concatenated and analyzed using a general linear model

(GLM) with separate regressors for each cue and picture type, the rating period, and
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several regressors of no interest, including six motion covariates from rigid-body
alignment (Johnstone et al., 2006) and a fourth-order polynomial to model baseline and
slow signal drift. Blood oxygen level-dependent (BOLD) signal was modeled by
convolving each event with AFNI’s default canonical hemodynamic response function
(HRF; gamma function). Because the identity of the cue did not significantly alter
amygdala responses to the aversive pictures in either group (Supplementary Table 3),
analyses were limited to aversive and neutral stimuli, irrespective of cue. Responses to
the cues themselves are described at length in Chapter 7. To avoid potential confounds
introduced by subject motion, volumes in which more than 10% of voxels were time
series outliers were censored prior to conducting the GLM; there were no group
differences in the average proportion of censored volumes (3°=2.09, P=0.15), or in mean
framewise displacement (NC: 0.06+£0.06mm, vmPFC: 0.04+0.02mm; W=28, P=0.44).
Resulting whole-brain maps of voxelwise -values for aversive and neutral pictures were
aligned to MNI space and resampled to 3mm?’ isotropic resolution for second-level
analyses.

To identify brain regions responsive to aversive stimuli, we performed a whole-brain,
two-tailed paired-sample t-test between responses to aversive and neutral pictures in the
full NC group. Resulting statistical maps were family-wise error (FWE) corrected for
multiple comparisons across the whole brain at the cluster level (Prwe<0.05), using a
height threshold of P<0.001 (Forman et al., 1995; Carp, 2012). A corrected Prwg<0.05
was achieved using a cluster extent threshold of 38 voxels (1026mm”), calculated using

Monte Carlo simulations with 3dClustSim in AFNI. Significant clusters from the



30

aversive>neutral contrast (10 total) were used as functional regions of interest (ROIs) for
subsequent between-groups analyses.

To visualize group-averaged BOLD responses to pictures within individual ROIs, we
conducted a second GLM, replacing the canonical HRF with a series of nine TENT
functions in order to deconvolve the raw BOLD signal. This model yielded B-values for
each of 9 TRs from 0-16 seconds after picture onset. Because functional ROIs were
derived using the canonical HRF, estimated response data from the deconvolution model
were used for display only.

In light of the small sample size of vimPFC lesion patients, we used non-parametric
Mann-Whitney-Wilcoxon tests to evaluate our main a priori hypothesis regarding
amygdala activity. Specifically, we focused our between-groups analyses on percent
signal change estimates extracted from functionally-derived right and left amygdala ROIs
(amygdala clusters from the aversive>neutral contrast in the NC group). We used
functional ROIs to ensure that group comparisons were conducted within functionally
homogenous regions within the amygdala (i.e., regions that respond strongly to aversive
relative to neutral stimuli) (Poldrack, 2007). However, to confirm that group comparisons
within functionally-derived amygdala ROIs reflected differences in amygdala activity per
se, we conducted additional between-groups tests using values extracted from atlas-
defined anatomical ROIs in the right and left amygdala, created using the Talairach
daemon in AFNI (Talairach and Tournoux, 1988). To examine subregions of the
amygdala, we conducted follow-up analyses using hand-drawn, atlas-defined ROIs in the

central nucleus of the amygdala (CeA) (Oler et al., 2012).
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To test the specificity of observed effects to the amygdala, we conducted follow-up
analyses on percent signal change values extracted from the eight remaining functionally-
derived non-amygdala comparison ROIs (e.g., bilateral visual cortex, lateral temporal
cortex, thalamus, etc.), in which we predicted normal responses to pictures for the
vmPFC patients. All group comparisons were corroborated with the subsample of n=10
age- and gender-matched NC subjects in order to verify that group effects were not
driven by potential differences in demographic variables. All tests were considered

significant at P<0.05.

Cerebral perfusion analysis.

Quantitative CBF images from pcASL were rigidly co-registered with a T,*-weighted
EPI volume from the task scan and normalized to MNI space. Normalized CBF volumes
were scaled to whole-brain CBF (after masking out the lesion in vimPFC patients) and
smoothed with a 6mm FWHM Gaussian kernel. To rule out differences in baseline
cerebral perfusion, we examined group differences in mean whole-brain CBF, as well as
differences in scaled CBF for all ROIs using non-parametric Mann-Whitney-Wilcoxon

tests.

Heart rate analysis

To assess cardiac responses to picture stimuli, we computed trial-wise estimates of
heart rate change for each subject, as previously described (Bradley et al., 2001). Cardiac
R-spikes were identified using interactive beat detection software. Trials with ectopic

beats, missed beats, or periods of noisy signal (where beat detection failed), were
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excluded from further analysis (NC group: n=2 with one excluded trial, n=1 with two
excluded trials, n=2 with three excluded trials; vimPFC group: n=1 with two excluded
trials). R-R intervals were transformed into heart rate in beats per minute, in 500 ms bins.
Changes in heart rate were determined by subtracting the mean heart rate for 1 s
preceding each picture from the heart rate at each 500 ms after picture onset. As in
previous studies, the maximum cardiac deceleration (i.e., heart rate decrease) during the
first 3 s of picture viewing was used as an index of the physiological response to each
picture (Bradley et al., 2001). Group differences in cardiac deceleration were computed
separately for aversive and neutral pictures using non-parametric Mann-Whitney-

Wilcoxon tests.

Results

fMRI task

During the fMRI task, both groups rated aversive pictures as significantly more
negative than the neutral pictures, with no differences between groups in ratings for either
emotion category (Supplementary Table 2). Relative to neutral pictures, aversive
pictures elicited robust bilateral amygdala activation in both the NC subjects (Figure 4a
and Table 2) and vimPFC lesion patients (Figure 4b). To examine group differences in
amygdala activity, we extracted percent signal change estimates from functionally-
derived right and left amygdala ROIs—clusters of supra-threshold amygdala voxels from
the aversive>neutral contrast in the NC group (Figure Sa). In support of our main
hypothesis, vmPFC lesion patients exhibited significantly greater right amygdala

activation to aversive pictures than did NC subjects (W=6, P=0.006;Figure Sb, Table 3).
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Aversive > Neutral

Figure 4. Neural responses to aversive>neutral pictures. (a) NC subjects (Prwg<0.05; FWE,
family wise error). (b) vimPFC lesion patients (displayed at corrected NC threshold of 7=3.9 for
comparison). Both groups exhibited robust bilateral amygdala responses, as well as responses in
visual cortex, lateral temporal cortex, thalamus, and cingulate gyrus (see Table 2 for full cluster list).

We observed similar group differences in activation to aversive pictures using an
anatomically-defined right amygdala ROI (W=13, P=0.04) as well as an anatomically-
defined right CeA ROI (W=13, P=0.04). This central finding was corroborated in a
smaller sample of ten NC subjects closely matched in age and gender to the vimPFC
group (W=2, P=0.008; Supplementary Table 4), suggesting that the findings were not
driven by group differences in demographic factors. No significant group differences

were observed in any left amygdala ROI (Functional ROI: W=28, P=0.46; Anatomical
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Table 2. Cluster maxima for regions with statistically significant increased BOLD signal for aversive
pictures relative to neutral pictures

NC group vmPFC group
Peak voxel
Brain Clust
BA P (FWE) T X y V/ T P
region size
RITG 37 684 | <0.0001 | 12.50| 47 | -68 | -3 | 3.47 | 0.040
Thal 337 | <0.0001 | 11.16 | -1 | -27| -4 1.99 | 0.141

LMTG 37 597 | <0.0001 | 8.84 | -52(-69| 6 3.07 | 0.055
R Lingual 17 283 | <0.0001 | 7.00 | 17 | -90| -3 1.36 | 0.267
L Amyg 28 72 <0.005 649 | -19| -3 | -12| 2.23 | 0.112
R Amyg 28 39 <0.05 6.03 | 20 | -6 | -12| 3.38 | 0.043
R Precun 31 64 <0.005 6.00 | 5 |-48| 33| -0.85 | 0.458
L MFG 9 68 <0.005 523 | -7 | 51| 27| 090 | 0.434
LACC |24/32| 72 <0.005 4.86 | -1 6 | 39| 0.87 | 0.448
L PCC 23 62 <0.005 458 | -7 |-24| 27| -1.55| 0.219

Clusters ordered by T score, for the aversive>neutral contrast in the NC group. Corrected p thresholds
indicate minimum FWE-corrected p-value for each cluster. Uncorrected p values for the vmPFC group are
derived from a voxelwise paired t-test in the vmPFC group, estimated at the peak coordinates for the NC
group. R, right; L, left; ITG, inferior temporal gyrus; Thal, thalamus; MTG, middle temporal gyrus;
Lingual, lingual gyrus; Amyg, amygdala; Precun, precuneus; MFG, medial frontal gyrus; ACC, anterior
cingulate cortex; PCC, posterior cingulate cortex.

ROIL: W=24, P=0.29; CeA ROI: W=24, P=0.29; Figure 5c, Table 3, Supplementary
Table 4).

To test the specificity of group differences to the amygdala, we conducted follow-up
analyses in the eight remaining functionally-derived ROIs from the aversive>neutral
picture contrast (e.g. visual cortex, lateral temporal cortex, thalamus, etc.) and found no
consistent group differences in the response to aversive or neutral pictures in the non-
amygdala comparison ROIs (Table 3, Supplementary Table 4). To ensure that group
differences in the amygdala were not due to baseline differences in amygdala perfusion

following vimPFC damage, we estimated CBF using pcASL prior to both functional scans

in all subjects. There were no significant differences between the NC and vimPFC groups
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Figure 5. Greater right amygdala responses to aversive pictures in vimPFC lesion patients. (a)
Task-derived right and left amygdala ROIs (red) used to extract mean percent signal change (PSC)
estimates for group comparisons. vimPFC lesion overlap shaded in gray for reference. (b) Left, plots of
right amygdala PSC for individual NC (black circles) and vmPFC (red and blue triangles) subjects in
response to aversive pictures (top) and neutral pictures (bottom). Horizontal lines represent the mean
and 95% confidence intervals of PSC values in the NC group. Right, mean timeseries of right amygdala
PSC in response to aversive and neutral pictures for vmPFC (red, blue) and NC (black) subjects (width
of shaded area corresponds to £1 s.e.m.). (¢) Plot and mean timeseries of PSC extracted from the left
amygdala ROI. Dark horizontal bars on timeseries plots indicate picture duration (1 s). **P<0.01

in whole brain CBF, nor were there differences in relative CBF for any ROI used in
group comparisons, including right amygdala (Supplementary Table 5, Supplementary
Table 6). Finally, it is unlikely that the observed findings are due to systematic group
differences in the shape of the hemodynamic response, since there were no apparent
differences in the estimated hemodynamic response in motor cortex to button press
(Supplementary Figure 1) or in visual and temporal comparison ROIs in response to

aversive pictures (Supplementary Figure 2).



36

Table 3. Group differences in percent signal change to aversive and neutral pictures in functional
and anatomical ROIs

Aversive pictures Neutral pictures
) NC | vmPFC NC | vmPFC
Brain
Region mean mean W P mean mean W P
(SD) (SD) (SD) (SD)
0.08 0.18 0.00 0.07
R Amyg 6 | 0.006 20 | 0.162
(Func ROD) | (0.07) | (0.03) (0.08) | (0.07)
0.09 0.19 0.02 0.05
R Amyg 13 | 0.044 31 | 0611
(AnatROI) | (0.08) | (0.07) 0.08) | (0.12)
0.09 0.18 0.00 0.06
R Amyg 13 | 0.044 23 | 025
(CeAROD | (0.08) | (0.06) 0.09) | (0.09)
0.10 0.13 0.01 0.02
L Amyg 28 | 0.456 31 | 0611
(Func ROD) | (0.07) | (0.11) 0.08) | (0.17)
0.10 0.16 0.02 0.03
L Amyg 24 | 0286 32 | 0667
(AnatROID) | (0.08) | (0.11) (0.09) | (0.14)
0.12 0.19 0.01 0.01
L Amyg 24 | 0.286 31 | 0612
(CeAROD | (0.09) | (0.11) 0.09) | (0.19)
0.34 0.42 0.22 0.31
RITG 23 | 0.25 20 | 0.162
0.13) | (0.11) 0.11) | (0.07)
0.30 0.35 0.20 0.25
L MTG 26 | 0.366 22 | 0218
0.12) | (0.07) 0.10) | (0.02)
0.14 0.18 0.06 0.11
Thal 24 | 0.286 23 0.25
0.08) | (0.02) (0.08) | (0.07)
0.48 0.50 0.38 0.44
R Lingual 31 | 0611 24 | 0.286
(0.18) | (0.14) 0.14) | (0.08)
0.10 0.10 0.02 0.07
L ACC 40 | 0.907 23 0.25
(0.06) | (0.06) (0.09) | (0.06)
0.03 0.01 -0.08 -0.04
L MFG 41 | 0.845 26 | 0.366
0.09) | (0.12) 0.07) | (0.06)
-0.01 -0.02 -0.06 0.01
R Precun 45 | 0.611 17 | 0.097
(0.06) | (0.04) 0.07) | (0.03)
0.05 -0.03 -0.02 0.02
L PCC 56 | 0.162 27 | 0.409
0.05) | (0.12) (0.06) | (0.08)

p-values for significant group differences are in bold. MNI coordinates for each ROI can be found in Table

2. Func ROI, functionally-defined ROI; Anat ROI, anatomically-defined ROI.
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Heart rate response to pictures

To determine whether group differences in amygdala activity were accompanied by
comparable differences in peripheral physiological responses, we investigated stimulus-
evoked reductions in heart rate in response to the picture stimuli. Consistent with
previous studies using the same stimuli, both groups exhibited cardiac deceleration in
response to aversive and neutral pictures (Bradley et al., 2001; Codispoti et al., 2001).
However, contrary to the amygdala fMRI results, the magnitude of stimulus-evoked
cardiac deceleration was significantly lower in vmPFC lesion patients than in the NC
subjects for aversive pictures (NC: -1.3+0.67; vmPFC: -0.52+0.31; W=6, P=0.03;
Supplementary Figure 3). We observed similar, though non-significant, reductions in
cardiac deceleration in response to neutral pictures (NC: -1.4+0.89; vmPFC: -0.60+0.30;
W=11, P=0.13). There was no significant difference between groups in overall mean

heart rate across the scan session (NC: 62.7£9; vmPFC: 75.9+12; W=11, P=0.13).

Discussion

Through a novel application of fMRI in human lesion patients with bilateral vimPFC
damage, we have demonstrated a critical role for vmPFC in regulating amygdala activity.
Specifically, we found that vmPFC lesions were associated with increased right amygdala
reactivity to aversive stimuli. These findings are directly relevant to neural circuitry
models of emotion regulation and affective psychopathology.

The model of vmPFC function in affective psychopathology posits two key features:
(1) vimPFC dysfunction results in disinhibition of the amygdala and (ii) the resultant

amygdala hyperactivity engenders pathologically high levels of anxiety and negative



38

affect (Quirk and Gehlert, 2003; Milad et al., 2006; Rauch et al., 2006). Although our
results unequivocally support feature (i) of this model, they seem to complicate feature
(1), at least as it pertains to human affective processing. Using fear conditioning and
extinction paradigms, an elegant set of rodent studies have demonstrated a causal chain
between activity in infralimbic cortex (the purported homolog of human vmPFC),
inhibition of amygdala, and extinction of conditioned behavioral and physiological fear
responses (Milad and Quirk, 2002; Quirk et al., 2003; Milad et al., 2006; Quirk et al.,
2006). Human functional imaging studies have provided correlative data consistent with
this model (Phelps et al., 2004; Milad et al., 2006; Rauch et al., 2006; Urry et al., 2006;
Johnstone et al., 2007; Delgado et al., 2008). However, the causal relationships among
vmPFC activity, amygdala activity, and negative affect appear to be more complicated in
humans. At least two lines of research argue for a more comprehensive model. One line
of research involves patients with major depressive disorder (MDD). A number of
neuroimaging studies indicate that patients with MDD exhibit abnormally high levels of
activity within vimPFC (particularly in the subgenual cortex) (Mayberg et al., 2000;
Mayberg et al., 2005; Greicius et al., 2007; Matthews et al., 2008; Keedwell et al., 2009).
In addition, MDD patients who are responsive to antidepressant medication or deep brain
stimulation tend to exhibit decreased activity in both the subgenual vmPFC and amygdala
after treatment (Mayberg et al., 2000; Sheline et al., 2001; Drevets et al., 2002; Mayberg
et al., 2005). Furthermore, activity within the subgenual vimPFC has been shown to
correlate positively with negative affect in healthy subjects (Mayberg et al., 1999; Zald et
al., 2002; Kross et al., 2009). These data suggest that increased vimPFC activity in

depression may reflect the generation and expression (rather than the regulation) of
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negative affective states. The second line of research involves vmPFC lesion patients. It
is well established that vmPFC damage results in personality changes more reminiscent
of psychopathy (e.g., blunted emotional experience, low emotional expressivity,
impulsivity, lack of empathy, reckless decision-making) than anxiety or depression
(Blumer and Benson, 1975; Eslinger and Damasio, 1985; Barrash et al., 2000). Critically,
vmPFC damage has been shown to reduce (not increase) the likelihood of developing
depression (Koenigs et al., 2008a) and post-traumatic stress disorder (Koenigs et al.,
2008b). Moreover, vmPFC damage is associated with diminished physiological reactions
(e.g., skin conductance responses) to aversive stimuli (Damasio et al., 1990; Bechara et
al., 1997; Camille et al., 2004). Our heart rate data are consistent with these prior
physiological findings. Rather than observing increased cardiac deceleration in response
to aversive pictures in the vmPFC lesion patients (as the model might predict based on
the amygdala hyperactivity in these patients), we observed reduced deceleration in the
vmPFC lesion patients relative to the NC subjects. It should be noted, however, that the
finding of similar group differences in cardiac deceleration in response to neutral pictures
suggests a more general orienting deficit in the vimPFC group. Together, these findings
indicate that the role of vimPFC in affective processing is not simply the regulation of
negative emotion through inhibition of the amygdala. Rather, vimPFC appears to play a
more multifaceted role that could include processes related to self-awareness and self-
reflection (Koenigs and Grafman, 2009a; Qin and Northoff, 2011), and/or more direct
modulation of emotion-related physiological responses and negative affect (Price and
Amaral, 1981; Neafsey, 1990; Ongur and Price, 2000; Barbas et al., 2003; Ghashghaei et

al., 2007).
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Although we did not have any a priori hypothesis regarding lateralization, significant
group differences in amygdala reactivity to aversive pictures were observed only in the
right amygdala (Figure 5, Table 3). Previous meta-analyses offer some support for a
functional dissociation of right and left amygdala in rapid, automatic stimulus processing
and sustained stimulus evaluation, respectively (Wager et al., 2003; Baas et al., 2004;
Costafreda et al., 2008). However, the laterality effects observed here may be due to the
lesion characteristics of our vmPFC patient sample. Although all lesions involved
significant bilateral damage to vimPFC, each patient had slightly greater damage on the
right side (Supplementary Table 7). Future work in larger samples with more
heterogeneous vmPFC lesions will be necessary to more conclusively determine the link
between lateralization of vimPFC damage and amygdala hyperactivity.

Future studies could also expand the scope of the present findings by using more
diverse stimuli and/or task paradigms. One possibility would be to use a fear extinction
paradigm, to allow more direct comparisons with rodent data (Milad et al., 2006; Quirk
and Beer, 2006). Moreover, previous studies indicate that the amygdala responds to
positive valence and may be more sensitive to stimulus arousal than to valence, per se
(Wager et al., 2003; Costafreda et al., 2008; Sabatinelli et al., 2009). To maximize our
power to detect group differences in amygdala activation, we limited stimuli to aversive
and neutral pictures and used a simple four-item valence rating scale. Future studies
could include images with positive valence and more detailed ratings of valence and
arousal in order to determine whether changes in amygdala activity following vimPFC

damage are specific to negative affect or more broadly related to subjective arousal.



41

In conclusion, here we demonstrate a critical role for the vmPFC in regulating
amygdala activity. Our findings provide unique evidence regarding the causal
interactions among brain regions subserving emotion regulation in humans, and offer
novel support for the inhibitory influence of vmPFC on amygdala, as proposed in
neurocircuitry models of affective dysfunction in mental illness. The current results also
raise a host of further questions. Namely, if vmPFC is in fact necessary for amygdala
regulation in humans, as our results suggest, yet amygdala hyperactivity in individuals
with vimPFC lesions is not accompanied by the cardinal signs of hyperactivity—increased
peripheral autonomic activity and fearful/anxious behavior—then it follows that there
should be other brain regions with which the vmPFC interacts that could explain the
divergence of neural, physiological, and behavioral data in the present study. There are a
number of viable candidate brain regions and psychological processes by which vimPFC
damage could exert such effects. In the following two chapters, I describe two research
studies that build on the present results, investigating the effects of vmPFC damage on

anticipatory brain activity (Chapter 7) and resting brain perfusion (Chapter 8).
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Chapter 7. Ventromedial prefrontal cortex lesions alter neural and physiological

correlates of anticipation under uncertainty

The anticipatory processing of uncertain and potentially aversive future outcomes is
one viable psychological process by which vimPFC activity could influence affective
function. How one copes with the uncertainty that pervades daily life can have a
substantial impact on one’s psychological wellbeing. Indeed, excessive worry about
potential future aversive events is a core feature of anxiety disorders (APA, 1994). As
recent clinical studies have highlighted the central role that intolerance of uncertainty
plays in anxiety disorders (Garfinkle and Behar, 2012; McEvoy and Mahoney, 2012;
Grupe and Nitschke, 2013), studies in cognitive and affective neuroscience have begun to
delineate the neural circuitry involved in the anticipation of uncertain future events.
Research in healthy adult populations has revealed a network of brain regions that
become active during the anticipation of unpredictable or uncertain outcomes, including
insula, amygdala, ventromedial/orbital prefrontal cortex, and anterior cingulate cortex
(Critchley et al., 2001; Dunsmoor et al., 2007; Sarinopoulos et al., 2010; Somerville et
al., 2013). These same brain areas have been widely implicated in the pathogenesis of
anxiety disorders (Lorberbaum et al., 2004; Rauch et al., 2006; Simmons et al., 2006;
Etkin and Wager, 2007; Nitschke et al., 2009; Grupe and Nitschke, 2013). However, the
mechanisms of interaction among these brain regions during anticipatory uncertainty
remain unclear.

With respect to anticipatory affective processing, the ventromedial prefrontal cortex

(vmPFC) is a key node in this network. Several previous neuroimaging studies in healthy
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adult populations have observed vimPFC activation during the anticipation of aversive
stimuli, including pain, affect-laden negative pictures, and risky choices (Ploghaus et al.,
1999; Critchley et al., 2001; Nitschke et al., 2006), with the magnitude of vmPFC activity
associated with self-reported anticipatory anxiety and negative affect (Kwan et al., 2000;
Sawamoto et al., 2000). Patients with vmPFC damage reliably exhibit decision-making
deficits in tasks involving uncertain or risky outcomes (Bechara et al., 1994; Fellows and
Farah, 2003; Tsuchida et al., 2010), as well as diminished anticipatory arousal preceding
risky, uncertain choices (Bechara et al., 1997; Bechara et al., 1999). Anatomical
connectivity data provide additional support for this view; vmPFC shares reciprocal
connections with subcortical, hypothalamic, and brainstem regions responsible for
somatic components of emotion, as well as with cortical regions, such as lateral
prefrontal and anterior cingulate cortex, that mediate cognitive and behavioral control
(Neafsey, 1990; Ongur and Price, 2000; Barbas et al., 2003; Ghashghaei et al., 2007).
Together, these previous findings suggest that vmPFC may play a pivotal role in
coordinating neural and peripheral physiological responses to uncertainty during the
anticipation of aversive stimuli.

To test this hypothesis, we employed fMRI and a measure of heart rate variability
(HRV) in the same sample of four human neurosurgical patients with focal bilateral
vmPFC damage, while they completed a task involving the cued anticipation of aversive
and neutral picture stimuli. We predicted that vimPFC damage would significantly alter

fMRI and HRV correlates of uncertainty.
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Methods
Details about research participants, lesion tracing, and fMRI acquisition are presented

in Chapter 6.

Event-related fMRI task

During the fMRI task, described in detail in the previous chapter (Chapter 6),
subjects viewed 64 unique images drawn from the International Affective Picture System
(IAPS) (Lang et al., 2008), divided evenly among pictures with aversive and neutral
content (Figure 3). All images were preceded by one of three visual cues (“X”, “O”, or
“??). The “X” and “O” cues indicated that the subsequent image would be aversive or
neutral, respectively, whereas the “?” cue provided no information regarding the
emotional content of the image (equal likelihood of aversive or neutral content). Thus,
aversive (“X”) and neutral (“O”) cues predicted certain outcomes, whereas ambiguous

(““?”) cues indicated uncertainty about the impending stimulus.

Heart rate data acquisition

Heart rate data were acquired at 100 Hz with GE’s photoplethysmograph, affixed to
the left index finger throughout the scan session. Heart rate data were available for n=10
NC subjects and all n=4 vmPFC lesion patients during the task and n=11 NC subjects and

all n=4 vmPFC lesion patients during the resting scan.
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fMRI task preprocessing and analysis.

Preprocessing of fMRI data was conducted as described in the previous chapter.
Because the aim of the present study was to examine effects of vmPFC damage on
anticipatory neural activity, preprocessed task data were concatenated and analyzed as
previously described to separately model phasic and sustained components of anticipation
(Grupe et al., 2013). Phasic activity was modeled using stick regressors at the onset of
each cue and sustained activity was modeled using a duration-modulated boxcar
regressor, beginning at cue offset and spanning the 2- to 8-second anticipatory ISI. All six
cue regressors were included in a general linear model (GLM) with additional regressors
for each picture type, a single regressor for the rating period, and several regressors of no
interest, including six motion covariates from rigid-body alignment (Johnstone et al.,
2006) and a fourth-order polynomial to model baseline and slow signal drift. Blood
oxygen level-dependent (BOLD) signal was modeled by convolving each regressor with
AFNTI’s default canonical hemodynamic response function (HRF; gamma function). To
avoid potential confounds introduced by subject motion, volumes in which more than
10% of voxels were time series outliers were censored prior to conducting the GLM;
there were no group differences in the average proportion of censored volumes (x*=2.09,
P=0.15), or in mean framewise displacement (NC: 0.06+0.06mm, vmPFC:
0.04+0.02mm; W=28, P=0.44). Resulting whole-brain maps of voxelwise -values for
phasic responses to each cue were aligned to MNI space and resampled to 3mm® isotropic
resolution for second-level analyses.

To identify brain regions responsive to the manipulation of certainty during the cue

period, we performed a voxel-wise linear mixed effects (LME) analysis on phasic cue -
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values from the first-level GLMs, using only the n=19 NC subjects (Chen et al., 2013).
Cue identity (“?”, ”X”, ”0”) was modeled as a within-subjects factor, with age (mean
centered) and gender included as between-subjects covariates. General linear tests for the
contrast of ambiguous (“?”) versus certain (“X” + “O”) cues were used to identify brain
regions sensitive to uncertainty in the NC group.

To identify brain regions in which cue-related activity differed between groups, we
conducted a second LME analysis including data from the four vimPFC lesion patients.
This full LME model included cue (“?”, ”X”, ”0”), group (NC vs. vmPFC), and the
group-by-cue interaction, as well as between-subjects covariates for age (mean centered)
and gender. The group-by-cue interaction map was used to identify brain regions in
which the magnitude of the phasic cue response differed between NC and vmPFC groups.
All statistical maps were family-wise error (FWE) corrected for multiple comparisons
across the whole brain at the cluster level (Prwr<0.05), using a height threshold of
P<0.001 (Forman et al., 1995; Carp, 2012). A corrected Prwg<0.05 was achieved using a
cluster extent threshold of 38 voxels (1026 mm?), calculated using Monte Carlo
simulations with 3dClustSim in AFNI.

To visualize the timecourse of BOLD responses to cues within significant clusters,
we conducted a second GLM, replacing the canonical HRF with a series of nine TENT
functions in order to deconvolve the raw BOLD signal. This model yielded B-values for
each of 9 TRs from 0-16 seconds after cue onset. Because significant clusters were
derived using the canonical HRF, estimated response data from the deconvolution model

were used for display only.
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Cerebral perfusion analysis

Quantitative CBF images from pcASL were preprocessed and aligned as described in
the previous chapter. To rule out differences in baseline cerebral perfusion, we examined
group differences in mean whole-brain CBF, as well as differences in scaled CBF for
significant clusters from the group-by-cue interaction using non-parametric Mann-

Whitney-Wilcoxon tests.

Heart rate variability analysis

To assess HRV, we analyzed cardiac plethysmography data to compute separate
estimates of heart rate and variability for the resting and task scans. Individual cardiac R-
spikes were identified using interactive beat detection software. Resulting interbeat
interval (IBI) series were visually inspected for outliers, which were hand-corrected prior
to analysis with CMETx software (Allen et al., 2007). CMETx-derived estimates of mean
heart rate and heart rate variability (logHRV: the natural-log transformed variance of the
unfiltered IBI series) were estimated for each scan. Task HRV estimates for each subject
were calculated by averaging estimates across both task scans.

To ascertain whether individual differences in HRV were related to neural responses
to the cue stimuli, we regressed task HRV estimates on percent signal change values
extracted from clusters identified in the group-by-cue interaction LME analysis. The
dependent variables were parameter estimates from the linear contrast of ambiguous vs.
certain cues, which we conceptualized as an index of the modulation of neural activity by
cue certainty. This analysis was intended to assess whether individual differences in the

modulation of neural activity by cue certainty was related to overall HRV during the task.
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Two separate linear regression models were conducted, one examining the strength of the
relationship in the NC group alone, and a second examining the relationship across both
the NC and vmPFC groups together. Group differences in both task and resting HRV
were assessed using non-parametric Mann-Whitney-Wilcoxon tests, considered

significant at p < 0.05.

Results

First, we determined whether the expectancy manipulation in our task (ambiguous
versus certain cues) elicited the predicted pattern of neural activity in the NC subject
group. Consistent with previous studies, our whole-brain analysis revealed greater
bilateral insula activity for ambiguous relative to certain cues (Figure 6, Table 4). We
also observed two clusters in bilateral lingual gyrus in which responses were greater for
certain relative to ambiguous cues.

Next, we identified regions of the brain in which phasic cue responses differed
between the NC and vmPFC groups (a significant group-by-cue interaction). This
analysis revealed three significant clusters: bilateral insula and left dorsolateral prefrontal
cortex (dIPFC) (Figure 7, Table 5). Importantly, the bilateral insula regions from the
interaction analysis overlapped substantially with the uncertainty-sensitive bilateral insula
clusters identified in the NC group (Figure 8), indicating that vmPFC damage
significantly altered cue-related insula activity. Follow-up analyses revealed that group-
by-cue interactions were driven largely by significant group differences in response to the
certain aversive cues in the left insula (W=0, P<0.001), and by significant group

differences in the right insula in response to both the certain aversive cues (W=7,
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Figure 6. Brain regions with greater activation to ambiguous, relative to certain, cues in n=19
NC subjects. (a) Significant insula clusters from the ambiguous > certain contrast (Prwg < 0.05).
Slice coordinates (in mm) are presented in Montreal Neurological Institute (MNI) template space. (b)
Mean timeseries of percent signal change (PSC) in response in response to ambiguous (?, green),
certain aversive (X, red), and certain neutral (O, blue) cues within the right insula cluster (width of
shaded area corresponds to =1 SEM). (¢) Mean timeseries of PSC in response to cues within the left
insula cluster. Inset figures display the mean PSC response by cue (error bars indicate =1 SEM). Dark
horizontal bars on plots indicate cue duration (2 sec).

P=0.008) and ambiguous cues (W=64, P=0.035) (Figure 7). On average, the NC group
showed greater activation to ambiguous cues, relative to certain-aversive and certain-
neutral cues, in bilateral insula clusters, whereas vmPFC lesion patients exhibited the
greatest difference between certain-aversive and certain-neutral cues. Activity in the
dIPFC cluster followed a different pattern, with consistent deactivation in response to all

three cues in the NC group but cue-dependent differences in activity in the vmPFC lesion

group.
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Figure 7. Brain regions showing significant group-by-cue interactions (Prwg < 0.05). (a) Group
differences in cue reactivity were observed in left insula (top row), right insula (middle row), and left
dIPFC (bottom row). Slice coordinates (in mm) are presented in Montreal Neurological Institute (MNI)
template space. (b) Scatterplots depict the distribution of individual PSC values for vmPFC lesion
patients (green, red, and blue triangles) and NC subjects (black circles) in response to ambiguous (?),
certain aversive (X), and certain neutral (O) cues within each cluster. Black horizontal lines on scatter
plots represent the mean and 95% confidence intervals of PSC values in the NC group. (¢) The mean
timeseries in response to each cue type are displayed for vmPFC lesion patients (green, red, and blue
ribbons) and NC subjects (gray ribbons). The width of the shaded ribbons in timeseries plots
corresponds to £1 SEM. *P <0.05, **P <0.01.



Table 4. Brain regions sensitive to uncertainty in NC group

51

Cluster Peak Voxel
Contrast Structure BA Size Prwg T X y z
Ambiguous > L Insula 13/41 | 290 | <0.001 5.56 51| =20 6
Certain R Insula 13/41 | 205 | <0.001 5.56 48 -19 10
Certain > R Cuneus 18 135 | <0.001 -5.74 20 -94 7
Ambiguous L Cuneus 18 48 <0.05 -4.68 -15 | =99 8

Cluster size in number of voxels (3 x 3 x 3 mm"). Corrected P thresholds indicate minimum FWE-corrected
P value for each cluster. Peak voxel coordinates (mm) are presented in MNI space. BA, Brodmann area;
FWE, familywise error; L, left; R, right.

Table 5. Significant clusters identified in the group-by-cue interaction analysis

Cluster Peak Voxel
Structure BA Size Prwg F X y z
L Insula 13 86 <0.001 13.73 -44 -5 -5
R Insula 13/41 79 <0.001 13.26 46 -8 2
L dIPFC 8/9 42 <0.05 12.56 21 38 | 46

Cluster size in number of voxels (3 x 3 x 3 mm"). Corrected P thresholds indicate minimum FWE-corrected
P value for each cluster. Peak voxel coordinates (mm) are presented in MNI space. BA, Brodmann area;
dIPFC, dorsolateral prefrontal cortex; FWE, familywise error; L, left; R, right.

Right Insula Left Insula

x=-42

y=-11
. Uncertainty (NC) . Group Interaction

Figure 8. Conjunction analysis. Regions showing significant activity in the ambiguous > certain
contrast in the NC group (red) and a significant group-by-cue interaction (orange). There is significant
overlap in bilateral mid insula (yellow). All whole-brain maps are corrected for multiple comparisons at

Prwe <0.05. Slice coordinates (in mm) are presented in Montreal Neurological Institute (MNI) template
space.

Overlap
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To ensure that group differences in insula or dIPFC activity were not due to baseline
differences in insula perfusion following vmPFC damage, we estimated cerebral blood
flow (CBF) using pseudocontinuous arterial spin labeling (pcASL) prior to functional
scans in all subjects. There were no significant differences between the NC and vimPFC
groups in whole brain CBF (NC =36.30 = 8.73, vmPFC = 40.09 + 13.65, W=31,
P=0.611), nor were there differences in relative CBF for the left insula (NC = 1.42 +
0.19, vmPFC = 1.35 £ 0.15, W=45, P=0.611) and left dIPFC clusters (NC = 0.99 + 0.21,
vmPFC = 0.98 + 0.10, W=43, P=0.725), although the vmPFC group had significantly
lower CBF in the right insula cluster (NC = 1.50 = 0.21, vmPFC = 1.29 + 0.12, W=63,
P=0.044).

Finally, we investigated whether group differences in neural responses to cue stimuli
were accompanied by differences in peripheral physiology. Consistent with a proposed
role for vmPFC in the context-dependent modulation of peripheral physiological activity,
the vmPFC lesion group had significantly lower HRV during the experimental task than
the NC group (NC = 7.23 + 0.66, vmPFC = 6.08 + 0.71, W=36, P=0.024). However, a
similar group difference in HRV was also present during the resting scan (NC =7.42 +
0.74, vimPFC = 6.14 £ 0.55, W=41, P=0.010), indicating a more general reduction in
HRYV in the vimPFC lesion group. There were no significant differences in mean heart
rate between groups during either the resting or task scans (Resting: NC = 62.43 + 10.37,
vmPFC = 74.70 + 14.49, W=10, P=0.138; Task: NC = 64.52 £ 9.16, vimPFC = 75.94 +
12.03, W=11, P=0.240). To directly examine the relationship between neural responses
to cues and HRV, we regressed HRV during the task on contrast estimates for ambiguous

versus certain cues drawn from significant clusters identified in the group-by-cue
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Figure 9. Relationship between uncertainty-related activity and HRYV. Scatter plots depicting the
relationship between task HRV and uncertainty-related activation (ambiguous — certain) in left insula
(left), right insula (middle), and left dIPFC (right) clusters identified in the group-by-cue interaction.
Green triangles represent vimPFC lesion patients and black circles represent NC subjects. Solid lines
indicate the regression line across all subjects with HRV data (n=4 vmPFC lesion patients, n=10 NC
subjects), whereas dotted lines indicate the regression line for the n=10 NC subjects.
Ambig=ambiguous, dIPFC=dorsolateral prefrontal cortex.

interaction analysis. For both insula clusters, larger differences between ambiguous and
certain cues were associated with greater HRV during the task (both within the NC group
and across the entire sample), indicating that greater sensitivity to cue certainty in
bilateral insula is accompanied by greater variability in physiological reactivity during
the task (Figure 9) (left insula: rnc.ony=0.65, P=0.043, rpyLr =0.64, P=0.013; right
insula: 7Nc-onty=0.80, P=0.005, rryrL =0.75, P=0.002). On average, vimPFC lesion patients
exhibited patterns of neural and physiological activity consistent with the prediction line
derived in the NC group, with reduced modulation of insula activity by cue certainty and
lower HRV. No such relationship was present for the left dIPFC cluster, although
uncertainty-related activity in this region was significantly correlated with task HRV

within the NC group (left dIPFC: rnc.ony=0.69, P=0.027, rpyLr =0.18, P=0.549).
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Discussion

In this chapter, we report four main findings: (1) among NC subjects, ambiguous cues
elicited stronger bilateral insula activity than certain cues, (2) vmPFC lesion patients
exhibited an abnormal pattern of neural activity—particularly in bilateral insula—in
response to the cues, (3) vimPFC damage was associated with attenuated HRV, and (4)
across subjects, uncertainty related insula activity was related to individual differences in
HRYV. Here we discuss each of these main findings in turn.

First, with respect to the finding of greater bilateral insula activity for the ambiguous
versus certain cue contrast in the NC subjects, we note that this result is broadly
consistent with several previous fMRI studies of healthy adult subjects (Dunsmoor et al.,
2007; Sarinopoulos et al., 2010; Somerville et al., 2013). Using virtually the same task,
Sarinopoulos and colleagues found that bilateral insula responses to aversive pictures
were larger following the ambiguous cue than the certain cue (Sarinopoulos et al., 2010).
Our data show a similar bilateral insula finding in response to the cues themselves.
Another study using neutral and aversive pictures, which were presented in conditions of
either certain/predictable temporal sequence or uncertain/unpredictable temporal
sequence, found greater anterior insula activity for the uncertain condition (Somerville et
al., 2013). An analogous study of Pavlovian conditioning manipulated the certainty of the
pairing of the conditioned (CS) with the unconditioned stimuli (UCS) (Dunsmoor et al.,
2007). Greater bilateral insula activity was observed when the CS-UCS pairing was
uncertain/unpredictable, as compared to when the pairing was certain/predictable. Hence,
our findings bolster an emerging literature that implicates the insula in responding to the

uncertain anticipation of aversive stimuli.
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Next we consider the major novel finding from our study—the effect of vimPFC
damage on cue-related neural activity. We observed a significant interaction between
group and cue type within the same regions of mid-insular cortex that we found to be
sensitive to uncertainty in the NC group, indicating that vmPFC lesions affect the
processing of uncertainty in the insula. This finding supports theoretical accounts that
highlight the role of vmPFC and insula in the anticipation of ambiguous, potentially
aversive outcomes (Schoenbaum et al., 2009; Singer et al., 2009; Thayer et al., 2012;
Grupe and Nitschke, 2013). Insula and vmPFC are themselves reciprocally
interconnected and share overlapping projections to subcortical brain regions implicated
in physiological and somatic components of an emotional response (Neafsey, 1990; Allen
et al., 1991; Shi and Cassell, 1998; Barbas et al., 2003). With respect to the processing of
risk and uncertainty, vimPFC is thought to be a critical neural substrate of context-
dependent regulation of affect and behavior. This assertion is based on several sources of
data: (1) vimPFC plays a key role in learned safety during fear extinction (Milad and
Quirk, 2002; Phelps et al., 2004), (2) vimPFC is active during cognitive reappraisal of
affective stimuli (Urry et al., 2006), (3) vmPFC encodes representations of expected
future outcomes (Summerfield et al., 2006), and (4) vimPFC tracks relative value of
competing choices (Hare et al., 2009; Schoenbaum et al., 2009; Fellows, 2011). The
insular cortex has been associated with a wide range of functions, but is perhaps most
commonly implicated in the encoding and representation of bodily sensations and
subjective emotional “feeling” states (Craig, 2002; Singer et al., 2009). In relation to
vmPFC, it has been proposed that insula stores representations (i.e., “somatic markers”)

of previous affective states for retrieval and interpretation by vimPFC (Damasio, 1994).
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Lesions to both areas have been associated with abnormal patterns of decision-making
under conditions of risk and uncertainty (Bechara et al., 1994; Fellows and Farah, 2003;
Clark et al., 2008; Tsuchida et al., 2010). The present results offer novel support for a
critical role of vimPFC in modulating the processing of uncertainty in the insular cortex.
Our heart rate data provide complementary evidence of the effect of vmPFC lesions
on anticipatory processing. Variability in resting heart rate is crucial for maintaining
homeostasis across variable environmental conditions, and primarily reflects central
modulation of sympathetic and parasympathetic innervation to the heart (Jose and
Collison, 1970). Thus, high levels of HRV are thought to reflect a greater capacity to
adapt to evolving environmental demands (Thayer et al., 2012). Indeed, higher resting
HRYV is associated with the production of more context-appropriate behavioral and
physiological responses and with greater emotion regulation ability (Appelhans and
Luecken, 2006; Melzig et al., 2009; Thayer et al., 2012). Conversely, low HRV is
associated with delayed recovery from psychological stressors, as well as an increased
risk of depression, anxiety, and all-cause mortality (Gorman and Sloan, 2000; Weber et
al., 2010). Importantly, vimPFC activity is consistently associated with heart rate changes
during emotional and cognitive tasks (Lane et al., 2009; Thayer et al., 2012). Our HRV
data provide unique lesion evidence for a causal role of vmPFC in controlling HRV;
patients with vmPFC damage exhibited significantly lower HRV during both the resting
scan and the experimental task. To our knowledge, this is the first study showing reduced
HRYV in patients with vimPFC lesions, although this finding is consistent with several
previous reports demonstrating blunted physiological responses to aversive stimuli and

their anticipation following vimPFC damage (Damasio et al., 1990; Bechara et al., 1997;
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Bechara et al., 1999). Furthermore, the magnitude of uncertainty-related insula activation
was associated with task HRV both within the NC group and across all subjects,
indicating that increased sensitivity to cue certainty in the insula was related to overall
HRYV during the task.

Although our results conclusively demonstrate a critical role for vimPFC in
modulating insula responses to uncertainty, it remains unclear exactly zow vmPFC and
insula interact during the anticipation of potentially aversive outcomes. Similarly, it
remains unclear whether vmPFC lesions alter peripheral physiological responses through
the loss of direct projections to brainstem and hypothalamic nuclei, or whether they do so
by altering activity in other cortical regions, like the insula. One possibility is that vimPFC
damage directly impairs the regulation of physiological responses, and consequently,
alters somatic representations in the insular cortex. Our data appear to be consistent with
this proposal. Patients with vmPFC damage exhibited lower HRV both at rest and during
the experimental task. The generalizability of physiological dysfunction outside of the
task suggests that vmPFC damage directly attenuates adaptive control of peripheral
physiology, which is then differentially represented by the insula. However, it is also
possible that vimPFC damage deprives insula of input regarding relevant contextual cues,
which in turn leads to altered stimulus processing and downstream effects on physiology
and behavior. It has been shown that insular cortex stimulation in human neurosurgical
patients can elicit robust changes in heart rate and blood pressure (Oppenheimer et al.,
1992), and that insular lesions can have profound effects on cardiac physiology (Cereda
et al., 2002). Thus, it is feasible that the observed effects of vmPFC lesions on peripheral

physiology could be mediated by deficient interactions between insula and vmPFC, even
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at rest. Future work including patients with insular cortex lesions will be necessary to
disentangle the unique contributions of each brain region to the observed neural,
physiological, and behavioral responses to uncertainty. Additionally, studies employing
more aversive stimuli, such as acute pain or shock, could help to determine the causality
of neural activity on physiology and behavior at the single trial level. Further studies
could also investigate the role of the dIPFC in processing uncertainty and anticipation;
our unexpected finding of a group-by-cue interaction in left dIPFC suggests that this
cortical area may interact with vmPFC and insula in this context. Lateral prefrontal cortex
has previously been shown to be active during the anticipation of aversive stimuli
(Nitschke et al., 2006; Aupperle et al., 2012), and given the dense reciprocal connections
among dIPFC, vimPFC, and insula (Yeterian et al., 2012), and the putative involvement of
dIPFC in goal maintenance, response selection, and attentional allocation (Miller and
Cohen, 2001), dIPFC may be an important node of this circuit.

In sum, the findings of this study demonstrate a crucial role for vimPFC in
coordinating neural and physiological responses to uncertainty during anticipation. Our
results offer new insight into the functional interactions between vmPFC and insula, two
key components of the brain circuitry underlying human affective function, and provide
an alternative mechanism by which vmPFC damage could alter context-dependent
emotion regulatory processes implicated in the pathogenesis of mood and anxiety

disorders.
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Chapter 8. Ventromedial prefrontal cortex damage alters resting blood flow to the

bed nucleus of stria terminalis

In the previous two chapters, we have seen evidence that human vmPFC lesions are
associated with increased amygdala activation to aversive stimuli, altered insula
responses during uncertain anticipation, and blunted peripheral physiological indices of
emotion. These findings elaborate on the leading neural circuitry model of vimPFC
function in mood and anxiety disorders by showing that (1) although patients with
vmPFC lesions exhibit increased amygdala activity in response to aversive stimuli
(consistent with the top-down amygdala regulation model of vmPFC function), such
changes are not accompanied by the predicted enhancement of physiological and
behavioral responses to aversive stimuli, and (2) that altered uncertainty-related
anticipatory activity in the insula following vmPFC lesions is more closely related to
observed physiological indices of emotion regulation. These findings suggest that vimPFC
may coordinate multiple neural processes (beyond amygdala inhibition) that are critical
for the expression of negative affect in humans. In this chapter, we examine this
hypothesis further by investigating the effect of human vmPFC lesions on resting cerebral
blood flow in subcortical structures closely linked to the expression of peripheral indices
of negative emotion, in particular, the bed nucleus of the stria terminalis (BNST).

The BNST and vmPFC are strongly interconnected (Avery et al., 2014), and previous
human and animal work has linked BNST activity to anxiety-related behavior (Davis and
Whalen, 2001; Walker et al., 2003; Kalin et al., 2005; Somerville et al., 2010; Somerville

et al., 2013). Moreover, a previous neuroimaging study in non-human primates found that
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bilateral orbitofrontal lesions (which included regions of vimPFC) were associated with
reduced BNST metabolism and reduced anxious behavior in an intruder paradigm (Fox et
al., 2010). Across the lesioned and non-lesioned monkeys, the level of BNST metabolism
positively correlated with the degree of anxious behavior. These findings suggest that
vmPFC/OFC may play a crucial role in generating or maintaining negative affect by
promoting BNST activity.

To test this hypothesis in humans, we employ an MRI measure of resting cerebral
blood flow in the sample of four neurosurgical patients with circumscribed bilateral
vmPFC lesions. We predict that, consistent with the results of the non-human primate
study (Fox et al., 2010), humans with bilateral vimPFC damage will exhibit reduced
BNST perfusion, which will in turn correlate with self-report measures of negative affect

and anxiety.

Methods
Details about research participants, lesion tracing, and MRI acquisition are presented

in Chapter 6.

Cerebral perfusion analysis

Quantitative CBF images from pcASL were rigidly co-registered with a T,*-weighted
EPI volume from the task scan and normalized to MNI space. Normalized CBF volumes
were scaled to whole-brain CBF (after masking out the lesion in vimPFC patients) and
smoothed with a 6mm full-width at half-maximum (FWHM) Gaussian kernel. To test the

main study hypothesis, we used regions-of-interest (ROIs) corresponding to the right and
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BNST ROI

Figure 10. BNST Regions of Interest (ROIs). Right (blue) and left (orange) BNST ROIs used to
examine group differences in perfusion.

left BNST (Figure 10). BNST ROIs were hand-drawn on the MNI template brain using
neuroanatomical boundaries from the human brain atlas of Mai (Mai et al., 2003). To
determine the specificity of between-group differences, we also examined group
differences in mean unscaled whole-brain CBF, as well as differences in scaled CBF for
additional subcortical ROIs that are known to be directly connected with vimPFC
(amygdala, mediodorsal nucleus of the thalamus, hypothalamus, periaqueductal gray, and
ventral striatum) as well as for several subcortical areas not densely or directly connected
with vimPFC (lateral geniculate nucleus, caudate nucleus, putamen). Mediodorsal
thalamus, hypothalamus, and lateral geniculate nucleus ROIs were generated using
Talairach atlas labels from AFNI’s built-in Talairach Daemon (Talairach and Tournoux,
1988). Striatal ROIs (ventral striatum, caudate nucleus, and putamen) were generated
using spheres with a radius of 3.5 mm centered on coordinates corresponding to the
inferior ventral striatum, dorsal caudate, and dorsal rostral putamen ROIs reported in a

previous functional connectivity study (Di Martino et al., 2008), which was based on a
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large-scale meta-analysis of striatal connectivity (Postuma and Dagher, 2006). The
periaqueductal gray ROI was hand-drawn using MRIcron software (Rorden et al., 2007)
on the group average anatomical volume in MNI template space, based on
neuroanatomical boundaries from the human brain atlas of Mai (Mai et al., 2003). All
between-group comparisons were assessed using non-parametric Mann-Whitney-

Wilcoxon tests.

Rest state fMRI preprocessing and analysis

Rest-state fMRI data analysis was performed using AFNI (Cox, 1996) and FSL
(http://www.fmirb.ox.ac.uk/fsl/). EPI volumes were slice time corrected using the first
slice as a reference (sequential acquisition, Fourier interpolation), field map corrected
(Jezzard and Clare, 1999), and motion corrected by rigid body alignment to the first EPI
acquisition. Next, images were deobliqued and the first three volumes were omitted from
the EPI time series. Data were then motion corrected (3dvolreg) and despiked to remove
extreme time series outliers. Finally, the time series data were band-pass filtered
(0.01<£<0.1) and spatially smoothed with a 4mm FWHM Gaussian kernel. Two NC
subjects were excluded from the rest-state analysis (n=1 with excessive head motion
(>2mm) (Power et al., 2012), n=1 due to errors in field map correction) for a total sample
size of n=17 NC subjects. Functional connectivity was assessed using the hand-drawn
anatomical ROIs in right and left BNST as seeds. Functional connectivity was computed
using a GLM with the mean resting-state BOLD time series extracted from each subject-
specific ROI and eight regressors of no interest, including six motion covariates, and

average time series from white matter and ventricles. To further control for subject
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motion, volumes in which more than 10% of voxels were time series outliers were
censored in the GLM. Correlation coefficients were converted to z-scores via Fisher’s r-
to-z transform and corrected for degrees of freedom. Resulting z-score maps were aligned
to MNI space and resampled to 3mm? isotropic resolution for subsequent second-level
analyses.

To specifically examine whether the BNST ROIs used in this study exhibited
significant functional connectivity with vimPFC in the NC group, we conducted a whole
brain voxel-wise one-sample t-test against zero using z-transformed BNST connectivity
maps from each subject. Resulting statistical maps were FWE-corrected for multiple
comparisons across the whole brain at the cluster level (Prwr<0.05), using a height
threshold of P<0.001 (Forman et al., 1995; Carp, 2012). A corrected Prwg<0.05 was
achieved using a cluster extent threshold of 37 voxels (999 mm®), calculated using Monte

Carlo simulations.

Relationship to anxiety measures

To investigate whether individual differences in anxiety were related to CBF in
BNST, we regressed self-report measures of negative affect and anxiety on CBF values in
BNST ROIs. Self-report scales were validated measures of trait anxiety (STAI-T)
(Spielberger et al., 1983), depression (BDI) (Beck et al., 1996), and negative affect
(PANAS-negative) (Watson et al., 1988). Two separate linear regression models were
conducted for each measure, one examining the strength of the relationship in the NC
group alone, and a second examining the relationship across both the NC and vmPFC

groups together. Regression analyses were considered significant at P<0.05.
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Results

In support of the main study hypothesis, the vmPFC lesion patients exhibited
significantly lower perfusion in the right BNST, as compared to NC subjects (W=65,
p=0.027). There was no significant difference between groups for the left BNST (W=50,
p=0.37). Among the comparison ROIs, the groups differed in only one region—the right
mediodorsal nucleus of the thalamus (W=72, p=0.003). This unpredicted result survives
Bonferroni correction for the total number of comparison ROIs (0=0.05/13=0.004).
Complete ASL results are presented in Table 6.

As a follow-up to the main study result (reduced right BNST metabolism in the
vmPFC lesion group), we used rest-state fMRI to determine whether the BNST ROI used
in this study is functionally connected with the vmPFC among the neurologically healthy
subjects. As expected, the NC subjects exhibited significant rest-state functional
connectivity between the right BNST and a 116-voxel cluster within the vimnPFC (Figure
11). Importantly, the region of significant BNST functional connectivity was located in
an area in which all four vimPFC patients had significant damage. The left BNST seed
exhibited a similar pattern of resting state connectivity in the NC group, with two
significant clusters of 45 and 91 voxels located within the vmPFC.

Contrary to the previous study of non-human primates with OFC lesions, there were
no significant relationships between any of the three self-reported measures of negative
affect (BDI, STAI, and PANAS) and right or left BNST CBF, both within the NC group

and across the full sample (all P’s>0.10).
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Table 6. ASL cerebral perfusion data

RoI mewn | sd. | mean | sa | W |
Whole Brain 36.30 8.73 40.09 13.65 31 0.611
BNST

L BNST 1.07 0.14 1.00 0.16 50 0.366
R BNST 1.03 0.16 0.83 0.07 65 0.027
vmPFC network
L amygdala 1.11 0.15 1.23 0.11 20 0.162
R amygdala 1.1 0.15 1.01 0.19 46 0.557
L ventral striatum 1.43 0.21 1.31 0.13 51 0.324
R ventral striatum 1.36 0.23 1.14 0.07 58 0.116

L MD thalamus 1.28 0.09 1.23 0.05 51 0.324

R MD thalamus 1.32 0.10 1.11 0.10 72 0.003

L hypothalamus 1.08 0.16 1.01 0.09 46 0.557

R hypothalamus 1.07 0.18 0.91 0.04 61 0.067

Periaqueductal gray 0.94 0.12 0.96 0.11 33 0.725
Non-vmPFC network

L caudate 1.24 0.21 1.17 0.23 45 0.611

R caudate 1.29 0.22 1.18 0.14 52 0.286

L putamen 1.26 0.23 1.26 0.17 36 0.907

R putamen 1.32 0.23 1.27 0.18 42 0.785

L LGN thalamus 1.04 0.17 1.08 0.08 28 0.456

R LGN thalamus 1.14 0.22 1.03 0.09 50 0.366

Significant group differences are in italics. L, left; R, right; BNST, bed nucleus of stria terminalis; LGN,
lateral geniculate nucleus; MD, mediodorsal.

Right BNST
Seed

Left BNST

Figure 11. Rest-state functional connectivity for the right and left BNST ROI in n=17 NC
subjects. Significant functional connectivity was observed between the right BNST and a region of
vmPFC in which all four vmPFC patients had damage (top row). A similar pattern of functional
connectivity with the vmPFC was found for the left BNST ROI (bottom row). Coordinates presented (in
mm) in MNI template space, thresholded at Prywg<0.05.
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Discussion

In this chapter, we demonstrate a significant and rather selective reduction in right
BNST perfusion in patients with bilateral vimPFC lesions. This finding squarely supports
our main hypothesis, which was based on a previous PET study showing reduced BNST
metabolism in primates with bilateral OFC lesions (Fox et al., 2010). This study is the
first to use functional imaging in human lesion patients to show an effect of vimPFC
damage on resting cerebral perfusion, thereby providing unique and novel data on the
causal relationship between vimPFC and BNST. More specifically, these data suggest that
vmPFC normally serves to promote BNST activity, which in turn could enhance
behavioral and physiological components of negative emotion (Davis and Shi, 1999;
Walker et al., 2003). This vmPFC-BNST interaction could explain in part why vimPFC
damage in humans has been associated with blunted affect (Barrash et al., 2000),
diminished physiological arousal to emotionally evocative stimuli (Damasio et al., 1990),
and a reduced likelihood of developing PTSD and depression (Koenigs et al., 2008a;
Koenigs et al., 2008b). A putative interaction between vimPFC and BNST is supported by
our functional connectivity analysis (Figure 11) as well as by previous human
neuroimaging data documenting robust functional and structural connections between the
two regions (Avery et al., 2014). This vmPFC-BNST interaction could thus constitute an
important addition to neural circuitry models of mood and anxiety disorders, which have
predominantly focused on the role of vimPFC in inhibiting amygdala activity (Quirk and
Gehlert, 2003; Milad et al., 2006; Rauch et al., 2006).

The model of vmPFC-BNST interaction proposed above is based largely on previous

research linking BNST activity to the expression of trait-like anxiety (Davis and Whalen,
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2001; Walker et al., 2003; Kalin et al., 2005). Unlike the amygdala, which has been
implicated in rapid, time-limited fear responses consistent with orienting towards
potentially threatening stimuli, BNST is thought to be involved in generating and
maintaining responses consistent with sustained anxiety (Walker et al., 2003). Although
direct axonal connections between vmPFC and BNST have not been well characterized in
primates, high-resolution tracing studies in rodents have identified robust direct
projections from rodent infralimbic cortex—the putative homologue of human vimPFC—
to BNST (McDonald et al., 1999), in addition to well-documented indirect connections
through other limbic regions like the amygdala, insula, and mediodorsal thalamic nucleus
(McDonald et al., 1999; Dong et al., 2001a; Dong et al., 2001b). Each of these areas in
turn project to brainstem and hypothalamic nuclei involved in coordinating peripheral
aspects of an emotional response (Heimer et al., 1997; Tye et al., 2011; Jennings et al.,
2013; Kim et al., 2013). Together, these regions form a network well-suited for the
modulation and expression of behavioral and physiological components of emotion.
Unlike the previous lesion study in non-human primates (Fox et al., 2010), we did not
observe a significant relationship between BNST perfusion and measures of anxiety.
There are several plausible explanations for this null finding. One is that the ASL
perfusion measure employed here may be too coarse of an index of BNST activity to
correlate with specific aspects of emotional experience. Recent evidence indicates that
BNST consists of distinct subregions with divergent roles in emotional expression. A
study using optogenetics to activate and deactivate discrete subpopulations of BNST
neurons found that focal stimulation of adjacent BNST subregions elicited opposing

anxiolytic and anxiogenic effects (Jennings et al., 2013; Kim et al., 2013). Thus, the lack
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of an association between BNST perfusion and anxiety in the present may study reflect
the conflicting effects of changes in blood flow on anatomically distinct and functionally
antagonistic regions of BNST. Secondly, given that previous associations between BNST
metabolism and anxiety phenotypes were observed using PET scanning under conditions
designed to elicit anxious responses (Kalin et al., 2005; Fox et al., 2010), our approach of
simply examining resting blood flow inside the MRI environment (with no anxiety-
inducing stimulus) may be insufficient to observe the expected relationships between
BNST function and anxious behavior. Finally, there was a narrow range of self-reported
negative affect in our healthy adult comparison sample. All subjects were well within the
subclinical range (Spielberger et al., 1983; Watson et al., 1988; Beck et al., 1996), which
may have limited our ability to detect a correlation between BNST perfusion and self-
reported anxiety. Future work in larger samples using more robust emotion induction
paradigms and a broader range of anxiety levels will be necessary to more fully elucidate
the relationship between BNST activity and psychopathology.

Several additional findings from this study warrant further consideration. One is the
unpredicted effect of vmPFC damage on mediodorsal thalamus perfusion. Among all
comparison ROIs, only the right mediodorsal thalamus exhibited a significant group
difference. This finding can likely be explained by the fact that the mediodorsal nucleus
is the region of thalamus that is the most densely interconnected with vmPFC (Ongur and
Price, 2000). However, it is important to note that not all regions that are densely
interconnected with vmPFC exhibited reductions in perfusion; no significant group
differences were observed in either hemisphere for amygdala, ventral striatum,

hypothalamus, or periaqueductal gray. This pattern of results suggests that vmPFC may
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play an especially critical role in modulating the activity of BNST and mediodorsal
thalamus. Alternatively, the null effects in other brain regions could be due the small
sample of vimPFC lesion patients, though the primate PET study also found no significant
effect of OFC damage on amygdala metabolism (Fox et al., 2010). Another noteworthy
finding is that the significant reductions in BNST and mediodorsal thalamus perfusion
were observed only in the right hemisphere. These lateralized effects may be due to the
lesion characteristics of our vmPFC patient sample. Although all patients’ lesions
involved significant bilateral damage to vimPFC, each patient had slightly greater damage
on the right side (Supplementary Table 7). Future work in larger patient samples with
more heterogeneous vimPFC lesions could more conclusively determine the link between
lateralization of vmPFC damage and BNST perfusion.

One limitation of the present study is the single functional imaging measure (ASL)
used to index BNST activity. Because resting cerebral blood flow is tightly coupled to
cerebral metabolism (Fox and Raichle, 1986), ASL can be interpreted as a proxy measure
of cerebral metabolism—and hence underlying neural activity—similar to PET (Xu et al.,
2010; Okonkwo et al., 2012). However, the ASL data in this study only reflect resting
state activity. Future fMRI studies could build upon the present results by determining
whether vimPFC damage also diminishes stimulus-evoked BNST activity in anxiogenic
tasks (Alvarez et al., 2011; Grupe et al., 2013; Somerville et al., 2013).

In sum, through a unique application of ASL cerebral perfusion imaging in patients
with bilateral vimPFC lesions, we have demonstrated a critical role of vimPFC in
promoting BNST activity. This finding corroborates non-human primate data and yields

novel insight on the brain circuitry underlying human affective function. Together with
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the results from the previous two chapters, this result highlights the critical importance of
reciprocal interactions between vmPFC and subcortical brain regions like the amygdala
and BNST, as well as cortical regions, like the insula, in driving behavioral and
physiological components of an emotional response. These insights have direct
implications for a range of neuropsychiatric disorders characterized by affective

dysfunction, as we will see in the next chapter.
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Chapter 9. Reduced prefrontal connectivity in psychopathic prison inmates

The results described in the previous three chapters offer compelling support for a
view of vmPFC function in affective psychopathology that depends critically on complex
reciprocal interactions among brain regions implicated in emotional processing. This
assertion has important implications for disorders across a broad spectrum of affective
dysfunction. Most notably, given previous findings of reduced structural and functional
connectivity between amygdala and vmPFC in depression and anxiety (interpreted as
neurobiological evidence for a failure of top-down regulation of amygdala by vimPFC),
the more inclusive model suggests that disorders at the opposite end of the spectrum of
affective dysfunction (e.g., blunted affect, social disinhibition) could exhibit the same
gross patterns of neuroanatomical dysfunction, yet present with a divergent pattern of
behavior. Psychopathy is an ideal neuropsychiatric disorder in which to test this
hypothesis.

Typified by callous and impulsive antisocial behavior, psychopathy is present in
roughly a quarter of adult prison inmates, and is associated with a disproportionately high
incidence of violent crime and recidivism (Hare, 2003). Perhaps the most compelling
support for a central role of vmPFC dysfunction in psychopathy has emerged from the
study of neurological patients with focal vmPFC lesions. For decades, neurologists have
noted that the personality changes accompanying vimPFC damage (e.g., blunted affect,
social disinhibition, lack of empathy, irresponsibility, and poor decision-making) bear
striking resemblance to hallmark psychopathic personality traits. Indeed, the personality

changes associated with vmPFC damage have been dubbed “pseudopsychopathy”
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(Blumer and Benson, 1975) and “acquired sociopathy” (Eslinger and Damasio, 1985).
Early research in psychopathic prison inmates revealed blunted SCRs during the
anticipation of punishment (suggesting an anticipatory arousal deficit), consistent with
what would later be observed in human vmPFC lesion patients (Hare, 1965; Hare et al.,
1978; Tharp, 1980). More recently, it has been shown that psychopaths perform
remarkably similar to vmPFC lesion patients on measures of social economic choice
(Koenigs et al., 2010) and moral judgment (Koenigs et al., 2012). Taken together, these
data suggest that vmPFC dysfunction may be a critical neurobiological substrate
underlying psychopathy.

In this chapter, we employ two complementary neuroimaging methods to quantify the
structural and functional connectivity of vmPFC in psychopathic and non-psychopathic
prison inmates. Using diffusion tensor imaging (DTI), we test the hypothesis that
psychopathy is associated with reduced structural integrity of the uncinate fasciculus
(UF), the primary white matter pathway connecting vmPFC with anterior temporal lobe
structures, including the amygdala. Using functional magnetic resonance imaging
(fMRI), we test the hypothesis that psychopathy is associated with lower levels of

correlated activity between vmPFC and amygdala at rest.

Methods
Participants
Participants were adult male inmates recruited from a medium-security Wisconsin
correctional institution. Inmates were eligible if they met the following criteria: under 45

years of age, 1Q greater than 70, no history of psychosis or bipolar disorder, and not
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currently taking psychotropic medications. Informed consent was obtained both orally
and in writing.

The Psychopathy Checklist-Revised (PCL-R) (Hare, 2003) was used to assess
psychopathy. The PCL-R assessment involves a 60-90 minute interview and file review
to obtain information used to rate 20 psychopathy-related items as 0, 1, or 2, depending
on the degree to which each trait characterizes the individual. A substantial literature
supports the reliability and validity of PCL-R assessments with incarcerated offenders
(Hare, 2003). To evaluate interrater reliability, a second rater who was present during
interviews provided independent PCL-R ratings for 8 inmates. The intraclass correlation
coefficient was 0.85. PCL-R Factor 1 and 2 scores were computed following procedures

outlined in the PCL-R manual (Hare, 2003).

Participant Groups

Participants were classified as psychopathic if their PCL-R scores were 30 or greater
and non-psychopathic if their PCL-R scores were 20 or less (Hare, 2003). (The use of
these cut scores affords clear distinction between high and low levels of psychopathy, but
precludes the correlation of imaging data with PCL-R factor or facet scores, which would

require a more continuous range of PCL-R scores.)

MRI Data Collection
All MR imaging data were acquired using the Mind Research Network’s mobile
Siemens 1.5 T Avanto Mobile MRI System with advanced SQ gradients (max slew rate

200T/m/s, 346 T/m/s vector summation, rise time 200 us) equipped with a 12-element
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head coil. Head motion was limited using padding and restraint. All prisoners were

scanned on correctional facility grounds.

DTI preprocessing and analysis

A total of 27 inmates (n=14 psychopaths and n=13 non-psychopaths) meeting the
inclusion criteria participated in the DTI study (Table 7).

Diffusion weighted echo-planar magnetic resonance images were acquired by
applying diffusion sensitizing gradients along 30 non-collinear directions (b-value = 800
s/mm?®). Five interleaved non-diffusion-weighted (b-value = 0 s/mm?) volumes were
collected during each run to enable corrections for motion and eddy current distortions.
Images were collected with the following parameters: repetition time (TR) = 9,200 ms,
echo time (TE) = 84 ms, Field of View (FOV) =256 mm x 256 mm, matrix size = 128 x
128, slice thickness = 2 mm, no gap, voxel size =2 mm x 2 mm X 2 mm, 70 slices. The
sequence was repeated twice and the data combined to improve SNR.

Data processing was conducted using the FSL (http://www.fmrib.ox.ac.uk/fsl/) and
CAMINO (Cook et al., 2006) software packages. Eddy current distortions and head
movements were corrected by affine registration of all images to the first non-diffusion-
weighted volume (FSL). Non-brain tissue was removed using the brain
extraction toolbox (BET) in FSL (Smith, 2002) and the resulting brain masks were
carefully inspected before performing non-linear diffusion tensor estimation using
CAMINO (Jones and Basser, 2004; Alexander and Barker, 2005). Diffusion tensor
images for each subject were screened for extreme outlier voxels and resampled to 1.75

mm x 1.75 mm x 2.5 mm resolution. Fractional anisotropy (FA), a scalar measure of
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DTI Study Rest-fMRI Study
Non- Non-
Variable psychopaths PS}EE};ciaz;ths p psychopaths Ps;zflllc;%a;ths p
(n=13) (n=20)
Demographic
Age 31.7(7.9) 32.9(6.9) 0.69 31.1(7.5) 32.6 (6.8) 0.53
Race
(Cauc/Afr Am) 12/1 10/4 0.33 18/2 15/5 0.41
Neuropsychological
1Q* 102.3 (12.5) 97.9 (11.1) 0.36 101.4 (12.6) 99.6 (10.2) 0.63
Digit Span Back 7.1 (2.6) 6.4 (3.3) 0.57 6.9 (2.2) 6.7 (3.4) 0.84
Anxiety/Neg Affect® | 13.5(10.7) 13.2(7.2) 0.93 11.2 (9.5) 13.4 (8.3) 0.44
Psychopathy
PCL-R total 14.6 (2.7) 32.2(1.8) <0.001 14.2 (3.4) 31.9 (1.7) <0.001
Factor 1 5.3(1.9) 12.1 (1.7) <0.001 4.7 (2.1) 11.8 (1.8) <0.001
Factor 2 7.5 (3.0) 17.4 (1.4) <0.001 7.9 (3.1) 17.2 (1.5) <0.001
Substance Abuse®
Alcohol
Prevalence 5/10 7/11 0.67 9/16 11/16 0.72
Age of onset 21.0(5.2) 17.7 (2.2) 22.4 (6.5) 19.0 (3.4)
Cannabis
Prevalence 4/10 7/11 0.39 7/16 11/16 0.29
Age of onset 19.8 (4.7) 19.7 (8.6) 17.9 (4.7) 19.3 (6.8)
Cocaine
Prevalence 2/10 3/11 0.99 3/16 6/16 0.43
Age of onset 17,18 16,16,26 19.7 (2.9) 20.2 (5.4)
Stimulants
Prevalence 1/10 2/11 0.99 2/16 4/16 0.65
Age of onset 30 20,23 16,18 15,20,23,30
Opioids
Prevalence 2/10 2/11 0.99 3/16 6/16 0.43
Age of onset 15,35 16,20 20.7 (5.1) 21.7 (7.3)
Sedatives
Prevalence 0/10 1/11 0.99 1/16 2/16 0.99
Age of onset n/a 20 27 20/22
Hallucinogens
Prevalence 0/10 3/11 0.21 1/16 4/16 0.33
Age of onset n/a 15,20,21 20 15,17,20,21

based on Shipley Institute of Living Scale (Zachary, 1986), ®based on Welsh Anxiety Scale, “based on
diagnosis of abuse or dependence in the Structured Clinical Interview for DSM-IV Disorders (SCID) (First,
2002), which was administered to 10/13 non-psychopaths and 11/14 psychopaths in the DTT study and
16/20 non-psychopaths and 16/20 psychopaths in the rest-fMRI study. P-values for race distribution and
substance abuse prevalence were computed with Fisher’s Exact Test. All other p-values are based on t-
tests (means presented followed by standard deviations in parentheses). P-values were not calculated for
substance abuse age of onset due to relatively small sample sizes of abusers for most substances.
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fiber coherence and microstructural white matter integrity, was calculated from the
diffusion tensors at each brain voxel.

FA maps for each subject were non-linearly registered to the standard MNI152 white
matter template and resampled to 1 mm? resolution (Andersson et al., 2007). Aligned
images were averaged into a group mean FA image, which was thinned to create a study-
specific white matter skeleton mask. This mask was projected onto each subject’s native
space FA image and whole brain estimates were acquired by extracting the mean FA
value across the white matter skeleton. Group differences were examined in the Uncinate
Fasciculus (UF), the primary structural connection between the amygdala and
ventromedial prefrontal cortex (vmPFC), and in comparison tracts with documented
frontal and temporal connectivity, in which no group differences were expected (Inferior
Longitudinal Fasciculus/Inferior Fronto-Occipital Fasciculus, ILF/IFOF; Superior
Longitudinal Fasciculus, SLF; Superior Fronto-Occipital Fasciculus, SFOF). Individual
FA estimates for each ROI were acquired by projecting the John's Hopkins University
(JHU) white matter atlas onto each subject's native space FA image and computing the
mean value across the tract labels of interest (Mori et al., 2005). FA values for each ROI
were scaled to whole-brain FA and entered into two-sample t-tests to assess group
differences between psychopaths and non-psychopaths. All DTI analyses were
considered significant at p<0.05.

To confirm the anatomical validity of UF regions of interest (ROIs) used in the
between-groups analysis, UF tracts were verified in every subject using tractography.
Briefly, fiber tracking was performed from every voxel in the brain (“brute force”

method) using the tensor deflection (TEND) algorithm in CAMINO (Lazar et al., 2003).
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Individual UF tracts were isolated by filtering tractography results to include only those
tracts that passed through the UF ROI defined by the JHU atlas (Figure 12a). Tracts
acquired in this way were compared to tracts derived using the manual two-ROI
approach, a technique shown to reliably identify tracts with the characteristic “C” shape
of UF fibers (Wakana et al., 2007; Hua et al., 2008). Fiber trajectories for each subject
were confirmed using known neuroanatomical landmarks and white matter atlases to
verify that the ROIs sampled from white matter regions containing predominantly UF
fibers. All tractography data were processed and analyzed using TrackVis software

(Wang et al., 2007).

Rest state fMRI preprocessing and analysis

A total of 40 inmates (n=20 psychopaths and n=20 non-psychopaths) meeting the
inclusion criteria participated in the rest-fMRI study (Table 7). Twenty-six inmates had
both DTT and rest-fMRI data.

Resting state functional images were collected while subjects lay still and awake,
passively viewing a fixation cross. T2*-weighted gradient-echo echoplanar functional
images (EPIs) were acquired with the following parameters: TR= 2000 ms, TE = 39 ms,
flip angle = 75 °, FOV = 24 x 24 cm, matrix = 64 x 64, slice thickness =4 mm, gap = 1
mm, voxel size = 3.75 mm x 3.75 mm x 5 mm, 27 sequential axial oblique slices.
Resting-state scans lasted 5.5 minutes (158 volumes). A high-resolution T1-weighted
structural image was acquired using a four-echo MPRAGE sequence (TR =2530; TE =
1.64, 3.5, 5.36, 7.22 ms; flip angle = 7°, FOV = 256 x 256 mm, matrix = 128 x 128, slice

thickness = 1.33 mm, no gap, voxel size = 1 mm x 1 mm x 1.33 mm, 128 interleaved
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sagittal slices). All four echos were averaged into a single high-resolution image, which
was used to aid in the spatial normalization of EPI volumes and visualization of group
statistics.

All fMRI data analysis was performed using AFNI (Cox, 1996) and FSL
(http://www.fmrib.ox.ac.uk/fsl/). EPI volumes were slice time corrected using the first
slice as a reference (sequential acquisition, fourier interpolation) and motion corrected by
rigid body alignment to the first EPI acquisition. Any subject with motion greater than 4
mm in any direction was excluded from further analysis. The first 3 volumes were
omitted from the EPI time series and the data were despiked to remove extreme time
series outliers. Time series data were bandpass filtered (0.009 < f'< 0.08) before spatially
smoothing with a 4-mm full width at half maximum (FWHM) Gaussian kernel. EPI time
series data and high-resolution T1 images were normalized to the Talairach coordinate
system (Talairach and Tournoux, 1988) using a 12-parameter linear warp and the EPI
data were resampled to 3 mm cubic voxels for subsequent functional connectivity
analyses. Normalized T1 anatomical images were segmented into gray matter, white
matter, and cerebrospinal fluid (CSF) segments using FAST in FSL (Zhang et al., 2001).
White matter and CSF segments were used as masks to extract a representative time
series from each tissue type.

To investigate differences in vmPFC connectivity between psychopaths and non-
psychopaths, we examined two functional networks with documented vimPFC
involvement. To test the hypothesis that psychopathy is associated with reduced vimPFC-
amygdala connectivity, we seeded the right and left amygdala in each subject. Amygdala

ROIs were manually traced on the Talairaich-aligned group average T1 anatomical image
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(Nacewicz et al., 2006) and subsequently edited by cycling through each subject’s T1
image, excluding voxels in which the group mask overlapped with adjacent, non-
amygdalar, tissue (Figure 13a). The final exclusionary mask contained only voxels
overlying the amygdala in all subjects.

Functional connectivity was assessed by computing whole brain correlations with the
mean time series derived from each of the seed ROIs. The mean time series was included
in a GLM with eight regressors of no interest, including six motion parameters (3
translations, 3 rotations) obtained from the rigid body alignment of EPI volumes, the
ventricular time series acquired by averaging across the CSF mask, the white matter time
series acquired by averaging across the white matter mask, and a second order
polynomial to model baseline signal and slow drift. Voxelwise correlation coefficients
for each ROI were converted to z scores via Fisher’s r to z transform and the resulting z-
score maps were entered into second level statistical analyses.

To investigate differences in functional connectivity between psychopathic and non-
psychopathic prisoners, we performed unpaired two-sample t-tests on the z-score maps
derived from each seed region of interest. Based on our a priori interest in connectivity
with the vimPFC, we restricted group comparisons to a region encompassing the medial
surface of the PFC bilaterally, ventral to the genu of the corpus callosum (z=-6.5; Figure
13a). The vimPFC ROI was created using the WFU pickatlas (Maldjian et al., 2003) and
subsequently edited in AFNI to exclude regions dorsal to the genu. Group difference
maps were corrected for multiple comparisons using cluster-extent thresholding at an
uncorrected p<0.005, a=0.05 (cluster size=14 voxels, 378 mm®). Cluster extents were

computed using Monte Carlo simulations implemented in the 3dClustSim program



(AFNI). Group correlation maps were overlaid on the normalized mean anatomical
image. All coordinates are reported in Talairach space.

To assess whether group differences were specific to vmPFC, we examined
connectivity in two additional regions per seed in which we expected no group
differences in functional connectivity. For the right amygdala seed, we investigated
connectivity with the anterior superior temporal gyrus (aSTG) and contralateral
amygdala, regions with documented right amygdala connectivity (Roy et al., 2009).
Connectivity with the aSTG was assessed by placing a sphere of 6-mm radius at
coordinates reported by Roy et al. (aSTG: 34, -10, -26). Connectivity with the left
amygdala was assessed using the hand-drawn amygdala ROI from the previous
connectivity analysis. Group differences were considered significant at a corrected

p<0.05 (uncorrected p<0.005, cluster size=14 voxels, 378 mm’).

Results

Structural connectivity: DTI results
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Fractional anisotropy (FA) is a scalar measure that is sensitive to the microstructural

integrity and fiber coherence of white matter tracts (Pierpaoli and Basser, 1996). Here,

we used FA to probe differences in white matter structural connectivity between

psychopathic and non-psychopathic prisoners. Before examining FA values in the UF,

we first computed a measure of whole-brain FA for each subject as the average FA value

across all major white matter tracts. Overall, psychopaths had significantly lower whole-

brain FA than non-psychopaths (t=-3.5, p=0.002). Therefore, in subsequent analyses of

specific tracts, we computed a scaled FA value, equal to the FA value in the specific tract
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Figure 12. DTI results: reduced white matter integrity is specific to the right UF in
psychopaths. (a) The UF ROI (circled in red) in serial axial slices and a single coronal slice. (b) The
UF ROI (red) superimposed on an entire UF tract, as computed with tractography (see Methods for
additional details). (c-e) Bar plots of mean scaled FA values in three comparison tracts, in each
hemisphere: (c) inferior longitudinal fasciculus/inferior fronto-occipital fasciculus (ILF/IFOF), (d)
superior longitudinal fasciculus (SLF), and (e) superior fronto-occipital fasciculus (SFOF). (f) Bar
plots of mean scaled FA values in the UF. Psychopaths exhibited significantly lower scaled FA
values only in right UF. Error bars indicate S.E.M.

of interest divided by the subject’s whole-brain FA value. Using the scaled FA values,
we addressed our first hypothesis—that psychopaths would have reduced structural
integrity (lower FA values) in the UF. Indeed, relative to non-psychopaths, psychopaths
had significantly lower scaled FA values in the right UF (t=-2.1, p=0.048) (Figure
12a,b,f). To assess the anatomical specificity of this finding, we computed scaled FA
values for three additional major fiber tracts involving the frontal lobe: the superior
fronto-occipital fasciculus, the superior longitudinal fasciculus, and the inferior
longitudinal fasciculus/inferior fronto-occipital fasciculus. In none of these comparison

tracts were FA values significantly different between psychopaths and non-psychopaths
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(all p-values >0.14) (Figure 12¢,d,e). These DTI data associate psychopathy with a
reduction of white matter integrity in the right UF.
Functional connectivity: Rest-fMRI results

In light of our DTI findings in the right UF, we first examined resting functional
connectivity between the right amygdala and vmPFC (Figure 13a). For each group
(psychopaths and non-psychopaths), we computed the spatial map of voxels in vimPFC
exhibiting a significant correlation with the BOLD signal derived from the right
amygdala seed region (Figure 13b). To test the hypothesis that psychopaths would have
reduced vimPFC-amygdala functional connectivity at rest, we then computed the spatial
map of vimPFC voxels with significant differences in correlated activity with right
amygdala (Figure 13b). In support of our hypothesis, we found a cluster of voxels in the
right anterior vmPFC exhibiting significantly lower correlation with right amygdala in
psychopaths than in non-psychopaths.

To address the anatomical specificity of this finding, we also assessed resting
connectivity between the amygdala seed region and two other areas of the brain that have
previously been shown to be functionally connected with the right amygdala: the
contralateral (left) amygdala and a region of right anterior superior temporal gyrus
(aSTG) (Roy et al., 2009). Although there were significant BOLD correlations between
right and left amygdala as well as between right amygdala and right aSTG in both
psychopaths and non-psychopaths, there were no significant between-group differences
in amygdala connectivity with either area (both p-values>0.17). In other words,

psychopaths exhibited normal functional connectivity between right amygdala and left
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Figure 13. Functional connectivity between the right amygdala and anterior vmPFC is
reduced in psychopaths. (a) Group differences in connectivity were assessed in the vmPFC
mask (red) for correlation coefficients computed using the mean time series extracted from the
hand drawn right amygdala seed (blue). (b) Mean right amygdala-vmPFC connectivity maps for
non-psychopaths and psychopaths are shown separately on the group mean anatomical image,
thresholded at a cluster corrected p<0.05. Scale bars depict the uncorrected T-statistic. Both
groups exhibit significant resting connectivity between right amygdala and regions of vmPFC.
The group difference map indicates an area in anterior vmPFC where non-psychopaths have
significantly greater connectivity than psychopaths (x=-3, y=-66, z=-10, cluster size=14 voxels).
(c) A three-dimensional rendering of the group mean anatomical image shows the location of the
amygdala seed (blue) and significant vmPFC cluster (red) in relation to the UF (green). (d) The
bar plot depicts the significant group difference in connectivity estimates (Fisher-z transformed
correlation coefficients) within the vmPFC cluster. Error bars indicate S.E.M.. Filled circles
represent values from individual subjects.
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amygdala, as well as between right amygdala and right aSTG. These fMRI results

associate psychopathy with a reduction in vmPFC-amygdala functional connectivity.
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Discussion

In this study of psychopathic and non-psychopathic prison inmates, we found
evidence of significantly reduced vmPFC-amygdala connectivity among psychopaths:
lower FA in right UF and lower BOLD signal correlations with the amgydala at rest.

Regarding the finding of reduced structural connectivity in the right UF, ours is not
the first study to use DTI to assess white matter structural integrity in psychopathy. The
only previous study to do so also found that individuals with higher psychopathy scores
had significantly lower FA values in right UF than those with lower psychopathy scores
(Craig et al., 2009). Although the data presented here support the conclusion of the
previous study (reduced structural connectivity between vimPFC and amygdala in
psychopathy), our study has several notable methodological differences.

One advantage is a more rigorous subject classification scheme. The previous study
included n=9 adult males with relatively high levels of psychopathy, defined as PCL-R
score >25 (mean=28.4). We employed a more stringent PCL-R cutoff of >30 to define
our psychopathic group, in accordance with the PCL-R recommendations (Hare, 2003)
and in recognition of the fact that individuals with intermediate PCL-R scores (21-29) are
in some experimental paradigms more similar to non-psychopaths (PCL-R <20) than
actual psychopaths (PCL-R >30) (e.g., in tests of emotion-modulated startle (Patrick et
al., 1993) and moral judgment (Koenigs et al., 2012). In addition, our psychopathic and
non-psychopathic groups were well matched on demographic variables, intelligence, and
substance abuse histories (Table 7).

A second distinguishing feature of the DTI component of our study is the single ROI-

based approach to calculate UF FA values. The ROI we used was within the dense
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insular segment, or “isthmus”, of the UF. This ROI excludes terminal regions of the UF
that intermingle with adjacent tracts (Ebeling and von Cramon, 1992). Combining this
ROI approach with the correction for whole-brain FA differences allowed us to isolate
regions of particular interest, while accounting for non-specific global differences
throughout the brain.

Despite the methodological differences between studies, the fact that both DTI studies
reveal the same specific finding supports a robust association between psychopathy and
reduced FA in right UF.

Regarding the finding of reduced resting amygdala-vmPFC connectivity, although
several previous fMRI studies have associated psychopathy with abnormal activation of
the amygdala and vimPFC (see Koenigs et al., 2011 for review), our study is the first to
demonstrate aberrant functional connectivity between vmPFC and amygdala in
psychopathy using rest-fMRI. Moreover, the collection of neuroimaging data from n=20
psychopaths with PCL-R scores >30 is the largest such sample ever reported in an MRI
study.

The finding of reduced vimPFC-amygdala correlation at rest coincides with our
structural DTI data; both findings indicate diminished connectivity between vimPFC and
amygdala in psychopathy. These convergent results support the central hypothesis of this
study, and join a substantial corpus of research highlighting the importance of vmPFC-
amygdala interactions in the regulation of emotion and social behavior (Barbas, 2000;
Davidson, 2002; Milad et al., 2006; Delgado et al., 2008). Additionally, these
neuroimaging findings are consistent with the longstanding psychological perspective

that impaired decision-making in psychopathy is due to deficient integration of affective
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information (Cleckley, 1976; Hiatt and Newman, 2006; Blair and Mitchell, 2009). The
amygdala is understood to signal the affective salience of environmental stimuli (Davis
and Whalen, 2001; Adolphs, 2010), and the anterior vmPFC is purported to discriminate
the relative value of options and outcomes during decision-making (O'Doherty, 2004;
Grabenhorst and Rolls, 2011). Accordingly, our finding of reduced functional
connectivity between these regions suggests a plausible neurobiological mechanism
underlying abnormal decision-making in psychopathy. More generally, the convergent
DTI and rest-fMRI results suggest that the socio-affective deficits characterizing
psychopathy may reflect impaired communication between vmPFC and amygdala.

This conclusion is supported by a previous study of adolescents with callous and
unemotional traits, which revealed reduced functional connectivity between the amygdala
and vimPFC during facial affect processing (Marsh et al., 2008). The convergence of
findings across distinct demographic samples and experimental contexts suggests that
reduced amygdala-vmPFC connectivity may be a consistent neurobiological feature of
populations in which callous unemotionality and impaired empathy are major
characteristics.

A goal for future research will be to use task-related fMRI to examine whether
reduced vimPFC-amygdala connectivity is an invariant feature of the psychopathic brain,
or if this abnormality is diminished or exaggerated during certain cognitive or affective
tasks (e.g., reversal learning or emotion regulation). Additionally, it will be important to
investigate with more anatomically precise imaging techniques whether the connectivity
differences we observe in psychopaths are driven by particular subnuclei of the

amygdala.
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A limitation of the extreme groups design utilized in this study is that we are unable
to determine whether our findings are driven by a particular factor of psychopathy
(interpersonal-affective or impulsive-antisocial) or by particular behavioral
characteristics (e.g., aggression). Future work in populations with more continuous
distributions of psychopathy scores will be necessary to assess whether a particular
dimensional factor drives the effects we report here.

Collectively, the structural and functional neuroimaging data presented here converge
to specify diminished vimPFC-amygdala connectivity as a robust neural correlate of
psychopathy. Human lesion studies have long implicated vimPFC dysfunction in the
pathogenesis of “psychopathic” behavioral and affective traits (Eslinger and Damasio,
1985; Damasio et al., 1990; Koenigs et al., 2010). The imaging findings presented here
provide direct evidence of dysfunctional vimPFC-amygdala connectivity in criminal
psychopaths, and putatively identify a specific neurobiological abnormality underlying
psychopathy. Furthermore, the identification of impaired structural connectivity between
amygdala and vimPFC (structures typically linked to anxious and depressive
psychopathology) in psychopathy, an externalizing disorder characterized by symptoms
at the opposite end of the spectrum of emotional dysfunction, provides convincing
support for the relevance of bidirectional prefrontal-amygdala interactions across a range

of affective psychopathology.
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Chapter 10. Summary and General Discussion

Taken together, the results summarized above indicate that modulation of emotion at
neural, physiological, and behavioral levels, likely depends on complex, reciprocal
interactions between vimPFC and a network of cortical and subcortical brain regions
implicated in emotion processing. This perspective elaborates on a widely accepted
neurobiological framework of emotion regulation, which proposes that activity in the
vmPFC is critical for top-down regulation of amygdala activity, and further, that vimPFC-
mediated control of amygdala activity is necessary for adaptive emotion regulatory
processes (Quirk and Gehlert, 2003; Milad et al., 2006; Rauch et al., 2006). Whereas this
model would predict that vmPFC damage should elicit heightened neural, physiological,
and behavioral components of emotion and promote maladaptive patterns of emotional
expression consistent with mood and anxiety disorders, humans with vmPFC lesions
typically exhibit blunted behavioral and physiological emotional responses and a have
reduced likelihood of developing anxious and depressive psychopathology (Damasio et
al., 1990; Koenigs et al., 2008a; Koenigs et al., 2008b). To resolve this inconsistency, we
conducted a series of experiments in a sample of four rare human patients with focal,
bilateral vmPFC lesions to investigate the effects of vmPFC damage on the neural,
physiological, and behavioral components of emotion. The experiments described in the
preceding chapters each address facets of the larger question of how vmPFC modulates
the expression of negative emotion.

In Chapter 6, we directly tested the top-down regulation model of vimPFC function by

examining amygdala responses to aversive visual stimuli in human vmPFC lesion
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patients using fMRI. In line with predictions from the model, we observed significant
increases in right amygdala activation to aversive pictures in the vmPFC lesion group,
relative to age- and sex-matched healthy comparison adults (Figure S, Table 3).
However, we did not observe similar increases in peripheral physiological indices of
emotional arousal (i.e., cardiac deceleration) to the aversive picture stimuli
(Supplementary Figure 3). The inconsistency between the neural and cardiovascular
data indicate that, while the top-down regulation model appears to be valid in its assertion
that efferent connections from vimPFC to amygdala are largely inhibitory and serve to
decrease amygdala reactivity in healthy adults, the vmPFC must play some critical role in
coordinating peripheral physiological responses beyond its role in modulating amygdala
activity, whether directly through connections to brainstem and diencephalic nuclei
involved in coordinating such responses, or perhaps through indirect connections with
other brain regions implicated in affective processing.

In Chapter 7, we investigated the effect of vmPFC lesions on the neural correlates of
anticipation, to test the possibility that anticipatory vmPFC activity could account for the
divergence of neural and physiological responses in the previous study. Heightened
negative emotion during anticipation (e.g., worry) is a cardinal symptom of anxiety
disorders, and is therefore a relevant psychological process by which vimPFC could
influence affective processing. By examining group differences in the phasic anticipatory
response to cues predictive of ambiguous or certain outcomes (using the same task from
Chapter 6), we found that the vimPFC lesion group exhibited markedly different patterns
of insula activation during ambiguous, relative to certain, cues (Figure 7). Whereas

healthy comparison subjects exhibited robust bilateral insula activity to ambiguous cues
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and deactivation to certain cues, patients with vmPFC damage exhibited the opposite
pattern of activity, showing increased insula activation to cues predicting certain aversive
outcomes and decreased activation to ambiguous cues. Importantly, and unlike the
previous study investigating amygdala responses to the pictures themselves, the level of
uncertainty related anticipatory activity in bilateral insula clusters was significantly
related to a peripheral physiological measure of adaptive flexibility and emotion
regulation (HRV), both across all subjects and within the healthy comparison group
(Figure 9). The concordance of neural and peripheral physiological findings in this
second study supports the assertion that vimPFC likely plays a critical role in anticipatory
processing that is directly relevant to the expression of peripheral autonomic components
of an emotional response. In Chapter 8, we built upon these findings further by showing
that the vmPFC lesion group had reduced resting cerebral blood flow in the bed nucleus
of stria terminalis (BNST), a brain region with documented involvement in the
expression of sustained anxiety (Table 6). As in the previous study of anticipatory
processing, this finding of reduced perfusion in BNST is more consistent with the
typically observed pattern of behavior in vimPFC lesion patients (i.e., reduced
physiological and behavioral indices of anxiety).

Finally, in Chapter 9, we found evidence of reduced structural and functional
connectivity between the amygdala and vimPFC in a population of prison inmates with
psychopathy (Figure 12, Figure 13). This finding is consistent with previous systems-
level neurobiological models of psychopathy, which propose that behavioral deficits
characteristic of this population (e.g., blunted affect, reduced empathy, impaired

decision-making) may reflect impaired bottom-up flow of salient, behaviorally relevant
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information from the amygdala to vmPFC (Blair, 2007, 2008). Importantly, we observed
the same general pattern of reduced amygdala-vmPFC connectivity in this population as
has previously been reported in anxious and depressed populations (Kim and Whalen,
2009; Kim et al., 2010; Kim et al., 2011; Tromp et al., 2012), a finding typically
interpreted as neural evidence of impaired fop-down influence of vimPFC on amygdala.
Thus, the results of this final study indicate that the flow of information between vimPFC
and amygdala is likely bidirectional, and that bottom-up cortical influences from
subcortical nuclei like the amygdala may be critically important for human emotion and
social behavior.

In sum, we found direct evidence for a causal role of vmPFC activity in the
modulation of brain activity across a network of interconnected cortical and subcortical
brain regions implicated in emotion processing and expression. Some of the differences
observed in the vimPFC lesion group (i.e., amygdala hyperactivity) were consistent with
the proposed role of vimPFC in emotion regulation, whereas others (i.e., altered
anticipatory processing and blunted peripheral physiological indices of emotion) more
coherently reconciled the putative involvement of vmPFC in affective processing with
previous human lesion data. Although the present results offer novel insights to changes
in specific brain regions that interact with vmPFC, our findings are remarkably consistent
with insights from earlier descriptions of patients with vmPFC damage. Particularly
striking is this statement, from the 1985 description by Eslinger and Damasio of their

vmPFC lesion patient, EVR:

“The bidirectional action [between orbital and medial regions of the frontal lobe and principal

limbic structures] described above is probably a central mechanism of frontal lobe operation,
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permitting two kinds of regulatory activity: (1) ‘modulation’ of innate hypothalamic drives that are
informed of environmental rules and contingencies; and (2) activation of higher cortices by basic

drives and tendencies.” (Eslinger and Damasio, 1985)

Gleaned from the results of a single case study, this observation has proven to be
quite prescient. Indeed, much of the data summarized in the previous four chapters are
consistent with this idea that the vmPFC exerts its function through a combination of
bottom-up and top-down interactions within a network of brain regions involved in
higher order executive functions, like goals, planning, and action preparation, and
evolutionarily older subcortical structures implicated in controlling somatic states related
to maintaining homeostasis across varied environmental contexts. Critically, the vimPFC
is ideally situated to coordinate and modulate activity across this network based on a host
of psychological factors, like environmental or social context, expectancy, prior
experience (memory), emotional state, attention and awareness, and current goals or
control strategies.

The complex relationships among vmPFC damage, neural activity, and the behavioral
and peripheral physiological expression of emotion demand a more nuanced approach to
neural circuitry models of affective function. To date, the majority of research linking
neural activity to negative affect has focused primarily on interactions between vmPFC
and amygdala, yet the results described above highlight at least two other brain regions
that may be critical for mediating the effects of vimPFC activity on emotional expression,
and further, suggest that potential interactions with other interconnected brain regions

may be critically important for affective processing.
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A large corpus of data outlining the specific functional and connectional anatomy of
particular vmPFC subregions can provide some insight to the mechanisms by which
vmPFC could exert such far-reaching effects on brain regions and behaviors relevant to
affective function. Below, I summarize evidence for the involvement of particular
connections and subregions of vmPFC in coordinating different aspects of emotional
processing, first in relation to the amygdala, then expanding scope to include a more
diverse array of interconnected brain regions. I conclude by integrating the present results

into a more parsimonious model of vimPFC function in affective psychopathology.

Neural circuitry underlying the expression of negative affect

Despite the preponderance of theoretical and empirical work directly linking
amygdala activity to the expression of negative affect, anatomical tracing studies in
rodents and non-human primates support comparable roles of vmPFC and amygdala in
generating emotion-related physiological responses (Barbas et al., 2003). Indeed, many of
the behavioral effects of vmPFC lesions are remarkably similar to those observed
following amygdala lesions (Kling, 1972). Within the amygdala, there is convincing
evidence that efferent projections from the central nucleus (CeA) are the primary drivers
of affective somatomotor responses (LeDoux et al., 1988; Tye et al., 2011). Interestingly,
amygdala subnuclei (especially CeA) and areas within vmPFC (especially the subgenual
region including Brodmann areas 24, 25, and 32) send dense, overlapping projections to
brainstem and diencephalic nuclei directly involved in coordinating peripheral autonomic
expression; namely, lateral hypothalamus, bed nucleus of stria terminalis, parabrachial

nucleus, dorsal motor nucleus of the vagus nerve, and periaqueductal gray (Price and
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Amaral, 1981; Neafsey, 1990; Ongur and Price, 2000; Barbas et al., 2003; Ghashghaei et
al., 2007). Stimulation of both amygdala and vmPFC has been shown elicit stereotyped
changes in peripheral physiology and behavior (Kaada et al., 1949; Kapp et al., 1982;
LeDoux et al., 1988; Neafsey, 1990), which can be interrupted with targeted lesions to
more proximal brainstem and hypothalamic effectors (LeDoux et al., 1988). Thus, there
exist viable anatomical and physiological mechanisms by which damage to vmPFC could
directly attenuate behavioral and physiological expression of negative emotion, even in
the face of amygdala hyperactivity.

The best studied of the efferent connections from vmPFC to amygdala terminate on
GABAergic intercalated (ITC) cells (interneurons) and inhibitory projection neurons in
the basolateral nucleus of the amygdala (BLA), both of which ultimately inhibit outflow
from the CeA (Quirk et al., 2003; Berretta et al., 2005; Tye et al., 2011). Thus, the
expected consequences of damaging or destroying these connections as the result of a
vmPFC lesion would be enhanced CeA activity and enhanced somatomotor responses.
This prediction has been borne out in rodent models (Quirk et al., 2000) and is in line
with our finding of amygdala hyperactivity in the vimPFC lesion group (Figure 5), but is
inconsistent with our observation that amygdala hyperactivity was accompanied by
reduced (not increased) heart rate changes to the aversive stimuli. Our finding of reduced
HRYV in the vimPFC lesion group during the task and at rest, in concert with our
observation that individual differences in anticipatory insula activity to uncertainty were
positively correlated with HRV (Figure 9), suggests that direct projections from vmPFC
to brainstem cardiovascular effectors, or perhaps indirect projections through the insula,

may be more critical for directly modulating the physiological components of an
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emotional response than projections to the amygdala (Neafsey, 1990; Allen et al., 1991;
Shi and Cassell, 1998; Barbas et al., 2003). Our finding of reduced perfusion in the
vmPFC lesion group in BNST (Table 6), which receives inputs from both amygdala and
vmPFC and projects to the same somatomotor effectors in brainstem and hypothalamus
(McDonald et al., 1999; Dong et al., 2001a; Dong et al., 2001b; Heimer et al., 1997; Tye
etal., 2011; Kim et al., 2013), provides further evidence for distal effects of vimPFC
lesions on regions downstream of the amygdala.

In addition to efferent projections to interneurons that ultimately inhibit the CeA, the
vmPFC shares extensive reciprocal connections with the BLA, which are thought to be
critical for modulating the behavioral and physiological expression of negative affect.
Data from rodent models suggest that ascending inputs from BLA to targets within the
vmPFC likely play a key role in this process (Little and Carter, 2013). For example,
inactivation of ascending projections from BLA has been shown to reduce activity in
medial prefrontal pyramidal neurons in the rodent, with corresponding reductions in
freezing behavior (Sotres-Bayon et al., 2012; Little and Carter, 2013). Lesions of rodent
BLA and vmPFC are each capable of blocking the expression of conditioned fear, further
supporting a putative role for reciprocal connections between BLA and vmPFC in the
expression of fear (Anglada-Figueroa and Quirk, 2005; Sierra-Mercado et al., 2006).
These data are broadly consistent with previous work showing that activation of
prefrontal cortex by amygdala induces risk assessment (Gozzi et al., 2010), sustained
attention (Holland and Gallagher, 1999), and modulates fear and vigilance (Davis and

Whalen, 2001).
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Ascending connections from BLA to vmPFC could potentially account for our
findings of reduced amygdala-vmPFC connectivity in the sample of psychopathic prison
inmates studied in Chapter 9. Given the putative role of these projections in in the
expression of negative affect, impaired communication between BLA and vmPFC in
psychopathic prisoners could contribute to the observed similarities to patients with
vmPFC lesions (e.g., blunted affect, reduced empathy, impaired decision-making).
Interestingly, in Chapter 6, we observed similar effects of vmPFC damage on fMRI
responses to aversive pictures regardless of whether we used a whole amygdala ROI or a
CeA ROI (Table 3, Supplementary Table 4). Thus, we are unable to determine
conclusively whether vmPFC damage had divergent effects on particular amygdala
subnuclei, like CeA and BLA. Further research using imaging techniques with improved
spatial resolution will be necessary to more clearly delineate the specific contributions of

vmPFC and amygdala subregions to human affective function.

Contributions of vmPFC subregions to affective processing

Another important anatomical distinction relevant to affective processing is between
subregions of vimPFC. Previous work in human and animal models suggests a functional
distinction between the subgenual PFC—a ventral and caudal subregion thought to be
homologous to rodent infralimbic cortex (IL)—and pregenual/dorsomedial PFC, a more
rostral and dorsal subregion with homology to the rodent prelimbic cortex (PL) (Ongur
and Price, 2000; Quirk and Beer, 2006; Myers-Schulz and Koenigs, 2012). Whereas the
IL sends dense projections to the ITC cells that ultimately inhibit CeA outflow, PL

primarily projects to the BLA, which has been linked to fear expression (Quirk and Beer,
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2006). In support of this distinction, individual neurons in PL and IL exhibit opposite
response characteristics to conditioned fear stimuli (Gilmartin and McEchron, 2005).
Importantly, there is evidence suggesting that the PL-BLA connections are excitatory
(Likhtik et al., 2005), which could explain the positive associations observed in human
neuroimaging studies between activity in pregenual/dorsomedial prefrontal cortex
(homologous to PL) and fear acquisition (Phelps et al., 2004), more negative
interpretations of face stimuli (Kim et al., 2003), emotional arousal (Taylor et al., 2003),
and increased autonomic activity (Critchley, 2005; Wager et al., 2009).

In our sample of human neurosurgical patients with vmPFC lesions, damage was
most pronounced in the subgenual region of vmPFC, thought to be homologous to rodent
IL (Figure 2). However, the mechanism of injury in the vmPFC lesion group—surgical
resection of an orbital meningioma—resulted in significant damage to white matter fibers
passing through this region, likely interrupting connections from the PL-homologous
region to subcortical structures like the amygdala. Thus, it is theoretically possible that
cytotoxic lesions sparing the underlying white matter anatomy would yield a different
pattern of results than those observed in Chapter 6, with enhanced amygdala activity
accompanied by increased (rather than decreased) fear expression. Future work in larger
samples with more heterogeneous lesions will be necessary to more clearly demarcate the
functional contributions of specific vmPFC subregions and connections to the observed

changes in affective processing.
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Types of emotional regulation thought to depend on vimPFC

Before integrating the present results into a more comprehensive model of vimnPFC
function in affective psychopathology, it is useful to consider the component
psychological processes thought to underlie effective emotion regulation. Accumulating
evidence from human brain imaging points to a unique role for vmPFC in “reflexive” or
“implicit” emotion regulation, a process critically dependent on the acquisition and use of
expectancies about the valence and predictability of impending stimuli (Etkin et al., 2006;
Etkin and Wager, 2007; Egner et al., 2008; Gyurak et al., 2011). Specifically, human
functional imaging studies have observed vimPFC activity during emotional conflict
monitoring (Etkin et al., 2006), extinction of conditioned fear (Phelps et al., 2004), and
placebo anxiolysis (Petrovic et al., 2005), all of which involve passive or unconscious
integration of ongoing goals, expectancies, and relevant contextual cues to guide ongoing
behavior and emotional expression. This proposed implicit regulatory capacity is in line
with previous research indicating that individual neurons in the orbitofrontal cortex of
non-human primates integrate previously learned cue-outcome associations with
information about internal states and goals. Individual neurons in vmPFC have been
shown to encode the relative cost or value of competing outcomes (Kennerley et al.,
2009; Kennerley and Wallis, 2009), and eventually, become active during the anticipation
of these outcomes (Schoenbaum and Roesch, 2005). Interestingly, stimulation of
particular subsets of neurons in this region can bias animals toward behavioral avoidance
of an anticipated outcome (Amemori and Graybiel, 2012). This effect has been shown to
accumulate over time and can be blocked by anxiolytic drug treatment, suggesting that

this region may be critical for translating outcome expectancies into action tendencies
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(Amemori and Graybiel, 2012). Thus, the encoding of expectancies by vmPFC could
instantiate an internal representation of the likely consequences of a particular action, to
guide behavior and facilitate subsequent learning. Furthermore, this process may be a
relevant target for intervention in anxiety disorders.

The implicit regulatory function ascribed to vmPFC stands in contrast to more
conscious regulation strategies involving overt evaluation and reappraisal, which are
typically linked to activity in lateral prefrontal cortex (Ochsner et al., 2002; Ochsner et
al., 2004; Wager et al., 2008). Phylogenetic comparison of prefrontal anatomy across
mammalian species suggests that these lateral prefrontal regions are more recently
evolved in humans, and thus may be better suited to enact higher-order cognitive
appraisal of affective stimuli (Fuster, 2008a). However, even explicitly cognitive
regulatory strategies likely depend on intact medial prefrontal cortex; the vast majority of
projections from lateral prefrontal cortex to subcortical emotional effectors course
through the medial prefrontal cortex and likely impinge on populations of vimPFC
neurons that convey regulatory impulses to subcortical structures. In support of this
interpretation, an fMRI study of emotion regulation via cognitive reappraisal found that
ventrolateral PFC (vIPFC) was more active during reappraisal, that activity in this region
correlated with reappraisal success, and that the effects of regulation on activity in
subcortical structures was mediated by positive associations with the subgenual region of
vmPFC (Wager et al., 2008). A recent functional connectivity analysis in humans
provides further support for this medial/lateral distinction, finding divergent connectivity

between lateral prefrontal cortex and regions involved in cognitive functions of language
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and memory and between medial prefrontal cortex and limbic and autonomic regions
(Zald et al., 2014).

Despite abundant data supporting functional specialization of particular prefrontal
subregions in specific functional processes, it is important to acknowledge that it is
effectively impossible to fully disentangle the functional properties of these regions.
While it is evident from the results described herein that ventral and medial sectors of the
prefrontal cortex exert substantial control over processes relevant to emotion and social
behavior, modulating activity in limbic, hypothalamic, and brainstem structures directly
implicated in the peripheral expression of affect, it would be inappropriate to
categorically dissociate these functions from those thought to depend on the highly
interconnected lateral prefrontal cortex. In his seminal textbook on prefrontal function,

Fuster extends these ideas further:

“It is equally erroneous to dissociate cognitive functions, especially executive functions, from the
powerful role of those internal inputs and drives. Indeed, those inputs and drives are to some degree
determinant of any decision and course of action, however exclusively cognitive those may appear.

Strictly speaking, there is no cognition without affect and emotion.” (Fuster, 2008b)

Thus, while we interpret our results as evidence for functional specialization of medial
prefrontal cortex circuitry in the context-dependent modulation of emotional expression,
it is unwise to ignore the contributions of densely interconnected structures involved in

higher-order cognitive processes.
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Relevance of observed findings to models of affective psychopathology

The results of this dissertation suggest that the top-down regulation model of vimPFC
function in affective psychopathology, drawn from experimental insights in fear
conditioning and extinction, is too narrow in scope to adequately explain the full range of
behaviors affected by human vmPFC lesions. Rather, the novel findings reported herein,
together with a large corpus of functional and anatomical data (summarized above),
suggest a critical role for vmPFC in the acquisition and use of expectancies (i.e., internal
representations of the likely consequences of a particular act) to guide the on-line
experience of emotion and modulation of behavior. This functional specialization is
likely based on a confluence of psychological processes that are integrated and deployed
by medial prefrontal networks.

With regard to the implications of these findings for neurobiological models of mood
and anxiety disorders, there is an important distinction between fear—the experiential
phenomenon that has largely guided insight into disorders of negative affect—and
anxiety, a construct more closely aligned with the phenomenological experience of
anticipatory negative affect in patients with emotional psychopathology (i.e., “worry”).
The most recent edition of the DSM (DSM-5) makes this distinction explicit: “fear is the
emotional response to real or perceived imminent threat, whereas anxiety is anticipation
of future threat” (American Psychiatric Association, 2013). In animal models, “fear-like”
orienting responses to acute threat are associated with activity in the amygdala, whereas
sustained negative affect characteristic of anxiety has been linked to BNST activity
(Walker et al., 2003). Our results indicate that the neural phenomena (i.e., amygdala

hyperactivity) underlying fear, the emotional response to imminent threat, is intact, and
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even enhanced in human patients with vimPFC lesions. The inconsistency between the
observed pattern of amygdala hyperactivity and the paucity of objective evidence of fear
in our behavioral and physiological data could relate directly to the critical importance of
bidirectional interactions between amygdala and prefrontal cortex in the experiential
components of fear. For example, as described above, reciprocal connections between the
vmPFC and BLA have been shown to be critical for the expression of fear behaviors in
rodent models. Anxiety-related phenomena, which are mechanistically tied to the
anticipatory processing of impending stimuli, are more in line with our neural,
physiological and behavioral results. Specifically, our finding of disrupted insular cortex
activity during the anticipation of ambiguous outcomes following vimPFC lesions, as well
as the link between such responses and attenuated peripheral indices of emotion (HRV),
are more consistent with the behavioral profile of vimPFC lesion patients; namely, that
they exhibit blunted physiological indices of negative affect and are less likely to exhibit
anxious and depressive symptomatology. Similarly, our finding of reduced BNST
metabolism in the vimPFC lesion group, which has been more closely linked to state
anxiety than phasic fear, further supports the critical role of vmPFC in the modulation of
the phenomenological experience of anxiety. These assertions are largely consistent with
a recently published model of anxiety linking the neural substrates of anticipation,
especially under conditions of uncertainty, to psychological domains impaired in anxious
psychopathology (Grupe and Nitschke, 2013).

These predictions should be evaluated in future studies comparing vmPFC lesion
patients directly to patients with anxious and depressive psychopathology. Based on the

present results, we might expect vimPFC lesion patients to exhibit similar patterns of
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phasic amygdala activation to aversive or threatening stimuli as individuals with an
anxiety disorder, but exhibit the opposite pattern (attenuation) of neural activity during
the anticipation of potentially aversive or uncertain outcomes and in baseline BNST
activity. By directly comparing predicted and observed outcomes in experiments probing
responses to aversive stimuli, uncertain anticipation, and resting brain metabolism, future
work could more conclusively determine the causal contributions of individual brain
regions and psychological processing domains to affective psychopathology.

Taken together, the findings summarized in this dissertation clearly implicate vmPFC
in the modulation of neural, physiological, and behavioral expressions of negative affect.
Importantly, our findings highlight a need to refine and elaborate prevailing
neurocircuitry models of affective psychopathology. Deliberate, hypothesis driven
assessment of neural circuits responsible for particular domains of psychological or
behavioral dysfunction that are shared across traditional diagnostic categories will be a
key step toward improving the quality of neurobiological indices of psychiatric disease.
This work has the potential to provide invaluable insight to clinicians, and may
eventually inform the selection and implementation of pharmacological and behavioral

treatments to individuals, and even brain regions, where they will be most effective.
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Supplementary Table 1. IAPS numbers, content categories, and normative ratings of picture stimuli

Photo # Pleasure Arousal Content Valence
6230 2.37 7.35 AimedGun Aversive
6313 1.98 6.94 Attack Aversive
6560 2.16 6.53 Attack Aversive
3170 1.46 7.21 BabyTumor Aversive

2352.2 2.09 6.25 BloodyKiss Aversive
3053 1.31 6.91 BurnVictim Aversive
3102 1.4 6.58 BurnVictim Aversive
3100 1.6 6.49 BurnVictim Aversive
3110 1.79 6.7 BurnVictim Aversive
9571 1.96 5.64 Cat Aversive
9140 2.19 5.38 Cow Aversive
3120 1.56 6.84 DeadBody Aversive
9181 2.26 5.39 DeadCows Aversive
9433 1.84 5.89 DeadMan Aversive
9300 2.26 6 Dirty Aversive
9570 1.68 6.14 Dog Aversive
6020 2.93 5.81 ElectricChair Aversive
9921 2.04 6.52 Fire Aversive
9265 2.6 4.34 HungMan Aversive
3130 1.58 6.97 Mutilation Aversive
3060 1.79 7.12 Mutilation Aversive
3071 1.88 6.86 Mutilation Aversive
3030 1.91 6.76 Mutilation Aversive
9253 2 5.53 Mutilation Aversive
3150 2.26 6.55 Mutilation Aversive
3400 2.35 6.91 SeveredHand Aversive
9420 2.31 5.69 Soldier Aversive
9400 2.5 5.99 Soldier Aversive
9040 1.67 5.82 StarvingChild Aversive
6570 2.19 6.24 Suicide Aversive
3261 1.82 5.75 Tumor Aversive
9320 2.65 4.93 Vomit Aversive
6900 4.76 5.64 Aircraft Neutral
7010 4.94 1.76 Basket Neutral
5390 5.13 2.95 Boat Neutral
7006 4.88 2.33 Bowl Neutral
7491 4.82 2.39 Building Neutral




7705 4.77 2.65 Cabinet Neutral
2840 4.91 243 Chess Neutral
7211 4.81 4.2 Clock Neutral
7020 4.97 2.17 Fan Neutral
7080 5.1 2.67 Fork Neutral
7050 4.93 2.75 HairDryer Neutral
7175 4.87 1.72 Lamp Neutral
7170 4.9 3.15 LightBulb Neutral
2190 4.83 2.41 Man Neutral
7009 4.93 3.01 Mug Neutral
7035 4.98 2.66 Mug Neutral
5534 4.84 3.14 Mushrooms Neutral
2200 4.79 3.18 NeutFace Neutral
7550 5.17 3.52 Office Neutral
6150 5.17 3.62 Outlet Neutral
7233 5.01 2.51 Plate Neutral
7000 5 2.42 RollingPin Neutral
2383 4.72 3.41 Secretary Neutral
2880 5.13 2.68 Shadow Neutral
7004 4.89 2.09 Spoon Neutral
5535 4.81 4.11 Stilllife Neutral
2870 5.17 2.87 Teenager Neutral
7002 4.97 3.16 Towel Neutral
7130 4.77 3.35 Truck Neutral
7150 4.72 2.61 Umbrella Neutral
5410 5.78 342 Violinist Neutral
2514 5.19 3.5 Woman Neutral
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Supplementary Table 2. Experimental ratings and reaction times of picture stimuli by valence

Ratings” Reaction time (ms)®

Picture Valence | NC | vmPFC P NC vmPFC P
3.63 | 3.67 84130 | 880.00

Aversi 0.75 0.67
VEISIVE 1 0.25) | (0.30) (228.42) | (257.54)
185 | 171 81420 | 831.77

Neutral 0.24 0.91
eutra 0.16) | (0.21) (253.99) | (244.75)
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Means are presented with standard deviations in parentheses. “Excluding trials with no responses (NC: 6
subjects missed 1 rating, 1 subject missed 2 ratings; vmPFC: 2 subjects missed 1 rating, 1 subject missed 2

ratings).

Supplementary Table 3. Within-group comparisons of effects of cue type (certain/uncertain) on
amygdala responses (PSC) to aversive and neutral pictures

HC vmPFC
Amygdala Picture Uncertain Certain P Uncertain Certain P
ROI Valence €9 (X/0) ? (X/0)
. 0.07 0.09 0.21 0.16
Right Aversive (0.09) ©.11) 0.557 0.01) (0.06) 0.25
Functional
0.00 0.00 0.06 0.08
Neutral 1 15y 009 | 9831 (014 (0.05) !
. 0.09 0.10 0.23 0.15
Right Aversive ©.11) ©.11) 0.768 (0.12) (0.06) 0.375
Anatomical
0.01 0.03 0.07 0.04
Neutral (0.12) ©0.11) 0.612 (0.18) (0.06) 0.625
. 0.09 0.10 0.17 0.09
Lot Aversive (0.09) (0.08) 0.403 (0.15) (0.09) 0.375
Functional
0.00 0.01 0.05 -0.01
Neutral (0.10) ©0.11) 0.643 (0.23) 0.11) 0.625
. 0.10 0.11 0.21 0.11
Lot Aversive (0.10) (0.10) 0.756 ©.11) (0.14) 0.375
Anatomical
0.01 0.03 0.06 0.00
Neutral (0.10) 0.12) 0.507 (0.22) (0.07) 0.875

Test statistic based on the specific paired difference test (HC: t-statistic from paired t-test with 18 degrees
of freedom; vimPFC: W statistic from paired Wilcoxon rank sum test). MNI coordinates for each ROI are
listed in Supplementary Table 4.
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Supplementary Table 5. Group comparisons of cerebral blood flow across all ROIs

NC |vmPFC |W | P

Whole Brain (386.'7330) (ngz) 31| 0.611
RA 1.11 1.02

(Funcnllzygl) (0.18) (0_(1)2) 49 | 0.409
RA 1.1 1.01

(Anatn]]{}g]) (0.12) (0.(1)9) 46 | 0.557
RA 1.18 1.06

(ccAnéyOgI) 017 | ©1g) |5 | 0188
LA 1.11 1.16

(Func“gél) ©15) | ©.10) | 260366
LA 1.11 12

(At ROD) | (015 (0.1?) 20 | 0.162

(éein;yci) (é:i;) (éfi) 19 | 0.138
0.90 | 0.83

RIS oy | 0a0) |22 ]92%
91 _

MO (g.?z) (g.??) 2510324
1.1 1.

Thal (0.13) (0.82) 50 | 0.366
R Lingual (é:gf) (8:?2) 52 | 0.286
148 | 137
FACC 0y | 0y [ 2] 0218
1. 1.4
LM (0.?2) (0.12) 341 0.785
R Precun ((1)‘1?) ((1)38) 58 1 0116
141 | 128
LPCC | gy | (006 | 60| 0081

MNI coordinates for each ROI are listed in Supplementary Table 4.
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Supplementary Table 6. Group comparisons of cerebral blood flow across all ROIs (NC age 50+

group)
NC 50+ | vimPFC | W | P
3439 | 40.09
Whole Brai 15 | 0.539
OB g 88) | (13.65)
R Amyg 1.15 1.02
30 | 0.188
(Func ROI) | (0.16) | (0.12)
RA 114 1.01
e o1 128 | 0.304
(AnatROI) | (0.15) | (0.19)
R Amyg 1.18 1.06
55 | 0.188
(CeAROID) | (0.17) | (0.18)
L Amyg 1.16 1.16
18 | 0.839
(FuncROI) | (0.13) | (0.10)
L Amyg 1.16 1.23
13 | 0.374
(AnatROI) | (0.12) | (0.11)
L Amyg 1.15 1.28 19 | 0.138
(CeAROI) | (0.19) | (0.13)
092 | 083
RITG 30 | 0.188
0.09) | (0.10)
092 | 096
L MTG 11 | 0.240
©.11) | (0.11)
117 1.09
Thal 28 | 0.304
a 0.13) | (0.04)
106 | 094
R Lingual 30 | 0.188
MU 0.17) | (0.12)
1.48 137
L ACC 28 | 0.304
0.12) | (0.12)
135 1.40
L MFG 15 | 0.539
0.13) | (0.16)
136 130
RP 27 | 0374
e 0.13) | 0.09)
1.40 1.28
L PCC 32 | 0.106
0.12) | (0.06)

MNI coordinates for each ROI are listed in Supplementary Table 4.

Supplementary Table 7. Lateralization of lesion volume in vmPFC lesion group

Subject | Left Volume® Right Volume® Full Volume® Percent Right
vmPFC-1 25814 33189 59003 56.25%
vmPFC-2 14824 28614 43438 65.87%
vmPFC-3 41351 48100 89451 53.77%
vmPFC-4 14085 43447 57532 75.52%

Lesion volumes estimated by dividing lesion masks at the midline (x=0) and calculating the number of

voxels in each hemisphere, in MNI space. “Volumes presented in mm®.
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Appendix 2. Supplementary Figures
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Supplementary Figure 1. Button Press Response. Estimated hemodynamic response functions
in response to button press during the rating period are similar between groups. Left, cluster of
activated voxels from a button press > baseline comparison in the NC group. Right, estimated
response timecourse for vmPFC (red) and NC (black) subjects (width of shaded area corresponds

to £1 s.e.m.)



Visual and Temporal Comparison ROls
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Supplementary Figure 2. Estimated hemodynamic
pictures in visual and temporal clusters are similar
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response functions in response to aversive
between groups. Top left, task-derived

visual and temporal regions of interest (ROIs; red) used to extract timecourse data. (A-C) estimated

response timecourse for vmPFC (red) and NC (black)

subjects in response to aversive pictures

(width of shaded area corresponds to £1 s.e.m.). Letters indicate the cluster location: A = right
inferior temporal gyrus, B = bilateral lingual gyrus (visual cortex), C = left middle temporal gyrus.
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Supplementary Figure 3. vmPFC lesions attenuate heart rate deceleration to aversive pictures.
Estimated heart rate timecourse for vmPFC (red) and NC (black) subjects in response to (A) aversive
pictures and (B) neutral pictures, relative to pre-picture baseline. Width of shaded area corresponds
to +1 s.e.m. BPM = beats per minute. The same general pattern of group differences (although non-
significant) was observed in the subsample of age- and gender-matched NC participants to both
aversive (NC subsample: -1.23+0.74; vmPFC: -0.52+0.31; W=5, P=0.11) and neutral pictures (NC
subsample: -1.38+1.01; vmPFC: -0.60+0.30; W=7, P=0.23).
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Appendix 3. Summary of Results

Human vmPFC lesions are associated with enhanced right amygdala activation
to aversive visual stimuli, supporting a causal role of vmPFC on amygdala
activity (Chapter 6).

The vmPFC lesion group exhibited blunted cardiac physiological responses to
aversive visual stimuli, despite exhibiting increased amygdala activity,
suggesting that amygdala hyperactivity is not associated with increased
physiological arousal (as would be predicted based on previous theoretical
work linking amygdala to the peripheral expression of negative affect)
(Chapter 6).

Healthy adults exhibited robust bilateral insula activation to ambiguous,
relative to certain, anticipatory cues (Chapter 7).

The vmPFC lesion group exhibited altered insula activation during the
uncertain anticipation of potentially aversive stimuli, consistent with a putative
role for vimPFC in context-dependent regulation of neural activity (Chapter 7).
Patients with vmPFC lesions exhibited lower HRV both at rest and during the
cued anticipation task, suggesting that lesions alter context-dependent
modulation of cardiac physiology (Chapter 7).

Across all subjects (vmPFC lesion patients and healthy comparison adults), the
magnitude of uncertainty-related activation in bilateral insula was related to

individual differences in HRV, suggesting that vmPFC-insula interactions may
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be critical for the putative role of vmPFC in context-dependent emotion
regulation (Chapter 7).

Human vmPFC lesions were associated with reduced resting perfusion of the
BNST, a region linked to the expression of state-anxiety (Chapter 8).
Psychopathic prison inmates exhibited reduced structural and functional
connectivity between vmPFC and amygdala, suggesting that deficient
bidirectional interactions between these brain regions may account for a wide

range of affective psychopathology (Chapter 9).
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