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ABSTRACT

The current prevailing notion is that the limbistm is inextricably linked to
emotion, and indeed, most textbooks, researcHestiand scientific lectures tout the
limbic system as being the predominant purveyambtional processing in the brain.
Yet, more than a half-century of research has predwsurprisingly little evidence in
support of such a notion, suggesting that the qanafean emotional limbic system is
overly simplistic. The primary objective of thisetsis is to determine whether the limbic
system is necessary for one aspect of emotion, Igaitseconscious experience.
Neurological patients with focal damage to différergions of the limbic system —
including the hippocampus, amygdala, insular coraeterior cingulate cortex (ACC),
and ventromedial prefrontal cortex (vmPFC) — undgmmultiple emotion induction
procedures using affectively-laden film clips. Eomparison, two other groups of
participants were tested: patients with brain daer@agside of the limbic system and
healthy participants without brain damage. Two gomoinductions aimed at eliciting
diffuse emotional states of positive or negativief and five emotion inductions aimed
at eliciting specific emotional states of happines&lness, anger, disgust, or fear.
Immediately following the end of each film clip gtiheturn of emotion back to its
baseline state was tracked over a three minute ttemcecovery” time period. The
results of the experiment revealed three mainfigsli First, limbic system damage did
not disrupt the experience of emotion during tia tlips, with patients reporting high
levels of the induced target emotion at a magnitiadeparable to both comparison
groups. Second, patients with bilateral damagrimscribed to either the hippocampus
or the vmPFC demonstrated an abnormally slow ria¢enotion recovery, indicating that
these limbic regions are important for the sucegskiwnregulation of emotion. Third,
patients with large bilateral lesions affecting tiplé limbic structures (including the

medial temporal lobes and insular cortices) shoaredbnormally rapid rate of emotion



recovery, with the induced emotion returning todbag levels within 60 seconds
following the end of each film. Based on theselifngs, it is concluded that the limbic
system is not necessary for the experience of emabut is necessary for sustaining and
regulating that experience after the emotion-indggatimulus is no longer directly

accessible to consciousness.
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CHAPTER 1
INTRODUCTION

What isthe limbic system?

There is currently no consensus in the field camogrthe exact definition of
what neural structures constitute the limbic sys{otter & Meyer, 1992; LeDoux,
2000). As aptly stated by Ledowsfter half a century of debate and discussion,gher
are still no agreed upon criteria that can be usediecide which areas of the brain
belong to the limbic systeh{Ledoux, 2000, p.158). Rather than argue for airesj the
inclusion of a particular brain region, | will deé the limbic system as a set of highly
interconnected brain regions situated within thelialgoortion of the brain. This liberal
definition encompasses all the cortical regiongied along the medial fringe of the
cortical mantle (Broca, 1878), as well as otheaeglnt cortical and subcortical structures
that have been added to the limbic system oveyehes by several prominent
investigators (Heimer & Van Hoesen, 2006; Macld®%52; Mesulam & Mufson, 1982;
Papez, 1937; Yakovlev, 1972). These regions irc(udno particular order): the
orbitofrontal cortex, insular cortex, anterior gmukterior cingulate cortices,
temporopolar cortex, parahippocampal gyrus, hippged formation, amygdala, basal
forebrain, anterior thalamic nuclei, and the hypédmus.

Historically, the “limbic system” construct was @@ived on purely anatomical
grounds. In 1664, the preeminent physician antbamat, Thomas Willis, observed that
a cortical border appeared to encircle the bramsted termed this theerebri limbug(in
Latin limbusmeans “border” or “edge”) (Willis, 1664). Over 208ars later, Broca
introduced the term, "le grand lobe limbique" t@chibe the same cortical regions
forming the inner border of the cerebral hemisphared speculated that these regions
played a primary role in olfaction and were unigéhe mammalian brain (Broca,

1878). The dawn of an emotion-related limbic systdmmenced in 1937 when James



Papez attempted to answer the quintessential queds emotion a magic product, or is
it a physiologic process which depends on an an&tomechanism?(Papez, 1937).
Papez incorporated aspects of Broca’'s great cblitichic lobe into the subcortically-
mediated emotion theories of Cannon (1927) and BES#S8) in order to construct his
prescient emotional circuitryit‘is proposed that the hypothalamus, the anterior
thalamic nuclei, the gyrus cinguli, the hippocamparsd their interconnections constitute
a harmonious mechanism which may elaborate theifurecof central emotion, as well
as participate in emotional expressiorfPapez, 1937, p.743). He went on to speculate
that this circuitry represents “the stream of fegliand made the specific prediction that
emotional expression arises from subcortical stimast (especially the hypothalamus) and
emotional experience arises from cortical strudespecially the cingulate gyrus).
Fifteen years later, MacLean formally introducee thrm “limbic system” to describe an
expanded version of the Papez circuit which heatftarized asd visceral brain that
interprets and gives expression to its incomingrimiation in terms of feeling, being
incapable perhaps of getting at the meaning ofghiat the level of symbolic language.”
(Maclean, 1952, p.415). The high-reaching anchteamg theories of Papez and
MacLean inspired a whole movement toward understgritie emotional limbic system,
a movement which continues to this very day.

At the very onset of this movement, Kluver and B{t939) published their
landmark studies involving rhesus monkeys who undet bilateral temporal lobectomy
(which includes the removal of two central limbioustures: the hippocampus and the
amygdala). Immediately following the surgery, #motional behavior of the monkeys
was dramatically altered such that they readilyrapghed and examined all objects,
including objects which they had previously avoided feared, such as the tongue of a
large hissing snake. In addition, the monkeys @uad to have acomplete absence of
all emotional reactions in the sense that the matud vocal reactions generally

associated with anger and fear are not exhibitgduver & Bucy, 1939). These marked



changes in emotional behavior in monkeys werecef#d in a 19 year old man who
underwent a bilateral temporal lobectomy in anmafieto alleviate his seizures (Terzian
& Ore, 1955). Of note, the seizures triggered 6pgisms of aggressive and violent
behavior” including attempts to strangle his motied crush his younger brother. Quite
strikingly, all violent behavior was completelyrainated immediately following the
surgery. Moreover, it was noted that the patiépdt‘the capacity to experience any
emotion or to express’iTerzian & Ore, 1955).

As it turns out, cases where focal damage to thbiti system leads to a complete
loss of emotion are extraordinarily rare. Thisdmae readily apparent during a meeting
of the Harvey Cushing Society on April 23, 195ZauPMacLean gave a presentation on
the limbic system and its role in emotion, citinfpege body of epilepsy and
neurophysiology studies (many of which were congldi@h non-human animals) as
support for his theory (MacLean, 1954). In thesprdgation, MacLean focused on the
hippocampus, which he labeled as the “heart ofithisic system.” At the very end, he
noted, ‘animal experimentation can contribute next to noghabout the ‘subjective’
functions of the hippocampal formation... The anicaanot communicate how he feels.
Here is the rub for the physiologist. RealizingttAladdin’s lamp is not for him, he
obviously looks, as he has long been accustomdletoeurosurgeoih{MacLean, 1954,
p.41). The next presenter turned out to be a seugeon by the name of William
Beecher Scoville. Dr. Scoville discussed a radicagical procedure he performed on a
small number of human patients, where he removee@niire hippocampal formation,
bilaterally (Scoville, 1954). Contrary to MacLeariypothesis, Scoville claimed that the
surgery “resulted in no marked physiologic or bebial changes with the one exception
of a very grave, recent memory loss.” Unknowrhattime, one of the patients whom
Scoville performed the surgery on was Henry Molajsaore famously known as Patient
HM (Scoville & Milner, 1957). From the pivotal easf Patient HM, we now know that

bilateral damage to the human medial temporal I¢ginetuding the hippocampus)



primarily disrupts the formation of new declaratmemory, rather than disrupting
emotion or feeling (Scoville & Milner, 1957). Fuustudies would confirm this finding
and expand upon it by showing that damage to ditinéic areas (such as the basal
forebrain, thalamus, or mammillary bodies) alsonanily disrupts memory, not emotion
(for reviews see Tranel, Damasio, & Damasio, 2@a-Morgan & Squire, 1993).
Thus, the extant evidence strongly suggests tledfutictional role of many structures
within the limbic system aligns more closely witlemory than it does with emotion.

What role then, if any, does the limbic system pragmotion? Surprisingly, this
guestion has never been adequately addressedsaartsiwer remains unknown. This is
not meant to insinuate that no work has been doti@s area. Indeed, there exists a
tremendous amount of data on individual limbic ciees (such as the hypothalamus,
amygdala, orbitofrontal cortex, anterior cingulaed insular cortex) and their specific
role in emotional processing. | will describe soofi¢hese findings in the subsequent
sections. What remains to be deciphered is exhotlyall of the different limbic
structures work together to form an integrated oétwand the precise functional role
that this network plays in the instantiation of ¢ime. Due to the functional and
anatomical elusiveness of the limbic system, sasearchers have implored the
scientific community to abandon the concept (ergdal, 1969; Kotter & Meyer, 1992;
LeDoux, 2000). Others, however, continue to emdthe limbic system concept (e.qg.,
see the recent special issue about the limbic systited by Mokler & Morgane, 2006).
These dissenting views do have one point of agratrtte preconceived notion of a
limbic system that somehow represents all emotipratesses is a dramatic

oversimplification.

What isemotion?
Much of the confusion and conflict surrounding tiedion of an emotional limbic

system can be linked to the somewhat nebulous ugabe termemotion(Ekman &



Davidson, 1994; Kleinginna & Kleinginna, 1981; Kat& Meyer, 1992). Without
further specification, the emotional limbic systean be taken to represent everything
and anything that pertains to emotion. In orded@oipher the limbic system’s precise
functional role in the instantiation of emotionwitll be important to first provide a clear
definition of emotion. For the purposes of thiedis, | will heed the foresight of James
Papez and parse emotion into two components: enadtexpression and emotional
experience (Papez, 1937).

The expression of an emotion consists of a dyndlyichanging repertoire of
responses triggered by any stimulus (i.e., anyabpbgvent, situation, thought, or body
state) that is deemed relevant to one’s needssgaasurvival (Damasio, 2003; Watson,
2000). This emotion-inducing stimulus causes @m@ral nervous system to orchestrate
the complex cascade of reactions that compriserentienal response (Damasio, 2003).
These reactions can affect nearly every aspeatb@ing and include physiological

changege.g., autonomic/visceral changes, surges inquaati hormones and

neurotransmitters, etc.), behavioral chan@es., approach/avoidance behaviors, facial

expressions, crying, laughing, etc.) and cognitivengege.g., changes in attention,

speed of processing, mood-congruent thoughts, egap@ocesses, attribution processes,
etc.). Together, these changes aim to regulatb@ueostasis and promote behaviors
intended to help us adapt to our ever-changingrenment.

When certain combinations of physiological, behealicand cognitive changes
occur in synchrony, they can elicit a distinct dye feeling state in the form of an
emotional experience or mood (Craig, 2002; Dam&03; Watson, 2000). For
example, following the appraisal of an emotion-icidg stimulus (e.g., hearing someone
breaking into your home), a diverse repertoirerdueng responses would be triggered

including physiological changésuch as a surge in adrenaline and a sharp riseair

rate),_behavioral changésuch as the raising of the upper eyelids andapbe urge to

avoid the fear-inducing stimulus), and cognitivam@iegsuch as an increase in vigilance




and an outpouring of negative thoughts relatecetil). The combination of all these
changes, happening in close temporal proximitydpees the distinct and salient feeling
of fear. Even though many of the changes that c@@@an emotional response can occur
unconsciously, the resultant subjective feelingestiay definition, is within the realm of
our awareness (Craig, 2009; Craig, 2002; Damadig3 2Watson, 2000). Thus, humans
have the capacity to consciously feel an emotiahsarmjectively describe what the
emotion feels like. In this regard, the term “eiootexperience” (as used in this thesis)
always refers to the conscious feeling of an emotio

Ever since William James and Carl Lange proposatai emotions can be
boiled down to their complex expression in the theaf the body (James, 1884; Lange,
1885), researchers have searched for specificyosidihatures that characterize each of
the emotions. Although there has been some sucteds$erentiating the basic emotions
using patterns of autonomic activity or changefaamal expression (Ax, 1953; Ekman &
Oster, 1979; Ekman, Levenson, & Friesen, 1983; hson, 1992; Rainville, Bechara,
Naqvi, & Damasio, 2006), the picture becomes expbaky more complex when
considering all possible subjective feeling statds. one, as of yet, has been able to find
an objective set of indices that can definitivehyeil the content of one’s private
subjective feelings. As it stands, the only wayabdly and reliably determine how
someone is feeling is by asking them (Barrett, 200r this reason, my thesis will
focus on measuring the experience of emotion Warsport.

Based on a corpus of self-report data, our emadtiexygerience can be organized
into a two-tiered hierarchical arrangement (Wat&60®0). In the top tier are two broad
dimensions that characterize the bulk of our enmafi@xperience: Positive Affect (PA)
and Negative Affect (NA). The higher order dimems of PA and NA are largely
independent and account for nearly three-quarfettseeaccommon variance in self-rated
affect (Watson, 2000; Watson & Tellegen, 1985)thkm lower tier are several correlated,

yet ultimately distinguishable, specific emotiostdtes. PA is composed of several



different positive states (including joviality, @lssurance, and attentiveness) and NA is
composed of several different negative statesydinh fear, hostility, guilt, and
sadness). Of note, the fundamental emotions of &aer, sadness, disgust, and
happiness are all embedded within the lower lef/éhie hierarchy. These particular
emotions have been shown to be “universal” in #rese that they are expressed,
perceived, and evoked in a similar manner acragisl@ range of cultures, and
consequently, these specific emotional statestiebhé the most heavily studied (Ekman
et al., 1987; Ekman & Davidson, 1994, C. E. 1za1/@B4). However, focusing only on
specific emotional states fails to account forhifigher order dimensions of PA and NA.
As advocated by Watson (2000), any complete ingastin of emotional experience

should examine both levels of the hierarchy.

Emotion recovery

Affective chronometry refers to the complex processow emotions unfold over
time (Davidson, 1998). In its most basic formateanotion can be parsed into three
consecutive stages: (1) an emaotion is elicitedit (@3es to a peak, and (3) it descends
(“decays”) back down to baseline. While much rede&as explored the first two
stages, very little is known about the latter stapech will be referred to as “emotion
recovery.” Emotion recovery begins once an ematgaches its peak intensity and ends
once the emotion has descended back down to itdifagevel. Viewed in this
framework, emotion recovery occurs over a disgpetgod of time that can be measured
and systematically investigated. Of note, othenteology has been used to describe
this same process, including “emotion decay” ard*‘slustained experience of emotion.”
The term “emotion recovery” was specifically chosarce it is the term most commonly
used in the field of affective neuroscience (DavidsL998).

The idea of an emotional baseline state invokesdneept of homeostasis, the

primary physiological mechanism for sustaining Eabates and maintaining life



(Cannon, 1932; Schulkin, 2004). Indeed, a numbsystems essential to our survival
(such as body temperature and pH level) are tigktjylated by homeostatic
mechanisms that treat the baseline state as aah&atpoint”. Any deviation away from
this setpoint triggers an error signal that is glyicorrected through a negative feedback
system. This simple set-up achieves the fundarhgotds of homeostasigesistance to
changeandstability through constancfCannon, 1932; Schulkin, 2004).

Homeostatic regulation of emotion stipulates thhaingoes up must come back
down to baseline. The experience of any emotidside of the normal baseline state
would be considered a disruption to stability the¢ds to be immediately corrected.
Such a model helps explain why an individual tetodsxperience affective states that are
both stable over long periods of time and consisdeross different situations in life; a
concept which is commonly referred to as “traieaff (Watson, 2000). Thus, one’s
baseline state (or trait affect) forms the backdrom which each of our lives is
experienced. It grounds us, providing a sens@wpficuity across time and also an
invaluable point of comparison. Whenever we arefeing like ourselves, it is usually
because we notice that something has changed aadewm longer at our normal
baseline state.

The baseline should not be construed as a netatalwith no emotional tone or
feeling. Rather, most healthy people’s baselireepssitive affective state of mild to
moderate intensity, usually with little negativeaion (Diener & Diener, 1996; Ito &
Cacioppo, 2005; Watson, 2000). Certain aspeabsiobaseline state tend to show
rhythmic fluctuations, such as the robust findingttour positive affect tends to be
highest during the daytime and lowest early inrtteening and late at night (Clark,
Watson, & Leeka, 1989). Moreover, each persorthngs own unique baseline state that
is a product of their temperament and life expexasn

So, given a baseline state that forms our backgranmbient mood, and given a

stimulus that triggers a cascade of emotional nesp®leading to the subjective



experience of an emotion or mood that feels qualéky different from our baseline

state, the question then becomes, “How quickly doe€xperience of an emotion return
back to baseline?” As it turns out, much of theesech that has been conducted on
emotions has not looked at this important questibimere are volumes of data exploring
other affective processes: from determining the@dents of an emotion, to tracking the
cognitive, behavioral, and physiological componeritan emotional response, to
understanding and measuring the subjective expmriehan emotion during both
baseline and peak states. Yet, after an emotielicitsed and reaches its peak intensity,
our state of knowledge is quite limited. Much maark is needed in order to better
understand the temporal dynamics of emotion anedsvery back to baseline.

Based on a careful review of the literature (F&imst2008), several comments
can be made about the time frame of emotion regov@nly 22 studies were found that
induced an emotion in a laboratory setting and thecked its recovery back to baseline.
The amount of time needed for an emotion to receaded widely depending on the
type of emotion induction procedure, the specifitogon being induced, and individual
differences in the population being tested. Inl#®ratory, nearly all induced emotions
had fully recovered within 30 minutes (with mostaions taking between 5 to 10
minutes). In everyday life, most notable emotigpegiences recovered within a few
hours time. Significant life events, such as thatl of a loved one or the end of a
romantic relationship, were capable of extendirggrdtovery process up to weeks and
even months, but rarely ever for years. For trst majority of people, even extreme
emotional experiences tended to return to baskdireds within a few months time.

Instances where emotions failed to recover wemndftund in patients with
severe psychiatric conditions. In fact, an impart@ason for studying emotion recovery
emerges when considering its role in the diagnaststreatment of mental illness.
Nearly all forms of psychopathology include an ed@tof subjective distress that

endures for extended periods of time (American Risgiic Association, 2000).
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Posttraumatic stress disorder requires symptoraadare for at least 1 month, and
generalized anxiety disorder is excessive anxietyvaorry occurring for a period of at
least 6 months. A major depressive episode regjairéeast 2 weeks of persistent
symptoms, a manic episode requires 1 week, anthiylyst is a chronically depressed
mood that occurs for at least 2 years. For theand of people who suffer from
depression and anxiety, the failure of emotion vecpis a constant feature of their
existence. Even with state-of-the-art treatmenem)y people never recover.
Understanding emotion recovery is a critical stapard finding better treatments and
regulation strategies that can expedite one’s mgtubaseline and ameliorate the intense
and prolonged periods of emotional suffering tretvpde the lives of those with
depression, anxiety, and other forms of psychopagiyo

The previous findings have important implications émotion researchers
interested in capturing the entire emotional exgere, from the onset to the offset. One-
shot measures of state affect do not have the texhpsolution to capture emotion
recovery, which requires that emotion experiencearepled at a minimum of three
different time points: baseline, peak intensityd aacovery. The precise timing of the
recovery measurement is dependent on the natuhe @motion induction procedure, as
well as the emotion being probed. Currently, nialsbratory-based experiments sample
emotion on a “milliseconds to seconds” time scdlbus, many emotion studies are
entirely missing the process of emotion recoveltyichv tends to transpire over the course
of many minutes (rather than seconds). In ordettfe study of emotion recovery to
progress, it will be imperative for future workeatend the duration of emotion

measurement in order to more fully capture emosialwwnward slope back to baseline.

Film emotion induction procedure
Two review papers and a meta-analysis have congltide an emotion induction

procedure using film clips is the most effectivel aeliable way to induce an emotion in
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a laboratory setting (Gerrards-Hesse, Spies, & &]el394; Martin, 1990; Westermann,
Stahl, & Hesse, 1996). In its simplest format, phecedure has a research participant
watch one or more highly emotional film clips ahén report how they feel.
Standardized sets of short film clips have beeateteand shown to reliably elicit
specific target emotions (including happiness, sadnanger, disgust, and fear), as well
as more general states of positive and negatieetafcross & Levenson, 1995;
Philippot, 1993; Schaefer, Nils, Sanchez, & Phitip2010). An added advantage that
the film induction procedure has over other typesmotion inductions (e.g., the Velten
method, or other procedures using imagery or aagphphical recall) is that the demand
characteristics are minimized since the inducedtemaan usually be generated
naturally by simply paying attention to the filmg(Martin, 1990; Rottenberg, Ray, &
Gross, 2007). In addition, the emotions evokedewatching a film are often quite
realistic, and can range from intense sobbing gidrical laughing. For all of the
aforementioned reasons, film clips were chosehagtimary method for inducing

emotion in this dissertation experiment.

Brain regionsimplicated in emotion experience

Currently, very little is known about how the exipece of emotion is instantiated
in the human brain. Much of the extant literatumesstigating emotion in the human
brain has focused on elucidating the neural sulestfar emotion appraisal (e.g.,
recognizing emotion in facial expressions) and éono¢xpression (e.g., fear
conditioning). This section will briefly summarizeme of the relevant findings with
regard to emotion experience, with a focus on tmse limbic structures that have been
strongly implicated in both the production and exgrece of emotion: the insular cortex,
the anterior cingulate cortex (ACC), the orbitofiarcortex, and the amygdala.

William James proposed that one of two things rbestrue with regard to special

brain centers for emotiofEither separate and special centres, affectechient alone,
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are their brain-seat, or else they correspond togasses occurring in the motor and
sensory centres already assigned, or in othersthken, not yet known(James, 1890,
p.473). Over 120 years later, and neurosciergmtsinue to explore these two
alternatives.

Some research supports James’ first alternativerevépecific emotions are
represented by specific regions in the brain. éxample, the insular cortex has been
implicated in disgust ( Adolphs et al., 2003; Caldéeane, Manes, Antoun, & Young,
2000; Calder, Lawrence, & Young, 2001; Jabbi, Bastsen, & Keysers, 2008; Stark et
al., 2003; Wicker et al., 2003), the amygdala heenbimplicated in fear (Calder et al.,
2001; Davis, 1992; Feinstein, Adolphs, Damasio,r&nkl, 2011; Phan, Wager, Taylor,
& Liberzon, 2002; Sprengelmeyer et al., 1999), tredsubgenual ACC has been
implicated in sadness (Drevets et al., 1997; Mayle¢al., 1999; Phan et al., 2002, Smith
et al., 2011). Much of this research supports thteon that these structures are critical
brain centers for triggering specific states of @aro(whether it be the insula for disgust,
the amygdala for fear, or the subgenual ACC fonsad), and damage to these regions
should diminish, or even abolish, one’s abilityptoduce the cascade of reactions that
comprise that specific emotional state. In linéhwihis prediction, we have recently
published a case study on patient SM, a womanfadal bilateral amygdala lesions who
presented with a highly specific impairment in theéuction of fear (Feinstein et al.,
2011). However, findings in another patient witlateral amygdala lesions failed to
show a fear-specific impairment (Anderson & Pheft¥)0; Anderson & Phelps, 2002).
Likewise, some patients with damage to the instdatex have demonstrated disgust-
specific impairments (Adolphs et al., 2003; Caleteal., 2000), whereas others have not
(Straube et al., 2010; Vianna, 2005). Finally,ahé/ study to examine sadness in
patients with bilateral lesions to the subgenualCAi@iled to detect any sadness
impairment (Gillihan et al., 2011). While there arumerous potential reasons that can

account for the discrepancy between some of themfentioned findings, the mere fact
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that there are discrepancies indicates that themoft a specialized brain center for
inducing a specific emotional state is more comjglea nuanced than a simple one-to-
one mapping between structure and function. Tlaedo# of good science is replication
and these divergent findings highlight the neesittly this issue in a much larger
sample of lesion patients.

While the previous evidence lends some supporeitathixed) for the existence
of specialized brain centers involved in the exgigsof specific emotions, other
research lends supports to William James’ secdaednaltive, where the experience
emotion, irrespective of the specific type of erantiis instantiated by detailed body
maps located within the brain’s somatosensory @est{Craig, 2002; Damasio, 2003).
These somatosensory maps contain a moment-to-maepm@esentation of the myriad
changes happening in our body as the emotive pgagdslds. A vast majority of the
processing within these body maps occurs unconsigiotHowever, certain aspects of
these neural maps produce perceptions that aresableeto consciousness. These
perceptions, when attended to, allder‘the subjective evaluation of one’s condition,
that is, how you feé[Craig, 2002, p.655).

A large body of neuroanatomical work proposes tihese perceptions are formed
via a dedicated lamina | afferent pathway that amsta detailed representation of the
physiological condition of the entire body, inclndiinformation related to pain,
temperature, visceral sensation, and immune fum¢@oaig, 2002; Damasio, 2003).
This phylogenetically recent neural pathway is fonly in primates and humans and
has dual projections to limbic sensory cortex,(tlge insular cortex) and limbic motor
cortex (i.e., the ACC), whichréspectively engender the feeling and the motiaatio
(agency) that constitute any emotig¢@raig, 2009, p.62). Accordingly, most functiona
neuroimaging experiments involving the experienicensotion tend to jointly activate
the insular cortex and the ACC (Craig, 2009; Damasial., 2000; Phan et al., 2002).

The most anterior portion of the insular cortex ksahe terminal endpoint for this
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afferent pathway and is thought to play a critrcdé in the conscious awareness of all
internal feeling states (Craig, 2002; Critchley, @8, Rotshtein, Ohman, & Dolan, 2004,
Damasio, 2003; but see Khalsa, Rudrauf, Feins€eifranel, 2009). In fact, a recent
review paper (reported as the most highly citecepapthe year in the prestigious
journal,Nature Reviews Neuroscien@peculates that the anterior insula contaihe “
ultimate representation of all of one’s feelingsd “provides a unique neural substrate
that instantiates all subjective feelings from tlwely and feelings of emotib(Craig,

2009, p.65).

Such strong claims regarding the functional roléhefACC and insular cortices
(especially the anterior insula) are strangely resgent of the original claims made
about the emotional limbic system. History repéstdf, for it turns out that these
modern claims are grounded more in theory than fRot example, recent work from
our laboratory provides unequivocal evidence tlegther the insular cortex nor the ACC
are necessary for feeling the sensation of thelbemtraccelerating (Khalsa et al., 2009).
Another study from our laboratory tested 18 strp&Bents with significant damage to
either their left or right insular cortex, includifin some cases) the anterior insula
(Vianna, 2005). The patients all watched film slgesigned to evoke one of four
different emotions (disgust, sadness, fear, or im@sg). Based on the strong claims
about the role of the insula in emotional experggrmne might predict that the insula
patients would be unable to experience any emetiafe watching the film clips.
However, not only did the insula patients repoelifeg the target emotion (including
disgust) while watching the film clips, but theensity of their feeling was found to be of
the same magnitude as a group of healthy partisgafianna, 2005). These findings
argue against the popular notion of the insuladgp#ie neural center of all feelings, and
instead, support the possibility that the insulaasrequired for the experience of

emotion.
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Of all the structures in the limbic system, the gdela has received the most
attention with regard to its role in emotion. krfcular, the amygdala is imperative for
emotion-based learning, especially fear conditigrfBechara et al., 1995; LeDoux,
1996) and emotional memory (Cahill, Prins, WebeM&Gaugh, 1994; Hamann, 2001).
Damage to the amygdala can disrupt one’s abilityeti@ct threats in the environment,
leading to impairments in recognizing fear in faelgpressions, as well as impairments
in the ability to judge the approachability andstworthiness of strangers (Adolphs,
Tranel, Damasio, & Damasio, 1995; Adolphs et &9% Adolphs, Tranel, & Damasio,
1998). Likewise, in monkeys, amygdala damage déeads to dramatic changes in
emotional behavior that often mimic elements ofkhever-Bucy syndrome, including
hypoemotionality, decreased aggression, increasadrtess, and the indiscriminate
approach of objects, including objects that presipwere feared such as snakes
(Aggleton & Passingham, 1981, Isaacson, 1974; Mamhidazama, & Bachevalier,
2009; Weiskrantz, 1956).

The amygdala’s role in the actual experience oftemnas less clear (Feinstein et
al., 2011). Direct stimulation of the amygdaldhuman patients can induce both positive
and negative emotions, including feelings of feagness, and happiness (Lanteaume et
al., 2007). Some evidence supports the idealtesditnygdala is more involved during
the initial stages of emotion induction than durihg later stages of emotion experience.
For example, a recent meta-analysis was condusied a large dataset of 165 different
emotion-related functional neuroimaging studies g@éreet al., 2008). A direct contrast
was performed between studies examining emotiocepéon (e.g., viewing faces with
different emotional expressions) versus studiesn@xiag emotion experience (e.g.,
autobiographical recall of highly emotional lifeemts). The contrast revealed that the
amygdala, bilaterally, was significantly more aetturing the perception of emotion
than during the experience of emotion. Some hayeed that the amygdala’s role in

emotional perception is mostly directed towardsappraisal of danger (Broks et al.,
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1998). Others have argued that the amygdala plawysch more general role in the
primary induction of emotion following the perceptiof emotionally-relevant stimuli in
the immediate environment (Bechara, Damasio, & Bam2003). Based on this latter
account, the amygdala is involved in both theahierception of an emotional stimulus
and the subsequent induction of emotion via iteddiprojections to autonomic effector
sites in the hypothalamus, basal forebrain, anohétem (Davis, 1992; LeDoux, 1996).
Furthermore, this account insinuates that the amgigirole in emotion goes well-
beyond fear, and includes the primary inductioarolusal. Once the arousal is induced,
the emotion can likely be experienced without gigant involvement of the amygdala.
Viewed in this light, the amygdala dynamically atgiour moment-to-moment level of
emotional arousal and vigilance based on our enmemntal context (Adolphs, Russell,
& Tranel, 1999; Berntson, Bechara, Damasio, Traaé€lacioppo, 2007; Davis &
Whalen, 2001; LeDoux, 1996). Some have even stggésat without the amygdala-
mediated activation of our arousal systenesnttional states would be fleetirend
would dissipate often as quickly as they are tnigdéLeDoux, 1996, p.298). The
amygdala, however, is not the only brain regiorolwed in the initial induction of
emotion. Other prominent emotion induction sitedude the orbitofrontal cortex and
the ACC, which also project downstream to autonasffiector structures in the
hypothalamus, basal forebrain, and brainstem (Bactiaal., 2003; Damasio, 1999;
Damasio, 2003). Thus, damage to the amygdalarmtmesiminate all emotional
responses given the existence of alternative rdatebe induction of emotion (Feinstein
et al., 2011).

Both the orbitofrontal cortex and the ACC have beeplicated in emotional
experience, and damage to these regions has bsmriaded with variable patterns of
emotional dysregulation that is difficult to chax@e given the diverse set of findings.
Damage to the ventromedial prefrontal cortex (vmpPdBrain region that includes the

orbitofrontal cortex and ventral regions of the A@& medial prefrontal cortex) tends to
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cause specific deficits in the deployment of commpgecial emotions, including
impairments in feeling empathy, embarrassmenteteguilt, and other self-conscious
emotions (Beer, Heerey, Keltner, Scabini, & Knidd@03; Beer, John, Scabini, &
Knight, 2006; Camille et al., 2004; Krajbich, Adbky Tranel, Denburg, & Camerer,
2009; Shamay-Tsoory, Aharon-Peretz, & Perry, 20@®chara et al. (2003) found
reduced levels in the intensity of experienced émnovhen vmPFC patients recalled
highly emotional autobiographical memories. Ottedies have shown that patients
with vmPFC damage report both increases and dexg@asheir experience of emotions.
For example, Hornak and colleagues (1996) rep@tate patients who claimed to have
completely lost their ability to experience certaggative emotions like fear or sadness.
Others patients, however, reported experiencingases in these very same emotions,
and no consistent pattern could be discerned bettheedifferent patients or the
different emotions. A follow-up study interviewgdtients with more focal brain injuries
(Hornak et al., 2003). When the damage was circubed to the orbitofrontal cortex
(bilaterally) or the ACC (bilaterally or unilatehg), the patients reported a significant
change in the intensity and frequency in which teegyerienced sadness, anger, fear,
happiness, and disgust. Overall, in this sampkepatients reported increases in their
experience of these emotions nearly twice as @ftetlecreases. Moreover, these
changes happened across all of the different emstsuggesting an overall increase in
the lability of their mood. The findings were pauiarly notable for the patients with
ACC damage whodescribed themselves as having become far moraarabthan
before their surgerywith a number of patients providing the exampidnaving more
exaggerated emotional responses to sad films (lHahal., 2003, p.1705). Thisis in
stark contrast to the fascinating condition of akiomutism, whereby patients with
bilateral damage, typically impacting both the A@@l adjacent territories (including the
supplementary motor area), entirely lose their ‘iaiton” to move or communicate, and

consequently, show no emotional reactivity, andeathe condition resolves, report that
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they also did not feedny emotion while in their abulic state (Damasi&¥&n Hoesen,
1983). A review paper exploring emotional chanigdswing frontal lobe damage

found that patients with vmPFC lesiditespond to trivial stimuli with outbursts of anger
that pass quickly without a trace of remdrggtuss, Gow, & Hetherington, 1992, p.353).
Such was the case during the Ultimatum Game, wimafFC-lesion patients tended to
irrationally reject unfair financial offers (Koerggk Tranel, 2007). Additional studies
have highlighted increases in aggression and enmdtlability in vmPFC-lesion patients,
particularly in situations of frustration or proxamon (Blair & Cipolotti, 2000; Grafman
et al., 1996). Barrash et al. (2000) characterthecchanges in emotionality following
bilateral vmPFC damage into two categories: (1¢@egal dampening in emotional
experience including low emotional expressivenessapathy, and (2) poorly modulated
emotional reactions including poor frustration talece, short-lived episodes of
irritability, lability, and inappropriate affect.

It has been hypothesized that feast one important component of what the
ventromedial and/or orbital prefrontal cortex ‘doés affective responding is modulate
the time course of emotional responding, particiylaecovery timé(Davidson, 2002,
p.8). In support of this hypothesis, the prefrbntatex (including the vmPFC) has been
shown to play an important role in the regulatibemotion. For example, functional
neuroimaging studies in healthy individuals haweeated activation in the prefrontal
cortex that is negatively correlated with activatio the amygdala and positively
correlated with an individual’s success in downtaguag their emotional response to
affectively-laden stimuli (Davidson, 2002; Eisendpar, Lieberman, & Williams, 2003;
Hariri, Bookheimer, & Mazziotta, 2000; Hariri, Mait, Tessitore, Fera, & Weinberger,
2003; Lieberman et al., 2007; Ochsner, Bunge, G&<3abrieli, 2002; Banks et al.,
2007). Likewise, an emerging line of work in thedy of fear extinction has revealed a
critical role for the vmPFC in suppressing the $poaous recovery of fear (Milad &

Quirk, 2002; Milad et al., 2007; Quirk, Russo, Berr& Lebron, 2000), a process that is
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thought to be mediated by inhibitory connectionggxting from the vmPFC to the
amygdala (Quirk, Likhtik, Pelletier, & Pare, 2003).failure to extinguish a maladaptive
fear response is one of the underlying deficitsitbun posttraumatic stress disorder
(PTSD). A recent study examined a large cohoxtietham War veterans who had
sustained various penetrating brain injuries dubagle (Koenigs, Huey, Raymont et al.,
2008). Whereas half of the veterans without brgury were found to have PTSD, only
18% of patients with vmPFC damage and 0% of patiesth amygdala damage had
PTSD. These results suggest that the vmPFC anddatayare both related to the long-
term emotional suffering associated with PTSD, dachage to these regions can
significantly reduce the amount of time it take®tootionally recover from a traumatic
event. Similar findings were found when examindlggpression; patients with bilateral
vmPFC damage had significantly lower levels of dgpion than patients with damage
elsewhere (Koenigs, Huey, Calamia et al., 200&)gether, these findings provide
further evidence that PTSD and depression shapenaxon core of symptoms related to
high levels of distress and negative affect (C&aMWatson, 1991; Watson, 2005).
Moreover, these findings suggest that damage tortitle=C may confer resilience to
disorders characterized by heightened levels catnegaffect; an observation marred by
the long and highly controversial history of psystigeries often aimed at damaging the
vmPFC and its underlying fiber tracts (Malizia, I9®ead & Greenberg, 2009).

Much of this background section has focused omadd number of brain
structures within the limbic system including theyadala, insula, ACC, and vmPFC.
While most of the available evidence points to ¢hatsuctures as playing an important
role in emotion experience, there are many oth@&nhbegions that might also contribute.
For example, certain nuclei within the hypothalanbalamus, basal forebrain, and
brainstem are critical for the expression of emo{Bard, 1928; Cannon, 1927; Damasio,
1999; Panksepp, 1998). The hypothalamus, in pdatichas been shown to be essential

for the expression of rage (Bard & Mountcastle,8)94There are rare cases of damage to
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the human hypothalamus caused by tumors that naveed altered mood states
including manic episodes, depression, and anxipets, 1940). Moreover, in
Isaacson’s monograph on the limbic system he stdteslimbic system seems best
defined in terms of its connections with the hyalatmus... many, if not all, of the effects
produced by stimulation and lesions of the extraflyalamic limbic structures can be
replicated by stimulation or lesions of the hypddinaus (Isaacson, 1974, p.3).
Panksepp (1998) views the hypothalamus, as watlidisrain structures (such as the
periaqueductal gray) as being indispensable fortiemancluding the beginning stages
of emotional consciousness. Likewise, Damasio Q20&s recently speculated that
specific nuclei in the brainstem are critical foe&ting the foundation of all feeling states
(a concept he termed, “primordial feelings”). Véhiertain brainstem nuclei (e.g.,
periaqueductal gray) are critical for triggeringaianal responses in the body, other
brainstem nuclei (e.g., nucleus of the solitargtteand the parabrachial nucleus) are
critical for receiving the sensory signals arisirgm the body’s interior (Damasio, 2010).
Thus, the brainstem houses all of the necessamyitty for both the basic expression and
primordial experience of emotion. Such an anatahframework is consistent with the
striking presence of emotion found in children vere entirely missing their cortex (but
not their brainstem) due to hydranencephaly (Dam&€10; Merker, 2007). Taken
together, this evidence suggests that the dient@plhad brainstem likely play an
important role in the experience of emotion.

There are other views that localize the seat oftemal consciousness to higher-
order association cortices. For example, Ledo896) postulates that the experience of
emotion is no different from the conscious expeareeaf any other perception or thought
and merely involves the resonance of emotion-relatfrmation in brain structures
known to be involved in working memory, such asldteral prefrontal cortex and the
posterior parietal cortex. While the notion of arking memory system responsible for

the short-term maintenance of affective informai®mtriguing (Mikels, Reuter-Lorenz,
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Beyer, & Fredrickson, 2008), Ledoux’s postulatiaid to entertain the possibility that
there are specialized neural circuitsiofding ontoan emotional experience that are
fundamentally different from the brain regions ttehally implicated in working
memory. One of the primary goals of this thesi®islucidate the specific brain regions

that are vital for the sustained experience of @not
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CHAPTER 2
PRELIMINARY STUDIES

Bilateral limbic system destruction in man

Much of the impetus for this thesis project corfiesn my experiences working
with a rare neurological patient by the name of &pwgho, over 30 years ago, survived a
life-threatening bout of herpes simplex viral erfcagis (Feinstein, Rudrauf, Khalsa et
al., 2010). The encephalitis attack caused bdatdrstruction to Roger’s hippocampus,
amygdala, parahippocampal gyrus, temporal poldéstofrontal cortex, basal forebrain,
ACC, and insular cortex. In short, the lesion enpasses the vast majority of the limbic
system, making Roger an exceptional test casestermining the limbic system’s role in
emotion experience.

In 2006, | had my first opportunity to meet Rog&nowing full well the extent
of Roger’s limbic system damage, | envisioned a &uahevoid of all emotion. | quickly
came to realize that my original expectation wasgather backwards. To begin,
Roger’s speech was fully animate, filled with gess prosody, puns, and a never-ending
stream of one-line jokes. He laughed and smilednate was happy, he sighed and
slouched when he was upset, and on occasion, inestesved brief bouts of anger in
situations where he felt his independence was b@mdered. When | showed Roger a
large battery of emotionally-evocative film cligss reaction was quite unlike anyone
else | have ever witnessed and included a constardage of emotional auditory
vocalizations, replete witeww's, aww’'sandwhoa’s dynamically changing with the
content of the film. Moreover, when asked what gomohe was feeling, Roger always
reported experiencing high levels of intensityled thduced target emotion. These
anecdotal behavioral observations in Roger arag#lst reminiscent of the preserved
emotional behavior found in another encephalitatigmt B., who is no longer alive, but

who had a very similar pattern of brain damagd&t 6f Roger’s (Damasio, Damasio, &
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Tranel, in submission). Together, the cases of Rage patient B. provide preliminary
evidence that the brain regions which form the adrihe limbic system (including the
hippocampus, amygdala, vmPFC, ACC, and insulaegpere actually not necessary for
the experience or expression of emotion; a finavwhgch runs completely contrary to the
widespread notion that the limbic system is thensavital hub for emotion.

Another striking feature of Roger’s behavioral gmsition was how quickly the
emotions faded from his consciousness once thei@mioiducing stimulus was removed
from his direct sensory experience (e.g., afteerantional film clip finished playing).
Given Roger’s intense (and sometimes excessive)ienab reactions, one might predict
that the stimuli would have left a lingering emo@bimprint. Instead, Roger’'s emotions
often dissipated as rapidly as they were triggefBus observation was reinforced by the
prescient insight made by Roger’s parents (whorivkd with for over 24 years post-
encephalitis), who claim that since Roger’s brajany, they have never witnessed a
change in his mood that lasted for more than amfemutes. Such anecdotes highlight the
intriguing possibility that the limbic system plag<ritical role in the sustained
experience of emotion. Since Roger’s brain daneedails multiple limbic system
structures, it is unclear whether his fleeting eoral states can be causally connected to
damage related to an individual region within tingbic system, or whether the entire
limbic system is involved in the maintenance of éoro Additional research is
necessary in order to determine the role of speliribic territories in the sustained

experience of emotion. The next section descibese of this preliminary work.

Hippocampus ver sus amygdala damage

A study of patients with severe amnesia was coreduict order to determine
whether intact declarative memory was a necessgredient for the sustained
experience of emotion (Feinstein, Duff, & Trand1R). Specifically, | was interested in

whether the experience of an emotion would peosise the memory for what induced
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the emotion had evaporated from the amnesic paieonsciousness. Each patient
underwent a sadness induction procedure that edtashitching 20 minutes of sad film
clips, after which point they completed a memost tnd provided ratings of their
current emotional state. The results of the expent clearly showed that the sadness
persisted well beyond each patient’s factual menaryhe film clips. Similar results
were found for other emotion inductions, includirgppiness and disgust. These
findings present a striking dissociation betweessprved conscious awareness of an
emotional state and impaired conscious recolledbothat state’s origin.

An important aspect of the previous study is #ibabf the amnesic patients had
circumscribed bilateral hippocampal brain damage did_notaffect adjacent neural
structures (such as the amygdala). Further testagycompleted in a subset of amnesic
patients (including Roger and another patient na8¥dwho had damage that included
both the hippocampus and the amygdala (in additarther limbic regions). In these
patients, not only did their memory for the filmpd rapidly vanish, but their induced
state of sadness also showed a rapid decay. ém twdurther clarify the nature of this
rapid decay of emotion, | tested patient SM, whe ¢iecumscribed bilateral amygdala
lesions that largely spared her hippocampus. drcise of SM, her memory for the film
clips was intact, yet her level of sadness rapiigipated after the film clips were over
at a similar rate to that seen in Roger and Skemaogether, these preliminary data
provide evidence for a double dissociation betwaantion and memory, with the
amygdala supporting the sustained experience ofiemand the hippocampus

supporting the memory for what caused the emoser Figure 1).
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Figure 1 Results from a sadness induction procedure. Thgdata group is made up
of 3 patients with bilateral amygdala damage (Ro§&t and SM), the hippocampus
group is made up of 4 patients with focal bilaténigbocampal damage, and the healthy
comparisons are 7 age- and sex- matched partisipatit no history of neurological or
psychiatric illness. Each participant’s level aflaess was measured using a 100-point
visual analogue scale (VAS) that was completedat $eparate time points: before the
sad film clips (baseline), immediately after thd §&m clips, 10 minutes later, and 20
minutes later. Memory was tested 5 minutes afterfitms.

Sadness Induction

100 e Amygdala

e Normal Comparisons

LA
DN

75

Change from baseline sadness (VAS)

0 T ) 1
Immediately 10 minutes 20 minutes
after film later later
clips

Several aspects of Figure 1 are worth commentmgFarst, all participants
reported feeling sad when probed immediately dlftefilm clips. This suggests that the
films were effective at inducing sadness and thatage to limbic structures (such as the
hippocampus or amygdala) does not disrupt the exper of sadness. Second, the
hippocampal patients (who were unable to rementigefilim clips) reported a lingering
state of sadness that lasted for over 20 minutasragnitude considerably higher than
healthy comparison participants who have no bramafe and no memory impairment.
This suggests that declarative memory is a notassary ingredient for the sustained
experience of emotion. Moreover, this finding sesig that the hippocampus is not

necessary for the sustained experience of ematmhijn some cases, focal damage to the
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hippocampus may actually lead to an abnormallygorgéd state of emotion. Third, due
to the large time gap between emotion measuremergsmpossible to precisely
determine how quickly the amygdala patients’ saslnlesayed and whether SM’s
sadness decayed at a rate similar to Roger and’'B& only conclusion that can be made
based on these data is that the amygdala patsadsess had largely recovered at some
time point within the first 10 minutes followingerend of the film clips.

These preliminary results highlight a number of amant issues ripe for further
investigation: (1) exactly how quickly does emotrecover in patients who are missing
only their amygdala (e.g., patient SM) versus pasievho are missing both their
amygdala and other limbic structures (e.g., Rogdr®2), (2) is the detected pattern of
rapid emotion recovery specific to the emotionadrgess, or does it extend to other
emotions (both positive and negative), and (3) cEmgg that the hippocampus and
amygdala are only two structures within a muchdatgmbic system, how is the
experience and recovery of emotion altered wheardiimbic regions are damaged?

These questions form the basis of my thesis.
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CHAPTER 3
SPECIFIC AIMSAND HYPOTHESES

The primary aim of this dissertation project waslébermine which structures in
the limbic system are necessary for the conscigpsreence of emotion. Given the
previously described anatomical elusiveness ofithieic system concept, the project
focused on testing neurological patients with bdlamage that impacted one or more of
the 5 core limbic regions that have received thstratiention with regard to their role in
emotion, including: the hippocampus, amygdala, larstortex, anterior cingulate cortex
(ACC), and ventromedial prefrontal cortex (vmPF@gcordingly, the term “limbic
system” is used throughout this dissertation ircsjgereference to the aforementioned 5
brain regions. For comparison, two other groupgasficipants were tested: (1) a group
of brain damaged comparison (BDC) patients whoamlmtamage lies outside of the
limbic system, and (2) a group of non-brain damdgeaithy participants (normal
comparisons) who are of similar age, sex, and dotucto the lesion patients. All
subjects underwent multiple emotion induction pchees using film clips. Two
emotion inductions were aimed at eliciting diffiesaotional states of either positive or
negative affect, and five emotion inductions weareedl at eliciting the specific
emotional states of happiness, sadness, angeustlisg fear. Immediately following
each induction, the return of emotion back to @sdline state was tracked over a 3-
minute “emotion recovery” time period. Emotion exignce was parsed into two
separate components: (1) the “ontie&perience of emotion is defined as emotion that
was experienced while watching the film clips, é2dthe “sustaingtexperience of

emotion is defined as emotion that was experieafted the film clips were over.
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Specific Aim #1: To determine which regions of the limbic system are necessary for

the online experience of emotion.
Hypothesis 1a: The limbic system is natquired for the online experience of
emotion. It is predicted that the emotion indussiovill successfully induce the
target emotion in patients with limbic system damaga magnitude that is not
significantly different from the normal comparisgroup. The aforementioned
observations in Roger (a patient with extensivatbral damage to all 5 of the
major target limbic regions) lend support to thypdithesis. It is possible
however, that damage to specific structures withénlimbic system could
abolish or attenuate the experience of specifictiemal states as articulated in
hypothesis 1b.
Hypothesis 1b: It is predicted that patients with amygdala damadtjeshow a
fear-specific impairment, patients with insula daeavill show a disgust-specific
impairment, and patients with vmPFC damage (whickudes the subgenual
ACC) will show a sadness-specific impairment. TEhpsedictions are based on
the body of evidence (see p.18) suggesting theepoesof specialized centers in

the brain for the induction of specific emotiontltss.

Specific Aim #2: To deter mine which regions of the limbic system are necessary for
the sustained experience of emotion.
Hypothesis2a: The limbic system is necessary for the sustainpemsnce of
emotion. Patients with large bilateral lesiongetfiihg multiple limbic system
structures (including the medial temporal lobes iaisdlar cortices) will show an
abnormally rapidecovery of emotion. Pilot data and anecdotaéplzions in
both Roger and patient SZ lend support to this thgms (Figure 1).
Hypothesis 2b: The amygdala is important for the sustained expedef

emotion. Patients with circumscribed bilateral gogla damage will show a
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rapidrate of emotion recovery, although not as rapichgstients where the
damage includes multiple limbic structures (in &ddito the amygdala damage).
The basis for this hypothesis stems from pilot déi@ined in patient SM (Figure
1), as well as Ledoux’s prediction that without #mygdala, Emotional states
would be fleeting§(1996, p.298).

Hypothesis2c: The vmPFC is important for regulating the sustaiepgerience
of emotion. Patients with circumscribed bilatenalPFC damage will show an
abnormally slowrate of emotion recovery. This prediction is lubsa the
previously described evidence highlighting a praenirrole of the vmPFC in the
successful regulation of emotion (see pp.23-26).

Hypothesis2d: The hippocampus is important for regulating theansd
experience of emotion. Patients with circumscribgakeral hippocampal
damage will show an abnormally sleate of emotion recovery. This prediction
is based on the previous finding showing that padievith focal bilateral
hippocampal damage demonstrated a slow rate oesadacovery (Feinstein,

Duff, & Tranel, 2010; also see Figure 1).
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CHAPTER 4
METHODS

Participants

All procedures were approved by the Institutional/iRw Board at the University
of lowa, and all subjects provided their informeqdti®n consent prior to participation.

All lesion patients were recruited from the PatiReqgistry at the University of lowa’s
Division of Behavioral Neurology and Cognitive Nescience, under the auspices of
which they have been fully characterized, both apsychologically and
neuroanatomically, according to standard proto@&dank, Damasio, & Grabowski,

1997; Tranel, 2009). Importantly, all lesion datere collected during the chronic epoch
of recovery (i.e., at least three months afteolesinset), at which point the patients have
focal and stable brain damage. Normal comparisbfests were recruited from either a
registry of healthy participants who have partitgokin prior research studies or through
an advertisement placed in a daily hospital newesieand were screened over the phone
prior to testing and excluded if they reported angrent or past neurological or
psychiatric conditions. At the beginning of thepexment, all participants completed a
series of baseline questionnaires including théeveasion of the Positive and Negative
Affect Schedule (PANAS) and the general depressaahe on the Inventory of
Depression and Anxiety Symptoms (IDAS) (WatsonfK;l& Tellegen, 1988; Watson et
al., 2007). All subjects were paid $12.50 per Houtheir participation.

Table 1 shows the basic demographics of the biimaged patients and the
normal comparisons. As can be seen, subjectd@sely matched in age, sex, education,
and handedness. The brain damaged patients @rm&pl’ groups based on lesion
location: (1) focal bilateral hippocampal damagegh (2) focal bilateral amygdala
damage (amy) (Figure 2), (3) focal bilateral do®s@IC damage (dACC) (Figure 3), (4)

bilateral limbic system damage that affects the@emedial temporal lobe in addition to
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the insular and frontal cortices (MT+) (Figure @) unilateral insular cortex damage
(ins) (Figure 5), (6) focal bilateral vmPFC dam#&g®mPFC) (Figure 6), and (7) brain
damaged comparison patients with lesions outsidieeolimbic system (BDC). The
gender, etiology, and lesion location for eachgrdtare shown in Table 2. For the focal
bilateral hippocampus group, volumetric tracingeig$/RI revealed that patient 1846 is
missing ~47% of her hippocampus and patient 23&33sing ~28% of his hippocampus
(Allen et al., 2006), with neither patient havingrsficant atrophy in their amygdala.
Reductions in hippocampal volume in the range éb4@pically signify a complete loss
of hippocampal neurons (Gold & Squire, 2005). ®tteer 2 hippocampal patients (2563
and 3139) have cardiac pacemakers and were ummabtelergo MRI scanning.
Therefore, the presence of hippocampal damageesetlatter patients is inferred based
on their shared presentation of severe anterogmamiesia caused by an anoxic event.
Detailed descriptions and MRI scans of Roger’s mesite bilateral lesions to the limbic

system have been previously reported (Feinsteidrdi, Khalsa et al., 2010).

Table 1. Basic subject demographics.

rou # of males/ age education =~ hand years
group subjects females 9 since onset
Normal 40 20 M 56.7 (15.8) | 15.9(25) | 34R NA
comparisons 20 F |range: 22-8Q range: 12-20 6L
Brain
damaged 37 22 M 57.3(12.3)| 14.2(2.3) | 32R 12.7 (8.9)
patients 15F |range: 21-8Q range: 11-2Q 5L | range: 2-37

Note: Numbers in parentheses represent the staddaration. Years since onset are the
total number of years since the onset of brain dgma



Table 2. Etiology and lesion location for the brdamaged patients.

Group  Subject Sex Lesion location Lesion etiology
amy 1465 M bilateral amygdala + right medial temporal lobe herpes simplex encephalitis
amy AM F bilateral amygdala Urbach-Wiethe disease
amy BG F bilateral amygdala Urbach-Wiethe disease
amy SM F bilateral amygdala Urbach-Wiethe disease
BDC 1815 M bilateral dorsomedial prefrontal cortex meningioma resection
BDC 2355 F right parietal cortex AVM resection
BDC 2855 M bilateral supplementary motor area meningioma resection
BDC 3001 M right frontopolar cortex meningioma resection
BDC 3277 F right parietal cortex ischemic stroke
BDC 3319 F right frontoparietal cortex meningioma resection
BDC 3348 M left anterior temporal cortex hemorrhagic stroke
BDC 3379 M left parietal cortex meningioma resection
dACC 3082 M bilateral ACC+supplementary motor area meningioma resection
hipp 1846 F bilateral hippocampus status epilepticus
hipp 2363 M bilateral hippocampus anoxia
hipp 2563 M bilateral hippocampus anoxia
hipp 3139 M bilateral hippocampus anoxia
ins 650 M right insula+ ischemic stroke
ins 747 M right insula+ ischemic stroke
ins 1188 M left insula+ ischemic stroke
ins 1580 M right insula+right medial temporal lobe herpes simplex encephalitis
ins 1656 M right insula+ ischemic stroke
ins 1711 F right insula+ ischemic stroke
ins 3196 F right insula+ ischemic stroke
ins 3202 M leftinsula+ ischemic stroke
ins 3341 F left insula+ ischemic stroke
ins 3363 M right insula+ ischemic stroke
MT+ Roger M bilateral limbic system herpes simplex encephalitis
MT+ Sz M bilateral limbic system herpes simplex encephalitis
vmPFC 318 M bilateral vmPFC meningioma resection
vmPFC 1983 F bilateral vmPFC ACOA aneurysm
vmPFC 2352 F bilateral vmPFC ACOA aneurysm
vmPFC 2391 F bilateral vmPFC meningioma resection
vmPFC 2577 M bilateral vmPFC ACOA aneurysm
vmPFC 3349 F bilateral vmPFC meningioma resection
vmPFC 3350 M bilateral vmPFC meningioma resection
vmPFC 3534 F bilateral vmPFC meningioma resection

Note: “+” sign indicates additional damage to sunaing territories.
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Figure 2. MRI scans of 4 patients with focal lelal amygdala lesions. Patient 1465’s
lesion extends into additional territories in tight medial temporal lobe (including the
hippocampus) and only infiltrates a small sectibthe left amygdala. Patients AM and
BG are identical twins and both have additionalgnidamage to their entorhinal
cortices. Patient SM’s lesion also extends ineoghtorhinal cortex and has recently
progressed into the basal ganglia and adjacenewtmtter. There are no evident signs
of damage to the hippocampus in patients AM, BG5 M

1465

Figure 3. MRI scans of patient 3082 showing biletdamage (left hemisphere greater
than right hemisphere) to the supplementary mota and the dorsal sector of the ACC.
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Figure 4. MRI scans of patient SZ’s brain. (A) Axgéice depicting bilateral damage to
the medial temporal lobe, medial temporal poled, @mlateral damage to a large region
of the left temporal lobe. (B & C) Axial slices defing bilateral damage to the insular
cortex and left-sided damage to the basal forelzmatchposterior orbitofrontal cortex. (D)
Coronal slice depicting bilateral damage to theperal poles (with only the medial
temporal pole affected on the right side), andataral damage in the region of the left
basal forebrain. (E) Coronal slice depicting bilatelamage to the amygdala and insula,
and unilateral damage to a large region of thetégfiporal lobe damage. (F) Coronal
slice depicting bilateral hippocampal damage amdespesidual damage to the left
temporal cortices and left posterior insula.

=m0
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Figure 5. Lesion overlap map of the 10 insuladeed patients (7 patients with
unilateral right insula damage and 3 patients witliateral left insula damage). The
surface of the brain has been removed to exposanitierlying insular cortices. While
the lesions include many of the surrounding teme&) maximum overlap in each
hemisphere occurs in the region of the anteriarlas

Figure 6. Lesion overlap map of the 8 bilateraPH®-lesioned patients. Maximal
overlap occurs in the medial orbitofrontal/prefrrdortices extending into the subgenual

anterior cingulate.
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Basic neuropsychological data

As previously noted, all patients have been extehgicharacterized across a
large number of different neuropsychological teStable 3 reports several basic
summary scores for each group of participants dinlyitheir general intellectual
functioning (Full-Scale 1Q), their general ability remember information over a long
delay (General Memory Index), their basic attenaiod capacity for holding onto
information over a short delay (Working Memory Injieheir basic reading abilities
(Reading), their aural comprehension (Token tesi), their ability to perceive and
discriminate complex visual information (Bentondag In sum, none of the patients had
severe defects in intellectual functioning, basiergion, language, or visual perception
that would confound the interpretation of theirfpanance on the experimental task.
Their scores were largely within normal limits ozanly all of the tests. The only
exception is the severe memory defect found irhthpocampal and MT+ groups; all
patients within these groups demonstrated at &aStpoint difference between their
general intelligence and memory (i.e., FSIQ — GM5). Furthermore, on other tests of
declarative memory, both the hippocampal-lesiom&tiMT+ patients were unable to

retain information over a 30-minute delay, consgisteith a severe anterograde amnesia.

Basic emotional functioning data

Prior to starting the experiment, all participacwsnpleted a series of baseline
guestionnaires aimed at probing their basic ematibmctioning (Table 4). The
PANAS provided a measure of trait positive and tiggaffect, whereas the IDAS
provided a measure of each participant’s currargl lef depression. As compared to a
normative sample of 370 healthy community adultsigj in eastern lowa (Watson et al.,
2007), both the patients and the comparisons rep@stperiencing less depression, on
average. Likewise, both the patients and the cosgues reported levels of trait negative

affect that were typically several points lowerrtlihe normative mean (cf. Watson,
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Clark, & Tellegen, 1988). Thus, most participantthis study did not report elevated
levels of negative affect or depression. Thereawieowever, some participants with
reduced levels of trait positive affect. In gehemane of the participants reported values
on these measures that would be indicative of sesmmotional turmoil, and as previously

noted, all participants explicitly denied havingyaurrent psychiatric conditions.

Table 3. Basic neuropsychological data.

Group FSIQ GMI WMI Reading Token Benton

(WAISII)  (WMSHI)  (WAISII)  (WRAT-R) test faces
98.8 (9.2) 89.0 (2.8) 87.0 (1.4) 88.0 (12.7) 43.5(0.7) 43.8(6.4)

amy (4) 88-110 87-91 86-88 79-97 43-44 36-50
106.8 (12.0)  104.2 (7.7) 106.1 (13.7) 98.3(8.8) 43.3(1.1) 44.8(4.6)

BDC (8) 85-120 92-112 86-126 81-109 41-44 39-52
dACC (1) 85.0 95.0 92.0 87.0 44.0 49.0
97.8 (9.9) 70.8 (9.4) 92.5 (6.4) 95.3(5.4) 43.0(1.4) 46.0(1.2)

hipp (4) 84-107 57-78 88-102 90-102 41-44 45-47
102.2 (11.0)  109.0 (16.2) 96.6 (7.7) 96.6 (10.1) 42.1(2.6) 44.5(4.2)

ins (10) 82-116 92-130 84-106 76-112 36-44 39-50
96.5 (13.4) 51.0 (8.5) 97.0 (15.6) 107.0 (2.8)  44.0(0) 45.5(2.1)

MT+ (2) 87-106 45-57 86-108 105-109 44-44 44-47
109.9 (16.6)  106.0 (16.7) 107.3(10.8)  103.1(8.7) 43.9(0.4) 45.8 (4.1)

vmPFC (8) 84-143 74-132 86-121 86-116 43-44 41-50

Note: Each cell contains the group mean (withSBein parentheses) and the range of
scores immediately below. Scores are reporteticaglard scores except the Token Test
and Benton Facial Discrimination Test which angoréed as raw scores. WAIS—III =
Wechsler Adult Intelligence Scale—Third EditionM8-IIl = Wechsler Memory Scale—
Third Edition; WRAT-R = Wide Range AchievemensidRevised; FSIQ = Full-Scale
IQ; GMI = General Memory Index; WMI = Working Memplndex. The total number of
participants in each group is displayed next eogtoup name in parentheses.



Table 4. Basic emotional functioning data.

Group General PA General NA  General Depression
(PANAS) (PANAS) (IDAS)
Previously
reported norms 35.0 (6.4) 18.1 (5.9) 44.99 (14.75)

Normal 34.6 (6.5) 12.7 (3.0) 30.0 (6.7)

comparisons (40) 18 - 47 10 - 20 20 - 59
27.3 (13.5) 16.8 (3.5) 34.7 (4.2)

amy (4) 13- 42 15 - 22 30-38
28.5(9.9) 14.4 (4.9) 36.0 (11.0)

BDC (8) 15 - 42 10 - 24 22 -56

dACC (1) 31.0 11.0 38.0
39.8 (6.5) 14.8 (4.9) 32.0(12.2)

hipp (4) 34 -49 10-21 21-48
28.3(8.9) 13.4 (4.7) 33.8(8.3)

ins (10) 17 - 43 10 - 22 24 -50
36.0 (11.3) 10.5 (0.7) 23.0 (1.4)

MT+ (2) 28 - 44 10- 11 22-24
33.5(7.2) 11.4 (1.3) 30.8 (5.6)

vmPFC (8) 24 - 47 10- 13 25 - 40

Note: Each cell contains the group mean (withSBein parentheses)
and the range of scores immediately below. Alrss@re raw scores.
The previously reported norms are derived fromdaamples of healthy
participants. The total number of participante@ch group is displayed
next to the group name in parentheses.

Film emotion induction procedure

The procedure entailed 9 separate emotion induetising film clips (see
Table 5). Five inductions aimed at inducing spe@fmnotions (i.e., anger, disgust, fear,
sadness, and happiness) and two inductions aimedwting more diffuse emotional
states (i.e., positive affect and negative affe¢t)ese seven emotion inductions were
chosen to provide a broad sampling across therblgcal organization of emotion
experience alluded to in the introduction sectidwalditionally, there were two neutral

control inductions using film clips that were lalganemotional in nature.
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Table 5. Description of the 9 different film indioms.

Emotion Title Source Length Brief Description

Anger The Burning Bed Movie 4:21 A woman is phyBicabused by her
husbhand

Disgust Pink Flamingos* & Movies 2:08 A man searches through a filthy taflet

Trainspotting* a transvestite eats dog feces

Fear The Grudge Movie 6:06 An evil supernaturatédries to possess
and then kill its victims

Sadness The Champ* Movie 2:46 A little boy's fatbers from a boxing
accident

Happiness/ America’s Funniest Television 2:45 A collage of funny scenes involvirapies

Amusement Home Videos laughing and practical jokes

Positive Ladder 49 & Movies 2:39 A celebration after a man learns hie g

Affect Love Actually pregnant & scenes of friends and family
members greeting each other at the airp¢rt

Negative Schindler’s List Movie 2:59 Nazi liquidation of awish ghetto during

Affect the Holocaust

Neutral-NA Antiques Television 2:03 A man discusses antique perfumgdsot

(NeuNA) Roadshow

Neutral-PA Physics Lecture Internet 1:35 A college profes$eega lesson on

(NeuPA) guantum mechanics

Note: * denotes emotional film clips that haveb&alidated in previous studies.

The film clips were specifically chosen based anftillowing criteria:

(1) Short duration: The average film length is justio® minutes, making it feasible to
test multiple emotions in a single experimentakses Ultilizing short film clips
improves the probability that a severely amnestepawill still be able to
successfully follow the storyline without losingtk of the details occurring during
the early portion of the film. While the fear filim longer than the others, this was
done on purpose since a key ingredient for thecg¥eness of horror films requires
the build-up of anticipation. Furthermore, reséasuggests that the total length of
the film clips should not significantly alter thegi-film affective ratings
(Fredrickson & Kahneman, 1993).

(2) Self-contained: The film clips were specificalglected and edited to be self-

contained inducers of the appropriate emotionother words, all of the information
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necessary to evoke an emotional response was gedtaithin the clip, and thus, an
understanding of the context and plot surroundaxheclip was not a prerequisite for
the success of the emotion induction.

(3) Intensity: Film clips were selected based on thbility to induce high levels of
emotional intensity (with the exception of the malitlips). Great effort was spent
editing each film clip in order to maintain a hilgivel of intensity throughout the
entirety of the clip, with an aim of making thedlrsegment of each clip the most
intense.

(4) Specificity: For the specific emotion inductiong( anger, disgust, fear, sadness,
and happiness), films were specifically chosen dhasetheir ability to elicit the
target emotion. Other emotions may be also bé&edicluring the film, but their
intensity is typically experienced at much lowerdks compared to the intensity of
the target emotion (Gross & Levenson, 1995; Philip993; Schaefer et al., 2010).
All films have been extensively piloted in our lahtry and three of the films used
in this study have been validated by previous stiiross & Levenson, 1995;

Schaefer et al., 2010).

Outline of procedures

The entire experiment was completed in an appraba@ip@-hour testing session
with a short break in the middle. Each subject imdgsidually tested in a private room
with dimmed lights while seated in a comfortablaiclapproximately five feet away
from a computer monitor with external speakersl sébjects passed a brief visual
screening test to ensure they could read the qumsstin the computer monitor. All
stimuli were presented using a paradigm designddaittab, ensuring accurate and
consistent timing across subjects, while minimizing experimenter interactions with
the subject. The experimenter was seated behivall @utside of the subject’s view.

All emotion ratings were made by pressing a leftigint arrow button on an Ergodex
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DX1 keyboard. Electrodes were used to measure aticipant’s skin conductance and
heart rate. In addition, a small webcam with dthnimicrophone was used to record
each participant’s facial expression, body postang, vocalizations during the
experiment. The psychophysiological recordings\addo/audio recordings will be the
subject of a separate analysis (not reported sthasis) because the specific aims of the
present investigation are focused on emotion e&pee rather than on the physiological
or behavioral aspects of emotion expression.

Before starting the emotion induction proceduretigi@ants were read the
following statement in order to minimize demandrelgteristics, “Every person
experiences emotions differently. Some people epee a lot of emotion; some people
experience very little emotion. Sometimes the @nagoes up over time, sometimes the
emotion goes down over time, and sometimes itgtasts the same. Throughout this
experiment, there are no right or wrong answerthat we ask is that you answer as

honestly and accurately as possible.”

Timeline of emotion induction

Each emotion induction followed the same timelikést, participants underwent a
standardized 1-minute breathing relaxation exenmtisant to mitigate any crossover
effects of residual emotion from the previous irttut  Second, participants completed
a series of baseline questions asking them tamatecurrent level of fear, sadness,
anger, happiness, disgust, overall positive emp#aiad overall negative emotion. Third,
participants watched one of the film clips (seel&d&). The films were shown in a
pseudo-randomized order such that each negatiaenfds always followed by either a
positive film, a neutral film, or a ~5-minute break order to control for any additive
effects of showing two films of the same valena® after the other (Branscombe,
1985). For all subjects, the order of the filmssvaa follows: Negative Affect, Neutral-

NA, Sadness, Happiness, Fear, break, Disgust, &ld@#, Anger, and Positive Affect.
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Immediately following the end of each film, parpants answered a series of 6 questions

(Table 6).

Table 6. Questions asked during specific timervatis within the 3-minute emotion
recovery period immediately following the end o€ledilm clip.

Q1) 1-22 seconds post-film: “Which emotion BEST desesilthe film you just watched”
(Choose poméeutral — Happy — Sad — Fear — Anger — Disgu
Q2) 23-45 seconds post-film: “What was the greateshaximum amount of
[target@ion] that you experienced while watching the fiim
Q3) 60-75 seconds post-film:  “How much [target eimajtdo you feel right now?”
Q4) 90-105 seconds post-film: “How much [target emmofido you feel right now?”
Q5) 120-135 seconds post-film: “How much [target emmjtido you feel right now?”

5"

Q6) 165-180 seconds post-film: “How much [target emmjtido you feel right now?”

The [target emotion] will be one of the followingrins based on the particular
film shown (see Table 5): “anger”, “disgust”, “féatsadness”, “happiness”, “positive
emotion” (for the Positive Affect and Neutral-PAniis), and “negative emotion” (for the
Negative Affect and Neutral-NA films). Questiompfdobes for whether a participant can
correctly recognize the target emotion of the fdiipp. Question 2 probes for the peak
intensity of the target emotion that was experienehile watching the film clip.
Questions 3-6 measure the recovery of emotion @prtonutes post-film. A fixation
cross was displayed during the interval betweerstiues and no explicit instructions
were given during this time period.

The specific timing of each question was choselofiohg extensive piloting and
taking into consideration the slowed processingedpe patients with brain damage. All

guestions remained on the screen for the entifetyeospecified time period, even if the
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subject had finished answering the question. Answequestion 1 were provided by
pressing the left or right arrow buttons until tresired choice was highlighted. Answers
to questions 2-6 (as well as all baseline quesyiwase provided using a 100-point
modified visual analogue scale (VAS) that useddirg] red thermometer that could be
adjusted using the left or right arrow buttons (ffeg7). The VAS contained 5 anchor
terms (None, A little, Moderate, Quite a bit, Extee) located at the 0, 25, 50, 75, and
100 point-markers. The anchor terms were derivexth the PANAS and helped ensure

that subjects were using the VAS in a consistentnmaa

Figure 7. 100-point modified visual analogue seeed by participants to report their
emotional state. This is an example screen shguestion 2 following the happiness
film clip, where a subject indicated that they exgrced a level of happiness equal to 65
(out of 100).

What was the greatest or maximum amount
of happiness

that you experienced while watching the film?

None A little Moderate Quite a bit Extreme

Data analysis

Dependent variables

For each emotion induction, subjects rated theteon experience across 6 time points:
= t1 = baseline emotion (measured immediately bedaah film)
= {2 = peak emotion (measured shortly after each) film
= {3-t6 = emotion recovery (measured during the mesly specified time intervals

over the course of 3-minutes)
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Based on these measurements, 3 primary dependétilea were computed and
compared between individual patients and the coispasamples (see section on
analysis strategy below):

1. The effectiveness of each emotion induction waspded as the change score
from baseline to peak emotion (i.e., t2-t1).

2. The short-term magnitude of emotion recovery waspmated as the change score
from peak emotion to the first emotion recovery sugament assessed 60-
seconds after the film (i.e., t2-t3).

3. The sustained experience of emotion was computéteashange score between
baseline and the emotion remaining at the endeoBtminute recovery time

period (i.e., t6-t1).

Analysis strategy

The small number of target patients in each legroup limits the ability to make
strong inferences or conclusions based on robasststal tests. In particular, small and
unequal sample sizes often violate core assumptibparametric tests, including the
normal distribution of data and homogeneity of @ade. While nonparametric tests can
help overcome violations of normality, they oftessame equal variance, and by their
very nature, are insensitive to the degree of ahabty of an individual patient’s score
(since all data are rank-ordered). Beyond sta#isissues, there are also other important
issues that should be considered when conductmgpgstudies of lesion patients. For
example, group studies eliminate individual diffezes that could potentially offer
important insights for understanding brain-behav&ationships. Also, it is difficult to
account for all of the factors that are differeatvieen the lesion patients who are being
grouped together, including differences in thedesiize and location, the specific
etiology that caused the lesion, the elapsed tineeghe onset of the lesion, and myriad

differences in the premorbid functioning of eachiggd. Some researchers have even
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argued that single-case studies are a more validade¢han group studies for making
inferences about the functional organization offiten (e.g., Caramazza, 1986; Shallice,
1979). For all of the aforementioned reasonsgcld#l to approach the analysis by
examining each patient, individually. By treatie@ch patient as a single-case study, the
analysis offers the chance to make more precisedantes with regard to the reliability

of specific brain-behavior relationships. Whil®gp averages for different lesion sites
will be presented in figures as an efficient meaihsonveying the results, the data for
each lesion patient will be systematically compgeeddescribed in the paragraph below)
to the distribution of scores obtained for eachethglent variable in a healthy gender-
matched sample.

A special method has been devised for analyzingapsychological data
pertaining to single-case studies (Crawford & HOwWE)98). The method uses a
modified t-test in order to estimate the abnormalitan individual patient’s score and to
test whether it is significantly different than theores of a comparison sample. Based on
this method, the presence of a deficit has beeratipralized as follows (using the
criteria proposed by Crawford, Garthwaite, & Gra@03): (a) if the modified t-test
reveals that the patient’s score is significantffedent than the comparison sample
(p<0.05, one-tailed), it is concluded that the grattis “impaired” or “has a deficit”, (b) if
the test is not significant then, for present psgm it is considered that the patient is “not
impaired” or “within normal limits”. Importantlythis method controls for Type 1 error
rate significantly better than using z-scores tiedeine a deficit, and is robust even in
the face of a comparison sample that is small ashdtabution that is skewed and/or
leptokurtic (Crawford & Garthwaite, 2005; Crawfo@arthwaite, Azzalini, Howell &
Laws, 2006).
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Exponential decay analysis

Finally, an exploratory analysis was undertakeexamine whether a model of
exponential decay would provide a good fit to ekptae average recovery of negative
emotions. Due to the large variation in baseliosifove affect and the sizeable minority
of subjects who failed to show a meaningful incesiaspositive emotion after the
happiness and PA films, | was unable to apply suotodel (at least in its simplest form)
to the positive emotion recovery data.

A model of exponential decay has the following faten N(t) = Nee™, where
N(t) is the quantity at time t, Ns the quantity at time 0, aidlambda) is the decay
constant. Exponential functions were fitted to ¢lngotion ratings for each subject in
order to estimate the corresponding exponentiamaters, including the rate of decay
(lambda). Unconstrained nonlinear optimization wsed, which finds the minima of
unconstrained multivariable functions using derxexffree methods (Lagarias et al,
1998). Each subject’s observed ratings at t2 weeel as the initial parameter for the
estimation of N (i.e., the amplitude at time 0). Each subjeatisrze was visually

inspected for quality control. All analyses weoenpleted in Matlab.
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CHAPTER S
RESULTS

Preliminary analyses
Inspection of the normal comparison data

The 5 negative film clips each followed a similattern (Figure 8): (1) a low
baseline level of the respective negative emotitor po watching the film, (2) a sharp
rise to the peak level of induced emotion duringfihm, and (3) a gradual, but
incomplete, recovery of the induced emotion over3kminute emotion recovery period
after the film. A composite average of the datatlie@ 5 negative films appears to
provide a decent model of this overall pattern (#8éGna” line in Figure 8). On
average, the disgust and NA films induced the Isglevel of emotion, whereas the sad
film induced the least. Fear showed a slightlycker recovery than the other film clips,

whereas the negative emotion induced by the NA $itrowed the slowest recovery.

Figure 8. Average amount of emotion reported bynibwenal comparisons for each of the
5 negative film clips, as well as a composite ageraf all the negative films (“AVGna”).
The y-axis ranges from 0-100 using the modified VA®ie x-axis contains the 6 time
points of each induction (t1=baseline, t2=peak eonot3-t6=recovery).
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The 2 positive film clips each followed a similatfern (Figure 9): (1) a high
baseline level of positive emotion prior to watahthe film, (2) a moderate rise to the
peak level of induced emotion during the film, g8§la gradual, but incomplete,
recovery of the induced emotion over the 3-minut@ton recovery period after the
film. A composite average of the data for the 2ippee films appears to provide a decent
model of this overall pattern (see “AVGpa” linekigure 9). On average, the PA film
induced slightly higher levels of emotion than Hagpiness film. Even though the
maximum level of induced emotion for the 2 posities is comparable to the peak
intensity levels induced during the negative filitheg overall change from baseline is far

smaller for the positive films (due to the high élase level of positive emotion).

Figure 9. Average amount of emotion reported bynibvenal comparisons for the 2
positive film clips, as well as a composite averafjpoth positive films (“AVGpa”).
The y-axis ranges from 0-100 using the modified VA®ie x-axis contains the 6 time
points of each induction (t1=baseline, t2=peak emnot3-t6=recovery).
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Previous studies using films to induce emotion Hawed that women experience
significantly more intense levels of negative emotihan men (e.g., Gross & Levenson,
1995; Hagemann et al., 1999; Schaefer et al., 20COpsistent with this finding, the
data from this study revealed a significant mafeafof gender for the normal
comparisons, F(1,38)=6.3, p<.05, indicating thatdkes experienced more intense levels
of negative emotion as compared to men (Figure T@gre was no significant difference
found for the positive films, F(1,38)=0.2s Given this significant gender difference for
the negative films, all statistical tests with midual brain damaged patients will be

computed using gender-matched normal comparis@ dat

Figure 10. Gender differences. A significanteliénce between genders was found in
the normal comparisons for the average of the negatnotion inductions (red), but not
for the average of the positive emotion inductifiniae). Specifically, females (solid
lines) reported significantly more intense statesegative emotion than men (dashed
lines). All values on the y-axis represent thengfeafrom baseline. The x-axis contains
the five post-film ratings (t2=peak emotion, t3técovery).
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Emotion recognition

Immediately after watching each film clip, the papgant was first asked to
identify the emotion that best describes the fitraytjust watched using a 6-option
alternative forced-choice response (neutral, hapag, fear, anger, or disgust). This
guestion was primarily aimed at ensuring that sttbjhave a basic understanding and
recognition for the primary target emotion of eéth.

The results for the normal comparisons will firstdiscussed (see Table 7). The
NA film (which aimed to elicit a diffuse and varisthte of negative emotion) generated
a range of responses characterized by a mixtusadifess, anger, and disgust. In
addition, both the fear and anger films generatedesdisgust responses, and the NeuNA
film generated some happy responses. A small nuoflsibjects rated some of the
emotional films as being neutral. No subject rateg of the negative films as being
happy. A single subject rated the happy film agdst, claiming that they were
disgusted by some of the practical jokes. Anosiudgject rated the PA film as sad
because it caused her to reflect on the lonelimessr own life. With the exception of
the NA film (which has no definitive correct resge), healthy subjects correctly
recognized the primary target emotion of the fil@®@of the time (on average), ranging
from 60% for anger to 100% for disgust.

The brain damaged patients showed similar recagngcores in comparison to
the healthy non-brain damaged sample (Table 8ce@qgain, the NA film generated a
range of responses characterized by a mixturesglugt, sadness, anger, and fear. In
addition, the anger film generated some disgustfeadresponses, and the NeuNA film
generated some happy responses. A small numisebggcts rated some of the
emotional films as being neutral. No subject rateg of the negative films as being
happy or any of the positive films as being negatihe one exception is patient BG, a
woman with focal bilateral amygdala damage, wheddhe disgust film as happy. Of

note, patient BG was observed intensely laughinguifhout the duration of the disgust
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film and found it to be highly amusing, even thowdie stated that most people would
find it disgusting. With the exception of the Nt (which has no definitive correct
response), brain damaged patients correctly rezedrthe primary target emotion of the
film 88% of the time (on average), ranging from 5&Yanger to 100% for the

happiness and PA films.

Table 7. Emotion recognition for the normal conigans.

NA  Fear Disgust Anger Sad PA  Happy NeuNA NeuPA

Neutral | 2.5% | 5% 0 0 2.5% 2.5% 5% 82.5% 90%
Happy | O 0 0 0 0 95%| 925% 17.5%  2.5%
Sad | 35% 0 0 10%| 95% 2.5% 0 0 2.5%
Fear | 2.5% | 82.5% O 5% 0 0 0 0 2.5%
Anger | 35% 0 0 60% | 2.59 0 0 0 0
Disgust | 25% | 12.5%| 100% | 25% 0 0 2.5% 0 2.59

Note: Each column represents one of the 9 film @idus and each row represents one
of the 6 possible response options. Each cellabosithe percent of subjects (out of 40)
that chose that response.

Table 8. Emotion recognition for the brain damapatients.

NA Fear Disgust Anger Sad PA  Happy NeuNA NeuPA

Neutral| 0 | 25%| O 2.5%| 2.5% O 0 76% | 85%
Happy | O 0 | 2.5% 0 0 | 100% 100%  24% 5%
Sad| 24% | © 0 8% | 9590 O 0 0 2.50
Fear | 11% | 95%| O 13%| 0 0 0 0 0
Anger | 22% | 0 0 58%| O 0 0 0 2.5%
Disgust | 43% | 2.5%| 97.5%| 18.5%2.5%| O 0 0 5%

Note: Each column represents one of the 9 film @tidns and each row represents one
of the 6 possible response options. Each cellanosithe percent of subjects (out of 37)
that chose that response.
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Taken together, these results indicate that btin damaged and healthy
subjects clearly recognized the primary emotion ¢éagh film aimed to induce. On
average, healthy subjects correctly recognizedatget emotion 87% of the time and
brain damaged patients correctly recognized thlgetaamotion 88% of the time. This
suggests that the films were successful at congayie appropriate emotion. Moreover,
it suggests that deficits in the realm of emotigpezience are unlikely to be directly
attributable to a primary deficit in emotion recagm. For example, all of the
amygdala-lesioned patients tested during the ptesgeriment correctly recognized fear
as being the primary emotion during the fear fidwen though some of these same
patients have previously shown deficits in recomgZear in static pictures of faces
(e.g., Adolphs et al., 1995; Becker et al., in pyesStatic pictures of faces offer no
contextual cues and only stimulate the visual pathwOn the other hand, the film clips
display numerous contextual cues using a dynargicaknging presentation that
stimulates multiple pathways (including vision drehring). Thus, it is not surprising
that most patients (including those with amygdatadns) were able to easily recognize
the target emotion.

While the intended emotion was patently obviousiast films, there appeared
to be some ambiguity for three of the films: NAgan and NeuNA. The NA film was
purposefully meant to induce a range of negativeteEms, and the emotion recognition
data suggests that it did, with responses enconmggak of the different negative
emotions. On the other hand, the anger film waanh® induce mostly anger, but the
responses revealed a mix of negative emotions asetpmostly of anger and disgust,
which is in accordance with the observation thabhyreubjects later reported feeling a
high degree of “contempt” for the male aggressahefilm. The NeuNA film was
meant to be mostly neutral, however, a sizeabl@ntynof subjects rated it as happy,
suggesting that it was not perceived as beingedntireutral. The remaining films —

including fear, disgust, sadness, happiness, PANsuPA — showed far less ambiguity,
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with an average correct recognition of 92.5% fommal comparisons and 95.4% for

brain damaged patients.

Neutral films

There were 2 different neutral films presented.e @im (NeuNA) probed for
overall changes in negative emotion and the otlrar(NeuPA) probed for overall
changes in positive emotion. The NeuNA film inddiessentially no negative emotion,
and overall levels of negative emotion remainefibar level throughout the recovery
period (Figure 11). Interestingly, there was ghdlly elevated level of negative emotion
during the baseline period (before the NeuNA fifor)some individuals, a likely residue
from the previous emotion induction using the Ninfi The NeuPA film induced very
little positive emotion (often less positive ematithhan present during baseline), and
during recovery the positive emotion quickly retdrto its baseline level (Figure 12).
Overall, these findings indicate that the neutitad$ did not induce an increase in either
positive or negative emotion in both healthy sutsi@nd brain damaged patients.
Moreover, it provides evidence that subjects watessmply providing random ratings or
following a rule-based system (e.g., always ratimgpeak emotion question high, and

then rating less and less emotion with each reganerasurement).

Overall effectiveness of the emotion induction procedure

For any emotion induction procedure, the primarnyatelent variable for
assessing the effectiveness of the induction igteeall change from baseline to the
maximum or peak state of emotional experience (Retl). For the negative film clips,
the average change from baseline to peak was ¢tentyson the high end of the scale
(around a 75-point change) for all subjects, hgadtid brain damaged (Figure 13). In

fact, many lesion groups reported experiencingsitg levels that were even higher than
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the normal comparisons. This indicates that tlgatiee film clips were highly effective
at inducing the target emotion, even in patientd wktensive bilateral limbic system
damage.

For the positive film clips, the average changenfizaseline to peak was much
more variable (Figure 14a), both within-groups aetiveen-groups. However, much of
this variability appears to be related to differemat baseline, since the average group
values are very similar when examining the peaksewve (t2) without subtracting the
baseline (Figure 14b). In order to further exantims issue, the baseline values for both
negative and positive emotions were compared agmss. The negative emotions
were consistently at floor level during baselingy(ffe 15), whereas the positive
emotions were much higher at baseline (Figuredgpecially for the MT+ group. This
indicates that in many subjects, the positive filips failed to induce a meaningful
increase from baseline in either happiness or gépesitive affect, an unfortunate by-

product of high baseline levels of positive emation

Figure 11. Average amount of negative emotion meploduring the NeuNA film.
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Figure 12. Average amount of positive emotion reggbduring the NeuPA film.
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Figure 13. Average change from baseline to peaktiemfor the composite average of
the 5 negative film clips. Error bars represeet3.
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Figure 14. Effectiveness of the positive emotiaauctions. (A) Average change from
baseline to peak emotion, and (B) average peakiem@w score (without subtracting

baseline) for the composite average of the 2 pesitim clips. Error bars represent the
SD.
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Figure 15. Average negative emotion reported s¢lbv@e. The higher mean for the
hippocampus group is due to a single subject whorted high levels of negative
emotion at baseline. Error bars represent the SD.
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Figure 16. Average positive emotion reported gebae. Error bars represent the SD.
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Effectiveness of the specific emotion inductions

In order to examine for changes in specific emaj@@veral analyses were
conducted at the individual subject level. Thetfanalysis examined how many subjects
(in each group) failed to show at least a smallaase in emotion. A small increase was
operationalized as a minimum 25-point increase foaseline to t2 (i.e., t2-t1). For
example, in cases where the baseline is at fla@l,l@ 25-point increase (based on the
modified VAS) would indicate that the subject repdrfeeling at least “a little” of the
target emotion. Table 9 shows how many subjentedch group, for each induction)
showed less than a 25-point increase from basulitiz

For both neutral inductions, nearly every subjeet this criterion, which
provides further evidence that the neutral filng ot induce any meaningful increases
in either positive or negative emotion. In contrésr the negative emotion inductions,
very few subjects met this criterion, whereas thar positive emotion inductions, about a
third of the normal comparisons failed to showeatsk a 25-point increase from baseline.
Interestingly, across both negative and positidiations, there were generally fewer
brain damaged patients (in total) than normal camepas who met this criterion, even
though the total number of brain damaged pati€&d#t}i6 nearly equal to the total
number of normal comparisons (40). Furthermore;orsistent pattern within each
patient group and across each emotion inductiofddmeidiscerned. This suggests that,
in general, the emotional film clips induced atskea little emotion in the vast majority of

patients.
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Table 9. Number of subjects in each group whontepdess than a 25 point change
from baseline to peak emotion (i.e., t2-t1), brokemwn by the 9 different inductions.

NA Fear Disgust Anger Sad PA Happy NeuNA NeuPA

Normal (40) | O 5 0 2 5| 12 16 40 38
BDC(@8)| O 0 0 0 1 1 1 8 8
vmPFC (8) | O 1 0 0 0 1 2 8 7
dACC(1)| O 0 0 0 0 0 0 1 1
amygdala(4)| O 1 1 1 0 0 1 4 4
hipp (4) | 1 1 0 0 0| O 1 4 3
insula(10) | 1 0 1 0 1| 0 2 10 8
MT+(2)| 0 | © 0 0 0| 1 2 2 2

Note: Numbers in parentheses represent the totabauof subjects in that group.

The second analysis examined how many subje&aadh group reported
significantly less overall change in emotion (t24tian the normal comparison sample
using Crawford and Howell’'s (1998) modified t-testd gender-matched norms. Table
10 shows how many subjects (in each group, for eaabtion induction) met the criteria
for a significant impairment (p<.05). Once agaia,consistent pattern emerged when
examining each patient group separately for eaatieminduction, suggesting that none
of the lesion sites probed in this study generatednsistent emotion-specific
impairment. The only possible exception would deanger, where 2 out of 4 focal
bilateral amygdala lesion patients met criteriagaignificant impairment. Upon further
inspection, it was found that these two patienteevigentical female twins from
Germany. Their detected anger impairment may be medated to a language or cultural
issue since both denied feeling “anger” duringftime, but when further probed after the

experiment, both reported feeling anger towardsihke aggressor in the film. It is not
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clear how or why they differentiated between th@setypes of anger. Nevertheless,
neither twin has any notable anger impairment ergday life since each of their
husbands reported numerous instances where theyondhe receiving end of their

wife’s anger.

Table 10. Number of subjects in each group whoatetnated a significant impairment
(p<.05) of a specific emotion induction, broken doly the 7 different emotion
inductions, as well as the average composite dootbe negative and positive films.

NA Fear Disgust Anger Sad PA Happy AvgNA AvgPA

BDC(@)| O 0 0 0 1 0 0 0 0
vmPFC (8) | 1 1 0 0 0 0 0 0 0
dACC(}) | O 0 0 0 o| O 0 0 0
amygdala(4) | O 1 1 2 0 0 0 1 0
hipp (4) | 1 0 1 0 o| O 0 1 0
insula(10) | O 0 1 0 o| O 0 0 0
MT+(2)| 1| © 0 0 0| o 0 0 0

Note: Numbers in parentheses represent the totabauof subjects in that group.

The final analysis examined the three specific iypses with regard to emotion
specific impairments: (1) amygdala damage eliciisaa impairment, (2) insula damage
elicits a disgust impairment, and (3) subgenual Adaghage elicits a sadness
impairment. With regard to the first hypothesigere were 6 patients with bilateral
amygdala lesions, 4 of whom reported fear levethiwithe normal range, 1 with a
relatively low level of fear (BG), and only 1 paitg SM) who met criteria for a
significant fear impairment (Figure 17). The déecfear impairment in SM replicates
previous work (Feinstein et al., 2011), as doestited discrepancy between low fear in

BG and normal fear in her twin sister, AM (Beckeak, in press). The three cases with
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adult-onset bilateral amygdala lesions (1465, Rogeal SZ) reported fear levels that
were entirely within the normal range. With regevdhe second hypothesis, 12 patients
were tested with insula damage, and only a singliet with unilateral left insula
damage (patient 1188) met the criteria for a sigauit disgust impairment (Figure 18).
Interestingly, this same insula patient has presipteported feeling high levels of
disgust triggered by the smell of cigarette smoKidgqvi et al., 2007), suggesting that
the detected disgust impairment may be specifthedilm clip itself and not
generalizable to his everyday life. The remairfidgnsula patients, including 2 patients
with bilateral insula damage (Roger and SZ), reggbpeak disgust levels that were
entirely within normal limits. Likewise, with reghto the third hypothesis, 10 patients
were tested with damage that included aspectsa$ubgenual ACC, and all 10 patients
reported peak sadness levels that were actualhehitpan the average sadness reported
by both the normal comparison group and the bramated comparison group (Figure
19). Thus, none of the three hypotheses with cetgaspecific emotion impairments are

supported by the current data.

Figure 17. Peak fear experience (minus baselorght fear film clip in patients with
amygdala damage. Data are shown for 6 patienksbaidteral amygdala damage, as
well as the group average for the brain damagedeosons (BDC) and normal
comparisons (NC). 4 patients have relatively f@algdala lesions (SM, BG, AM, and
1465) and 2 patients have damage throughout thedisystem (Roger and SZ). Error
bars represent the SD.
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Figure 18. Peak disgust experience (minus bagdbné¢he disgust film clip in patients
with insula damage. Data are shown for 3 patietitts left insula damage (1188, 3202,
3341), 7 patients with right insula damage (650, 24680, 1656, 1711, 3196, 3363) and
2 patients with bilateral insula damage (Roger 8a)l as well as the group average for
the brain damaged comparisons (BDC) and normal eosgns (NC). Error bars
represent the SD.

100 + -i: — — — I _

75 - —

50 || 1 - ] -

25 — - ]

0 T T
BDC NC 1188 3202 3341 650 747 1580 1656 1711 3196 3363 Roger SZ

Figure 19. Peak sadness experience (minus basfimtbe sad film clip in patients with
vmPFC damage. Data are shown for 10 patientswmitAFC damage (which includes
damage to the subgenual ACC), as well as the greemge for the brain damaged
comparisons (BDC) and normal comparisons (NC)at&pts have focal bilateral
vmPFC lesions, whereas 2 patients (Roger and S#) ¢@mage throughout the limbic
system. Error bars represent the SD.
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Emotion recovery

As a first inspection of the emotion recovery ¢#ta average raw composite
scores for each group are graphed below for thativegfilm clips (Figure 20). The first
notable finding to stand out from the graph is thetMT+ group showed a rapid
recovery of emotion that was most prominent betwssak emotion (t2) and the first
recovery measurement (t3) assessed 60-secondsifajlthe end of each film.
Secondly, the vmPFC group, and to some extentigppbampus group, showed a
relatively slow recovery of negative emotion, whibith groups reporting high levels of
negative emotion throughout the 3-minute recoverygal. Third, the remaining subject
groups (including the amygdala group) all tendedltister together, demonstrating a

gradual, but incomplete recovery of the inducedatigg emotion.

Figure 20. Average composite score for the negdtim clips shown for each group.
The y-axis ranges from 0-100 using the modified VA®e x-axis contains the 6 time
points of each induction (t1=baseline, t2=peak @mnot3-t6=recovery).
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Given the apriori hypothesis that the amygdalagpdsi would show a rapid rate
of recovery, a separate figure examined each pgatieaividual recovery curve
separately (Figure 21). In general, the recovexjgcttory for all of the focal bilateral
amygdala-lesioned patients was remarkably simildné comparison subjects. The only
notable difference was patient BG, who showed 8agmitly less peak negative emotion

than the other subjects (cf. Table 10), but a lgrgermal recovery thereafter.

Figure 21. Individual raw scores for the focahberal amygdala-lesioned patients for the
average of the negative films graphed alongsideteeage of the comparison groups.
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The findings for the positive films (Figure 22) geally showed the same patterns
as the negative films, although at a smaller sgdaéeto the high baseline levels of
positive emotion found in some subjects. The MTaug, in particular, reported such
high levels of positive emotion at baseline, thatas difficult to interpret any of their

recovery measurements since the inductions lafgégd to produce a meaningful
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increase in positive emotion. On the other hamel hippocampus group, and to some
extent the vmPFC group, showed a relatively slavvery of positive emotion, with
both groups reporting high levels of positive emtihroughout the 3-minute recovery
period. While the amygdala and dACC groups replatte least amount of positive
emotion at the end of the recovery period, botthe§e groups also reported the least

amount of positive emotion at baseline.

Figure 22. Average composite score for the pasiiiimn clips shown for each group.
The y-axis ranges from 0-100 using the modified VA®e x-axis contains the 6 time
points of each induction (t1=baseline, t2=peak emnot3-t6=recovery).
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Assessing the short-term magnitude of emotion ergov

The overall change between peak emotion and tsierécovery measurement
(i.e., t2-t3), provided a good measure to assessttort-term magnitude of emotion
recovery. The average group values for t2-t3 hosva below for the negative films

(Figure 23) and the positive films (Figure 24).sBd on these graphs, the only notable



66

pattern to emerge is the uniformly high magnitutiezoovery evident in the MT+ group
for the negative films. Using Crawford and Howe([1998) modified t-test and gender-
matched norms, Table 11 reports the number of stthje each group who showed a
significantly faster rate of recovery (p<.05) thrmal comparisons. For the average of
the negative films, the only consistent patterererge was that both subjects in the
MT+ group showed an abnormally rapid recovery @fatere emotion. For the average
of the positive films, no clear patterns could sxdrned, with 1-2 subjects in several
different groups showing an abnormally rapid recg\d positive emotion. Examining
the individual film clips, there was no evidencdioating a rapid recovery of emotion in
any of the patients with damage to regions preWolgpothesized to be important for
the induction of a specific emotion: none of theygdala patients demonstrated a rapid
recovery of fear, none of the insula patients destrated a rapid recovery of disgust, and
only 1 of the vmPFC patients had a rapid recovésadness. Interestingly, 3 of the 4
amygdala patients demonstrated a rapid recovelgwiolg the NA film, which provides
some limited evidence in support of hypothesis 2b.

As a final way of assessing the short-term mageitfcemotion recovery, the t2-
t3 values for all 77 subjects were rank-orderedtieraverage composite score of the
negative films. The 2 subjects in the MT+ groupdBr and SZ) had the two highest
values (SZ=72.6 and Roger=71.8) of the entire stipeol. The next closest subject had
a value of 54.6 which is ~25% lower than Roger aAd Bhe average value for the rest
of the subjects was 26.4 which is ~64% lower thagdR@and SZ. Thus, Roger and SZ
clearly had the most rapid recovery of negative teanaat a magnitude that was far

greater than all other subjects.
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Figure 23. Average magnitude of short-term emotemovery (t2 minus t3) for each

group using the average of the negafiira clips. Error bars represent the SD.
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Figure 24. Average magnitude of short-term emotemovery (t2 minus t3) for each

group using the average of the positithe clips. Error bars represent the SD.
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Table 11. Number of subjects in each group witlalamormally fastate of emotion
recovery (t2-t3; p<.05) broken down by the averegaposite score for the negative and
positive films, as well as each film individually.

AvgNA AvgPA NA Fear Disgust Anger Sad PA Happy

BDC (8) 1 0 0 2 2 0 0 1 0
vmPFC (8) 1 2 0 1 1 1 1| 2 1
dACC (1) 0 0 0 0 0 0 0 0 0
amygdala (4) 0 1 3 0 1 0 1 2 0
hipp (4)| 0 1 0| o 0 0 0| 1 0
insula(10)| O 2 ol 1 0 1 0| 3 2
MT+(2)| 2 0 o| o 1 2 2| 0 0

Note: Numbers in parentheses represent the totabauof subjects in that group.

Assessing the sustained experience of emotion

The sustained experience of emotion was computéteashange score between
baseline and the emotion remaining at the endeoBtminute recovery time period (i.e.,
t6-t1). Higher values generally indicate slowero#ion recovery, since this measure
provides a basic approximation of how much indueedtion remains at the end of the
recovery period. The average values for each ganeghown below for the negative
film clips (Figure 25) and the positive film cligSigure 26). For both the negative and
positive inductions, the main pattern that standsthe higher mean values for the
vmPFC and hippocampus groups. However, both gralgasappear to have a large
amount of within-group variance based on the lamer bars. To further examine this
issue, the average scores for each subject inntiR~C and hippocampus group were
graphed alongside the average of the comparisarpgr@-igures 27-30). For the
negative films, 5 out of 8 vmPFC patients showstba recovery of negative emotion

(Figure 27). Likewise, the same 5 vmPFC patientsv&d a slow recovery of positive
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emotions (Figure 28). The other 3 vmPFC patieatgecally showed a quicker recovery
than the comparison groups, including 1 patien®{23vhose rate of recovery was
significantly quicker for both negative and posgtemotions (cf. Table 11).
Interestingly, patient 2391 happened to have tis¢ memory out of all the brain
damaged patients, with a general memory index 8f 18 the hippocampus group, 1 of
4 patients showed a slow recovery of negative emdtrigure 29), and 3 of 4 patients
showed a slow recovery of positive emotion (FigB0g

In order to examine whether these qualitative olzgems were significant, each
subject was compared to gender-matched norms @sagford and Howell's (1998)
modified t-test. Table 12 reports the number stibjan each group who showed a
significantly slower rate of recovery (p<.05) thasrmal comparisons. For the average
of the negative films, 4 of 8 vmPFC patients araf 4 hippocampal patients were
significantly slower. A rank-ordering of all 77tgacts revealed that these 5 patients (4
vmPFC and 1 hippocampal) also had the 5 higheaesalf the entire subject pool, with
an average value of 79. In comparison, the rem@isubjects had an average value of
20, which is ~75% lower than the vmPFC and hippocdmpatients who had a
significantly slow recovery of negative emotionxafining the individual negative
films, a similar pattern emerged: 5 vmPFC patievege significantly slower to recover
after the sadness and anger films, and 3 hippodgmagiants were significantly slower to
recover after the disgust film. For the averagthefpositive films, 3 vmPFC patients
and 3 hippocampal were significantly slower. Ak-amdering of all 77 subjects revealed
that these 6 patients (3 vmPFC and 3 hippocampa® wmongst the 10 highest values
of the entire subject pool, with an average valu@005. In comparison, the remaining
subjects had an average value of 12, which is ~89r than the vmPFC and
hippocampal patients who had a significantly slesovery of positive emotions. Thus,

these data reveal that vmPFC and hippocampal pagenerally showed the slowest
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recovery of both negative and positive emotionth¢algh not every patient with damage

to these regions demonstrated this pattern).

Figure 25. Average level of emotion remaininghet €nd of recovery (t6-t1) for each
group using the average of the negafilra clips. Error bars represent the SD.
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Figure 26. Average level of remaining emotionhet €nd of recovery (t6-t1) for each
group using the average of the positithe clips. Error bars represent the SD.
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Figure 27. Individual raw scores for the vmPFQdred patients for the average of the
negativefilms graphed alongside the average of the corapargroups.
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Figure 28. Individual raw scores for the vmPFQdeed patients for the average of the
positivefilms graphed alongside the average of the corapargroups.
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Figure 29. Individual raw scores for the hippocaidpsioned patients for the average of
the negativdilms graphed alongside the average of the corapargroups.
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Figure 30. Individual raw scores for the hippocalt¥ipsioned patients for the average of
the positivefilms graphed alongside the average of the corapargroups.
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Table 12. Number of subjects in each group witlalamormally slowemotion recovery
(t6-t1; p<.05) broken down by the average compasitee for the negative and positive
films.

AvgNA AvgPA NA Fear Disgust Anger Sad PA Happy

BDC (8) 0 0 0 0 0 0 0 1 0
vmPFC (8) 4 3 1 3 3 5 5 3 2
dACC (1) 0 0 0 0 0 0 0 0 0
amygdala (4) 0 1 0 0 0 0 1 1 0
hipp (4) 1 3 1 1 3 1 2| 3 1
insula (10) 1 1 0 2 2 1 0 2 0
MT+ (2) 0 0 0| o 0 0 0| o0 0

Note: Numbers in parentheses represent the totabauof subjects in that group.

Exponential decay

The previous analyses all focused on specific fimiats during the recovery
process, often times to the exclusion of other tooiats. There would be advantages
(both in terms of efficiency and inclusivenessjitaling a single model that could
simultaneously incorporate all time points of teeavery process and still detect the core
differences between patients. For this reasonelgnpnary attempt was made to fit each
subject’s average negative emotion ratings to aainaidexponential decay. Since the
emotion recovery ratings for most subjects tendeadktrease over time at a rate
proportional to the initial value of peak emotidrt?, the data generally adhered to a
model of exponential decay. Figure 31 demonstitaisexponential functions provide a
relatively good fit for describing the emotion rgeoy data. Moreover, extracting the
estimated decay rate for each subject revealeddhaegative emotions, the MT+

patients have the fastest rate of decay and thé&-@ra#d hippocampal patients have the
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slowest rate of decay (Figure 32). Thus, a motlekponential decay appeared to
provide a good explanatory framework for modelingpéon recovery and was able to

reproduce the main findings of the study.

Figure 31. Exponential decay analysis. Averagiefitted exponential functions
(dashed lines) for five groups of participants (Nizek, BDC=green, MT+=red,
vmPFC=Dblue, hippocampal=yellow). Each group’s akcaverage composite rating for
the negative film clips are displayed on the graplullet points with standard error
bars.
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Figure 32. Rate of exponential decay. Averageragsformed lambdas with standard
errors for five groups of participants (BDC, MT+CNvmPFC, and hippocampal). The
log transform was used to normalize the distributblambda, and is defined as
lambda* = -In(lambda). Higher values indicate @\ar rate of decay.
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CHAPTER 6
DISCUSSION

The concept of an emotional limbic system has lageand for the better part of
the past century, yet, we remain unable to defkaetty what is “emotional” about the
limbic system. This thesis aimed to shed lighttos issue by examining whether the
core brain structures that comprise the limbiceys{including the hippocampus,
amygdala, insular cortex, ACC, and vmPFC) are rszzgdor one aspect of emotion,
namely, its conscious experience. The resultsigeoa promising foundation from
which we can begin to define a more precise funetioole of the limbic system with
regard to emotion.

Below, the different findings are discussed in refee to the specific hypotheses
of the study, and are separated based on the fygaational experience (i.e., online vs
sustained). The online experience of emotion imdd as emotion that was experienced
while watching the film clips, and the sustainegenence of emotion is defined as
emotion that was experienced after the film cliggewver. Separating these two types
of emotional experiences provides a valuable fraomkvior the interpretation of the
results. Notably, the primary distinction betwestine andsustainecemotional
experience is whether the emotion-inducing stimigudirectlyaccessible to
consciousness. By “directly,” | am specificallyaeing to stimuli that are being
perceived, in the present moment, through one oemmensory channels. There are 7
primary sensory channels capable of inducing amemxperience of emotion: vision
(e.q., the sight of a predator), hearing (e.g.sthénd of a baby crying), smell (e.g., the
odor of spoiled milk), taste (e.g., the rich flawdrbiting into a piece of chocolate cake),
touch (e.g., the feeling of intimate contact wittother person), proprioception/vestibular
(e.g., the vertigo experienced at elevated heightg) interoception (e.g., the burning

sensation of a stomach ulcer). As long as the iematducing stimulus is actively
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stimulating one of these sensory channels, theiemekperienced in response to this
stimulation is “online.” However, the moment tltgmulation stops, is the precise
moment in time when the experience of emotion ttems to being “sustained.” In the
case of the present experiment, this critical iteomspoint occurs as soon as the emotion-

inducing film clip comes to an end.

The online experience of emotion

The results of this study support the hypothesas titee limbic system is not
required for the online experience of emotion. ISaidinding runs completely counter to
the widespread notion that the limbic system isseébegt of all emotion. It also runs
counter to the recently proposed hypothesis tlaaing the insular cortex (especially the
anterior insula) containglfe ultimate representation of all of one’s feefihgncluding
feelings of emotion (Craig, 2009, p.65).

By using the lesion method, this experiment esthbb that the core structures
which comprise the limbic system (including thegopampus, amygdala, insular cortex,
ACC, and vmPFC) are not essential for feeling eamtiDamage encompassing any of
these regions (or in the case of Roger, all ofdlvegions) had no detectable effect on the
patients’ experience of emotion while watching fila clips. The intensity of the
patients’ emotional experience was entirely witthie normal range (Figures 13-14;
Tables 9-10), and cases outside of the normal reypgeally reported experiencing even
more intense emotion than normal, not less (eiguré 19). Moreover, the range of
their reported emotional experiences was diversg jrecluded episodes of anger,
sadness, fear, disgust, and happiness, as welbrsdiifuse states of negative and
positive affect. While there were rare instandeisdividual patients who reported that a
specific film failed to affect them emotionally etbe cases were few and far between,
showed no consistency with other patients who shidre same region of brain damage,

and never occurred at a rate higher than wouldpeated amongst the normal



78

population. Indeed, not every film will affect eygerson, and this is a common finding
in the emotion induction literature, where, on agger, a film clip will fail to induce a
meaningful change in emotion in about 10-20% ofthgaubjects (e.g., Martin, 1990;
McHugo et al., 1982; Westermann et al., 1996). tRisrreason, the experiment used
many different film clips, and while a patient magve been unaffected by a specific
film, there was always another film that affectbdrh greatly. Taken together, these
findings provide clear evidence that a variety iffiedent emotional states can be
experienced at high levels of intensity in humatigo#s with extensive bilateral damage
affecting the limbic system.

One possible interpretation of this finding is teabjects were simply not being
honest and were reporting high levels of emoticgnewhen they didn’t actually feel any
emotion. This issue, which relates to demand dbarigtics, is not unique to this study
or the patients who were tested. There is inrffaaiefinitive way to entirely rule out this
interpretation, since, by definition, emotional expnce is subjective. However, several
points argue against such an extreme interpretatanstly, all subjects were explicitly
instructed to answer the questions as honestlyaaadrately as possible. Furthermore,
they were told that there are no right or wrongnaars and that every person experiences
emotion differently. Thus, any subject who did fatow these instructions would
actually be going against the explicit demandsefaxperiment. Secondly, while one’s
true emotional experience may be hidden from thedyids close counterpart, emotional
expression, is visible for the world to see. Thotlte psychophysiological data and
video/audio recordings of emotional behavior stillait analysis (and will certainly help
address this issue), anecdotal observations, imgud patients such as Roger,
documented multiple instances of emotionally exgxesbehavior that would be
consistent with the subjective experience of intem®otion. Thirdly, subjects were able
to accurately recognize the emotion being convdyetthe film (Tables 7-8), which

indicates that they were not simply rating theioéional state at random. Finally, and
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perhaps most importantly, patients did not repopiegiencing elevated levels of emotion
during the two neutral films (Figures 11-12; Ta®)e This argues against the notion that
patients were arbitrarily rating their emotion &gsays being high, and supports the
notion that patients genuinely felt high levelseaiotion, but only during the emotional
film clips.

There are many possible brain regions that cotddunt for the spared
emotional experience following limbic system damager example, in Roger we
recently demonstrated that his intact somatosersmtices played a critical role in his
preserved feeling for his own heartbeat (Khalsa.e2009), leaving open the possibility
that his preserved emotional experiences rely eimdar circuitry. Indeed, there are
multiple brain regions outside of the limbic systexspecially within the parietal cortices,
that contain detailed maps of the body that caeri@lly instantiate feelings of emotion
(Berlucchi & Aglioti, 2010). Recently, Damasio hegued that sensory nuclei within
the brainstem, including the nucleus of the saglitaaict and the parabrachial nucleus,
form the critical platform from which all feelingse based (Damasio, 2010). Other
possibilities include the hypothalamus and thegrast cingulate, the two regions of the
limbic system that were not probed in this studg ttuthe paucity of patients with
damage in these locations. Finally, regions within brain that motivate behavior,
including the ventral striatum and the supplemegntaotor area, may also be critical for
generating feeling. For example, the striatal diysfion inherent in Parkinson’s disease
can lead to a state of apathy and anhedonia (K&ir&ta, 2011). Likewise, bilateral
damage to the supplementary motor area (in additidhe anterior cingulate) can lead to
a state of akinetic mutism characterized by noy antomplete loss of motivation to
move or communicate, but an equally profound Idssaotion (Damasio & Van
Hoesen, 1983). Thus, there are multiple territbaetside the limbic system that provide
a feasible substrate for the experience of emdatbowing extensive bilateral limbic

system damage.
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Specific emotions

The hypothesis of specialized brain centers foiridaction of specific emotional
states was not supported by the results of thystin particular, amygdala damage did
not lead to a consistent fear-specific impairméigire 17), insula damage failed to
produce a disgust-specific impairment (Figure 28 damage affecting the subgenual
ACC failed to produce a sadness-specific impairnjeigure 19). Moreover, there was
no evidence of reliable emotion-specific impairnseiotr any of the other target emotions
or lesion sites (Table 10). Most of the prior wesamining this issue has been
conducted in single-case studies. Given the wetiarge number of cases tested in the
current study, the striking lack of evidence insonp of specialized brain centers for
specific emotions is rather surprising and suggéstisthe induction sites of individual
emotions are distributed across multiple regiongheforain. It is possible that more
subtle emotion-specific deficits could have beetected with different induction and/or
measurement procedures. Additionally, it is imaotto realize that most of the past
research supporting this hypothesis predicts tieste brain regions are specialized for
inducing the specific emotional states (i.e., teigag the cascade of physiological,
behavioral, and cognitive changes that comprisaracplar emotional state), and not
necessarily for feeling them. This leaves operpthesibility that fine-grained analyses
of each patient’s facial expression and psychopygical responses during the films
may lead to the detection of an emotion-specifipairment. Nevertheless, the mere fact
that the patients experienced such high levelaetdrget emotion indicates that
alternative pathways must exist for inducing thecsiic emotional state, otherwise the
patients would not have felt any emotion. Moreggally, these results suggest that there
are multiple pathways and built-in redundanciethenbrain for triggering specific
emotional states such as fear, disgust, and sadness

The findings with regard to the amygdala and feare mixed. On the one hand,

patient SM did demonstrate a fear-specific impamtneonsistent with previous findings
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(Feinstein et al., 2011). Additionally, patient B&ported a highly diminished level of
fear, which is also consistent with previous firgiir(Becker et al., in press). On the
other hand, all of the other amygdala-lesionedep#gi demonstrated remarkably normal
levels of fear. One such patient, 1465, had s@m&iming tissue in his left amygdala,
which can potentially explain his intact fear. Rognd SZ, however, have complete
bilateral destruction of their amygdala, yet sgiported high levels of fear. One possible
explanation is that Roger and SZ sustained theygaala damage during adulthood,
whereas SM and BG sustained their amygdala damaghk earlier in life causing them
to have a more pervasive fear impairment than dogt-@nset cases. Unfortunately, this
explanation fails to account for the preserved &qerience found in BG's identical
twin sister, patient AM. Both sisters presumaldgured their amygdala damage during
the same time frame in life and there are no dééarences between their lesions. A
previous report documents this striking differencéear between the twin sisters and
provides preliminary evidence suggesting that Avhpensates for her amygdala
damage by recruiting her mirror-neuron system (Beek al., in press). While a
conclusive explanation for when amygdala damagkeowilill not lead to a fear-specific
impairment is lacking, the findings in this studgarly show that the relationship
between the amygdala and fear is much more congpldxiuanced than a simple one-to-
one mapping between structure and function.

Insula damage, whether bilateral or unilateraletato produce a disgust-specific
impairment. This finding is consistent with otesula-lesion studies failing to find a
disgust impairment (Straube et al., 2010; Viani@®5). In fact, there have only been
two previous case studies documenting disgust-Bp@nipairments in patients with
insula damage (Adolphs et al., 2003; Calder e28D0), and in neither of these cases
was the damage limited to the insula, leaving dperpossibility that the detected
disgust deficit was due to damage outside of thalm A recent study has shown mild

deficits in insula-lesioned patients when evalugstatic emotional pictures (Berntson et
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al., 2011). In contrast, the present study useiglay aversive film clip and it remains
possible that more subtle disgust-related defiedald have been detected had a less
intense stimulus been used.

None of the vmPFC patients (including patients \bitateral damage to the
subgenual ACC) showed any evidence of a sadnessispmpairment. If anything, the
findings revealed that the patients actually exgrered heightened levels of sadness
(Figure 19). A previous study also failed to shemy sadness impairment in vmPFC
patients (Gillihan et al., 2010). Thus, thereasewidence that damage to the subgenual
ACC leads to a loss (or even a reduction) in san@his suggests that the underlying
mechanism for the decreased rate of depressioandfm lesion patients with bilateral
vmPFC damage (Koenigs et al., 2008) and depresgezhis following deep brain
stimulation of the subcallosal region of the suhggd®CC (Holtzheimer et al., in press)
—is likely unrelated to alterations in the abilibyexperience sadness.

A recent meta-analysis of 91 different functionaliroimaging studies examining
emotion “found little evidence that discrete emotaategories can be consistently and
specifically localized to distinct brain region&’ifidquist et al., in press). In particular,
there were no significant associations between dadggactivity and the experience of
fear, insula activity and the experience of disgastl subgenual ACC activity and the
experience of sadness (Lindquist et al., in pre$ge experience of emotion (irrespective
of the specific type of emotion) often triggerediaation across a widespread network of
brain regions, both cortical and subcortical (Wagfeal., 2008). Furthermore, this
network was activated across different types ofteananduction procedures, including
film clips (e.g., Karama et al., 2011) and autobapdpical recall (e.g., Damasio et al.,
2000). These functional neuroimaging data areistarg with the human lesion data
reported here, and together, these convergennfysdirgue against the existence of

specialized brain centers for the induction anceeiepce of specific emotions.
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The sustained experience of emotion

The hypothesis that the limbic system is necedsarhe sustained experience of
emotion was supported by the data. Specificalbgd® and SZ, the only 2 patients tested
with extensive bilateral lesions affecting multifilabic system structures, were also the
only 2 patients who demonstrated a rapid and campéeovery of all negative emotions
within the first minute following the end of thénf clips. This finding is made even
more striking by the fact that both Roger and Sbreed experiencing highly intense
states of emotion while watching the films. Theibust and precipitous drop-off in
emotion immediately following the end of each fittip suggests that the areas in their
brain which are damaged form the critical substi@térolding onto an emotional
experience once the emotion-inducing stimulus ifonger directly accessible to
CONscCiousness.

Both Roger and SZ share a widespread matrix afesi-tissue throughout the
limbic system, with maximal overlap in the medeiporal lobe (including the
hippocampus, amygdala, parahippocampal gyrus,fenthedial temporopolar cortices)
and insular cortices. Roger’s lesion extends &ntgito encompass the basal forebrain,
anterior cingulate and most of the vmPFC, wher&as I8sion only infiltrates a small
region of the left basal forebrain and posteridnitofrontal cortex. In general, Roger’'s
damage is more prominent in the right hemisphedeS#is damage is more prominent in
the left hemisphere. Despite these differencett sloare a common substrate of bilateral
damage affecting the hippocampus, amygdala, andbinthe 3 most likely candidate
structures contributing to their abnormally expedis recovery of negative emotion.

Since both patients reported highly elevated Ewépositive emotion at baseline,
the positive emotion inductions failed to inducae@aningful increase in happiness or
other positive emotions. For this reason, | anmbile#o conclusively comment on
whether their rapid recovery of emotion extends the domain of positive emotions,

although several anecdotal observations suggest th@es. For example, Roger was
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once observed in a state of pure elation while watra live comedy show, laughing for
over an hour straight at every joke that was t@#d.soon as the show was over, his
exuberance quickly dissipated, and upon leavinghbater, he showed no obvious signs
of lingering positivity above and beyond his typibaseline state. Similarly, he was
observed celebrating after bowling an impressigé&ikes in a row. While the team of
onlookers continued to excitedly cheer his accoshplient, Roger’s outward expression
of joy seemed to dissipate as soon as the nexteb@dpped up for their turn. SZ has
been observed playing saxophone in a large or@mstront of hundreds of people. An
obvious glow of pride and joy was evident in hisdand demeanor as he stood up at the
end of the show and proudly bowed to the sea afrsherupting from the audience

during an extended standing ovation. As soon dsfhthe stage, however, his affect

and demeanor quickly reverted to his usual bassliate, and there were no signs that he
even remembered having played the concert. WWhdset anecdotes are suggestive of a
rapid recovery of positive emotion, they are nossilnte for a rigorously controlled
laboratory experiment. Future studies need tolyimstablish whether Roger’'s and SZ’s
positive emotion recovery follows the same trajects their negative emotions.

Finally, the hypothesis that patients with fociéhteral amygdala lesions would
also show a rapid rate of emotion recovery wassapported by the data. The only
possible exception is that 3 of the 4 amygdalaslesil patients showed a quick recovery
of negative emotion, but only after the NA filmorRhe other films, their recovery
appeared to be very similar to the comparison gg@am., Figure 21). In contrast, Roger
and SZ showed a rapid recovery for all of the nggdilms, irrespective of the specific
emotion being targeted. It is possible that hadrédtovery period been extended beyond
3 minutes, more differences may have emerged battheeamygdala patients and the
comparisons, which would also be consistent withgitot data collected in patient SM

(Figure 1).
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Emotion regulation
vmPFC damage

The hypothesis that patients with bilateral damagée vmPFC would show an
abnormally slow rate of emotion recovery was sufgubby the data. Specifically, 5 of
the 8 patients with bilateral vmPFC damage showsldwa recovery of both negative and
positive emotion (Figures 27-28). Of these 5 patied exceeded the significance
threshold for the negative film clips and 3 excekthe significance threshold for the
positive film clips (Table 12), indicating that 8eepatients experienced significantly
more emotion than the normal comparisons at theoétite 3-minute recovery period.
Interestingly, the 3 vmPFC who did not show a steaovery of emotion generally had
the opposite pattern (i.e., a rather fast recovehy¥act, one patient’s recovery was
significantly faster than normal for both negatared positive emotions (Table 11). Itis
not clear why some patients showed the hypothegiatdrn of slow recovery and others
did not. Closer inspection of their individualitass failed to reveal any obvious
anatomical differences that could account for tiserépancy. As noted in the
introduction, the heterogeneity of behavior betwmelividual vmPFC patients is one of
the most commonly reported findings, and also drteemain reasons why it has been
so difficult to succinctly characterize the behaalaleficits following vmPFC damage
(e.g., Teuber, 2009). Nevertheless, the evidemce this study supports the conclusion
that bilateral damage to the vmPFC disrupts therabprocess of emotion regulation
(the word “natural” is used to highlight the falsait no explicit regulation instructions
were provided to any of the subjects).

These findings are consistent with the large bddesearch showing a pervasive
pattern of emotional dysregulation following vmP&&mage (see pp. 23-26). Likewise,
functional neuroimaging studies in healthy indiatkihave revealed activation in the
prefrontal cortex that is positively correlatediwén individual’s success in

downregulating their emotional response to affetyifaden stimuli (Davidson, 2002;
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Eisenberger, Lieberman, & Williams, 2003; Harirgdkheimer, & Mazziotta, 2000;
Hariri, Mattay, Tessitore, Fera, & Weinberger, 200i@berman et al., 2007; Ochsner,
Bunge, Gross, & Gabrieli, 2002; Banks et al., 200&hile the location of this prefrontal
activity varies between studies, a recent metayarsatoncluded that a small region
within the vmPFC is the most consistently activadesh during the successful
downregulation of negative affect (Diekhof et 2D11). As it turns out, this small
region of activity is located in the same area whbe vmPFC lesion patients (from the
current investigation) share a maximal overlaprafrbdamage (Figure 6). Interestingly,
this same region also shows a significant negatveelation with activity in the
amygdala (Diekhof et al., 2011), suggesting thatdinccess of downregulating negative
emotion is directly related to how well the vmPECGble to inhibit activity of the
amygdala. Since the vmPFC patients in the predady all have intact amygdalae, one
possible explanation for their prolonged stateexgjative emotion is because their brain
damage has destroyed their primary pathway for deguiating the amygdala, in
essence creating a situation of amygdalar disibibi Such an explanation also fits
with the data from Roger and SZ, who both have v@hB&mage (Roger’s being far
more extensive). One rationale for why Roger aAdlil not exhibit sustained states of
negative emotion (like the other vmPFC patient$eisause they also have damage to
their amygdala, and thus, there is no negativeecaftebe regulated. The explanatory
power of this model falls short, however, when exang the data from the focal
bilateral amygdala lesion patients. If the amygdslthe primary generator of sustained
negative emotion, then amygdala-lesioned patidrgald have demonstrated a rapid
recovery of emotion. The fact that they didn’t gegts that other brain regions (perhaps
the insula and/or hippocampus) are capable ofisursgenegative emotion in the absence
of the amygdala.

One previous study has examined emotion recovepgtients with bilateral

damage to the vmPFC (Gillihan et al., 2011). Teywinduced states of sadness or
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happiness using a combination induction methodst,Ffatients viewed an emotion-
inducing film clip (for the sadness condition thegtually used the same film that was
used in the current investigation). Next, patieatsalled a sad or happy memory while
listening to emotion-congruent music. Finally, teeovery of induced emotion was
measured over the course of 6 minutes. The Bsilt found that patients reported
experiencing high levels of the induced target eéomoffor both sadness and happiness)
immediately after the induction, and at a levediféerent than the normal comparisons.
This finding is consistent with the results frone #turrent investigation. The second
result found that patients showed a completely @brecovery for both sadness and
happiness, which is inconsistent with the slow vecy found in the majority of vmPFC
patients tested in the current investigation. Possible explanation for the discrepancy
between studies is due to differences in the indoehethod. While both studies used a
film emotion induction procedure, Gillihan’s studlso included an autobiographical
memory induction procedure. Previous work in @l has shown that vmPFC patients
report less intense emotional states using an engi@phical memory induction
procedure (Bechara et al., 2003). Thus, it rempassible that the vmPFC patients in
the Gillihan study would have also shown a slow gomal recovery had they only used

the film clips to induce emotion.

Hippocampal damage

The hypothesis that patients with focal bilateipplocampal damage would show
an abnormally slow rate of emotion recovery wastiyiesipported by the data.
Specifically, 1 of the 4 patients showed a slovwoweey for all negative emotions and 3
of the 4 patients showed a slow recovery for adlifpee emotions (Figures 29-30), with
all of these patients meeting the significanceghodd (Table 12). For the negative films,
patient 1846 had an unusually high level of nega¢inotion at baseline which likely

contributed to her relatively quick recovery. e bther hand, patient 3139 was
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consistently slow to recover across all emotionsh Imegative and positive. The
remaining 2 patients (2363 & 2563) showed an abatiymslow recovery of positive
emotion, and a largely normal recovery of negatiwetion, except for disgust and
sadness where their recovery was abnormally sl@kl€T12). Thus, the majority of
hippocampal patients showed a pattern consisteéhtanslow recovery for both negative
and positive emotions.

These findings essentially replicate those fromexipus study (Feinstein et al.,
2011), which examined the influence of declarathamory on emotion experience in a
group of patients with severe anterograde amnegdalfocal bilateral hippocampal
damage (including 2 patients who were also testélda current investigation). In the
study, the amnesic patients continued to experieleated levels of emotion even after
they could no longer remember the content of tine ¢lips which had originally induced
the emotion. Quite strikingly, their level of sas$s persisted even longer than the normal
comparison subjects (whose memory for the filmsciy@s entirely intact). One potential
explanation for the persistence of emotion in hggmpal amnesics relates to the
adaptive value of knowing the cause of our emotiamsch in turn can help expedite the
recovery of emotion. Since both the amygdala asdla are intact in these patients, they
continue to experience an emotion, even when thayno longer remember the cause.
This free-floating state of emotion (especially whieis a negative emotion) likely
triggers a search process aimed at discoveringdhiece of the emotional disturbance.
Unfortunately, their severe amnesia often timesqmés any conclusive discovery from
occurring, and this attribution failure may drawddinal attention toward their aberrant
emotional state, in effect creating a positive ek loop that hijacks the natural
recovery process and ultimately leads to an abnbrmalonged state of emotion.
Viewed in this light, the functional role of theplpocampus with regard to emotion
regulation is centered on the binding of an emati@xperience to the context which

generated that experience. This contextual infaonaan then be used by emotion
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regulation sites within the prefrontal cortex (unding the vmPFC) to dynamically
modulate our emotional experience in a context-@mupte manner. Thus, the slow
recovery of emotion evident in patients with fobgdpocampal damage may be a by-
product of their failure to link the emotional gatith its source.

Although it is tempting to conclude that the reaRmger and SZ have such
transient emotional states is completely due to #evere amnesia, the findings in the
hippocampal amnesic patients strongly suggestwtber Since the experiment in the
present study did not examine whether participaet® able to remember the films, it is
difficult to comment on whether Roger, SZ, or amyhe hippocampal amnesics were
able to hold onto any knowledge about the prevfdosduring the emotion recovery
period. Given the relatively brief time frame bétrecovery period (i.e., 3 minutes) it is
likely that many of the amnesics still retainedeaist a little knowledge about the
previous film clip. Future iterations of this eximeent will need to examine whether the
amount of knowledge retained had any impact orr tegorted emotional experience

during recovery.

Limitations and futuredirections

While the results of this study begin to provideearer picture of the functional
role of the limbic system with regard to emotioagperience (see Conclusion section
below) there were several limitations that needda@ddressed. The first limitation is the
small number of patients in each group. Thiseésmmon issue in lesion studies due to
the extreme rarity of certain types of brain dama@eeat effort was made to find such
patients, including flying them into lowa from ottstates, and in some cases, from other
countries. In comparison to other lesion studrgsch are typically single-case studies),
the number of patients in certain groups was algtgaite large. For example, being
able to test 4 patients with focal bilateral amygdiamage is very uncommon.

However, in other groups there were only 1 or 2goé$ and this makes it difficult to
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draw firm conclusions. This was the case for ti&&CA While many of the vmPFC
patients had damage to the ventral region of th€ ABere was only a single patient
with focal damage to the dorsal region of the A@a only Roger had damage that
entirely encompassed the ACC (both ventral andaflor§Since Roger’s data looked
remarkably similar to patient SZ (who did not h&A@C damage), and the data from the
dorsal ACC patient revealed no apparent deficesy little can be concluded about the
specific impact that ACC damage had on emotionpkegnce. Furthermore, certain
regions of the limbic system were unable to beistlidue to an inability to locate any
patients with the requisite bilateral lesion. hrtpcular, the posterior cingulate and the
hypothalamus are completely missing from this itigasion, and as noted earlier, both
structures could very well be playing a prominai¢ in emotion experience.

The second limitation deals with the inherent diffty of reliably inducing
positive emotion in the laboratory. The main reafw this difficulty is due to the well-
known fact that most people report experiencingagksd levels of positive emotion at
baseline (Diener & Diener, 1996; Ito & CacioppoP2pWatson, 2000). Such high
baseline levels make it extremely difficult to d#tmeaningful increases in positive
affect following an emotion induction procedure,airtoo-common finding in other
emotion induction studies (Albersnagel, 1988; Gesdlesse et al., 1994; Monteil &
Francois, 1998; Westermann et al., 1996). In thieeat investigation, about a third of
the normal comparisons failed to report a meanirigtirease in positive emotion after
the happy and PA films (Table 9). Luckily, thiskeof an effect was not as prevalent
amongst the brain damaged patients, although itcedainly an issue for both Roger
and SZ. Since all emotion induction proceduresmamthe effectiveness of the
manipulation as the change in emotion from basebrpost-induction, there is no clear
solution for overcoming this limitation.

A third limitation deals with the measurement ofagion recovery. While the

modified VAS was successful at detecting changesriotion over time, it was unable to
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capture the nuances of the induced affective e@pee since it only probed a single
emotion for each induction. Great effort was sahécting films that targeted a specific
emotion, but nonetheless, past research has shawother emotions are likely to be
induced as well (Gross & Levenson, 1995; Philipd®83; Schaefer et al., 2010). It
would have been interesting to examine these etmations. For example, one
experiment used the same disgust film as this stindyfound that even though the
experience of disgust had fully recovered 20 misatiter the film was over, positive
emotion had not fully recovered (Hemenover, 2003ltimately, | decided to focus on
individual emotions given the time-sensitive natoféhe recovery process and the
limited time period that was being probed. Thisiled time period created another
limitation in that the induced emotion had notyukecovered for many subjects by the
end of the 3-minute recovery window. While mantgrasting differences between the
lesion patients and comparisons emerged withititbie3-minutes, it is possible that a
longer recovery period may have revealed additiindings. Due to the large number
of emotion inductions (9 in total), | decided td-odf the recovery measurement after 3
minutes. Future studies, especially in vmPFC apddtampal patients, should continue
measuring the emotion until it has fully recoverda addition, future studies should
consider using real-time measurement devices iaraocdmore precisely understand the
temporal dynamics of emotion recovery. A continsicating dial can capture changes in
emotion while viewing film clips (Mauss et al., Z)Qand may be even more effective
than retrospective ratings at measuring emotiguatrents with brain damage (Wittling

& Roschmann, 1993). However, it is important tosider the possibility that having a
subject continuously monitor their affective statay fundamentally alter the emotion
recovery process. Since emotions in real-liferarely accompanied by self-report rating
scales, it will be important for future researchrteestigate how emotion recovery is
affected by the different types of ratings (e.gAS/ questionnaires, continuous rating

dials) and the frequency in which subjects are disttenake these ratings.
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Since the measurement of emotion recovery isistits infancy, there remains a
pressing need to develop more rigorous analysasegfies. Preliminary data from this
study suggests that exponential decay may provgied model for the analysis of
emotion recovery (Figures 31-32). It will be imfaort to examine other functions, such
as the power-law, to see which model provides #st bverall fit. The utility of deriving
such a model offers many possibilities for futureestigation. For example, it would
allow for the derivation of prediction curves tltauld be used to estimate the total time
or half-life of a particular emotion that is expmrced at a particular level of peak
intensity. Indeed, a recent study successfullyl@smodel of exponential decay to
predict how long a student would experience staté®redom and frustration while
learning a new concept during a tutoring sessioM@llo & Graesser, 2011).

Additional variables could also be integrated itite model that would offer the ability to
adjust the rate of decay based on a multitudeatbfa, such as the area of brain damage
or the particular emotion being experienced. Asugh data is collected, the model's
predictive power would improve, and could eventubl used to investigate patterns of
brain activity (e.g., using intracranial electradeordings from neurosurgical patients) to

see if particular firing patterns correlate witle forocess of emotion recovery.
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CHAPTER 7
CONCLUSION

The results from this thesis argue for the existesfdwo distinct states of
emotional experience. The first state, termedbthize experience of emotion,
encompasses the diverse array of possible fediatgssthat are experienced in relation to
a specific emotion-inducing stimulus being direatnveyed to consciousness through
one or more of our sensory channels. The secae, $€rmed theustainecexperience
of emotion, is the raw and relatively undifferetgi feeling that persists after the
emotion-inducing stimulus is no longer directly essible to consciousness. The
findings from this experiment indicate that theibrstructures which comprise the limbic
system, especially the medial temporal lobes asdlan cortices, are essential for the
sustained experience of emotion, but are not reduor the online experience of
emotion.

Of the 77 subjects tested in the current experrtth healthy and brain
damaged), only 2 subjects (patients Roger and ££8 wnable to hold onto the
experience of emotion following the end of the fittips. For both Roger and SZ, the
induced emotion that was intensely experiencedenkdtching the films had fully
recovered a mere 60 seconds later. This profoefiditin sustained emotion suggests
that both Roger’s and SZ’s brain is missing th&aai substrate for holding onto an
emotional experience once the emotion-inducingudtisiis no longer directly accessible
to consciousness.

The dual cases of Roger and SZ provide powerfidiegxe that the structures
which comprise the limbic system are in fact aegnated system. While the brain
damage in Roger and SZ is extensive and includéigpheuregions, they share a common
core of bilateral damage impacting the medial teraldobes (including the hippocampus

and amygdala) and the insular cortices. In coptdanage localized to any single
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region of the limbic system (whether it be the lmippmpus, amygdala, insula, ACC, or
vmPFC) never caused a pattern of emotion recovatycme close to approximating the
rapid speed and completeness so readily appar&udgar and SZ. This was an
important finding, since it suggests that only embied lesion to multiple limbic
structures is capable of producing a rapid recoeégmotion. More specifically, there
appears to be an additive effect of damage toifjbampus, amygdala, and insula (and
the white matter connections between these stregfwvhich is not found when only 1
of these 3 territories is lesioned. It would h&een interesting to test a patient with
bilateral insula damage that did not affect the imeemporal lobe, but such a case is
unlikely to be found. There are, however, some cases of bilateral medial temporal
lobe damage (that includes both the hippocampusangdala), but does not extend
into the insula. If such a case were tested, honWed the same pattern of recovery as
Roger and SZ, this would further narrow the priagons of interest to the medial
temporal lobe. There is, in fact, some anecdatdlence to support the crucial role of
the medial temporal lobe in sustained states oftiemo For example, Broks and
colleagues (1998) describe the interesting casef@iale encephalitic patient (YW) who
had bilateral medial temporal lobe damage thandidnfiltrate the insula. While on
vacation with her husband, they were mugged andiphljy accosted. The husband was
left feeling traumatized for several days, yet Y\W&sweportedly “unperturbed” and
“showed no sign of concern”. This general lacklistress and concern, combined with
relatively short-lived emotional responses and angmg mood states, is a very
characteristic pattern found in amnesic patienth Wilateral medial temporal lobe
damage (O’Connor et al., 1995; Tate, 2002), inclgghatients such as Roger and SZ.
One plausible theory that can account for how tleeial temporal lobes and
insular cortices are sustaining the experienceradt®n is as follows: (1) highly
processed information from the 7 different senstrgnnels converge in the medial

temporal lobes and insular cortices on a momemtdment basis, (2a) the medial
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temporal lobes filter through this torrent of salysaformation and “capture” the salient
features (especially those aspects which are enaitio nature), (2b) at the same time, a
highly malleable meta-representation of the cursggiie of the internal milieu of the
body (including the viscera) is constructed witthie anterior insula and provides a
relatively rudimentary composite of the dynamicalhanging internal landscape of the
body, (3) the medial temporal lobes (especiallyahmygdala) links the captured sensory
information (from part 2a) with the raw internakfig represented in the anterior insula
(from part 2b), in effect binding together the eimotinducing stimulus with the emotion
that was induced, (4a) once the emotion-inducimgusus is removed from direct
conscious experience, the experienced emotion §égirecover as attention is diverted
toward new incoming sensory information, (4b) theRFC, in conjunction with the
hippocampus, uses contextual cues to help regihateate of recovery, (5a) as the
emotion recovery process is underway, the medmptzal lobes can reconstruct the
memory for the emotion-inducing stimulus, and at$hme time, temporarily reactivate
the raw internal feeling associated with that mgm¢b) some of this reactivation
occurs by actually triggering the physiologicalhbeioral, and cognitive changes that
accompanied the original online emotional expereiic) most of this reactivation,
however, is achieved by reconstructing the meteesgmtation (formed in part 2b) within
the anterior insula. This 5 step process culmgatehe sustained experience of
emotion. Notably, this proposed sequence of evastsrs in parallel with the online
experience of emotion, which does not require itnbit system, but likely requires
multiple structures outside of the limbic systemuiding the brainstem, diencephalon,
basal ganglia, and primary/secondary sensory esiti©Once the emotion-inducing
stimulus is no longer directly accessible to comssness, the online experience of
emotion rapidly dissipates (most likely in a matieseconds). Shortly thereafter, the
sustained experience of emotion is likely triggeretursts, as the meta-representation of

the raw internal online feeling is temporarily reeated by the medial temporal lobes.
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A noteworthy feature of this theory is that thetaursed experience of emotion
feels qualitatively different than the online expace of emotion. On the one hand, the
online experience of emotion is vivid, complex, amnced, replete with detailed
representations of all the different sensory chintiat are being simultaneously
activated by the emotion-inducing stimulus. Ondlieer hand, the sustained experience
of emotion is a much more vague and poorly diffee@ad reconstruction of the raw
internal feeling experienced during the onlineestébome have called this reconstruction
an “as-if” feeling (Damasio, 1999 and 2003) becateels as if you are experiencing
the emotion that was felt during the online sthtd,yet there is no immediately present
emotion-inducing stimulus that can be directly elgreced in tandem with the feeling.
While a memory for the emotion-inducing stimulugften times associated with the as-
if feeling, this is not a necessary requirememgeaithe feeling of emotion can persist
without any explicit memory for its cause (Feinstduff, & Tranel, 2010).

Interestingly, in one of MacLean’s original formtitas of the limbic system, he
described similar as-if feelings that occurred dgihe aura immediately preceding a
medial temporal lobe seizure, and said they reptésaw, poorly differentiated, and
impersonalized feelings” that are “viscerally reld#it (Maclean, 1952, p.413).

In conclusion, the evidence presented in this sh@gjues against a critical role
for the limbic system in the online experience wiogion. It appears that evolutionary
pressure has created a significant degree of reshaydvithin our brains to ensure that
we continue to experience emotion in responseraiocestimuli and situations, even in
the aftermath of extensive bilateral limbic systw@@struction. Despite this extraordinary
resiliency, the brain is simply unable to hold oatbemotional experience without the
limbic system, especially the medial temporal lo@ed the insular cortices, for this
network forms the fundamental substrate that allthesexperience of emotion to

persevere even after the emotion-inducing stimbssleft the realm of consciousness.
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