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Abstraet

We aimed-to elicit emotion in patients with surgically circumscribed lesions of the
prefrontal cortex (PFC) in order to elucidéte precisdunctionalrolesin emotion
processing of the discrete subregions comprising the ventromedial PFCingd¢hel
medial.PEC.and orbitofrontal cortex (OFC). Three components of emotionaVitgact
were measured: subjective experience, behaviour and physiological response. These

included'measures oél-reported emotion, observer-rated facial expression of emotion
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Emotional reactivity following PFC surgery

and measurements of heart ratel heart rate variability during film viewing, and a
measure of subjective emotional change since surgery. Patients with lesions to the
ventromedial PFC demonstrated significant differences compared to camtnelst rate
variability during the film clips, suggesting a shiftgieater dominance of sympathetic
input. In"contrast, patients with lesions restricted to the OFC showed saghific
differences’in-heart rate variability suggesting reduced sympathetic Tripayt also
showed less facial expression of emotion during positive film clips, and répoote
subjective emotional change since surgery compared to contr@iurhan lesion study
is important for refining theoretical models of emotion processingdyéntromedial
prefrontal cortex, which until now have primarily been based on anatomical connectivity,
animal lesion and human functional neuroimaging research. Such theories have

implications'for the treatment of a wide variety of emotional disorders.

I ntroduction

The ventromedial prefrontal cortex (VMPFC) is a brain area that has been ddomd t
crucially“mvolved in social and emotional functioni(@echara, Damasio, & Damasio,
2000; Damasio & Anderson, 200Batients with damage to the bilateral VMPFC are
often described as socially disinhibited, impulsive, sometimes complain of blureet] aff
have poerjudgment and decision-making, difficulty monitoring themselves, and lack
awareness of their behavidi@arrash et al., 2000; Beer et al., 2006; Eslinger and
Damasio, 1985)This has resulted in patients with VMPFC lesions békemned to
sociopaths (Blair and Cipolotti, 2000; Eslinger and Damasio, 1985).

Existing models of emotional dysfunction argue thatpitegrontal cortex (PFC)
may modulate emotional responses or related activity generated by subcortical areas
(PhanWager, Taylor, & Liberzon, 2004; Quirk & Beer, 2006). For example, Mayberg
(1997)presented a model of depression involving reciprocal inhibition, whereby
depressed'patients and healthy patients with induced sadness have increased activity in
ventral paralimbic areas and decreased activity in the dorsal neocortex.rAnothe
prominent neurobiological model of emotion postuldtes the VMPFC ismportant for

emotion regulation via its inhibitory control of the amygdala. For example, Thayer and
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Lane(2009)have described @eurovisceral integratiomodel, which arguethat the
amygdala is vigilant for biologically relevant information, and that the PFQiding the
orbitofrontal cortex (OFC) and medial PFC (MPFC), tonically inhibit the amggddilis
top-down inhibition is posited to modulate subcortical areas, which sculpilifextve
experienceof emotion. The MPFC modulates amygdala gdheth via projections to
inhibitery-interneurongRosenkranz & Grace, 2002nd via direct projections to areas
important for emotional output, including autonomic, endocrine and motor regions
(Ongur & Price, 2000). The OFC also modulates amygdala actRésnpeiClower,
2007)based on toplown evaluations of emotional significance calculated from current
reward valugRolls, 2004), and these functions are important for subjective emotional
experience. This amygdala inhibition occurs via projectionshibitory interneurons,

and also via direct projections to emotional output afieampeiClower, 2007) albeit

not as strong as those of the MPFC.

Whilst acknowledging that much evidence favours models of top-down inhibitory
control of the amygdala by théMPFC, in their review of data from primarily animal
lesion andhiumanneuroimaging studies, Myers-Schulz and Koenigs (2@dg)ed that
models that argue that disorders of mood and emotion are simply a failure of the VMPFC
to inhibit. amygdala activity areot sufficient to adequately explain the complexities of
emotional dysfunction. For example, although some evidence indicates that VMPFC
inhibits stresgelated sympathetic activity, including glucocorticoid secrefidmy et al.,
2006) cardiac changd¥Vager et al., 2009and electrodermal respong®silad et al.,
2007) studies in animal@lahn et al., 2010; Radley, Arias, & Sawchenko, 2006) and
patients with VMPFC lesiond®amasio, Tranel, & Damasio, 1990) have found evidence
to the contrary. To account for these incongruent findings, Myers-Schulz and Koenigs
(2012)-argued that there is a functional differentiation within subregions of tH&FZiVi
and emphasised “the need for a more-fir@ned model that can better account for the
vmPEC’s seeing disparate roles in affective states” (p. 2). In line with this present
studyaimedto determine the functional differentiation of the subcomponents of the
VMPFC in emotion.

The VMPFC is a heterogenous region comprised of several distinct

cytoarditectonic areaRoy, Shohamy, & Wager, 201#)at also differ in anatomical
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connectivity. Thus, the orbital and medial portions of the VMPFC may be expected to
play overlapping but different roles in emotion for both positive and negative emotional
stategMyers-Schulz & Koenigs, 2012While some attempt has been made to determine
the precise neuroanatomical subregions of the PFC that are involved in emotion
perception*(Hornak et al., 2008$ well as social cognitio{jjjifs et al., 2014), no

study has-empirically tested the relationship between specific lesion location a
emotional reactivitywhich involves the three domains of subjective feeling, behavioural
expression, and physiological emotional response.

The present studg the first to our knoledge thatimed to elicit emotion in an
experimental setting in patients following discrete, circumscribed surgical lesions of the
prefrontal cortex. This was achieved using an emotion elicitation paradigm using film
stimuli and measuring all three compaoits of the emotional response. As per previous
researeh=(Hornak et al., 2008)e included as a control gropgtients with lesions to the
dorsolateralPFC (DLPFC), as this region isingblved inemotional reactivityAs an
additional cantrol group, we measured a group of patients who had undergone non-
cerebral neurosurgerpecause the DLPFC is not directly involved in emotion, we
hypothesised that this group would not differ significantly on any measures to the control
group. Based on findings of blied affect Eslinger and Damasio, 198Barrash, Tranel
and Anderson, 2000)educed somatic respons&aMmasio, Tranel, & Damasio, 1990),
and impaired facial emotion perception and theory of njjjjjnkins et al., 2014)
following lesions to the VMPFC in humans, we hypothesised that compared to a HC
group, patients with VMPFC lesions would demonstratkiced subjective experience of
emotion in response to film clips, reduced cardiac reactivity, reduced faciaksixpr of
emotion,.and greater subjective@rnal changes since surgery. With the lackurhan
lesion research investigating the role of VMPFC subregions in emotionaVvitgaand
the limitations in crosspecies comparisons of VMPFC regions (My8chulz and
Koenigs, 2012), it was difficult to make confident hypotheses regarding the OFC and
MPFC groups, thus our hypotheses relating to these two groups were more exploratory,
although we expected similar findings to the VMPFC group, however not as severe,

given that the lesions were restrictecbnly one region and not both (as in the VMPFC

group).
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Method

Participants

Thisssample has been described in a previous paper that examined social
cognition-[fils et al., 201/ articipants were 27 patiewgho had undergone
neurosurgery to the PFC, with a single surgical resection cavity. Reasons foy surger
were: primary brain tumoyn=21), single metastatic tumoun£2), angiomar{=1),
epidermoid«cystri=1), abscessEl) and bone fragmen£1). Control participants were
26 patients who had undergone spinal surgegg{calor lumbar laminectomy,
discectomy or rhizolys)s Participants were aged over 18 years and tesitun 1-12
months posBperative to reduce the potential influence of compensatory recovery
mechanism=Consent was obtained and all procedures were condigttertling to the
declaration-of Helsinki(Br Med J 19642: 177-178) and approved lige Human
Reseafch Ethiccommittees o G <. The Royal Melbourne
Hospital and St Vincers Hospital, MelbourngAustralia Exclusion criteria were nerve
sheath tumour, neurological disease other than reason for surgery, heagt diseas
documented cerebral trauma, vision or hearing problems other than correasies, land
poor English comprehension and expres§sonre <13on the Frenchay Aphasia
Screening=TegEnderby, Wood, Wade, & Langton Hewer, 1987)].

MRI analysis

Lesion e and volume was ascertained from pmstgical structural MRI scans
closest to.the date of testing. The bragions were segmented from these imagasgu
the Brain"Extraction Too(BET; Jenkinson, Pechaud, & Smith, 2005; Smith, 2002)
within thebrain image analysis packdeel 4.1(Smith et al., 2004; Woolrich et al.,
2009)*These brain extracted images wemnthormalised bgo-registationto the
Montreal Neurological Institute (MNI) 2mm standard brain using a 12 parameter affine
algorithm (FLIRT; Jenkinson, Bannister, Brady, & Smith, 2002; Jenkinson & Smith,
2001)within FSL ‘Analyze’ software(version 9.0 Mayo Clinic, Biomedical Imaging

Resourceyvas used to manually correct for inaccuracies in automatic segmentation and
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to segment the lesions by outlininggions of interest (ROIgroundthe resection cavity
onall imageslices. All ROIs were traced by ¢hprimary author (LMJ) and confirmed by
a neuroradiologist (PP).

Participants were assigned to the group for which they had the largest percentage
of resectionsejif et al., 2014 for details, including 3D ROIs onliRe)ticipants
with moresthan: fre per cent resection of the AG@idmore than five per cent resection
of the@QFCwere assigned to a VM group. Patients with BA25 lesions also had orbital
lesions,sowere included in the VM group, therefore the ACC group comprised patients
with pregenual and dorsal ACC lesions. The lesion locations of individuals in the brain

surgery group are presented in Figure 1.
(Figurel here)

ArFisher’s exact test found no significant difference in Wid@our grade
(Louis; Ohgaki, Wiestler, Cavenee, Burger, Jouvet, et al., 2(Ween groups here
was howevea significant difference between groups in lesion volume (Krudkallis
tes) H(3)=.1226, p= .007 (ACC= 1234.50 + 253.58 minOrbital= 881.14 + 861.48
mm*VM=.5563.40 + 4828.69 mimDL= 914.45 + 736.73 mM The VM group had the
largest lesions compared to all other groups. Waisexpected givethe VM area is
comprisedbfitwo areasPoint-biserial correlations between each group and lesion volume
found asignificant coefficient for the VM groupgy= .624 < .001), indicating that
38.93% of the variance in lesion volume was accounted for by VM location. Lesion
volume therefore was a potential confounding fadtoarder to determine whether
group.effects remained after controlling for lesion voluakierarchical regression
(described below) was favoured over a covariate approach thee sample size.

Groupeemographic characteristics

Table 1 presents demographic resi@ticipants were of a variety of
nationalities, howevefisher’'s exact testfound no significant differences between
groups in the proportion of participants who spoke English as a second lafig8age

proportion of males and females, age, days since surgery, or years of education.
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(Table 1 about here)

Measures and apparatus

Screeninginstruments

Unilateral-neglect was screened for with Benton Line BectionTest(Schenkenberg,
Bradford, & Ajax, 1980)Aphasia was screened for with theenchay Aphasia
Screening Jest: Comprehension and Expression suff#s$s; (Enderby et al., 1987)].
Sustained attention was measured withTiest of Everyday Attention (TEA) Elevator
Counting/&btest(Robertson, Ward, Ridgeway, & Nimmo-Smith, 1994). Nonverbal 1Q
was estimated with thé/eschler Adult Intelligence Scdlé Picture Completion 8btest
[WAIS; (The Psychological Corporation, 1997/ ll-scale IQ was estimated with the
Wide Range:Achievement TestReading Subte$?WRAT-R), usingan agecorrected
standardsscor@Vilkinson, 1993) Handedness was measured withEdéburgh
Handedness Inventor§Dldfield, 1971).

No-patient had unilateral neglect. There were no significant group differéorce
the FAST scales or the WAIS Picture completion score. However, an ANOVA found a
significant effect of group for WRAR standard scor&(4, 48) =2.65, n,°=0.18,p=
.045. Post hoc tests found that the control grdpl(03.77,SD=8.34) had significantly
higher WRAT-R standard score than %€C group M=91.50,SD=9.47,p=.012 and
theDL group M=97.17,SD=11.63,p= .015). Furthermore, a Kruskal-Wallis test found
that there.was a significant difference between groups in TEA 3¢@He=34.20,p<
.001;with.a.ceiling effect observed for the orbital, DL and control grdug®w-up
ManmFWhitney tests found that the AC®1€6.75,SD=0.50) andvM (M=6.20,
SD=0.45) groups scored significantly lower than the control grs7(00,SD=0.00),
with p=.011 andp< .001, respectively.

Film clips
Verbal and nonverbal standardisédohfclips elicitedthe target emotions of

amusement, anger, disgust, fear, happiness and sajj} | | GG <ss2012). A
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it was decided to measure heart rate varial(itiVV), which is best measured over a
minimum of two minutes (Camm et al., 1998)e verbal disgust clip was substituted for
a longer clip taken fromhe serieS he AnatomistéBarker, 2002)The neutral clips were

also edited to be 2 minutes lotggmeet theHRV requirement.

Self-reported-emotion

Based on the questionnaire by Hornak et al. (2003; 1886$ubjective
Emotional Change Questionnai(8ECQ)asked individuals about their subjective
experienceof change in the intenstyd frequency of experience of the emotions of
amusement, anger, disgust, fear, happiness and sadness, since Aaorgedjtional
guestion was added regarding the &ptid express, describe, or distinguish between
emotions(alexithymia). Responses were recorded asf&llchange1.0changeor 1.5
big change

Aftereach film clip, participantsated their current mood on a computerized
Visual/AnalogueScale (VAS), shown on the same screen as the filfriés comprised a
vertical line for each of the target emotioRarticipants rated the extent to which they

felt eachremotion by movingaursorwith a bluetooth computemouse.

Videorecording

Allparticipantsgave their consent to edeotaped during the film clips, using a
Sony digital videaamera placed above the LCD monitéie judges blind to condition
and group membershipted thevideo recordings usingglobal ratingmethod developed
for this study(see Sipplementary materialJudges rated the intensity with which the
participantsexpressed each of the six target emotions during each film, as well as the
frequency"and intensity of verbal and nonverbal vocal expression, for a total of 14 ratings
for 16 films This method was found to have adequate irgt=r reliability (see
Supplementary materjalVocal expressions were not analysed due to an insufficient

number ofvocalisations.

Physiological apparatus
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Electrocardiogram (ECG) was recorded from a stah8athoven Lead Il using
disposabléMeditraceelectrodes. All electrodenpedances were belovd k ohmsECG
signal was amplified using a 7P511 AC Grass amplifier. The amplified analoguks signa
were_digitised al000samples per second.

Procedure

The participant was seated itesting room in @omfortable armchait metre
from aS6cmflat, widescreencolourLCD monitor.The room was kept at a constant
temperature of 22 degrees CelsiBaseline resting ECG and EEG data (to be published
separatel) was recorded for 8 minutes with eyes open (O) and closed (C), usrgf o
two randomly assigned counterbalanced ordEngs baseline HR was used as a covariate
in the amalyses of HR during film clips.

Participants were shown tweriinute practice filnclips (one positive and one
negative) to.acclimatise to the experiment. For the experiment, film clips were randomly
presented (using computer generated randomisation) within the constraints dethef or
negative;mneutral, negative, positive. This ondas repeated four times fota@al of 16
experimental clipsA 1-minutepositive clip was shown after the final experimental clip

to induce positive mood at the conclusion of the study.

Data reduction of ECG

ECG data from one control participant was lost due to technical issues.
Participants who were currently taking medications that might alter autonomic function
(e.g.,antinypertensive or antiarrhythmic) were excluded from ECG analysis, resulting in
the follewing group sizes: AC@=4, orbitaln=6, VM n=4, DL n=7, controln=20.
Purposesuilt softwareused an automated algorithm to detect EC@aRes, and
calculate heart rate (HR) and heart rate variability (HRV) measures (de Zambotti,
Nicholas, Celrain, Trinder and Baker, 2013; Trinder et al., 2001). Each recording was
visually inspected for detection errors and manual adjustments for body movement
artefacts were made where required. HR for each film clip was calculated by obtaining

mean RR interval over 5 second blocks. For assessment of HRV, fRénerval time
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series of artefadree 2-minute epochs were extracted through a 2 second, 75% overlap
Hamming window to prevent spurioastimates of spectral power. For each film clip,
FastFourier transformations were performed to derive estimates of spectral power in the
low frequeney (LF) band (0.04 — 0.15 Hz, in ms?), which reflects a combination of
sympathetic.and parasympatheticvoers system input, and the high frequency (HF)
band (0:4510:0.4 Hz, in msivhich is a primarily parasympathetic measure. Raw power
values.were converted tmrmalized units [e.g. normalised LA_&/(total power— very

low frequency power) x 10@vherevery low frequency power= less than 0.04 Hz]. The
ratio ofilow.frequency to high frequency powBRLH) in ms2 was calculated for each

film clip by dividing LF/HF, which gave a measure of sympatlamal balancewhereby

a smaller number indicates more domihparasympathetic inpgTask Force of the
European Society of Cardiology and the North American Society of Pacing and
Electrophysiology, 1996).

Global score calculation and statistical analyses

Given the large amount of data, it was necessary to collapse across emotions to
reduce the.number of statistical comparisons. Whilst emotions have been datedristr
involve distinct neural systems, certain regions including the ACC and medial PFC are
also involved in multiple emotions, including fear, disgasger, sadness, as well as
positiveremaetions (see Etkin, Egner and Kalisch, 2011, for review). Importantly for our
purposes, studies have found that positive and negative emotional reactions can be
generally distinguished physiologically (e.g. Ekman, Levenson & Friesen, 1983) and in
terms of selreported affect, and facial expressions (e.g. Larsen, N&@iacioppo,
2003).

Global scores were calculataed follows: Mean positive response to positive films
was caleulated by adding the amusement and hapiatsgs for each of the four
positive filmclips, and dividing this total by @s there were two ratings for four film
clips). Meaminegative response to negative films was calculated by adding the anger,
disgust, fear and sadness ratings for each of the eight negative films, and dividing this
total by 32(as there were four ratings for eight film clips)ean positive and negative

response to neutral clips was calculated in the same manner, using the neutral clips.
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Mean HR during positive film clips was calculated by adding the mean HR during
amusement and happiness clips, and dividing by two. Mean HR during negative film
clips was calculated by adding the mean HR during anger, disgust, fear and sadness clips,
and dividingsby fourFor HRV, LF, HF and RIH were calculated for each target
emotion; averaged across verbal and weral clips.

Forfacial expressions,e@an intensity of target emotional valence during each
discrete emotional film was calculated by adding the appropriate ratings for the verbal
and nonverbal films, and dividing by the number of ratings. Then mean intensity of
positive facial expressions during positive film clips was calculated by adding the mean
value for positive facial expressions during amusement and happiness clips, and dividing
by two. Mean negative facial expressions during negative film clips was calculated by
adding the mean value for negative facial expressions during anger, disgust, fear and
sadness-elips, and dividing by four.

Analysis of variance analyses assessed differences between groups for self
reported emotion, facial expression axaddiac variabled-or theSECQ, a per Hornak
etal. (2003) a total score was calculated across all emotions, regardless of whether the
change represented an increasdemreaseA priori MannWhitney tests compared each
surgery.group with the control group.

Significant group differences in lesion volume, WRRTstandard score, TEA
score and-baseline HR presented potential confounding influences. To determine the
impact/of these variablesd in line with previous resear{ijjijkins et al., 2014),
supplementary analyses in the form of hierarchical regressions were calculated when
significant group differences were fourRtevious researchers have used simple
correlations® achieve this ainfHornak et al., 2003). However, given the finding of a
significantcorrelation between VM lesion location and lesion voliuhieapproach was
favoured-as this calculates the proportion of unique variance that each variable
contributes. Lesion locationasentered in the first bloc&f the hierarchical regressions
(except forrmean HR analyses, where baseline HR was enteredafiesdyl of lesion
volume, WRATR standard score and TEA score in the subsequent block. As the aim of

these analyses was to demonstrate that observed group differences were due to
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differences in lesion location rather than in screening and baseline measures, no variables

were removed from theegressions.

Results

Self-reported emotion

There were no significant differences between the control group and any of the
surgery groups fomeanpositiveaffect F(4, 48)= 2.07p=.10,n?= .15, or for positive
ratings of neutral film&(4, 48)= 0.28p=.89,n1?= .03, or negative ratings of neutral
films F(4y48)= 0.56p= .69,1?>= .05. However, fomeannegative affecta univariate
ANOVAsfeund a significant group differencé(4, 48)= 3.28p=.02,1?>=.22. The VM
group rated their emotions as significantly more negative than the control group
following target negative clip$(29)= 2.79,p= .009, depicted in Figure 2, which shows
that the ' ¥M_ group scored higher than all other groups.

The VM group also scored significantly different from the OFC grdp)=
2.26,p=.047, but not significantly different from t#eCC (p=.12) orDLPFC groups

(p=.18:
(Figure 2 about here)

To determine whether this difference in negative affect for the VMPFC group was
due torlesion location or lesion volume, a supplementary hierarchical regression wa
calculated=There was a significant regression modmtatsteps 1 (R=.22,p= .019)
and 2«%'=.27,p= .040. In Step 1, VM lesion location was the only significant predictor
of negative"emotion in response to negative film clips, however there were naignif
predictors at step 2, when lesion volume, WRRBtandard score and TEA scarere

enteredsee Supplementary matejial
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Facial expression

There waso significant grougffect for negative facial expressions during
negative film clips. However, an ANOVA found a significant effect of group for pesitiv
facial expressions during target positive film clip&4, 48)= 2.57p=.050,1*= .18.
Figure 3'shows that the ACC, orbital and VM groups demonstrated less intense facial
expressions-of:positive emotions during positive film clips. The difference betivee
orbital.group M= 1.66,SD= 0.34) and the control grouM§ 2.29,SD= 0.80),just
escaped significanc&31)= 2.02 p=.052 n*=.08. The VM group = 1.70,SD= 0.38)
wasalse.not significantly different from the control grow{29)= 1.61p=.12.However
the DLigroup M= 2.52,SD= 0.8 showed significantly greater positive facial
expressions of emotion during positive film clips than both the orbital gtfl#4p55)=
3.13,p=.007 and the VM group(14)= 2.15,p= .050.

(Figure 3 about here)

Table 2 shows thB2 values and coefficients for the hierarchical regression for
positive facial expressions during positive film clips. It can be seen that orbital lesion
location was the only significant predictor of positive facial expressiongipositive
film clips, even after the addition of lesion volume, WRAT-R standard score akd TE
score.

(Table 2 here)

Heart rate
Mean HR

An ANCOVA found a significant effect of group for mean HR during positive
emotional film clipsF(4, 35)= 3.20p= .024 n*= .27. The orbital group had a
significantly lower mean HR during positive film clipg€ 70.12, SE= 1.12) than the
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control group 1= 73.76,SE= 0.61),F(1, 23)= 8.14p= .009 n*= .26, afer accounting

for baseline HR.

(Figure 4 about here)

Table 3'shows:the hierarchical regression model for mean HR during positivéggm c
Baseline HRwvas the strongest predictor of HR during positive film ¢lgsshown by
the large sempartial correlation, however orbital lesion location was also a significant

predicter offHR during positive film clips at steps 2 and 3.

(Table3 abouthere)

An-ANCOVA also found a significant effect of group for mean HR during
negativesemotional film clip$;(4, 35)= 3.49p=.017 n?>= .29. A priori tests found that
the orbital group had a significantly lower HR during negative film chps 69.94, SE=
1.08 than tfe control groupNI= 7351, SE= 0.59),F(1, 23=8.42,p= .008 n>= .27, after
accounting.for baseline HR (Figure 4, bottom panel).

A similar result was found for the hierarchical regression for HR during negative film
clips, presented in Table 4, as baseline HR was again the strongest predictor, with orbital
lesion location again also a significant predictor of HR at steps 2 and 3.

(Table 4 about here)

Heart rate"variability during discrete target emotional film clips

For the low-frequency (LF) component of heart rate variability, the only
significant'group difference was found for happin€g4, 35)= 2.81p=.040,1*= .24.
An a priori test found that the orbital group had significantly less LF than thektontr
group,t(23)=2.17,p= .041. Mean HRYV values by group are shown in Table 5, which

indicates that the orbital group tended to have smaller low frequency power vafues tha
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all groups for all emotions. It also shows that the VM group tended to have lower
percentage of HF power than ather groups, howevéiere were no significant

differences in HF between controls and brain surgery groups for any of the emotions.

(Table5 abouthere)

An ANOVA of RLH found a significant effect of group for the happiness target
films, F(4, 35)= 4.88p=.003,n?= .36. A priori tests found that that the VM group had a
significantly larger ratio than the control grot{p2)= 3.28, p= .003. The VM groulso
had a significantly larger ratio than the control group for the disgust targett{it#s;
3.38,p=.003(Table 5).

Subjectiveremotional change

Therorbital group reported significantly more subjective emotional change overall
than the control groupgJe 32.50,p= .009,r=-.45), with no other significant group
differences observed.

The.hierarchical regression for the total SECQ score is presented in Table 6. At
stepid, orbital and DL lesion locations were significant predictors of SECQ total score,
and the positive value of these standardised coefficients indicated that the presence of
these lesiong/as associated with increased subjective emotional change. Orbital lesion
location remained significant at step 2, however, DL lesion location was no longer
significant. Instead, lesion volume was a significant predictor of total subjective
emotional chang, and suggested that as lesion size increased, so did subjective emotional

change.

(Table6 abouthere)

Discussion
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The present study used film clips to elicit emotion in patients with surgical
excision of the ACC, OFC, VMPFC or DLPFC and a control group of patients who had
undergone spinal surgery, to ascertain the different contributions of the subregions of the
VMPEC to emotional reactivity following VMPFC lesion& our knowledge, this study
is the first'to attempt to experimentally elicit emotinrpatients with surgically
circumseribed-lesions of the VMPFC in order to discern the functional contributions of
its subregions in emotional reactivity.

The OFC group had a significantly lower HR for positive and negative clips, and
significantly lessdw frequency power (reflecting a combination of sympathetic and
parasympathetic components) during the target amusement clips than the control group.
This is one of the first studies to report decreased cardiac autonomic ding emotion
elicitation inpatients with lesions restricted to the OFHGese results support those of
neuroanatomical studies that reported OFC connections to autonomic consol area
includingsthe hypothalamus and brainst@aviewed in RempeClower, 2007; Rolls,

1990) These radts are also consistent with human studies that found autonomic changes
following OFC stimulatio{Chapman, Livingston, & Livingston, 1949; Livingston,
Chapmang& Livingston, 1947), and functional neuroimaging studies that reported
correlations between OFC activation and HR (Wager et al., 2009) and HRV during
emotion elicitation(Lane, Reiman, Ahern, & Thayer, 2001).

Given the known anatomical connections of the MPFC to visceromotor control
regions (Ongur & Price, 200@) primates, it was unexpected that more significant
differences on the psychophysiological variables were not observed in the ACC group.
Whilst'our sanple size was identical to that of a previous similar study (Hornak et al.,
2003),Nit's possible that the small size of the ACC group was responsible farat lac
power!

The"VMPFC group had a significantly greater ratio of low to high frequency
powercompared to the control group for some of the film clips, this suggests greater
dominant sympathetic input. Notabthjs finding is in contrast to the decreased
sympathetic power of th@FCgroup, even though patients with VMPFC lesions by
definition hadOFCinvolvement. Thus, while th@FCgroup showed reduced
sympathetic activity, the VMPFC group had increased sympathetic actiwyesting
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that the impairments in emotional and social behaviour in patients with VMPFC lesions
were not simply due to an addé effect of amtOFCand MPFC lesion. Previous research
has found increased cardiovascular activity in patients with VMPFC lesions. For
example, a previous case report of a patient who sustained a lesion to the rigiidOFC
ACC described how the patient had increased HR during positive and neutral emotional
conditions®(Angrilli, Palomba, Cantagallo, Maietti, & Stegagno, 1999). Another study
reported paradoxical cardiovascular activation to emotional stimuli in patients with
VMPFC lesiongHilz et al., 2006), however only following right hemisphere VMPFC
lesions:

As'hypothesised, the DLPFC group showed a lack of significant differences from
the control group. While the DLPFC is not generally considered part of the emotion
network, patients with DLPFC lesions have been found to perform poorly on a reward-
relatedstasikHornak et al., 2004 however the researchers argued that this was due to
impaired-attentional mechanisms. In the present study, the ceiling effect shavis by t
group on thelEA suggests that attention was not deficient in this group.

The OFC group reported significantly more subjective emotional change since
their surgery on the SECQ, consistent with our hypothesis, however the VMPFC and
ACCgroups did not. The significant effect for the OFC group supports previous findings
from human functional neuroimaging research indicating that the OFC is involves in t
subjective-experience of emotion (Anderson et al., 2003; Baker, Frith, & Dolan, 1997,
Dougherty et al., 1999; Liotti et al., 2000; Pardo, Pardo, & Raichle, 1993). This result is
also consistent with previous human lesion studies that found that the OFC is involved in
the subjective experience of emotion (Berlin, Rolls, & Kischka, 2004; Hornak et al.,
2003).70ur finding does differ from that of Hornak et al. (2003) however, who concluded
that bilateral OFC lesions are required for significant changes to subjective emotional
state. Ourresults suggest that unilateral lesions are sufficient to cause such subjective
changesWhile the results fronthe SECQ support the argument that the OFC is
important for the subjective experience of emotion, the results from theepelt ratings
of emotion following film clips do not, as the OFC group didn’t report altered self-

reported emotion in response to the film clips compared to the control group. However
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the OFC groupvere rated as displaying less intense positive facial expressions during
positive film clips.

Given the previous finding of reduced theory of mind and perception of facial
emotion in the VMPFC group in a related stuliffkins et al., 2014), and previous
reportssof blunted affect in patients with VMPFC lesions (Eslinger and Daji£85
BarrashyTranel and Anderson, 20@0Gyas unexpected that the VMPFC didn't have
reduced seffeported emotion or reduced facial expression of emotion in response to film
clips. Patients with VMPFC lesions have been reported to demonstrate @oreduc
intensity. of subjective experience of arougad). Tranel, Bechara, Damasio, & Damasio,
1998),/however, their emotional disruption is variously expressed and interacts with
environmental demands, as these patients have also been noted to display hyper-
emotionality, including exaggerated emotional responses to immediately preseitit sti
(AndersonyBarrastBechara, & Tranel, 2006). In the present study, the VMPFC group
did haverhigher selfated negative affect in response to the films than the control group,
which was opposite to the hypothesisi@ction;this however, was no longer significant
when lesion volume, TEA and WRAR-standard score were entered into the regression.
Had this*effect remained significant, it would have been consistent with finofings
Anderson.et al. (2006) who note that VMPFC lesioned patients can also display hyper-
emotionaliy. Together the results of the previo||jjijkins et al., 2014) and present study
suggestithat while the OFC is more associated with the physiological and visceral
response to emotion stimuli, the VMPFC may have a greater role in socigiaagni

Our findings of reduced facial expression of emotion, sympathetic cardiac
reactivity and increased subjective experience of emotion following OFC lésitires
present study support previous research suggesting that the OFC is involved in the
subjective"experienoaf emotion (Macefield, James, & Henderson, 20T8)s is argued
to be due'to the role of the OFC in representing reward value and updating reward value
assoeiations between stim(Rolls, 2004)

The'results of the presemiiman lesion study make an important contribution to
the literature regarding the roles of distinct subregions of the VMPFC in emotional
reactivity, a literature that is primarily comprised of anatomical connectivity, animal

lesion and human functional neuroimaging studies. The findings that we have presented
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here, in combination with those of a previous study on social cognition in these patients
(I <t 2., 2014) and known anatomical pathways, have led to a tentative model that
requires future testing. This model segts that when there is a discrete lesion to the
MPFCy the intact OFC retains the signalling of emotional salience due to available
representations of the reward value of stiffRblls, 2004), and is able to inhibit
inappropriatesamygdala activity. Simikg when there is a discrete lesion to the OFC, the
intact MPFC remains able to perceive emotional salience due to consciously available
emotion-related cognitions such as attention andref#fetion, and is able to inhibit
inappropriate amygdala activity. In either instance, there will be some belaviour
impairment, however this will be minor in comparison to when both areas are damaged.
In patients with VMPFC lesions, not only is there a combined effect of deficits related to
damage to the MPFC and the OFC, but the amygdala lacks sufficient inhibition, resulting
in the behavioural syndrome of impairments in emotional and social functioning seen in
patientsswith VMPFC lesions. This posited dual inhibition of the amygdala by the MPFC
and OFC is'a new elgnation for the emotional and social disturbances of patients with
VMPFC damage. However, in the absence of significant findings in the MPFC group in

the present study, this model remains speculative pending further investigation.

Limitations and futuredirections

Whilst detailed, the present study was not without limitations. Although
commonly used to infer changes in sympathetic and parasympathetic activity,
interpretation of low frequency power has been suggested to reflect baréwatidon
rather han purely cardiac sympathetic tone (Goldstein, Bentho, Park, & Sharabi, 2011).
This highlights the need when studying emotion to measure reactivity acrogdemulti
channelsjTas in the present study, to achieve convergence and confidence in findings.
Notwithstanding the challenges of recruiting suitable patients for the present stewly gi
that patients with discrete, surgically circumscribed lesions (particularly to the ACC) are
rare, the sample size was somewhat limited. Thus although comparable &iudies in
this area, the limited sample may explain the lack of findings for the ACC group. It
should be further noted thaafents with discrete, surgically circumscribed lesionthis

areaare rare. Nevertheless, even given the small group sizémusaunterpretation of
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the results is warranted, and while we found significant group differences, these results
should be interpreted in the context of other lesion and neuroanatomical studiess. Fut
lesion and neuroimaging studies are needed to st inhibition model proposed,

and would benefit from expanding our attempt to recruit participants from mulipse

so thatdarger subgroups of patients with these uncommon, surgically circumiscribe
lesions'may-be included. Determining the precise roles of these distinct regibas of t
prefrontal and VMPFC has important implications for neurosurgery to thesasgegot

only for.improving emotional and social outcomes in patients with lesions such as
tumours or.epileptic foci, but also for surgiagatlervention for psychiatric disorders, such

as deep brain stimulation for treatment resistant depression.

Conclusion
We-elicited emotion in a sample of patients with lesions to discrete regions of the
PFC, including the MPFC and OFC, which are the two subcomponents of the VMPFC.
The OFC group shosd reduced sympathetic activiipd the VMPFC group had
increased Ssympathetic activity, suggesting that the impairments in emotional and social
behaviourim, patients with VMPFC lesionsenot simply due to aadditive effect of an
OFCand.MPFC lesian The findings that the DLPFC group did not differ from the
control group was in line with our hypothesis, however, we were surprised by the lack of
significant-findings for the MPFC group, however this may betdulke small sample
size for this'group. In addition to the finding of reduced sympathetic cardiaivityact
the redued facial expression of emoti@mdgreaterchanges (which could be increases
or decreasesh the subjective experience of emotion following OFC lesions in the
present study support previous research suggesting that the OFC is involved in the
subjective"experience of emotiorhe present study addressegag in the literature for
humanrlesion research into the role of subregions of the VMPFC in emotion. We hope
that.eurresults wilinform new theories and contribute to the development of treatments
for emotional dysfunctioReferences
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Table 1 Demographic differences between groups

ACC Orbital VM DL Control Test
Gender M/F 2/2 3/4 3/2 5/6 12/14 p=.99
ESL Y/N 2/2 2/5 1/4 3/8 7119 p=.91
Age (years) M= 38.00, M= 53.43, M= 51.80, M= 45.64, M= 45.69, F(4, 48)= 0.96, p= .44, n*>= .07
SD=11.58 SD=8.00 SD=16.74 SD=17.52 SD=13.95
Days post-surgery M=142.25, M=125.71, M= 141.60, M=149.91, M= 98.81, F(4, 48)=0.61, p= .66, n®>= .05
SD=14519  SD=105.71 SD=125.11 SD=129.70 SD=77.15
Years edueation M=11.75, M=12.57, M=12.20, M= 13.68, M=12.69, F(4, 48)= 0.31, p= .87, n*>= .03
SD=0.50 SD=3.91 SD=1.79 SD=3.51 SD=3.88

Note. ESL= English is second language.
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Table 2 Hierarchical Regression for Positive Facial Expressions during Positive Film Clips

B SEB B t p Zero-order Semi-partial
Correlation correlation
Step R?=.18*
1
Constant 229 0.14 16.16  .00***
ACCrlesion -054 039 -19 -1.40 A7 -.16 -.20
Orbital, lesion  -0.63  0.31 -28 -2.05 .05* -.26 -.28
VM lesion -0.59 0.35 -23 -1.68 .10 -.20 -.24
DL lesion 0.23 0.26 12 0.88 .38 .24 13
Step R= A9
2
Constant 1.19 454 0.26 .80
ACC lesion -063 046 -22 -1.35 18 -16 -18
Orbital lesion -0.72 033 -32 -2.16 .04* -.26 -.29
VM lesion -0.83 069 -32 -1.21 .23 -.20 -.16
DL lesion 0.13 0.30 .07 045 .66 .24 .06
Lesionwolume  0.00 0.00 .20 0.96 .34 -.09 13
WRAT-R 0.00 0.01 -05 -0.32 .75 .01 -.04
TEAIscore 0.21 0.61 .08 0.35 .73 .21 .05

Note. *p< .05, **p<.01, ***p< .001.

Table 3 Hierarchical Regression for Mean Heart Rate during Positive Film Clips

B

SEB B

t

p

Zero-order
Correlation

Semi-partial

correlation
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Step1  RP=.93***
Constant -0.84 4.71 -0.18 .86
Baseline HR 1.03 0.07 093 1575 .00*** .93 .93
Step2 R2=.95***
Constant -3.76  4.71 -0.82 42
Baseline HR 1.07 0.06 0.97 17.02 .00*** .93 91
ACG lesion -0.83 1.65 -0.03 -050 .62 .07 -.03
Orbital lesion -3.56 1.40 -0.14 -2.54 .02* -14 -14
VM lesion 305 175 010 175 .09 -.21 .09
DL lesion 092 132 0.04 069 49 A1 .04
Step3  RR= [95%**
Constant 19.64 20.93 094 .36
Baseline HR 1.12 0.08 1.01 1452 .00*** .93 .78
ACC lesion 281 210 -0.10 -1.34 .19 .07 -.07
Orbital lesion -4.33 154 -0.17 -2.81 .01** -14 -15
VM lesion 0.43 3.11 0.01 0.14 .89 -.21 .01
DL lesion 026 143 0.01 -0.18 .86 A1 .01
Lesionwvolume 0.00 0.00 0.04 0.38 .71 -.04 .02
WRAT-R -0.08 0.06 -0.09 -135 .19 21 -.07
TEA'score -265 3.00 -0.09 -0.88 .38 31 -.05
Note. *p<705, ¥*p< .01, ***p< .001.
Table 4 Hierarchical Regression for Heart Rate during Negative Film Clips
B SEB B t p Zero-order  Semi-partial
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Correlation correlation

Step1  Re=.94***

Constant -4.56 4.39 -1.04 .31

Baseline HR 1.08 0.06 .94 17.69 .00*** .94 .94
Step2 Re=.96***

Constant -6.95 4.24 -1.64 .11

Baseline HR  1.11  0.06 .97 19.19 .00*** .94 91

ACC/desion -1.06 1.52 -.04 -0.70 .49 .06 -.03

Orbital_lesion -3.51 1.29 -14 272 .01* -13 -13

VM lesion 249 1.61 .08 1.55 .13 -.24 .07

DL lesion 1.183 1.22 .05 0.93 .36 A2 .04
Step3  R?=.96%*"

Constant 0.36 19.89 0.02 .99

Baseline HR 1.12  0.07 .98 15.30 .00*** .94 .76

ACC lesion -1.63 1.99 -05 -0.82 42 .06 -.04

Orbital_lesion -3.72 1.46 -14 254 02" -13 -13

VM lesion 1.10 2.96 .04 037 .71 -.24 .02

DL lesion 095 1.36 .04 070 .49 q2 .03

Lesion 0.00 0.00 .03 032 .76 -.06 .02

volume

WRAT-R -0.01 0.06 -.01 -0.23 .82 .26 -.01

TEA score -0.94 2.85 -03 -033 .74 .35 -.02

Note. *p< .05, **p< .01, ***p< .001.
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Table 5. Mean Percentage of Spectral Power Values During Discrete Target Emotional Film Clips by Group.

Group
Emotion Value ACC Orbital VM DL Control

High Low Ratio  High Low Ratio High Low Ratio High Low Ratio High Low Ratio

L/H L/H L/H L/H L/H

Amusement,. Mean 23.11 7488 4.17 29.03 57.89 318 20.89 76,55 426 2292 66.34 496 2288 71.20 4.55
SE 6.12 9.29 1.72 5.00 7.59 1.40 6.12 9.29 1.72 4.63 7.02 1.30 2.74 4.16 0.77

Anger Mean 26.75 71.31 3.12 35.93 48.59 1.93 24.09 7294 386 31.00 5821 251 31.34 62.35 3.29
SE 6.98 9.13 1.12 5.70 7.46  0.91 6.98 9.13 1.12 5.27 6.90 0.84 3.12 4.08 0.50

Disgust Mean 33.99 63.13 2.01 3753 4887 3.03 19.70 7790 599 3427 5450 219 3221 61.86 2.57
SE 7.03 9.02 1.22 5.74 7.36  0.99 7.03 9.02 1.22 5.31 6.82 0.92 3.14 4.03 0.55

Fear Mean 33.64 64.11 2.04 35.52 48.71 200 2434 7215 457 32.02 5858 251 29.79 64.55 2.91
SE 5.78 8.71 1.06 4.72 712 0.87 5.78 8.71 1.06 4.37 6.59 0.80 5.84 3.90 0.48

Happiness _Mean 3431 63.05 2.29 39.35 45283 1.73 1448 8336 7.44 3024 5692 259 2865 6564 3.19
SE 6.44 9.00 1.07 5.76 8.05 0.95 6.44 9.00 1.07 4.87 6.80 0.81 2.88 4.02 0.48
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Sadness Mean 31.00 66.56 247 3429 51.99 242 1991 7764 491 3235 5532 224 2962 64.65 2.88

SE 6.44 8.86  0.91 5.25 7.23 0.74 6.44 8.86 0.91 4.86 6.69 0.68 2.88 3.96 0.41
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Table 6. Hierarchical Regression for Total Subjective Emotional Change Questionnaire Score.

B SEB B t p Zero-order  Semi-partial

Correlation correlation

Step R?=.17

1
Constant 1.62 0.34 4.73 .00
ACGilesion 0.89 0.94 13 0.95 .35 .03 13
Orbital lesion 2.03 0.74 .38 2.74 .01+ .29 .36
VM lesion 0.89 0.85 14 1.04 .30 .04 14
DL lesion 1.29 0.63 .29 2.07 .05* a7 27

Step R?= [26*

2
Constant 6.79 10.39 0.65 52
ACC lesion 0.18 1.06 .03 0.17 .86 .03 .02
Orbital lesion 1.66 0.76 .31 2.17 .04* .29 .28
VM lesion -1.79 158 -29 -1.13 .26 .04 -15
DL lesion 0.90 0.68 .20 1.33 19 a7 a7
Lesion volume  0.00 0.00 44 2.20 .03* .30 .28
WRAT-R -0.01 0.03 -03 -0.19 .85 -.08 -.02
TEAscore -0.67 140 -1 -0.48 .64 -1 -.06

Note. *p< .05;**p< .01, ***p< .001.
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