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Contrasting Effects of Medial and Lateral Orbitofrontal
Cortex Lesions on Credit Assignment and Decision-Making
in Humans
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The orbitofrontal cortex is critical for goal-directed behavior. Recent work in macaques has suggested the lateral orbitofrontal cortex
(I0FC) is relatively more concerned with assignment of credit for rewards to particular choices during value-guided learning, whereas the
medial orbitofrontal cortex (often referred to as ventromedial prefrontal cortex in humans; vmPFC/mOFC) is involved in constraining
the decision to the relevant options. We examined whether people with damage restricted to subregions of prefrontal cortex showed the
patterns of impairment observed in prior investigations of the effects of lesions to homologous regions in macaques. Groups of patients
with either IOFC (predominantly right hemisphere), mOFC/vmPFC, or dorsomedial prefrontal (DMF), and a comparison group of healthy
age- and education-matched controls performed a probabilistic 3-choice decision-making task. We report anatomically specific patterns
of impairment. We found that credit assignment, as indexed by the normal influence of contingent relationships between choice and
reward, is reduced in I0FC patients compared with Controls and mOFC/vmPEC patients. Moreover, the effects of reward contingency on
choice were similar for patients with lesions in DMF or mOFC/vmPFC, compared with Controls. By contrast, mOFC/vmPFC-lesioned
patients made more stochastic choices than Controls when the decision was framed by valuable distracting alternatives, suggesting that
value comparisons were no longer independent of irrelevant options. Once again, there was evidence of regional specialization: patients
with l0FC lesions were unimpaired relative to Controls. As in macaques, human I0FC and mOFC/vmPFC are necessary for contingent
learning and value-guided decision-making, respectively.
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The lateral and medial regions of the orbitofrontal cortex are cytoarchitectonically distinct and have different anatomical connec-
tions. Previous investigations in macaques have shown these anatomical differences are accompanied by functional specialization
for learning and decision-making. Here, for the first time, we test the predictions made by macaque studies in an experiment with
humans with frontal lobe lesions, asking whether behavioral impairments can be linked to lateral or medial orbitofrontal cortex.
Using equivalent tasks and computational analyses, our findings broadly replicate the pattern reported after selective lesions in
monkeys. Patients with lateral orbitofrontal damage had impaired credit assignment, whereas damage to medial orbitofrontal
cortex meant that patients were more likely to be distracted by irrelevant options. j

ignificance Statement

learning from feedback (Rolls et al., 1994; Hornak et al., 2004;
Tsuchida et al., 2010) and making decisions (Fellows and Farah,
2007; Clark et al., 2008). Such studies have focused on patients
with damage to medial orbitofrontal cortex (mOFC), often re-

Introduction

The ventral and orbital frontal lobes have been implicated in
various aspects of reinforcement-guided learning and decision-
making. Patients with damage here have difficulty flexibly
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ferred to as ventromedial prefrontal cortex (vmPFC), although
lesions often extend into adjacent regions, including lateral or-
bitofrontal cortex (IOFC). There is evidence for anatomical and
connectional differences between IOFC and mOFC/vmPFC in
both humans and macaques (Carmichael and Price, 1994, 1995a,
b; Ongiir and Price, 2000; Kahnt et al., 2012; Zald et al., 2014;
Neubert et al., 2015). Here we investigate whether learning and
decision-making impairments in human patients can be linked to
10FC instead of, or as well as, mOFC/vmPFC.

In monkeys, there is a double dissociation between IOFC and
mOFC/vmPFC lesion effects (Noonan et al., 2010; Walton et al.,
2010).10FClesions impair credit assignment: the ability to assign
reward outcomes to particular stimulus choices. Normal mon-
keys attribute expected value to a stimulus as a function of the
precise history of reward received in association with the choice
of that particular stimulus, in accordance with the “Law of Effect”
(Thorndike, 1933a). In contrast, animals with IOFC lesions are
no longer able to associate a reward outcome with the corresponding
choice on which it was contingent. Instead, animals value a par-
ticular stimulus as a proximity-weighted function of the history
of all rewards received approximately at the time of choice, even
when the rewards were actually caused by choices of the alterna-
tive stimuli on preceding and subsequent trials, a phenomenon
that Thorndike termed “Spread of Effect.”

By contrast, nOFC/vmPFC lesions appear to impair reward-
guided decision-making because they disrupt the comparison of
choice values (Noonan et al., 2010). Rather than choosing the
highest value option, macaques with mOFC/vmPFC lesions were
more likely than controls to choose the second best option. This
impairment manifested partly as a function of the expected value
of a third option. Economic theory suggests that rational deci-
sions between any given pair of options should be made in the
same manner, regardless of other available options (Luce, 1959;
Ray, 1973). A 3-choice task involves value comparisons between
each pair of options, with the third option essentially a “distrac-
tor” for each comparison. The value of this distractor, irrelevant
in principle, nonetheless has an impact on behavior in mOFC/
vmPFC-lesioned animals. Without the mOFC/vmPFC, animals
are less likely to choose the best in a pair when another valuable
alternative was present, as if they rely more on a decision mech-
anism subject to divisive normalization, such as that identified in
the intraparietal sulcus (Louie et al., 2011; Chau et al., 2014).

Macaque mOFC and 10FC share many similarities with hu-
man mOFC/vmPFC and I0FC (Neubert et al., 2015). Functional
variation is seen in vmPFC/mOFC and 10FC activity measured
with fMRI (Noonan et al., 2011; Howard et al., 2015; Howard et
al., 2016). However, the differential effects of lesions in these
subregions have not been directly compared in humans in rela-
tion to credit assignment and decision-making. Fifteen people
with lesions of prefrontal cortex and 22 healthy controls (Con-
trols) performed probabilistic 3-armed bandit tasks. Patients had
lesions that primarily affected mOFC/vmPFC, 10FC (predomi-
nantly right hemisphere), or dorsomedial frontal (DMF) cortex,
the latter serving as a control group for nonspecific effects of
frontal damage. Building on the macaque work described above,
and taking a similar analytic approach, the study tested two hy-
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potheses. First, patients with lesions that included IOFC, but not
mOFC/vmPFC or DMF, would be impaired in credit assignment.
Second, the choices of mMOFC/vmPFC patients would be influenced
by the expected value of the irrelevant third option. We predicted
that this disrupted decision-making would be selectively associated
with damage to mOFC/vmPFC, but not IOFC or DMF.

Materials and Methods

Participants. Fifteen people (11 female) with focal lesions involving the
frontal lobes were recruited from the Cognitive Neuroscience Research
Registry at McGill University. Patients were eligible if they had a lesion
affecting either region of interest: vmPFC/mOFC or IOFC. Patients with
damage to DMF and sparing mOFC/vmPFC and 10FC were also in-
cluded, as alesioned control group. Age- and education-matched healthy
control (Controls) subjects (1 = 22, 11 female) were recruited through
local advertisement in Montreal. They were free from neurological or
psychiatric disease and not taking any psychoactive medication. Controls
completed screening tests for mild cognitive impairment and depression.
All scored =26 on the Montreal Cognitive Assessment (Nasreddine et al.,
2005) and <12 on the Beck Depression Inventory. Patients completed a
more extensive neuropsychological screening battery testing memory,
language, attention, and executive functions (see Table 3).

Motivated by the prior work in monkeys (Noonan et al., 2010; Walton
et al., 2010), patients were separated into three groups a priori based on
the location of their damage, assessed on their most recent MR or CT
imaging. Five patients (4 female) had lesions in orbital cortex lateral to
the medial orbitofrontal sulcus (four right hemisphere, one left hemi-
sphere). The lesions encompassed an IOFC region that has been linked to
credit assignment in neuroimaging studies (Chau et al., 2015; Akaishi et
al,, 2016; Jocham et al., 2016). We therefore refer to this group as the
IOFC group but note that, in some cases, the damage extends into
adjacent ventrolateral prefrontal cortex; indeed, based on functional
imaging, the IOFC region of interest is at the boundary between OFC and
ventrolateral prefrontal cortex. Five patients (3 women) had damage
affecting vmPFC, with injury including cortex medial to the medial or-
bitofrontal sulcus and ventral to the cingulate sulcus. We refer to this
lesion group as the mOFC/vmPFC group but note that the lesions com-
promised adjacent tissue to varying degrees across individuals. One
patient had a lesion affecting both IOFC and mOFC/vmPFC and was
therefore included in both groups (see Statistical analysis). Six patients
(4 female) had lesions that spared both ventral regions of interest, involv-
ing cortex dorsal to the cingulate sulcus and dorsomedial to the superior
frontal sulcus. One patient also had damage to the parietal lobe. This group
is referred to as DMF. Groupwise lesion overlap images were generated
by registering patients’ lesions to the MNI brain. The overlap images for
the three anatomically defined groups are shown in Figure 1C.

Patients were studied at least 6 months after injury (median time since
injury = 6.5 years, range = 2.4—11.8 years). Damage to mOFC/vmPFC
was caused by tumor resection in 2 cases and hemorrhage in 3 cases.
Damage to IOFC was caused by tumor resection in 4 cases and ischemic
strokein 1 case. Damage to DMF was caused by tumor resection in 3 cases
and ischemic stroke in 2 cases.

All subjects provided written informed consent in accordance with the
Declaration of Helsinki and were compensated for their time with a
nominal fee, plus earnings based on the rewards gained in the task. The
study was approved by the MNT’s research ethics board.

Procedure and equipment. Subjects were invited to play a 3-armed
bandit task. The game was contextualized in terms of a free trip to the
casino. The subjects were told that each different picture represented a
different slot machine. They were reminded that a slot machine has a
hidden likelihood of paying out on each play and that this game worked
in the same way.

During the testing session, three novel distinguishable fractal stimuli
were presented on the screen of a laptop computer (Fujitsu, Lifebook T,
with Windows Vista) running Presentation Neurobehavioural Systems
(version 14.9). In each trial, the stimuli were presented in one of three
computer-randomized locations within a triangle configuration. A ques-
tion mark at the center of the screen would disappear once the subject
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made a choice (see Fig. 1A). The subjects selected a stimulus by pressing
the arrow on the keyboard corresponding to their chosen stimulus’ cur-
rent location (left, upper, or right). Registration of a correct response
resulted in the appearance of a green checkmark at the center of the
screen, according to the probability defined for that stimulus for the
schedule under which the subject was currently being tested. The correct
feedback caused a green money bar at the bottom of the screen to increase
by a fixed number of pixels, keeping a tally of each subject’s winnings.
Feedback was presented for 1500 ms. Stimuli would remain on screen
until feedback. Subjects were told that their job was to accumulate points
throughout the task and that this would be converted into payment
added to the amount they would receive as compensation for participat-
ing in the experiment (no more than an additional $5). Incorrect choices
resulted in a red cross appearing at the center of the screen. The intertrial
interval was 1000 ms.

Before the main experiment, all subjects first briefly practiced with a
2-choice game and then a 3-choice game, to make sure they understood
the instructions. The reward schedule used in the main experimental
session was 500 trials long and contained three options. Regardless of
what the subject chose, the best option could change after ~25 trials (see
Fig. 1B). Subjects completed two schedules with new stimuli for each
schedule, and the order of stimuli used for each schedule was counter-
balanced across subjects. Subjects had the opportunity to take a break
halfway through each of the two reward schedules and at the end of the
first schedule. Testing took ~1.5 h to complete. All trials completed are
included in each of the analyses.

Patients were tested either in a quiet room of their home or in a quiet
experimental testing room at the MNI. All healthy control subjects were
tested at the MNL.

Statistical analysis. The behavioral analyses were performed using
MATLAB 6.5 (The MathWorks) and SPSS (version 22). Equal variance
could not generally be assumed so, where appropriate, corrected ¢ tests
are reported, while ANOVAs were Huynh-Feldt-corrected. All data
points were log-transformed if the analysis set contained samples that
were +3X the SD from the mean. Unless otherwise stated, data from
each of the two key groups of interest, IOFC and mOFC/vmPFC groups,
were analyzed separately and compared with the data from the age-
matched Controls. The two experimental groups were compared directly
with one another only when the patient whose lesion involved both
regions of interest was removed from both groups. DMF patients were
compared directly with Controls, and also compared with each respec-
tive experimental lesion group.

Demographic measures (age and years of education) were compared
between healthy Controls and all patient groups, whereas the DMF
brain-damaged control group was compared with the experimental pa-
tient groups on the screening tests (Beck Depression Inventory-II, Amer-
ican National Adult Reading Test, Animal Fluency, F-A-S Fluency,
Picture Naming, Incidental Memory, and 2-Back working memory) us-
ing independent samples ¢ tests. Lesion volumes in patient groups were
compared with independent  tests.

1. Total success and best choices. The total number of rewards (green
checkmarks) received was calculated for each subject. Control group
scores were compared with those of each patient group in independent-
samples ¢ tests. The data were also analyzed as a function of the subjective
expected values of all three stimuli. In this task, expected value corre-
sponds to the estimate of reward probability associated with each stim-
ulus. This is based on the outcomes experienced over the preceding trials.
We estimated it using a standard Rescorla—Wagner learning model with
aBoltzmann action selection rule. The reward learning rate («) was fitted
individually to each subject’s data using standard nonlinear minimiza-
tion procedures. These data were used to estimate the expected value of
each of the three stimuli on every trial (the same learning rate was used
for all three stimuli). The aim was to identify the best (V1), second best
(V2), and worst (V3) expected value stimulus for every trial and deter-
mine the probability that subjects chose the best option. The proportion
of choices of the best and worst options were compared in independent 2
(group: Controls vs IOFC | mOFC/vmPFC | DMF) X 2 (reward schedule:
1 vs 2) X 2 (half: first vs second halves of reward schedule) mixed
ANOVA.
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2. Credit assignment. We examined how each subject’s current choice
was influenced by choices they had made and rewards they had received
in the prior few trials. We have illustrated all of the possible combinations
of choice and outcome in the recent past (trials 7 — 1 to n — 4) as a matrix
in Figure 3A and will describe four particularly important areas within
this matrix in relation to current choice behavior.

a. Current choice is often predicted by the immediate preceding
choice (C_ ) and by whether or not a reward was received for that
choice (R_ ). This corresponds to R_,xC_, in the upper left corner
marked as red to represent a contingent relationship between
choice and reward in Figure 3A. Thorndike (1933a) argued that, if
the immediately preceding action is rewarded, then that action is
reinforced and is likely to be made again in the future: the “Law of
Effect.”

b. Further past choices and their contingent outcomes beyond the
immediate past choice can also influence current choice. This cor-
responds to the red diagonal (R_,xC_,, R_;xC_5, R_,xC_, ab-
breviated toR_, ,xC_,.,) in Figure 3A.

Thorndike and others (Thorndike, 1933b; Noonan etal., 2010; Walton
et al., 2010; Jocham et al., 2016) have observed that outcomes can be
erroneously associated with temporally adjacent but unrelated choices
and can go on to influence current choices, the phenomenon termed
“Spread of Effect.” In other words, current choice can be influenced by
choices and outcomes that are “off the diagonal” in Figure 3A.

¢. The current choice can be influenced by rewards that were actually
caused by choices of the alternative stimuli on preceding trials.
Figure 3A (green leftmost column) illustrates this backward spread
of reward. This column shows how reward that was received on the
immediately preceding trial (R_,) may interact with choices made
two (C_,), three (C_3), or four (C_,) trials ago and influence the
current choice. We denote these factorsasR_;xC_,,R_;xC_;,and
R_,xC_, (abbreviated to R_;xC_,.,).

d. The current choice can also be influenced by past rewards, caused by
choices of the alternative stimuli, reinforcing more recent choices. Fig-
ure 3A (blue uppermost row) illustrates this forward spread of reward.
This row shows how reward that was received two (R _,), three (R_5),
or four (R_,) trials ago may interact with the choice made on the
immediately preceding trial (C_,) and influence the current choice.
We denote these factorsasR_;xC_,R_,xC_;,andR_,xC_, (abbre-
viated toR_, ,xC_ ).

We ran a multiple logistic regression analysis (Barraclough et al., 2004;
Lau and Glimcher, 2007; Walton et al., 2010) to determine which com-
bination of factors best explained choices. All of the possible combina-
tions of choice and outcome in the recent past (trials n — 1 to n — 4) were
included as regressors. To reiterate, this allowed us to investigate the influ-
ence of specific choice-outcome associations on current behavior (see Fig.
3A, red diagonal, comparisons 1 and 2). In other words, it revealed how
subjects assigned outcome credit or reinforcement to their choices. This
analysis also identified potential false associations when outcomes were as-
signed to choices made earlier (see Fig. 3A, green area, comparison 3) or on
subsequent trials (see Fig. 3A, blue area, comparison 4).

We interrogated the four key choice-outcome associations described
above.

1) We assessed the influence the immediately preceding choice-
outcome association has on the current choice (R_;xC_,). Pa-
tients’ beta values from this single cell of the regression matrix were
compared with those of Controls in independent-samples one-
tailed ¢ tests to determine whether they were lower than in Con-
trols; lower values would indicate a failure to assign rewards to
choices in a contingent manner on the preceding trial, which is
usually particularly influential in determining choice on the next
trial.

2) We examined the extended history of choice and reward con-
junction on even earlier trials. The beta values from the red
diagonal cells were subjected to a 3 (past choice X past reward:
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R_,.xC_,,) X 2 (group: Controls, IOFC | DMF | mOFC/
vmPFC) mixed ANOVA.

3) In a third analysis, we examined the false influence of the reward
just received in conjunction with the previous history of choices.
The beta values from the three green vertical cells were entered into
a 3 (past choices: R_,;xC_,,) X 2 (group: Controls, IOFC | DMF |
mOFC/vmPFC) mixed ANOVA.

4) Finally, we examined false associations between the choice just
made and the previous reward history. The beta values from the
three blue horizontal cells were entered into in a 3 (past reward:
R_,,xC_,) X 2 (group: Controls, IOFC | DMF | mOFC/vymPFC)
mixed ANOVA.

These four analyses were also performed to compare IOFC and
mOFC/vmPFC groups, and IOFC, DMF groups directly.

If a credit assignment mechanism is impaired, then instead of learning
specific choice-reward conjunctions, subjects may rely on a system that
forms associations between overall recency-weighted histories of choices
and the overall recency-weighted histories of outcomes. In some cases,
both the Law of Effect mechanism and the Spread of Effect mechanism
predict the same choice, but in others they predict different choices. We
compared these two situations here. We looked at the pattern of choices
when a new stimulus is chosen (e.g., option B) after a long history of
choice on another stimulus (i.e., option A). Options A, B, and C in this
analysis refer to sequences of choosing the same option (rather than one
specific stimulus). We examined the effect of an outcome, reward or no
reward, on a newly chosen stimulus B, after different histories of A
choices. If credit is correctly assigned, participants should always be more
likely to reselect B on the following trial () if the choice on the previous
trial (n — 1) was rewarded than if it did not result in reward. By corollary,
they should be less likely to switch back to A after Bs that are rewarded
than those that are not (Law of Effect). Moreover, this effect should be
independent of choice history if all credit is properly assigned to the new
choice, B. By contrast, if the credit for the new outcome is assigned not to
the choice that causes the outcome, but instead to the integrated history
of choices, then credit for a reward after choosing option B will be as-
signed partly based to previous choices of option A (Spread of Effect). By
contrast, choices of option C, which was not chosen on any of the trials,
should not be affected.

We assessed the differential influence of a reward (or no reward, =) for
a previous choice of option B on subsequent choice of options A, B, or C
(subsequent choice is denoted as “?”). Further, to assess the impact of
choice history on subsequent choice, we compared sequences that con-
tained different numbers of past A choices. Trials were binned in two
categories: subjects had either chosen a single A and then a B option (A,
B, ?) or they had previously chosen two or three A options before the B
choice (A, A, B*+,2and A, A, A, B+, ?). Differential influences on choices
A and B were compared across groups in a 2 (subsequent choice: ? = A vs
? = B) X 2 (choice history: AB? vs AAB? + AAAB?) X 2 (group: Controls
vs IOFC | DMF | mOFC/vmPFC) mixed ANOVA. This was followed by
selective mixed ANOVAs for all three subsequent choice types (choice
history X group for Choice A, B, or C).

3. Value-based decision-making. We tested whether participants’
choices between the three options (A, B, C) were predicted by the op-
tions” expected values (V,, Vi, V), as estimated from the Rescorla—
Wagner learning model while controlling for the value interactions
between them (V, X Vi, V, X V, and Vi X V). Options A, B, and C
refer to particular stimulus options. Critically, the following analyses
reframed the 3-choice decision as two binary value comparisons between
pairs of options.

The first analysis contained three steps before group-level statistical
comparisons. First, we applied two multinomial logistic regression anal-
yses, which can be considered an extension of a binomial logistic regres-
sion to allow for a dependent variable with more than two categories. The
model predicted the proportion of choices of either A or C from the
options’ expected values, with choices of option B assigned as a reference
category. The analysis yielded two general linear equations, in which the
resulting beta coefficients express the influence of the options’ value and
interactions on the logarithmic odds of each binary comparison; predict-
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ing options A choices relative to B choices (Eq. 1) and predicting option
C choices relative B choices (Eq. 2) as follows:

P(A) _
In (@) =Boy1 +BiVat BV + BsiVe+ BiiVaVs

+ BsaVaVe + Bs VaVe (1)

R (P(C)

@) = Boo T Bi2Va+ Bo2Ve + B3V + BunVaVe + Bs,VaVe

+ Bs2ViVe (2)

In Equations 1 and 2, the same expressions were associated with different
behavioral meanings. For example, V, was the expected value of a
decision-relevant option in Equation 1, but it was the value of a decision-
irrelevant option, “distractor,” in Equation 2. Next, Equations 1 and 2
were generalized such that options X and Y are the options being com-
pared, with option Y as the reference, option X as the comparator, and
option D denoting the irrelevant option.

For Equation 1, where X = A, Y = B, D = C, this results in the
following:

P(X)

In (W) = Bor T B Vx + B Vy + Bsa Vo + Bai Vi Vy
+ Bs1VxVp + B VvV (3)
For Equation 2, where X = C,Y = B, D = A, this results in the following:

PX)\
In (W) = Poa + Bs2Vx + BoaVy + BiaVio + Be Vi Vy

+ ﬁS,ZVXVD + B4,2VYVD (4)

Finally, because the regression weights of the two resultant equations
now had comparable meanings with respect to whether they were rele-
vant to the options compared, the two sets of regression weights were
averaged.

The average regression weights from Vy, Vy, and V, (from Egs. 3, 4)
were compared in Controls in a one-way repeated-measures ANOVA,
followed by post hoc t tests against zero. Each lesion group was compared
with Controls in separate 3 (decision term: Vy, Vy, V) X 2 (group:
Control vs vmPFC | IOFC | DMF) mixed ANOVAs.

The second analysis aimed to assess the impact of the value of the
decision-irrelevant option (V) on the choice between the two relevant
options (Vy and Vy). Previous work in macaques suggested that mOFC/
vmPFC plays a key role in focusing the choice on the decision-relevant
options, particularly when there are distracting alternatives. We hypoth-
esized that decisions between two options would not only depend on
expected value differences between any two options but also on the ex-
pected value of a third irrelevant option (Noonan et al., 2010).

The second analysis had three additional steps from Equations 3 and 4
before group-level statistical comparisons. First, the general linear Equa-
tions 3 and 4 were rearranged to isolate the (Vy — V)V, term. This is
achieved by noting that the additive influence of the value of the two
options (e.g., B, Vx + B,Vy) is equivalent to the value difference be-
(Bl B Bz)

5 (Vx — Vy)) added to the sum of the

tween the options (e.g.,

B+ B2)

values (e.g., 5 (Vx + Vy)). The additive influence of 3,Vy and

B,Vy, as well as B;ViV, and B¢VyVp, can therefore be expressed as
shown in Equations 5 and 6, respectively. Substituting Equations 5 and 6
into Equation 3 yields Equation 7, which examines more complex deci-
sion contexts. Again, Equation 7 generalizes and the appropriate substi-
tutions can be made into the C versus B comparison in Equation 4 as
follows:
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A First response Feedback

1.5secs

IOFC N=5

Figure 1.
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A, Experimental design of the 3-armed bandit task. Intertrial interval, ITl. B, Reward probabilities of the three options fluctuated independently across trials. €, Lesion locations in

mOFC/vmPFC patients (n = 5; area of maximum overlap in 3 patients), DMF (n = 6; area of maximum overlap in 4 patients), and I0FC (n = 9; area of maximum overlap found in 3 patients). Colors
represent degree of lesion overlap, as indicated by the color bar. The patient whose lesion covers mOFC/vmPFC and IOFCis included in both lesion maps.

BiVx + B.Vy = (BIZ;BZ)(VX - Vy+ (Blz;BZ)(VX + Vy)
(5)
BsVxVp + BsVyVp = M (VxVp = VyVp)
s BB : B vt v (®)
P(X) (31 - Bz) ( Bz)
In (P(Y)) Bo + f(vx - VY) t— (Vx + VY)
+ B}VD + B4VXVY + (Ba ; BG) (VX - VY)VD
T

2

Consequently, the resulting two sets of regression weights reflecting
Equation 7 for each binary comparison were averaged.
We tested how the expected value of the irrelevant option V|, could

(Bs B Bs)
f (VX - VY) Vb)
while controlling for the effects of Vi — Vy, Vi + Vy, Vi X Vy, V5, and
(Vg + Vy)Vp. (Vx — Vy)Vp. Average 3 weights from the two binary
comparisons were compared between Controls and each lesion group in

affect the comparison between X and Y (i.e.,

a priori independent-samples  tests. This analysis was also performed to
compare mOFC/vmPFC and IOFC groups, and mOFC/vmPFC and
DMEF groups directly. Based on previous findings, we expected a reduc-
tion in the impact of Vi and Vy on choices between X and Y in the
presence of high value (vs low value) decision-irrelevant distractors in
vmPFC-lesioned groups relative to Controls and lesion control groups.
Therefore, one-tailed statistics were applied.

Results

Lesion overlaps and demographics

Lesion patients were divided a priori into three subgroups: mOFC/
vmPFC, 10FC, and DMF based on the location of their damage
assessed on their most recent MRI or CT. Figure 1C shows the
overlap image of lesion tracings manually registered to the MNI
brain for each group. Lesion and cluster volumes are reported in
Table 1. Table 1 and the main statistical tests on behavioral per-
formance were pooled over left and right hemisphere lesion sites.
However, for illustration purposes in the figure, we show lesion
data for left and right hemisphere IOFC lesions separately. We
calculated the maximal number of patients with voxels damaged
within a lesioned area. Despite variability in lesion location and
extent, voxels in a cluster of 209.4 cm” (centered on MNI coordi-
nates of 6, 31, —20) were damaged in 3 of 5 mOFC/vmPFC patients.
To calculate IOFC overlap extent, the single left hemisphere IOFC
patient’s lesion mask was flipped into the right hemisphere. In
total, across left and right IOFC lesion groups, voxels extending
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Table 1. Lesion overlap and dluster information for the lesion groups®
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Mean (SD) lesion Total lesion Maximum No. of voxels in Center of gravity of
Group volume (mm?>) coverage (mm?) overlap maximum overlap maximum overlap (MNI)
I0FC (collapsed across hemispheres) 4991.20 (3208.38) 30,157.1 4 4894 46,26,3
mOFC/vmPFC 3374.55 (2603.88) 87353 3 2094 6,31, —20
DMF 2004.56 (1678.00) 14,273.8+1625.3 4 443 —5,19,56

“lOFC group is reported with the single left IOFC patient’s lesion mask flipped into the right hemisphere.

Table 2. Demographicinformation for the four groups”

Group Age (yr) Education (yr)
Controls 52.18 (11.42) 15.45 (3.25)
10FC 54.4 (16.41) 15.6 (3.36)
mOFC/vmPFC 55.4 (16.64) 15.4 (3.97)
DMF 59.33 (9.40) 15(3.34)

“Data are mean (SD).

over 489.4 cm? (centered on MNI coordinates of 46, 26, 3) were
damaged in 4 of 5 patients. Finally, voxels in a cluster of 44.3 cm”
(centered on MNI coordinates of —5, 19, 56) were damaged in 4
of 6 DMF patients. There was no difference in mean lesion vol-
ume between the two experimental groups and the DMF brain-
damaged control group (I0FC vs DMF, t, .5 = —091, p =
0.393; mOFC/vmPEC vs DMF, t4 5, = 1.05, p = 0.321).

While some voxels were damaged in more than one lesion
group, this between-group overlap was not in regions of interest.
Between mOFC/vmPFC and DMF groups, 758.0 cm* was mutu-
ally damaged in one patient group and also damaged in no more
than 2 patients in the other group (one mOFC/vmPFC patient
overlaps with 1 DMF patient = 646.9 cm> and 2 DMF patients =
2.2 cm?). Two mOFC/vmPFC patients overlap with 1 DMF pa-
tient (108.9 cm?). Inspection of the lesions suggests that 1 DMF
patient, whose lesion extended anteriorly into frontopolar cortex,
accounts for much of the overlap. Overlap between the IOFC and
DMF group’s shows 170.2 cm® was mutually damaged in 1 pa-
tient group and no more than 3 patients in the other group. This
again is driven mainly by a single DMF patient whose lesion
overlaps with the lesion in 3 IOFC patients, with decreasing ex-
tent, in medial white matter pathways (1 DMF patient’s lesion
overlaps with 1 1OFC patient = 69.6 cm?, 2 10FC patients = 13.8
cm?, and 3 I0FC patients = 3.4 cm?).

Demographic information and neuropsychological screening
results are provided in Tables 2 and 3, respectively. Controls were
comparable to all patient groups in age (all p values > 0.148) and
education (all p values > 0.781). Further, the DMF patient con-
trol group was not different from the experimental patient
groups on the Beck Depression Inventory (p values > 0.254),
estimated 1Q (p values > 0.397), Animal Fluency (p values >
0.486), F-A-S Fluency (p values > 0.696), picture naming (p
values > 0.366), Incidental memory (p values > 0.147), or letter
2-Back working memory (p values > 0.871).

Total rewards earned and subjective best choices

In this challenging multioption learning environment, we first
examined global performance in all groups. The total rewards
earned by each patient group did not significantly differ from the
Control group (p = 0.209). However, there was a significant
difference in the way the IOFC patients distributed their choices
among the options based on their subjective value. We compared
the rate at which they chose the best value option (V1) as opposed
to the worst value option (V3) and found a significant difference
compared with Controls (group X option X reward schedule X
half: F(, ,5) = 5.141, p = 0.032; Fig. 2). This suggests that the IOFC

group was choosing the subjectively worst option, at the expense
of the best option more often than the Control group, particu-
larly in the first half of the first testing session. By contrast, DMF
and mOFC/vmPFC patients were no different from Controls.

Credit assignment

The impaired performance in the [OFC patients may, as in IOFC-
lesioned monkeys (Walton et al., 2010), reflect a loss in under-
standing the causal relationships between particular choices and
their contingent outcomes. To test this idea, we ran a multiple
logistic regression analysis to determine which combination of
factors best explained choices, including all possible combina-
tions of choice and outcome in the recent past (Fig. 3A). The
regression weights of these choice-outcome combinations are
plotted as matrices in Figure 3B, where brighter colors represent
larger weights. As suggested by Figure 3Bi, Ci, Control subjects’
choices were strongly influenced by the stimuli they had recently
selected and by the outcomes received for each of those choices
(R_xC_y, t(5;) = 10.13, p < 0.001), an effect that diminished
with increasing separation from the current trial (R_,.,xC_,.,,
F(5.42) = 17.06, p < 0.001). Controls were therefore associating
specific choices with the specific outcomes that followed. By con-
trast, supporting our hypothesis, IOFC patients had weaker
assignment of credit to the immediately previous reward and
choice than Controls (R_,xC_, group: t,5, = 1.70, p = 0.038).
This is apparent in Figure 3Biii (Ci, first panel), where the imme-
diately preceding choice and reward conjunction influences cur-
rent choice less in the IOFC group (top left corner is brighter in
Controls than IOFC patients). There was also a trend for a similar
difference between IOFC and the DMF control group (R_;xC_;
group: ts 64y = 1.79, p = 0.060), whereas the DMF group did not
differ significantly from Controls (R_,xC_, group: ¢, = 0.19,
p = 0.851; Fig. 3Bii, Ci, second panel). Unlike previous reports in
10FC-lesioned monkeys, the influence of past choices and their
contingent outcomes beyond the first past choice did not differ
between the IOFC and Control groups; while the diagonal line
running from top left to bottom right in the figure is brighter in
Controls than in IOFC patients, this numerical difference in the
influences of these earlier past choice and reward conjunctions in
the IOFC and Controls groups was not statistically significant
(R_,.4xC_,,, group: F(,,5 = 1.88, p = 0.668; Fig. 3Ci, first
panel).

We next tested for evidence of Spread of Effect in Controls,
corresponding to the erroneous association of outcomes with
temporally adjacent but unrelated choices (Walton et al., 2010).
It is clear from Figure 3Bi that the leftmost column of the results
matrix is much darker than the diagonal. This means that illusory
(noncontingent) conjunctions between the last reward (trials
R_,) and the prior history of choices (C_,, C_5,and C_,) did not
lead to the choice being taken again on the next trial. Indeed, in
Controls there was a negative influence of immediately previous
reward on choice history; receiving reward on the previous trial
did not make it more likely that even earlier choices would be
made again (R_,xC_,,, average past choice: t,,) = 5.46, p <
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Table 3. Neuropsychological screening tests for the three patient groups”
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1Q estimate Animal F-A-S Picture naming Incidental memory 2-Back working
Group BDI (/63) (ANART) fluency fluency (% correct) (% correct) memory (% correct)
I0FC 16.0 (12.1) 117.2(12.6) 17.2(4.5) 34.0 (19.7) 925 (5.0)° 755 (8.1)° 955 (5.7)°
mOFC/vmPFC 10.2 (5.5) 123.3(8.9)° 19.4(2.9) 37.0 (14.6) 94.0 (5.5) 82.8 (12.6) 95.2(7.5)
DMF 8.2(7.8) 123.3 (6.0)° 17.7 (4.9) 33.0(18.2) 95.8 (5.8) 70.3 (13.3) 95.8 (4.2)

“Data are mean (SD). ANART, American National Adult Reading Test.
¥Score not available for 1 patient.
“Scores not available for 2 patients.
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Figure 2.

Summary of the proportion of choices of V1 minus proportion of V3 choices for Controls (green), DMF (orange), I0FC (pink), and mOFC/vmPFC (blue) groups. The IOFC group chose the

subjectively worst option, at the expense of the best option, more often than the Control group, particularly in the first half of the first testing session. *Denotes statistical difference.

0.0001; Fig. 3Cii). This pattern was significantly different in IOFC
patients. In line with our hypothesis, IOFC patients exhibited a
significant reduction in this negative influence of past reinforce-
ment on past choice compared with Controls (R_,xC_,., group:
F, 5 = 4.23, p = 0.050; Fig. 3Cii, first panel). Again, there was a
trend for a similar difference between IOFC and DMF patients
(R_xC_,,, group: F(, 5, = 4.29, p = 0.068), but there was no
evidence for a difference between DMF and Controls (R_ xC,., group:
F126) = 0.19, p = 0.663; Fig. 3Cii, second panel).

We also examined the degree to which subjects erroneously
associated the choice just made with the rewards received on
earlier trials (Fig. 3A, blue boxes). Here again, an initial negative
influence was apparent in Controls that decreased with increas-
ing distance from current choice and eventually reversed sign
(R_,.xC_,, past rewards: F(; sg 35.15) = 18.6, p < 0.001; Fig. 3Bi,
Ciii, first panel). This pattern was not present in IOFC patients
(R_,.4xC_, Fro gy = 1.42, p = 0.297; Fig. 3Biii, Ciii, first panel),
although they did not differ significantly from Controls (R_,.,xC_,
group: F(, 5y = 0.04, p = 0.852, group X past rewards: F(, s 39 54) =
0.22, p = 0.752). The DMF group also did not differ from healthy
Controls (R_,,xC_, group: F, 55, = 0.40, p = 0.532, second
panel).

In monkeys, impairments in credit assignment were restricted
to animals with 10FC lesions and not found in animals with
mOFC/vmPFC lesions (Noonan et al., 2010). We examined
whether human mOFC/vmPFC patients were similarly unim-
paired compared with Controls. Patients with lesions to mOFC/
vmPFC were no different from Controls in the way that they
assigned the credit for the last reward to the appropriate choice
either on the immediately preceding choice (R_;xC_; group:
tas) = —0.73, p = 0.474, third panel) or on earlier trials; they
were influenced by past choice-reward conjunctions in a similar
way (R_,,xC_,,, group: F, ,5, = 0.76, p = 0.785, third panel).

Similarly, Controls and mOFC/vmPFC patients did not differ in
the way the current choice was influenced by interactions be-
tween the effect of the immediately preceding reward and even
earlier choices (R_,xC_,, group: F(, ,5) = 0.08, p = 0.780; past
trial X group: F, 50, = 0.46, p = 0.636, Fig. 3A, left-hand column,
Cii, third panel) or by interactions between the immediately pre-
ceding choice and earlier rewards (R_, ,xC_, group: F(, ,5, =
1.27, p = 0.271; past trial X group: F, 5, = 2.00, p = 0.147; Fig.
3Ciii, third panel, top row).

To confirm regional specialization, we removed the patient
whose lesion affected both mOFC/vmPFC and IOFC regions, and
compared the IOFC and mOFC/vmPFC patient groups directly
in these key analyses. Confirming our hypothesis, compared with
mOFC/vmPFC patients, the IOFC-lesioned group attributed less
weight to the immediately past reward and choice (R_;xC_,
group: f3,, = —3.48, p = 0.036; Fig. 3Ci, fourth panel) and
misassigned relatively greater credit for the most recent reward to
earlier choices (R_,xC_,, group: F, 4y = 13.99, p = 0.010; Fig.
3Cii, fourth panel).

The results above suggest that, just like IOFC-lesioned mon-
keys, patients with lesions to homologous IOFC regions are rely-
ing on their history of choices, rather than particular conjoint
choice-reward associations, to update their expected value esti-
mates for each option. If this is the case, then IOFC-lesioned
patients should be less likely than Controls to reselect a newly
chosen stimulus (e.g., option B) after a history of choices on
another stimulus (i.e., option A) when there was a recent reward.
We examined the differential effect of an outcome, reward or no
reward, on a newly chosen stimulus, after sequences of choices
directed toward the same option (Fig. 4). Consistent with correct
credit assignment, Control subjects were more likely to reselect B
on the following trial (n) if their choice on the previous trial (n —
1) was rewarded than if it did not result in reward (Fig. 4B, green).
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Figure 3. Distribution of reinforcement. 4, Labeled matrix of components included in logistic regression. Red diagonal represents appropriate, contingent links between choices and rewards.
Green section represents the influence of the association between the most recent reward and the choices made on previous trials. Blue section represents the influence of the association between
the most recent choice and the rewards received on past trials. B, Z-transformed 3 regression weights for this matrix for each group. Bright pixels represent larger regression weights. C, Plots of mean
influence of labeled marked cells in 4 for Controls, I0FC, DMF, and mOFC/vmPFC. Ci, Red diagonal in A. i, Green leftmost column in A. Cii, Blue top row in A. The first trial in the past is common to
all three graphs (Ci, i, Ciii). Symbols and bars represent mean == SEM. “o,” individual subject weights. Controls are plotted against IOFC, DMF, and mOFC/vmPFC from right to left. Rightmost panel
replots I0FCagainst mOFC/vmPFC. Ci-Ciii, Right-hand graphs, Black “o,” subject whose lesion affects both mOFC/vmPFCand IOFC. Statistics for direct comparisons between mOFC/vmPFCand I0FC
lesions leave out this subject. Compared with Controls (Ci, left) and mOFC/vmPFC patients (Ci, right), IOFC patients exhibit impaired credit assignment with reduced 3 weights reflecting the loss of
influence of the immediate past reward from the immediate past choice (R_,xC_,) on the current choice. By contrast, IOFC patients relative to Controls (Cii, left) and mOFC/vmPFC patients (Gi, right) show
significantly greater Spread of Effect of reinforcement received on the last trial to each of the earlier choices (R _,xC_,.,). Significance bars represent main effects of group. These positive effects
correspond to analyses 1and 3 outlined in Materials and Methods (2, credit assignment). *Denotes statistical difference.
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Different likelihood of choosing option A (), B (B), or C (C) on trial n after previously selecting option Bon trial n — 1asafunction of whether or not reward was received for this B choice.

Data are plotted based on the length of choice history on A. Left side of each plot represents 1 previous choice of A (A, B==, 7). Right side of each plot represents 2 or 3 previous choices of A (A, A, B,
7and A, A, A, B=, 7). I0FC patients were significantly more likely than Controls to reselect A (4) and significantly less likely to reselect B (B), as if the reward for choosing B was not assigned to the
choice that caused the outcome but instead to the integrated history of choices of A. *Denotes statistical difference.

They were also less likely to switch back to A after B choices that
were rewarded than those that were not (Fig. 44, green). IOFC
patients, by contrast, showed a significantly reduced influence of
a rewarded B choice on subsequent choice (group X choice:
F 55 = 5.89, p = 0.023). Compared with Controls, IOFC pa-
tients were less likely to reselect B after a reward if the subject had
recently chosen A (group: F(, ,5, = 6.01, p = 0.022; Fig. 4B).
Indeed, IOFC patients were more likely than Controls to reselect
A (group: F(, ,5) = 4.41, p = 0.046; Fig. 4A) as if the credit for the
new outcome was not assigned to the choice that caused the
outcome, but instead to the integrated history of choices, with
the reinforcement for choosing option B being partly assigned to
previous choices of option A. In IOFC-lesioned monkeys, these
effects increased with the length of the history of A choices. By
contrast, in humans, there was no differential effect of length of
choice history between 10FC-lesioned patients and Controls
(previous A choices: F(, ,5, = 0.00, p = 0.991). Finally, we ran the
control analysis; instead of looking at whether receiving reward
for choosing option B after option A resulted in spread of rein-
forcement to the previous option, we tested whether it spread to
the other option, C, that had not been taken recently. Just as is the
case in monkeys, human 10FC patients and Controls did not
differ in their subsequent choice of option C as a function of
reward delivery during the sequence of A and B choices (group:
F1 s = 2.07, p = 0.163; Fig. 4C). DMF and mOFC/vmPFC
patients were no different from Controls in these analyses (main
effects and interactions of group, p > 0.571).

Value-guided decision-making

A multinomial logistic regression was performed to test how
choice decisions were biased by the expected value of all options
while accounting for the variance explained by the interactions
between each pair of option values. Hence, we applied a GLM of
six expressions on the choice data, V5, Vi, Vo, Vo X Vi,V X V¢,
and Vi X V, focusing the analysis on the main effects of option
value. The first step considers the 3-choice decision as two binary
comparisons: option A versus option B and option C versus op-
tion A. In this analysis, choices of option B were taken as a refer-
ence such that regression weights were estimated for biases for
each binary choice comparison. Next, the regression weights for
each binary comparison were visualized in terms of whether they
were relevant or irrelevant to the choice (i.e., when weighing A vs
B, the value of C is irrelevant). Finally, each pair of regression
weights for A versus B and C versus B was averaged to produce

beta regression weights for the values of the relevant options
(relevant options were relabeled X and Y; see Materials and Meth-
ods), and the expected value of the irrelevant option (relabeled D;
see Materials and Methods).

Figure 5A shows the regression weights of each factor on Vy,
Vy, and Vp,. In Controls, the variance explained by the model’s
main effects was unevenly distributed (F(; 14,444y = 77.86, p <
0.001). Unsurprisingly, the Vi had an overall significant positive
(tz1) = 8.71, p < 0.001) and Vy a negative effect (t,,) = —8.60,
p < 0.001) on choice of X over Y. This indicates that larger ex-
pected values of X and smaller values of Y leads to a choice of X
over Y, as expected. In addition, Vp,, irrelevant to the decision
between X and Y, did not show a significant impact on biasing X
versus Y decisions (¢(,;, = 0.01, p = 0.989). Comparing the main
effect beta weights between controls and lesion groups revealed
no significant differences of group (Controls vs DMF | vmPEC |
10FC, Fvalues = 2.01, p values = 0.168), or interactions between
group and decision factor (Controls vs DMF | ymPFC | 10FC F
values = 3.23, p values = 0.076).

Next, in the same GLM, we rearranged the regression terms of
Vx X Vand Vy X Vi into (Vx — Vy)Vpand (Vi + Vi)V, (see
Materials and Methods). This enabled us to better understand
how expected value differences between any give pair of options
influenced decision-making, by testing the critical effects of
(Vx — Vy)V, while controlling for Vi — Vy, Vi + Vy, Vi X Vy,
Vp, and (Vy + Vy)Vp. In light of previous findings in the ma-
caque, we hypothesized a negative (Vx — Vy) Vp, effect in vimPFC-
lesioned patients. This would support the idea that, when the
value of the third option in each binary comparison is high (vs
low), the positive impact of Vi and negative impact of Vy on
guiding choices of X become weaker, despite this third option
being, in principle, irrelevant to the choice between X and Y.

In line with our hypothesis, we found a negative effect of
(Vx — Vy)V, with high expected value distractors negatively
affecting the bias of Vy and Vy on vmPFC-lesioned patients’
choice between relevant options X and Y (Fig. 5B). The regression
beta weight for this factor was significantly reduced in vmPFC
patients relative to controls (¢,s, = 2.33, p = 0.014; Fig. 5Bi).
However, contrary to expectations, the DMF brain-damaged
control group were also significantly different from controls
(t(26) = 2.14, p = 0.042; Fig. 5Bii) and not different from vmPFC
patients (¢4, = 0.30, p = 0.386).

Previous work in macaques demonstrated regional specializa-
tion between the effects of mOFC/vmPFC and IOFC damage on
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the impact of the distractor on choice (Noonan et al., 2010). We
replicate that here, showing that the (Vy — V)V, regression beta
weight in IOFC patients was no different from controls (¢,5, =
0.34, p = 0.735; Fig. 5Biii) but significantly greater than vmPFC
patients (t,, = 2.19, p = 0.036; Fig. 5Biv). Collectively, these
results showed that larger values of decision-irrelevant options
were related to more stochastic decision-making between decision-
relevant options only after lesions in the mPFC (mOFC/vmPFC
and DMF). Further, these analyses suggest inferences drawn from
work in monkeys can aid understanding of patterns of impair-
ment in humans and confirm that high value irrelevant options
distract patients with mOFC/vmPFC lesions from identifying or
attending to the best option when making a decision.

Discussion

Here, predictions based on selective lesion effects observed in
macaques (Noonan etal., 2010; Walton et al., 2010) were tested in
humans. We predicted that IOFC damage would disrupt credit
assignment during value learning, whereas mOFC/vmPFC dam-
age would disrupt value-guided decision-making. Using similar
3-choice tasks and equivalent analytical approaches as in the ma-
caque work, we report a comparable pattern of regionally disso-
ciable deficits. Directly replicating findings in macaques (Walton
et al., 2010), we show that the normal positive influence of the
contingent relationship between past choice and past reward is
reduced in 10FC patients compared with Controls and mOFC/
vmPFC patients. Moreover, patients with lesions in DMF and
mOFC/vmPFC were no different from Controls in their ability to
link outcomes to choices. By contrast, despite spared associative
learning, relative to Controls, mOFC/vmPFC-lesioned patients
struggled to use values of relevant options to guide decision-
making. Within a 3-choice decision, if a high-value third option
was present while these patients were evaluating pairs of options,
they make more random choices. Once again, there was evidence
of regional specificity; patients with IOFC lesions were unim-
paired relative to Controls on this measure.

Several theoretical models of value-guided decision-making
draw at least a partial distinction between decision-making and
learning mechanisms (Rushworth et al., 2011; Levy and Glim-
cher, 2012). To the extent that subregional effects have been ex-
amined in humans, studies of reward learning have focused on

mOFC/vmPEC rather than IOFC. There have been demonstra-
tions that damage to human mOFC/vmPFC disrupts value-
guided decision-making (Fellows and Farah, 2007; Camille et al.,
2011; Henri-Bhargava et al., 2012). Although there is some evi-
dence of mOFC/vmPFC involvement in probabilistic reward
learning (Tsuchida et al., 2010), it is not clear whether this could
be attributed to failures of associative learning seen following
OFC lesions in many animal models (Walton et al., 2010; Schoe-
nbaum et al., 2011; Rudebeck and Murray, 2014; Stalnaker et al.,
2015). Indeed, recent work found no impairment in credit as-
sighment in a 2-armed bandit task after mOFC/vmPFC lesions
(Kumaran et al., 2015). Here, we studied the effects of more
lateral OFC lesions, finding evidence that human 10FC was es-
sential for credit assignment and mediating Thorndike’s Law
of Effect (Thorndike, 1933a). Patients with IOFC lesions were
less influenced by the precise history of contingent choice and
reward conjunctions than Controls and patients with lesions
in other frontal areas. Instead, patients’ choices were more
influenced by credit that had been misassigned to noncontin-
gent past choices.

By contrast, nOFC/vmPFC patients’ deficits in this task were
partly a function of the range of values on offer. This three-option
task shows how the expected value difference between any two
options is influenced by the value of the third option. Chau et al.
(2014) found that healthy subjects perform better when this third
option is also valuable. They argue that this creates higher levels
of inhibition within a mOFC/vmPFC network that mediates
decision-making. As these levels increase, decisions become more
accurate and the best option is more likely to be chosen. Here,
patients with mOFC/vmPFC damage did not exhibit the benefi-
cial effects relating to the value of the irrelevant alternative, in-
stead making more stochastic choices, suggesting that they are
sensitive to the range of available values in a manner that is “ir-
rational” in formal economic terms (Louie et al., 2011).

These dissociable deficits in credit assignment and value-
based choice are consistent with the different anatomical con-
nections of these two regions. Although mOFC and 10OFC are
interconnected with many of the same brain regions involved in
reward and reinforcement, there are important points of differ-
entiation of the two networks. The IOFC receives input from
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nearly all sensory regions, such as temporal lobe area TE and
perirhinal cortex, and these may be important when credit is
assigned to representations of specific visual stimuli (Carmichael
and Price, 1995b; Kondo et al., 2005).

Representations of the choices that have just been made are
activated in IOFC at the time of reward feedback (Tsujimoto et
al., 2009) or when they are informative for behavior (Noonan et
al., 2011). Although representations of choice history and reward
history might be relatively widely distributed throughout the
brain (Seo et al., 2014), only a few regions seem to represent the
conjoint history of choices and rewards. Subregions of OFC
might update associations between specific choices and out-
comes (Sul et al., 2010; Noonan et al., 2011; Rudebeck et al.,
2013). Further, the IOFC may not work in isolation during credit
assignment (Akaishi et al., 2016). When subjects are not able to
learn contingently, they rely on noncontingent, statistical learn-
ing mechanisms linked to amygdala or sensorimotor corticos-
triatal circuitry. This supports the existence of multiple, parallel
reward learning mechanisms (Cisek, 2012; Kolling et al., 2012,
2016a, b; Hunt and Hayden, 2017).

By contrast, the mOFC/vmPFC has a distinguishable set of
anatomical connections (Ongiir and Price, 2000). Connections
to sensory regions are weak or absent. Instead mOFC/vmPFC is
more strongly interconnected with anterior cingulate cortex (ACC),
which is, in turn, connected with cingulate motor areas (Carmi-
chael and Price, 1996). Through such connections, and the re-
gion’s prominent value signals (Noonan et al., 2011; Howard et
al., 2015), including the presence of chosen and unchosen value
signals with different signs, the mOFC/vmPFC may be well
placed to influence decision-making (Boorman et al., 2009; Bas-
ten et al., 2010; Philiastides et al., 2010; Rushworth et al., 2011;
Jocham et al., 2012; Kolling et al., 2012; Chau et al., 2014; Econo-
mides etal., 2014; Hunt etal., 2015). The mOFC/vmPFC may not
work alone in this function. There may be distinct mechanisms
(1) for making decisions about the rewards that should be the
focus of behavior and attention, involving the mOFC/vmPFC;
and (2) for making decisions about the actions that should be
made to obtain those rewards, engaging the ACC (Rushworth et
al., 2012). This circuitry may explain the behavioral similarities
observed between mOFC/vmPFC and DMF-lesioned groups. It
may be that DMF injury, alone or with injury to the cingulum
bundle, a frontotemporal tract known to connect area 32, SMA,
and orbital areas 14 and 11 (Schmahmann and Pandya, 2006),
disrupted mOFC/vmPFC-ACC connections that normally sup-
port the coordination between these two mechanisms to guide
adaptive behavior.

Our mOFC/vmPFC patients’ impairment is compatible with
reports of irrational decisions in patients with such lesions (Fel-
lows and Farah, 2005; Camille et al., 2011; Henri-Bhargava et al.,
2012) and could be due to a failure to attend to the relevant
aspects of the decision (Damasio, 1994; Fellows, 2006). Such ac-
counts suggest the potential for one suboptimal choice to be
taken if it is identified as being better than an even worse alterna-
tive, even if there are also better choices. A role for the mOFC/
vmPFC in attention-dependent decision-making is supported by
attention-dependent mOFC/vmPFC value signals (Lim et al.,
2011) and by findings that lesions abolish the normal attentional
advantage of reward-associated stimuli (Vaidya and Fellows,
2015) and diminish the influence of currently relevant stimulus
dimensions on choice (Vaidya and Fellows, 2016). Decisions
made after mOFC/vmPFC lesions may unmask the operation of
other brain areas, such as the striatum, ACC, and intraparietal
sulcus (for review, see Rushworth et al., 2011; Gottlieb et al.,
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2014), which may not represent all aspects of choice value accu-
rately. Our results are therefore in line with a greater influence of
value signals in other brain regions that, rather than facilitating
decision-making, allow high V3 values to impair decision-making.

We took care to recruit subjects with lesions selectively affect-
ing mOFC/vmPFC, 10FC, and DMF. The resulting small sam-
ples, unequal distribution of lesions across the hemispheres, and
the likelihood of associated white matter damage mean that cau-
tion is needed in making precise links between cognitive pro-
cesses and specific brain regions (Rudebeck et al., 2013). Of note,
our sample included only 1 left IOFC patient. Although this
subject’s learning performance fell close to the group mean, we
cannot definitively exclude the possibility of right hemisphere
lateralization of the IOFC effects. However, there is no consensus
on potential lateralization of OFC functions: recent fMRI exper-
iments suggest that a posterior bilateral IOFC region may be im-
portant for reversal learning and credit assignment in both
macaques (Chau et al,, 2015) and humans (Akaishi et al., 2016;
Jocham et al., 2016). In monkeys, the region extends from ante-
rior insula into the orbital part of area 12/47, a region within the
lesion territory linked with impaired credit assignment (Walton
etal., 2010).

Reversal learning has been linked to the IOFC. However, pre-
vious work relating 10FC lesion impairments or IOFC BOLD
activity to credit assignment shows that these effects occur inde-
pendently of reversals in stimulus—reward links (Noonan et al.,
2010), the availability of more than two options (Chau et al.,
2015; Jocham et al., 2016), and the probabilistic nature of the task
(Fellows and Farah, 2003). The reversals in the present task are
likely to contribute to the effects only insofar as the changeable
reward environments make credit assignment important.

In conclusion, mOFC and 10FC play different roles in credit
assignment and value-based decision-making. The present find-
ings are consistent with predictions made on the basis of previous
macaque lesion and neuroimaging studies (Noonan et al., 2010;
Walton et al., 2010; Chau et al., 2015). They also support claims
for homologies between human and macaque frontal cortex
(Mackey and Petrides, 2010; Neubert et al., 2014, 2015) and are
consistent with very recent neuroimaging work conducted in hu-
mans implicating the posterior IOFC in credit assignment (Akai-
shi et al., 2016; Jocham et al., 2016).
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