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economics, management, political science, zoology, etc. To date, little has been known

about the neural basis of this phenomenon. We investigated it by using functional

magnetic resonance imaging (fMRI) to monitor healthy subjects' brain activities when

they made decisions in a task wherein sunk cost and incremental cost were system-

atically manipulated. Higher sunk cost only increased activity of some brain areas

(mainly lateral frontal and parietal cortices, which are involved in risk-taking), whereas

lower incremental cost mainly increased activity of some brain areas (including striatum

and medial prefrontal cortex, which are sensitive to rewards). No overlapping brain

areas were found to respond to both sunk cost and incremental cost. These results favor

certainty effect over self-justification or diminishing sensitivity as account of sunk cost

effect.
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(Q. Zhang), qiyonggong@hmrrc.org.cn (Q. Gong).
1. Introduction

Sunk cost effect (also called sunk cost fallacy/bias/error/
paradox, escalation of commitment, escalating commitment,
throwing good money after bad, knee-deep in big muddy,
concorde effect/fallacy, etc) is a pervasive, interesting and
famous decision bias. It refers to the following phenomenon:
if one has invested more money, time, effort etc (sunk cost)
on something, then he is more likely to make further invest-
ment (incremental cost) on it. Since sunk cost has been
invested and is irrevocable no matter which option one
chooses, a traditionally rational decision maker should
neglect sunk cost (Thaler, 1980). However, individual, com-
pany and even parliament decision makers are actually
susceptible to sunk costs. For example, one is more likely to
wear a piece of ugly clothing if it has cost him more money;
one is more likely to finish watching a boring movie if the
ticket cost money than was free; a corporation is more likely
to continue a hopeless project if more money has been
invested in that project; a congress person may advocate to
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continue a hopeless war becausemany soldiers have sacrificed
in it (Arkes and Blumer, 1985; Sleesman et al., 2012; Staw, 1976;
Strough et al., 2008). These examples illustrate that people are
more inclined to continue an action when sunk cost is higher.
Conversely, some research has reported opposite effect (less
when higher) (Heath, 1995). Both cases can be called sunk cost
effect since the traditionally rational theory assumes people
should neglect sunk cost. This phenomenon exists in not only
humans but also non-human animals such as pigeons and
rats (Curio, 1987; Macaskill and Hackenberg, 2012; Magalhaes
et al., 2012; Navarro and Fantino, 2005; Pattison et al., 2012).
Given the phenomenon of sunk cost effect is pervasive in real
life and interesting in several disciplines, to study its neural
substrate is quite meaningful.

Prospect theory (Kahneman and Tversky, 1979) was used to
explain sunk cost effect in the following way (Thaler, 1980):
individuals have diminishing sensitivity to losses; the more they
have invested (sunk cost), the less painful they fell for additional
loss (incremental cost), and the more likely they continue the
course. It is important to note that this explanation treats both
sunk cost and incremental cost as one thing (loss). If the human
brain really treats them in the same way, then the neural
correlates of sunk cost and incremental cost should be similar.

Another account of sunk cost effect was self-justification
(Brockner, 1992; Staw, 1976): if one abandons continuing the
investment, then it seems that he admits the previous
investment in his responsibility is wrong; to avoid this bad
appearance, he has to continue the investment. In addition,
cognitive dissonance was thought to be the psychological
root of self-justification (Bazerman et al., 1984). If this account
is the case, then the higher the sunk cost is, the more the
responsibility and cognitive dissonance is and the more the
self-justification is needed. Consequently, when sunk cost is
higher, brain areas involved in self-referential processing
(such as cortical midline structures) (Northoff et al., 2006),
cognitive dissonance (such as anterior cingulate cortex and
anterior insula) (van Veen et al., 2009), or responsibility (such
as striatum) (Camille et al., 2010) should be more active.

The third account (Arkes and Blumer, 1985) of sunk cost
effect is based on another mechanism in prospect theory
(Kahneman and Tversky, 1979), named certainty effect. Cer-
tainty effect refers that certain gains (losses) are more attrac-
tive (disgusting) to people than possible gains (losses), even if
their expected values are equal, given the probabilities are not
too small. In the case of sunk cost effect, if the subject chooses
not to continue the investment, then he faces a certain loss; if
he chooses to continue the investment, then he possibly
recovers the loss though he also possibly loses more. There-
fore, certainty effect drives him to continue the investment. If
this is the case, then, the more the sunk cost is, the stronger
the certainty effect is (i.e., the stronger the tendency of
avoiding the certain loss and choosing the risky option is),
and the more risk taking the subject is. Therefore, we can
expect, activity of brain areas involved in risk taking (such as
lateral frontal and parietal cortices) (Fecteau et al., 2007a, 2007b;
Gianotti et al., 2009; Huettel et al., 2006; Knoch et al., 2006; Rao
et al., 2008) should correlate with the magnitude of sunk cost.

Some previous studies attended to the neural basis of
economic investment (Chiu et al., 2008; Lohrenz et al., 2007;
Mohr et al., 2010; Shiv et al., 2005). However, they had other
focuses rather than explored neural basis of sunk cost effect.
Some previous studies examined the neural basis of delay or
effort costs (Croxson et al., 2009; Day et al., 2010; Gan et al.,
2010; Hillman and Bilkey, 2010; Rudebeck et al., 2006). How-
ever, these studies never divided cost into sunk cost and
incremental cost; the subjects were usually non-human ani-
mals and so the methods were usually lesion or other
methods appropriate for non-human subjects. Remarkably,
Croxson et al. (2009) used functional magnetic resonance
imaging (fMRI) with human participants to study neural basis
of effort cost and revealed the following brain areas
decreased activation with higher effort cost: bilateral puta-
men, bilateral supplementary motor area (SMA), left primary
motor cortex, left midbrain. In a word, previous research has
investigated the neural basis of investment and costs.

However, little research has been devoted to understand-
ing the neural basis of sunk cost effect and testing its
alternative explanations in the viewpoint of neuroscience.
Therefore, we investigated it by applying fMRI to healthy
subjects. We manipulated magnitude of sunk cost and incre-
mental cost systematically and independently in order to
identify the neural correlates of each and test the alternative
explanations of sunk cost effect.
2. Results

2.1. Behavioral results

If each participant was a rational decision maker, then, when
incremental cost became larger, given the total gain was fixed,
he should be less inclined to continue to invest (negative effect),
and so the number of participants with negative effect should be
25 and that of all the other should be 0. If each participant was a
rational decision maker, then he should neglect sunk cost, that
is, his decisions should not affected by sunk cost at all (no effect),
and so the number of participants with no effect should be 25
and that of all the other should be 0.

To determine whether this is the case, a logistic regression
was applied to each participant's data, with his/her behavioral
responses (choices) as the dependent variable and sunk cost and
incremental cost as the independent variables. Figs. 2 and 3
show the numbers of participants with special effects predicted
and observed. All except one participants' choices were nega-
tively affected by incremental cost significantly (po.00001 for
each of the 24 participants; p¼ .16 for the one participant), almost
same as predicted by the rational model. However, although the
rational model predicted no participant should be affected by
sunk cost, 19 out of 25 were actually affected significantly (po.01
for each of the 19 participants; the number of participants whose
po.001,.0001 or.00001 was 14, 13 or 11). Taken together, for each
of most participants, both incremental cost and sunk cost had
significant effects on his choice. The former is traditionally
rational while the latter is not.

2.2. Neural results

As in most of fMRI studies, we made two levels of analyses:
firstly individual level and then group level. In the individual-
level analysis, we used sunk cost and incremental cost as



Fig. 1 – General schema of the decision questions. Each
participant was instructed to imagine he was a manager of a
corporation and so needed to make some investment
decisions. In each trial, X (sunk cost) had been invested. Each
participant needed to decide whether to further invest Y
(incremental cost). If no, then the net gain was 0–X. If yes,
then the net gain could be 280–X–Y with probability of 1/6, or
0–X–Y with probability of 5/6. X, Y were respectively
substituted with one of sixteen numbers (2, 8, 14… 92) with
money unit of ten thousand yuan and so made 256
combinations (trials). All other numbers and words were
fixed. Each participant was instructed to maximize the net
gains: more net gains, more payoff. The figure was a part of
the instruction. Our computer procedure (re)instructed each
participant until he could pass a test on understanding. In the
test, practice and formal experiment, only the content in the
top three boxes showed and there were no boxes and lines.

Fig. 2 – Behavioral incremental cost effect. Negative effect: a
participant was significantly less inclined to continue to
invest when incremental costs became larger. Predicted:
predicted by the traditionally rational theory.

Fig. 3 – Behavioral sunk cost effect. No effect: a participant's
choices were not affected by sunk costs significantly.
Predicted: predicted by the traditionally rational theory.

b r a i n r e s e a r c h 1 5 1 9 ( 2 0 1 3 ) 6 3 – 7 0 65
regressors to find each participant's each voxel's sensitivity
to both costs respectively. In the group-level analysis, each
voxel's sensitivity entered into a t-test to determine whether
this voxel's sensitivity to sunk or incremental cost is sig-
nificant in a group-level. See the Method section for more
detail.

When sunk cost increased, several brain areas increased
but no brain regions decreased activation significantly (Fig. 4
Red Color, and Table 1), mainly including: bilateral middle
and superior frontal cortices, left superior and inferior par-
ietal cortices.

When incremental cost increased, many brain areas
decreased but one increased activation significantly (Fig. 4
Green Color, and Table 2), mainly including: medial superior
frontal cortex (a part of medial prefrontal cortex), left superior
frontal cortex, left caudate (a part of striatum), left precentral
cortex (the one increasing activation), middle cingulate cor-
tices, left middle and superior temporal cortices, right middle
temporal cortex, left middle occipital cortex, left angular, and
right lingual cortex.

The first trend to observe is that increasing sunk cost only
activated some brain areas significantly whereas increasing
incremental cost mainly deactivated some brain areas signifi-
cantly. Interestingly their neural effects had basically oppo-
site directions. A question is whether there was any brain
area responding to the magnitudes of both sunk cost and
incremental cost significantly. With a common region analy-
sis, the study found no such overlap (Fig. 4). Taken together,
neural correlates of sunk cost and incremental cost were
largely different in both directions and areas, suggesting the
human brain processes these two kinds of costs quite
differently.
3. Discussion

3.1. Brain areas sensitive to sunk cost

We found that increasing sunk cost was associated with
increased activation in lateral frontal and parietal cortices,
which are involved in risk-taking.

Huettel et al. (2006) found that risk-taking behavior could
predict the activation of the posterior parietal cortex whereas
ambiguity-taking behavior could predict the activation within
the lateral prefrontal cortex (ambiguity referred to uncer-
tainty with unknown probabilities). Knoch et al. (2006) used
low-frequency, repetitive transcranial magnetic stimulation
to temporarily stimulate the function of dorsolateral prefron-
tal cortex (DLPFC) of subjects; afterwards, they measured
subjects' risk-attitudes in decisions. They found subjects
became riskier in decisions after stimulation of the right
DLPFC. Rao et al. (2008) found that (voluntary) risk taking was
associated with activation in dorsal lateral prefrontal cortex
etc. With resting-state electroencephalography, Gianotti et al.
(2009) found that the activity in the right prefrontal cortex
predicted subjects' risk-taking behavior.



Fig. 4 – Neural sunk and incremental cost effects, projected on the single participant's structural template included in SPM8.
Red: Brain areas sensitive to sunk cost magnitude (corrected at cluster level po.05); all increasing activation with higher sunk
cost. Green: Brain areas sensitive to incremental cost magnitude (corrected at cluster level po.05); all (except the precentral
area) decreasing activation with higher incremental cost.

Table 1 – Brain areas sensitive to the sunk cost (corrected at cluster level po.05).

Brain area Peak MNI coordinate (x, y, z) Peak T value Number of voxels

Frontal_Mid_L and Frontal_Sup_L −24, 16, 64 3.7006 143
Frontal_Sup_R and Frontal_Mid_R 26, 12, 56 5.313 276
Parietal_Inf_L and Parietal_Sup_L −40, −68, 56 3.9397 227
Cerebelum_9_R and Cerebelum_8_R 18, −44, −48 4.5617 183
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In a word, previous studies revealed that the lateral frontal
and parietal cortices are involved in risk-taking. In our experi-
ment, the activity of these brain regions correlated with sunk
cost, suggesting sunk cost effect closely related to risk taking.
3.2. Brain areas sensitive to incremental cost

When incremental cost decreased, the possible net gain of
the risky option increased, given the gross gain was fixed.



Table 2 – Brain areas sensitive to the incremental cost (corrected at cluster level po.05).

Brain area Peak MNI coordinate (x, y, z) Peak T value Number of voxels

Frontal_Sup_Medial_L and Frontal_Sup_L and
Frontal_Sup_Medial_R

−20, 66, 12 −5.4671 1312

Caudate_L −14, 18, 8 −3.8893 214
Temporal_Mid_L and Temporal_Sup_L −58, −50, 8 −5.0028 1185
Temporal_Mid_R 46, −50, 12 −4.0824 340
Precentral_L −40, −30, 70 4.0352 125
Cingulate_Mid_R and Cingulate_Mid_L 2, −32, 42 −3.4708 135
Lingual_R 22, −80, −10 −3.7809 303
Occipital_Mid_L −30, −92, 10 −4.9764 456
Occipital_Mid_L and Angular_L −40, −72, 36 −4.2795 230
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Therefore we could expect some areas involved in reward
processing increased activity with decreasing incremental
cost. Actually, we observed increasing activity in striatum
andmedial prefrontal cortex when incremental cost decreased.
Previous studies have shown that the striatum is sensitive to
the expectation or detection of rewards (Elliott et al., 2000;
Green et al., 2011; Knutson et al., 2000; Schultz et al., 2000;
Zeng et al., 2012, 2013). The medial prefrontal cortices' role in
processing rewards has also been well established (Carlson
et al., 2011; Oberg et al., 2011; Pratt and Mizumori, 2001;
Richardson and Gratton, 1998; Rogers et al., 2004; Trzcinska
and Bielajew, 1998; Tzschentke, 2000; Wise, 2000).

When incremental cost decreased, subjects became more
inclined to choose the “continue to invest” option, which is
much more complicated than the other option. Consequently
they needed to think and viewmore to figure out each possible
net gain and loss and their probabilities. Consequently, brain
areas involved in vision, calculation and even language could
become more active when incremental cost decreased. Actu-
ally we found the activity in temporal, angular and occipital
cortices increased with decreasing incremental cost. Temporal
cortices play a role in language processing (Binder et al., 2000;
Haitova et al., 2012; Hein and Knight, 2008; Karnath, 2001).
Occipital lobules were generally believed to play roles in visual
processing. The left angular cortex is thought to play impor-
tant roles in language and number processing (Binder et al.,
1997; Dehaene et al., 2003; Husain et al., 2012; Price, 2000).

Interestingly, activation of the left precentral cortex showed
positive correlation with incremental cost, even though all the
other activated areas showed negative. This area was well-
known as motion area. In our experiment, when incremental
costs were large, both options were quite unpleasant to the
participants: to definitely get a net loss, or to spend a large cost
to get a possibility of recovering sunk cost. In this situation, the
participants felt more difficult to make the final determination,
and such a difficult determinationmight accompany with heavy
key-pressing as we experienced in daily life, and so activated the
precentral cortex more strongly. Actually, in the experiment, the
participants were arranged to respond with their right hands,
which corresponded to the left precentral cortex. The above
explanation also accords with this arrangement.

3.3. Theoretic implication

As stated in the Introduction section, a popular explanation
of sunk cost effect is, individuals have diminishing sensitivity
to losses. According to this explanation, the more individuals
have lost (sunk cost), the less painful they fell for a fixed
additional loss (incremental cost), and the more likely they
continue the course. Accordingly we can expect neural
regions sensitive to sunk cost and incremental cost should
be similar. However, our neuroimaging results show that
brain activity involved in processing sunk cost and incre-
mental cost differed in both areas and directions. Our find-
ings question the neural reality of the above theoretic
explanation of sunk cost effect and suggest that distinct
brain regions are engaged in processing these two types
of costs.

Another explanation of sunk cost effect is self-justification.
This explanation implies, the more the sunk cost is, the more
is the activity of brain areas sensitive to self (cortical midline
structures), responsibility (striatum), or cognitive dissonance
(anterior cingulate cortex and anterior insula). However, as
revealed in the section Neural results, the brain regions
sensitive to sunk cost were mainly lateral frontal and parietal
cortices, totally different from the above brain regions pre-
dicted by self-justification account of sunk cost effect. There-
fore, our finding also does not support this explanation.

The third explanation comes from certainty effect pro-
posed by prospect theory. This explanation says, between a
certain loss and a possible (risky) loss, given their expected
values are equal and the probability is not too small, people
are likely to reject the certain loss (not continuing the
investment) and choose the risky loss (continuing the
investment). This explanation implies, the larger the sunk
cost is, the more risk-taking a subject is, and the more is
the activity of brain areas involved in risk-taking (bilateral
frontal and parietal cortices). The neural results support this
explanation.
4. Conclusion

This study showed that larger sunk cost induced stronger
activity in lateral frontal and parietal cortices, which are
involved in risk-taking; smaller incremental cost induced
stronger activity in striatum and medial prefrontal cortices,
which are sensitive to rewards. No overlapping brain areas
were found to respond to both sunk cost and incremental
cost. These results favor certainty effect over self-justification
or diminishing sensitivity as account of sunk cost effect.
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5. Experimental procedure

5.1. Participants

We recruited 27 participants via a posted advertisement in a
university campus. All were university students and right-
handed. Their mean age was 21.96 with a range of 20–24. Two
participants were excluded from analysis because of image
scanning problem. This left 25 valid participants. Thirteen of
them were females. This experiment was approved by the
Administration Committee of Psychological Research of our
university. Informed consents were obtained from all the
participants. They did not have a history of serious body or
mental illness that might recur during the experiment. They
did not have implanted metal in their bodies and passed
the strict check of metal wearing before entering the
scanning room.

5.2. Main procedure

5.2.1. Phase 1: instruction [outside the scanner]
Each participant was instructed to imagine he was a manager
of a corporation and so needed to make some investment
decisions as shown in Fig. 1 and described in its caption.
Three out of all trials would be randomly chosen after he
finished the whole experiment to determine his net total
gain, which would then be transformed into real payoff
according to a transforming table, which had the following
properties: higher net total gain, higher payoff; 80 yuan for the
best performance and −20 yuan for the worst performance;
the latter means 20 yuan would be subtracted from his
participation payoff. (We intentionally enlarged the range of
the payoffs so as to encourage the participants to make
decisions seriously). When his net total gain was negative,
his decision payoff could be negative, zero or positive,
depending on the special value of his net total gain. The
special structure of the transforming table was not shown to
the participant until the end of the experiment. This was to
ensure participants did not adopt some special decision
criteria according to the special structure of the table. In a
randomly selected decision question, according to the experi-
mental setting as shown in Fig. 1, if he had chosen “not
continue to invest”, then his net gain was 0–X; if he had
chosen “continue to invest”, then his net gain was deter-
mined by drawing a card from 6 cards in which 1 card was the
target card—if the drawn card was the target card, then the
net gain was 280–X–Y; otherwise, 0–X–Y. He had additional
participation payoff of 40 yuan. So, his total payoff could be
120–20 yuan in theory. The actual maximum, minimum and
average payoff turned out to be 100, 30 and 50.8 yuan. As a
reference, these participants’ average monthly living expen-
diture (not including school and accommodation fee) was 613
yuan. All words in the experiment were in Chinese.

5.2.2. Note for the paper readers: schema used in phase 2 to 3
(brief schema hereafter)
As stated in Fig. 1, the full figure was a part of the instruction.
In the test, practice and formal experiment, only the content
in the top three boxes showed and there were no lines and
boxes. That was the following (except that the actual back-
ground was black and the actual characters were white). This
was for simplifying the content in the screen. All the three
sentences were presented together at the same time.

Have invested X
Not continue to invest? Continue to invest Y?

5.2.3. Phase 2: test and practice [outside the scanner]
Firstly, the computer asked each participant several ques-
tions so as to check whether he had understood the decision
situation. If he did not pass the test, the procedure would go
back to the instruction; if he did, then it would go to the
practice described as follows.

X, Y in the Brief Schema were respectively substituted
with some numbers between 2 and 92 with money unit of ten
thousand yuan. For each decision question, each participant
needed to indicate his preference by pressing one of the two
keys by right index or middle finger. Previous to each decision
question, there was a black screen with a white cross in the
center lasting 2–6 s (mean¼4 s), which served as a reminder
and jittered inter-stimulus interval.

The practice had two stages. In the first stage, a partici-
pant could take his time to make the decision. In the second
stage, each decision question displayed 4 s; he had to make
the decision in that duration. This could avoid the total
scanning time was too long to be endured by the participants.
This limited time also encouraged participants to make
decision on the basis of intuition rather than calculation.
This also ensured the response time was similar across trials
and participants, and so made both individual and group
statistics more reasonable in this aspect.

One may notice that the statuses of X (sunk cost) and Y
(incremental cost) are not the same in the above decision
situation. Nevertheless, this difference is intrinsic between
the two kinds of costs: if we cancel this status difference in
the two kinds of costs, then they are no longer sunk cost and
incremental cost. Therefore, this status difference is not a
shortcoming but a necessity for this experiment.

5.2.4. Phase 3: formal experiment [inside the scanner]
X, Y in the Brief Schema were respectively substituted with
one of sixteen numbers (2, 8, 14…, 92) with money unit of ten
thousand yuan. This made 16�16¼256 combinations; each
combination made a trial. In each trial, the procedure was
completely same as that of the second stage in the practice.
There was a short break after every 43 or 42 trials; this broke
the 256 trials into 6 runs. At the beginning of each run, there
was an additional 4-second black screen, images scanned
during which would be discarded to allow for T1 equilibrium
effects. The X, Y combinations were distributed as even as
possible between runs. In each run, they were in a random
sequence. All participants received the same sequences.

5.3. fMRI data acquisition

The visual material was presented to the participants by a
mirror attached to a head coil. An fMRI-compatible response
device was used for recording participants' responses. Blood-
oxygenation-level-dependent (BOLD) signals were measured
with a T2n-weighted echo-planar imaging (EPI) sequence
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using Siemens Trio Tim 3.0T with the following scanning
parameters. Repetition Time (TR): 2000 ms. Echo Time (TE):
30 ms. Flip angle: 901. Voxel size: 3.75 mm�3.75 mm�5 mm.
Matrix: 64�64�30. Order of acquisition of slices: interleaved
(from top to bottom.)

5.4. fMRI data analysis

5.4.1. Preprocessing
The fMRI data analysis was implemented with SPM8 software
package (http://www.fil.ion.ucl.ac.uk/spm/). The images were
reoriented so as to reduce the deviation of their origins and
orientations from the standard template. They were then
motion corrected, and nonlinearly transformed into the
standard MNI coordinates. These normalized images were
then re-sliced into 2 mm�2 mm�2 mm, and smoothed
with 8 mm as the full-width at half maximum of the
Gaussian smoothing kernel. Following suggestion from
SPM8 manual, we did not directly correct slice-acquisition
time differences.

5.4.2. Individual statistics
For a participant's data, each run was entered as a session in
SPM8. In each session, we had single condition with two
parameters (regressors): sunk cost, incremental cost; we also
had non-interesting regressors: parameters from realign-
ment; the high-pass filter was 128. An informed basis set
with time and dispersion derivatives was used. The serial
correlations were AR(1). Applying this routine created some
beta images. For example, each run (session) had one beta
image of the 1st basis function for sunk cost, and so six runs
had six beta images of such a kind. Averaging these six beta
images resulted in a contrast image of the 1st basis function
for sunk cost. (This is equivalent to setting 1/6 as weight for
each corresponding regressor in each run in the contrast
manager in SPM8.) Similarly, we can get a contrast image of
the 1st basis function for incremental cost.

5.4.3. Group statistics
A one-sample t-test was applied to 25 participants' con-
trast images of the 1st basis function for sunk cost or
incremental cost separately. For correction of multiple
comparisons, the cluster extent threshold method
(Slotnick et al., 2003) was used. Applying both voxel
po.005 and cluster extent 4106 in a T-map, we got
corrected po.05. Aware that the amygdalae are small
structures whose (de)activation could be overlooked by
the above method, we also tried a loosen criterion (chan-
ging cluster extent to be 0) for the amygalae, but found
neither activation nor deactivation of the amygdalae for
either of sunk cost and incremental cost.
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