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Abstract: In recent years, the neural substrates underlying outcome feedback processing have been investigated in several 

neuroimaging studies of feedback-based learning. However, what has been missed in these studies is that, the learning 

process itself also affects the way the feedback is being processed. In this study, we tried to investigate the changes in 

neural substrates underlying positive and negative feedback processing during goal-directed implicit learning using the 

Sugar Production Factory (SPF) task in conjunction with an event related functional magnetic resonance imaging. We 

found a significant learning-related decrease in activity of the right superior frontal gyrus (SFG) in response to positive 

feedback and a learning-related increase in activity of the precuneus in response to negative feedback. The results demon-

strate the changing role of feedback during learning and suggest that learning-related changes in activity of the SFG and 

precuneus that have been previously reported in several implicit learning studies arise from changes in feedback process-

ing after learning. In addition, the results suggest the important role of positive feedback in early stage and negative feed-

back in late stage of goal-directed implicit learning. 
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INTRODUCTION 

Feedback processing is a crucial element of learning. 
Monitoring the outcome of our decisions is a prerequisite for 
the refinement of actions. We usually learn from both posi-
tive and negative outcomes of our actions, which include 
reinforcement of successful and avoidance of erroneous be-
havior, respectively [1]. Neural correlates of positive and 
negative feedback processing in human brain have been in-
vestigated in several neuroimaging studies. They reported 
activations in striatum, medial orbitofrontal cortex, medial 
and superior frontal cortex in response to positive feedback 
and activations in anterior cingulate, lateral orbitofrontal 
cortex, ventrolateral and dorsolateral prefrontal cortex, mid-
brain and insula in response to negative feedback processing 
[2-8]. 

In recent years, a number of neuroimaging studies of out- 
come feedback processing tried to identify brain regions 
which respond to feedback during the course of learning [9-
11]. However, what has been missed in these studies is that, 
the learning process itself also affects the way we process the 
feedback. At the beginning of learning, subjects have no 
prior knowledge about the stimulus-response-outcome asso- 
ciations and therefore their decisions have no basis, while 
after learning, subjects make decisions based on a learned 
stimulus-response-outcome association. Therefore, feedback 
has a different role at the beginning of learning compared to  
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the feedback after learning which provides a true assessment 

of the task. Recently, Sailer and colleagues [12] investigated 

the changing role of feedback during learning a decision-

making task in an fMRI study. They compared brain activi-

ties during an initial exploratory phase which was character-

ized by chance-level performance with those during profi-

ciency phase in which subjects had learned the correct re-

sponse strategy. However, they reported that in the profi-

ciency phase, subjects had made correct choices, only. 

Therefore, the outcome feedback in the proficiency phase 

was completely predictable; implying that performance in 

the proficiency phase was top-down rather than feedback-
dependent.  

The goal of the present study is to investigate the changes 

in neural substrates underlying positive and negative feed-

back processing during exploratory phase and strategy ac-

quisition phase in which subjects’ performance is signifi-

cantly improved by training but the feedback is still unpre-

dictable while including more information. We investigated 

the changing role of feedback before and after training on a 

goal-directed implicit learning paradigm in which subjects 

learn associations between responses and the incentive value 

of outcomes while they make decisions to reach a goal and 

receive feedback on the outcome of their efforts along the 

way [13]. Unlike habit learning systems in which subjects 

learn associations between stimuli and responses without any 

link to the outcome that response engendered, in goal-

directed learning subjects generate more outcome-dependent 

responses. Therefore, outcome feedback plays an important 
role in this type of learning.  
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Sugar Production Factory (SPF) task, as a goal-directed 
implicit learning paradigm, in conjunction with an event 
related functional magnetic resonance imaging (fMRI) has 
been used [14]. The sugar production factory task is a well-
known task in psychological studies on implicit learning in 
which learning relies upon trial-by-trial feedback on decision 
outcomes [15-17]. In the task, subjects take on the role of the 
manager of a simple sugar production factory and are ex-
pected to learn implicitly from their previous experiences to 
achieve the goal of the task. The objective is to reach and 
maintain a specific level of sugar production (target) across 
trials by varying the number of workers employed. Each 
time the subject enters the number of workers employed (in-
put), the sugar output is updated, and the subject then enters 
a new value for the number of workers. Thus, subjects have 
continuous feedback on the output variable, while they ma-
nipulate the input variable. However, the task is designed so 
that no unique output is associated with any one input.  

The neural basis of learning the SPF task has been previ-
ously reported in our fMRI study [14]. Analyzing the learn-
ing process in the same experiment showed the specific role 
of the superior frontal gyrus (SFG) in early stage of learning 
which has been attributed to specific action-outcome associa-
tions or goal-directed nature of the SPF task [18, 19]. The 
results of a previous lesion study on rats showed that this 
brain region is selectively involved in the acquisition of ac-
tion-outcome associations in goal-directed learning [20]. 
Performing event-related analysis on positive and negative 
feedback events in the present study would help us clarify 
the probable role of the SFG in feedback processing during 
goal-directed learning.  

Another brain region that showed significant learning-
related changes in activity in the same experiment was pre-
cuneus. Although activity in this brain region has been re-
ported in previous implicit learning studies, it was either not 
discussed or merely mentioned as probable task-related acti-
vations [21, 22]. Eliassen et al. [23] showed that the precu-
neus exhibited greater activation for incorrectly than cor-
rectly performed trials in an associative learning task. They 
speculated that this activation could be associated with error 
processing. The results of the present study may also shed 
light on the probable role of the precuneus in feedback proc-
essing during implicit learning.  

MATERIALS AND METHODS 

Subjects 

Twelve right-handed university students (all males; aged 
19–27 years old; mean age 21 years) participated in this 
study. All subjects were healthy (no sign or history of medi-
cal or neurological diseases). We assessed their handedness 
using the Edinburgh Handedness Inventory [24]. Written 
informed consent was obtained from each subject in accor-
dance with the guidelines approved by A Strategic Research 
and Education Center for an Integrated Approach to Lan-
guage, Brain and Cognition, Tohoku University 21st Century 
Center of Excellence Program in Humanities and the 1975 
Declaration of Helsinki. One subject was excluded from the 
analysis because of excessive head motion. 

Sugar Production Factory (SPF) Task 

In the SPF task, subjects were instructed to imagine that 
they were in charge of a hypothetical sugar production fac-

tory. The goal was to reach and maintain a specific level of 
sugar production (target) across trials by manipulating the 
workforce. In each trial, the current number of workers, cur-
rent production level, and target level were displayed (Fig. 
1A). In this task, subjects had continuous feedback on the 
sugar production level, while they manipulated the 
workforce. Each time the subject entered the number of 
workers employed (input), the sugar output was updated. 
The size of the work force varied in 12 discrete steps, so that 
in any one trial, one could employ between 1 and 12 workers 
and 12 possible outputs existed ranging from 1000 to 12,000 
tons. The lower and upper bounds were fixed at 1000 and 
12,000 tons, respectively. Subjects could change the number 
of workers using three buttons, one button to increase it, one 
to decrease it, and the third to fix the desired number of 
workers. Subjects were asked to start to respond when the 
color of the worker block changed to blue. In each trial, the 
current workforce and production level were displayed. 

Unbeknownst to the participants, the level of production 
was related to the work force by the equation  

S= 2*N – Sl, 

where N is the number of workers (1–12), S1 is the previous 
sugar output divided by 1000 (1–12), and S is the current 
sugar output. The computer adds 1, 0, or –1 on a random 
basis to S in each trial. The final S value is then converted to 
thousands of tons of sugar output. The complex nature of the 
equation is such that no unique output is associated with any 
one input. The resulting output depends on the previous out-
put as well as the new work force figure entered by the sub-
ject. 

In the SPF task, subjects reliably learn to improve their 
performance using outcome feedback. Subjects were told 
that if their response leads to achieving the target value (and 
+/- 1000), they are correct; Otherwise, they are wrong.  

Control Task 

In the control task, the target value was assigned to be 
zero. The subjects were instructed to check the sugar produc-
tion value (1–12), enter the same number for workers, and 
then press the fixation button (Fig. 1B). The response cue in 
the control task was the same as in the SPF task. The pre-
sented numbers in the control task were designed so that the 
number of button presses was equal to that of the last task 
condition to control for motor output. 

Experimental Design 

The study consisted of two fMRI scanning sessions, with 
one training session in between. Before the first scan session, 
subjects were instructed to read the experimental instructions 
and to learn how to do the task in the MRI scanner. After 
preliminary adaptation to the manipulation of buttons, a first 
scan session in the MRI scanner was performed. After the 
first scan session, subjects were given 60 min outside the 
MRI scanner to practice the task until they achieved a 20% 
increase in performance. After this training period, a second 
scan session was performed in the MRI scanner. 

The design of this experiment is shown in Fig. (1C). Ex-
periments in the first scan session and second scan session 
consisted of nine runs. The runs themselves were made up of 
15 trials of the SPF task and 15 trials of control task, sepa-
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rated by 15 s of rest conditions. The design of the task was 
self-paced. Thus, the inter-trial interval was varied among 
different trials for better estimation of the hemodynamic re-
sponse.  

Imaging Procedure 

Slices (n = 33, slice thickness = 3 mm, gap = 1 mm) cov-
ering the whole brain were acquired by gradient-echo echo-
planer (GE-EPI) magnetic resonance imaging (MRI) (repeti-
tion time = 3000 ms, echo time = 50 ms, flip angle = 90°, 
FOV = 192  192 mm

2
, voxel size = 3  3  4 mm

3
, matrix = 

64  64) on a 1.5 T Siemens Magnetom Symphony scanner 
(Siemens, Munich, Germany). A T1-weighted structural im-
age was also acquired for each subject (192 slices, slice 
thickness = 1.0 mm, slice gap = 1.0 mm, TR = 2200 ms, TE 
= 3.93 ms, FOV = 256 mm). 

Data Analysis 

Image processing and statistical analyses of fMRI data 
were carried out using the statistical parametric mapping 
(SPM5) software [25, 26]. The three initial scans for each 
subject were dummy scans to equilibrate the state of mag-
netization and were discarded from the analysis. Differences 
in acquisition timing across slices in each scan were adjusted 
and the effects of head motion across the scans were cor-
rected by realigning all the scans to the first scan. One sub-
ject with excessive head motion (more than 2 mm in any 
axis) was excluded from the analysis. Functional scans were 
then spatially normalized to Montreal Neurological Institute 
(MNI) space and spatially smoothed with a 9-mm full-width 
at half-maximum (FWHM) Gaussian filter to reduce noise 
and minimize the effects of normalization errors. 

In this study, the focus of fMRI analyses was on data re-
lated to feedback processing. Task-related and learning-
related changes in brain activity have been reported else-
where [14]. Statistical analyses were performed first at the 
subject level and then at the group level. Fixed effect analy-
ses were performed at the subject level using a general linear 
model in SPM5. The onsets of outcome presentations were 

modeled as delta functions convolved with a canonical 
hemodynamic response function. The model fit was per-
formed and contrast images were generated for each of the 
six event types: feedback positive 1 (FBP1) (hit trials in the 
SPF task in scan session 1), feedback positive 2 (FBP2) (hit 
trials in the SPF task in scan session 2), feedback negative 1 
(FBN1) (miss trials in the SPF task in scan session 1), feed-
back negative 2 (FBN2) (miss trials in the SPF task in scan 
session 2), control 1 (Cont1) (control trials in scan session 
1), control 2 (Cont2) (control trials in scan session 2). Sub- 
traction images were created from the contrasts as follows. 
(FBP1 – Cont1) - (FBP2 – Cont2), for assessing learning- 
related increases in brain activity related to positive feedback 
processing; (FBP2 – Cont2) - (FBP1 – Cont1), for assessing 
learning-related decreases in brain activity related to positive 
feedback processing; (FBN1 – Cont1) - (FBN2 – Cont2), for 
assessing learning-related increases in brain activity related 
to negative feedback processing; (FBN2 – Cont2) - (FBN1 – 
Cont1), for assessing learning-related decreases in brain ac- 
tivity related to negative feedback processing. There were 
two reasons for subtracting brain responses to control events 
from responses to feedback events. First, to exclude the ac- 
tivity associated with response-generation portion of the task 
in each session. Second, to cancel out the learning-related 
changes in activity associated with response generation.  

For assessing learning-related changes in brain activity 
associated with feedback processing, at the group-level ran-
dom effect analyses, inter-subject maps were created by per-
forming a one-sample t-test on each of the contrast images. 
The statistical threshold was set at p < 0.001 (cluster-level 
corrected, p < 0.05). Finally, the resulting activation maps 
were constructed and superimposed onto stereotactically 
standardized T1-weighted MRI images.  

RESULTS  

Behavioral Results 

Significant changes in performance between the two scan 
sessions were observed for SPF task (t=3.74, p<.01). The 
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Fig. (1). (A) Schematic of the task. (B) Schematic of the control task. (C) Time course of the experiment; experiments in the first scan ses-

sion and second scan session consisted of nine runs. The runs themselves were made up of 15 trials of the SPF task and 15 trials of control 

task, separated by 15 s of rest conditions.  
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mean (±SD) success rate was 22.8% (2.8) in the first scan 
session (percentage of trials in which subjects achieved the 
target) and increased to 39.9% (4.2) in the second scan ses-
sion. The mean number of positive/negative feedback events 
was 21/68 in the first scan session and increased to 36/54 in 
the second scan session. The number of positive feedback 
events was significantly higher in the second scan session 
than in the first session ( t = 4.6, p < 0.01 ). 

Immediately after the second scan session, a short inter-
view was conducted with the subjects. As a result of the in-
terviews, we learned that none of the subjects had discovered 
the hidden rule and that describing the reason for their im-
provement verbally was difficult for them. Specifically, 
many of the subjects could not provide any description of 
their improvement in task performance. The statements that 
were made by other subjects about their strategies were not 
informative, e.g. “setting the initial number of workers based 
on the target value (e.g. 8 workers for 8000 tons of sugar 
output) and then adjusting it appropriately based on my ex-
perience in the practice session”.  

Neuroimaging Results 

The coordinates of activations and their extent are listed 
in Table 1 and depicted in Fig. (2). The beta-estimates of 
activity (before and after training) which represent the per-
cent signal change in the activated regions are also depicted 
in Fig. (2). Regarding positive feedback processing in the 
SPF task, the only brain region that showed significant learn-
ing-related decrease in activity was the right superior frontal 
gyrus (Fig. 2A). No significant learning-related increase in 
activity has been observed in response to positive feedback. 
In addition, the results showed a significant learning-related 
increase in activity in the left precuneus (Fig. 2B) and mid-
dle occipital gyrus (Fig. 2C) in response to negative feed-
back. In contrast to positive feedback processing, no signifi-
cant learning-related decrease in activity has been observed 
in response to negative feedback. 

DISCUSSION 

In recent years, several neuroimaging studies investigated 
the neural correlates of positive and negative feedback proc-
essing during the course of learning [2, 4, 10, 11]. In this 
study, a different perspective has been taken to investigate 
the interplay between feedback processing and learning. We 

examined the changes in neural substrates underlying out-
come feedback processing during a goal-directed implicit 
learning paradigm. Comparison of brain activity associated 
with feedback processing before and after learning showed 
that learning the SPF task affects the neural substrates under-
lying positive and negative feedback processing. In response 
to positive feedback, a significant learning-related decrease 
in activity was found in the right SFG which has been previ-
ously reported to be involved in the exploratory phase of 
learning the SPF task [14]. On the other hand, significant 
learning-related increases in activity were found in the left 
precuneus and middle occipital gyrus in response to negative 
feedback. Learning-related change in the activity of left pre-
cuneus has also been observed in the same experiment [14]. 
These findings demonstrate the changing role of feedback 
during learning and suggest that learning-related changes in 
the activity of SFG and precuneus that have been previously 
reported in several implicit learning studies arise from 
changes in feedback processing after learning. 

Effects of Learning on Positive Feedback Processing 

We found a learning-related decrease in activation of the 
right SFG related to processing of positive feedback. A de-
crease in the activation of this brain region after practice in 
the second scan session has also been observed in our study 
of learning the SPF task [14]. Several studies reported de-
creasing activation of the right medial SFG with increasing 
performance and speculated that this brain region may be 
involved in performance evaluation [27] and evaluating in-
ternal states [28-30]. However, the exact contribution of this 
brain region in performance evaluation is not clear. The re-
sults of the present study suggest that decremental activation 
of the right SFG with rehearsal is specifically related to de-
creasing demand for positive feedback processing after 
learning. Rushworth and colleagues reviewed the functions 
of the medial frontal cortex and suggest that the superior 
frontal region, compared to other regions, is most important 
whenever actions sets are initiated by selecting super-
ordinate sets of action-selections rules [31]. In the explana-
tory phase of learning the SPF task, correct responses signal 
the involvement of this brain region to select the latest ap-
plied stimulus-response-outcome association rules as the 
successful one. However, after learning, this process may be 
less required as this association is almost established.  

Table 1. Learning-Related Changes in Brain Activity in Response to Positive and Negative Feedback in the SPF Task 

Coordinates Brain area 

x y z 

t-value 

Learning-related decreases in response to positive feedback 

R Superior frontal gyrus* 12 6 64 10.5 

Learning-related increases in response to negative feedback 

14 74 36 7.05 L Precuneus* 

28 74 34 6.53 

32 82 16 9.86 L Middle occipital gyrus 

-16 -94 12 5.52 

Abbreviations: L, left; R, right. *Corrected for multiple comparison at cluster-level, p <0.05, extent of at least 10 voxels. 
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Effects of Learning on Negative Feedback Processing 

We found a learning-related increase in activation of the 
precuneus related to processing of negative feedback. The 
precuneus also exhibited increased activation with training 
on the SPF task in the same experiment [14]. The learning-
related increase in the activity of this brain region has been 
also found in our previous meta-analysis on 17 implicit 
learning studies [32]. Although learning-related increase in 
the activity of the precuneus has been observed in previous 
implicit learning studies [22, 33], the exact role of this brain 
region in implicit learning is still controversial. Previous 
neuroimaging studies on feedback-based learning speculated 
that this brain region is involved in attention-set shifting 
[34], sequence learning [35], supplying alternative strategies 
[36] and evaluative feedback processing [37]. While the ob-
served precuneus activity following negative feedback might 
also reflect supplying an alternative strategy or shifting in 
attention-set, our results suggest that the observed learning-
related increase in the precuneus activity is associated with 
increasing response to negative feedback after training. The 
involvement of precuneus in negative feedback processing 
has been reported in a recent neuroimaging study on feed-
back-based learning [38]. They found that precuneus exhib-
ited greater activation in response to negative than positive 
feedback. In line with this finding, Eliassen et al. [23] 
showed that precuneus exhibited greater activation for incor-
rectly than correctly performed trials in an associative learn-
ing task and suggest its involvement in error processing. 
Therefore, the precuneus activation in response to negative 
feedback after training might cause a stronger attention focus 
on the outcome situation (visual perception and processing 
of the outcome) [39]; An idea that also explains the observed 
activation in the visual attention area, i.e. the middle occipi-

tal gyrus, in response to negative feedback after training. 
Recent evidence indicates functional organization within the 
precuneus along an anterior/mid/posterior axis; the anterior 
part involves in sensorimotor processes, the central part in-
volves in cognitive/associative processes, and the posterior 
part involves in visual processes [40]. Although it is difficult 
to address the functional subregion specialization based on 
our event-related fMRI data on 1.5T scanner, the mapping 
results show that the observed activity lies in the central 
cognitive/associative region. This region of the precuneus 
has strong connectivity with the dorsolateral prefrontal and 
inferior parietal cortices [41] implicated in higher order ex-
ecutive processing; supporting our idea that observed learn-
ing-related increase in the central precunal activation in re-
sponse to negative feedback might reflect signaling a 
stronger attention focus on the outcome situation.  

The other interesting observation in the present study was 
that we neither find any significant learning-related increase 
in brain activity in response to positive feedback nor signifi-
cant learning-related decrease in response to negative feed-
back. In other words, whereas the activation following nega-
tive feedback increased with learning, activation following 
positive feedback decreased. It implies that in the explora-
tory phase of learning, compared to late stage of learning, 
subjects more focused on the information from positive 
feedback to improve their performance. While in the late 
stage of learning, negative feedback weighs more for sub-
jects to keep their performance compared to early stage of 
learning. These results suggest the important role of positive 
and negative feedback in early and late stages of goal-
directed implicit learning, respectively.  

In summary, the SPF task, as a goal-directed implicit 
learning paradigm, in conjunction with event-related fMRI 
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Fig. (2). (A) Decreases in activation of right SFG after training in response to positive feedback (top) and beta estimate of activity in this 

region before and after training (bottom). (B) Increases in activation of left precuneus after training in response to negative feedback (right) 

and beta estimate of activity in this region before and after training (left). (C) Increases in activation of middle occipital gyrus after training 

in response to negative feedback (right) and beta estimate of activity in this region before and after training (left). 
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has been used to investigate the learning-related changes in 
neural substrates underlying positive and negative feedback 
processing. The results suggest the involvement of the right 
SFG in positive feedback processing in exploratory phase of 
learning that explains learning-related decrease in activity of 
this region observed previously in implicit learning studies. 
The results also suggest that the observed learning-related 
increase in the precuneus activity in previous implicit learn-
ing studies arises from the specific role of this brain region 
in negative feedback processing after learning. Besides clari-
fying the role of the right SFG and precuneus in implicit 
learning, the results revealed the important role of positive 
and negative feedback in early and late stages of learning, 
respectively.  
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