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Abstract 

Dorsal anterior cingulate cortex (dACC) is related to cognitive function and seems to have 

an important role in decision-making. After training, rhesus macaques can serve as a good 

model to study choice behaviour. During decision, a lot of factors are considered but will 

focus on the values of presented offers and their probabilities. The aim of this project is 

to find a model that would accurately describe variables which guide the animal behaviour 

during a gambling task and to test if these variables are encoded in dACC. To achieve 

these objectives, an analysis of behavioral data was performed, making a comparison 

between models of expected and subjective offers' value. The model of expected value 

was done considering each offer as the sum of the two values (gain and loss) multiply by 

the correspondent probability. Then, extending this concept, the model of subjective value 

was defined according to the prospect theory. Also, an analysis of the electrophysiological 

data was done, looking for neural correlates of model variables. The results have shown 

that the animals learnt the task and made their decisions considering the relevant task 

parameters. In addition, we found that the model based on prospect theory better explains 

animal behavior than the expected value model. Moreover, an overweight of the 

parameters related to gains and an underweight of the ones related to losses was observed. 

Analysis of the firing rates of dACC neurons revealed encoding of offer values in 

correspondence with the behavioral models. In addition, there was a clear distinction in 

neuronal activity between gains and losses. These results confirm the relation with dACC 

and decision making, and the fact that the different parameters are weighted before being 

analyzed when a decision has to be made. In this case, wins were more relevant than 

losses. The natural extension of this work for the future would be to model transformation 

of probabilities apart from offer values in order to understand better the decision process. 

Also, making similar studies in other brain areas could help to answer which areas 

contribute in the process and how the information is linked among them. These types of 

studies can help us to understand the decision mechanisms in a better way. 

Keywords: Economic decision making; Electrophysiology; Prospect theory; ACC.  
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1. Introduction 

 

Histologically, frontal association cortex -associated with executive functioning- has been 

subdivided in three anatomical regions: dorsolateral, orbitofrontal, and ventromedial1. 

Anterior cingulate cortex (ACC) is a region of ventromedial frontal cortex2 located 

dorsally to the corpus callosum3. As part of the cingulum, it encircles the corpus callosum 

in the sagittal plane4 and is part of the brain’s limbic system, linked with emotional 

processes5. 

Bilateral lesions in ACC can cause akinetic mutism6,7. Other impairments resulting from 

lesions on the area are: apathy, inattention, emotional instability and often deficits in 

spontaneous initiation of movement and speech7-12. Studies in bilateral cingulotomy 

psychosurgery were done in order to look for improvements in anankastic personality 

disorders, also called obsessive-compulsive personality disorder13. Other studies with 

monkeys shown that bilateral ACC lesions resulted in “increased tameness and reduction 

of aggressiveness, with apparent loss of the sense of danger”14.  

There are indications that ACC can be functionally subdivided into at least two regions: 

dorsal (dACC) and subgenual (sgACC)4. On the one hand, dACC functions are related 

with cognition (i.e. control or conflict monitoring)15-21. On the other hand, sgACC is 

related with limbic and emotional functions, as mood-changes22-24. Some scientists claim 

that these areas can inhibit each other25.    

In general, is not possible to record single unit activity in humans -in a few cases it is 

possible, as in pharmacology resistant epilepsy, but there is a limitation in the area of 

study-. For that reason, animals’ models are used. Different animals’ species behave 

differently when face a decision. Rhesus macaques, after training, can serve as a model 

to study choice behaviour (with a strong dependency on wealth) because they are as risk-

seeking as a human can be26.  

Decision-making process is not completely understood due to its complexity. When a 

decision is made, a lot of factors can influence the decision such as the cumulative 

reward27. In my degree thesis, I tried to better comprehend better economical decisions 

considering the values of the offers and the possibility to obtain them. I analysed data 



7 
 

recorded from dACC of Rhesus macaque monkeys while animal performed a gambling 

task in which they could win or loss tokens. When 6 tokens were collected, a liquid reward 

was given to the monkey. Behavioural and electrophysiological data were provided by 

Habiba Azab and Benjamin Hayden and were analysed previously in different context4.  

The analysis consisted in two parts. First, a behavioural analysis was done to confirm that 

the monkeys understood the task and to look for the model that best explain their 

performance. Secondly, an electrophysiological data analysis was performed in order to 

find out if important model variables are reflected in ACC activity. 

Applied models were based on prospect theory28. This theory is used to model real life 

choices considering non-linear relations between parameters. Based on previous papers27-

30, the values of gains and losses have different impact on behaviour and perhaps are 

differently encoded in ACC. According to it30, it would be expected that gains are more 

relevant than losses. 

Both behavioural and electrophysiological data analysis confirmed this prediction. In 

agreement with prospect theory parametric model explained better the monkey choices 

than the traditional expected value model, reflecting also the major importance of the 

parameters describing the gains. Finally, the difference between gain/loss relevance could 

also be seen in the activity of dACC neurons.      
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2. Methods. 

2.1. Experimental Data.  

2.1.1. Surgical Procedures.  

The University Committee on Animal Resources at the University of Rochester approved 

all experimental procedures and they were designed and conducted in compliance with 

the Public Health Service’s Guide for the Care and Use of Animals. The subjects were 

two male rhesus macaques (Macaca mulatta: subject Batman age 5 years 7 month; subject 

Joker age 6 years 7 month). Animals were habituated to laboratory conditions and then 

trained to perform oculomotor tasks for liquid reward. 

dACC was defined according to the Paxinos atlas31 and was implanted chronically with 

a standard recording grid (Crist Instruments). 

 

2.1.2. Description of the Gambling Task  

The performed task is a ‘gambling task’. At the beginning of each trial, the offers 

(gambles) were presented separately on the screen. At the end, during the choice period, 

the two offers were displayed simultaneously and the animal had to choose one of them. 

Single offer was composed from two values from the possible set: (-2, -1, 0, +1, +2, +3) 

and each value had corresponding probability (10%, 30%, 50%, 70%, 90%). 

 

 

Figure 1: Description of the task. Taken from4 with the permission of the authors. 
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On the screen, 2 options were presented on each trial (represented by a rectangle) in which 

the color indicates the value (number of tokens to gain or lose) and the area represents the 

probability to obtain it. In the same offer, not all the combinations were possible. An 

example is shown in figure 2 where the top value is 3 (violet color) and the bottom value 

is -2 (dark grey color) as a result we would obtain a color combination corresponding to 

offer1 in figure1.  

 

 

 

 

 

 

 

 

 

 

 

 

The 80% of the options were gambles, so the animal has a probability of winning or losing 

tokens. The sum of the probabilities within each offer should be equal to one. 

 For example, in the first offer shown in figure 1 there is a 30% chance of winning 3 

tokens (in violet) and 70% of loss 2 tokens (in gray). The remaining 20% were safe offers 

(100% probability of wining either 0 or 1 token).  

Tokens were accumulated across trials and when a collection of 6 tokens was achieved, 

a large reward was provided to the animal. After this, the number of tokens resets to zero. 

The number of collected tokens was known for the animal and display in form of filled 

blue circle at the bottom of the screen (Figure 1) 

 

Figure 2: Possible outcome combination within an offer. 
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Each trial started with fixation period of 100ms minimum. Then, the first offer appeared 

randomly on one side of the screen. Offers appeared for 600ms and they were followed 

by a 150ms of blank period. After the second offer was presented, the monkey had to 

fixate during 100ms. Then, the two offers appeared at the same time and the choice was 

made by making saccade (shifting the gaze) towards one of the options and next 

maintaining fixation on this offer for 200ms. If the monkey did not maintain the fixation 

for the 200ms, he was returned to the choice state. A successful fixation was followed by 

a 750ms delay and, independently of the accumulated tokens, a small reward of 100μL 

during 300ms window was delivered to sustain motivation. In the case 6 tokens were 

collected, a large reward of 300μL in a 300ms window were delivered after a delay of 

500ms between the collection of the sixth token and the reward. Finally, there was an 

inter-trial interval (ITI) ranging from 0.5 to 1.5s, randomly chosen. When 6 tokens were 

not collected, animals went to the next trial after ITI.   

Each gamble had the possibility of a win in order to decrease the number of trivial choices 

and maintain monkeys motivated. 

 

2.2. Behavioral Analysis  

In the behavioural analysis, the data was treated separately for both monkeys, having 26 

sessions for Batman (B) and 39 for Joker (J), with different number of trials in each 

session, ranging between 302 and 705 -mean 481.46 +/- 18.1 (standard error of the mean 

SEM) - for B and between 255 and 774 (mean 516.08 +/-18.61) for J. For monkey B, one 

outlier session was removed from the statistical analysis of performance.   

 

2.2.1. Expected Value 

Expected value (EV) is a general model (Equation 1) to describe the expected value of an 

offer. Gains and losses were defined as the maximum and the minimum value of each 

offer. Due to the experimental design of the task the loss probability was defined as: Loss 

probability = 1- Gain probability.  
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𝐸𝑉 = 𝐺𝑉 ∗ 𝑝𝑟𝑜𝑏(𝐺𝑉) + 𝐿𝑉 ∗ (1 − 𝑝𝑟𝑜𝑏(𝐺𝑉)) 

 

Equation 1:Expected value definition. GV referred to gain value, prob(GV) to the gain probability 

and LV to loss value. 

 

 

2.2.2. Utility Model (Subjective Value).  

Prospect Theory28, is a descriptive model in which gains, losses, and probabilities are 

weighted before calculation of the subjective values. Considering this, data was fitted 

using a parametric model, including gains, losses and their probabilities (equation 3). For 

model comparison purposes the difference between offer’s value were binned based on 

cumulative density function. Also, a comparison between multiplicative parameters and 

power parameters was done.  

 

𝑆𝑉 = 𝐴 ∗  𝐺𝑉𝛼 ∗ 𝑝𝑟𝑜𝑏(𝐺𝑉) + 𝐵 ∗ 𝐿𝑉𝛽 ∗ (1 − 𝑝𝑟𝑜𝑏( 𝐺𝑉)) 

 

Equation 2: Utility function defining subjective value. Being A and B the multiplicative 

parameters and α and β the power parameters for gains and losses respectively. GV refers to gain 

value and LV to loss value. 

 

The parameters that best fit the data are computed using minimum likelihood 

estimation32. Applying this method, the user should be aware about the possibility of 

reach a local minimum instead of a global one. To avoid that, different initial conditions 

were used in the analysis (605 different random conditions were tested). 
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2.2.3. Logistic Regression 

Once the expected and subjective values were obtained, a logistic regression model was 

used to asses animal performance represented as psychometric curve for both models. In 

equation below B0 and B1 correspond to shift and slope of the psychometric curve 

respectively. In this study, the probability of success (equation 2) was the probability of 

chose offer1 if Value1 was larger than Value2 and the predictor was in this case Value1-

Value2, Value1 and Value2 were defined first according EV and secondly according SV. 

To compare between models the predictor was normalized using z-score method 

 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑠𝑢𝑐𝑒𝑠𝑠 =  
1

1 + 𝑒−(𝐵0+𝐵1 ∗𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟)
 

 

Equation 3 :Logistic Regression function 

 

2.3. Electrophysiological Data Analysis 

Simultaneously to the behavioural data, also electrophysiological signal was recorded. 

For both animals129 neurons were analysed (55 from B and 74 from J). Some of the 

neurons were recorded simultaneously in the same sessions (the ones analysed in the 

behavioural analysis).  

Different number of trials -between 255 and 774 (mean 501,81 +/- 9.27)- for each neuron 

were recorded.  

 

2.3.1. Firing Rates  

Peristimulus time histogram (PSTH) is defined as a statistical frequency histogram of 

spikes occurrences in several bins equally spaced33. The used firing rates were calculated 

in 500ms window slid with 100ms resolution. The analysis was done in a time window: 

from 1 second before the first offer to 5 seconds after, to avoid influences of the other 

trials. To test if neurons are significantly modulated by task variables, two different 
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multiple linear regressions models were used: one defined by the expected values of offers 

(Equation 4) and other including gains, losses and probability of gain (Equation 5)- the 

probability of loss cannot be used due to the design of the task-. 

𝑃𝑠𝑡ℎ =  𝛽0 +  𝛽1 𝐸𝑉1 + 𝛽2𝐸𝑉2 

 

Equation 4 : EV linear regression. 

 

 

𝑃𝑠𝑡ℎ =  𝛽0 + 𝛽1 𝐺𝑉1 + 𝛽2𝐿𝑉1  +  𝛽3 𝑝𝑟𝑜𝑏(𝐺𝑉1) +  𝛽4𝐺𝑉2 + 𝛽5 𝐿𝑉2  +  𝛽6 𝑝𝑟𝑜𝑏(𝐺𝑉2) 

 

Equation 5: gains / losses linear regression. Gains indicated as GV and losses as LV. 

 

2.3.2. Statistical Methods 

To test the difference between the expected and subjective function in the behavioural 

model, the difference between the slopes of psychometric curves were computed.  

Also, the difference of the parameters was computed within the multiplicative 

parameter and within the power parameter too.  

 

Firing rates were normalized using z-score method, and binominal test was used to 

compute minimum number of cells needed for the significance. Being 129 the total 

number of neurons, 11 was the value obtained with the binominal test. Meaning that 11 

cells were not enough to claim that the model encodes the brain activity, but 12 cells were.    

Through the thesis the means are given together with standard errors (SEM) and the p-

values were computed using a paired, two-sided of a two-sided Wilcoxon signed rank test for 

the null hypothesis that the distribution median is zero. 
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3. Results 

3.1. Behavioral Analysis.  

3.1.1. Psychometric Curves.  

The psychometric curves obtained based on expected value definitions were as thought, 

meaning that the difference between expected values is a good predictor. Also, it can be 

affirmed that the monkeys learned the task and used the difference between EV to make 

the choice. Two animals performed the task differently: the mean slope for monkey B 

was 1.5 +/-0.1 (p<10-5), for monkey J the mean slope was 1.05 +/-0.05  

(p<10-8).  

 

 

 

Figure 3: For the two animals. Probability of choose the offer 1 depending on the difference 

between the expected values (Right) and the slope of those curves. 
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3.1.2. Utility Model. 

The utility model (Equation 3) has 6 parameters: slope, shift for psychometric curve and, 

2 power and 2 multiplication parameters for value definition. The model was fitted for 

the two monkeys separately, as in the expected value model. This model defined the 

behavior better than the expected values (Figure 4, 5), the slopes were significantly higher 

for both, B (p <10-5) and J (p <10-8). Since the results obtained were better after taking 

into account nonlinear transformation of values, it suggested that gains, losses, and their 

probabilities are not equally weighted in the moment of a decision.  

  

  

 

 

 

 

 

 

Figure 4: For the two monkeys, Batman in right and Joker in left. Psychometric curves defined 

as the probability of choose the offer 1 depending on the subjective difference of the offers.  
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Looking at the parameters (figure 6), it could be observed that the multiplicative 

parameters were bigger for wins than for losses and the same for power parameters. The 

case with higher power parameter corresponds to the one with multiplicative parameter 

equal to zero. This fact means that the effect for win parameters was increased and for 

loss parameters were decreased.    

 

  

   

Figure 6: A comparison between the multiplicative and the power parameters of the utility 

function. For the two monkeys. 

Figure 5: Diagram (up) and histogram (down) comparing the slopes from EV and SV. Mean is 

equal to 1,13+/- 0.1 for subject B and 0.85 +/- 0.07 for monkey J. 
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The difference of the parameters was computed between the A and B and between α and 

β (figure 7). Being A and α the multiplication and power parameters for gains and B and 

β the multiplication and power parameters for losses. To compute the differences the 

power parameters with multiplicative parameters equal to zero were removed. The mean, 

indicated in red in figure 8, is for monkey B equal to 0.72+/- 0.33 for multiplicative 

parameter and 0.87 +/- 0.23 for power parameter and for monkey J the mean is equal 0.50 

+/- 0.33 for multiplicative parameter and 1.27+/-0.71 for power parameter. The difference 

was significant in all cases (p <10-5 for both multiplicative and power parameter of B and 

p <10-7 for the both parameters of monkey J). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Difference of the parameters. 
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3.2. Electrophysiological Data Analysis. 

The aim in this part is to see if there is a link between the behavioral models and the 

activity of dACC.  

In figure 8 it can be observed that the ACC recorded cells respond to the two different epoch. 

From the 129 cells, 36 (27,91%)were significant from EV1 during the first epoch and 14 

(10,85%)were significant from EV2 during the second epoch. 

 

 

 

 

 

 

 

 

 

 

 

First, looking at the neural activity modulated by the expected values, it can be assured 

that the brain encodes them. To do so we used linear regression model (equation 4). As 

expected the cells encoding expected value 1 only were significant after offer1 appears, 

and the same for offer2 (figure 9).  

Figure 8: Histogram indicating the % of significant cells that respond to each epoch (from the 

total 129 cells). 



19 
 

 

 

 

 

 

 

 

 

 

 

 

Next using extended version of the linear model with gains and losses we confirm what 

was obtained in the behavioral part. Gains are more significantly encoded than losses 

(figure 10). As in figure 9, in epoch 1 there was an increase of the number of neurons 

modulated by gain value of offer 1 and the same happens with the second epoch and gain 

of offer 2. In contrast, no significant increase of encoding loss value was observed. Apart 

from this, a clear difference between gains and losses during the same epoch could be 

observed in figure 9.   

 

Offer 1 

Offer 1 

Offer 2 

Offer 2 

Choice 

Choice 

Outcome 

Outcome 

Figure 9: Number of significant cells in time, discriminating the expected values from offer 1 and 

from offer2. Shadow areas represent the different epochs: offer1, offer2, choice and outcome, 

respectively. Red line represents the minimal value for significance. 
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Offer 1 

Offer 1 Offer 1 

Offer 1 Offer 2 

Offer 2 Offer 2 

Offer 2 Choice Choice 

Choice Choice 

Outcome Outcome 

Outcome Outcome 

Figure 10: Number of significant cells in time, discriminating the gains and the losses of the two 

offers. Shadow areas represent the different epochs: offer1, offer2, choice and outcome, 

respectively. Red line represents the minimal value for significance. 
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4. Discussion 

In this project, I wanted to understand in a better way the decision-making process. It is 

known that one of the areas related with this process is dACC 15-21, and also there is also 

knowledge of some of the parameters that can influence final choice, as cumulative 

reward27 or the previous outcome34. The aim of my thesis was to find a model which 

would best describe the Rhesus macaque monkeys’ performance during a gambling task 

and check if the models’ variables were encoded in the dACC activity.  

The results obtained from the behavioral analysis show that a parametric model with 

gains, losses and probabilities define better the decision process of the animal than the 

expected one. This suggested that taking the parameters separately can help to better 

describe what is happening and to understand better how relevant these parameters were 

when a decision is made.  The comparison between the parameters on the parametric 

function give us the notion that, wins (but not losses) have an important role in the 

decision during this task. These results match with the studies which talked about the 

prospect theory28 and the impact of some parameters on risk-seeking behavior27, 29, and 

the ones which claim that gains are over-weighted and losses underweighted on the 

decision processes30. The results obtained from electrophysiological data also corroborate 

the one’s obtained on the behavioural part. It seems that the brain encodes the decision 

process, and also it reflects the difference between the gains and losses. Gains effects 

were reflected on the firing rates, which did not happen with losses. From these results, it 

could be concluded that dACC encodes decision-making and the evidences shows that a 

link between the behavioural and electrophysiological observations exist.  

The results obtained from these types of studies help us to understand better the brain 

functions and learn about how brain analyse the information to produce a response -in 

this case a choice-. In addition, with this information simulations on hypothetical 

situations could be performed as well as predictions. These simulations can not only be 

useful in scientific environment, but also in the economical one and it could be an 

important issue in robotics and artificial intelligence when try to reproduce human 

behaviour.  

However, this project had some limitations. One of them was the impossibility to study 

separately the effect of the gain and losses probabilities due to the design of the task. 
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Since the probability of losses was defined as 1 minus the probability of gains, it was 

impossible to determine separately the effect of each other. Also, the analysis was 

performed comparing only two different models and taking into account the gains, losses 

and probabilities parameters. For a complete analysis, more models should be compared 

(for example one that distorts the probabilities). Other parameters also should be studied 

because, as it is described above there are indices of the influence of the cumulative 

reward or of the previous outcome in the choice process27-30. Finally, in my opinion it 

would be good to reproduce similar experiments on other brain areas to understand better 

how the information is treated and how the different areas are linked and contribute 

differently to the same issue.   
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