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Abstract 
Individuals are thought to make choices based on 
subjective valuations of options that combine 
multiple attributes into a unified subjective value 
(SV) signal in the brain. However, it is not yet known 
how the multiple attributes of choice options are 
transformed into SV. One possible mechanism is the 
cognitive mapping system in the entorhinal cortex 
(EC) and medial prefrontal cortex (mPFC), which 
efficiently represents relational, multi-dimensional 
information. Here, we develop  a novel risky 
decision-making task and use fMRI to show that a 
two dimensional (2D) SV space of reward probability 
and amount is represented in the cognitive mapping 
system as both a grid-like representation of decision 
vectors and a 2D ‘positional’ code of options. 
Further preliminary work using the same task in 
intracranial EEG (iEEG) shows theta coupling 
between medial temporal lobe (MTL) and PFC and a 
grid-like representation of decision vectors in mPFC 
theta power. These findings connect the brain’s 
cognitive mapping and valuation systems and 
provide a possible mechanism by which individuals 
convert an options’ multiple attributes into an  SV 
signal, suggesting a new framework for 
understanding how the brain constructs and 
compares values. 
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Introduction 
A dominant theory is that SV is represented in the brain 
as a unified, 1D signal (Bartra et al., 2013; Clithero & 
Rangel, 2014). However, the mechanisms by which a 
stimulus is converted from its objective characteristics 
into its SV remain poorly understood. 

One mechanism by which individuals may represent 
and relate  reward values subjectively is via the cognitive 
mapping system. Cognitive maps are thought to arise, in 
part, from place and grid cells in the hippocampus, and 
EC and mPFC, respectively (Hafting et al., 2005; Jacobs 
et al., 2013; O’Keefe & Dostrovsky, 1971). In both 
memory-guided spatial navigation and value-guided 
decision-making tasks MTL and PFC have been shown 
to communicate via theta coupling (Adams et al., 2020; 
Knudsen & Wallis, 2020). 

Here, we develop a risky decision-making task with 
two decision option attributes (reward probability and 
amount) to test the hypothesis that individuals represent 
relationships between these dimensions in a cognitive 
map and that this coding reflects subjective preferences. 
In a group of fMRI subjects we test for two 
characteristics of a cognitive map: 1) hexagonal 
modulation of decision vectors between options and 2) a 
two-dimensional (2D) positional code in EC and mPFC. 
In preliminary analyses of iEEG data from the same task 
collected in epilepsy patients, we further examine 
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grid-like representations and information transfer 
between MTL and PFC. 

Methods 

We developed a risky decision-making task for two 
groups of individuals—one group of 35 healthy controls 
undergoing fMRI and patients undergoing presurgical 
iEEG monitoring for treatement-refractory epilepsy. In 
this task, we trained individuals to associate reward 
amounts and probabilities with two (one for iEEG) sets of 
shapes which varied continuously along two dimensions. 
These shapes were shown sequentially to participants 
who were asked to choose their preferred shape based 
on the reward characteristics. 

First, we used cumulative prospect theory–informed 
computational modeling to estimate individuals’ 
parameters capturing risk preference and probability 
weighting (Prelec, 1998; Tversky & Kahneman, 1992). 
These values were used to calculate SV and distort 
cognitive maps based on subjective weighting of each 
dimension (amount and probability). 
FMRI: Next, we utilized univariate GLM analysis to test 
for neural representations of SV (SV of chosen – 
unchosen options) and a grid-like representation of 
decision vectors (cos(6θ), where θ is the angle of the 
decision trajectory through a 2D SV space; Figure 1A) at 
the time of the second shape (when all the information 
was available to make a choice). We utilized 
representational similarity analysis (RSA) to test if the 
Euclidean distances between shapes’ ‘positions’ are 
neurally represented in a 100-voxel searchlight 
procedure. All fMRI results reported are significant at P < 
0.05 based on small volume threshold-free 
cluster-enhancement (Smith & Nichols, 2009). 
iEEG: To look for a grid-like representation, we 
performed regression between theta band signal and 
cos(6θ). To analyze intertrial coherence at the time 
period of the second shape, we calculated phase locking 
value (PLV) across time and frequency. To further 
analyze inter-region coherence, we calculated PLV in the 
theta band across 7 MTL and 2 PFC electrodes. 

Results 
We first replicated prior work by showing this new task 
elicits a 1D SV representation in ventromedial PFC 

(vmPFC; P = 0.016) and posterior cingulate cortex 
(PCC; P = 0.051). 

Next, we tested for a key component of cognitive 
maps—a grid-like code. We tested for this using 
individually estimated SV spaces based on cumulative 
prospect theory. We show that individuals utilize a 
grid-like code in EC (P = 0.021) and mPFC (P = 0.033) 
in these SV spaces (Figure 1B)—these effects were 
significantly stronger than a grid-like code defined over 
an objectively defined value space in EC (P = 0.046). 

If individuals are using a cognitive map in this task, we 
also might expect to find a neural representation of a 
general 2D positional code in the SV space. To test this, 
we implemented an RSA which compared neural data to 
an RDM specifying Euclidean distance between shape 
locations across shape sets in each individuals’ SV 
space. We found such a 2D positional code in EC (P = 
0.0070) and mPFC (P = 0.021; Figure 1C). 

We tested for correlations between the EC beta 
estimates from the grid-like analysis and the vmPFC and 
PCC beta estimates from the 1D SV analysis and 
observe a positive correlation between these regions’ 
effects (⍴s > 0.30, Ps < 0.042). 

We next turn to iEEG to ask: how are EC and mPFC 
communicating with each other? After replicating 
grid-like representation of decision vectors in (m)PFC 
(Figure 2A), we observe strong inter-trial theta phase 
alignment in PFC and MTL (Figure 2B, C). Further, 
testing for theta phase coherence between these regions 
at the time of choice, we observe high PLV (Figure 2D). 

 

 
Figure 1: Decision vectors in a 2D value space and two 
signatures of a cognitive map. 
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Figure 2: iEEG regression and coherence. 

Discussion 
In this study we observe a 1D SV difference signal in 

vmPFC and PCC and two signatures of 2D subjective 
cognitive maps in EC and mPFC in a value-based 
decision-making task. These two representations were 
correlated, suggesting they work in tandem. We showed 
this information transfer occurs in theta band between 
MTL and PFC. 

These findings suggest one potential mechanism by 
which objective information can be transformed into SV. 
Further work is needed to understand the particular 
circumstances in which the cognitive mapping system is 
utilized in value-based decision-making and the 
directionality and content of MTL–PFC information 
transfer. 

References 

Adams, R. A., Bush, D., Zheng, F., Meyer, S. S., 
Kaplan, R., Orfanos, S., Marques, T. R., 
Howes, O. D., & Burgess, N. (2020). 
Impaired theta phase coupling underlies 
frontotemporal dysconnectivity in 
schizophrenia. Brain, 143(4), 1261–1277. 
https://doi.org/10.1093/brain/awaa035 

Bartra, O., McGuire, J. T., & Kable, J. W. (2013). The 
valuation system: A coordinate-based 
meta-analysis of BOLD fMRI experiments 
examining neural correlates of subjective 
value. NeuroImage, 76, 412–427. 
https://doi.org/10.1016/j.neuroimage.2013.0
2.063 

Clithero, J. A., & Rangel, A. (2014). Informatic 

parcellation of the network involved in the 
computation of subjective value. Social 
Cognitive and Affective Neuroscience, 9(9), 
1289–1302. 
https://doi.org/10.1093/scan/nst106 

Hafting, T., Fyhn, M., Molden, S., Moser, M.-B., & 
Moser, E. I. (2005). Microstructure of a 
spatial map in the entorhinal cortex. Nature, 
436(7052), 801–806. 
https://doi.org/10.1038/nature03721 

Jacobs, J., Weidemann, C. T., Miller, J. F., Solway, 
A., Burke, J. F., Wei, X.-X., Suthana, N., 
Sperling, M. R., Sharan, A. D., Fried, I., & 
Kahana, M. J. (2013). Direct recordings of 
grid-like neuronal activity in human spatial 
navigation. Nature Neuroscience, 16(9), 
1188–1190. https://doi.org/10.1038/nn.3466 

Knudsen, E. B., & Wallis, J. D. (2020). Closed-Loop 
Theta Stimulation in the Orbitofrontal Cortex 
Prevents Reward-Based Learning. Neuron, 
106(3), 537-547.e4. 
https://doi.org/10.1016/j.neuron.2020.02.003 

O’Keefe, J., & Dostrovsky, J. (1971). The 
hippocampus as a spatial map. Preliminary 
evidence from unit activity in the 
freely-moving rat. Brain Research, 34(1), 
171–175. 
https://doi.org/10.1016/0006-8993(71)90358
-1 

Prelec, D. (1998). The Probability Weighting 
Function. Econometrica, 66(3), 497. 
https://doi.org/10.2307/2998573 

Smith, S. M., & Nichols, T. E. (2009). Threshold-free 
cluster enhancement: Addressing problems 
of smoothing, threshold dependence and 
localisation in cluster inference. 
NeuroImage, 44(1), 83–98. 
https://doi.org/10.1016/j.neuroimage.2008.0
3.061 

Tversky, A., & Kahneman, D. (1992). Advances in 
prospect theory: Cumulative representation 
of uncertainty. Journal of Risk and 
Uncertainty, 5(4), 297–323. 
https://doi.org/10.1007/bf00122574 

https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://doi.org/10.1093/brain/awaa035
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://doi.org/10.1016/j.neuroimage.2013.02.063
https://doi.org/10.1016/j.neuroimage.2013.02.063
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://doi.org/10.1093/scan/nst106
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://doi.org/10.1038/nature03721
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://doi.org/10.1038/nn.3466
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://doi.org/10.1016/j.neuron.2020.02.003
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://doi.org/10.1016/0006-8993(71)90358-1
https://doi.org/10.1016/0006-8993(71)90358-1
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://doi.org/10.2307/2998573
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D
https://app.readcube.com/library/?style=American%20Psychological%20Association%207th%20edition+%7B%22language%22:%22en-US%22%7D

	A cognitive map of a subjective value space 
	Abstract 
	Introduction 
	Methods 
	Results 
	Discussion 
	References 

