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p firingThus,
he firing of cell assemblies during active exploration (e.g. Hyman et al.,

005 ; Zhang et al., 2018 ). Thus, active decision-making strengthens this

refrontal-hippocampal-striatal pathway. Based on this model, theta 



E.R. Chrastil, C. Rice, M. Goncalves et al. NeuroImage 262
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Fig. 7. Theta power for long (A) vs. short (B) path length distances during test. Theta power across all channels from 0-500 ms. Black ∗ indicates analyzed channels 

in left parietal regions. Color scale: decibel change from baseline. (C) Differences between short and long paths. Theta power was marginally greater for long than 

short path length distances (( F (1,58) = 2.86, MSE = .44, p = .10). Color scale: p -value of long compared to short trial differences. 
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ults. We also used scalp EEG, whereas many previous studies on human

heta oscillations used intracranial recordings directly on the medial

emporal lobe, and so the recording method could also limit our ability

o detect movement-related theta oscillations. In addition, it is possible

hat the different roles for high ( ∼8 Hz) and low ( ∼3 Hz) theta oscilla-

ions in spatial processing and speed ( Goyal et al., 2020 ; Miller et al.,

018 ) could be a factor in our results. Although the rodent literature

uggests a relationship between hippocampal theta rhythms and move-

ent speed (e.g. McFarland et al., 1975 ), it is possible that rodent nav-

gation processes differ from those in human navigation. In addition,

he recent finding that rodent theta oscillations are linked to acceler-

tion rather than speed ( Kropff et al., 2021 , but see Kennedy et al.,

022 ) suggests that future studies might observe larger differences in

heta oscillations if acceleration was systematically varied. Although all

f these considerations suggest ways in which we could find stronger or

dditional differences in theta oscillations between our conditions, they

o not contradict our findings that support a role for theta oscillations

n active exploration. Thus, we cannot rule out the possibility that theta

scillations are also related to movement. However, our results indicate

hat in human navigation, theta rhythms are not exclusively linked to

ovement speed and are associated with memory-related exploration

rocesses. 

.2. Active Decision ‐Making and Reinforcement Learning 

In addition to the broader role of theta oscillations during human

patial navigation, we were interested in understanding more about the

eural correlates of active learning during navigation. Active compared

o passive learning is related to increased theta oscillations in the hu-

an hippocampus ( Estefan et al., 2021 ), suggesting that they are im-

ortant for volitional learning. Previous studies of volitional attention

uggest that activity in frontal and central parietal regions is associated

ith cues related to active attentional decisions ( Bengson et al, 2015 ;

iu et al., 2016 ). Additional work suggests that increased frontal theta

ower is associated with volitional attentional decision-making ( Rajan

t al., 2019 ) and memory encoding and retrieval ( Addante et al., 2011 ;

seih & Ranganath, 2014 ). 
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