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Abstract 
Objectives: Prefrontal regions are implicated in explore-exploit decision-making during foraging. Older adults often show 
an exploitation bias, and this age period is also marked by deteriorating prefrontal myelination. To investigate whether 
these phenomena are linked, we examined whether lower magnetization transfer saturation (MTsat), a myelin-sensitive 
quantitative MRI (qMRI) measure, in these regions predicts greater exploitation bias during foraging, and whether cortical 
microstructure is a better predictor of bias than macrostructure (i.e., cortical thickness).

Methods: Cognitively healthy older adults with familial risk of Alzheimer’s disease (AD) (N = 118, 60–88 years) completed a 
foraging task indexing explore-exploit decision-making. qMRI was used to derive MTsat values for the frontopolar cortex 
(FPC), medial orbitofrontal cortex (OFC), rostral middle frontal gyrus (rMFG), dorsal anterior cingulate cortex (dACC), as 
well as the locus coeruleus (LC), a core subcortical region strongly implicated in explore-exploit decision-making. 
Secondary analyses examined associations between available AD risk markers and foraging.

Results: Lower MTsat in the FPC, OFC, rMFG, and LC was associated with an exploitation bias, with LC and FPC emerging 
as the strongest predictors. No relationship was observed for the dACC. MTsat remained a significant predictor of foraging 
after controlling for cortical thickness. Observed associations were largely unrelated to AD risk markers.

Discussion: Individual differences in cortical microstructural integrity within a well-defined explore-exploit circuit are asso
ciated with an exploitative decision-making bias in older adults. These findings highlight the value of qMRI microstructural 
integrity markers, beyond standard macrostructural assays, in characterizing the neural correlates of exploitation biases 
in later life.
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The decision to explore a novel option to seek new information 
and resources versus one to exploit a familiar option with 
known rewards is a central tradeoff at the core of all volitional 
action. In humans, there is a gradual shift across the adult life
span in the balance of this explore-exploit tradeoff toward 
exploitation (Mata et al., 2013; Turner et al., 2024). This shift 
emerges due to several age-related neurocognitive changes, in
cluding increases in semantic knowledge, which lead to reduc
tions in the value of acquiring new information, and changes in 
goal hierarchies, which lead to affective and meaningful goals 
being pursued over information seeking. Accompanying these 
shifts in behavior are changes in brain structure and function in 

a well-defined set of cortical and subcortical brain regions and 
networks that underlie explore-exploit computations (Spreng & 
Turner, 2021). Age-related alterations in these neural circuits 
likely lead to decision-making biases in later life and may signal 
incipient neurodegenerative disease (Auriacombe et al., 2006; 
Tr€oger et al., 2019). However, it remains unclear whether age- 
related shifts toward exploitation reflect structural changes 
within the specific cortical and subcortical circuits known to 
support explore-exploit decisions.

To begin addressing this question, we recently conducted a 
literature review in which we identified a set of cortical regions, 
based on task-based fMRI studies (Figure 1), that have been 
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reliably implicated in explore-exploit decisions (Wyatt et al., 
2024). These regions show convergent involvement across stud
ies directly contrasting exploratory and exploitative choices and 
have been specifically identified in theoretical models of the 
computations that underlie this tradeoff (Aston-Jones & Cohen, 
2005; Cohen et al., 2007). These include the frontopolar cortex 
(FPC), medial orbitofrontal cortex (encompassing the ventrome
dial prefrontal cortex; OFC), rostral middle frontal gyrus (rMFG), 
and dorsal anterior cingulate cortex (ACC), with each performing 
specific computations relating to the explore-exploit tradeoff.

The FPC has been implicated in resolving decision uncertainty 
by encoding the information value of alternative options 
(Hogeveen et al., 2022) as well as managing competing goals 
(Mansouri et al., 2017). The OFC is postulated to encode the sub
jective (i.e., reward) values of decision outcomes as well as 
tracking differences between chosen and unchosen options with 
respect to their relative reward values (Daw et al., 2006; 
Hogeveen et al., 2022; Kolling et al., 2012). This computation is 
central to deciding whether to continue exploiting a current op
tion or switch to a potentially better alternative. The rMFG is 
strongly associated with executive control processes, including 
mental flexibility and shifting (Duncan, 2010; Lemire-Rodgers 
et al., 2019; Niendam et al., 2012; Wager et al., 2004), as neces
sary to shift between explore-exploit decisions. Finally, the dACC 
was selected because prior studies have implicated this region 
in tracking the average value of the environment, opportunity 
costs, and the switch costs associated with disengaging from a 
current option, all of which are central to foraging-based ex
plore-exploit decisions (Kolling et al., 2012). Taken together, evi
dence from both nonhuman animal studies and human 
functional neuroimaging reports provides robust evidence that 
these regions form a putative cortical circuit underpinning deci
sions to explore or exploit (Cohen et al., 2007; Hogeveen et al., 
2022). While these functional human and non-human findings 

led us to identify these four cortical areas as a priori regions of 
interest (ROIs), there are no studies to our knowledge that have 
examined whether alterations in the structural integrity of these 
regions may also be related to explore-exploit decision-making 
in older adults.

In addition to these cortical ROIs, the locus coeruleus (LC) is 
thought to regulate the shift between explore-exploit by modu
lating cortical processing and network dynamics (Aston-Jones & 
Cohen, 2005) and has shown functional activation during explor
atory choice (Laureiro-Martinez et al., 2013). We previously 
reported that lower microstructural integrity of the LC in older 
adulthood was indeed linked to an exploitation bias in older 
adults (Turner et al., 2024), consistent with the idea that re
duced integrity in this neuromodulatory system may diminish 
flexible shifting toward exploration. This finding raised the ques
tion of whether analogous structure-behavior associations 
would also be observed in the cortical nodes of this circuit, 
which maintains close structural and functional connections 
with the LC (Cohen et al., 2007; Liebe et al., 2022). Collectively, 
this prior literature suggests that higher structural integrity 
within these cortical and subcortical systems should support 
more flexible shifting between exploration and exploitation. In 
contrast, lower integrity may bias behavior toward prolonged 
exploitation by weakening valuation of alternatives, interrupting 
the monitoring of opportunity costs, or preventing disengage
ment from the current option. To address this research gap, the 
present study aimed to directly investigate these associations 
between brain structure and explore-exploit decision-making in 
older adulthood.

Here, we focus on a specific measure of tissue microstructure, 
derived from quantitative MRI (qMRI), known as magnetization 
transfer saturation (MTsat). MTsat is a measure of tissue micro
structure that is sensitive to the macromolecular content of neu
ral tissue and is predominantly influenced by myelin density, 
making it well suited to detect subtle age-related variation in 
cortical integrity that may not be captured by conventional mac
rostructural measures alone, such as cortical thickness 
(Carradus et al., 2020; Mancini et al., 2020; Schmierer et al., 
2007). Magnetization transfer-related metrics have previously re
lated brain structure to behavior (Allen et al., 2017; Dahl et al., 
2023; Steiger et al., 2016) and have been shown to be sensitive 
to age-related changes in tissue microstructure and brain atro
phy (Draganski et al., 2011). Moreover, this was the measure we 
reported in our previous work targeting LC in which we demon
strated both age-related declines in MTsat and associations be
tween lower MTsat in the LC and an exploitation-bias in older 
adults. As macrostructural measures such as cortical thickness 
are more commonly used as assays of brain structure, we also 
derived this measure here. By including cortical thickness in our 
statistical models, we were able to examine whether cortical 
thickness within our targeted ROIs was independently associ
ated with foraging behavior, and whether tissue microstructure 
was related to explore-exploit decision-making over and above 
this more commonly reported structural measure.

Specifically, we examined whether MTsat in target cortical 
regions was reliably associated with explore-exploit decision- 
making on a foraging task (van Dooren et al., 2021) in a large 
sample of older adults (aged 60 to 88 years) at familial risk for 
Alzheimer’s disease (AD), but who were asymptomatic at the 

Figure 1 Cortical regions of interest and control regions. 
FPC = frontopolar cortex; dACC = dorsal anterior cingulate cortex; 
OFC = medial orbitofrontal cortex; rMFG = ostral middle frontal gyrus. 
Control regions: cMFG = caudal middle frontal gyrus; LO = lateral 
occipital cortex. Regions were defined using the Desikan–Killiany atlas 
(Desikan et al., 2006).
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time of data collection. Prior work on this task suggests that 
older adults show greater exploitation than younger adults 
(Turner et al., 2024), whereas the present study focuses on indi
vidual differences in explore-exploit bias within an older 
adult sample.

Consistent with our earlier findings, we predicted that lower 
cortical MTsat would be reliably and specifically associated with 
an exploitation bias during foraging in older adulthood. We pre
dicted that these associations would be most robust in fronto
polar cortex, the cortical region most reliably implicated in 
explore-exploit choice (Hogeveen et al., 2022); and that these 
tissue microstructure associations would be observed over and 
above associations with cortical macrostructure. Finally, be
cause all participants were cognitively normal but at elevated 
risk for AD, in secondary analyses, we investigated whether ex
ploitation bias would be amplified in the presence of genetic 
risk factors (APOE4 status) or positron emission tomography 
(PET) derived markers of AD pathology. These secondary analy
ses would help to differentiate whether observed brain-behavior 
associations were related to typical age-related changes or a pu
tative consequence of clinically silent, yet incipient AD-related 
change. Given previous findings that alterations in explore- 
exploit decision-making are observable in typically aging older 
adults, we predicted that including AD risk factors and pathol
ogy would not alter observed associations between MTsat and 
explore-exploit behaviors in our older adult cohort.

Method
Overview
The present study combined qMRI and behavioral data from 
older adults in the PResymptomatic EValuation of Experimental 
or Novel Treatments for AD (PREVENT-AD) cohort to examine 
associations between cortical microstructure in a priori defined 
ROIs and explore-exploit decision-making on a foraging task. 
Our primary behavioral measure, Leave Time Difference (LTD), 
was derived from the foraging task. LTD indexes individual 
explore-exploit decision-making preferences during foraging. 
Our primary brain measure, MTsat, indexes microstructural in
tegrity in each ROI. Primary analyses examined associations be
tween MTsat in each ROI or cortical control regions and LTD. 
Several follow-up analyses were also conducted. First, we used 
hierarchical regression analyses to examine whether observed 
associations between MTsat and LTD explained variance beyond 
associations with a more commonly reported structural mea
sure of cortical thickness. Second, we implemented constrained 
dominance analysis to examine the relative explanatory power 
of MTsat in each cortical region (and LC) in predicting foraging 
behavior. Finally, in secondary analyses, we examined whether 
observed associations were related to the markers of AD risk 
(see Supplementary Material).

Study participants
One hundred eighteen participants from the PResymptomatic 
EValuation of Experimental or Novel Treatments for AD 
(PREVENT-AD) cohort were included in this study. The PREVENT- 

AD cohort is a longitudinal cohort composed of cognitively 
healthy older adults who have a parental or multiple-sibling his
tory of AD (see Tremblay-Mercier et al., 2021; Villeneuve et al., 
2025). Recruitment used a broad media and recruitment strat
egy across Montreal and Quebec to maximize population repre
sentation at study inception. While the cohort is predominantly 
Caucasian and of European heritage, this largely reflected the 
population demographics across the broad catchment area at 
the time of recruitment.

Beginning in 2011, participants in this cohort have undergone 
multiple waves of cognitive and genetic testing, extensive multi- 
modal neuroimaging, and biofluid sampling. All participants 
were cognitively normal at the time of inclusion and underwent 
ongoing annual clinical follow-up as part of the PREVENT-AD 
study to confirm the absence of a clinical syndrome. All partici
pants gave written informed consent before participating in the 
study, and the procedures of the PREVENT-AD study were ap
proved by the McGill Institutional Review Board and/or the 
Comité d’éthique de la recherche du CIUSSS de l’ouest de l’ile de 
Montréal. For inclusion in the current study, participants were 
required qMRI data, which were collected between October 
2021 and November 2022. Additionally, participants must have 
completed the berry foraging task (see below). Two participants 
were excluded due to foraging outlier performance using an 
interquartile range outlier method (Hoaglin, 2003). These partic
ipants either did not complete the task or were unable to con
trol the avatar effectively. An additional four participants were 
excluded due to poor imaging data or registrations. Because the 
cohort has a higher risk of AD despite remaining clinically nor
mal, we also examined whether the primary brain-behavior 
analyses were related to APOE4 status and PET-derived meas
ures of amyloid and tau burden.

The final sample consisted of 113 participants (78 female; 35 
male), with a mean age of 70 years (range, 60–88 years) (see 
Table 1 for demographic information). For secondary analyses 
examining foraging and AD risk, five participants were missing 
at least one AD risk variable and were therefore excluded. The 
present sample size was selected to provide sufficient power to 
detect small-to-moderate brain–behavior associations while ac
counting for the variability inherent in aging populations. 
Associations between two normally distributed individual- 
difference variables rarely exceed r = 0.24 in the general popula
tion (Fraley & Marks, 2007), and power analyses indicate that 
detecting an effect of this magnitude with 95% confidence 
requires a minimum of approximately 60 participants (DeYoung 
et al., 2025).

Foraging task
Participants completed a timed computer-based foraging task 
that involved collecting berries in a simulated foraging environ
ment (van Dooren et al., 2021) by controlling a small avatar. The 
goal was to collect as many berries as possible by moving be
tween an aerial view in which berry patches were uncovered 
(Figure 2A) and a zoomed-in view of an entered patch 
(Figure 2B). Once they uncovered and entered a patch, their ava
tar was replaced with a hand icon, which they could maneuver 
to collect berries by moving the hand across the patch. 
Participants could freely enter and leave a patch according to 
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their preference, allowing them to switch from exploiting a cur
rent patch to exploring for new patches. Additionally, partici
pants were free to return to previously uncovered patches, 
simulating a realistic foraging environment. Behavioral data 
were analyzed using the marginal value theorem (MVT; Charnov, 
1976) using previously reported methods (Turner et al., 2024; 
van Dooren et al., 2021), which are briefly summarized below.

According to the MVT, a forager should leave a patch when 
the current resource intake rate (current reward rate) declines 
to the level of the average resource intake rate in the environ
ment (average reward rate). To compute optimal foraging be
havior, we first needed to determine the appropriate time 
window for calculating each participant’s current reward rate. 
We did this by iteratively fitting each participant’s foraging run 
using multiple time windows. For each patch visit, we identified 
the interval that minimized the difference between the pre
dicted optimal leave time and the participant’s actual leave 
time (van Dooren et al., 2021). This difference was defined as 
the LTD.

We tested 200 time windows ranging from 0 to 20 s in 100-ms 
increments and found that a 19.5-s window minimized LTD at 
the group level. To confirm this, we conducted a follow-up 
analysis using 50 windows ranging from 19.25 to 19.75 s and 
again found that 19.5 s was the optimal interval. This value was 
then used to calculate each participant’s LTD. Positive LTD val
ues indicate a bias toward exploration, meaning that partici
pants left earlier than optimal. Negative LTD values indicate a 
bias toward exploitation, meaning that participants stayed in 
the patch longer than optimal.

Neuroimaging protocols
All neuroimaging data were collected on a 3T Siemens PrismaFit 
scanner at the Douglas Research Centre. The custom multi- 
parametric mapping sequence was provided by the McConnell 
Brain Imaging Centre of The Neuro. T1w MPRAGE: 1mm isotro
pic, TR/TE/TI = 2,300/2.96/900 ms, FA = 9�; MTsat: three multi- 
echo sequences (1 mm isotropic, total TA = 17:30) with predomi
nant weighting for: T1 (TR = 18 ms, 6 echoes, TE = 2.16–14.81 ms, 
FA = 20�), magnetization transfer (MT) (TR = 27 ms, 6 echoes, TE 
= 2.04–14.89 ms, FA = 6�, MT pulse FA = 540�, 2.2 kHz off- 
resonance, 12.8 ms) and proton density (TR = 27 ms, 8 echoes, 
TE’s = 2.04–22.20 ms, echo-spacing = 2.57 ms, FA = 6�). B1+ maps 

Table 1 Participant demographics, foraging measures, and cortical 
microstructure (N = 113).

Measure M (SD) n

Demographics
Age, in years 70 (4.7)
Education, in years 15.3 (3.0)
Sex

Female 78
Male 35

APOE genotype
APOE4 positive 47
APOE4 negative 65
Not applicable 1

Foraging measures
Leave time difference 0.9 (15.2)
Mean patch visits 7.7 (4.0)

Cortical MTsat
Medial orbitofrontal cortex 1.3 (0.1)
Frontopolar cortex 1.3 (0.1)
Rostral middle frontal gyrus 0.8 (0.04)
Anterior cingulate cortex 0.8 (0.04)
Caudal middle frontal gyrus 1.5 (0.09)
Lateral occipital lobe 0.9 (0.04)

Note. APOE4 = apolipoprotein E ε4 allele; MTsat = magnetization transfer 
saturation. Cortical MTsat values are in percent units.

Figure 2 Foraging task. (A) Overworld screen: Overworld traversal 
generates a black trail denoting where the participant has searched. 
Berry patches are marked with a set of flowers. (B) Patch screen: As the 
participant moves the hand icon throughout the patch, berries are 
revealed and added to their score. Participant-controlled avatar (A) and 
hand icon (B) are circled.
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were acquired with a double-angle method using segmented 
EPI with the following parameters: TE/TR = 46/4,010 ms, 35 sli
ces, FOV = 256 mm, 2× 2× 4 mm resolution, FA’s = 60�, 120�, TA 
= 2:16. Whole brain volumes were calculated from Freesurfer 
grey and white matter volume estimates of the cerebrum de
rived from the MPRAGE. All sequences had whole brain cover
age. MPM processing steps have been reported elsewhere 
(Turner et al., 2024; Wearn et al., 2025).

Regions of interest
ROIs (OFC, FPC, rMFG, dACC) were selected based on our recent 
review of explore-exploit neuroimaging studies (Figure 1A; Wyatt 
et al., 2024). Each region shows reliable functional activation 
across studies and has been previously implicated in both hu
man and nonhuman animal studies of explore-exploit 
(Hogeveen et al., 2022; Stolyarova, 2018). The Desikan–Killiany 
atlas (Desikan et al., 2006) was used to identify each cortical ROI 
and control region. The OFC subdivision from the atlas encom
passes both core exploit ROIs that were identified in our previ
ous review (vmPFC, OFC), so the OFC designation from the atlas 
was used for subsequent analyses. MTsat and cortical thickness 
values for each ROI were combined across hemispheres, as 
there were no predictions related to lateralization. LC was de
fined using previously validated atlases thresholded at 10% 
(Wearn et al., 2025; Ye et al., 2021).

Statistical analysis
We used partial correlations to examine each region’s relation
ship with age and the relationships between MTsat values in 
each target cortical region and foraging LTDs. Two control 
regions were included: the lateral occipital lobe (LO) to control 
for whole-brain changes in tissue microstructure and the caudal 
middle frontal gyrus (cMFG) to assess the specificity of observed 
associations within target frontal brain regions. Partial correla
tions controlled for age, sex, education, cortical thickness, and 
MTsat in the corpus callosum. We selected this latter region to 
control for global age-related changes in myelin content as pre
viously reported (Turner et al., 2024). To account for common 
cognitive domains that show age-related vulnerabilities, we also 
constructed additional models including measures of processing 
speed and executive functioning (see Supplementary Material).

To assess the relative importance of each of our target regions 
of interest (including the LC) as predictors of foraging perfor
mance, we conducted a constrained dominance analysis (Azen 
& Budescu, 2003). Each region’s MTsat values were residualized 
for the control variables (age, education, sex, cortical thickness, 
and MTsat in the corpus callosum), and each variable’s contribu
tion to the overall variance explained was assessed. Finally, hier
archical regression models were constructed for each target ROI 
to determine whether MTsat was a reliable predictor of foraging 
performance over and above cortical thickness.

In secondary analyses, we derived genetic and PET-derived 
markers of AD-risk and included these in all primary statistical 
models. These methods and results are reported in 
Supplementary Material due to a lack of observed associations 
between foraging performance and AD factors.

Results
Cortical microstructural integrity is 
associated with an exploitation bias
MTsat values for each cortical region are reported in Table 1. 
Before addressing our core brain and behavioral hypotheses, we 
first examined the relationship between MTsat in each target 
cortical region and age. We observed a significant association 
with age in the OFC (pr(107) = −0.27, p< .01).

We next examined the relationship between each partici
pant’s foraging performance (LTD) and MTsat values in each 
core cortical region (Figure 3). LTD values above zero reflected a 
bias toward exploration, and LTD values below zero indicated a 
bias toward exploitation. Consistent with predictions, lower 
MTsat values in the OFC (pr(106) = 0.23, p< .05), FPC (pr(106) 
= 0.3, p< .001), and rMFG (pr(106) = 0.27, p< .01) were associ
ated with a bias toward exploitation on the foraging task. No 
associations were observed for the dACC (pr(106) = 0.1, p> .05) 
or either control region (LO: pr(106) = 0.08, p> .05; cMFG: pr 
(106) = .02, p> .05). Additionally, we examined each core cortical 
region for lateralization differences. While few laterality differen
ces were observed, we observed a stronger association between 
LTD and MTsat in the left versus right OFC (see Supplementary 
Table 1).

A constrained dominance analysis was conducted as an ex
ploratory, data-driven approach to assess the overall impor
tance of each region’s microstructural integrity in predicting 
foraging task performance. For this analysis, the LC was also in
cluded to contrast subcortical versus cortical predictors. For 
each model, the percentage of relative importance (PRI) was cal
culated. Again, consistent with predictions, LC MTsat was the 
most dominant predictor of an exploitation bias, followed by 
the FPC. These are the most reliably implicated regions in non
human as well as human models of explore-exploit decision- 
making (Cohen et al., 2007; Hogeveen et al., 2022). Relative con
tributions of all predictors are reported in Table 2.

Macro- versus microstructural predictors 
of explore-exploit decision-making
To examine whether our measure of cortical microstructure 
(MTsat) accounted for additional independent variance in forag
ing performance compared to standard macrostructural meas
ures (cortical thickness), we conducted a hierarchical regression 
analysis for each ROI. Cortical thickness is a widely used mea
sure of brain structural integrity in aging research (Frangou 
et al., 2022). As such, we first controlled for cortical thickness in 
each model and then tested whether MTsat added significant 
explanatory power. The addition of MTsat significantly increased 
the variance explained in the OFC, rMFG, and FPC, but not the 
dACC (Table 3).

Finally, in secondary analyses including genetic and patholog
ical markers of AD risk, we observed only a single inverse associ
ation between OFC microstructure and tau burden. These 
analyses are reported in the Supplementary Material.
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Figure 3 Association between foraging performance and MTsat values in core cortical regions. cMFG = caudal middle frontal gyrus; dACC = dorsal 
anterior cingulate cortex; FPC = frontopolar cortex; LO = lateral occipital cortex; LTD = leave time difference; OFC = medial orbitofrontal cortex; 
rMFG = rostral middle frontal gyrus. Correlation plots for MTsat in explore-exploit regions (Panels A–D) and two cortical control regions (cMFG [Panel 
E]; LO [Panel F]) with exploration versus exploitation (LTD). LTD values above 0 indicate an exploration bias, while values below 0 indicate an 
exploitation bias. *p< .05. **p< .01.
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Discussion
We examined whether microstructural integrity in a cortical cir
cuit implicated in explore-exploit decision-making was associ
ated with performance on a foraging task in older adults. 
Consistent with predictions, lower MTsat in the FPC, OFC, and 
rMFG was associated with a bias toward exploitation. Notably, 
we did not observe this association in two control regions, and 
all associations held after controlling for MTsat in the corpus cal
losum, providing evidence for the specificity of observed associ
ations. In follow-up analyses, lower microstructural integrity in 
two regions that have been most consistently implicated in 
explore-exploit decision-making, LC and FPC, was the strongest 

predictors of an exploitation bias. MTsat explained additional in
dependent variance in explore-exploit behavior compared to 
cortical thickness, demonstrating the additional explanatory 
power of tissue microstructure over and above standard macro
structural measures for predicting decision-making behavior. 
Finally, only a single association was observed with AD-risk 
markers, suggesting that the brain-behavior associations 
reported here are largely related to normal aging, independent 
of genetic risk and the presence of AD-related pathology.

Taken together, the present findings demonstrate that 
explore-exploit behavior in older adulthood is related to 
microstructural integrity within a topographically constrained 
decision-making circuit. The observed pattern of reduced micro
structure spanning the FPC, OFC, and rMFG (and LC) suggests 
that a greater reliance on exploitation occurs alongside changes 
in these regions that support the evaluation of alternative 
options, the estimation of relative value, and flexible disengage
ment from current behavior. As such, the present findings ex
tend prior functional accounts by highlighting that individual 
differences in cortical microstructure within this circuit are re
lated to emergent decision-making biases in later life.

Consistent with this broader circuit-level account, FPC micro
structure emerged as the strongest cortical predictor of an ex
ploitation bias, consistent with findings demonstrating its 
central role in explore-exploit computations (Daw et al., 2006; 
Hogeveen et al., 2022; Mansouri et al., 2017). Although this 

Table 2 Constrained dominance analysis examining regional MTsat 
and foraging.

Region General dominance Rank PRI

Locus coeruleus 0.062 1 34.2
Frontopolar cortex 0.059 2 32.8
Rostral middle frontal gyrus 0.028 3 15.6
Orbitofrontal cortex 0.026 4 14.4
Dorsal anterior cingulate 0.005 5 3.0

Note. MTsat = magnetization transfer saturation. General dominance values 
are listed alongside each region’s rank. A PRI (percentage relative 
importance) was computed for each region.

Table 3 Hierarchical regression models predicting foraging bias.

Variables Orbitofrontal cortex Frontopolar cortex Rostral middle  
frontal gyrus

Dorsal anterior  
cingulate cortex

Level 1: demographics
Age 0.11 

[−0.19, 0.19] 
0.03 
[−0.16, 0.22] 

0.04 
[−0.15, 0.24] 

0.03 
[−0.18, 0.23] 

Education −0.07 
[−0.26, 0.12] 

−0.13 
[−0.32, 0.06] 

−0.08 
[−0.27, 0.11] 

−0.05 
[−0.24, 0.15] 

Sex −0.08 
[−0.26, 0.11] 

−0.11 
[−0.30, 0.07] 

−0.10 
[−0.29, 0.09] 

−0.05 
[−0.24, 0.15] 

R2 .005 .005 .005 .005
F .18 .18 .18 .18

Level 2: control variables
Cortical thickness 0.06 

[−0.13, 0.25] 
0.21*
[0.02, 0.40] 

0.08 
[−0.11, 0.27] 

−0.01 
[−0.21, 0.19] 

CC MTsat −0.12 
[−0.34, 0.11] 

−0.08 
[−0.28, 0.11] 

−0.14 
[−0.37, 0.08] 

−0.03 
[−0.25, 0.19] 

R2 .007 .02 .009 .02
ΔF .11 1.7 .24 .002
ΔR2 .002 .02 .004 .001

Level 3: MTsat
MTsat 0.29 

[0.05, 0.52] 
0.33 
[0.13, 0.53] 

0.31 
[0.09, 0.53] 

0.12 
[−0.10, 0.33] 

R2 .06 .12 .09 .02
ΔF 5.9* 10.9** 8.1** 1.10
ΔR2 .05 .09 .07 .01

Note. CC = corpus callosum; MTsat = magnetization transfer saturation. All standardized regression coefficients (β) are from the full model (level 3). Confidence 
intervals are reported in brackets.
*p< .05. **p< .01.
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association has been primarily characterized in fMRI studies ex
amining functional activation during reinforcement learning, the 
present results demonstrate that individual differences in FPC 
microstructure are similarly related to explore-exploit behavior 
in a foraging context. The specific role of the FPC in mediating 
explore-exploit tradeoffs remains an active area of research, 
with the strongest evidence suggesting that it performs a central 
monitoring function, tracking current choice strategies in the 
context of available alternatives. As outcomes from the current 
strategy become suboptimal, the FPC triggers disengagement 
from the current choice strategy and signals the need to shift to 
an alternative strategy, requiring the engagement of executive 
control brain regions (Daw et al., 2006; Mansouri et al., 2017). 
One investigation using a reinforcement learning task impli
cated the FPC in encoding the information value of choice 
options (Hogeveen et al., 2022). Whether and how these two 
monitoring processes differ with respect to their neurocomputa
tional basis is uncertain and may suggest that the FPC performs 
dual, albeit complementary, roles in explore-exploit tradeoffs. 
As such, lower microstructural integrity in this region may com
promise both exploratory initiation and the neural representa
tion of the informational value associated with alternative 
foraging options. These findings, which for the first time impli
cate the FPC in foraging-based choice, may help to further eluci
date its role in explore-exploit decision-making more broadly.

Foraging and reinforcement learning rely on different compu
tational processes to adjudicate decision outcomes necessary to 
optimize future choices. Decision-making during reinforcement 
learning requires resolving uncertainty in order to promote opti
mal choice strategies. In contrast, foraging-based decisions arise 
from comparing average and current reward rates (Costa et al., 
2019). However, common to both domains is the requirement to 
monitor the optimality of decision outcomes and engage control 
processes to initiate a strategy switch whenever optimality con
ditions are breached. Given this, the FPC’s role in the explore- 
exploit tradeoff may be unrelated to specific task demands. In 
contrast, it may serve as a sentinel, monitoring the relative value 
of decision outcomes vis-�a-vis expectations and signaling the 
need for action when these become sufficiently misaligned. 
Consistent with this idea, the FPC also promotes behavioral flex
ibility during voluntary choice (Boorman et al., 2009), a common 
feature of both reinforcement learning and foraging tasks.

Previous studies have implicated the OFC (as well as the 
vmPFC) in explore-exploit decision-making. Computationally, 
this region appears to encode reward magnitude and the rela
tive value of current decisions vis-�a-vis unchosen alternatives 
(Daw et al., 2006). The OFC has been more commonly associated 
with exploitation-based choice (Blanchard & Gershman, 2018), 
although it has also been implicated in exploratory choices dur
ing reinforcement learning (Hogeveen et al., 2022) and foraging 
(Kolling et al., 2012). Taken together with the current findings, 
we suggest that lower OFC microstructural integrity may distort 
patch utility estimates during foraging, leading to the underval
uation of unexplored patches and the overvaluation of the cur
rent patch, and an emergent exploitation bias. Furthermore, the 
OFC is reciprocally connected to the LC (Aston-Jones & Cohen, 
2005), suggesting that degradation of this circuit may result in 
sluggish noradrenergic signaling and reduced flexibility when 

shifting toward exploration, as postulated in a previous review 
(Spreng & Turner, 2021).

As predicted, we also observed an association between lower 
MTsat in the rMFG, a region strongly implicated in working mem
ory (Owen et al., 1998), and greater exploitation during foraging. 
Foraging imposes significant working memory demands 
(�Olafsd�ottir et al., 2020). This is necessary to generate model- 
based predictions regarding when to explore (Hogeveen et al., 
2022), monitor and actively model reward rates over time 
(Charnov, 1976; Mansouri et al., 2017; Samanez-Larkin & 
Knutson, 2015) as well as to initiate a task switch from exploita
tion to exploration (Mata & von Helversen, 2015) and track previ
ously visited lucrative patch locations (Ren et al., 2019). 
Contrary to our predictions, we failed to observe a relationship 
between MTsat in the dACC and foraging. In previous work, 
dACC activation during foraging was attributed to tracking the 
average value of the foraging environment vis-�a-vis costs associ
ated with leaving a patch to explore alternative patches (Kolling 
et al., 2012). As with our FPC findings, this divergence may arise 
from methodological differences between studies, including 
group-level versus individual differences and fixed vs. free- 
choice behavioral paradigms. Further, the dACC is cytoarchitec
tonically distinct from the other core regions and this difference 
in laminar structure and associated myelination patterns may 
have impacted MTsat measures, obscuring brain-behavior 
associations. Future research will be necessary to adjudicate 
these hypotheses.

One particularly notable finding was that LC MTsat emerged 
as the strongest overall predictor of foraging bias when cortical 
and subcortical regions were considered collectively. This pat
tern is consistent with theoretical models of LC function in 
explore-exploit decision-making, which propose that the LC reg
ulates shifts between exploration and exploitation through dis
tinct activity modes (Aston-Jones & Cohen, 2005). In this 
framework, frontal cortical regions, including the OFC, are 
thought to influence LC state by providing information about 
monitoring task utility. Our results support the centrality of the 
LC within this broader cortico-subcortical circuit and expand 
upon our previous finding that lower LC microstructure relates 
to an exploitation bias in later life (Turner et al., 2024).

On an important methodological note, explore-exploit bias, 
as measured by each individual’s LTD, was derived relative to a 
group-optimized reward-rate window and therefore reflects in
dividual differences within the sample, rather than the cohort’s 
overall tendency toward exploration or exploitation. In contex
tualizing these findings, a bias toward exploitation more broadly 
should not be interpreted as inherently maladaptive. In many 
decision contexts, especially those that draw on accumulated 
knowledge, stable preferences, or the maintenance of socioe
motional goals, favoring familiar options may reflect an adap
tive strategy (Blanco et al., 2016; Li et al., 2013; Spreng & Turner, 
2021). Additionally, in follow-up analyses controlling for perfor
mance in two cognitive domains highly vulnerable to normal 
age-related decline (processing speed and cognitive flexibility), 
the relationship between lower cortical microstructural integrity 
and an exploitation bias remain unchanged (see Supplementary 
Material). However, overreliance on exploitation may become 
maladaptive when shifting environmental contingencies require 
a shift from exploitation to exploration (Tr€oger et al., 2019).
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Finally, MTsat was a more robust predictor of decision- 
making performance than cortical thickness, a more commonly 
reported measure of brain structure. Cortical thickness has been 
shown to decline linearly across the lifespan, whereas myelin, as 
measured by MT-related metrics, declines following a quadratic 
trend, with increased variability observed in older age (Carradus 
et al., 2020). While speculative, increased inter-subject variabil
ity in myelination patterns may reflect individual differences in 
cortical plasticity (Mount & Monje, 2017), which may more 
closely reflect differences in brain function and associated 
behaviors. Age-related changes in MT-related metrics have now 
been linked to behavioral changes, including learning rates 
(Steiger et al., 2016), episodic and working memory (Dahl et al., 
2023), and decision-making (Turner et al., 2024) as well as indi
vidual differences in metacognition (Allen et al., 2017). Although 
the role of myelin in gray matter remains an area of active in
quiry, it has been implicated in synchronizing neuronal firing in 
local circuits, as well as supporting the metabolic demands of 
fast-spiking neurons and inhibiting the growth of aberrant axons 
and synapses (Timmler & Simons, 2019). While this is beyond 
the scope of the current study, each of these processes supports 
rapid cortical plasticity, and thus MTsat, as a measure of myelin 
content in cortical tissue, may index neuroplastic change and/or 
potential, making it a more sensitive measure for investigating 
individual differences in brain-behavior associations than stan
dard macroscale indices such as cortical thickness.

Several limitations of the current study should be noted. First, 
all participants recruited from the PREVENT-AD cohort had an 
increased familial risk for AD, despite being cognitively normal 
at testing. Our secondary analyses revealed only a single associ
ation between tau burden and MTsat in the OFC ROI, suggesting 
that our primary findings are attributable to normal age-related 
change and not presymptomatic AD (see Supplementary 
Material). However, limiting our recruitment to this clinically 
normal, at-risk sample may both limit generalizability of the 
findings to normal aging populations while simultaneously 
restricting the variability necessary to detect associations in pro
dromal or clinical AD syndromes. Additionally, we did not in
clude a younger adult comparison group here, thereby 
restricting direct claims of an exploitation bias from younger to 
older adulthood. However, we observed a greater exploitation 
bias in older versus younger adults on the same task (Turner 
et al., 2024).

Conclusion
In the current study, we demonstrated that lower microstruc
tural integrity in cortical regions implicated in explore-exploit 
decision-making was associated with an exploitation bias in 
older adults. We observed robust inverse associations between 
microstructural integrity in the OFC, FPC, and rMFG and an ex
ploitative decision-making bias, thus providing the first evidence 
that cortical microstructure in this well-defined explore-exploit 
circuit predicts individual differences in human foraging behav
ior. These findings also align with our recent account of the pu
tative neural mechanisms underlying an emergent exploitative 
decision-making bias in older adulthood (Spreng & Turner, 
2021). Finally, this study further reveals that MTsat, a marker of 

cortical and subcortical microstructural integrity, is a readily ob
tainable measure of brain structure capable of detecting subtle 
individual differences in brain-behavior associations.
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Supplementary material is available at The Journals of 
Gerontology, Series B: Psychological Sciences and Social 
Sciences online.
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