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A B S T R A C T

White matter microstructure changes substantially in aging. To better understand how the integrity of white
matter structures supports the selective learning of rewarding material, 23 healthy older adults were tested on a
value-directed remembering task. This task involved successive free recall word lists where items differed in
importance, as denoted by value cues preceding each word. White matter structure was measured using diffusion
tensor imaging (DTI). We found that greater structural integrity (as measured by lower mean diffusivity) in left
inferior fronto-occipital fasciculus was associated with greater recall for high-value items, but not low-value
items. Older adults with greater structural integrity in a tract involved in semantic processing are thus able to
more successfully encode high-value items for subsequent recall. However, unlike prior findings in younger
adults, older adults’ memory for high value-items was not significantly correlated with the structural integrity of
the uncinate fasciculus, nor with the strength of anatomical connectedness between the bilateral nucleus ac-
cumbens to ventral tegmental area reward pathway. These structural imaging findings add support to recent
functional neuroimaging demonstrations that value-related modulation of memory in older adults depends
heavily on brain circuits implicated in controlled processing of semantic knowledge.

Throughout life, we are presented with more information than we
can remember. In order to be efficient learners, we must selectively
encode what is most valuable. One way to examine the degree to which
an individual is engaged in selective learning is through the value-di-
rected remembering (VDR) paradigm. In this task, items are paired with
point-values that are earned with later retrieval, and the subject's goal
is to earn a high score (Castel et al., 2002). These point-values simulate
presented information differing in importance. A wide literature shows
that the encoding and retrieval of various stimuli is enhanced when
items are paired with a high point-value or monetary value (Adcock
et al., 2006; Ariel et al., 2015; Carter, 2009; Cohen et al., 2014), and
that this value-related selectivity is often intact in normal healthy aging
(Castel et al., 2009; Castel et al., 2002; Cohen et al., 2016; Spaniol et al.,
2013; see Geddes et al., 2018, for a counterexample). Although the use
of point-values in VDR research does not provide participants with
tangible rewards, the above research shows that these value cues are
highly effective in motivating selective learning; additionally, both
point-values and monetary values similarly elicit activity in reward-
related regions in the midbrain and ventral striatum (Cohen et al.,

2014).
Multiple cognitive and neural mechanisms are theorized to underlie

the strengthening of memories for high-value items. For one, value cues
have been shown to elicit activation in a reward circuit, including the
nucleus accumbens (NAcc) and ventral tegmental area (VTA), that is
thought to represent anticipation of future rewards and that may in-
fluence goal-directed motivation (Adcock et al., 2006; Carter, 2009;
Cohen et al., 2014). The VTA has been shown to modulate long-term
potentiation in the hippocampus through its dopaminergic connections
(Bethus et al., 2010; Rossato et al., 2009), and the NAcc, VTA, pre-
frontal cortex (PFC), hippocampus, and subiculum are theorized to
form a loop that regulates goal-directed learning (see Lisman and
Grace, 2005 for a review). However, some research has failed to find an
increase in activity in reward-related regions for older adults during or
prior to encoding of high-value items (Cohen et al., 2016; Geddes et al.,
2018). While Geddes et al. (2018) found no reward-related enhance-
ment of memory, Cohen et al. (2016) reported a robust effect of value
on older adults’ behavioral memory measure despite the apparent lack
of involvement of the dopaminergic reward system. Cohen et al. (2016)
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also found fMRI evidence that an alternate brain mechanism, in place of
reward-system upregulation, could account for maintained value-re-
lated encoding selectivity in older adults.

An additional mechanism that seems to contribute to VDR in both
younger adults and older adults is strategy-driven differences in en-
coding based on value. In both age groups, Cohen et al. (2014, 2016)
observed increased activity in brain regions related to semantic pro-
cessing, including left ventrolateral prefrontal cortex and left posterior
lateral temporal cortex, during encoding of high-value information.
Additionally, the magnitude of this increase in activity correlated with
a selectivity index (i.e. the degree to which high-value items were
preferentially recalled over low-value items) in both younger and older
adults. This preserved ability to selectively engage semantic strategies
during encoding was interpreted to underlie older adults' preserved
ability to preferentially encode high-value items in the VDR task. Other
studies have further explored participants’ ability to selectively attend
to high-value items (Ariel et al., 2015; Robison and Unsworth, 2017)
and use more effective learning strategies that involve associative and
semantic processing (Ariel et al., 2015; Cohen et al., 2017). These
learning strategies are thought to produce a deeper and more ela-
borative encoding of semantic information that has been shown to
improve memory performance (Craik and Tulving, 1975; Richardson,
1998). During encoding, participants commonly report using more
elaborative strategies such as mental imagery, putting items in a sen-
tence, or thinking about the relationship between items (Cohen et al.,
2016; Ariel et al., 2015). Value selectivity and task performance are
enhanced when participants report actively ignoring low-value items
(Ariel et al., 2015), and instructing participants to use this strategy
improves performance (Robison and Unsworth, 2017).

In the present study, we used diffusion tensor imaging (DTI) to
measure white matter characteristics along pathways that we hy-
pothesized to be important in value-directed remembering for healthy
older adults; primary tracts of interest were the left inferior fronto-oc-
cipital fasciculus (IFOF) and the left uncinate fasciculus (UF). Fractional
anisotropy (FA) in left UF correlated with the number of high-value
items recalled in the young adult comparison sample of the present
dataset (Reggente et al., 2018). There was not clear evidence to support
a relationship between IFOF FA and recall in our young adult dataset,
but there was still a strong a priori basis to believe that this tract may be
relevant to successful encoding in a verbal learning task, as is discussed
below.

The IFOF pathway extends ventrally from the orbitofrontal cortex to
ventral occipital cortex (Catani and Thiebautdeschotten, 2008), with
terminations in posterior orbital cortex, temporal-basal cortex, and the
superior parietal lobule (Duffau et al., 2013; Martino et al., 2009).
Duffau et al. (2013) proposed that the IFOF is a crucial pathway
whereby visual information processed in occipital and temporal-basal
associative cortices, and auditory information processing in temporal
and parietal associative cortices, is fed directly to prefrontal cortex al-
lowing for top down control of this semantic information. This semantic
network appears to be largely left-lateralized (de Zubicaray et al., 2011;
see Patterson et al., 2007 for a review), particularly when supporting
the encoding and retrieval of verbal stimuli (Rice et al., 2015). The
IFOF has been shown in prior DTI studies to be involved in both the
retrieval (de Zubicaray et al., 2011) and control of semantic informa-
tion (Nugiel et al., 2016), a conclusion further supported by lesion re-
search (Harvey and Schnur, 2015) and examinations of functional
connectivity (Turken and Dronkers, 2011). Additionally, many of the
brain regions showing increased activity during encoding of high-value
items in the present task, relative to encoding of low-value items, are
connected via the IFOF. These regions include portions of left lateral
PFC, left posterior lateral temporal cortex, and bilateral occipital cortex
(Cohen et al., 2016). Given these functional and anatomical findings, it
seemed likely that left IFOF would be involved in older adults’ encoding
of high-value words. In order to limit our number of comparisons, and
because this semantic network is left-lateralized (e.g., de Zubicaray

et al., 2011), we decided to focus on left hemisphere tracts.
We also examined whether integrity of the left uncinate fasciculus

(UF) would be associated with memory for high-value items, a result
that would replicate findings from our young adult sample (Reggente
et al., 2018). The UF connects the anterior temporal lobe, which is
involved in domain-general semantic processing (Chen et al., 2017;
Patterson et al., 2007), with the medial and lateral orbitofrontal cortex
(Catani and Thiebautdeschotten, 2008), which is involved in goal-di-
rected learning and retrieval search (Dobbins and Wagner, 2005).
White matter integrity in the UF is related to episodic memory
(Lockhart et al., 2012), and like the IFOF, the UF has been associated
with semantic processing (Matsuo et al., 2008; McDonald et al., 2008;
Acosta-Cabronero et al., 2011; de Zubicaray et al., 2011; Galantucci
et al., 2011). Thus, we expected that white matter connections in-
stantiated in either IFOF or UF could be important to semantic pro-
cessing, and therefore to effective encoding of high-value words in
older adults.

Finally, the likelihood of white matter emanating from the NAcc and
reaching the VTA—a proxy measure of anatomical connectedness from
one ROI to another—was examined. These reward regions are part of a
goal-directed loop that modulates learning (Lisman and Grace, 2005),
and they have been shown to be robustly connected (Krebs et al., 2011;
Morales and Margolis, 2017). In a recent DTI study using a probabilistic
learning task, older adults who performed comparably to younger
adults had the greatest structural connectivity between NAcc and VTA,
and this connectivity was related to improved value representation in
NAcc (Chowdhury et al., 2013). Furthermore, Reggente et al. (2018)
found that the robustness of this pathway was correlated with greater
memory selectivity and increased recall for high value words in a
sample of young adults performing the same VDR task as that used in
the present study. However, given that older adults showed less value-
induced modulation of activity in these reward-related regions during
encoding (Cohen et al., 2016), we anticipated that the structural in-
tegrity of this pathway might not support memory for high-value items
in older adults in the same way that it does in younger adults. Although
the present study was designed to examine individual differences in
older adults, younger adult data from Reggente et al. (2018) were also
re-analyzed to facilitate age group comparisons.

1. Methods

1.1. Participants

Data from 25 older adults were collected for this study. Participants
were recruited using flyers posted at the UCLA Medical Center and
flyers and newsletter postings in West Los Angeles and the San
Fernando Valley. Data from two participants were excluded from ana-
lysis due to neurological abnormalities observed in their MRI data (one
cavernoma, one meningioma). The final sample of 23 older adults had
an age range of 60–80 years (M=68.7, SD=5.7), and included 13
women and 10 men. These participants were all right-handed native
English speakers with normal or corrected to normal vision. All parti-
cipants scored at least 27 on an adaptation of the Mini-Mental State
Exam (Folstein et al., 1975) indicating that they did not show major
signs of dementia. Additionally, none of these participants had sub-
stantial neurological abnormality, as observed in their anatomical MRI
scans, and none of them reported currently taking psychoactive medi-
cation for a psychiatric or neurological disorder. Informed consent was
obtained and the study was run according to the guidelines of the UCLA
Medical Institutional Review Board. Participants received $15/h for
participating.

Nineteen younger adults were used as a comparison group. They
met similar inclusion requirements as the older adult sample. This
sample included 10 women and 9 men (mean age=21.8 years,
SD=3.7). Behavioral and fMRI data from both groups and DTI data
from the younger adult sample have been previously reported (Cohen
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et al., 2014, 2016; Reggente et al., 2018), but the DTI analyses with
older adults are reported here for the first time.

1.2. Design and task stimuli

On each study trial, participants were presented with an individual
to-be-learned word that was preceded by a value cue denoting the
number of points they would earn for later recalling that item. Their
goal was to study the items such that they maximized their score on a
free recall test that immediately followed each list's encoding. Each
item was worth either a low (1, 2, 3) or high (10, 11, 12) value, with
point-values chosen to produce the largest differences between low- and
high-value items. Participants learned seven lists of words, with the first
two lists considered as practice lists. Each list consisted of 24 unique
words, with an equal number of items randomly assigned into each of
the six possible point-values. The point-value associated with each word
and list order were counter-balanced across participants. These word
stimuli were 4–8 letter English nouns sampled from the Toglia and
Battig (1978) word norms, clusters 6 and 7, and were rated as highly
familiar (range: 5.5–7 on a 1–7 scale).

1.3. Procedures

Each participant completed the entire VDR memory task in the MRI
scanner. Prior to scanning, participants were instructed about the
memory task, and completed two practice lists with feedback. This
extensive practice session was administered because selectivity is ty-
pically stronger on the third and subsequent lists (Ariel and Castel,
2014; Castel, 2008; McGillivray and Castel, 2011), as participants es-
tablish their learning strategy. During a study trial, participants viewed
a value-cue for 2 s, saw a fixation cross jittered for 3–6.75 s, and then
saw the word for 3.5 s (Fig. 1). The value-cue was presented on a
background designed to look like a gold coin. Afterwards, they saw a
fixation cross for 1.5 s, and then completed a basic vowel-consonant
judgment task for 3.75–8.75 s. In the vowel-consonant judgment task, 2
letters (50% of trials), 4 letters (25% of trials), or 6 letters (25% of
trials) were presented sequentially in a pseudorandom order, with an
approximately equal number of vowels and consonants presented. Each
letter was shown for 1 s, followed by a 0.25 s fixation between letters. A
1.5 s blank screen was presented after the final letter. Each list began
with 10 s of fixation, and ended with 15 s of the vowel-consonant task.
Approximately 10–20 s after the end of each list, the participant was
given 90 s to recall as many studied items as possible from the previous
list. After each recall test, the participant was given feedback on the
number of points earned on that list. This procedure was repeated
across the two practice lists and five test lists.

1.4. Scanning procedure

MRI data were acquired with a 3.0T Siemens Tim Trio Scanner at
the UCLA Staglin IMHRO Center for Cognitive Neuroscience using a 12-
channel receive-only phased array head coil. High resolution T1-
weighted anatomical images were obtained using a 3D MPRAGE se-
quence with GRAPPA acceleration (TR=1900ms, TE= 3.26ms, flip
angle= 9°, FoV=250mm, 176 slices, voxel

size= 0.98× 0.98× 1.0mm). Diffusion weighted imaging data were
obtained using a multi-directional weighted spin-echo echoplanar
imaging (EPI) sequence (TR=9000ms, TE=93ms, 64 non-collinear
directions, b-value=1000 s/mm2, echo spacing=0.69ms,
FoV=190mm, 60 axial slices, voxel size= 2.0× 2.0×2.0mm) with
a non-diffusion weighted reference volume (b-value= 0 s/mm2). Prior
to acquiring these structural scans, functional EPI data were obtained;
findings from analysis of the functional data have been previously re-
ported (Cohen et al., 2014, 2016). Head movement was minimized by
inserting extra cushions between the participant's head and the coil.
Stimuli were presented using E-Prime 2.0 software (Psychology Soft-
ware Tools, Pittsburgh, PA), and images were shown with either a
custom-built MR-compatible rear projection system or MR-compatible
goggles (Resonance Technology, Inc.).

1.5. Diffusion tensor imaging data processing

Older adult DTI data were processed using the same procedure de-
scribed for the young adult dataset by Reggente et al. (2018). Briefly,
diffusion weighted images (DWIs) were preprocessed using the FMRIB's
Diffusion Toolbox (FMRIB Software Library, FSL version 5.0.9; http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL). First, all DWIs were corrected for
eddy currents and motion using eddy_correct and aligned to the b0
reference volume. Second, the Brain Extraction Tool (BET) was used to
generate brain-tissue-only masks for each subject that were applied to
all diffusion images (Smith, 2002). Next, tensor models were fit to the
diffusion data from each voxel to create subject-specific whole-brain
maps of mean diffusivity (MD), a measure of how easily water flows
across each of the principle directions of the tensor—where higher MD
indicates less directional specificity in water flow. This measure is
sensitive to structural white matter damage and differences in axon
density and diameter (Beaulieu, 2002), and is a particularly effective
predictor of age-related memory impairment (Charlton et al., 2010).
Additionally, compared with fractional anisotropy (FA), MD has been
shown to be a more sensitive marker of age-related memory disorders
including Alzheimer's disease and mild cognitive impairment (Acosta-
Cabronero et al., 2010; Bosch et al., 2012; Salat et al., 2010; Sexton
et al., 2010). Moreover, FA is less likely to capture differences that
occur when diffusivity is affected in multiple directions simultaneously,
as is the case with age-associated demyelination (Bosch et al., 2012;
Sexton et al., 2010). Because high MD values imply weaker structural
integrity, we predicted that high MD values in tracts relevant to verbal
learning would be associated with worse memory, particularly for va-
luable items due to these tracts being less able to support efficient
processing.

Finally, FSL's BEDPOSTX was used to create an estimation of dif-
fusion parameters at each voxel. This procedure uses a Markov-chain
Monte Carlo sampling technique that accounts for crossing fibers to
generate a Bayesian estimation of diffusion parameters at each voxel in
a diffusion image (Behrens et al., 2003, 2007). We leveraged this metric
given that tract strength measures developed through DTI tractography
have been shown to correlate strongly with anatomical connectivity
determined using retrograde tracer injections (Donahue et al., 2016).

All analyses were computed in subject-specific diffusion space.
Regions of interest (ROIs) used for calculating mean MD were initially

Fig. 1. Encoding task schematic.
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mapped in Montreal Neurological Institute (MNI) space. These ROIs
were first registered onto each subject's structural space (MPRAGE)
using 12-parameter linear-affine registration using FMRIB's Linear
Image Registration Tool (FLIRT). Next, FLIRT was used to bring these
ROIs into subject-specific diffusion space using the non-diffusion-
weighted b0 reference volume. Each subject-specific ROI registered in
diffusion space was also examined visually and no major anatomical
deviations were observed.

Our primary ROIs of interest—left IFOF and left UF—were defined
based on the John Hopkins University (JHU) white matter tractography
atlas (Hua et al., 2008; http://cmrm.med.jhmi.edu; Fig. 2). Since IFOF
and UF have substantial anatomical overlap, we decided to exclude all
UF voxels from the IFOF masks and only analyze those portions that do
not show overlap with UF (Reggente et al., 2018). As a control analysis
designed to rule out the possibility that generalized differences in white
matter integrity correlated with our behavioral measures, we examined
a left corticospinal tract ROI defined from the JHU atlas. For all JHU
atlas ROIs, we applied a 10% probability threshold to ensure sufficient
coverage of each pathway, while avoiding excessive sparsity/shrinkage
that would result if higher thresholds were applied (Reggente et al.,
2018). Results from the right hemisphere IFOF, UF, and corticospinal
tract are reported as supplemental data (Supplemental Table 4).

To analyze structural connectivity between NAcc and VTA, we used
the diffusion estimation generated by BEDPOSTX and FSL's PROBTR-
ACKX to create a subject-specific metric of seed to target ROI con-
nectedness (Behrens et al., 2003). This procedure was carried out since
no atlas for this pathway was publicly available and because we wanted
to investigate whether a previously-observed relationship between
connectivity strength and high-value recall in younger adults (Reggente
et al., 2018) would also be found in older adults. First, FreeSurfer's
subcortical segmentation routine was used on each subject's MPRAGE
scan to generate left and right NAcc ROIs. As the VTA is challenging to
appropriately demarcate in T1-weighted MR images of individual sub-
jects, a VTA ROI was defined for each subject using a probabilistic atlas
of human VTA (Murty et al., 2014; http://web.duke.edu/adcocklab)
with a 50% probability threshold. The pathway from each NAcc ROI to
the VTA was calculated using 5000 samplings of the distribution of
diffusion parameters from each voxel within the seed ROI; the dis-
tribution of streamlines was used to estimate a likely tract location.

Our measure of interest was the total number of samples from the
seed ROI that reached the target mask. To control for variance in ROI
size (due to either subject-specific registration and FreeSurfer

segmentation differences), we divided the total streamline count by the
number of samples sent from the seed mask (i.e., 5000 * number of
voxels in the seed ROI) (Johansen-Berg et al., 2005). Partial correla-
tions, controlling for the size of the subject-specific target ROI, were
computed between this tract strength value and memory measures of
interest.

1.6. Data analysis

Statistical analyses were conducted using SPSS 22.0 (SPSS, Inc.,
Chicago, IL). Pearson correlation coefficients were computed between
MD values for our tracts of interest and our primary measures of
memory performance: number of high-value items recalled, number of
low-value items recalled, and a measure known as the selectivity index
(Castel et al., 2002; SI), with 95% confidence intervals reported in
brackets. The SI reflects how selective a participant was in pre-
ferentially learning and retrieving valuable items and is computed using
the formula: (actual score – chance score)/(ideal score – chance score).
A participant's achieved score is compared with the highest score they
could have achieved given the number of items they retrieved (ideal
score) and compared with chance performance (i.e., mean point-value
multiplied by the number of words recalled). Each subject's SI was an
average across all 5 lists presented in the MRI scanner, with the con-
tribution of each list weighted by the number of items recalled. Within
age-group correlations between high-value item recall, low-value item
recall, and SI with DTI data for our three primary tracts (left IFOF MD,
left UF MD, and NAcc-VTA connectivity strength) were controlled for
multiple comparisons using a sequential Holm-Bonferroni method
(Holm, 1979; total tests= 9). In this method, observed p-values for all
primary analyses within each age group are ranked lowest to highest,
with the minimum adjusted alpha corresponding to a full Bonferroni
correction—for this study, α= .05/9= 0.0056. If the lowest p-value
meets that threshold, the next-lowest is compared to α= .05/
8=0.00625, and so on. To compare the strength of the relationship
between a given region's MD and high-value and low-value item recall,
a two-tailed test for the difference between two dependent correlations
was used (Steiger, 1980, https://quantpsy.org/corrtest/corrtest2.htm).

Fig. 2. Regions of interest: A) Left inferior fronto-occipital fasciculus (green) and uncinate fasciculus (red) overlaid on a standard T1-weighted template in MNI space.
Masks were defined using a probabilistic white matter tractography atlas (Mori et al., 2005). B) Nucleus accumbens (NAcc) ROI, aligned to and overlaid on a
representative subject's MPRAGE. The NAcc was defined using FreeSurfer's automatic subcortical segmentation routine. C) Ventral tegmental area (VTA) ROI, aligned
to and overlaid on a representative subject's MPRAGE. The VTA was defined using a probabilistic atlas of the human VTA (Murty et al., 2014).
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2. Results

2.1. Behavioral performance

Younger adults recalled significantly more items than older adults
(Table 1). More specifically, younger adults recalled significantly more
high-value items, though they did not significantly differ from older
adults in recall of low-value items (for detailed behavioral results re-
porting, see Cohen et al., 2016). Nevertheless, strong value effects on
memory were observed in both groups as the average selectivity index
was significantly above 0 (i.e., with 0 representing value-insensitive
recall) for both younger adults, t (18)= 11.93, p < .001, d=2.74,
[1.74, 3.73] and older adults, t (22)= 6.52, p < .001, d=1.36, [0.78,
1.92].

2.2. Memory performance and white matter microstructure

Compared with the young adult sample, older adults showed sig-
nificantly higher MD values in left IFOF (with UF voxels masked out)
and UF, suggesting that the integrity of these tracts was reduced with
age (Table 2). To determine how these changes in MD may have in-
fluenced value-related selectivity, we first examined correlations be-
tween structural integrity (lower MD) and recall performance in these
tracts. For older adults, lower MD in IFOF was significantly associated
with increased recall of high-value items, but not low-value items
(Table 3, Fig. 3). The difference in correlation magnitude between high-
value and low-value items showed a marginal trend, z=1.92,
p= .055. When controlling for age within the older adult sample, the
semi-partial correlation between left IFOF MD and high-value recall
still showed a strong trend (r=−0.37, p= .051, [-0.68, 0.05]). For
young adults, MD of the IFOF was not significantly correlated with
recall of either item type (all p's > 0.396). Analyses using the full IFOF
mask, without the UF exclusion, show similar results (Supplemental
Table 4).

The observed relationship between memory for high-value items
and MD of the left IFOF in older adults survived controlling for multiple
comparisons. Because we observed an outlier with MD over 2 standard
deviations above the mean for the IFOF ROI, and almost 2 SD below the
mean on high-value recall, we also examined these associations using
Spearman's rank correlation coefficient. Unlike the Pearson correlation,
this non-parametric measure is highly robust to the effects of outliers
(Croux and Dehon, 2010). A significant relationship between high-
value recall and MD was still observed in left IFOF (ρ=−.56,
p= .006). Thus, this finding in IFOF does not appear to be due to the

influence of outliers.
Next, correlations between MD in the left UF with recall were ex-

amined in each age group. As Reggente et al. (2018) reported using FA
as a measure of white matter integrity, here we found that MD in left UF
was correlated with recall of high-value items in younger adults (note
that Reggente et al. (2018) reported a positive correlation, since higher
FA values are indicative of more robust white matter structure, whereas
we observed a negative correlation, as lower MD values are indicative
of more robust white matter structure). Mean diffusivity is a particu-
larly sensitive measure for age-related changes in white matter struc-
tural integrity (Bosch et al., 2012; Sexton et al., 2010) and an effective
predictor of individual differences in memory (Charlton et al., 2010).
However, we observe no such correlation in either hemisphere in older
adults (Table 3; Supplemental Table 4). For younger adults, the dif-
ference in correlation magnitude between high and low-value items was
significant for left UF, z=2.52, p= .012. As a control analysis, MD of
the corticospinal tract was examined. MD was not significantly corre-
lated with high-value recall or low-value recall in either age group, all
|r| < 0.24, all p > .1 (Supplemental Table 4). Selectivity index was
not significantly associated with MD in any of the above tracts, all
|r| < 0.32, all p > .1. Hierarchical regression models examining
whether the relationship between each tract's MD and high-value item
recall differed in magnitude between the age groups were not sig-
nificant, likely due to limited statistical power to detect between-sub-
jects interactions (Supplemental Table 1).

2.3. Memory performance and reward circuit tract strength

Lastly, contributions of the NAcc-VTA reward circuit to VDR were
examined. Similar to Reggente et al. (2018), we combined the left and
right NAcc ROIs into a single bilateral NAcc mask and assessed the
relationship between the mean NAcc-VTA tract strength with our recall
measures. Partial correlations are reported controlling for the size of the
VTA target ROI. Mean tract strength did not significantly differ between
older adults (M= .015, SD=0.018) and younger adults (M=0.014,
SD=0.014), t (40)= 0.26, p= .797, d=0.08, [-0.53, 0.69]. For
younger adults, NAcc-VTA tract strength was significantly associated
with recall of high-value items (r=0.51, p= .013, [0.07, 0.78]), but
not low-value items (r=−0.17, p= .493, [-0.58, 0.31]), and this
difference in correlation magnitude was significant, z=2.78, p= .005.
NAcc-VTA tract strength did not significantly correlate with memory
for either high-value (r=0.10, p= .660, [-0.33, 0.49) or low-value
(r=0.04, p= .867, [-0.38, 0.44]) in older adults. To determine if this
null effect in older adults was due to small sample size, we conducted a
post-hoc power analysis using GPower (version 3.0; Heinrich Heine

Table 1
Demographics and recall performance.

Younger Adults Older Adults t-statistic (df= 40)

Total Recall 11.83 (3.90) 7.63 (4.01) 3.42; p=.001
Low-Value Recall 3.18 (2.72) 1.99 (2.20) 1.57; p=.125
High-Value Recall 8.65 (1.87) 5.64 (2.79) 4.02; p < .001
Selectivity Index .61 (.22) .47 (.35) 1.51; p=.140

Note. Standard deviation in parentheses.

Table 2
Tract-specific measures of mean diffusivity.

Younger Adults Older Adults t-statistic (df= 40)

IFOF, left 0.83 (0.03) 1.02 (0.14) 5.64; p < .001
IFOF, right 0.84 (0.03) 1.00 (0.10) 6.75; p < .001
UF, left 0.86 (0.06) 1.00 (0.10) 5.25; p < .001
UF, right 0.93 (0.06) 1.10 (0.11) 6.12; p < .001

Note. Mean diffusivity (x 10−3 mm2/s). Standard deviation in parentheses.
IFOF= inferior fronto-occipital fasciculus (UF voxels excluded); UF= uncinate
fasciculus.

Table 3
Pearson correlations between recall measures and mean diffusivity in left
hemisphere tracts of interest, and connectivity strength in NAcc-VTA, for
younger and older adults.

IFOF UF NAcc-VTA

r p r p r p
Younger adults
High-value −.19 .430 −.64 .003 .51 .013
Low-value −.21 .396 −.07 .775 −.17 .493
SI .24 .332 −.32 .176 .53 .020

Older adults
High-value −.56 .005 −.12 .572 .10 .660
Low-value −.12 .602 .20 .361 .04 .867
SI −.26 .230 −.32 .141 .02 .934

Note. SI= selectivity index; IFOF= inferior fronto-occipital fasciculus (ex-
cluding voxels in UF mask); UF= uncinate fasciculus; NAcc-
VTA= connectivity strength between nucleus accumbens and ventral teg-
mental area (controlling for VTA ROI size). Correlations that reached sig-
nificance level controlled for multiple comparisons using the Holm-Bonferroni
procedure are highlighted in bold.
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Universität Düsseldorf; http://www.gpower.hhu.de/en.html) with the
effect size observed in younger adults (r=0.51). This study had an
estimated power of .73 to observe a comparable significant relationship
between NAcc-VTA tract strength and valuable item recall in older
adults.

3. Discussion

In the current study, diffusion tensor imaging was used to determine
whether individual differences in the microstructural integrity of white
matter tracts in older adults is related to their ability to selectively
encode and retrieve valuable information. Most notably, higher white
matter integrity (lower MD) in the left IFOF was associated with in-
creased memory for valuable items in older adults. In contrast to the
findings from the younger adult sample who completed the same task
(Reggente et al., 2018), we did not find a relationship between memory
performance and white matter integrity in left UF for older adults, nor
did the older adult sample show a significant relationship between
NAcc-VTA tract strength and memory for valuable items. These findings
are discussed in detail below.

The IFOF is part of a semantic processing network (Binder and
Desai, 2011) that connects frontal regions involved in goal-directed
learning and retrieval search (Dobbins and Wagner, 2005; Skinner and
Fernandes, 2007) with temporal and occipital cortices involved in se-
mantic and visual processing (Catani and Thiebautdeschotten, 2008;
Duffau et al., 2013). In line with our predictions, MD in left IFOF was
significantly inversely related to older adults’ memory for high-value
items but not low-value items, suggesting that the structural integrity of
the IFOF is related to the encoding of high-value items. Older adults
also showed significantly higher MD in the IFOF relative to younger
adults, suggesting the presence of moderate age-related white matter
atrophy. The relationship between MD in left IFOF and memory for
valuable items remained a very strong trend when age was controlled.
However, because the correlation magnitude was somewhat reduced
when age was included in the model, it seems likely that in older adults
both longstanding individual differences in IFOF integrity and age-re-
lated changes in this tract affect selective learning. Effects of age-re-
lated changes in IFOF should be examined in future longitudinal re-
search. For the younger adult sample, MD in the IFOF was not
correlated with these measures of recall.

In the VDR task, more items are presented than participants can
remember; to optimize their performance, they must selectively encode
only the most valuable items. The agenda-based regulation framework
posits that time, resources, and effort are allocated based on a goal-

oriented agenda that aims to maximize performance (Ariel et al., 2009;
Dunlosky and Ariel, 2011; Middlebrooks et al., 2017). In accordance
with this framework, both older and younger adults typically report
selectively using elaborative semantic encoding strategies when
learning valuable items (Ariel et al., 2015; Cohen et al., 2017). In the
present dataset, 16 of 23 older adults and 14 of 19 young adults re-
ported using strategies related to the meanings of the words to support
encoding (see the supplemental material of Cohen et al., 2016, for a full
description of these self-report data). Thus, we interpret the current
findings to suggest that, particularly in older adults, integrity of the
IFOF may account for significant variance in this enhanced semantic
processing of valuable items. Functional MRI data from this same set of
subjects showed that older adults had increased activity in left VLPFC,
left lateral temporal cortex, and bilateral occipital cortex during en-
coding of valuable words (Cohen et al., 2016). Based on its anatomical
location (Catani and Thiebautdeschotten, 2008), the IFOF is a prime
candidate for coordinating these regions during VDR.

Interestingly, unlike what Reggente et al. (2018) reported in young
adults, selectivity index for older adults was not reliably correlated with
any of our white matter measures (Table 3); we only observed a cor-
relation between high-value item recall and white matter integrity in
IFOF. While high-value item recall is often related to selectivity, the
selectivity index measure is also highly dependent on one's ability to
inhibit encoding of low-value items. For example, remembering two of
the highest value items and zero low-value items would be considered
poor high-value memory performance but perfect value selectivity.
Cohen et al. (2016) reported that selectivity in older adults appeared to
be driven to a large extent by reduced attention to low-value items.
Because structural integrity in the left IFOF is likely to be associated
with the efficient use of active encoding strategies, it makes sense that
MD values in this tract in older adults correlate with successful en-
coding of high-value items, rather than with selectivity index.

A second key finding was that tract strength in the NAcc-VTA re-
ward circuit, measured via probabilistic tractography, was not corre-
lated with memory for valuable items in older adults. Additionally,
older adults did not significantly differ from younger adults on NAcc-
VTA tract strength. This neural pathway is activated in response to
anticipated rewards (Adcock et al., 2006) and modulates the encoding
of information into long-term memory via its dopaminergic inputs to
the hippocampus (Bethus et al., 2010; Lisman and Grace, 2005; Rossato
et al., 2009). Younger adults in this experiment did show a significant
relationship between higher NAcc-VTA tract strength and improved
memory for valuable items (Reggente et al., 2018). One plausible
reason why this relationship was not significant in older adults is that

Fig. 3. Recall of high-value and low-value items by mean diffusivity in left IFOF. Correlation statistics presented for younger adults (left) and older adults (right).
MD=mean diffusivity; IFOF= inferior fronto-occipital fasciculus.
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normal aging is associated with a substantial decline in the amount of
striatal dopamine transporters and receptors (Kaasinen and Rinne,
2002; Karrer et al., 2017). More specifically, aging is associated with
reduced amounts of D1 and D2 receptors (Düzel et al., 2010; Rinne
et al., 1990; Wang et al., 1998), with loss of both receptor types esti-
mated to be between 2% and 5% a decade (Rinne et al., 1990; Seeman
et al., 1987). During probabilistic reward learning, neural correlates of
reward prediction error are reduced in older adults (Samanez-Larkin
et al., 2014), and these impairments are mitigated by administration of
L-dopa, a dopamine agonist (Chowdhury et al., 2013). Thus, declines in
the availability of dopamine may limit the extent to which activation in
reward circuitry supports value-driven encoding and recall in older
adults. Although we did not observe age-related differences in the
structural integrity of the NAcc-VTA tract, functional differences in this
tract may have caused older adults to rely on different neural ensembles
to successfully perform the task.

Finally, the integrity of white matter in left UF did not correlate
with memory performance in older adults, in contrast to what Reggente
et al. (2018) observed in younger adults. In prior research, UF integrity
has been associated with reward sensitivity (e.g., Camara et al., 2010;
Bjornebekk et al., 2012), verbal episodic memory (Niogi et al., 2008),
processing of semantic information (de Zubicaray et al., 2011), and
with interactions between these systems (Von Der Heide et al., 2013).
Reggente et al. concluded that the correlation between UF integrity and
recall of high-value information in the VDR task was likely due to UF
having a role in control of semantic information processing. This at-
tribution was based in part on their observation that NAcc-VTA tract
strength correlated with selectivity index, a measure of reward sensi-
tivity in this task, while UF FA values showed no such correlation. It is
possible that, although individuals in both age groups appear to mod-
ulate semantic processing as a function of item value, there are still
subtle but important differences in how they do so. Cohen et al. (2016)
found that young adults who increase activity in the semantic brain
network for high-value items show improved value-related selectivity,
whereas older adults who decrease activity for low-value items show
improved value-related selectivity. This distinction may hold ex-
planatory value for the present findings.

A possible explanation for the divergent findings across age groups
is that, in younger adults, the correlation between UF integrity and
high-value recall reflects the ability to integrate cue information sig-
naling a high reward value with the semantic knowledge that enhances
encoding of high-value words (Von Der Heide et al., 2013). In other
words, young adults with stronger UF connectivity may be more mo-
tivated and/or better able to implement semantic encoding strategies
for high-value items. In contrast, in older adults, semantic processing
seems to occur independently of activity in the dopaminergic reward
system; the reward system is not selectively activated on high-value
items, and memory selectivity seems to be mediated by a strategy-
driven reduction in semantic encoding when learning low-value items,
not by enhanced motivation to learn high-value items (Cohen et al.,
2016). Thus, it is plausible that in older adults, individual differences in
the ability to successfully engage semantic encoding processes on high-
value words would rely on white matter fiber connections that are less
strongly associated with processing emotional/reward valence. That
would explain the current finding that structural integrity of the IFOF,
and not the NAcc-VTA pathway, was associated with memory for high-
value words in older adults. Consistent with this suggestion, recent
work has proposed that the IFOF is the primary tract responsible for
processing of semantic information, with the UF typically playing a
more supplementary role (Duffau et al., 2013; Nugiel et al., 2016).

One limitation of the current study was the relatively small older
adult sample size (although this sample size is comparable to other
fMRI and DTI studies with older adult samples, see Geddes et al., 2018).
Notwithstanding, our main finding in IFOF was both large in magnitude
and survived controlling for multiple comparisons. However, because
our findings regarding the NAcc-VTA reward pathway were based on a

null effect, this analysis in particular should be replicated in future
research to rule out the possibility of a false negative. That said, the lack
of a relationship between the NAcc-VTA pathway integrity and VDR
performance parallels the lack of BOLD signal activation in this system
in older adults in the VDR task (Cohen et al., 2016). The small sample
size also means that the lack of correlation with VDR performance and
MD in the UF should also be interpreted cautiously. Additionally, direct
comparisons of the findings in IFOF, UF, and NAcc-VTA between the
two age groups were not significant, partially because this study fo-
cused on individual differences within age groups and was under-
powered to detect significant differences in correlations between
groups. Thus, future studies with larger samples will be needed to better
characterize how the importance of different fiber tracts to VDR may
change across the lifespan.

Because older adults showed largely intact value-directed re-
membering, but no significant relationship between the structural in-
tegrity of the NAcc-VTA pathway and selective learning, it may also be
the case that semantic processing strategies relying on IFOF help to
compensate for the lack of reward responsivity in older adults. Younger
and older adults selectively use elaborative strategies when learning
valuable items (Ariel et al., 2015) that promote semantic processing
(Craik and Tulving, 1975; Richardson, 1998) and result in increased
episodic binding (Hennessee et al., 2018). Additionally, when presented
with a large amount of information, older adults often report ignoring
low-value items (Ariel et al., 2015) or allocate substantially more study
time to valuable items (Castel et al., 2013). This goal-directed alloca-
tion of attention may be particularly important for older adults. Con-
sidering that older adults show increased activation in occipital cortex
when encoding high-value items (Cohen et al., 2016) and that micro-
structural integrity of IFOF was associated with memory for high-value
items in the current study, it may be that differential use of elaborative
strategies such as visual imagery accounts for some of the variance in
memory for valuable items. Additional research is necessary to de-
termine to what extent differences in strategy use may account for these
findings.

4. Conclusions

This study provides novel evidence that greater microstructural
white matter integrity in the IFOF is associated with increased value-
selective encoding and retrieval in healthy older adults. Unlike younger
adults, older adults did not show a significant relationship between
either UF white matter integrity or tract strength in the NAcc-VTA re-
ward circuit and memory for valuable items. The IFOF may be sup-
porting a compensatory role of enhanced deep encoding during moti-
vated learning in older adults.

Acknowledgments

This work was supported by the Scientific Research Network for
Decision Neuroscience and Aging (SRNDNA), as a subaward under
National Institutes of Health grant AG039350 (to B.J.K, M.S.C, J.R., &
A.D.C.); the National Institute on Aging at the National Institutes of
Health (grant F31 AG047048 to M.S.C., grant R01 AG044035 to
A.D.C.); the National Science Foundation (grant BSC-0848246 to
B.J.K.); the UCLA's Staglin Center for Cognitive Neuroscience (pilot
funds awarded to B.J.K.); and a UCLA Academic Senate Faculty
Research Grant to B.J.K.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neuropsychologia.2019.04.003.

J.P. Hennessee, et al. Neuropsychologia 129 (2019) 246–254

252

https://doi.org/10.1016/j.neuropsychologia.2019.04.003
https://doi.org/10.1016/j.neuropsychologia.2019.04.003


References

Acosta-Cabronero, J., Patterson, K., Fryer, T.D., Hodges, J.R., Pengas, G., Williams, G.B.,
Nestor, P.J., 2011. Atrophy, hypometabolism and white matter abnormalities in se-
mantic dementia tell a coherent story. Brain 134 (7), 2025–2035. https://doi.org/10.
1093/brain/awr119.

Acosta-Cabronero, J., Williams, G.B., Pengas, G., Nestor, P.J., 2010. Absolute diffusivities
define the landscape of white matter degeneration in Alzheimer's disease. Brain 133
(2), 529–539. https://doi.org/10.1093/brain/awp257.

Adcock, R.A., Thangavel, A., Whitfield-Gabrieli, S., Knutson, B., Gabrieli, J.D.E., 2006.
Reward-motivated learning: mesolimbic activation precedes memory formation.
Neuron 50 (3), 507–517. https://doi.org/10.1016/j.neuron.2006.03.036.

Ariel, R., Castel, A.D., 2014. Eyes wide open: enhanced pupil dilation when selectively
studying important information. Exp. Brain Res. 232 (1), 337–344. https://doi.org/
10.1007/s00221-013-3744-5.

Ariel, R., Dunlosky, J., Bailey, H., 2009. Agenda-based regulation of study-time alloca-
tion: when agendas override item-based monitoring. J. Exp. Psychol. Gen. 138 (3),
432–447. https://doi.org/10.1037/a0015928.

Ariel, R., Price, J., Hertzog, C., 2015. Age-related associative memory deficits in value-
based remembering: the contribution of agenda-based regulation and strategy use.
Psychol. Aging 30 (4), 795–808. https://doi.org/10.1037/a0039818.

Beaulieu, C., 2002. The basis of anisotropic water diffusion in the nervous system - a
technical review. NMR Biomed. 15 (7–8), 435–455. https://doi.org/10.1002/nbm.
782.

Behrens, T.E.J., Berg, H.J., Jbabdi, S., Rushworth, M.F.S., Woolrich, M.W., 2007.
Probabilistic diffusion tractography with multiple fibre orientations: what can we
gain? Neuroimage 34 (1), 144–155. https://doi.org/10.1016/j.neuroimage.2006.09.
018.

Behrens, T.E.J., Woolrich, M.W., Jenkinson, M., Johansen-Berg, H., Nunes, R.G., Clare, S.,
et al., 2003. Characterization and propagation of uncertainty in diffusion-weighted
MR imaging. Magn. Reson. Med. 50 (5), 1077–1088. https://doi.org/10.1002/mrm.
10609.

Bethus, I., Tse, D., Morris, R.G., 2010. Dopamine and memory: modulation of the per-
sistence of memory for novel hippocampal NMDA receptor-dependent paired as-
sociates. J. Neurosci. 30 (5), 1610–1618. https://doi.org/10.1523/JNEUROSCI.
2721-09.2010.

Binder, J.R., Desai, R.H., 2011. The neurobiology of semantic memory. Trends Cognit.
Sci. 15 (11), 527–536. https://doi.org/10.1016/j.tics.2011.10.001.

Bjornebekk, A., Westlye, L.T., Fjell, A.M., Grydeland, H., Walhovd, K.B., 2012. Social
reward dependence and brain white matter microstructure. Cerebr. Cortex 22 (11),
2672–2679. https://doi.org/10.1093/cercor/bhr345.

Bosch, B., Arenaza-Urquijo, E.M., Rami, L., Sala-Llonch, R., Junqué, C., Solé-Padullés, C.,
et al., 2012. Multiple DTI index analysis in normal aging, amnestic MCI and AD.
Relationship with neuropsychological performance. Neurobiol. Aging 33 (1), 61–74.
https://doi.org/10.1016/j.neurobiolaging.2010.02.004.

Camara, E., Rodriguez-Fornells, A., Munte, T.F., 2010. Microstructural brain differences
predict functional hemodynamic responses in a reward processing task. J. Neurosci.
30 (34), 11398–11402. https://doi.org/10.1523/JNEUROSCI.0111-10.2010.

Carter, R.M., 2009. Activation in the VTA and nucleus accumbens increases in anticipa-
tion of both gains and losses. Front. Behav. Neurosci. 3. https://doi.org/10.3389/
neuro.08.021.2009.

Castel, A.D., 2008. The adaptive and strategic use of memory by older adults: evaluative
processing and value-directed remembering. In: Benjamin, A.S., Ross, B.H. (Eds.), The
Psychology of Learning and Motivation. Academic Press, San Diego, CA, US, pp.
225–270.

Castel, A.D., Balota, D.A., McCabe, D.P., 2009. Memory efficiency and the strategic
control of attention at encoding: impairments of value-directed remembering in
Alzheimer's disease. Neuropsychology 23 (3), 297–306. https://doi.org/10.1037/
a0014888.

Castel, A.D., Benjamin, A.S., Craik, F.I.M., Watkins, M.J., 2002. The effects of aging on
selectivity and control in short-term recall. Mem. Cognit. 30 (7), 1078–1085. https://
doi.org/10.3758/BF03194325.

Castel, A.D., Murayama, K., Friedman, M.C., McGillivray, S., Link, I., 2013. Selecting
valuable information to remember: age-related differences and similarities in self-
regulated learning. Psychol. Aging 28 (1), 232–242. https://doi.org/10.1037/
a0030678.

Catani, M., Thiebaut de schotten, M., 2008. A diffusion tensor imaging tractography atlas
for virtual in vivo dissections. Cortex 44 (8), 1105–1132. https://doi.org/10.1016/j.
cortex.2008.05.004.

Charlton, R.A., Barrick, T.R., Markus, H.S., Morris, R.G., 2010. The relationship between
episodic long-term memory and white matter integrity in normal aging.
Neuropsychologia 48 (1), 114–122. https://doi.org/10.1016/j.neuropsychologia.
2009.08.018.

Chen, L., Lambon Ralph, M.A., Rogers, T.T., 2017. A unified model of human semantic
knowledge and its disorders. Nat. Hum. Behav. 1 (3), 1–24. https://doi.org/10.1038/
s41562-016-0039.

Chowdhury, R., Guitart-Masip, M., Lambert, C., Dayan, P., Huys, Q., Düzel, E., Dolan,
R.J., 2013. Dopamine restores reward prediction errors in old age. Nat. Neurosci. 16
(5), 648–653. https://doi.org/10.1038/nn.3364.

Cohen, M.S., Rissman, J., Hovhannisyan, M., Castel, A.D., Knowlton, B.J., 2017. Free
recall test experience potentiates strategy-driven effects of value on memory. J. Exp.
Psychol. Learn. Mem. Cogn. 43 (10), 1581–1601. https://doi.org/10.1037/
xlm0000395.

Cohen, M.S., Rissman, J., Suthana, N.A., Castel, A.D., Knowlton, B.J., 2014. Value-based
modulation of memory encoding involves strategic engagement of fronto-temporal

semantic processing regions. Cognit. Affect Behav. Neurosci. 14 (2), 578–592.
https://doi.org/10.3758/s13415-014-0275-x.

Cohen, M.S., Rissman, J., Suthana, N.A., Castel, A.D., Knowlton, B.J., 2016. Effects of
aging on value-directed modulation of semantic network activity during verbal
learning. Neuroimage 125, 1046–1062. https://doi.org/10.1016/j.neuroimage.2015.
07.079.

Craik, F.I.M., Tulving, E., 1975. Depth of processing and the retention of words in epi-
sodic memory. J. Exp. Psychol. Gen. 104 (3), 268–294. https://doi.org/10.1037/
0096-3445.104.3.268.

Croux, C., Dehon, C., 2010. Influence functions of the Spearman and Kendall correlation
measures. Stat. Methods Appl. 19 (4), 497–515. https://doi.org/10.1007/s10260-
010-0142-z.

de Zubicaray, G.I., Rose, S.E., McMahon, K.L., 2011. The structure and connectivity of
semantic memory in the healthy older adult brain. Neuroimage 54 (2), 1488–1494.
https://doi.org/10.1016/j.neuroimage.2010.08.058.

Dobbins, I.G., Wagner, A.D., 2005. Domain-general and domain-sensitive prefrontal
mechanisms for recollecting events and detecting novelty. Cerebr. Cortex 15 (11),
1768–1778. https://doi.org/10.1093/cercor/bhi054.

Donahue, C.J., Sotiropoulos, S.N., Jbabdi, S., Hernandez-Fernandez, M., Behrens, T.E.,
Dyrby, T.B., et al., 2016. Using diffusion tractography to predict cortical connection
strength and distance: a quantitative comparison with tracers in the monkey. J.
Neurosci. 36 (25), 6758–6770. https://doi.org/10.1523/JNEUROSCI.0493-16.2016.

Duffau, H., Herbet, G., Moritz-Gasser, S., 2013. Toward a pluri-component, multimodal,
and dynamic organization of the ventral semantic stream in humans: lessons from
stimulation mapping in awake patients. Front. Syst. Neurosci. 7, 1–4. https://doi.org/
10.3389/fnsys.2013.00044.

Dunlosky, J., Ariel, R., 2011. The influence of agenda-based and habitual processes on
item selection during study. J. Exp. Psychol. Learn. Mem. Cogn. 37 (4), 899–912.
https://doi.org/10.1037/a0023064.

Düzel, E., Bunzeck, N., Guitart-Masip, M., Düzel, S., 2010. Novelty-related motivation of
anticipation and exploration by dopamine (NOMAD): implications for healthy aging.
Neurosci. Biobehav. Rev. 34 (5), 660–669. https://doi.org/10.1016/j.neubiorev.
2009.08.006.

Folstein, M.F., Folstein, S.E., McHugh, P.R., 1975. Mini-mental state. J. Psychiatr. Res. 12
(3), 189–198. https://doi.org/10.1016/0022-3956(75)90026-6.

Galantucci, S., Tartaglia, M.C., Wilson, S.M., Henry, M.L., Filippi, M., Agosta, F., et al.,
2011. White matter damage in primary progressive aphasias: a diffusion tensor
tractography study. Brain 134 (10), 3011–3029. https://doi.org/10.1093/brain/
awr099.

Geddes, M.R., Mattfeld, A.T., Angeles, C., de los, Keshavan, A., Gabrieli, J.D.E., 2018.
Human aging reduces the neurobehavioral influence of motivation on episodic
memory. Neuroimage 171, 296–310. https://doi.org/10.1016/j.neuroimage.2017.
12.053.

Harvey, D.Y., Schnur, T.T., 2015. Distinct loci of lexical and semantic access deficits in
aphasia: evidence from voxel-based lesion-symptom mapping and diffusion tensor
imaging. Cortex 67, 37–58. https://doi.org/10.1016/j.cortex.2015.03.004.

Hennessee, J.P., Knowlton, B.J., Castel, A.D., 2018. The effects of value on context-item
associative memory in younger and older adults. Psychol. Aging 33 (1), 46–56.
https://doi.org/10.1037/pag0000202.

Holm, S., 1979. A simple sequentially rejective multiple test procedure. Scand. J. Stat.
65–70.

Hua, K., Zhang, J., Wakana, S., Jiang, H., Li, X., Reich, D.S., et al., 2008. Tract probability
maps in stereotaxic spaces: analyses of white matter anatomy and tract-specific
quantification. Neuroimage 39 (1), 336–347. https://doi.org/10.1016/j.neuroimage.
2007.07.053.

Johansen-Berg, H., Behrens, T.E.J., Sillery, E., Ciccarelli, O., Thompson, A.J., Smith, S.M.,
Matthews, P.M., 2005. Functional–anatomical validation and individual variation of
diffusion tractography-based segmentation of the human thalamus. Cerebr. Cortex 15
(1), 31–39. https://doi.org/10.1093/cercor/bhh105.

Kaasinen, V., Rinne, J.O., 2002. Functional imaging studies of dopamine system and
cognition in normal aging and Parkinson's disease. Neurosci. Biobehav. Rev. 26 (7),
785–793. https://doi.org/10.1016/S0149-7634(02)00065-9.

Karrer, T.M., Josef, A.K., Mata, R., Morris, E.D., Samanez-Larkin, G.R., 2017. Reduced
dopamine receptors and transporters but not synthesis capacity in normal aging
adults: a meta-analysis. Neurobiol. Aging 57, 36–46. https://doi.org/10.1016/j.
neurobiolaging.2017.05.006.

Krebs, R.M., Heipertz, D., Schuetze, H., Duzel, E., 2011. Novelty increases the mesolimbic
functional connectivity of the substantia nigra/ventral tegmental area (SN/VTA)
during reward anticipation: evidence from high-resolution fMRI. Neuroimage 58 (2),
647–655. https://doi.org/10.1016/j.neuroimage.2011.06.038.

Lisman, J.E., Grace, A.A., 2005. The hippocampal-VTA loop: controlling the entry of
information into long-term memory. Neuron 46 (5), 703–713. https://doi.org/10.
1016/j.neuron.2005.05.002.

Lockhart, S.N., Mayda, A.B.V., Roach, A.E., Fletcher, E., Carmichael, O., Maillard, P.,
et al., 2012. Episodic memory function is associated with multiple measures of white
matter integrity in cognitive aging. Front. Hum. Neurosci. 6. https://doi.org/10.
3389/fnhum.2012.00056.

Martino, J., Brogna, C., Robles, S.G., Vergani, F., Duffau, H., 2009. Anatomical dissection
of the inferior fronto-occipital fasciculus revisited in the lights of brain stimulation
data. Cortex 46 (5), 691–699. https://doi.org/10.1016/j.cortex.2009.07.015.

Matsuo, K., Mizuno, T., Yamada, K., Akazawa, K., Kasai, T., Kondo, M., et al., 2008.
Cerebral white matter damage in frontotemporal dementia assessed by diffusion
tensor tractography. Neuroradiology 50 (7), 605–611. https://doi.org/10.1007/
s00234-008-0379-5.

McDonald, C.R., Ahmadi, M.E., Hagler, D.J., Tecoma, E.S., Iragui, V.J., Gharapetian, L.,
et al., 2008. Diffusion tensor imaging correlates of memory and language

J.P. Hennessee, et al. Neuropsychologia 129 (2019) 246–254

253

https://doi.org/10.1093/brain/awr119
https://doi.org/10.1093/brain/awr119
https://doi.org/10.1093/brain/awp257
https://doi.org/10.1016/j.neuron.2006.03.036
https://doi.org/10.1007/s00221-013-3744-5
https://doi.org/10.1007/s00221-013-3744-5
https://doi.org/10.1037/a0015928
https://doi.org/10.1037/a0039818
https://doi.org/10.1002/nbm.782
https://doi.org/10.1002/nbm.782
https://doi.org/10.1016/j.neuroimage.2006.09.018
https://doi.org/10.1016/j.neuroimage.2006.09.018
https://doi.org/10.1002/mrm.10609
https://doi.org/10.1002/mrm.10609
https://doi.org/10.1523/JNEUROSCI.2721-09.2010
https://doi.org/10.1523/JNEUROSCI.2721-09.2010
https://doi.org/10.1016/j.tics.2011.10.001
https://doi.org/10.1093/cercor/bhr345
https://doi.org/10.1016/j.neurobiolaging.2010.02.004
https://doi.org/10.1523/JNEUROSCI.0111-10.2010
https://doi.org/10.3389/neuro.08.021.2009
https://doi.org/10.3389/neuro.08.021.2009
http://refhub.elsevier.com/S0028-3932(18)30695-X/sref16
http://refhub.elsevier.com/S0028-3932(18)30695-X/sref16
http://refhub.elsevier.com/S0028-3932(18)30695-X/sref16
http://refhub.elsevier.com/S0028-3932(18)30695-X/sref16
https://doi.org/10.1037/a0014888
https://doi.org/10.1037/a0014888
https://doi.org/10.3758/BF03194325
https://doi.org/10.3758/BF03194325
https://doi.org/10.1037/a0030678
https://doi.org/10.1037/a0030678
https://doi.org/10.1016/j.cortex.2008.05.004
https://doi.org/10.1016/j.cortex.2008.05.004
https://doi.org/10.1016/j.neuropsychologia.2009.08.018
https://doi.org/10.1016/j.neuropsychologia.2009.08.018
https://doi.org/10.1038/s41562-016-0039
https://doi.org/10.1038/s41562-016-0039
https://doi.org/10.1038/nn.3364
https://doi.org/10.1037/xlm0000395
https://doi.org/10.1037/xlm0000395
https://doi.org/10.3758/s13415-014-0275-x
https://doi.org/10.1016/j.neuroimage.2015.07.079
https://doi.org/10.1016/j.neuroimage.2015.07.079
https://doi.org/10.1037/0096-3445.104.3.268
https://doi.org/10.1037/0096-3445.104.3.268
https://doi.org/10.1007/s10260-010-0142-z
https://doi.org/10.1007/s10260-010-0142-z
https://doi.org/10.1016/j.neuroimage.2010.08.058
https://doi.org/10.1093/cercor/bhi054
https://doi.org/10.1523/JNEUROSCI.0493-16.2016
https://doi.org/10.3389/fnsys.2013.00044
https://doi.org/10.3389/fnsys.2013.00044
https://doi.org/10.1037/a0023064
https://doi.org/10.1016/j.neubiorev.2009.08.006
https://doi.org/10.1016/j.neubiorev.2009.08.006
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1093/brain/awr099
https://doi.org/10.1093/brain/awr099
https://doi.org/10.1016/j.neuroimage.2017.12.053
https://doi.org/10.1016/j.neuroimage.2017.12.053
https://doi.org/10.1016/j.cortex.2015.03.004
https://doi.org/10.1037/pag0000202
http://refhub.elsevier.com/S0028-3932(18)30695-X/sref43
http://refhub.elsevier.com/S0028-3932(18)30695-X/sref43
https://doi.org/10.1016/j.neuroimage.2007.07.053
https://doi.org/10.1016/j.neuroimage.2007.07.053
https://doi.org/10.1093/cercor/bhh105
https://doi.org/10.1016/S0149-7634(02)00065-9
https://doi.org/10.1016/j.neurobiolaging.2017.05.006
https://doi.org/10.1016/j.neurobiolaging.2017.05.006
https://doi.org/10.1016/j.neuroimage.2011.06.038
https://doi.org/10.1016/j.neuron.2005.05.002
https://doi.org/10.1016/j.neuron.2005.05.002
https://doi.org/10.3389/fnhum.2012.00056
https://doi.org/10.3389/fnhum.2012.00056
https://doi.org/10.1016/j.cortex.2009.07.015
https://doi.org/10.1007/s00234-008-0379-5
https://doi.org/10.1007/s00234-008-0379-5


impairments in temporal lobe epilepsy. Neurology 71 (23), 1869–1876. https://doi.
org/10.1212/01.wnl.0000327824.05348.3b.

McGillivray, S., Castel, A.D., 2011. Betting on memory leads to metacognitive improve-
ment by younger and older adults. Psychol. Aging 26 (1), 137–142. https://doi.org/
10.1037/a0022681.

Middlebrooks, C.D., Kerr, T., Castel, A.D., 2017. Selectively distracted: divided attention
and memory for important information. Psychol. Sci. 28 (8), 1103–1115. https://doi.
org/10.1177/0956797617702502.

Morales, M., Margolis, E.B., 2017. Ventral tegmental area: cellular heterogeneity, con-
nectivity and behaviour. Nat. Rev. Neurosci. 18 (2), 73–85. https://doi.org/10.1038/
nrn.2016.165.

Mori, S., Wakana, S., van Zijl, P., Nagae-Poetscher, L., 2005. MRI Atlas of Human White
Matter. Amsterdam, The Netherlands.

Murty, V.P., Shermohammed, M., Smith, D.V., Carter, R.M., Huettel, S.A., Adcock, R.A.,
2014. Resting state networks distinguish human ventral tegmental area from sub-
stantia nigra. Neuroimage 100, 580–589. https://doi.org/10.1016/j.neuroimage.
2014.06.047.

Niogi, S.N., Mukherjee, P., Ghajar, J., Johnson, C.E., Kolster, R., Lee, H., et al., 2008.
Structural dissociation of attentional control and memory in adults with and without
mild traumatic brain injury. Brain 131 (12), 3209–3221. https://doi.org/10.1093/
brain/awn247.

Nugiel, T., Alm, K.H., Olson, I.R., 2016. Individual differences in white matter micro-
structure predict semantic control. Cognit. Affect Behav. Neurosci. 16 (6),
1003–1016. https://doi.org/10.3758/s13415-016-0448-x.

Patterson, K., Nestor, P.J., Rogers, T.T., 2007. Where do you know what you know? The
representation of semantic knowledge in the human brain. Nat. Rev. Neurosci. 8 (12),
976–987. https://doi.org/10.1038/nrn2277.

Reggente, N., Cohen, M.S., Zheng, Z.S., Castel, A.D., Knowlton, B.J., Rissman, J., 2018.
Memory recall for high value items correlates with individual differences in white
matter pathways associated with reward processing and fronto-temporal commu-
nication. Front. Hum. Neurosci. 12, 241. https://doi.org/10.3389/fnhum.2018.
00241.

Rice, G.E., Lambon Ralph, M.A., Hoffman, P., 2015. The roles of left versus right anterior
temporal lobes in conceptual knowledge: an ALE meta-analysis of 97 functional
neuroimaging studies. Cerebr. Cortex 25, 4374–4391. https://doi.org/10.1093/
cercor/bhv024.

Richardson, J.T., 1998. The availability and effectiveness of reported mediators in asso-
ciative learning: a historical review and an experimental investigation. Psychon. Bull.
Rev. 5 (4), 597–614. https://dx.doi.org/10.3758/BF03208837.

Rinne, J.O., Lönnberg, P., Marjamäki, P., 1990. Age-dependent decline in human brain
dopamine D1 and D2 receptors. Brain Res. 508, 349–352. https://doi.org/10.1016/
0006-8993(90)90423-9.

Robison, M.K., Unsworth, N., 2017. Working memory capacity, strategic allocation of
study time, and value-directed remembering. J. Mem. Lang. 93, 231–244. https://
doi.org/10.1016/j.jml.2016.10.007.

Rossato, J.I., Bevilaqua, L.R., Izquierdo, I., Medina, J.H., Cammarota, M., 2009.
Dopamine controls persistence of long-term memory storage. Science 325 (5943),
1017–1020. https://dx.doi.org/10.1126/science.1172545.

Salat, D.H., Tuch, D.S., van der Kouwe, A.J.W., Greve, D.N., Pappu, V., Lee, S.Y., et al.,
2010. White matter pathology isolates the hippocampal formation in Alzheimer's
disease. Neurobiol. Aging 31 (2), 244–256. https://doi.org/10.1016/j.
neurobiolaging.2008.03.013.

Samanez-Larkin, G.R., Worthy, D.A., Mata, R., McClure, S.M., Knutson, B., 2014. Adult
age differences in frontostriatal representation of prediction error but not reward
outcome. Cognit. Affect Behav. Neurosci. 14 (2), 672–682. https://doi.org/10.3758/
s13415-014-0297-4.

Seeman, P., Bzowej, N.H., Guan, H.-C., Bergeron, C., Becker, L.E., Reynolds, G.P., et al.,
1987. Human brain dopamine receptors in children and aging adults. Synapse 1 (5),
399–404. https://doi.org/10.1002/syn.890010503.

Sexton, C.E., Mackay, C.E., Lonie, J.A., Bastin, M.E., Terrière, E., O'Carroll, R.E., Ebmeier,
K.P., 2010. MRI correlates of episodic memory in Alzheimer's disease, mild cognitive
impairment, and healthy aging. Psychiatr. Res. Neuroimaging 184 (1), 57–62.
https://doi.org/10.1016/j.pscychresns.2010.07.005.

Skinner, E.I., Fernandes, M.A., 2007. Neural correlates of recollection and familiarity: a
review of neuroimaging and patient data. Neuropsychologia 45 (10), 2163–2179.
https://doi.org/10.1016/j.neuropsychologia.2007.03.007.

Smith, S.M., 2002. Fast robust automated brain extraction. Hum. Brain Mapp. 17,
143–155. https://doi.org/10.1002/hbm.10062.

Spaniol, J., Schain, C., Bowen, H.J., 2013. Reward-enhanced memory in younger and
older adults. J. Gerontol. 69, 730–740. https://doi.org/10.1093/geronb/gbt044.

Steiger, J.H., 1980. Tests for comparing elements of a correlation matrix. Psychol. Bull. 87
(2), 245–251. https://dx.doi.org/10.1037/0033-2909.87.2.245.

Toglia, M.P., Battig, W.F., 1978. Handbook of Semantic Word Norms. (Hillsdale, NJ).
Turken, A.U., Dronkers, N.F., 2011. The neural architecture of the language compre-

hension network: converging evidence from lesion and connectivity analyses. Front.
Syst. Neurosci. 5. https://doi.org/10.3389/fnsys.2011.00001.

Von Der Heide, R.J., Skipper, L.M., Klobusicky, E., Olson, I.R., 2013. Dissecting the un-
cinate fasciculus: disorders, controversies and a hypothesis. Brain 136 (6),
1692–1707. https://doi.org/10.1093/brain/awt094.

Wang, Y., Chan, G.L.Y., Holden, J.E., Dobko, T., Mak, E., Schulzer, M., et al., 1998. Age-
dependent decline of dopamine D1 receptors in human brain: a PET study. Synapse
30 (1), 56–61. https://doi.org/10.1002/(SICI)1098-2396(199809)30:1%3c56::AID-
SYN7%3e3.0.CO;2-J.

J.P. Hennessee, et al. Neuropsychologia 129 (2019) 246–254

254

https://doi.org/10.1212/01.wnl.0000327824.05348.3b
https://doi.org/10.1212/01.wnl.0000327824.05348.3b
https://doi.org/10.1037/a0022681
https://doi.org/10.1037/a0022681
https://doi.org/10.1177/0956797617702502
https://doi.org/10.1177/0956797617702502
https://doi.org/10.1038/nrn.2016.165
https://doi.org/10.1038/nrn.2016.165
http://refhub.elsevier.com/S0028-3932(18)30695-X/sref100
http://refhub.elsevier.com/S0028-3932(18)30695-X/sref100
https://doi.org/10.1016/j.neuroimage.2014.06.047
https://doi.org/10.1016/j.neuroimage.2014.06.047
https://doi.org/10.1093/brain/awn247
https://doi.org/10.1093/brain/awn247
https://doi.org/10.3758/s13415-016-0448-x
https://doi.org/10.1038/nrn2277
https://doi.org/10.3389/fnhum.2018.00241
https://doi.org/10.3389/fnhum.2018.00241
https://doi.org/10.1093/cercor/bhv024
https://doi.org/10.1093/cercor/bhv024
https://dx.doi.org/%2010.3758/BF03208837
https://doi.org/10.1016/0006-8993(90)90423-9
https://doi.org/10.1016/0006-8993(90)90423-9
https://doi.org/10.1016/j.jml.2016.10.007
https://doi.org/10.1016/j.jml.2016.10.007
https://dx.doi.org/10.1126/science.1172545
https://doi.org/10.1016/j.neurobiolaging.2008.03.013
https://doi.org/10.1016/j.neurobiolaging.2008.03.013
https://doi.org/10.3758/s13415-014-0297-4
https://doi.org/10.3758/s13415-014-0297-4
https://doi.org/10.1002/syn.890010503
https://doi.org/10.1016/j.pscychresns.2010.07.005
https://doi.org/10.1016/j.neuropsychologia.2007.03.007
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1093/geronb/gbt044
https://dx.doi.org/10.1037/0033-2909.87.2.245
http://refhub.elsevier.com/S0028-3932(18)30695-X/sref74
https://doi.org/10.3389/fnsys.2011.00001
https://doi.org/10.1093/brain/awt094
https://doi.org/10.1002/(SICI)1098-2396(199809)30:1%3c56::AID-SYN7%3e3.0.CO;2-J
https://doi.org/10.1002/(SICI)1098-2396(199809)30:1%3c56::AID-SYN7%3e3.0.CO;2-J

	White matter integrity in brain structures supporting semantic processing is associated with value-directed remembering in older adults
	Methods
	Participants
	Design and task stimuli
	Procedures
	Scanning procedure
	Diffusion tensor imaging data processing
	Data analysis

	Results
	Behavioral performance
	Memory performance and white matter microstructure
	Memory performance and reward circuit tract strength

	Discussion
	Conclusions
	Acknowledgments
	Supplementary data
	References




