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Memory functioning undergoes dynamic changes between childhood and adulthood. Spontaneous use of elaborative strategies, which can enhance the recall of information, expands with age and contributes to age-associated
improvement in memory functioning. Findings from lesion and neuroimaging studies suggest that the ability to
use elaborative strategies is dependent upon intact functioning of the prefrontal cortex (PFC), particularly the
dorsolateral PFC region. Because the PFC undergoes protracted maturation, we examined whether age difference
in the structure of the PFC is correlated with age-associated increase in strategy use. Here, we investigated the
relationship between PFC volume and spontaneous strategy use in a sample of 120 participants aged 5–25 years.
We assessed semantic clustering during recall with a standardized word-list recall task (California Verbal Learning
Task children's version, CVLT-C) and computed PFC regional volumes from participants' structural brain images.
We observed an age-associated increase in the use of semantic clustering and an age-associated decrease in
volumes of the PFC. Further, we found that smaller PFC volume was linked to increased use of semantic clustering. Importantly, the volume of the right dorsolateral PFC partially explained the relation between age and the
use of semantic clustering. These ﬁndings suggest that PFC maturation supports the development of strategy use
and lends further support for the notion that brain-behavior relations change across development.

1. Introduction
Memory functioning undergoes profound changes over the typical
course of development. One of the contributing factors to improvement
in memory functioning is the increased ability for spontaneous use of
elaborative mnemonic strategies (Bjorklund and Douglas, 1997; Ofen
et al., 2016). This ability increases signiﬁcantly from childhood into
adulthood (Bjorklund and Douglas, 1997; Schneider and Pressley, 1997;
Gathercole, 1998; Schneider et al., 2004; Daugherty and Ofen, 2015) and
beneﬁts memory performance in adults (Camp et al., 1983; Dunlosky and
Hertzog, 1998). In one developmental study, Daugherty and Ofen (2015)
reported an increase in the spontaneous use of elaborative strategies in
adolescents and young adults compared to children: children tend to rely
on simple or no (“shallow”) strategies such as “say the word pair once,”
whereas adolescents and young adults predominantly depend on

elaborative (“deep”) mnemonic strategies during word pair encoding
such as “associate with a personal experience”. Age-associated increase
in spontaneous use of elaborative mnemonic strategies may underlie the
robust age-associated enhancement in memory performance between
childhood and adulthood (Ofen et al., 2016).
The spontaneous use of elaborative mnemonic strategies is thought to
be supported by the prefrontal cortex (PFC; Fletcher et al., 1998; Blumenfeld and Ranganath, 2007). Beyond its putative role in supporting
the spontaneous use of elaborative mnemonic strategies, the PFC is a key
region supporting the typical development in memory functioning (Ofen,
2012; Shing et al., 2010; Ofen et al., 2016). Age-associated differences in
PFC activation have been speciﬁcally linked to the age-associated increase in the formation of complex and more detailed memory (Ofen
et al., 2007; Tang et al., 2017). Longitudinal studies (Sowell et al., 2004;
Giedd et al., 1999; Gogtay et al., 2004) have demonstrated protracted
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In sum, evidence of age difference in PFC structure and spontaneous
use of semantic strategy, combined with ﬁndings of PFC involvement in
spontaneous use of semantic strategy, provides the background and
impetus for the current investigation of the association between age
difference in PFC structure and age increase in spontaneous use of semantic strategy. Although in adult lifespan the relation between ageassociated decrease in PFC volumes and age-associated decrease in
spontaneous use of semantic strategy has been documented (18–91 years;
Kirchhoff et al., 2014), the relation between age differences in PFC
structures and age differences in spontaneous semantic strategy use remains unexplored in a developing population.
Here, in a sample of healthy participants aged 5–25 years, we evaluated the spontaneous use of semantic strategy during word-list retrieval
and measured the volumes of anatomically deﬁned regions within the
PFC. The inclusion of a wide age range sample allowed us to examine age
differences and potential nonlinear age differences in PFC structure and
spontaneous semantic strategy use. In addition, results based on this
developmental sample, together with ﬁndings in adult lifespan (Kirchhoff et al., 2014), provide complementary knowledge about spontaneous
semantic strategy use over lifespan development. We then investigated
how age difference in PFC structure is associated with age difference in
spontaneous semantic strategy use. The latter construct was indexed by
semantic clustering score based on California Verbal Learning Test. Based
on previous ﬁndings of age difference in PFC gray matter over development, we predicted an age-associated decrease in PFC ROI volumes. We
also predicted the semantic clustering score to increase with older age
and with smaller volumes of the DLPFC, speciﬁcally the right DLPFC. As a
comparison index, we also measured serial clustering score, a measure
reﬂecting the extent to which the participants recall words in the same
order as presented during encoding. As serial clustering, in contrast to
semantic clustering, requires no additional information reorganization,
we predicted younger participants to show few, if any, performance
differences from their older counterparts. Additionally, we did not expect
serial clustering score to correlate with PFC volumes. Finally, to associate
semantic strategy development in the context of memory development,
we also evaluated the effects of age and semantic strategy use on memory
performance and examined the contribution of the PFC to age-associated
increase in memory performance.

maturation, evidenced as age-associated reduction in gray matter volume
between childhood to adulthood, which likely contributes to
age-associated increase in memory functioning. Interestingly, ﬁndings
reported in prior studies also suggest that the protracted maturation
trajectory of the PFC is more prominent in the right hemisphere (Sowell
et al., 2004; Gogtay et al., 2004). Little evidence exists in studies of child
development about the relationship between protracted structural
maturation of the right PFC and facilitation of spontaneous elaborative
mnemonic strategy use. Evidence supporting the notion of a link between
structural integrity of the PFC and spontaneous use of mnemonic strategies is available from studies in adults. For example, a recent study by
Husa and colleagues (Husa et al., 2017) compared older participants
(65–80 years) to younger participants (18–25 years) in their spontaneous
use of elaborative strategies, such as sentence generation, personal
relevance, and visual imagery. The authors found that age-associated
reduction in PFC volume, speciﬁcally in the left caudal middle frontal
lobe, partially explained age-associated decrease in spontaneous use of
elaborative strategy.
Semantic elaborative mnemonic strategies refer to the processes one
may use to organize encoded, to-be-remembered, information based on
meaning (e.g., Hertzog et al., 2010). Use of semantic strategies can be
demonstrated when during recall information is clustered by semantic
meaning. Like general spontaneously used elaborative mnemonic strategies, the spontaneous use of semantic strategies facilitates memory in
adults (Hertzog et al., 2010; Kirchhoff et al., 2014). Moreover, children's
memory performance also beneﬁts from spontaneously using semantic
strategy (Schleepen and Jonkman, 2012). The ability for spontaneous
semantic strategy use increases with age. Older children (10–12-year old)
spontaneously use semantic strategy more frequently than younger
children (6–9-year old) during both encoding and retrieval (Schleepen
and Jonkman, 2012). In a longitudinal study, Schneider et al. (2004)
showed that the spontaneous use of semantic strategies in 6-year-olds
increased over a one-year period.
The spontaneous use of semantic strategy has also been shown to be
related to the PFC. In an adult lifespan sample, age-associated decrease in
spontaneous use of semantic strategy is partially explained by age difference in PFC volumes (Kirchhoff et al., 2014). Within the PFC, the
dorsolateral region (DLPFC) is particularly important in supporting the
spontaneous use of mnemonic semantic strategies. Studies in adults with
DLPFC lesions (Gershberg and Shimamura, 1995; Alexander et al., 2003)
and healthy adults (Hirst and Volpe, 1988; Gershberg and Shimamura,
1995; Baldo et al., 2002; Hawco et al., 2013; Fletcher et al., 1998; Hazlett
et al., 2004; Nohara et al., 2000) have identiﬁed the DLPFC as critical for
the spontaneous use of semantic strategies. In addition, a repetitive
transcranial magnetic stimulation (rTMS) study showed that left DLPFC
function interference affects memory performance only when participants need to spontaneously initiate semantic organization of information, but not when they are cued to do so (Hawco et al., 2013). This
ﬁnding further supports the view that the DLPFC provides critical support
for spontaneous use of semantic strategy.
The fact that the same neural substrate, the PFC, has been linked to
both spontaneous use of semantic strategy and age-associated increase in
memory performance may further support the notion that development
of spontaneous use of elaborative mnemonic strategy is a contributing
factor to memory development. However, currently, we are lacking in
knowledge about the neural correlates of age-associated increase in
spontaneous semantic strategy use in developing population. Based on
the above-described ﬁndings linking chronological age, PFC indices, and
differences in spontaneous use of semantic strategy, it is possible that
age-linked increase in the spontaneous use of semantic strategy is
partially explained by age-associated differences in PFC structure.
Because the right lateral PFC is characterized by a more protracted
maturation compared to other PFC regions (Gogtay et al., 2004), this
developmental pattern may be the biological process underlying the
extended developmental trajectory of cognitive abilities such as the
spontaneous use of semantic strategies.

2. Methods
2.1. Participants
One hundred and thirty individuals (51% females) ages 5–25 years
(M ¼ 13.60, SD ¼ 5.90) were recruited from Metro Detroit, as part of a
larger study of neural correlates of memory development. Participants
spoke English as a native language, had no reported developmental or
neurological disorders, and had no reported history of head trauma.
Assuring MRI compatibility and safety, participants were included only if
they had no metallic implants, braces, or permanent retainers. Participants consented following procedures as approved by the Wayne State
University Institutional Review Board, which included parental consent
for all minors, written assent for ages 13–17 years, and oral assent for
ages 5–12 years. Participants were compensated $15/hour for their time
during behavioral data collection and $30/hour for their time during
brain imaging data collection. The participants or the parents of the
minors were paid in cash or gift card. Participants' IQ did not vary with
age (M ¼ 109.41, SD ¼ 13.45; r ¼ 0.09, p ¼ 0.34).
Two participants (ages 12.59 and 16.97 years) did not complete the
behavioral session. Five participants were excluded from the imaging
data analyses due to poor image quality (age 6.67 years, possibly due to
excessive motion), technical problem in reading the data (age 15.61
years), or not contributing a complete data set (ages 7.04, 7.06, and 8.40
years). Overall, 123 of the 130 participants had contributed both complete behavioral and imaging data (M ¼ 13.79, SD ¼ 5.92, 50% females).
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2.2. Mnemonic strategies: California verbal learning test – children (CVLT
– C)

middle frontal lobes correspond to the dorsolateral PFC cortex in previous literature), inferior frontal lobe (a combination of pars orbitalis, pars
opercularis, and pars triangularis), lateral orbitofrontal lobe, and medial
orbitofrontal lobe (see Fig. 1 for location of ROIs). All reconstruction data
were visually checked for segmentation accuracy. No manual interventions were conducted on the data. We assessed the quality of the
segmentation by Euler numbers extracted from FreeSurfer (Dale et al.,
1999; Rosen et al., 2018) for each hemisphere of each participant. Based
on Euler numbers we determined that three cases (age 5.13, 6.74, and
10.78 years) should be treated as outliers and excluded from further
analyses (averaged Euler number across left and right hemispheres < 3.29SD below the sample mean). With all the data screening
steps, we retrained 120 participants (M ¼ 13.94, SD ¼ 5.90, 49% female)
who had complete behavioral data and brain data of good image quality.
All data analyses were conducted on data from the 120 participants.

Participants' use of semantic strategy was assessed by measuring their
clustering of semantically related words during their free recall of a word
list. A standardized administration procedure was followed (CVLT – C,
Delis et al., 1994; this instrument is designed for ages 5–16). Participants
were read a list of 15 words comprised of ﬁve words from each of three
semantic categories: fruit, things to wear, and things to play with. The
number of recalled words and the recall order were recorded in each of
the participants' trials. This procedure was repeated ﬁve times using the
same word list. The CVLT – C was used across the entire age range for
three reasons. First, it was important to use the same task for all participants to avoid confounding of potential age-associated differences in
strategy use by discrepancies in measurement instrument between age
subsamples. Second, we used raw scores, rather than standardized scores
as performance indices to preserve age-associated variance. Third, the
use of the children's version of this task ensured that the youngest participants would be able to complete the task at a sufﬁcient level, minimizing possible confounds from basal/ﬂoor level. Our choice to use the
same instrument across all participants is further supported by the
ﬁnding that the total number of words recalled over ﬁve trials was not
reﬂecting basal/ﬂoor (0 words recalled) or ceiling (75 words recalled)
levels (Mean across all participants ¼ 48.68, range ¼ 5–72; Mean in
participants age 5–8 ¼ 35.58, range ¼ 5–57; Mean in participants age
18–25 ¼ 58.61, range ¼ 44–72).
Semantic and serial clustering scores (the latter served as a comparison measure) were calculated for each of the participants' recall trials
based on the standard CVLT-C scoring protocol (Delis et al., 1994). This
protocol deﬁned a semantic cluster as two words from the same category
that were recalled sequentially, regardless of the presentation order. This
protocol deﬁned a serial cluster as two words recalled in the same order
as they were presented. The number of observed clusters was corrected
for chance clustering for each trial using a list-based correction (LBC)
because the LBC allows for the potential impact of spontaneous strategy
use on memory performance, thus allows correlation between the length
of clusters and the number of words recalled (Stricker et al., 2002). Semantic clusters were corrected for chance as follows: the number of
observed semantic clusters – ((the number of correctly recalled words –
1)  2/7). Serial clusters were corrected for chance as follows: the
number of observed serial clusters – ((the number of correctly recalled
words – 1)/15). The total number of words recalled and the corrected
semantic and serial clusters for all ﬁve trials were used in the statistical
analyses.

2.5. Intracranial volume measurement and volumetry correction
The inﬂuence of individual differences in intracranial volume (ICV)
on the outcome measures of PFC ROI volumes was accounted for in
accordance with accepted procedures (Raz et al., 2003). ICV was
measured using manual demarcation to avoid the potential confound
presented by using the aggregate measure of ICV provided by FreeSurfer
(http://surfer.nmr.mgh.harvard.edu/fswiki/eTIV). Manual demarcation
of ICV was performed on the T1 MPRAGE that aligned anterior-posterior
commissures, corrected for differences in head tilt and yaw, and resampled voxel size to 0.5 mm3. Independent raters manually demarcated ICV
following procedures adapted from Raz et al. (2004) with high reliability
(ICC(2) ¼ 0.99; Shrout and Fleiss, 1979). ICV was measured beginning
with the most dorsal slice on which brain tissue was visualized and
extending ventrally. The whole demarcation range covered 200 slices,
and demarcation was conducted and sampled on every 20th slice for 10
slices in total. The volume of sampled slices were added and multiplied
by 20 to calculate ICV.
Bilateral ROI volumes were corrected for differences in ICV via analysis
of covariance (Jack et al., 1989): volumeadj ¼ volumei – b*(ICVi – ICVmean),
where i denotes a measurement for an individual, b is the unstandardized
coefﬁcient of whole sample volume regressed on ICV, and ICVmean is the
sample mean. Although age correlated with ICV in this sample (r ¼ 0.62,
p < 0.001), we veriﬁed that the slope of regional volumes regressed on ICV
was not signiﬁcantly different within subsamples deﬁned by age, i.e.,

2.3. MRI acquisition and post-acquisition processing
Measures of PFC volumes were obtained from structural images (T1weighted magnetization prepared rapid gradient echo (MPRAGE)
sequence) and were collected using a 32-channel head coil in a
3 Tesla Siemens Verio MR scanner (Siemens Medical AG, Erlangen,
Germany) at Wayne State University. The T1 MPRAGE was acquired in
the coronal plane, perpendicular to the anterior-posterior commissural
axis with the following parameters: echo time ¼ 4.26 ms; repetition
time ¼ 2200 ms; inversion time ¼ 1200 ms; ﬂip angle ¼ 9.0 ; pixel
bandwidth ¼ 130 Hz/pixel; GRAPPA acceleration factor PE ¼ 2; interpolated voxel size 0.5 mm  0.5 mm  1.0 mm. The total scan time of T1
sequence was 235 s.
Fig. 1. Prefrontal cortical regions of interest (ROIs). Six ROIs were identiﬁed
within the prefrontal cortex in each hemisphere for each participant. ROIs were
identiﬁed by FreeSurfer using Desikan-Killiany atlas and are depicted on
restricted lateral (left) and medial (right) views of an example parcellation from
the right hemisphere of a 17-year-old female. ROIs depicted: Superior frontal,
Rostral middle frontal, Caudal middle frontal, Inferior frontal (a combination of
pars orbitalis, pars opercularis, and pars triangularis), Lateral orbitofrontal,
Medial orbitofrontal lobes.

2.4. Volumetry of prefrontal cortex
Regional PFC volumes were generated by FreeSurfer v5.3 (https://
surfer.nmr.mgh.harvard.edu/fswiki; Fischl et al., 2002). Six regions of
interest (ROIs) were identiﬁed using the Desikan-Killiany atlas (Desikan
et al., 2006) within FreeSurfer and included superior frontal lobe, rostral
middle frontal lobe, caudal middle frontal lobe (rostral and caudal
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the two types of clustering scores (semantic vs. serial) during recall and
examined whether the association to age varied depending on cluster
type. The effect of age on clustering score was signiﬁcantly different for
the two cluster types (F (1, 117) ¼ 13.87, p < 0.001). Follow-up analyses
of the differential effect of age on the two cluster types, using separate
univariate GLMs, showed that there was an age-associated increase in
semantic clustering score during recall (F (1, 117) ¼ 30.42, p < 0.001; r
(117) ¼ 0.45, p < 0.001, Fig. 2). Serial clustering score during recall was
not related to age (F (1, 117) ¼ 1.27, p ¼ 0.26; r (117) ¼ 0.10, p ¼ 0.26,
Fig. 2). Quadratic relations between age and serial and semantic clustering scores were not signiﬁcant (F (1, 116)  1.67, p  0.20) and were
excluded from the GLM analyses.

young children: 5.00–8.99 years, older children: 9.00–12.99 years, adolescents: 13.00–17.99 years, and adults: 18.00 years and up. The interaction of ICV by age subsample were not signiﬁcant for any of the ROIs (F (1,
116)  2.89, p  0.09), except for the left rostral middle frontal lobe (ICV
by age subsample interaction: F (1, 116) ¼ 5.48, p ¼ 0.02). False discovery
rate (FDR, Benjamini & Hochberg, 1995) corrections were made for
multiple comparisons for the 12 analyses based on the two hemispheres of
the six ROIs, and no FDR-corrected ICV by age subsample interaction was
signiﬁcant (q  0.25). Therefore, the assumption of homogeneous slopes
across the age subsamples was met and the same correction was applied to
the whole sample.
2.6. Data conditioning and statistical analysis

3.2. Linking age, prefrontal cortex volumes, and clustering scores during
recall

Outliers were deﬁned as values outside the range of 3.29 standard
deviations away from the mean of given variables within the subsamples
deﬁned by age (see above, Methods Section 2.5 for ranges of the age
subsamples). No outliers were identiﬁed by this standard.
The relation between age and serial and semantic clustering scores
were tested in a repeated measures GLM. This GLM included age and
cluster type (semantic and serial) as independent variables and the
clustering score as dependent variables. Potential signiﬁcant interaction
between age and cluster type was followed up with two separate univariate GLMs. The univariate GLMs results were further veriﬁed with
Pearson's correlation analyses. The relation between age and volume in
each ROI was tested via separate Pearson's correlation analyses. Given no
a priori expectation for sex difference in memory performance or in use of
mnemonic strategy, all analyses were controlled for sex by entering sex as
a control variable. Potential non-linear (quadratic) relation between age
and behavioral and brain measures were also tested. We were primarily
interested in assessing whether age differences in semantic strategy use
are partly accounted for by age differences in volumes of PFC ROIs.
Therefore, a mediation analysis (Preacher and Hayes, 2008) was conducted to test the potential mediating effect of volumes of PFC ROIs on
the relation between age and semantic clustering score. Only the ROIs
that signiﬁcantly correlated with both age and semantic clustering score
were entered in mediation analyses models. As a comparison, we also
tested whether age difference in volumes of PFC ROIs explains age difference in serial clustering score. All mediation analyses were controlled
for sex by using variables residualized of sex.
Age differences in overall memory performance were assessed by
testing the relation of the number of words recalled with age. The beneﬁt
of elaborative mnemonic strategy to memory performance was assessed
by testing the relation between semantic clustering score and words
recalled. The contribution of the PFC to age-associated difference in
overall memory performance was assessed by testing the relation between PFC ROI volumes and number of words recalled. Finally, for the
regions that were signiﬁcantly related to both age and number of words
recalled, we assessed possible mediating effects of volumes of these regions on the relation between age and number of words recalled.
Due to the correlations among volumes in selected ROIs, regional
volumes of each hemisphere were assessed in separate models to avoid
multicollinearity. FDR correction was conducted for multiple comparisons (q-values) following the classical one-stage method for multiple
comparison correction (Benjamini & Hochberg, 1995), for each series of
12 analyses on the two hemispheres of the six ROIs. To avoid spurious
effects, the mediation analysis was bootstrapped with bias-correction
(5000 draws of the original sample with replacement). Analyses were
based on data with pairwise deletion of missing data.

3.2.1. Age and PFC volume
Volumes in all ROIs showed signiﬁcant correlations with age with
FDR correction (Table 1). No ROI volume showed signiﬁcant quadratic
relation to age (p  0.28). In the subsequent mediation analyses, only the
regions that showed signiﬁcant relation to age were tested for mediating
effects.
3.2.2. PFC volume and clustering scores during recall
Volumes of the left superior frontal, right rostral middle frontal, right
caudal middle frontal and left inferior frontal lobes negatively correlated
with semantic clustering score during recall (r (117)  0.27, p  0.003,
FDR q  0.009; Table 1). In contrast, among all six PFC ROIs, volumes of
none of the ROIs were correlated with serial clustering score (jr
(117)j  0.15, p  0.11; Table 1).
3.2.3. PFC volume mediated relation between age and semantic clustering
score
Next, we tested whether variability in PFC regional volume mediated
the relation between age and semantic clustering score in regions in
which volume was related to both age and semantic clustering use. There
was a signiﬁcant indirect effect between age and semantic clustering
score through the volume of the right rostral middle frontal (standardized β ¼ 0.05, SE ¼ 0.03, 95% bias-corrected bootstrapped CI: [0.01,
0.11], Fig. 3), and the right caudal middle frontal (standardized β ¼ 0.05,
SE ¼ 0.03, 95% bias-corrected bootstrapped CI [0.01, 0.13], Fig. 4).
There was no signiﬁcant indirect effect between age and semantic clustering score through the volume of the left superior frontal region
(standardized β ¼ 0.03, SE ¼ 0.04, 95% bias-corrected bootstrapped CI
[-0.05, 0.10]; Fig. 5A) or left inferior frontal region (standardized
β ¼ 0.03, SE ¼ 0.04, 95% bias-corrected bootstrapped CI [-0.06, 0.11];
Fig. 5B). Quadratic age term was not included in the mediation models
because quadratic age was not related to PFC regional volumes or to
semantic clustering score. Mediation analyses of the relation between age
and serial clustering score were not tested because serial clustering score
did not correlate with age or regional PFC volumes.
3.3. Number of words recalled related to semantic strategy use, age, and
PFC volume
Given that semantic strategy use is thought to enhance recall, we
assessed the link between recall and semantic strategy use in this
developmental sample. Indeed, increase in semantic clustering score
during recall was associated with greater number of words recalled (r
(117) ¼ 0.50, p < 0.001). In contrast, the use of serial clusters was not
related to the number of words recalled (r (117) ¼ 0.12, p ¼ 0.21). Effects
of age on number of words recalled were assessed and identiﬁed as signiﬁcant for both linear (F (1, 116) ¼ 156.88, p < 0.001) and quadratic (F
(1, 116) ¼ 14.06, p < 0.001, age ¼ 22.95 at inﬂection point) terms. Thus,
among participants younger than 22.95 years, older participants recalled
more words compared to their younger counterparts. Finally, the number

3. Results
3.1. Assessing age difference in semantic and serial clustering scores during
recall
Using repeated measure GLM, we tested the statistical effect of age on
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rostral and caudal middle frontal lobe) was associated with increased use
of semantic clustering in this developing sample. Critically, ageassociated reduction in the volume of the right DLPFC partially
explained age-associated increase in the use of semantic clustering. Our
ﬁndings provide novel evidence highlighting the role of the DLPFC in
supporting an age-associated increase in mnemonic strategy use. To
understand the use of semantic strategy in the context of memory performance, we conﬁrmed that increased use of semantic clustering was
related to improved recall across all participants. Recall performance was
related to individual differences in volume of PFC regions, however, ageassociated reduction in PFC volumes did not partially explain the ageassociated improvement in recall.
In the PFC, we focused our investigation in six anatomically deﬁned
ROIs comprising the extent of this region. Consistent with our hypotheses, age-associated increase in semantic strategy use was uniquely
accounted for by the age-associated decrease in right DLPFC volume. The
speciﬁcity of the ﬁndings to the DLPFC suggests a distinct role for the
DLPFC in supporting the development of memory through its involvement in the use of elaborative mnemonic strategies. This ﬁnding is
consistent with an existing body of research revealing the critical role of
the DLPFC in supporting spontaneous use of semantic strategies (Hirst
and Volpe, 1988; Gershberg and Shimamura, 1995; Baldo et al., 2002;
Hawco et al., 2013; Fletcher et al., 1998; Hazlett et al., 2004; Nohara
et al., 2000; Hawco et al., 2013). The ﬁnding that age-associated increase
in semantic mnemonic strategy use was selectively explained by the
right, but not left, DLPFC volume, argues for an instrumental role of the
right hemisphere in supporting semantic mnemonic functions, from
kindergarten age to early adulthood. The biological mechanism involved
in this age-associated increase in semantic strategy use may be linked to
the protracted maturation trajectory of the right PFC, as evidenced by a
stronger relation between age and reduction in gray matter thickness and
density of the right PFC compared to the left PFC (Sowell et al., 2004;
Gogtay et al., 2004). The right lateralized ﬁnding may also reﬂect the
involvement of the right DLPFC in general mnemonic control during
retrieval (Anderson et al., 2004; Anderson and Hanslmayr, 2014;
Paz-Alonso et al., 2013), which is an essential function for spontaneous
use of semantic strategies. Further studies are required to explore the
neural maturational correlates of age-associated increase in the use of
elaborative mnemonic strategies other than semantic clustering. Additionally, future studies can investigate whether the observed
age-associated reduction in the right DLPFC volume plays a
domain-speciﬁc, or domain-general, developmental role. Our ﬁndings
are consistent with prior work highlighting cortical gray matter thinning
as related to age-associated improvements on executive function (Kharitonova et al., 2013). Future studies in multiple cognitive domains are

Fig. 2. Age-associated increase in the use of semantic clustering. Participant's total clustering score during recall, adjusted for chance clustering
(Stricker et al., 2002), depicted as a function of participant's age (years). Total
semantic clustering score, but not serial, showed a signiﬁcant increase with age
(Age by cluster type interaction: F (1, 117) ¼ 13.87, p < 0.001). Black, total
semantic clustering score; Gray, total serial clustering score.

of words recalled was also related to regional PFC volume in nearly all
PFC regions (Table 1). The exception to this general pattern of association between PFC volume and number of words recalled was noted in the
left caudal middle frontal region. Given that the number of words
recalled was associated with age and PFC regional volume, we further
tested possible mediation effects of PFC volumes on the relation between
age and number of words recalled, following the same steps in assessing
mediation as described above. None of the models identiﬁed a signiﬁcant
indirect effect of PFC volumes on the relation between age and number of
word recalled.
4. Discussion
In this study, we investigated the relationship between individual
differences in PFC volume and age increase in elaborative mnemonic
strategy use between kindergarten age and early adulthood (5–25 years).
The use of semantic clustering, an elaborative mnemonic strategy,
increased with age. Consistent with the literature, PFC volumes showed a
robust age-associated decrease. We also found that smaller volume of the
left superior frontal lobe, left inferior frontal lobe, and right DLPFC (right
Table 1
Relations among age, recall output and volume of PFC ROIs.
PFC Region

Superior Frontal
Rostral Middle Frontal
Caudal Middle Frontal
Inferior Frontal
Lateral Orbitofrontal
Medial Orbitofrontal

Age

Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right

# Semantic Clustering
Score

# Serial Clustering
Score

# Words Recalled

r

p

r

p

r

p

r

p

¡0.52
¡0.45
¡0.41
¡0.35
¡0.27
¡0.35
¡0.53
¡0.49
¡0.41
¡0.41
¡0.35
¡0.38

<0.001
<0.001
<0.001
<0.001
0.004
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

¡0.27
0.21
0.19
¡0.29M
0.16
¡0.30M
¡0.28
0.13
0.17
0.10
0.08
0.11

0.003
0.03
0.04
0.001
0.08
0.001
0.003
0.17
0.07
0.29
0.37
0.26

0.01
0.06
0.04
0.10
0.07
0.15
0.01
0.05
0.06
0.05
0.10
0.001

0.88
0.54
0.63
0.27
0.47
0.11
0.93
0.60
0.52
0.56
0.26
0.99

¡0.43
¡0.30
¡0.29
¡0.28
0.17
¡0.22
¡0.38
¡0.34
¡0.34
¡0.32
¡0.33
¡0.37

<0.001
0.001
0.001
0.002
0.07
0.02
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Partial correlation coefﬁcients and signiﬁcance presented for relationship between volume of each PFC ROI with age, semantic clustering score, serial clustering score,
and number of words recalled. Effects were tested separately for left and right volumes for all the ROIs, including superior frontal, rostral middle frontal, caudal middle
frontal, inferior frontal, lateral orbitofrontal and medial orbitofrontal lobes. All correlations are controlled for sex. Bold, signiﬁcant correlations after FDR correction for
multiple comparisons. M, regional volumes signiﬁcantly mediated the relation between age and performance indices.
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Fig. 3. Age-associated increase in spontaneous use of semantic clustering
is partially accounted by the volume of the right rostral middle frontal
lobe. A. Volume of the right rostral middle frontal lobe partially explained the
effect of age on the total semantic clustering score during recall as evident by a
signiﬁcant indirect effect (standardized β ¼ 0.05, SE ¼ 0.03, 95% bias-corrected
bootstrapped CI [0.01, 0.11]). Numbers for each path shown in the ﬁgure are
the standardized beta weights. SE, standard error; CI, conﬁdence interval. *indicates signiﬁcant paths with a 95% bias-corrected bootstrapped CI that does
not overlap with zero. Number in parenthesis indicates a direct effect of age on
semantic clustering. B. Total semantic clustering score during recall trials for
each participant is depicted as a function of participant's right rostral middle
frontal lobe volume. The values depicted were standardized residuals adjusted
for sex. Total semantic clustering score showed a signiﬁcant relation with volume in this region (r ¼ 0.29, p ¼ 0.001, FDR q ¼ 0.008), smaller volumes were
associated with greater use of semantic clustering during recall.

Fig. 4. Age-associated increase in spontaneous use of semantic clustering
is partially accounted by the volume of the right caudal middle frontal
lobe. A. Volume of the right caudal middle frontal lobe partially explained the
effect of age on total semantic clustering score during recall as evident by a
signiﬁcant indirect effect (standardized β ¼ 0.05, SE ¼ 0.03, 95% bias-corrected
bootstrapped CI [0.01, 0.13]). Numbers for each path shown in the ﬁgure are
the standardized beta weights. SE, standard error; CI, conﬁdence interval. *indicates signiﬁcant paths with a 95% bias-corrected bootstrapped CI that does
not overlap with zero. Number in parenthesis indicates a direct effect of age on
semantic clustering. B. Total semantic clustering score during recall trials for
each participant is depicted as a function of participant's right caudal middle
frontal lobe volume. The values depicted were standardized residuals adjusted
for sex. Total semantic clustering score showed a signiﬁcant relation with volume in this region (r ¼ 0.30, p ¼ 0.001, FDR q ¼ 0.008), smaller volumes were
associated with greater use of semantic clustering during recall.

needed to determine whether right DLPFC maturational changes underlie
age-associated enhancement that is limited to semantic strategy use, or
whether such changes account for age-associated enhancement in all
elaborative mnemonic strategies that require mnemonic control.
The direction of the mediating effect that we found in the current
study of PFC volumes on the relation between age and spontaneous semantic strategy use is different from that found in adults. In an adult
lifespan sample age 18–91 years, Kirchhoff et al. (2014) found that
age-associated decrease in PFC regional volumes partially accounts for
age-associated decrease in spontaneous semantic strategy use. In another
study comparing spontaneous elaborative strategy use in younger and
older adults, Husa et al. (2017) found a similar pattern such that smaller
PFC volume in older participants partially accounts for older participants'
lesser use of spontaneous elaborative strategies. Taken together, this may
indicate that age-associated decrease in PFC volume is beneﬁcial in
development, potentially reﬂecting the neuronal pruning process over
development, whereas lower age-associated decrease in PFC volume is
beneﬁcial in aging. This possibility based on cross-sectional data across
studies requires evidence based on lifespan longitudinal data.
In contrast to semantic clustering, we did not ﬁnd an age-associated
increase in serial clustering, nor did we ﬁnd a relation between PFC
volume and serial clustering, or a mediating effect of PFC volume on the
relation between age and serial clustering. Consistent with our

hypothesis, these null ﬁndings may reﬂect the fact that serial clustering
relies predominantly on rote memorization or passive memory processing that lacks in semantic strategy use, and thus requires minimal strategic manipulation of the information to be memorized and recalled. The
absence of a signiﬁcant relationship between age and serial clustering
suggests that the ability to recall information as presented may be fully
developed early on (Gathercole, 1998). The absence of a signiﬁcant
statistical association between serial clustering and the PFC is consistent
with previous ﬁndings that patients with PFC lesions and healthy controls are comparable in using serial clusters (Alexander et al., 2003; Baldo
et al., 2002). Though the PFC seems unessential for serial clustering,
other brain regions may nonetheless be critical. Future studies may
investigate neural correlates of serial clustering other than PFC
morphology.
The differential relation of semantic and serial, or rote, clustering to
age and PFC volumes may reﬂect the two-component framework of
episodic memory development across the lifespan (Shing et al., 2010).
Shing et al. (2010) proposed a two-component framework of episodic
memory development that consists of an associative component that allows for the details of an event to be combined into a single uniﬁed event,
and a strategic component that requires cognitive control to encode
discrete details and organize them based on their association to other
details. According to this framework, in the context of lifespan
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association between age and recall, together with the signiﬁcant effect of
DLPFC volume on the association between age and semantic strategy use,
may reﬂect a unique contribution of DLPFC structure to spontaneous
semantic strategy use in developing population. However, we caution
this interpretation given the difﬁculty in interpreting null ﬁndings.
Our ﬁndings of age-associated increase in the use of semantic strategy, reduction in PFC volume, and a mediating effect of PFC volume in
age-associated difference in semantic strategy use are largely consistent
with prior ﬁndings (Bjorklund and Douglas, 1997; Gogtay et al., 2004;
Giedd et al., 1999; Kirchhoff et al., 2014). Nonetheless, the limitation of
the current cross-sectional study design should be noted. First, the
age-associated differences we found cannot be interpreted as demonstrating a neural mechanism of developmental (Lindenberger et al.,
2011) or a direct age-associated mediating effect (Maxwell and Cole,
2007). Future studies using longitudinal designs are necessary to test the
contribution of PFC maturation to the development of semantic strategy
use. Future longitudinal studies may also examine potential association
between PFC maturation and non-linear and step-like developmental
trajectories of strategy use (Schlagmüller and Schneider, 2002). Second,
in our investigation , we used the robust measure of strategy use across
the ﬁve repetitions of the word-list recall trials. Future research using
multilevel modeling will be instrumental in providing insight about how
strategy use changes over repeated learning trials, whether these changes
differ depending on age or the structure of the PFC. Third, although by
using the CVLT, we were able to measure spontaneous mnemonic strategy use and speciﬁcally assess an individual's level of semantic strategy,
we were only able to measure individual differences in mnemonic
strategy use that are speciﬁc to administration parameters, such as three
semantic categories, ﬁve repetitions, etc. Other modalities and task
characteristics may inﬂuence individual differences in spontaneous
strategy use. Further work can be directed to assessing the relationship
between brain measures and age differences in instructed use of mnemonic strategies, or beneﬁts of training in speciﬁc mnemonic strategies.
In addition, the semantic clustering measure based on CVLT, though
measured during recall, may reﬂect processes operation during encoding,
the maintenance of represented information or recall. Future studies
using tasks that are able to distinguish encoding and recall processes are
necessary to study the neural correlates of semantic strategy use over
development.

Fig. 5. Insigniﬁcant indirect effects of volumes of left superior frontal and
left inferior frontal lobes on age-associated increase in spontaneous use of
semantic clustering. A. Volume of the left superior frontal lobe did not explain
signiﬁcant amount of variance of the relation between age and total semantic
clustering score during recall (standardized β ¼ 0.03, SE ¼ 0.04, 95% biascorrected bootstrapped CI [-0.05, 0.10]). B. Volume of the left inferior frontal
lobe did not explain signiﬁcant amount of variance of the relation between age
and total semantic clustering score during recall (standardized β ¼ 0.03,
SE ¼ 0.04, 95% bias-corrected bootstrapped CI [-0.06, 0.11]). Numbers for each
path shown in the ﬁgure are the standardized beta weights. SE, standard error;
CI, conﬁdence interval. *indicates signiﬁcant paths with a 95% bias-corrected
bootstrapped CI that does not overlap with zero. Number in parenthesis indicates a direct effect of age on semantic clustering.

development, memory function during childhood is limited by the strategic component, linked to the protracted development of the PFC and
the stable function of the medial temporal lobe (MTL; Shing et al., 2010),
yet is not limited by the associative component. In contrast, the memory
function in older adults is limited by both strategic and associative
components, linked to changes in both the PFC and MTL (Shing et al.,
2010). Consistent with this notion, a recent study suggests that from
childhood to young adulthood, successful encoding relies on the protracted activation increase in the PFC, but successful encoding in older
adults relies on maintained activation level in both the PFC and the MTL
(Shing et al., 2016). It is possible that semantic clustering development is
more dependent on the strategic component of episodic memory,
whereas serial clustering is more reliant on the associative component.
The differential relationship of the two clustering types to age and PFC
volumes observed in the current investigation may reﬂect the two components of episodic memory process and the different developmental
trajectories of the two components. Future studies examining the relation
between serial clustering and MTL structure and function may provide
insight for the relation between the two types of clusters and the
two-component framework.
To understand the use of semantic strategy in the context of memory
performance, we tested the relation between semantic clustering score
and words recalled. There was a positive correlation between semantic
clustering score and words recalled, supporting the notion that using
semantic strategy beneﬁts memory performance. Though we did not ﬁnd
signiﬁcant mediating effects of volumes of any PFC regions on ageassociated increase in the number of words recalled, volumes of all the
tested PFC regions, except the left caudal middle frontal lobe, showed a
signiﬁcant negative correlation with number of words recalled, supporting that PFC structure plays an important role in memory performance. The lack of a signiﬁcant mediating effect of DLPFC volume on the

5. Conclusion
We provide evidence that age-associated reduction in PFC volume is
linked to age-associated increase in the use of semantic strategy. Speciﬁcally, a decrease in the volume of the right middle PFC partially
accounted for an age-associated increase in semantic clustering use
during recall. These ﬁndings in a developmental sample are consistent
with ﬁndings in adult lifespan samples showing a link between the ageassociated decline in functional contributions of PFC and decline in
cognition in aging (West, 1996; Buckner, 2004; Kirchhoff et al., 2014).
More broadly our ﬁndings support the notion that cognitive development
is linked to structural and functional changes in the PFC (Ofen, 2012;
Tang et al., 2017; Kharitonova et al., 2013) and point to the use of semantic strategy in underscoring the role of the PFC in supporting memory
development.
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