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A B S T R A C T   

It is well established that episodic memory declines with age and one of the primary explanations for this decline 
is an age-related impairment in the ability to form new associations. At a neural level, both the medial temporal 
lobe (MTL) and lateral prefrontal cortex (PFC) are thought to be critical for associative memory, and grey matter 
volume loss in these regions has been associated with age-related declines in episodic memory. While some 
recent work has compared the relative contributions of grey matter volume in MTL and PFC regions to item and 
associative memory, studies investigating the unique and shared contributions of age-related differences in the 
MTL and PFC to memory differences are still rare. In this study, we use a lifespan approach to examine the 
relationship between grey matter volume within substructures of the MTL and PFC on the one hand and item and 
associative memory on the other. To this end, we used data from over 300 healthy individuals uniformly spread 
across the adult lifespan from the Cambridge Centre for Ageing and Neuroscience (Cam-CAN) and tested the 
multivariate relationship between grey matter volumes and item/associative memory scores using canonical 
correlation analysis. We show that structures of the PFC alone predict memory performance better than either 
structures of the MTL alone or PFC and MTL combined. Moreover, our results also indicate that grey matter 
volume in the inferior frontal gyrus - pars opercularis, superior frontal gyrus, and middle frontal gyrus relates 
most strongly to memory (particularly associative memory, which loaded higher than item memory) and this 
effect persists when controlling for age and education. Finally, we also show that the relationship between frontal 
grey matter volume and memory is not moderated by age or sex. Taken together, these findings emphasize the 
critical role of the frontal lobes, and the control processes they subserve, in determining the effects of age on 
associative memory.   

1. Introduction 

Episodic memory refers to the ability to encode, store and retrieve 
the details of personal experiences and events within their temporal and 
spatial contexts (Tulving, 2002). It is well established that aging is 
associated with episodic memory decline (Dennis and 
McCormick-Huhn, 2018; Nyberg et al., 2012; Park et al., 2013). This 
age-related decline in episodic memory has been attributed to a specific 
deficit in the ability to form new associations (Naveh-Benjamin, 2000), 

and age differences in item memory tend to be less pronounced than age 
differences in associative memory (Old and Naveh-Benjamin, 2008). 
This view places an emphasis on the memory binding process itself 
(Chalfonte and Johnson, 1996), which associates individual items to 
each other or their context at encoding and is thought to depend on the 
medial temporal lobe (particularly, the hippocampus; Ranganath, 
2010). However, other accounts of age differences in associative mem
ory attribute a greater role to age-related declines in attention (for a 
recent review, see Naveh-Benjamin and Mayr, 2018), which may lead 
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older adults to form more irrelevant associations at encoding (Campbell 
et al., 2010; Davis et al., 2021) and/or hinder control processes at 
retrieval (Castel and Craik, 2003; Cohn et al., 2008; Karl Healey et al., 
2013). 

Regarding the neural substrates of associative memory, the 
involvement of the medial temporal lobes (MTL) and the lateral pre
frontal cortex (PFC) has been well documented through neuroimaging 
studies and brain damage case studies (Noulhiane et al., 2007; Simons 
and Spiers, 2003; Squire, 2009). Overall, there is an established 
consensus on which functions the MTL and PFC serve: the MTL is critical 
for the binding process (item-item; item-context) in long-term memory, 
and the lateral PFC is critical for attentional control functions that 
support binding through the creation, maintenance, and selection of 
memory representations (Cabeza, 2006; Simons and Spiers, 2003). 
Older age leads to a loss of total brain volume, but the degree of change 
is highly heterogeneous across different structures, with the MTL and 
PFC demonstrating marked age-related declines in grey matter volume, 
along with increased inter-individual variability (Raz et al., 2005). 
Comprehensive reviews suggest that healthy aging has the largest effect 
on the frontal cortex, followed by more moderate effects in the temporal 
lobes, posterior association cortex, and occipital regions (Freund & 
Pettman, 2010; MacDonald and Pike, 2021). 

Grey matter volume loss has been associated with age-related decline 
and inter-individual differences in episodic memory, however, most 
structural studies have focused exclusively on the link between hippo
campal volume and associative memory functioning in young and older 
adults, and thus far, results have been mixed (Becker et al., 2015; Carr 
et al., 2017; DeMaster et al., 2014; Grady and Ryan, 2017; Poppenk and 
Moscovitch, 2011; Rajah et al., 2010; Schlichting et al., 2017). In young 
adults, these studies range from finding no relationship between hip
pocampal volume and associative memory, to a positive, or even a 
negative association (DeMaster et al., 2014; Poppenk and Moscovitch, 
2011; Rajah et al., 2010; Schlichting et al., 2017). In older adults, 
findings range from no relationship to a positive relationship between 
hippocampal volume and associative memory (Becker et al., 2015; Carr 
et al., 2017). Previous studies have tended to look at the hippocampus as 
a whole (Head et al., 2008; Rodrigue et al., 2013; Ward et al., 2015) or 
simply divided the hippocampus into anterior vs posterior sections 
(DeMaster et al., 2014; Driscoll et al., 2003; Langnes et al., 2019; Nordin 
et al., 2017; Poppenk and Moscovitch, 2011; Rajah et al., 2010; Ta et al., 
2012), and this lack of specificity may have contributed to the mixed 
results of past research. Importantly, recent work suggests that other 
subregions of the MTL (such as the entorhinal cortex) may also play a 
critical role in associative binding (Nilssen et al., 2019; Yeung et al., 
2019), suggesting that we should also look beyond the hippocampus 
when examining structural correlates of associative memory in aging. 
These discrepancies in the literature may also be due to a changing 
relationship between grey matter volume and associative memory 
across the lifespan (Langnes et al., 2019; Shing et al., 2010), loss of white 
matter connections between regions critical for item and associative 
memory (Henson et al., 2016), and age-related functional reorganiza
tion (Bagarinao et al., 2019; Brehmer et al., 2020; Fandakova and 
Hartley, 2020; Langnes et al., 2019; Shing et al., 2010). 

Moreover, previous work on the structural correlates of age differ
ences in associative memory rarely considers the joint contribution of 
the MTL and PFC. Advancing age has its largest detrimental effects on 
frontal regions of the brain, and functional brain imaging studies have 
confirmed the involvement of lateral prefrontal cortex (PFC) regions in 
episodic memory function (Fandakova et al., 2015; Maillet and Rajah, 
2014). Thus, additionally considering age-related differences in pre
frontal structures may help further our understating of the underlying 
causes of age-related differences in episodic memory. To the best of our 
knowledge, only two studies have directly compared the contributions 
of regional grey matter volume in the MTL and PFC to item memory and 
associative memory (Becker et al., 2015; Brehmer et al., 2020). Both of 
these studies suggested that grey matter volume in the PFC makes a 

distinct contribution to associative memory functioning in old age. 
However, these studies only assessed (i) older adults (rather than a 
lifespan sample) and (ii) one or two regions at a time (either by making 
pairwise comparisons or through a univariate voxel-based morphometry 
[VBM] approach). This leaves a gap in our understanding of the relative 
contribution of MTL and PFC substructures for item and associative 
memory, which is better assessed using a multivariate approach, and 
whether this contribution changes across the adult lifespan. 

Finally, recent work suggests that biological sex and gender (here
after we will mainly focus on biological sex) may also play an important 
role in how memory and the brain change with age. For instance, 
accelerated brain aging in men compared to women is commonly 
observed (Cowell et al., 1994; Zheng et al., 2017), and behaviorally, 
older women generally perform better than older men on associative 
memory tasks (Herlitz and Rehnman, 2008) though this may depend on 
the material being tested (Asperholm et al., 2019; Subramaniapillai 
et al., 2022). Some studies, however, did not find such a sex difference in 
episodic memory (McDougall et al., 2014). Unfortunately, few studies 
have looked at sex differences in the relationship between MTL and PFC 
structures and individual differences in item and associative memory. 
One study demonstrated that hippocampal volume predicts associative 
memory in older women, but not in older men (Zheng et al., 2017), but 
further work is needed on the moderating role of sex in the relationship 
between grey matter volume and episodic memory performance with 
age. 

The aim of this study was to investigate the contribution of grey 
matter volume within substructures of the MTL and PFC to age-related 
differences in item and associative memory across the adult lifespan. 
We were also interested in the effects of sex on the relationship between 
grey matter volume and episodic memory performance to determine if 
sex affects neurocognitive aging. To this end, we used data from over 
300 individuals uniformly spread across the adult lifespan (18–87 years) 
from the Cambridge Centre for Ageing and Neuroscience (Cam-CAN; 
www.cam-can.org) project (Shafto et al., 2014). Measures of item and 
associative memory were obtained from the emotional memory task 
previously reported by Henson et al. (2016). Structural images were 
submitted to the Automatic Segmentation of Hippocampal Subfields 
(ASHS; Yushkevich et al., 2015) software package to obtain volume 
estimates for several MTL regions (including the anterior and posterior 
hippocampi, entorhinal cortex, perirhinal cortex – Brodmann areas 35 
and 36, parahippocampal cortex, and an estimate of intracranial vol
ume). Using FreeSurfer, we also extracted grey matter volume estimates 
from the superior frontal gyrus, middle frontal gyrus, inferior frontal 
gyrus - pars orbitalis, inferior frontal gyrus - pars triangularis, inferior 
frontal gyrus - pars opercularis, and orbital sulci. These are the same PFC 
regions used by Brehmer et al. (2020), and activity in these brain regions 
has also been positively linked to associative memory performance in 
older adults (Duarte et al., 2010; Fandakova et al., 2015; Maillet and 
Rajah, 2014). We tested the multivariate relationship between grey 
matter volumes and item/associative memory scores using a series of 
canonical correlation analyses, comparing MTL-only and PFC-only 
models to one that combined both MTL and PFC regions together. We 
hypothesized that grey matter volume of structures in the PFC would be 
more strongly related to associative memory performance than struc
tures in the MTL (Becker et al., 2015; Brehmer et al., 2020), which 
would suggest a critical role for attention and executive functions in 
age-related differences in associative memory. Moreover, we expected 
sex to moderate the effect of age on both grey matter volume and 
memory scores, and possibly the relationship between them. 

2. Methods 

Participants. An initial sample of 312 participants (18–87 years old; 
mean 54.24; SD 18.22; 158 men and 154 women; approximately equally 
distributed across the lifespan) was taken from the population-derived 
Stage 2 sample of the Cambridge Centre for Aging and Neuroscience 
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(Cam-CAN) project (Shafto et al., 2014). Participants reported their sex 
during the home interview phase (Stage 1) but were not asked about 
their gender identity. After image processing and outlier removal 
(described below), our final sample included 307 participants (18–87 
years old; mean 54.43; SD 18.26; 155 men and 152 women). De
mographic information of the final sample is provided in Table 1 
(divided into age groups for illustrative purposes, but note that all an
alyses used age as a continuous variable). Participants were included if 
they had no contraindications to MRI, no self-reported history of drug or 
alcohol abuse, no neurological disorders, and no brain abnormalities 
detected. Participants were native English speakers, had normal or 
corrected-to-normal vision and hearing, and scored 25 or higher on the 
Mini Mental State Exam (MMSE; Folstein et al., 1975). Informed consent 
was obtained from all participants and the study was approved by the 
Cambridgeshire 2 Research Ethics Committee, United Kingdom (Shafto 
et al., 2014). 

Memory Assessment. Item and associative memory performance 
were assessed by a behavioral task given outside the scanner (Henson 
et al., 2016). The study phase was comprised of 120 trials, split into two 
blocks, with a short break between blocks. Each trial began with a 
background scene that could have positive, negative, or neutral valence 
(40 trials per valence; scenes taken from the International Affective 
Pictures System (Lang et al., 1997). After 2s, a neutral object was 
superimposed on the scene for 7.5s. Participants were instructed to press 
a key when they had mentally formed a story that linked the object to 
the scene and continue to elaborate the story until the images dis
appeared. A 0.5s blank screen was shown between trials. Participants 
were not informed that their memory would be tested later. The test 
phase was given after a 10-min break and was comprised of 160 trials 
(using 120 objects from the Study phase and 40 new objects), split into 4 
blocks. On each trial, measures of object priming, item recognition, and 
associative memory were obtained. First, a pixilated version of the ob
ject appeared, and participants had to respond as quickly as they could 
to identify the object (this measure of object priming is not used in the 
current analyses). Next, the pixilation was removed, and a clear version 
of the object was shown to test item memory. Participants indicated 
whether the object had been shown in the Study phase and their level of 
confidence in their response (“sure new”, “think new”, “think studied”, 
“sure studied”). If participants selected “think studied” or “sure studied”, 
then associative memory was tested by asking participants to first report 
the valence of the background scene that the object had been paired with 
(positive, neutral, negative, don’t know) and then describe the scene. 

Memory Accuracy. For Item memory, we used d’ as a measure of 
discriminability (Green et al., 1966), calculated as the difference in in
verse normal transformed probabilities of Hits and False Alarms. Hits 
and False Alarms were collapsed across “sure” and “think” confidence 
levels (the number of low confidence answers was too small to perform 

separate analyses). For associative memory, the number of correctly 
described background scenes was used as our measure of interest.1 

Participants needed to describe the background scene in enough detail 
to distinguish it from other background images. 

MRI Data. Grey matter volume (GMV) was estimated from the T1- 
weighted MR images (1 mm3). Scanning took place at the Medical 
Research Council Cognition and Brain Sciences Unit (MRC-CBSU) in a 
3T Siemens TIM Trio, with a 32-channel head-coil. The 3D T1-weighted 
structural image (field of view - FOV = 256 mm × 240 mm x 192 mm; 
voxel size = 1 mm3) was acquired using a Magnetization Prepared 
RApid Gradient Echo (MPRAGE) sequence (Shafto et al., 2014; Taylor 
et al., 2017). The Automatic Segmentation of Hippocampal Subfields 
(ASHS) software (Yushkevich et al., 2015) (https://sites.google.com 
/view/ashs-dox/home) and the ASHS-PMC-T1 atlas (Xie et al., 2016) 
(https://sites.google.com/view/ashs-dox/mri-data/ashs-pmc-t1-atlas 
-requirements) were used to estimate volumes of the following MTL 
structures (left and right separately): anterior and posterior hippocampi, 
entorhinal cortex, Brodmann areas 35 and 36 (both subregions of the 
Perirhinal cortex), parahippocampal cortex, and an estimate of intra
cranial volume (eICV). For the purpose of quality control (QC), all 
segmentations obtained from ASHS were visually inspected and scored 
by two raters who were blind to participant age and sex. A five-point 
rating scale was used based on the number of voxels that were over/
undersegmented for a given structure (1 - Perfect, or near-perfect out
puts; 0.75 - Small, contained errors; 0.5 - Moderate errors; 0.25 - Large 
and expansive errors; 0 - Totally misses the mark). Only participants 
with segmentation scores of 0.5 and above were kept for volume 
assessment and statistical analysis (no participants needed to be 
excluded). The rating reliability between raters was assessed through 
Intraclass Correlation Coefficient (ICC) (Koo and Li, 2016; Liljequist 
et al., 2019), and the average ICC across ratings for the assessed brain 
regions was 0.783, indicating moderate to good reliability (Koo and Li, 
2016). FreeSurfer v7 (Fischl et al., 2004) (https://surfer.nmr.mgh.har 
vard.edu/) and the ‘Segmentation of hippocampal subfields and nuclei 
of the amygdala tool’ (Saygin et al., 2017) were used to estimate vol
umes of the amygdala. Free-Surfer was also used for the following 
frontal lobe structures superior frontal gyrus, middle frontal gyrus, 
inferior frontal gyrus - pars orbitalis, inferior frontal gyrus - pars trian
gularis, inferior frontal gyrus - pars opercularis, and orbital sulci 
(H-shaped sulci). Five participants were excluded from the original 
sample due to extreme MTL structure volume values (values that were 
more than 3.0 times the interquartile range below the first quartile or 
above the third quartile). All volumes were corrected for head size using 
the linear regression method, in which each volume of interest and eICV 
are used to predict ICV-adjusted volumes as follows: [Volume_adjusted 
(i) =Volume_raw(i) − β(ICV_raw(i) – ICV_mean)], where β is the slope of 
the regression line between ICV and the volume of interest (Voe
vodskaya, 2014). 

Statistics. We first used a series of linear regression analyses to pre
dict item memory, associative memory, and grey matter volumes from 
age, sex, and the age × sex interaction (controlling for education). The 
multivariate association between brain volumes and memory perfor
mance was tested using a multivariate approach. We adopted a two-level 
procedure (Passamonti et al., 2019; Tsvetanov et al., 2016, 2021, 2022). 
In the first-level analysis, the relationship between brain volumes and 
memory performance was identified using canonical correlation 

Table 1 
Participant demographics and cognitive scores.  

Age group Young Middle Older Total 

n 37 140 130 307 
Age range (years) 18–30 31–59 60–87 18–87 
Sex (men/women) 16/21 71/69 68/62 155/152 
Highest education 
University 27 (73%) 100 (71.4%) 62 (47.7%) 189 (61.6%) 
A’ levels 6 (16.2%) 22 (15.7%) 30 (23.1%) 58 (18.9%) 
GCSE grade 4 (10.8%) 16 (11.4%) 19 (14.6%) 39 (12.7%) 
None over 16 0 (0.0%) 2 (1.4%) 18 (13.8%) 20 (6.5%) 
Cognitive Scores 
MMSE 29.46 (0.90) 29.17 (1.11) 28.43 (1.47) 28.89 (1.32) 
ACE-R 96.70 (3.79) 96.43 (3.40) 93.49 (5.08) 95.22 (4.47) 

Note. Participants are divided into age groups for descriptive purposes, but all analyses 
used age as a continuous variable. *tEducation, MMSE, and ACE-R data missing for 
one participant. GCSE = general certificate of secondary education. MMSE = Mini- 
Mental State Exam. ACE-R = Addenbrooke’s Cognitive Examination-Revised 
(Mioshi et al., 2006). 

1 Note. The same pattern of results is found if we use a proportional score for 
associative memory instead (i.e., the number of backgrounds correctly 
described out of the total number of possible trials, which was dependent on 
correctly identifying the cued object as “old”). Further, similar results are also 
obtained when Associative memory scores are calculated as % Hits - % False 
Alarms (using participants’ recall of the background scene valence, rather than 
their descriptions of the background scenes, as used in Henson et al., 2016). 
This analysis is shown in the Supplementary Materials (Figure S9 and Table S1). 
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analysis (CCA) (Hotelling, 1936; Zhuang et al., 2020). The goal of CCA is 
to compute the linear combination of variables that maximizes the 
correlation between two multivariate data sets (X and Y) without 
assuming any form of directionality. In our study, the relationship be
tween GMV in multiple brain regions of interest (X) and six memory 
scores (Y) was evaluated in three distinct models (see Table 2). To 
determine the best set of regions that predicts memory performance 
(MTL-only regions or PFC-only or MTL and PFC regions together), we 
compared model fits between the three models with a bootstrapping 
approach (5000 iterations) and determined the significance of the 
loadings of the best fit model with a permutation-based cross-validation 
approach (Efron and Tibshirani, 1986; Tsvetanov et al., 2018). We were 
primarily interested in determining which model offers the best fit to the 
data and focused our subsequent analyses on the winning model. 
Loadings were compared by examining the 95% confidence intervals 
around each mean (derived from the bootstrapping). 

Next, we tested whether the relationship between GMV and memory 
performance identified by the winning model 1) remains after control
ling for age and education, and 2) is moderated by age and sex. To this 
end, we performed a second-level analysis using multiple linear 
regression. Predictor variables included subject GMV scores (from the 
winning CCA model), age, sex, their interaction terms (GMV x age, GMV 
x sex). The dependent variable was subject memory scores (from the 
winning CCA model). Education was entered as a covariate of no in
terest. The model therefore can identify the unique variance explained 
by each of the predictors, i.e., whether GMV scores predicted memory 
scores over and above age, or evidence for moderation by age and/or 

sex. 

3. Results 

Age and sex effects on memory. Figure S1 shows mean item and 
associative memory (averaged across valence) plotted against age. 
Figure S2 shows each valence separately.2 For item memory, a regres
sion predicting item memory from age, sex, and the age × sex interac
tion (controlling for education) was significant (R2 = 0.23, F = 30.2, p <
0.001). Age was the only significant predictor (β = 0.007, p < 0.001). 
For associative memory, a regression predicting associative memory 
from age, sex, and the age × sex interaction (controlling for education) 
was significant (R2 = 0.358, F = 56.4, p < 0.001). This model showed a 
significant effect of age (β = − 0.584, p < 0.001) and an age × sex 
interaction (β = 0.12, p = 0.01), indicating that the age-related differ
ences in associative memory was slightly steeper in men (see 
Figure S1B). In line with previous findings, age was associated with a 
decrease in memory performance; however, in contrast to previous work 
showing a disproportionate age effect on associative relative to item 
memory, there was no difference in the effect of age on item and asso
ciative memory in this case (tested by comparing the correlations be
tween age and item memory, and age and associative memory; z = 1.44; 
p = 0.15). 

Age and sex effects on grey matter volume. Figures S3 and S4 show 
mean grey matter volume (sum of both hemispheres) plotted against age 
for the MTL and frontal lobe structures, respectively (see Figures S5-S8 
for the left and right hemispheres separately). We performed a series of 
linear regressions predicting the volume in each structure (averaged 
across hemispheres) from age, sex, and the age × sex interaction, while 
controlling for False Discovery Rate (FDR) using the Benjamini–Hoch
berg method (Benjamini and Hochberg, 1995). As shown in Table 3, 
increasing age was negatively associated with grey matter volume vol
ume in all structures (except for the posterior hippocampus), and this 
effect was most pronounced in the perirhinal cortex – Br36, para
hippocampal cortex, and amygdala. In the frontal lobes, age-related 
differences were most pronounced in the middle frontal gyrus, supe
rior frontal gyrus, and inferior frontal gyrus - Pars opercularis. Turning 
to the effects of sex, none of the main effects of sex nor the interactions 
between sex and age survived FDR correction. Thus, in the current 
sample, grey matter volume was negatively associated with age in all 
structures except the posterior hippocampus and similar effects of age 
were observed for both men and women. 

Association between brain volumes and memory performance. The 
multivariate association between brain volumes of interest and memory 
scores was evaluated in three distinct CCA models (Fig. 1). Model 1 
assessed the relationship between structures of the medial temporal lobe 
and memory performance (Fig. 1A-Left). Model 2 assessed the rela
tionship between structures of the frontal lobes and memory perfor
mance (Fig. 1A-Center). Model 3 assessed the relationship between 
structures of both the medial temporal and frontal lobes and memory 
(Fig. 1A-Right). When comparing model fit (Fig. 1B), we found that 
Model 2 (which included the frontal regions alone) predicted memory 
performance better than Model 1 (which included the medial temporal 
lobe regions alone), t = 161.77, p < 0.001, and better than Model 3 
(which included both medial temporal and frontal regions), t = 261.67, 
p < 0.001. Further, Model 3, predicted memory performance better than 
Model 1, t = 11.06, p < 0.001 (see Fig. 1B). Similar results are obtained 
when using % Hits - % False Alarms as a measure of associative memory 
instead (see Figure S9). 

Table 2 
CCA models.  

Models X (Brain Regions) Y (Memory Scores) 

Model 
1 

MTL only model  
• Anterior hippocampus  
• Posterior hippocampus  
• Entorhinal cortex  
• Perirhinal cortex - Br35  
• Perirhinal cortex - Br36  
• Parahippocampal cortex  
• Amygdala  

• Item Memory - Positive 
Background  

• Item Memory - Neutral 
Background  

• Item Memory - Negative 
Background  

• Associative Memory - Positive 
Background  

• Associative Memory - Neutral 
Background  

• Associative Memory - Negative 
Background 

Model 
2 

PFC only model  
• Superior frontal gyrus  
• Middle frontal gyrus  
• Inferior frontal gyrus - Pars 

orbitalis  
• Inferior frontal gyrus - Pars 

triangularis  
• Inferior frontal gyrus - Pars 

opercularis  
• Orbital sulci (H-shaped sulci)  

• Item Memory - Positive 
Background  

• Item Memory - Neutral 
Background  

• Item Memory - Negative 
Background  

• Associative Memory - Positive 
Background  

• Associative Memory - Neutral 
Background  

• Associative Memory - Negative 
Background 

Model 
3 

MTL and PFC model  
• Anterior hippocampus  
• Posterior hippocampus  
• Entorhinal cortex  
• Perirhinal cortex - Br35  
• Perirhinal cortex - Br36  
• Parahippocampal cortex  
• Amygdala  
• Superior frontal gyrus  
• Middle frontal gyrus  
• Inferior frontal gyrus - Pars 

orbitalis  
• Inferior frontal gyrus - Pars 

triangularis  
• Inferior frontal gyrus - Pars 

opercularis  
• Orbital sulci (H-shaped sulci)  

• Item Memory - Positive 
Background  

• Item Memory - Neutral 
Background  

• Item Memory - Negative 
Background  

• Associative Memory - Positive 
Background  

• Associative Memory - Neutral 
Background  

• Associative Memory - Negative 
Background  

2 Note: We do not focus on valence effects here as 1) this was not our primary 
question of interest and 2) this was covered extensively in Henson et al. (2016) 
using the same data. Nevertheless, each valence was entered into the CCA an
alyses separately as this method lends itself well to the inclusion of multiple 
outcome measures. 
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After assessing model fit, we evaluated the significance of the load
ings of the best model (Model 2). Only the first canonical variate was 
significant (p < 0.001), and it explained 33.18% of the covariance be
tween X and Y. As show in Table 4, all memory scores (except item 
memory for objects that were superimposed on a positive background) 
loaded significantly on this component. We also found that loadings for 
the associative memory scores were higher than loadings for the item 
memory scores across all background valences (as indexed by the non- 
overlapping 95% CIs), suggesting a stronger relationship between grey 
matter volume and associative memory than item memory (Table 4). In 
terms of brain regions, the inferior frontal gyrus - pars opercularis 
loaded the highest, followed by the superior frontal gyrus, and finally 
the middle frontal gyrus, with no other regions loading significantly, 
suggesting that age-related variability in these regions contributes to 
age-related differences in memory. See Table S1 for results obtained 
while calculating associative memory as % Hits - % False Alarms. 

For completeness, we also report the results from the other two 
models. For Model 1 (the MTL model), only the first canonical variate 
was significant (p < 0.001), and it explained 21.44% of the covariance 
between X and Y. Interestingly, the only region of the MTL with sig
nificant loadings in Model 1 was the parahippocampal cortex (p =
0.008). All of the memory score loadings (except item memory for ob
jects that were superimposed on a positive background) were significant 
(p’s < 0.05) and the difference between item and associative memory 
loadings was generally less pronounced than it was for Model 2 (see 
Fig. 1A). For Model3 (the joint MTL and PFC model), only the first ca
nonical variate was significant (p < 0.001), and this model explained 
36% of the covariance between X and Y. The brain regions with signif
icant loadings in Model 3 were the parahippocampal cortex (p = 0.028), 
inferior frontal gyrus - pars opercularis (p < 0.001), middle frontal gyrus 
(p = 0.01), superior frontal gyrus (p = 0.004), and orbital sulci (H- 
shaped sulci) (p = 0.034). All of the memory score loadings (except item 
memory for objects that were superimposed on a positive background) 
were significant (p’s < 0.05) and the difference between item and 
associative memory loadings was similar to the difference observed in 
Model 2. 

Moderation Effects. For the best fitting model (Model 2), we also 
evaluated whether the relationship between PFC volume scores and 
memory scores remains after controlling for age and education, and 
whether the volume-performance relationship is moderated by the ef
fects of either age or sex. For this purpose, we ran a moderation analysis 
testing the moderating effects of age and sex in the same model. Our 
results show that the model was significant (R2 = 0.542, F = 58.9, p <
0.001; Table 5), with memory subject scores significantly predicted by 
PFC subject scores, age, sex, and education. However, the relationship 
between memory and PFC subject scores was not moderated by either 
age or sex (see Fig. 2). Importantly, PFC volume scores remained a 

significant predictor of memory scores (B = 0.118, p = 0.046), con
firming that the relationship between frontal lobe volumes and memory 
is not simply driven by age. 

4. Discussion 

In this study, we evaluated the relationship between grey matter 
volume within substructures of the medial temporal and frontal lobes 
and individual differences in item and associative memory across the 
adult lifespan. As expected, age was negatively associated with both 
memory performance and grey matter volume. Nevertheless, in contrast 
to previous studies showing a disproportionate age effect on associative 
relative to item memory, we observed similar effects of age for both item 
and associative memory. We also observed an interaction between the 
effects of age and sex for associative memory, indicating that age-related 
differences in associative memory were more pronounced in men. 
Regarding age-related differences in grey matter volume, grey matter 
volume was negatively associated with age in all structures of the medial 
temporal (except the posterior hippocampus) and frontal lobes, and 
similar age-related differences were observed for both men and women. 
After testing the multivariate relationship between grey matter volumes 
and memory performance, our results showed that the structures of the 
PFC alone predicted memory performance better than either the struc
tures of the MTL alone or the structures of the PFC and MTL combined. 
Our results also indicated that grey matter volume in the inferior frontal 
gyrus - pars opercularis, superior frontal gyrus, and middle frontal gyrus 
related most strongly to memory (particularly associative memory, 
which loaded more strongly than item memory) and this effect persisted 
when controlling for age. Finally, this relationship between frontal grey 
matter volume and memory was not moderated by age or sex. 

In our study, associative memory performance was found to relate 
more strongly to grey matter volume in the PFC than structures in the 
MTL. This is in line with previous studies showing that grey matter 
volume in dorso- and ventrolateral prefrontal regions is a better pre
dictor of associative memory performance in older adults than grey 
matter volume in MTL regions (Becker et al., 2015; Brehmer et al., 
2020). The associative deficit hypothesis (ADH) suggests that 
age-related differences in episodic memory are largely due to impaired 
associative binding at encoding in older adults (Naveh-Benjamin, 2000). 
Although the MTL, especially the hippocampus, is critical for the bind
ing process itself, the lateral PFC also supports binding through control 
functions at encoding and retrieval (Cabeza, 2006; Ranganath, 2010). 
The PFC undergoes several structural and functional changes during 
healthy aging that result in impaired aspects of cognitive control, 
including selective attention and inhibitory control (Zanto and Gaz
zaley, 2019; Hasher, 2016), which may lead older adults to form more 
irrelevant associations than younger adults (Campbell et al., 2010; Davis 

Table 3 
List of regression models and significant effects.  

Region of Interest Model Fit Predictor variable p-values 

R2 F p age sex age*sex 

Anterior hippocampus 0.036 3.82 0.01 0.003 * 0.138 0.453 
Posterior hippocampus 0.015 1.51 0.212 0.562  0.040 0.941 
Entorhinal cortex 0.033 3.49 0.02 <0.001 * 0.669 0.795 
Perirhinal cortex - Br35 0.051 5.38 0.001 <0.001 * 0.257 0.906 
Perirhinal cortex - Br36 0.127 14.6 <0.001 <0.001 * 0.459 0.920 
Parahippocampal cortex 0.04 4.16 0.007 0.003 * 0.055 0.925 
Amygdala 0.114 12.9 <0.001 <0.001 * 0.632 0.957 
Inferior frontal gyrus - Pars opercularis 0.061 6.58 <0.001 <0.001 * 0.344 0.234 
Inferior frontal gyrus - Pars orbitalis 0.076 8.33 <0.001 <0.001 * 0.401 0.933 
Inferior frontal gyrus - Pars triangularis 0.067 7.33 <0.001 <0.001 * 0.265 0.138 
Middle frontal gyrus 0.059 6.33 <0.001 <0.001 * 0.404 0.233 
Superior frontal gyrus 0.101 11.45 <0.001 <0.001 * 0.032 0.505 
Orbital sulci (H-shaped sulci) 0.056 5.98 <0.001 <0.001 * 0.741 0.402 

Note. p-values reported for each predictor in the model. * = significant after FDR correction. The same pattern of results is found if we include total grey matter volume 
as a covariate in the models. 
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et al., 2021). In addition to guiding attention at encoding, control pro
cesses also play a critical role at retrieval, by guiding the memory search, 
rejecting familiar but incorrect responses, and overcoming interference 
(Castel and Craik, 2003; Cohn et al., 2008; Karl Healey et al., 2013). Our 
findings and those of previous studies which emphasize the role of the 
lateral PFC in associative memory in older adults (Becker et al., 2015; 
Brehmer et al., 2020) lend support to the idea that age differences in 

cognitive control are a primary contributor to impairments in episodic 
memory (Campbell et al., 2010; Hasher, 2016). These findings are also 
in line with the long-standing ‘frontal lobe hypothesis’ of aging (West, 
2000), which points to the fact that structural declines are most pro
nounced in the PFC and age differences tend to be most pronounced for 
tasks that rely on frontal control mechanisms (Raz et al., 2005; Zanto 
and Gazzaley, 2019). 

Fig. 1. Canonical Correlation Analysis (CCA) - The relationship brain volumes and memory performance. A) Heliograph of variate loadings (correlations) for the first 
canonical variate, where the size of the correlations is indicated by the length of the bars. Item Memory scores (% Hits – % False Alarms). Associative Memory scores 
(number of correctly recalled background scenes). The statistical relationships between brain structures (brain volume profile) and memory performance (cognitive 
profile) are for Model 1 (r = 0.463, p < 0.001), for Model 2 (r = 0.576, p < 0.001), and for Model 3 (r = 0.600, p < 0.001). B) Model Fit Analysis (Bootstrapping 
approach). Histogram showing the frequencies of F values (5000 occurrences per model), representing the distribution of the ratio of explained variance to unex
plained variance for each model. 
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Among the regions of interest in the PFC, our results show memory 
performance related most strongly to the inferior frontal gyrus - pars 
opercularis, followed by the superior frontal gyrus, and finally the 
middle frontal gyrus.3 In addition to executive functions (e.g., working 
memory, inhibitory control, reorienting attention, etc.) and language, 
these regions have also been associated with semantic retrieval, episodic 
retrieval, and spatial processing (Boisgueheneuc et al., 2006; Natasha 
Rajah et al., 2011; Vatansever et al., 2021). Becker et al. (2015) found 
that both dorsolateral and ventrolateral regions of the PFC, which 
include all PFC regions of interest in our study, significantly accounted 
for individual differences in associative memory. In contrast, Brehmer 
et al. (2020) found the inferior frontal gyrus - pars triangularis and 

inferior frontal gyrus - pars orbitalis related to associative memory 
performance. Methodological differences might explain the differences 
across studies, including the age range of participants (a lifespan sample 
in our case vs. just older adults in these previous studies), memory task 
used (object-scene associations in our case vs. word-word, face-name, 
and object-scene in these previous studies), and statistical models 
employed. Despite these differences, it is interesting to note that in all 
cases, grey matter volume in the PFC was a stronger predictor of asso
ciative memory than that in the MTL. 

Nevertheless, we know that the MTL is critical for associative mem
ory, as suggested by multiple animal studies and brain damage work 
with humans (Mayes et al., 2007; Olsen et al., 2012), and one of the 
primary goals of this study was to examine the role of specific subregions 
within the MTL. Thus, we also evaluated the loadings from the MTL-only 
model (i.e., Model 1). Interestingly, the only region of the MTL with 
significant loading values was the parahippocampal cortex (PHC). The 
PHC encompasses a large area of the MTL and has reciprocal connec
tions within the MTL, in addition to providing a major source of input to 
the entorhinal cortex and direct connections with the hippocampus 
(Aminoff et al., 2013). The parahippocampal cortex is also highly con
nected with the frontal cortex (which includes connections with the 
medial prefrontal cortex, dorsolateral prefrontal cortex, and orbito
frontal cortex) and the insula (Aminoff et al., 2013). The relationship 
between anatomical integrity of the PHC and episodic performance in 
older adults has previously been shown (Gorbach et al., 2017; Köhncke 
et al., 2021; Snytte et al., 2022). Functional neuroimaging studies also 
demonstrate the engagement of the PHC in associative memory tasks (Li 
et al., 2016), and in tasks involving spatial information about the 
environment, including viewing pictures of scenes and landmarks 
(Epstein and Kanwisher, 1998). Given that our study assessed associa
tive memory for background scenes that were cued by associated objects 
at retrieval, it seems sensible that grey matter integrity in this region 
critical for scene processing predicted performance. 

As expected, age was largely associated with a decrease in episodic 
memory performance in both men and women (Duarte and Dulas, 
2020). However, our results showed that the age-related differences in 
associative memory were greater in men. This result is supported by 
previous work showing sex differences in episodic memory, with the 
magnitude of that difference varying based on the material to be 
remembered. Women usually outperform men on tasks that require 
verbal processing, while men outperform women on tasks requiring 
spatial processing (Asperholm et al., 2019). During the study phase of 
the current task, participants had to elaborate a story that linked the 
object to the scene, which relies on verbal processing. Thus, our finding 
that women outperformed men on this task fits with the general pattern 
in the literature. Sex differences in the age-related decline in episodic 
memory have also been attributed to sex difference in hippocampal 
volume (Zheng et al., 2017). In our study however, we did not observe 
sex differences in either the relationship between age and grey matter 
volume or the relationship between grey matter volume and memory 
performance. Thus, the observed age × sex interaction in predicting 
associative memory might have been due to some other factor, such as 
functional differences between men and women. For example, recent 
functional MRI work found sex differences in the effect of age on neural 
activity within several regions (including the PFC and parahippocampal 
gyrus) during the encoding and retrieval of face–location associations 
(Subramaniapillai et al., 2022). This is consistent with studies showing 
increasing reliance on functional network integrity to maintain perfor
mance despite progressive atrophy in aging (Bethlehem et al., 2020; 
Guardia et al., 2021; Liu et al., 2022; Tsvetanov et al., 2016, 2018) and 
neurodegeneration (Passamonti et al., 2019; Tsvetanov et al., 2020). 
Future studies should further examine the distinct contribution of 
regional grey matter differences, functional activity and connectivity to 
sex differences in associative memory across the lifespan. 

Some limitations to the current study should be noted. First, we 
recognize that our cross-sectional design is not ideal for capturing the 

Table 4 
Significance of the loadings of the CCA Model 2.  

CCA 
Component 

Description Loadings Scores 

Mean SD 95% CI p value 

X (Grey 
Matter 
Volume) 

Inferior frontal 
gyrus - Pars 
opercularis 

0.8595 0.0535 [0.8578, 
0.8609] 

*0.011 

Inferior frontal 
gyrus - Pars 
orbitalis 

0.4447 0.0900 [0.4421, 
0.4472] 

0.311 

Inferior frontal 
gyrus - Pars 
triangularis 

0.5252 0.0915 [0.5226, 
0.5277] 

0.215 

Middle frontal 
gyrus 

0.7507 0.0567 [0.7491, 
0.7523] 

*0.044 

Superior frontal 
gyrus 

0.8031 0.0559 [0.8015, 
0.8046] 

*0.027 

Orbital sulci (H- 
shaped sulci) 

0.6001 0.0855 [0.5977, 
0.6024] 

0.153 

Y (Memory 
Scores) 

Item Mem. – 
Positive 
Background 

0.7561 0.0594 [0.7545, 
0.7578] 

0.064 

Item Mem. – 
Neutral 
Background 

0.7921 0.0555 [0.7906, 
0.7937] 

*0.043 

Item Mem. – 
Negative 
Background 

0.7952 0.0543 [0.7937, 
0.7967] 

*0.028 

Associative Mem. 
– Positive 
Background 

0.9049 0.0379 [0.9039, 
0.9060] 

*0.002 

Associative Mem. 
– Neutral 
Background 

0.8721 0.0447 [0.8708, 
0.8733] 

*0.004 

Associative Mem. 
– Negative 
Background 

0.9542 0.0244 [0.9535, 
0.9549] 

*<
0.001  

Table 5 
Moderation analyses.  

Outcome Predictors B Std. 
Error 

t Sig. 

Y - Cognitive 
Performance 
Profile (Memory 
Scores) 

X - Grey Matter 
Volume Profile 
(Frontal Lobe 
Structures) 

0.118 0.059 2.007 *0.046 

Age − 0.545 0.055 - 9.83 *<
0.001 

Sex 0.115 0.039 2.989 *0.003 
Volume Profile * 
Age 

- 0.017 0.041 - 
0.429 

0.668 

Sex * Age 0.022 0.041 0.540 0.590 
Education 0.170 0.041 4.166 <0.001  

3 These regions are quite similar to the regions identified by Model 3, which 
also controlled for volumes in the MTL. The only additional regions identified 
by Model 3 were the orbital sulci and parahippocampal cortex. 
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effects of causality; thus, our results should be interpreted with caution. 
Second, due to our large sample size, we used automated segmentation 
tools to obtain measures of grey matter volume in the MTL and PFC. 
Although such tools have been widely used, especially in large- 
scalebrain imaging initiatives, and have been reported to have 
competitive accuracy and reliability when compared to manual seg
mentation (Sederevičius et al., 2021; Yushkevich et al., 2015), we 
acknowledge the possibility of potential bias in these segmentation al
gorithms. Differences across segmentation protocols, especially 
regarding the localization of anatomical boundaries among structures, 
might also lead to differences across studies (Snytte et al., 2022; Xie 
et al., 2016; Yushkevich et al., 2015). In terms of sex differences, we only 
measured self-reported sex, but this fails to capture any independent 
effects of gender. The term “sex” refers to the biological characteristic of 
an individual assigned at birth (e.g., chromosomes, anatomy), while 
“gender” involves self-identity and is associated social roles (e.g., soci
etal expectations for education, caregiver responsibilities, etc.) (Heidari 
et al., 2016). Future studies should ask about both sex at birth and 
gender-related social roles separately to better characterize their po
tential independent contributions to neurocognitive aging. 

In conclusion, many factors contribute to age-related differences in 
episodic memory. Our findings suggest that structural differences within 
the frontal lobes in particular may be one of the critical factors. 
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Asperholm, M., Högman, N., Rafi, J., Herlitz, A., 2019. What did you do yesterday? A 
meta-analysis of sex differences in episodic memory. Psychol. Bull. 145 (8), 
785–821. https://doi.org/10.1037/bul0000197. 

Bagarinao, E., Watanabe, H., Maesawa, S., Mori, D., Hara, K., Kawabata, K., 
Yoneyama, N., Ohdake, R., Imai, K., Masuda, M., Yokoi, T., Ogura, A., Taoka, T., 
Koyama, S., Tanabe, H.C., Katsuno, M., Wakabayashi, T., Kuzuya, M., Ozaki, N., 
et al., 2019. Reorganization of brain networks and its association with general 
cognitive performance over the adult lifespan. Sci. Rep. 9 (1), 11352 https://doi. 
org/10.1038/s41598-019-47922-x. 

Becker, N., Laukka, E.J., Kalpouzos, G., Naveh-Benjamin, M., Bäckman, L., Brehmer, Y., 
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