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Quick correct identification of facial emotions is highly relevant for successful
social interactions. Research suggests that older, compared to young, adults
experience increased difficulty with face and emotion processing skills. While functional
neuroimaging studies suggest age differences in neural processing of faces and
emotions, evidence about age-associated structural brain changes and their involvement
in face and emotion processing is scarce. Using structural magnetic resonance imaging
(MRI), this study investigated the extent to which volumes of frontal and temporal brain
structures were related to reaction time in accurate identification of facial emotions in 30
young and 30 older adults. Volumetric segmentation was performed using FreeSurfer
and gray matter volumes from frontal and temporal regions were extracted. Analysis
of covariances (ANCOVAs) models with response time (RT) as the dependent variable
and age group and regional volume, and their interaction, as independent variables
were conducted, controlling for total intracranial volume (ICV). Results indicated that,
in older adults, larger hippocampal volumes were associated with faster correct facial
emotion identification. These preliminary observations suggest that greater volume in
brain regions associated with face and emotion processing contributes to improved facial
emotion identification performance in aging.
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INTRODUCTION

The ability to quickly recognize faces and their emotional expressions are important skills that
we develop early in life. These skills remain relevant across the entire lifespan and are important
to our everyday functioning, particularly with respect to social interactions. Similar to other
cognitive abilities, research indicates that facial emotion identification abilities decline with age.
Older adults typically experience greater difficulty in reading facial cues, particularly for negative
facial emotions (Isaacowitz et al., 2007; Ruffman et al., 2008, 2012; Ebner and Fischer, 2014).
These difficulties associated with recognizing emotion displayed in faces can negatively impact
overall emotional and social functioning in the elderly (Isaacowitz et al., 2007) and, thus, are of
critical concern.
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Previous studies that showed age-related difficulties in
facial emotion identification have examined associations
of this deficit with age differences in functional brain
activation (Fischer et al., 2005, 2010; Gao et al., 2009; Lee
et al., 2011; Ebner et al., 2012). It is proposed that multiple
brain regions work together in order for face processing,
independent of emotional valence, to occur (for review see
Ruffman et al., 2008). The processing of emotional facial
stimuli involves the amygdala, the medial prefrontal, and
anterior cingulate cortices, insula and hippocampus, which
are shown to be active in both young and older adults
(Iidaka et al., 2002; Fusar-Poli et al., 2009). However, there
are age differences in neural recruitment during processing
of emotional faces (Keightley et al., 2007). This research
suggests that older adults have a more widely distributed
network for processing negative and neutral facial expressions,
including both frontal and temporal regions. In contrast,
young adults show a more widely distributed network for
processing happy facial expressions. Additional evidence
suggests age-related reduced activity in medial temporal
(i.e., amygdala, parahippocampal gyrus) and parieto-
occipital regions during emotional face processing (Iidaka
et al., 2002; Ebner et al., 2012) and that older adults show
greater temporal activity (i.e., hippocampus, fusiform gyrus)
compared to young adults during these tasks (Fusar-Poli et al.,
2009).

A considerable amount of research in facial emotion
processing relies on functional neuroimaging studies, which
allow brain activity to be linked with function (e.g., behavioral
performance). However, functional activation is likely dependent
on structural integrity, which has not been the focus of
studies in this field of research. Gray matter brain volume
is comprised of cortical surface area and cortical thickness.
Cortical surface area reflects the number of cell columns,
while cortical thickness is a measure of the number and
size of cells within the column, their packing density, and
the number of synaptic connections (Kabani et al., 2001;
Eickhoff et al., 2005). The neuroanatomical volumetric basis for
cognitive aging has been well-researched (Raz and Kennedy,
2009; Salthouse, 2011); however, close to nothing is known
about the neuroanatomical basis for various social processing
domains. In this study, we argue that structural intactness
(i.e., as reflective in gray matter volume) of anterior cingulate
and insula cortices, fusiform gyrus, amygdala and hippocampus
are associated with preserved facial emotion processing and
will particularly facilitate facial emotion identification in aging.
This prediction was based on evidence that older adults’
difficulties with social processing are due to decline in
structural brain regions supporting social–emotional circuits
(Phillips et al., 2014).

In general, aging is associated with overall decline in total
gray matter volume (Raz et al., 1997, 2010; Resnick et al., 2003;
Fjell and Walhovd, 2010). The largest atrophic changes are
seen in the frontal and temporal cortices (Hedden and Gabrieli,
2004; Raz and Kennedy, 2009), regions known to be involved
in facial emotion processing, though this degradation does not
occur in a uniform manner. There is also evidence of age-

related decline in the insula and fusiform gyrus. Decline in
these regions, however, is less pronounced compared to decline
in other brain regions (Good et al., 2001; Allen et al., 2005;
Raz et al., 2005, 2010; Fjell and Walhovd, 2010; Persson et al.,
2014).

In young adults, larger amygdala volume has been shown
to be associated with decreased accuracy for recognizing
fearful faces and increased likelihood of misinterpreting fear
as surprise (Zhao et al., 2013). In adults with traumatic brain
injury, difficulties with the recognition of facial affect was
related to reduced white matter integrity, as well as reduced
gray matter volumes in temporo-occipital regions (Genova
et al., 2015). These studies suggest that there is a relationship
between brain structure and facial emotion processing in young
and brain-injured adults. Some first evidence of a possible
relationship between brain structure and performance in aging
comes from Williams et al. (2006), who found that smaller
medial prefrontal cortex volumes were associated with decreased
accuracy for recognizing fearful faces. While these previous
studies hint at a relationship between brain structure and
behavioral function, a systematic examination and adult age
comparison of frontal and temporal gray matter volume in
their effect on facial emotion identification performance are still
warranted.

The present study examined the effects of age and brain
volume on speed of facial emotion identification. In particular,
our primary aim was to determine the extent to which brain
volume in fronto-temporal regions (i.e., anterior cingulate and
insula cortices, fusiform gyrus, amygdala, and hippocampus)
was associated with performance variability in the speed of
facial emotion identification in young and older adults. We
expected that greater volume in regions with a known role
in facial emotional processing would predict better behavioral
performance, as reflected in faster responses for accurate
identification of facial emotions (Hypothesis 1). Given previous
evidence for age-related atrophy in these target regions, we
also expected that the association between brain volume and
behavioral performance would be more pronounced in older,
compared to young, adults (Hypothesis 2).

MATERIALS AND METHODS

Participants
Thirty young and 30 older adults were recruited from the local
community by means of an advertisement in a local newspaper.
Table 1 presents descriptive information for demographic,
cognitive, and affective measures. All participants were right-
handed native Swedish speakers with normal or corrected-
to-normal vision and were in good self-reported health, with
no known history of neurological or cardiovascular disorders,
and none were taking psychotropic medications. For the older
participants, a radiologist screened the T1- and T2-weighted
structural scans to ensure absence of abnormal atrophy and/or
lesions. Each person provided written informed consent after
the experimental procedures were explained in accordance
with the Declaration of Helsinki. The study and data analysis
were approved by the Ethics Committee in Stockholm and
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TABLE 1 | Means (M), standard deviations (SD), and age differences for demographic, cognitive, and affective measures.

Measures Young participants Older participants Age differences

M SD M SD

Demographics
Age 25.13 3.38 68.27 2.52 –
Sex (% M/F) 47/53 – 43/57 – X2

(1,N = 60) = 0.67, p = 0.795

Education 14.80 2.12 13.97 2.90 F(1,58) = 1.62, p = 0.209, η2
p = 0.03

Cognitive functioning
MMSE 29.35 0.55 28.90 0.94 F(1,56) = 4.91, p = 0.031, η2

p = 0.08∗

LCT 11.02 2.06 8.36 1.90 F(1,57) = 26.48, p < 0.001, η2
p = 0.32∗∗∗

FWRT 10.03 2.34 7.26 1.85 F(1,57) = 25.09, p < 0.001, η2
p = 0.31∗∗∗

2-Back 8.44 1.38 6.30 1.98 F(1,55) = 22.58, p < 0.001, η2
p = 0.29∗∗∗

SST 22.57 3.68 26.50 2.08 F(1,56) = 24.59, p < 0.001, η2
p = 0.31∗∗∗

VFT 15.05 4.97 15.45 4.52 F(1,56) = 0.10, p = 0.752, η2
p = 0.00

Affective functioning
GDS 1.37 1.63 1.14 1.65 F(1,56) = 0.27, p = 0.605, η2

p = 0.01

STAI-S 30.52 5.35 28.59 6.75 F(1,56) = 1.46, p = 0.232, η2
p = 0.03

Note: M, male; F, female; MMSE, Mini-Mental Status Examination (cognitive screening); LCT, Letter Comparison Task (processing speed); FWRT, Free Word Recall Task

(episodic memory); 2-Back, 2-Back Digits Task (working memory); SST, Swedish Synonym Task (vocabulary); VFT, Verbal Fluency Task (verbal fluency); GDS, Geriatric

Depression Scale (depression); STAI-S, State-Trait Anxiety Inventory, State version (state anxiety). There were missing data for questionnaires and covariates for one older

woman; missing data for 2-Back for one young man and one older woman; missing data for STAI-S for one young man. Outlier data were removed for the MMSE (one

young woman), SST (one older woman), VFT (one older female), GDS (one older female), and STAI-S (one older man). ∗p < 0.05, ∗∗∗p < 0.001.

by the University of Florida. Participants were financially
compensated.

Procedures and Measures
Participants came in for two sessions. During the first
session, they filled out several paper-and-pencil questionnaires
for sample descriptive purposes that included demographic
questions, theMini-Mental State Examination (MMSE; cognitive
screening; Folstein et al., 1975), a Swedish version of the Geriatric
Depression Scale (GDS; Brink et al., 1982; Gottfries, 1997), and
the state version of the State-Trait Anxiety Inventory (Spielberger
et al., 1983). Several computer-based tasks were also completed,
including the Letter Comparison Task (LCT; processing speed;
Salthouse and Babcock, 1991), a verbal episodic memory free
recall task, a 2-Back working memory task (Kirchner, 1958), a
Swedish Synonym Task (SST; vocabulary; Dureman, 1960) and
a Verbal Fluency Task (VFT; verbal fluency to letters F and A;
Lezak, 1995).

During the second session, approximately a week later,
participants performed the facial emotion identification task
while functional images of their brain were taken. Functional
magnetic resonance imaging (fMRI) methods and results are
the focus of reports elsewhere (Ebner et al., 2012, 2013). In
this task (Figure 1), a set of 96 young and older face images
with equal numbers of happy, angry, and neutral expressions
were presented. Participants saw faces one at a time and were
asked to indicate via a button press as quickly and accurately as
possible whether the displayed face showed a happy, angry or
a neutral expression. The presentation order of face identities
was the same for each participant, with facial expressions
counterbalanced across participants (each participant only saw

each face with one expression; for details see Ebner et al., 2012,
2013).

Face images were taken from the FACES database (Ebner
et al., 2010). Stimulus presentation and behavioral data were
collected using E-Prime software (Schneider et al., 2002).

Neuroimaging Acquisition
Magnetic resonance imaging (MRI) data were collected on
a 3T Siemens Magnetom Trio Tim Scanner at Huddinge
Hospital in Stockholm, Sweden, using a 32-channel head coil.
High resolution, T1-weighted MPRAGE anatomical scans were
collected using the following parameters: TR = 1900 ms,
TE = 2.52 ms, 176 slices acquired in a sagittal orientation, flip
angle = 9◦, FOV = 256 mm, 1 mm cubic resolution. Task-
related stimuli were presented on a computer screen viewed by
participants via a reflective mirror mounted on the head coil and
responses were collected using a scanner-compatible response
pad. To minimize noise while in the scanner, participants were
given headphones and earplugs. Head movement was minimized
via cushions positioned inside the head coil.

Volumetric Measurement
We used Freesurfer image analysis suite (version 5.11) for
volumetric segmentation, cortical surface reconstruction, and
parcellation to quantify the brain volumes of interest (for
technical details of these procedures, see Dale et al., 1999;
Fischl et al., 2002; Han et al., 2006). These procedures ran
automatically, but required supervision for the accuracy of spatial
registration and tissue segmentation. Using this method, we

1http://surfer.nmr.mgh.harvard.edu/
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FIGURE 1 | Schematic of the Facial Emotion Identification Paradigm.

obtained left and right volumes from the anterior cingulate and
insula cortices, fusiform gyrus, amygdala and hippocampus from
the T1-weighted images, and an estimate of total intracranial
volume (ICV). Caudal and rostral anterior cingulate cortex
values were summed together to obtain total volumetric values
for those regions. Right and left volumes were averaged to obtain
a total bilateral volumetric value for each region of interest (ROI),
as our hypotheses were not hemisphere specific. Left and right
brain region values were averaged together, as the general pattern
of results was similar across the two hemispheres.

Statistical Analyses
Statistical analyses were conducted using SPSS 22.0 software
(Armonk, NY, USA). Prior to statistical analysis, we screened
data for outliers by computing standardized z-scores for all
dependent and independent variables. Outliers were identified as
z > ±3 standard deviations within each age group and removed
from analyses (see Tables 1, 3 notes for details). Behavioral raw
scores for speed of correct facial emotion identification served as
the outcome variable. One design weakness of previous studies
has been that they presented only one positive along with several
different negative facial emotions. This makes identification of
positive and negative facial emotions qualitatively different tasks.
To overcome this weakness, we presented only one positive,
one neutral and one negative facial expression (as described
above under ‘‘Procedures and Measures’’ Section. This resulted
in high accuracy performance (near ceiling) for both age groups
and thus there was little variance to predict for this outcome
variable. Therefore, accuracy was not considered in the current
investigation, though it is reported in Table 3 for descriptive
purposes. To address our primary aim, analyses for the facial
emotion identification task investigated response time (RT)

collapsed across all emotional faces and across the age of the
faces. Post hoc, we also explored emotion-specific and age-of-face
specific effects as reported below.

We conducted independent samples t-tests (and a chi-square
analysis for sex) to examine age differences in demographic,
cognitive, and affective measures (Table 1). Correlational
analyses were run to determine the relationship between
cognitive measures assessed in the study (Table 2) and accuracy
as well as RT in the facial emotion identification task (for each
age group separately and across the total sample). Analysis of
covariance (ANCOVAs) with RT as the dependent variable, age
group (young vs. older) as the categorical predictor variable, and
ROI volume as continuous predictor variable tested Hypothesis 1
and 2. We also entered the age group × ROI volume interaction
in the models and controlled for ICV. Initially, sex and education
were entered as additional covariates of non-interest, but were
later removed due to lack of statistical significance. We applied a
statistical significance threshold of α < 0.050 for our directional
hypotheses. Effect sizes are reported as partial eta-squared (η2p),
for which 0.01 indicates a small effect, 0.06 a medium effect and
0.14 a large effect (Cohen, 1969).

RESULTS

Sample Characteristics
As shown in Table 1, there were no age differences in sex
distribution, years of education, verbal fluency, depression, or
state anxiety. In line with other representative samples in the
literature, young participants scored better on the cognitive
screening, processing speed, episodic memory and working
memory measures, while older participants scored better on
the vocabulary measure area. Table 2 depicts the relationship
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TABLE 2 | Bivariate correlations between cognitive measures.

MMSE LCT FWRT 2-Back SST VFT RT faces

MMSE – – – – – – –

LCT −0.00 – – – – – –

FWRT 0.20 0.40∗∗ – – – – –

2-Back 0.27∗ 0.30∗ 0.40∗∗ – – – –

SST −0.05 −0.17 −0.14 −0.22 – – –

VFT 0.19 0.11 0.21 0.18 0.39∗∗ – –

RT faces −0.18 −0.24 −0.34∗∗ −0.28∗ −0.02 −0.07 –

Accuracy faces −0.02 −0.07 0.24 −0.02 −0.05 −0.11 −0.38∗∗

Note: MMSE, Mini-Mental Status Examination (cognitive screening); LCT, Letter Comparison Task (processing speed); FWRT, Free Word Recall Task (episodic memory);

2-Back, 2-Back Digits Task (working memory); SST, Swedish Synonym Task (vocabulary); VFT, Verbal Fluency Task (verbal fluency); RT, response time. ∗p < 0.05,
∗∗p < 0.01.

between cognitive measures for the entire sample. Accuracy
and RT were moderate-to-strongly correlated for the older
participants (r(28) = −0.54, p = 0.002) and in the total sample
(r(57) =−0.38, p= 0.003) and were trend-wise correlated for the
young participants (r(27) =−0.36, p= 0.056).

Age Differences in Brain Volumes and
Behavioral Performance
Table 3 gives a full characterization of age differences in the brain
volumes and the behavioral performance. In sum, compared to
young participants, older participants had smaller volumes of
the anterior cingulate cortex, amygdala and hippocampus and
were slower to identify facial emotional expressions. There were
no significant age differences in volume for the insula and the
fusiform gyrus.

Effects of Brain Volume on Facial Emotion
Identification in Young and Older
Participants
Hypothesis 1 stating that larger volume in brain regions
associated with facial emotion processing predicted faster RT
in correct facial emotion identification in the total sample was

not supported. However, in support of Hypothesis 2, there was a
significant age × ROI volume interaction in the hippocampus
(F(1,54) = 4.41, p = 0.040, η2p = 0.08, uncorrected), such
that larger hippocampus volume was significantly associated
with faster RTs during correct facial emotion identification in
older, but not young, participants (Figure 2). None of the
other main effects or interactions was significant (p’s > 0.05;
Table 4).

Post hoc Analyses
Even though we did not have specific hypotheses pertaining
to the effects of brain volume on RT for happy, neutral and
angry facial emotions, respectively, or as a function of the
age of the face, based on previous research on behavioral
age differences in facial emotion identification speed between
young and older adults for different emotional expressions
(e.g., Mather and Knight, 2006) and a robust literature on
own-age effects in processing faces (Rhodes and Anastasi,
2012), we explored effects of facial emotion and age of
face in post hoc analyses. These analyses parsing apart the
effects of individual facial emotions and age-of-face were
conducted using repeated-measure ANCOVA analyses, with

TABLE 3 | Means (M), standard deviations (SD), and age differences for brain volumes (in mm3) and response time (RT) and accuracy for facial emotion
identification.

Young participants Older participants Age differences

M SD M SD

Brain volumes
Anterior cingulate cortex 5752 594 5292 611 F(1,58) = 8.73, p = 0.005, η2

p = 0.13∗∗

Insula 9326 1146 9366 776 F(1,58) = 0.03, p = 0.874, η2
p = 0.00

Fusiform gyrus 7041 680 6720 871 F(1,58) = 2.53, p = 0.117, η2
p = 0.04

Amygdala 1747 180 1585 232 F(1,57) = 9.02, p = 0.004, η2
p = 0.14∗∗

Hippocampus 4444 396 4053 384 F(1,57) = 14.82, p < 0.001, η2
p = 0.21∗∗∗

Facial emotion identification
Response time (in ms) 1298 218 1422 208 F(1,58) = 5.12, p = 0.027, η2

p = 0.08∗

Accuracy (%) 94 7 95 5 F(1,57) = 0.39, p = 0.534, η2
p = 0.01

Note: Outlier data were removed for accuracy for one young man. Outlier data for the amygdala and hippocampus were removed for one young man. The pattern of

results without outlier deletion was comparable. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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FIGURE 2 | Significant results for the age × hippocampal volume interaction for facial emotion identification. Larger hippocampus volumes were
significantly associated with faster response times during correct facial emotion identification in older, but not young, participants, p = 0.040, uncorrected.
RT, response time; ms, milliseconds; mm, millimeters.

age group (young vs. older) as the between-subjects factor,
ROI volume as the continuous predictor, and either facial
expression (happy vs. neutral vs. angry) or age of face
(young vs. older) as within-subject factors, controlling for
total ICV.

The main effect of facial emotion was not significant. The
facial emotion × anterior cingulate cortex interaction was
significant (p = 0.048, uncorrected), such that across all three
emotions, those with larger anterior cingulate volumes had faster
RTs. None of the other two-way or three-way interactions were
significant.

As the analyses for the individual facial emotions were
largely non-significant, the analyses considering age of faces as
additional predictor were collapsed across facial emotions. The
main effect of age of face was significant (F(1,54)= 5.05, p= 0.029,
η2p = 0.09), such that participants were faster to respond to young
(M = 1298, SD= 212) compared to older (M = 1422, SD= 237)
faces. However, none of the two-way or three-way interactions
were significant.

To determine specificity of our obtained effect
(i.e., age × hippocampus volume predicted RT for facial
emotion identification), post hoc analyses investigating whether
hippocampal volume predicted cognitive performance were
conducted using identical ANCOVA models as described under
‘‘Statistical Analyses’’ Section, with the outcome RT variable
being replaced by the other cognitive measures (as listed in
Table 2). As seen in Table 5, the age × hippocampus interaction
was not significant for any of the cognitive measures (p’s > 0.05).

Participants underwent fMRI while engaging in the facial
emotion identification task. Therefore we were able to explore
the structure-function-behavior relationship for the significant
finding in hippocampus. Hippocampal activation was extracted
via the MarsBaR ROI toolbox (Brett et al., 2002) for SPM12
(Wellcome Trust Centre for Neuroimaging, London, UK). Using
ANCOVA models, hippocampal activation was the dependent
variable, age group was entered as a categorical predictor and
hippocampal volume and RT collapsed across all emotional faces
were continuous predictor variables, controlling for ICV. We

TABLE 4 | Effects of age and brain volume on RT (in ms) for correct facial emotional identification (adjusted for total intracranial volume, ICV).

Age Volume Age × Volume

df F p η2
p F p η2

p F p η2
p

Anterior cingulate cortex 1.55 0.45 0.51 0.01 2.47 0.12 0.04 0.73 0.40 0.01

Insula 1.55 0.12 0.73 0.00 2.32 0.13 0.04 0.01 0.91 0.00

Fusiform gyrus 1.55 0.49 0.49 0.01 0.13 0.72 0.00 0.23 0.64 0.00

Amygdala 1.54 2.25 0.14 0.04 0.12 0.73 0.00 1.68 0.20 0.03

Hippocampus 1.54 5.00 0.03∗ 0.09 1.40 0.24 0.03 4.41 0.04∗ 0.08

Note: df, degrees of freedom for each F-test. Outlier data from the amygdala and hippocampus were removed for one young man. The pattern of results without outlier

deletion was comparable. ∗p < 0.05, uncorrected.
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TABLE 5 | Post hoc analyses on the effects of age and hippocampal volume on cognitive measures (adjusted for total ICV).

Age Volume Age × Volume

df F p η2
p F p η2

p F p η2
p

MMSE 1.53 0.01 0.93 0.00 2.47 0.12 0.05 0.03 0.87 0.00

LCT 1.53 0.08 0.78 0.00 0.08 0.77 0.00 0.02 0.89 0.00

FWRT 1.53 4.77 0.03∗ 0.08 0.23 0.64 0.00 2.96 0.09 0.05

2-Back 1.51 3.99 0.05 0.07 0.00 0.96 0.00 2.33 0.13 0.04

SST 1.53 1.32 0.26 0.02 1.19 0.28 0.02 0.49 0.49 0.01

VFT 1.53 2.82 0.10 0.05 1.06 0.31 0.02 2.69 0.11 0.05

Note: df, degrees of freedom for each F-test; MMSE, Mini-Mental Status Examination (cognitive screening); LCT, Letter Comparison Task (processing speed); FWRT, Free

Word Recall Task (episodic memory); 2-Back, 2-Back Digits Task (working memory); SST, Swedish Synonym Task (vocabulary); VFT, Verbal Fluency Task (verbal fluency).
∗p < 0.05, uncorrected.

also entered the age group × volume, age group × RT, and
age group × volume × RT interactions into the model. As seen
in Table 6, the age group × hippocampal volume interaction
was significant (F(1,50) = 4.47, p = 0.040, η2p = 0.08), such that
larger hippocampus volumes were significantly associated with
less hippocampal activation in young, but not older, participants
(Figure 3). None of the main effects or any of the other
interactions was significant.

DISCUSSION

The central aim of the present study was to determine the effects
of frontal and temporal brain volume on speed of accurate
identification of facial emotions in young and older adults. We
report novel evidence supporting a link between brain volume
and behavioral performance on a face emotion identification
task in aging. Older participants had less gray matter volume
in the anterior cingulate cortex, amygdala and hippocampus
compared to that of young participants. Importantly, larger
hippocampus volumes in older adults were associated with faster
RTs, supporting a beneficial relationship between brain structure
and facial emotion identification abilities in aging.

It has been suggested that individual differences within the
brain allow some people to better deal than others with age-
related and/or pathological brain changes (i.e., brain reserve;

TABLE 6 | Post hoc analysis of the effects of age, hippocampal volume
(mm3) and RT (in ms) for correct facial emotional identification on
hippocampal activation (adjusted for total ICV).

Hippocampal activation

F p η2
p

ICV 0.37 0.55 0.01

Age – – –

Hippocampal volume 0.23 0.63 0.01

Response time 0.10 0.76 0.00

Age × hippocampal volume 4.47 0.04∗ 0.08

Age × response time 4.02 0.05 0.07

Hippocampal volume × response time 0.22 0.64 0.00

Age × Hippocampal volume × response time 3.94 0.05 0.07

Note: mm, millimeters; ms, milliseconds; ICV, intracranial volume. ∗p < 0.05.

Stern, 2009). Larger brain volumes, and presumably more
neurons and synaptic connections, may slow down age-related
cognitive decline. In older adults, larger brain structures have
been associated with better cognitive performance (Rushton and
Ankney, 2009; Kaup et al., 2011; Royle et al., 2013). In line
with these studies, our data suggest that larger brain volumes
in task-specific regions of the brain are predictive of better
cognitive functioning in older adults and lend support to the
brain reserve hypothesis. Support for the brain reserve hypothesis
in the literature comes from the relationship between educational
attainment and delayed onset of pathological cognitive aging
(Stern, 2009). However, in our study, education was not a
significant predictor.

Notably, our results do not suggest that having larger brain
volume in general is predictive of better overall cognitive
performance. Rather, our results suggest that older adults
with larger brain volumes in task-relevant regions have better
cognitive performance on those tasks. Specifically, our study
demonstrated that older, but not young, adults with larger
hippocampal volumes are faster with the processing of facial
emotions. In addition, these effects were limited to facial emotion
processing and did not hold for other, face and emotion
unrelated, cognitive processes.

There is some indication that age-related changes in
brain structure may influence the relationship between brain
activity and behavior, suggesting a complex relationship
between these processes. For example, Rajah et al. (2011)
found a positive relationship between middle frontal gyrus
volume, brain activity of the episodic retrieval network, and
memory performance in young adults. For older adults, larger
volume was related to less activity in parahippocampal and
anterior cingulate cortices, which predicted better memory
performances. This suggests that older adults with larger brain
volumes may be better able to compensate for age-related
structural changes by modifying activity in other brain regions.
Likewise, Kalpouzos et al. (2012) found that brain activity
in older adults during episodic encoding and retrieval was
driven by gray-matter atrophy. This suggests that structural
brain changes may account for some of the brain activity
differences seen between young and older adults. Similar
complex relationships have been reported for the influence
of age-related structural change on the relationship between
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FIGURE 3 | Post hoc results for the effects of age × hippocampal volume on hippocampal activation during the facial emotion identification task.
Larger hippocampus volumes were significantly associated with less hippocampal activation in young, but not older, participants, p = 0.040. mm, millimeters.

brain activity and identification of facial emotions. In older
adults compared to young and middle-aged adults, smaller
medial prefrontal cortex volumes predicted decline in fear
recognition, but not functional brain activity changes in this
region (Williams et al., 2006). It may be that brain activity
in other regions important for emotion processing (i.e., basal
ganglia) compensates for the age-related structural change in the
prefrontal cortex.

Our post hoc analyses did not evidence a structure-function-
behavior relationship. While the structural integrity of the
hippocampus may be important for behavioral performance, it
did not predict hippocampal activation during the task. There
is evidence that more intact white matter has been shown
to influence brain activation and this relationship predicted
task performance (Burzynska et al., 2013). Likewise, Thomas
et al. (2008) showed that age-related structural connectivity
differences between the right temporal and frontal cortices
affected face processing, such that reduced integrity was related
to poorer performance. However, in the present study, we did
not collect data on the integrity of the white matter tracts and
thus could not test this relationship with respect to speed in facial
emotion identification. As communication between regions may
play a vital role in these structure-function relationships, it
will be important in future research to examine the extent to
which age differences in structural and/or functional connectivity
influence performance on facial emotion processing across the
adult lifespan.

Interestingly, research has shown that childhood cognitive
ability predicts the relationship between cognitive ability and
structural brain integrity at older ages (Karama et al., 2014).
This suggests that there may be a lifelong association between
the preservation of brain structures and successful cognitive
aging. It is important to highlight that there is a wide
range of inter- and intra-individual variability in aging across

structural, functional and behavioral measures. While both
cross-sectional and longitudinal studies generally show atrophy
of brain structures with age (Fotenos et al., 2005), cross-
sectional comparisons of cognition generally reveal decline, while
longitudinal comparisons generally reveal stability (Salthouse,
2014). Moreover, longitudinal studies demonstrate that, in
healthy older adults, changes in brain volume are not uniform
across regions, nor are they uniform across individuals (Resnick
et al., 2003; Raz et al., 2005). Factors such as vascular health
(e.g., hypertension), genetics (e.g., apolipoprotein E genotype),
cognitive reserve, exercise and social interaction can all affect
brain aging, both positively and negatively (Moffat et al., 2000;
Raz et al., 2005; Stern, 2009; Hayes et al., 2014; Love et al., 2015),
which can in turn affect functional activation and behavioral
performance outcomes. Some of these factors are modifiable, so
properly managing them can help to reduce age-related changes.
This is particularly important, as, often times, research studies,
including the present one, are limited by cross-sectional designs
that only capture a snapshot of a participant’s general functioning
and well-being. This highlights the importance for future
research to use longitudinal data to determine neuroimaging
markers of age-related cognitive change. It may be the case
that the older adults in our study with larger hippocampal
volumes have always done well with the identification of facial
emotions.

Some study limitations need to be considered when
interpreting our findings. The results of this study are
preliminary in nature and replication from an independent
sample is warranted. There are limited data available for the
neuroanatomical basis of facial emotion identification and, even
though the present study’s results are preliminary in nature, they
are important for the investigation of this topic to progress. In
addition, the relatively high accuracy in our older adult sample
(and no age group differences in accuracy) may reflect the overall
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high functional level of the older participants recruited into
our study. The facial emotion identification task in our study
employed a simple response scheme (i.e., press of one of three
keys to indicate one of three distinct facial expressions) and only
investigated one positive and one negative facial expression. The
relatively low demand on cognitive, perceptual and emotional
capacities associated with the current task may have resulted in
relatively reduced age-related behavioral impairments.

While we observed significant age interactions in the effect
of hippocampus volume on task performance, we did not find
effects in the other predicted ROIs (i.e., anterior cingulate cortex,
fusiform gyrus, insula and amygdala). The relationship between
brain structure and function is not well-understood and may
explain our lack of findings in some of the predicted regions. For
example, we looked at volume of the fusiform gyrus and not of
the fusiform face area, which is a specific region of the fusiform
gyrus involved in face processing (McCarthy et al., 1997). It may
be that global volume of the fusiform gyrus is not involved in
face processing. Future directions for research in facial emotion
identification should include the use of a functional localizer task
to individually identify ROIs, which could then be targeted for
volume extraction.

Studies have demonstrated that gray matter volume in
brain regions that are important for identification of facial
emotions can be increased via cognitive training (Engvig
et al., 2014), erobic exercise (Gondoh et al., 2009; Killgore
et al., 2013) and mindful meditation (Hölzel et al., 2011;
Santarnecchi et al., 2014). It will be informative to examine
the extent to which engaging in these activities may help to
counteract age-related atrophy in the brain, thereby helping
to improve face and emotion processing in aging, given the
promising evidence from our data that greater hippocampal
volume predicted faster correct facial emotion identification in
older adults.

In conclusion, our findings add to a research gap on the
effects of regional brain volumes on facial emotion identification
in aging. Overall, aging is characterized by reductions in
gray matter volumes. However, there is support for the
general notion that ‘‘bigger brain volume is better’’ (Eyler and
Kovacevic, 2010; Bickart et al., 2011; but see Tottenham et al.,
2010). Our results are consistent with this notion, in that
we find that larger regional volumes of task-relevant regions
predicted improved performance in a task related to face and
emotion processing in advanced age. We hope that findings
from the current study will spur additional research on this
topic.

AUTHOR CONTRIBUTIONS

NCE and HF designed the study and acquired the data.
JP processed the neuroimaging data. SMS and TL performed the
statistical analyses. All authors contributed to data interpretation
and to the writing of the article.

FUNDING

This work was supported by the Swedish Research Council
(2008-2356 to HF); Konung Gustaf V:s och Drottning Victorias
Frimurarstiftelse (to HF), and the National Institute on Aging
(T32 AG020499-11 to SMS). NCE received partial salary support
from the Center for Cognitive Aging and Memory at the
University of Florida.

ACKNOWLEDGMENTS

The authors wish to thank Sebastian Gluth for assisting in
programming the tasks and Joakim Svärd, Anna Rieckmann and
Lisa Lidberg for assisting in data collection and data entry.

REFERENCES

Allen, J. S., Bruss, J., Brown, C. K., and Damasio, H. (2005). Normal
neuroanatomical variation due to age: the major lobes and a parcellation of
the temporal region. Neurobiol. Aging 26, 1245–1260; discussion 1279–1282.
doi: 10.1016/j.neurobiolaging.2005.05.023

Bickart, K. C., Wright, C. I., Dautoff, R. J., Dickerson, B. C., and Barrett, L. F.
(2011). Amygdala volume and social network size in humans. Nat. Neurosci.
14, 163–164. doi: 10.1038/nn.2724

Brett, M., Anton, J., Valabregue, R., and Poline, J. (2002). ‘‘Region of interest
analysis using an SPM toolbox,’’ in 8th International Conference on Functional
Mapping of the Human Brain, (Sendai, Japan: Available on CD-ROM in
NeuroImage), Vol 16, No 2.

Brink, T. L., Yesavage, J. A., Lum, O., Heersema, P. H., Adey, M., and Rose, T. L.
(1982). Screening tests for geriatric depression. Clin. Gerontol. 1, 37–43. doi: 10.
1300/j018v01n01_06

Burzynska, A. Z., Garrett, D. D., Preuschhof, C., Nagel, I. E., Li, S., Bäckman, L.,
et al. (2013). A scaffold for efficiency in the human brain. J. Neurosci. 33,
17150–17159. doi: 10.1523/jneurosci.1426-13.2013

Cohen, J. (1969). Statistical Power Analysis for the Behavioural Sciences.New York,
NY: Academic Press.

Dale, A. M., Fischl, B., and Sereno, M. I. (1999). Cortical surface-based analysis.
I. Segmentation and surface reconstruction. Neuroimage 9, 179–194. doi: 10.
1006/nimg.1998.0395

Dureman, I. (1960). SRB:1. Stockholm: Psykologiforlaget.

Ebner, N. C., and Fischer, H. (2014). Emotion and aging: evidence from brain and
behavior. Front. Psychol. 5:996. doi: 10.3389/fpsyg.2014.00996

Ebner, N. C., Johnson, M. K., and Fischer, H. (2012). Neural mechanisms of
reading facial emotions in young and older adults. Front. Psychol. 3:223. doi: 10.
3389/fpsyg.2012.00223

Ebner, N. C., Johnson, M. R., Rieckmann, A., Durbin, K. A., Johnson, M. K., and
Fischer, H. (2013). Processing own-age vs. other-age faces: neuro-behavioral
correlates and effects of emotion. Neuroimage 78, 363–371. doi: 10.1016/j.
neuroimage.2013.04.029

Ebner, N. C., Riediger, M., and Lindenberger, U. (2010). FACES—a database
of facial expressions in young, middle-aged and older women and men:
development and validation. Behav. Res. Methods 42, 351–362. doi: 10.
3758/brm.42.1.351

Eickhoff, S., Walters, N. B., Schleicher, A., Kril, J., Egan, G. F., Zilles, K., et al.
(2005). High-resolution MRI reflects myeloarchitecture and cytoarchitecture
of human cerebral cortex. Hum. Brain Mapp. 24, 206–215. doi: 10.1002/hbm.
20082

Engvig, A., Fjell, A. M.,Westlye, L. T., Skaane, N. V., Dale, A. M., Holland, D., et al.
(2014). Effects of cognitive training on gray matter volumes in memory clinic
patients with subjective memory impairment. J. Alzheimers Dis. 41, 779–791.
doi: 10.3233/JAD-131889

Eyler, L. T., and Kovacevic, S. (2010). ‘‘Neuroimaging of successful cognitive
and emotional aging,’’ in Successful Cognitive and Emotional Aging, eds C. A.
Depp and D. V. Jeste (Arlington, VA: American Psychiatric Publishing, Inc.),
137–156.

Frontiers in Aging Neuroscience | www.frontiersin.org 9 August 2016 | Volume 8 | Article 203

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive


Szymkowicz et al. Age, Volume and Emotion Identification

Fischer, H., Nyberg, L., and Bäckman, L. (2010). Age-related
differences in brain regions supporting successful encoding of
emotional faces. Cortex 46, 490–497. doi: 10.1016/j.cortex.2009.
05.011

Fischer, H., Sandblom, J., Gavazzeni, J., Fransson, P., Wright, C. I., and
Bäckman, L. (2005). Age-differential patterns of brain activation during
perception of angry faces. Neurosci. Lett. 386, 99–104. doi: 10.1016/j.neulet.
2005.06.002

Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., et al.
(2002). Whole brain segmentation: automated labeling of neuroanatomical
structures in the human brain. Neuron 33, 341–355. doi: 10.1016/S0896-
6273(02)00569-X

Fjell, A. M., and Walhovd, K. B. (2010). Structural brain changes in aging:
courses, causes and cognitive consequences. Rev. Neurosci. 21, 187–221. doi: 10.
1515/revneuro.2010.21.3.187

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). ‘‘Mini-mental state’’. A
practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

Fotenos, A. F., Snyder, A. Z., Girton, L. E., Morris, J. C., and Buckner, R. L. (2005).
Normative estimates of cross-sectional and longitudinal brain volume decline
in aging and AD. Neurology 64, 1032–1039. doi: 10.1212/01.wnl.0000154530.
72969.11

Fusar-Poli, P., Placentino, A., Carletti, F., Landi, P., Allen, P., Surguladze, S., et al.
(2009). Functional atlas of emotional faces processing: a voxel-based meta-
analysis of 105 functional magnetic resonance imaging studies. J. Psychiatry
Neurosci. 34, 418–432.

Gao, L., Xu, J., Zhang, B., Zhao, L., Harel, A., and Bentin, S. (2009). Aging effects
on early-stage face perception: an ERP study. Psychophysiology 46, 970–983.
doi: 10.1111/j.1469-8986.2009.00853.x

Genova, H. M., Rajagopalan, V., Chiaravalloti, N., Binder, A., Deluca, J., and
Lengenfelder, J. (2015). Facial affect recognition linked to damage in specific
white matter tracts in traumatic brain injury. Soc. Neurosci. 10, 27–34. doi: 10.
1080/17470919.2014.959618

Gondoh, Y., Sensui, H., Kinomura, S., Fukuda, H., Fujimoto, T., Masud, M., et al.
(2009). Effects of aerobic exercise training on brain structure and psychological
well-being in young adults. J. Sports Med. Phys. Fitness 49, 129–135.

Good, C. D., Johnsrude, I., Ashburner, J., Henson, R. N., Friston, K. J., and
Frackowiak, R. S. (2001). Cerebral asymmetry and the effects of sex and
handedness on brain structure: a voxel-based morphometric analysis of 465
normal adult human brains. Neuroimage 14, 685–700. doi: 10.1006/nimg.
2001.0857

Gottfries, C. G. (1997). Recognition and management of depression in the elderly.
Int. Clin. Psychopharmacol. 12, S31–S36. doi: 10.1097/00004850-199712007-
00006

Han, X., Jovicich, J., Salat, D., van der Kouwe, A., Quinn, B., Czanner, S., et al.
(2006). Reliability of MRI-derived measurements of human cerebral cortical
thickness: the effects of field strength, scanner upgrade and manufacturer.
Neuroimage 32, 180–194. doi: 10.1016/j.neuroimage.2006.02.051

Hayes, S. M., Alosco, M. L., and Forman, D. E. (2014). The effects of aerobic
exercise on cognitive and neural decline in aging and cardiovascular disease.
Curr. Geriatr. Rep. 3, 282–290. doi: 10.1007/s13670-014-0101-x

Hedden, T., and Gabrieli, J. D. (2004). Insights into the ageing mind: a view from
cognitive neuroscience. Nat. Rev. Neurosci. 5, 87–96. doi: 10.1038/nrn1323

Hölzel, B. K., Carmody, J., Vangel, M., Congleton, C., Yerramsetti, S. M., Gard, T.,
et al. (2011). Mindfulness practice leads to increases in regional brain gray
matter density. Psychiatry Res. 191, 36–43. doi: 10.1016/j.pscychresns.2010.
08.006

Iidaka, T., Okada, T., Murata, T., Omori, M., Kosaka, H., Sadato, N., et al. (2002).
Age-related differences in the medial temporal lobe responses to emotional
faces as revealed by fMRI. Hippocampus 12, 352–362. doi: 10.1002/hipo.1113

Isaacowitz, D.M., Löckenhoff, C. E., Lane, R. D.,Wright, R., Sechrest, L., Riedel, R.,
et al. (2007). Age differences in recognition of emotion in lexical stimuli and
facial expressions. Psychol. Aging 22, 147–159. doi: 10.1037/0882-7974.22.1.147

Kabani, N., Le Goualher, G., MacDonald, D., and Evans, A. C. (2001).
Measurement of cortical thickness using an automated 3-D algorithm: a
validation study. Neuroimage 13, 375–380. doi: 10.1006/nimg.2000.0652

Kalpouzos, G., Persson, J., and Nyberg, L. (2012). Local brain atrophy accounts
for functional activity differences in normal aging. Neurobiol. Aging 33,
623.e1–623.e13. doi: 10.1016/j.neurobiolaging.2011.02.021

Karama, S., Bastin, M. E., Murray, C., Royle, N. A., Penke, L., Muñoz Maniega, S.,
et al. (2014). Childhood cognitive ability accounts for associations between
cognitive ability and brain cortical thickness in old age. Mol. Psychiatry 19,
555–559. doi: 10.1038/mp.2013.64

Kaup, A. R., Mirzakhanian, H., Jeste, D. V., and Eyler, L. T. (2011). A review of the
brain structure correlates of successful cognitive aging. J. Neuropsychiatry Clin.
Neurosci. 23, 6–15. doi: 10.1176/appi.neuropsych.23.1.6

Keightley, M. L., Chiew, K. S., Winocur, G., and Grady, C. L. (2007). Age-related
differences in brain activity underlying identification of emotional expressions
in faces. Soc. Cogn. Affect. Neurosci. 2, 292–302. doi: 10.1093/scan/nsm024

Killgore, W. D., Olson, E. A., and Weber, M. (2013). Physical exercise habits
correlate with graymatter volume of the hippocampus in healthy adult humans.
Sci. Rep. 3:3457. doi: 10.1038/srep03457

Kirchner, W. K. (1958). Age differences in short-term retention of rapidly
changing information. J. Exp. Psychol. 55, 352–358. doi: 10.1037/h0043688

Lee, Y., Grady, C. L., Habak, C., Wilson, H. R., and Moscovitch, M. (2011). Face
processing changes in normal aging revealed by fMRI adaptation. J. Cogn.
Neurosci. 23, 3433–3447. doi: 10.1162/jocn_a_00026

Lezak, M. (1995).Neuropsychological Assessment. 3rd Edn. New York, NY: Oxford
University Press.

Love, M. C. N., Ruff, G., and Geldmacher, D. S. (2015). Social cognition in older
adults: a review of neuropsychology, neurobiology and functional connectivity.
Med. Clin. Rev. 1, 1–8.

Mather, M., and Knight, M. R. (2006). Angry faces get noticed quickly: threat
detection is not impaired among older adults. J. Gerontol. B Psychol. Sci. Soc.
Sci. 61, P54–P57. doi: 10.1093/geronb/61.1.p54

McCarthy, G., Puce, A., Gore, J. C., and Allison, T. (1997). Face-specific processing
in the human fusiform gyrus. J. Cogn. Neurosci. 9, 605–610. doi: 10.1162/jocn.
1997.9.5.605

Moffat, S. D., Szekely, C. A., Zonderman, A. B., Kabani, N. J., and Resnick, S. M.
(2000). Longitudinal change in hippocampal volume as a function of
apolipoprotein E genotype. Neurology 55, 134–136. doi: 10.1212/wnl.55.1.134

Persson, N., Ghisletta, P., Dahle, C. L., Bender, A. R., Yang, Y., Yuan, P., et al.
(2014). Regional brain shrinkage over two years: individual differences and
effects of pro-inflammatory genetic polymorphisms.Neuroimage 103, 334–348.
doi: 10.1016/j.neuroimage.2014.09.042

Phillips, L. H., Slessor, G., Bailey, P. E., and Henry, J. D. (2014). ‘‘Older adults’
perception of social and emotional cues,’’ in The Oxford Handbook of Emotion,
Social Cognition and Problem Solving in Adulthood, eds P. Verhaeghen and
C. Hertzog (New York, NY: Oxford University Press), 9–25.

Rajah, M. N., Languay, R., and Grady, C. L. (2011). Age-related changes in right
middle frontal gyrus volume correlate with altered episodic retrieval activity.
J. Neurosci. 31, 17941–17954. doi: 10.1523/jneurosci.1690-11.2011

Raz, N., Ghisletta, P., Rodrigue, K. M., Kennedy, K. M., and Lindenberger, U.
(2010). Trajectories of brain aging in middle-aged and older adults:
regional and individual differences. Neuroimage 51, 501–511. doi: 10.1016/j.
neuroimage.2010.03.020

Raz, N., Gunning, F. M., Head, D., Dupuis, J. H., McQuain, J., Briggs, S. D.,
et al. (1997). Selective aging of the human cerebral cortex observed in
vivo: differential vulnerability of the prefrontal gray matter. Cereb. Cortex 7,
268–282. doi: 10.1093/cercor/7.3.268

Raz, N., and Kennedy, K. M. (2009). ‘‘A systems approach to the aging brain:
neuroanatomical changes, their modifiers and cognitive correlates,’’ in Imaging
the Aging Brain, eds W. Jagust and M. D’Esposito (New York, NY: Oxford
University Press), 43–70.

Raz, N., Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D.,
Williamson, A., et al. (2005). Regional brain changes in aging healthy
adults: general trends, individual differences and modifiers. Cereb. Cortex 15,
1676–1689. doi: 10.1093/cercor/bhi044

Resnick, S. M., Pham, D. L., Kraut, M. A., Zonderman, A. B., and Davatzikos, C.
(2003). Longitudinal magnetic resonance imaging studies of older adults: a
shrinking brain. J. Neurosci. 23, 3295–3301.

Rhodes, M. G., and Anastasi, J. S. (2012). The own-age bias in face recognition:
a meta-analytic and theoretical review. Psychol. Bull. 138, 146–174. doi: 10.
1037/a0025750

Royle, N. A., Booth, T., Valdés Hernández, M. C., Penke, L., Murray, C.,
Gow, A. J., et al. (2013). Estimated maximal and current brain volume predict
cognitive ability in old age. Neurobiol. Aging 34, 2726–2733. doi: 10.1016/j.
neurobiolaging.2013.05.015

Frontiers in Aging Neuroscience | www.frontiersin.org 10 August 2016 | Volume 8 | Article 203

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive


Szymkowicz et al. Age, Volume and Emotion Identification

Ruffman, T., Henry, J. D., Livingstone, V., and Phillips, L. H. (2008). A
meta-analytic review of emotion recognition and aging: implications for
neuropsychological models of aging. Neurosci. Biobehav. Rev. 32, 863–881.
doi: 10.1016/j.neubiorev.2008.01.001

Ruffman, T., Murray, J., Halberstadt, J., and Vater, T. (2012). Age-related
differences in deception. Psychol. Aging 27, 543–549. doi: 10.1037/
a0023380

Rushton, J. P., and Ankney, C. D. (2009). Whole brain size and general
mental ability: a review. Int. J. Neurosci. 119, 691–731. doi: 10.
1080/00207450802325843

Salthouse, T. A. (2011). Neuroanatomical substrates of age-related cognitive
decline. Psychol. Bull. 137, 753–784. doi: 10.1037/a0023262

Salthouse, T. A. (2014).Why are there different age relations in cross-sectional and
longitudinal comparisons of cognitive functioning? Curr. Dir. Psychol. Sci. 23,
252–256. doi: 10.1177/0963721414535212

Salthouse, T. A., and Babcock, R. L. (1991). Decomposing adult age differences in
working memory. Dev. Psychol. 27, 763–776). doi: 10.1037/0012-1649.27.5.763

Santarnecchi, E., D’Arista, S., Egiziano, E., Gardi, C., Petrosino, R., Vatti, G., et al.
(2014). Interaction between neuroanatomical and psychological changes after
mindfulness-based training. PLoS One 9:e108359. doi: 10.1371/journal.pone.
0108359

Schneider, W., Eschman, A., and Zuccolotto, A. (2002). E-Prime Reference Guide.
Pittsburgh, PA: Psychology Software Tools.

Spielberger, C. D., Gorsuch, R. L., Lushene, R., Vagg, P. R., and Jacobs, G. A.
(1983).Manual for the State-Trait Anxiety Inventory. Palo Alto, CA: Consulting
Psychologist Press.

Stern, Y. (2009). Cognitive reserve. Neuropsychologia 47, 2015–2028. doi: 10.
1016/j.neuropsychologia.2009.03.004

Thomas, C., Moya, L., Avidan, G., Humphreys, K., Jung, K. J., Peterson, M. A.,
et al. (2008). Reduction in white matter connectivity, revealed by
diffusion tensor imaging, may account for age-related changes in face
perception. J. Cogn. Neurosci. 20, 268–284. doi: 10.1162/jocn.2008.
20025

Tottenham, N., Hare, T. A., Quinn, B. T., McCarry, T. W., Nurse, M., Gilhooly, T.,
et al. (2010). Prolonged institutional rearing is associated with atypically large
amygdala volume and difficulties in emotion regulation. Dev. Sci. 13, 46–61.
doi: 10.1111/j.1467-7687.2009.00852.x

Williams, L. M., Brown, K. J., Palmer, D., Liddell, B. J., Kemp, A. H., Olivieri, G.,
et al. (2006). The mellow years? neural basis of improving emotional
stability over age. J. Neurosci. 26, 6422–6430. doi: 10.1523/jneurosci.0022-
06.2006

Zhao, K., Yan, W. J., Chen, Y. H., Zuo, X. N., and Fu, X. (2013). Amygdala
volume predicts inter-individual differences in fearful face recognition. PLoS
One 8:e74096. doi: 10.1371/journal.pone.0074096

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Szymkowicz, Persson, Lin, Fischer and Ebner. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution and reproduction in other forums is
permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 11 August 2016 | Volume 8 | Article 203

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive

	Hippocampal Brain Volume Is Associated with Faster Facial Emotion Identification in Older Adults: Preliminary Results
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Procedures and Measures
	Neuroimaging Acquisition
	Volumetric Measurement
	Statistical Analyses

	RESULTS
	Sample Characteristics
	Age Differences in Brain Volumes and Behavioral Performance
	Effects of Brain Volume on Facial Emotion Identification in Young and Older Participants
	Post hoc Analyses

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


