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ARTICLE INFO ABSTRACT

Keywords: The entorhinal cortex (ERC) acts as a connection between the hippocampus and temporal cortex and plays a key
Entorhinal cortex role in memory retrieval and navigation. The morphology of this brain region changes with age. However, there
Volume are few quantitative magnetic resonance imaging studies of ERC morphology across the healthy adult lifespan. In
Thickness this study, we quantified ERC volume, thickness, surface area, and curvature in a large number of subjects
(S:irrf::;re spanning seven decades of life. Using structural MRI data from 563 healthy subjects ranging from 19 to 86 years
Aging of age, we explored the adult lifespan trajectory of ERC volume, thickness, surface and curvature. ERC volume,

thickness, and surface area initially increased with age, reaching a peak at about 32 years, 40 years, and 50 years
of age, respectively, after which they decreased with age. ERC volume and surface area were hemispherically
leftward asymmetric, whereas ERC thickness was hemispherically rightward asymmetric, with no gender dif-
ferences. The direction of asymmetry differed across the measures. This informs previous inconsistencies in
reports of ERC asymmetry. ERC aging began in mid-adulthood. At this stage of life, it may be important to adopt
some strategies to reduce the effects of aging on cognition.

1. Introduction

With an aging population, it is very important to better understand
the biomarkers of aging. In this respect, the brain has been found to be a
stable predictor for aging (Lemaitre et al., 2012). Features of some
cortical structures, such as the entorhinal cortex (ERC), have been
identified as potential early biological markers of aging and Alzheimer's
disease (AD) (Donix et al., 2013; Fischl et al., 2009; Morrison and Hof,
1997).

The ERC connects the temporal cortex and the deep arcuate cortex,
such as the hippocampus (Fischl et al., 2009; Morrison and Hof, 1997).
ERC tissue loss that occurs with age is an important marker of early
cognitive and degenerative diseases, such as AD (Donix et al., 2013;
Kochunov et al., 2011). Among all brain regions, the ERC provided the
best resolution between cognitively intact individuals and patients with
mild cognitive impairment (MCI) or AD (Whitwell et al., 2012). AD-
induced cortex thinning was most evident in the medial temporal cortex
of the rostral side (Dickerson et al., 2008). ERC volume was a powerful
predictor of cognitive decline, including MCI and early AD (Cho et al.,
2012; Varon et al.,, 2015). Larger ERC volume was associated with
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better memory in individuals with AD (Guzman et al., 2013). In addi-
tion, anxiety in AD indicates a larger rate of decline in ERC volume
(Mabh et al., 2015). However, cortical volume is only a summary statistic
of a three-dimensional spatial structure, and ignores other aspects of the
structure, such as the thickness, surface area, and curvature of the
cerebral cortex, all of which vary with age (Khan et al., 2014). More
directly, it is relatively unlikely that changes in cortical volume will not
lead to simultaneous changes in the shape of the structure, and it is
unlikely that a structure keeps the same general shape but only scales
down in size (Madan, 2018). Consequently, any individual character-
istics associated with volume differences, such as aging or neurode-
generative diseases, may take into account both volume and morpho-
logical characteristics. A more detailed understanding of the changes in
cortical volume, thickness, surface area, and curvature of the ERC over
the whole life cycle will further our understanding of the role of the
ERC in neurodegeneration and natural aging.

Asymmetry plays a key role in brain information process (Kong
et al., 2018; Liu et al., 2016). Among studies focousing on ERC asym-
metry (Hasan et al., 2016; Simic et al., 2005), Simic et al. found that the
ERC volume was leftward asymmetric whearas Hasan et al. reported the
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Table 1

Sample characteristics in different age groups.
Age No. subjects No.subjects Females(%) Caucasian(%) Education”
group 1/2/3 site” mean(SD)
(year)
19-29 101 41/18/42 56(55.4) 70(69.3) 4.44(1.28)
30-39 99 50/22/27 39(39.4) 75(75.8) 4.55(1.05)
40-49 89 53/11/25 48(53.9) 75(84.3) 4.03(1.36)
50-59 99 65/3/31 61(61.6) 81(81.8) 3.46(1.50)
60-69 118 70/7/41 72(61.0) 98(83.1) 3.55(1.58)
70-79 49 29/6/14 34(69.4) 44(89.8) 3.39(1.57)
80-86 8 6/1/1 3(37.5) 8(100) 3.50(2.07)
Total 563 314/68/181  313(55.6) 451(80.1) 3.93(1.47)

@ Three separate subsamples form different scanning sites in London: Guys
Hospital Philips 1.5T/Institute of Psychiatry General Electric 1.5T/
Hammersmith Hospital with a Philips 3T scanner.

b Education levels: 1 = no qualifications; 2 = O-levels, GCSEs, or CSE;
3 = A-levels; 4 = further education; 5 = university or polytechnic degrees. SD,
standard deviation.

ERC thickness was rightward asymmetric in the ERC thickness. We
thought that this might be due to differences in the measures of two
studies. Therefore, we analyzed the asymmetry in ERC volume, thick-
ness, surface area and curvature.

There are few quantitative studies of ERC geometry measurements
in healthy adults and throughout the adult lifespan (Fjell et al., 2014).
The aim of this study was to fill this knowledge gap by quantifying ERC
morphology across the adult lifespan. Our data provide, for the first
time, a common gage of ERC volume, thickness, surface area, and
curvature with age, sex, and lateralization.

2. Materials and methods
2.1. Participants

Data were obtained from the IXI database, which is an open-access,
publicly available database containing T1-, T2-, and diffusion-weighted
images from normal healthy subjects (http://www.brain-development.
org) (Ziegler et al., 2012). ERC volume, thickness, surface area, and
curvature were quantified from high-spatial-resolution T1-weighted
magnetic resonance images from 563 individuals (250 males and 313
females) with a wide age distribution (aged 19-86 years), detailed in
Table 1.

Tables 2 and 3.

2.2. Anatomical magnetic resonance image data processing
The processing pipeline used is described here in brief, and a more
detailed description is available elsewhere (Tustison et al., 2014).

Cortical volume, thickness, surface area, and curvature were quantified

Table 2
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from the T1-weighted images using FreeSurfer software (version 6.0.0;
http://surfer.nmr.mgh.harvard.edu/) (Fischl et al., 2009). After visual
inspection to rule out artifacts, T1-weighted images were automatically
segmented into cortical, subcortical gray and white matter, and cere-
brospinal fluid. Based on cortical atlas labels, FreeSurfer software
provided the mean thickness, surface area, and curvature of the cortex
(http://www.freesurfer.net/fswiki/CorticalParcellation)

(Desikan et al., 2006), which included ERC volume, thickness, surface
area, and curvature.

2.3. Statistical analysis

All statistical analyses were conducted using SPSS 23.0 software
(Chicago, IL). Group comparisons (left hemisphere vs. right hemisphere
and males vs. females) were performed using paired t-tests. Linear and
non-linear regressions were used to estimate the effects of age and sex
on ERC volume, thickness, surface area, and curvature from the quad-
ratic model to linear model, including the main effects of sex and age
and the interaction of sex and age (Narvacan et al., 2017). Each ERC
measure was fitted to (i) Quadratic: ERC = Intercept + A(Sex) + B
(Age) + C(Agez) + D(Age X Sex) + E(Age2 X Sex) + residual error; or
(ii) Linear: ERC = Intercept + A(Sex) + B(Age) + C(Age X Sex) + re-
sidual error. If the age and sex interaction was not significant, the ERC
measure was re-fit with only main effects without interaction terms. For
each measure, there were four fits to choose from. Akaike Information
Criterion was used to compare models, and the fit with the lowest
Akaike Information Criterion was selected as the best-fit model for the
age trajectory (Tamnes et al., 2013). If a quadratic model was selected,
age at peak was calculated from the first derivative. Statistical sig-
nificance was set at p < 0.05, after adjusting for the number of com-
parisons (Fig. 1).

3. Results
3.1. Cortical volume

ERC volume increased with age until it reached a peak at about 40
years of age (41.29 years and 40.43 years in the left and right hemi-
sphere, respectively), after which it decreased with age (Fig. 2A and
Fig 2B). ERC volume was larger in males than in females (p < 0.001 for
left and right hemispheres, controlling for whole brain volume,
p < 0.003). The trajectory of ERC volume across the age span was
similar in males and females with no significant age by sex interaction.
ERC volume was leftward asymmetric, meaning that it was greater in
the left hemisphere than in the right hemisphere (p < 0.001).

We then assessed ERC volume within narrow age ranges (Fig. 4A).
ERC volume was leftward asymmetric in all age groups between 19 and
86 years (all p < 0.05; Fig. 4A). Left and right ERC cortical volume was
strongly correlated in all age groups (all r > 0.48; p < 0.05). The rate
of growth or atrophy with advancing age is shown in Fig. 3.

Fitting parameters for ERC gray matter volume, thickness, surface and curvature versus age within each hemisphere.

Parameter(S.E.)

Measures Hem Best fit model Intercept” Sex Age Age? Interaction (age*sex or age®*sex)
Volume left Quadratic 800.10(71.76) 142.07(15.75) 10.24(3.12) —0.124(0.032) -
right Quadratic 732.25(68.81) 114.11(15.10) 6.30(2.99) —0.078(0.030) -
Thickness left Quadratic 2.73(0.13) 0.121(0.027) 0.015(0.005) —1.48(0.55)*107* -
right Quadratic 2.92(0.13) 0.126(0.029) 0.015(0.006) —1.55(0.58)*10* -
Surface left Quadratic 199.26(12.16) 22.77(2.67) n. s. —0.015(0.005) -
right Quadratic 155.62(11.92) 17.10(2.62) 0.73(0.52) —0.010(0.005) -
Curvature left Quadratic 0.137(0.006) 0.004(0.001) n s. 6.87(2.67) *10~° -
right Quadratic 0.144(0.008) 0.004(0.002) —7.36(3.39) *10~* 8.89(3.42) *10~* -

— = not applicable; n.s. = non-significant; Hem = Hemisphere.
2 Intercept is the extrapolated value at age zero.
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Entorhinal Cortical volume, thickness and surface average and standard deviation of the left and right entorhinal cortical volume, thickness, surface and curvature
along with paired t-Test comparisons and percentage difference using multicenter data from healthy controls grouped for ages 19-29, 30-39, 40-49, 50-59, 60-69,

70-79, and 80-89 years.

Age Group (Years) n (Females) Measures Left (Mean = SD) Right (Mean *= SD) p (Left vs. Right) “Difference (%)
19-29 101(56) volume 1039.96 + 217.94 901.40 *+ 184.58 1.67 x 10712 15.37
thickness 3.08 + 0.36 3.26 + 0.33 4.41 x 10 ~°8 —5.70
surface 224.46 *+ 36.48 175.89 + 35.89 6.92 x 10 =% 27.61
curvature 0.131 = 0.017 0.134 = 0.023 0.154 —-2.35
30-39 99(39) volume 1097.88 + 183.77 914.76 + 165.45 3.34 x 10717 20.02
thickness 3.18 * 0.29 3.33 + 0.34 1.72 x 107% —4.66
surface 224.43 + 36.65 174.26 + 29.93 7.80 x 10~ 28.79
curvature 0.13 = 0.014 0.131 *= 0.017 0.844 —-0.25
40-49 89(48) volume 1063.40 + 199.80 910.29 + 183.90 1.05 x 10712 16.82
thickness 3.11 + 0.27 3.23 + 0.30 3.79 x 107% -3.71
surface 221.90 + 32.85 182.22 * 32.60 1.63 x 107 % 21.77
curvature 0.130 + 0.015 0.131 + 0.019 0.547 -0.92
50-59 99(61) volume 1054.68 + 191.43 882.98 + 174.59 3.61 x 1072 19.45
thickness 3.20 + 0.31 3.32 + 0.28 8.49 x 107%¢ —3.82
surface 204.60 *+ 27.03 163.17 + 27.59 6.95 x 1073° 25.39
curvature 0.131 + 0.013 0.132 + 0.018 0.782 —0.41
60-69 118(72) volume 996.18 *+ 168.60 871.70 + 189.51 1.04 x 10712 14.28
thickness 3.17 + 0.34 3.33 + 0.34 1.61 x 10~% —5.05
surface 204.60 = 27.03 163.17 + 27.59 6.95 x 107%° 25.39
curvature 0.134 + 0.015 0.136 + 0.02 0.191 -1.79
70-79 49(34) volume 910.61 * 235.72 793.08 = 237.12 1.39 x 107% 14.82
thickness 3.04 * 0.38 3.13 * 0.49 0.08 -2.77
surface 194.04 + 28.50 160.20 + 29.69 1.89 x 10~%° 21.12
curvature 0.141 += 0.021 0.143 = 0.024 0.718 -1.07
80-86 8(3) volume 912.25 + 254.80 732.00 = 166.57 0.02 24.62
thickness 3.02 + 0.39 2.94 + 0.380 0.61 2.47
surface 189.50 + 21.72 158.88 + 17.35 414 x 107 19.28
curvature 0.142 + 0.016 0.138 + 0.011 0.505 2.80

2 Percentage Difference Between Right and Left (%).

Entorhinal
cortex

Fig. 1. Three-dimensional view of the human medial temporal lobe showing
the ERC (Brodmann's area 28) with respect to hippocampus, and amygdala as
anatomical landmark anterior to hippocampus.

3.2. Cortical thickness

ERC thickness increased with age until it reached a peak at about 50
years of age (51.37 years and 47.58 years in the left and right hemi-
sphere, respectively), after which it decreased with age (Fig. 2C and
Fig 2D). ERC thickness was larger in males than in females (p < 0.001
for left and right hemispheres). The trajectory of ERC thickness across
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the age span was similar in males and females with no significant age by
sex interaction. ERC thickness was rightward asymmetric, meaning that
it was greater in the right hemisphere than in the left (p < 0.001).

We then assessed ERC thickness within narrow age ranges (Fig. 4B).
ERC thickness was rightward asymmetric in all age groups between 19
and 86 years (Fig. 4B). Left and right ERC thickness was strongly cor-
related in all age groups (all r > 0.5; p < 0.05). The rate of growth or
atrophy with advancing age is shown in Fig. 3.

3.3. Cortical surface area

ERC surface area increased with age until it reached a peak in the
early-to-mid-thirties (31.15 years and 35.18 years in the left and right
hemisphere, respectively), after which it decreased with age (Fig. 2E
and F). ERC surface area was larger in males than in females (p < 0.001
for left and right hemispheres). The trajectory of ERC thickness across
the age span was similar in males and females with no significant age by
sex interaction. ERC surface area was leftward asymmetric, meaning
that it was greater in the left hemisphere than in the right (p < 0.001).

We then assessed ERC surface area within narrow age ranges
(Fig. 4C). ERC surface area was leftward asymmetric in all age groups
between 19 and 86 years (all p < 0.05; Fig. 4C). Left and right ERC
surface area was strongly correlated in all age groups (all r > 0.39;
p < 0.05). The rate of growth or atrophy with advancing age is shown
in Fig. 3.

3.4. Cortical curvature

ERC curvature decreased with age until it reached a nadir at about
40 years of age (36.98 years and 41.39 years in the left and right
hemisphere, respectively), after which it increased with age (Fig. 2G
and H). ERC curvature was larger in males than in females (left:
p = 0.013; right: p = 0.024). The trajectory of ERC curvature across the
age span was similar in males and females, with no significant sex effect
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Fig. 2. The trajectories of left and right ERC cortical volumes (A, B), thickness (C, D), surface (E, F) and curvature (G, H). Note that males (blue lines) and females
(red lines) showed very similar age trajectories with no significant age by sex interactions, although males had significantly larger cortical volumes, thickness, surface

and curvature across the age span (all p < 0.05).

and age by sex interaction. ERC curvature had no asymmetry, being
similar in the left and right hemispheres (p = 0.083).

We then assessed ERC curvature within narrow age ranges (Fig. 4D).
ERC curvature had no asymmetry in any age group between 19 and 86
years (all p > 0.15; Fig. 4D). The rate of growth or atrophy with ad-
vancing age is shown in Fig. 3.
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4. Discussion

This study used a large number of samples collected as part of the
UK health-controlled open-access data set (IXI database) to quantify the
trajectories of ERC gray matter volume, thickness, surface area, and
curvature across the lifespan. Consistent with previous studies, we did
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Fig. 3. Relative timing and magnitude of volumetric changes within the
adults lifespan. The magnitude of the annual increase or decrease in
percentage volume is shown for each measure. Blue bars denote in-
creases of volume before peak age, while orange bars indicate decreases.
Cortical volume, thickness and surface are arranged by increasing age at
peak value, while curvature was inverted. Each measure of ERC reach
peak at different ages, with the surface peaking earlier than the thickness
and gray matter volume.

E Annual %rate of increase O Annual %rate of decrease
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not find a gender by age interaction in any outcome measure early identification of MCI (Dickerson, 2007), as it was identified as the
(Grieve et al., 2011), and all measures followed a quadratic trajectory first time the tissue loss and neurofibrillary tangle histologically
with age. (van der Flier et al., 2011), along with functional degeneration in in-

Previous reports on the symmetry of the ERC are inconsistent. dividuals with MCI or AD (Devanand et al., 2007). An early lack of
Hasan et al. reported that the ERC was hemispherically rightward asymmetry in the ERC and the loss of the laterality shift in the limbic
asymmetric (Hasan et al., 2016). However, an earlier postmortem- system have been suggested as biological markers to identify preclinical
based study reported that the volume and surface area of the verrucae AD (Long et al., 2013).
part of the ERC were greater in the left hemisphere than in the right, Our finding of an earlier and faster decrease in right ERC thickness
and this leftward asymmetry was highly significant (Simic et al., 2005). is consistent with that of a recent study. ERC volume and surface area
These authors also reported that the neuron number estimated by the decreased earlier and faster in the left hemisphere than in the right
optical fractionator was not significantly different between the two hemisphere, whereas volume decreased simultaneously in the left and
hemispheres (Simic et al., 2005). Hasan et al. ascribed the cause of this right hemispheres. ERC curvature did not show any lateralization and
difference to differences in analysis technique (postmortem vs. in vivo initially increased with aging. Curvature is an indicator of cortex
imaging) and the region of interest (ERC verrucae vs. global ERC) complexity, and the increase in curvature with age may indicate that
(Hasan et al., 2016). The results of the current study suggest that the people's experience is still growing as they age.
discrepancy may be due to the different measures used. We found that Of the three measures that increased to a peak and then decreased
ERC thickness was rightward asymmetric whereas volume and surface with age, ERC surface area was the first to decline, with the peak oc-
area were leftward asymmetric. curring at around 32 years of age. This was followed by volume (peak at

The asymmetry may be related to the role of the ERC. The medial 40 years of age) and then thickness (peak at around 50 years of age). A
ERC receives inputs from the superior temporal gyrus, and the lateral decline in surface area may be the first sign that the ERC has begun to
ERC receives inputs from the parainsular cortex (Insausti et al., 1987). age. We speculate that the different trajectories of these three measures
The superior temporal gyrus, the parainsular cortex, and Broca's motor- across the adult lifespan may be helpful to identify in vivo patterns of
speech area are leftward asymmetric (Amunts et al., 2003). The ERC is defects in cognitive and degenerative diseases such as MCI and AD
a gateway between the hippocampus and the neocortex, and plays an (Mendoza and Foundas, 2007). The pattern of rise-plateau-decrease
important role in the process of memory and learning observed in ERC volume, surface area, and thickness mimics the results
(Eichenbaum, 2000). Therefore, we speculate that the leftward asym- of histological studies on synaptic (Huttenlocher and Dabholkar, 1997)
metry of ERC volume and surface area may play a role in memory and dendrite tree density (Petanjek et al., 2008) in humans. Interest-
processing of language in the left hemisphere. This also explains the ingly, ERC curvature shows the opposite pattern, i.e., decrease-plateau-
dominance of the left hippocampus over the right in its capacity for rise. A previous study (Wang et al., 2014) have reported that cortical
verbal episodic memory (Kelley et al., 1998). Based on a patient with curvature is sensitive to changes induced by aging. This study is the first
anterior temporal injury that included the ERC and hippocampus, to show that ERC curvature could be a key marker of aging.
Tranel proposed that the left hemisphere ERC was more involved in
verbal processing and the right hemisphere ERC in non-verbal proces- 5. Limitations
sing (Tranel, 1991). This was supported by a follow-up study in which
the authors found that disruption of the left ERC caused verbal episodic The present study has limitations that should be mentioned. First,
memory deficit (Eustache et al., 2001). In individuals with AD, de- our findings are derived from cross-sectional data and are not long-
creased memory verbal performance was associated with an increased itudinal observations. As such, they do not take individual differences
rate of ERC atrophy, especially in the left hemisphere (Du et al., 2003). in the aging process into account. Second, due to a lack of psychometric
We observed that ERC thickness was hemispherically rightward asym- data, we could not evaluate any relations between ERC aging and
metric in males and females. This suggests that the ERC thickness is cognitive or behavioral performance.
involved in non-verbal processing. ERC thickness, which plays a key
role in spatial skills (Mendoza and Foundas, 2007), is greatest in the 6. Conclusions
right hemisphere, which is the dominant hemisphere for spatial
memory and orientation. ERC asymmetry is reduced in individuals with The present study explored the trajectory of ERC volume, thickness,
MCI (Long et al., 2013) or AD (Thompson et al., 2003). The early onset surface area, and curvature across the adult lifespan and the asymmetry
of asymmetric loss in the ERC has potential as a biological marker for of these measures across the two hemispheres across the lifespan. We
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Fig. 4. Bar plots showing average and standard deviation of the left (blue) and
right (red) entorhinal cortical volumes (A), thickness (B), surface (C) and cur-
vature (D) along with paired t-test comparisons using data grouped for ages
19-29, 30-39, 40-49, 50-59, 60-69, 70-79, and 80-89 years. Left volumes,
thickness and surface were larger than right significantly, but no difference was
found in curvature.
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found that asymmetry differed across the different measures, with
thickness displaying rightward asymmetry and volume and surface area
displaying leftward asymmetry. These results address inconsistencies in
previous reports of ERC asymmetry. The reported trajectory of these
four measures across the adult lifespan can provide a normative base-
line for patient studies and studies targeting biological markers and
environmental modulators of ERC volume, thickness, surface area, and
curvature with aging (Grieve et al., 2011; Kochunov et al., 2011). Our
results suggest that ERC aging (manifest as volume atrophy, cortical
thinning, surface area shrinkage and curvature increased) begins to
occur in middle adulthood. At this stage of life, it may be important to
adopt some strategies to reduce the effects of aging on cognition.
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