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ORIGINAL RESEARCH
ADULT BRAIN

Sexual Dimorphism and Hemispheric Asymmetry of
Hippocampal Volumetric Integrity in Normal Aging and

Alzheimer Disease
X B.A. Ardekani, X S.A. Hadid, X E. Blessing, and X A.H. Bachman

ABSTRACT

BACKGROUND AND PURPOSE: Asymmetric atrophy of the hippocampus is an important clinical finding in normal aging and Alzheimer
disease. In this study, we investigate the associations between the magnitude and asymmetry of hippocampal volumetric integrity and age,
sex, and dementia severity.

MATERIALS AND METHODS: We have recently developed a rapid fully automatic algorithm to measure the hippocampal parenchymal
fraction, an index of hippocampal volumetric integrity on structural MR imaging of the brain. We applied this algorithm to measure the
hippocampal parenchymal fraction bilaterally on 775 MR imaging volumes scanned from 198 volunteers in a publicly available data base. All
subjects were right-handed and older than 60 years of age. Subjects were categorized as cognitively healthy (n � 98), with mild cognitive
impairment (n � 70), or with mild/moderate Alzheimer disease (n � 30). We used linear mixed-effects models to analyze the hippocampal
parenchymal fraction and its asymmetry with respect to age, sex, dementia severity, and intracranial volume.

RESULTS: After controlling for age, sex, and intracranial volume, we found that the magnitude of the hippocampal parenchymal fraction
decreased and its asymmetry increased significantly with dementia severity. Also, hippocampal parenchymal fraction asymmetry was
significantly higher in men after controlling for all other variables, but there was no sex effect on hippocampal parenchymal fraction
magnitude. The magnitude of the hippocampal parenchymal fraction decreased and its asymmetry increased significantly with age in
subjects who were cognitively healthy, but associations with age were different in nature in the mild cognitive impairment and Alzheimer
disease groups.

CONCLUSIONS: Hippocampal atrophy progresses asymmetrically with age in cognitively healthy subjects. Hippocampal parenchymal
fraction asymmetry is significantly higher in men than women and in mild cognitive impairment/Alzheimer disease relative to cognitively
healthy individuals.

ABBREVIATIONS: AD � Alzheimer disease; AI � asymmetry index; ART � Automatic Registration Toolbox; CN � cognitively normal; DX � diagnostic group factor;
ICV � intracranial volume; HPF � hippocampal parenchymal fraction; LHPF � left HPF; MCI � mild cognitive impairment; RHPF � right HPF

Alzheimer disease (AD) is the most common form of demen-

tia, accounting for 60%– 80% of all cases.1 Age is the greatest

risk factor for late-onset AD; and with an aging population, it is

projected that the annual number of new AD cases in the United

States will double by 2050.1 There also appears to be a connection

between AD and sex because women have an estimated double the

lifetime risk for developing AD,1 and this cannot be solely ex-

plained by their higher average life expectancy of about 5 years.2

The hippocampus is a medial temporal lobe brain structure

that plays a decisive role in the formation and retention of epi-

sodic memory and, in AD, is one of the first regions of the brain to

experience atrophy.3 Structural MR imaging changes in the me-

dial temporal lobe have been detected up to 10 years before clin-

ical manifestations of AD.4 It is imperative to accurately charac-

terize the patterns of hippocampal atrophy related to both normal

aging and early AD, which would be extremely useful for devel-

oping new therapeutic interventions and monitoring disease pro-

gression. Numerous studies have shown significant reductions of

hippocampal volume in mild cognitive impairment (MCI) and

AD.5,6 Furthermore, many studies have reported hippocampal

volume asymmetry in normal aging, MCI, and AD, with most

reporting a right-greater-than-left asymmetry.6-10
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However, there have been some discrepancies in the literature

over the nature of this putative hippocampal asymmetry. Some stud-

ies suggest that the observed asymmetry, at least in part, is due to a

visual perception bias if the volumes are manually traced.11,12 Left-

versus-right bias is also possible in automatic atlas-based hippocam-

pal segmentation methods if care is not taken to ensure that a “sym-

metric method” is applied to measuring the bilateral hippocampi.8,10

Sex is an important factor to consider for an accurate study of

hippocampal asymmetry. The possibility that sex may determine

asymmetry in brain structure and function is supported by known

examples, including sex-dependent patterns of regional asymme-

try in medial temporal lobe areas13,14 and in lateralization of

blood oxygen level– dependent fMRI activation in response to

emotional15 and semantic processing tasks.16 Whether asymme-

try in the hippocampus per se is affected by sex is not clear. Most

studies do not report any sex-related differences in their measured

asymmetries.6,8-10 Maller et al7 did examine this question but did

not find any sex difference in the degree of bilateral hippocampal

asymmetry. Lucarelli et al,17 however, reported that men had

greater asymmetry than women. There is also uncertainty as to

whether the extent of asymmetry is the same between healthy

subjects and MCI and AD groups,6 or whether asymmetry increases8

or decreases9 with increasing disease severity. These findings under-

line the need to further investigate the relationship among hip-

pocampal asymmetry, sex, and disease severity. An improved under-

standing of these interactions toward a more precise patient-specific

definition of disease-related changes was recently emphasized as a

goal of the Alzheimer Precision Medicine Initiative.18

Hippocampal volume per se is not ideal for characterizing hip-

pocampal degeneration. While atrophy of the hippocampus re-

duces its volume, the converse is not necessarily true—that is, a

small volume does not necessarily indicate abnormality. For ex-

ample, the raw hippocampal volumes in women are generally

smaller than in men but the level of hippocampal atrophy is not

different.7 Also, normal hippocampal volume is quite variable

across subjects and is strongly influenced by intracranial volume

(ICV) as a proxy for premorbid brain size.7,19,20 Due to these

factors, it is difficult to detect subtle differences in hippocampal

volume. To overcome this issue, we have recently developed a

method to characterize the volumetric integrity of the hippocam-

pus by measuring the hippocampal parenchymal fraction (HPF),

an index that attempts to mimic how neuroradiologists visually

identify abnormal-appearing hippocampi on MR imaging21—

that is, when the hippocampal region contains larger-than-ex-

pected amounts of CSF.

In both AD22 and in first-episode psychosis,23 the HPF has

been shown to be more sensitive than pure hippocampal volume

in differentiating patients and controls.

A cognitively normal (CN) versus early

AD classification task using the HPF and

its time rate of change achieved an accu-

racy of 97%.22 The same task using

hippocampal volume and its time rate

of change obtained from FreeSurfer,

Version 5.3 (http://surfer.nmr.mgh.

harvard.edu)24 achieved a lower accu-

racy of 89%.22 A group comparison of

healthy controls versus medication-naı̈ve patients with first-epi-

sode psychosis showed a significantly lower HPF in first-episode

psychosis.23 However, hippocampal volume in the same subjects

as measured by FreeSurfer, Version 6.0, failed to find any group

differences.23 Furthermore, a follow-up scan after 8 weeks of

treatment with antipsychotic medication showed a significantly

reduced HPF from baseline in first-episode psychosis, whereas

FreeSurfer volumes did not detect any longitudinal changes.23

The HPF has also been found to be a better predictor of future

cognitive decline than volume.25

In this article, we measured the bilateral HPF on 3D volumet-

ric MR imaging scans acquired from older adult subjects with and

without AD-type dementia obtained through a publicly available

data base. We then used linear mixed-effects statistical models to

study the relationship between the magnitude and bilateral asym-

metry of the HPF with respect to subject age, sex, and dementia

severity.

MATERIALS AND METHODS
Study Subjects
We obtained data from the publicly available Open Access Series

of Imaging Studies,26,27 phase 1 (OASIS1, http://oasis-brains.

org/), a cross-sectional collection of 416 right-handed subjects

18 –96 years of age. In this study, we retained only a subset of 198

subjects who were 60 years of age or older. The 198 older subjects

in the OASIS1 data base with and without dementia were re-

cruited from the longitudinal pool of the Washington University

Alzheimer’s Disease Research Center. Subjects with a primary

cause of dementia unrelated to AD such as vascular dementia,

major depression, head injuries, strokes, and the use of psychoac-

tive drugs and those with obvious lesions or other unrelated ab-

normalities in their MR images were excluded. Cohort demo-

graphics are shown in Table 1. Subjects were divided into 3

diagnostic groups: 1) cognitively normal (n � 98) with a Clinical

Dementia Rating of zero; 2) mild cognitive impairment (n � 70)

with a Clinical Dementia Rating of 0.5; and 3) AD (n � 30),

twenty-eight subjects with a Clinical Dementia Rating of 1, and 2

with a Clinical Dementia Rating of 2.

MR Imaging Protocol
For each subject, 3 or 4 (six in 1 subject) individual sagittal 3D-

T1-weighted MPRAGE structural MR imaging volumes were ac-

quired in a single acquisition session using a 1.5T Magnetom Vi-

sion scanner (Siemens, Erlangen, Germany). The total number of

volumes acquired from the 198 subjects in this study was 775. One

hundred seventy-eight subjects had 4 volumes each, 19 subjects

had 3 volumes each, and 1 subject had 6 volumes. The MPRAGE

Table 1: Cohort demographicsa

Group CN MCI AD
CDR 0 0.5 1 (n � 28), 2 (n � 2)
No. of subjects 98 70 30
Sex (female:male) 72:26 39:31 20:10
Age (yr) 75.9 � 9.0 (60–94) 76.2 � 7.2 (62–92) 78.0 � 6.9 (65–96)
Education (yr) 14.5 � 2.9 (8–23) 13.8 � 3.2 (6–20) 12.8 � 3.2 (7–20)
ICV (cm3) 1439 � 150 (1132–1818) 1485 � 187 (1171–1992) 1480 � 118 (1274–1732)
MMSE 29.0 � 1.2 (25–30) 25.6 � 3.5 (14–30) 21.2 � 4.0 (15–29)

Note:—CDR indicates Clinical Dementia Rating; MMSE, Mini-Mental State Examination.
a Values given are means and range.
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pulse sequence parameters were the following: matrix size �

256 � 256 � 128, voxel size � 1 � 1 � 1.25 mm3, TR � 9.7 ms,

TE � 4.0 ms, TI � 20 ms, delay time � 200 ms, flip angle � 10°

with a zero interslice gap. A more detailed description of image

acquisition protocol can be found in Marcus et al.26

Imaging Processing
Image processing was performed using the Automatic Registra-

tion Toolbox (ART; https://www.nitrc.org/projects/art)28 soft-

ware package in 2 steps. The 3– 4 scans from each subject (6 scans

in 1 case) were registered using the Automatic Temporal Regis-

tration Algorithm module of ART, an unbiased symmetric rigid-

body affine registration algorithm. Registration results were visu-

ally inspected for accuracy.

Following intrasubject registration, bilateral HPFs were mea-

sured on each of the 775 volumes using the KAIBA module in

ART. The HPF estimates the fraction of brain parenchyma in a

VOI that is automatically defined around each hippocampus. The

VOI is the projection of a hippocampal probability map onto the

MR imaging volume in its native orientation based on automatic

detection of �100 landmarks near each hippocampus. The prob-

ability map is defined by the average of

65 manually traced hippocampi on a

group of young healthy individuals. In a

sense, the projection of this hippocam-

pal probability map onto the subject’s

MR imaging volume indicates the loca-

tion where one would expect to find the

hippocampus in a healthy young indi-

vidual. Because atrophy of the hip-

pocampus is associated with a commen-

surate increase in the surrounding CSF,

the HPF quantifies the extent to which

brain tissue, as opposed to CSF, is found

in the VOI. Figure 1 shows the projec-

tion of the probabilistic right hippocam-

pal VOI onto the native space of a raw 3D MPRAGE volume.

KAIBA examines the voxel-intensity histogram in the VOI. A

Gaussian mixture model is fitted to the histogram using the ex-

pectation-maximization algorithm. The fitted mixture model is

then analyzed to obtain a CSF threshold as shown in Fig 2. Finally,

the HPF is computed as the ratio of the volume of the suprath-

reshold voxels to the total VOI.

KAIBA is carefully designed to avoid any possible left-right

bias in measuring the HPF by computing the bilateral HPF twice,

once in the original volume and a second time in a duplicate

volume obtained by flipping through the left-right axis and then

averaging the measured HPFs for each hemisphere.

On the basis of the measured left HPF (LHPF) and right HPF

(RHPF), we computed an overall bilateral measure of hippocam-

pal volumetric integrity as the average:

1) HPF �
LHPF � RHPH

2
,

and a percentage asymmetry index (AI):

2) AI �
�RHPF � LHPF�

HPF
� 100%.

As with Lucarelli et al,17 in this study, the AI measures the

magnitude of asymmetry without regard to its direction.

Statistical Analysis
We used the lmer function of the lme4 package (Version 1.1–17;

https://cran.r-project.org/web/packages/lme4/index.html) in the

R statistical computing and graphics language (Version 3.5.0;

http://www.r-project.org) to fit linear mixed-effects models to the

response variables HPF and AI to analyze their relationships to

covariates: age, sex, diagnostic group, and estimated total intra-

cranial volume. The significance of the fixed-effects parameters

was tested using the ANOVA function of the lmerTest package

(Version 3.0 –1; https://cran.r-project.org/web/packages/lmerTest/

index.html) with the Satterthwaite method for computing the de-

nominator degrees of freedom and F statistics.

Examination of model residuals following fitting of the mixed-

effects models indicated considerable departure from the as-

sumed normality of the residuals. The problem was mitigated by

applying the logit transformation (3a) and the Box-Cox transfor-

FIG 1. Axial (left), coronal (middle), and sagittal (right) slices through a 3D structural MR imaging
scan of a subject. The right hippocampus probabilistic VOI is superimposed on the image in native
space.

FIG 2. Histogram of the voxels with nonzero probabilities on the VOI
in Fig 1 (thin line) along with a fitted Gaussian mixture model (thick line)
using the expectation-maximization algorithm. The automatically de-
termined CSF threshold is shown as a vertical line approximately lo-
cated at the intensity value of 70. The HPF is defined as the fraction of
voxels in the VOI whose intensities are greater than the CSF
threshold.
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mation29 (3b) to the response variables HPF and AI, respectively,

as follows:

3A) y � logit(HPF) � log � HPF

1 � HPF�
3B) y � boxcox(AI) �

(AI)� � 1

�
,

where the Box-Cox transformation parameter � in 3b was esti-

mated using the R boxcoxmix package (Version 0.20; https://

cran.r-project.org/web/packages/boxcoxmix/boxcoxmix.pdf) to

be � � 0.4.

Because we have 775 MR imaging volumes, we denote our

response variable by yi (i � 1, 2, …, 775), where yi represents

either logit(HPF) or boxcox(AI). We fitted the following mixed-

effects model:

4) yi � �0 � bjI{IDi � j} � �1Agei � �2I{DXi � MCI}

� �3I{DXi � AD} � �4AgeiI{DXi � MCI}

� �5AgeiI{DXi � AD} � �6ICVi

� �7I{Sexi � Male} � ei.

This model involves 10 unknown parameters that are estimated.

These are the 8 fixed effects, �0–�7, and 2 variance components �b
2

and �e
2 associated with random effects bj and residuals ei, respectively.

In this model, the diagnostic group factor (DX) is a fixed factor with 3

levels, CN, MCI, and AD, indicating the diagnostic group; ID is a

random factor with 198 levels j � 1, 2, …, 198, corresponding to the

individual study subjects with bj as the corresponding random effects.

Sex is a fixed factor with 2 levels; and Age and intracranial volume

(ICV) are continuous mean-centered covariates. The precise defini-

tions of all mathematic terms and notations in Equation 4 are given in

Table 2.

RESULTS
Image Processing
The Automatic Temporal Registration Algorithm relies on meth-

ods for automatic detection of the midsagittal plane and anterior/

posterior commissure. Visual inspection revealed that in 13 of the

775 volumes (1.7%), the midsagittal plane anterior/posterior

commissure detection failed. These volumes belonged to 4 differ-

ent subjects in our cohort of 198 (2%). In the 13 failed cases, we

supplied the program with 3 manually identified landmarks on

the midsagittal plane, following which the program proceeded to

successfully complete the registrations. Following Automatic

Temporal Registration Algorithm registrations, KAIBA success-

fully computed LHPF and RHPF on all 775 volumes. All the fol-

lowing statistical results pertain to the transformed response vari-

ables HPF and AI using Equations 3a and 3b.

Statistical Analysis of AI
Statistically significant variance in AI was explained by the DX

(P � .001), Sex (P � .01), and ICV (P � .02). In addition, there

was a significant DX-by-Age interaction (P � .001).

AI versus Diagnostic Group
Figure 3 shows the predicted marginal mean and 95% confidence

interval of AI in the CN, MCI, and AD groups. Pair-wise compar-

isons among the 3 diagnostic groups showed a significant increase

in asymmetry with dementia severity: CN vs MCI (P � .001), CN

vs AD (P � .001), and MCI vs AD (P � .03). The P values are

adjusted using the Tukey method for comparing a family of 3

estimates.

AI versus Sex and ICV
Figure 4 shows the predicted marginal mean and 95% CI of AI in

men and women. There was a significant main effect of sex on AI

as indicated by �7 in the fitted Equation 4 that was significantly

different from zero (P � .01), showing higher asymmetry in men.

Table 2: Definitions of all mathematic terms used in the mixed-effects model equation (Equation 4)
i Volume index i � 1, 2, . . ., 775
j Subject identification index j � 1, 2, . . ., 198
yi logit(HPF) or log(AI) for volume i as the response variable
IDi Subject index of volume i where IDi � (1, 2, . . ., 198)
Agei Age of subject IDi minus 76.34, the average age of all 198 subjects
ICVi Estimated total intracranial volume of subject IDi minus 1461.5, the average ICV of all 198 subjects
DXi Diagnostic group of subject IDi, a factor with 3 levels {CN, MCI, AD}
Sexi Sex of subject IDi, a factor with 2 levels {Male, Female}
I{statement} Indicator function that takes on values of 1 or 0 depending on whether the statement is true or false
�0 . . . �7 Model fixed-effects parameters to be estimated and tested against null hypotheses of type 	ak�k � 0
bj Model random effects assumed to be independent and identically distributed Gaussian with mean 0 and variance �b

2

ei Random residuals assumed to be independent and identically distributed Gaussian with mean 0 and variance �e
2

FIG 3. Predicted marginal means of the asymmetry index in different
diagnostic groups. AI was found to be significantly different between
the CN versus MCI (P � .001), CN versus AD (P � .001), and MCI versus
AD (P � .03) groups. AI increased with increasing dementia severity.
Error bars indicate 95% CI.
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Our analysis also suggested that asymmetry decreased with in-

creasing ICV as indicated by the significantly negative �6 (P �

.02) in the fitted Equation 4.

AI versus Age and Diagnostic Group
Fitting of Equation 4 to AI also revealed significant age-by-diag-

nosis interactions. In CN, asymmetry increased significantly with

age as indicated by a positive �1 (P � .001). However, in the MCI

group, asymmetry decreased with age as indicated by a signifi-

cantly negative linear combination �1 � �4 (P � .05). Finally, in

the AD group, we found no significant age effect on AI by testing

the linear combination �1 � �5 (P � .13).

Statistical Analysis of HPF
Statistically significant variance in the HPF was explained by the

DX (P � .001), Age (P � .001), and ICV (P � .001). In addition,

there was significant DX-by-Age interaction (P � .01).

HPF versus Diagnostic Group
Figure 5 shows the predicted marginal mean and 95% CI of HPF

in the CN, MCI, and AD groups. Pair-wise comparisons among

the 3 diagnostic groups showed significant decrease in the HPF

with dementia severity: CN vs MCI (P � .001), CN vs AD (P �

.001), and MCI vs AD (P � .001), in which the P values are ad-

justed using the Tukey method for comparing a family of 3

estimates.

HPF versus Sex and ICV
There was no significant sex effect on the HPF as indicated by a �7

estimate, which was not significantly different from zero (P �

.23). Our analysis showed that the HPF decreased with increasing

ICV as indicated by a significantly negative �6 (P � .001).

HPF versus Age and Diagnostic Group
Fitting of Equation 4 to the HPF revealed significant age-by-diag-

nosis interactions. In the cognitively healthy group, HPF de-

creased significantly with age as indicated by a negative �1 (P �

.001). The HPF also decreased with age in the MCI group as indi-

cated by a significantly negative linear combination �1 � �4 (P �

.001). Finally, in the AD group, we found no significant age effect

on the HPF by testing the linear combination �1 � �5 (P � .13).

DISCUSSION
In this article, we examined the magnitude and asymmetry of

hippocampal volumetric integrity in normal aging, MCI, and AD-

type dementia based on measurement of the hippocampal paren-

chymal fraction. We found that the asymmetry of hippocampal

atrophy increased with age in subjects who were cognitively nor-

mal and it was more asymmetric in men than women (Fig 4).

These findings agree with the results of Lucarelli et al,17 who

found that the asymmetry of hippocampal volume increased with

age and that men had greater asymmetry than women.

Our findings also concur with the recent longitudinal study by

Fraser et al,30 who reported the rate of decline of hippocampal

volume measured by very reliable manual tracing by the same

highly trained neurologist in 244 middle-aged and 199 older- aged

healthy adults based on a pair of baseline and follow-up structural

MR images from each individual scanned 8 years apart. They

found that the rate of decline of the left hippocampus was higher

than that of the right hippocampus in both groups, which indi-

cates increasing AI in normal aging. Sex differences in the rates of

decline were not examined.

We also found that both the MCI and AD groups had signifi-

cantly higher hippocampal asymmetry than the CN group and

that the AD group had significantly higher hippocampal asymme-

try than the MCI group (Fig 3). Therefore, we conclude that the

extent of hippocampal asymmetry as measured by AI is positively

correlated with dementia severity. These results are consistent

with those of Wachinger et al,8 who reported an increase in hip-

pocampal asymmetry concurrent with disease severity beyond an

aging effect.

Examining the definition of AI given by Equation 2, we can see

FIG 4. Predicted marginal means of the asymmetry index in men and
women. The AI was found to be significantly higher in men (P � .01)
after controlling for age, intracranial volume, and diagnostic group.
Error bars indicate 95% CI.

FIG 5. Predicted marginal means of the HPF (averaged across hemi-
spheres) in different diagnostic groups. The HPF was found to be
significantly different between the CN versus MCI (P � .001), CN
versus AD (P � .001), and MCI versus AD (P � .001) groups. The HPF
decreased with increasing dementia severity. Error bars indicate
95% CI.
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that AI can increase with decreasing HPF in the denominator or

increasing �RHPF–LHPF� in the numerator or both. We have

shown in this study that the HPF decreases with dementia severity

(Fig 5); therefore, the increase in AI is, in part, due to decreasing

HPF. We also examined the relationship between �RHPF–LHPF�
and disease severity (results not reported) and determined that

this quantity increased significantly in both MCI and AD groups

relative to CN. An increase in the mean value of �RHPF–LHPF�
itself can be attributed to 2 factors. Assuming that the difference

between the right and left HPF is normally distributed, the prob-

ability distribution of �RHPF–LHPF� would be the so-called

folded normal distribution whose expected value depends on

both the mean and variance of RHPF–LHPF. In other words, the

increasing AI with disease severity could also be partly due to a

larger variance in right-left differences in the MCI/AD groups.

We also found an interaction between age and diagnostic

group on asymmetry. While asymmetry increased with age in the

group that was cognitively normal, asymmetry was observed to

decrease with age in both MCI and AD groups, though the asso-

ciation between age and asymmetry in AD did not reach statistical

significance, likely due to the smaller sample size in this group.

The finding of a negative correlation between age and asymmetry

in the MCI and AD groups indicates that hippocampal asymme-

try is higher in those with earlier onset of the disease, suggesting

that those who experience earlier onset are more acutely im-

paired. This finding is consistent with the observation that those

with earlier disease onset have a more severe disease course.31

Furthermore, we found that the HPF decreased significantly

from CN to MCI and from MCI to AD (Fig 5). This is consistent

with numerous previous publications that report a compromised

hippocampal volumetric integrity in AD compared with con-

trols.5,6 We also found that the HPF significantly decreased with

age in both the CN and MCI groups, but the association between

the HPF and AD did not reach statistical significance. The latter

result may be due to the smaller sample size (n � 30) in this group;

and second, the more advanced dementia in this group means

that the compromised hippocampal volumetric integrity is more

influenced by the time since dementia onset than by subject age.

This finding is consistent with previous reports indicating that the

loss of hippocampal volume and changes in shape are more

closely related to age in the healthy controls than in patients with

dementia.32

Taken together, our results suggest that decreased magnitude

and increased asymmetry of the HPF beyond what is expected in

normal aging have the potential to be used as early imaging bio-

markers of AD. Our results also confirm a sexual dimorphism in

asymmetric hippocampal atrophy patterns in both normal aging

and AD, with men having significantly more asymmetry.

In this article, we have considered only hippocampal degener-

ation. Future work is required to determine whether the asym-

metric pattern of neurodegeneration is specific to the hippocam-

pus or whether it extends to other brain regions.

We used cross-sectional data in this study and therefore were

not able to ascertain the rates of change of HPF asymmetry. A

future direction of research is to use longitudinal data bases to

study dynamic changes in asymmetry in subjects with normal

aging and AD. Previously, we used the magnitude of HPF and its

rate of change with respect to time as features in machine learning

algorithms used for differentiating healthy subjects from those

with AD,22 as well as for differentiating stable patients with MCI

from those with an incipient AD diagnosis.33 Future studies will

need to be conducted to assess the influence of including HPF

asymmetry and its rate of change as additional classification fea-

tures on the performance of machine learning algorithms.

CONCLUSIONS
In this article, we analyzed the hippocampal volumetric integrity

as measured by HPF and its asymmetry as measured by AI with

respect to age, sex, and dementia severity. We found that the ex-

tent of HPF asymmetry is greater in patients with AD than in

normally aging subjects and that men had more hippocampal

asymmetry than women. We also found that the extent of hip-

pocampal asymmetry is positively correlated with age in cogni-

tively healthy subjects but no statistically significant relationship

between HPF asymmetry and aging was found within the AD

group and that asymmetry diminished with aging within the MCI

group. In addition to the level of hippocampal volumetric integ-

rity, its asymmetry can potentially be used as an early biomarker

of AD.
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