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Abstract

Functional polymorphisms in the promoter region of the monoamine oxidase A (MAOA) gene are associated with brain MAOA
activity and transcriptional efficiency in patients with Alzheimer’s disease (AD). This study investigated structural covariance
networks mediated by MAOA-variable number tandem repeat (VNTR) genotypes in patients with AD, and assessed whether this
effect was associated with sex. A total of 193 patients with AD were classified into four genotype groups based on MAOA
transcriptional efficiency (female low [L], low-high + high activity groups [LH + H]; male L, male H groups). Structural
covariance networks were constructed focusing on triple-network and striatal networks. Covariance strength was analyzed in
the four groups, and the genotype and sex main effects and their interactions were analyzed. Significant peak cluster volumes
were correlated with neurobehavioral scores to establish the clinical significance. MAOA genotypes mediated the structural
covariance strength on the dorsolateral prefrontal cortex (dLPFC)-caudate axis in both sexes, but a higher covariance strength
was shown in the female L group and male H group. The independent effect of male sex was related to higher covariance strength
in the frontal medial superior region in the dLPFC, dorsal caudate (DC), and ventral superior striatum (VSs) seeds. In contrast,
female sex had higher covariance strength in the frontal opercular areas anchored by the dLPFC, DC, and VSs seeds.
Topographies showing higher covariance strength with sex interactions were found in the male H group and female L group
in the dLPFC supplementary motor axis, DC-SMA, and DC-precentral axis. In our patients with AD, MAOA-VNTR polymor-
phisms and sex had independent and interactive effects on structural covariance networks, of which the dLPFC-, VSs-, and DC-
anchored networks represented major endophenotypes that determined cognitive outcomes. The sex-genotype interaction model
suggested that male high activity and female low activity may modulate brain morphometric connectivity and determine
cognitive scores.
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Introduction

The monoamine oxidase A (MAOA) enzyme is found solely
in the neurons [1] and degrades the neurotransmitters of nor-
epinephrine, dopamine, and serotonin. Located on the X chro-
mosome (Xpl1.23), the MAOA gene modulates levels of
monoamine, and this has been reported to explain the sex-
related interindividual vulnerability to neuropsychiatric disor-
ders [2]. A common variable number of tandem repeat
(VNTR) polymorphism in the MAOA promoter region has
been shown to affect the transcriptional activity in vitro [3].
In a human male skin fibroblast cell line [4] and in patients
with Alzheimer’s disease (AD) [5], the MAOA-VNTR alleles
with 3.5 and 4 repeats were found to transcribe MAOA more
efficiently than those with 3 repeats. Consequently, the high
activity genotype group may show higher degradation rates in
monoamines and low MAOA activity.

The MAOA-VNTR gene is located in the sex chromosome,
so the transcriptional activity of the MAOA gene in males and
females is different. The low activity (L) group includes 2
repeats, 3 repeats, and 5 repeats in men, and 2/2, 3/3, 5/5,
2/3, 2/5, and 3/5 repeats in women. The low-high group (LH
group) is only seen in women that included 2/4, 2/3.5, 3/4,
3/3.5, 5/4, 5/3.5 repeats. In the high activity group (H group),
4 repeats and 3.5 repeats have been reported in men, while 3.5/
3.5,4/4, and 4/3.5 repeats have been reported in women [6]. In
group segregation, the analysis of genotype effects is designed
either in one sex or by designating the female LH group into L
or H groups [7]. As the expression of MAOA in heterozygous
allele carriers is still unclear, some investigators have selected
all-male samples and eliminated heterozygous females from
their samples [8—10].

The genetic variations of MAOA in AD include dinucleo-
tide and premotor polymorphisms. In case-control post-
mortem studies, increases in the activities of MAOA,
MAOB, or both have been reported in AD, while regional
declines in monoamine transmitters, precursors, or metabo-
lites have been reported in the prefrontal [11], frontal pole
[12], and caudate regions [13—15]. In controls, the high activ-
ity genotype group has shown greater dopamine turnover in
cerebral spinal fluid [2]. In addition, for MAOA-VNTR geno-
type groups, patients with AD associated with the high activ-
ity genotype have shown higher brain MAOA activity and
gene expression than controls [5]. Although in AD the expres-
sion of the MAOA gene and regional levels are in the same
direction, controversy exists with regard to alcoholics, as the
low activity group may show higher monoamine metabolites
levels [2]. The inconsistencies in the findings suggest the com-
plexity of genotype or epigenetic effects [16] in different dis-
ease spectrums.

Recent research has suggested that regions that are highly
related may show covariance in morphometric characteristics,
so-called structural covariance network (SCN). The striatum

subserves a wide range of high cortical functions, and re-
searchers have conceptualized the functional circuits associat-
ed with six striatal sub-regions [17]. The use of SCNs as
endophenotypic measures in genetic studies is potentially ad-
vantageous, since network patterns provide insights into
symptom prediction. The default mode network [18], salience
network [19], and executive control network [18, 20] are of
clinical relevance in AD, collectively termed the triple-
network model [21]. The striatal SCN [17] and triple-
network SCN may represent ideal models to understand the
modulation of MAOA-VNTR genotypes with regard to the
cognitive features.

This study explored the topography of brain networks me-
diated by MAOA-VNTR genotypes. Although the classifica-
tion of MAOA-VNTR transcriptional efficiency into three
functional groups has been well established [4], the lack of
male sex in the LH group makes this functional group unique
when analyzing genetic influences on the brain network. A
difference has been found between female alcoholics with
reported aggressiveness and social complications, with a sig-
nificantly larger proportion of individuals carrying at least one
MAOA-VNTR high activity allele [7]. As such, our group
stratification was made in hemizygous males with 3 or 4 re-
peats, homozygous females with 3 repeats, and females with 4
repeats (LH + H) using a 2 x 2 mixed factorial design model.
As the caudate and prefrontal axes represent regions showing
lower monoamine levels in AD [22, 23], we hypothesized that
the higher activity MAOA-VNTR genotype group may be
associated with stronger prefrontal-caudate network covari-
ance strength, and that such a degenerative network may rep-
resent endophenotypes to predict neurobehavioral perfor-
mance. The rationale of this hypothesis was based on post-
mortem data in AD that MAOA activity may be upregulated
selectively in the prefrontal-caudate axis [11, 13, 14] and in
those with the high activity genotype group of the functional
MAOA-VNTR polymorphism showing greatest transcrip-
tional efficiency [4].

Materials and Methods

This study was conducted in accordance with the Declaration
of Helsinki and was approved by the Institutional Review
Board of Chang Gung Memorial Hospital. The study partici-
pants were treated at the Department of General Neurology,
Kaohsiung Chang Gung Memorial Hospital. AD was diag-
nosed according to the International Working Group criteria
[24] with a clinical diagnosis of typical AD [25]. A total of
193 subjects (99 males, 94 females) were included into this
study, all of whom were in a stable condition under acetylcho-
line esterase inhibitor treatment. The exclusion criteria were a
modified Hachinski ischemic score >4, territorial stroke,
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negative amyloid scan by visual interpretation, and premorbid
major depressive disorders.

Study Working Scheme

The SCNs were established by seed-based correlation analysis
(Fig. 1A and supplementary Fig. 1). The functional genotype
groups [6] were as follows: Low activity group (L group): men
=2 repeats, 3 repeats, and 5 repeats; women = 2/2, 3/3, 5/5, 2/3,
2/5, and 3/5; Low-High group (LH group): women = 2/4, 2/3.5,
3/4,3/3.5, 5/4, 5/3.5; and High activity group (H group): men =4
repeats and 3.5 repeats; women = 3.5/3.5, 4/4, and 4/3.5.

The main effects of genotype, sex, or their interactions were
then entered into the general linear model to predict the seed
regional volumes. Only the aforementioned significant seeds
were selected for next-step covariance strength analysis (Fig.
1B). As female sex had three genotype groups, the network
interactions exploring the independent effects of sex, genotype,

or sex-genotype group interactions in the female group were
analyzed by pooling the LH and H groups as one group (LH +
H group). Specific t contrast for the genotype specific covari-
ance strength effects was modeled using H > L group (in males)
or LH + H> L group (in females). Sex-genotype group interac-
tions were modeled using univariate analysis of variance (factor
1: MAOA-uVNTR genotype group, factor 2: sex [male, fe-
male]). The volumes of the significant peak clusters were re-
ported and correlated with neurobehavioral scores to under-
stand the clinical relevance (Fig. 1C).

(For descriptions of the neurobehavioral tests, MAOA-
VNTR genotyping, and image acquisition, see online
supplementary file 1.)

Data Analysis for Neuroimaging Biomarkers

Image preprocessing and statistical analysis were performed
using SPM12 (SPM12, Wellcome Trust Centre of Cognitive

Fig. 1 Working scheme of the ' ‘
study. Low activity [L] group, n = Workflow Statistic model Case groups
87; low-high activity [LH] group, l
n =41; high activity [H] group,
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Low functional group
— 1.L group of male
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Neurology, University College London, UK, http://www.fil.
ion.ucl.ac.uk/spm/). T1 images were reoriented, realigned,
and normalized using the standard Montreal Neurological
Institute space. The images were then segmented into GM
partitions. Related tissue segments were used to create a
custom template using diffeomorphic anatomical registration
with the exponentiated lie algebra approach. The modulated
and warped images were then smoothed using a Gaussian
kernel of 8 mm full width at half maximum.

Images Analysis

To investigate the SCNs, nine seed regions of interest were
selected from the preprocessed images. The striatal network
[17] included the following six seeds: inferior ventral striatum
coordinates = (9,9,— 8), ventral striatum superior (VSs) coor-
dinates = (10,15,0), dorsal caudate (DC) coordinates =
(13,15,9), ventral rostral putamen coordinates = (20,12,— 3),
dorsal caudal putamen coordinates = (28,1,3), dorsal rostral
putamen coordinates = (25,8,6). The coordinates of seeds in
the triple-network model included the left posterior cingulate
cortex coordinates = (—2,— 36, 35) of the default mode net-
work, right frontoinsular cortex coordinates = (38, 26,— 10) of
the salience network, and right dorsolateral prefrontal cortex
(dLPFC) coordinates = (44,36,20) of the executive control
network [19].

Statistical Analysis

Clinical and laboratory data were expressed as mean + stan-
dard deviation. One-way analysis of variance with Bonferroni
correction was used, as appropriate, to compare continuous
variables. The chi-square test was used to compare categorical
variables. Spearman correlation analysis was used to analyze
the seed or cluster volume on predicting the cognitive or NPI
scores. The sex and genotype group effects on the seed vol-
ume or the interactions were calculated using the general lin-
ear model. All statistical analyses were conducted using SPSS
software (SPSS version 20.0 for Windows®, SPSS Inc.,
Chicago, IL). Statistical significance was set at p < 0.05.

Results
Demographic Data, Neurobehavior Data, and SCN

There were no 2, 5, or 3.5R carriers in the patient pool
(Table 1). Genotype distribution within the female sample
did not deviate significantly from Hardy-Weinberg equilibri-
um (chi-square = 1.255; p = 0.26). Due to hemizygosity in the
male subjects, no Hardy-Weinberg equilibrium could be cal-
culated. There was no significant difference in allele frequen-
cies between sexes (chi-square = 0.0023, p = 0.96).

4521
Table1 MAOA-VNTR functional genotype groups

Genotype Percent Numbers
Female

3/3 (low activity group) 34.04 32

3/4 (low-high activity group) 43.62 41

4/4 (high activity group) 22.34 21
3-repeats allele 55.85 105
4-repeats allele 44.15 83

Male (hemizygote)

3-repeats (low activity group) 55.56 55
4-repeats (high activity group) 44.44 44

MAOA-VNTR monoamine oxidase, isozyme A, variable number of tan-
dem repeats

In comparisons of demographic data and cognitive test
scores, there were no significant differences in sex, age,
ApoFE4 status, and educational level among the two genotype
groups (Table 2) or three genotype groups (Supplementary
Table 1). As the number of cases was more balanced in each
group, the qualitative display among three functional groups
may have helped to understand whether there was a dose-
dependent effect and balance of the statistical significance in
the SCN distributions. The SCN maps of the three genotype
groups are shown in Supplementary Fig. 1, and the significant
clusters and the coordinates are shown in Supplementary
Table 2-28.

Genotype, Sex, or Interaction in the Seed Volumes

After pooling the female LH and H groups, we explored
whether sex affected the predefined seed volumes in the
MAOA genotype groups. There were significantly larger seed
volumes in the female LH + H group compared with the male
H group in the dLPFC and DC (Table 3). These differences in
volume were driven by the interaction of sex. An interaction
of sex and genotype was also seen in the VSs seed; however,
the volume of either the female LH+H or female L group
only reached borderline significance with the male L group.

Seed Volumes and Clinical Correlations

As the dLPFC seed volumes showed interactions with sex,
the genotype effect and clinical significance of each seed
volume were further established by correlating them with
neurobehavior test scores, stratified by the 2 X2 groups
(Table 4). As short-term memory test scores are salient
features of AD, the significance was established in
dLPFC, DC, and VSs seed volumes in the female LH + H
group and the male L group. In comparisons, correlations
between seed volume and neuropsychiatric inventory
scores were less significant.
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Table 2 Cognitive test scores in

two genotype groups

Group L group LH+H group
Male/female 55/32 44/62
Age, year 73.4(7.7) 73.7 (8.2)
Education, year 7.9 (4.8) 6.9 (4.9)
Apolipoprotein E4 carrier (positive case, %) 34 (39.1%) 38 (35.8)
Mini-Mental State Examination 20.0 (6.8) 19.8 (6.4)
CASI total scores 66.9 (23.1) 65.9 (20.5)
CASI Executive Function Test scores 24.8 (8.9) 24.3 (7.7)
CASI subdomains
Short-term memory 5.3 (4.0) 53 @3.7)
Orientation 12.6 (5.1) 12.6 (5.4)
Long-term memory 8.3 (2.9) 7.9 (2.7)
Language 8.1 (2.5) 8.1 (2.1)
Drawing 7.72.9) 7.8 (2.8)
Attention 6.1 (1.7) 6.2 (1.5)
Verbal fluency 54 (3.0) 4.6 (2.5)
Abstract thinking 8.1 (2.9) 8.1 (2.7)
Mental manipulation 53@3.1) 5434
Neuropsychiatric inventory total scores 8.0 (11.6) 8.3 (11.8)

Data are presented as mean (standard deviation) or number (percentage; %)

CASI, Cognitive Ability Screening Instrument, attention, verbal fluency, abstract thinking, and mental manipu-
lation sub-domain scores of the CASI were added to assess executive function; L group, low activity group; LH +

H group, low-high + high activity groups; MAOA-VNTR, monoamine oxidase, isozyme A, variable number of
tandem repeats; APOE4 carriers were defined as the presence of one or two APOE4 alleles

Table 3 Comparisons of seed volumes in three MAOA-VNTR genotype groups and two gender groups

Volumes PCC FI dLPFC VSi VSs DC DCP DRP VRP
Coordinate (—2,-36,35) (38,26,-10) (44,36,20)  (9.9.-8) (10,15,0) (13,15,9) (28,1,3) (25,8,6) (29,12,-3)
3 functional genotype groups
L group 0.61 (0.13) 0.55(0.14) 044 (0.12)  0.62(0.15)  0.66(0.27)  0.79(0.33)  0.63 (0.27)  0.68(0.27)  0.61 (0.31)
LH group 0.63 (0.11) 0.53 (0.15) 047 (0.10)  0.66 (0.15)  0.72(0.21)  0.88(0.28)  0.66(0.25)  0.74(0.25)  0.66 (0.28)
H group 0.61 (0.10) 0.51(0.15) 042 (0.13)* 0.64(0.16)  0.61 (0.32)* 0.71 (0.32)** 0.59 (0.32)  0.65(0.32)  0.56(0.32)
Genotype, sex 2 xx 2 model
Female
L group 0.61 (0.12) 0.59 (0.16)  0.45(0.10)0  0.67(0.13)  0.72(0.21)  0.88(0.33) * 0.66(0.24)  0.71 (0.26)  0.63 (0.28)
LH+H group 0.62 (0.11) 0.52 (0.15) 047 (0.11)* 0.65(0.16)  0.71 (0.26)  0.85(0.32) * 0.65(0.27)  0.72(0.28)  0.64 (0.29)
Male
L group 0.60 (0.13) 0.53 (0.13) 043 (0.13)  0.60(0.15)  0.63(0.30)  0.73(0.32)  0.61(029)  0.66(0.27)  0.60 (0.32)
H group 0.61 (0.10) 0.52(0.14) 039 (0.13)  0.65(0.15)  0.57(0.30)  0.68(0.29)  0.58(0.31)  0.63(0.32)  0.55(0.32)

Genotype-sex interaction (linear regression model)
Genotype 0.108 (0.898) 2.505 (0.084)
Sex 0.380 (0.539) 0.254 (0.615)
Interactions 0.002 (0.964) 3.381 (0.068)

0.208 (0.812) 0.121 (0.886) 0.345 (0.708) 1.176 (0.311)
5.064 (0.026) 1.458 (0.229) 5.009 (0.026) 5.126 (0.025)
3.046 (0.083) 2.149 (0.144) 0.127 (0.722) 0.188 (0.665)

0.418 (0.659) 0.316 (0.729) 0.466 (0.628)
0.712 (0.400) 1.357 (0.246) 0.592 (0.443)
0.002 (0.963) 0.002 (0.968) 0.011 (0.918)

Data presented in the L-group and H-group columns are mean (standard deviation) of seed volumes. Data presented in the Genotype x Sex interaction
columns as F value (p value). The Italic emphasis indicates statistical significance between LH group and H group

L group low activity group, LH group low-high activity group, H group high activity group, PCC posterior cingulate cortex, F/ frontoinsular, dLPFC
dorsolateral prefrontal cortex, VSi inferior ventral striatum, VSs superior ventral striatum, DC dorsal caudate, DCP dorsal caudal putamen, DRP dorsal
rostral putamen, VRP ventral rostral putamen, MAOA-VNTR monoamine oxidase, isozyme A, variable number of tandem repeats

*p <0.05; **p <0.01 compare with H group in male
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Table 4 Relationships between seed volumes and neurobehavior scores

Seed region Right dorsolateral prefrontal cortex Right ventral striatum superior Right dorsal caudate

Woman Man Woman Man Woman Man

MAOA-uVNTR groups L LH+H L H L LH+H L H L LH+H L H

Mini-Mental State —0203 0243 0.352%*F (0.391** 0.089 0.428%* (.228 0.370* —0.058 0.330** 0.018  0.553%*
Examination

CASI total scores —0249 0.124  0.382%*% 0.303* 0.115 0.445%% 0.247 0.336% —0.022 0.290*% 0.021  0.415%*

CASI EFT scores —0.330 —0.107 0.424**% 0262  0.194 0.362%* 0.244 0278 —0.020 0.206  0.027  0.430%*
Short-term memory -0.163  0.259* 0.403* 0.179  —0.112  0.365** 0.163 0279 —0.295 0.269* 0.059 0.182
Orientation —0.213 0244 0.187 0286  0.001 0.382%* 0.136 0277 —0.027 0.253*% —0.058 0.358%%*
Long-term memory —-0216 0.115 0.273* 0238  0.340 0.390%* 0.344*  0.130 0.146  0.333** 0.057 0.254
Language —0.078 0.115 0.279*% 0294  0.168 0245  0.506%% 0.171 0.096 0240 0.291 0.363*
Drawing -0.177 —0.126 0.179 —0.027 0.262 0201  0.116 0.017 0.195 0.250* —0.050 0.159
Attention —0.178 0.004 0.359*F 0.203  0.300 0.281% 0.209* 0232 —0.002 0.092 0.021 0.282
Verbal fluency —-0291 —0.012 0.355% 0261  0.162 0.454** 0.314* 0235 0.114 0208 0.121 0.243
Abstract thinking —0.408*% —0.094 0.374**% 0.164  0.155 0.162  0.301 —0.047 —0.078 0.048 0.134 0.185
Mental manipulation -0249 -0.087 0250 0.134  0.139 0238 —0.010 0331* —0.056 0.199 —0.169 0.523%*

NPI total scores 0.258 0.011  0.020 0.150 —0.035 -0.093 0.074 0.021  —=0.059 —0.098 0.290* 0.077
Delusion 0.080 -0.119 0.014 0.012  0.005 -0.110 —-0209 0.015 0.002 —0.095 0.015 0.023
Hallucination 0.101 0.021 -0.175 -0.210 —-0.119 -0.096 —-0.212 -0.222 —0.228 —0.238 —0.181 —0.234
Aggression 0.243 0.078 0.176  —0.183 —0.088 —0.041 0.082 -0.141 -0.126 0.013  0.009 -—0.115
Depression 0.339 0.074 0.059  0.158  0.110 —0.115 0.063 0.016 0.105 0.002 0.187 —0.062
Anxiety 0.007 —0.146 —0.013 0227 0.183 -0.172 —0.125 -0.024 0.034 -0.131 -0.138 0.054
Elation 0 -0.068 —0.017 —0.198 0 -0.140 —-0.197 -0.198 0 —0.147 —0.051 —0.036
Apathy 0.005 —0.033 -0.177 —0.246 0.290 —0.188 —0.052 -0.167 0.087 —0.182 0.119 —0.134
Disinhibition —-0.165 —0.136 —0.025 0.082 0.146 0.017  —0.281* 0.160 0.117 —0.017 —0.002 0.071
Irritability 0.184 0.141 0.012  0.158  0.280 0.124  —0.097 0.055 0.075 -0.007 0.022 0.037
Aberrant motor behavior 0 -0.072 -0.136 —0.174 0 -0.093 —-0.100 -0.083 0 —-0.167 —0.024 —0.042
Sleep -0.203 0.016 0203 0.197 —0.583* 0.155 0.155 -0.010 —0.307 0.105  0.294* 0.093
Eating disorder —0.083 0.078 —0.022 -0.257 0.030 -0.160 —0.072 0.159 -0.040 —0.065 —-0.072 —0.098

The Italic emphasis indicate statistical significance

CASI Cognitive Ability Screening Instrument, EFT Executive Function Test, NPI Neuropsychiatric Inventory, L group low activity group, LH group
low-high activity group, H group high activity group, LH+ H group in woman high activity+ low-high activity group, MAOA-VNTR monoamine
oxidase, isozyme A, variable number of tandem repeat

Numbers indicate correlation coefficient, *p < 0.05; **p <0.01

Interactions of Structural Covariance Strength
According to Genotype, Sex, or Interactions

Interactions Between Sex-Genotype Groups

We further tested the independent roles of genotype, sex, or
their interactions in structural covariance strength.

Main Effect of Genotype Groups

To test the effects of the genotype, we analyzed areas sharing
identical clusters in the males and females. Only the dLPFC
anchoring the caudate region showed an independent effect.
However, the relationships of covariance strength in genotype
groups were different between the females (H+LH <L
group) and males (H> L group) (Fig. 2a).

Covariance strength showing sex and genotype interactions
was seen in the dLPFC-anchored supplementary motor area
(SMA) network (Fig. 2b), DC anchored the precentral net-
work and SMA network (Fig. 2c). The covariance strength
was higher in the female L group and the male H group.

Main Effects of Sex Groups

The main effects of sex were seen in the three peak clusters
in the dLPFC, DC, and VSs seeds (Fig. 3). For the sex
effect showing covariance strength interactions (male
group > female group), interactions were seen in the frontal
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A Genotype effects in ALPFC-Caudate Network

b Genotype X gender Interaction in the dLPFC network
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Fig. 2 Genotype effects showing significant differences in covariance
strength of monoamine oxidase A variable number of tandem repeat
groups stratified by sex (a) or interaction with sex (b, ¢). dLPFC =
dorsal lateral prefrontal cortex; SMA = supplementary motor area.

medial superior and lingual cluster anchored by dLPFC.
The peak clusters of frontal operculum consistently
showed higher covariance strength in the female group in
the dLPFC-, VSs-, and DC-anchored networks. In the DC-
and VSs-anchored networks, the female group showed
higher covariance strength in the lingual peak clusters.

Clinical Significance of Peak Cluster Volumes

The three peak cluster volumes in each network were ex-
tracted and correlated with cognitive test scores (Table 5).
The lingual volume predicted test scores in the male group,
while the frontal operculum region volume predicted short-
term memory, orientation, and drawing scores in the fe-
male group.
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(x,y.z) = Montreal Neurological Institute coordinates. Statistical
threshold corrected with false discovery rate (FDR) at p < 0.01 and cluster
size > 100 voxels

Discussion
Major Findings

This study explored the effects of MAOA-VNTR genotypes,
sex, and interactions on the influence of SCNs, and ex-
plored the clinical significance in patients with AD.
There were three major findings. First, the topography of
covariance strength interactions suggested an important
weighting of executive control network in mediating the
MAOA-VNTR genotype networks. The independent effect
of the MAOA-VNTR polymorphism was found to modu-
late the covariance strength on the caudate-dLPFC axis, of
which the DC and dLPFC volumes correlated significantly
with the salient short-term memory scores. Interestingly,
the MAOA-VNTR genotype in the dLPFC-caudate axis
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Fig. 3 Peak clusters showing significant interactions of monoamine
oxidase A variable number of tandem repeat groups: from the a dorsal
lateral prefrontal cortex (dLPFC), b ventral superior striatum (VSs) seed,

showed an opposite effect on covariance in the female and
male groups. Second, the regression model suggested in-
teractions between sex and MAOA-VNTR genotype in the
dLPFC-SMA, DC-precentral, and DC-SMA axes, all locat-
ed in the anterior brain region. This result showed the sig-
nificance of the prefrontal-dorsal striatum, while the differ-
ences in covariance strength may provide a possible mech-
anism to understand those at risk in the two sexes. Lastly,
peak clusters showing greater covariance strength in the
male or female groups were localized in close anatomical
sites in the three predefined seed-anchored networks,
pointing to the importance of medial frontal, frontal oper-
culum, and lingual regions. As the clinical correlations of
the peak clusters also explained the cognitive test scores,
the results show network modulation by sex and genotype
in AD cognitive performance.

Methodological Considerations on the Interactions
of Sex and MAOA-VNTR Functional Genotypes

Based on the biological nature of the MAOA gene, males are
genetically hemizygous and females are functionally hemizy-
gous due to random X-inactivation [26]. The inhomogeneity of
heterozygous females in the LH group and the X-inactivation
in the monozygous females suggest differences in enzymatic
activity compared with the hemizygous males. In fact, the sex
interaction effect was seen in our cognitive comparisons show-
ing higher verbal fluency scores in the L group (supplementary
Table 1). Similarly, differences in seed volumes in the dLPFC,
VSs, and DC between the LH group and H group also dem-
onstrated a significant sex effect (Table 3).

Direct stratification of the inherited MAOA genotype
groups without testing interactions between sex and genotype

b Gender effectsin Ventral Superior Striatum -anchored network

C Gender effectsin Dorsal Caudate -anchored network

Male > Female
frontal medial superior

i\
l/ﬁ)? |

Female > Male
Lingual

and ¢ dorsal caudate (DC) seed. (x,y,z) = Montreal Neurological Institute
coordinates. Statistical threshold corrected with false discovery rate
(FDR) at p <0.01 and cluster size > 100 voxels

groups may not fully address the influence of sex- or sexual
hormone-mediated genetic expressions of MAOA [27]. In
transfected cell line, MAOA activity has been shown to be
reduced by treatment with estrogen [28], while testosterone
in male subjects has been shown to modulate their behavior
even in the low activity group [29]. The enrollment of a 3R/4R
group should consider random X-inactivation, functional ex-
pression of MAOA, and the influence of estrogen related to
the sex effects. Such group stratification may help to delineate
the factors related to genotype or sex on the brain network
scaffold; however, individual differences in X-inactivation in
females and the expression confounded by hormones still
could not be explained.

MAOA Genotype Effects in the dLPFC-Caudate Axis

The caudate region anchored by the dLPFC seed represented
the only identical region in both sexes. Covariance strength
analysis suggested differences in sex-related genotype effects
in seed-peak cluster covariance strength, so the MAOA-
VNTR genotype targeting this particular axis in female and
male patients should be considered as different mechanisms.
We previously reported that stronger covariance strength be-
tween seed and peak clusters indicates more intra-network
connections [30]. Alternatively, the decrease in covariance
strength may imply disconnections or changes in compensa-
tory mechanisms that were independent of the degenerative
processes. Our results indicate that the male H activity or
female L groups may be considered to be at risk of dLPFC-
or DC-anchored network degeneration. However, further lon-
gitudinal studies are needed to elucidate whether “more intra-
network connections” indicate faster degenerative processes.
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Table 5 Peak cluster volume and cognitive test scores correlations

Peak cluster region Medial superior frontal

Lingual Frontal operculum

Dorsolateral prefrontal cortex network
Coordinate [12,58.5,10.5]

Covariance strength Male > female
Male Female
MMSE —0.024 0.033
CASI total scores —0.005 0.025
CASI EFT scores 0.012 —0.025
Short-term memory 0.005 0.049
Orientation 0.012 0.049
Long-term memory 0.057 0.015
Language —0.047 -0.019
Drawing —0.093 —0.005
Attention 0.098 0.087
Verbal fluency —0.060 0.010
Abstract thinking 0.006 —0.104
Mental manipulation 0.031 —0.016
Ventral superior striatum network
Coordinate [12,58.5,12]
Covariance strength Male > female
Male Female
MMSE 0.069 -0.017
CASI total scores 0.073 —0.036
CASI EFT scores 0.053 —0.050
Short-term memory 0.149 0.063
Orientation 0.108 —0.025
Long-term memory —0.042 —0.100
Language 0.057 —0.024
Drawing —0.018 —0.089
Attention 0.050 0.101
Verbal fluency —0.005 —0.084
Abstract thinking —0.003 —0.096
Mental manipulation 0.128 -0.016
Dorsal caudate network
Coordinate [-12,58.5,10.5]
Covariance strength Male > female
Male Female
MMSE 0.047 -0.012
CASI total scores 0.038 —0.049
CASI EFT scores 0.007 —0.057
Short-term memory 0.102 0.045
Orientation 0.083 —0.066
Long-term memory —0.025 —0.111
Language 0.041 0.002
Drawing —0.030 —0.061
Attention 0.033 0.086
Verbal fluency —0.077 —0.108
Abstract thinking —0.030 —0.121
Mental manipulation 0.104 0.011

[13.5,-76.5.~7.5] [49.5,7.5,10.5]

Male > female Female > male

Male Female Male Female
0.206%* 0.027 0.021 —0.135
0.234* -0.002 —0.036 -0.089
0.224%* 0.042 —0.096 0.010
0.161 0.028 -0.037 = 0.208*
0.285%* 0.066 0.083 —0.237%
0.088 -0.044 0.013 -0.032
0.191 -0.124 0.009 —0.054
0.152 —0.063 —0.085 0.112
0.106 0.014 0.040 —0.066
0.242% 0.023 —0.097 -0.117
0.149 0.015 -0.031 0.061
0.195 0.060 -0.170 0.082
[13.5-76.5—1.5] [49.5,9,12]

Female > male Female > male

Male Female Male Female
0.024 0.004 -0.013 —0.171
0.045 -0.012 -0.037 -0.127
0.030 0.056 —0.084 —0.033
0.174 -0.019 —0.058 —0.246*
-0.016 -0.019 0.057 —0.261%
-0.034 -0.011 0.036 —0.048
0.002 -0.058 0.019 -0.059
0.048 -0.079 -0.078 0.064
-0.013 -0.002 0.012 =0.112
—0.082 0.032 —0.067 —0.143
0.093 0.001 —-0.005 0.039
0.084 0.104 -0.173 0.039
[12,-76.5—7.5] [49.5,9,12]

Male > female Female > male

Male Female Male Female
0.040 —0.007 0.103 0.013
0.069 —-0.051 0.105 0.037
0.059 -0.039 0.047 0.132
0.073 -0.010 0.053 —0.131
0.059 0.002 0.113 -0.110
-0.007 -0.076 0.155 0.041
0.058 —0.008 0.076 -0.057
0.079 —0.108 0.204%* 0.253%*
0.019 -0.106 0.113 0.011
0.020 -0.115 —0.037 0.050
0.097 -0.077 0.035 0.152
0.042 0.097 0.071 0.138

The Italic emphasis indicate statistical significance

Selected peak clusters indicate structural covariance strength showing high activity group > low activity group

MMSE Mini-Mental State Examination, CASI Cognitive Ability Screening Instrument, EF'T Executive Function Test, SMA supplementary motor area,
MAOA-VNTR monoamine oxidase, isozyme A, variable number of tandem repeats

Numbers indicate Pearson correlation coefficients, *p < 0.05

In AD, MAOA activity has been reported to be higher in H
groups, [5] so the SCN patterns and covariance strength may
have reflected associations of MAOA activity in the seed-
anchored covariance network. Direct inspection of the SCN
topographic maps among the three MAOA genotype groups
did not suggest such an association. The pair-wise correlations
between seed and peak cluster volume also did not support a
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relationship between MAOA activity and SCN topography, as
shown by the genotype effects in both sexes. According to
studies using [''C] clorgyline positron emission tomography
(PET) quantification, brain MAOA activity does not corre-
spond to the MAOA-VNTR “high” and “low” alleles in
healthy male subjects [31]. In contrast, the methylation state
of the MAOA gene has been shown to be associated with the
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endophenotype [16]. In AD, the disease-related upregulation
of MAOA activity should also be taken into consideration [5],
and the expressions were not parallel to the healthy controls.

dLPFC and DC Networks with Genotype-Sex
Interaction

Covariance strength analysis suggested genotype-sex interac-
tions in the dLPFC and DC networks, implying the joint effects
on the anterior brain axis. Sex-related effects on MAOA geno-
types have been reported to affect the behavior traits or brain
morphometrics in male and female subjects. However, studies
on genetic-sex interactions and behavior traits have reported
inconsistent findings. In males, either L activity [32, 33] or H
activity [34, 35] has been reported to be correlated with more
aggressive behavior. Similarly in female subjects, both the high
activity MAOA genotype [36—38] and low activity homozygous
female AD carriers have been reported to show significant de-
pressive symptoms [39]. In our study, the female L group and
the male H group had greater weighting showing covariance
strength interactions in the DC- or dLPFC-anchored networks.
While the covariance relationships were parallel with the geno-
type main effects, the differences in covariance strength be-
tween the males and females suggested sex-related genotype
modulations in these networks.

As the cortical hubs of the striatum networks are highly func-
tionally anchored, spatially scattered caudate-related SCN clus-
ters may imply the role of MAOA-VNTR polymorphisms in the
functional pathways. In normal participants with the MAOA-
VNTR 4R genotype, greater brain activities were found in the
insula, middle frontal, superior and inferior temporal regions
compared with the 3R genotype group, indicating that these
regions may participate in the genetic expressions [40].

Stronger correlations modulated by increased MAOA activ-
ity may suggest greater regional connectivity and synchronized
GM loss in regions targeted by pathological process. As the
strength of structural covariance represents collinearity be-
tween seed and peak cluster volumes, topographies showing
higher covariance strength in the male H group or female L
group indicated stronger degenerative dynamics between seed
and peak clusters. Normal males aged 20—47 with the MAOA-
H genotype have been shown to have decreased GM volumes
in bilateral orbitofrontal regions [41], suggesting that the influ-
ence of this genotype may begin in the developmental phase.
The topographic similarities in our AD patients and controls
suggest that common pathways are modulated by MAOA.

Sex Effects on dLPFC-, VSs-, or DC-Cortical
Degeneration

Our study explored the independent role of sex on SCN. The
covariance strength analysis suggested how sex may mediate
the structural connectivity in the dLPFC-, VSs-, or DC-

cortical axis in AD. The male patients consistently showed
higher covariance strength in the frontal medial superior re-
gion compared to the operculum areas in the female patients.
Differences in peak lingual clusters in the executive control
network and striatal network support that functional networks
may be modulated by sex. The sex-related changes in struc-
tural covariance may reflect the complex relationships of de-
velopmental, degeneration, or epigenetic factors.

Role of MAOA Genotypes in AD Neurobehavior
Changes

In healthy subjects, MAOA-VNTR genotype groups have
been linked with attentional networks [42]. We demonstrated
the clinical significance of dLPFC, VSs, and DC seeds or peak
clusters with related cognitive function (Tables 4 and 5). The
significant correlations between cognitive outcomes and seed
(or peak cluster) volumes may help to address the
pathological-genetic alterations of local clustering.

In healthy subjects, MAOA-VNTR genotype groups have
been linked with the harm avoidance personality trait [43].
The association between ventral striatum MAOA level and
striatal functional connectivity may be linked to impulsive
behavior in subjects with antisocial personality disorder [44].
Other studies with male patients have suggested an increase in
antisocial personality trait or aggression with the low-
expression MAOA genotype [45, 46]. Our network morpho-
metric data support the genotype effects and behavior changes
in AD, as some of the neuropsychiatric presentations were
related to VSs or DC volumes. However, the behavior chang-
es in AD were less related to the MAOA genotypes compared
with the cognitive test correlations.

Study Limitations

The stratification of the patients according to the MAOA ge-
notype and sex may have led to inconsistencies in data inter-
pretation. Based on the literature, the analysis of MAOA-
VNTR genetic effects considering sex and MAOA genotype
group factors can be managed in two major ways. To mini-
mize the sex effect, some studies have explored the genetic
effects by enrolling only one sex [2, 42, 43, 47]. However, this
may limit the application of the study results to the opposite
sex. Others studies have explored genotype, sex effects, and
their interactions on outcome measures. While the indepen-
dent role of sex [48] or interactions of both factors [39] can be
analyzed, inconsistent trends in sex and genotype effects may
have been related to inhomogeneous samples in allele fre-
quency and genotype case numbers. The analysis still could
not control for variances in hormonal effects or X-inactiva-
tion. Our study design treated the LH and H groups of females
as one genotype group, and we found coherent clusters in both
sexes. With such stratification, the number of cases in the
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LH + H group still outweighed the L group in the females, so
the spatial extent of SCN in the LH + H group would be more
extensive than that in the L group. To avoid confusion over the
qualitative display, we reported the SCN maps stratified by
three functional groups. Second, as the clinical significance
was established in the predefined networks, our study design
was not able to test whether other networks may participate in
MAOA genetic modulation. Nonetheless, the results were
consistent with the literature in that the prefrontal-striatal net-
work played a major role in the expression of MAOA [11,
13—15]. The use of independent component analysis [49] or
resting state functional MRI data may help to elucidate other
potential networks and validate the findings observed here.

Conclusions

Using SCN and covariance strength analysis, this study iden-
tified independent roles of MAOA genotype, sex, and their
interactions in the degenerative scaffolds in the early stages
of AD. Via sex or interactions with sex, the MAOA-VNTR
polymorphism appears to target the executive control and dor-
sal striatum networks. The higher covariance strength in the
caudate-prefrontal axis of the male H group and female L
group emphasizes the differences in MAOA genotype effects
between sexes.
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