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Abstract: Background and Objectives: Subcortical grey matter structures play essential roles in cognitive,
affective, social, and motoric functions in humans. Their volume changes with age, and decreased
volumes have been linked with many neuropsychiatric disorders. The aim of our study was to
examine the heritability of six subcortical brain volumes (the amygdala, caudate nucleus, pallidum,
putamen, thalamus, and nucleus accumbens) and four general brain volumes (the total intra-cranial
volume and the grey matter, white matter, and cerebrospinal fluid (CSF) volume) in twins. Materials
and Methods: A total of 118 healthy adult twins from the Hungarian Twin Registry (86 monozygotic
and 32 dizygotic; median age 50 ± 27 years) underwent brain magnetic resonance imaging. Two
automated volumetry pipelines, Computational Anatomy Toolbox 12 (CAT12) and volBrain, were
used to calculate the subcortical and general brain volumes from three-dimensional T1-weighted
images. Age- and sex-adjusted monozygotic and dizygotic intra-pair correlations were calculated,
and the univariate ACE model was applied. Pearson’s correlation test was used to compare the results
obtained by the two pipelines. Results: The age- and sex-adjusted heritability estimates, using CAT12
for the amygdala, caudate nucleus, pallidum, putamen, and nucleus accumbens, were between 0.75
and 0.95. The thalamus volume was more strongly influenced by common environmental factors
(C = 0.45−0.73). The heritability estimates, using volBrain, were between 0.69 and 0.92 for the
nucleus accumbens, pallidum, putamen, right amygdala, and caudate nucleus. The left amygdala
and thalamus were more strongly influenced by common environmental factors (C = 0.72−0.85).
A strong correlation between CAT12 and volBrain (r = 0.74−0.94) was obtained for all volumes.
Conclusions: The majority of examined subcortical volumes appeared to be strongly heritable. The
thalamus was more strongly influenced by common environmental factors when investigated with
both segmentation methods. Our results underline the importance of identifying the relevant genes
responsible for variations in the subcortical structure volume and associated diseases.
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1. Introduction

The amygdala, nucleus accumbens, pallidum, putamen, caudate nucleus, and thala-
mus represent prominent members in countless functional networks and play important
roles in cognitive, affective, social, and motoric functions in humans [1,2]. Changes in the
volume of these subcortical structures have been associated with age, sex, ethnicity, and
various lifestyle factors such as smoking and exercise habits [3–10]. Furthermore, they have
also been linked with a multitude of different disorders. Alzheimer’s disease has been
shown to exhibit a decrease in the subcortical structure volume. Moreover, the decrease in
volume appeared to be correlated with the severity of the cognitive impairment exhibited
by patients [11]. Parkinson’s disease showed an association with a decrease in the volume
of the amygdala and dorsal striatum (caudate and putamen) whilst sparing the ventral
striatum [12]. Other disorders associated with a significant change in the subcortical struc-
ture volume include schizophrenia [1], bipolar disorder [13], attention deficit hyperactivity
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disorder [14], major depressive disorder [15], and Huntington’s disease [16]. The variation
in the volume of these structures in the disease states further emphasizes their significance
and the importance of understanding the factors that influence their development.

It has been consistently shown that general brain volumes such as the total intra-
cranial volume (TIV), total brain volume (TBV), and total grey matter (GM) and white
matter (WM) volumes are strongly heritable [17–20]. Even though a moderate-to-high
genetic contribution has also been seen for subcortical structures, the results have demon-
strated weaker heritability estimates and a wider variation compared with general brain
volumes [17,21,22]. A large sample examining several European and American cohorts
found that the amygdala and thalamus had the weakest genetic influence among the sub-
cortical structures [17,23]. However, in a study by Christova et al., the heritability of the left
and right thalamus was 91% and 99%, respectively. They also calculated a heritability of
94% for the right amygdala [19]. Similarly, a study examining twins from the Netherlands
showed a strong genetic association for the thalamus [24]. Blokland et al. described that
larger brain volumes were associated with higher heritability estimates. This was suggested
to be a result of a greater measurement error (a bias in regional partitioning) for the smaller
subcortical structures [17].

The heritability of brain volumes also varies with age. A review by Batouli et al.
found that heritability estimates for general brain volumes increased from birth to early
adulthood. This was followed by a subsequent decline with an increasing age. Yet, the
heritability of subcortical brain structures has shown differing results. A few have shown
a steady decrease in heritability with age [25]. Others, for example, have shown that the
amygdala appears to have a steady increase in heritability with age. However, this review
was based mainly on cross-sectional studies, which have limitations. In addition, the
number of studies examining subcortical structures and participants were much lower than
for general brain volumes [26,27].

Even though many studies have investigated the heritability of general brain volumes
(i.e., TIV, TBV, total GM, and WM volumes), subcortical structures have received much less
attention and the results of heritability analyses are inconsistent throughout the different
studies. Even though it is generally agreed that they are heritable, the strength of the
genetic association varies widely between different studies. The aim of our study was to
examine the heritability of the subcortical structures in a healthy Caucasian twin population.
Twin studies provide the ideal study model to assess the contribution of genetic versus
environmental factors to a certain phenotype. Furthermore, they allow us to distinguish
between common and unique environmental contributions, which cannot be achieved
using family studies.

2. Materials and Methods
2.1. Study Participants

This study examined 118 healthy adult asymptomatic Caucasian twins (56 pairs and
2 triplets) from the Hungarian Twin Registry [28] with no history of previous cerebrovas-
cular or neurodegenerative diseases. The triplets were regarded as three different twin
pairs for statistical purposes. This resulted in a total of 62 twin pairs, of which 43 were
monozygotic (MZ) and 19 were dizygotic (DZ). Two twin pairs were excluded from the
study because of missed appointments, one pair was excluded due to an inadequate imag-
ing quality, and one pair was excluded due to an exclusion of opposite-sex DZ twin pairs.
The median age of all participants was 50 ± 27 years, and the proportion of female to male
participants was 71.2% to 28.8%, respectively. The study was approved by the local Ethical
Committee (Semmelweis University, TUKEB 189-1/2014, amendments on 10 October 2016
and 7 December 2018). All participants signed an informed consent form. The tenets of the
Declaration of Helsinki were followed. The zygosity classification was determined using a
seven-part self-reported questionnaire [29]. Information about history and risk factors was
obtained using a questionnaire and included height, body weight, body mass index (BMI),
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smoking, hypertension, hyperlipidemia, and diabetes. Former smokers were also included
in the smoking category.

The participants underwent brain magnetic resonance imaging (MRI) examinations if
no contraindications were present. The exclusion criteria included an immunosuppressive
or immunomodulant therapy in the past month, chemotherapy in the past year, major
surgery in the past two months, transfusion of blood or blood products in the past two
months, current pregnancy, or breastfeeding. Likewise, participants with pacemakers,
implantable cardioverter defibrillators or other implanted devices, magnetic metal for-
eign bodies, and claustrophobia were excluded. The examinations were performed at
the Semmelweis University Medical Imaging Centre, Department of Neuroradiology, in
Budapest, Hungary.

2.2. MRI Acquisition

Three-dimensional (3D) T1-weighted images were obtained for all participants. No
contrast agent was administered. All studies were performed at Semmelweis Univer-
sity MR Research Centre using a Philips Ingenia 3T scanner (Philips Healthcare, Best,
The Netherlands). The following imaging parameters were used in the Philips scanner:
140/9000 ms TE/TR, 88◦ flip angle, 290 × 336 × 336 matrix, 0.8333 × 0.8333 in-plane
resolution, and 0.6 mm slice thickness.

2.3. Image Processing

The absolute volumes of the subcortical structures, including the nucleus accumbens,
amygdala, caudate nucleus, pallidum, putamen, and thalamus, were measured using two
different software pipelines. Similarly, the measurement of global volumes of GM, WM,
and TIV was also carried out.

A DCM2NII converter was used (http://www.mricro.com, mricron; Chris Rorden,
Columbia, SC, USA, accessed on 19 September 2021) in order to convert the 3D T1-weighted
images from DICOM (Digital Imaging and Communications in Medicine) format to NIfTI
(Neuroimaging Informatics Technology Initiative; http://nifti.nimh.nih.gov/) format. All
subsequent image processing was carried out in this image format [30].

2.3.1. Volume Measurement Using Computational Anatomy Toolbox (CAT12) for
Statistical Parametric Mapping (SPM12)

The CAT12 toolbox (http://www.neuro.uni-jena.de/cat, accessed on 8 October 2021)
was used to segment the images and calculate the relevant volumes [31]. CAT12 is an
extension pipeline of the classical SPM12 [32] software. However, it uses a completely
different segmentation approach. The 3D T1-weighted images were pre-processed and then
segmented in an automated manner using the AMAP (Adaptive Maximum A Posterior)
technique, which did not require the need for prior information on the tissue probabilities.
The segmentation process classified the images into separate GM, WM, and cerebrospinal
fluid (CSF) components. This was followed by the use of template probabilistic brain atlases
to calculate the region of interest (ROI) volumes in cubic centimeters (cm3) for the specific
brain structures. The Neuromorphometrics atlas (Neuromorphometrics Inc., Somerville,
MA, USA) was used to calculate the volumes of the subcortical brain structures [33–35].
An example of the segmentation process using CAT12 can be seen in Figure 1.

2.3.2. Volumetric Measurement Using volBrain

The volBrain pipeline (https://www.volbrain.upv.es, accessed on 20 November 2020)
was used to calculate the volume of the subcortical brain structures. volBrain is an au-
tomated MRI brain volumetry system that requires no human interaction to perform all
tasks and generate a report [36,37]. It started by de-noising the scans, then performed
an inhomogeneity correction, a Montreal Neurologic Institute (MNI) space registration,
an intensity normalization, and an intra-cranial cavity extraction. Tissue segmentation
was then performed using a multi-template fusion atlas method based on a library built

http://www.mricro.com
http://nifti.nimh.nih.gov/
http://www.neuro.uni-jena.de/cat
https://www.volbrain.upv.es
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from the manual segmentation of 50 subjects [38]. The volume was then measured for the
relevant structures in cubic centimeters (cm3) taking into account the age and sex for the
expected values of normal development. An example of the segmentation process using
volBrain can be seen in Figures 2 and 3. Additional information about the segmentation
pipelines is provided in Supplement S1.
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the Medical Imaging Centre, Semmelweis University. The images were segmented using volBrain.
The subcortical structures were delineated and their volumes were calculated.
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Medical Imaging Centre, Semmelweis University. The images were segmented using volBrain. The
subcortical structures were delineated and their volumes were calculated.

2.4. Statistical Analysis
2.4.1. Descriptive Statistics

The continuous variables were examined for normal distributions using the Shapiro–
Wilk test. If they were found to be normally distributed, the means of the variables were
compared between the MZ and DZ twins using the independent samples t-test. These
variables included the BMI and were expressed as the mean ± standard deviation (SD). For
the non-normally distributed variables, a comparison was made using the non-parametric
Mann–Whitney U-test. This was applied for the age of participants, which was expressed
as the median ± interquartile range (IQR). The categorical variables such as sex, diabetes,
smoking, hypertension, and hyperlipidemia were compared using the chi-squared test
and expressed as frequencies and percentages. Furthermore, the absolute volumes of the
subcortical structures were compared between the MZ and DZ twins. A p-value less than
0.05 was considered to be significant. All descriptive statistical analyses were conducted
using Statistical Package for the Social Sciences (SPSS) software (International Business
Machines Corporation, IBM Corp., IBM SPSS Statistics, Armonk, NY, USA).

2.4.2. Heritability Analysis

A phenotypic variance between individuals is attributed to the sum of genetic and
environmental effects. Genetic influences are further subdivided into additive genetic
factors (A), including polygenetic inheritance, and dominant genetic factors (D), such as
epistasis. Likewise, environmental factors can be shared (C) and unique (E). Common
environmental factors refer to the shared familial environment experienced by twins,
which includes a common childhood diet, exposure to parental smoking, air pollution,
and even sharing a womb. Non-shared environmental factors refer to unique exposures
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and experiences for individual twins but not their siblings; for example, smoking habits,
physical activity, occupational exposures, and different illnesses [39].

Classical twin studies rely on the idea that MZ twins share roughly 100% of their
genetic information whereas DZ twins share only 50% on average. Furthermore, both
MZ and DZ twins share all their common environmental factors and none of their unique
ones. Heritability estimates were determined by comparing the intra-pair correlations in
the MZ and DZ twins. If the intra-pair correlations were higher in the MZ than the DZ
twins, this indicated a genetic influence. However, if the intra-pair correlations were similar
in both the MZ and DZ twins, the variance was attributed to environmental factors [40].
Univariate quantitative genetic modeling was used to split the variance into additive
genetic (A), common environmental (C), and unique environmental influences (E). The
results were adjusted for age and sex. Based on this model, dominant genetic factors (D)
and common environmental factors (C) could not be simultaneously calculated because of
the confounding effects. Hence, the best fitting model (ACE) was used. A reduced AE or CE
model was considered for the variables with negligible genetic or common environmental
influences, respectively. A likelihood-ratio test was performed to compare the models and
p-values higher than 0.05 indicated that we could not prove a significant difference between
the base and reduced models, justifying the use of the more parsimonious AE or CE model.

2.4.3. Correlation of Subcortical Structure Volume Measured Using Different Software

The obtained volumetric results were tested for a normal distribution. A correlation
analysis was performed using Pearson’s correlation test to compare the two volumetry
methods. The correlation coefficients (r) and p-values were reported. p-Values less than 0.05
were considered to be significant for an existing correlation between the two methods. The
general brain volumes were omitted in this analysis to emphasize the subcortical structures
as these smaller volumes were more challenging to the segment reliably.

3. Results
3.1. Descriptive Statistics

The median age was 46 and 64 years in the MZ and DZ groups, respectively. There
was no significant difference between the two groups for BMI, smoking, diabetes, hy-
pertension, and hyperlipidemia. However, a significant difference was observed for age
(p = 0.03) between the two groups. Due to the mean age difference in the MZ and DZ
twins, we compared models where age was separately regressed out on the MZ and DZ
twins. This showed no significant difference when compared with the base models, where
a regression on age and sex was simultaneously carried out in the MZ and DZ groups. Fur-
thermore, the examined subcortical structure volumes did not show a significant difference
between the MZ and DZ twins. Table 1 shows the characteristics of the MZ and DZ twin
study populations.

3.2. Results for Volume Measurements Using CAT12
3.2.1. Intra-Pair Correlation Coefficients for Subcortical and General Brain Volumes
Using CAT12

The age- and sex-adjusted intra-pair correlation coefficients in the MZ twins were
higher than in the DZ twins for all the subcortical brain volumes and most of the general
brain volumes measured using CAT12. A higher DZ intra-pair correlation was seen only for
the total CSF volume (rMZ = 0.67 and rDZ = 0.73). The MZ intra-pair correlation was much
higher than the DZ intra-pair correlation for the total GM, bilateral nucleus accumbens,
bilateral amygdala, left pallidum, and bilateral putamen. Table 2 shows the results of the
intra-pair correlation analysis of the subcortical and general brain volumes in the MZ and
DZ twins.
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Table 1. Characteristics of the MZ and DZ twin study populations. BMI: body mass index; DZ:
dizygotic; MZ: monozygotic. Data are shown as mean ± standard deviation with continuous variables
that had a normal distribution (BMI), and as median ± interquartile range with continuous variables
that had a non-normal distribution (age). †: Results of the non-parametric Mann–Whitney U-test.
All other p-values for continuous variables were calculated using the independent samples t-test.
p-Values for dichotomous variables were calculated using the chi-squared test. p-Values less than 0.05
were considered to be significant. Significant results are marked with an asterisk *.

Total
(n = 118)

MZ
(n = 86)

DZ
(n = 32) p-Value

Zygosity (nMZ:nDZ) 86:32 - - -
Sex (male:female) 32:86 24:62 10:22 0.90

Age (years) 50 ± 27 46 ± 23 63.5 ± 29.5 0.04 †,*
Body mass index (kg/m2) 24.4 ± 4.3 24.3 ± 4.6 24.5 ± 3.4 0.86

Smoking, n (%) 12 (14.3) 9 (15.3) 3 (12.0) 0.70
Diabetes, n (%) 6 (7.1) 4 (6.8) 2 (8.0) 0.84

Hypertension, n (%) 23 (27.4) 15 (25.4) 8 (32.0) 0.54
Hyperlipidemia, n (%) 20 (23.8) 16 (27.1) 4 (16.0) 0.27

Table 2. Intra-pair correlation coefficients of subcortical and general brain volumes using CAT12 in
MZ and DZ twins. Results and 95% confidence intervals were reported (95% CI). All volumes were
measured in cubic centimeters (cm3). rMZ: intra-pair correlation coefficient in monozygotic twins;
rDZ: intra-pair correlation coefficient in dizygotic twins; TIV: total intra-cranial volume; GM: grey
matter; WM: white matter; CSF: cerebrospinal fluid.

rMZ rDZ

TIV 0.92 (0.88, 0.95) 0.50 (0.10, 0.72)
Total GM 0.91 (0.85, 0.94) 0.27 (−0.16, 0.59)
Total WM 0.93 (0.90, 0.96) 0.41 (0.01, 0.67)
Total CSF 0.67 (0.46, 0.80) 0.73 (0.49, 0.85)

Right accumbens 0.90 (0.82, 0.94) 0.29 (−0.15, 0.64)
Left accumbens 0.86 (0.76, 0.92) 0.11 (−0.33, 0.52)
Right amygdala 0.87 (0.78, 0.93) 0.36 (−0.08, 0.68)
Left amygdala 0.74 (0.56, 0.85) 0.16 (−0.30, 0.56)
Right caudate 0.87 (0.78, 0.93) 0.66 (0.32, 0.85)
Left caudate 0.90 (0.82, 0.94) 0.44 (0.02, 0.74)

Right pallidum 0.91 (0.85, 0.95) 0.43 (0.02, 0.72)
Left pallidum 0.90 (0.83, 0.95) 0.25 (−0.20, 0.61)

Right putamen 0.90 (0.82, 0.94) 0.20 (−0.24, 0.57)
Left putamen 0.92 (0.86, 0.96) 0.02 (−0.41, 0.44)

Right thalamus 0.74 (0.57, 0.85) 0.73 (0.43, 0.88)
Left thalamus 0.87 (0.78, 0.93) 0.72 (0.42, 0.88)

3.2.2. Univariate Model Analysis for Subcortical and General Brain Volumes Using CAT12

The age- and sex-adjusted univariate analysis demonstrated a strong heritability (A)
for all general and subcortical brain volumes, excluding the right and left thalamic volumes.
The more parsimonious AE model was applied for these structures due to negligible com-
mon environmental (C) contributions; the model fit demonstrated no significant difference
in comparison with the more general ACE model. For the right thalamic volume, a CE
model was applied and demonstrated a strong common environmental (C) contribution
(0.73) and a moderate unique environmental (E) contribution (0.27). For the left thalamic
volume, the ACE model was the best fit, with moderate genetic (0.40) and common envi-
ronmental (0.45) contributions. A unique environmental variance was a minor contributor
for all variables. Table 3 shows the results of the univariate model heritability analysis for
the subcortical and general brain volumes using CAT12 in twins. Additional information is
provided in Table S1.
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Table 3. Age- and sex-adjusted heritability analysis of general and subcortical brain volumes
using CAT12 in twins. Results and 95% confidence intervals were reported (95% CI). p-Values
less than 0.05 were considered to be significant. A: variance explained by additive genetic factors;
C: shared environmental variance component; E: unique environmental variance component;
model fit: p-value of the chi-squared test based on model log-likelihood comparative test to the
base ACE model; TIV: total intra-cranial volume; GM: grey matter; WM: white matter; CSF:
cerebrospinal fluid.

A C E Model Fit
(p-Value)

TIV 0.93 (0.89, 0.96) 0 0.07 (0.05, 0.11) 1
Total GM 0.93 (0.88, 0.96) 0 0.08 (0.04, 0.12) 1
Total WM 0.93 (0.89, 0.96) 0 0.07 (0.04, 0.11) 1
Total CSF 0.81 (0.67, 0.89) 0 0.19 (0.11, 0.33) 0.92

Right accumbens 0.90 (0.86, 0.94) 0 0.10 (0.06, 0.15) 1
Left accumbens 0.91 (0.83, 0.95) 0 0.09 (0.05, 0.17) 1
Right amygdala 0.86 (0.76, 0.91) 0 0.15 (0.09, 0.24) 1
Left amygdala 0.75 (0.58, 0.86) 0 0.25 (0.14, 0.42) 1
Right caudate 0.87 (0.79, 0.92) 0 0.13 (0.08, 0.21) 0.14
Left caudate 0.91 (0.84, 0.94) 0 0.09 (0.06, 0.16) 1

Right pallidum 0.90 (0.84, 0.94) 0 0.10 (0.06, 0.16) 0.85
Left pallidum 0.93 (0.9, 0.96) 0 0.07 (0.04, 0.13) 1

Right putamen 0.90 (0.82, 0.94) 0 0.10 (0.06, 0.18) 1
Left putamen 0.95 (0.93, 0.97) 0 0.05 (0.03, 0.07) 1

Right thalamus 0 0.73 (0.59, 0.83) 0.27 (0.17, 0.41) 0.74
Left thalamus 0.44 (0.13, 0.91) 0.45 (0, 0.75) 0.11 (0.07, 0.19) -

3.3. Results for Volume Measurements Using volBrain
3.3.1. Intra-Pair Correlation Coefficients for Subcortical and General Brain Volumes
Using volBrain

The intra-pair correlation coefficients in the MZ twins were higher than in the DZ
twins for all the general and most of the subcortical brain volumes. A higher DZ intra-pair
correlation was only seen for the right thalamic volume (rMZ = 0.68 and rDZ = 0.83).
Furthermore, an equal MZ and DZ intra-pair correlation was seen for the left thalamus. The
MZ intra-pair correlation was much higher than the DZ intra-pair correlation for the TIV,
total GM, bilateral nucleus accumbens, and bilateral putamen. Table 4 shows the results
of the intra-pair correlation analysis of the subcortical and general brain volumes using
volBrain in the MZ and DZ twins.

3.3.2. Univariate Model Analysis for Subcortical and General Brain Volumes
Using volBrain

The age- and sex-adjusted univariate analysis demonstrated a strong heritability
(A) for all general and the majority of subcortical brain volumes, excluding the left
amygdala and bilateral thalamic volumes. The more parsimonious AE model was
applied for these structures due to negligible common environmental (C) contributions;
the model fit demonstrated no significant difference in comparison with the more
general ACE model. For the left amygdala and bilateral thalamus, the CE model was
applied and demonstrated a strong common environmental (C) contribution (0.76,
0.85, and 0.72 for the left amygdala, left thalamus, and right thalamus, respectively).
A unique environmental variance was a minor contributor for all variables. Table 5
shows the results of the univariate model heritability analysis for the subcortical and
general brain volumes using volBrain in the twins. Additional information is provided
in Table S2.
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Table 4. Intra-pair correlation coefficients of subcortical and general brain volumes using volBrain in
MZ and DZ twins. Results and 95% confidence intervals were reported (95% CI). All volumes were
measured in cubic centimeters (cm3). rMZ: intra-pair correlation coefficient in monozygotic twins;
rDZ: intra-pair correlation coefficient in dizygotic twins; TIV: total intra-cranial volume; GM: grey
matter; WM: white matter.

rMZ rDZ

TIV 0.93 (0.89, 0.95) 0.36 (−0.06, 0.64)
Total GM 0.94 (0.89, 0.96) 0.27 (−0.16, 0.58)
Total WM 0.88 (0.81, 0.9) 0.42 (0.02, 0.67)
Total CSF 0.79 (0.64, 0.88) 0.34 (−0.13, 0.71)

Right accumbens 0.72 (0.55, 0.84) −0.02 (−0.45, 0.42)
Left accumbens 0.79 (0.64, 0.88) −0.07 (−0.49, 0.38)
Right amygdala 0.83 (0.70, 0.90) 0.59 (0.21, 0.82)
Left amygdala 0.78 (0.64, 0.88) 0.71 (0.40, 0.88)
Right caudate 0.89 (0.80, 0.94) 0.59 (0.21, 0.82)
Left caudate 0.91 (0.84, 0.95) 0.68 (0.34, 0.86)

Right pallidum 0.87 (0.77, 0.92) 0.49 (0.08, 0.76)
Left pallidum 0.85 (0.74, 0.92) 0.50 (0.08, 0.76)

Right putamen 0.92 (0.85, 0.95) 0.17 (−0.28, 0.56)
Left putamen 0.89 (0.81, 0.94) 0.20 (−0.26, 0.58)

Right thalamus 0.68 (0.48, 0.81) 0.83 (0.61, 0.93)
Left thalamus 0.86 (0.76, 0.92) 0.86 (0.69, 0.94)

Table 5. Age- and sex-adjusted univariate analysis of general and subcortical brain volumes using
volBrain in twins. Results and 95% confidence intervals were reported (95% CI). p-Values less than
0.05 were considered to be significant. A: heritability; C: shared environmental variance component;
E: unique environmental variance component; model fit: p-value of the chi-squared test based on
model log-likelihood comparative test to the base ACE model; TIV: total intra-cranial volume; GM:
grey matter; WM: white matter.

A C E Model Fit
(p-Value)

TIV 0.93 (0.90, 0.96) 0 0.07 (0.04, 0.10) 1
Total GM 0.94 (0.90, 0.96) 0 0.06 (0.04, 0.10) 1
Total WM 0.88 (0.80, 0.92) 0 0.12 (0.08, 0.20) 1
Total CSF 0.74 (0.60, 0.84) 0 0.26 (0.16, 0.40) 0.45

Right accumbens 0.69 (0.49, 0.82) 0 0.31 (0.18, 0.52) 1
Left accumbens 0.78 (0.62, 0.87) 0 0.23 (0.13, 0.38) 1
Right amygdala 0.80 (0.68, 0.88) 0 0.20 (0.12, 0.32) 0.21
Left amygdala 0 0.76 (0.63, 0.85) 0.24 (0.16, 0.37) 0.51
Right caudate 0.88 (0.80, 0.93) 0 0.12 (0.07, 0.20) 0.31
Left caudate 0.91 (0.85, 0.94) 0 0.09 (0.06, 0.16) 0.14

Right pallidum 0.84 (0.75, 0.90) 0 0.16 (0.10, 0.25) 0.37
Left pallidum 0.84 (0.75, 0.91) 0 0.16 (0.10, 0.26) 0.64

Right putamen 0.92 (0.86, 0.95) 0 0.08 (0.05, 0.14) 1
Left putamen 0.90 (0.82, 0.94) 0 0.10 (0.06, 0.18) 1

Right thalamus 0 0.72 (0.57, 0.82) 0.28 (0.18, 0.43) 1
Left thalamus 0 0.85 (0.77, 0.91) 0.15 (0.09, 0.23) 0.34

3.4. Correlation of Subcortical Structure Volume Measured Using Different Software

The results of the Pearson’s correlation test for the measurement of the subcortical vol-
umes using CAT12 and volBrain software are shown in Table 6. The correlation coefficient
(r) was greater than 0.5 for all variables, indicating a strong correlation. The left caudate
nucleus, bilateral pallidum, and putamen all had values above 0.9, indicating a very strong
correlation. The correlation coefficients were lowest (< 0.8) for the left and right thalamus.
The p-values were significant for all variables, indicating a significant existing association
between the methods.
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Table 6. Results of Pearson’s correlation analysis between CAT12 and volBrain pipelines for sub-
cortical volume measurement. p-Values less than 0.05 were considered to be significant. Significant
p-values are marked with an asterisk *.

Pearson’s Correlation
Coefficient (r) p-Value

Right amygdala 0.89 < 0.001 *
Left amygdala 0.85 < 0.001 *
Right caudate 0.90 < 0.001 *
Left caudate 0.91 < 0.001 *

Right pallidum 0.94 < 0.001 *
Left pallidum 0.92 < 0.001 *

Right putamen 0.93 < 0.001 *
Left putamen 0.93 < 0.001 *

Right thalamus 0.74 < 0.001 *
Left thalamus 0.79 < 0.001 *

Right accumbens 0.85 < 0.001 *
Left accumbens 0.86 < 0.001 *

4. Discussion

In our study, we aimed to examine the heritability of six subcortical brain volumes (the
amygdala, caudate nucleus, pallidum, putamen, thalamus, and nucleus accumbens) and
four general brain volumes (TIV, total GM, WM, and CSF volume) in a population of healthy
adult Hungarian twins. We chose to concentrate on the subcortical structures because the
results for these appeared to be much more variable in previous studies than the results for
the heritability of bigger, more general brain volumes. We used two automated systems to
calculate the volumes—namely, CAT12 and volBrain—and performed a correlation analysis
to compare the results produced by the two software programs.

The results of the heritability analysis using CAT12 demonstrated strong genetic
contributions for all examined volumes, except for the left and right thalamic volumes.
These results were in the range of 0.75–0.95. The results for the general brain volumes were
similar, if slightly higher than in previously examined studies; however, the heritability
of the subcortical structures appeared to be much stronger than that shown in previous
studies, which ranged between 0.34 and 0.99 [17,18,23,41,42]. The variance in the left
thalamic volume appeared to be equally governed by genetic and common environmental
factors whereas the variance in the right thalamic volume appeared to rely mostly on
common environmental contributions. Similarly, lower heritability estimates for thalamic
volumes have been found in several studies [17,21,23,43]. However, others have found that
the thalamus was a highly heritable, if not the most heritable, subcortical structure [19,44,45].
The generally lower heritability of the subcortical structures seen in previous studies may
be explained by the smaller size and higher complexity of these structures. This makes
it harder to accurately segment them and increases the error in their measurement [17].
However, the strong common environmental contribution to the thalamic volumes in our
population suggested a shared influence in utero or during early life that affected both
twins. This may have impact the thalamic development and, in turn, could be predisposed
to an early age-related decline in cognition and memory [46]. Further studies should
attempt to replicate these results in a larger population, and possible shared environmental
factors should be identified.

Similar to the results from CAT12, a strong heritability was seen using volBrain for all
general brain volumes and most subcortical structures. The left and right thalamic volumes
appeared to be mainly influenced by common environmental factors. Likewise, the left
amygdala showed a weak heritability and a strong influence by common environmental
factors. Similar results for the amygdala have been seen in several studies [43,44,47].

When examining the intra-pair correlations between the MZ and DZ twins with
both software packages, several structures demonstrated an MZ intra-pair correlation
that was more than twice the DZ intra-pair correlation. This suggested that the genetic
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contribution to the variance was not exclusively additive, but included a dominant genetic
influence. In 2015, Hibar et al. performed a genome-wide association study and discovered
seven single nucleotide polymorphisms (SNPs) associated with the putamen, caudate, and
hippocampal volumes [48]. More recently, Satizabal et al. examined the genetic variants
associated with seven subcortical structures (the nucleus accumbens, amygdala, caudate
nucleus, putamen, globus pallidus, thalamus, and brain-stem) in 37,741 individuals. They
discovered 48 significant SNPs, of which 26 were located within genes and 22 were located
in intergenic regions. Additionally, they found that 26 candidate genes could influence more
than one structure. For example, significant SNPs near KTN1 were also associated with the
volume of the nucleus accumbens, caudate nucleus, and globus pallidus, suggesting that
this genomic region may have an important role in determining multiple subcortical brain
volumes during development [23,49]. Subcortical structures are known to be associated
with a multitude of neuropathological conditions. A volumetric analysis is already being
used in clinical practice for disorders such as Alzheimer’s disease and other forms of
dementia. By demonstrating that these structures are highly heritable, we invite further
studies to explore the specific genes that contribute to their development. This could
allow the possibility of future genetic screening for subcortical structure dysfunctions and
disease [50,51].

Our results demonstrated a strong correlation between the volumes calculated using
CAT12 and volBrain, with a significance of p < 0.001 for all values. This was in line with
previous results, which compared these pipelines with more well-known software packages
available. The weakest correlation was seen for the right and left thalamic volumes. This
could be the result of a difference in the segmentation of these structures by the automated
software [47,52]. These results may justify the use of simpler, online, and fully automated
pipelines such as volBrain for further research into subcortical volumes.

Our limitations included a relatively small sample size of twins. Even though we
achieved results with a sufficient level of significance (p < 0.05), it would be important to
perform this study with a larger twin population. We also found a significant difference
in the average age between the MZ and DZ groups. The volume of subcortical structures
changes with age. Therefore, a significant difference in age between the MZ and DZ groups
could have skewed our results, despite our attempt to correct for age during the statistical
analysis. As CAT12 and volBrain work in an automated manner, our segmentation could
not be manually corrected. This has the advantage of similar measurements without
observer bias, but it also has the disadvantage of not being able to distinguish potential
artifacts. We attempted to overcome this limitation by manually reviewing the images
for visible artifacts prior to initiating the segmentation. Automated platforms have been
shown to have difficulty in segmenting small, more complex structures, which could have
led to errors in the measurement of volume. We attempted to correct for that by using two
different systems of measurement. Lastly, in our study, we did not correct the subcortical
structure volume for TIV. This is frequently performed to correct for variations in head
sizes between individuals. As we were measuring structures in twins, we did not expect
the changes in TIV to significantly impact our heritability results.

5. Conclusions

Our results showed a strong heritability for all general brain volumes (TIV, total GM,
WM, and CSF volume) and most of the subcortical structures examined (the amygdala,
caudate nucleus, pallidum, putamen, and nucleus accumbens) in healthy adult twins on a
3T MRI scanner. The thalamus appeared to be the least heritable structure in both methods
of measurement, and appeared to be strongly influenced by common environmental factors.
Additionally, the left amygdala appeared to be less heritable, but only for the volBrain
results. We used two different software pipelines to segment and measure our volumes,
and found a significant correlation between their results. Using the ACE/AE/CE model,
we estimated a strong genetic (additive and possibly dominant) contribution to the devel-
opment of these volumes. Our results should stimulate further research into specific genes
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that could be responsible for the development and maintenance of subcortical volumes
with age and disease. This could present future opportunities for the early screening
of disorders affecting the subcortex. Furthermore, attempts should be made to identify
the shared environmental factors that influence the development of thalamic volumes in
healthy adult twins. These results should be further verified in a larger twin population.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/medicina58111687/s1, Supplement S1: Information on segmenta-
tion pipelines; Table S1: Detailed ACE analysis. References [31,32,37,53–59] are cited in the supple-
mentary materials.

Author Contributions: Conceptualization, L.R.K., A.S., P.M.-H., D.L.T. and A.D.T.; methodology,
D.S., A.A., M.P., D.L.T. and A.D.T.; software, D.S., A.A. and M.P.; validation, D.L.T. and A.D.T.;
formal analysis, D.S., A.A. and M.P.; investigation, L.S., B.F., Z.J., A.P., A.H., L.R.K., A.S., D.L.T. and
A.D.T.; resources, L.R.K., A.S. and P.M.-H.; data curation, M.P.; writing—original draft preparation,
D.S.; writing—review and editing, A.A., M.P., L.S., B.F., Z.J., A.P., A.H., L.R.K., A.S., D.L.T. and
A.D.T.; visualization, D.S.; supervision, D.L.T. and A.D.T.; project administration, D.L.T. and A.D.T.;
funding acquisition, D.L.T. and A.D.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Semmelweis Science and Innovation Fund, a Research and
Development Application; Dean’s Fund, a Research Application between Theoretical and Clinical
Institutes; Bólyai scholarship of the Hungarian Academy of Sciences; and ÚNKP-20-5 and ÚNKP-21-5
New National Excellence Program of the Ministry for Innovation and Technology from the source of
the National Research, Development and Innovation Fund.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the local Ethical Committee (Semmelweis University, TUKEB 189-1/2014,
amendments on 10 October 2016 and 7 December 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available upon request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analysis, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Koshiyama, D.; Fukunaga, M.; Okada, N.; Yamashita, F.; Yamamori, H.; Yasuda, Y.; Fujimoto, M.; Ohi, K.; Fujino, H.; Watanabe,

Y.; et al. Role of subcortical structures on cognitive and social function in schizophrenia. Sci. Rep. 2018, 8, 1183. [CrossRef]
2. Keuken, M.C.; van Maanen, L.; Boswijk, M.; Forstmann, B.U.; Steyvers, M. Large scale structure-function mappings of the human

subcortex. Sci. Rep. 2018, 8, 15854. [CrossRef] [PubMed]
3. MacDonald, M.E.; Pike, G.B. MRI of healthy brain aging: A review. NMR Biomed. 2021, 34, e4564. [CrossRef]
4. Jernigan, T.L.; Archibald, S.L.; Fennema-Notestine, C.; Gamst, A.C.; Stout, J.C.; Bonner, J.; Hesselink, J.R. Effects of age on tissues

and regions of the cerebrum and cerebellum. Neurobiol. Aging 2001, 22, 581–594. [CrossRef]
5. Dima, D.; Modabbernia, A.; Papachristou, E.; Doucet, G.E.; Agartz, I.; Aghajani, M.; Akudjedu, T.N.; Albajes-Eizagirre, A.; Alnæs,

D.; Alpert, K.I.; et al. Subcortical volumes across the lifespan: Data from 18,605 healthy individuals aged 3–90 years. Hum. Brain
Mapp. 2022, 43, 452–469. [CrossRef]

6. Wang, Y.; Xu, Q.; Luo, J.; Hu, M.; Zuo, C. Effects of Age and Sex on Subcortical Volumes. Front. Aging Neurosci. 2019, 11, 259.
[CrossRef] [PubMed]

7. Yamamoto, M.; Wada-Isoe, K.; Yamashita, F.; Nalkashita, S.; Kishi, M.; Tanaka, K.; Yamawaki, M.; Nakashima, K. Association
between exercise habits and subcortical gray matter volumes in healthy elderly people: A population-based study in Japan.
eNeurologicalSci 2017, 7, 1–6. [CrossRef]

8. Ozdurak Singin, R.H.; Duz, S.; Kiraz, M. Cortical and Subcortical Brain Volume Alterations Following Endurance Running at 38.6
km and 119.2 km in Male Athletes. Med. Sci. Monit. 2021, 27, e926060. [CrossRef] [PubMed]

9. Durazzo, T.C.; Meyerhoff, D.J.; Yoder, K.K.; Murray, D.E. Cigarette smoking is associated with amplified age-related volume loss
in subcortical brain regions. Drug Alcohol Depend. 2017, 177, 228–236. [CrossRef] [PubMed]

10. Choi, Y.Y.; Lee, J.J.; Choi, K.Y.; Choi, U.S.; Seo, E.H.; Choo, I.H.; Kim, H.; Song, M.K.; Choi, S.M.; Cho, S.H.; et al. Multi-Racial
Normative Data for Lobar and Subcortical Brain Volumes in Old Age: Korean and Caucasian Norms May Be Incompatible With
Each Other(dagger). Front. Aging Neurosci. 2021, 13, 675016. [CrossRef]

https://www.mdpi.com/article/10.3390/medicina58111687/s1
https://www.mdpi.com/article/10.3390/medicina58111687/s1
http://doi.org/10.1038/s41598-017-18950-2
http://doi.org/10.1038/s41598-018-33796-y
http://www.ncbi.nlm.nih.gov/pubmed/30367080
http://doi.org/10.1002/nbm.4564
http://doi.org/10.1016/S0197-4580(01)00217-2
http://doi.org/10.1002/hbm.25320
http://doi.org/10.3389/fnagi.2019.00259
http://www.ncbi.nlm.nih.gov/pubmed/31616285
http://doi.org/10.1016/j.ensci.2017.03.002
http://doi.org/10.12659/MSM.926060
http://www.ncbi.nlm.nih.gov/pubmed/34155188
http://doi.org/10.1016/j.drugalcdep.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28622625
http://doi.org/10.3389/fnagi.2021.675016


Medicina 2022, 58, 1687 13 of 14

11. Roh, J.H.; Qiu, A.; Seo, S.W.; Soon, H.W.; Kim, J.H.; Kim, G.H.; Kim, M.-J.; Lee, J.-M.; Na, D.L. Volume reduction in subcortical
regions according to severity of Alzheimer’s disease. J. Neurol. 2011, 258, 1013–1020. [CrossRef] [PubMed]

12. Rosenberg-Katz, K.; Herman, T.; Jacob, Y.; Kliper, E.; Giladi, N.; Hausdorff, J.M. Subcortical Volumes Differ in Parkinson’s Disease
Motor Subtypes: New Insights into the Pathophysiology of Disparate Symptoms. Front. Hum. Neurosci. 2016, 10, 356. [CrossRef]
[PubMed]

13. Hibar, D.P.; the Costa Rica/Colombia Consortium for Genetic Investigation of Bipolar Endophenotypes; Westlye, L.T.; Van Erp,
T.G.M.; Rasmussen, J.; Leonardo, C.D.; Faskowitz, J.; Haukvik, U.K.; Hartberg, C.B.; Doan, N.T.; et al. Subcortical volumetric
abnormalities in bipolar disorder. Mol. Psychiatry 2016, 21, 1710–1716. [CrossRef] [PubMed]

14. Hoogman, M.; Bralten, J.; Hibar, D.P.; Mennes, M.; Zwiers, M.P.; Schweren, L.S.J.; van Hulzen, K.J.E.; Medland, S.E.; Shumskaya,
E.; Jahanshad, N.; et al. Subcortical brain volume differences in participants with attention deficit hyperactivity disorder in
children and adults: A cross-sectional mega-analysis. Lancet Psychiatry 2017, 4, 310–319. [CrossRef]

15. Zhang, F.F.; Peng, W.; Sweeney, J.A.; Jia, Z.-Y.; Gong, Q.-Y. Brain structure alterations in depression: Psychoradiological evidence.
CNS Neurosci. Ther. 2018, 24, 994–1003. [CrossRef]

16. Johnson, E.B.; Gregory, S. Huntington’s disease: Brain imaging in Huntington’s disease. Prog. Mol. Biol. Transl. Sci. 2019,
165, 321–369.

17. Blokland, G.A.; de Zubicaray, G.I.; McMahon, K.L.; Wright, M.J. Genetic and environmental influences on neuroimaging
phenotypes: A meta-analytical perspective on twin imaging studies. Twin Res. Hum. Genet. 2012, 15, 351–371. [CrossRef]

18. Lukies, M.W.; Watanabe, Y.; Tanaka, H.; Talkahashi, H.; Ogata, S.; Omura, K.; Yorifuji, S.; Tomiyama, N.; the Osaka University
Twin Research Group. Heritability of brain volume on MRI in middle to advanced age: A twin study of Japanese adults. PLoS
ONE 2017, 12, e0175800. [CrossRef]

19. Christova, P.; Joseph, J.; Georgopoulos, A.P. Human Connectome Project: Heritability of brain volumes in young healthy adults.
Exp. Brain Res. 2021, 239, 1273–1286. [CrossRef]

20. Peper, J.S.; Brouwer, R.M.; Boomsma, D.I.; Kahn, R.S.; Pol, H.E.H. Genetic influences on human brain structure: A review of brain
imaging studies in twins. Hum. Brain Mapp. 2007, 28, 464–473. [CrossRef]

21. Wright, I.C.; Sham, P.; Murray, R.; Weinberger, D.; Bullmore, E. Genetic contributions to regional variability in human brain
structure: Methods and preliminary results. Neuroimage 2002, 17, 256–271. [CrossRef]

22. Yoong, M.; Hunter, M.; Stephen, J.; Quigley, A.; Jones, J.; Shetty, J.; McLellan, A.; Bastin, M.E.; Chin, R.F. Cognitive impairment in
early onset epilepsy is associated with reduced left thalamic volume. Epilepsy Behav. 2018, 80, 266–271. [CrossRef] [PubMed]

23. Satizabal, C.L.; Adams, H.H.H.; Hibar, D.P.; White, C.C.; Knol, M.J.; Stein, J.L.; Scholz, M.; Sargurupremraj, M.; Jahanshad, N.;
Roshchupkin, G.V.; et al. Genetic architecture of subcortical brain structures in 38,851 individuals. Nat. Genet. 2019, 51, 1624–1636.
[CrossRef] [PubMed]

24. Den Braber, A.; Bohlken, M.M.; Brouwer, R.M.; van’t Ent, D.; Kanai, R.; Kahn, R.S.; de Geus, E.J.; Pol, H.E.H.; Boomsma, D.I.
Heritability of subcortical brain measures: A perspective for future genome-wide association studies. Neuroimage 2013, 83, 98–102.
[CrossRef] [PubMed]

25. Le Grand, Q.; Satizabal, C.L.; Sargurupremraj, M.; Mishra, A.; Soumaré, A.; Laurent, A.; Crivello, F.; Tsuchida, A.; Shin, J.; Macalli,
M.; et al. Genomic Studies Across the Lifespan Point to Early Mechanisms Determining Subcortical Volumes. Biol. Psychiatry
Cogn. Neurosci. Neuroimaging 2022, 7, 616–628. [CrossRef] [PubMed]

26. Batouli, S.A.; Trollor, J.N.; Wen, W.; Sachdev, P.S. The heritability of volumes of brain structures and its relationship to age: A
review of twin and family studies. Ageing Res. Rev. 2014, 13, 1–9. [CrossRef]

27. Jansen, A.G.; Mous, S.E.; White, T.; Posthuma, D.; Polderman, T.J.C. What twin studies tell us about the heritability of brain
development, morphology, and function: A review. Neuropsychol. Rev. 2015, 25, 27–46. [CrossRef]

28. Tarnoki, A.D.; Tarnoki, D.L.; Forgo, B.; Szabo, H.; Melicher, D.; Metneki, J.; Littvay, L. The Hungarian Twin Registry Update:
Turning From a Voluntary to a Population-Based Registry. Twin Res. Hum. Genet. 2019, 22, 561–566. [CrossRef]

29. Heath, A.C.; Nyholt, D.R.; Neuman, R.; Madden, P.A.; Bucholz, K.K.; Todd, R.D.; Nelson, E.C.; Montgomery, G.W.; Martin, N.G.
Zygosity diagnosis in the absence of genotypic data: An approach using latent class analysis. Twin Res. 2003, 6, 22–26. [CrossRef]

30. Rorden, C.; Karnath, H.O.; Bonilha, L. Improving lesion-symptom mapping. J. Cogn. Neurosci. 2007, 19, 1081–1088. [CrossRef]
31. Gaser, C.; Dahnke, R.; Thompson, P.M.; Kurth, F.; Luders, E. Alzheimer’s Disease Neuroimaging Initiative. A Computational

Anatomy Toolbox for the Analysis of Structural MRI Data. Neuroimage, in review. BioRxiv 2022. [CrossRef]
32. Ashburner, J.; Friston, K.J. Unified segmentation. Neuroimage 2005, 26, 839–851. [CrossRef] [PubMed]
33. Eickhoff, S.B.; Klaas, E.; Mohlberg, H.; Grefkes, C.; Fink, G.R.; Amunts, K.; Zilles, K. A new SPM toolbox for combining

probabilistic cytoarchitectonic maps and functional imaging data. NeuroImage 2005, 25, 1325–1335. [CrossRef]
34. Rolls, E.T.; Huang, C.C.; Lin, C.P.; Feng, J.; Joliot, M. Automated anatomical labelling atlas 3. Neuroimage 2020, 206, 116189.

[CrossRef]
35. Tzourio-Mazoyer, N.; Landeau, B.; Papathanassiou, D.; Crivello, F.; Etard, O.; Delcroix, N.; Mazoyer, B.; Joliot, M. Automated

anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 2002, 15, 273–289. [CrossRef] [PubMed]

36. Manjón, J.V.; Romero, J.E.; Vivo-Hernando, R.; Rubio, G.; Aparici, F.; de la Iglesia-Vaya, M.; Coupé, P. vol2Brain: A New Online
Pipeline for Whole Brain MRI Analysis. Front. Neuroinform. 2022, 16, 862805. [CrossRef]

37. Manjon, J.V.; Coupe, P. volBrain: An Online MRI Brain Volumetry System. Front. Neuroinform. 2016, 10, 30. [CrossRef]

http://doi.org/10.1007/s00415-010-5872-1
http://www.ncbi.nlm.nih.gov/pubmed/21240517
http://doi.org/10.3389/fnhum.2016.00356
http://www.ncbi.nlm.nih.gov/pubmed/27462214
http://doi.org/10.1038/mp.2015.227
http://www.ncbi.nlm.nih.gov/pubmed/26857596
http://doi.org/10.1016/S2215-0366(17)30049-4
http://doi.org/10.1111/cns.12835
http://doi.org/10.1017/thg.2012.11
http://doi.org/10.1371/journal.pone.0175800
http://doi.org/10.1007/s00221-021-06057-0
http://doi.org/10.1002/hbm.20398
http://doi.org/10.1006/nimg.2002.1163
http://doi.org/10.1016/j.yebeh.2018.01.018
http://www.ncbi.nlm.nih.gov/pubmed/29422396
http://doi.org/10.1038/s41588-019-0511-y
http://www.ncbi.nlm.nih.gov/pubmed/31636452
http://doi.org/10.1016/j.neuroimage.2013.06.027
http://www.ncbi.nlm.nih.gov/pubmed/23770413
http://doi.org/10.1016/j.bpsc.2021.10.011
http://www.ncbi.nlm.nih.gov/pubmed/34700051
http://doi.org/10.1016/j.arr.2013.10.003
http://doi.org/10.1007/s11065-015-9278-9
http://doi.org/10.1017/thg.2019.100
http://doi.org/10.1375/136905203762687861
http://doi.org/10.1162/jocn.2007.19.7.1081
http://doi.org/10.1101/2022.06.11.495736
http://doi.org/10.1016/j.neuroimage.2005.02.018
http://www.ncbi.nlm.nih.gov/pubmed/15955494
http://doi.org/10.1016/j.neuroimage.2004.12.034
http://doi.org/10.1016/j.neuroimage.2019.116189
http://doi.org/10.1006/nimg.2001.0978
http://www.ncbi.nlm.nih.gov/pubmed/11771995
http://doi.org/10.3389/fninf.2022.862805
http://doi.org/10.3389/fninf.2016.00030


Medicina 2022, 58, 1687 14 of 14

38. Ramirez, V.M.; Forbes, F.; Coupé, P.; Dojat, M. No Structural Differences Are Revealed by VBM in ‘De Novo’ Parkinsonian
Patients. Stud. Health Technol. Inform. 2019, 264, 268–272.

39. Tarnoki, D.L.; Tarnoki, A.D.; Lazar, Z.; Medda, E.; Littvay, L.; Cotichini, R.; Fagnani, C.; Stazi, M.A.; Nisticó, L.; Lucatelli,
P.; et al. Genetic and environmental factors on the relation of lung function and arterial stiffness. Respir. Med. 2013, 107, 927–935.
[CrossRef]

40. Neale, M.C.; Cardon, L. Data Summary. In Methodology for Genetic Studies of Twins and Families; Neale, M.C., Cardon, L.R., Eds.;
Kluwer Academic Publishers: Dordrecht, The Netherlands, 1992; pp. 35–53.

41. Baare, W.F.; Pol, H.E.H.; Boomsma, R.I.; Posthuma, D.; De Geus, E.J.; Schnack, H.G.; Van Haren, N.E.; Van Oel, C.J.; Kahn, R.S.
Quantitative genetic modeling of variation in human brain morphology. Cereb. Cortex 2001, 11, 816–824. [CrossRef]

42. Bartley, A.J.; Jones, D.W.; Weinberger, D.R. Genetic variability of human brain size and cortical gyral patterns. Brain 1997,
120, 257–269. [CrossRef] [PubMed]

43. Roshchupkin, G.V.; Gutman, B.A.; Vernooij, M.W.; Jahanshad, N.; Martin, N.G.; Hofman, A.; McMahon, K.L.; van der Lee, S.J.;
van Duijn, C.M.; de Zubicaray, G.I.; et al. Heritability of the shape of subcortical brain structures in the general population. Nat.
Commun. 2016, 7, 13738. [CrossRef] [PubMed]

44. Renteria, M.E.; Hansell, N.K.; Strike, L.T.; McMahon, K.L.; de Zubicaray, G.I.; Hickie, I.B.; Thompson, P.M.; Martin, N.G.; Medland,
S.E.; Wright, M.J. Genetic architecture of subcortical brain regions: Common and region-specific genetic contributions. Genes
Brain Behav. 2014, 13, 821–830. [CrossRef] [PubMed]

45. Eyler, L.T.; Vuoksimaa, E.; Panizzon, M.S.; Fennema-Notestine, C.; Neale, M.C.; Chen, C.-H.; Jak, A.; Franz, C.E.; Lyons, M.J.;
Thompson, W.K.; et al. Conceptual and data-based investigation of genetic influences and brain asymmetry: A twin study of
multiple structural phenotypes. J. Cogn. Neurosci. 2014, 26, 1100–1117. [CrossRef] [PubMed]

46. Fama, R.; Sullivan, E.V. Thalamic structures and associated cognitive functions: Relations with age and aging. Neurosci. Biobehav.
Rev. 2015, 54, 29–37. [CrossRef] [PubMed]

47. Wen, W.; Thalamuthu, A.; Mather, K.A.; Zhu, W.; Jiang, J.; De Micheaux, P.L.; Wright, M.J.; Ames, D.; Sachdev, P.S. Distinct
Genetic Influences on Cortical and Subcortical Brain Structures. Sci. Rep. 2016, 6, 32760. [CrossRef]

48. Hibar, D.P.; Initiative, T.A.D.N.; Stein, J.L.; Renteria, M.E.; Arias-Vasquez, A.; Desrivières, S.; Jahanshad, N.; Toro, R.; Wittfeld,
K.; Abramovic, L.; et al. Common genetic variants influence human subcortical brain structures. Nature 2015, 520, 224–229.
[CrossRef]

49. Lamballais, S.; Jansen, P.R.; Labrecque, J.A.; Ikram, M.A.; White, T. Genetic scores for adult subcortical volumes associate with
subcortical volumes during infancy and childhood. Hum. Brain Mapp. 2021, 42, 1583–1593. [CrossRef]

50. Hibar, D.P.; Jahanshad, N.; Stein, J.L.; Kohannim, O.; Toga, A.W.; Medland, S.E.; Hansell, N.K.; McMahon, K.L.; de Zubicaray, G.I.;
Montgomery, G.W.; et al. Alzheimer’s disease risk gene, GAB2, is associated with regional brain volume differences in 755 young
healthy twins. Twin Res. Hum. Genet. 2012, 15, 286–295. [CrossRef]

51. Roalf, D.R.; Vandekar, S.N.; Almasy, L.; Ruparel, K.; Satterthwaite, T.D.; Elliott, M.A.; Podell, J.; Gallagher, S.; Jackson, C.T.;
Prasad, K.; et al. Heritability of subcortical and limbic brain volume and shape in multiplex-multigenerational families with
schizophrenia. Biol. Psychiatry 2015, 77, 137–146. [CrossRef]

52. Glaister, J.; Carass, A.; NessAiver, T.; Stough, J.V.; Saidha, S.; Calabresi, P.A.; Prince, J.L. Thalamus segmentation using multi-
modal feature classification: Validation and pilot study of an age-matched cohort. Neuroimage 2017, 158, 430–440. [CrossRef]
[PubMed]

53. Akudjedu, T.N.; Nabulsi, L.; Makelyte, M.; Scanlon, C.; Hehir, S.; Casey, H.; Ambati, S.; Kenney, J.; O’Donoghue, S.; McDermott,
E.; et al. A comparative study of segmentation techniques for the quantification of brain subcortical volume. Brain Imaging Behav.
2018, 12, 1678–1695. [CrossRef] [PubMed]

54. Fischl, B.; Salat, D.H.; Busa, E.; Albert, M.; Dieterich, M.; Haselgrove, C.; van der Kouwe, A.; Killiany, R.; Kennedy, D.; Klaveness,
S.; et al. Whole brain segmentation: Automated labeling of neuroanatomical structures in the human brain. Neuron 2002, 33,
341–355. [CrossRef]

55. Smith, S.M.; Zhanga, Y.; Jenkinson, M.; Chenab, J.; Matthews, P.M.; Federico, A.; de Stefano, N. Accurate, robust, and automated
longitudinal and cross-sectional brain change analysis. Neuroimage 2002, 17, 479–489. [CrossRef]

56. Heinen, R.; Bouvy, W.H.; Mendrik, A.M.; Viergever, M.A.; Biessels, G.J.; de Bresser, J. Robustness of Automated Methods for
Brain Volume Measurements across Different MRI Field Strengths. PLoS ONE 2016, 11, e0165719. [CrossRef]

57. Tavares, V.; Prata, D.; Ferreira, H.A. Comparing SPM12 and CAT12 segmentation pipelines: A brain tissue volume-based age and
Alzheimer’s disease study. J. Neurosci. Methods 2019, 334, 108565. [CrossRef]

58. Buchert, R.; Lange, C.; Suppa, P.; Apostolova, I.; Spies, L.; Teipel, S.; Dubois, B.; Hampel, H.; Grothe, M.J. Magnetic resonance
imaging-based hippocampus volume for prediction of dementia in mild cognitive impairment: Why does the measurement
method matter so little? Alzheimers Dement. 2018, 14, 976–978. [CrossRef]

59. Brewer, J.B.; Magda, S.; Airriess, C.; Smith, M. Fully-automated quantification of regional brain volumes for improved detection
of focal atrophy in Alzheimer disease. AJNR Am. J. Neuroradiol. 2009, 30, 578–580. [CrossRef]

http://doi.org/10.1016/j.rmed.2013.02.002
http://doi.org/10.1093/cercor/11.9.816
http://doi.org/10.1093/brain/120.2.257
http://www.ncbi.nlm.nih.gov/pubmed/9117373
http://doi.org/10.1038/ncomms13738
http://www.ncbi.nlm.nih.gov/pubmed/27976715
http://doi.org/10.1111/gbb.12177
http://www.ncbi.nlm.nih.gov/pubmed/25199620
http://doi.org/10.1162/jocn_a_00531
http://www.ncbi.nlm.nih.gov/pubmed/24283492
http://doi.org/10.1016/j.neubiorev.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25862940
http://doi.org/10.1038/srep32760
http://doi.org/10.1038/nature14101
http://doi.org/10.1002/hbm.25292
http://doi.org/10.1017/thg.2012.15
http://doi.org/10.1016/j.biopsych.2014.05.009
http://doi.org/10.1016/j.neuroimage.2017.06.047
http://www.ncbi.nlm.nih.gov/pubmed/28669906
http://doi.org/10.1007/s11682-018-9835-y
http://www.ncbi.nlm.nih.gov/pubmed/29442273
http://doi.org/10.1016/S0896-6273(02)00569-X
http://doi.org/10.1006/nimg.2002.1040
http://doi.org/10.1371/journal.pone.0165719
http://doi.org/10.1016/j.jneumeth.2019.108565
http://doi.org/10.1016/j.jalz.2018.03.006
http://doi.org/10.3174/ajnr.A1402

	Introduction 
	Materials and Methods 
	Study Participants 
	MRI Acquisition 
	Image Processing 
	Volume Measurement Using Computational Anatomy Toolbox (CAT12) for Statistical Parametric Mapping (SPM12) 
	Volumetric Measurement Using volBrain 

	Statistical Analysis 
	Descriptive Statistics 
	Heritability Analysis 
	Correlation of Subcortical Structure Volume Measured Using Different Software 


	Results 
	Descriptive Statistics 
	Results for Volume Measurements Using CAT12 
	Intra-Pair Correlation Coefficients for Subcortical and General Brain Volumes Using CAT12 
	Univariate Model Analysis for Subcortical and General Brain Volumes Using CAT12 

	Results for Volume Measurements Using volBrain 
	Intra-Pair Correlation Coefficients for Subcortical and General Brain Volumes Using volBrain 
	Univariate Model Analysis for Subcortical and General Brain Volumes Using volBrain 

	Correlation of Subcortical Structure Volume Measured Using Different Software 

	Discussion 
	Conclusions 
	References

