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Left amygdala volume and brain tissue pulsatility are associated
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Abstract
Brain changes associated with the personality trait of neuroticism have been partly elucidated. While subcortical brain volume
changes, especially a larger amygdala, appear consistent in high neuroticism, functional changes, such as cerebral blood flow
(CBF) differences, have shown conflicting results, possibly because of the limitations in methods of CBF measurement. In our
study, we investigated changes in amygdala volume and CBF-related function associated with neuroticism in healthy and
depressed subjects using both conventional magnetic resonance imaging (MRI) measures of brain volume and the innovative
technique of ultrasound Tissue Pulsatility Imaging (TPI), which has a high level of detection in measuring brain tissue pulsatility
(BTP). Middle-aged females with depression (n = 25) and without depression (n = 25) underwent clinical examination, magnetic
resonance imaging (MRI) and ultrasound assessment (TPI). Neuroticism was positively associated with left amygdala volume
and mean BTP in individuals without depression, in both simple and multiple regressions that included potential confounding
factors such as age and body mass index. No association was found in the depressed group. We confirmed the role of the left
amygdala in the brain physiology of neuroticism in nondepressed individuals. Moreover, we identified a novel mechanism
associated with high neuroticism, namely BTP, that may reflect greater CBF and account for the increased risk of cerebrovascular
disease in individuals with high neuroticism. Because neuroticism is considered a risk factor for depression, our paper provides
potential objective biomarkers for the identification of subjects at risk for depression.
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Introduction

Neuroticism is a personality trait characterized by a general
trend toward negative affectivity (Clark and Watson 2008;
Costa and McCrae 1992). It has been found to constitute a
marker of vulnerability for major depression (Ormel et al.

2013). Several epidemiological studies have reported a signif-
icant association between neuroticism and major depressive
disorder (MDD), including a recent meta-analysis that found a
large effect size (Cohen’s d = 1.54) in the association between
neuroticism and MDD (Kotov et al. 2010). Based on such
evidence, the DSM-5 now considers high levels of neuroti-
cism as a risk factor for the development of MDD (DSM
2013).

Some neuroimaging studies have shown that changes in
brain structure and function with neuroticism can act as a risk
factor for MDD. Notably, a meta-analysis of brain structural
changes with neuroticism found a trend for a larger left amyg-
dala with high neuroticism (Mincic 2015), although a number
of studies found no specific association (Gray et al. 2018) or
associations involving the right amygdala (Holmes et al.
2012), sometimes as a negative correlation (Omura et al.
2005). A reduction in the volume of the hippocampus has also
been reported (Yamasue et al. 2008; Kempton et al. 2011) in
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individuals with high neuroticism. Studies using functional
magnetic resonance imaging (fMRI) have reported that indi-
viduals with higher neuroticism show greater activation in
limbic structures such as the amygdala in response to arousing
stimuli (Eysenck 1967; Eysenck 1990; Wei et al. 2014).
Positron emission tomography (PET) studies have also iden-
tified significant associations between cerebral blood flow
(CBF) and neuroticism in limbic regions, such as an increased
activity of the right hippocampus associated with neuroticism
(Sutin et al. 2010).

Interestingly, the changes associated with neuroticism
seem to share some brain structural and functional charac-
teristics with those associated with MDD, which may ac-
count for the role of neuroticism as a risk factor for MDD.
Notably, similar subcortical volume changes have been
found in neuroticism and MDD that specifically involve
the amygdala (Hamilton et al. 2008) and hippocampus
(Schmaal et al. 2015). Functional changes may also be
involved in the association between neuroticism and
MDD, as elevated baseline activity in the amygdala and
heightened amygdala responsivity to affective stimuli have
been found in both high neuroticism and MDD (Hamilton
et al. 2008; Drevets et al. 1992). Changes in CBF may also
be involved in the brain mechanisms of neuroticism as a
risk factor for MDD. However, studies investigating CBF
as assessed by PET and ASL-MRI have reported contrast-
ing results, with both increased and decreased CBF perfu-
sion found in various brain regions such as the limbic areas
(Liao et al. 2017; Ho et al. 2013; Sutin et al. 2010; Lui
et al. 2009). Several reasons may account for the inconsis-
tent results concerning CBF in MDD and neuroticism, in-
cluding limitations in the neuroimaging techniques classi-
cally used to assess CBF (PET and ASL-MRI), such as a
relatively low spatiotemporal resolution, which can lead to
misidentification of subtle CBF changes.

Recent advances in ultrasound (US) imaging technology
have allowed the development of innovative neuroimaging
techniques to accurately detect biomechanical brain properties
related to CBF, such as the so-called Tissue Pulsatility
Imaging (TPI) that our group has recently used to identify
subtle changes in the Brain Tissue Pulsatility (BTP) of indi-
viduals with MDD (Desmidt et al. 2017). TPI is similar to
transcranial Doppler (TCD), except that rather than focusing
on only large arteries, it relies on the Echo-B mode of a mod-
ern US scanner to measure the pulsatile movements of large
brain regions, which allows a very high spatiotemporal level
of detection (micrometers/millisecond) of brain volume
changes related to pulsatile CBF. Periodic changes in blood
volume cause the brain to expand and relax over the cardiac
cycle, and TPI measures the pulsatile signals from thousands
of sample volumes in an US image plane, in accordance with
the principle of plethysmography (Kucewicz et al. 2004). TPI
has been validated on phantoms (Kucewicz et al. 2004) and on

healthy volunteers. It has been shown that BTP is increased
during visual stimulation within the posterior region of the
brain (Kucewicz et al. 2007) and decreased in the posterior
temporal lobe during hyperventilation (Kucewicz et al. 2008),
which suggests that BTP is closely related to CBF changes
and cerebrovascular reactivity, in accordance with the notion
that pulsatile CBF and cerebrovascular functioning are major
determinants of brain pulsatility (Wagshul et al. 2011). More
recently, our team also found that TPI can indicate brain func-
tional changes in some pathological conditions, including ce-
rebrovascular lesions, orthostatic hypotension and depression.
Specifically, we found that midlife depressed females showed
greater global BTP compared to healthy controls and individ-
uals remitted from depression (Desmidt et al. 2017).

The goal of our study was to investigate associations
among neuroticism, amygdala volume—the most consistently
observed subcortical volume change associated with
neuroticism—and BTP in a group of healthy and depressed
individuals. Because BTP was shown to be greater in MDD
and because amygdala volumes have been found to be
changed in MDD, we hypothesized that a higher level of neu-
roticism, which is a strong risk factor for MDD, would be
associated with greater BTP and a larger amygdala in both
depressed and healthy subjects.

Methods

Participants

Fifty females aged 18 to 55 years were recruited. Participants
were depressed subjects and healthy controls from the
EMPHILINE project (NCT02026622 on clinicaltrials.gov),
whose principal objective was to investigate the
cardiovascular and cerebrovascular reactivity in depression
during emotional tasks; the baseline data are reported in the
present article. To reduce variability, only females were
recruited because previous findings have found significant
differences in cerebrovascular properties between age-
matched males and females. Subjects in the depressed group
(group D; n = 25) were inpatients or outpatients from the psy-
chiatric ward of the University Hospital of Tours, France.
Psychiatrists (TD, WEH) diagnosed the patients as depressed
according to the DSM-IV criteria for MDD, with a MADRS
score higher than 21. Subjects in the control group (group C;
n = 25) were recruited from the local community and from the
records of the Clinical Investigation Center of the Hospital of
Tours, France. They had no history of MDD or any psychiat-
ric disorder and had a current MADRS score lower than 9.
The two groups were matched for age. Noninclusion criteria
for all subjects were: 1) history of psychotic, bipolar, or
substance-abuse disorders or suspicion of severe cognitive
impairment (MMSE <25), 2) history of severe cardiovascular
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diseases (myocardial infarction, arrhythmia, etc.) or neurolog-
ical disorders (stroke, brain tumor, severe concussion, mi-
graine, etc.), 3) current unstable medical condition, 4) current
use of beta-blockers or antipsychotics, 5) smoking over 10
packs/year, 6) auditory or visual impairments, 7) pregnancy
or unreliable contraception, 8) contraindication for MRI and
9) legal guardianship. Informed consent was obtained from all
subjects, and the study protocol was approved by the local
human ethical committee.

Clinical assessments

Either a psychiatrist (TD) or a trained medical doctor (VG)
performed the clinical assessments. Medical history and med-
ication intake were recorded. The clinical assessment included
blood pressure (measured immediately before the US assess-
ment), height and weight measurements. Psychometric assess-
ments included 1) the Structured Clinical Interview for DSM-
IV (SCID) for current or lifetime MDD; 2) the MADRS for
severity of depression; 3) the Mini-Mental State Examination
(MMSE) to assess global cognitive functioning and screening
for dementia; and 4) the Revised NEO Personality Inventory
(NEO PI-R), a 240-item questionnaire used to measure per-
sonality traits based on the Big Five Theory (Costa and
McCrae 1992). Answers are presented on a five-point Likert
scale; in the present study, only the neuroticism score was
reported.

Magnetic resonance imaging protocol

MRI scanning sessions were performed immediately after the
psychometric assessment on a 3 Tesla Siemens Verio scanner
(Siemens AG, Erlangen, Germany). A high-resolution T1-
weighted MRI 3D volume sequence (192 contiguous sagittal
slices; 1 mm slice thickness; TR = 1.9 s; TE = 2.42 ms; TI =
0.9 s; FA = 9°; in-plane resolution: 1 × 1 mm) was acquired
for each subject. Additional sequences (T2-weighted and
fluid-attenuated inversion recuperation) were acquired and an-
alyzed to rule out concomitant diseases such as ischemic
stroke and susceptibility artifacts from prior hemorrhages or
space-occupying lesions. Severe white matter lesion load
(Fazekas grade 3) was used as an exclusion criterion.

Structural image processing Cortical reconstruction and vol-
umetric segmentation were performed with the Freesurfer im-
age analysis suite, which is documented and freely available
for download online (http://surfer.nmr.mgh.harvard.edu/).
The technical details of these procedures are described in
prior publications (Reuter et al. 2010; Fischl et al. 2004a, b;
Ségonne et al. 2004; Fischl et al. 2002). Briefly, this process-
ing includes removal of nonbrain tissue using a hybrid
watershed/surface deformation procedure (Ségonne et al.
2004), automated Talairach transformation, segmentation of

the subcortical white matter and deep gray matter volumetric
structures (including the hippocampus, amygdala, caudate nu-
cleus, putamen, and ventricles) (Fischl et al. 2004a, 2002). In
the present study, only amygdala volumes were analyzed.
Freesurfer provided the estimated Total Intracranial Volume
(eTIV), which was labeled as ICV in our study. To limit in-
terindividual variability in amygdala volumes due to differ-
ences in ICVs, the absolute volume of the amygdala was di-
vided by ICV for group comparisons and testing for associa-
tions. Controlling the absolute volume of the amygdala with
ICV as a covariate in multiple regression analyses was also
considered in our study as another method for associations
testing.

Ultrasound protocol

The US protocol was performed immediately following the
MRI sessions on an Antares medical scanner (Siemens
Healthcare, Germany) by a single biophysics technician
(B.B.) trained for TCD, who was blinded to the MRI results.
Transcranial acquisitions were performed with a PX4–1
phased-array transducer (Siemens Healthcare; 1.82 MHz
emission frequency, 70° field of view, 112 × 3 elements (1.5
D)). Measurements were performed through the right tempo-
ral bone window, which is the thinnest bone of the skull, with
the probe positioned perpendicularly to the skull and main-
tained by a mechanical holder to reduce artifacts caused by the
operator’s and the subject’s movements. Subjects were asked
to remain in the supine position, to try not to move, to close
their eyes and to breathe normally.

The US scanner was first switched on in Doppler mode for
TCD acquisition. Color Doppler was used to center the US
beam on the right MCA. The pulsatility index (PI – ratio of the
difference between maximal and minimal velocities over
mean velocity) was acquired and automatically computed by
the scanner from a 10 s Doppler sequence.

The US scanner was then switched to Echo-B mode to
perform TPI measurements centered on the MCA. To limit
US attenuation, we adjusted the depth of the acquisition be-
tween 3 and 9 cm. With this configuration, we explored the
circle of Willis and a transverse slice of the temporal
hemispheres.

For each subject, the protocol consisted of 4 acquisitions of
10 s repeated every 26 s with an acquisition frame rate of 30
images/s (total of 297 frames). The US scanner provided di-
rect access to beam-formed radiofrequency (RF) lines, which
were used to estimate BTP. The data were then downloaded
for offline analysis with MATLAB software (MathWorks
Inc., USA).

Tissue Pulsatility imaging signal processing The signal pro-
cessing used to extract Brain Tissue Pulsatility measurements
from Echo-B signals has been extensively described
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previously (Desmidt et al. 2017). Briefly, axial BTP was esti-
mated using a 1D-intercorrelation method between successive
acquisition frames. The maximum of the normalized intercor-
relation coefficient, Txy/sqrt(TxxTyy), was used to estimate
the delay between successive kernels on RF lines at a specific
depth. The normalized correlation coefficient had to be higher
than 0.7 to validate the measurement. A kernel size of 8 pe-
riods (176 points, 4 wavelengths, 3.3 mm at 1.82 MHz) was
chosen. Parabolic interpolation was performed around the 3
maximum points of the 1D correlation to improve the preci-
sion of the displacement measurement. With the signal-to-
noise Ratio obtained after propagation through the skull, the
noise level of BTP was 0.8 μm. For better spatial
discretization along RF lines, an overlap rate of 80% of the
kernel was computed, resulting in a 660 μm spatial
discretization. A bandpass filter (low cutoff = 0.75 Hz; high
cutoff = 5.0 Hz) was then applied to focus on displacements
related to heart rate and to filter out slow and fast movements
due to respiration and artifacts, respectively.

We obtained a 3D matrix of BTP: axial displacements
along the z-axis (RF lines), x-axis (the 112 elements of the
probe) and time. The temporal evolution of BTPwas analyzed
at each position of the 2D plane (curves of the displacement as
a function of time). We used two criteria to filter out artifacts
and focus on physiological signals, which are supposed to be
stable in terms of periodicity and amplitude. The first criterion
was used to investigate the periodicity of the brain pulsations
and consisted of the ratio of the second maximum peak over
the central peak (SMP/CP) of the temporal autocorrelation
function of each kernel. If the SMP/CP ratio was greater than
0.6, the record was validated and compared to the second
criterion. The threshold of 0.6 was chosen based on previous
studies (Desmidt et al. 2017; Ternifi et al. 2014; Desmidt et al.
2011). The second criterion was used to investigate the differ-
ence in amplitudes between pulsations in each curve. The
cumulated standard deviation (CSTD) of the pulsations was
calculated to determine the data dispersion and was normal-
ized to the peak-to-peak amplitude (Umean) of the mean tem-
poral curve. If the ratio CSTD/Umean was lower than 0.25,
the record was validated and rejected otherwise. The threshold
of 0.25 was chosen for the same reasons as the first criterion.

From this final matrix, we calculated the root mean square
of 2 curves, MaxBTP and MeanBTP, corresponding, respec-
tively, to the curve with the maximum mean peak-to-peak
amplitude (averaged between cycles) and to the average of
all curves in the matrix. MaxBTP and MeanBTP thus corre-
spond to the pulsatility of, respectively, the largest and the
mean pulsatility in the whole region of acquisition.

Statistical analyses

Shapiro-Wilk tests determined that amygdala volumes, ultra-
sound and neuroticism measures were normally distributed.

We therefore performed parametric analysis for group com-
parisons (Student’s t tests).

We applied simple linear regression analyses in both
groups to identify 1) associations of amygdala volumes with
neuroticism and 2) associations of brain pulsatility and TCD-
PI with neuroticism. The dependent variables were the mea-
surements of brain tissue pulsatility and TCD-PI and the
amygdala volumes, and the independent variable was the neu-
roticism score. We also applied multiple linear regressions in
both groups including age, BMI and antidepressant intake as
potential confounding factors. Notably, associations between
amygdala volume and neuroticism were investigated using
both 1) the ratio of the amygdala volume over ICV and 2)
the amygdala volume corrected with ICV as a covariate in a
multiple linear regression, to test for potential discrepancies
with these two methods of controlling for interindividual var-
iability in amygdala volumes due to differences in ICVs.

Results

Comparisons between groups

Demographic and clinical characteristics are shown in
Table 1. There was no difference in age or cardiovascular risk
factors between the groups. As expected, antidepressant in-
take, MADRS score and neuroticism score were significantly
greater in group D compared to group C (p < 10−4).

MRI and ultrasound results are shown in Table 2. R and L
AMY were significantly lower in group D compared to group
C. ICV was greater in group D compared to group C, even if
the difference was at the threshold of statistical significance.
The mean BTP was significantly greater in group D compared
to group C. There was no significant difference in TCD-PI
between the two groups.

Linear regressions

Simple linear regressions between neuroticism and 1) AMY
and 2) BTP measures in group C and D are shown in Fig. 1.
Neuroticism was significantly associated with meanBTP in
group C [beta = 0.134, p = 0.02]. Neuroticism was also asso-
ciated with L AMY in group C, both using the absolute amyg-
dala volume [beta = 9.033, p = 0.018] and the ratio of the
amygdala volume over ICV (beta = 9.105e−6, p < 10−4). We
found no significant association between neuroticism and
TCD-PI in any of the two groups [beta = 0.001, p = 0.917 in
group C; beta = −0.006, p = 0.096 in group D].

In multiple regressions neither age, BMI nor antidepressant
intake modified the significance of the associations between
neuroticism and 1) AMY or 2) BTP measures. When includ-
ing ICV as an independent variable with the absolute amyg-
dala volume as the dependent variable, the association of
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neuroticism with L AMY became stronger [beta = 12.198,
p < 10−4] and ICV correlated with L AMY [beta = 0.001,
p = 0.001]. Finally, we found no significant association
among neuroticism, AMY and BTP in group D (Fig. 2).

Discussion

Our principal finding was that neuroticism was positively cor-
related with both left amygdala volume and brain pulsatility
(BTP) in our sample of middle-aged healthy females, inde-
pendent of age, body mass index or antidepressant use. No
significant association was found between neuroticism and
both amygdala volume and pulsatility measures in depressed
individuals.

Our result of a highly significant association between left
amygdala and neuroticism may appear surprising, especially
because previous studies have inconsistently reported such an
association. Indeed, several previous studies found no associ-
ation between amygdala volume and neuroticism, including a
recent large study (Gray et al. 2018). Other studies, including
a large study of 1050 individuals, found that the volumes of
not only the left but also the right amygdala were positively
associated with neuroticism (Holmes et al. 2012), and a
unique older and relatively small study found a negative as-
sociation between neuroticism and right amygdala volume
(Omura et al. 2005). However, when systematic review and
meta-analysis of voxel-based morphometry studies were per-
formed, the most robust association was between a larger
amygdala and high neuroticism, which is consistent with our
results (Mincic 2015).

Other explanations for our highly significant association
between amygdala volume and neuroticism may relate to the
unique characteristics of our sample. Indeed, our study is the
first to assess amygdala volume and neuroticism in a strictly
female sample. Sex differences have been consistently found
to substantially influence the association of amygdala volume
with neuroticism, and previous studies have generally used
sex as a confounding factor in the statistics. However, includ-
ing only females in a studied sample may constitute a more
powerful design to limit the effect of sex, and our results are
therefore strongly consistent with the notion that left amygda-
la volume and neuroticism are specifically associated in fe-
males (Mincic 2015). Another reason could be that, although
our sample is relatively small, the healthy controls displayed a
large panel of neuroticism scores, ranging from 28 to 62, with
individuals having various levels of neuroticism from low to
high, whereas other studies that failed to find any association
acknowledged that the levels of neuroticism observed were
generally low to middle in their sample (Gray et al. 2018).

It may also appear surprising that on the one hand, amyg-
dala volume positively correlates with neuroticism, a person-
ality trait considered a risk factor for depression, while on the

Table 1 Demographic and clinical characteristics of the population

Depressed patients Controls p value
(n = 25) (n = 25)

Age 39.1 (11.4) 39.7 (11.3) 0.862

Cardiovascular risk factors

Smoking 11 (44%) 5 (20%) 0.069

BMI (kg/m2) 23.8 (4.9) 23.0 (3.5) 0.520

High blood pressure 2 (8%) 2 (8%) 1

High cholesterol 2 (8%) 1 (4%) 0.552

Diabetes 0 0 –

Baseline SBP (mmHg) 122.3 (14.4) 119.8 (13.7) 0.529

Baseline DBP (mmHg) 76.3 (11.9) 72.7 (10.3) 0.259

Medication intake

Antidepressant 11 (44%) 0 0.0004

Anxiolytic 7 (28%) 1 (4%) 0.053

Mood stabilizer 3 (12%) 0 0.193

Antihypertensive 1 (4%) 1 (4%) 1

Depression characteristics

Age at onset 27.9 (10.5) _ _

Number of episodes 2.0 (1.6) _ _

Illness duration (weeks) 32 (36.5) _ _

MADRS 31.5 (5.2) 1.2 (1.6) <10−4

NeoPI-R

Neuroticism 61.8 (11.3) 47.1 (9.9) <10−4

Values are expressed as the mean (standard deviation) or n (%).
Comparisons were performed with t tests (quantitative data) or chi-
squared tests (qualitative data)

BMI, Body mass index; DBP, Diastolic blood pressure; MADRS,
Montgomery and Asberg Depression Rating Scale; NeoPI, Neo-
personality Inventory; SBP, systolic blood pressure.

Table 2 Comparisons of MRI and TPI measures between the two
groups

Depressed patients Controls p value
(n = 25) (n = 25)

MRI

ICV (cm3) 13,551 (1013) 12,986 (964) 0.049

L AMY (%) 0.109 (0.008) 0.119 (0.013) 0.003

R AMY (%) 0.113 (0.01) 0.123 (0.012) 0.003

Ultrasound

Mean BTP (μm) 9.7 (4.1) 7.3 (2.9) 0.021

TCD-PI 0.92 (0.20) 0.96 (0.26) 0.581

Values are expressed as the mean (standard deviation). Amygdala values
are expressed as relative volumes (volume/ICV). Comparisons were per-
formed with t tests

ICV, Intracranial volume; AMY, Amygdala; BTP, Brain tissue pulsatility;
MRI, Magnetic resonance imaging; TCD-PI, transcranial Doppler-
pulsatility index
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other hand, amygdala volume was lower in depressed individ-
uals compared to controls, especially if we consider that our
results exhibited a consistent trend of greater pulsatility with
high neuroticism and in depressed individuals compared to
controls. The associations of a smaller amygdala in depression
have shown inconsistent results in the literature, although the
general trend, as indicated notably in a meta-analysis
(Hamilton et al. 2008), suggests a smaller amygdala with de-
pression in studies that have included a certain proportion of
unmedicated depressed individuals, which is consistent with
our study (whereas a larger amygdala was found in studies
with samples composed entirely of medicated depressed indi-
viduals, according to Hamilton et al. (2008)). In addition, oth-
er findings suggest that prolonged depression is more specif-
ically associated with a smaller left amygdala, and a negative
correlation has been identified between illness duration and
amygdala volume (Zavorotnyy et al. 2018). Our study sample
of depressed individuals had a relatively high illness duration
(mean = 32 weeks; SD = 36.5), which may account for the
smaller left amygdala observed in our depressed individuals.
In general, the amygdala has been considered a key structure
involved in the pathophysiology of depression as a brain
structure specifically involved in emotion regulation and fear
conditioning (Kim et al. 2011). Finally, a larger amygdala
may constitute a risk factor for depression (Romanczuk-
Seiferth et al. 2014), which progressively reduces in volume,
eventually reaching a smaller size as the disease progresses
untreated while being restored in successful remission
(Hamilton et al. 2008). However, this is still in the hypothesis

stage, as no studies have investigated amygdala changes in
individuals at risk of depression to a major depressive episode
and eventually to remission.

Brain pulsatility may constitute different mechanisms in
high neuroticism and in depression; it may not be directly
involved in the pathophysiology of depression, but rather acts
as an unspecific marker for a general hyperfunction of the
brain in individuals who are prone to overreact to emotional
stimuli, similar to the hyperactivity of the autonomic nervous
system associated with neuroticism and depression. It is un-
likely that the increase in brain pulsatility constitutes a causal
mechanism for depression but rather may emerge as a conse-
quence of depression-related metabolic changes or may alter-
natively constitute a compensatory mechanism to counteract
the metabolic changes of depression and high neuroticism.
Previous studies have suggested that cerebral blood flow
(CBF) is a major determinant for brain pulsatility and that
greater brain pulsatility in high neuroticism may indicate an
increase in CBF with high neuroticism, in accordance with
previous studies that found greater CBF in high neuroticism
using PET (Sutin et al. 2010). Moreover, greater brain
pulsatility has been associated with increased cognitive activ-
ity (Angel et al. 2018; Kucewicz et al. 2007). Our results may
therefore indicate that the greater brain pulsatility observed in
higher neuroticism may be related to a trend of increased
cognitive activity such as ruminations, which is a common
feature of high neuroticism. Furthermore, some studies have
suggested that excessive amplitudes in brain micromovements
may constitute greater mechanical strains that can

Fig. 1 Associations between
neuroticism and left amygdala
volume and brain pulsatility in
healthy controls and in the
depressed group
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progressively damage the brain and lead to white and gray
matter lesions (Tsao et al. 2013). While we have previously
suggested that greater brain pulsatility could be a risk factor
for cerebrovascular diseases (CVDs) in depressed individuals,
in this study, we have further investigated the association of
BTP and disease in nondepressed individuals, finding a sig-
nificant effect of neuroticism on BTP. Interestingly, and sim-
ilarly to MDD, high neuroticism has been identified as an
independent risk factor for CVDs(Almas et al. 2017), and
greater BTP in nondepressed individuals with higher neurot-
icism may represent an underlying mechanism for which neu-
roticism is associated with greater brain damage and disorders
such as CVD. Finally, our results suggest a global cerebral
hyperfunction (possibly related to an increase in CBF related
to increased cognitive activity and ruminations while poten-
tially exposing the individual to cerebrovascular damage) with
both high neuroticism and depression as a consequence or a

compensation of these disorders, whereas more specific neu-
ronal changes may occur differentially in high neuroticism
and in depression, as these two distinct disorders are possibly
caused by different neuronal mechanisms.

Finally, it is possible that NeoPI may assess two different
psychopathologies depending on whether individuals are
experiencing major depression or not. Indeed, NeoPI has been
specifically validated to assess personality traits, such as neu-
roticism, in the general community with no characterized psy-
chopathology, such as major depression. In healthy controls,
neuroticism has been consistently associated with a tendency
for hyperreactivity to negative stimuli. In contrast, the under-
lying psychopathology of neuroticism as assessed with NeoPI
is less clear in individuals experiencing a major depressive
episode. Notably, while personality traits are supposed to be
relatively stable in time, neuroticism was found to significant-
ly change within the course of depression (Noordhof et al.

Fig. 2 Brain Tissue Pulsatility (BTP) color maps from two representative
subjects in the nondepressed group. Consistent with our general results,
subjects with high neuroticism (subject 1, left; neuroticism score 62)
show high global BTP amplitudes, whereas subjects with low neuroticism
(subject 2, right; neuroticism score 28) show low global BTP amplitudes.
BTP color maps were obtained after applying the Horn-Schunck method
to estimate the optical flow and displacement speed of each volume in the

region of acquisition, the color maps of which show themaximum values.
As shown on the bottom figure, the ultrasound beam of the TPI overlays
parts of the temporal lobes (including parts of the hippocampus), the
orbitofrontal cortex and the brainstem (midbrain). HIP: hippocampus;
MB: midbrain; MCA: middle cerebral artery; OFC: orbitofrontal cortex;
TL: temporal lobe
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2018). Interestingly, recent findings suggest that the use of
NeoPI to assess neuroticism in depressed individuals does
not relate to the usual accepted notion of neuroticism as a
tendency for hyperreactivity to negative stimuli, but rather that
it could be more representative of the psychopathology of
demoralization (Noordhof et al. 2018). Taken together, these
results suggest that amygdala volume should be well correlat-
ed with neuroticism as a tendency for hyperreactivity to neg-
ative stimuli in nondepressed individuals, whereas it may not
be correlated with demoralization as assessed with NeoPI in
depressed individuals. Interestingly, we found a statistical
trend for a negative correlation between brain pulsatility and
neuroticism score in depressed individuals, suggesting that the
psychopathology of demoralization may influence brain
pulsatility in depression, with highly demoralized individuals
showing lower pulsatility, possibly reflecting a slowing and a
general despondency as clinical characteristics of a major de-
pressive episode.

While meanBTP was significantly associated with neurot-
icism in healthy controls, we found that TCD-PI was not. This
finding is consistent with our previous report of a greater
meanBTP and no significant changes in TCD-PI in individ-
uals with depression (Desmidt et al. 2017). MeanBTP corre-
sponds to the averaged value of thousands of brain volume
pulsations and indicates the mean global brain pulsatility,
which is related to large and small artery pulsatility and the
mechanical properties of the brain parenchyma. In contrast,
TCD-PI indicates only the pulsatility of the MCA, the largest
brain pulsatility. Therefore, our results suggest that neuroti-
cism (similar to depression) is associated with changes in the
general pulsatility of the brain, involving large and small ar-
teries, as well as mechanical properties of the brain parenchy-
ma but may not specifically involve changes in MCA
pulsatility.

The limitations of our study notably concern the small
sample size of our studied population and the cross-sectional
design, which does not allow causal inference; additionally, it
is unclear whether a larger amygdala and greater brain
pulsatility precede or follow the development of neuroticism.

In conclusion, both larger amygdala volume and greater
brain pulsatility appear to be involved in the brain physiology
of neuroticism in healthy, nondepressed individuals. Because
neuroticism is considered a risk factor for MDD, our results
may suggest that a larger amygdala and greater brain
pulsatility could constitute objective biomarkers involved in
the risk of MDD occurrence. Our paper therefore provides
potential objective biomarkers for the identification of sub-
jects at risk for MDD, which could be included in longitudinal
studies involving the general population while investigating
baseline predictors of MDD incidence. Finally, while MRI is
limited for daily clinical use, ultrasound technology shows
rapid progress and may be particularly accurate and suitable
for relatively easy clinical use. Specifically, TPI represents a

low cost, easy-to-realize and noninvasive tool that may be
suitable to investigate the physiology of individuals at risk
for brain-related disorders such as depression and CVDs,
and further studies may confirm the use of TPI in clinical
practice.
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