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SENSORY PROCESSING SENSITIVITY AND CHILDHOOD QUALITY’S EFFECTS ON NEURAL
RESPONSES TO EMOTIONAL STIMULI

Bianca P. Acevedo, Jadzia Jagiellowicz, Elaine Aron, Robert Marhenke, Arthur Aron

Abstract

Objective: This study examined the neural correlates of adult sensory processing sensitivity (SPS) and its interaction
with subjective ratings of quality of childhood parenting (QCP).

Method: Fourteen women (ages 18-25) underwent fMRI while viewing positive, negative and neutral images from the
standard International Affective Picture System (IAPS) and completed the Highly Sensitive Person (HSP) Scale. (HSP)
Scale, a neuroticism scale, and measures of quality of recalled childhood parenting.

Results: In response to emotional (versus neutral) IAPS images, the SPS x QCP interaction (and also of SPS
directly controlling for neuroticism) showed significant positive neural correlations in the hippocampus, entorhinal area,
hypothalamus, and temporal/parietal areas, which process emotional memory, learning, physiological homeostasis,
awareness, reflective thinking, and integration of information. For positive stimuli only, SPS showed significant correlations
with areas involved in reward processing (VTA, SN, caudate), self-other integration (insula and IFG), calm (PAG), and
satiation (subcallosal AC); and to a greater extent with increasing QCP. For negative images, the SPS x QCP interaction
showed significant activation in the amygdala and PFC (involved in emotion and self-control), without diminished reward
activity.

Conclusions: SPS (and its interaction with childhood environment) is positively associated with activation of brain
regions associated with depth of processing, memory, and physiological regulation in response to emotional stimuli.
Results support differential susceptibility, vantage sensitivity and HSP models suggesting that SPS is associated with
environmental sensitivity so that positive environments (such as high QCP) may provide benefits, such as adaptive

responsivity (with awareness, arousal, self-control and calm) to emotionally evocative stimuli.
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Sensory processing sensitivity (SPS) is thought to
be a genetically-based trait found in humans and in over
100 other species (Wolf et al. 2008). It is characterized
by greater environmental sensitivity (Pluess 2015),
including social stimuli (Acevedo et al. 2014, Wolf et
al. 2008), and behaviorally it is typically associated with
reactivity to salient stimuli and greater cautiousness in
approaching novel situations and objects (Aron et al.
2012; Gartstein et al. 2016, review). It appears to be
a survival strategy found across species in only in a
significant minority within each species, probably due to
negative frequency dependence (Wolf et al. 2008). The
trait bestows the advantage (as long as most individuals
do not possess it) of being more aware than others of
opportunities and threats. Interpersonal sensitivity would
also allow them to select mates, parent, empathize and
form alliances more effectively resulting in survival
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advantages (Acevedo et al. 2017).

SPS has a unique flavor in humans, and is generally
measured with the Highly Sensitive Person (HSP)
scale (Aron et al. 1997). Its items include sensitivity to
bright lights, loud noises, others’ moods, violent stimuli,
caffeine, and hunger as well as having “a rich, complex
inner life” greater conscientiousness, and “being deeply
moved by arts or music. SPS is thought to be mediated
by deep and connective cognitive processing (Mesulam
1998), as well as emotion responsivity, which enhances
memory, attention and learning (Baumeister et al. 2007).
Research on differential susceptibility (Belsky et al.
2009) suggests that greater sensitivity leads to more
vulnerability to negative environments and greater
vantage sensitivity in positive ones (Belsky et al.
2009, Boyce et al. 2005, Pluess et al. 2013). Similarly,
studies of SPS in adults, using the standard HSP scale
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(Aron et al. 1997), found that high SPS individuals with
negative childhood environments had more anxiety and
depression as adults compared to their less sensitive
counterparts (Aron et al. 2005, Liss et al. 2005). Also
in support of vantage sensitivity, another study found
that high (vs. low) SPS adults with positive recalled
childhoods showed especially greater arousal to positive
(versus neutral) images (Jagiellowicz et al. 2016).

Although heightened emotional arousal may provide
some explanation for the differential susceptibility
associated with the trait, it has mostly been reported in
behavioral studies. The three fMRI studies of SPS to date
(all using the HSP scale) found that it is associated with
overall greater expression in (a) visual areas associated
with making fine visual distinctions (Jagicllowicz et
al. 2011); (b) regions associated with attention and
working memory in response to a task involving
attending to context to visual scenery (Aron et al.
2010); and (c) regions involved in empathy, awareness,
sensory integration, self-referential processing and
action in response to others’ emotional expressions
(Acevedo et al. 2014). Moreover, a review of the brain
structures involved in SPS versus seemingly related
clinical disorders (i.e., autism) suggests that it is largely
differentiated by neural processing in regions associated
with physiological homeostasis, self-regulation, self-
other processing, empathy and awareness (Acevedo et
al. 2017).

The present study used functional MRI (as did the
three previous studies) to measure the neural correlates
of SPS in response to standardized emotional pictures
from the International Affective Picture System (IAPS).
It also used seven well-established childhood measures
of perceived quality of childhood environment. Our two
questions were: (1) whether participants with high SPS
would show evidence of greater emotional, memory,
awareness and self-referential processing to affective
images; and (2) whether this would vary with degree of
positive childhood quality. Thus, we specifically focused
on brain regions shown in previous neuroimaging studies
of SPS as well as the amygdala — a main site of emotion
processing, especially to aversive stimuli (Canli et
al. 2000; Ochsner et al. 2004, 2009; Phan et al. 2004)
— whose role in emotional SPS processing has been
inconclusive.

Method
Participants

Participants were undergraduate student females
recruited from Stony Brook University, with scores at
the top and bottom quartile of the HSP scale (eliminating
the top and bottom 2.5% of scorers). Sample selection
was consistent with conditions delineated by previous
studies (Preacher et al. 2005), such as recruitment of only
one gender (females), as studies have shown significant
gender differences for the IAPS emotion task (Blair
2002, Velderman et al. 2006). Our resulting sample
consisted of 14 right-handed females, ages 18-25 (M age
=19.00 years, SD = 1.84), with an ethnic composition of
50% Caucasian, 40% Asian and 11% reporting “other”.
Of these 14, 7 were in the top SPS quartile and 7 in the
bottom quartile. All participants met criteria for fMRI
contraindications (e.g., no severe alcohol or drug use,
claustrophobia, etc.).

Questionnaires

Participants completed a battery of questionnaires
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including the 27-item HSP Scale (M =4.26, SD = 0.99),
Cronbach’s alpha = 0.87 (as in previous studies Aron
et al. 2005, Benham 2006); and a measure of quality of
childhood parenting (QCP), calculated as a weighted sum
(computed from the larger sample initially surveyed) of
7 inter-correlated scales. The weights were based on
contributions to the first principal component, positively
or negatively assigned to represent high-quality
parenting: (a-d) the care and overprotection subscales
of the Parental Bonding Inventory (Parker et al. 1979),
completed for both mother and father (Cronbach’s alphas:
care, 0.94 and 0.92 for mother and father, respectively;
overprotection, 0.88 and 0.90, respectively; weights:
-.307, -265, .286, 301); (¢ and f) the abuse subscale of
the Measure of Parenting Style (Parker et al. 1997): for
mother, (Cronbach’s alpha =0.86; weight: 0.12); and for
father (Cronbach’s alpha = 0.87, weight: 0.09); and (g)
an eight-item scale (e.g., “Would you characterize your
childhood as troubled?”’) used in previous SPS studies
(e.g. Aron EN et al. 2005; Cronbach’s alpha = 0.74,
weight = 0.22). In addition a measure of neuroticism (M
= 3.96; SD = 1.58) was included, with two items “Are
you prone to depression?” and “Are you prone to fears?”’
(Cronbach’s alpha = 0.51). As in previous studies, SPS
and neuroticism were highly correlated (r = 0.66, p =
0.01) thus we followed standard procedures (e.g. Aron A
et al. 2005), and controlled for neuroticism for the basic
correlations of SPS with brain responsivity (results are
shown in tables 1 and 2). For the SPS X QCP interaction
we did not control for neuroticism as the parenting
interaction also predicts neuroticism.

Experimental Procedure

Stimuli and MRI protocol. Stimuli consisted of
pictures from the IAPS, which were specifically selected
for wide use and have been shown to correspond with the
elicitation of emotions in normative and clinical samples
(Bradley et al. 2007). The fMRI protocol (modified from
Canli et al. 2001 and Ribeiro et al. 2007) consisted of an
8-minute session where participants viewed 6 alternating
blocks of four pictures, each of the same valence
(positive, negative, or neutral); and with 3 practice-trials
at the beginning of the entire sequence. Each picture was
presented for 6,000 ms, with an interstimulus interval (a
fixation cross) of 1,125 ms. The initial block (after the
practice trials) consisted of neutral pictures. The order of
subsequent blocks was alternated across participants.

Post-scan anxiety ratings. Post-scan, participants
were asked to indicate their level of anxiety while in the
scanner on a Likert scale from 1 to 7, with 1 representing
“not at all” and 7 representing “extremely.” The mean
anxiety rating was 2.62.

Data Acquisition and Analysis

To collect brain imaging data, we used a 3.0 T
MAGNETOM TrioTim magnetic resonance imaging
scanner at the SCAN Center of Stony Brook University.
A T2-weighted gradient-echo echo-planar sequence
(repetition time 2,000 ms, echo time 30 ms, 80° flip
angle, field of view 240 X 240 mm, 64 X 64 matrix) was
used to acquire functional scans. The pictures consisted
of 30 contiguous axial slices, with no gap between slices,
voxel size was 3.8 X 3.8 X 4.0 mm. Anatomical scans
were also acquired (axial T1-weighted scans; repetition
time 300 ms, echo time ms, 256 X 256 matrix, 80° flip
angle, 240 mm X 240 mm field of view, slice thickness
4 mm) in the same session. Voxel size for the anatomical
scans was 0.9 X 0.9 X 4 mm.
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Stimuli were shown using E-Prime software (Version
2.0, Psychology Software Tools, Pittsburgh, PA) and
were projected on a screen placed directly outside the
MRI tube, and viewed via an angled mirror mounted on
the RF coil of the scanner.

Data were analyzed using SPMS5 (http:/www.fil.
ion.ucl.ac.uk/spm). For preprocessing, functional EPI
volumes were realigned to the first volume, smoothed
with a Gaussian kernel of 6mm, and then normalized
to the Tl.nii image template. No participant showed
movement greater than 3 mm (whole-voxel). After
preprocessing, contrasts were created (e.g., positive vs.
neutral) followed by regression analyses examining
the associations between each contrast (positive vs.
neutral and negative vs. neutral). For SPS controlling
for Neuroticism, first we calculated SPS residual scores
controlling for the interaction of SPS with Neuroticism.
The residuals were used to carry out a mixed-effects
general linear model, with participants as the random-
effects factor and conditions as the fixed effect. For
the SPS x QCP interaction, regression analyses were
conducted estimating group brain activity in association
with SPS and QCP scores which produced an interaction
term controlling for the independent contribution of each
of the variables.

We conducted exploratory, whole-brain analyses
using a threshold of p <.001 (uncorrected) and a spatial
extent of > 15 contiguous voxels. We also examined,
a priori regions of interest (ROIs) applying a standard
false discovery rate (FDR) with a threshold of p <

.05 (Genovese et al. 2002) to correct for multiple
comparisons. ROIs were derived from previous fMRI
studies of SPS (Aron et al. 2010, Jagiellowicz etal. 2011),
a meta-analysis on human brain responses to emotional
stimuli (Morelli et al. 2015), and close inspection of the
amygdala (Costafreda et al. 2008, Phan et al. 2004). All
ROIs occupied a 3-mm radius (minimum) and anatomic
regions were confirmed with the Atlas of the Human
Brain (Mai et al. 2008).

Results

SPS (controlling for Neuroticism) Correlations
with Human Brain Activity

Positive versus Neutral Contrast. As shown
in table 1, significant regional brain correlations
were shown for SPS (controlling for Neuroticism) in
response to positive (vs. neutral) [APS images in the
ventral tegmental area (VTA)/ substantia nigra (SN),
caudate, hippocampus, periaqueductal gray (PAG),
anterior cingulate (AC), insula, fusiform gyrus (FG),
temporoparietal junction (TPJ), precuneus, temporal
gyrus, and medial PFC.

Negative versus Neutral Contrast. As shown
in table 2, significant regional brain correlations
were shown for SPS (controlling for Neuroticism) in
response to negative versus neutral [APS images in the
amygdala, hippocampus/entorhinal area, hypothalamus,

Table 1. Correlations of Adult Sensory Processing Sensitivity (controlling for Neuroticism) with Neural Response

to Positive versus Neutral Images

Brain Region Left Right

X y Z T p k X y z T p k
ROI Activations
VTA/SN 8§ -16 -16 191 0.04 3
Caudal cingulate 220 -8 36 2.55 0.012 8 12 -20 28 3.11 0.004* 15
Caudate tail 28 -60 12 2.87 0.022 9
Hippocampus/ -36 -8 -28 3.64 0.002* 22 36 -8 -28 3.62 0,002 22
Entorhinal area )
Hypothalamus -4 -8 -8 225  0.02%c 3
Periacqueductal gray -4 36 -32 2.05 0.03? 9 4 36 -32 186 0.044 9
Anterior cingulate, 8 32 4 321 004 3
subcallosal ’
Insula -40 12 12 277 0.012 5
Fusiform gyrus 36 -32 -16 2.65 0.01° 9
Tempoparietal junction 47 -66 24 261 0.01* 24
Precuneus/parietal area  -16 -48 52 2.46 0.03% 21 7 -49 56 3.13 0.01 16
Superior/middle 68 -44 4 370 0.002:b¢ 6
temporal gyrus ’
Inferior temporal gyrus -52 -4 -24 3.04 0.01* 16
Medial PFC 21 40 -8 237 0.02* 8
Whole-brain Deactivations
Dorsomedial PFC 12 40 28 4.04 <.001 88
Inferior parietal lobule 40 -76 44 420 <.001« 22
Inferior parietal cortex 52 36 56 415 <.001* 262
Anterior cingulate cortex -12 48 -4 386 <.001 79

Note. Results are for regions showing significant brain response in association with the Highly Sensitive Person (HSP) Scale
scores moderated by Positive Childhood scale scores. MNI coordinates (X,y,z) are at the maximum value for the cluster,
which may be elongated in any direction. Legend: ¢ overlapping area for Positive Conditions; ® overlapping with the Negative
condition (controlling for Neuroticism); and ‘overlapping with Negative condition x Childhood.
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AC, posterior cingulate (PC), precuneus/parietal area,
TPJ, temporal gyrus, FG, frontal gyri, ventromedial
PFC, SII, and premotor cortex (PMC).

SPS x Quality of Childhood Parenting (QCP)

Activations in the Human Brain

Positive versus Neutral Contrast. As shown
in table 3, the interaction of SPS x QCP in response
to positive (vs. neutral) IAPS images resulted in
significant neural activity in the bilateral VTA/
SN, caudal cingulate, hippocampus/entorhinal area,
hypothalamus, PAG, and medial PFC; right AC, FG,
TPJ, and superior/middle temporal gyrus (STG, MTG);
and the left caudate tail/PC, insula, inferior frontal
gyrus (IFG), insula, precuneus/parietal area, inferior
temporal gyrus (ITG), and PFC. The pattern of the SPS
x QCP interaction for positive (vs. neutral) images was
such that the combination of greater HSP and QCP
scores resulted in stronger brain activation for most of
the regions, compared to lower HSP and QCP (figure
1). In other words, subjects with low SPS did not show
large differences in the strength of neural signals as a
function of QCP.

Many of the results shown for the SPS x QCP
interaction (positive versus neutral condition) were
also shown for the SPS correlation as denoted by

superscripts “a”. However, it’s interesting to note

that for positive (vs. neutral) pictures, the SPS x QCP
interaction showed significant neural activations that
were not shown for the SPS correlation in the left VTA,
IFG, dorsomedial and ventromedial PFC; and the right
hypothalamus. These areas are well-known for their
role in reward, self-other processing, cognitive control,
and physiological homeostasis.

Negative versus Neutral Contrast. As shown in
table 4, the interaction of SPS x QCP in response to
negative (vs. neutral) images resulted in significant
activation of the bilateral amygdala, hippocampus,
precuneus/parietal area, temporal pole, middle
frontal gyrus (MFG), ventromedial PFC, secondary
somatosensory cortex (SII), and the supplementary
motor areca (SMA); the left hypothalamus, PC, TPJ,
dorsomedial PFC, sensorimotor cortex; and the right
STG, MTG, ITG, occipital/FG, precentral gyrus, and
frontal pole.

In general, the pattern of results for the SPS x
QCP interaction in response to negative images was
similar to those seen for the SPS correlation (denoted
by superscript “a” in tables 2 and 4). However, a few
important differences emerged. In response to negative
stimuli, SPS showed significant deactivation in the VTA,
SN, caudate (figure 3), and IFG (indicating less reward
and self/other processing). This pattern did not emerge
for the SPS x QCP interaction. In contrast, the SPS x
QCP interaction for negative (versus neural) images
showed significant brain activations in the dorsomedial

Table 3. Correlations of Adult Sensory Processing Sensitivity and Childhood Environment with Neural Response

to Positive versus Neutral Images

Left Right
Brain Region X y zZ T p k X y z T p k
VTA/SN -4 -8 -16 2.6 0.01 15 8 -16 -16 2.10 0.032 43
Caudate tail/posterior 28 64 12 331 0.005 95
cingulate
Caudate cingulate 20 -8 36 3.24 0.01° 20 16 -20 28 320  0.02° 35
. 45
Hippocampus/ 36 -8 28 193 0.04% 36 -8 28 438 001 23
entorhinal area
Hypothalamus -4 -8 -12  3.09 0.01°> 15 4 -8 -12 2.68 0.02 15
Periacqueductal gray -4 36 -32 2.79 0.01° 11 4 -36 -32 2.50 0.02* 11
Anterior cingulate, 8 30 4 263 0.01° 4
subcallosal
Insula 40 12 12 3.77 <.001° 21
Inferior frontal gyrus -44 24 4 3.29 0.01 24
Fusiform gyrus 36 -24 -12 231 0.02° 45
Tempoparietal junction 48 -68 28 2.84 0.01° 114
Precuneus/parietal area -12 -60 52 3.23 0.01 84
Superior/middle 68 -48 4 1.90 0.01™ 19
temporal gyrus
Inferiortemporal 55 4 29 185 001 16
gyrus
Medial PFC 20 32 -12  3.04 0.01 16 24 40 -8 3.12 0.01°® 6
PFC 40 44 32 3.53 0.003 37
Deactivations
Inferior parietal area 40 -72 48 477 <.001* 37

Note. Results are for regions showing significant brain response in association with the Highly Sensitive Person (HSP)
Scale scores moderated by Positive Childhood scale scores. MNI coordinates (X,y,z) are at the maximum value for the
cluster, which may be elongated in any direction. Legend: ¢ overlapping area for Positive conditions; ® overlapping with the
Negative condition (controlling for Neuroticism); and © overlapping with Negative x Childhood.
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Figure 1. Sensory processing sensitivity (SPS) and subjective quality of childhood parenting (QCP) interaction
is associated with adults’ brain responsivity to positive (vs. neutral) images in the: A) ventral tegmental area
(VTA)/substantia nigra (SN) and hypothalamus; C) the caudate tail and insula; and E) the hippocampus/
entorhinal area. Plots show that subjective positive childhood moderates the response intensity in the
B) R. VTA/SN, and D) the L. caudate tail, and F) the R. hippocampus/entorhinal area
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Table 2. Correlations of Adult Sensory Processing Sensitivity (controlling for Neuroticism) with Neural Response

to Negative versus Neutral Images

Left Right
Brain Region X y z T p k X y Z T p k
ROI Activations
Amygdala -20 -12 -24 241 0.02¢ 4
Hippocampus/ 36 -8 -28 3.64 0.002 22 36 -8 28 3.62 0002 22
entorhinal area
Hypothalamus 0 -4 -8 3.02 0.01 5
Anterior cingulate 0 44 20 2.58 0.01 19
Posterior cingulate/ 3 56 28 180 0.05° 202
precuneus
Precuneus/parietal area -12 -68 28 2.77 0.01° 292 16  -56 36 453  0.004* 292
Tempoparietal junction -40 -52 24 2.86 0.01° 36 36 -60 32 216  0.001 36
Middle/inferior 52 24 -16 400 <.001 203 52 -32 -16 424 =001 ¢
temporal gyrus abe
MTG/temporal pole  -52 -4 -12 4.04 <.001°" 203
Fusiform gyrus -36 -32 -16 4.56 <.001° 203 36 -32  -16 229 0.02* 31
Ziﬁfs“"r/m‘ddle fontal " )g 52 12 417 <.001* 53 24 52 4 245 00l 87
Middle frontal gyrus 32 24 56 281 0.01° 50
Ventromedial PFC 0 56 -4 267 0.01* 13
S1I -40 -24 16 2.23 0.05° 3
Premotor cortex 8 -28 56 4.19 <.001* 52
Deactivations
VTA 4 -12 -8 2.00 0.03 3
SN 12 -8 -12 248 0.01 6
Caudate, head 20 24 0 2.13 0.03 4
Inferior frontal gyrus -30 28 -12 1.88 0.04 9
Posterior orbital/ 98 43 -12 233 0.02 6

frontomarginal gyrus

Note. Results are for regions showing brain responses associated with the Highly Sensitive Person (HSP) Scale scores
controlling for Neuroticism. MNI coordinates (x,y,z) are at the maximum value for the cluster, which may be elongated in
any direction. Legend: ¢ overlapping area for Negative conditions; ® overlapping with the Positive condition (controlling for
Neuroticism); and ¢ overlapping with Positive condition (x Childhood)

PFC, occipital/FG, precentral gyrus, frontal pole, and
sensorimotor cortex — areas involved in cognitive
emotion processing, visual processing, decision-making
and self-regulation (Buhle et al. 2014, Sabatinelli et al.
2011); while these areas were not shown for the SPS
correlation. These results highlight the role that QCP
may play for SPS in adaptive response to negative
stimuli — namely through enhanced cognitive and self-
regulatory processing without diminished reward.

Commonalities for All SPS Conditions

Across all SPS conditions (that is, in response to
both positive and negative images, when controlling for
Neuroticism, and for the SPS x QCP interaction), SPS
showed significant positive correlations with activation
in the hippocampus, entorhinal area, hypothalamus, and
temporal gyri; and deactivation of the inferior parietal
area.

364

Discussion

This was the first neuroimaging study to investigate
the neural correlates of SPS in response to standard
emotional images from the IAPS, with the addition of
examination of the effects of self-reported quality of
childhood parenting (QCP). Our results, along with
those from previous empirical studies, suggest that in
response to both positive and negative visual stimuli,
SPS evokes brain activation in regions that mediate: (a)
memory, attention, awareness, and reflective thinking
in response to both positive and negative emotional
stimuli; and (b) reward processing (VTA, SN, caudate),
self-other integration (insula and IFG), calm (PAG),
and satiation (subcallosal AC) to positive stimuli only.

This pattern of results was also shown for the SPS
x QCP interaction. However, the interaction resulted
in overall stronger brain activation of regions that
mediate emotions, memory, physiological homeostasis,
attention and cognitive processes — specifically in the

Clinical Neuropsychiatry (2017) 14, 6
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Table 4. Correlations of Adult Sensory Processing Sensitivity and Childhood Environment with Neural Response
to Negative versus Neutral Images

Left Right
Brain Region X y Z T p k X |y Z T p k
ROI Activations
Amygdala/ 28 -8 28 219 0.0 32020 0 -24 309 001 32
hippocampus
Hippocampus/ 20 12 220 401 0002 32 32 -4 24 255 0.02% 32
entorhinal
Hypothalamus 0 -4 -8 491 .001°" 10
Posterior cingulate 24 -64 12 491 <.001 23
Precuneus/parietal area -12 -72 36 2.14 0.03* 15 16 -60 44 4.64 <.001* 154
Tempoparietal junction -56 -64 24 333 0.001° 22
Superior/middle/
inferior temporal 40 16 -28 7.14 0.001* 253 52 -32 -8 6.67 0.001* 151
gyrus
Occipital/fusfiform 40 56 -12 208 001¢ 5
gyrus
Pre-central gyrus 44 0 44 322 0.001 21
Middle frontal gyrus 28 52 32 434 <.001°® 11 24 44 48 428 <.001 40
Frontal pole 32 60 -8 403 <.001 89
Ventromedial PFC -12 56 -8 252 0.02° 7 12 56 -8 351 002 89
Dorsomedial PFC -8 48 40 2.75 0.01 4
Sensorimotor cortex -16 32 56 219 0.03 19
SII -44 24 28 190 0.04° 17 44 24 28 1.85 0.02 16
SMA -4 -16 72 229 <.001 5 4 -9 68 201 0.01*
Deactivations
Inferior parietal area 52 -40 60 420 <.001¢ 19

Note. Results are for regions showing brain responses associated with the Highly Sensitive Person (HSP) Scale scores
moderated by Positive Childhood. MNI coordinates (X,y,z) are at the maximum value for the cluster, which may be elongated
in any direction. Legend: “ overlapping area for Negative conditions; ® overlapping with the Positive condition (controlling
for Neuroticism); and © overlapping with Positive x Childhood.

TPJ, precuneus/parietal lobe, and PFC — areas that
are involved in reflective thinking, present-moment
awareness, and self-regulation in response to both
positive and negative stimuli. For positive images
only, the SPS x QCP interaction conferred increases
activation in brain regions for reward and self-other
processing (i.e., VTA, caudate, IFG, and FG) with
better QCP. In response to negative (versus neutral)
images, the interaction of SPS x QCP showed unique
significant activations in ventromedial and dorsal parts
of the PFC, but without the diminishment of reward
signals (VTA, SN, caudate; table 2), that was seen for
the SPS correlation for negative stimuli without the
interaction with QCP (figures 2 and 3).

These results provide support for differential
susceptibility models, in particular the positive effects
of good environments, which propose that some
individuals are highly sensitive to the effects of their
environment (Belsky et al. 2009). These findings
also elucidate the neural mechanisms by which SPS
and environmental conditions (such as the quality of
childhood parenting) affect long-term outcomes —
namely via circuits that mediate mood (reward), higher-
order cognitive processing, self-regulation, reflective-
thinking, self/other elaboration and awareness.
Promisingly, these circuits are the main targets for
mindfulness, yoga and meditative practices (for review
see Acevedo etal. 2016, Tang etal. 2015), thus providing

Clinical Neuropsychiatry (2017) 14, 6

at least one approach that may over-ride the effects
of negative experiences and stress. Other techniques
include behavioral interventions as shown by at least
one study with pre adolescent females (Pluess et al.
2015), in which only the third of girls highest in SPS
benefited one year later from the procedures designed
to reduce adolescent depression.

Sensory Processing Sensitivity, Emotions,
Memory and Homoeostasis

Across every condition examined in the present
study, SPS, as well as the interaction of high SPS
with QCP, was associated with significant neural
response in regions associated with emotional memory
(hippocampus/entorhinal area), and physiological
homeostasis and energy balance (hypothalamus).
These findings are in line with previous fMRI studies
of SPS examining response to emotionally evocative
social stimuli (Acevedo et al. 2014) and behavioral and
self-reports of SPS suggesting its cardinal features of
depth of processing, attention to detail, and awareness
of subtleties in the environment and other people’s
moods (Aron et al. 1997). Such processing would also
require greater emotional memory, through activation
of the hippocampus, in order to compare the meaning of
present details with those observed in the past.
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Hippocampal activation as a function of SPS is
especially interesting because it plays a role in memory,
associative learning (Nees et al. 2014), and is closely
situated near the entorhinal cortex (EC), a region which
plays a key role in cognitive processing of salient
emotional information (Etkin 2010). The EC is the
gateway between the hippocampus and the neocortex
(Curtis etal. 2004) and has been associated with memory
(Eichenbaum 2008) and spatial navigation (Hafting et
al. 2005). Research has shown that patients with EC
lesions experience greater spontaneous confabulations
and greater defective memory retrieval (Schnider et al.
1999). Also, the EC is affected early in Alzheimer’s
disease (AD) and mild cognitive impairment (Khan et
al. 2014, Markesbery 2010).

The hypothalamus is also notable in the context
of SPS processing as it is the center of autonomic
and physiological response regulation; with its
neurons playing essential roles in controlling stress,
metabolism, growth, reproduction, sexual behaviors,
immune response, as well as more traditional autonomic
functions such as gastrointestinal functioning,
breathing, and sleep (Carter 2014, Frodl et al. 2013). As
part of its stress-control function, it releases cortisol to
enhance emotional memory consolidation (Wingenfeld
et al. 2014, Wolf 2009). The hypothalamus also
shows increased connectivity with the hippocampus,
thalamus, amygdala, and the striatum in response to
joyful music (Koelsch 2014, Koelsch et al. 2014), as
well as other emotionally evocative stimuli. These
results support behavioral evidence that emotional
arousal, in conjunction with memory, may facilitate
deep processing of relevant incoming information,
again, the cardinal features of SPS (Aron et al. 1997).
Moreover, we see indications of how high-SPS is
expressed neurally to emotional stimuli through areas
that mediate calm, which may facilitate memory, and
adaptive SPS responsivity to emotional stimuli.

Additionally, interaction results showed that SPS
and QCP, together, evoked increased activation of
memory, emotion, physiological regulatory areas
(hippocampus, EC, and hypothalamus). Specifically,
the pattern of the interaction was such that high SPS
with high QCP showed the strongest activations in
the hippocampus, EC and hypothalamus in response
to both positive (figures 1A, E, and F) and negative
(figures 2A and B) stimuli. These results substantiate
behavioral evidence that positive environments (such
as high QCP) may enhance the positive effects of SPS
through greater memory, emotion, and physiological
homeostasis.

Depth of Processing and Sensory Sensitivity

The present fMRI study of SPS also showed
activation across all conditions in areas of the default
mode network (DMN) — including the precuneus,
parietal, TPJ, and temporal regions — which are involved
in self/other elaboration, semantic representations, and
perceptual and present-moment awareness (Andrews-
Hanna et al. 2014, Schilbach et al. 2012, Spreng et
al. 2009, Utevsky et al. 2014). It’s interesting to note
that previous fMRI studies showed activation of the
DMN when using non-emotional stimuli — such as a
change detection task using landscape photos and
when making judgments about line lengths (Aron et al.
2010, Jagiellowicz et al. 2011) — as well as in response
to emotionally evocative face images (Acevedo et
al. 2014). The TPJ is an area where the temporal and
parietal lobes meet, and thus, it is well-situated to

366

integrate information from the limbic, visual, auditory,
and somatosensory systems (van Overwalle et al.
2009). Several meta-analyses have suggested that the
TPJ plays a major role in attention, inferring others’
intentions, making self/other distinctions, and detecting
and reorienting attention to unexpected changes
(Decety et al. 2007, Krall et al. 2015, Saxe et al. 2006,
van Overwalle et al. 2009). In sum, it can be thought of
as processing information from multisensory systems
to “make sense” of the present moment and relevant
stimuli.

Results from the present study of SPS x QCPresponse
to emotional images also showed large activation
clusters in temporal areas, which are associated with
language, semantic memory processing, and visual
perception (Cabeza et al. 2000, Jagiellowicz et al.
2011, Olson et al. 2013, Tek et al. 2002). In addition,
the temporal, parietal, and TPJ regions are consistently
found in a wide range of meditation studies of the
human, including those with active-based meditation
(that involve postures, breath-work, chanting) and
mindful practices where the focus is on present-moment
awareness (Acevedo et al. 2016, Brewer et al. 2011,
Holzel et al. 2011, Yang et al. 2016).

Positive Environments and SPS: Reward,
Calm, and Self-Control

The effects of positive environments and positive
stimuli have been largely understudied in research
on SPS, differential susceptibility and biological
sensitivity to context. However, the present study
examined the effects of perceived positive childhood
environments on brain response to positive stimuli in
association with SPS. Our findings showed greater
reward response (namely in the VTA, SN, and caudate)
as a function of SPS, and also with its interaction
with QCP such that more postive childhoods showed
stronger reward activation to positive images. These
results are particularly striking because both the VTA
and SN are major dopamine sites involved in reward
and motivation (Ikemoto 2007), and that serve basic
motivational drives for survival of the species such
as feeding and mating, and that may also be used for
pleasure such as addictive substances Robinson et
al. 2016). Also, the caudate processes object-reward
associations and mediates reward-related actions
(White et al. 2016). These results add to the conjecture
that SPS is one of several diverse strategies that may
help to promote survival of the species by deeper
processing of environmental stimuli, to learn and
memorize associations, so that decisions and behaviors
may be enacted readily upon subsequent presentations.
Certainly in the case of positive stimuli this may be
observed as greater approach behaviors and there is at
least some evidence in the present study and a previous
fMRI study of such markers in numerous motor and
premotor areas (Acevedo et al. 2014). Moreover,
a behavioral study showed that high (versus low)
SPS individuals rated positive and negative pictures,
considered together, more quickly (Jagiellowicz et al.
2016).

Additional results for positive conditions only were
shown in the PAG, an area that is well-known for its
role in pain-control and the regulation of anxiety (Bittar
et al. 2005). It is also a major site of opioid release in
the brain (Sims-Williams et al. 2016) and facilitates
fear-conditioning/extinction to stimuli (McNally et al.
2004). Also, activation of the PAG for the interaction
of SPS x QCP, was greater with increasing QCP. Again,
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Figure 2. SPS X QCP interaction is associated with adults’ brain responsivity to negative (vs. neutral) images
in the: A) amygdala and hippocampus and C) the medial PFC. Plots show that subjective positive childhood

moderates the response intensity in the B) R. amygdala and D) the L. medial PFC
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these results suggest some of the vehicles by which
differential susceptibility exerts its effects on behavior
in positive contexts.

Other results unique to the positive condition
appeared in the insula, known for its role in self-other
processing, awareness, theory of mind, and emotional

Clinical Neuropsychiatry (2017) 14, 6

mPFC response intensity

-0.05

-0.1

-0.15

NegPar PosPar

@===LoHSP HiHSP

40)
o
w

at (0, 50,
o
i

NegPar PosPar

“===LoHSP HiHSP

awareness elicited both from internal (e.g., visceral
sensations) and external/environmental inputs (Fan et
al. 2011, Kandylaki et al. 2015, Kanwisher et al. 2000,
Macefield et al. 2016, Simmons et al. 2013). In fact,
the insula showed significant activation as a function of
increasing QCP (figure1C), and it replicated activations
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shown in a previous studies of response to emotional
faces (Acevedo et al. 2014, Kanwisher et al. 2000).
The present results highlight the strong effects
of positive stimuli and environments (QCP) for
individuals with high SPS and suggest that they may
be particularly susceptible to the reward, calm, arousal,
and sensory pleasures that may be evoked by positive
stimuli in key areas of the brain including the VTA/SN,
hypothalamus, and the insula (figure 1).

SPS Response to Negative Stimuli: Threat,
Diminished Reward, and the Buffering Role of
Positive Environments

One of our main targets of examination was the
amygdala, as it is a major site of emotion processing,
especially to aversive stimuli (Canli et al. 2000,
Ochsner et al. 2004, Ochsner et al. 2009, Phan et al.
2004). It failed to show significant activation in a
prior fMRI study of SPS examining response to sad
faces (Acevedo et al. 2014). The present study showed
prominent activation of the amygdala in response to
aversive and threat-related stimuli such as pictures of
snakes and fires in association with SPS by itself, and
also for the SPS x QCP interaction. Our results are in-
line with models suggesting that the amygdala seems to
be especially sensitive to threat or fear-inducing stimuli
(Phelps et al. 2005), as well as models suggesting that
emotion may play a role for SPS.

Othernotableresults shown forthe negative condition
only, were seen in the secondary somatosensory cortex
(SII), which is involved in sensorimotor integration,
attention, learning and memory, self-perception of the
body, and afferent nociceptors (Chen et al. 2008, Lin et
al. 2002); as well as temporal areas, which are involved
in social and emotional processing, and the integration
of perceptual inputs from the environment to visceral,
auditory, olfactory and visual responses (Olson et
al. 2007). Although speculative, this may represent
readiness to act in response to threat or fear inducing
stimuli.

However, it’s interesting to note that for the SPS
x QCP interaction (compared with the simple SPS
correlation), brain signals were stronger in the dorsal
and ventral parts of the medial PFC — areas involved
in cognitive self-regulation and executive control
that are classically known for their role in cognitive
processing, memory, and decision-making to support
learning adaptive emotional responses (Euston et al.
2012). Research on addiction and mood disorders has
established the mPFC’s role in self-control (Goldstein
et al. 2011). The dorsal area is thought to play a more
prominent role in understanding others’ intentions
and reflective thinking (Gallagher et al. 2003, Waytz
et al. 2012) while the ventral region is more involved
in emotion-demanding tasks (Gusnard et al. 2001,
Silvers et al. 2016). Anatomically, the vmPFC is
well-positioned to receive sensory inputs from the
environment through its connections with limbic
structures, including the amygdala and hypothalamus
(e.g., Haber et al. 1995), and thus it seems to play a role
in integrating emotional signals into decision-making
processes via connections with other processing in
other limbic structures (LeDoux 2000). Also, according
to a meta-analysis of 48 emotion studies the vmPFC
appears to play a major role in cognitive reappraisal of
emotion and fear extinction (Buhle et al. 2014).

It is interesting to note that adults with high SPS
and high QCP showed enhanced amygdala activity in
response to negative stimuli, in addition to stronger
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response in brain areas associated with emotion
regulation. This arousal to potentially frightening or
threatening stimuli, and coupled with increased medial
PFC activation, it indicates a normal range of emotion
response (Kim et al. 2011). The results are consistent
with theories highlighting connectivity between limbic/
emotion centers and self-control areas for adaptive
inhibition of negative emotion (Lee et al. 2012). That is,
if we could hope that high quality parenting is simply
“good-enough” parenting, or normal parenting, these
results would suggest that “normal” behavior for those
high in SPS is to regulate emotions effectively and
calmly.

Other novel evidence of the mechanisms by
which high-quality childhood may promote more
adaptive responsivity to negative stimuli for high SPS
individuals also emerged. Individuals with high SPS
and high quality childhoods did not show reduced
activation of reward areas to negative stimuli (as they
did with the correlation of SPS directly controlling for
SPS). Instead they showed robust activation of regions
implicated in cognitive and emotional self-regulation.
These results are consistent with vantage sensitivity
models suggesting that highly sensitive individuals
with positive childhood environments show greater
resiliency to adverse events (Pluess etal. 2013). They are
also consistent with Rothbart’s model which highlights
reactivity and self-regulation to account for individual
differences in temperament across the lifespan (Rothbart
et al. 1981) that may ultimately impact well-being. For
example, greater impulse control to positive stimuli
(or among individuals with high reward sensitivity),
is associated with a lower risk-taking, addiction,
and lower likelihood of divorce (Jocklin et al. 1996,
Stephens et al. 2010). Here we expand on these models
by describing some potential neural mechanisms that
may be underlying these behavioral effects.

These results are promising for highly sensitive
individuals, as they suggest that high quality childhood
environment is key in promoting adaptive functioning.
Hence parenting interventions for parents of children
with high SPS may be a key for future intervention.
As adults, sensitive individuals’ apparently built-in
capacity for self-regulation may help those who have
had low quality childhoods to have better control over
their responses to incoming stimuli, so that strategies
focusing on enhancement of self-regulatory abilities
may also prove helpful for high SPS individuals. For
example, yoga and meditation have been shown to
impact areas involved in self-regulation and have
also shown enhancements in cognitive functioning in
both normative and clinical samples (Acevedo et al.
2016). Active-based meditations that involve chanting,
body and hand postures, and visualizations have
been shown to specifically target areas of the brain
associated with self-regulation and the integration of
emotional, internal and external stimuli to produce
movement. Also the restfulness-focused transcendental
meditation (Yamamoto et al. 2006) might be helpful,
than mindfulness based meditations, which focus on
clearing the mind of thoughts. But all meditation types
show deactivation of the amygdala (Acevedo et al.
2016). Thus, any of these techniques may be useful
for the enhancement of self-control and diminished
emotional reactivity.

Another useful technique may be cognitive
reappraisal — an emotion regulation strategy that
involves changing ones’ interpretation of a negative
situation or object so that the emotional pattern
associated with it is altered, and one may experience
more adaptive emotional responses to incoming stimuli

Clinical Neuropsychiatry (2017) 14, 6
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Figure 3. SPS (controlling for Neuroticism) is associated with decreased reward response to negative (vs. neutral)
images in the: A) VTA and C) caudate, head. Plots show decreased reward response with greater SPS in the: B) R.

VTA and D) the R. caudate, head
A

VTA

Caudate head

(Boden et al. 2012, Gross 1998). A few meta-analyses
to date have shown that cognitive reappraisal exerts
its effects via brain regions associated with cognitive
control (the dmPFC, vmPFC, dIPFC, and vIPFC), self-
reflection (posterior parietal areas), and modulation of
emotion in the bilateral amygdala (Buhle et al. 2014,
Diekhof et al. 2011).

Finally, an intervention designed to develop
resilience and thereby prevent depression in adolescent
girls had a similar positive effect, but only on those
high in SPS (Pluess et al. 2015). Thus it may be most
important to continue to test whether highly sensitive
individuals seem to respond particularly well to positive
interventions in general.
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Limitations and Future Directions

This is now the fourth study investigating the neural
correlates of SPS that may provide a foundation for
determining the biological underpinnings of this trait.
Although our sample size was small and comprised
of women only, we implemented several techniques
to increase effect sizes including selecting the top and
bottom quartile HSP scorers and only women. The
power was sufficient to reveal significant a-priori and
meaningful unexpected findings. Nevertheless, it will
be important to confirm these results with a larger and
more diverse sample, including males, to examine
potential gender differences. Also considering that
measures of reported childhood environment were
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retrospective, it is possible that individuals who recall
their childhoods as more positive may have a general
tendency to see the “silver lining”. Thus, it may not
be that they had more positive childhoods, but that
their ability to respond positively arose in some other
way, still reflecting the overall pattern of enhanced
cortical activations associated with self-control and the
attenuation of diminished reward activity. However,
this would seem unlikely for high SPS individuals,
who appear to have deeply integrated information from
their childhoods and family life (even if challenging)
to create a coherent narrative. Longitudinal studies
measuring childhood environment with subsequent
brain responses will be useful to clarify this issue.

Conclusions

This study provides evidence of the neural
correlates underlying SPS that demonstrate the greater
emotional responsiveness associated with it, and
accounting for the effects of the recollected quality of
one’s childhood environment (QCP). Results showed
significant involvement of subcortical and cortical
circuits associated with emotion, memory, reflective
thinking, awareness and regulation of physiological
homeostasis supporting basic tenets of SPS suggesting
that it is mediated via emotion and depth of processing.
Results also support differential susceptibility models,
in that neural signals were generally amplified for those
with high QCP in these regions, as well as in major
reward circuits (the VTA, SN, and caudate) in response
to positive (but not negative) images. Further, in those
high in SPS, high QCP may promote adaptive responses
to emotional stimuli via higher order cortical systems
involved in awareness, reflective thinking, and self-
regulation (the TPJ, precunecus/parietal lobe, and PFC);
and specifically to negative stimuli via the attenuation
of diminished brain reward response.
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