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Sensory processing sensitivity (SPS) is a personality trait describing individuals who are more receptive to their
environmental context. SPS has implications across the lifespan, but few longitudinal predictors of the trait are
currently known. We examined potential predictors of adult SPS levels among 858 members of the Birth to
Twenty Plus cohort. Available data included birth weight, gestational age, socioeconomic status, prenatal
maternal stress (PMS), child behaviour scores, and genotypes for three loci (5-HTTLPR, DRD4, and MAOA).
Highly Sensitive Person scale scores at ages 28-29 were regressed on these variables. Early gestational age (p <

.01) and PMS (p = .05) were significantly associated with higher SPS. Our results tentatively support the hy-
pothesis that prenatal adversity is associated with heightened sensitivity.

1. Introduction

Sensory processing sensitivity is a personality trait comprised of four
key characteristics, including (i) deep cognitive processing of stimuli (in
the sense of Craik & Lockhart, 1972), (ii) sensitivity to subtle environ-
mental stimuli, (iii) strong emotional reactions, and (iv) a propensity to
become easily overaroused in stimulation-rich settings (Aron & Aron,
1997; Aron, 2019; Greven et al., 2019). Individuals demonstrating these
characteristics are referred to as highly sensitive persons (HSPs), esti-
mated to constitute 15-20% of the general population (Aron & Aron,
1997; Aron et al., 2012; Aron & Aron, 2013). Since its initial proposal in
1997, SPS has garnered appreciable cross-disciplinary empirical support
(Acevedo et al., 2018; Aron et al., 2012; Jagiellowicz et al., 2016), and is
regarded as one of three core theories of human sensitivity, alongside
differential susceptibility (Belsky & Pluess, 2009b; Belsky et al., 1991)
and biological sensitivity to context (Boyce et al., 1995; Boyce & Ellis,
2005) theories. These three theories together form the Environmental
Sensitivity metaframework (Pluess, 2015), which collates develop-
mental, psychological, physiological, and genetic evidence to demon-
strate the existence and importance of interindividual differences in the

processing of environmental stimulation.

SPS has been particularly useful in quantifying individual differences
in sensitivity because it can be assessed, among both adults and children,
using a validated self-report instrument (as well as parent-report and
observational instruments; Lionetti et al., 2019). The Highly Sensitive
Person (or Child) scale (Aron & Aron, 1997; Pluess et al., 2018) has been
reliably used across a variety of heterogeneous samples (May et al.,
2020; Sengiil-Inal & Siimer, 2017; Smith et al.,, 2019), helping to
meaningfully distinguish HSPs from less sensitive individuals. This
distinction has facilitated novel insights into how HS persons are highly
plastic in the face of environmental contingencies, for better and for
worse, thriving or deteriorating in direct proportion to the quality of
their surrounds (Aron et al., 2012; Ellis et al., 2011; Lionetti et al., 2018).
Current evidence suggests SPS moderates several critical outcomes for
individuals (e.g. depression, life satisfaction, child behaviour), across
multiple stages of the lifespan (Aron et al., 2010; Booth et al., 2015; de
Villiers et al., 2018; Lionetti et al., 2019; Yano et al., 2020; Wu et al.,
2021). Furthermore, some studies have noted that HSPs are particularly
amenable to positive intervention. For example, Pluess and Boniwell
(2015) found that highly sensitive school girls benefitted significantly
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from a depression prevention program, maintaining significantly lower
depression scores up to 12 months post-intervention, compared to less
sensitive girls who appeared not to have benefitted from the interven-
tion. Similarly, Nocentini et al. (2018) conducted a large randomised
control trial to examine the efficacy of an anti-bullying intervention
amongst Grade 4-6 students. Across the entire sample, the intervention
appeared to significantly lower bullying and victimisation. However,
when subdividing participants in the intervention condition by sensi-
tivity levels, the children high in SPS (especially boys) primarily
accounted for this finding. Low sensitivity children demonstrated no
significant reduction in bullying or victimisation. For both studies, it is
speculated that highly sensitive individuals were able to deeply process,
and thus better internalise, the content of the intervention, explaining
the more pronounced effects. Consequently, there has been a growing
research focus on identifying accurate strategies to earmark HSPs
(particularly strategies that do not rely on self-report instrumentation,
such as biological markers; Greven et al., 2019) so that they might be
offered tailored interventions to maximise their potential and mitigate
their vulnerability to harmful or excessive stimulation.

Preventive efforts are likely to yield greater success when adminis-
tered early in life, thus there is substantial value in elucidating longi-
tudinal predictors of sensitivity. Current speculation is that sensitivity
differences between individuals begin calibration from in utero; (Barker,
1998; Bateson et al., 2004; Boyce & Ellis, 2005; Pluess & Belsky, 2011),
that is, there is prenatal programming of postnatal plasticity (see Pluess
& Belsky, 2011). From the fetal stage, the body attempts to ‘forecast’
(Bateson et al., 2004) future environmental conditions so that it can plot
a developmental trajectory (in this case, calibrate a level of sensitivity)
that will be most beneficial for the long term fitness of the individual
(the fetal programming hypothesis, which is central to the Develop-
mental Origins of Health and Disease literature; Barker, 1998; Heindel &
Vandenberg, 2015; O’Donnell & Meaney, 2017). Consistently nurturant
or adverse experiences are assumed to promote higher levels of sensi-
tivity, whilst irregular conditions that shift unpredictably between
supportive and detrimental are thought to promote less sensitive in-
dividuals who are more capable of handling these vicissitudes (Belsky
et al.,, 1991; Pluess & Belsky, 2011). Notably, however, these calibra-
tions are only possible to the extent that they are supported by relevant
genetic mechanisms (Belsky et al., 2009; Pluess & Belsky, 2011). If these
suppositions are true, there might exist a reliable set of innate and
contextual cues, from conception and pregnancy, which can be lever-
aged to predict later sensitivity.

To date, few studies have directly examined sensitivity in longitu-
dinal cohorts, limiting knowledge of potential early life predictors of
sensitivity. Based on proxy variables and outcomes, early adversity ap-
pears to be the only suggested predictor of later high sensitivity. For
example, maternal prenatal distress has been robustly correlated to
childhood cortisol levels (Gutteling et al., 2005; Huizink et al., 2008;
O’Connor et al., 2005), negative affectivity (Huizink et al., 2002), and
difficult temperament (Pesonen et al., 2005). Similarly, low birth weight
(a marker of poor prenatal quality) predicts difficult infant temperament
(Pluess & Belsky, 2011). These outcomes are also considered as poten-
tially indicative of a low threshold nervous system, thereby indirectly
implying that prenatal distress (and whichever contextual factors induce
such distress) promotes a more sensitive disposition in children. How-
ever, no correlation between prenatal quality and later, directly
measured sensitivity (whether during childhood, adolescence, or
adulthood) has been investigated. Arguments have been advanced that
carriers of certain genetic variants are more predisposed to high sensi-
tivity (Belsky et al., 2009). Chief amongst these are the 5-HTTLPR short
(14 repeat allele; Conley et al., 2013; Homberg et al., 2016; Licht et al.,
2011; Licht et al., 2020), long alleles (7 repeats or longer) of the DRD4
exon III variable number tandem repeat (VNTR) and the low activity
variant of the MAOA upstream VNTR (Belsky et al., 2009). A hypothesis-
free genome-wide association study has identified six loci with sugges-
tive significance (p < 1x10~°) in conferring heightened sensitivity, and
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efforts have been made to construct and examine two different poly-
genic scores (Keers & Pluess, 2017; Keers et al., 2016; Pluess et al.,
2022). However, studies of genetic influences on sensitivity remain in
their infancy, and are restricted to European-ancestry individuals.

Motivated by the paucity of current knowledge, we attempted to
identify early predictors of SPS in the longitudinal Birth to Twenty Plus
cohort (Barbarin & Richter, 2001b; Richter et al., 2007). Specifically, we
measured SPS among adult participants (all aged 28-29 years old) and
regressed these measurements onto a composite of environmental and
genetic variables, pre-, neo- and post-natal, such as prenatal maternal
stress, birth weight, gestational age, socioeconomic status, parent-
reported ratings of internalising and externalising behaviour, and ge-
netic loci. As a primarily low SES cohort, we hypothesised that early
adversity (indexed through prenatal maternal stress, birth weight,
gestational age, and/or socioeconomic status) would emerge as a pre-
dictor of later sensitivity. We did not anticipate any main effect associ-
ations between sensitivity and genetic variation, given the complex
interplay between genes and the environment.

2. Material and methods
2.1. Study participants

Participants for this study were all members of the Birth To Twenty
Plus (Bt20+) cohort (n = 858 out of 3273 total members). Briefly, the
Bt20+ study has aimed to comprehensively investigate the develop-
mental trajectories of a group of South African youths from birth to 20
years of age and beyond (Richter et al., 2007). Following the collapse of
the Apartheid regime in South Africa, previously restricted city spaces
were rapidly populated, mainly through the establishment and expan-
sion of unplanned townships. Such was the speed of this urbanisation
process that researchers became interested in the potential effects on
health and development (both positive and negative) for the first gen-
eration of children raised within these townships. Although these chil-
dren would be in closer proximity to high quality healthcare and
educational facilities, they would be reared in densely populated areas
struggling through traditional urban stressors, a high disease burden,
and an unparalleled socio-cultural transition. Cohort members were
recruited by inviting participation from mothers who gave birth to
singleton babies in public hospitals and clinics in the Soweto-
Johannesburg metropolitan region, during a 7-week period from April
23 to June 8, 1990. Annual efforts were made to follow up the initial
cohort of neonates (n = 3273) and track variables pertinent to their
developmental stage, beginning with growth, nutrition and rearing
environment, but steadily shifting to behaviour, cognitive ability, psy-
chosocial adjustment, puberty, sexual experimentation, and drug use, as
cohort members matured. On balance, the cohort is characterised by
predominantly Black African members (78.5%), reared in dense family
households with low socioeconomic status. High levels of poverty,
nutritional deficiency, teenage pregnancy, sexually transmitted in-
fections, and violence exposure have been previously noted. Further
details on the cohort are available elsewhere (Barbarin & Richter,
2001b; Richter et al., 2004, 2007).

Importantly, given the various social, infrastructural and political
challenges in South Africa during the 1990s, and the high mobility of
cohort members, sample attrition limited the comprehensiveness and
completeness of data collection (Richter et al., 2007).

2.2. Procedure

The present study gathered together several predictor variables
collected during preschool years (0-7) of the Bt20+ study, in order to
assess their potential association to adult levels of SPS.

Historical data on member birth weight (n = 3267), gestational age
(n = 3171), maternal education (n = 2932), socioeconomic status (n =
3273), and behaviour ratings at age 7 (n = 1436) were available at the
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outset of the study. Prenatal maternal stress (PMS) data were also
available for 1586 mothers of cohort members. To supplement these
existing data, genotypes were determined at three loci (5-HTTLPR,
DRD4, and MAOA; n = 1219). As part of a larger battery of tests and
questionnaires assessing the lives and cognitive performance of Bt20+
cohort members at ages 28-29 (2018-2019), SPS was measured using
the Highly Sensitive Person Scale (n = 1402) during one-on-one in-
terviews at the Developmental Pathways to Health Research Unit at
Chris Hani Baragwanath Academic Hospital, starting from June 2018.
Interviewers briefly explained the instrument and its response scale and
then proceeded to read out each item individually, giving the inter-
viewee a chance to respond on the 7-point Likert scale. Interviewers
captured responses using electronic tablet devices and data were stored
in a confidential electronic database. The supplemental study proced-
ures were covered under ethical clearance from the University of Wit-
watersrand Human Research Ethics Committee (Medical; clearance
certificate number M160232).

2.3. Measures

2.3.1. The Highly Sensitive Person Scale

Sensory processing sensitivity was assessed using the Highly Sensi-
tive Person Scale (HSPS) - a 27-item instrument that taps both general
sensitivity to stimulation (e.g “Do you tend to be more sensitive to
pain?”, “Do you notice and enjoy delicate or fine scents, tastes, sounds,
works of art?”), as well as a propensity to become easily overwhelmed in
situations giving rise to substantial stress to the nervous system (e.g.
“Are you easily overwhelmed by strong sensory input?”, “Do you
become unpleasantly aroused when a lot is going on around you?”).
During its development, the instrument attained Cronbach’s alphas
ranging from 0.64 to 0.75 across six different, age-diverse samples
drawn from the US population (Aron & Aron, 1997). Subsequent
research has consistently attained alphas greater than 0.80, suggesting
the instrument has a high level of internal consistency reliability (Aron
& Aron, 2013). Regarding convergent validity, the HSPS correlated well
(r = 0.64) with Mehrabian’s measure of sensory screening (Mehrabian,
1977) and the Behavioural Inhibition System scale (Carver & White,
1994; Smolewska et al., 2006), which are the measures most closely
aligned to SPS (Aron & Aron, 1997). Lower correlations have been
observed with items measuring social introversion (e.g. Eysenck and
Eysenck’s EPI measure; extraversion items from the five-factor person-
ality model) and neuroticism, which suggests good discriminant val-
idity, given arguments that sensitivity is at least partially independent
from both these traits (Aron & Aron, 1997; Gerstenberg, 2012; Lionetti
et al., 2018).

2.3.2. The South African Child Assessment Schedule

The South African Child Assessment Schedule (SACAS) is a struc-
tured, caregiver-report questionnaire aimed at assessing developmental
milestones in the maturation and social demands of children aged 5-10
years (Barbarin & Richter, 2001a). Based on several previous measures,
the instrument was adapted to capture information on four key issues: 1)
the child’s overall adjustment to the demands of school; 2) the child’s
ability to communicate and express feelings and thoughts; 3) the child’s
relationship with peers; and 4) the child’s mental health and general
social competence.

Items were adapted from several previously validated scales,
including the Achenbach-Connors-Quay (Achenbach et al., 1991), the
Achenbach Child Behaviour Checklist (Achenbach & Ruffle, 2000), the
Problem Behaviour Index (Peterson & Zill, 1986), the Health Resources
Inventory (Gesten, 1976), and the National Center for Education Sta-
tistics” Kindergarten Teacher Survey on Student Readiness (National
Center for Education Statistics, 1993). Items drawn from these various
scales were supplemented with items that tapped the diagnostic criteria
for mental disorders based on the international statistical classification
of diseases and related health problems (ICD-10; for the latest version,
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see World Health Organisation, 2016). All items were then commented
on by a panel of South African mothers, who offered suggestions on
improved wording and additional items they felt were necessary to
capture problematic child behaviour. The final item set comprised 86
items, scored on a three-point scale, from 0 to 2 (selected items were
reverse scored; Barbarin & Richter, 2001a; Barbarin & Richter, 2001b).

Psychometrically, the SACAS has demonstrated acceptable levels of
reliability (o« = 0.6-0.8, depending on how the instrument is sub-scaled)
and sufficient validity (Barbarin & Richter, 1999, 2001a; Verkuijl et al.,
2014). Validity was supported through a principal components factor
analysis, along with high levels of convergence with other well validated
and widely administrated measures of child health (Barbarin & Richter,
2001a). Furthermore, scores were higher for a clinical sample in com-
parison to a non-clinical sample (Barbarin & Richter, 2001a; Verkuijl
et al., 2014).

Due to the wealth of items, the SACAS can be sub-scaled in a variety
of ways, but we focused on the internalising and externalising subscales,
which have good reliability estimates (a > 0.70). For both the inter-
nalising subscale (32 items, e.g. “Is (CHILD) sad or depressed?”, “Is
(CHILD) too fearful or anxious?”) and externalising subscale (34 items,
e.g. “Does (CHILD) start fights?”, “Does (CHILD) deliberately destroy
things that belong to others?”) higher scores indicate more problematic
behaviour (Barbarin & Richter, 2001a; Verkuijl et al., 2014). Caregivers
completed the SACAS when children were aged 5, 7 and 10 years of age.
The number of responses collected at each age were 625, 1826, and
1248 respectively. Due to the substantially larger number of responses,
we chose to use data from age 7.

2.3.3. Prenatal maternal stress

PMS was assessed using a 16-item instrument. The instrument
measures common stressors in four broad categories, including marital
stress (“During the last six months have you had a break-up with your
husband or partner?”), family stress (“During the last six months have
you given help to close family or friends in need?”), economic stress
(“During the last six months, have you or your close family ever had too
little money for basics, such as food, rent, clothes?”) and societal stress
(“During the last six months did you witness a violent crime?”). Items
were administered via interview with mothers, who provided yes/no
responses. All items were coded using 1 point for “yes” and 2 points for
“no”, except for a single item coded 1-4, representing different options
to the question “During the last six months have you or a member of your
close family been in real danger of being killed, in one of the following
ways?” where 1 = by criminals, 2 = by police, army or other officials, 3
= during political activities, and 4 = this has not happened at all. Scores
were tallied across all items (range: 16-34) with higher scores indicating
less stressful pregnancies. The instrument has previously attained
reasonable internal consistency reliability (¢ = 0.64; Ramchandani
et al., 2010).

2.3.4. Birth weight and gestational age

Birth weight and gestational age were obtained from official hospital
records. These data were missing for three (birth weight) and 12
(gestational age) individuals in our study sub-sample. The sample
included one extremely preterm individual (< 28 weeks), eleven very
preterm individuals (< 32 weeks) and 106 preterm individuals (< 37
weeks). Regarding birth weight, ten individuals were born very low
birth weight (< 1.5 kg, but not lower than 1 kg) and 92 were born low
birth weight (< 2.5 kg).

2.3.5. Maternal education

Maternal education was recorded on a six-point scale based on the
highest grade passed at school. A score of 1 reflected no formal
schooling, whilst a score of 6 indicated the mother had some level of
post-high school education. This simple metric was used solely as an
indicator of educational background with no implications, inferences, or
assumptions regarding levels of crystalised intelligence or cognitive



A.K. May et al.
ability.

2.3.6. Socioeconomic status

Over a two year data collection period from infant birth to two years
of age (1990-1992), mothers were asked to provide information on their
household amenities and appliances. Specifically, mothers indicated if
their household had electricity, a landline telephone, a fridge, a mi-
crowave, a washing machine, a television, a video recorder and/or a car
(Barbarin & Khomo, 1997; Feeley et al., 2013). These household dura-
bles were scored in a binary manner (present = 1; absent = 0) and tallied
together to create a metric for socioeconomic status (Filmer & Pritchett,
1999). Scores were z-standardised prior to further analyses. This initial
metric of socioeconomic status (SES) correlated well with subsequent
measures of SES during years 0-7 (which were unfortunately less
comprehensive due to cohort attrition).

2.4. DRD4, MAOA, and 5-HTTLPR genotyping

2.4.1. DNA extraction and quantification

Bt20+ cohort members were invited to provide blood samples for
DNA extraction in their early adolescence. DNA from these samples was
previously extracted using the salting out method (Miller et al., 1988).
Extracted DNA has since been stored in Tris-EDTA (TE) buffer at 4 °C. At
the outset of this study, DNA stock concentrations were quantified using
the Nanodrop Spectrophotometer ND-1000 (Thermo Fisher Scientific,
USA). A standardised 50 ng/uL aliquot for each sample was prepared
using TE buffer as the diluent.

2.4.2. PCR amplification

The 5-HTTLPR, MAOA, and the DRD4 exon III VNTR loci have high
GC content (Chang et al., 1996; Sabol et al., 1998) which can limit
traditional PCR amplification. To improve amplification, a slow-down
PCR procedure (Frey et al., 2008) was leveraged using Accuprime GC-
rich polymerase (Invitrogen, USA). PCR reaction mixtures contained 1
unit of Taq polymerase, primers (forward and reverse) at 0.2 uM, 1X
Accuprime GC-rich buffer A (containing thermostable AccuPrime pro-
teins, dNTPs and MgS0O4), 100 pg DNA template and double distilled
water up to a final reaction volume of 25 pL. Cycling conditions began
with an initial denaturation at 95 °C for 5:00 min, followed by 48 cycles
of denaturation (95 °C; 0:40), annealing (70 °C, decreasing by 0.4 °C per
cycle; 0:30) and extension (72 °C; 0:40). A further 15 cycles followed at
which the annealing temperature was kept stable at 53 °C, followed by a
final extension at 72 °C for 5:00 min. The ramp speeds for heating and
cooling were set at 2.5 °C/s and 1.5 °C/s respectively. All PCRs were
conducted on BioRad T100 thermocycler instruments (BioRad, USA).

Primer sequences for 5-HTTLPR (Heils et al., 1996), DRD4 (Lichter
etal., 1993), and MAOA (Sabol et al., 1998) amplification were obtained
from previously published sources. For 5-HTTLPR, the amplicon sizes
were 469 bp (14-repeat S allele) and 512 bp (16-repeat L allele). For
DRD4, amplicon sizes ranged from 379 bp (2-repeat allele) to 811 bp
(11-repeat allele) in 48 bp increments. Lastly, for MAOA, amplicon sizes
ranged from 290 bp (2-repeat allele) to 380 bp (5-repeat allele) in 30 bp
increments.

2.4.3. Electrophoresis and genotype calling

All amplicons were resolved via gel electrophoresis on a 2% agarose
gelrun at 5 V/cm in 1X TBE. Amplicons were sized using a 50 bp ladder.
Gels were viewed using the OmegaFluor gel documentation system
(aplegen, USA) and software.

Genotypes were called independently by two researchers. In the case
of discrepant or uncertain calls, amplicons were resolved again along-
side samples of similar genotype to improve the accuracy of detecting
small (one unit) repeat size differences. Where genotypes could still not
be called with confidence, samples were reamplified until either a call
could be made, or the sample was removed from the study due to
repeated lack of amplification. Example gel images with genotype calls
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are displayed in Figs. S1 and S2.
2.5. Statistical analyses

To mitigate issues with longitudinal data incompleteness, we
excluded individuals for whom no behavioural ratings were recorded (i.
e. 100% missing item responses for the SACAS; n = 318) and/or no DNA
sample was available for genotyping (n = 226). Of the 1402 HSPS re-
spondents, 858 were retained after these exclusions. A small percentage
of missing data were noted for some variables, including birthweight
(0.35%), gestational age (1.40%), maternal education (6.29%), DRD4
(0.82%), and 5-HTTLPR (0.12%). A smaller subset of these 858 in-
dividuals (n = 357) had available PMS data, with only one missing item
at most (which was imputed using the median item value).

The remaining 501 participants had 80-100% missing item re-
sponses for the PMS instrument. For statistical analysis, we focused on
the larger sample (n = 858; without PMS data) because it afforded better
power. In an exploratory analysis, we then examined the smaller sub-
sample (with PMS data). Although multiple imputation could have been
used to restore item responses for the SACAS and PMS instruments
(Eekhout et al., 2014; Madley-Dowd et al., 2019), imputing over 40% of
missing data has been discouraged (Mirzaei et al., 2022), or otherwise
suggested for only hypothesis-generating exercises (Jakobsen et al.,
2017).

Instruments were scored and descriptive statistics prepared using the
psych (version 2.1.6, Revelle, 2018) package. For each continuous var-
iable, comparisons between male and female individuals were made
using the Wilcoxon rank-sum test. For comparisons based on level of
sensitivity, we categorised participants as either HSPs or low sensitive
individuals using a high-low breakpoint on HSPS total scores of 117, as
suggested by Aron and Aron (2013). Multiple linear regression modeling
was used to investigate which early life predictor variables were asso-
ciated with adult SPS levels (as a continuous variable). We examined
genetic loci in a separate set of regression models, after filtering out non-
Black African participants, in order to avoid potential issues with pop-
ulation stratification (Cardon & Palmer, 2003). A previous study using
principal component analysis (based on over 460 000 single nucleotide
polymorphisms) revealed that Black African Bt20+ members cluster
together sufficiently to be regarded as a homogeneous ethnolinguistic
group (May et al., 2013). Hence, we took no further actions to control for
genetic ancestry. For each locus, participants were categorised as either
carriers of an allele previously associated with high sensitivity (14-
repeat allele for 5-HTTLPR; 7-repeat or longer allele for DRD4; 2- and 3-
repeat alleles for MAOA) or non-carriers.

In any case where multiple tests were run, resulting p-values were
adjusted using the Benjamini-Hochberg correction (Benjamini & Hoch-
berg, 1995). All analyses were conducted using R (version 4.1.0) and
RStudio (1.4.1103). Plots were prepared via the ggplot2 (version 3.3.5,
Wickham, 2016) and sjPlot (version 2.6.1; Liidecke, 2018) packages.
Other packages employed included bestNormalize (version 3.4.1, Peter-
son, 2017), mice (version 3.13.0, van Buuren & Groothuis-Oudshoorn,
2011), and car (version 3.0-2, Fox & Weisberg, 2011).

3. Results
3.1. Descriptive statistics

Descriptive statistics for the study are summarised in Table 1, except
for age, given that all participants were 28-29 years old. The majority of
participants were Black African (88.22%), followed by mixed ancestry
(10.96%), Indian (0.7%) and White (0.12%). Females accounted for
53.03% of the sample. None of the continuous variables (birth weight,
gestational age, SES, and scale total scores) were normally distributed (p
< .05) and were not predicted to benefit substantially from common
transformation procedures (using the bestNormalize package). Using
Levene’s test, all variables were found to have equal variance across
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Table 1
Descriptive statistics.

Mean (standard deviation)

n Total Males Females p value
sample a

Birth weight (kg) 855 3.03 3.10 2.98 0.002
(0.52) (0.54) (0.50)

Gestational Age 846 37.98 38.07 37.90 0.228
(weeks) (1.83) (1.85) (1.96)

SES (z-scored) 858 0.13 0.13 0.12 0.907
(0.96) (0.92) (0.99)

Maternal Education 804 4.28 4.31 4.26 0.773
(average item) (0.94) (0.91) (0.96)

SPS (average item) 858 3.91 3.69 4.10 <0.001
(0.83) (0.83) (0.79)

Internalising (average 858 0.47 0.46 0.48 0.238
item) (0.21) (0.21) (0.21)

Externalising (average 858 0.66 0.69 0.64 0.075
item) (0.29) (0.30) (0.27)

? Significant p-values are shown in bold. All p-values were adjusted using the
Benjamini-Hochberg correction.

males and females. In line with known trends (Voldner et al., 2009),
males were significantly heavier at birth than females (but with small
effect size, r = 0.11), and females scored higher on the HSPS compared
to males (Aron & Aron, 1997; Aron & Aron, 2013), with small effect size
(r = 0.24). Compared to the rest of the original Bt20+ cohort, the study
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3.3. Behaviour ratings

Internal consistency reliability estimates for the two behaviour
subscales were acceptable (internalising = 0.73, externalising = 0.82).
Average item correlations were fairly low, in keeping with the broad
nature of each scale (0.08 and 0.12 for internalising and externalising
respectively).

3.4. Genotypes

Allele frequencies for the 5-HTTLPR, DRD4, and MAOA loci were
similar to other published reports for continental Black African in-
dividuals (Table 3). Although 5-HTTLPR and MAOA genotypes were in
Hardy-Weinberg equilibrium, the same was not true for DRD4 geno-
types, but this was not suspected to be a result of laboratory error given
the similar allele frequencies in other studies (Table 3). Importantly,
genotypes were not correlated to other study variables (i.e. no rGE).

Table 3
Black African Birth to Twenty Plus participant allele frequencies, compared to
other Black South African samples.

Frequency (%)

sample (n = 858) had lower average birth weight (3.03 vs 3.08 kg), Present Esau et al., 2008 Morgan et al.,
lower average gestational age (37.98 vs 38.21 weeks), higher average study 2017
SES score (0.13 vs —0.04), and higher average item scores for both 5-HTTLPR n=756 n=68 n =220
internalising (1.25 vs 1.23) and externalising (1.25 vs 1.20) behaviours. 14 20.17 16.18 23.64
Several variables had significant, positive zero-order correlations 16 b 79}83 o Kidd Livak pal f?"iz vl 2706_]"36
. . . . . resen hang, Kidd, Livak, Pakstis, & alan,
(Table. 2), 1n(.:1ud1ng female sex and S'PS, birth Yvelght and gestational study Kidd, 1996
age, birth weight and maternal education, gestational age and maternal DRD4 n =750 n=280 n=49
education, maternal education and SES, and internalising and exter- 2 4.60 5.00 3.10
nalising behaviour. 3 1.07 0.00 0.00
Significant negative correlations were observed for female sex and g 6‘6“32 61'88 6;'?8
externalising behaviour, female sex and birth weight, birth weight and 6 0.93 0.00 2.00
internalising behaviour, and SPS and gestational age. 7 18.53 19.00 17.40
8 4.40 11.00 6.10
3.2, The HSPS 10 0.40 0.00 1.00
- Present Hemmings et al., 2018
. X X i study
The psychometric properties of the HSPS were previously explored in MAOA n =350 n=275
this sample (May et al., 2020) and found to be adequate and comparable (males)
to other samples worldwide. Internal consistency reliability in this study 2 7.43 6.90
was sufficiently high (Cronbach’s a = 0.85). Highly sensitive persons (n i 32'2(1) Zé';g
= 270) had significantly lower mean gestational age (37.68 vs 38.11 5 2,86 1.80
weeks; W = 83802, p = .04) and higher mean ratings of internalising Present
behaviour (0.49 vs 0.46 average item score; W = 71693, p = .03) study
compared to non-highly sensitive persons (n = 588), but both compar- MAOA n =407
. . g . .. . (females)
isons fell short of significance after Benjamini-Hochberg correction (p = 9 6.39
.08 for both comparisons). Mean birth weights were not significantly 3 40.29
different between the two groups. 4 52.21
5 1.11
Table 2
Zero-order correlations between study variables.
1 2 3 4 5 6 7 8"
Sex (female) -
Birth weight —0.12"" -
Gestational age —0.04 0.46"" -
SES (z-scored) 0.00 0.02 —0.04 -
Maternal education —0.02 0.15"" 0.117" 0.25"" -
Internalising 0.05 —0.08"" —0.03 —0.01 —0.05 -
Externalising —0.09""" —0.03 —0.03 0.02 —0.05 0.45"" -
SPS 0.25"" —0.04 —0.10"" —0.02 0.03 0.02 —0.03 -

2 Significant values are bolded. *p < .1; “p < .05; "p < .01.
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3.5. Regression modelling

3.5.1. Excluding prenatal maternal stress

Regression modelling results for the study sample (n = 858) are
summarised in Table 4. A model incorporating all of the study predictors
(except prenatal maternal stress) fit well, F(782) = 9.80, p < .001,
suggesting a significant role for gestational age in predicting adult SPS
levels, although of small effect (adjusted R? = 0.07). Specifically, lower
gestational age predicted a higher average item score on the HSP scale
(Fig. 1). Other non-significant predictors had coefficients in anticipated
directions.

Given the suggested importance of gestational age in our regression
results, we examined this variable in more detail. Approximately
13.95% (n = 118) of our participants were born pre-term in 1990 (< 37
weeks; slightly higher than the original Bt20+ cohort at 12.24%). Un-
fortunately, the prevalence of preterm birth in South Africa remains
unknown (Ramokolo et al., 2019), but it is expected to be higher than
the global average of approximately 10.6% (Chawanpaiboon et al.,
2019). Of those born preterm, 61% (n = 72) were categorised as low
sensitive individuals, but their mean gestational age (34.99 weeks)
remained significantly higher than HSPs (33.93 weeks; W = 83802, p =
0.03). Chi-square testing suggested there were more HSPs born pre-term
than expected, although this observation fell short of significance, Xz(l)
= 3.62, p = .06.

3.5.2. Including genotypes

After filtering out non-Black African individuals (n = 101) and
including three genetic loci as potential predictors, none of these loci
significantly predicted adult SPS (Table 5). Notably, gestational age
remained a significant predictor in the presence of these genetic
variables.

3.5.3. Exploratory analysis: Including prenatal maternal stress

A smaller subset (n = 357) of study participants had comprehensive
PMS data. In a separate set of analyses, we examined the potential in-
fluence of this additional variable, under the hypothesis that PMS is a
more direct measure of early adversity and would thus have a more
significant association with HSP scale scores. The smaller subset
comprised of predominantly Black African individuals (91.6%), of
which 51% were female. Compared to the larger study sample (n = 858),
this smaller subset were on average heavier at birth (3.11 kg vs 3.03 kg),
had a longer gestational age (38.10 vs 37.98 weeks), had better maternal
education (4.42 vs 4.28), but poorer SES (0.00 vs 0.13). Scores for
internalising and externalising behaviour, and the HSPS, were compa-
rable between samples (Table S1).

Internal consistency reliability for the PMS instrument was adequate
(@ = 0.61), and in line with other reports (Ramchandani et al., 2010).
The average item score for PMS was 1.97, suggesting that most mothers
had fairly benign levels of stress during pregnancy. A significant zero-

Table 4
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order correlation emerged between low birth weight and higher PMS
(r=0.12, p = .02). There were no significant differences between male
and female children, however, highly sensitive adults had mothers who
were significantly more stressed during pregnancy (mean = 1.94)
compared to mothers of low sensitive adults (mean = 1.98, p = .03).

Hierarchical regression modeling was used to explore the impact of
including PMS as a predictor. In the first step (Table S2), a model was
fitted with all predictors except PMS. Gestational age emerged as the
strongest predictor of adult SPS levels, but unlike in the larger study
sample, this relationship did not reach significance. In the second step
(Tables 4 & S2), PMS was added as a predictor to the model. PMS had
significant predictive power, suggesting that higher levels of stress
(lower stress scores) resulted in higher levels of SPS. The model fit was
significant, F = 2.06, p = .04, explaining a small proportion of variance
(adjusted R? = 0.02).

3.6. Case-wise diagnostics

Case-wise diagnostics revealed no issues with the preceding regres-
sion models. No predictor, in any model, had a variance inflation factor
(VIF) larger than 1 nor tolerance statistics (1/VIF) < 0.10 (Cohen et al.,
2003). Use of the Durbin-Watson test revealed no issues with auto-
correlation. Cook’s distances and hat values were all within reason.

4. Discussion

Sensory processing sensitivity, and the broader Environmental
Sensitivity metaframework, have potential ramifications for a range of
disciplines including childhood development (Lionetti et al., 2018;
Nocentini et al., 2018), psychosocial interventions (de Villiers et al.,
2018; Morgan et al., 2017; Pluess & Boniwell, 2015), work-related stress
(Evers et al., 2008), anthropology (Rappaport & Corbally, 2018),
epidemiology (Goldberg et al., 2018), and gene x environment research
(Belsky et al., 2013; Keers & Pluess, 2017). Consequently, there is sub-
stantial value in identifying early predictors of heightened sensitivity,
which may help to identify individuals who would benefit from tailored
and/or more intense intervention efforts. Unfortunately, few such pre-
dictors are currently known. We sought to investigate whether early life
variables captured for the Birth to Twenty Plus cohort members were
predictive of their sensory processing sensitivity (SPS) level at age
28-29.

To reflect the composite of factors influencing fetal/childhood
growth (Bollen, Noble, & Adair, 2013), we tested a range of environ-
mental and genetic variables. We found statistical support for gesta-
tional age as a predictor of adult SPS. While controlling for other study
variables, shorter gestational age predicted a significantly greater
chance of adult high sensitivity. On average, HS adults were born
slightly earlier (37.68 weeks) than low sensitive adults (38.11 weeks),
but no significant differences in birth weight were detected. In

Multivariate regression models (excluding genotypes) examining potential predictors of average-item HSP scale scores (dependent variable) Excluding PMS (n = 858)"

Including PMS (n = 357).

Predictors B Std Error B P B Std Error p p°
Intercept 5.52 0.59 - <0.001 5.76 1.21 - <0.001
Sex (female) 0.41 0.06 0.25 <0.001 0.24 0.08 0.16 <0.01
Birth weight 0.06 0.06 0.04 0.33 0.09 0.09 0.06 0.32
Gestational age —0.06 0.02 —0.13 <0.001 —0.04 0.03 —0.07 0.21
Maternal Education 0.04 0.03 0.04 0.25 0.06 0.05 0.07 0.22
SES (z-scored) —0.03 0.02 —0.03 0.36 —0.05 0.04 —0.06 0.27
Internalising behaviour 0.09 0.15 0.02 0.57 -0.22 0.21 —0.06 0.30
Externalising behaviour —0.12 0.11 —0.04 0.29 0.00 0.16 0.00 0.97
PMS (average score) - - - - —0.05 0.27 -0.11 0.05
Model F (782) = 9.80, p < .001 F (341) = 2.06, p = .04

Adjusted R? 0.07 0.02

@ PMS: prenatal maternal stress.
b Significant p values are bolded.
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Fig. 1. Early predictors of adult SPS levels. While controlling for the effects of other variables, including sex, birthweight, maternal education, socioeconomic status,
and internalising and external- ising behaviour (at age 7), (a) gestational age significantly (p < .001) predicted SPS levels assessed at ages 28-29 amongst members of
the Birth to Twenty Plus cohort (n = 858). A longer gestational period correlated with a lower average item score on the Highly Sensitive Person scale. (b) In a smaller
subset of participants with available data (n = 357), prenatal maternal stress (PMS) emerged as a marginal predictor of SPS (p = .05), suggesting that highly sensitive
adults were more likely to be born to mothers experiencing stressful pregnancies. The grey shaded area represents the 95% confidence interval.

Table 5
Multivariate regression model (including genotypes) examining potential pre-
dictors of average-item HSP scale scores (dependent variable).

Predictors B Std Error B p’
Intercept 5.40 0.65 - <0.001
Sex (female) 0.42 0.06 0.26 <0.001
Birth weight 0.09 0.06 0.06 0.16
Gestational age —0.06 0.02 -0.13 <0.01
Maternal Education 0.04 0.03 0.04 0.26
SES (z-scored) —-0.03 0.03 —-0.03 0.36
Internalising behaviour 0.20 0.16 0.05 0.20
Externalising behaviour -0.17 0.12 —0.06 0.14
5-HTTLPR (short allele) —-0.02 0.06 —-0.01 0.79
DRD4 (long allele) 0.06 0.06 0.03 0.46
MAOA (low activity) 0.03 0.07 0.02 0.61
Model F(684) = 6.36, p <.001

Adjusted R? 0.07

# Significant p values are bolded.

exploratory analyses using a smaller subset of participants with avail-
able prenatal maternal stress data, gestational age no longer emerged as
significant, but prenatal maternal stress attained significance (p = .05).
Notably, SES did not appear to predict levels of SPS. The Bt20+ cohort
had uniformly poor SES in the early 1990s (Barbarin & Khomo, 1997),
thus the lack of variance in this variable may have masked a stronger
predictive role for SES. Low SES is likely to have been an appreciable
stressor during pregnancy, the effects of which might be indirectly
observed through earlier gestational age (Ruth et al., 2012).

Shorter gestational period and lower birth weight have been exten-
sively used as proxy indicators of unfavourable fetal growth conditions
(Bollen et al., 2013), often resulting from maternal prenatal stress
(Bussieres et al., 2015; Lima et al., 2018). Although both variables are
related (and were once used interchangeably), they are treated inde-
pendently given that low birth weight may be the result of interuterine
growth retardation, whilst shorter gestational age babies are not always
underweight (Loret De Mola et al., 2014; Wilcox, 2001). As such,
gestational age and birth weight can be independently associated with
phenotypic outcomes. For example, following a systematic review and
meta-analysis, Loret De Mola et al., 2014 reported an association

between low birth weight and adult depression, but no clear association
between depression and gestational age. Conversely, Khashan et al.
(2015) found an association between gestational age (between 33 and
36 weeks, and between 37 and 38 weeks) and type 1 diabetes, but no
connection to birth weight. Our results appear to continue this trend,
marking gestational age as an independent predictor of sensitivity,
without involvement of birth weight. In contrast to our findings, Pluess
and Belsky (2011) identified a possible role for low birth weight (but not
gestational age) in promoting sensitivity, although the latter was
measured via negative childhood temperament, an assumed proxy of
high sensitivity. Additionally, their study involved children of European
ancestry, whilst ours involved children of mostly African ancestry.
Nevertheless, the inference remains that poorer prenatal quality appears
to be related to heightened adult sensitivity. Our exploratory analysis on
a smaller subset of the sample supported this notion, with a direct
measure of prenatal maternal stress emerging as a better predictor of
SPS than gestational age.

Importantly, sensitivity was associated with shorter gestational age,
not necessarily preterm birth. Of our study participants born preterm,
HSPs were somewhat overrepresented amongst babies classified as
preterm, but not significantly so (p = .06). This observation would
appear to align with sensitivity (and broader evolutionary) theorising, in
that only moderately adverse pregnancies may encourage adaptive
developmental responses in the fetus. The sorts of severe adversity that
might lead to preterm birth and/or low birth weight (< 2.5 kg) may not
be adaptively overcome, and thus might foster pathological sequelae
without compensatory survival advantages (Bateson et al., 2004), such
as cognitive impairment (Oudgenoeg-Paz et al., 2017), higher blood
pressure (Huxley et al., 2000), asthma, and anxiety/depression (Raju
et al., 2017). As a neutral, non-pathological personality trait, it seems
reasonable that we find SPS associated with shorter gestational age, but
not specifically preterm birth or low birth weight. Nevertheless, in
studies that have focused on preterm birth, several have reported a
consistent set of non-pathological personality features that tend to
characterise individuals born preterm. These features included being
more cautious, shy, dutiful, risk-averse, and ranking higher on neurot-
icism (Raju et al., 2017). Coincidentally, these too are well-described
features of HSPs, and are behaviours specifically tapped by items on
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the HSP scale (Aron & Aron, 1997). Considered together with our study,
there would appear to be evidence that shorter gestational age, including
preterm gestation to at least some extent, favours adaptive calibration
towards heightened sensitivity.

Some caution should be applied to this reasoning however. Due to
seemingly shared subsets of behavioural characteristics, sensory pro-
cessing sensitivity is frequently confused with more pathological con-
ditions such as sensory processing disorder, post-traumatic stress
disorder (PTSD), autism spectrum disorders, and schizophrenia, despite
being qualitatively different (Acevedo et al., 2018; Aron & Aron, 2013;
Levit-Binnun et al., 2014). It is not known to what extent the HSP scale
misclassifies individuals with these disorders, and we did not have any
relevant data for our sample in order to investigate further. The Bt20+
cohort is not clinical in nature, with members meant to represent a
typical cross-section of society (evidenced by the expected distribution
of gestational ages, for example), suggesting a low overall likelihood for
pathological disorder. Nevertheless, given their challenging rearing
environment and the culture of violence associated with South Africa
(Abrahams & Jewkes, 2005; Ward et al., 2012), only an estimated 1 % of
the cohort was not exposed to some form of violence during childhood
(Richter et al., 2018), and it is reasonable to assume that exposure to
violence likely continued throughout the lives of a substantial propor-
tion of cohort members. Such high levels of exposure may have signif-
icantly confounded our identification of HS persons, especially if
sensitive behaviours were conditioned through PTSD. Whilst this does
highlight a limitation of our study, it is also a strong reminder for why
early, effective interventions are needed in South Africa (and other
impoverished settings), and why knowledge of SPS might be particularly
important.

A second caution is that our study design rests on the assumption that
levels of sensitivity remained stable from birth to 28-29 years of age.
However, the long-term stability of SPS is not currently known (Greven
et al., 2019), and theory would suggest that early childhood affords
ample opportunity for recalibration of sensitivity levels (Belsky &
Pluess, 2009a; Pluess & Belsky, 2011). As discussed earlier, however,
gestational age predicts numerous other adult phenotypes (including
personality traits) that are similarly open to modification during the
developmentally malleable period of childhood. This would suggest that
while such modifications are possible, pre-natal forecasts completely
mismatched to postnatal environments might be rare. The same
reasoning may be applicable to SPS, but substantially more research is
required to test this assumption.

We did not detect any association between genetic loci and adult
sensitivity in our Black African participants. Alleles of all three of the
included loci have been argued as potential markers of high sensitivity,
but generally following certain environmental exposures (Belsky et al.,
2009; Pluess & Belsky, 2011). Our lack of main effect findings is then
anticipated, since main effect modelling fails to account for interactions
with the environment. Moreover, sensitivity is likely a polygenic trait,
determined by potentially hundreds of loci throughout the genome,
which reduces the likelihood of single variants having significant pre-
dictive power (Keers et al., 2016; Pluess et al., 2022).

Unfortunately, we were not powered sufficiently to warrant serious
investigation of possible GXE effects, but these should certainly be
explored in larger cohorts especially of African-ancestry, given the
unparalleled genetic diversity of African individuals (Fan et al., 2019).
Arguably, our power to detect main genetic effects was also limited, but
higher than similar, previous investigations (Chen et al., 2011; Licht
et al., 2011; Licht et al., 2020).

Several limitations to this study warrant discussion. Firstly, ours was
an observational study, meaning that no causality can be inferred.
Secondly, our study sample differed appreciably from the original Bt20-+
cohort, reflecting a possible ascertainment bias that might prevent our
results from being generalisable. Our exploratory analysis with PMS
involved a smaller subset of participants who further differed from the
main cohort, suggesting added caution when interpreting the presented
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findings. Thirdly, the use of proxy variables, like birth weight and
gestational age, to infer fetal conditions is not without issue. In practical
terms, recording of these variables can be biased by inaccurate mea-
surement scales and techniques, and differences in timing and delivery
setting (Bollen et al., 2013). Even when measured with accuracy and
precision, these variables do not perfectly correlate with the assumed
fetal conditions that they proxy. Future studies should aim to include
variables more closely reflecting maternal prenatal stress, rather than
relying on indirect measures.

Similarly, our analysis might have been strengthened if we could
control for other variables more proximal to the time point at which SPS
was assessed (e.g. PTSD symptoms). Fourthly, although our findings
were significant, they were of small effect size, suggesting that other
unaccounted for mechanisms may contribute more substantially to the
development of adult SPS. Finally, we resorted to strongly discouraged
complete case analysis, rather than attempting multiple imputation
(Mirzaei et al., 2022), given the large volume of missing instrument data
(> 40%) for a substantial proportion of the Bt20+ cohort.

5. Conclusion

In conclusion, our study provides tentative support to the hypothesis
that early, mild adversity (measured via shorter gestational age) is
associated with higher sensitivity in individuals, possibly extending well
into adulthood. If true, this would further encourage intervention efforts
offered to individuals with shorter gestational age, not only to mitigate
chances for known pathological complications, but also because these
individuals may be more receptive to such intervention by virtue of a
heightened sensitivity to environmental stimulation. To the best of our
knowledge, this is the first study to investigate long-term predictors of
SPS, and so our results await validation in other independent studies.
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