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Abstract

Developmental instability (DI) reflects an organism’s inability to develop an ideal phenotype when challenged by genetic
and environmental insults. DI can be estimated via the proxy measure of fluctuating asymmetry (FA), i.e., the small ran-
dom deviations from perfect bilateral symmetry observed in the morphology of paired traits. The mechanisms involved in
the genesis of FA in human populations are relatively unknown, though animal research indicates that hormonal processes
may be involved. As maternal stress during pregnancy is detrimental to various developmental processes, elevated prenatal
cortisol may represent a causal factor in the subsequent emergence of an asymmetrical phenotype. The main purpose of this
pre-registered meta-analysis based on three empirical studies was to investigate whether mid-trimester amniotic cortisol
levels predict subsequent FA in finger lengths of infants from Germany, Portugal, and the UK. No statistically significant
relationships were observed, and meta-analytic combination of the effect size estimates yielded a null result. We did, how-
ever, detect significant positive correlations between the cortisol present in the amniotic fluid and maternal plasma in the
Portuguese cohort, and observed that FA in the German cohort was significantly lower at 70-months than at either 9- or
20-months. Taken together, the current findings run contrary to animal research showing that elevated prenatal corticos-
terone exposure leads to increased FA. However, this may be because a single cortisol assay obtained via amniocentesis is
an inadequate proxy for average gestational exposure, and/or that prenatal cortisol levels at an earlier (i.e., first rather than
second trimester) stage of pregnancy is what explains variance in subsequent FA.
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in developmental homeostasis which can result in departure
from perfect bilateral symmetry in the morphology of paired
traits. These random deviations, known as ‘fluctuating asym-
metry’ (FA), are typically of small magnitude and exhibit a
population mean value of 0 and a normal distribution around
the mean (Palmer and Strobeck 1992; van Valen 1962).
Whilst small, random deviations from perfect symmetry may
not be intrinsically interesting in their own right, the use of
FA as a phenotypic measure of developmental instability
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(DI) is common within a broad range of human and animal
research (Mgller and Swaddle 1997; Trivers et al. 1999; Van
Dongen 2006; Van Dongen and Gangestad 2011). DI reflects
an organism’s inability to resist internal or environmental
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insult to biological development. In this sense, DI therefore
refers to the degree of ‘noise’ present within genetic struc-
tures, whether of hereditary origin or as a property of envi-
ronmental pressures. The utility of FA as a proxy measure
of DI stems from the theory that both sides of bilateral traits
develop under the control of identical genetic architecture.
It can therefore be inferred that any deviations from perfect
symmetry indicate disruption to ideal biological develop-
ment and, therefore, reflect the organism’s inability to resist
such perturbations.

The genesis of a range of developmental conditions in
humans may occur during prenatal development. It is there-
fore revealing that conditions for which an atypical devel-
opmental trajectory is implicated (e.g. autism [Boutrus et al.
2019; de Bruin et al. 2014]) have been linked with increased
asymmetry. As ridge patterns on the fingertips are thought
to form during weeks 14-22 of foetal development, and
because the prenatal period is characterised by rapid brain
growth (Stiles and Jernigan 2010), dermatoglyphic asym-
metry is of particular interest to researchers in this field.
For example, one recent study indicated that adolescents at
increased risk of psychosis also exhibit a greater dermato-
glyphic asymmetry than those at a lesser risk, though the
effect was only small in size (r=0.23) (Russak et al. 2016).
Despite such observations, few studies have investigated the
developmental origins of FA in humans, and, although there
is some suggestion that variations in hormonal exposure
affect FA (Benderlioglu 2010), many gaps in our knowledge
of the relevant processes remain.

Considering that prenatal stress can alter various devel-
opmental processes (Phelan et al. 2015; Ronald et al. 2011;
van Os and Selten 1998), elevated foetal cortisol expo-
sure may result in the subsequent emergence of an asym-
metrical phenotype. Indeed, experimental animal research
supports this premise (Eriksen et al. 2003; Newell-Morris
et al. 1989; Satterlee et al. 2008). This research has also
shown that elevated prenatal cortisol predicts a range of
unfavourable developmental outcomes (for a review, see
Weinstock 2005). It would clearly be unethical to experi-
mentally manipulate prenatal hormone concentrations for
research purposes in human populations, but preliminary
data on pre-existing or naturally occurring stressors have
been used to examine whether maternal stress during preg-
nancy is a predictor of FA in their offspring. For instance,
Zadziniska et al. (2013) found that the sons of mothers
who had experienced a traumatic event during pregnancy
had elevated facial FA when measured at age 7-10 years.
Similarly, King et al. (2009) reported that prenatal stress
induced via a natural disaster (the 1998 Quebec Ice
Storm) was associated with greater levels of asymmetry
in fingertip ridge counts of infants whose mothers were
exposed during gestational weeks 14-22. Additionally,
those infants whose mothers had a higher subjective stress

response to the ice storm showed significantly greater
dermatoglyphic asymmetry than those whose mothers
reported a less severe response. Whilst the mechanistic
nature of the relationship between increased prenatal corti-
sol exposure and subsequent increases in FA of offspring is
not clarified in these papers, the study of epigenetics may
shed light on the phenomenon. For example, research indi-
cates that maternal stress during pregnancy is associated
with increased methylation of the NGFI-A binding site on
the NR;C, gene, which codes for glucocorticoid receptor
(GC-R) sites (Oberlander et al. 2008; Palma-Gudiel et al.
2015). DNA methylation alters genetic expression largely
by silencing promotor activity, and, as GC-R may act as
a coactivator for STAT5-dependent transcription upon
growth hormone stimulation (Tronche et al. 2004), it is
therefore plausible that methylation of genetic structures
such as these have downstream effects on bodily growth,
possibly resulting in the emergence of an asymmetrical
phenotype.

No published research has yet examined whether vari-
ations in foetal cortisol exposure are associated with FA
in humans. Therefore, the current study examined whether
mid-trimester cortisol levels measured via amniocentesis
are associated with subsequent FA in finger lengths within
three cohorts of children from the UK, Portugal, and Ger-
many. Cortisol levels were measured in these cohorts at
a time during which maternal stress is associated with
increased methylation of crucial genetic structures (Ober-
lander et al. 2008) plausibly implicated in bodily growth
(Tronche et al. 2004). It is through investigation of the
theoretical effect of prenatal cortisol exposure on subse-
quent offspring FA (and by proxy, DI) that we can better
understand the processes through which maternal stress
impacts future generations. This is particularly relevant
within an evolutionary framework, as maternal stress may
cause epigenetic changes that modify the presentation of
heritable phenotypes. Alongside plausible effects on FA as
measured by bodily asymmetry, increased prenatal cortisol
exposure is associated with a range of adverse develop-
mental outcomes (Huizink et al. 2003) that could result
in reduced fitness.

We pre-registered our analysis plan on the Open Sci-
ence Framework (osf.io/am6zs) and made the following
hypotheses: (1) within the German cohort, FA measured
longitudinally would increase over time, (2) mid-trimester
amniotic fluid cortisol levels would correlate positively
with FA in each of the three cohorts, and (3) meta-analysis
of the effect sizes estimated for each cohort would provide
robust evidence of a positive correlation between amniotic
cortisol exposure and FA.
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Methods
Participants

Children from three cohorts were included in the current
research, all of whom were part of longitudinal studies
of amniotic hormones. The German (Diisseldorf) cohort
consists of children of mothers who underwent routine
amniocentesis between 2010 and 2012 (Korner et al.
2019, 2020). Amniocentesis was prescribed for cases of
increased risk of genetic and chromosomal abnormal-
ity due to advanced maternal age (mothers’ age at birth:
range =22-48 years, M =38, SD=3.50). Of an initial
sample of n=244, 39 were removed for various reasons
(amniotic cortisol not measured, no digit lengths recorded,
digit lengths only recorded for one hand, left and right
digits only measured at inconsistent time points [but never
simultaneously]), which left a total sample size of n=205
healthy infants applicable for the current research goals
(male n=105; female n=100).

For the UK (London) cohort (Glover et al. 2009; Rich-
ards et al. 2020; Sarkar et al. 2006, 2007), mothers were
initially recruited sequentially from an amniocentesis
clinic between December 2001 and January 2005. For
the purposes of the current research, data from only 30
individuals were applicable (i.e., those for whom both
amniotic cortisol and infant digit length measures were
available). Here, gestational age at amniocentesis ranged
between 15 and 25 weeks (M =17.20, SD =2.37), maternal
age at birth ranged between 25 and 43 years (M =35.03,
SD =4.18) and maternal BMI ranged between 20.58 and
45.79 (M =25.00, SD =4.95). Counts of stressful life
events (SLE) during pregnancy were recorded in this
cohort via a 26-item Stressful Life Events Question-
naire. Regarding ethnicity, mothers were recorded as 80%
‘Caucasian’, 3.33% ‘Asian—Indian sub-continent’, 6.67%
‘Black’, 6.67% ‘Middle Eastern’ and 3.33% ‘Asian—Far-
eastern’. The women subsequently gave birth to 30 healthy
infants (male n=11; female n=19), whose birthweights
ranged between 2600 g and 3974 g (M =3403.14,
SD =346.33).

Mothers in the Portuguese (Lisbon) cohort were
referred for karyotyping and recruited between Decem-
ber 2009 and June 2011 (Richards et al. 2019; Ventura
etal. 2012, 2013). From these data, 99 applicable mothers
were identified for the current research goals. Gestational
age at amniocentesis ranged between 15 and 24 weeks
(M=17.14, SD=1.09), and maternal age at birth ranged
between 26.8 and 43.5 years (M =37.63, SD=2.76). In
terms of ethnicity, 87% were recorded as ‘Caucasian’ and
13% simply as ‘other’. Additionally (in contrast to both
other cohorts), as part of the original research goals related
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to this sample, all mothers were assigned to one of three
pre-procedure relaxation methods: (1) listening to music,
(2) reading a magazine, or (3) simply sitting in the wait-
ing room (control) (for further details, see Ventura et al.
2012). Measures of plasmatic cortisol were obtained from
mothers twice, once half an hour prior to the procedure
and once immediately before the procedure. 99 healthy
infants (male n=49, female n=50) were born to these
mothers, with birthweights ranging between 1725 g and
4610 g (M=3230.80, SD=515.87).

Measurement of Amniotic Cortisol

Across all cohorts, the level of amniotic cortisol was assayed
from samples drawn at a single time point via amniocentesis.
For the German cohort (Korner et al. 2019, 2020), amniotic
fluid was analysed using liquid chromatography and tan-
dem mass spectrometry (LCMS). This allows for accurate
and specific simultaneous assessment of multiple biomark-
ers (Korner et al. 2019); further details on this hormonal
analysis method are described by Rivet et al. (2018). For the
UK cohort, an aliquot of up to 4 ml of amniotic fluid sur-
plus to clinical requirement was drawn for the original study
and stored at — 80 °C until assay; total cortisol in amni-
otic fluid was then measured via radioimmunoassay (RIA),
with cortisol having been extracted by dichloromethane
and reconstituted prior to assay. For the Portuguese cohort,
and similarly to that from Germany, an aliquot of 3—4 ml of
amniotic fluid surplus to clinical requirement was drawn and
samples were stored at — 80 °C until assay (Ventura et al.
2012); steroid hormone concentrations in the amniotic fluid
samples were then measured externally at King’s College
London using LCMS.

Measurement of Digit Lengths

Finger lengths were measured in each of the three cohorts
for the initial purpose of examining associations between
amniotic testosterone and digit ratio (2D:4D), a putative
indicator of prenatal sex hormone exposure (see Richards
et al. 2020; Ventura et al. 2013). As measurements were
available for both the right and left hands of participants
from each cohort, the current study reused these data to
determine FA. Finger lengths are commonly used for this
purpose due to their representing clear examples of paired
traits that can be measured with relative ease and accuracy.
Additionally, although handedness effects could potentially
result in asymmetric anatomical changes to the fingers (and
indeed handedness shows a quadratic association with FA
in adults; Yeo and Gangestad 1993), this is unlikely to pre-
sent a serious confound in the current context due to the
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very young age of participants in each of the three cohorts
studied.

Digit lengths (2D, 3D, 4D, and 5D) for both left and right
hands were measured longitudinally in the Germany cohort
at 5 distinct intervals: 5 months (5 M), 9 months (9 M),
20 months (20 M), 40 months (40 M), and 70 months
(70 M), and so we examined whether there were age-related
changes in observed FA. Finger lengths were measured
from photocopies of the ventral surface of the hand by two
researchers using AutoMetric (DeBruine 2006), and were
recorded in number of pixels. For the UK dataset, 2D and
4D measurements (given in mm) of the left and right hands
were taken at a single time-point, ranging between 15 and
19-months post-partum. Two researchers recorded finger
lengths for this cohort using a combination of direct meas-
ures from participants’ hands via Vernier calliper and indi-
rect measures taken from photocopies. For the Portuguese
cohort, 2D and 4D measurements (given in mm) of the left
and right hands were again available at a single interval,
though much more immediately after birth than with the UK
Cohort (ranging between 2.35 and 541.32-h post-partum).
Due to the neonatal grasp reflex, the infants’ hands were
positioned to facilitate measurement of 2D and 4D (Ventura
et al. 2013), and digit length measurements were recorded
from photocopies by two independent researchers.

Calculation of Composite Standardised Fluctuating
Asymmetry

For all cohorts, composite standardised fluctuating asym-
metry (cFA) of 2D and 4D (and additionally 3D and 5D for
the German cohort) was calculated as described by Voracek
(2009, p. 107):

FA = {Rd [Rd-Ld|/|(Rd + Ld)/2|}/2

In this method, d=2D and 4D (and 3D and 5D for the Ger-
man dataset) lengths, respectively, and is expressed as a
percentage of trait size (i.e., multiplied by 100). In other
words, this calculation divides the absolute value of the dif-
ference in length between the right and left digits by the
value of the summated right and left digit lengths, divided
by 2. This value is calculated separately for both 2D and 4D
(and 3D and 5D in the case of the German cohort), and the
final cFA value is taken as the mean of the 2D and 4D (and
also 3D and 5D for the German cohort) values calculated
(expressed as a percentage of trait size). This calculation
should control for positive correlations between uncorrected
unsigned FA and trait size that are sometimes reported. cFA
was calculated from the second (2D) and fourth (4D) fin-
gers for the UK and Portuguese cohorts. In the case of the
German cohort, middle (3D) and little (5D) finger lengths
were also available and so included in the cFA calculation.

To assess whether the heterogeneity in digit lengths used
for cFA calculation may alter the results observed for this
cohort, the analysis was run based on cFA calculated from
only 2D and 4D length differentials as well. To that end,
with respect to statistically significant results, no difference
was observed in either univariate or multivariate analyses
between the 2D and 4D only analyses and the 2D, 3D, 4D
and 5D analyses. We therefore made the decision to proceed
by using all available digits for the German cohort, as this is
in-line with the pre-registered analysis plan and represents
greater informational value.

Statistical Analysis

We used intra-class correlation coefficients to determine
inter-rater reliability for finger length measurements (i.e.,
to verify that the measures taken were reliable/repeatable).
To assess the extent to which measurement error had any
attributable effect on observed variance in FA, we computed
a linear mixed model with Participant ID as a random effect.
From this, we were able to quantitatively measure how much
of the variance in FA was due to commonalities between
participants as the FA scores for each individual should be
identical if there is no disagreement between researchers,
and disagreement between researchers should logically only
come in the form of measurement error. This was only possi-
ble for the UK and Portuguese cohorts, as only the averaged
measures of two researchers were available for the German
cohort. We then used paired samples #-tests to check for
directional asymmetry. This is because if directional asym-
metry is present, the variability of morphological asymmetry
may be better explained by conditional factors (such as hand-
edness) than by underlying DI. For this reason, although
some posit mathematical approaches that take directional
asymmetry into account (Graham et al. 1998), we use the
parsimonious method of excluding from cFA those traits
that exhibit directional asymmetry. We then used a Friedman
test (followed by Wilcoxon signed ranks tests with Bonfer-
roni correction) to examine associations between FA and age
of measurement in the German cohort. Not only were we
interested in how FA may change throughout development,
but this procedure also helped inform decision making for
subsequent analyses, such as whether it was appropriate to
use a measure of average FA across all time-points or to use
FA at the time-point with greatest sample size. As the initial
research conducted with the Portuguese cohort included a
pre-amniocentesis relaxation manipulation (Ventura et al.
2012), we used a Kruskal-Wallace test to determine whether
this had any measurable effect on amniotic cortisol levels.
Preliminary testing revealed that some underlying
assumptions of parametric analysis were violated even fol-
lowing logarithmic transformation, so associations between
amniotic cortisol and FA were examined separately for each
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cohort via Kendall’s 7. Following this, bootstrapped (10,000
samples) multiple linear regression models were fitted with
amniotic cortisol as the predictor, cFA as the outcome, and
various demographic factors (dependant on data availability)
as covariates. Maternal age was included as a covariate (all
cohorts) because it has well documented associations with
the viability and health of infants (Myrskyld and Fenelon
2012) and also because it may be relateded to offspring FA
(Livshits et al. 1988). Sex of the infant was included (all
cohorts) because FA during childhood is known to exhibit
sexually differentiated developmental trajectories (Palestis
and Trivers 2016). Birthweight (Portuguese and UK cohorts)
and maternal BMI (UK cohort) were also considered as they
are important predictors of future growth and developmental
outcomes that could have downstream effects on FA (Jasien-
ska 2013; Liu et al. 2019). The number of stressful life
events (SLE) experienced during pregnancy was included
as a covariate (UK cohort) because it provides an alterna-
tive index of maternal stress that is not dependant on cor-
tisol concentrations assayed at a single time-point. Finally,
pre-procedure relaxation method was included for the Por-
tuguese cohort as, while no significant effect on amniotic
cortisol concentration was observed, such effects could be
difficult to detect due to their delayed and/or transient nature.

We used the R package metafor (Viechtbauer 2010) to
conduct a random effects meta-analysis of the univariate
effect size estimates observed for each cohort. Although
not included in our pre-registration plan, we also performed
an exploratory analysis (Kendall’s 7) to determine whether
maternal plasmatic cortisol measured prior to amniocentesis

Table 1 ICCs and 95% ClIs for 2D and 4D lengths in the UK and Por-
tuguese cohorts

L2D L4D R2D R4D
UK
ICC 0.833 0.952 0.854 0.944
95%CI  (0.67-0.92) (0.90-0.98) (0.71-0.93)  (0.88-0.97)
Portugal
ICC 0.964 0.961 0.972 0.960
95% CI ~ (0.95-0.98) (0.94-0.97) (0.96-0.98) (0.94-0.97)

ICC intra-class correlation coefficient

correlated with amniotic cortisol within the Portuguese
cohort. All analyses were conducted using R and Rstudio
v3.6.3, effects were considered statistically significant at
p<0.05, and effect sizes were interpreted in accordance with
Cohen (1988). The analysis plan, including non-paramet-
ric contingencies, was pre-registered on the Open Science
Framework (osf.io/am6zs).

Results
Inter-rater Reliability and Measurement Error

Intra-class correlation coefficients (one-way random effects
models with single rater unit) revealed excellent absolute
agreement in digit measurements for the UK and Portuguese
cohorts (Table 1) (analogous analyses were not conducted
for the German cohort as we only had access to aggregated
data). Consequently, digit length used to calculate cFA
was taken as the arithmetic mean of the two measurements
recorded by the separate researchers. Results from linear
mixed effects models indicated that differences within indi-
vidual measurements (and by assumption, measurement
error) accounted for 20.86% and 14.98% of the variance in
FA for the Portuguese and UK cohorts, respectively. Whilst
these values are relatively high, they do still suggest that
most variance is attributable to genuine differences between
participants rather than measurement error (Table 2).

Directional Asymmetry

Paired samples ¢-tests revealed statistically significant dif-
ferences in digit length measurements for 2D, 3D and 4D
as measured at 40 M between the right and left hands (all
p <0.05) in the German cohort, with digits for the right
hand being longer on average than those of the left. No
statistically significant differences in digit lengths between
right and left hands were observed in the UK cohort
for 2D, t (27)=0.063, p=0.95, or 4D, t (27)=1.910,
p=0.067. However, a significant difference in 2D length
was detected for the Portuguese cohort, ¢ (98) =4.845,
p<0.001, with digits on the right hand being larger than
those of the left. Due to the observed pattern of results,

Table 2 Descriptive statistics

b X Germany UK Portugal
for amniotic cortisol and FA
across the three cohorts AvgFA AmCort cFA AmCort cFA AmCort
N 202 205 30 30 99 99
M 0.662 9.938 0.861 23.948 0.813 18.014
SD 0.307 4.517 0.551 8.400 0.616 8.326

AmCort is measured in nmol/L; AvgFA average fluctuating asymmetry, AmCort amniotic cortisol concen-
tration, cFA composite standardised fluctuating asymmetry
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the decision was made to exclude all data pertaining to
recordings made at the 40 M interval when calculating
cFA in the German cohort, and to base FA measures in
the Portuguese cohort on 4D only (Palmer and Strobeck
1992, p. 65). However, we also assessed the impact of
this decision via a sensitivity analysis including both 2D
and 4D in cFA calculations. No difference was observed
between the 4D only and 2D and 4D analyses in respect to
statistical significance.

Age-Related Changes in FA

A Friedman test determined that cFA varied significantly
across time-points, X2 (3)=1215, p<0.001, and post hoc
pairwise comparisons (Wilcoxon signed-ranks tests with
Bonferroni correction) revealed differences between 9 M

5M oM 20M 70M
Time

Fig.1 cFA measured longitudinally in the German cohort. Note.
Horizonal bars indicate the median; red squares indicate the mean

and 70 M (Z=329, p=0.002), and between 20 M and
70 M (Z=1075, p=0.003). More specifically, FA was
lower at 70 M compared to 9 M and 20 M (Fig. 1).

Relaxation Method and Amniotic Cortisol

A Kruskal-Wallis test revealed no statistically significant
effect of relaxation method on amniotic cortisol level within
the Portuguese cohort, X2 (2)=1.344, p=0.511. The deci-
sion was therefore made to continue univariate analysis
based on the full cohort (i.e., not split by relaxation method),
but to include relaxation method as a covariate at the mul-
tivariate level.

Amniotic Cortisol and FA
Univariate Analysis

As there was no evidence of a linear relationship between
time and FA in the German cohort, cFA scores for 2D, 3D,
4D, and 5D at 5 M, 9 M, 20 M, and 70 M were calculated
for each individual. Not all participants were measured at
all time points, so only applicable measurements were sum-
mated. Average FA (AvgFA) scores were therefore calcu-
lated by summing the FA scores for each time-point and
then dividing by the number of time-points included in the
calculation; AvgFA was then used as the final cFA score
for the German cohort. For the other cohorts, cFA was cal-
culated from 2D and 4D (UK) or just 4D measurements
(Portuguese) as described earlier (see Table 3 for descrip-
tive statistics). Kendall’s 7 yielded no statistically signifi-
cant relationship across any of the three cohorts: Germany,
7,=0.048, p=0.311; UK, 7,=—0.067, p=0.620; Portugal,
7, =—0.055, p=0.420 (see Fig. 2).

Germany

Portugal UK

Table 3 Covariates included in Variable

bootstrapped linear regression

models for each cohort Matema] age at
birth

Sex of infant

Birthweight

Pre-procedure
relaxation method

Maternal BMI

Stressful life event
(SLE) count during
pregnancy

XXX X< <
XX g/«
NN SLIEY
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Fig.2 Scatterplots of the association between amniotic cortisol and
FA in the German (a [»=0.075]), UK (b [r=—-0.105]), and Portu-
guese (¢ [r=—10.086]) cohorts

@ Springer

Multivariate Analysis

Bootstrapped multiple regression analyses (10,000 samples)
were conducted to determine whether correlations between
amniotic cortisol and FA would be revealed once important
covariates (see Table 3) had been controlled for statistically.
These analyses showed no statistically significant associa-
tions, as in all cases the bootstrapped 95% Cls overlapped 0
(see Table 4 for summary statistics).

Meta-analysis of the relationship between amniotic
cortisol and FA

Random effects meta-analysis was performed to determine a
weighted average effect size estimate for the level of associa-
tion between amniotic cortisol and FA based on the correla-
tion coefficients observed across the three cohorts. Effect
sizes were converted from Kendall’s T to Pearson’s r using
the following formula outlined by Walker (2003):

r=sin(.5zt)

As Pearson’s r is not normally distributed, these were
then converted to Fisher’s z for meta-analysis, and the results
back-calculated to r for ease of interpretation (Borenstein
et al. 2009). Heterogeneity was determined using a restricted
maximum likelihood estimator, and no statistically signifi-
cant difference in effect size was observed across the three
studies, Q(2)=2.126, p=0.346. The overall meta-ana-
lytic effect size estimate was not statistically significant, r
(2)<0.001 (95% CI —0.134, 0.134), p=0.999, suggesting
no association between amniotic cortisol concentration and
subsequent finger length FA (see Fig. 3 for forest plot).

Association Between Cortisol in the Maternal
Circulation and Amniotic Fluid

Kendall’s 7 revealed that amniotic cortisol was positively
correlated with maternal cortisol measured 30 min prior to
(1,=0.282, p<0.001) and immediately before amniocente-
sis (7,=0.275, p<0.001) (Fig. 4).

Discussion

The current study aimed to test the hypothesis that prenatal
exposure to the stress hormone cortisol will correlate posi-
tively with fluctuating asymmetry (FA), a putative indicator
of developmental instability (DI). To this end, mid-trimester
cortisol measured from amniotic fluid samples collected for
three cohorts of children in Germany, Portugal and the UK
were correlated with standardised composite FA (cFA) cal-
culated from finger length differentials for 2D and 4D (and
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Table 4 Summary statistics from bootstrapped (10,000 samples) multiple regression analyses for each cohort with amniotic cortisol as predictor

and FA as outcome

Constant AmCort Maternal age  Sex of infant ~ Birthweight ~ Pre-procedure Maternal SLE count
relaxation BMI
method
Germany
Original data 0.683 0.016 —0.002 0.014
Bootstrap 0.256 0.016 0.007 0.044
SE
Bootstrap 0.190,1.203  —0.013,0.049 —-0.015,0.011 -0.072, 0.099
95% CI
Portugal
Original data 0.089 —0.006 0.016 0.007 0.0001 0.045
Bootstrap 0.958 0.008 0.024 0.140 0.0001 0.108
SE
Bootstrap —1.606,2.139 -0.021,0.011 —-0.037,0.057 —0.264,0.282 —0.0002, —-0.167,
95% CI 0.0003 0.256
UK
Original data 0.203 -0.014 -0.024 0.452 0.0006 0.033 —0.163
Bootstrap 1.904 0.018 0.030 0.232 0.0004 0.027 0.082
SE
Bootstrap —2.515,4.968 —0.045,0.027 —0.059, 0.060 —0.445,0.458 —0.0007, —0.053, —0.160, 0.164
95% CI 0.0007 0.056

Note Bootstrapped 95% Cls are percentile intervals; AmCort amniotic cortisol concentration, SLE count number of stressful life events experi-

enced during pregnancy

Cohort Pearson’s r [95% Cl]

Germany S 0.08 [-0.06, 0.21]

UK —-—— -0.10 [-0.45, 0.27)

Portugal e -0.09 [-0.28, 0.11]

RE Model — -0.00 [-0.13, 0.13]
I I I I |

05 02 02 05

Correlation Coefficient

Fig.3 Forest plot showing effect size (Pearson’s r) estimates for asso-
ciation between amniotic cortisol exposure and cFA

additionally 3D and 5D for the German cohort). Findings
from the three cohorts were considered on an individual and
meta-analytical basis, providing an in-depth and appropri-
ately powered research framework. All hypotheses, analysis
plans and contingencies related to this research were pre-
registered with OSF prior to the onset of statistical analysis,
limiting our scope to infer statistical significance in non-
predetermined variables and plausibly reducing the probabil-
ity of Type 1 errors. This is of particular importance when
considering the effect of publication bias on a field in which
the reporting of small magnitude effects is commonplace
(Van Dongen and Gangestad 2011). Univariate, multivariate,

and meta-analytic models revealed no significant associa-
tion between these variables, providing no support for our
hypothesis. Furthermore, only data from the German cohort
provided results in the hypothesised direction (ns). We also
predicted that FA would increase as a function of age in
the German cohort, though actually observed lower FA at
70 months than 9 and 20 months. The current findings sug-
gest that variability in second trimester cortisol exposure
observed in typically developing pregnancies is not an indi-
cator of DI. This observation runs contrary to findings from
the animal literature but may be explained by limitations
associated with assaying cortisol from amniotic fluid and
measuring FA solely from finger lengths.

Age-Related Changes in FA

Relatively little is known regarding how FA changes
throughout development. Evidence from animal models indi-
cates that variance in shape halves of skull morphology in
two rodent species reduced over time (Zelditch et al. 2004).
One explanation for this is that variation in phenotypic mor-
phology is only rapidly accounted for later in growth as vari-
ation is continually generated but accumulates during early
development as biological mechanisms that compensate for
this variation are not yet functioning. A second explana-
tion is that variation is only generated prenatally or during
early development and is in fact rapidly compensated for.
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Fig.4 Scatterplots showing correlation between amniotic cortisol and
maternal plasmatic cortisol measured a 30 min before and b immedi-
ately before amniocentesis in the Portuguese cohort

However, as no new variation is introduced after this period,
variability in phenotypic morphology diminishes with time.
With respect to human populations, cross-sectional studies
(Hope et al. 2013; Wilson and Manning, 1996) suggest a
decrease throughout childhood, an increase at puberty, and
then a further decrease in late adolescence/early adulthood.
However, FA variance in skeletal traits has been reported
to increase with ontogeny in humans and rhesus macaques
(Hallgrimsson, 1999), and a longitudinal study of Jamaican
youth (Palestis and Trivers 2016) reported a steady increase
between 5 and 13 years, after which participants exhibited an
elevated rate of FA increase before a slight decline in early
adulthood. This pattern was suggested to be reflective of
the steady accumulation of developmental errors over time
before a rapid increase during puberty as growth rates accel-
erate. Our study provides longitudinal data relating to an

@ Springer

earlier stage of life, which show that FA was lowest at
70 months post-partum, and that it decreased significantly
between 9 and 70 months. Although these findings are most
consistent with those of Wilson and Manning (1996) and
Hope et al. (2013), an explanation that somewhat mirrors
the interpretation of Palestis and Trivers (2016) is that FA
is initially high due to the extremely rapid growth that is
characteristic of early human infancy before it stabilises
around 70 M when the rate decelerates prior to onset of
puberty (Tanner 1990). This is also reflective of the findings
observed by Zelditch et al. (2004) in rodent species, and as
such it is possible that similar mechanisms may be respon-
sible, such as a differential in compensating mechanisms
between early and late ontogeny. Of course, results pertain-
ing to non-human species must be interpreted carefully when
extrapolating to human populations.

An alternative interpretation of these data is that as trait
size increases, relative increases in FA may be masked by
a general increase in trait size. Without proper allometric
controls, this may result in a perceived levelling effect or
decrease in FA over time. However, the way in which FA
was calculated for the current study should control for noise
introduced by trait size. Furthermore, it is difficult to specu-
late on the impact of a number of external factors that may
have influenced FA and its rate of change over time—for
example, nutritional factors are known to be strongly associ-
ated with human growth patterns (Emmett and Jones 2015;
Jasienska, 2013; Lifshitz 2009). Total weight gain after birth
has been shown to exhibit a positive correlation with FA in
humans (Wells et al. 2006); therefore, variance introduced
by dietary changes (e.g., through the development of prefer-
ence with age or through the influence of school-provided
meals) may be implicated in the levelling effect observed at
70 M and is not measured nor controlled for in the current
study. However, there is surprisingly little information on
how FA changes with time in young infants, so our data pro-
vide an interesting preliminary examination, despite these
methodological and interpretational issues.

Amniotic Cortisol and FA

No statistically significant relationship between amni-
otic cortisol exposure and FA was observed for any spe-
cific cohort or when effects were aggregated meta-ana-
lytically. Therefore, no empirical evidence is provided in
support of foetal cortisol acting as a mediator between
maternal stress and offspring FA. However, a lack of evi-
dence is not necessarily evidence of no relationship, and if
it is indeed the case that amniotic cortisol exposure relates
to FA in offspring there are several potential reasons for why
we did not observe the effect here. First, the representative-
ness of amniotic cortisol measured at a single time point of
average cortisol levels throughout gestation is questionable.
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Amniotic cortisol was assayed from samples drawn dur-
ing amniocentesis, an invasive procedure utilised in cases
of increased risk of genetic or chromosomal abnormality.
Undergoing amniocentesis can be a stressful experience
(Ventura et al. 2012), especially given reports that it is asso-
ciated with increased foetal mortality (though see Akole-
kar et al. 2015). It is therefore possible that cortisol levels
assayed from samples obtained under these conditions are
inflated compared to the average hormonal environment of
a given individual, introducing additional noise and limiting
the ability to detect a relationship. Evidence in favour of this
idea is provided in that maternal circulatory cortisol (itself
associated with state anxiety; Sarkar et al. 2006, though see
also Baibazarova et al. 2013) for the Portuguese cohort cor-
related positively with amniotic cortisol. As stress increases
maternal cortisol, and increased circulatory cortisol may
translate to a concomitant increase in foetal exposure, it
appears plausible that the estimation of prenatal cortisol
exposure taken under these high stress conditions overes-
timates the average exposure a foetus experiences during
gestation. Moreover, as increased cortisol production is a
product of the acute stress response, alongside the amniotic
cortisol levels appearing inflated due to the stressful nature
of this procedure, they may also not be reflective of true foe-
tal stress as this response may be relatively transient. Acute
responses such as these may not be long-lived enough to
create meaningful changes in FA.

Although highly statistically significant correlations
between maternal and amniotic cortisol were observed,
the effects were only moderate in strength: »=0.429 and
r=0.420 for maternal cortisol measured 30 min before and
immediately prior to amniocentesis, respectively. The main
regulator of foetal cortisol exposure is thought to be activ-
ity of the enzyme 11p-hydroxysteroid dehydrogenase type 2
(11-p-HSD 2) (Kajantie et al. 2003). The passage of cortisol
through the placenta is partially inhibited by 11-p-HSD 2,
which in humans converts excess cortisol into inactive cor-
tisone (Duthie and Reynolds 2013). As 11-f-HSD 2 levels
and functionality are variable between individuals (Kajantie
et al. 2003), interventive steps such as this add variance into
models of maternal stress, amniotic cortisol and offspring
FA, and are not accounted for in our analyses.

Another important consideration is that the calculation of
cFA was based solely on digit lengths, and, in some cases
only 1 (Portuguese cohort) or 2 (UK cohort) pairs of digits.
This is problematic for several reasons. First, digit lengths
are not developmentally independent of one another. This
means that if some factor affects the developmental tra-
jectory for one digit, it is likely to also influence that of
the other digits. This creates a theoretical bias that may be
responsible for any effects observed, or indeed, for masking
any effects that could have been observed. For this reason,
whenever possible, cFA should be calculated from multiple

developmentally distinct traits that are still similarly sus-
ceptible to the influence of stressors (Palmer and Strobeck
2003). However, amniotic fluid studies are exceedingly rare,
and the finger length data presented here were originally
collected for a different purpose. We are therefore limited
to conducting an opportunistic secondary analysis to test a
novel hypothesis.

Second, although the use of only two paired digits (and
in the case of the Portuguese cohort for which 2D measures
showed signs of directional asymmetry, only one paired
digit) may be enough to calculate an FA score, it would
certainly be more reliable to include additional traits within
the composite (Leung et al. 2000; Palmer and Strobeck 1992,
2003; Van Dongen and Gangestad 2011). The use of one
(Portuguese cohort) or two traits (UK cohort) must yield
limited information on underlying DI as the differences
between right and left for the traits measured can only esti-
mate variance in DI with one or two degrees of freedom
(Palmer and Strobeck 2003). This can also be extrapolated to
include non-developmentally distinct traits, as by definition
these do not truly represent additional information regard-
ing the variance of underlying DI. Thus, it is plausible that
the lack of evidence obtained in support of the hypothesis
that foetal cortisol exposure and FA are positively correlated
can be explained by the imperfect cFA measure utilised in
the current study. Alternatively, it is worth noting that many
published studies have used only 2D and 4D differentials
between left and right hands to calculate composite FA (e.g.
Jasienska et al. 2006; Osu et al. 2020; Rogers et al. 2017;
Voracek 2009), providing some empirical justification for
our use of this method.

Another interpretation of the lack of statistically sig-
nificant correlations between amniotic cortisol and FA
observed here is simply that there is in fact no relationship.
For instance, amniotic cortisol may not influence DI and
thus would not influence FA; equally, it could be that amni-
otic cortisol does influence DI, but, as FA provides only a
weak proxy for DI, the relationship is not strong enough to
be detected with the current level of statistical power. When
considering the second explanation, it has been suggested
that whilst DI may play a role in the phenotypic variation in
expression of FA, it is not the only relevant factor (Palmer
and Strobeck 1992). Moreover, increases in FA cannot be
parsed between DI and other potential covariates (for exam-
ple, random wear and tear or random environmental effects)
(Palmer and Strobeck 2003). Thus, Palmer and Strobeck
(2003) argue that if variance in FA due to DI cannot be
distinguished from variance in FA due to other factors, then
FA cannot be used as a proper index for DI. That is not to
say there is no relationship between FA and DI, just that
suggesting FA is produced solely by DI (and thus is a direct
proxy for DI) is incorrect. In a recent meta-analysis relating
to insect species, Beasley et al. (2013) found that although
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environmental stressors accounted for 36% of variance in
FA, effect sizes were larger in lab studies than field stud-
ies, and larger in studies that reported negative correlations
with fitness indicators. Such observations appear to support
Palmer and Strobeck’s (2003) argument that DI accounts for
a large proportion (but not all) of the variance in FA, and
when more stringent control of extraneous variables is pos-
sible, larger effects of FA can be observed. Hence the lack of
statistically significant findings here may be due to a lack of
proper control of extraneous factors that also influence FA,
as well as the relatively weak correlation between FA and
DI. With respect to the broader evolutionary significance
of these findings, if there is indeed no relationship between
amniotic cortisol exposure and FA in the wider population,
it is plausible, albeit perhaps unlikely, that acute foetal stress
does not cause a related increase in subsequent FA in off-
spring, and would therefore not translate into meaningful
variation in the phenotypic asymmetry of future generations.

Conclusions

To the best of our knowledge, these data present the first
in-depth analysis of prenatal stress hormone exposure and
FA in humans. No corroboratory evidence was found for
the hypothesised relationship between amniotic cortisol and
FA in any of the three cohorts studied, and the meta-ana-
lytic effect size estimate was very small and not statistically
significant (r <0.001, p=0.999). These findings therefore
contrast with the existing literature suggesting that amniotic
corticosterone concentrations correlate positively with FA
in non-human animals (Eriksen et al. 2003; Newell-Morris
et al. 1989; Satterlee et al. 2008). However, the current study
did observe positive correlations between the cortisol pre-
sent in amniotic fluid and the maternal circulation, a finding
that replicates those of previous research (Baibazarova et al.
2013; Glover et al. 2009). As maternal blood and salivary
samples can be obtained ethically, and with considerably
less stress than amniotic fluid, we suggest future studies can
provide a stronger test of the hypothesis that prenatal stress
hormones influence DI by assaying maternal cortisol during
the first and second trimesters of pregnancy and correlating
the observed values with a more adequate measure of cFA
in their offspring.
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