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Abstract

The relative lengths of the 2" and 4™ digits (2D:4D) may provide an easily measurable and stable
anthropometric index of prenatal androgen exposure, but no study has examined the development
of 2D:4D in infancy and the potential impact of neonatal testosterone levels. We collected 2D:4D
ratios from 364 children between 0 and 2 years of age. Saliva samples were collected from 236 of
these children 3 months after birth and analyzed for testosterone. In addition, 259 children
provided DNA samples which were genotyped for the CAG repeat polymorphism in the androgen
receptor. There was substantial variability across age in 2D:4D. Sex differences were small
compared to adults and did not consistently reach statistical significance. This suggests that 2D:4D
may not function well as a proxy measure of prenatal testosterone exposure in infancy. In addition,
the interaction of salivary T and CAG repeats predicted right hand digit ratio at 12 months and left
hand digit ratio at 12 months and 24 months in males. The interaction of salivary testosterone and
CAG repeat length also predicted change in left hand 2D:4D from 2 weeks to 12 months in males.
This suggests that 2D:4D in adults may reflect, in part, neonatal testosterone exposure. No
significant relationships were observed within females. No significant relationships were observed
when salivary testosterone and CAG repeats were examined independent of each other. Results
have important implications for the design and interpretation of studies which use 2D:4D as a
proxy measure of prenatal testosterone exposure.
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Introduction

Experiments in animals leave no doubt that androgens, especially testosterone produced in
fetal and neonatal life, act on the developing organism to produce sex differences in neural
structure and neuroanatomy, reproductive and social behaviors, and cognitive function later
in life (De Vries & Simerly, 2002; Simerly, 2002). Compelling evidence that early androgen
exposure is also important for the sexual differentiation of the brain in humans is provided
by studies of individuals with disorders of sex determination and disorders of sex
differentiation, in particular, studies of girls with congenital adrenal hyperplasia (CAH)
(Hines, 2002). However, it is less clear whether normal variation in early androgen exposure
predicts within-sex variation in sexually dimorphic outcomes. This is largely due to inherent
difficulties in measuring fetal androgen exposure.

The onset of testosterone biosynthesis occurs at about 9 weeks gestational age (Grumbach et
al., 2003), and the maximal prenatal sex difference in serum levels occurs between 12 and
18 weeks gestational age. In animal models, the general critical period for sexual
differentiation of the brain usually occurs when sex differences in serum testosterone are
highest (Smith & Hines, 2000). Therefore it is likely that this is an important period for
masculinization of the brain in humans as well. While androgen levels can be measured in
fetal blood obtained at cordocentesis or in amniotic fluid obtained at amniocentesis, these
procedures incur significant fetal risk. They can only be performed in high risk pregnancies
during the second and third trimesters. Serial measurements are not possible. Circulating
hormone levels can be measured serially in maternal blood at any point in pregnancy, but
are unlikely to accurately index fetal exposure. Hormones can also be measured in umbilical
cord blood at birth, but the resulting concentrations reflect late gestation exposure, well after
the hypothesized period of sexual differentiation (van de Beek et al., 2004).

Given these difficulties, there is a great deal of interest in identifying an anthropometric
index of prenatal androgen exposure. It has been proposed that the relative lengths of the 2"
and 4 digits (2D:4D) provide just such an index (Manning et al., 1998). Since this
influential paper was published over 300 publications related to 2D:4D have appeared in the
literature (Voracek & Loibl, 2009). These studies have suggested associations between 2D:
4D and a multiplicity of outcomes including: personality (Fink et al., 2004; Hampson et al.,
2008; Loehlin et al., 2009), sensation seeking (Fink et al., 2006), social cognition (Williams
et al., 2003), cooperative behavior (Millet & Dewitte, 2006), spatial ability (Kempel et al.,
2005; Loehlin et al., 2009), pain perception (Keogh et al., 2007), autism (de Bruin et al.,
2006), schizotypal personality disorder (Walder et al., 2006), disordered eating (Klump et
al., 2006; Smith et al., in press), attention deficit hyperactivity disorder (Martel et al., 2008),
psychological femininity and masculinity (Scarbrough & Johnston, 2005), sex role identity
(Csatho et al., 2003), gender-typical play (Alexander, 2006; Burton et al., 2009), sexual
orientation (Rahman & Wilson, 2003), sporting ability (Manning & Taylor, 2001), gender-
identity (Wallien et al., 2008), and academic success (Romano et al., 2006).

Despite the high volume of publications, few papers utilizing 2D:4D have appeared in high-
impact, broad-interest scientific journals (Voracek & Loibl, 2009) — suggesting that the
measure is not yet widely accepted. This may reflect a lack of research on the mechanisms
by which 2D:4D and prenatal androgen exposure are related. It has been hypothesized that
circulating prenatal androgens directly influence the development of the digits through
androgen receptors, which are present in fetal cartilaginous tissue (BenHur et al., 1997).
Supporting evidence comes from 3 studies of girls with CAH who showed masculinized 2D:
4D (Brown et al., 2002; Ciumas et al., 2009; Okten et al., 2002) (but note a non-replication
by Buck et al. (2003)), a study of individuals with complete androgen insensitivity syndrome
who showed feminized 2D:4D (Berenbaum et al., 2009), and a study showing a relationship
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between low 2D:4D and fewer CAG repeats in the transactivational domain of the androgen
receptor (Manning et al., 2003), a polymorphism which is thought to impact receptor
sensitivity (Callewaert et al., 2003; Irvine et al., 2000). In addition, a study of hormones
measured in amniotic fluid reported that 2D:4D is significantly correlated with the ratio of
testosterone to estradiol, although not with testosterone alone (Lutchmaya et al., 2004). In
contrast, another study showed no relationship between 2D:4D and maternal serum
androgens during the 2"d and 3™ trimesters or testosterone measured in umbilical cord blood
(Hickey et al., 2010), but measurements of androgen in maternal serum or umbilical cord
blood may not reflect fetal exposure in the critical period of interest (van de Beek et al.,
2004).

If testosterone does directly alter digit growth, it is crucial to determine if that effect is
limited to the prenatal period of interest. While sex differences in 2D:4D ratio are apparent
by week 14 of fetal life (Galis et al., 2010; Garn et al., 1975; Malas et al., 2006), this does
not rule out a role for later testosterone exposure in inter-individual variation in 2D:4D.
Human males experience several organizational surges in testosterone after birth. Males are
born with elevated testosterone levels as a result of the sudden drop in inhibitory estrogen
produced by the placenta. Testosterone rapidly decreases in the first day of life and then
begins to rise again after the first week. It peaks around the 3" to 4" months of life and then
drops back to very low levels by 1 year of age (Fechner, 2003; Forest et al., 1974). This is
referred to as the neonatal surge. The gonads are then quiescent until puberty when levels of
gonadotropins rise causing the gonads to enlarge, mature, and secrete the increased amounts
of gonadal steroids typical of adulthood (Fechner, 2003). A meta-analysis suggests that 2D:
4D is not associated with adult sex hormone levels (Honekopp & Bartholdt, 2007), and
while no studies have directly tested whether testosterone levels during adolescence impact
2D:4D, a study of serial radiographs suggests that digit ratios are not strongly affected by
puberty (Mclntyre et al., 2005). No study has examined the development of 2D:4D in
relation to the neonatal surge. Mclintyre et al. (2005) did have radiographs from infants, but
they averaged radiographs from the first year of life into a single score rather than
examining developmental fluctuations within that time period.

The current study tests whether 2D:4D in the first 2 years of life is related to neonatal
testosterone exposure at 3 months of age. Circulating testosterone levels are assessed using
saliva samples. The interaction of salivary testosterone with the length of the CAG repeat in
the androgen receptor is also examined as this may provide a more powerful test of
testosterone effects, as it looks at the combined influence of circulating testosterone and
receptor sensitivity. The study also addresses the general issue of age-related change in early
life with a longitudinal sample and examines whether sex and ethnicity impact digit ratio in
this time period as they do in adulthood.

METHODS

Subjects

364 children between 0 and 2 years of age are included in this study. The total sample
includes 167 singletons (81 male, 86 female) who were enrolled as controls in a NIMH
funded study, Early Brain Development in High Risk Children, and 197 twins (100 male, 97
female) who were enrolled in a NIMH funded study, Early Brain Development in Twins.
Mothers were recruited during the second trimester of pregnancy from the outpatient
obstetrics and gynecology clinics at UNC hospitals. Exclusion criteria at enrollment were
the presence of abnormalities on fetal ultrasound or major medical or psychatic illness in the
mother. Demographic data of the sample is found in Table 1. The demographic makeup of
subsamples used in specific analyses is highly similar. Experiments were undertaken with
the understanding and written consent of each subject’s mother or father, with the approval
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of the Institutional Review Board of the University of North Carolina (UNC) School of
Medicine., and in compliance with national legislation and the Code of Ethical Principles for
Medical Research Involving Human Subjects of the World Medical Association
(Declaration of Helsinki). The work described in this article has also been carried out in
accordance with the Uniform Requirements for manuscripts submitted to Biomedical
journals.

We collected black and white photocopies of both the left and right hand of participating
children at 3 study visits. Visit 1 occurred in the first month of life. Mean gestational age at
visit 1 was 294.05 days. This is approximately 2 weeks post-term. We will refer to this as
the 2 week visit for the rest of the paper. Visit 2 occurred at 12 months of age. Visit 3
occurred at 24 months of age. Measurements of 2"d and 41" digit length were taken from
photocopies using Vernier calipers with an accuracy of £ 0.02mm and repeatability of
0.01mm. The 2D:4D ratio was calculated from digit length measured from the basal crease
of the digit proximal to the palm to the tip of the digit. Each digit was measured twice with a
minimum of 1 day between measurements. A single rater performed all 2D:4D
measurements. The rater was blind to subject’s sex. While the rater was not given explicit
information as regards subject age or ethnicity, the photocopies themselves provide some
limited information relevant to these parameters (e.g. size and shape of hand and skin tone).
Right versus left hand could be determined from the photocopies themselves. The sequence
of images was randomized with regard to sex, ethnicity, and age. Left 2D:4D was available
for 210 children at Visit 1, 158 children at Visit 2, and 122 children at Visit 3. Right 2D:4D
was available for 209 children at Visit 1, 153 children at Visit 2, and 123 children at Visit 3.

Salivary Testosterone Levels

Saliva samples were available for 236 children. Saliva was collected approximately 3
months post birth. Mean (SD) for gestational age at spit collection in days was 336.54
(18.69). Collection visits were scheduled for 9:00 in the morning. Mean (SD) for the actual
start of collection was 9:13AM (14 minutes). 1mL of passive drool was collected from each
participant using a suction catheter (Centurion Healthcare Products, Howell, MO). Mean
(SD) for the duration of collection was 4 minutes (1 minute 44 seconds). All samples were
frozen within 4 hours and stored in a —80 °C freezer.

Salivary testosterone levels were measured by enzyme immunoassay using a commercially
available kit (Salimetrics, State College, PA). The intra-assay precision for samples with low
testosterone levels (mean 18.12 pg/ml) is 6.7%; for high testosterone levels (mean 188.83
pa/ml) it is 2.5%. Inter-assay precision for samples with low testosterone levels (mean 19.6
pa/ml) is 14.05%; for high testosterone levels (mean 199.08 pg/ml) it is 5.6%. Percent
recovery for this assay varies from 92% to 111.4%. The minimal concentration of
testosterone that can be distinguished from 0 is < 1.0 pg/ml. Only 1 sample had a
concentration below the detection limit. We also evaluated all samples for blood
contamination using the Salimetrics Salivary Blood Contamination Enzyme Immunoassay
kit which quantitatively measures transferrin, a large protein which is present in abundance
in blood, but that is normally present in only trace amounts in saliva. Intra-assay precision
for samples with high (3.88 mg/dL) transferrin levels is 10.2%, for samples with low (0.42
mg/dL) transferrin levels it is 4.9%. Inter-assay precision is 7.1% for low (1.02 mg/dL) and
7.2% for high (4.93 mg/dL) transferrin levels. Percent recovery varies from 91.9% to
101.5%. The minimal concentration of transferrin that can be distinguished from zero is 0.08
mg/dL.
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CAG repeats

The sensitivity of the androgen receptor varies in a systematic way with the number of CAG
repeats found in the first exon of the androgen receptor gene. Low numbers of CAG triplets
are associated with greater receptor sensitivity (Chang, 2002). We genotyped the number of
CAG repeats using buccal DNA samples. DNA was extracted using standard methods as
described in the Puregene® DNA Purification Kit (Gentra Systems) using supplies from
Qiagen. After extraction samples were aliquoted into 2 (23ul) tubes and stored at —80°C.
Prior to freezing, DNA quantity and quality (indexed by the 260/280 nm ratio) were
assessed by spectrophotometer (Beckman DU640, Beckman-Coulter, Brea, CA).

In order to genotype the CAG repeat polymorphism in the human androgen receptor gene,
we adapted a protocol from Allen et al. (1992). First, a PCR spanning the CAG repeat
polymorphism was performed. The forward primer was 1, 5’-FAM-
GCTGTGAAGGTTGCTGTTCCTCAT-3’; the reverse primer was 2, 5’-
TCCAGAATCTGTTCCAGAGCGTGC-3’. The PCR was carried out on a MJ Research
PTC-2000 Thermocycler. The PCR product was purified using a Promega Wizard SV 96
PCR clean-up system using the standard protocol. The sizes of the PCR fragments for each
sample were measured using a 3730 DNA Analyzer (Applied Biosystems, Foster City, CA)
using the 600L1Z size standard for comparison. Only PCR products with a FAM labeled end
are detected by the analyzer. The data was viewed using GeneMapper software (Applied
Biosystems) to determine peak fragment length for each sample. Genotypes were called by
visual observation of the peak fragment length within GeneMapper software. Peak fragment
lengths were then converted to CAG repeat numbers. The overall no-call percentage for
genotypes was 2%. 98 samples were run in duplicate to check for genotyping disagreements.
3 samples did not replicate (a rate of 3%), probably due to a pipetting error. These samples
were excluded from subsequent analyses. After quality control, CAG repeat length was
available for 259 children.

Statistical Analysis

All statistical analyses were performed using SAS statistical software, version 9.2. For
demographic variables, frequency distributions were calculated for categorical variables, and
means (standard deviations) were calculated for continuous variables. Differences between
genders in baseline categorical variables were assessed using Fisher’s Exact test, and the
Kruskal-Wallis test was used for continuous variables.

Mixed models were used for the primary analyses of this paper. Since the study sample
included both singletons and twins, where data was available on both twins in a pair we
included both twin members, and we treated twin pair as a random effect to capture the
correlation between subjects within twin pairs. In other words, the individual twins within a
pair are treated as replications, while singleton neonates had no replicates. This enables
twins and singletons to be used in the same analysis without violating independence
assumptions or discarding information by using only one of two twins. The unstructured
covariance structure was used to capture the correlation between twins in a pair since we
expected the correlation between MZ twin members would be higher than the correlation
between DZ twin members (Munoz et al., 1986).

All statistical hypothesis tests were two-tailed and conducted at a significance level of 0.05.
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Intra-rater Reliability

Intra-rater reliabilities for 2D:4D measures were acceptable at all ages. Intraclass correlation
coefficients (Shrout-Fleiss fixed set) for the left hand were 0.86, 0.84, and 0.92 (for 2 weeks,
12 months, and 24 months respectively). Intraclass correlations for the right hand were 0.90,
0.93, and 0.89 (for 2 weeks, 12 months, and 24 months respectively). For all subsequent
analyses 2D:4D ratios were calculated using the average of the 2 measurements. Table 2
summarizes mean 2D:4D data as well as salivary testosterone levels and CAG repeats for
males and females (See Table 2).

Right vs. Left Hand

It is common practice in studies utilizing 2D:4D for researchers to measure both the left and
right hand and then to perform all subsequent analyses separately for the left and right hands
(thereby doubling the number of statistical tests performed). Some researchers have
attempted to limit the number of statistical tests by averaging the left and right digit ratios.
We tested whether it was appropriate to average the left and right hands in our age group by
calculating the intraclass correlation coefficients between the hands. For the entire sample,
intraclass correlation coefficients were 0.39, 0.38, and 0.44 for 2 weeks, 12 months, and 24
months, respectively. Similar results were obtained when we considered singletons alone,
males alone, or females alone. This indicates that it is not appropriate to average the right
and left hands, at least in this sample.

Twin vs. Singleton

Ethnicity

Because our sample included both twins and singletons, we tested whether there was a
systematic difference in 2D:4D ratios between singletons, MZ twins, and DZ twins. No
significant differences were found with the exception of left hand 2D:4D at 12 months of
age (p = 0.01). There were no consistent differences between the groups across ages or
hands. Therefore, for all subsequent analyses it was assumed that twins and singletons did
not differ in 2D:4D ratio.

There are strong population differences in adult 2D:4D ratios, differences that explain a
greater proportion of the variance in 2D:4D than sex (Manning et al., 2000). Our population
is primarily Caucasian, but it also includes a significant minority of African-Americans
(approximately 20%) and a small number of Asian-Americans (approximately 3%). Mixed
models ANOVA demonstrated that African Americans had lower 2D:4D ratios than
Caucasians in our sample. The magnitude of this difference was on the order of 0.01 to 0.02
and was statistically significant for the right hand at 2 weeks (p = 0.02). The magnitude and
direction of the difference was similar, but not statistically significant, for the right hand at
12 months (p = 0.08) and for the left hand at 12 months (p = 0.06) and 24 months (p = 0.07).
Effect sizes (Cohen’s d) ranged from 0.29 to 0.45; these would be considered small to
moderate effect sizes. Comparisons of Asian-Americans and African Americans and Asian-
Americans and Caucasians were not significant, although the small number of Asian-
Americans limited the power of these comparisons. Full details on effect sizes are provided
in Table 3.

Sexual Dimorphism

As expected, in general males had lower 2D:4D ratios than females when correcting for
ethnicity, but the difference was only statistically significant at 2 weeks of age (p = 0.04 and
0.01 for left and right hand respectively) (See Table 4). The absolute size of the difference
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was small, on the order of 0.01, but appeared fairly consistent across development. Effect
sizes were also small ranging from 0.13 to 0.33.

We tested the effect of age at collection on 2D:4D ratio in several, complementary ways.
First, we calculated intraclass correlation coefficients to determine if measures taken at
different ages are interchangeable. ICCs were 0.28 and 0.24 for the left and right hands
respectively, indicating that measures taken at different ages are not interchangeable. We
next examined Pearson correlations to determine if measures taken at different ages
correlated with each other. We observed modest correlations: r = 0.35 (p = 0.0003) for right
2D:4D from 2 week to 12 months; r = 0.48 (p < 0.0001) for right 2D:4D from 12 months to
24 months; r = 0.38 (p < 0.0001) for left 2D:4D from 2 week to 12 months; and r = 0.53 (p
< 0.0001) for left 2D:4D from 12 months to 24 months. These analyses reaffirm our
conclusion that measures taken at different ages are not interchangeable. Since ICC
calculations and Pearson correlations cannot account for the non-independence of twins, we
also used mixed models to compare differences between years in digit ratios, adjusting for
ethnicity. There were significant differences between digit ratios collected at 1 versus 12
months of age (p < 0.01 for both hands) and between ratios collected at 12 versus 24 months
of age (p = 0.03 right hand, < 0.001 left hand). Digit ratios collected at 12 months were
lower than those collected at 1 and 24 months. A similar pattern was observed in both males
and females. However, examination of spaghetti plots for children with longitudinal
measurements showed a high degree of individual variability in change over time (See
Figure 1).

Relationship of 2D:4D with Neonatal Testosterone

Preliminary analyses indicated that salivary testosterone was significantly correlated with
gestational age at collection (r = —0.25, p < 0.01), time of collection (r = 0.35, p < 0.0001),
and transferrin levels (r = 0.39, p < 0.0001), but not with duration of collection or duration
of transport. Graphical exploration of the data suggested that the significant correlations
with gestational age and time at collection were driven by 2 outliers. Correlations were no
longer significant when we excluded these individuals. These individuals were excluded
from all subsequent analyses using salivary testosterone. Graphical exploration also
suggested that 1 individual was an outlier for transferrin (6.68 mg/dL). However, the
correlation between transferrin and salivary testosterone remained significant when this
individual was excluded (r = 0.43, p < 0.0001). In all subsequent analyses using salivary
testosterone we excluded the individual with a transferrin level of 6.68 and used transferrin
as a covariate.

Because the relationship between salivary testosterone and serum testosterone may be
different in males versus females (Shirtcliff et al, 2002), mixed models testing the
relationship between 2D:4D and salivary T were run separately by sex. Analyses were
adjusted for ethnicity and transferrin levels. The initial hypothesis was that neonatal
testosterone would be inversely correlated with 2D:4D ratio — that is the same direction of
effect as has been hypothesized for prenatal testosterone (Lutchmaya et al, 2004). This
relationship was expected to be stronger/more consistent in males as the correlation between
salivary and serum testosterone is stronger in males than females (Shirtcliff et al, 2002).
There were no significant relationships between salivary testosterone and 2D:4D ratio in
males or females at any age. For males the direction of effect was as hypothesized with
higher 2D:4D ratios being associated with lower salivary testosterone for all comparisons
except right 2D:4D at 2 week of age. In females, the direction of effect was as hypothesized
for the right hand, but not for the left. We also examined whether the change in digit ratio
from 2 week to 12 months in subjects with longitudinal data was predicted by salivary
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testosterone; no significant relationships were observed in either males or females (see Table
5).

Relation of 2D:4D to CAG repeat length

Mixed models, adjusted for ethnicity, were used to test the relationship between 2D:4D ratio
and the number of CAG repeats in the androgen receptor. For the entire sample, there were
no significant relationships observed. The direction and size of the effect showed no
consistent pattern across hands and/or ages. This remained the case when males and females
were examined separately.

The interaction of CAG repeat length and salivary testosterone on 2D:4D

We also examined whether the interaction between CAG repeat length and salivary
testosterone predicted 2D:4D ratio. Because the relationship between salivary testosterone
and serum testosterone may be different in males versus females, these analyses were run
separately by sex. In males the interaction of salivary T and CAG repeats predicted right
hand digit ratio at 12 months (p = 0.01) and left hand digit ratio at 12 months and 24 months
(p = 0.02 for both time points). No significant relationships were observed within females
(but note that the model did not converge for right 2D:4D at 24 months in females). We also
examined whether the change in digit ratio from 2 weeks to 12 months in subjects with
longitudinal data was predicted by the interaction of salivary testosterone and CAG repeat
length. For males the interaction of salivary testosterone and CAG repeat length predicted
change in left hand 2D:4D (p = 0.01), but not right hand 2D:4D. For females, no significant
relationships were observed (see Table 5).

DISCUSSION

The primary goal of the current study was to examine the development of 2D:4D in the first
two years of life and determine if the neonatal surge in testosterone, experienced by males in
the first year of life, influences digit ratio. We demonstrated a high level of variability and
lack of stability across age in 2D:4D ratio as well as small and inconsistent sex differences
which suggest that 2D:4D may not function well as a proxy measure of early testosterone
exposure in infancy and early childhood. In addition, our results suggest that testosterone
levels in the neonatal period may indeed modulate 2D:4D ratios in males, but this result
requires replication.

First, if individual differences in 2D:4D were stable from the 2" trimester onwards, we
would expect 2D:4D measures taken at 2 week, 12 months, and 24 months to be highly
correlated. We did observe modest correlations between 2D:4D measures taken at different
periods, which suggests some stability in individual differences. However, correlations were
much lower than those observed in children between 6 and 8 years of age (r = 0.71)
(Mclntyre et al., 2006). ICC calculations indicated that measures taken at different ages
were not interchangeable. Using mixed models to test for differences between time points
showed that 2D:4D was lower at 12 months than at 2 weeks. As lower 2D:4D ratios are
considered more masculine, this observation is potentially compatible with an effect of
neonatal testosterone. However, if this were the case one would expect to observe this
relationship in males, but not in females. In actuality, both males and females showed the
same pattern. Ratios also increased from 12 months to 24 months, suggesting general age
effects. In addition, examination of spaghetti plots showed a high level of individual
variability in age-related change. This could be the result of measurement error or of
stochastic growth processes across individuals. Bloom et al. (2010) recently reported relative
immaturity of the 4t digit relative to the 2" digit in children between 4 and 8 years of age.
They also reported that chronological age, skeletal age, and BMI were significantly
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correlated with 2D:4D of phalange bones, but not with metacarpal bones, suggesting
differential bone development ‘within-digit’ at this age. Although their sample was
primarily male and all children were diagnosed with autism spectrum disorder, this study
does suggest a non-uniform pattern of digit development which could introduce substantial
within-subject variability into 2D:4D ratios. Mcintyre et al. (2006) have also suggested that
ratios may not be stable in children based on a study of serial radiographs in children
between the ages of 6 and 8, which showed that the second digit may grow more in children
relative to the fourth digit, causing 2D:4D to increase with age in growing hands. 2D:4D
ratios in our sample are comparable to other studies in young children (Alexander et al.,
2009; Lutchmaya et al., 2004), but much lower than those reported in adults (Manning et al.,
1998). Considering these findings, we would strongly urge researchers collecting 2D:4D
measures in children to do so within a very narrow time window. Collecting digit ratios
from children of differing ages will introduce noise and result in analyses which are likely to
be underpowered.

Regarding sex differences in 2D:4D in infancy, males generally had lower 2D:4D ratios than
females, but this relationship was only statistically significant at 2 weeks of age. In addition,
the absolute magnitude of this difference was smaller than that observed in adults (on the
order of 0.01 in infants, but 0.02 in adults (Manning et al., 1998)). Effect sizes were also
small (Cohen’s d from 0.13 to 0.33). Meta-analysis indicates an effect size in older
populations around 0.46, although there is substantial variation across studies (Honekopp &
Watson, 2010). 2 small published studies have included data on 2D:4D in young children;
one focused on 2 year old children (Lutchmaya et al., 2004) and one focused on infants
(Alexander et al, 2009). Neither found significant sex differences. Sex differences may be
observed inconsistently at this age due to growth processes. Alternatively, testosterone
exposure after 2 years of age may amplify sex differences in digit ratio. A third possibility is
that prenatal and neonatal testosterone may have organizational influences on bone and/or
soft tissue growth of the digits that continues to unfold after the initial period of exposure.

2D:4D ratios in both infants and adults show substantial within-sex variability and a high
degree of overlap between males and females. It is clear that in both groups, a substantial
amount of inter-individual variability in digit ratio is unrelated to androgen exposure. One
known source of variability is ethnicity. We observed that African-American infants had
lower ratios than Caucasian infants; the absolute magnitude of this difference was on the
order of 0.01 to 0.02; effect sizes (Cohen’s d) were between 0.29 and 0.45. The absolute
differences are comparable to the differences reported in a comparison of 2 Caucasian
samples (Berber and Uygar) to an Afro-Caribbean sample (children age 5-14) (Manning et
al., 2004) and to differences between blacks and whites in an adult sample (primarily from
the UK and USA) (Manning & Fink, 2007). Effect sizes are similar to those in the first
study, but larger than those in the latter. Ethnic differences in digit ratio could result from
ethnic differences in prenatal androgenization, but this has not been empirically tested.
Other factors such as nutrition and disease exposure may be involved. For example, 2D:4D
ratio has been reported to be lower in individuals with the protozoan Toxoplasma gondii
(Flegr et al. 2005). These potential relationships require additional research.

Finally, to more directly test the effect of neonatal testosterone exposure on digit ratio, we
examined whether salivary testosterone collected around 3 months of age (the peak of the
neonatal surge in males) or the interaction of salivary testosterone with the length of the
CAG repeat in the androgen receptor (an index of receptor sensitivity) predicted digit ratio
at 2 weeks, 12 months, and 24 months. If the neonatal surge alters digit ratios, we would
expect to see a significant relationship only at 12 months and 24 months, but not at 2 weeks
(unless neonatal testosterone is highly correlated with prenatal exposure — a hypothesis
which has not been empirically tested). We also examined the change in digit ratio from 2
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weeks to 12 months in a subgroup of children with longitudinal data. When using salivary
testosterone alone, we observed no significant relationships, although the direction of effect
in males was as hypothesized. In contrast, the analyses of the interaction of salivary
testosterone with CAG repeat length better fit our predictions. Within males, the interaction
of salivary T and CAG repeats predicted right hand digit ratio at 12 months and left hand
digit ratio at 12 months and 24 months, but did not predict digit ratios at 2 weeks. The
interaction of salivary testosterone and CAG repeat length also predicted change in left hand
2D:4D from 2 weeks to 12 months. It appeared that this interaction was at least partially the
result of a lack of the expected inverse correlation between testosterone and 2D:4D within
males who had the highest number of CAG repeats (that is those with the least sensitive
androgen receptor). No significant relationships were observed within females. It is not
entirely surprising that we observed significant effects for the interaction of salivary T and
CAG repeat length, but not for salivary testosterone alone or CAG repeats alone, given that
circulating T effects on digit ratio may be moderated by receptor sensitivity and vice versa.
This finding clearly requires replication, but given our results it may be more appropriate to
interpret 2D:4D ratio in adulthood as an index of early testosterone exposure rather than
prenatal exposure per se.

Our study does have several limitations which must be kept in mind when interpreting our
results. First, we used a single salivary sample to measure circulating testosterone levels at 3
months post birth. Collection of saliva rather than serum maximized parental acceptability
and minimized child distress. It is unlikely we would have achieved a reasonable sample
size if we opted to use blood. However, substitution of saliva assay results for serum values
is known to underestimate testosterone—behavior associations and this effect is much more
pronounced for females than for males (Shirtcliff et al., 2002). In addition, collecting
samples on multiple days would have allowed a more precise evaluation of individual
differences in testosterone levels. Consequently, null results from this study must be treated
with caution. However, where a significant correlation between T and digit ratio is observed
this should represent a fairly conservative estimate of the correlation between T and digit
ratio. We also observed higher levels of transferrin in saliva than expected (mean (SD) =
0.73 (0.62)) and a moderate correlation between tranferrin and testosterone (r = 0.389),
which raises the possibility of blood contamination. For comparison, Granger et al. (2007),
in a study of children between 6 and 13 years of age, reported a mean (SD) for transferrin of
0.37 (0.46) and a correlation with testosterone of 0.058. Unfortunately, since the
introduction of the transferrin assay (Schwartz & Granger, 2004), the only published study
of salivary testosterone in infants did not incorporate this measurement (Alexander et al.,
2009). The makers of the transferrin assay recommend computing a regression between
transferrin levels and the levels of the analyte of interest and establishing a cut score based
on statistical analysis of this associative relationship (Salivary Blood Contamination EIA Kit
Insert, Cat. # 1-1302, 1-1302-5), but regression in our sample did not provide evidence of an
appropriate cut point. Instead we used transferrin as a covariate in all relevant analyses.
Reassuringly, the mean (SD) for salivary testosterone in our study was highly similar to that
reported by Alexander et al. (2009). It may seem surprising that we did not observe a sex
difference in salivary testosterone levels given that only males have a neonatal surge in
testosterone peaking at 3 months of age, however, we believe this is a consequence of
differing correlations between salivary testosterone and serum testosterone in males and
females. According to Salimetrics, the relationship between serum and saliva for males as
determined by linear regression is y (total serum testosterone in ng/mL) = 0.2421 +
0.0496*x (salivary testosterone in pg/mL). The linear regression equation for females is y
(total serum testosterone in ng/mL) = 0.1415 + 0.0055*x (salivary testosterone in pg/mL).
Assuming that the relationship between total serum testosterone and salivary testosterone in
infants is similar to that seen in adults, this would indicate estimated mean serum
testosterone levels of 2.20 ng/mL for males and 0.34ng/mL for females which is consistent

Horm Behav. Author manuscript; available in PMC 2012 August 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Knickmeyer et al.

Page 11

with published reports on sex differences in serum testosterone levels at 3 months (Garagorri
et al., 2007; Ji et al., 2008). Finally, we have chosen to present p values without adjusting for
the performance of multiple tests. There is considerable debate as to when and how
researchers should adjust for multiple tests (Bender & Lange, 2001). Bonferroni adjustments
are perhaps the best known method. Our results would not be significant after Bonferroni
adjustment, but this method is generally considered overly conservative when the dependent
variables are correlated as is the case with 2D:4D taken at different ages. In addition, many
statisticians would argue that adjustments should not be made for multiple hypotheses
within the context of a single study.

Despite these limitations, the current study has important implications for the design and
interpretation of studies which use 2D:4D as a proxy measure of prenatal testosterone
exposure. First, we demonstrated age-related changes in 2D:4D ratio in the first two years of
life which could interfere with the use of 2D:4D as an index of prenatal testosterone during
this period. Second, the ethnic differences which have been reported in adults in 2D:4D do
appear to exist at least from birth onwards. Therefore the ethnic makeup of samples should
be considered in all studies using 2D:4D. Third, sex differences in 2D:4D are not observed
consistently during this period, again suggesting that 2D:4D measured in infancy and early
childhood may not correlate strongly with prenatal testosterone exposure. This does not
necessarily mean that 2D:4D is not a valid measure of early testosterone exposure when
measured in adults and it may have some utility at earlier ages, but any results should be
treated with caution until corroborating evidence using other methods, such as amniotic
testosterone measurements, is available. Finally, our study provides preliminary evidence
that 2D:4D ratio may be affected by neonatal testosterone levels. This result requires
replication, preferably with serially collected serum samples. Ideally, such a study would
also include measures of prenatal testosterone in amniotic fluid or through cordocentesis in
order to test the relative contributions of prenatal and neonatal testosterone and assess 2D:
4D from childhood into adulthood.

Highlights
> ethnicity differences in 2D:4D apparent in first 2 years of life

> sex differences in 2D:4D small and inconsistent in first 2 years of life

> interaction of neonatal testosterone and receptor sensitivity predicts 2D:4D in
males
> instability in 2D:4D across age

\

2D:4D collected in early childhood may not be a reliable proxy for prenatal
testosterone
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Figure 1.
Spaghetti plots demonstrating changes in 2D:4D ratio from shortly after birth to 2 years of

age in children with longitudinal data.
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Table 1
Demographic Data
Male Female Overall
Age at birth (Days) Mean (SD) 264.11 (14.73) 264.75 (15.65) 264.43 (15.18)
Birth Weight (Grams) Mean (SD) 2950.06 (678.76) | 2889.83 (574.78) | 2924.26 (628.73)
Maternal Age (Years) Mean (SD) 30.11 (5.62) 30.20 (5.42) 30.16 (5.51)
Maternal Education (Years) Mean (SD) | 15.11 (3.34) 14.79 (3.81) 14.95 (3.58)
Total Household Income Mean (SD) 74326 (117192) 66472 (50964) 70410 (90409)
Singleton vs Twin
Singleton N (%) | 81 (44.75) 86 (46.99) 167 (45.88)
Twin N (%) | 100 (55.25) 97 (53.01) 197 (54.12)
Within Twins : Monozygotic vs Dizygotic
Monozygotic N (%) | 42 (42.86) 44 (46.81) 86 (44.79)
Dizygotic N (%) | 56 (57.14) 50 (53.19) 106 (55.12)
Maternal Ethnicity
Asian N (%) | 9 (4.97) 3(1.64) 12 (3.30)
Black N (%) | 24 (13.26) 39 (21.31) 63 (17.31)
American Indian N (%) | 1 (0.55) 0 (0.00) 1(0.20)
White N (%) | 147 (81.22) 141 (77.05) 288 (79.12)
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Descriptive Statistics of 2D:4D ratios, salivary testosterone, and mean CAG repeat length by sex.

Table 2

Variable Male Female
Salivary testosterone (T) pg/mL | 39.42 (13.54) | 36.45 (14.97)
Mean CAG repeat number 19.78 (2.73) 19.57 (2.30)
2D:4D Right Year 0 0.92 (0.04) 0.93 (0.05)
2D:4D Right Year 1 0.91 (0.05) 0.92 (0.05)
2D:4D Right Year 2 0.92 (0.04) 0.93 (0.04)
2D:4D Left Year 0 0.92 (0.04) 0.93 (0.04)
2D:4D Left Year 1 0.91 (0.04) 0.91 (0.05)
2D:4D Left Year 2 0.93 (0.04) 0.93 (0.04)
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Knickmeyer et al.

Sex Differences in Digit Ratio

Table 4

Male Female Gender Difference | Cohen’sd
Dependent Variable | LS Mean(SE) | LS Mean(SE) | Estimate(SE)
2D:4D Right Year 0 | 0.92 (0.01) 0.93 (0.01) ~0.01 (0.01)2 0.24
2D:4D Right Year 1 | 0.91 (0.01) 0.91 (0.01) -0.00 (0.01) 0.13
2D:4D Right Year 2 | 0.91 (0.01) 0.92 (0.01) -0.01 (0.01) 031
2D:4D Left Year 0 | 0.91 (0.01) 0.93 (0.01) ~0.01 (0.01)2 0.33
2D:4D Left Year 1 0.90 (0.01) 0.90 (0.01) -0.01 (0.01) 0.15
2D:4D Left Year 2 0.92 (0.01) 0.93 (0.01) -0.01 (0.01) 0.22

4 <0.05
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