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Abstract

A scientific interest in opposite-sex (OS) twins comes from animal studies showing hormone
transfer between fetuses /n utero. A parallel effect in humans may occur, especially for OS females
who may be exposed to androgens, in particular testosterone, from the male co-twin. Conversely,
OS males may be exposed to lower levels of prenatal testosterone than do same-sex (SS) males. In
this special issue, we reviewed published studies investigating potential differences between OS
and SS twins in physiological, cognitive and behavioral traits focusing on the Twin Testosterone
Transfer (TTT) hypothesis. Sixty articles fulfilled the eligibility criteria including 23 studies
published since the review by Tapp et al. (2011). In general, studies of cognition are conflicting,
but it is the phenotype for which most support for the TTT hypothesis is found. Less consistent
evidence has been found regarding physiological and behavioral traits. We hope that this special
issue will stimulate a discussion about how an investigation of the TTT hypothesis should continue
in future research.
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Twin pregnancies are characterized by simultaneous development of two fetuses sharing the
uterus. There are two kinds of twins: monozygotic (MZ) and dizygotic (DZ) twins. MZ
twins are derived from one fertilized egg, from which two separate embryos later emerge
and are genetically identical at conception (Hall, 2003). However, there are different
subtypes of MZ twins, possible due to the timing of the initial zygotic division (Loos et al.,
1998): dichorionic diamniotic (DCDA), monochorionic diamniotic (MCDA), and
monochorionic monoamniotic (MCMA) twins. DCDA twins, who have separate chorions
(placenta) and amnions, form when cleavage takes place within 72 hours of fertilization
(about 1/3 of MZ twins). MCDA twins, who share the same chorion (placenta) but have two
amnions, form when cleavage occurs within 4 to 7 days of fertilization (about 2/3 of MZ
twins). MCMA twins, who share the same chorion and amnion, occurs when the split takes
place within 8 to 14 days of fertilization (about 1-2% of MZ twins). As MCMA and MCDA
twins share the same chorion, they have an increased risk for twin-to-twin transfusion
syndrome as well as for perinatal mortality and morbidity compared with DCDA twins, who
have separate chorions and amniotic sacs (Hall, 2003; Lewi, 2010; Loos et al., 1998). As DZ
twins emerge from two different egg cells and two different sperm cells, they are always
DCDA twins. Like ordinary siblings, DZ twins share about 50% of the segregated genes
identical by decent (Hall, 2003). Contrary to MZ twins, who are always of the same sex, DZ
twins can be either same-sex (SS) or opposite-sex (OS). Thus, the OS twins are always DZ
whereas the SS twin pairs, consisting of two boys or two girls, can be either MZ or DZ.

2 The Twin Testosterone Transfer hypothesis

2.1 Sex hormones

Gonadal hormones, particularly androgens, play an important role in early human
development, influencing both physical and behavioral characteristics (Hines, 2011).
Testosterone is the major androgenic hormone produced by the testes. The fetal testes begin
to produce testosterone prenatally, but the ovaries do not (Wilson et al., 1981). As a
consequence, male fetuses are exposed to higher levels of testosterone than are female
fetuses (Hines, 2008). Testosterone production in males is highest from 8-24 weeks of
gestation, with peak levels occurring between 12-18 gestational weeks (Abramovich, 1974;
Nagamani et al., 1979; Warne et al., 1977), and these periods are times of rapid brain
development. Gonadal hormones can induce a masculinizing influence, enhancing the
development of male-typical traits, or a feminizing influence, which enhances the
development of female-typical traits. Gonadal hormones can also have a demasculinizing
influence (suppression of male-typical characteristics) or a defeminizing influence
(suppression of female-typical characteristics) (Collaer and Hines, 1995). Prenatal
testosterone exposure has been linked to the masculinization of a variety of traits, including
behavioral changes such as childhood play behavior, sexual orientation and gender identity,
as well as some cognitive, motor and personality characteristics that show sex differences
(Hines, 2006, 2010). In general, estrogen does not promote female-typical development.
This occurs in the absence or reduction of testicular hormones (Hines, 2011).
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2.2 Animal studies

Human studies of prenatal hormone effects were initially motivated by experimental studies
in non-human animals. The pioneering study by Phoenix et al. found that female guinea pigs
that were exposed to testosterone prenatally showed masculinized behavior in adulthood
(Phoenix, 2009). Since then, numerous studies in non-human mammals have demonstrated
effects of testosterone on neurobehavioral sexual differentiation (Constantinescu and Hines,
2012). Moreover, studies in, for example, rats and mice have demonstrated that exposure to
sex hormones is influenced by the intrauterine fetal position of the animal, e.g. the proximity
to fetuses of the same or opposite sex. Females are considered to be more sensitive to
intrauterine position effects than males (Ryan and Vandenbergh, 2002) and female rodents
developing between male fetuses /n utero present masculinized anatomical (e.g. increased
anogenital distance), behavioral (e.g. more aggressive behavior, less attractive to males) and
reproductive characteristics (e.g. less reproductive) in adulthood compared with females
developing between female fetuses (Ryan and Vandenbergh, 2002). Irrespective of sex, a
fetus located between two male fetuses has higher blood concentrations of testosterone and
lower concentrations of estradiol than fetuses located between two females (Ryan and
Vandenbergh, 2002; vom Saal, 1989). However, although the effects of intrauterine positions
on both sexes are well documented in model species, recent literature emphasizes the
importance of examining intrauterine position effects in species with different life histories
(Fishman et al., 2019). A recent study investigating the intrauterine position effects in a feral
animal model (Myocastor coypus), which is characterized by long gestation and precocious
offspring, found the opposite, namely that in rodent model species females adjacent to males
in utero did not show increased testosterone levels. To the contrary, they showed a reduction
in testosterone immunoreactivity, while the testosterone levels of females not positioned next
to a male did not differ from those of males (Fishman et al., 2019).

2.3 Congenital Adrenal Hyperplasia

Evidence that testosterone influences human neurobehavioral development comes largely
from studies of humans who develop in atypical hormonal environments (Constantinescu
and Hines, 2012). The best-studied clinical condition is Congenital Adrenal Hyperplasia
(CAH) (Cohen-Bendahan et al., 2005b). Individuals with CAH produce high levels of
androgens from early in gestation, due to an enzymatic defect caused by a single gene (Pang
et al., 1980). Females with CAH are suggested to differ from unaffected females in a number
of domains including activity interests, personality, cognitive abilities, handedness, and
sexuality (Hines et al., 2003). However, the most convincing evidence comes from studies of
childhood play with CAH females, showing increased male-typical toy, playmate, and
activity preferences (Hines, 2011). Males with CAH are generally found to be similar to
their unaffected brothers with regard to most aspects of behaviors, but there is some
suggestion that they have lower spatial ability than control males (Hampson et al., 1998;
Hines et al., 2003).

2.4 Maternal-fetal and feto-fetal route

An ideal study from which to obtain information about the prenatal environment would be a
study that directly measures fetal hormones at many points in gestation, and then follows the
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children into childhood and beyond. However, because there is risk associated with the
collection of serum from living fetuses, this is not feasible (Cohen-Bendahan et al., 2005b).
Alternative measures have included the investigation of androgen concentrations in maternal
serum during pregnancy (Hickey et al., 2009) and perinatal hormones obtained from
umbilical cord blood at birth (Whitehouse et al., 2010). It has also been suggested (Cohen-
Bendahan et al., 2005b) that studies of prenatal hormones from the amniotic sac during the
second trimester of pregnancy provide the most accurate measure of fetal androgen
exposure, but this procedure is only performed when there is a medical reason, and the
participant sample may not be representative of the general population (Tapp et al., 2011).

OS twins are thought to provide another opportunity to test the effects of prenatal
testosterone exposure (Miller, 1994). The Twin Testosterone Transfer (TTT) hypothesis
assumes that human sex hormones are transferred between fetuses in the same pregnancy of
twins. Transfer of testosterone may occur via the maternal circulation or more directly
between fetuses (Miller, 1994). In the first route, testosterone is suggested to pass from fetus
to fetus through maternal circulation. Empirical evidence for this pathway comes from
animal studies showing that testosterone injected into a pregnant mother increased
circulating testosterone concentrations in the fetus and exerted a masculinizing influence on
offspring behavior (Miller, 1994; Phoenix et al., 1959). In humans, however, the suggestion
of a maternal route is not supported because hormone levels in maternal blood and amniotic
fluid do not correlate (Nagamani et al., 1979). Moreover, other human studies have found
that the sex of a fetus cannot be predicted from serum androgen concentrations (Glass and
Klein, 1981; Hines et al., 2002; van de Beek et al., 2004) suggesting that maternal-fetal
hormone transfer may be unidirectional, with only passage of hormones from the mother to
the fetus (Tapp et al., 2011). The other potential route goes directly from fetus to fetus
(diffusion across fetal membranes). Amniotic fluid can permeate the fetal skin and the
placenta until 18 weeks of gestation (Abramovich and Page, 1972), and testosterone
production in males is at its highest before this gestational age (Abramovich, 1974;
Nagamani et al., 1979). These facts, combined with the considerable evidence of intrauterine
position in animals, suggest that there might be exposure to elevated levels of testosterone in
twins with male co-twins. However, because females produce little amounts of testosterone
themselves, the effect of gestating with a male co-twin is expected to be more pronounced in
females than in males (Tapp et al., 2011).

3 Postnatal socialization

An alternative explanation to prenatal hormone effects is differences in postnatal
socialization. Socialization effects could result from different experiences including different
exposure to sex-typed toys and activities due to having a co-twin of the opposite sex vs.
having one of the same sex (Cohen-Bendahan et al., 2005b; Henderson and Berenbaum,
1997; Pulkkinen et al., 2003). Thus, it is possible that OS females are raised in a more male-
typical environment than SS females and that this may affect their behavior. In addition, it is
also possible that the behavior of OS male twins is influenced by growing up with a twin
sister (Cohen-Bendahan et al., 2005b). Studies on twins’ social interactions and the parental
treatment of twins are limited (Lundborg, 2008; Pulkkinen et al., 2003), but twin
relationships, albeit identical twin relationships have been suggested to be some of the most
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unique and intimate kinds of interpersonal bonds (Neyer, 2002; Segal, 1999). For instance, a
large Finnish study of 1,874 11-12 year-old twins and their 23,200 non-twin classmates
reported differences in peer-assessed socio-emotional behavior between twins and singletons
(Pulkkinen et al., 2003). Twins of both sexes were rated higher than singletons in adaptive
behaviors, especially in socially active behavior. However, this seemed to occur mainly in
the OS twins, who were rated higher than their singleton classmates in social interaction,
popularity and leadership.

4 Findings from studies comparing OS and SS twins

In this special issue the overall aim is to provide an overview of published studies
investigating potential differences between OS and SS twins, focusing on the TTT
hypothesis. Three papers have previously reviewed the evidence on OS twins. Miller’s
review concluded that comparison of OS and same-sex dizygotic (SSDZ) female twins
provides a reasonable model for studies of prenatal testosterone exposure (Miller, 1994).
Cohen-Bendahan’s review in 2005 focused on the effects of prenatal sex hormones on sex-
typed behavior, and stated that there is good evidence that human sex-typed behavior is
influenced by sex hormones during prenatal development with increasing evidence from the
normal population (Cohen-Bendahan et al., 2005b). In 2011, Tapp et al. provided an
overview of human studies of phenotypic differences in several domains between OS and SS
twins and concluded that, although the evidence is inconsistent there is enough support for
the TTT hypothesis to motivate further research (Tapp et al., 2011). Since the last review in
2011, several studies on different phenotypes have been conducted using the OS vs. SS twin
design. This paper summarizes studies published up to April 2019 investigating potential
differences between OS and SS twins on physiological, morphological, and reproductive
traits (Table 1), cognitive and perceptual traits (Table 2), behavioral traits (Table 3) and other
health outcomes (Table 4).

4.1 Physiological, morphological and reproductive traits

Several studies have compared OS and SS female twins regarding physiological,
morphological, and reproductive traits (Table 1). Differences between OS and SS females
supporting the TTT hypothesis have been found regarding tooth size (Dempsey et al., 1999;
Ribeiro et al., 2013), leukocytes telomere length (Benetos et al., 2014), and brain size in
nine-year-old twins, although the latter was not replicated in adult twins (Peper et al., 2009).
A recent study using magnetic resonance images to study craniofacial features among eight-
year old twins was not able to replicate the findings of Peper et al. regarding brain size, but
found that SS females differed from all other twin groups in craniofacial morphology mainly
by having a longer and wider jaw and a longer chin (Mareckova et al., 2015) (Table 1). The
results of studies of anthropometric measures were largely inconsistent. No differences were
identified for self-reported height (Gaist et al., 2000; Loehlin and Martin, 1998), weight,
body mass index (BMI), and waist circumference (Gaist et al., 2000; Korsoff et al., 2014),
but a large recent study found that BMI, body weight and the rate of dyslipidemia were
moderately higher in OS than in SS females, but only among individuals age 60 and above
(Alexanderson et al., 2011). A large study based on twins from 19 countries found no
differences for BMI and overweight/obesity, but found that OS females were 0.31 cm taller
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than SS females. As the authors suggested, this difference was detected due to the large
sample size used in the study and is unlikely to reflect meaningful differences of public
health relevance (Bogl et al., 2017). Neither a Slovenian sample (Tul et al., 2012) nor a
sample of twins from 15 countries (Jelenkovic et al., 2018) showed significant differences in
birth size or gestational age (Table 1).

The Geschwind-Behan-Galaburda (GBG) hypothesis (Geschwind and Behan, 1982)
postulates that high levels of testosterone may inhibit development of the left hemisphere
and enhance development of the right hemisphere, resulting in increased left-handedness. In
contrast to the GBG hypothesis, the callosal theory proposes that low prenatal testosterone
levels result in less regressive development of temporo-parietal regions of the brain,
resulting in a larger isthmus of the corpus callosum and less functional asymmetry, thus
increasing left-handedness (Witelson, 1991). Thus, while the GBG hypothesis predicts a
higher prevalence of left-handedness, the callosal theory predicts a lower prevalence of left-
handedness among OS than SS females. Most studies on handedness have found no
differences between OS and SS twins (Elkadi et al., 1999; Medland et al., 2009; Ooki,
2006), but one study found a lower prevalence of left-handedness in OS than in SS females
(Vuoksimaa et al., 2010a), supporting the callosal theory of the TTT hypothesis. The
second-to-fourth-finger ratio (2D:4D) is a measure of the relative length of the second finger
to that of the fourth finger. The development of the ratio has been suggested to be affected
by testosterone, with males having a lower 2D:4D than females on average (Manning, 2002).
The four studies on finger length ratios showed conflicting results with the most recent and
largest studies (Hiraishi et al., 2012; Medland et al., 2008a) finding no differences. In
contrast, the two other studies (van Anders et al., 2006; Voracek and Dressler, 2007) found
2D:4D lower, e.g. more masculinized in OS than in SS females although this result was only
found for the left-hand digit ratio in the Canadian study (van Anders et al., 2006) (Table 1).
Some inconsistencies in findings of reproductive characteristics have been reported. A
Finnish study including twins born 1734-1888 found that OS females were 25% less likely
to reproduce compared with SS females (Lummaa et al. 2007). The authors suggested that
the results might provide support for the TTT hypothesis that testosterone from male co-
twins is associated with the impaired fertility of females. A recent population-based study
from Norway supported this conclusion by finding that OS females had 11.7% lower
probability of ever having being married at age 32 and that OS females had 5.8% fewer
children on average (Butikofer et al., 2019) (Table 1). However, other studies within this
field have not reported any differences between OS and SS twins, either for waiting time to
pregnancy (Christensen et al., 1998), or for self-reported reproductive functions including
age at first pregnancy and number of children (Korsoff et al., 2014; Loehlin and Martin,
1998; Medland et al., 2008b; Rose et al., 2002). One study reported slightly later menarche
for OS compared with SS females (Kaprio et al., 1995), whereas more recent studies did not
find any differences (Rose et al., 2002; Sorensen et al., 2013). No differences were found
either for self-reported pubertal development (Rose et al., 2002) nor for the prevalence of
polycystic ovary syndrome (Kuijper et al., 2009) (Tables 1 and 3). Two studies measuring
testosterone (Cohen-Bendahan et al., 2004; Vuoksimaa et al., 2010a) and estradiol levels
(Vuoksimaa et al., 2010a) in saliva from radioimmunoassay among children and adolescents
did not find differences between OS and SS twins (Table 1).
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Among studies investigating differences in physiological and morphological traits in males
(Table 1), only one study investigating brain volume in nine-year-old male twins reported
findings in the direction predicted by the TTT hypothesis (Peper et al., 2009). However, the
results of larger total brain and cerebellum volumes for SS than for OS male children were
not replicated for adult twins. Few other studies have found differences between OS and SS
male twins, but not in the expected direction predicted by the TTT hypothesis (Bogl et al.,
2017; Jelenkovic et al., 2018; Tul et al., 2012).

4.2 Perceptual and cognitive traits

Studies of otoacoustic emissions, which are sounds produced by the inner ear either in
response to a sound (click-evoked otoacoustic emissions — CEOAES) or in the absence of
any stimulus (spontaneous otoacoustic emissions - SOAES), have reported that SOAEs are
more numerous and CEOAES stronger in females compared with males (McFadden and
Shubel, 2003; Talmadge et al., 1993). Two twin studies of predominantly the same samples
found that OS females produced significantly fewer SOAEs than SS females (McFadden,
1993) and that there was a marginally significant reduction in CEOAEs for OS compared
with SS females (McFadden et al., 1996), supporting the TTT hypothesis (Table 2). Also, in
support of the TTT hypothesis, OS females showed a more masculine pattern of cerebral
lateralization compared with SS females (Cohen-Bendahan et al., 2004) (Table 1).
Moreover, studies of visuo-spatial abilities found significantly better mental rotation test
(MRT) performance for OS than SS females in the direction towards the male mean (Heil et
al., 2011; Vuoksimaa et al., 2010b) (Table 2). Two studies of young twins (approximately
age two years) investigated expressive vocabulary by parental reports, and reported that SS
females had a larger vocabulary than OS females (Galsworthy et al., 2000; Van Hulle et al.,
2004), also consistent with the TTT hypothesis. However, a large Danish register study
investigating academic performance measured as ninth grade test scores and teacher ratings
confirmed the known sex differences from previous literature, but contrary to the hypothesis,
OS females did not perform better than SS females in mathematics, nor did they perform
worse in Danish or English (Ahrenfeldt et al., 2015a) (Table 2). The recent Norwegian
register-based study found that OS females had 15.2% decreased probability of graduating
high school and 3.9% lower probability of graduating from college than SS females. The
study also showed that OS females had 8.6% lower life cycle-earning at age 32 compared
with SS females (Butikofer et al., 2019) (Table 1). Interestingly, the same differences were
observed among subsets of females whose male co-twins died during the first postnatal year,
suggesting that the differences are due primarily to prenatal exposure rather than to postnatal
socialization effects of being raised with a male co-twin

Among studies investigating cognitive and perceptual traits for males (Table 2), the two twin
studies investigating expressive vocabulary in young twins reported that OS males had a
larger vocabulary than SS males, in accordance with the TTT hypothesis (Galsworthy et al.,
2000; Van Hulle et al., 2004). The finding of no differences in academic performance
(Ahrenfeldt et al., 2015a; Butikofer et al., 2019) agreed with the other studies investigating
perceptual and cognitive traits among males, showing no differences between OS and SS
male twins (McFadden, 1993; McFadden et al., 1996; Vuoksimaa et al., 2010b).
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4.3 Behavioral traits

Evidence from studies of behavioral traits in OS and SS female twins comes from two large
studies in which the results of sensation-seeking, including experience-seeking in OS
compared with SS females, tended towards the male mean (Resnick et al., 1993; Slutske et
al., 2011). Notably, another study found lower experience seeking among OS females
compared with SS females among 13-year old female twins — opposite to what was
predicted (Cohen-Bendahan et al., 2005a). Single studies have reported more masculinized
scores for OS than SS females on measures of masculine attitudes (Miller and Martin,
1995), masculinity-femininity (Verweij et al., 2016), rule-breaking behavior (for the
youngest of the two subsamples) (Loehlin and Martin, 2000) and aggression (Cohen-
Bendahan et al., 2005a). In contrast, other studies did not find support for the TTT
hypothesis in females in self-reported feminine interests (Rose et al., 2002), for Worried and
Reserved masculinity-femininity subscales (Loehlin and Martin, 2000), for some aspects of
social behavior and friendships (Laffey-Ardley and Thorpe, 2006), for hyperactivity disorder
(ADHD) and autistic symptomatology (Attermann et al., 2012; Eriksson et al., 2016; Ho et
al., 2005) or for religiousness (Ahrenfeldt et al., 2016). Moreover, other reports have been
negative including a comparison of parental reports of play activities and playmate
preferences (Elizabeth and Green, 1984) and two observational studies of sex-typed
childhood play (Henderson and Berenbaum, 1997; Rodgers et al., 1998). In the latter
studies, however, the sample sizes were small (Table 3). Using the same methodology, four
studies investigated disordered eating. One study found that OS females reported less
disordered eating than SS females (Culbert et al., 2008), but the other three studies reported
no differences (Baker et al., 2009; Lydecker et al., 2012; Raevuori et al., 2008). One recent
study found lower levels of disordered eating for OS than for SS females during mid-late
puberty but no differences during pre-early puberty (Culbert et al., 2013). No difference in
the prevalence of alcohol-dependence was found between OS and SS females in large
samples from Sweden and Australia (Lenz et al., 2012), but another study from Australia
found that OS females had slightly more lifetime alcohol use disorder symptoms than SS
females (Ellingson et al., 2013) (Table 3).

Overall, the evidence for prenatal hormone transfer on behavioral traits for males is sparse
with most studies showing no differences between OS and SS males on various sensation-
seeking scores (Resnick et al., 1993), feminine interests (Rose et al., 2002) and masculine
attitudes (Miller and Martin, 1995). However, one study (Ho et al., 2005) reported that sub-
threshold autistic symptomatology rated by parents was higher in SS than in OS male twins.
Moreover, a single study reported more disordered eating for OS than for SS males (Culbert
et al., 2008). In an older adult cohort, Loehlin and Martin found that OS males scored more
feminine than SS males on a worried subscale. This scale contrasts individuals who describe
themselves as fearful and worried with those describing themselves as calm and confident.
Women score on average higher than men. Thus, the results from the older cohort suggest
that having a female co-twin makes the male co-twin more anxious (Loehlin and Martin,
2000). However, for the younger twin cohort, results for this worried scale pointed in the
opposite direction, and results for rule-breaking were also in contrast to what was expected,
with OS males having more masculine scores than SS males (Loehlin and Martin, 2000). For
alcohol dependence, OS males were more likely to become alcohol-dependent than SS
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males, and this was interpreted as indirect evidence for the role of prenatal testosterone on
alcohol dependence (Lenz et al., 2012). One study on sex-typed behavior based on parental
reports suggested that OS males might be demasculinized on sex-typical behavior (Elizabeth
and Green, 1984). However, no differences were found in an observational study on two-
year old children regarding toy preferences (Rodgers et al., 1998) (Table 3).

4.4 Other health traits

Recent register-based twin studies on epilepsy (Mao et al., 2018) and hormone-related
cancers (Ahrenfeldt et al., 2015b) did not show differences between OS and SS twins, either
for females or for males. In addition, a recent study on early life mortality risks found that
OS girls did not have higher mortality risks than SS girls. However, in line with what was
hypothesized, OS boys showed lower mortality than SS boys persisting within the first year
of life. This finding might provide evidence for the TTT hypothesis, but according to the
authors this was at least partly due to the inclusion of MZ twins in the SS twin group
(Ahrenfeldt et al., 2017) (Table 4 and chapter 6.2).

5 Summary of main findings

5.1 Recent findings in relation to the TTT hypothesis

In this special issue, we summarize published studies investigating potential differences
between OS and SS female and male twins, respectively focusing on the TTT hypothesis. A
total of 60 articles fulfilled the eligibility criteria including 23 studies published since the
review by Tapp et al. in 2011. Among recent studies of physiological, morphological and
reproductive traits in OS and SS females, three studies were interpreted as providing
evidence for the TTT hypothesis (Benetos et al., 2014; Butikofer et al., 2019; Ribeiro et al.,
2013), whereas six studies (Bogl et al., 2017; Hiraishi et al., 2012; Jelenkovic et al., 2018;
Korsoff et al., 2014; Sorensen et al., 2013; Tul et al., 2012) did not find support for prenatal
hormone transfer /n utero, and two studies (Alexanderson et al., 2011; Mareckova et al.,
2015) reported some differences between OS and SS female twins. Mareckova et al. (2015)
found that SS females differed from OS females in craniofacial morphology, but did not
replicate previous findings on brain size. Alexanderson et al. (2011) found differences on
anthropometric measures, but the findings were limited to individuals aged 60 and above.

In general, outcomes from OS twin studies on perception (mainly otoacoustic emissions)
and cognition (expressive vocabulary and visuo-spatial ability) are mainly supportive of the
TTT hypothesis especially for females, but studies of these traits have not been replicated in
recent years. One recent study on cognitive traits did not provide evidence for the TTT
hypothesis on academic performance in adolescence (Ahrenfeldt et al., 2015a), but a recent
Norwegian register-based study found that OS females had lower educational and
socioeconomic attainments than SS females (Butikofer et al., 2019). Among recent studies
of behavioral traits, five studies did not report differences between OS and SS females
(Ahrenfeldt et al., 2016; Attermann et al., 2012; Eriksson et al., 2016; Lenz et al., 2012;
Lydecker et al., 2012), whereas two studies showed some differences in the expected
direction on lifetime alcohol use disorder symptoms (Ellingson et al., 2013) and disordered
eating (Culbert et al., 2013). One twin study found differences regarding masculinity-
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femininity in the hypothesized direction for females, but in the opposite direction for males
(\Verweij et al., 2016). Few studies have investigated whether health outcomes (including
epilepsy, hormone related cancers and early life mortality risks) differ between OS and SS
twins, but recent register-based studies on larges samples of Nordic twins did not find
differences between OS and SS twins in the expected directions (Ahrenfeldt et al., 2017;
Ahrenfeldt et al., 2015b; Mao et al., 2018).

Among the 13 recent studies including males, only few studies have provided some evidence
for the TTT hypothesis (Ahrenfeldt et al., 2017; Lenz et al., 2012). Nevertheless, although
some differences between OS and SS twins have been reported for several traits, there seems
to be a growing body of research challenging the manifestation of the TTT hypothesis in
observational studies.

5.2 Findings in relation to postnatal socialization

A concern in interpreting findings from OS twin studies is that the effects of the social
environment can be interpreted as support for the TTT hypothesis (Tapp et al., 2011).
However, although it may be difficult to separate postnatal psychosocial from prenatal
hormonal influences, in general, there is sparse evidence regarding twins’ social interactions.
Several studies of phenotypes for which psycho-social influences could be expected, for
instance in toy preferences and aggression, did not show differences between OS and SS
twins, whereas other domains in which social influences are expected to be minimal, such as
cerebral lateralization, otoacoustic emissions and tooth size, are consistent with the TTT
hypothesis. Few studies have used siblings as a control group for the psychosocial
environment, but these studies have failed to find evidence of socialization effects (Ellingson
et al., 2013; Heil et al., 2011; Henderson and Berenbaum, 1997; Slutske et al., 2011). In
general, investigations of OS female twins have considered a hormonal, rather than a social
explanation of possible sex-typing effects (Miller, 1994).

6 Methodological considerations

6.1 The value of twins for testing testosterone effects

So far, there is no direct evidence that OS females are exposed to higher testosterone levels
during prenatal development than SS females. While some of the results could be interpreted
as providing supporting evidence for the TTT hypothesis, it should be emphasized that
hormonal exposure was not tested directly. Transfer of testosterone is assumed, based on
animal studies with placentation patterns which are different from those of human twin
pregnancies (Ryan and Vandenbergh, 2002). Moreover, the non-human animal studies on
intrauterine position that forms the basis of OS studies find that masculinization is most
likely for female fetuses that gestate between two males, with smaller effects for those
positioned next to just one male (Ryan and Vandenbergh, 2002). Thus, even if hormone
transfer exists between twins, exposure from one male co-twin may not be high enough to
induce masculinization of the female or the effects might be counteracted by other hormones
(Cohen-Bendahan et al., 2005b). In general, to make a valid investigation of the TTT
hypothesis, the investigated phenotypes in OS/SS twin studies should be correlated with
testosterone. However, the association with androgen exposure for some of the investigated
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outcomes are uncertain, for instance regarding autistic traits (Kung et al., 2016a; Kung et al.,
2016b) and 2D:4D ratio (Berenbaum et al., 2009). Thus, the null findings for OS twin
studies on these traits could also suggest that there is no influence of potential, excessive
testosterone exposure /n utero on these traits.

Available evidence suggests that prenatal testosterone influences human behaviors that show
large differences between males and females (Hines et al., 2016), and the size of the sex
difference should be considered in interpreting studies of OS and SS twins. The most
common measure of the magnitude of gender differences in psychological research is
Cohen’s @, which is calculated as the mean of males minus the mean of females, divided by
the pooled within-groups standard deviation (Cohen, 1988). According to Cohen’s
guidelines, d=0.20 is interpreted as a small difference, d= 0.50 is a moderate difference
and &= 0.80 is interpreted as a large difference. The most consistent sex difference in
cognitive abilities favoring males exists for visuospatial abilities and is found in MRT
performance with large effect sizes (Voyer et al., 1995). Among OS twin studies on
cognitive function, Vuoksimaa et al. found, in a study of 804 Finnish twins that OS females
outperformed SS females in MRT performance (&= 0.30), also significant after controlling
for possible confounding variables including age, birth weight, gestational age, maternal
age, and computer game experience (Vuoksimaa et al., 2010b). Heil et al. replicated the
results of better MRT performance for OS than SS females (&= 0.38) in a sample of 200
female twins and 200 non-twin controls. They also found that OS females had higher MRT
performance than females raised with a slightly older brother, which according to the
authors highlighted the organizational effects of prenatal testosterone (Heil et al., 2011).
MRT ability is thought to have implications for standardized exams in mathematics (Halpern
et al., 2007). However, a recent register-based study on academic performance did not find
differences between OS and SS twins in mathematics in the predicted direction, based on the
TTT hypothesis (Ahrenfeldt et al., 2015a). This may be because the tasks on which the
ninth-grade test scores and teacher ratings were based rely upon many other abilities than the
MRT performance, or because sex differences in average mathematical tests are small (Else-
Quest et al., 2010; Lindberg et al., 2010; Stoet and Geary, 2013). However, the size of the
difference in mathematics scores (&= 0.06-0.15) was comparable with the sex difference in
mathematics, but in the opposite direction (Ahrenfeldt et al., 2015a). In general, among OS
twin studies reporting effect sizes (Cohen’s d), several studies found only small differences
between OS and SS twins, and some of these findings are unlikely to be of clinical relevance
e.g. the findings by Bogl et al. (2017) and by Kaprio et al. (1995). As with any review or
meta-analysis, the findings in this study may be influenced by publication bias. Because
statistically significant results are more likely to be published than null findings (Dickersin
et al., 1987), the evidence against the TTT hypothesis may be even more pronounced than
suggested in this review paper.

However, a problematic issue with a number of these studies is their inability to disentangle
the OS twins’ prenatal hormonal environment from their postnatal social environment. In
other words, finding more masculinized traits among OS female twins, relative to SS female
twins, is consistent with both hormonal exposure and socialization. Two recent studies have
been able to accomplish this task using unique genetically and environmentally informative
kinships. One such study compared the nonverbal cognitive performance of OS female twins
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to that of OS virtual female twins (Segal et al., 2019). Virtual twins are same-age unrelated
siblings raised together since birth, who replicate the twin relationship, but without the
biological link. The sample size was small, but among the younger participants a trend
toward higher scores on the Block Design subscale (a test of visuospatial ability) of the
Wechsler 1Q Test was found among the OS female twins who additionally shared their
prenatal hormonal environment. This finding provides some support for the prenatal
masculinization of these female twins. A second recent study reported reduced fertility and
socioeconomic achievement among OS female twins, relative to SS female twins (Butikofer
et al., 2019). More importantly, these findings were replicated using OS female twins whose
cotwins had died during the first year of life, effectively separating the prenatal and postnatal
environments. The addition of raised apart OS twins would bring an additional dimension to
this work, because these co-twins share their prenatal circumstances, but not their rearing
environment (Segal, 2012).

6.2 The monozygotic twins

Ideally, the TTT hypothesis should be tested using only DZ twins because the intrauterine
environment and, thus, possible androgen exposure in twins may be affected by other factors
of importance in twin pregnancies that may differ between MZ and DZ twins. They include,
for example, left-right position in the uterus, placentation, number of chorions and twin
differences in growth (Cohen-Bendahan et al., 2005b). Although several studies have
restricted their samples to DZ twin pairs, it was not always possible to allocate all the SS
twins to zygosity groups. For instance, 51% of twins in the Danish study investigating early
life mortality risks (Ahrenfeldt et al., 2017) were twins with unknown zygosity (UZ). It is
generally stated that twins whose zygosity is not accessible are disadvantaged compared
with twins of known zygosity (Petersen et al., 2011) and that they are not representative of
the twin population at large (Madsen et al., 2010). For example, UZ twins have lower socio-
economic status and poorer school performance compared with the other twin groups
(Petersen et al., 2009), and they have lower marriage rates and higher divorce rates
compared with twins whose zygosity is known (Petersen et al., 2011). Zygosity information
is available for all OS twins, i.e. twins who are less privileged are also included in this
group. Thus, if the UZ twins are excluded, the SS twin group may not be comparable with
the OS twins and bias may be present. It is possible, however, to exclude twins with known
MZ status by comparing OS with SSDZ and UZ twins combined. Most studies have
investigated DZ twins only, but most often there is no information about UZ twins in the OS
twin studies. It may be preferable, however, to keep MZ twins within the comparisons if the
MZ and DZ twins do not differ on the outcome variables.

7 Conclusion and future directions

The overall aim of this paper was to provide an overview of published studies investigating
potential differences between OS and SS twins focusing on the TTT hypothesis. A total of
60 articles fulfilled the eligibility criteria, including 23 studies published since the last
review article (Tapp et al., 2011). Overall, studies of cognition are conflicting, but cognition
is the phenotype for which most support for the TTT hypothesis is found. Evidence
regarding physiological and behavioral traits is less consistent. Most studies have failed to
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identify differences between OS and SS twin males. Since the last review, only a limited
number of differences in physiological, cognitive and behavioral outcomes between OS and
SS twins have been reported, and there seems to be a growing body of research challenging
the manifestation of the TTT hypothesis in observational studies. Thus, although the value of
twins for testing hormone effects is uncertain, findings are generally reassuring as they fail
to find evidence for important differences between OS and SS twins on, for instance, health
outcomes such as cancer risks later in life. We hope that this contribution to the special issue
will stimulate a discussion about how an investigation of the TTT hypothesis should
continue in future research.

To date, the outcome measures in the comparisons of OS and SS twins are mainly self-
reported and only few studies have used registry-based outcomes. The large, worldwide twin
registries linked to several health and administrative registers may be a useful tool for
studying the effects of prenatal hormones as frequency of DZ twinning is increasing globally
(Hoekstra et al., 2008). Nevertheless, future twin studies should take into account the role of
the social environment. To do that, it would be best to examine virtual twins (unrelated
siblings of the same sex raised together from early infancy) or twins reared apart (Segal,
2000; Segal et al., 2019). However, these subjects are rare. Another method would be to
include singleton sibling pairs or siblings of twins (Cohen-Bendahan et al., 2005b;
Henderson and Berenbaum, 1997) for instance by comparing OS females with SS females
having a slightly older or younger brother. Differences between siblings may be related to
the postnatal environment, contrary to twin pairs who share both a prenatal and a postnatal
environment. In this way, the comparison group of siblings can help to differentiate between
behavioral effects due to prenatal hormones and to the social environment, although twin
pairs may affect each other differently than siblings of different ages (Cohen-Bendahan et
al., 2005b). Only few studies (Ellingson et al., 2013; Heil et al., 2011; Henderson and
Berenbaum, 1997; Slutske et al., 2011) have included such a comparison group. Moreover,
age effects are important to consider in future studies, because prenatal testosterone effects
may diminish with age as the influences of other hormonal or environmental factors become
predominant (Cohen-Bendahan et al., 2005b). To study age effects, ideally longitudinal
studies of OS vs. SS twins with sibling controls are needed. However, cross-sectional
investigations may be helpful too. Furthermore, most twin studies examining the TTT
hypothesis have been based on Caucasian samples. Given racial/ethnic differences in levels
of hormone (Agurs-Collins et al., 2012; Richard et al., 2014), future twin studies should
examine non-Caucasian samples, as well, to generalize the TTT effect across human
populations. Lastly, a possible extension of the traditional twin study design to investigate
the TTT hypothesis is to include triplets and perhaps also quadruplets because the effects of
prenatal hormone transfer in animals are most pronounced for female fetuses positioned
between two males. Recently, higher order (3+) multiple births and pregnancies have
become increasingly common with the use of reproductive technology, and a few higher
order multiple birth registries have been developed e.g. Yokoyama (2019). Thus, it would be
possible in future studies to compare females positioned /in utero between two males with
those positioned between one male and one female or between two females.
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Highlights

. Sex hormones may be transferred between fetuses in the same pregnancy (the
Twin Testosterone Transfer hypothesis).

. The TTT hypothesis was evaluated using 60 published studies investigating
potential differences between opposite-sex and same-sex twins.

. Cognition is the phenotype for which most support for the TTT hypothesis is
found.

. Studies of physiology and behavior are less supportive of the TTT hypothesis.

. Overall, a growing body of research is challenging the manifestation of the
TTT hypothesis.
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Table 4 -

Studies on other health traits in opposite-sex and same-sex twins

SSM

Trait Publication | Setting Numbers | Istherea Age Assessment | Findings Findings Suggests Suggests
of comparison OS vs. SS OS vs. SS evidence for | evidence for
opposite- | between females males masculiniza- | demasculiniza-
sex (OS) OS and SS tion of OS tion of OS
and dizygotic femal b | b
same-sex | (DZ) twins emaies males
(SS) a
twins only?

Cancer Ahrenfeldt Denmark | 44,650 Yes — 0-73 All-cause No No - -

etal., and OSF comparison | years cancer and significant | significant
2015b Sweden 84,721 between OS | Denmark: | sex-specific | differences | differences
SSF and SS mean = cancers
44,660 (D2)+uUz 25 years identified
OsSM twins at start of | from the
88,261 follow up Danish and
SSM Sweden: Swedish
mean = twin and
24 years cancer
at start of | registries
follow up

Early life | Ahrenfeldt Denmark | 12,033 No 0-15 Perinatal OSF lower | OSM lower - +/-

mortality | etal., 2017 OSF years mortality, perinatal perinatal,

risks 12,051 neonatal and early neonatal
OsSM and neonatal and
21,644 postneonatal | mortality postneonatal
SSF deaths and than SSF mortality
22,901 child than SSM -

SSM mortality may be due
identified to MZ twins
through the in the SS
Danish twin group
Twin
Registry

Epilepsi Mao et al., Denmark | 11,078 Yes 0-34 Epilepsy No No - -

2018 OSF years identified significant | significant

19,186 through the differences | differences

SSF Danish

11,080 National

OsSM Patient

20,207 Registry

NA: Not available, OS: opposite-sex, SS = same-sex, F = females, M = males, MZ = monozygotic, DZ = dizygotic, UZ = unknown zygosity

aYes: The study makes a separate comparison of OS vs SSDZ twins, although it includes both MZ and DZ twins.
No: The study does not make a separate comparison of OS vs SSDZ twins, thus, including MZ twins in all analyses.
DZ twins only: The study includes DZ twins only. Thus, no MZ twins are included in the study.

b+: The study provides evidence for masculinization of OS females/demasculinization of OS males.

—: The study provides no evidence for masculinization of OS females/demasculinization of OS males.

+/-: The study provides evidence for masculinization of OS females/demasculinization of OS males in some cases (e.g. in some investigated
measures, in some age groups or in some statistical analyses), but not in all.
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