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Abstract

Reared-apart twin designs offer a powerful means for investigating the relative contri-
butions of genetic and environmental factors to individual differences in physical and
behavioral traits. The current study analyses data from the Minnesota Study of Twins
Reared Apart (MISTRA) for digit lengths, digit ratios (2D:4D), and fluctuating asymmetry
(FA). The ratio of length between the second (index) and fourth (ring) fingers—2D:4D—is
thought by some to be a proxy for variations in prenatal sex hormone levels, with low ratios
indicating high androgen exposure. FA represents deviations from bilateral symmetry for
paired traits. It is typically examined as a proxy for developmental instability (DI), with
larger deviations from symmetry indicating greater DI. The current study investigated
the contributions of genetic and environmental factors to individual differences in 2D:4D
and FA using a sample of reared-apart twins. In addition, we examined 2D:4D in relation
to the twin testosterone transfer (TTT) hypothesis. It has been reasoned that androgens
can transfer between twins during gestation, and twins with male co-twins are exposed
to higher levels of androgens than twins with female co-twins. Digit lengths and ratios
all showed evidence of heritability, but no such effects were observed for FA. A group
difference in directional asymmetry in 2D:4D (Djg_1,), consistent in direction with the TTT
hypothesis, emerged in analyses without multiple-comparison correction, though the result
warrants cautious interpretation.

Keywords: 2D:4D; digit ratio; fluctuating asymmetry; heritability; twins reared apart; twin
testosterone transfer hypothesis

1. Introduction

The classic twin study design has been instrumental in estimating the degree to
which a trait is heritable, that is, the proportion of variance between individuals within a
population at a given time that can be explained by genetic differences. More specifically,
the greater the similarity within monozygotic (MZ) twin pairs relative to the similarity
within dizygotic (DZ) twin pairs, the higher the heritability. A particularly powerful
method is the examination of MZ reared-apart twins, as this can hold genetic differences
constant, while environmental factors vary. However, it is important to acknowledge that
even with such study designs, decoupling genes and environment can be complex because
reared-apart twins have a shared prenatal environment. Researchers have utilized reared-
apart twin studies to calculate heritability estimates for various individual difference traits,
with the most well-known example being the Minnesota Study of Twins Reared Apart
(MISTRA) [1,2].
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1.1. Fluctuating Asymmetry

Fluctuating asymmetry (FA) represents random deviations from perfect bilateral
symmetry of paired traits. FA is assessed as a proxy for developmental instability (DI),
under the assumption that bilaterally paired traits are subject to the same genetic control,
see [3,4]. FA can be measured in many ways and can encompass various traits. There
has been considerable interest in FA in humans from an evolutionary biology/psychology
perspective, e.g., [5,6], and it has been reported that FA relates to a range of relevant
phenomena. For instance, recent papers have reported that elevated temperature during
the first trimester of pregnancy is associated with increased asymmetry of deciduous
(primary) dentition in female offspring [7], and that an indirect association between greater
facial symmetry and higher number of children, via earlier age at first reproduction, is
present in postmenopausal women from rural Southern Poland [8]. Researchers have also
sometimes measured finger lengths to estimate FA, e.g., [9-12], with much of the variability
in finger length itself appearing to be explainable by genetic factors [13].

To date, two papers have examined FA in the MISTRA. In both cases, there were
51 pairs of reared-apart MZ twins (MZA) and 37 pairs of reared-apart DZ twins (DZA),
with the following 10 traits under study: foot, wrist, eye, and ear breadths, ankle and
forearm circumference, ear and elbow-to-wrist lengths, knee height (from the floor, with
participant sitting with feet flat on the floor), and acromium-olecranon (upper arm from
elbow bent at 90 degrees to shoulder bone) length. Johnson, Segal et al. [14] reported
heritability estimates ranging from 0.21 to 0.34, depending on which type of FA measure
was used. For Johnson, Gangestad et al. [15], heritability estimates averaged across the
10 individual traits ranged from 0.004 to 0.080, depending on the method used, whereas
heritability for aggregated measures comprised of these 10 traits ranged from 0.27 to 0.31,
again depending on the methods used. The authors interpreted their pattern of results
as suggesting that the individual traits share systematic sources of variance, and that this
shared systematic component of variance itself must possess substantial heritability. They
noted, “On average, across our three composites, the correlation for MZ twins [reared apart]
was 0.272 and the correlation for DZ twins [reared apart] was 0.137” (p. 656). These findings
are generally consistent with a meta-analysis of 34 studies [16], which reported an average
weighted effect size estimate of r = 0.188. However, that study has been criticized on various
methodological grounds [17]. Additionally, the meta-analysis was conducted across several
species, and a comparable meta-analysis relating only to human data is lacking.

An early study of right-left differences in dermal ridge count by Holt [18] reported
intraclass correlation coefficients (ICCs) of —0.07 for MZ twins and —0.08 for DZ twins,
implying that the trait is not heritable. However, it was noted that differences in ridge
counts between the twins” hands tended to be smaller than those in the general population,
directional asymmetry may have been present, and the sample examined lacked generaliz-
ability. More specifically, 34 MZ pairs and 66 same-sex DZ pairs were drawn from a series
of ‘psychotic and neurotic twins’, see [19]; 12 MZ pairs were from the New Maudsley Series
of psychotic and neurotic twins, and six MZ pairs were from London schools. Slater and
Shields’ [19] data were also reanalyzed by Markow and Gottesman [20], although these
authors did not report heritability estimates.

1.2. Digit Ratio (2D:4D)

Another purpose for which researchers measure finger lengths is to calculate the
second-to-fourth digit ratio (2D:4D). The 2D:4D ratio has been posited as a putative marker
of prenatal sex steroid exposure, with a relatively long fourth finger thought to indicate
high levels of prenatal androgens and/or a high ratio of testosterone to estradiol [21-23].
Sex differences consistent with this idea are frequently reported, with lower 2D:4D typi-
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cally observed in males [24]. This difference also appears to be larger for the right hand
(R2D:4D) than the left hand (L2D:4D). It has been further hypothesized that directional
asymmetry, calculated as R2D:4D minus L.2D:4D (Dg_y), acts as a further indicator of
prenatal sex hormone exposure, with low R2D:4D compared to L2D:4D indicating relatively
high androgen exposure [21]. However, studies attempting to correlate digit ratio, be it
R2D:4D, L2D:4D, the average of these two measures (M2D:4D), or Djg_ ], with measures
of prenatal/perinatal testosterone have produced mixed findings [25,26]. Whereas some
advocate 2D:4D as a proxy for prenatal hormone exposure, e.g., [27-30], others, e.g., [31-33]
have taken a more skeptical stance regarding its validity and utility, see also [34].

Whatever the validity status of 2D:4D may be, several twin studies have reported
heritability estimates for this measure. Medland and Loehlin [35] summarize previous twin
studies of 2D:4D, as well as present their own data. Table 1 of Medland and Loehlin [35]
includes additive genetic (A), shared environment (C), and non-shared environment (E) ef-
fects relating to the three preceding twin studies by Paul et al. [36], Voracek and Dressler [37],
and Gobrogge et al. [38]. For R2D:4D, point estimates ranged as follow: A = 0.43-0.61,
C =0.03-0.15, and E = 0.36-0.42; for L2D:4D, A = 0.50-0.70, C = 0.01-0.08, and E = 0.29-0.42.
The study by Voracek and Dressler [37] considered M2D:4D: A =0.62, C =0.17, E = 0.21.
Medland and Loehlin’s [35] own data indicated that additive genetic effects accounted for
71% of the variance in R2D:4D and 80% of the variance in L2D:4D, with no common envi-
ronmental effects observed. Since then, Hiraishi et al. [39] reported that additive genetic
factors explained 68% of the variance in R2D:4D and 62% of the variance in L2D:4D in their
sample. Likewise, for a sample of twins with and without neurodevelopmental disorders,
Myers et al. [40] reported M2D:4D correlations of rs = 0.670 for MZ twins and rs = 0.363
for DZ twins, which indicates a heritability estimate of 0.614 as per Falconer’s formula.
Collectively, these studies indicate that heritability for 2D:4D is substantial, and that most,
if not all, of the remaining variance is explained by the non-shared environment.

Table 1. Intraclass correlation coefficients for the researcher-measured digit length variables.

Measurement Icc 95% CI F df p
R2D 0.985 0.976, 0.990 147.114 136, 136 <0.001
R3D 0.984 0.978, 0.989 126.334 135,135 <0.001
R4D 0.989 0.984, 0.992 183.010 136, 136 <0.001
R5D 0.986 0.981, 0.990 152.266 133,133 <0.001
L2D 0.987 0.981, 0.991 154.836 135, 135 <0.001
L3D 0.993 0.991, 0.995 301.232 135,135 <0.001
L4D 0.989 0.984, 0.992 172.155 135,135 <0.001
L5D 0.973 0.961, 0.981 75.895 135,135 <0.001

R2D:4D 0.870 0.794, 0.915 16.420 136, 136 <0.001
L2D:4D 0.898 0.860, 0.926 18.789 135,135 <0.001
M2D:4D 0.929 0.885, 0.954 30.720 135,135 <0.001
Dr-1] 0.738 0.650, 0.806 6.755 135,135 <0.001
2D FA 0.692 0.593, 0.770 5.490 135, 135 <0.001
3D FA 0.796 0.724, 0.850 8.806 134,134 <0.001
5D FA 0.516 0.380, 0.631 3.128 132,132 <0.001
cFA 0.662 0.554, 0.748 4.950 131,131 <0.001

Note. ICCs reported here are two-way mixed, single measures, absolute agreement.

1.3. Twin Testosterone Transfer Hypothesis

A further means for which digit ratios have been used in twin studies is to investigate
the twin testosterone transfer (TTT) hypothesis. The reasoning is that a fetus that gestates
next to a male co-twin may be exposed, on average, to higher levels of prenatal testosterone
than a fetus that gestates next to a female co-twin [41,42]. As such, twins with male co-twins
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could be expected to exhibit more ‘male-typical” characteristics, including lower 2D:4D
ratios. Despite the already noted validity concerns regarding 2D:4D as an indicator of
prenatal sex hormone exposure, and the mixed pattern of findings reported in the literature
on TTT, see [41], two early digit ratio studies [37,43] reported some observations that are
consistent with the TTT hypothesis. However, other studies have not yielded similar
findings [39,44—46], including the largest one to date [46]. To the best of our knowledge, no
reared-apart twin study on digit ratios has been reported in the academic literature, and no
twin study of digit ratios has examined Djr_p .

1.4. Hypotheses

Hypothesis 1. Finger lengths are heritable. We predict that larger (positive) ICCs will be observed
for MZA pairs, compared to DZA pairs, for the second finger (2D), third finger (3D), fourth finger
(4D), and fifth finger (5D) of the right and left hands.

Hypothesis 2. Digit ratios are heritable. We predict that larger (positive) ICCs will be observed for
MZA pairs, compared to DZA pairs, for R2D:4D, L2D:4D, M2D:4D, and Dig_y ;.

Hypothesis 3. FA is heritable. We predict that larger (positive) ICCs will be observed for MZA
pairs, compared to DZA pairs, for FA.

Question: Based on the TTT hypothesis, one might predict lower R2D:4D, L2D:4D,
M2D:4D, and Djg_y) in females with male co-twins, compared to females with female
co-twins, and higher R2D:4D, L2D:4D, M2D:4D, and Djg_1 in males with female co-twins
compared to males with male co-twins. However, as the two studies [37,43] that did report
statistically significant effects consistent with the TTT hypothesis had very small sample
sizes, and others (including that with the largest sample size) have not found such effects,
this remains an open question of interest.

2. Methods
2.1. Participants

The sample was comprised of 41 MZA twin pairs (27 female, 14 male), 19 same-sex
DZA twin pairs (13 female, 6 male), and 10 opposite-sex DZA twin pairs. Ages (in years)
of the twin pairs were as follow: female MZA (16-67 years, M = 42.04, SD = 12.05); male
MZA (21-68, M = 42.14, SD = 14.41); female DZA (25-61, M = 43.54, SD = 10.73); male DZA
(30-61, M = 37.83, SD = 12.22); opposite-sex DZA (29-67, M = 44.10, SD = 15.26). Within
this sample, there was one triplet set consisting of female MZA twins and a male co-triplet.
All three twin pairs from this triplet set were included in the inter-rater reliability analyses;
only the MZA pair was included in the heritability analyses, and only the two opposite-sex
DZA pairs were included in the TTT hypothesis analyses.

2.2. Digit Ratio

Researchers had previously used hand scans to measure digit lengths (2D, 3D, 4D,
and 5D) for both right and left hands. As details regarding the exact processes used
were unavailable, for comparison, one of the authors of the current paper (DN) used
AutoMetric 2.2 [47] to create a third set of measurements from these hand scans. One
participant appeared to have a marked injury to R5D, resulting in reduced length of that
digit. Subsequent FA analyses do not include 5D for that participant.

We calculated R2D:4D as R2D divided by R4D, and L2D:4D as L2D divided by L4D,
separately, for the first and second sets of measurements. From these, we also calculated
M2D:4D and Dg_1,, separately for the two sets of measurements. M2D:4D was calculated
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as the mean of R2D:4D and L.2D:4D, and Djg_1j was calculated as R2D:4D minus L2D:4D.
Based on notes that accompanied the scans, the scans may have been measured by more
than two people, and it was not entirely clear whether the first and second measurements
were consistently made by the same people. Although an ICC in these circumstances may
not provide a strict index of inter-rater reliability, it can at least provide an indication of
the level of consistency across the two sets of measurements. However, close agreement
between the two sets of measurements was observed for each variable (Table 1).

We calculated mean values for R2D:4D, 1.2D:4D, M2D:4D, and D _p from the two sets
of measurements (note that for one participant, only one set of measurements was available
for the digits of the left hand, so in subsequent analyses we considered the L2D:4D, M2D:4D,
and Djr_1) values calculated from the available measurements to represent the means).
ICCs between these measurements and those made with AutoMetric 2.2 indicated a high
degree of consistency: R2D:4D, ICC = 0.888 [95% CI: 0.845, 0.920], F(136, 136) = 17.556,
p < 0.001; L2D:4D, ICC = 0.841 [95% CI: 0.784, 0.884], F(136, 136) = 11.515, p < 0.001; M2D:4D,
ICC =0.907 [95% CI: 0.872, 0.932], F(136, 136) = 20.519, p < 0.001; and D1, ICC = 0.712
[95% CI: 0.618, 0.786], F(136, 136) = 6.033, p < 0.001.

2.3. Fluctuating Asymmetry

It is noted that the MISTRA paper by Johnson, Segal et al. [14] reported “We had some
finger length data from photocopies of hands, but the sample of these was smaller and
the participants for whom we had these data were not well matched with those for whom
we had the other anthropometric data so we did not make use of any finger length data”
(p- 281). Correlations observed between FA of individual traits within participants were
also low. More specifically, Johnson, Gangestad et al. [15] reported that the mean correlation
between unsigned FAs for the 10 traits previously examined was 0.023. Although not truly
an independent replication, with these very low correlations in mind, we examined the
finger length data here to test the replicability of effects already reported from the MISTRA.

ICCs were high for the two sets of researcher-measured digit lengths (Table 1). Mean
values for R2D, R3D, R4D, R5D, L2D, L3D, L4D, and L5D were calculated from the two sets
of (researcher-made) measurements. As already noted, there was one participant for whom
only one set of researcher-made measurements was created for the left hand (all digits); in
this case, we treated the available measurements as means.

We next conducted paired samples ¢-tests to examine directional asymmetry. That
is, we aimed to determine whether the difference in size between the right and left sides
deviated significantly from zero. If directional asymmetry were present, we would expect
to find either the right or left side of a paired trait to be significantly larger, on average,
than the other. R4D was significantly longer than L4D, and, reflecting this, R2D:4D was
significantly lower than L2D:4D; all other measures examined in this analysis did not
exhibit significant directional asymmetry (Table 2).

We calculated FA for each of the three digits (2D, 3D, and 5D) for which significant
directional asymmetry was not observed. FA was calculated as the absolute (i.e., unsigned)
difference between RD and LD and was computed separately for each of the two sets of
measurements. ICCs showed significant agreement between the two sets of measurements
(see Table 1). We then computed mean FA values for 2D, 3D, and 5D from these two sets of
measurements. As before, we considered the single set of measurements for one participant
to constitute the mean values. We compared these with the measurements taken via
AutoMetric 2.2. Because the researcher-made measurements were recorded in millimeters,
whereas the measurements made with AutoMetric 2.2 were recorded in pixels, ICCs would
be unlikely to show high agreement, even if the measurements were, for all intents and
purposes, similar. For this reason, we computed Pearson correlations between these two sets
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of measurements. The correlations were strong and statistically significant in each case: 2D,
r (135) = 0.621, p < 0.001; 3D, r (134) = 0.698, p < 0.001; and 5D FA, r (132) = 0.503, p < 0.001.
Scatterplots (Figure 1) of trait size (i.e., mean RD + mean LD) against signed FA (i.e., mean
RD — mean LD) did not reveal any notable relationships, indicating that scaling was not
required, see [48] (pp. 401-402).
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Figure 1. Trait size (R + L) plotted against signed FA (R — L) for 2D (a), 3D (b), and 5D (c).
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Table 2. Examination of directional asymmetry in digit lengths and digit ratios.

Right Hand Left Hand Difference
M SD M SD t df P d 95% CI
2D 71.52 5.70 71.51 5.62 0.019 136 0.985 0.002 —0.166, 0.169
3D 78.37 6.17 78.47 6.17 —0.632 135 0.528 —0.054 —0.222,0.114
4D 73.48 6.10 72.93 6.05 3.165 136 0.002 0.270 0.099, 0.440
5D 59.79 5.80 59.59 5.72 1.095 133 0.276 0.095 —0.075, 0.264
2D:4D 0974 0.036 0.982 0.039 —2.543 136 0.012 -0.217 —0.386, —0.047

Note. Paired samples t-tests with two-tailed p values.

Based on the above observations, we calculated composite FA (cFA) using 2D, 3D, and
5D. There are many suggested formulae for calculating cFA, e.g., [3,48,49]; see also [50],
with Palmer and Strobeck (p. 393, [48]) having noted there being “an almost bewildering
variety” within the literature. We chose to calculate this simply as the average of FA for 2D,
3D, and 5D (separately, for each of the two sets of researcher-made measurements). The
inter-rater reliability was reasonably high (see Table 1). We then took the average of these
two sets of cFA measurements. The resulting cFA measurement correlated strongly with
that calculated from the AutoMetric 2.2 measurements, r (131) = 0.667, p < 0.001.

Signed mean RD minus LD values were approximately normally distributed; means
were close to zero, indicating absence of directional asymmetry, and platykurtosis was not
observed, indicating absence of antisymmetry (Figure 2).

(@ (b)
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Figure 2. Distribution of (signed) fluctuating asymmetry scores for 2D (a), 3D (b), 5D (c), and cFA (d).
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3. Results
3.1. Heritability Analysis

ICCs indicated greater resemblance in MZA than DZA twin pairs for each of the

digit length and digit ratio variables examined here. Surprisingly, each of the ICCs for FA

variables was in the negative direction, and none was statistically significant (Table 3).

Table 3. Intraclass correlation coefficients for MZA and same-sex DZA twin pairs for digit length,

digit ratio, and fluctuating asymmetry variables.

MZA DZA
1cc 95% CI F df p icc 95% CI F df p
Digit lengths R2D 0.929 0.872, 0.962 27.224 40,40 <0.001 0.477 0.072, 0.755 3.061 18,18 0.011
R3D 0.931 0.873,0.963 27.815 39,39 <0.001 0.549 0.160, 0.795 3.754 18,18 0.004
R4D 0.933 0.878, 0.964 29.032 40, 40 <0.001 0.597 0.227,0.821 4213 18,18 0.002
R5D 0.924 0.860, 0.959 25.504 38, 38 <0.001 0.324 —0.134, 0.675 1985 17,17 0.084
L2D 0.875 0.777,0.931 14.656 40,40  <0.001 0.462 0.055 0.746 3.026 18,18 0.012
L3D 0.920 0.855, 0.956 24.023 40, 40 <0.001 0.725 0.363, 0.889 7769 18,18  <0.001
L4D 0.912 0.840, 0.952 21.113 40,40 <0.001 0.643 0.278, 0.846 5240 18,18 <0.001
L5D 0.907 0.833, 0.950 20.115 40,40 <0.001 0.392 —0.064, 0.712 2262 18,18 0.046
Digit ratios R2D:4D 0.718 0.529, 0.839 5.979 40,40  <0.001 0.031 —0.453, 0.480 1.060 18,18 0.452
L2D:4D 0.604 0.365, 0.768 3.978 40, 40 <0.001 0.255 —0.236, 0.634 1.651 18,18 0.148
M2D:4D 0.764 0.598, 0.867 7.324 40,40 <0.001 0.257 —0.235, 0.635 1.657 18,18 0.146
Dir-1] 0.274 —0.039, 0.536 1.738 40, 40 0.042 —0.198 —0.634,0.293  0.687 18,18 0.783
Asymmetry 2D FA —0.146 —0.440, 0.171 0.749 40,40 0.817 —0.352 —0.703,0.119 0.477 18,18 0.937
3D FA —0.251 —0.525, 0.066 0.602 39,39 0.942 —0.342 —0.729, 0.151 0.515 18,18 0.916
5D FA —0.059 —0.360, 0.256 0.888 38, 38 0.642 —0.126 —0.580, 0.362 0783 17,17 0.690
cFA —0.125 —0.432, 0.204 0.782 37,37 0.771 —0.301 —0.689, 0.195 0545 17,17 0.889
Note. ICCs reported here are two-way mixed, single measures, absolute agreement.
3.2. Comparison of Twins from Same-Sex and Opposite-Sex Pairs
To investigate the TTT hypothesis, we randomly selected one twin from each of the
60 same-sex pairs to compare with twins from the opposite-sex pairs. As there was a triplet
set in this sample (consisting of female MZA twins and a male co-triplet), we then removed
the female MZA pair, retaining the two opposite-sex DZA twin pairs. We next performed
independent samples t-tests to compare the digit ratio variables between same-sex female
twins and opposite-sex female twins, and between same-sex male twins and opposite-sex
male twins. Dg_r was significantly lower in opposite-sex female twins, though no other
significant differences were observed (Table 4).
Table 4. Comparisons of digit ratio variables between twins from same-sex and opposite-sex
twin pairs.
Twins From Same-Sex Pairs  Twins From Opposite-Sex Pairs Difference
n M SD n M SD t df p d
Females R2D:4D 39 0.987 0.038 10 0.977 0.033 0.749 47 0.458 0.265
L2D:4D 39 0.993 0.038 10 1.001 0.040 —-0.571 47 0.571 —0.202
M2D:4D 39 0.990 0.034 10 0.989 0.036 0.085 47 0.933 0.030
Dir-1] 39 —0.007 0.035 10 —0.024 0.018 2.221 28.4822 0.034 0.547
Males  R2D:4D 20 0.963 0.031 9 0.965 0.034 —0.118 27 0.907 —0.047
L2D:4D 20 0.960 0.030 9 0.970 0.044 —0.683 27 0.500 —0.274
M2D:4D 20 0.962 0.027 9 0.967 0.037 —0.453 27 0.654 —-0.182
Dr_1) 20 0.003 0.029 9 —0.005 0.024 0.725 27 0.474 0.291

Note. Independent samples t-tests with two-tailed p values. ? t-test adjusted due to unequal variances
(Levene’s test, F = 4.634, p = 0.037).
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4. Discussion

Support was provided for the hypotheses that digit lengths (Hypothesis 1) and digit
ratios (Hypothesis 2) are heritable, although no support was provided for the hypothesis
that FA is heritable (Hypothesis 3). Comparisons of digit ratios in twins from same-sex and
opposite-sex pairs showed D[r_p to be significantly lower in females with male co-twins
compared to females with female co-twins. Although this effect is consistent with the TTT
hypothesis, none of the other seven comparisons were statistically significant.

The current findings are consistent with previous research indicating that digit lengths
are heritable [13]. They are also consistent with twin studies of digit ratio, which have
typically observed moderate-to-high heritability, with additive genetic factors explaining
most of the variance [35-40].

Interest in digit ratio variables is primarily due to the suggestion that they reflect
individual differences in exposure to sex hormones during prenatal development [21,23].
The current study indicates that R2D:4D, L.2D:4D, and M2D:4D are highly heritable. Djg_1
showed lower heritability, although this may be expected considering that random mea-
surement errors do not cancel out when taking differences and multiply when calculating
ratios—Djr_1 is calculated as the difference between two ratios [51]. It should be consid-
ered that digit ratio variables being highly heritable need not be inconsistent with their
being subject to hormonal influences, as hormones would, presumably, mediate genetic
effects. However, ICCs calculated for the MZA twin pairs indicate heritability for 2D and
4D to be approximately 90%, and it is difficult to interpret exactly what it means to observe
heritability for digit ratio variables in this context. Considering the digit ratio variables
are comprised of other variables (i.e., 2D and 4D), which themselves appear to be highly
heritable, the question may be asked whether heritability of 2D:4D observed here is simply
a product of finger lengths being heritable.

The current study also aimed to test the TTT hypothesis by comparing digit ratio
variables between twins from same-sex and opposite-sex pairs. We found Djg_y; to be
significantly lower (i.e., more ‘male-typical’) in females with male co-twins compared to
females with female co-twins. Although this effect is consistent with the TTT hypothesis
and appears to be a novel finding, as previous twin studies have not reported Djg_1,
there are several caveats that should be considered when interpreting this finding. The
analysis relied on a small twin sample (39 same-sex female twins and 10 opposite-sex
female twins), and none of the other seven same-sex vs opposite-sex comparisons yielded
statistically significant results. The effect would also not have remained significant had
Bonferroni correction for multiple testing been applied. Further, Djg_p is less researched
than R2D:4D or L2D:4D, and, as noted, is subject to high levels of measurement error,
see [51,52]. For these reasons, it is likely that very large sample sizes would be required to
obtain reliable results. It is also worth noting that, although two small-scale studies did
observe statistically significant results for digit ratio [37,43], others have not replicated such
effects [39,44-46]. Furthermore, Galiano et al. [53] compared umbilical cord androgen levels
between female same-sex and female opposite-sex twins and did not observe a statistically
significant difference for testosterone.

Unlike previous analyses from the MISTRA [14,15], the current study did not find
evidence of FA being heritable. There may be several explanations for this. First, although
some other research indicates that FA is heritable, e.g., [16], the effects that can be detected
empirically appear to be very small. Our analysis is likely underpowered, and it is worth
noting that we utilized a slightly smaller sample size and fewer bilaterally paired traits
compared with the previous MISTRA FA studies. Second, digit lengths might not be the
best traits for examining FA, because they may be subject to subtle directional asymmetry
effects related to handedness, and because development of the second, third, fourth, and
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fifth digits is likely related to much of the same genetics. It may be advantageous, instead,
to consider paired traits that can be assumed to be relatively independent (e.g., ear length,
knee width), given that aberration in the development of one such trait is unlikely to be
shared by another, whereas this may not be the case for digit lengths. It is also noted
that Wilson and Manning [54] observed directional asymmetry for 2D (but not for 3D, 4D,
or 5D), whereas the current study observed directional asymmetry for 4D (but not 2D,
3D, or 5D). This could reflect differences in study methodology, e.g., the current study
measured finger lengths from photocopies whereas Wilson and Manning [54] measured
finger lengths directly.

It has been suggested that FA may be produced as a consequence of the twinning
process itself [55]; see also [56]). However, Markow and Gottesman [57] examined dermato-
glyphic FA in MZ twins, DZ twins, and adult singletons and found that the FA measures
were comparable. They, therefore, concluded that their “findings support the assumption
that observations on fluctuating asymmetry in twins may be extended to singletons despite
their differences in developmental history” (p. 215). In accordance with this, Johnson,
Gangestad et al. [15] noted that composite indexes of FA in the MISTRA did not differ
between twins and non-twins. Sokol et al. [58] reported that dermatoglyphic asymmetry
did not differ between monochorionic and dichorionic MZ twins. It is noted, however, that
Bogle, Reed, and Norton Jr. [59] reported that variability in a-b ridge count asymmetry was
related to zygosity, chorion type, and whether placentas were fused. We are unaware of
such investigations having been reported regarding asymmetry of finger lengths.

In addition to potential issues regarding FA in the specific case of twinning, it should
be noted that FA provides only an imprecise indication of DI; therefore, unless adequately
corrected, heritability for DI derived from FA will be underestimated, due to repeatability
of FA typically being very low [60]. Furthermore, although DI might be thought of as
relating only to environmental influences, developmental noise (i.e., randomness) may play
a considerable role [61]—this also appears to exhibit a degree of heritability, see also [62].

A further limitation of the current study is its measurement of 2D:4D indirectly from
photocopies rather than directly from participants” hands. Manning et al. [63] reported that
2D:4D measured from photocopies was lower than that produced from direct measure-
ments, a finding replicated across various datasets [64,65]. This observation likely reflects
distortion of fat pads at the fingertips during photocopying, a process that may not affect
each finger in a uniform manner. This issue may affect much of the 2D:4D literature. No-
tably, Table 2 of Honekopp and Watson’s [24] review paper lists the following measurement
types for primary 2D:4D studies: direct, k = 33; indirect, k = 75; direct/indirect, k = 3; radio-
graphic, k = 5. Measuring FA from photocopies of fingers may also be an issue. Manning
et al. [66] reported very low reliability between finger asymmetries measured directly and
from photocopies (ICCs ranged from 0.16 to 0.39) and stated that they “strongly advise
against the use of photocopies for the measurement of finger asymmetry. The resulting
asymmetries may contain large amounts of ‘noise’, and small amounts of information
concerning developmental instability” (p. 490). Additionally, effects of photocopying could
differ across hands, see [63] (Table 1). Although this may be a concern, data for the MISTRA
were collected many years ago, and it would not be possible to obtain direct finger length
measurements now. Obtaining a comparably large dataset relating to reared-apart twins
may also be unrealistic. It is noted, however, that other researchers have considered finger
lengths measured from photocopies when examining FA, e.g., [9,67].

Graham and Ozener [68] (p. 4) suggested “age should probably be included as a
covariate in all studies of fluctuating asymmetry,” and correlations between age and 2D:4D
have also sometimes been reported, e.g., [69]. However, we have not controlled for age as
a covariate here. For analyses relating to heritability in the current study, twins” FA and
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2D:4D will have been assessed in relation to that of their co-twins, who would be of the
same age. Body mass index (BMI) might also be considered a potentially relevant covariate,
with associations having been reported between this variable and both 2D:4D, e.g., [70])
and FA, e.g., [71]. As with age, however, we did not control for BMI statistically. BMI is a
highly heritable trait [72], and so greater variability is expected for DZ pairs compared to
MZ pairs. However, obtaining heritability estimates from reared-apart twin designs does
not require direct comparison of MZA and DZA correlations (e.g., via Falconer’s formula).
Therefore, greater within-pair variability in DZA pairs for BMI should not unduly affect
the heritability estimates observed here. A stronger case might be made for controlling
for age and/or BMI in analyses used for examining the TTT hypothesis. However, the
number of opposite-sex twin pairs was particularly small, and we elected not to increase
the complexity /reduce the intuitiveness of these analyses.

5. Conclusions

The current paper presents, to our knowledge, the first examination of digit lengths
and digit ratios in reared-apart twins, the first consideration of digit ratio in relation to
the TTT hypothesis in a reared-apart twin study, and a new analysis of FA heritability.
The findings suggest digit lengths to be highly heritable, R2D:4D, L2D:4D and M2D:4D to
exhibit moderate heritability, and Djg_1 to be less heritable, but still statistically significant.
We also observed Djg_1 to be lower in females from opposite-sex twin pairs compared to
females from same-sex twin pairs, an effect consistent with the TTT hypothesis. However,
this finding was derived from a small subsample, implying a lack of adequate statistical
power, and similar analyses did not produce significant results. Contrary to some previous
reports, we did not detect evidence of heritability for FA. Interpretations drawn from
these data should take into account the modest sample size, measurement constraints, and
limited statistical power.
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