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Abstract 22 

The ratio of index to ring finger (2D:4D) has been hypothesised to indicate prenatal androgen 23 

exposure, yet evidence for its validity is lacking. We report the first pre-registered study to 24 

investigate mothers’ early pregnancy sex hormone concentrations in relation to their children’s 25 

digit ratios measured at 18-22-month follow-up. Although the testosterone (T) to estradiol (E) 26 

ratio correlated negatively with right hand digit ratio (R2D:4D) and directional asymmetry 27 

(right-minus-left) in digit ratio (D[R-L]), neither effect remained statistically significant once 28 

demographic and obstetric covariates were controlled for. Nevertheless, the multivariate level 29 

of analysis did reveal that T correlated positively with left hand digit ratio (L2D:4D) and 30 

negatively with D[R-L]. However, the first of these effects is in the opposite direction to that 31 

predicted by theory. Taken together, the results of our study suggest research with larger 32 

samples is required to determine whether digit ratios are valid proxies for maternal sex 33 

hormone exposure. 34 

Keywords: Digit ratio; Estradiol; Testosterone  35 
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Introduction 36 

The ratio of second (index) to fourth (ring) finger length (digit ratio or 2D:4D) has been 37 

hypothesised to reflect individual differences in prenatal exposure to sex hormones. More 38 

specifically, it has been suggested that a high concentration of testosterone 1,2 or high ratio of 39 

testosterone-to-estradiol (T:E) 3–5 during prenatal development results in low 2D:4D. 40 

Researchers typically measure digit ratios for the right hand (R2D:4D) and/or left hand 41 

(L2D:4D), though sometimes also examine directional asymmetry (D[R-L]). Low R2D:4D 42 

relative to L2D:4D has been suggested to reflect high prenatal androgen exposure 6–8. However, 43 

although small-to-medium sized sex differences (male<female) are reliably observed for 44 

R2D:4D (d=0.457) and L2D:4D (d=0.376) 9, that for D[R-L] appears to be much smaller 45 

(d=0.065-0.140) (J. Manning, personal communication; 8). Despite enduring popularity, results 46 

from studies that have tried to validate digit ratio measures have been equivocal 10,11. As there 47 

is a vast and rapidly growing literature examining 2D:4D in relation to an extensive range of 48 

variables across multiple research fields (e.g., psychiatry 12, social science 13,14, cancer research 49 
15, criminology 16, sports science 17,18), it is important to consider this lack of consistent 50 

evidence rather than rely on the assumption that 2D:4D is a valid and reliable proxy for the 51 

prenatal hormonal environment. 52 

Some studies have explored the 2D:4D validity question by examining samples of individuals 53 

with medical conditions that affect endocrinological pathways. Complete androgen 54 

insensitivity syndrome (CAIS) is an X-linked recessive condition characterised by defective or 55 

absent androgen receptors. Despite the presence of normal (or even elevated) androgen levels, 56 

this condition results in testosterone being unable to exert physiological effects on the 57 

developing tissues. A female-typical phenotype therefore develops in presence of a male-58 

typical (46XY) karyotype and prenatal hormonal environment. Two studies 19,20 have reported 59 

feminised digit ratios in women with CAIS. However, both relied on small samples, and, 60 

notably, the variance in 2D:4D did not differ between 46XX and 46XY women. If differential 61 

prenatal exposure to the physiological effects of testosterone influences the development of 62 

2D:4D, lower variance should be expected in the latter group than the former 21. Researchers 63 

have also tested for associations between 2D:4D and variations in the trinucleotide CAG repeat 64 

sequence located on exon 1 of the androgen receptor gene, a genetic polymorphism believed 65 

to influence individual differences in androgen sensitivity 22. However, although an early 66 

small-scale study 23 reported that low frequencies of CAG repeats, indicative of high sensitivity 67 
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to androgens, were associated with low (male-typical) R2D:4D and D[R-L], subsequent meta-68 

analyses have not confirmed a meaningful association 24–26. 69 

Studies of 2D:4D have also been conducted in relation to congenital adrenal hyperplasia 70 

(CAH), a suite of conditions characterised by elevated prenatal androgen exposure. A recent 71 

meta-analysis detected significant effects for R2D:4D in males and L2D:4D in females (i.e., 72 

lower ratios in people with CAH compared to controls), but not for R2D:4D in females or 73 

L2D:4D in males 10. Notably, the effect sizes observed were ~50% smaller than those reported 74 

in a meta-analysis published a decade previously 9, implying that early studies may have 75 

overestimated the magnitude of these effects. Two studies have also reported feminised 2D:4D 76 

in 47XXY men with Klinefelter syndrome 27,28. However, these findings are difficult to 77 

interpret considering that testosterone concentrations measured from amniotic fluid sampled at 78 

16-20 weeks’ gestation did not differ between males with and without the condition 29. 79 

Evidence of the validity (or lack thereof) for 2D:4D derived from studies of complex medical 80 

conditions, such as CAIS, CAH, and Klinefleter syndrome, may be questioned because such 81 

conditions affect a wide range of developmental processes. This makes isolating effects 82 

attributable to prenatal hormones challenging, leading some researchers to examine 2D:4D in 83 

more generalisable populations. Twin studies indicate moderate-to-high heritability for 2D:4D, 84 

with additive genetic factors explaining most of the inter-individual variation 30–33. The Twin 85 

Testosterone Transfer (TTT) hypothesis (see Ahrenfeldt et al. 34) has also been examined. This 86 

predicts that females with male cotwins will exhibit lower (i.e., more male-typical) 2D:4D 87 

ratios than females with female cotwins due to elevated testosterone exposure associated with 88 

gestating in close proximity to a male. Although two small-scale studies 30,35 initially provided 89 

some confirmatory evidence, others, including one with a much larger sample size, did not 36–90 
38. Medland and Loehlin 32 further reported that 2D:4D ratios were no more similar within 91 

dizygotic (DZ) twin pairs than they were within DZ twin/non-twin sibling dyads. This is also 92 

inconsistent with a TTT effect on 2D:4D because DZ twins, who, on average, share the same 93 

amount of genes identical by descent as non-twin full siblings, would be expected to show 94 

elevated concordance for 2D:4D due to their shared prenatal hormonal environment. However, 95 

it should be noted that the pattern of results obtained from TTT studies in humans is generally 96 

inconsistent 34, suggesting that if there is an effect for 2D:4D it is likely to be small in 97 

magnitude. 98 
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Another approach taken in exploring the 2D:4D validity question is to examine digit ratios in 99 

relation to actual hormone concentrations obtained during prenatal development. Lutchmaya 100 

et al. 3 reported a negative correlation between the T:E ratio in second trimester amniotic fluid 101 

and R2D:4D measured at two-year follow-up. However, they did not observe a comparable 102 

effect for L2D:4D (and did not examine D[R-L]). Ventura et al. 39 later reported a negative 103 

correlation between amniotic testosterone and L2D:4D (but not R2D:4D) in female (but not 104 

male) neonates. However, a reanalysis of the data of Ventura et al. showed no correlation 105 

between amniotic testosterone and D[R-L] 40. Importantly, the statistically significant findings 106 

of the studies by Lutchmaya et al.3 and Ventura et al.39 could not be replicated in an independent 107 

cohort 41. 108 

Some researchers have examined sex hormones measured from the maternal circulation during 109 

pregnancy. However, maternal serum testosterone levels assayed during the second and third 110 

trimesters has been reported not to correlate with testosterone in second trimester amniotic 111 

fluid or umbilial cord blood at birth 42. Likewise, another study observed no significant 112 

correlations between second trimester testosterone concentrations measured from maternal 113 

plasma, fetal plasma, and amniotic fluid 43. However, positive correlations have been reported 114 

for estradiol measured from second and third trimester maternal serum and second trimester 115 

amniotic fluid 42. Despite the equivocal evidence for meaningful associations between maternal 116 

and fetal sex hormone concentrations, those measured from the maternal circulation have been 117 

observed to correlate with phenotypic outcomes in the mothers’ offspring. For instance, 118 

elevated maternal testosterone was reported to predict male-typical gender role behaviour in 119 

daughters 44 (though see 45) and maternal estradiol was reported to correlate positively with 120 

autistic traits in sons 46. There is also evidence of a weak negative correlation between a 121 

mother’s second trimester plasma testosterone concentrations and the 2D:4D of her child 17,18, 122 

although this effect has not been observed by all studies 48. It should also be noted that, although 123 

there may be limited transfer of testosterone from mother to fetus via the placenta, testosterone 124 

levels are moderately heritable 49, meaning that correlations between maternal testosterone and 125 

outcomes observed in their offspring could reflect genetic rather than hormonal effects 44,45. 126 

In addition to hormones measured from amniotic fluid and maternal circulation, some 127 

researchers have examined concentrations present in umbilical cord blood assayed at birth. 128 

Taken together, the findings of these studies indicate no association with 2D:4D 48,50–55. This 129 

is consistent with hormones sampled in this way representing late gestation 56, whereas sexual 130 
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dimorphism in 2D:4D has been detected much earlier 57,58. Considering this, a possible reason 131 

for the overall inconsistency in findings from studies attempting to validate digit ratios by 132 

correlating them with circulating hormone levels is that such studies have typically assayed 133 

those hormones during the second or third trimesters, whereas the critical period for 2D:4D 134 

development may exist towards the end of the first trimester 59. 135 

As it is not possible to measure hormones from the fetal circulation for research purposes, the 136 

current study investigates whether maternal sex hormones assayed during late first 137 

trimester/early second trimester correlate with the digit ratios of her child. Barrett et al. 60 138 

recently reported that neither T nor E measured from first trimester maternal serum correlated 139 

with infants’ digit ratios (n=321 [n=154 males; n=167 females]). However, they did not 140 

examine the T:E ratio. Although not numerically or physiologically independent of the 141 

individual hormonal measurements, Lutchmaya et al. 3 notably reported that the T:E ratio in 142 

amniotic fluid was a significant predictor of R2D:4D even though T and E themselves were 143 

not. 144 

We pre-registered our analysis plan on the Open Science Framework (https://osf.io/bmp6h) 145 

and predicted that neither maternal T nor E assayed from late first trimester/early second 146 

trimester maternal circulation would be a significant predictor of digit ratio when measured in 147 

offspring at 18-22-month follow-up. However, we also predicted that there would be negative 148 

correlations between the T:E ratio and R2D:4D and L2D:4D (but not D[R-L]). The reason we 149 

predicted no effect for D[R-L] is that evidence for the validity of this measure is particularly 150 

weak. Although a small study (n=26 mother-offspring dyads) reported that maternal urinary 151 

testosterone-to-estrone conjugate levels in pregnant Titi monkeys correlated negatively with 152 

D[R-L] in their offspring, the effect disappeared after covariates were controlled for 61. Human 153 

studies have reported that D[R-L] does not differ between people with and without CAH 10, and 154 

that it does not correlate with sex hormones measured from amniotic fluid 41,62, umbilical cord 155 

blood 48,50 and second trimester maternal plasma 62. 156 

 157 

Results 158 

Maternal hormone data (T and/or E) were present for n=122 (56.22%), digit ratio (direct and/or 159 

photocopy) for n=95 (43.78%), and both for n=56 (25.81%) (31 females, 25 males). For this 160 
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subsample, mean maternal age at scan was 33.36 years (SD = 4.05), mean birth weight was 161 

3406.06 grams (SD = 503.95), and mean age at follow-up (adjusted for gestational age) was 162 

455.94 days (SD = 97.35). Only 2 (3.57%) of these mothers reported polycystic ovary 163 

syndrome (PCOS), and most experienced hirsuitism (no affected areas = 2 [3.57%]; one 164 

affected area = 33 [58.93%]; two or more affected areas = 21 [37.50%]). 165 

Intraclass correlation coefficients (ICC) (two-way mixed, single measures with absolute 166 

agreement definition) were computed to determine inter-rater reliability (please note that in our 167 

pre-registration it was stated that only one set of direct measures was obtained: this was 168 

incorrect [two sets of measures were available for a subsample of participants]). These revealed 169 

that inter-rater reliability was low for the direct measures: R2D:4D, ICC (n=53) = 0.444, p < 170 

0.001; L2D:4D, ICC (n=52) = 0.614, p < 0.001; D[R-L], ICC (n=52) = 0.462, p < 0.001, but 171 

higher for the photocopy measures: R2D:4D, ICC (n=70) = 0.829, p < 0.001; L2D:4D, ICC 172 

(n=72) = 0.885, p < 0.001; D[R-L], ICC (n=66) = 0.811, p < 0.001. Contrary to expectation, the 173 

direct and photocopy measurements were uncorrelated: R2D:4D, r(65) = 0.065, p = 0.602; 174 

L2D:4D, r(66) = -0.029, p = 0.814; D[R-L], r(61) = -0.017, p = 0.893. 175 

Descriptive statistics for digit ratio and maternal hormone variables are presented in Table 1. 176 

The hormonal measures did not differ in regard to fetal sex. L2D:4D measured from 177 

photocopies was lower in males than females, though all other comparisons were non-178 

significant. Compared with direct measures, photocopies yielded lower R2D:4D (direct: M = 179 

0.97, SD = 0.08; photocopy: M = 0.93, SD = 0.05), t(66) = 3.424, p = 0.001, d = 0.572, and 180 

L2D:4D (direct: M = 0.97, SD = 0.07; photocopy: M = 0.94, SD = 0.05), t(67) = 2.642, p = 181 

0.010, d = 0.460. There was no difference for D[R-L] (direct: M = 0.00, SD = 0.08; photocopy: 182 

M = -0.01, SD = 0.06), t(62) = 1.068, p = 0.290, d = 0.192. Due to low reliability of the direct 183 

measures, and because they did not correlate with those obtained from photocopies, further 184 

analyses utilise photocopy measures only. 185 

Although not in our pre-registration plan, we report bivariate associations between maternal 186 

hormones and children’s digit ratios to facilitate comparison with studies that have not 187 

controlled for covariates (Table 2). T:E correlated negatively with R2D:4D and D[R-L] but there 188 

was no association with L2D:4D (Fig. 1). None of the other hormone-digit ratio correlations 189 

were statistically significant. 190 
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In our pre-registration, we specified that we would conduct bootstrapped (10,000 resamples) 191 

hierarchical multiple regression analyses (Step 1: enter covariates; Step 2: enter T, E, and the 192 

T × sex and E × sex interaction terms; Step 3: enter T:E ratio and the T:E × sex interaction 193 

term). However, we decided instead to run separate models for each predictor (along with its 194 

respective interaction term with sex). This is in the interests of parsimony, and because we 195 

were ultimately most interested in the associations between predictor and outcome once 196 

covariates had been controlled for. We included the following covariates: infant sex (0 = 197 

female, 1 = male), maternal PCOS status (1 = absent, 2 = present), maternal hirsutism (1 = no 198 

areas affected, 2 = one area affected, 3 = more than one area affected), infant’s birth weight 199 

(grams), infant’s age at follow-up corrected for gestational age (days) (we did not include 200 

child’s birth length as specified in our pre-registration because this variable was not made 201 

available). Since the covariates were included for the sole purpose of controlling for factors 202 

that may be associated with hormonal profiles during pregnancy and infant growth factors that 203 

could affect 2D:4D, we report in Table 2 the effect size estimates and bias corrected and 204 

accelerated 95% confidence intervals (BCa 95% CIs) for the predictors and not the covariates. 205 

Although T:E was no longer significantly associated with R2D:4D and D[R-L], T correlated 206 

positively with L2D:4D and negatively with D[R-L].  207 
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Table 1. Descriptive statistics for digit ratio (2D:4D) and hormone variables. 208 

 Overall sample Males Females Comparison 

 n M SD n M SD n M SD t df p d 

              

Testosterone (nmol) 122 0.77 0.47 54 0.76 0.43 68 0.78 0.50 0.151 119.070 0.880 0.027 

Estradiola 122 0.97 0.42 54 1.01 0.44 68 0.93 0.41 -0.947 108.810 0.346 -0.174 

T:E ratiob 122 0.09 0.05 54 0.08 0.05 68 0.09 0.05 0.634 115.350 0.528 0.115 

R2D:4D (direct) 89 0.97 0.07 39 0.95 0.07 50 0.98 0.07 1.469 84.948 0.146 0.310 

L2D:4D (direct) 88 0.97 0.07 39 0.97 0.08 49 0.96 0.06 -0.584 72.137 0.561 -0.128 

D[R-L] (direct) 88 0.00 0.09 39 -0.02 0.07 49 0.01 0.09 1.633 85.973 0.106 0.342 

R2D:4D (photocopy) 73 0.93 0.05 37 0.92 0.06 36 0.93 0.04 0.796 64.316 0.429 0.185 

L2D:4D (photocopy) 74 0.94 0.05 35 0.93 0.05 39 0.95 0.04 2.401 70.389 0.019 0.560 

D[R-L] (photocopy) 69 -0.01 0.07 33 0.00 0.08 36 -0.02 0.05 -1.294 55.454 0.201 -0.317 

Note. Sample sizes differ for 2D:4D variables because measurements were only taken directly or indirectly from 209 
some participants; additionally, in some cases it was only possible to collect data for the right or left hand, e.g., 210 
because the second and/or fourth fingertips were missing from the photocopied images. 211 
a Estradiol was measured in nmol but values reported here are divided by 10,000; b T:E was calculated as T 212 
(nmol) / E (nmol) but the values reported are multiplied by 1,000. In both cases this is for ease of interpretation. 213 
Equal variances were not assumed for each of the independent samples t-tests reported here.  214 
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Table 2. Associations between maternal hormone concentrations and offspring digit ratios. 215 

  R2D:4D L2D:4D D[R-L] 

  n ES BCa 95% CI n ES BCa 95% CI n ES BCa 95% CI 

           

Bivariate Testosterone 41 0.023 -0.252 – 0.265 42 0.190 -0.114 – 0.465 40 -0.115 -0.437 – 0.177 

 Estradiol 41 0.305 -0.039 – 0.516 42 0.050 -0.290 – 0.390 40 0.236 -0.144 – 0.486 

 T:E ratio 41 -0.337 -0.631 – -0.018 42 -0.038 -0.412 – 0.288 40 -0.285 -0.613, – -0.014 

           

Multivariate Testosterone 37 -0.022 -0.069 – 0.035 37 0.056 0.008 – 0.098 36 -0.077 -0.125 – -0.013 

 Testosterone × Sex 37 0.042 -0.081 – 0.233 37 -0.051 -0.137 – 0.028 36 0.086 -0.062 – 0.236 

 Estradiol 37 0.027 -0.039 – 0.079 37 0.033 -0.032 – 0.099 36 -0.006 -0.091 – 0.062 

 Estradiol × Sex 37 -0.004 -0.010 – 0.137 37 -0.045 -0.138 – 0.061 36 0.026 -0.090 – 0.146 

 T:E ratio 37 -0.458 -0.795 – 0.111 37 0.130 -0.418 – 0.726 36 -0.562 -1.205 – 0.073 

 T:E ratio × Sex 37 0.360 -0.511 – 1.007 37 -0.258 -1.002 – 0.752 36 0.600 -0.481 – 1.413 

Note. BCa 95% CI = bias corrected and accelerated 95% confidence intervals. 216 

Bivariate analyses are boostrapped (10,000 resamples) Pearson’s correlations; multivariate analyses are 217 
bootstrapped (10,000 resamples) multiple linear regression. ES = effect size (Pearson’s r for bivariate 218 
analyses; β for multivariate analyses). The following variables were included as covariates in the multivariate 219 
analyses: child’s sex (0=female, 1=male), maternal polycystic ovary syndrome (PCOS) status (1=absent, 220 
2=present), maternal hirsutism score (1=no areas affected, 2=one area affected, 3=more than one area 221 
affected), child’s birth weight (grams), child’s age at follow-up corrected for gestational age (days). 222 
Statistically significant effects (i.e., those for which the BCa 95% CIs do not include 0) are presented in bold.  223 
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Fig. 1. Scatterplots showing the associations between maternal T:E ratio and children’s (a) R2D:4D, (b) L2D:4D, 224 
and (c) D[R-L]. Raw data (not controlled for covariates) are shown; T:E ratio is multiplied by 1,000. 225 

a 226 
 227 
 228 
 229 
 230 
 231 
 232 
 233 
 234 
 235 
 236 
 237 
 238 
 239 
 240 
 241 

b 242 
 243 
 244 
 245 
 246 
 247 
 248 
 249 
 250 
 251 
 252 
 253 
 254 
 255 
 256 
 257 

c 258 
 259 
 260 

  261 

  262 



 12 

Discussion 263 

The current study aimed to investigate whether maternal circulatory T:E ratio in early 264 

pregnancy predicts digit ratios in infancy. Our main prediction was that a high T:E ratio would 265 

correlate with low (male-typical) R2D:4D and L2D:4D, and that there would be no association 266 

with D[R-L]. Although we detected the predicted association with R2D:4D, T:E did not correlate 267 

with L2D:4D, and there was a negative correlation with D[R-L]. However, once covariates 268 

(including sex, and the relevant hormone × sex interaction term) were controlled for, T:E did 269 

not correlate significantly with any digit ratio variable, although T correlated positively with 270 

L2D:4D and negatively with D[R-L]. It is unclear why the results changed in this manner with 271 

the inclusion of covariates. However, we do not attempt to provide specific explanations for 272 

this, as they would necessarily be speculative in nature. 273 

A negative correlation between maternal T:E ratio and offspring R2D:4D would be consistent 274 

with the theory that differential prenatal exposure to sex hormones affects development of digit 275 

ratios 1,2,4,6,7, and in line with results from studies of human infants 3 and experimental animal 276 

research 5. However, this effect was not significant after controlling for covariates, and other 277 

research has reported no correlation between R2D:4D and the T:E ratio measured from 278 

amniotic fluid 41 or between R2D:4D and the androgen-to-estrogen ratio measured from 279 

perinatal umbilical cord blood 50. Additionally, the only other study to investigate offspring 280 

digit ratio in relation to maternal sex hormones in early pregnancy 60 did not examine the T:E 281 

ratio. Further research using larger samples will be required to determine whether these 282 

variables are meaningfully related. 283 

Contrary to our pre-registed prediction, a significant negative correlation between maternal 284 

T:E ratio and D[R-L] was observed in bivariate association. However, this did not remain 285 

significant after controlling for demographic and obstetric covariates. This may therefore be 286 

considered consistent with observations that D[R-L] does not correlate with sex hormones 287 

measured from amniotic fluid 41,62, umbilical cord blood 48,50 and second trimester maternal 288 

plasma 62, and that it does not differ between people with and without CAH 10. Although Baxter 289 

et al. 61 recently reported a significant association between the urinary testosterone to estrone 290 

conjugate ratio of pregnant Titi monkeys and the D[R-L] of their offspring, this effect also did 291 

not retain statistical significance once covariates had been controlled for. It further remains 292 

unclear to what degree, if at all, maternal urinary sex hormone concentrations relate to those of 293 

the developing fetus. 294 
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The current study adds to a literature replete with inconsistent findings and replication failures 295 
11. In particular, there appears to be a concerning pattern in which smaller studies attempting 296 

to test the 2D:4D validity question report positive findings and larger ones do not. For example, 297 

small studies of CAH 1,63, which have been heavily cited in the literature, have reported 298 

significant effects, whereas larger ones have not 64–66. The same pattern is observed for twin 299 

research, with some early small studies observing significant effects 30,35 but the largest in the 300 

area reporting only null findings 36. Similarly, the negative correlation between amniotic T:E 301 

ratio and R2D:4D reported by Lutchmaya et al. 3 was not replicated in a larger cohort 41. The 302 

current study may also fit this general pattern: although some statistically significant effects 303 

were observed, the larger study by Barrett et al. 67 found no correlation between early 304 

pregnancy maternal sex hormone concentrations and the 2D:4D of their children. 305 

These issues present a serious challenge to the credibility of digit ratio research, particularly 306 

when considered in conjunction with the ease with which data can be collected and the 307 

considerable researcher degrees of freedom afforded at the analysis stage 68,69. For instance, it 308 

has been noted that researchers often examine several digit ratio predictor variables in the same 309 

study (e.g., R2D:4D, L2D:4D, D[R-L], and the average of R2D:4D and L2D:4D [M2D:4D]) and 310 

also stratify their analyses by sex 10,14,70. Unless effective controls for alpha inflation are in 311 

place, this necessarily increases the chances of observing statistically significant effects, and, 312 

hence, making Type 1 errors. This problem is further compounded when researchers measure 313 

multiple outcome variables 70, and particularly so if not all of those outcomes are reported 69,71. 314 

A further issue is that one significant effect in the predicted direction may be taken as evidence 315 

in favour of rejecting the null hypothesis despite the greater weight of evidence being in favour 316 

of its acceptance 10. To take a conservative example: if researchers were to examine R2D:4D 317 

and L2D:4D, separately in males and females, in relation to a single outcome variable, one 318 

statistically significant effect (e.g., for R2D:4D in males) might be emphasised over three 319 

concurrent null results for the same hypothesis (i.e., null effects for L2D:4D in males and for 320 

R2D:4D and L2D:4D in females). Such practices do not only lead to biased interpretations of 321 

individual datasets, but they also make it difficult to detect publication bias 10, a problem which 322 

may be prevalent within the digit ratio literature 10,14,72. This is because if there is a bias for 323 

publishing positive findings, it may be irrelevant in this field whether a statistically significant 324 

effect is found in relation to the right hand or left hand or in males or in females etc. An obvious 325 

way to address this issue going forwards is to pre-register studies with specific a priori 326 
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hypotheses, predictions, and analysis plans, and to note in publications where analyses have 327 

deviated from these 14,73,74. 328 

R2D:4D and L2D:4D values in the current study were lower when measured from photocopies 329 

than directly from participants’ hands. This corroborates findings from studies of older 330 

populations 75–77, and implies that the process of photocopying may distort the soft tissue in a 331 

way that acts differentially across the second and fourth fingers. What was more surprising was 332 

that the direct and photocopy measures were uncorrelated in our sample, as previous research 333 

has identified both techniques to be reliable 78,79. As (after removal of outliers) 2D:4D 334 

measurements taken directly (self-measured) from young adults have been reported to correlate 335 

moderately (R2D:4D, r = 0.518; L2D:4D, r = 0.409) with those taken from photocopies 336 

(researcher-measured) 80, the lack of intercorrelation observed within the current study may 337 

simply reflect the difficulty associated with obtaining accurate measurements directly from the 338 

hands of toddlers. Correlations between direct and photocopy measures of digit ratio in young 339 

children may generally be fairly low (e.g., R2D:4D: r = 0.421; L2D:4D: r = 0.373 340 

[Constantinescu, 2009, p. 32 66]) but it remains unclear why we observed no association at all. 341 

We suggest that, despite the slight distortion caused, photocopies/scans may be the most 342 

effective method of obtaining reliable data in this population. Although one might still make 343 

the case for using direct measurements, we examined those derived from photocopies because 344 

they are more likely to be reliable. This is indicated by the higher ICCs and lower SDs observed 345 

in the current study, and by previous research reporting computer-assisted measurements to 346 

yield the most reliable results 78,79. Additionally, we used these measures because it would be 347 

possible to check the data against the original photocopies whereas this is not so for the direct 348 

measurements. Analysis of both sets of measurements would have increased the number of null 349 

hypothesis significance tests used, and, therefore, the chances of making Type 1 errors. 350 

The current study has strength in that it not only reported on two hormones in isolation and 351 

their interactions with fetal sex, but also examined the T:E ratio, a variable posited to play a 352 

key role in the determination of digit ratios 3–6. It is additionally important that sex hormones 353 

were assayed in close proximity to the time at which they are hypothesised to exert their 354 

greatest influence on digit ratio development 59. However, some limitations should also be 355 

considered. Though comparable with previous research 4,12,17,18, our sample is only modest in 356 

size; it therefore, lacks the statistical power required to detect small effects. Second, although 357 

inter-rater reliability for digit ratios measured from photocopies was high, it is notable that 358 
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these measures did not correlate with those taken directly from participants’ hands. Third, fetal 359 

steroids were not measured directly, and it remains unclear how representative maternal serum 360 

samples may be of the fetal circulation. Previous research has shown estradiol measured from 361 

second trimester amniotic fluid to be positively correlated with that present in maternal serum 362 

sampled in the second and third trimesters 42, and human chorionic gonadotropin (hCG) levels 363 

measured from amniotic fluid and maternal serum are positively correlated during the second 364 

(but not third) trimester 81. Conversely, although there are exceptions (e.g. 82,83), most studies 365 

have found maternal serum testosterone to be unrelated to fetal sex 42,44,84–87, and testosterone 366 

concentrations in the maternal and fetal plasma have been reported to be uncorrelated 43 367 

(although see also 87). Considering that digit ratios have been hypothesised to relate primarily 368 

to sex steroid concentrations present within the fetal rather than maternal circulation, the 369 

findings of the present study should therefore be interpreted cautiously. 370 

Conclusions 371 

The current study contributes the first pre-registered analysis of 2D:4D in relation to maternal 372 

sex hormone concentrations, as well as the first empirical test of whether the right-left 373 

difference in digit ratios (D[R-L]) is correlated with hormonal concentrations measured during 374 

early pregnancy. We attempted to test the hypothesis that mothers’ T:E ratio is a predictor of 375 

their offspring’s digit ratios. Although we observed statistically significant effects linking high 376 

T:E with low R2D:4D and D[R-L] at 18-22-month follow-up, neither effect remained statistically 377 

significant once covariates had been controlled for. Furthermore, multivariate analyses 378 

revealed that T correlated positively with L2D:4D and negatively with D[R-L], the first of these 379 

effects being inconsistent with well established theory. Taken together, the results of this study 380 

suggest that further research with larger sample sizes will be required to determine whether 381 

digit ratios are valid proxy measures of maternal sex hormone exposure. 382 

Methods 383 

Participants 384 

Mothers (n=217) were recruited early in their pregnancy, during or before their routine 20-385 

week ultrasound scan, as part of the Cambridge Ultrasound Siblings and Parents Study (CUSP) 386 

at the Rosie Hospital, Cambridge University Hospital NHS Foundation Trust. Ethical approval 387 

was provided by the East of England Cambridge Central Research Ethics Committee (ref: 388 
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16/EE/0004) and the Research and Development department of Cambridge University 389 

Hospitals. All mothers gave written informed consent for access to their pregnancy-related 390 

clinical records, test results, and biological samples obtained during routine clinical care, and 391 

the procedures were conducted in accordance with the Declaration of Helsinki. Inclusion 392 

criteria were as follows: (1) little/no consumption of alcohol during pregnancy, (2) no smoking 393 

or recreational drug use during pregnancy, (3) a singleton fetus whose measurements did not 394 

indicate intrauterine growth restriction or large-for-gestational age, (4) absence of any major 395 

fetal anomalies, and (5) birth of a clinically healthy baby. At time of scan mothers were asked 396 

to complete a Pregnancy History Questionnaire to self-report metabolic, reproductive, and 397 

diagnosed conditions. Detailed description of this sample has already been reported elsewhere 398 
46,88. 399 

Hormone assays 400 

Serum samples were collected by a specialist phlebotomist at the Rosie Hospital and stored at 401 

-80C, as part of a national screening programme at the end of first trimester/start of second 402 

trimester (M = 12.7 [SD = 0.7] weeks gestation 46) for biomarkers of Down’s Syndrome and 403 

other conditions. Samples from CUSP participants (n=122) were thawed and transferred to 404 

separate vials (1ml aliquots per sample), which were anonymised and sent for analysis at the 405 

Core Biochemical Assays Laboratory (CBAL) at Addenbrookes Hospital, Cambridge. 406 

Concentrations of testosterone (T), estradiol (E), dehydroepiandrosterone sulphate (DHEAS), 407 

progesterone (P), and sex hormone-binding globulin (SHBG) were measured. Samples were 408 

analysed on a DiaSorin Liaisonâ XL automated immunoassay analyser using a one-step 409 

competitive chemiluminescence immunoassay for each hormone and two monoclonal 410 

antibodies for each peptide. All reagents, standards and consumables are those supplied by 411 

DiaSorin (DiaSorin S.p.A, 13040 Saluggia [VC], Italy). Although SHBG was assayed, 412 

allowing for estimation of the free testosterone index and the free estradiol index, we instead 413 

include the total hormone levels in our statistical models. This is because SHBG does not easily 414 

cross the placenta 89, and so it is unclear whether SHBG in the maternal serum is reflective of 415 

fetal bioactivity. 416 

Digit ratio (2D:4D) measurements 417 
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Parents and infants were invited for an in-person follow-up visit to measure 2D:4D and 418 

physical growth (infants’ Mage = 19.87, SD = 0.86, range = 18.20-21.95 months). Direct 419 

measures of finger length were taken by Research Assistants using a standard tape measure. A 420 

Canon LiDE 300 flatbed scanner was used to scan infants’ left and right hands, and colour 421 

images were made at a resolution of 2400x4800dpi. 2D:4D ratios were calculated from these 422 

by two researchers (GR and EA) using AutoMetric 2.2 for Windows 90. 423 

Statistical analysis 424 

We computed the averages for R2D:4D, L2D:4D, and D[R-L] across the two sets of 425 

measurements (separately for direct and photocopy measures). We checked for correlation 426 

(Pearson’s tests) and differences (paired samples t-tests) between the direct and photocopy 427 

measures, and used independent samples t-tests to examine for sex differences. We then used 428 

bootstrapped (10,000 resamples) Pearson’s correlations and multiple linear regression analyses 429 

to determine whether the maternal hormones (T, E, and T:E ratio) were associated with digit 430 

ratio (R2D:4D, L2D:4D, and D[R-L]). We included the following covariates: child’s sex (0 = 431 

female, 1 = male), maternal polycystic ovary syndrome (PCOS) status (1 = absent, 2 = present), 432 

maternal hirsutism score (1 = no areas affected, 2 = one area affected, 3 = more than one area 433 

affected), child’s birth weight (grams), child’s age at follow-up corrected for gestational age 434 

(days). We included covariates to control for factors related to the maternal hormonal 435 

environment (PCOS and hirsuitism are associated with elevated androgen concentrations 91,92) 436 

and infant factors related to growth trajectories that could affect 2D:4D (2D:4D may fluctuate 437 

considerably during early postnatal life 93,94; it may also correlate with birth weight, although 438 

empirical findings are mixed 95–98). We also included infant sex as a covariate because 2D:4D 439 

exhibits marked sex differences 9 and because associations with prenatal hormonal variables 440 

could differ between males and females 39. 441 

When utilising a bootstrapping approach, a specified number of resamples (in this case, 10,000) 442 

the size of the original is drawn with replacement from the available data. The chosen statistic 443 

is then computed for each resample. These resamples are considered equivalent to samples 444 

derived in the usual way from an infinitely large population with similar characteristics to those 445 

of the observed data. The variation among resamples indicates what would be expected from 446 

sampling variation under such circumstances (see Medland & Loehlin, p. 301 99). We used 447 

bootstrapping because it does not assume a normal distribution of the error term 100, and may 448 

be advantageous when examining variables that exhibit marked deviations from the normal 449 
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distribution as well as presence of datapoints that would be considered outliers in the context 450 

of a normal distribution 41,99,101,102. 451 

 452 

Data Availability Statement 453 

The datasets generated and/or analysed during the current study are not publicly available due 454 

to limited ethics approval for the wider clinical study (CUSP) by CUH and to the specific 455 

consent provided by the participants. They may be available from the corresponding author on 456 

reasonable request and pending approval of any future analyses by CUH. 457 

References 458 

1. Brown, W. M., Hines, M., Fane, B. A. & Breedlove, S. M. Masculinized finger length 459 
patterns in human males and females with congenital adrenal hyperplasia. Hormones 460 
and Behavior 42, 380–386 (2002). 461 

2. Manning, J. T., Scutt, D., Wilson, J. & Lewis-Jones, D. I. The ratio of 2nd to 4th digit 462 
length: A predictor of sperm numbers and concentrations of testosterone, luteinizing 463 
hormone and oestrogen. Human Reproduction 13, 3000–3004 (1998). 464 

3. Lutchmaya, S., Baron-Cohen, S., Raggatt, P., Knickmeyer, R. C. & Manning, J. T. 2nd to 465 
4th digit ratios, fetal testosterone and estradiol. Early Human Development 77, 23–28 466 
(2004). 467 

4. Manning, J. T. Resolving the role of prenatal sex steroids in the development of digit 468 
ratio. Proceedings of the National Academy of Sciences 108, 16143–16144 (2011). 469 

5. Zheng, Z. & Cohn, M. J. Developmental basis of sexually dimorphic digit ratios. Proc 470 
Natl Acad Sci U S A 108, 16289–16294 (2011). 471 

6. Manning, J. T. Digit ratio: A pointer to fertility, behavior, and health. (Rutgers 472 
University Press, 2002). 473 

7. Manning, J. T., Kilduff, L., Cook, C., Crewther, B. & Fink, B. Digit ratio (2D:4D): A 474 
biomarker for prenatal sex steroids and adult sex steroids in challenge situations. 475 
Frontiers in Endocrinology 5, 9 (2014). 476 

8. Manning, J. T., Fink, B., Mason, L., Kasielska-Trojan, A. & Trivers, R. The effects of sex, 477 
nation, ethnicity, age and self-reported pubertal development on participant-478 
measured right-left 2D:4D (Dr-l) in the BBC internet study. Journal of Biosocial Science 479 
(2022) doi:10.1017/S0021932022000049. 480 

9. Hönekopp, J. & Watson, S. Meta-analysis of digit ratio 2D:4D shows greater sex 481 
difference in the right hand. American Journal of Human Biology 22, 619–630 (2010). 482 



 19 

10. Richards, G. et al. Digit ratio (2D:4D) and congenital adrenal hyperplasia (CAH): 483 
Systematic literature review and meta-analysis. Hormones and Behavior 126, 104867 484 
(2020). 485 

11. Richards, G. What is the evidence for a link between digit ratio (2D:4D) and direct 486 
measures of prenatal sex hormones? Early Human Development 113, 71–72 (2017). 487 

12. Fusar-Poli, L. et al. Second-to-fourth digit ratio (2D:4D) in psychiatric disorders: A 488 
systematic review of case-control studies. Clinical Psychopharmacology and 489 
Neuroscience 19, 26–45 (2021). 490 

13. Manning, J. T., Reimers, S., Baron-Cohen, S., Wheelwright, S. & Fink, B. Sexually 491 
dimorphic traits (digit ratio, body height, systemizing-empathizing scores) and gender 492 
segregation between occupations: Evidence from the BBC internet study. Personality 493 
and Individual Differences 49, 511–515 (2010). 494 

14. Neyse, L., Johannesson, M. & Dreber, A. 2D:4D does not predict economic 495 
preferences: Evidence from a large, representative sample. Journal of Economic 496 
Behavior and Organization 185, 390–401 (2021). 497 

15. Fonseca, C. de A. D. et al. Digital biomarker 2D:4D as a predictor of cancer: A 498 
systematic review. Early Human Development 164, 105521 (2022). 499 

16. Pratt, T. C., Turanovic, J. J. & Cullen, F. T. Revisiting the criminological consequences 500 
of exposure to fetal testosterone: A meta-analysis of the 2D:4D digit ratio. 501 
Criminology 54, 587–620 (2016). 502 

17. Hönekopp, J. & Schuster, M. A meta-analysis on 2D:4D and athletic prowess: 503 
Substantial relationships but neither hand out-predicts the other. Personality and 504 
Individual Differences 48, 4–10 (2010). 505 

18. Pasanen, B. E. et al. The relationship between digit ratio (2D:4D) and muscular fitness: 506 
A systematic review and meta-analysis. American Journal of Human Biology 34, 507 
e23657 (2022). 508 

19. Berenbaum, S. A., Bryk, K. K., Nowak, N., Quigley, C. A. & Moffat, S. Fingers as a 509 
marker of prenatal androgen exposure. Endocrinology 150, 5119–5124 (2009). 510 

20. van Hemmen, J., Cohen-Kettenis, P. T., Steensma, T. D., Veltman, D. J. & Bakker, J. Do 511 
sex differences in CEOAEs and 2D:4D ratios reflect androgen exposure? A study in 512 
women with complete androgen insensitivity syndrome. Biology of Sex Differences 8, 513 
11 (2017). 514 

21. Wallen, K. Does finger fat produce sex differences in second to fourth digit ratios? 515 
Endocrinology 150, 4819–4822 (2009). 516 

22. Zitzmann, M. & Nieschlag, E. The CAG repeat polymorphism within the androgen 517 
receptor gene and maleness. International Journal of Andrology 26, 76–83 (2003). 518 

23. Manning, J. T., Bundred, P. E., Newton, D. J. & Flanagan, B. F. The second to fourth 519 
digit ratio and variation in the androgen receptor gene. Evolution and Human 520 
Behavior 24, 399–405 (2003). 521 

24. Voracek, M. No effects of androgen receptor gene CAG and GGC repeat 522 
polymorphisms on digit ratio (2D:4D): A comprehensive meta-analysis and critical 523 
evaluation of research. Evolution and Human Behavior 35, 430–437 (2014). 524 

25. Hönekopp, J. No evidence that 2D:4D is related to the number of CAG repeats in the 525 
androgen receptor gene. Frontiers in Endocrinology 4, (2013). 526 

26. Zhang, K. et al. Revisiting the relationships of 2D:4D with androgen receptor (AR) 527 
gene and current testosterone levels: Replication study and meta-analyses. Journal of 528 
Neuroscience Research 98, 353–370 (2020). 529 



 20 

27. Manning, J. T., Kilduff, L. P. & Trivers, R. Digit ratio (2D:4D) in Klinefelter’s syndrome. 530 
Andrology 1, 94–99 (2013). 531 

28. Chang, S. et al. Anthropometry in Klinefelter syndrome - Multifactorial influences due 532 
to CAG length, testosterone treatment and possibly intrauterine hypogonadism. 533 
Journal of Clinical Endocrinology & Metabolism 100, E508–E517 (2015). 534 

29. Ratcliffe, S. G. et al. Prenatal testosterone levels in XXY and XYY males. Hormone 535 
Research 42, 106–109 (1994). 536 

30. Voracek, M. & Dressler, S. G. Digit ratio (2D:4D) in twins: Heritability estimates and 537 
evidence for a masculinized trait expression in women from opposite-sex pairs. 538 
Psychological Reports 100, 115–126 (2007). 539 

31. Gobrogge, K. L., Breedlove, S. M. & Klump, K. L. Genetic and environmental influences 540 
on 2D:4D finger length ratios: A study of monozygotic and dizygotic male and female 541 
twins. Archives of Sexual Behavior 37, 112–118 (2008). 542 

32. Medland, S. E. & Loehlin, J. C. Multivariate genetic analyses of the 2D:4D ratio: 543 
Examining the effects of hand and measurement technique in data from 757 twin 544 
families. Twin Research and Human Genetics 11, 335–341 (2008). 545 

33. Paul, S. N., Kato, B. S., Cherkas, L. F., Andrew, T. & Spector, T. D. Heritability of the 546 
second to fourth digit ratio (2d:4d): A twin study. Twin Research and Human Genetics 547 
9, 215–219 (2006). 548 

34. Ahrenfeldt, L. J., Christensen, K., Segal, N. L. & Hur, Y.-M. Opposite-sex and same-sex 549 
twin studies of physiological, cognitive and behavioral traits. Neuroscience and 550 
Biobehavioral Reviews 108, 322–340 (2020). 551 

35. van Anders, S. M., Vernon, P. A. & Wilbur, C. J. Finger-length ratios show evidence of 552 
prenatal hormone-transfer between opposite-sex twins. Hormones and Behavior 49, 553 
315–319 (2006). 554 

36. Medland, S. E., Loehlin, J. C. & Martin, N. G. No effects of prenatal hormone transfer 555 
on digit ratio in a large sample of same- and opposite-sex dizygotic twins. Personality 556 
and Individual Differences 44, 1225–1234 (2008). 557 

37. Hiraishi, K., Sasaki, S., Shikishima, C. & Ando, J. The second to fourth digit ratio 558 
(2D:4D) in a Japanese twin sample: Heritability, prenatal hormone transfer, and 559 
association with sexual orientation. Archives of Sexual Behavior 41, 711–724 (2012). 560 

38. Cohen-Bendahan, C. Biological roots of sex differences: A longitudinal twin study. 561 
(University Medical Center Utrecht, 2005). 562 

39. Ventura, T., Gomes, M. C., Pita, A., Neto, M. T. & Taylor, A. Digit ratio (2D:4D) in 563 
newborns: Influences of prenatal testosterone and maternal environment. Early 564 
Human Development 89, 107–112 (2013). 565 

40. Richards, G., Gomes, M. & Ventura, T. Testosterone measured from amniotic fluid 566 
and maternal plasma shows no significant association with directional asymmetry in 567 
newborn digit ratio (2D:4D). Journal of Developmental Origins of Health and Disease 568 
10, 362–367 (2019). 569 

41. Richards, G., Browne, W. & Constantinescu, M. Digit ratio (2D:4D) and amniotic 570 
testosterone and estradiol: An attempted replication of Lutchmaya et al. (2004). 571 
Journal of Developmental Origins of Health and Disease (2020) 572 
doi:10.1101/2020.07.10.197269. 573 

42. van de Beek, C., Thijssen, J. H. H., Cohen-Kettenis, P. T., van Goozen, S. H. M. & 574 
Buitelaar, J. K. Relationships between sex hormones assessed in amniotic fluid, and 575 
maternal and umbilical cord serum: What is the best source of information to 576 



 21 

investigate the effects of fetal hormonal exposure? Hormones and Behavior 46, 663–577 
669 (2004). 578 

43. Rodeck, C. H., Gill, D., Rosenberg, D. A. & Collins, W. P. Testosterone levels in 579 
midtrimester maternal and fetal plasma and amniotic fluid. Prenatal Diagnosis 5, 580 
175–181 (1985). 581 

44. Hines, M. et al. Testosterone during pregnancy and gender role behavior of preschool 582 
children: A longitudinal, population study. Child Development 73, 1678–1687 (2002). 583 

45. Udry, J. R., Morris, N. M. & Kovenock, J. Androgen effects on women’s gendered 584 
behaviour. Journal of Biosocial Science 27, 359–368 (1995). 585 

46. Tsompanidis, A. et al. Maternal steroid levels and the autistic traits of the mother and 586 
infant. Molecular Autism 12, 51 (2021). 587 

47. Barona, M., Kothari, R., Skuse, D. & Micali, N. Social communication and emotion 588 
difficulties and second to fourth digit ratio in a large community-based sample. 589 
Molecular Autism 6, 68 (2015). 590 

48. Hickey, M. et al. Maternal and umbilical cord androgen concentrations do not predict 591 
digit ratio (2D:4D) in girls: A prospective cohort study. Psychoneuroendocrinology 35, 592 
1235–1244 (2010). 593 

49. Harris, J. A., Vernon, P. A. & Boomsma, D. I. The heritability of testosterone: A study 594 
of dutch adolescent twins and their parents. Behavior Genetics 28, 165–171 (1998). 595 

50. Hollier, L. P. et al. Adult digit ratio (2D:4D) is not related to umbilical cord androgen or 596 
estrogen concentrations, their ratios or net bioactivity. Early Human Development 91, 597 
111–117 (2015). 598 

51. Whitehouse, A. J. O. et al. Prenatal testosterone exposure is related to sexually 599 
dimorphic facial morphology in adulthood. Proceedings of the Royal Society B: 600 
Biological Sciences 282, 20151351 (2015). 601 

52. Çetin, R., Can, M. & Özcan, E. The relatıonship between testosterone and oestrogen 602 
level of the cord blood And length of fingers of newborns 2D: 4D. Balıkesır Health 603 
Sciences Journal 5, 75–82 (2016). 604 

53. Mitsui, T. et al. Effects of prenatal Leydig cell function on the ratio of the second to 605 
fourth digit lengths in school-aged children. PLoS ONE 10, 1–11 (2015). 606 

54. Mitsui, T. et al. Effects of adrenal androgens during the prenatal period on the second 607 
to fourth digit ratio in school-aged children. Steroids 113, 46–51 (2016). 608 

55. van Leeuwen, B. et al. Do sex hormones at birth predict later-life economic 609 
preferences? Evidence from a pregnancy birth cohort study. Proceedings of the Royal 610 
Society B: Biological Sciences 287, 20201756 (2020). 611 

56. Hollier, L. P., Keelan, J. A., Hickey, M., Maybery, M. T. & Whitehouse, A. J. O. 612 
Measurement of androgen and estrogen concentrations in cord blood: Accuracy, 613 
biological interpretation, and applications to understanding human behavioral 614 
development. Frontiers in Endocrinology 5, 64 (2014). 615 

57. Galis, F., ten Broek, C. M. A., van Dongen, S. & Wijnaendts, L. C. D. Sexual dimorphism 616 
in the prenatal digit ratio (2D:4D). Archives of Sexual Behavior 39, 57–62 (2010). 617 

58. Malas, M. A., Dogan, S., Evcil, E. H. & Desdicioglu, K. Fetal development of the hand, 618 
digits and digit ratio (2D:4D). Early Human Development 82, 469–475 (2006). 619 

59. Manning, J. T. & Fink, B. Are there any “direct” human studies of digit ratio (2D:4D) 620 
and measures of prenatal sex hormones? Early Human Development 113, 73–74 621 
(2017). 622 



 22 

60. Barrett, E. et al. Digit ratio, a proposed marker of the prenatal hormone environment, 623 
is not associated with prenatal sex steroids, anogenital distance, or gender-typed play 624 
behavior in preschool age children - Supplementary materials. Journal of 625 
Developmental Origins of Health and Disease (2020). 626 

61. Baxter, A., Wood, E. K., Witczak, L. R., Bales, K. L. & Higley, J. D. Sexual dimorphism in 627 
titi monkeys’ digit (2D:4D) ratio is associated with maternal urinary sex hormones 628 
during pregnancy. Developmental Psychobiology (2019) doi:10.1002/dev.21899. 629 

62. Richards, G., Gomes, M. & Ventura, T. Testosterone measured from amniotic fluid 630 
and maternal plasma shows no significant association with directional asymmetry in 631 
newborn digit ratio (2D:4D). Journal of Developmental Origins of Health and Disease 632 
10, 362–367 (2019). 633 

63. Ökten, A., Kalyoncu, M. & Yariş, N. The ratio of second- and fourth-digit lengths and 634 
congenital adrenal hyperplasia due to 21-hydroxylase deficiency. Early Human 635 
Development 70, 47–54 (2002). 636 

64. Buck, J. J., Williams, R. M., Hughes, I. A. & Acerini, C. L. In-utero androgen exposure 637 
and 2nd to 4th digit length ratio—comparisons between healthy controls and females 638 
with classical congenital adrenal hyperplasia. Human Reproduction 18, 976–979 639 
(2003). 640 

65. Nave, G. et al. No evidence for a difference in 2D:4D ratio between youth with 641 
elevated prenatal androgen exposure due to congenital adrenal hyperplasia and 642 
controls. Hormones and Behavior 128, 104908 (2021). 643 

66. Constantinescu, M. Are finger ratios a useful measure of androgenic influences on 644 
sexual differentiation? (University of Cambridge, 2009). 645 

67. Barrett, E. et al. Digit ratio, a proposed marker of the prenatal hormone environment, 646 
is not associated with prenatal sex steroids, anogenital distance, or gender-typed play 647 
behavior in preschool age children. Journal of Developmental Origins of Health and 648 
Disease (2020) doi:10.1017/S2040174420001270. 649 

68. Gelman, A. & Loken, E. The garden of forking paths: Why multiple comparisons can 650 
be a problem, even when there is no “fishing expedition” or “p-hacking” and the 651 
research hypothesis was posited ahead of time. (2013). 652 

69. Simmons, J. P., Nelson, L. D. & Simonsohn, U. False-positive psychology: Undisclosed 653 
flexibility in data collection and analysis allows presenting anything as significant. 654 
Psychological Science 22, 1359–1366 (2011). 655 

70. Putz, D. A., Gaulin, S. J. C., Sporter, R. J. & McBurney, D. H. Sex hormones and finger 656 
length: What does 2D:4D indicate? Evolution and Human Behavior 25, 182–199 657 
(2004). 658 

71. Goldacre, B. Bad science. (Fourth Estate, 2008). 659 
72. Voracek, M. & Stieger, S. Replicated nil associations of digit ratio (2D:4D) and 660 

absolute finger lengths with implicit and explicit measures of aggression. Psicothema 661 
21, 382–389 (2009). 662 

73. Osu, T. et al. Fluctuating asymmetry of finger lengths, digit ratio (2D:4D), and tattoos: 663 
A pre-registered replication and extension of Koziel et al. (2010). Early Human 664 
Development 152, 105273 (2021). 665 

74. Fossen, F. M., Neyse, L., Johannesson, M. & Dreber, A. 2D:4D and self-employment 666 
using SOEP Data: A replication study. SSRN Electronic Journal (2020) 667 
doi:10.2139/ssrn.3583293. 668 



 23 

75. Ribeiro, E., Neave, N., Morais, R. N. & Manning, J. T. Direct versus indirect 669 
measurement of digit ratio (2D:4D): A critical review of the literature and new data. 670 
Evolutionary Psychology 14, 1–8 (2016). 671 

76. Fink, B. & Manning, J. T. Direct versus indirect measurement of digit ratio: New data 672 
from Austria and a critical consideration of clarity of report in 2D:4D studies. Early 673 
Human Development 127, 28–32 (2018). 674 

77. Manning, J. T., Fink, B., Neave, N. & Caswell, N. Photocopies yield lower digit ratios 675 
(2D:4D) than direct finger measurements. Archives of Sexual Behavior 34, 329–333 676 
(2005). 677 

78. Kemper, C. J. & Schwerdtfeger, A. Comparing indirect methods of digit ratio (2D:4D) 678 
measurement. American Journal of Human Biology 21, 188–191 (2009). 679 

79. Allaway, H. C., Bloski, T. G., Pierson, R. A. & Lujan, M. E. Digit ratios (2D:4D) 680 
determined by computer-assisted analysis are more reliable than those using physical 681 
measurements, photocopies, and printed scans. American Journal of Human Biology 682 
21, 365–370 (2009). 683 

80. Caswell, N. & Manning, J. T. A comparison of finger 2D:4D by self-report direct 684 
measurement and experimenter measurement from photocopy: Methodological 685 
issues. Archives of Sexual Behavior 38, 143–148 (2009). 686 

81. Steier, J. A., Myking, O. L. & Bergsjø, P. B. Correlation between fetal sex and human 687 
chorionic gonadotropin in peripheral maternal blood and amniotic fluid in second and 688 
third trimester normal pregnancies. Acta Obstetricia et Gynecologica Scandinavica 78, 689 
367–371 (1999). 690 

82. Meulenberg, P. M. M. & Hofman, J. A. Maternal testosterone and fetal sex. Journal of 691 
Steroid Biochemistry and Molecular Biology 39, 51–54 (1991). 692 

83. Klinga, K., Bek, E. & Runnebaum, B. Maternal peripheral testosterone levels during 693 
the first half of pregnancy. American Journal of Obstetrics and Gynecology 131, 60–62 694 
(1978). 695 

84. Vlková, B. et al. Testosterone and estradiol in maternal plasma and their relation to 696 
fetal sex. Prenatal Diagnosis 30, 806–807 (2010). 697 

85. Nabi, G., Aziz, T., Amin, M. & Khan, A. A. Effect of fetal sex on total levels of maternal 698 
serum testosterone. Journal of Biology and Life Science 5, 58–64 (2014). 699 

86. Firestein, M. R. et al. Elevated prenatal maternal sex hormones, but not placental 700 
aromatase, are associated with child neurodevelopment. Hormones and Behavior 701 
140, 105125 (2022). 702 

87. Sarkar, P., Bergman, K., Fisk, N. M., O’Connor, T. G. & Glover, V. Amniotic fluid 703 
testosterone: Relationship with cortisol and gestational age. Clinical Endocrinology 704 
67, 743–747 (2007). 705 

88. Aydin, E. Fetal biometry and early behavioural development. (University of 706 
Cambridge, 2020). 707 

89. Hogeveen, K. N. et al. Human sex hormone–binding globulin variants associated with 708 
hyperandrogenism and ovarian dysfunction. Journal of Clinical Investigation 109, 709 
973–981 (2002). 710 

90. DeBruine, L. AutoMetric software for measurement of 2D:4D ratios. Preprint at 711 
(2006). 712 

91. Legro, R. S. et al. Total testosterone assays in women with polycystic ovary syndrome: 713 
Precision and correlation with hirsutism. Journal of Clinical Endocrinology & 714 
Metabolism 95, 5305–5313 (2010). 715 



 24 

92. al Kindi, M. K., al Essry, F. S., al Essry, F. S. & Mula-Abed, W.-A. S. Validity of serum 716 
testosterone, free androgen index, and calculated free testosterone in women with 717 
suspected hyperandrogenism. Oman Medical Journal 27, 471–474 (2012). 718 

93. Ernsten, L., Körner, L. M., Heil, M., Richards, G. & Schaal, N. K. Investigating the 719 
reliability and sex differences of digit lengths, ratios, and hand measures in infants. 720 
Scientific Reports 11, 10998 (2021). 721 

94. Knickmeyer, R. C., Woolson, S., Hamer, R. M., Konneker, T. & Gilmore, J. H. 2D:4D 722 
ratios in the first 2 years of life: Stability and relation to testosterone exposure and 723 
sensitivity. Hormones and Behavior 60, 256–263 (2011). 724 

95. Danborno, B., Adebisi, S. S., Adelaiye, A. B. & Ojo, S. A. Relationship between digit 725 
ratio (2D:4D) and birth weight in Nigerians. Anthropologist 12, 127–130 (2010). 726 

96. Kobus, M., Sitek, A., Rosset, I., Pruszkowska–Przybylska, P. & Żądzińska, E. Association 727 
of prenatal sex steroid exposure estimated by the digit ratio (2D:4D) with birth 728 
weight, BMI and muscle strength in 6- to 13-year-old Polish children. PLoS ONE 16, 729 
e0258179 (2021). 730 

97. McIntyre, M. H., Cohn, B. A. & Ellison, P. T. Sex dimorphism in digital formulae of 731 
children. American Journal of Physical Anthropology 129, 143–150 (2006). 732 

98. Ronalds, G., Phillips, D. I. W., Godfrey, K. M. & Manning, J. T. The ratio of second to 733 
fourth digit lengths: A marker of impaired fetal growth? Early Human Development 734 
68, 21–26 (2002). 735 

99. Loehlin, J. C., Medland, S. E. & Martin, N. G. Relative finger lengths, sex differences, 736 
and psychological traits. Archives of Sexual Behavior 38, 298–305 (2009). 737 

100. Diaconis, P. & Efron, B. Computer-intensive methods in statistics. Sci Am 248, 116–738 
130 (1983). 739 

101. Richards, G. et al. An examination of the influence of prenatal sex hormones on 740 
handedness: Literature review and amniotic fluid data. Hormones and Behavior 129, 741 
104929 (2021). 742 

102. Wilke, M. & Schmithorst, V. J. A combined bootstrap/histogram analysis approach for 743 
computing a lateralization index from neuroimaging data. Neuroimage 33, 522–530 744 
(2006). 745 

  746 
 747 

Author contributions 748 

GR and EA designed the study, and GR analysed and interpreted the data and wrote the 749 

manuscript. EA, AT, and EP collected the data and managed the database, RH and SBC 750 

supervised the project, and TA and CA contributed to interpretation of the findings. All authors 751 

reviewed the manuscript. 752 

Additional information 753 

Competing Interests Statement: The authors declare no competing interests. 754 



 25 

Funding Source: SBC received funding from the Wellcome Trust 214322\Z\18\Z. For the 755 

purpose of Open Access, the author has applied a CC BY public copyright licence to any 756 

Author Accepted Manuscript version arising from this submission.  The results leading to this 757 

publication have received funding from the Innovative Medicines Initiative 2 Joint 758 

Undertaking under grant agreement No 777394 for the project AIMS-2-TRIALS. This Joint 759 

Undertaking receives support from the European Union's Horizon 2020 research and 760 

innovation programme and EFPIA and AUTISM SPEAKS, Autistica, SFARI. (The funders 761 

had no role in the design of the study; in the collection, analyses, or interpretation of data; in 762 

the writing of the manuscript, or in the decision to publish the results.) Any views expressed 763 

are those of the author(s) and not necessarily those of the funders. SBC also received funding 764 

from the Autism Research Trust, SFARI, the Templeton World Charitable Fund, the MRC, 765 

and the NIHR Cambridge Biomedical Research Centre (BRC). The NIHR BRC is a partnership 766 

between Cambridge University Hospitals NHS Foundation Trust and the University of 767 

Cambridge, funded by the National Institute for Health Research (NIHR). The research was 768 

supported by the National Institute for Health Research (NIHR) Collaboration for Leadership 769 

in Applied Health Research and Care East of England at Cambridgeshire and Peterborough 770 

NHS Foundation Trust. TA is supported by the NIHR BRC and by the NIHR Brain Injury 771 

MedTech Co-operative. The views expressed are those of the author(s) and not necessarily 772 

those of the NHS, NIHR or Department of Health and Social Care. 773 

Figure legends 774 

Figure 1. Scatterplots showing the associations between maternal T:E ratio and children’s (a) R2D:4D, (b) 775 
L2D:4D, and (c) D[R-L]. Raw data (not controlled for covariates) are shown; T:E ratio is multiplied by 1000. 776 
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