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Abstract

Introduction

Prenatal androgen exposure has important organizing effects on brain development and
therefore on future behavior. Previous research has shown, that the ratio between index fin-
ger (2D) and ring finger (4D) (2D:4D) could function as a marker of prenatal androgen
effects, with a relatively shorter 2D indicating a higher prenatal androgen exposure. 2D:4D
is associated with status-seeking and competitive behavior but also with altruism. Therefore,
2D:4D should be related to academic success.

Methods

We examined the 2D:4D of both hands, as well as the difference between both variables
(Dr-1), of 209 university graduates (74 women) employed at the Medical Faculty of the Fried-
rich-Alexander-University Erlangen-Nlrberg, Germany, and we assessed the relationship
of these variables with academic career performance. Career performance was measured
by the number of publications as first or last author, and by achievement of an academic
degree used in many European countries, the so-called “Habilitation”.

Results

In a within-sex analysis we found a non-monotonic association between the right hand digit
ratio and the probability of having a “Habilitation” in females. Academic success, measured by
the number of publications as first or last author and the probability of a "Habilitation", increases
with age. In agreement with the literature, we found higher academic success in men.

Conclusion

We found a non-monotonic relationship between right hand 2D:4D and academic success
in females. However, the significance of this relationship was weak.
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Introduction

Prenatal sex steroids have an influence on digit development. High prenatal androgen expo-
sure results in a shorter second digit (2D) relative to the fourth digit (4D) in the adult human
hand [1,2]. However, 2D:4D may be determined not only by prenatal testosterone, but also
additional factors, such as prenatal corticosterone [3] and genetic factors [4]. The 2D:4D ratio
among men is usually smaller than among women [2,5,6]. Additionally, prenatal androgen
exposure has an organizing effect on the structure and function of the brain [7]. Previous asso-
ciations of 2D:4D with variables of interest have been shown e.g. in meta-analyses for athletic
prowess [8], autism spectrum disorder [9] and sexual orientation in women [10]. We found a
lower 2D:4D ratio among alcohol-dependent patients [11,12], young males with video game
addiction [13] and male suicide victims [14]. Several studies have reported a linear relationship
between 2D:4D and the traits investigated (e.g., [11,13-17]). A low 2D:4D is typically associ-
ated with outcomes that mark status (e.g., success in sports, reproduction) or with traits that
either lead to, maintain, or reflect high status (e.g., dominance) [18]. It has been hypothesized
that persons with low 2D:4D have a higher need for achievement and therefore seek out, in
both their hobbies and jobs, specific domains where they have the abilities required to excel
[18-21]. However, some studies report a curvilinear relationship (e.g., [18,22-24]), which has
been found e.g. for academic [25] and mathematics performance [22], targeting reaction time
in adults [26] and children [23] as well as altruism [24,27].

This study aimed to analyze the relationship between 2D:4D and career performance
among university graduates at a medical faculty. We used two measures of academic success:
Number of publications as first or last author and the achievement of a “Habilitation”. In the
medical field, the first and last author positions are the most important and indicate a high
level of involvement and effort. The “Habilitation”, often translated into “postdoctorate
degree”, is a scholarly convention of many European university systems; it is a required formal
qualification to teach at the university level and also, in most cases, a prerequisite for receiving
a full professorship at a university. To achieve a “Habilitation,” academics must demonstrate
achievements in academic teaching and research; the latter is measured-at minimum-by the
number and impact factor of publications in peer-reviewed journals.

Considering the partially contradictory results in the studies mentioned above, we hypothe-
sized that 2D:4D is related to academic success as assessed by the completion of more publica-
tions as first or last author and a “Habilitation”. We opine that scientific work and completion
of a “Habilitation” is not only driven by strive for status, but instead also is a long-term effort
and that successful academics have to be also “team players” and have to show the ability to
address setbacks (see discussion). We conducted an exploratory data analysis to investigate
possible relationships between 2D:4D and academic success as measured by the number of
publications as first or last-author and achievement in the academic degree “Habilitation”.

Methods

This study was part of the Finger-Length in Psychiatry (FLIP) project of the Department of
Psychiatry and Psychotherapy of the University Hospital in Erlangen [11-14,28]. The investi-
gation was conducted according to the principles expressed in the Declaration of Helsinki, and
the study was approved by the local ethics committee (Ethik-Kommission der Friedrich-Alex-
ander-Universitit Erlangen-Niirnberg, No. 54_14B).

Between April 2014 and November 2015, 210 subjects participated in the study. One partic-
ipant later withdrew his consent. Participants were recruited by contacting physicians and sci-
entists employed at the clinical and preclinical departments of the Medical Faculty of the
Friedrich-Alexander-University Erlangen-Nirnberg (FAU). A search for possible participants
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was performed using the register on the webpage of the Medical Faculty. Employees who
agreed to participate in the study were met with, and written informed consent was obtained
after a complete description of the study had been provided. Participants were asked to answer
a questionnaire in which the following data were inquired: Date of birth; sex; marital status;
number of children; handedness and the completion of a “Habilitation”. Additionally, partici-
pants were asked whether they had an intention to accomplish a “Habilitation” or if they had
already applied for a “Habilitation” and if they held a full or an associate professorship. Fur-
thermore, the questionnaire inquired about the number of scientific publications as first or last
author. In a telephone follow-up carried out in April 2018, participants, who in our first survey
answered to have an intention to accomplish a “Habilitation”, were questioned about the cur-
rent state in this regard. Thus, participants that in 2018 still had an intention to accomplish

(n = 6) and participants who had already applied for a “Habilitation” (n = 4) but not yet have
finished the procedure were considered as subjects with a “Habilitation” in the statistical analy-
ses in addition to the participants that actually held a “Habilitation”. Experience shows that a
“Habilitation” in these situations is indeed very often completed in the following years.

Scanning of the hands and measuring of the finger lengths was performed in accordance
with our previous reports [11,13]. Scanning of the participants’” hands, using a Plustek Optic-
Slim 2600 scanner, was conducted prior to examining or analyzing the abovementioned data.
To increase accuracy, small marks were drawn on the basal creases of the participants’ index
(2D) and ring (4D) fingers before scanning. The left and right hands were scanned separately
with palms down. We used the GNU Image Manipulation Program (GIMP, version 2.8.4;
www.gimp.org) to measure the lengths of 2D and 4D from the hand scans. This technique pro-
vides good reliability [29]. The total lengths of 2D and 4D were measured from the middle of
the basal crease to the fingertip; the length was determined in units of pixels. Both fingers of
both hands were measured six times each by three independent raters (ML, OYT, PBP), who
were blinded to the participants’ data.

Mean values of the measurements made by the three raters were calculated for each finger.
For each individual, ratios of the mean values were calculated for the right hand (R2D:4D) and
the left hand (L2D:4D). Furthermore, the Dr-1 (= R2D:4D -1.2D:4D) was calculated.

Statistical analyses were conducted using IBM SPSS statistics version 21 (SPSS Inc., Chi-
cago, IL, USA) and the R software (Version 3.4.1). The calculation of contingency tables (with
statistics) and visualization of the multiple logistic regression model’s terms of interests were
performed using the R packages “sjPlot” and “sjstats” [30,31]. McFadden’s Pseudo R” was
computed using the R package “pscl” [32]. To compute the likelihood ratio test, the R package
“Imtest” [33] was used. To calculate the intraclass correlation coefficient (ICC), the R package
“psych” [34] was used.

Reliability among the three raters was calculated for each finger separately, for both the
right and left hands, using the ICC (two-way random, absolute agreement) [35-37]. The reli-
ability of the three raters was high for both the right hand (2D: ICC = 0.9994; 4D:ICC =
0.9997) and the left hand (2D: ICC = 0.9996; 4D: ICC = 0.9997). The reliability of the three
raters for the study variables was also high (R2D:4D: ICC = 0.9206; L2D:4D: ICC = 0.9591; Dr-
1: ICC = 0.7898).

The relationship of sex differences to categorical variables was assessed by measuring the
associations of the variables in the contingency tables.

Before conducting the Student’s two-sample t-test (to analyze the normally distributed vari-
ables) or the Wilcoxon rank-sum test with continuity correction (to analyze the non-normally
distributed variables), deviation from a normal distribution of the continuous variables was
tested by the Shapiro-Wilk test and assumption of homogeneity of variances was tested with
the Levene’s test with the “median” as the center using the R package “car” [38]. The L2D:4D
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ratio and R2D:4D ratio did not deviate from a normal distribution. Student’s two-sample t-test
assuming equal variances was conducted to compare 2D:4D ratios in female and male partici-
pants and participants with and without “Habilitation”. The assumption of normality was vio-
lated in the L2D:4D ratio of participants with (W = 0.971, p-value = 0.014) and without
“Habilitation” (W = 0.986, p-value = 0.420). Cohen’s d statistic was calculated using the R
package “effsize” [39].

Dr-], age and the number of publications as first or last author did significantly deviate
from a normal distribution. The assumption of homogeneity of variance was violated in the
number of publications as first or last author in participants with and without “Habilitation”
(F-value = 28.244, p-value < 0.001).

To investigate the correlational relation of the continuous digit ratios and Dr-1 on the num-
ber of publications, a multiple linear regression analysis was performed. Furthermore, the
influence of the categorical variables “presence of children” (a binary coded variable [yes/no])
and “marital status” on the number of publications was investigated in a multiple linear regres-
sion analysis. Due to the significant deviation from a normal distribution of the dependent var-
iable “number of publications as first or last author”, a rank-based inverse normal (RIN)
transformation [40,41] was conducted before building the regression models. All linear regres-
sion models were controlled for age (in years). More complex linear regression models were
compared to the preceding simpler model using the F-test (e.g. comparison of model 3 with
model 2). As a goodness-of-fit statistic, R* was calculated for each model. A multiple logistic
regression analysis was conducted to investigate the influence of the independent digit ratio
variables and Dr-I on the dependent variable “Habilitation” [yes/no]. All logistic regression
models were controlled for age (in years). More complex logistic regression models were com-
pared to the preceding simpler model using the likelihood ratio test (e.g. comparison of model
3 with model 2). As a goodness-of-fit statistic, McFadden’s Pseudo R* was calculated for each
model. Due to the sex-differences of 2D:4D digit ratios and the sex-differences of habilitated
participants in our cohort (see results), all linear and all logistic regression models were built
separately for males and females (“within-sex analysis”). To reveal possible non-monotonic
associations, squared 2D:4D was introduced to the linear and the logistic regression models.
The analyses of the whole cohort are presented in the S1 File.

Results

Demographic values and measured variables of all participants are presented in Tables 1 and 2.
The cohort consisted of 174 physicians and 35 participants with university degrees in the fol-
lowing disciplines: biology (n = 18), biochemistry (n = 4), physics (n = 2), chemistry (n = 1),

Table 1. Demographic values and measured variables of all participants. Continuous variables.

Female (n = 74) Male (n = 135)

L2D:4D: (min/ median/ mean/ max/ sd) 0.905/ 0.974/ 0.975/ 1.072/ | 0.847/ 0.963/ 0.961/ 1.041/
+0.031 +0.029

R2D:4D: (min/ median/ mean/ max/ sd) 0.908/ 0.972/ 0.972/ 1.034/ | 0.874/ 0.962/ 0.960/ 1.043/
+0.028 +0.030

Dr-l: (min/ median/ mean/ max/ sd) -0.102/ 0.001/ -0.003/ -0.054/ 0.001/ -0.001/
0.038/ £0.023 0.053/ £0.021

Age: (min/ median/ mean/ max/ sd) 29/ 38/ 39.7/ 64/ £7.4 26/ 40/ 42.0/ 64/ £8.5

Number of publications as first/last author: (min/ 0/3/9.5/ 100/ +17.4 0/8/13.8/ 120/ +17.6

median/ mean/ max/ sd)

sd = Standard deviation; min = minimum; max = maximum.

https://doi.org/10.1371/journal.pone.0212167.t001
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Table 2. Demographic values and measured variables of all participants. Categorical variables. Contingency tables.

Habilitation
Professorship none
full
associate
Marital status single
married
divorced
Number of children 0
1
2
>3
(Any number of) Children
Handedness ambi
left
right

A: Chi-squared test;

B. Bisher’s exact test;

Female (n = 74) Male (n = 135) p-value

32 (43.2%) 85 (63%) 0.009" (¢: 0.190; X*: 6.764)

65 (87.8%) 97 (71.9%) 0.003* (V:0.238; x* 11.821)

1 (1.4%) 23 (17%)

8 (10.8%) 15 (11.1%)

37 (50%) 31 (23%) <0.001® (V: 0.280; x*: 16.379)
36 (48.6%) 98 (72.6%)

1 (1.4%) 6 (4.4%)

47 (63.5%) 44 (32.6%) <0.001* (V: 0.306; x* 19.515)
12 (16.2%) 30 (22.2%)

10 (13.5%) 41 (30.4%)

5 (6.8%) 20 (14.8%)

27 (36.5%) 91 (67.4%) <0.001* (¢: 0.298; x* 17.354)
0 7 (5.2%) 0.130® (V: 0.144; x*: 4.265)

6 (8.1%) 13 (9.6%)

67 (90.5%) 112 (83%)

x* = Chi-squared; V = Cramér’s V; ¢ = Phi coefficient.

https://doi.org/10.1371/journal.pone.0212167.t1002

medical informatics (n = 1), history (n = 1), psychology (n = 1), psychology/French/Spanish/
biology (n = 1), statistics (n = 1), microbiology (n = 1), computer visualistics/biology (n = 1),
plant production/ biophysics (n = 1), physics/ biology (n = 1) and chemistry/food chemistry
(n =1). The recruitment strategy deliberately resulted in an overrepresentation of participants
with “Habilitation” (117 out of 209) in order to ensure sufficient numbers for statistical analy-
sis; however, the sex ratio of almost 3:1 (m:f) of the participants with a “Habilitation” was pre-
served by the recruitment strategy.

The contingency tables (see Table 2) show strong associations between sex and having a
“Habilitation”, sex and professorship, sex and marital status, sex and the presence of children
as well as the number of children.

In the Student’s two-sample t-test, the 2D:4D ratios of female individuals were significantly
higher than the ratios of male individuals (Table 3). In the Wilcoxon rank-sum test, the
median number of publications as first or last author was significantly higher in male individu-
als (Table 4).

A multiple logistic regression analysis was conducted to investigate the influence of the
independent digit ratio variables and Dr-1 on the dependent variable “Habilitation” [yes/no].
Table 5 shows the results of the within-sex analysis of the right hand digit ratio. Models 1-3
present the results of the female participants; models 4-6 show the results of the male partici-
pants. When introducing the squared 2D:4D digit ratio to the model of females (Table 5,
model 3), the likelihood ratio test showed a significant model improvement (p = 0.037) on a
significance level o0 = 5%, compared to the preceding simpler model. In males (Table 5, model
6), this association could not be shown. Fig 1 shows the predicted probabilities for “Habilita-
tion” of females of the digit ratio term of model 3 of Table 5. The within-sex analyses of the left
hand digit ratio and Dr-1 did not reveal any further significant relationships (Tables 6 and 7).

In the multiple logistic regression analysis of the whole cohort, the model containing only
age and sex as independent variables, showed a significant positive effect of both variables on
“Habilitation” (Table K in S1 File, model 1). We did not find any significant effects of the
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Table 3. Results of student’s two-sample t-test.

Male (mean [sd])

p-value (t-test statistic [df])

Sex Female (mean [sd])
N: 74

L2D:4D 0.975 (0.031)
R2D:4D 0.972 (0.028)
Habilitation (Sex = Female) No (mean [sd])
N 42

L2D:4D 0.976 (0.034)
R2D:4D 0.970 (0.031)
Habilitation (Sex = Male) No (mean [sd])
N 50

12D:4D 0.959 (0.026)
R2D:4D 0.957 (0.029)

135

0.961 (0.029)
0.960 (0.030)
Yes (mean [sd])
32

0.973 (0.027)
0.974 (0.023)
Yes (mean [sd])
85

0.962 (0.031)
0.961 (0.031)

sd = Standard deviation; df = degrees of freedom; CI = confidence interval.

0.001 (3.26 [207])
0.004 (2.881 [207])
p-value (t-test statistic [df])

0.663 (0.438 [72])
0.544 (-0.609 [72])
p-value (t-test statistic [df])

0.524" (-0.640 [133])
0.410 (-0.827 [133])

(*Violation of assumptions of Student’s two-sample t-test due to significant deviation from normal distribution).

https://doi.org/10.1371/journal.pone.0212167.t003

Cohen’s d statistic (95%-CI)

-0.463 (-0.751; -0.174)
-0.426 (-0.714; -0.138)
Cohen's d statistic (95%-CI)

0.103 (-0.365; 0.571)
-0.143 (-0.611; 0.325)
Cohen's d statistic (95%-CI)

0.120 (-0.233; 0.472)
0.149 (-0.204; 0.502)

independent continuous digit ratio variables and Dr-1 as well as the categorical variables “pres-
ence of children” and “marital status” on the dependent variable “Habilitation”, controlling
each model for age and sex (Tables K-M in S1 File, Table O in S1 File, Table Q in S1 File). The
within-sex analyses of the categorical variables “presence of children” and “marital status” on

the dependent variable “Habilitation” did not reveal any further significant associations
(Table N in S1 File, Table P in S1 File).
To investigate the correlational relation of the continuous digit ratios and Dr-I on the num-
ber of publications, a multiple linear regression analysis with the RIN-transformed dependent
variable “number of publications as first or last author” was conducted. In the analysis of the

whole cohort, the model, containing only age and sex as independent variables showed a sig-

nificant positive effect of both variables on the dependent variable (Table B in S1 File, model
1). The within-sex analysis has not revealed any clear impact of R2D:4D, L2D:4D or Dr-l on
the number of publications (Results of linear regression analyses in S1 File).

Table 4. Results of Wilcoxon-rank-sum-test with continuity correction.

Sex Female (median) Male (median) p-value
N 74 135

Dr-1 0.001 0.001 0.857
Age 38 40 0.053
Number of publications as first/last author 3 8 0.001
Habilitation No (median) Yes (median) p-value
N 92 117

Dr-1 -0.001 0.002 0.327
Age 37 42 <0.001
Number of publications as first/last author 1 14 <0.001°

Median values and p-values.
(*Violation of assumptions of Wilcoxon-rank-sum-test due to significant differences in Levene’s test for homogeneity

of variance).

https://doi.org/10.1371/journal.pone.0212167.t1004
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Table 5. Multiple logistic regression: Within-sex analysis of the right hand digit ratio. Models 1-3: females; models 4-6: males. Regression coefficients; p-values in

parenthesis.

R2D:4D

Model (1) Sex=F

Constant -3.065
(0.026%)

Age (years) 0.07 (0.04%)

2D:4D

2D:4D?

Observations 74

Null deviance (df) 101.23 (73)

Residual deviance 96.649 (72)

(df)

Pseudo R* 0.045

(McFadden)

Likelihood ratio test | LL: -48.324

AIC 100.649

Dependent variable: Habilitation

(2) Sex=F (3) Sex=F (4) Sex=M |(5)Sex=M (6) Sex=M

-11.992 (0.192) -551.044 (0.054) -2.2(0.025%) | -6.588 (0.269) 29.466 (0.82)

0.076 (0.029%) 0.092 (0.017%) 0.066 0.065 (0.006**) 0.065 (0.006**)
(0.005**)

8.928 (0.324) 1117.532 (0.057) 4.602 (0.455) -70.681 (0.794)

-570.215 (0.058) 39.271 (0.781)

74 74 135 135 135

101.23 (73) 101.23 (73) 177.971 177.971 (134) 177.971 (134)
(134)

95.647 (71) 91.305 (70) 169.362 168.799 (132) 168.72 (131)
(133)

0.055 0.098 0.048 0.052 0.052

LL: -47.824/ ChiSq: 1.002/ | LL: -45.653/ ChiSq: 4.342/ LL: -84.681 LL: -84.4/ ChiSq: 0.562/ LL: -84.36/ ChiSq: 0.079/

p: 0.317 p: 0.037* p: 0.453 p: 0.779

101.647 99.305 173.362 174.799 176.72

Variables: Dependent variable: “Habilitation”; Independent variables: R2D:4D, R2D:4D 2, Age (in years).

*p < 0.05;
“*p < 0.01;
“*p < 0.001;

M = male; LL = Log-likelihoods; x* = likelihood ratio Chi-squared statistic; p = p-value; df = degree of freedom; AIC = Akaike Information Criterion.

https://doi.org/10.1371/journal.pone.0212167.t005

Discussion

In this study, we investigated the prenatal testosterone exposure, as assessed by the proxy
2D:4D, in a sample of university graduates in a medical faculty. Similarly, to many previous

studies, our study found that the 2D:4D ratios of both hands of female individuals were signifi-
cantly higher than the ratios of male individuals [2,5,6]. As expected, there were clear associa-
tions between sex, age and academic success. Participants with “Habilitation” were
significantly older than participants without (Table 4). Male individuals had a higher number
of publications as first or last author (Table 4 and results of multiple linear regression analysis
[Table B in S1 File, model 1]). When the data from male and female participants are pooled
and analyzed together, a false relation can emerge, even when controlling the multiple regres-
sion models for sex [42]. Therefore, we conducted a within-sex analysis to investigate our find-
ings for male and female participants separately (Tables 5-7). Both the multiple linear
regression and the multiple logistic regression analyses show a strong positive effect of age and
male sex on the number of publications as the first or last author as well as on the status of
“Habilitation”. The age-effect reflects the fact that scientific success is the result of long-term,
continuous work.

We did not find any associations of the independent continuous digit ratio variables and
Dr-l as well as the categorical variables “presence of children” and “marital status” on the
dependent variable “Habilitation”, when analyzing the whole cohort (supplemental file). How-
ever, in a within-sex analysis we found a non-monotonic association between the right hand
digit ratio and the probability of having a “Habilitiation” in females. When introducing the
squared digit ratio to the multiple logistic regression model of females (Table 5, model 3), a
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Fig 1. Predicted probabilities for “Habilitation” of females of the model’ term “R2D:4D” from the multiple logistic regression model 3 of Table 5. The plot shows
the marginal effects and the raw data points of the model’s digit ratio term of the right hand.

https://doi.org/10.1371/journal.pone.0212167.9001

just significant improvement of the model was shown in the likelihood ratio test (p = 0.037)
compared to the preceding simpler model. In males (Table 5, model 6), this association could

not be shown.

Scientific work has important peculiarities

Direct competition seems to not be a key factor for scientific success. Rather, scientific knowl-
edge is usually gained in cooperating teams [43]. In contrast to regular training in sports or
regular practice of a musical instrument, one can rarely expect continuous success in scientific
work. According to the random-impact rule [44], important publications occur at random
during the scientific career. Furthermore, publications as first or last author and “Habilitation”
status do not result in immediate competitive advantage and leading positions; instead, these
lead to professorship and leadership positions only for a minority of scientists and with consid-
erable temporal latency. In the context of a medical faculty and a university hospital, leading
positions are more easily attainable as senior physicians, who are associated with more power
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Table 6. Multiple logistic regression: Within-sex analysis of the left hand digit ratio. Models 1-3: females; models 4-6: males. Regression coefficients; p-values in

parenthesis.

L2D:4D

Model (1) Sex=F

Constant -3.065
(0.026%)

Age (years) 0.07 (0.04%)

2D:4D

2D:4D?

Observations 74

Null deviance (df) 101.23 (73)

Residual deviance 96.649 (72)

(df)

Pseudo R* 0.045

(McFadden)

Likelihood ratio test | LL: -48.324

AIC 100.649

Dependent variable: Habilitation

(2) Sex=F (3) Sex=F (4) Sex=M |(5)Sex=M (6) Sex=M

-3.43 (0.675) -332.814 (0.154) -2.2(0.025%) | -6.734 (0.283) 140.049 (0.333)

0.07 (0.044%) 0.079 (0.03%) 0.066 0.066 (0.005**) 0.066 (0.006**)
(0.005**)

0.359 (0.964) 675.556 (0.159) 4.705 (0.463) -302.137 (0.318)

-346.056 (0.16) 160.259 (0.31)

74 74 135 135 135

101.23 (73) 101.23 (73) 177.971 177.971 (134) 177.971 (134)
(134)

96.647 (71) 94.043 (70) 169.362 168.822 (132) 167.607 (131)
(133)

0.045 0.071 0.048 0.051 0.058

LL: -48.323/ ChiSq: 0.002/ | LL: -47.022/ ChiSq: 2.604/ | LL: -84.681 LL: -84.411/ ChiSq: 0.54/ | LL: -83.803/ ChiSq: 1.215/

p: 0.964 p:0.107 p: 0.462 p:0.27

102.647 102.043 173.362 174.822 175.607

Variables: Dependent variable: “Habilitation”; Independent variables: L2D:4D, L2D:4D 2 Age (in years).

*p < 0.05;
“*p < 0.01;
“*p < 0.001;

M = male; LL = Log-likelihoods; x* = likelihood ratio Chi-squared statistic; p = p-value; df = degree of freedom; AIC = Akaike Information Criterion.

https://doi.org/10.1371/journal.pone.0212167.t006

and higher salaries. This is especially true in the current situation, since in Germany only a
small number of physicians are available. These reasons might explain why we did not find
higher academic success associated with low 2D:4D. Instead, we found evidence for a non-

monotonic relationship between R2D:4D and “Habilitation” in female participants. Although
within the majority of literature a linear relationship of 2D:4D to other variables is reported,
also non-monotonic relationships of digit ratios have been reported previously. E.g., inverted
U-shaped relationships have recently been found between digit ratio and mathematics perfor-
mance [22], academic performance [25], targeting reaction time in adults [26] and children
[23] as well as altruism, where the most generous subjects have intermediate 2D:4D [24,27].
It is worth mentioning that comparable to our results, in the studies of Millet and Dewitte
[18], Branas-Garca et al. [24] as well as Galizzi and Nieboer [27], differences in the 2D:4D
ratios were also seen in the right hand. Looking at the literature as a whole, there are mixed
results with studies reporting significant associations between 2D:4D and target measures for
the right and/or left hand. The reasons for the unstable laterality results are not known.
Similar to women in other high-income countries [45], women in Germany are still under-
represented in higher university positions [46]. An extreme example of this so-called "leaky
pipeline" [47] is medicine, in which, although approximately 60% of all students are female,
only 10% of the professors are female [48]. We found higher scientific productivity in men
(the number of publications as first or last author, “Habilitation”), even when controlling for
age and the presence of children. This finding is in agreement with the gender gap identified

previously ([49-55]; however, see also [56]). This productivity puzzle may have different expla-
nations: scientific ability, self-selection, social selection, and accumulated disadvantage [57]. It
has been discussed whether higher variance in mathematical and other abilities might result in
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Table 7. Multiple logistic regression: Within-sex analysis of Dr-1. Models 1-3: females; models 4-6: males. Regression coefficients; p-values in parenthesis.Variables:
Dependent variable: “Habilitation”; Independent variables: Dr-1, Dr-1%, Age (in years).

Dr-1
Model

Constant
Age (years)

Dr-1

Dr-I?
Observations
Null deviance (df)

Residual deviance
(df)

Pseudo R*
(McFadden)

Likelihood ratio test

AIC

*p < 0.05;
“p < 0.01;
“*p < 0.001;

Dependent variable: Habilitation

(1) Sex=F
-3.065
(0.026%)

0.07 (0.04*)

74
101.23 (73)

96.649 (72)

0.045

LL:-48.324

100.649

(2) Sex=F

-2.873(0.037%)

0.066 (0.052)

13.823 (0.248)

74
101.23 (73)

95.208 (71)

0.059

LL: -47.604/ ChiSq: 1.441/

p:0.23
101.208

(3) Sex=F (4) Sex=M |(5)Sex=M (6) Sex=M

-2.438 (0.086) -2.2(0.025%) | -2.194 (0.026%) -2.196 (0.026")

0.063 (0.067) 0.066 0.066 (0.006"*) 0.069 (0.004"*)
(0.005"*)

3.335 (0.824) 0.629 (0.944) -1.654 (0.858)

-942.273 (0.162) -269.658 (0.396)

74 135 135 135

101.23 (73) 177.971 177.971 (134) 177.971 (134)
(134)

92.65 (70) 169.362 169.357 (132) 168.634 (131)
(133)

0.085 0.048 0.048 0.052

LL: -46.325/ ChiSq: 2.557/ | LL: -84.681 | LL: -84.678/ ChiSq: 0.005/ | LL: -84.317/ ChiSq: 0.723/

p: 0.11 p: 0.944 p: 0.395

100.65 173.362 175.357 176.634

M = male; LL = Log-likelihoods; %2 = likelihood ratio Chi-squared statistic; p = p-value; df = degree of freedom; AIC = Akaike Information Criterion.

https://doi.org/10.1371/journal.pone.0212167.t007

a higher number of males with extremely high abilities [58,59]; otherwise, gender differences
in scientific abilities are small [59-61] and therefore probably do not explain the lower number
of publications, the lower rate of “Habilitation” and the lower number of leading positions of
women. Social selection is also not a valid explanation, as women seem to be positively discrim-
inated in job interviews for positions in the STEM field [62,63]; and in the Medical Faculty of
Erlangen, the “Habilitation” of women is generously supported financially. However, women
seem to be less interested in professional advancement [64,65] and more interested in “people
vs. things” [66]. This fits well with the finding that women are often more interested in teach-
ing compared to research [45]. Gedrose et al. [67] also showed using a large population of
graduates of German medical faculties that women often have less desire to reach a leadership
position and that the traditional family image and the distribution of roles still dominates
among young female physicians. The graduation gap in STEM increases with increasing levels
of gender equality, as found in western countries [68]. Similarly, gender differences in prefer-
ences, such as risk taking, are positively related to economic development and gender equality
[69]. Moreover, women’s self-confidence in their STEM skills, intelligence and creativity is
usually lower than men’s self-confidence [70-72]. Taken together, differences in preferences,
interests and self-confidence between males and females, and thus self-selection, may explain,
at least in part, the higher academic success of men in our study as indicated by the number of
first or last authored papers and rate of “Habilitation”.

In our cohort, female participants with intermediate R2D:4D values had a higher probabil-
ity of achieving a “Habilitation”. However, prenatal testosterone, as assessed by 2D:4D values
here, seems to be only one of many factors that may have an influence on scientific success.
While the mental abilities of women would, of course, allow for at least a comparably frequent
"Habilitation", self-selection seems to discourage many women from pursuing a "Habilitation".
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As pointed out above, there are women, which seem to be more interested in “people vs.
things” than professional advancement and which seem to have lower self-confidence in their
STEM skills. This might explain why women in our cohort less often achieved a “Habilitation”,
despite the fact that they present more often with intermediate and high 2D:4D values. How-
ever, this assumption can only be clarified with new, independent data.

In our sample, there was also a strong association between sex and number of children
(Table 2). Presumably, women with children are lost through the “leaky pipeline”. This may
also be the reason for the lower proportion of married women compared to men (Table 2).
However, in the multivariate analyses, the presence of children did not have a significant effect
on either the number of publications as first or last author or on the achievement of a “Habili-
tation”. These results must be interpreted cautiously because we only analyzed participants
who stayed within the “pipeline”.

Strength of the study

This study is the first to investigate 2D:4D and academic success in a German medical faculty,
thus focusing on the achievement of “Habilitation”.

Limitations of the study

This investigation was performed among physicians and scientists, employed in the clinical
and preclinical departments of a medical faculty; it therefore considers academics, who pre-
sumably are more often interested in a research career. Physicians and scientists who decided
to work in other (non-university) hospitals or in other (also non-medical) fields are not con-
sidered. Relatedly, another limitation was the heterogeneity of our study sample consisting of
clinically working physicians and theoretically working non-physician scientists. Due to the
small number within the subgroups of non-physician scientists, we decided not to statistically
analyze differences between the subgroups. Regarding publication behavior, we used only the
number of publications as first or last author as a secondary outcome. However, the number of
publications does not allow conclusions about their quality. Here, we have limited our analysis
to the number of publications because the quality of individual publications is difficult to
quantify. The often-used impact factor and similar metrics do not measure the quality of a sin-
gle publication or the contribution of a single scientist to the publication, but instead measure
the average citation frequency of publications in that particular journal. Furthermore, we
aimed for a high variance of the dependent variable. As the age increases, the variance in the
number of publications is higher than in the citation rate [73]. Our recruitment procedure
deliberately resulted in a high number of participants with a “Habilitation” compared to the
rate of “Habilitation” among physicians and scientists in general. Our statistical analyses were
not corrected for multiple testing, thus the significance of our results must be interpreted with
caution. Future studies should investigate the association between 2D:4D ratio and academic
success in a less enriched cohort. We used a cross-sectional and correlational design, which
does not allow for causal conclusions. In addition, with 2D:4D, we used indirect (rather than
direct) quantification of prenatal androgen exposure, which may also be influenced by other
factors (see introduction).

Conclusion

Academic success, measured by the number of publications as first or last author and the prob-
ability of a "Habilitation", increases with age and is higher among men. In agreement with the
literature, we found higher academic success in men, even when controlling for age and the
presence of children. In the within-sex analysis, a “Habilitation” is more likely for females,
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when there are intermediate 2D:4D values on the right hand; however, the significance of this
relationship was only weak.

Supporting information

S1 Data dictionary.
(CSV)

S1 R-Script.
(RMD)

S1 File.

Table A: Multiple linear regression: within-sex analysis of the right hand digit ratio.
Table B: Multiple linear regression: whole cohort; analysis of the right hand digit ratio.
Table C: Multiple linear regression: within-sex analysis of the left hand digit ratio.
Table D: Multiple linear regression: whole cohort; analysis of the left hand digit ratio.
Table E: Multiple linear regression: within-sex analysis of Dr-L

Table F: Multiple linear regression: whole cohort; analysis of Dr-1.

Table G: Multiple linear regression: within-sex analysis of the presence of children.
Table H: Multiple linear regression: whole cohort; analysis of the presence of children.
Table I: Multiple linear regression: within-sex analysis of marital status.

Table J: Multiple linear regression: whole cohort; analysis of marital status.

Table K: Multiple logistic regression: whole cohort; analysis of the right hand digit ratio.
Table L: Multiple logistic regression: whole cohort; analysis of the left hand digit ratio.
Table M: Multiple logistic regression: whole cohort; analysis of the Dr-L.

Table N: Multiple logistic regression: within-sex analysis of presence of children.

Table O: Multiple logistic regression: whole cohort; analysis of the presence of children.
Table P: Multiple logistic regression: within-sex analysis of marital status.

Table Q: Multiple logistic regression: whole cohort; analysis of marital status.

(DOCX)

Acknowledgments
We would like to thank all the participants of the study.

Author Contributions

Conceptualization: Ozan Yiiksel Tektas, Johannes Kornhuber.
Data curation: Ozan Yiiksel Tektas, Lorenz Kapsner, Johannes Kornhuber.

Formal analysis: Ozan Yiiksel Tektas, Lorenz Kapsner, Piotr Lewczuk, Bernd Lenz, Johannes
Kornhuber.

Funding acquisition: Johannes Kornhuber.

Investigation: Ozan Yiiksel Tektas, Miriam Lemmer, Polyxeni Bouna-Pyrrou.
Methodology: Ozan Yiiksel Tektas, Lorenz Kapsner, Johannes Kornhuber.
Project administration: Ozan Yiiksel Tektas, Johannes Kornhuber.
Resources: Johannes Kornhuber.

Supervision: Ozan Yiiksel Tektas, Johannes Kornhuber.

Validation: Johannes Kornhuber.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212167  February 25, 2019 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212167.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212167.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212167.s004
https://doi.org/10.1371/journal.pone.0212167

®PLOS | one

Digit ratio (2D:4D) and academic success

Visualization: Lorenz Kapsner, Piotr Lewczuk, Johannes Kornhuber.

Writing - original draft: Ozan Yiiksel Tektas, Lorenz Kapsner, Johannes Kornhuber.

Writing - review & editing: Ozan Yiiksel Tektas, Lorenz Kapsner, Miriam Lemmer, Polyxeni

Bouna-Pyrrou, Piotr Lewczuk, Bernd Lenz, Johannes Kornhuber.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

Lutchmaya S, Baron-Cohen S, Raggatt P, Knickmeyer R, Manning JT (2004) 2nd to 4th digit ratios,
fetal testosterone and estradiol. Early Hum Dev 77: 23-28. https://doi.org/10.1016/j.earlhumdev.2003.
12.002 [doi];S037837820400012X [pii] PMID: 15113628

Hoénekopp J, Watson S (2010) Meta-analysis of digit ratio 2D:4D shows greater sex difference in the
right hand. Am J Hum Biol 22: 619—-630. https://doi.org/10.1002/ajhb.21054 PMID: 20737609

Lilley T, Laaksonen T, Huitu O, Helle S (2010) Maternal corticosterone but not testosterone level is
associated with the ratio of second-to-fourth digit length (2D:4D) in field vole offspring (Microtus agres-
tis). Physiol Behav 99: 433—-437. S0031-9384(09)00375-8 [pii]; https://doi.org/10.1016/j.physbeh.2009.
11.015 PMID: 19958785

Warrington NM, Shevroja E, Hemani G, Hysi PG, Jiang Y et al. (2018) Genome-wide association study
identifies nine novel loci for 2D:4D finger ratio, a putative retrospective biomarker of testosterone expo-
sure in utero. Hum Mol Genet 27: 2025-2038. 4969373 [pii]; https://doi.org/10.1093/hmg/ddy121
PMID: 29659830

Manning JT, Fink B (2008) Digit ratio (2D:4D), dominance, reproductive success, asymmetry, and
sociosexuality in the BBC Internet Study. Am J Hum Biol 20: 451—-461. https://doi.org/10.1002/ajhb.
20767 PMID: 18433004

Xu'Y, Zheng Y (2015) The digit ratio (2D:4D) in China: A meta-analysis. Am J Hum Biol 27: 304-309.
https://doi.org/10.1002/ajhb.22639 PMID: 25284473

Lenz B, Muller CP, Stoessel C, Sperling W, Biermann T et al. (2012) Sex hormone activity in alcohol
addiction: Integrating organizational and activational effects. Prog Neurobiol 96: 136—163 https://doi.
org/10.1016/j.pneurobio.2011.11.001 PMID: 22115850

Hoénekopp J, Schuster M (2010) A meta-analysis on 2D:4D and athletic prowess: substantial relation-
ships but neither hand out-predics the other. Pers Indiv Differ 48: 4—10

Hoénekopp J (2012) Digit ratio 2D:4D in relation to autism spectrum disorders, empathizing, and system-
izing: a quantitative review. Autism Res 5: 221-230. https://doi.org/10.1002/aur.1230 PMID: 22674640

Grimbos T, Dawood K, Burriss RP, Zucker KJ, Puts DA (2010) Sexual orientation and the second to
fourth finger length ratio: a meta-analysis in men and women. Behav Neurosci 124: 278-287. 2010-
06301-010 [pii]; https://doi.org/10.1037/a0018764 PMID: 20364887

Kornhuber J, Erhard G, Lenz B, Kraus T, Sperling W et al. (2011) Low digit ratio 2D:4D in alcohol depen-
dent patients. PLOS ONE 6: e19332. https://doi.org/10.1371/journal.pone.0019332 PMID: 21547078

Lenz B, Huber SE, Miihle C, Braun B, Weinland C et al. (2017) Prenatal and adult androgen activities in
alcohol dependence. Acta Psychiatr Scand 136: 96—107 https://doi.org/10.1111/acps.12725 PMID:
28383757

Kornhuber J, Zenses EM, Lenz B, Stoessel C, Bouna-Pyrrou P et al. (2013) Low digit ratio 2D:4D asso-
ciated with video game addiction. PLOS ONE 8: €79539 https://doi.org/10.1371/journal.pone.0079539
PMID: 24236143

Lenz B, Thiem D, Bouna-Pyrrou P, Miihle C, Stoessel C et al. (2016) Low digit ratio (2D:4D) in male sui-
cide victims. J Neural Transm 123: 1499-15083 https://doi.org/10.1007/s00702-016-1608-4 PMID:
27565149

Hénekopp J, Bartholdt L, Beier L, Liebert A (2007) Second to fourth digit length ratio (2D:4D) and adult
sex hormone levels: New data and a meta-analytic review. Psychoneuroendocrinology 32: 313-321.
S0306-4530(07)00035-2 [pii]; https://doi.org/10.1016/j.psyneuen.2007.01.007 PMID: 17400395

Hoénekopp J, Manning T, Miller C (2006) Digit ratio (2D:4D) and physical fitness in males and females:
Evidence for effects of prenatal androgens on sexually selected traits. Horm Behav 49: 545-549
https://doi.org/10.1016/j.yhbeh.2005.11.006 PMID: 16403410

Manning JT, Taylor RP (2001) Second to fourth digit ratio and male ability in sport: implications for sex-
ual selection in humans. Evol Hum Behav 22: 61-69. S1090513800000635 [pii] PMID: 11182575

Millet K, Dewitte S (2006) Second to fourth digit ratio and cooperative behavior. Biol Psychol 71: 111—
115 https://doi.org/10.1016/j.biopsycho.2005.06.001 PMID: 16024156

PLOS ONE | https://doi.org/10.1371/journal.pone.0212167  February 25, 2019 13/16


https://doi.org/10.1016/j.earlhumdev.2003.12.002
https://doi.org/10.1016/j.earlhumdev.2003.12.002
http://www.ncbi.nlm.nih.gov/pubmed/15113628
https://doi.org/10.1002/ajhb.21054
http://www.ncbi.nlm.nih.gov/pubmed/20737609
https://doi.org/10.1016/j.physbeh.2009.11.015
https://doi.org/10.1016/j.physbeh.2009.11.015
http://www.ncbi.nlm.nih.gov/pubmed/19958785
https://doi.org/10.1093/hmg/ddy121
http://www.ncbi.nlm.nih.gov/pubmed/29659830
https://doi.org/10.1002/ajhb.20767
https://doi.org/10.1002/ajhb.20767
http://www.ncbi.nlm.nih.gov/pubmed/18433004
https://doi.org/10.1002/ajhb.22639
http://www.ncbi.nlm.nih.gov/pubmed/25284473
https://doi.org/10.1016/j.pneurobio.2011.11.001
https://doi.org/10.1016/j.pneurobio.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22115850
https://doi.org/10.1002/aur.1230
http://www.ncbi.nlm.nih.gov/pubmed/22674640
https://doi.org/10.1037/a0018764
http://www.ncbi.nlm.nih.gov/pubmed/20364887
https://doi.org/10.1371/journal.pone.0019332
http://www.ncbi.nlm.nih.gov/pubmed/21547078
https://doi.org/10.1111/acps.12725
http://www.ncbi.nlm.nih.gov/pubmed/28383757
https://doi.org/10.1371/journal.pone.0079539
http://www.ncbi.nlm.nih.gov/pubmed/24236143
https://doi.org/10.1007/s00702-016-1608-4
http://www.ncbi.nlm.nih.gov/pubmed/27565149
https://doi.org/10.1016/j.psyneuen.2007.01.007
http://www.ncbi.nlm.nih.gov/pubmed/17400395
https://doi.org/10.1016/j.yhbeh.2005.11.006
http://www.ncbi.nlm.nih.gov/pubmed/16403410
http://www.ncbi.nlm.nih.gov/pubmed/11182575
https://doi.org/10.1016/j.biopsycho.2005.06.001
http://www.ncbi.nlm.nih.gov/pubmed/16024156
https://doi.org/10.1371/journal.pone.0212167

®PLOS | one

Digit ratio (2D:4D) and academic success

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Millet K (2009) Low second-to-fourth-digit ratio might predict success among high-frequency financial
traders because of a higher need for achievement. Proc Natl Acad Sci U S A 106: E30. 0900396106
[pii]; https://doi.org/10.1073/pnas.0900396106 PMID: 19273849

Millet K, Buehler F (2017) A context dependent interpretation of inconsistencies in 2D:4D findings: The
moderating role of status relevance. Front Behav Neurosci 11: 254. https://doi.org/10.3389/fnbeh.
2017.00254 PMID: 29403365

Schultheiss OC, Frisch M, Ozbe D, Ossmann A, Schultheiss M et al. (2018) Implicit motives show sex-
dimorphic associations with digit ratio. Motiv Sci in press:

Sanches A, Sanchez-Campillo J, Moreno-Herrero D, Rosales V (2014) 2D:4D values are associated
with mathematics performance in business and economics students. Learn Individ Diff 36: 110-116

Falter CM, Plaisted KC, Davis G (2008) Visuo-spatial processing in autism—testing the predictions of
extreme male brain theory. J Autism Dev Disord 38: 507-515. https://doi.org/10.1007/s10803-007-
0419-8 PMID: 17674175

Brafias-Garza P, Kovarik J, Neyse L (2013) Second-to-fourth digit ratio has a non-monotonic impact on
altruism. PLOS ONE 8: e60419. https://doi.org/10.1371/journal.pone.0060419 [doi];PONE-D-12-
32101 [pii] PMID: 23593214

Nye JVC, Androuschak G, Desierto D, Jones G, Yudkevich M (2012) 2D:4D asymmetry and gender dif-
ferences in academic performance. PLOS ONE 7: e46319. hitps://doi.org/10.1371/journal.pone.
0046319 [doi];PONE-D-12-08432 [pii] PMID: 23056282

Falter CM, Arroyo M, Davis GJ (2006) Testosterone: activation or organization of spatial cognition? Biol
Psychol 73: 132—140. S0301-0511(06)00030-5 [pii]; https://doi.org/10.1016/j.biopsycho.2006.01.011
PMID: 16490297

Galizzi MM, Nieboer J (2015) Digit ratio (2D:4D) and altruism: evidence from a large, multi-ethnic sam-
ple. Front Behav Neurosci 9: 41. https://doi.org/10.3389/fnbeh.2015.00041 PMID: 25755639

Lenz B, Kornhuber J (2017) Cross-national gender variations of digit ratio (2D:4D) correlate with life
expectancy, suicide rate, and other causes of death. J Neural Transm 125: 239-246 https://doi.org/10.
1007/s00702-017-1815-7 PMID: 29164314

Bailey AA, Hurd PL (2005) Finger length ratio (2D:4D) correlates with physical aggression in men but
not in women. Biol Psychol 68: 215222 https://doi.org/10.1016/j.biopsycho.2004.05.001 PMID:
15620791

Ludecke D (2017) sjPlot: Date visualization for statistics in social science. R package version 2.4.0.
https://CRAN.R-project.org/package=sjPlot

Ludecke D (2017) sjstats: Statistical functions for regression models. R package version 0.12.0. https://
CRAN.R-project.org/package=sjstats

Jackman S (2017) pscl: Classes and methods for R developed in the political science computational
laboratory. R package version 1.5.2. https://github.com/atahk/pscl/

Zeileis A, Hothorn T (2002) Diagnostic checking in regression relationships. R News 2: 7-10

Revelle W (2017) psych: Procedures for personality and psychological research. Version = 1.7.8.
https://CRAN.R-project.org/package=psych

Shrout PE, Fleiss JL (1979) Intraclass correlations: uses in assessing rater reliability. Psychol Bull 86:
420-428 PMID: 18839484

Miller R, Buttner P (1994) A critical discussion of intraclass correlation coefficients. Stat Med 13:
2465-2476 PMID: 7701147

Koo TK, Li MY (2016) A guideline of selecting and reporting intraclass correlation coefficients for reliabil-
ity research. J Chiropr Med 15: 155-163. https://doi.org/10.1016/j.jcm.2016.02.012 [doi];S1556-3707
(16)00015-8 [pii] PMID: 27330520

Fox J, Weisberg S (2011) An {R} Companion to Applied Regression. Thousand Oaks CA: Sage.
Torchiano M (2017) effsize: Efficient effect size computation. R package version 0.7.1. https://CRAN.R-
project.org/package=effsize

Bliss Cl (1967) Statistics in Biology. New York: McGraw-Hill.

Beasley TM, Erickson S, Allison DB (2009) Rank-based inverse normal transformations are increas-
ingly used, but are they merited? Behav Genet 39: 580-595. https://doi.org/10.1007/s10519-009-
9281-0 PMID: 19526352

Yeung LA, Tse WS (2017) Why does digit ratio research fail to give any implication regarding the organi-
zational effect of prenatal androgen? J Indiv Diff 38: 3645

Fortunato S, Bergstrom CT, Borner K, Evans JA, Helbing D et al. (2018) Science of science. Science
359. 359/6379/eaao0185 [pii]; https://doi.org/10.1126/science.aao0185 PMID: 29496846

PLOS ONE | https://doi.org/10.1371/journal.pone.0212167  February 25, 2019 14/16


https://doi.org/10.1073/pnas.0900396106
http://www.ncbi.nlm.nih.gov/pubmed/19273849
https://doi.org/10.3389/fnbeh.2017.00254
https://doi.org/10.3389/fnbeh.2017.00254
http://www.ncbi.nlm.nih.gov/pubmed/29403365
https://doi.org/10.1007/s10803-007-0419-8
https://doi.org/10.1007/s10803-007-0419-8
http://www.ncbi.nlm.nih.gov/pubmed/17674175
https://doi.org/10.1371/journal.pone.0060419
http://www.ncbi.nlm.nih.gov/pubmed/23593214
https://doi.org/10.1371/journal.pone.0046319
https://doi.org/10.1371/journal.pone.0046319
http://www.ncbi.nlm.nih.gov/pubmed/23056282
https://doi.org/10.1016/j.biopsycho.2006.01.011
http://www.ncbi.nlm.nih.gov/pubmed/16490297
https://doi.org/10.3389/fnbeh.2015.00041
http://www.ncbi.nlm.nih.gov/pubmed/25755639
https://doi.org/10.1007/s00702-017-1815-7
https://doi.org/10.1007/s00702-017-1815-7
http://www.ncbi.nlm.nih.gov/pubmed/29164314
https://doi.org/10.1016/j.biopsycho.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15620791
https://CRAN.R-project.org/package=sjPlot
https://CRAN.R-project.org/package=sjstats
https://CRAN.R-project.org/package=sjstats
https://github.com/atahk/pscl/
https://CRAN.R-project.org/package=psych
http://www.ncbi.nlm.nih.gov/pubmed/18839484
http://www.ncbi.nlm.nih.gov/pubmed/7701147
https://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
https://CRAN.R-project.org/package=effsize
https://CRAN.R-project.org/package=effsize
https://doi.org/10.1007/s10519-009-9281-0
https://doi.org/10.1007/s10519-009-9281-0
http://www.ncbi.nlm.nih.gov/pubmed/19526352
https://doi.org/10.1126/science.aao0185
http://www.ncbi.nlm.nih.gov/pubmed/29496846
https://doi.org/10.1371/journal.pone.0212167

®PLOS | one

Digit ratio (2D:4D) and academic success

44,

45.

46.

47.

48.

49.

50.

51.
52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Sinatra R, Wang D, Deville P, Song C, Barabasi AL (2016) Quantifying the evolution of individual scien-
tific impact. Science 354. 354/6312/aaf5239 [pii]; https://doi.org/10.1126/science.aaf5239 PMID:
27811240

Edmunds LD, Ovseiko PV, Shepperd S, Greenhalgh T, Frith P et al. (2016) Why do women choose or
reject careers in academic medicine? A narrative review of empirical evidence. Lancet 388: 2948—
2958. S0140-6736(15)01091-0 [pii]; https://doi.org/10.1016/S0140-6736(15)01091-0 PMID: 27105721

Statistisches Bundesamt (10-10-2017) Frauenanteile der Studierenden, Absolventen und des Person-
als an Hochschulen. https://www.destatis.de/DE/ZahlenFakten/GesellschaftStaat/
BildungForschungKultur/Hochschulen/Tabellen/FrauenanteileAkademischeLaufbahn.html

Pell AN (1996) Fixing the leaky pipeline: women scientists in academia. J Anim Sci 74: 2843-2848
PMID: 8923199

Hachmeister CD (2012) Einsam an der Spitze. Unterreprésentanz von Frauen in der Wissenschaft aus
Sicht von Professor(inn)en in den Naturwissenschaften. CHE gemeinnutziges Centrum fiir Hochschu-
lentwicklung. Arbeitspapier Nr. 153: 1-21

Fox MF (2005) Gender, familiy characteristics, and publication productivity among scientists. Soc Stud
Sci 35:131-150

Cole JR, Zuckerman H (1987) Marriage, motherhood and research performance in science. Sci Am
256: 119—125 PMID: 3810117

Stack S (2004) Gender, children and research productivity. Res High Educ 45: 891-920
Kyvik S (1990) Motherhood and scientific productivity. Soc Stud Sci 20: 149-160

Nakhaie MR (2002) Gender differences in publication among university professors in Canada. Can Rev
Soc 39: 151-179

Jagsi R, Guancial EA, Worobey CC, Henault LE, Chang Y et al. (2006) The "gender gap" in authorship
of academic medical literature—a 35-year perspective. N Engl J Med 355: 281-287. 355/3/281 [pii];
https://doi.org/10.1056/NEJMsa053910 PMID: 16855268

Lariviére V, Ni C, Gingras Y, Cronin B, Sugimoto CR (2013) Bibliometrics: global gender disparities in
science. Nature 504:211-213 PMID: 24350369

van Arensbergen P, van der Weijden |, van den Besselaar P (2012) Gender differences in scientific pro-
ductivity: a persisting phenomenon? Scientometrics 93: 857-868 https://doi.org/10.1007/s11192-012-
0712-y PMID: 23162173

Zuckerman H (2001) The careers of men and women scientists: Gender differences in career attain-
ment. In: Wyer M, editors. Women, Science and Technology: A Reader in Feminist Science Studies.
Routledge. pp. 69-78

Machin S, Pekkarinen T (2008) Global sex differences in test score variability. Science 322: 1331-
1332. 322/5906/1331 [pii]; https://doi.org/10.1126/science.1162573 PMID: 19039123

Halpern DF, Benbow CP, Geary DC, Gur RC, Shibley Hyde J et al. (2007) The science of sex differ-
ences in science and mathematics. Psychol Sci Publ Interest 8: 1-51

Spelke ES (2005) Sex differences in intrinsic aptitude for mathematics and science? A critical review.
Am Psychol 60: 950-958. 2005-15840-001 [pii]; https://doi.org/10.1037/0003-066X.60.9.950 PMID:
16366817

Zell E, Krizan Z, Teeter SR (2015) Evaluating gender similarities and differences using metasynthesis.
Am Psychol 70: 10-20. 2015-00137-002 [pii]; https://doi.org/10.1037/a0038208 PMID: 25581005

Williams WM, Ceci SJ (2015) National hiring experiments reveal 2:1 faculty preference for women on
STEM tenure track. Proc Natl Acad SciU S A 112: 5360-5365. 1418878112 [pii]; https://doi.org/10.
1073/pnas.1418878112 PMID: 25870272

Breda T, Hillion M (2016) Teaching accreditation exams reveal grading biases favor women in male-
dominated disciplines in France. Science 353: 474—478 https://doi.org/10.1126/science.aaf4372
PMID: 27471301

Gino F, Wilmuth CA, Brooks AW (2015) Compared to men, women view professional advancement as
equally attainable, but less desirable. Proc Natl Acad SciU S A 112: 12354-12359. 1502567112 [pii];
https://doi.org/10.1073/pnas. 1502567112 PMID: 26392533

Buser T, Niederle M, Oosterbeek H (2014) Gender, competitiveness and career choices. Q J Econ
129: 1409-1447

Su R, Rounds J (2015) All STEM fields are not created equal: People and things interests explain gen-
der disparities across STEM fields. Front Psychol 6: 189. https://doi.org/10.3389/fpsyg.2015.00189
PMID: 25762964

Gedrose B, Wonneberger C, Jinger J, Robra BP, Schmidt A et al. (2012) Haben Frauen am Ende des
Medizinstudiums andere Vorstellungen Uber Berufstatigkeit und Arbeitszeit als ihre méannlichen

PLOS ONE | https://doi.org/10.1371/journal.pone.0212167  February 25, 2019 15/16


https://doi.org/10.1126/science.aaf5239
http://www.ncbi.nlm.nih.gov/pubmed/27811240
https://doi.org/10.1016/S0140-6736(15)01091-0
http://www.ncbi.nlm.nih.gov/pubmed/27105721
https://www.destatis.de/DE/ZahlenFakten/GesellschaftStaat/BildungForschungKultur/Hochschulen/Tabellen/FrauenanteileAkademischeLaufbahn.html
https://www.destatis.de/DE/ZahlenFakten/GesellschaftStaat/BildungForschungKultur/Hochschulen/Tabellen/FrauenanteileAkademischeLaufbahn.html
http://www.ncbi.nlm.nih.gov/pubmed/8923199
http://www.ncbi.nlm.nih.gov/pubmed/3810117
https://doi.org/10.1056/NEJMsa053910
http://www.ncbi.nlm.nih.gov/pubmed/16855268
http://www.ncbi.nlm.nih.gov/pubmed/24350369
https://doi.org/10.1007/s11192-012-0712-y
https://doi.org/10.1007/s11192-012-0712-y
http://www.ncbi.nlm.nih.gov/pubmed/23162173
https://doi.org/10.1126/science.1162573
http://www.ncbi.nlm.nih.gov/pubmed/19039123
https://doi.org/10.1037/0003-066X.60.9.950
http://www.ncbi.nlm.nih.gov/pubmed/16366817
https://doi.org/10.1037/a0038208
http://www.ncbi.nlm.nih.gov/pubmed/25581005
https://doi.org/10.1073/pnas.1418878112
https://doi.org/10.1073/pnas.1418878112
http://www.ncbi.nlm.nih.gov/pubmed/25870272
https://doi.org/10.1126/science.aaf4372
http://www.ncbi.nlm.nih.gov/pubmed/27471301
https://doi.org/10.1073/pnas.1502567112
http://www.ncbi.nlm.nih.gov/pubmed/26392533
https://doi.org/10.3389/fpsyg.2015.00189
http://www.ncbi.nlm.nih.gov/pubmed/25762964
https://doi.org/10.1371/journal.pone.0212167

®PLOS | one

Digit ratio (2D:4D) and academic success

68.

69.

70.

71.

72.

73.

Kollegen?—Ergebnisse einer multizentrischen postalischen Befragung. Dtsch Med Wochenschr 137:
1242-1247. https://doi.org/10.1055/s-0032-1304872 PMID: 22447129

Stoet G, Geary DC (2018) The gender-equality paradox in Science, Technology, Engineering, and
Mathematics education. Psychol Sci 956797617741719. https://doi.org/10.1177/0956797617741719
PMID: 29442575

Falk A, Hermle J (2018) Relationship of gender differences in preferences to economic development
and gender equality. Science 362. 362/6412/eaas9899 [pii]; hitps://doi.org/10.1126/science.aas9899
PMID: 30337384

Bian L, Leslie SJ, Cimpian A (2017) Gender stereotypes about intellectual ability emerge early and influ-
ence children’s interests. Science 355: 389-391. 355/6323/389 [pii]; https://doi.org/10.1126/science.
aah6524 PMID: 28126816

Shapiro CA, Sax LJ (2011) Major selection and persistence for women in STEM. New Directions for
Institutional Research 2011: 5-8

Furnham A, Zhang J, Chamorro-Premuzic T (2005) The relationship between psychometric and self-
estimated intelligence, creativity, personality and academic achievement. Imagination Cognition Per-
sonality 25: 119-145

Allison PD, Long JS, Krauze TK (1982) Cumulative advantage and inequality in science. Am Sociol Rev
47:615-625

PLOS ONE | https://doi.org/10.1371/journal.pone.0212167  February 25, 2019 16/16


https://doi.org/10.1055/s-0032-1304872
http://www.ncbi.nlm.nih.gov/pubmed/22447129
https://doi.org/10.1177/0956797617741719
http://www.ncbi.nlm.nih.gov/pubmed/29442575
https://doi.org/10.1126/science.aas9899
http://www.ncbi.nlm.nih.gov/pubmed/30337384
https://doi.org/10.1126/science.aah6524
https://doi.org/10.1126/science.aah6524
http://www.ncbi.nlm.nih.gov/pubmed/28126816
https://doi.org/10.1371/journal.pone.0212167

