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1  |  INTRODUC TION

Reproductive dysfunction during adulthood may be linked to an-
drogen exposure during fetal life. Skakkebæk et al.1 proposed the 
testicular dysgenesis syndrome (TDS) hypothesis that testicular 
cancer, hypospadias, cryptorchidism, and low sperm count may all 

be caused by disturbances in embryonal programming and the de-
velopment of gonads in utero. Lifestyle and environmental factors 
are expected to affect fetal gonad development in early pregnancy 
and cause TDS.1

Indirect evidence suggests that the index to ring finger length 
(2D:4D) ratio reflects androgen exposure in utero during the fetal 
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Abstract
Purpose: To investigate the relationship between the ratio of index to ring finger 
lengths (2D:4D ratio), reflecting androgen exposure in utero, and reproductive func-
tion among men.
Methods: Male patients (N = 180) who consulted for fertility issues participated in the 
study. The palms of both hands were scanned, and the 2D:4D ratio was calculated. 
Data on semen volume, sperm concentration and total motility, total and motile sperm 
counts, and serum hormone concentrations were obtained. Spearman correlation co-
efficients between the 2D:4D ratio and hormone and semen quality parameters were 
calculated.
Results: The total sperm count was significantly negatively correlated with the 2D:4D 
ratio of the left hand (r =	 −0.154,	p 	 =	 0.039)	 but	 not	with	 that	 of	 the	 right	 hand	
(r =	−0.045,	p 	=	0.548).	Testosterone	showed	weak	negative	correlations	with	 the	
2D:4D ratio in the left (r =	−0.142,	p 	=	0.058)	and	right	(r =	−	0.149,	p 	=	0.046)	hands.	
Follicle- stimulating hormone levels were negatively correlated with the 2D:4D ratios 
of the left (r =	−0.173,	p 	=	0.020)	and	right	(r =	−0.164,	p 	=	0.027)	hands.	Other	semen	
quality parameters or luteinizing hormone levels showed no significant correlation 
with the 2D:4D ratios.
Conclusions: No clear associations were observed between the 2D:4D ratios and re-
productive function.
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period. A lower 2D:4D ratio is associated with higher prenatal 
androgen exposure, and the 2D:4D ratio is lower among boys 
than	girls	by	at	 least	2 years	of	 age.2– 4 A study directly examin-
ing fetal testosterone and fetal estradiol in amniotic fluid found 
that	the	right-	hand	2D:4D	ratio	at	2 years	of	age	showed	a	nega-
tive association with fetal testosterone- to- estradiol ratio, but not 
with fetal testosterone.5 Finger length and gonadal organs share 
common genes that are involved in their development. According 
to Kondo et al.6 the urogenital system and finger formation re-
quire two homeobox genes, HOXA and HOXD, for finger growth 
and germ bud differentiation. Manning et al.3 also stated that the 
regulation of finger development and gonad differentiation might 
both be associated with prenatal and adult testicular activity. The 
early origins of sexual dimorphism in the 2D:4D ratio have been 
reported by Malas et al.7 and they showed that the 2D:4D ratio 
was lower in male than in female fetuses aborted at gestational 
weeks	9–	40.

Several studies targeting healthy men reported both positive8 
and negative3,9 associations between the 2D:4D ratio and total 
sperm count; whereas, Firman et al.10 reported no association. 
Among men, testosterone, luteinizing hormone (LH) and follicle- 
stimulating hormone (FSH), which play an important role in repro-
ductive function, are also associated with the 2D:4D ratio,3,8,11,12 
while a meta- analytic review reported null associations between 
adult hormone levels and 2D:4D ratios.13

Few studies have investigated the association between the 
2D:4D ratio and reproductive function in infertile men.14–	16 In 
a Chinese study, the 2D:4D ratio was negatively associated with 
sperm motility in infertile men, but no such association was found 
in healthy men.14 Among azoospermic patients, both LH and FSH 
levels were positively associated with 2D:4D ratios.15  The Chinese 
study14 suggest that the association between the 2D:4D ratio and 
reproductive function may differ depending on the level of repro-
ductive function.

The objective of the present study was to investigate the rela-
tionship between the 2D:4D ratio and reproductive function in in-
fertile men.

2  |  MATERIAL S AND METHODS

The Interdisciplinary Investigation of Technology, the 
Environment, and Fertility (IITEF) project (P.I. : S.K.) intends to un-
derstand how technology, the environment, and their interaction 
affect fertility trends in humans.17 As part of the IITEF project, 
this study aimed to assess the potential effects of in utero expo-
sure to androgens on male reproductive function. This study was 
conducted in accordance with the guidelines of the Declaration 
of Helsinki and approved by the Institutional Research Ethics 
Committees of the Graduate School of Medicine and Faculty of 
Medicine, University of Tokyo (2020057NI- (2)), Tsukuba Gakuen 
Hospital (20– 07), and the International University of Health and 
Welfare (20- S- 8).

2.1  |  Study population

Participants were recruited from patients at Sanno Hospital in Tokyo 
or at the urology department of Tsukuba Gakuen Hospital in Tsukuba 
City, Ibaraki Prefecture. All the participants from both hospitals con-
sulted the doctor at the hospital for fertility treatment (for them-
selves or their partners) and wanted to have a baby. The purpose 
and procedure of the study were explained to each potential partici-
pant, and written informed consent was obtained upon agreement 
to participate. The survey was conducted from September 2020 
to January 2021 at Tsukuba Gakuen Hospital and from September 
2020 to March 2021 at Sanno Hospital. Eligible men were aged 20– 
55 years,	had	never	undergone	vasectomy,	and	were	able	to	provide	
semen	and	urine	specimens	on	the	same	day.	At	each	hospital,	99	
men participated, resulting in the total sample size of N =	198.

2.2  |  Study procedure at each hospital

Participants answered online questionnaires on age, height, and 
weight using a tablet on the day participants agreed to participate. 
On the same day the palms of both hands were scanned at both hos-
pitals using a scanner (EP- 882AW, SEIKO EPSON Co., Ltd., Japan) at 
300 dots per inch (dpi) and saved as jpg files. Semen specimens were 
collected by masturbation at each hospital as part of the clinical pro-
cedure. Measurement of testis size and evaluation of varicocele were 
conducted by M.U. and K.Y. at Tsukuba Gakuen Hospital and by K.Y. 
and T.I. at Sanno Hospital. Testis size was measured using an orchi-
dometer (TAKEI MEDICAL & OPTICAL Co., Ltd, Japan). Blood samples 
were collected between 8:30 and 15:00 and sent to the company (SRL 
Co., Ltd., Japan) for hormone measurement. Testis size measurement, 
evaluation of varicocele status, and venous blood collection were con-
ducted either on the day of or prior to recruitment.

2.3  |  2D:4D measurement

Scanned images of participants' palms were sent to the University of 
Tokyo. Using MATLAB Image Viewer, one investigator (F.K.) meas-
ured the lengths of the index and ring fingers for each hand in pixels 
up to two decimal places (Figure 1). The 2D:4D ratio for each hand 
was calculated by dividing the index finger length by the ring finger 
length. Prior to this study, the authors conducted a preliminary anal-
ysis to examine the variability of the 2D:4D ratio measurement be-
tween two researchers. The intraclass correlation coefficient (ICC) 
was	0.9732	when	two	researchers	independently	scanned	the	palms	
of the same seven people.

2.4  |  Laboratory analyses

Semen analyses were performed in accordance with the Semen 
Analyses Standardization Guidelines.18 The semen volume was 
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measured using a graduated cylinder with a conical base. Sperm 
concentration and total motility were quantified using the Sperm 
Motility and Morphology Analysis System with a computer- assisted 
semen analyzer (SMAS, DITECT. Co. Ltd Japan), LH and FSH were 
measured by chemiluminescent immunoassay (CLIA), and testos-
terone was measured by electrochemiluminescence immunoassay 
(ECLIA) by SRL Co., Ltd., Japan. The authors obtained these data and 
information on varicocele status from clinical records with the par-
ticipants' consent.

2.5  |  Statistical analyses

The analytic sample comprised 180 participants who provided a 
complete set of data. Eighteen men with missing testosterone val-
ues were excluded from the analyses. The mean of right and left 
testis sizes for each participant were calculated and used for statisti-
cal analyses. Considering the possibility that associations between 
2D:4D ratios and reproductive function differ between fertile and 
infertile men, participants were divided into a higher (N = 72) and 
a lower semen quality group (N = 108). Those in the lower semen 
quality group showed a value lower than the WHO reference values, 
that is, sperm count <39	million,	sperm	concentration < 16	million/
ml, or total motility <42%.19,20 All other participants were catego-
rized into the higher semen quality group. The mean and standard 
deviation (SD) of variables were calculated as a summary statistic for 
the whole sample, as well as for the lower and higher semen qual-
ity groups. For each variable, comparisons were made between the 
lower and higher semen groups using the Wilcoxon rank- sum test 
for continuous variables or by Fisher's exact test for categorical vari-
ables. Spearman's correlation coefficients were calculated between 
the 2D:4D ratio (right or left) and weight, height, BMI, testis size, var-
icocele, LH, FSH, testosterone, semen volume, sperm concentration, 

total sperm count, motile sperm, and motile sperm count. Spearman 
correlation coefficients were calculated for the whole sample, as 
well as separately for the lower and higher semen quality groups. 
All statistical analyses were conducted using R ver.4.1.1. Statistical 
significance was set at p < 0.05.

3  |  RESULTS

The basic characteristics of the participants are summarized in 
Table 1. The mean (SD) age of the participants (N = 180) was 37.3 
(6.0)	years.	The	mean	(SD)	sperm	count	and	semen	volume	was	159.1	
(142.8) million/ml and 3.3 (1.5) ml, respectively. The mean (SD) total 
motility	was	43.1	 (20.3)	%.	The	mean	 (SD)	2D:4D	 ratio	was	0.937	
(0.031)	for	the	left	hand	and	0.950	(0.032)	for	the	right	hand.	There	
were no significant differences in the 2D:4D ratios between the 
participants with lower and higher semen qualities (Table 1). Four 
participants	had	a	left-	hand	2D:4D	ratio ≥1,	and	15	participants	had	
a	right-	hand	2D:4D	ratio	≥1.

The 2D:4D ratios of both hands were positively correlated 
(r =	 0.590,	 p < 0.001)	 (Table 2). The left- hand 2D:4D ratio was 
positively correlated with weight (r = 0.147, p 	 =	0.049)	 and	nega-
tively correlated with FSH (r =	−0.173,	p 	=	0.020)	and	sperm	count	
(r =	−0.154,	p 	=	0.039).	The	right	2D:4D	ratio	was	negatively	cor-
related with FSH (r =	−0.164,	p 	=	0.027)	and	testosterone	(r =	−0.149,	
p 	 =	 0.046)	 (Table 2). Negative correlations between 2D:4D ratios 
of both hands and FSH were observed in the whole sample as well 
as in the subgroup with lower semen quality (Table 3), but not in 
the higher semen quality group (Table 4). Scatter plots of the 2D:4D 
ratios, logged sperm counts, and FSH levels are shown in Figure 2. 
Supplementary Figures S1, S2, S3, S4 and S5 show scatter plots of 
2D:4D ratios and sperm concentration, total motility, LH, testoster-
one, age, height, weight, BMI, testis volume, and semen volume.

F I G U R E  1 An	image	of	an	author's	
palms with blue lines indicating the length 
of the index and ring finger in pixels. The 
lines were drawn with MATLAB Image 
Viewer.
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4  |  DISCUSSION

This study targeted 180 men seeking infertility treatment and exam-
ined the associations between the 2D:4D ratio, a measure of andro-
gen exposure in utero, and reproductive function. The relatively large 
sample size (n = 180) was a strength of this study. Correlation analy-
ses were conducted for the whole sample as well as for subgroups 
with lower and higher semen quality. In the whole sample, FSH and 
testosterone showed a tendency toward negative correlations with 
2D:4D ratios; sperm count was negatively correlated with left, but 
not right, hand 2D:4D ratio. Among men with lower semen quality, 
the 2D:4D ratios of either hand were not correlated with semen qual-
ity parameters, but were negatively correlated with FSH, and there 
were weak negative correlations between the 2D:4D ratios and 
serum testosterone concentrations. In contrast, among those with 
higher semen quality, no correlations were observed between 2D:4D 
ratios and hormone or semen quality parameters.

4.1  |  Various methods to quantify 2D:4D ratio

The 2D:4D ratios may differ depending on how they are measured 
and the hand (right or left) and side (ventral or dorsal) of the hand. 
Previous studies have used various methods to measure the 2D:4D 
ratio, including physical measurement of fingers by caliper, photo-
copied or scanned images of palms, and outline of the hand traced 
on a piece of paper.21- 23 Most studies measured digit lengths on 
the ventral side (e.g.,22– 24), while others (e.g.,9,25) measured them 
on the dorsal side. Regardless of the method employed, it is impor-
tant to minimize inter-  and intra- observer errors. Allaway et al.23 
compared four different methods and concluded that computer- 
assisted image analysis of scanned palms provided the most ac-
curate and consistent results between observers. This study also 
employed scanning-  and computer- assisted image analysis to 
measure the 2D:4D ratio. In a pilot study conducted prior to the 
current	study,	we	confirmed	that	the	ICC	was	0.9732,	suggesting	

TA B L E  1 Basic	characteristics	of	participants	by	semen	quality	category.	Mean	(SD),	median	[min,	max],	or	N (%)

Semen qualitya

Overall (N = 180)Higher (N = 72) Lower (N = 108) p- valueb

2D:4D (left hand) 0.935	(0.029) 0.939	(0.032) 0.937	(0.031)

0.935	[0.859,	1.012] 0.940	[0.868,	1.040] 0.937	[0.859,	1.040]

2D:4D (right hand) 0.949	(0.030) 0.950	(0.033) 0.950	(0.032)

0.949	[0.870,	1.024] 0.946	[0.879,	1.026] 0.946	[0.870,	1.026]

Age (year) 36.8	(6.0) 37.6	(6.0) 37.3	(6.0)

Height (cm) 172 (5) 173	(6) 173 (5)

Weight (kg) 70 (11) 70 (11) 70 (11)

BMI (kg/m2) 23.5 (3.1) 23.5 (3.5) 23.5 (3.4)

Testis volume (ml) 20.9	(4.1) 19.6	(4.9) 20.1 (4.7)

FSH (mIU/ml) 4.5	(1.9) 5.6	(4.3) 5.2	(3.6)

LH (mIU/ml) 4.0 (2.0) 4.3 (2.3) 4.2 (2.2)

Testosterone (ng/dL) 501.1 (230.2) 494.9	(230.3) 497.4	(229.6)

Semen volume (ml) 3.2 (1.5) 3.4 (1.5) 3.3 (1.5)

Sperm	concentration	(x10^6/ml) 81.1	(53.6) 34.6	(32.4) <0.001 53.2	(47.9)

Total sperm motility (%) 60.5	(11.9) 31.6	(16.2) <0.001 43.1 (20.3)

Sperm count (×10^6) 226.4	(153.1) 114.3	(116.1) <0.001 159.1	(142.8)

Motile sperm count (×10^6) 140.7 (111.1) 34.9	(39.6) <0.001 77.2	(92.4)

Varicocele

Left and right 6	(8%) 18 (17%) 24 (13%)

Left only 16	(22%) 24 (22%) 40 (22%)

Right only 1 (1%) 1 (1%) 2 (1%)

Treated 18 (25%) 33 (31%) 51 (28%)

None 31 (43%) 32 (30%) 63	(35%)

Study site

Tokyo 39	(54%) 48 (44%) 87 (48%)

Tsukuba 33	(46%) 60	(56%) 93	(52%)

aSemen	quality	is	lower	if	below	WHO	reference	values	(sperm	count < 39	million,	sperm	concentration < 16	million/ml,	or	total	motility	<42%). 
Otherwise, semen quality is higher.
bBy Wilcoxon rank sum test or Fisher's exact test. Only p-	values < 0.05	is	shown.
Abbreviations: FSH, follicle- stimulating hormone; LH, luteinizing hormone.
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high reproducibility of the measurements. The use of a scanner 
and a single researcher to measure the 2D:4D ratio is a strength 
of this study.

4.2  |  2D:4D ratio as a biomarker of in 
utero androgen exposure

The present study examined the association between the 2D:4D 
ratio and reproductive function during adulthood, assuming 
that the 2D:4D ratio reflects in utero androgen exposure. The 
2D:4D ratios tend to be lower in men than in women.3,24 Some 
studies,2,24,26,27 but not other,28 targeting patients with specific 
clinical conditions confirmed the notion that a higher androgen 
exposure in utero results in a lower 2D:4D ratio after birth. It is 
assumed that individuals with congenital adrenal hyperplasia due 
to 21- hydroxylase enzyme deficiency (21- OHD CAH) are exposed 
to excess androgens in utero. Female patients with 21- OHD CAH 

showed 2D:4D ratios lower than those of healthy females and sim-
ilar to those of healthy males. Male patients with 21- OHD CAH 
showed lower 2D:4D ratios only in the right hand compared to 
male and female controls.24 The 2D:4D ratios of the right hand of 
female patients with 21- OHD CAH were significantly lower than 
those of healthy females, and the digit ratios of the left hand of 
male patients with 21- OHD CAH were lower than those of healthy 
males.26 Similarly, the 2D:4D ratio of men with Klinefelter's syn-
drome was higher than that of their fathers and healthy males and 
similar to that of females.27 In contrast, Buck et al.28 reported no 
difference between females with and without 21- OHD CAH in 
the 2D:4D ratio of the left hand as determined by radiography. 
Individuals	with	a	46,XY	karyotype	and	complete	androgen	insen-
sitivity syndrome showed 2D:4D ratios similar to those of typical 
women and higher than those of typical men.2 Lutchmaya et al.5 
measured testosterone and estradiol concentrations in amniotic 
fluid and examined their association with a child's 2D:4D ratio 
at	 2 years	 of	 age.	 While	 there	 were	 no	 significant	 associations	

F I G U R E  2 Scatter	plot	of	sperm	count	and	2D:4D	ratios	(a:	left	hand,	b:	right	hand)	and	FSH	and	2D:4D	ratios	(c:	left	hand,	d:	right	hand)	
by semen quality category (N =	180).	The	horizontal	lines	correspond	to	the	WHO	reference	value	of	39	million.	Men	with	sperm	count	< 39	
million,	sperm	concentration < 16	million/mL,	or	total	motility	< 42%	were	categorized	into	the	lower	semen	group.	All	other	participants	
were categorized as the higher semen quality group.
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between the 2D:4D ratio of either hand and testosterone or es-
tradiol, there was a significant negative association between the 
testosterone- to- estradiol ratio and the 2D:4D ratio of the right 
hand, but not the left hand.5 The findings of Lutchmaya et al.5 
were not replicated in a recent study.29 Considering the findings 
from these studies, we conclude that the 2D:4D ratio is not per-
fect but a potential biomarker of androgen exposure in utero.

4.3  |  Left-  and right- hand 2D:4D ratio and 
reproductive function of men without a known 
history of infertility

In the whole sample, we found a negative correlation between the 
left- hand 2D:4D ratio and total sperm count, which is in contrast 
with the two studies3,9 reporting negative associations between the 
2D:4D ratio of the right hand and total sperm count. There was no 
association between the 2D:4D ratio of the left hand and the total 
sperm count in one study,3 and the 2D:4D ratio of the left hand was 
not measured in another study.9 In contrast to these studies, Bang 
et al.8 reported a positive association between the right- hand 2D:4D 
ratio and total sperm count only when the samples were limited to 
those with 2D:4D ratios lower than 1. Lu et al.14 found no significant 
correlations between the 2D:4D ratio of either hand and sperm mo-
tility among healthy controls. We do not know why there are such 
discrepancies between the left-  and right- hand 2D:4D ratios in rela-
tion to the sperm count.

We found negative associations between FSH and 2D:4D ra-
tios of both hands in the whole sample, as well as in the lower 
semen quality groups. This is in contrast to the non- significant as-
sociations reported in previous studies.3,13 In the present study, 
only the lower semen quality group and the whole sample right- 
hand 2D:4D ratios showed a significant negative correlation with 
testosterone concentration, which contrasts with the findings of 
Honekopp et al.13 and Bang et al.8 It should be noted that Bang 
et al.8 reported a positive association only in the subgroup of 
men whose 2D:4D ratio of the right hand was higher than 1 but 
not among those with a 2D:4D ratio lower than 1. Only 15 of the 
present participants showed right- hand 2D:4D ratio higher than 1, 
thus we did not perform analyses stratifying by this specific cut- 
off value. Of note, venous blood collection was not performed at a 
specific time of the day for all participants, although serum testos-
terone	levels	in	men	aged	30–	40 years	tend	to	be	20%–	25%	lower	
at	1600 h	compared	to	the	levels	at	0800 h.30 If the samples were 
collected only in the morning, the associations between testoster-
one and other variables could have been more clearly evaluated. In 
the present study, as well as in Bang et al.8 LH was not significantly 
correlated with the 2D:4D ratio. A positive association between 
LH and 2D:4D in the right hand but not in the left hand was re-
ported by Manning et al. after adjusting for covariates.3 Among 
azoospermic patients, both LH and FSH levels were positively as-
sociated with the 2D:4D ratios of both hands.16 Negative associa-
tions between the 2D:4D ratio of the right hand and testosterone 

have been reported by Manning et al.,3 which reported no signif-
icant association between the 2D:4D ratio of the left hand and 
testosterone concentration.

4.4  |  Left-  and right- hand 2D:4D ratio and 
reproductive function of infertile men

No differences in 2D:4D ratios were found between the lower and 
higher semen quality groups in the present sample, suggesting that 
2D:4D ratio is not related to semen quality among infertile men. 
This is consistent with the findings of Auger and Eustache9 that the 
2D:4D ratio did not differ between fertile men and testicular cancer 
patients, whereas testicular cancer patients were younger and their 
sperm concentration and count were lower than that in fertile men. 
The co- occurrence of testicular cancer and decreased semen qual-
ity was observed in a prospective cohort study31	of	32 442	Danish	
men, which showed that males with lower semen quality had a 
higher risk of developing testicular cancer compared to those with 
higher semen quality. Jacobsen et al.'s31 finding is in line with the 
hypothesis proposed by Skakkebæk et al.1 that testicular cancer is a 
pathological condition that can be summarized in the TDS category. 
TDS is thought to be the result of endocrine disruption caused by 
environmental factors in the programming of embryonic sexual mat-
uration,1 however neither the present nor the previous study9 sup-
ports the hypothesis. It is possible that 2D:4D ratio may not reflect 
individual differences in androgen exposure in the uterus, or factors 
other than androgen exposure are causing both testicular cancer and 
poor semen quality.

In a study in China, sperm motility was negatively associated 
with the 2D:4D ratio of both hands in infertile men (N =	 196),	
whereas no significant association was observed among control 
men (N = 72).14 Wood et al.15 reported that the 2D:4D ratios of 
men with acquired forms of azoospermia were lower than those 
of men with nonobstructive azoospermia. We could not perform 
a similar analysis because of the limited number of patients with 
azoospermia (N = 1). The findings of previous studies targeting in-
fertile men also vary, and no clear conclusion can be drawn regard-
ing the relationship between the 2D:4D ratio and the reproductive 
function of men.

In conclusion, correlations between the 2D:4D ratios and male 
reproductive function were mostly weak or insignificant. Findings 
from the present and previous studies are not consistent, reflecting, 
at least in part, the variability in methodologies. The variability of the 
2D:4D ratio and its association with reproductive function across 
populations of different racial or ethnic origins is an understudied 
area. Future studies targeting fertile men using the same methodol-
ogy are warranted to examine the associations between the 2D:4D 
ratio and reproductive function in men.
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