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A B S T R A C T

Background: The paranasal sinuses serve as a reservoir for nitric oxide (NO), a vasodilator associated with car
diovascular health and exercise performance. Digit ratio (2D:4D), a proxy for first trimester testosterone and 
estrogen, is also a correlate of cardiovascular health and exercise performance. There are sex differences in the 
volume of fractional exhaled NO (FeNO: males>females) and in mean 2D:4D (males<females). Here we consider 
the relationships between 2D:4D and the volume of the largest paranasal sinus, i.e. the maxillary sinus (MS), in 
men and women.
Methods: 30 male and 30 female participants, mean age of 38.4 ± 11.8 years, who had a paranasal sinus com
puter tomography (CT) scan were included. The MS volumes were calculated from the scans using GE software. 
The 2D:4D ratios were obtained from direct measurements of the 2nd and 4th digits.
Results: Sex differences were not significant in 2D:4D or MS volumes. In males, 2D:4D correlated negatively with 
right MS volume (right and left 2D:4D, r = − 0.58) and left MS volume (right 2D:4D r = − 0.45, left 2D:4D r =
− 0.40). After removal of the effects of age, BMI and digit length all correlations for the right MS remained 
significant as did that between right 2D:4D and left MS. There were no significant correlations in females.
Conclusion: We have found that low (androgenized) 2D:4D in men is associated with high MS volumes with 
stronger effects for the right MS. Our findings indicate that in men high prenatal testosterone relative to estrogen 
is related to high MS volume. We suggest that 2D:4D may be negatively related to FeNO volume produced by the 
MS.

1. Introduction

There are four paired paranasal sinuses; maxillary, frontal, sphenoid 
and ethmoid [1]. The paranasal sinuses have been the subject of studies 
regarding the production of nitric oxide (NO) [2], a powerful vasodilator 
associated with cardiovascular health [3,4] and continuous exercise 
training [5]. All four paranasal sinuses are formed prenatally [6]. Digit 
ratio (2D:4D) is widely thought to be a proxy of first trimester levels of 
sex steroids such that 2D:4D is negatively related to prenatal testos
terone and positively related to prenatal estrogen [7,8]. In common with 
fractional exhaled NO (FeNO), the 2D:4D is also associated with car
diovascular health [9] and performance in aerobic exercise [10,11]. The 

links between 2D:4D, cardiovascular function and FeNO suggest that 
2D:4D may be a correlate of the volume of one important site of FeNO 
production, i.e. the paranasal sinuses. The maxillary sinus (MS) is the 
first paranasal sinus to appear in the 10th week of gestation [6]. 
Therefore, its development may be influenced by first trimester sex 
steroids.

The nose and paranasal sinuses form a functional unit. The volumes 
of the latter have been reported to be sexually dimorphic (mal
es>females: maxillary, [12]; frontal, [13]; sphenoid, [14]; ethmoid, 
[15]). The maxillary, ethmoid and frontal sinuses all drain via ostia into 
the ostium meatal unit. The MS is the largest of the air-filled, mucosa- 
lined spaces within the maxillofacial region and skull. It lies within the 
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maxillary bone, and the alveolar process of the maxilla forms the inferior 
boundary of the sinus [16].The MS originates in the 10th week of 
gestation, when the mucosa located at the anterior end of the ethmoid 
infundibulum, presents with invaginations and by the 11th week, the 
fusion of the invaginations creates a single cavity which represents the 
MS primordium [6]. At birth, the MS is an aerated slit, situated infero- 
medial to the orbit. Its development lasts until young adulthood, and 
it is proportional to growth of the facial bones [17].

In common with the MS the 2D:4D ratio and its sex difference is first 
established around week 10 to 11 [7,8,18,19]. It has been suggested that 
the sexual dimorphism in 2D:4D is dependent on allometry through sex 
differences in digit length (males>females [20] and elaborated by [21]). 
However, during ontogeny the differences in digit lengths varies thus: 
males<females; males = females and males>females. The sexual 
dimorphism in 2D:4D (males<females) does not follow this pattern 
rather it arises prenatally and subsequently remain more or less fixed 
across the life cycle [7,22]. Large sample studies employing a range of 
measurement techniques in children and adults across several ethnic
ities have not replicated the Kratochvil & Flegr [20] effect [23–27]. 
Regarding the origin of the sex difference in 2D:4D, it is widely thought 
that 2D:4D is a negative correlate of first trimester sex steroids, i.e. it is 
negatively related to testosterone and positively related to estrogen (see 
reviews in support [28,29] and against [30]). Experimental studies with 
rodents have reported that the 2D:4D ratio is established in a narrow 
time window during early gestation [31].

There is evidence that the pattern of effects of FeNO produced by the 
paranasal sinuses is like those reported for 2D:4D. Thus, the volume of 
produced FeNO and values of 2D:4D are both sex dependent (FeNO, 
males>females [32]: 2D:4D, males<females [7]). With regard to oxygen 
metabolism, upper airways FeNO from the paranasal sinuses improves 
oxygen uptake and reduces pulmonary vascular resistance [33], while 
low 2D:4D has been reported to be correlated with high VO2max 
[34–36]. Control of blood pressure is in part dependent on the interac
tion of NO with the angiotensin-converting enzyme (ACE) I/D poly
morphism and 2D:4D has been reported to correlate with the latter. 
Thus, men who are homozygous with the D/D genotype have higher 
systolic blood pressure, lower NO metabolites and higher 2D:4D than 
those who are heterozygous I/D carriers [37,38]. Furthermore, there is 
considerable evidence that both NO and 2D:4D are related to aerobic 
sports performance. Aerobic exercise training induces intrinsic NO 
which has a positive effect on cardiovascular health and exercise effi
ciency [39]. Runners who are trained in nasal breathing achieve higher 
physiological economy and ventilatory efficiency than mouth-breathing 
controls [40]. Marathon running causes cardiac fatigue and cardiac fa
tigue correlates with low pulmonary levels of NO and pulmonary 
inflammation [41]. Regarding 2D:4D, there are reports of negative re
lationships with performance in distance running [42] and rowing [11].

There has been one report of a relationship between 2D:4D and the 
MS. Hasan et al. (2018) [43] found significant negative associations 
between 2D:4D and MS volume. This suggests that high prenatal 
testosterone and low prenatal estrogen are correlated with large MS 
volumes. However, the study was confined to males only. Here we 
extend this, in order to clarify relationships between 2D:4D and MS 
volume in both males and females. Specifically, our aim was to clarify 
the relationship between 2D:4D and MS volume in both males and fe
males. Additionally, we consider our findings in the light of a possible 
association between 2D:4D and FeNO production.

2. Method

2.1. Sample size calculations

Based on the correlations reported by Hasan et al. (2018) [43], we 
performed power calculations. The criteria included were the power of 
test (0.8); correlation coefficient (0.5) (although the lowest reported was 
0.58, a more conservative approach was used); error type I (alpha) (p <

.05). We concluded that the minimum number of participants was 29.

2.2. Recruitment of participants

CT scans involve exposure to X rays. In order to minimize X ray 
exposure, we recruited participants who were healthy but required 
routine CT scans. The sample included women and men who were 
admitted between January 2022 and December 2023 to a Plastic Sur
gery Out-patient Clinic due to posttraumatic nose deformity. We 
emphasize that care was taken to ensure that the nasal trauma had not 
affected the maxillary sinuses or the zygomatic bones. Thus, the par
ticipants were recruited to the study if: (1) they were qualified for par
anasal sinus computed tomography (CT), (2) their history of nose 
trauma was after the age of 18 years old so that the development of their 
maxilla (and sinuses) was not affected by trauma, (3) had isolated nose 
trauma, without a fracture of maxillary and zygomatic bones (which 
could affect the morphology of the sinuses), (4) the trauma was at least a 
year before the planned CT (CT before a planned rhinoplasty, at least 
year after the injury, is performed after completion of healing of the 
tissues, to exclude post-trauma edema and overlapping scarring pro
cess), (5) did not suffer from any laryngological conditions (e.g. polyps, 
chronic sinusitis). Exclusion criteria included: lack of the criteria above 
and lack of patient’s consent for using CT scans for additional mea
surements and for measuring digits directly. There were 60 individuals 
(30 women and 30 men) who gave written informed consent for 
participation.

The protocol of the study included body and hand anthropometric 
measurements and the analysis of right and left MS volumes, based on 
CT scans. Those who reported hand injuries were excluded from the 
study. All the participants were White. The protocol was agreed by the 
local ethics committee (RNN/04/22/KE).

2.3. MS measurements

Single phase CT scan of paranasal sinuses was performed with GE 
Light Speed 64 VCT scanner (GE Healthcare, Milwaukee, WI, US; kV 
120, mA 10, mAs - dynamic), with 0.625-mm layer width and 0.6-mm 
pitch, without adding intravenous contrast. Acquired images were 
evaluated at a physician’s console with the aid of AW 3.2 GE software. 
The volume of maxillary sinuses (ml) was manually evaluated during 
analysis of MPR (multiplanar reformation) reconstructions (Fig. 1).

2.4. Hand and body measurements

Hand measurements were taken directly twice: 2nd- and 4th-digits’ 
lengths (2D and 4D) (right (R) and left hand (L)). One experimenter 
(AKT) made all measurements blind to results from CT scans. Based on 
the digit measurements the following were calculated: 2D:4D for the 
right (R) and left (L) hand (finger 2nd length [cm]/finger 4th [cm]) 
(2D:4D R, 2D:4D L) and right minus left 2D:4D (Dr-l) were calculated. 
All measurements were made directly with GPM anthropological in
struments. For the digits, vernier calipers measuring to 0.01 mm were 
employed. Measurements were performed on the palmar side of the 
hand using anthropometric points lying on the digit axis: pseudopha
langion – a point in the finger metacarpophalangeal crease, dactylion – 
the most distal point on the fingertip. Height was measured in a standing 
position with an anthropometer, body mass with Tanita SC331S Body 
Composition Analyzer and BMI (mass divided by the square of height) 
was calculated (kg/m2).

2.5. Statistical analysis

Means and standard deviations (SD) were calculated for all the pa
rameters. The normality assumption was verified by calculating skew
ness and kurtosis. Intra-class correlation coefficients (ICC) (absolute 
agreement) between the first and second 2D:4D’s of the right and left 
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digits were calculated. Pearson-product moment correlation coefficients 
(r)were used to calculate associations. Correlations were described as 
trivial (0–0.1), small (0.1–0.3), moderate (0.3–0.5), large (0.5–0.7), very 
large (0.7–0.9), nearly perfect (>0.9) and perfect (1.0) [44]. Multiple 
regression analyses were performed, the dependent variable was MS 
volume, and the independent variables were digit ratio, age, BMI, and 
mean digit lengths. The level of significance was set at p < .05.

3. Results

3.1. Repeatability

We calculated intra-class correlation coefficients (ICC’s) of digit ra
tios from first- and second-digit measurements. The ICC’s were high and 
significant for the ratios: right2D:4D, ICC = 1.0, left 2D:4D, ICC = 1.0, 
for digits’ lengths: from ICC 0.996 for 2D L to 0.997 for 2D R and 0.956 
for Dr-l (all p < .0001. Therefore, we assumed measurement error was 

small compared to digit ratio differences between individuals. The 
means of digit ratios 1 and 2 were obtained and used in all subsequent 
statistical analyses.

3.2. Sex differences in variables

Mean age did not differ between the sexes. Values of 2D:4D and MS 
showed low skewness and kurtosis in both males and females. For the 
former this varied from 0.08 to 0.31 for skewness and 0.03 to 0.61 for 
kurtosis. For the latter, skewness varied from 0.02 to 0.41 and kurtosis 
from 0.40 to 0.50. Right and left 2D:4D showed the usual pattern of 
lower values for males compared to females. The differences were close 
to significance for right 2D:4D (males.98[0.03], females1.00 [0.03], p =
.06) but not for left 2D:4D (males 0.98 [0.04], females 0.99 [0.03], p =
.16). The MS volumes did not differ between females and males. Body 
size variables (weight, height, digit lengths and BMI) showed greater 
values for males compared to females (Table 1).

Fig. 1. CT scans with marked outline of the MS for the purpose of MS volume calculation.

Table 1 
Descriptive characteristics of the variables.

Variable Women Men
− X SD SE − X SD SE p

right maxillary sinus volume [ml] 20.57 5.6 1.04 19.55 5.5 0.998 0.48
left maxillary sinus volume [ml] 20.6 4.7 0.86 19.15 6.6 1.21 0.33
2D R [mm] 69.5 3.6 0.65 75.73 4.7 0.85 <0.0001
4D R [mm] 69.7 4.1 0.75 77.07 5.1 0.92 <0.0001
Mean Right Digits [mm] 69.6 3.7 0.67 76.40 4.7 0.86 <0.0001
2D L [mm] 69.2 3.7 0.67 75.30 4.5 0.82 <0.0001
4D L [mm] 69.83 3.9 0.71 77.00 5.2 0.94 <0.0001
Mean Left Digits [mm] 69.50 3.7 0.67 76.17 4.6 0.84 <0.0001
2D:4D R 1.00 0.03 0.006 0.98 0.03 0.005 0.06
2D:4D L 0.99 0.03 0.005 0.98 0.04 0.007 0.16
Dr-l 0.01 0.03 0.005 0.004 0.02 0.004 0.62
Age [years] 36.27 12.1 2.21 40.63 11.2 2.05 0.15
Weight [kg] 64.93 13.2 2.42 87.70 11.8 2.15 <0.0001
Height [cm] 169.3 6.2 1.14 180.1 7.2 1.3 <0.0001
BMI [kg/m2] 22.62 4.4 0.81 27.02 3.1 0.56 <0.0001
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3.3. MS volume vs. body size and digit ratio

3.3.1. Males
Pearson’s r showed significant moderate correlations between 2D:4D 

and MS volume (all p < .05). Regarding right 2D:4D, there was a large 
negative correlation (r = − 0.58, Fig. 2) with right MS volume and a 
moderate negative correlation (r = − 0.45) with left MS volume. Left 
2D:4Dalso showed a moderate negative correlation with right MS vol
ume (r = − 0.58) and a moderate negative correlation with left MS 
volume (r = − 0.40). There were no significant correlations between Dr-l 
and MS volume (Table 2). There were no significant associations be
tween age or body size variables (BMI, mean digit lengths of right or left 
hand) and right or left MS volumes (values of r varied from 0.05 to 0.22 
for right MS volume and 0.10 to 0.36 for left MS volume, p > .05).

Multiple regressions were conducted as follows:
Right 2D:4D; two multiple regressions with dependent variables 

right MS volume or left MS volume and independent variables right 
2D:4D, age, BMI and mean of right digit lengths. The standardized 
regression coefficient (b) for right 2D:4D vs right MS volume was − 0.57, 
p = .001. There were no significant relationships between the remaining 
independent variables and right MS volume (values of b varied from 
− 0.05 to − 0.17) (Table 3). Regarding right 2D:4D vs left MS volume, the 
value of b was − 0.41, p = .02. There were no significant associations 
between the remaining independent variables and left MS volume (b 
varied from 0.01 to 0.29) (Table 3).

Left 2D:4D; two multiple regressions with dependent variables right 
or left MS volumes. The independent variables were left 2D:4D, age, BMI 
and mean of left digit lengths. The value of b for left 2D:4D vs right MS 
volume was − 0.61, p = .001.There were no significant relationships 
between the remaining independent variables and right MS volume 
(values of b varied from − 0.10 to − 0.20) (Table 4).Regarding left 2D:4D 
vs left MS volume, there were no significant associations (b varied from 
− 0.004 to − 0.35 (Table 4).

3.3.2. Females
There were no significant associations between digit ratios (right 

hand, left hand, or Dr-l), age or body size variables (BMI, mean digit 
lengths of right or left hand) and right or left MS volumes. Values of r 
varied from − 0.06 to 0.30 for right MS volume and 0.028 to − 0.27 for 
left MS volume, p > .05).

4. Discussion

We did not find significant sex differences for 2D:4D or MS volumes. 
This is likely to have arisen as a result of our small sample sizes and the 
medium effect sizes associated with sexual dimorphism in digit ratios 
[7] and MS volumes [12]. Correlations between 2D:4D and MS volume 

(r > − 0.50: Hassan et al., 2019) would suggest that we should detect 
within-sex associations between 2D:4D and MS volumes with sample 
sizes of around n = 30.

Replicating the findings of Hassan et al. (2018) [43], we have found 
moderate negative associations between 2D:4D and MS volumes in men. 
Age, BMI and mean digit lengths were not significantly related to right 
or left MS volumes. The large associations between right and left 2D:4D 
and right MS volume were not weakened by removal of the effects of 
age, BMI and mean digit lengths. Regarding left MS volume, removal of 
the effects of age, BMI and mean digit lengths had little effect on the 
correlation with right 2D:4D but removed significance from the associ
ation with left 2D:4D. Therefore, the overall pattern suggests that both 
right and left 2D:4D were negatively associated with MS volumes with 
greatest effect sizes for right MS volume. In contrast to the associations 
in men, we found no significant relationships between digit ratios and 
MS volumes, nor were there any correlations between age or body size 
(BMI, mean digit lengths) and MS volumes.

Our focus in this study was to describe the relationship between 
2D:4D and MS volume. However, we feel that the large negative cor
relations between 2D:4D and MS volume in men suggest that 2D:4D may 
be a correlate of MS function, i.e. the secretion of FeNO. Both the MS and 
2D:4D have their origin in the 1st trimester (MS [6]: 2D:4D [8]). Thus, it 
is possible that 2D:4D is linked to MS function. The exact function of the 
paranasal sinuses has been the subject of controversy for 1800 years. 
They have been suggested to: humidify and warm inspired air, increase 
the area of the olfactory membrane, absorb shock applied to the head for 
protection of sensory organs and lighten the bones of the skull for 
maintenance of balance of the head. None of these hypotheses are 
accepted to be the reason for their existence. The paranasal sinus 
epithelium continuously generates large amounts of NO. Gas from the 
nose and sinuses is inhaled with every breath and reaches the lungs 
where it increases oxygen uptake via local vasodilation. Therefore, a 
physiological role of the paranasal sinuses in regulation of pulmonary 
function is suggested [33]. The effect of sex on FeNO is significant, with 
FeNO levels approximately 25 % less in females. The sex difference re
mains after removing the effect of other factors such as current smoking 
and atopy [32].The finding that FeNO has a sex dependent regulatory 
effect on pulmonary function suggests links to 2D:4D. Men typically 
show lower 2D:4D than women and athletes of both sexes tend to have 
lower 2D:4D ratios compared to non-athletes [45]. Low 2D:4D has been 
reported in athletes with high aerobic capacity and high VO2max. In 
contrast, associations between low 2D:4D and measures of strength (e.g. 
sprinting speed and hand-grip strength) are significant but weaker than 
reported for aerobic capacity [46]. Cardiorespiratory fitness is strongly 
associated with lower risk for a variety of chronic conditions such as 
heart failure [47] while high 2D:4D is correlated with early myocardial 
infarction in men [9,48–50]. Recent meta-analysis showed that 2D:4D is 
a proxy for cardiorespiratory fitness measures, i.e. exercise tolerance 
measured by ventilatory threshold and performance, but not other as
pects such as aerobic capacity and efficiency [51].

Regarding limitations of our study, our sample size is small (total n =
60, males n = 30). However, the power calculation on Hasan et al. [43] 
findings indicate that a significant effect for 2D:4D and MS should be 
obtained in a sample of 30 males. We replicated this finding suggesting 
that it is indeed a real effect. We did not find a significant effect for the 
relationship between 2D:4D and MS in our sample of 30 females. This 
null finding should be replicated. These male and female associations 
were the first focus of our study. They form the basis of the second focus, 
i.e. our suggested hypothesis that 2D:4D is a negative correlate of FeNO.

In conclusion, we have found that in men right and left hand 2D:4D 
are negatively related to right and left MS volume with a moderate to 
large correlation. This suggests that male MS volume is influenced by 
prenatal sex steroids such that high volume is associated with high 
testosterone and low estrogen in the 1st trimester. There were no re
lationships between 2D:4D and MS volume in women. The paranasal 
sinuses (including MS) are sex dependent sites of production of FeNO 

Fig. 2. The relationship between right 2D:4D and right MS volume in 30 males. 
The formula for the line is: y = − 108.652× + 126.389, r2 = 0.34.
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(males>females), a gas which is inhaled and enhances vasodilation and 
pulmonary oxygen uptake. Low 2D:4D is correlated with high cardio
respiratory fitness. Therefore, we suggest that further work should 
consider whether 2D:4D is a negative correlate of FeNO production in 
males.
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maxillary sinus volume.

Right Maxillary Sinus [ml] Left Maxillary Sinus [ml]

Trait b* SE b t p b* SE b t p

2D:4D R − 106.01 29.63 − 0.57 3.58 0.001 − 93.04 38.42 − 0.41 2.42 0.02
Age [years] − 0.09 0.08 − 0.17 1.11 0.28 − 0.08 0.10 − 0.14 0.83 0.41
BMI [kg/m2] − 0.09 0.29 − 0.05 0.30 0.77 0.01 0.37 0.01 0.03 0.97
Mean Right Digits [mm] 0.18 0.18 0.16 0.99 0.33 0.40 0.24 0.29 1.68 0.11

Table 4 
Two multiple regressions in males: Independent variables left 2D:4D, age, BMI and mean left digit length; Dependent variables right maxillary sinus volume or left 
maxillary sinus volume.

Right Maxillary Sinus [ml] Left Maxillary Sinus [ml]

Trait b* SE b t p b* SE b t p

2D:4D L − 92.54 25.28 − 0.61 3.66 0.001 − 64.59 33.91 − 0.35 1.91 0.07
Age [years] − 0.10 0.08 − 0.20 1.31 0.20 − 0.10 0.10 − 0.17 0.95 0.35
BMI [kg/m2] − 0.21 0.29 − 0.12 0.74 0.47 − 0.01 0.39 − 0.004 − 0.02 0.98
Mean Left Digits [mm] 0.12 0.19 0.10 0.64 0.53 0.42 0.25 0.29 1.65 0.11
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trimester maternal sex steroids and the digit ratios of mothers and children, Early 
Hum. Dev. 195 (2024) 106067, https://doi.org/10.1016/j. 
earlhumdev.2024.106067.

[20] L. Kratochvíl, J. Flegr, Differences in the 2nd to 4th digit length ratio in humans 
reflect shifts along the common allometric line, Biol. Lett. 5 (2009) 643–646, 
https://doi.org/10.1098/rsbl.2009.0346.

[21] L. Lolli, A.M. Batterham, L. Kratochvíl, J. Flegr, K.L. Weston, G. Atkinson, 
A comprehensive allometric analysis of 2nd digit length to 4th digit length in 
humans, Proc. Biol. Sci. 284 (2017) 20170356, https://doi.org/10.1098/ 
rspb.2017.0356.

[22] J.T. Manning, B. Fink, Sexual dimorphism in the ontogeny of second (2D) and 
fourth (4D) digit lengths, and digit ratio (2D:4D), Am. J. Hum. Biol. 30 (2018) 
e23138, https://doi.org/10.1002/ajhb.23138.

[23] J.T. Manning, Digit ratio (2D:4D), sex differences, allometry, and finger length of 
12-30-year olds: evidence from the British broadcasting corporation (BBC) internet 
study, Am. J. Hum. Biol. 22 (2010) 604–608, https://doi.org/10.1002/ajhb.21051.

[24] M. Butovskaya, V. Burkova, Y. Apalkova, D. Dronova, V. Rostovtseva, D. Karelin, 
R. Mkrtchyan, M. Negasheva, V. Batsevich, Sex, population origin, age and average 
digit length as predictors of digit ratio in three large world populations, Sci. Rep. 
11 (2021) 8157, https://doi.org/10.1038/s41598-021-87394-6.
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[association between the 2D:4D ratio and sports performance in athletes: a 
systematic review and Meta-analysis], Retos 65 (2025) 806–845, https://doi.org/ 
10.47197/retos.v65.110121.

[46] B.E. Pasanen, J.M. Tomkinson, T.J. Dufner, C.W. Park, J.S. Fitzgerald, G. 
R. Tomkinson, The relationship between digit ratio (2D:4D) and muscular fitness: a 
systematic review and meta-analysis, Am. J. Hum. Biol. 34 (2022) e23657, https:// 
doi.org/10.1002/ajhb.23657.

[47] J.J. Lang, S.A. Prince, K. Merucci, C. Cadenas-Sanchez, J.P. Chaput, B.J. Fraser, 
T. Manyanga, R. McGrath, F.B. Ortega, B. Singh, G.R. Tomkinson, 
Cardiorespiratory fitness is a strong and consistent predictor of morbidity and 
mortality among adults: an overview of meta-analyses representing over 20.9 
million observations from 199 unique cohort studies, BJSM 58 (2024) (2024) 
556–566, https://doi.org/10.1136/bjsports-2023-107849.

[48] H. Zhenghao, L. Hong, D. Jie, F.L. Martin, Correlations between digit ratio and 
foetal origins of adult diseases in a Chinese population: a focus on coronary heart 
disease and breast cancer, in: Handbook of Anthropometry, Springer, 2012, 
pp. 853–865.

[49] K. Zhang, N. Wei, Z. Shi, L. Peng, H. Jiao, Relations between digit ratio and 
coronary heart disease, Acta Anat Sin. 39 (2008) 765–768.

[50] H. Lu, Z. Ma, J. Zhao, Z. Huo, Second to fourth digit ratio (2D:4D) and coronary 
heart disease, Early Hum. Dev. 91 (2015) 417–420, https://doi.org/10.1016/j. 
earlhumdev.2015.04.009.

[51] B. Gower, M. Russell, J.M. Tomkinson, S.J. Peterson, M.G. Klug, G.R. Tomkinson, 
The relationship between digit ratio (2D:4D) and aspects of cardiorespiratory 
fitness: a systematic review and Meta-analysis, Am. J. Hum. Biol. 37 (2025) 
e70040, https://doi.org/10.1002/ajhb.70040.

A. Kasielska-Trojan et al.                                                                                                                                                                                                                     Early Human Development 208 (2025) 106316 

6 

http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0050
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0050
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0050
https://doi.org/10.1002/ajpa.21407
https://doi.org/10.3390/diagnostics13233536
https://doi.org/10.54393/pjhs.v5i08.1846
https://doi.org/10.54393/pjhs.v5i08.1846
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0070
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0070
https://doi.org/10.1186/s12880-024-01319-z
https://doi.org/10.1259/dmfr.20190205
https://doi.org/10.1259/dmfr.20190205
https://doi.org/10.1016/j.ijporl.2015.05.032
https://doi.org/10.1016/j.ijporl.2015.05.032
https://doi.org/10.1016/j.earlhumdev.2005.12.002
https://doi.org/10.1016/j.earlhumdev.2005.12.002
https://doi.org/10.1016/j.earlhumdev.2024.106067
https://doi.org/10.1016/j.earlhumdev.2024.106067
https://doi.org/10.1098/rsbl.2009.0346
https://doi.org/10.1098/rspb.2017.0356
https://doi.org/10.1098/rspb.2017.0356
https://doi.org/10.1002/ajhb.23138
https://doi.org/10.1002/ajhb.21051
https://doi.org/10.1038/s41598-021-87394-6
https://doi.org/10.1002/ajhb.23776
https://doi.org/10.1002/ajhb.23776
https://doi.org/10.1038/s41598-021-97845-9
https://doi.org/10.1371/journal.pone.0280514
https://doi.org/10.1371/journal.pone.0280514
https://doi.org/10.1016/j.earlhumdev.2023.105799
https://doi.org/10.1016/j.earlhumdev.2023.105799
https://doi.org/10.1016/j.yhbeh.2020.104686
https://doi.org/10.1016/j.yhbeh.2020.104710
https://doi.org/10.1016/j.yhbeh.2020.104710
https://doi.org/10.1073/pnas.1108312108
https://doi.org/10.1073/pnas.1108312108
https://doi.org/10.1186/1465-9921-8-82
https://doi.org/10.1186/1465-9921-8-82
https://doi.org/10.1002/ar.20782
https://doi.org/10.1002/ajhb.24047
https://doi.org/10.1002/ajhb.23448
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0180
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0180
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0180
https://doi.org/10.1016/j.acmx.2014.12.005
https://doi.org/10.55453/rjmm.2025.128.1.10
https://doi.org/10.55453/rjmm.2025.128.1.10
https://doi.org/10.3389/fcell.2014.00073
https://doi.org/10.7575/aiac.ijkss.v.6n.2p.22
https://doi.org/10.1155/2019/5134360
https://doi.org/10.1371/journal.pone.0121560
https://doi.org/10.26717/BJSTR.2018.05.001222
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0220
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0220
https://doi.org/10.47197/retos.v65.110121
https://doi.org/10.47197/retos.v65.110121
https://doi.org/10.1002/ajhb.23657
https://doi.org/10.1002/ajhb.23657
https://doi.org/10.1136/bjsports-2023-107849
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0240
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0240
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0240
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0240
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0245
http://refhub.elsevier.com/S0378-3782(25)00126-4/rf0245
https://doi.org/10.1016/j.earlhumdev.2015.04.009
https://doi.org/10.1016/j.earlhumdev.2015.04.009
https://doi.org/10.1002/ajhb.70040

	Digit ratio (2D:4D) and maxillary sinus volume: A link between prenatal sex steroids and a paranasal reservoir of nitric oxide?
	1 Introduction
	2 Method
	2.1 Sample size calculations
	2.2 Recruitment of participants
	2.3 MS measurements
	2.4 Hand and body measurements
	2.5 Statistical analysis

	3 Results
	3.1 Repeatability
	3.2 Sex differences in variables
	3.3 MS volume vs. body size and digit ratio
	3.3.1 Males
	3.3.2 Females


	4 Discussion
	CRediT authorship contribution statement
	Funding information
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


