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Maternal stress or sleep 
during pregnancy are not reflected 
on telomere length of newborns
Antti‑Jussi Ämmälä1,2*, Emma I. K. Vitikainen  3, Iiris Hovatta  4,5,6, Juulia Paavonen7,8, 
Outi Saarenpää‑Heikkilä9,10, Anneli Kylliäinen11, Pirjo Pölkki12, Tarja Porkka‑Heiskanen5 & 
tiina paunio1,2,5

Telomeres play an important role in maintaining chromosomal integrity. With each cell division, 
telomeres are shortened and leukocyte telomere length (LTL) has therefore been considered a marker 
for biological age. LTL is associated with various lifetime stressors and health‑related outcomes. 
Transgenerational effects have been implicated in newborns, with maternal stress, depression, 
and anxiety predicting shorter telomere length at birth, possibly reflecting the intrauterine growth 
environment. Previous studies, with relatively small sample sizes, have reported an effect of maternal 
stress, BMI, and depression during pregnancy on the LTL of newborns. Here, we attempted to 
replicate previous findings on prenatal stress and newborn LTL in a sample of 1405 infants using a 
qPCR‑based method. In addition, previous research has been expanded by studying the relationship 
between maternal sleep quality and LTL. Maternal prenatal stress, anxiety, depression, BMI, and 
self‑reported sleep quality were evaluated with self‑reported questionnaires. Despite sufficient power 
to detect similar or even considerably smaller effects than those previously reported in the literature, 
we were unable to replicate the previous correlation between maternal stress, anxiety, depression, 
or sleep with LTL. We discuss several possible reasons for the discrepancies between our findings and 
those previously described.

Intrauterine growth can be seen both as a special environment and a developmental period that shapes future 
health and disease of a  child1. Several maternal factors such as maternal physical, biological, psychological, and 
behavioural conditions can have an effect on this development via multiple channels (immunological, hormonal, 
and metabolic pathways). The effect of these pathways might be seen in Leukocyte Telomere length (LTL) of a 
child. As most cell divisions happen during the early stages of development, critical environmental factors that 
affect cell division and LTL may have the greatest effect during this time period. Several studies support this 
 reasoning1–5. This chain of association from maternal health, LTL of a child, and child’s future health is called the 
Fetal Programming of Telomere Biology  hypothesis1. It postulates that the intrauterine environment in part influ-
ences TL at birth, which in turn may regulate future development and eventually even morbidity and  mortality6,7.

Telomeres play an important role in maintaining chromosomal integrity. Telomeres consist of repetitive DNA 
sequences at the end of each chromosome and a surrounding protein complex, which protects the end of the 
 chromosome8. In each cell division, this sequence is shortened due to an end-replication problem and it inevitably 
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reaches a critical point where chromosomal structure and integrity cannot no longer be maintained, resulting 
in a signaling cascade leading to apoptosis. Telomere length is determined by both genetic and environmental 
factors, often interacting with each other, making leukocyte telomere attrition both a causal and a potentiating 
factor for health and  disease9. Age is a major contributor to this shortening and relative leukocyte telomere length 
(LTL) is thought to serve as an indicator of biological  aging5.

In addition to chronological age, lifestyle factors such as smoking or excess alcohol consumption, and other 
factors such as body mass index (BMI), can also have an effect on telomere  shortening10–12. Thus, aging is a 
dynamic process and reciprocal to many environmental and health-related factors. Indeed, shortened TL has 
previously been associated with several somatic and psychiatric diseases and conditions in  adulthood13–15. LTL 
is also associated with mortality and  morbidity16–19. Although heritability estimates for TL are as high as 70%, 
genetic studies are able to predict only a minor component of this  variation12,20,21. Therefore, environmental 
factors clearly have a significant influence on leukocyte telomere length (LTL).

Only a few studies have explored the effect of various maternal and pregnancy-related factors on the LTL of 
the newborn child. Among the most studied factors is maternal stress during  pregnancy22–25. For example, in a 
sample of 319 newborns, maternal stress during pregnancy was associated with shorter newborn LTL. This stress 
did not affect the mothers’ LTL, however, which suggests vulnerability in early stages of  development22. Another 
interesting finding in the same study was that the mothers’ lifetime psychiatric morbidity correlated with the 
LTL of the mother, but not the offspring.

In addition to stress, an association between the maternal pre-pregnancy weight and LTL of newborns has 
also been shown, with shorter child LTL associated with increased pre-pregnancy weight of the  mother26,27. Some 
of these findings were only observed in male  offspring26. Similar findings were also observed between maternal 
education and telomere  shortening28.  Ethnicity29, maternal  smoking26, gestational  diabetes30, and maternal folate 
 concentration31 and  depression26 have also been associated with newborn LTL.

Only anecdotal knowledge exists regarding the effect of maternal sleep during  pregnancy26,27,32,33 on new-
born LTL. Disordered sleep is common during  pregnancy33,34 and may have serious fetal consequences, such as 
impact on growth or other pregnancy-related outcomes. Disturbed sleep is especially common towards the end 
of pregnancy, such as in the third  trimester34. We sampled 1405 newborns for LTL and tested for associations 
with maternal prenatal insomnia and snoring. In addition, using a dataset two to five times larger than those 
previously reported, we tested the robustness of previous associations between newborn LTL and maternal stress, 
anxiety, depression, and BMI during pregnancy.

Results
Analysis of correlations between prenatal variables and leukocyte telomere length of a new‑
born.  Of all explored variables, anxiety (STAI) (β − 0.09, p = 0.04) and BMI (β − 0.01, p = 0.04) had a nomi-
nal significant negative association between prenatal variables and newborn LTL (Tables 1, 2 and 3; see also 
Fig. 1a–e). However, neither survived the correction (FDR) for multiple testing (STAI p  FDRcorr = 0.12, BMI 
 pFDRcorr = 0.12). In most cases, the estimates were below the minimum detectable level calculated in power 
analysis (> 0.07).

Discussion
We found no associations between the quality of mothers’ sleep during pregnancy and LTL of newborn children, 
as measured from blood leukocytes sampled at birth. We were also unable to replicate previous findings related 
to maternal wellbeing during pregnancy and newborn LTL, despite our sample size outnumbering most previous 

Table 1.  Linear regression model with Leukocyte Telomere length as a dependent variable and depression 
(CESD); plate; child ‘s gender; maternal smoking; maternal BMI; gestational age at birth; and maternal BNSQ 
total score and snoring (BNSQ16) as explanatory variables. STAI = Short version of State and Trait anxiety 
Scale, Trait version; CES-D = Center for Epidemiological Studies Depression Scale; PSS = Perceived Stress 
Scale; BNSQ total score = Basic Nordic Sleep questionnaire total score;BNSQ 16 = Question “do you snore?” 
dichotomized as “yes” or “no”; BMI = Height in meters/weight2.

Unstandardized coefficients

Standardized 
coefficients

t Sig

95% confidence interval for B

B SE Beta Lower Bound Upper Bound

(Constant) 2.37 0.38 6.19 0.00 1.62 3.12

Plate 0.01 0.00 0.12 4.05 0.00 0.01 0.01

Gender − 0.03 0.02 − 0.04 − 1.44 0.15 − 0.08 0.01

Gestational age at birth 0.00 0.00 − 0.05 − 1.70 0.09 0.00 0.00

BMI − 0.01 0.00 − 0.06 − 1.94 0.05 − 0.01 0.00

Smoking 0.04 0.05 0.02 0.76 0.44 − 0.06 0.14

BNSQ total score 0.00 0.00 − 0.02 − 0.59 0.56 − 0.01 0.01

BNSQ16 0.03 0.03 0.04 1.30 0.19 − 0.02 0.09

CESD 0.00 0.02 − 0.01 − 0.16 0.87 − 0.05 0.04

a. Dependent variable: LTL
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studies. Increased maternal anxiety, as measured with a standard questionnaire during the last trimester (STAI), 
was associated with shorter LTL, but this result did not remain significant after correcting for multiple testing. 
Associations between maternal wellbeing and newborn telomere length should be carefully considered, and there 
may be multiple reasons for the discrepancies between our results and those previously reported.

First, differences in the LTL analysis method may be a source of undesired variation and thus make it difficult 
to replicate findings. Most studies used quantitative real-time PCR as we did, but some also used a restriction-
enzyme–based approach. Some studies performed analysis in triplicates, while others performed duplicates and 
some did not clearly report this phase of the analysis. Again, even using the same kind of methodology, we could 
not replicate previous findings on the effect of maternal stress during  pregnancy22 .The qPCR method is prone to 
large between-sample variation and measurement error, which can obscure patterns even when between-plate 
variation in T/S is taken into account. Furthermore, maternal effects on newborn LTL may also manifest as a 
shift in the distribution of long versus short  telomeres24; if this was the case, a method based on measuring the 
average relative LTL would not necessarily detect these effects.

Second, the statistical models used in the analyses varied between studies. Most studies used maternal-related 
covariates such as maternal age, maternal BMI, or smoking. Some studies also used pregnancy-related covariates 
such as diabetes, preeclampsia, or number of previous pregnancies. When using a linear model with multiple 
explanatory factors that can be causative for each other, a collider bias might  exist35. For example, maternal high 
BMI might have an effect on child’s  LTL26 as well as maternal  diabetes30. However, high BMI can be partially 
causative for diabetes, introducing a colliding effect. Furthermore, many studies used child-related covariates 

Table 2.  Linear regression model with Leukocyte Telomere length as a dependent variable and anxiety (STAI); 
plate, child ‘s gender; maternal smoking; maternal BMI; gestational age at birth; and maternal BNSQ total score 
and snoring (BNSQ16) as explanatory variables. STAI = Short version of State and Trait anxiety Scale, Trait 
version; CES-D = Center for Epidemiological Studies Depression Scale; PSS = Perceived Stress Scale; BNSQ 
total score = Basic Nordic Sleep questionnaire total score;BNSQ 16 = Question “do you snore?” dichotomized as 
“yes” or “no”; BMI = Height in meters/weight2 .

Unstandardized coefficients

Standardized 
coefficients

t Sig

95% confidence interval for B

B SE Beta Lower bound Upper bound

(Constant) 2.51 0.39 6.50 0.00 1.75 3.27

Plate 0.01 0.00 0.11 3.92 0.00 0.00 0.01

Gender − 0.03 0.02 − 0.03 − 1.21 0.23 − 0.07 0.02

Gestational age at birth 0.00 0.00 − 0.05 − 1.61 0.11 0.00 0.00

BMI − 0.01 0.00 − 0.06 − 2.08 0.04 − 0.01 0.00

Smoking 0.03 0.05 0.02 0.59 0.55 − 0.07 0.12

BNSQ total score 0.00 0.00 − 0.01 − 0.19 0.85 − 0.01 0.01

BNSQ16 0.04 0.03 0.04 1.51 0.13 − 0.01 0.09

STAI − 0.09 0.05 − 0.06 − 2.05 0.04 − 0.18 0.00

a. Dependent variable: LTL

Table 3.  Linear regression model with Leukocyte Telomere length as a dependent variable and stress (PSS); 
plate; child ‘s gender; maternal smoking; maternal BMI; gestational age at birth; and maternal BNSQ total score 
and snoring (BNSQ16) as explanatory variables. STAI = Short version of State and Trait anxiety Scale,Trait 
version; CES-D = Center for Epidemiological Studies Depression Scale; PSS = Perceived Stress Scale; BNSQ 
total score = Basic Nordic Sleep questionnaire total score;BNSQ 16 = Question “do you snore?” dichotomized as 
“yes” or “no”; BMI = Height in meters/weight2 .

Unstandardized coefficients

Standardized 
coefficients

t Sig

95% confidence interval for B

B SE Beta Lower bound Upper bound

1 (Constant) 2.34 0.38 6.19 0.00 1.60 3.08

Plate 0.01 0.00 0.11 3.90 0.00 0.00 0.01

Gender − 0.03 0.02 − 0.03 − 1.19 0.24 − 0.07 0.02

Gestational age at birth 0.00 0.00 − 0.05 − 1.61 0.11 0.00 0.00

BMI − 0.01 0.00 − 0.06 − 2.00 0.05 − 0.01 0.00

Smoking 0.03 0.05 0.02 0.57 0.57 − 0.07 0.12

BNSQ total score 0.00 0.00 − 0.02 − 0.72 0.47 − 0.01 0.00

BNSQ16 0.04 0.03 0.04 1.43 0.15 − 0.01 0.09

PSS 0.00 0.00 − 0.01 − 0.19 0.85 − 0.01 0.01

a. Dependent Variable: LTL
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Figure 1.  Maternal prenatal factors and their association with Child’s Telomere length at birth. (a) Association 
between maternal depression (p = 0.87) and child’s TL at birth. (b) Association between maternal anxiety 
(p = 0.04) and child’s TL at birth. (c) Association between maternal stress (p = 0.85) and child’s TL at birth. (d) 
Association between maternal BMI (p = 0.04) and child’s TL at birth. (e) Association between Maternal sleep 
(p = 0.65) and Child’s TL at birth. Linear regression lines: DotDashline(.-.-.-.-) = all, Dashed line(---) = Males, 
Solid line (___) females. BNSQ = Basic Nordic Sleep questionnaire; CES-D = Center for Epidemiological Studies 
Depression Scale; STAI = Short version of State and Trait anxiety Scale,Trait version;PSS = Perceived Stress Scale; 
BMI = Height in meters/weight2; LTL = relative leukocyte telomere length.
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such as gender, ethnicity, birth weight, and gestational age. The statistical model used most often was a linear 
model constructed from different sets of the aforementioned factors. Other models were also used, such as 
arranging weight gain into  groups29. Despite using the same kind of model as previously  reported22 with only 
Perceived stress scale (PSS) as a predictor of LTL, we were unable to replicate findings related to PSS (β − 0.00, 
p = 0.661), Supplement S1.

A third source of variation may be the different cell populations present in umbilical blood samples. If dif-
ferent leukocyte types have different TL, differences among individuals might not reflect true differences in LTL 
as much as differences in distributions of types of leukocytes among  individuals36. This so-called “tissue issue” is 
familiar in the field of epigenetics, particularly in methylation studies, where good algorithms have been devel-
oped to adjust or control for this  issue37. In LTL studies, however, such an algorithm would not be applicable 
and ways to control differences in white-blood-cell populations between samples are not typically used. When 
TL measured in white blood cells collected from umbilical cord samples were compared with TL measured 
from placental tissue cells, there were no differences in TL between different tissues of  origin27. In our sample 
(n = 1405) we could hypothesize that sample size is sufficient such that the cell populations among samples would 
be normally distributed making this an unlikely source of bias in our findings. However, typical sample sizes 
in previous studies vary, from a few dozen to a few hundred individuals, and only two previous  studies22,27 had 
sample sizes over three hundred. Therefore, one might not automatically expect a normal and even distribution 
of white-blood-cell types across individual samples within a small sample size.

Finally, measures of maternal wellbeing and the timing of measurements varied between studies. In this study, 
maternal predictors (phenotypes) were collected using partly different questionnaires than in previous studies. 
As different questionnaires might have different psychometric properties, such as sensitivity and specificity, they 
can partially measure different phenomena. In previous studies, questionnaires were used as either continuous 
or dichotomized, yielding slightly different results. Furthermore, cut-off points for dichotomizing varied, as 
well as the timing of questionnaires during pregnancy. Yet, we could not replicate previous findings even when 
we used the same well-validated questionnaire (PSS) in the same way and in the same trimester as in a prior 
 study22. Another line of evidence that links maternal wellbeing to offspring LTL comes from studies assessing 
maternal stress through physiological measures, such as hair cortisol. Circulating glucocorticoids are a potential 
mechanism of telomere attrition, but the relationship between experienced stress and cortisol output depends on 
many other factors, such as individual coping  style38. One possible mechanism behind the fetal programming of 
telomere biology-hypothesis1 is the effect of the maternal HPA axis on newborns’ telomeres. Indeed, stress can 
have a shortening effect on LTL via the HPA-axis39. This effect coud be modified during pregnancy, however, by 
both fetal gender-related specific effects on maternal cortisol levels, and a a gender-specific effect of maternal 
cortisol on newborns’  LTL40. In addition to fetal gender, many lifestyle, socioeconomic, and biological factors—
such as maternal smoking, being unemployed, BMI, c-reactive protein, and gestational age, as well as sampling 
time—were associated with maternal cortisol levels during  pregnancy41. Psychosocial stress, however, had no 
effect on maternal cortisol levels during pregnancy. Another study found contrary results indicating an effect 
of maternal psychosocial stress on cortisol levels during  pregnancy42. Besides cortisol, other mechanisms such 
as TNFα-mediated shortening of telomeres have also been  reported43. Careful consideration regarding consist-
ency and the relationship between different measures of maternal wellbeing is therefore needed. For example, 
trajectories af maternal wellbeing during  pregnancy44 could be associated with outcomes, instead of relying on 
questionnaire items at single timepoints, or multiple analyses using correlated predictors.

Many of the aforementioned aspects that may cause heterogenity between studies have been identified in a 
recent large meta-analysis of early adversities and  LTL45. It is worth noting that of 41 studies included in this 
meta-analysis, only two used umbilical-cord blood samples as a source of tissue and thus no definite conclusions 
could be drawn relative to newborns without additional data.

There are several strengths in our study: Our sample size is large, the study is population-based, and samples 
are collected from a defined geographical region. All measurements of maternal wellbeing were conducted at the 
same timepoint during the third trimester, with well-validated  questionnaires46. In addition, all measurements 
of LTL were performed in the same laboratory, at the same time, ensuring a high quality of analysis.

Some weaknesses do appear. Due to the fact that this is a population-based sample, only a minority of sub-
jects suffered from severe stress, anxiety, or clinically significant depression, which could be expected to affect 
the child through fetal  programming1. Self-reported stress during pregnancy was low in our sample—the mean 
score for PSS was 5.67 (SD = 2.83). In a clinical or high-risk sample, associations absent from this study might 
be detectable. For example, smoking had no effect on newborns’ LTL, similar to a previous study by Send et al.22. 
Smoking during pregnancy is quite rare in population-based samples; in our sample, only 5.7% of all mothers 
reported smoking during pregnancy. We did not observe an effect of maternal sleep on newborn LTL. This might 
suggest that sleep has no effect, or that different measurements of sleep are required to detect such an effect. In 
our population-based sample, the number of cases with severe sleep disturbances was small; it is possible that 
an effect would be detectable in case–control studies.

In conclusion, there may be multiple reasons for the diversity of findings observed concerning newborn LTL 
and various maternal-related factors, such as stress during pregnancy, anxiety, depression, or pre-pregnancy BMI. 
As solid evidence exists that these factors do have an effect on a child’s  development47–49, research into the pos-
sible molecular mechanisms is needed. Although LTL might serve as a marker for a good outcome measurement 
for these factors, methodological considerations should be vigorous in order to improve the reproducibility of 
findings. A publication bias might also exist, as there are no published negative findings on newborn LTL and 
various maternal and pregnancy-related topics.
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Materials and methods
Samples.  We used a large prospective Finnish birth cohort—the CHILD-SLEEP (CS)  cohort46. A prenatal 
questionnaire on sleep quality, stress, depression, and anxiety was administered during the third trimester (ges-
tation week 32).

The CS cohort was recruited from the Pirkanmaa Hospital District in Finland. Ethical approval was granted 
from the Pirkanmaa Hospital District ethical committee. All methods were performed in accordance with the 
relevant guidelines and regulations, and written informed consent was obtained from all participants. Parent’s 
informed consent was obtained for newborns. All children were born between 2011 and 2013. LTL was measured 
from a total of 1405 newborns (91.8% of all children with DNA available). The characteristics of our sample are 
described in Table 4. Children were born by spontaneous vaginal birth in 82.4% of cases, with vacuum-assisted 
vaginal birth in 7.5%, by elective cesarean section in 2.9%, and by acute cesarean section in 7.2%. The following 
variables were calculated from the study questionnaires: Maternal stress during pregnancy was evaluated with 
the short version of the Perceived Stress Scale (PSS)50. The scale measures perceived stress on a five-point scale. 
Summary scores ranged from 0 to 17 and Cronbach’s α for total score was 0.67. Maternal depression during 
pregnancy was evaluated with the Center for Epidemiological Studies Depression Scale (CES-D)51. The range 
of total scores was 2–23 (Cronbach’s α 0.78). Maternal anxiety during pregnancy was measured with the Short 
version of State and Trait anxiety Scale, Trait version (STAI)52. Total scores ranged from 6 to 21; Cronbach’s 
α was satisfying (0.78). Sleep quality was evaluated with The Basic Nordic Sleep questionnaire (BNSQ)53. The 
questionnaire has 21 items that measure self-reported sleep quality, sleep latency, sleep duration, and tiredness, 
among other measures. We calculated the insomnia score from BNSQ by summing up insomnia-related questions 
(BNSQ 1, 3, 4, 5, and 6) into a total insomnia score. This score ranged from 5 to 25 (Cronbach’s α 0.70). Snoring 
was dichotomized from BNSQ question 16 (“Do you snore?”); snoring one to two times a week or more was 
considered as a case. Smoking was evaluated with the question “Have you smoked during last 6 months?”; those 
who provided a “yes” answer were considered a smoker. Pre-pregnancy BMI was calculated from self-reported 
weight divided by self-reported  height2 .

Power analysis.  We performed power calculations based on the literature to explore whether our sample 
was sufficient to replicate previous findings regarding pregnancy-related maternal variables and their associa-
tion with newborn LTL. We selected maternal stress, BMI, smoking during pregnancy, depression, and anxiety 
during pregnancy as variables of interest. As there were no previous studies regarding sleep quality on LTL, we 
used sleep apnea in adults as a source for effect size. We extracted the effect size and error level from selected 
publications (Table 5). From our analyses, the power varies from 0.89 to 0.999.

Measurement of leukocyte telomere length.  LTL was measured from DNA extracted from peripheral 
blood taken from the umbilical cord at birth. DNA extraction from K2-EDTA-blood tubes was performed using 
magnetic bead technology with a PerkinElmer chemagic 360 instrument (Waltham, MA.USA) and CMG-704 
kit.

DNA was eluted in 400 µl 10 mM Tris–EDTA elution buffer (PerkinElmer). DNA concentration was measured 
with a Quant-iT™ PicoGreen™ dsDNA Assay Kit. Samples were aliquoted with Tecan Genesis/Tecan Freedom Evo 

Table 4.  Characteristics of study sample. BMI = Body Mass Index, self-reported weight divided by self-
reported  height2; STAI = Short version of State and Trait anxiety Scale,Trait version; PSS = Perceived Stress 
Scale; CES-D = Center for Epidemiological Studies Depression Scale;Apgar = 5-min Apgar score; BNSQ 
16 = Question “do you snore?” dichotomized as “yes” or “no”.

Continous variables Mean SD n

Maternal age 30.64 4.57 1323

Maternal BMI (kg/m2) 28.43 4.42 1351

Anxiety (STAI) 8.91 2.37 1390

Depression (CES-D) 7.01 3.42 1348

Stress (PSS) 5.67 2.83 1377

BNSQ insomnia score 14.80 3.31 1393

Child´s gestation age at birth, days 280.70 8.51 1340

Birth weight (g) 3597 449 1414

Birth weight 25% percentile( g) 3295

Birth weight 50% percentile (g) 3580

Birth weight 75% percentile(g) 3880

Apgar score 5 min 8.64 1.40 1337

Dichotomous variables n (cases) % n (controls) % Total

Maternal Snoring (BNSQ16) 330 (25%) 991 (75%) 1321

Maternal smoking 79 (5.7%) 1308 (94.3%) 1387

Child´s gender M = 693 (51.7%) F = 647 (48.3%) 1340
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(Tecan Trading AG, Switzerland) and shipped on dry ice for genetic analyses. DNA extraction was performed 
at the THL Biobank.

To measure LTL, we used a qPCR-based method as described  previously54–57. We used β-hemoglobin (Hgb) 
as a single-copy reference gene. Separate reactions for telomere and Hgb reaction were performed in paired 
384-well plates, in which matched sample well positions were used. Ten nanograms of DNA were used for each 
reaction, performed in triplicate. Every plate included a seven-point standard curve, which was used to create 
a standard curve and to perform absolute quantification of each sample. Samples and standard dilutions were 
transferred into the plates using a multichannel pipet and dried overnight at room temperature. A specific reac-
tion mix for the telomere reaction included 270 nM tel1b primer (5′-CGG TTT (GTT TGG )5GTT-3′) and 900 nM 
tel2b primer (5′-GGC TTG (CCT TAC )5CCT-3′), 0.2X SyBr Green I (Invitrogen, Carlsbad, CA.USA), 5 mM DTT 
(Sigma-Aldrich Saint-Louis MI, USA), 1% DMSO (Sigma-Aldrich), 0.2 mM of each dNTP (Fermentas, Waltham, 
MA.USA), and 1.25 U AmpliTaq Gold DNA polymerase (Applied Biosystems, Waltham, MA.USA) in a total 
volume of 15 µl AmpliTaq Gold Buffer II supplemented with 1.5 mM  MgCl2. The Hgb reaction mix included 
300 nM Hgb1 primer (5′-GCT TCT GAC ACA ACT GTG TTC ACT AGC-3′) and Hgb2 primer (5′-CAC CAA CTT 
CAT CCA CGT TCACC-3′) in a total volume of 15 µl of iQ SyBrGreen supermix (BioRad). The cycling conditions 
for telomere amplification were 10 min at 95 °C, followed by 25 cycles at 95 °C for 15 s and 54 °C for 2 min with 
signal acquisition. The cycling conditions for Hgb amplification were 95 °C for 10 min, followed by 35 cycles at 
95 °C for 15 s, 58 °C for 20 s, and 72 °C for 20 s with signal acquisition. Reactions were performed with a CFX384 
Real-Time PCR Detection System (Bio-Rad Hercules, Ca., USA). Melt-curve analysis was performed at the end 
of the run to ensure specific primer binding.

We used the Bio-Rad CFX Manager software to perform quality control. Samples with a standard deviation 
of more than 0.5 between triplicates were omitted from analysis. Plate effect was considered by analyzing five 
genomic DNA control samples on every plate. We normalized the telomere and Hgb signal values separately 
to the mean of these control samples before taking the T/S ratio. The control samples were used for calculating 
the coefficient of variation (CV) values, which was 8.42%. Samples with Z-scores < − 3.0 or > 3.0 were removed 
as outliers. From 1421 samples, 16 (1.1% of total sample) were discarded as outliers, and thus a total of 1405 
samples were used.

Statistical analyses.  We used linear regression model with Leukocyte Telomere length as a dependent 
variable and maternal anxiety, depression, stress, BMI, Sleep, qPCR analysis plate, maternal smoking, and 
childs’ gestational age at birth and child’s gender as explanatory variables. Due to high intercorrelation between 
PSS, CESD, and STAI, they were analysed separately in order to avoid collinearity bias (correlation coefficients 
between 0.57 and 0.61, p < 0.001). CESD and STAI scores were ln transformated in order to obtain better fit for 
linear regression. All analyses were performed using SPSS v.24 IBM, Armonk, NY, USA.

Power analysis was performed using R software (R ≥ 3.5.1) with specific algorithms implemented in R package 
“pwr”58 and for FDR correction we used R-package “p.adjust.”59. We took effect-size estimates from reference 
 publications22,26,27,32 and set the α error level to < 0.05. We also calculated minimum effect size detectable with 
80% likelihood (α = 5%) using otherwise the same parameters.

Data availability
The datasets analysed during the current study are available from the corresponding author on reasonable request.

Table 5.  Power analysis. Power refers to the calculated probability to detect a given effect with a given sample 
size, e.g. it describes the changes to find an effect previously found with a given sample size.

Variable Publication Effect size from reference publication Power (n)
Minimun effect size detectable with 80% 
power

Body mass index BMI
Martens DS, Plusquin M, Gyselaers W, et.al: 
Maternal pre-pregnancy body mass index and 
newborn telomere length. BMC Med. 2016 Oct 
18;14(1):148 27

r = − 0.11 0.999 (1351) 0.07

Smoking

Bosquet E M, Bollati V, Sideridis G, et.al: Sex 
differences in effects of maternal risk and 
protective factors in childhood and pregnancy 
on newborn telomere length. Psychoneuroen-
docrinology. 2018 Sep;95:74–85 23

r = − 0.18 0.999 (1387) 0.07

Depression

Bosquet E M, Bollati V, Sideridis G, et.al: Sex 
differences in effects of maternal risk and 
protective factors in childhood and pregnancy 
on newborn telomere length. Psychoneuroen-
docrinology. 2018 Sep;95:74–85 26

r = 0.24 1 (1348) 0.07

Sleep
Salihu HM, King L, Patel P et. al: Association 
between maternal symptoms of sleep disor-
dered breathing and fetal telomere length. 
Sleep. 2015 Apr 1;38(4):559–66 32

r = 0.375  = 1 (1392) 0.07

Stress
Send TS, Gilles M, Codd V, et. al: Telomere 
Length in Newborns is Related to Maternal 
Stress During Pregnancy. Neuropsychophar-
macology. 2017 Nov;42(12):2407–2413 22

r = 0.14 0.999 (1392) 0.07



8

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:13986  | https://doi.org/10.1038/s41598-020-71000-2

www.nature.com/scientificreports/

Received: 30 October 2019; Accepted: 6 August 2020

References
 1. Entringer, S., de Punder, K., Buss, C. & Wadhwa, P. D. The fetal programming of telomere biology hypothesis: an update. Philos. 

Trans. R. Soc. Lond. B Biol. Sci. https ://doi.org/10.1098/rstb.2017.0151 (2018).
 2. Kang, J. I. et al. Telomere length in alcohol dependence: a role for impulsive choice and childhood maltreatment. Psychoneuroen-

docrinology 83, 72–78. https ://doi.org/10.1016/j.psyne uen.2017.05.024 (2017).
 3. Cleal, K., Norris, K. & Baird, D. Telomere Length Dynamics and the Evolution of Cancer Genome Architecture. Int. J. Mol. Sci. 

https ://doi.org/10.3390/ijms1 90204 82 (2018).
 4. Huleyuk, N., Tkach, I., Zastavna, D. & Tyrka, M. Can telomere shortening be the main indicator of non-viable fetus elimination?. 

Mol. Cytogenet. 11, 11. https ://doi.org/10.1186/s1303 9-018-0361-9 (2018).
 5. Blasco, M. A. Telomeres and human disease: ageing, cancer and beyond. Nat. Rev. Genet. 6, 611–622. https ://doi.org/10.1038/

nrg16 56 (2005).
 6. Buss, C., Entringer, S. & Wadhwa, P. D. Fetal programming of brain development: intrauterine stress and susceptibility to psycho-

pathology. Sci. Signal 5, pt7. https ://doi.org/10.1126/scisi gnal.20034 06 (2012).
 7. Entringer, S., Buss, C. & Wadhwa, P. D. Prenatal stress, development, health and disease risk: a psychobiological perspective-2015 

Curt Richter Award Paper. Psychoneuroendocrinology 62, 366–375. https ://doi.org/10.1016/j.psyne uen.2015.08.019 (2015).
 8. Blackburn, E. H. & Gall, J. G. A tandemly repeated sequence at the termini of the extrachromosomal ribosomal RNA genes in 

Tetrahymena. J. Mol. Biol. 120, 33–53. https ://doi.org/10.1016/0022-2836(78)90294 -2 (1978).
 9. Blackburn, E. H., Epel, E. S. & Lin, J. Human telomere biology: a contributory and interactive factor in aging, disease risks, and 

protection. Science 350, 1193–1198. https ://doi.org/10.1126/scien ce.aab33 89 (2015).
 10. Gielen, M. et al. Body mass index is negatively associated with telomere length: a collaborative cross-sectional meta-analysis of 87 

observational studies. Am. J. Clin. Nutr. 108, 453–475. https ://doi.org/10.1093/ajcn/nqy10 7 (2018).
 11. Astuti, Y., Wardhana, A., Watkins, J. & Wulaningsih, W. Cigarette smoking and telomere length: a systematic review of 84 studies 

and meta-analysis. Environ. Res. 158, 480–489. https ://doi.org/10.1016/j.envre s.2017.06.038 (2017).
 12. Codd, V. et al. Identification of seven loci affecting mean telomere length and their association with disease. Nat. Genet. 45, 

422–427. https ://doi.org/10.1038/ng.2528 (2013).
 13. Russo, P. et al. Shorter telomere length in schizophrenia: evidence from a real-world population and meta-analysis of most recent 

literature. Schizophr. Res. 202, 37–45. https ://doi.org/10.1016/j.schre s.2018.07.015 (2018).
 14. Stefler, D. et al. Leukocyte telomere length and risk of coronary heart disease and stroke mortality: prospective evidence from a 

Russian cohort. Sci. Rep. 8, 16627. https ://doi.org/10.1038/s4159 8-018-35122 -y (2018).
 15. Ridout, K. K., Ridout, S. J., Price, L. H., Sen, S. & Tyrka, A. R. Depression and telomere length: a meta-analysis. J. Affect. Disord. 

191, 237–247. https ://doi.org/10.1016/j.jad.2015.11.052 (2016).
 16. Cawthon, R. M., Smith, K. R., O’Brien, E., Sivatchenko, A. & Kerber, R. A. Association between telomere length in blood and 

mortality in people aged 60 years or older. Lancet (Lond. Engl.) 361, 393–395. https ://doi.org/10.1016/s0140 -6736(03)12384 -7 
(2003).

 17. Fitzpatrick, A. L. et al. Leukocyte telomere length and mortality in the Cardiovascular Health Study. J. Gerontol. Ser. A Biol. Sci. 
Med. Sci. 66, 421–429. https ://doi.org/10.1093/geron a/glq22 4 (2011).

 18. Wang, Q., Zhan, Y., Pedersen, N. L., Fang, F. & Hagg, S. Telomere length and all-cause mortality: a meta-analysis. Ageing Res. Rev. 
48, 11–20. https ://doi.org/10.1016/j.arr.2018.09.002 (2018).

 19. Needham, B. L. et al. Leukocyte telomere length and mortality in the national health and nutrition examination survey, 1999–2002. 
Epidemiology (Cambridge, Mass.) 26, 528–535. https ://doi.org/10.1097/ede.00000 00000 00029 9 (2015).

 20. Hjelmborg, J. B. et al. The heritability of leucocyte telomere length dynamics. J. Med. Genet. 52, 297–302. https ://doi.org/10.1136/
jmedg enet-2014-10273 6 (2015).

 21. Honig, L. S. et al. Heritability of telomere length in a study of long-lived families. Neurobiol. Aging 36, 2785–2790. https ://doi.
org/10.1016/j.neuro biola ging.2015.06.017 (2015).

 22. Send, T. S. et al. Telomere length in newborns is related to maternal stress during pregnancy. Neuropsychopharmacology 42, 
2407–2413. https ://doi.org/10.1038/npp.2017.73 (2017).

 23. Salihu, H. M. et al. Association between maternal-perceived psychological stress and fetal telomere length. South. Med. J. 109, 
767–772. https ://doi.org/10.14423 /smj.00000 00000 00056 7 (2016).

 24. Marchetto, N. M. et al. Prenatal stress and newborn telomere length. Am. J. Obstet. Gynecol. 215(94), e91-98. https ://doi.
org/10.1016/j.ajog.2016.01.177 (2016).

 25. Entringer, S. et al. Maternal psychosocial stress during pregnancy is associated with newborn leukocyte telomere length. Am. J. 
Obstet. Gynecol. 208(134), e131-137. https ://doi.org/10.1016/j.ajog.2012.11.033 (2013).

 26. Bosquet Enlow, M. et al. Sex differences in effects of maternal risk and protective factors in childhood and pregnancy on newborn 
telomere length. Psychoneuroendocrinology 95, 74–85. https ://doi.org/10.1016/j.psyne uen.2018.05.025 (2018).

 27. Martens, D. S., Plusquin, M., Gyselaers, W., De Vivo, I. & Nawrot, T. S. Maternal pre-pregnancy body mass index and newborn 
telomere length. BMC Med. 14, 148. https ://doi.org/10.1186/s1291 6-016-0689-0 (2016).

 28. Wojcicki, J. M. et al. Cord blood telomere length in Latino infants: relation with maternal education and infant sex. J. Perinatol. 
36, 235–241. https ://doi.org/10.1038/jp.2015.178 (2016).

 29. Drury, S. S. et al. Setting the trajectory: racial disparities in newborn telomere length. J. Pediatr. 166, 1181–1186. https ://doi.
org/10.1016/j.jpeds .2015.01.003 (2015).

 30. Xu, J. et al. Reduced fetal telomere length in gestational diabetes. PLoS ONE 9, e86161. https ://doi.org/10.1371/journ al.pone.00861 
61 (2014).

 31. Entringer, S. et al. Maternal folate concentration in early pregnancy and newborn telomere length. Ann. Nutr. Metab. 66, 202–208. 
https ://doi.org/10.1159/00038 1925 (2015).

 32. Salihu, H. M. et al. Association between maternal symptoms of sleep disordered breathing and fetal telomere length. Sleep 38, 
559–566. https ://doi.org/10.5665/sleep .4570 (2015).

 33. Warland, J., Dorrian, J., Morrison, J. L. & O’Brien, L. M. Maternal sleep during pregnancy and poor fetal outcomes: a scoping 
review of the literature with meta-analysis. Sleep Med. Rev. 41, 197–219. https ://doi.org/10.1016/j.smrv.2018.03.004 (2018).

 34. Sedov, I. D., Cameron, E. E., Madigan, S. & Tomfohr-Madsen, L. M. Sleep quality during pregnancy: a meta-analysis. Sleep Med. 
Rev. 38, 168–176. https ://doi.org/10.1016/j.smrv.2017.06.005 (2018).

 35. Sackett, D. L. Bias in analytic research. J. Chronic Dis. 32, 51–63. https ://doi.org/10.1016/0021-9681(79)90012 -2 (1979).
 36. Neuner, B. et al. Telomere length is not related to established cardiovascular risk factors but does correlate with red and white 

blood cell counts in a German blood donor population. PLoS ONE 10, e0139308. https ://doi.org/10.1371/journ al.pone.01393 08 
(2015).

 37. Houseman, E. A. et al. DNA methylation arrays as surrogate measures of cell mixture distribution. BMC Bioinform 13, 86. https 
://doi.org/10.1186/1471-2105-13-86 (2012).

https://doi.org/10.1098/rstb.2017.0151
https://doi.org/10.1016/j.psyneuen.2017.05.024
https://doi.org/10.3390/ijms19020482
https://doi.org/10.1186/s13039-018-0361-9
https://doi.org/10.1038/nrg1656
https://doi.org/10.1038/nrg1656
https://doi.org/10.1126/scisignal.2003406
https://doi.org/10.1016/j.psyneuen.2015.08.019
https://doi.org/10.1016/0022-2836(78)90294-2
https://doi.org/10.1126/science.aab3389
https://doi.org/10.1093/ajcn/nqy107
https://doi.org/10.1016/j.envres.2017.06.038
https://doi.org/10.1038/ng.2528
https://doi.org/10.1016/j.schres.2018.07.015
https://doi.org/10.1038/s41598-018-35122-y
https://doi.org/10.1016/j.jad.2015.11.052
https://doi.org/10.1016/s0140-6736(03)12384-7
https://doi.org/10.1093/gerona/glq224
https://doi.org/10.1016/j.arr.2018.09.002
https://doi.org/10.1097/ede.0000000000000299
https://doi.org/10.1136/jmedgenet-2014-102736
https://doi.org/10.1136/jmedgenet-2014-102736
https://doi.org/10.1016/j.neurobiolaging.2015.06.017
https://doi.org/10.1016/j.neurobiolaging.2015.06.017
https://doi.org/10.1038/npp.2017.73
https://doi.org/10.14423/smj.0000000000000567
https://doi.org/10.1016/j.ajog.2016.01.177
https://doi.org/10.1016/j.ajog.2016.01.177
https://doi.org/10.1016/j.ajog.2012.11.033
https://doi.org/10.1016/j.psyneuen.2018.05.025
https://doi.org/10.1186/s12916-016-0689-0
https://doi.org/10.1038/jp.2015.178
https://doi.org/10.1016/j.jpeds.2015.01.003
https://doi.org/10.1016/j.jpeds.2015.01.003
https://doi.org/10.1371/journal.pone.0086161
https://doi.org/10.1371/journal.pone.0086161
https://doi.org/10.1159/000381925
https://doi.org/10.5665/sleep.4570
https://doi.org/10.1016/j.smrv.2018.03.004
https://doi.org/10.1016/j.smrv.2017.06.005
https://doi.org/10.1016/0021-9681(79)90012-2
https://doi.org/10.1371/journal.pone.0139308
https://doi.org/10.1186/1471-2105-13-86
https://doi.org/10.1186/1471-2105-13-86


9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:13986  | https://doi.org/10.1038/s41598-020-71000-2

www.nature.com/scientificreports/

 38. Angelier, F., Costantini, D., Blevin, P. & Chastel, O. Do glucocorticoids mediate the link between environmental conditions and 
telomere dynamics in wild vertebrates? A review. Gen. Comp. Endocrinol. 256, 99–111. https ://doi.org/10.1016/j.ygcen .2017.07.007 
(2018).

 39. Epel, E. S. Psychological and metabolic stress: a recipe for accelerated cellular aging?. Hormones (Athens) 8, 7–22. https ://doi.
org/10.14310 /horm.2002.1217 (2009).

 40. Bosquet Enlow, M. et al. Maternal cortisol output in pregnancy and newborn telomere length: evidence for sex-specific effects. 
Psychoneuroendocrinology 102, 225–235. https ://doi.org/10.1016/j.psyne uen.2018.12.222 (2019).

 41. Bleker, L. S., Roseboom, T. J., Vrijkotte, T. G., Reynolds, R. M. & de Rooij, S. R. Determinants of cortisol during pregnancy—the 
ABCD cohort. Psychoneuroendocrinology 83, 172–181. https ://doi.org/10.1016/j.psyne uen.2017.05.026 (2017).

 42. Bublitz, M. H., Bourjeily, G., D’Angelo, C. & Stroud, L. R. Maternal sleep quality and diurnal cortisol regulation over pregnancy. 
Behav. Sleep Med. 16, 282–293. https ://doi.org/10.1080/15402 002.2016.12101 47 (2018).

 43. Maekawa, T. et al. ATF7 mediates TNF-alpha-induced telomere shortening. Nucleic Acids Res. 46, 4487–4504. https ://doi.
org/10.1093/nar/gky15 5 (2018).

 44. Korja, R. et al. The courses of maternal and paternal depressive and anxiety symptoms during the prenatal period in the FinnBrain 
Birth Cohort study. PLoS ONE 13, e0207856. https ://doi.org/10.1371/journ al.pone.02078 56 (2018).

 45. Ridout, K. K. et al. Early life adversity and telomere length: a meta-analysis. Mol. Psychiatry 23, 858–871. https ://doi.org/10.1038/
mp.2017.26 (2018).

 46. Juulia Paavonen, E. et al. Maternal and paternal sleep during pregnancy in the child-sleep birth cohort. Sleep Med. 29, 47–56. https 
://doi.org/10.1016/j.sleep .2016.09.011 (2017).

 47. Robinson, R., Lahti-Pulkkinen, M., Heinonen, K., Reynolds, R. M. & Raikkonen, K. Fetal programming of neuropsychiatric 
disorders by maternal pregnancy depression: a systematic mini review. Pediatr. Res. 85, 134–145. https ://doi.org/10.1038/s4139 
0-018-0173-y (2019).

 48. Madigan, S. et al. A meta-analysis of maternal prenatal depression and anxiety on child socioemotional development. J. Am. Acad. 
Child Adolesc. Psychiatry 57, 645-657.e648. https ://doi.org/10.1016/j.jaac.2018.06.012 (2018).

 49. Goldstein, R. F. et al. Gestational weight gain across continents and ethnicity: systematic review and meta-analysis of maternal 
and infant outcomes in more than one million women. BMC Med. 16, 153. https ://doi.org/10.1186/s1291 6-018-1128-1 (2018).

 50. Cohen, S., Kamarck, T. & Mermelstein, R. A global measure of perceived stress. J. Health Soc. Behav. 24, 385–396 (1983).
 51. Irwin, M., Artin, K. H. & Oxman, M. N. Screening for depression in the older adult: criterion validity of the 10-item center for 

epidemiological studies depression scale (CES-D). Arch. Intern. Med. 159, 1701–1704. https ://doi.org/10.1001/archi nte.159.15.1701 
(1999).

 52. Bieling, P. J., Antony, M. M. & Swinson, R. P. The state-trait anxiety inventory, trait version: structure and content re-examined. 
Behav. Res. Ther. 36, 777–788. https ://doi.org/10.1016/s0005 -7967(98)00023 -0 (1998).

 53. Partinen, M. & Gislason, T. Basic Nordic Sleep Questionnaire (BNSQ): a quantitated measure of subjective sleep complaints. J. 
Sleep Res. 4, 150–155. https ://doi.org/10.1111/j.1365-2869.1995.tb002 05.x (1995).

 54. Cawthon, R. M. Telomere measurement by quantitative PCR. Nucleic Acids Res. 30, e47. https ://doi.org/10.1093/nar/30.10.e47 
(2002).

 55. Eerola, J. et al. No evidence for shorter leukocyte telomere length in Parkinson’s disease patients. J. Gerontol. Ser. A Biol. Sci. Med. 
Sci. 65, 1181–1184. https ://doi.org/10.1093/geron a/glq12 5 (2010).

 56. Kananen, L. et al. Childhood adversities are associated with shorter telomere length at adult age both in individuals with an anxiety 
disorder and controls. PLoS ONE 5, e10826. https ://doi.org/10.1371/journ al.pone.00108 26 (2010).

 57. Kao, H. T. et al. Rapid telomere erosion in schizophrenia. Mol. Psychiatry 13, 118–119. https ://doi.org/10.1038/sj.mp.40021 05 
(2008).

 58. Stephane Champely [aut], C. E. C., Peter Dalgaard [ctb], Jeffrey Gill [ctb], Stephan Weibelzahl [ctb], Aditya Anandkumar [ctb], 
Clay Ford [ctb], Robert Volcic [ctb], Helios De Rosario [cre] https ://CRAN.R-proje ct.org/packa ge=pwr. https ://CRAN.R-proje 
ct.org/packa ge=pwr

 59. Benjamini, Y., Drai, D., Elmer, G., Kafkafi, N. & Golani, I. Controlling the false discovery rate in behavior genetics research. Behav. 
Brain Res. 125, 279–284. https ://doi.org/10.1016/s0166 -4328(01)00297 -2 (2001).

Acknowledgments
We thank Jenni Lahtinen for performing the qPCR measurements and for three anonymous reviewers for their 
constructive comments, which greatly improved this manuscript.

Author contributions
A.J.Ä. performed statistical analyses and drafted the manuscript , E.I. V. contributed to statistical desing and 
writing of manuscript, I.H. designed lab. experiment and contributed to manuscript writing, J. P., O. S.-H., A. 
K., P. P. and T. P.-H. contributed to designing of study, sample collection and manuscript reviewing. T. P. con-
ceptualized the study, contributed to statistical design and writing of manuscript and supervising the project.

funding
This study was funded by the Academy of Finland (Grants 134880; 308588 to EJP https ://www.aka.fi/skidi kids, 
253346 to TP) and Gyllenberg foundation (to TP).

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-71000 -2.

Correspondence and requests for materials should be addressed to A.-J.Ä.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1016/j.ygcen.2017.07.007
https://doi.org/10.14310/horm.2002.1217
https://doi.org/10.14310/horm.2002.1217
https://doi.org/10.1016/j.psyneuen.2018.12.222
https://doi.org/10.1016/j.psyneuen.2017.05.026
https://doi.org/10.1080/15402002.2016.1210147
https://doi.org/10.1093/nar/gky155
https://doi.org/10.1093/nar/gky155
https://doi.org/10.1371/journal.pone.0207856
https://doi.org/10.1038/mp.2017.26
https://doi.org/10.1038/mp.2017.26
https://doi.org/10.1016/j.sleep.2016.09.011
https://doi.org/10.1016/j.sleep.2016.09.011
https://doi.org/10.1038/s41390-018-0173-y
https://doi.org/10.1038/s41390-018-0173-y
https://doi.org/10.1016/j.jaac.2018.06.012
https://doi.org/10.1186/s12916-018-1128-1
https://doi.org/10.1001/archinte.159.15.1701
https://doi.org/10.1016/s0005-7967(98)00023-0
https://doi.org/10.1111/j.1365-2869.1995.tb00205.x
https://doi.org/10.1093/nar/30.10.e47
https://doi.org/10.1093/gerona/glq125
https://doi.org/10.1371/journal.pone.0010826
https://doi.org/10.1038/sj.mp.4002105
https://CRAN.R-project.org/package=pwr
https://CRAN.R-project.org/package=pwr
https://CRAN.R-project.org/package=pwr
https://doi.org/10.1016/s0166-4328(01)00297-2
https://www.aka.fi/skidikids
https://doi.org/10.1038/s41598-020-71000-2
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:13986  | https://doi.org/10.1038/s41598-020-71000-2

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

