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Abstract

Background Telomere length (TL) has been reported to be associated with conditions such as endometriosis

and polycystic ovary syndrome, with some studies finding associations with shorter TL and others with longer TL. In
men, studies mostly report associations between shorter TL and sperm quality. To our knowledge, no studies have
thus far investigated associations between TL and fecundability or the use of assisted reproductive technologies
(ART).

Methods This study is based on the Norwegian Mother, Father, and Child Cohort (MoBa) Study and uses data

from the Medical Birth Registry of Norway (MBRN). We included women (24,645 with genotype data and 1054 with TL
measurements) and men (18,339 with genotype data and 965 with TL measurements) participating between 1998
and 2008. We investigated associations between leukocyte TL (LTL) and fecundability (defined as the probability

to conceive within a given menstrual cycle), infertility (defined has having spent 12 months or more trying to con-
ceive without success), and ART use. We also repeated the analyses using instrumental variables for LTL consisting

of genetic risk scores for LTL and genetically predicted LTL.

Results Approximately 11% of couples had experienced infertility and 4% had used ART. LTL was not associated
with fecundability in women (fecundability ratio [FR], 0.98; 95% confidence interval [Cl], 0.92-1.04) or men (FR, 0.99;
Cl,0.93-1.06), nor with infertility in women (odds ratio [OR], 1.03; Cl, 0.85-1.24) or men (OR, 1.05; Cl, 0.87-1.28). We
observed an increased likelihood of using ART with increasing LTL in men (OR, 1.22; Cl, 1.03-1.46), but not in women
(OR, 1.10; CI,0.92-1.31). No significant associations were observed using the instrumental variables for LTL.

Conclusions We found no indication that LTL is a suitable biomarker for assessing fecundability, infertility, or ART use.
Additional studies are required to replicate the association observed between LTL and ART use in men.

Keywords Assisted reproductive technologies, Fecundability, Infertility, Mendelian randomization, MoBa, MRBN,
Telomere length

*Correspondence:

Karoline H. Skara

karolinehansen.skara@fhi.no

Full list of author information is available at the end of the article

©The Author(s) 2024. 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 licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence 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
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12916-024-03795-0&domain=pdf
http://orcid.org/0000-0003-2622-8356

Skara et al. BMC Medicine (2024) 22:580

Background

Ageing entails an increased prevalence of several diseases
arising from an inevitable and irreversible decline in
physiological function across multiple organ systems [1].
It involves a gradual accumulation of molecular and cel-
lular damage, including DNA mutations, oxidative stress,
and telomere shortening [2]. Telomeres are DNA pro-
tein structures located at the ends of each chromosome.
They consist of 5’-TTAGGG-3’ tandem repeats that serve
as protective caps to prevent chromosomal degradation
during DNA replication, thus maintaining genomic sta-
bility and preserving genetic information across cell divi-
sions [3, 4]. Telomere length (TL) is commonly measured
in human blood leukocytes [5], highly heritable across
generations, and gradually shortens with age, triggering
cellular senescence or apoptosis upon reaching a critical
threshold [4, 6, 7].

Fecundability, defined as the probability of conceiving
within a single menstrual cycle, declines with age [8—10].
This decline in women is largely attributable to changes
such as a decrease in the number and quality of oocytes
as well as altered hormonal levels [8]. Accordingly, the
risk of infertility, defined as being unable to establish a
clinical pregnancy after 12 months of regular, unpro-
tected intercourse, increases with age [9]. While the
impact of age on male infertility is less pronounced than
it is for female infertility, there is evidence of a gradual
decline in semen quality with age [11]. However, these
factors only partly explain the decrease in fecundability
and increase in risk of infertility with age in both sexes
[12]. It has been proposed that variations in TL could
explain this unexplained variation and potentially act as a
biomarker for low fecundability and high risk of infertil-
ity (13, 14].

Current evidence supports an association between TL
and proxies of low fecundability or infertility, such as
premature ovarian failure, oocyte maturation, polycys-
tic ovary syndrome (PCOS), and endometriosis [15, 16].
However, studies investigating these associations have
produced conflicting results [15, 16]. For endometrio-
sis, for instance, some studies report an association with
longer TL [17, 18], but others with shorter TL [19, 20].
Most studies on the relationship between TL and sperm
quality in men suggest that shorter TL is associated with
infertility-related sperm characteristics, although some
studies also report associations with longer TL [15, 21].
Generally, studies investigating the association between
TL and reproductive potential involve modest sample
sizes, ranging from 30 to 1200 participants [15]. Crucially,
none of the above studies have specifically addressed
fecundability or the use of assisted reproductive technol-
ogies (ART). Previous studies have also not incorporated
the use of genetic risk scores (GRS) for TL, which could
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provide additional insights into the unconfounded rela-
tionship between TL and reproductive potential [22, 23].
The relationship between TL and fecundability in both
women and men therefore remains unclear.

Given these important knowledge gaps, we aimed to
investigate whether leukocyte TL (LTL) was associated
with fecundability, infertility, or use of ART in women
and men participating in the Norwegian Mother, Father,
and Child Cohort Study (MoBa). Given that telomere
shortening can potentially impair cellular function,
affecting key reproductive processes such as egg and
sperm quality, ovarian reserve and overall infertility, we
hypothesized that there would be an association between
LTL and fecundability, infertility, and ART use in both
women and men.

Methods

Study population

We studied participants in MoBa, a population-based
pregnancy cohort in which pregnant women and their
partners were recruited around the 17th week of gesta-
tion between 1998 and 2008 [24, 25]. Blood samples were
collected at recruitment, and the majority of the partici-
pants have been genotyped [26, 27].

Measurements of LTL were conducted on a subset of
nulliparous women and their partners who had term
singleton live births and responded to questionnaires
administered at gestational weeks 17 and 30. Couples in
which the women had a history of chronic hypertension
or diabetes, as well as those registered with preeclampsia
during pregnancy or with a baby diagnosed with congen-
ital anomalies, were excluded from the LTL measure-
ments (see Fig. 1). For the present study, we only included
couples who reported their time to pregnancy (TTP) and
those who reported having conceived using ART.

The Regional Committee for Medical and Health
Research Ethics of South-East Norway (REK 2017/1362)
approved this study. A written informed consent was
obtained from all participants. To facilitate comparisons
between studies, our work adheres with the “Strength-
ening the Reporting of Observational Studies in Epide-
miology (STROBE)” guidelines for reporting Mendelian
randomization and cohort studies.

Telomere measurements

Average LTL was measured in 1597 women and 1582
men using the Southern blotting method, which is based
on measuring terminal restriction fragments (TRFs)
twice and taking the mean of the two measurements
as previously described [28]. After applying the selec-
tion criteria mentioned above, pregnancies were ran-
domly selected for the study and classified according to
ART use. For studying ART, LTL was only measured in
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Fig. 1 Flowchart of the study population. Shown here are the participants for whom we had (i) only leukocyte telomere length (LTL) measurements
(in yellow), (i) only genotypes (in purple), and (iii) both LTL measurements and genotypes (in green)

women aged 30 years or older, as women who use ART
tend to be older and above this age cutoff. In contrast,
in women conceiving through sexual intercourse, LTL
was measured in women aged 18 years or above, with
a targeted oversampling of women at about 32 years of
age (Additional file 1: Fig. S1). Given the strong correla-
tion between TL and age due to the gradual attrition of
TL with each cell division, we calculated residual LTL by
regressing LTL against the age at which LTL was meas-
ured to obtain age-adjusted LTL for all analyses (hereaf-
ter referred to simply as LTL; see Additional file 1: Fig,
S2).

Genetics of telomeres

Genotyping of MoBa samples was carried out in 26 sepa-
rate batches, each with varying selection criteria, geno-
typing arrays, genotyping core facilities, and specific
quality control (QC) criteria used by the “MoBaPsych-
Gen” pipeline as outlined in Corfield et al. [29]. For vari-
ant calling, single-nucleotide polymorphisms (SNPs) with
a minor allele frequency (MAF) of<0.5%, call rate <98%,
Hardy—Weinberg equilibrium p-value<1x107%, or

heterozygosity within+3 standard deviations from the
mean were excluded. Samples were also excluded for
erroneous sex assignment (i.e., genetically inferred sex
contradicting reported sex). The European Genome-Phe-
nome Archive Haplotype Reference Consortium (HRC)
release 1.1 was used as the reference panel for both pre-
phasing and imputation. Post-imputation QC was con-
ducted on the merged imputation batches, retaining only
SNPs that passed QC in all batches (see Corfield et al.
[29] for further details).

In order to minimize the impact of unmeasured con-
founding, which often bias observational studies, and
enhance statistical power in our study, we calculated GRS
as instrumental variables for LTL based on the frame-
work for one-sample Mendelian randomization analy-
ses [30]. We identified independent SNPs significantly
associated with LTL (P<5x107®%) from the most recent
genome-wide association study (GWAS) of LTL by Codd
et al. [31]. Of the 197 SNPs identified by Codd et al. [31],
only 120 were present in our MoBa genotype dataset.
To handle the missing SNPs, we searched for substitute
SNPs in strong linkage disequilibrium with the missing
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SNPs (R?>0.9) within a 1-Mb window of the missing
SNPs, allowing us to include 144 SNPs for computing
GRS.

The GRS for LTL were calculated by summing up the
weighted risk alleles using effect sizes from Codd et al.
[31] and applying the formula: GRS =) ", B;SNP;,
where B; represents the effect of the i th SNP, m the
number of SNPs showing associations as risk predictors,
and SNP; the number of effect alleles for the i th SNP.
We also used the GRS to estimate genetically predicted
age-adjusted LTL through two-stage least square (2SLS)
regression, adjusting for the first ten ancestry-informa-
tive genetic principal components, as outlined by Burgess
et al. [32].

Fecundability, infertility, and use of assisted reproductive
technologies

We used self-reported TTP as a measure of fecundabil-
ity, defined as the probability of conceiving during a given
menstrual cycle. Women indicated whether their preg-
nancy was planned and, if so, the time spent trying to
conceive. For this variable, the options were “<1 month,’
“1-2 months,” or “3 or more months” We assigned a
TTP value of 1 and 2 months to the first two categories,
respectively. For those reporting “3 or more months,” the
exact number of months spent trying to conceive was
used as their TTP. If the exact number of months was
not provided, a TTP value of 3 months was assigned.
For women who reported their cycle length, TTP was
adjusted to reflect the number of cycles rather than the
number of months. To investigate infertility specifically,
we classified couples as experiencing infertility if they
had tried to conceive for at least 12 months before suc-
ceeding, based on the women’s self-reports [9]. Couples
who did not have a planned pregnancy, used contracep-
tives at conception, or conceived through ART were
excluded from this analysis.

Information on the use of ART, the main and contrib-
uting reasons for using ART, and ART treatment modal-
ity was obtained through linkage with the Medical Birth
Registry of Norway. As a sub-analysis of the main reason
for ART use, women registered for having endometriosis,
ovulatory disorders, or tubal factor infertility as the main
reason for ART use were classified as “main female-factor
infertility”. Men registered for having sperm factor infer-
tility as the main reason for ART use were classified as
“main male-factor infertility” Similarly, as a sub-analysis
of contributing reasons to ART use, women registered
for having endometriosis, ovulatory disorders, tubal fac-
tor infertility, or uterus anomalies as contributing reasons
for ART use were classified as “contributing female-fac-
tor infertility”. Similarly, men registered for having sperm
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factor infertility as a contributing reason for ART use
were classified as “contributing male-factor infertility”.

Statistical analyses
To examine the effect of LTL on fecundability, infertility,
and the use of ART, we examined the three measures of
LTL separately, i.e., (i) LTL measured by Southern Blot
(hereafter referred to as TRF-determined LTL), (ii) GRS
for TL, and (iii) genetically predicted TL. For the analy-
sis of fecundability, we further used proportional prob-
ability regression and a discrete survival approach to
estimate fecundability ratios (FRs), using the various LTL
measures as exposures and menstrual cycles as the unit
of time in each analysis. This allowed us to estimate the
relative difference in the probability of conceiving within
a given menstrual cycle, according to increasing levels
of the three LTL measures. This approach assumes that
there is no disproportionate effect of any of the variables
on the probability to conceive within a specific cycle.
We censored the TTP at twelve cycles as this is when
couples are more prone to seek infertility treatment.
We also investigated the possibility of non-linear asso-
ciations between the various LTL measures and fecund-
ability using generalized additive models (GAMs) with
restricted cubic splines using the mgcv R package [33].
We assessed model fit based on the effective degrees of
freedom (EDF) and the Akaike information criterion
(AIC) [33]. For the analyses of differences in propensity
to infertility and ART use according to increasing levels
of the three LTL measures, we used logistic regression to
estimate the odds ratio (OR) for each of these outcomes.
The analyses of TRF-determined LTL were further
adjusted for age (continuous), pre-pregnancy body mass
index (BMI; continuous; kg/mz), highest completed or
ongoing education level (categorical; university and
high school or below), and smoking status (categorical;
non-smoker, former smoker, and smoker during the last
3 months before pregnancy). In the analyses using GRS
for LTL and genetically predicted LTL as exposures, we
adjusted for age (continuous) and the first five genomic
principal components (continuous). When analysing GRS
for LTL, we used age at birth for the MoBa index preg-
nancy as an alternative to the age when the TRF-deter-
mined LTL was measured. To ensure that these measures
are comparable, we investigated the associations with
fecundability, infertility, and ART use per standard devia-
tion (SD) increase in the LTL measures.

Sensitivity analyses

Since LTL was only measured in women aged 30 years or
older and their partners in the ART group, we conducted
sensitivity analyses excluding women and men under 30
from the non-ART comparison (the reference group) in
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Table 1 Characteristics of the study population

Women Men

Fertile Infertile ART use Fertile Infertile ART use
N (%) 784 153 173 753 142 179
Age, median (IQR) 32.1(286,33.8) 333(31.7,34.8) 34.1(324,35.9) 32.7(29.9,35.8) 34.0(31.1,37.8) 35.8(33.6,38.8)
TL, median (IQR) 7.8(7.3,83) 7.7(7.3,8.1) 79(73,83) 7.7(72,8.1) 7.7(7.3,8.1) 7.8(7.3,83)
TTP, median (IQR) 2(2,5) 17 (12, 26) 3(2,5) 17 (12, 28)
BMI, median (IQR) 22.8(21.1,253) 23.7(21.3,27.5) 229(21.4,25.0) 254(235,27.7) 25.7 (24.0,27.6) 256(24.3,27.8)
BMI, N (%) 770 (98.2) 153 (100.0) 171 (98.8) 740 (98.3) 139 (97.9) 177 (98.9)
Missing, N (%) 14 (1.8) 0(0.0) 2(1.2) 13(1.7) 3.0 2(1.1)
Higher education, N (%) 579 (73.9) 110(71.9) 148 (85.6) 455 (60.4) 85 (59.6) 120 (67.0)
Lower education, N (%) 187 (23.9) 39 (25.5) 17 (9.8) 282 (37.9) 57 (40.1) 57 (31.9)
Missing, N (%) 18 (2.3) 4(26) 8 (4.6) 13(1.7) 0(0.0) 2(1.1)
Non-smoker, N (%) 406 (51.8) 78 (51.0) 90 (52.0) 297 (39.4) 55(38.7) 66 (36.9)
Smoker>3 mo. ago, N (%) 158 (20.2) 29(19.0) 45 (26.0) 192 (25.5) 36 (25.4) 59 (33.0)
Smoker last 3 mo., N (%) 212 (27.0) 45 (29.4) 36 (20.8) 192 (25.5) 45 (31.7) 48 (26.8)
Missing, N (%) 8(1.0) 1(0.6) 2(1.2) 72 (9.6) 6(4.2) 6(3.4)

Characteristics of the participants in the study population with measurements of telomere length

the analyses of ART use, as well as from all analyses of
fecundability and infertility. Given that a couple’s LTL
can be correlated due to assortative mating, we car-
ried out another sensitivity analysis where we mutually
adjusted for the LTL measures of partners.

Software
Analyses were performed in R software version 4.2.3 [34, 35].

Results
Our study population included 1054 women and 965 men
in the analysis of TRF-determined LTL. Overall, 24,645
women and 18,339 men were included in the analysis of
GRS for LTL and 958 women and 920 men in the analy-
sis of genetically predicted LTL (Fig. 1). Among those
assessed for TRF-determined LTL and genetically pre-
dicted TL, 15% of couples had spent 12 months or more
trying to conceive, whereas approximately 20% of cou-
ples had used ART to conceive. The mean age within this
subsample was 32 years (SD=4 years) for women and
34 years (SD=5 years) for men. Within the subsample
of the study population with data on GRS for LTL, 11%
of couples had spent 12 months or more trying to con-
ceive, whereas 4% of couples had used ART to conceive.
The mean age among these individuals was 29 years
(SD =4 years) for women and 32 (SD =5 years) for men.
Across all groups, those with infertility who con-
ceived through sexual intercourse or ART typically
had a slightly higher BMI than those who spent less
than 12 months to conceive but were otherwise similar
with respect to educational level and smoking behav-
iour (Table 1, Additional file 1: Table S1). The Pearson

correlation coefficient for TRF-determined LTL between
partners was 0.31 (Additional file 1: Fig. S3). The GRS for
LTL and genetically predicted LTL were associated with
longer TRF-determined LTL in both sexes, explaining
6% of TRF-determined LTL variation (Pearson correla-
tion coefficient=0.25, Additional file 1: Fig. S5 and S6).
Using the first-stage F-statistic to test the strength of the
association between GRS and TRF-determined LTL, we
found no signs of weak instrument bias (F-statistic > 10,
Additional file 1: Fig. S5 and Table S2) [36].

Fecundability and infertility

We found no significant associations between any of the
LTL measures and fecundability in both women and men
(Fig. 2). The effects observed were mostly proportional to
each other across menstrual cycles (Additional file 1: Fig.
S7 and S8). Furthermore, there was no strong evidence
of any non-linear relationships between LTL and fecund-
ability across the different LTL measures (Fig. 3, Addi-
tional file 1: Table S3). Similarly, we found no significant
associations between any of the LTL measures and infer-
tility in either sex (Fig. 4).

Assisted reproductive technologies

We found no significant associations between any of the
LTL measures and ART use in women (Fig. 5). In men,
however, we found an association between longer TRE-
determined LTL and increased risk of ART use (OR, 1.22;
95% confidence interval [CI], 1.03-1.1.46). The latter
result was consistent when investigating both male fac-
tor infertility as the main reason for using ART (OR, 1.37;
CI, 1.02-1.85) and as any reason for using ART (OR,
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Fig. 2 The associations between telomere length and fecundability. The associations between one standard deviation (SD) increase
in TRF-determined leukocyte telomere length (LTL) measures and fecundability in a women and b men

1,34; CI, 1.03-1.74). However, the increased likelihood of
ART use with longer LTL in men was not observed when
investigating GRS for LTL and genetically predicted LTL.

Sensitivity analyses

The results remained consistent when we restricted the
study population to women and men aged 30 years or
older in the analyses of fecundability, infertility, and
ART use (Additional file 1: Fig. S9, S10 and S11) and
when adjusting for partners’ LTL measures in all analyses
(Additional file 1: Fig. S12, S13 and S14).

Discussion

To our knowledge, this is the first study to investigate the
relationship between LTL, fecundability, and ART use. In
this large population-based study of healthy women and
men who were able to conceive, we found no significant
associations between LTL measures and fecundability or
infertility. However, we found a higher likelihood of ART
use in men with longer TRF-determined LTL, a pattern
not found in women. This observed association in men
using ART persisted, regardless of whether male factor
infertility was considered as a main reason, when it was
considered a contributing reason for ART use, or when
mutually adjusting for their partners’ TRF-determined
LTL. Curiously, this increased likelihood of ART use in

men with longer LTL was not replicated when we used
GRS for LTL or genetically-predicted LTL.

Our null findings contrast with those of earlier studies
reporting associations between TL and infertility-related
phenotypes in women, such as PCOS and endometriosis,
as well as an association between TL and sperm quality
in men [15, 16, 21]. However, as studies have identified
associations with both shorter and longer TL compared
to those without infertility-related phenotypes, these
mixed results highlight the ambiguity in interpreting
any potential relationship between TL and reproductive
potential. For example, our findings may have been influ-
enced by the study being restricted to couples who even-
tually conceived, carried a pregnancy to term, and had
a live birth. This could have affected our analyses. Addi-
tional studies of TL that focus on couples who remain
infertile would be valuable. Moreover, as TRF-deter-
mined LTL was measured during pregnancy in our study,
it is possible that pregnancy itself might have influenced
LTL in women. For instance, endogenous oestrogens
might be associated with longer TL [37], and pregnancy
could potentially alter TL in women. However, a recent
review showed that TL did not change markedly dur-
ing early pregnancy [38]. Whether pregnancy affects TL
directly remains unclear. Furthermore, hormone treat-
ments administered to women during ART procedures
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Fig. 3 Non-linear associations between telomere length and fecundability. The non-linear associations between one standard deviation
(SD) in TRF-determined leukocyte telomere length (LTL) for a women and b men, genetic risk scores (GRS) for LTL for c women and d men,
and genetically predicted LTL for e women and f men, in relation to fecundability. The colour scheme is the same as in the flowchart in Fig. 1

to stimulate ovulation may have impacted the LTL
measures. However, any association detected between
TRF-determined LTL and ART use in men cannot be
attributed to hormone treatments, as men are not sub-
jected to such treatment.

The significant association between longer TRE-
determined LTL and ART use in men in our study
contradicts previously reported associations between
shorter TL and sperm-related factors. However, several
studies have identified a positive correlation between
offspring’s LTL and paternal age at conception (PAC),
even after adjusting for offspring’s age [39-42]. This
‘PAC effect’ could potentially explain the observed

association between TRF-determined LTL and ART
use in men. It has been proposed that TL in sperm
cells increases with age and that a more robust telom-
erase activity in these cells could be a mechanism for
the observed PAC effect [42]. Moreover, since older
men have lower sperm counts, the amount of telom-
erase available per sperm cells is also greater in older
men [43]. Consequently, the offspring of older fathers
tend to have longer LTL. To examine this further, we
calculated paternal residual LTL by regressing the TRF-
determined LTL on the fathers’ age when they them-
selves were born when and then repeating the analyses.
The Pearson correlation between fathers’ ages at birth
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Exposure . OR (95% Cl) P Nins. N,
1
'

TRF-determined LTL —— 1.05 (0.87, 1.28) 0.62 125 670
1
1

GRS for LTL - 1.00 (0.96, 1.05) 0.84 2,054 15,566
.
1

Genetically—predicted LTL —:—I— 1.13(0.92, 1.39) 0.24 111 656

0.5 0

1. 15
Odds ratio (95% Cl)

Fig.4 The associations between telomere length and infertility. The associations between one standard deviation (SD) increase in TRF-determined
leukocyte telomere length (LTL) measures and infertility for a women and b men

and TRF-determined LTL was 0.11 for women and 0.14
for men (Additional file 1: Fig. S4).

Although we found a significant PAC effect, further
adjusting for it in our analyses did not explain the associ-
ation between longer TRF-determined LTL and increased
likelihood of ART use in men in our study (Additional
file 1: Fig. S15, S16 and S17). An alternative explanation
might be related to common mechanistic patterns associ-
ated with male factor infertility. For instance, it has been
proposed that male factor infertility, including low sperm
count, may cluster within families [44, 45], potentially
leading to longer TL in the sperm of fathers and their off-
spring’s leukocytes. This familial pattern could also con-
tribute to the observed increased likelihood of ART use
in men from such families. Further studies, with detailed
analysis of male factor infertility across generations, are
needed to elucidate the link between longer LTL and the
higher likelihood of ART use in men.

Unmeasured confounding factors or bias may also
explain the observed association between TRF-deter-
mined LTL and ART use in men [46]. Our results may
have been biased by selection, as only a small number
of men used ART in our study. Moreover, when we used
GRS for LTL and genetically predicted LTL instead of
TRF-determined LTL, the observed association between
TRF-determined LTL and ART use in men was not repli-
cated, suggesting that environmental effects on LTL that
are also associated with ART use might instead be driv-
ing the association. Environmental factors potentially

influencing LTL include certain lifestyle factors, such
as nutrition and alcohol consumption [47]. While some
studies have found significant associations between TL
and nutrition and alcohol consumption [48, 49], others
have failed to find such evidence [50, 51]. However, the
observed associations between TRF-determined LTL and
ART use in men could still reflect the influence of such
unmeasured environmental factors.

Differences in TL measurement techniques may partly
account for the inconsistent findings across studies.
These methods encompass quantitative polymerase chain
reaction (qPCR)-based approaches to various fluores-
cent in situ hybridization (FISH) methods and Southern
blotting [52-55]. Additionally, telomere dynamics vary
across different tissues, especially between germ cells and
somatic cells [56]. TL can be measured in different tissues
and cells, including stromal cells, leukocytes, endome-
trial cells, tubal epithelial cells, granulosa cells or oocytes,
and sperm cells [15]. While telomeres shorten with age in
most tissues, they remain relatively stable in a few tissues,
including testis and ovaries, due to more robust telom-
erase activity [57]. Moreover, while there is consider-
able evidence linking oxidative stress and TL shortening
in vitro, the impact of oxidative stress on TL shortening
in vivo is less understood [58]. The typically small sample
sizes in selected populations used in some studies may
also lead to false positives. These methodological short-
comings could significantly affect the interpretation of
the effect of TL on infertility-related phenotypes.
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a) Women

Exposure : OR (95% CI) P Narr Nnonart

TRF-determined LTL :
ART - 1.10 (0.92, 1.31) 0.29 162 892
Main female factor infertility —EI— 1.05 (0.79, 1.39) 0.75 54 892
Contributing female factor infertility —E—I— 1.09 (0.84, 1.41) 0.51 64 892

GRS for LTL 1
ART -+- 1.00 (0.94, 1.07) 1.00 979 23,666
Main female factor infertility - 0.97 (0.87, 1.09) 0.66 305 23,666
Contributing female factor infertility —q'— 0.96 (0.87, 1.07) 0.49 385 23,666

Genetically—predicted LTL E
ART —.— 1.20 (0.99, 1.46) 0.18 139 819
Main female factor infertility —E—I— 1.20 (0.89, 1.62) 0.23 49 819
Contributing female factor infertility —— 1.17 (0.89, 1.55) 0.26 56 819

'

05 1.0 15
Odds ratio (95% Cl)
b) Men

Exposure : OR (95% Cl) P NarT Nnon-aRT

TRF-determined LTL :
ART E—I— 1.22(1.03, 1.46) 0.02 170 795
Main male factor infertility :—I— 1.37 (1.02, 1.85) 0.04 47 795
Contributing male factor infertility E—I— 1.34 (1.08, 1.74) 0.03 62 795

GRS for LTL 1
ART -:I- 1.02 (0.94, 1.10) 0.66 719 17,620
Main male factor infertility - 0.99 (0.88, 1.13) 0.93 243 17,620
Contributing male factor infertility I;— 0.96 (0.94, 1.10) 0.47 286 17,620

Genetically—predicted LTL E
ART —.— 0.93(0.78, 1.12) 0.46 153 767
Main male factor infertility —EI— 1.06 (0.77, 1.45) 0.74 42 767
Contributing male factor infertility —— 1.01 (0.76, 1.33) 0.96 55 767

'

'

05

1.0
QOdds ratio (95% CI)

15

Fig. 5 The associations between telomere length and use of assisted reproductive technologies. The association between a standard deviation (SD)
increase in TRF-determined leukocyte telomere length (LTL) measures and having conceived through assisted reproductive technologies (ART) in a

women and b men

Key strengths of our study include its sample size
and our ability to investigate associations with three
concrete measures of LTL as opposed to using proxies:
LTL assessed through direct measurements of TRFs by
Southern blot, GRS constructed for LTL from GWAS
summary statistics, and genetically predicted LTL.
Our measurements of LTL were obtained using South-
ern blot, which ensures higher accuracy and directly
interpretable TL in actual kilobases compared to, for
example, PCR-based methods from which TL needs to
be derived. We also had detailed information on TTP,
a more precise and temporal measure of reproductive
potential compared to for example infertility diagnoses.
Moreover, we were able to investigate the risk of infer-
tility in couples who conceived through sexual inter-
course and those who conceived through ART. We also
had detailed information on the reasons for using ART,
which is often lacking in comparable studies.

An important limitation of our study is that MoBa is a
pregnancy cohort. Since all participants were recruited
based on having achieved a pregnancy, we were unable to
investigate associations in women and men with the most
severe infertility problems, such as those who never con-
ceived or experienced early pregnancy loss. Importantly,
LTL may be a more appropriate biomarker for reproduc-
tive traits in childless women and men with infertility, a
hypothesis worth exploring in future studies. Given the
lack of data on childless women and men, we were also
unable to investigate the probability of using ART inde-
pendent of treatment outcome. Furthermore, recall bias
may have influenced our findings, particularly due to
potential inaccuracies in participants’ recollections of
their TTP. Although previous research has shown that
TTPs of less than 12 months are generally well-recalled
when reported retrospectively during pregnancy [59], the
longer TTPs in our fecundability analyses may have been
more susceptible to recall bias. Lastly, MoBa is generally
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a selected and homogeneous group of individuals, repre-
senting women and men within a higher socioeconomic
bracket compared to the population at large.

Conclusions

In conclusion, we found no significant evidence that LTL
measures influence fecundability, infertility, or use of
ART in either women or men. An exception was a mod-
est association observed between longer TREF-deter-
mined LTL and a higher likelihood of ART use in men.
Because this association was not observed when examin-
ing the same relationships using the other two measures
of LTL (GRS for LTL and genetically-predicted LTL), it
may be that unmeasured environmental factors could
be related to both LTL and ART use in men. Overall,
there was no evidence supporting the use of LTL as a
biomarker for assessing fecundability, infertility, or ART
use. However, this null finding warrants validation in
other large cohorts with comparable data, and which also
include couples who did not conceive as a control group.

Abbreviations

2SLS Two-stage least squares

AlC Akaike information criterion

ART Assisted reproductive technologies

BMI Body mass index

@] Confidence interval

EDF Effective degrees of freedom

FISH Fluorescent in situ hybridization

FR Fecundability ratio

GAM Generalized additive model

GRS Genetic risk score

GWAS Genome-wide association study

HRC The European Genome-Phenome Archive Haplotype Reference
Consortium

LTL Leukocyte telomere length

MAF Minor allele frequency

MBRN The Medical Birth Registry of Norway

MoBa The Norwegian Mother, Father, and Child Cohort Study
OR Odds ratio

PAC Paternal age at conception

PCOS Polycystic ovary syndrome

Qc Quiality control

qgPCR Quantitative polymerase chain reaction

SD Standard deviation

SNP Single-nucleotide polymorphism

STROBE  Strengthening the Reporting of Observational Studies in Epidemiology
TL Telomere length

TRF Terminal restriction fragment

TP Time to pregnancy

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-024-03795-0.

Additional file 1. Figs. S1-S17. Fig S1. Age distributions among participants.
Fig S2. Correlation between telomere length and age. Fig S3. Correlation
between telomere length in women and men. Fig S4. Paternal age effects.
Fig S5. Correlation between telomere length and genetic risk scores

for telomere length. Fig S6. Correlation between telomere length and
genetically predicted telomere length. Fig. S7. Within-cycle probabilities
of conception for participants with telomere data. Fig. S8. Within-cycle

Page 10 of 12

probabilities of conception for participants with genotype data. Fig. S9.
Telomere length and fecundability in age-restricted sample. Fig. S10.
Telomere length and infertility in age-restricted sample. Fig. S11. Telomere
length and use of ART in age-restricted sample. Fig. S12. Telomere length
and fecundability adjusted for partners'telomere length. Fig. S13. Telomere
length and infertility adjusted for partners'telomere length. Fig. S14.
Telomere length and use of ART adjusted for partners'telomere length.
Fig. S15. Telomere length and fecundability adjusted for PAC effects. Fig.
S16.Telomere length and infertility adjusted for PAC effects. Fig. S17.
Telomere length and use of ART adjusted for PAC effects. Additional file 1:
Tables S1-S3. Table S1. Characteristics of the study population. Table S2.
Robustness of genetic risk scores. Table S3. Statistical tests for non-linear
associations.

Acknowledgements

The Norwegian Mother, Father and Child Cohort Study is supported by the
Norwegian Ministry of Health and Care Services and the Ministry of Education
and Research. We are grateful to all the participating families in Norway who
take part in this ongoing cohort study. We thank the Norwegian Institute of
Public Health (NIPH) for granting access to high-quality genomic data. This
research is part of the HARVEST collaboration, supported by the Research
Council of Norway (grant 229624). We also thank the NORMENT Centre

for providing genotype data, funded by the Research Council of Norway
(grant 223273), Southeast Norway 2 Versjon 7.0, Health Authorities and the
Kristian Gerhard Jebsen Foundation. We further thank the Center for Diabetes
Research, University of Bergen, for providing genotype data and performing
quality control and imputation of the data funded by the ERC AdG project
SELECTionPREDISPOSED, Kristian Gerhard Jebsen Foundation, Trond Mohn
Foundation, Research Council of Norway, Novo Nordisk Foundation, University
of Bergen, and Western Norway Health Authorities.

Authors’ contributions

KH.S, Y.L, AJ., and M.CM. designed the study. K.H.S. performed the statistical
analyses and wrote the original draft of the manuscript. KH.S,, All authors
interpreted the data. AJ, HK.G,, AA, PM, and M.C.M. acquired funding for the
study. All authors read and approved the final manuscript.

Authors’ Twitter handles
Twitter handles: @karolineskaara (Karoline H. Skdra).

Funding

Open access funding provided by Norwegian Institute of Public Health (FHI)
The present study was supported by funding from the National Institutes of
Health (NIH) (grant ROT 1HL134840-01) and the European Research Council
(ERC) under the European Union's Horizon 2020 research and innovation pro-
gramme (grant 947684). It was also partly supported by the Research Council
of Norway (Women's fertility, grant 320656) and its Centres of Excellence
Funding Scheme (grant 262700). This study was also co-funded by the Euro-
pean Union (ERC, BIOSFER, grant 101071773). Views and opinions expressed
are, however, those of the author(s) alone and do not necessarily reflect those
of the European Union or the European Research Council. Neither the Euro-
pean Union nor the rest of the funders can be held responsible for them. The
authors declare no competing interests.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The study was approved by the Research Ethics Committee for Medical and
Health Research Ethics of South/East Norway (REK 2017/1362).

Consent for publication
There is no consent for publication for this paper.

Competing interests
The authors declare no competing interests.


https://doi.org/10.1186/s12916-024-03795-0
https://doi.org/10.1186/s12916-024-03795-0

Skara et al. BMC Medicine (2024) 22:580

Author details

!Centre for Fertility and Health, Norwegian Institute of Public Health, Skayen,
PO Box 222, 0213 Oslo, Norway. 2Department of Community Medicine

and Global Health, Institute of Health and Society, University of Oslo, Oslo,
Norway. *Department of Global Public Health and Primary Care, University
of Bergen, Bergen, Norway. “Center of Human Development and Aging,
New Jersey Medical School, Rutgers University, Newark, NJ, USA. °HUNT
Center for Molecular and Clinical Epidemiology, Department of Public Health
and Nursing, NTNU, Norwegian University of Science and Technology, Trond-
heim, Norway. *Department of Public Health and Nursing, HUNT Research
Centre, NTNU, Norwegian University of Science and Technology, 7030 Lev-
anger, Norway. ’Clinic of Medicine, St. Olavs Hospital, Trondheim University,
Trondheim, Norway. ®Division of Mental and Physical Health, Norwegian Insti-
tute of Public Health, Oslo, Norway. °Blanquerna School of Health Sciences,
Universitat Ramon Llull, 08025 Barcelona, Spain. '°Consortium for Biomedical
Research—Pathophysiology of Obesity and Nutrition (CIBEROBN), Instituto
de Salud Carlos Il Monforte de Lemos 3-5, 08029 Madrid, Spain. ' Telemark
Hospital Trust, Fertilitetsavdelingen Soer, Porsgrunn, Norway.

Received: 16 May 2024 Accepted: 25 November 2024
Published online: 18 December 2024

References

1. Franceschi C, Garagnani P, Morsiani C, Conte M, Santoro A, Grignolio A,
et al. The continuum of aging and age-related diseases: common mecha-
nisms but different rates [review]. Front Med. 2018;5:5.

2. Hayflick L. The future of ageing. Nat. 2000;408(6809):267-9.

3. Sherratt DJ, West SC, Chan SRWL, Blackburn EH. Telomeres and telomer-
ase. Philos Trans R Soc Lond B Biol Sci. 2004;359(1441):109-22.

4. Shammas MA. Telomeres, lifestyle, cancer, and aging. Curr Opin Clin Nutr
Metab Care. 2011;14(1):28-34.

5. Blackburn EH. Structure and function of telomeres. Nat.
1991;350(6319):569-73.

6. Broer L, CoddV, Nyholt DR, Deelen J, Mangino M, Willemsen G, et al.
Meta-analysis of telomere length in 19 713 subjects reveals high herit-
ability, stronger maternal inheritance and a paternal age effect. Eur J Hum
Genet. 2013;21(10):1163-8.

7. Hjelmborg JB, Dalgard C, Méller S, Steenstrup T, Kimura M, Christensen
K, et al. The heritability of leucocyte telomere length dynamics. J Med
Genet. 2015;52(5):297-302.

8. Djahanbakhch O, Ezzati M, Zosmer A. Reproductive ageing in women. J
Pathol. 2007,211(2):219-31.

9. Zegers-Hochschild F, Adamson GD, Dyer S, Racowsky C, de Mouzon J,
Sokol R, et al. The International Glossary on Infertility and Fertility Care,
2017. Fertil Steril. 2017;108(3):393-406.

10. Dunson DB, Colombo B, Baird DD. Changes with age in the level
and duration of fertility in the menstrual cycle. Hum Reprod.
2002;17(5):1399-403.

11. Mazur DJ, Lipshultz LI. Infertility in the aging male. Curr Urol Rep.
2018;19(7):54.

12. Group ECW. Fertility and ageing. Hum Reprod Update. 2005;11(3):261-76.

13. Kalmbach KH, Fontes Antunes DM, Dracxler RC, Knier TW, Seth-Smith
ML, Wang F, et al. Telomeres and human reproduction. Fertil Steril.
2013;99(1):23-9.

14. Chico-Sordo L, Cérdova-Oriz |, Polonio AM, S-Mellado LS, Medrano
M, Garcia-Velasco JA, Varela E. Reproductive aging and telomeres: are
women and men equally affected? Mech Ageing Dev. 2021;198:111541.

15. Vasilopoulos E, Fragkiadaki P, Kalliora C, Fragou D, Docea AO, Vakonaki E,
et al. The association of female and male infertility with telomere length
(Review). Int J Mol Med. 2019;44(2):375-89.

16. Fattet AJ, Toupance S, Thornton SN, Monnin N, Guéant JL, Benetos A,
Koscinski |. Telomere length in granulosa cells and leukocytes: a potential
marker of female fertility? A systematic review of the literature. J Ovarian
Res J Ovarian Res. 2020;13(1):96.

17. Dracxler RC, Oh C, Kalmbach K, Wang F, Liu L, Kallas EG, et al. Peripheral
blood telomere content is greater in patients with endometriosis than in
controls. Reprod Sci. 2014;21(12):1465-71.

18. Hapangama DK, Turner MA, Drury JA, Quenby S, Saretzki G, Martin-Ruiz
C, Von Zglinicki T. Endometriosis is associated with aberrant endometrial

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.
35.

36.

37.

38.

39.

40.

41.

42.

Page 11 of 12

expression of telomerase and increased telomere length. Hum Reprod.
2008;23(7):1511-9.

. Sasamoto N, Yland J, Vitonis AF, Cramer DW, Titus LJ, De Vivo |, et al.

Peripheral blood leukocyte telomere length and endometriosis. Reprod
Sci. 2020;27(10):1951-9.

Gleason JL, Thoma ME, Zukerman Willinger N, Shenassa ED. Endometrio-
sis and uterine fibroids and their associations with elevated C-reactive
protein and leukocyte telomere length among a representative sample
of US. women: data from the National Health and Nutrition Examination
Survey, 1999-2002. J Womens Health. 2021;31(7):1020-8.

Fernandez de la Puente M, Salas-Huetos A, Valle-Hita C, Babio N, Murphy
MM, Canudas S, Salas-Salvado J. Is telomere length a biomarker of sperm
quality? A systematic review and meta-analysis of observational studies.
Androl. 2024;12(2):277-88.

Sanderson E, Glymour MM, Holmes MV, Kang H, Morrison J, Munafo MR,
et al. Mendelian randomization. Nat Rev Methods Primers. 2022;2(1):6.
Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. JAMA.
2017,318(19):1925-6.

Magnus P, Birke C, Vejrup K, Haugan A, Alsaker E, Daltveit AK, et al. Cohort
profile update: The Norwegian Mother and Child Cohort Study (MoBa).
Int J Epidemiol. 2016;45(2):382-8.

Magnus P, Irgens LM, Haug K, Nystad W, Skjeerven R, Stoltenberg C, Group
TMS. Cohort profile: the Norwegian Mother and Child Cohort Study
(MoBa). Int J Epidemiol. 2006;35(5):1146-50.

Renningen KS, Paltiel L, Meltzer HM, Nordhagen R, Lie KK, Hovengen R,
et al. The biobank of the Norwegian mother and child cohort Study: a
resource for the next 100 years. Eur J Epidemiol. 2006;21(8):619-25.
Paltiel L, Anita H, Skjerden T, Harbak K, Baekken S, Kristin SN, et al. The
biobank of the Norwegian Mother and Child Cohort Study—-present
status. Nor Epidemiol. 2014;24:24(1-2).

Kimura M, Stone RC, Hunt SC, Skurnick J, Lu X, Cao X, et al. Measurement
of telomere length by the Southern blot analysis of terminal restriction
fragment lengths. Nat Protoc. 2010;5(9):1596-607.

Corfield EC, Frei O, Shadrin AA, Rahman Z, Lin A, Athanasiu L, et al.

The Norwegian Mother, Father, and Child cohort study (MoBa)
genotyping data resource: MoBaPsychGen pipeline v. 1. BioRxiv.
2022;2022(06):23.496289.

Richmond RC, Smith GD. Mendelian randomization: concepts and scope.
Cold Spring Harb Perspect Med. 2022;12(1): a040501.

CoddV, Wang Q, Allara E, Musicha C, Kaptoge S, Stoma S, et al. Polygenic
basis and biomedical consequences of telomere length variation. Nat
Genet. 2021;53(10):1425-33.

Burgess S, Thompson SG. Improving bias and coverage in instrumental
variable analysis with weak instruments for continuous and binary out-
comes. Stat Med. 2012;31(15):1582-600.

Wood SN. Generalized additive models: an introduction with R. New York:
CRC Press; 2017.1SBN: 1498728340.

R Core Team R. R: a language and environment for statistical computing. 2013.
Allaire J. RStudio: integrated development environment for R. Boston, MA.
2012;770(394):165-71.

Andrews |, Stock JH, Sun L. Weak instruments in instrumental variables
regression: theory and practice. Annu Rev Econ. 2019;11(1):727-53.

Lin J, Kroenke CH, Epel E, Kenna HA, Wolkowitz OM, Blackburn E, Rasgon
NL. Greater endogenous estrogen exposure is associated with longer
telomeres in postmenopausal women at risk for cognitive decline. Brain
Res. 2011;1379:224-31.

Houminer-Klepar N, Bord S, Epel E, Baron-Epel O. Are pregnancy and par-
ity associated with telomere length? A systematic review. BMC Pregnancy
Childbirth. 2023;23(1):733.

Prescott J, Du M, Wong JYY, Han J, De Vivo |. Paternal age at birth is associ-
ated with offspring leukocyte telomere length in the nurses'health study.
Hum Reprod. 2012;27(12):3622-31.

Waulaningsih W, Hardy R, Wong A, Kuh D. Parental age and offspring leu-
kocyte telomere length and attrition in midlife: evidence from the 1946
British birth cohort. Exp Gerontol. 2018;112:92-6.

De Meyer T, Rietzschel ER, De Buyzere ML, De Bacquer D, Van Criekinge W,
De Backer GG, et al. Paternal age at birth is an important determinant of
offspring telomere length. Hum Mol Genet. 2007;16(24):3097-102.
Kimura M, Cherkas LF, Kato BS, Demissie S, Hjelmborg JB, Brimacombe M,
et al. Offspring’s leukocyte telomere length, paternal age, and telomere
elongation in sperm. PLoS Genet. 2008;4(2):e37.



Skara et al. BMC Medicine (2024) 22:580

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Eisenberg DTA. An evolutionary review of human telomere biology: The
thrifty telomere hypothesis and notes on potential adaptive paternal
effects. Am J Hum Biol. 2011,23(2):149-67.

Cloonan YK, Holt VL, Goldberg J. Male factor infertility: a twin study. Paedi-
atr Perinat Epidemiol. 2007;21(3):229-34.

Krausz C, Rosta V, Swerdloff RS, Wang C. 6 - Genetics of male infertility. In:
Pyeritz RE, Korf BR, Grody WW, editors. Emery and Rimoin's principles and
practice of medical genetics and genomics (Seventh Edition). Cambridge:
Academic Press; 2022. p. 121-47.

Hammerton G, Munafd MR. Causal inference with observational data: the
need for triangulation of evidence. Psychol Med. 2021,51(4):563-78.
Gunegsliol BE, Karaca E, Agaglindiz D, Acar ZA. Association of physical
activity and nutrition with telomere length, a marker of cellular aging: a
comprehensive review. Crit Rev Food Sci Nutr. 2023;63(5):674-92.
Tsoukalas D, Fragkiadaki P, Docea AO, Alegakis AK, Sarandi E, Vakonaki

E, et al. Association of nutraceutical supplements with longer telomere
length. Int J Mol Med. 2019;44(1):218-26.

Topiwala A, Taschler B, Ebmeier KP, Smith S, Zhou H, Levey DF, et al. Alco-
hol consumption and telomere length: Mendelian randomization clarifies
alcohol’s effects. Mol Psychiatry. 2022;27(10):4001-8.

Dixit S, Whooley MA, Vittinghoff E, Roberts JD, Heckbert SR, Fitzpatrick
AL, et al. Alcohol consumption and leukocyte telomere length. Sci Rep.
2019;9(1):1404.

Pérez LM, Amaral MA, Mundstock E, Barbé-Tuana FM, Guma FTCR, Jones
MH, et al. Effects of diet on telomere length: systematic review and meta-
analysis. Public Health Genomics. 2018;20(5):286-92.

Elbers CC, Garcia ME, Kimura M, Cummings SR, Nalls MA, Newman AB,

et al. Comparison between southern blots and gPCR analysis of leuko-
cyte telomere length in the health ABC study. J Gerontol A Biol Sci Med
Sci. 2014,69(5):527-31.

Behrens YL, Thomay K, Hagedorn M, Ebersold J, Henrich L, Nustede R,

et al. Comparison of different methods for telomere length measurement
in whole blood and blood cell subsets: recommendations for telomere
length measurement in hematological diseases. Genes Chromosomes
Cancer. 2017;56(9):700-8.

Lai T-P, Wright WE, Shay JW. Comparison of telomere length
measurement methods. Philos Trans R Soc Lond B Biol Sci.
2018;373(1741):20160451.

Aubert G, Hills M, Lansdorp PM. Telomere length measurement—caveats
and a critical assessment of the available technologies and tools. Mutat
Res. 2012,730(1):59-67.

Fice HE, Robaire B. Telomere dynamics throughout spermatogenesis.
Genes. 2019;10(7):525.

Demanelis K, Jasmine F, Chen LS, Chernoff M, Tong L, Delgado D,

et al. Determinants of telomere length across human tissues. Science.
2020;369(6509):eaaz6876.

Reichert S, Stier A. Does oxidative stress shorten telomeres in vivo? A
review. Biol Lett. 2017;13(12):20170463.

Radin RG, Rothman KJ, Hatch EE, Mikkelsen EM, Sorensen HT, Riis

AH, et al. Maternal recall error in retrospectively reported time-to-
pregnancy: an assessment and bias analysis. Paediatr Perinat Epidemiol.
2015;29(6):576-88.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12



	Telomere length in relation to fecundability and use of assisted reproductive technologies: the Norwegian Mother, Father, and Child Cohort Study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study population
	Telomere measurements
	Genetics of telomeres
	Fecundability, infertility, and use of assisted reproductive technologies
	Statistical analyses
	Sensitivity analyses
	Software

	Results
	Fecundability and infertility
	Assisted reproductive technologies
	Sensitivity analyses

	Discussion
	Conclusions
	Acknowledgements
	References


