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Abstract

Objective

To examine the association between gestational age, telomere length (TL) and rate of short-

ening in newborns.

Study design

Genomic DNA was isolated from buccal samples of 39 term infants at birth and one year

and 32 preterm infants at birth, term-adjusted age (40 weeks post-conception) and age one-

year corrected for gestational duration. Telomere length was measured by quantitative real-

time PCR. Demographic and clinical data were collected during clinic or research visits and

from hospital records. Socioeconomic status was estimated using the deprivation category

(DEPCAT) scores derived from the Carstairs score of the subject’s postal code.

Results

At birth, preterm infants had longer telomeres than infants born at term. However, there was

no difference in telomere length between preterm infants and term infants at one year of

age, implying that the rate of telomere shortening was greater in pre-term than term infants.

Interestingly, TL at age 40 weeks post-conception in preterm infants was significantly longer

than term infant TL at birth, suggesting that time since conception is not the only factor that

affects rate of shortening. Several factors, including sex, fetal growth restriction, maternal

age, maternal booking body mass index (BMI), mother education level and DEPCAT score,

also differed between the preterm and term groups.

Conclusions

Preterm infants have longer telomeres than term infants at birth. In the studied cohort, the

rate of telomere shortening was greater in the premature group compared with the term

infants. This finding agrees with previous studies using cord blood, suggesting that the lon-

ger TL in premature infants detected at birth do not persist and demonstrating that use of
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saliva DNA is acceptable for studies of telomere dynamics in infants. However, that the TL

at age 40 weeks post-conception in preterm is longer than term infants at birth suggests that

biological factors other than time since conception also affect rate of shortening.

Introduction

Preterm birth is defined by the World Health Organization as birth before 37 completed weeks

of gestation [1]. Between March 2017 and March 2018 in Scotland, 8.3% of all births (6.6% live

singleton births and 68% of live multiple pregnancy births) were premature in contrast to the

1970’s when approximately 5.5% (5.0% of singleton live and 32.9% of multiple live births) were

premature [2]. This increase in preterm births has been attributed in part to increases in the

occurrence of multiple births due to assisted reproductive techniques, non-spontaneous pre-

term deliveries due to improvements in maternity and neonatal care, maternal age, and under-

lying maternal health issues such as diabetes and high blood pressure [2–5].

Telomeres are repetitive DNA sequences (TTAGGG repeats) located at the ends of chro-

mosomes [6]. In most post-natal somatic cells (excluding stem cells and germ cells), telomerase

is repressed so that telomere length (TL) decreases progressively with each cell division [7].

When telomeres are sufficiently short, the cell enters a state of replicative senescence and stops

dividing [8–10]. This process means that generally TL of non-stem cells decreases with age

[11]. Thus, the telomere has been referred to as a “mitotic clock” [12] and telomere length has

been construed as a measure of “biological age” [13]. Consistent with these considerations,

peripherally measured TL has been shown to be associated with a wide range of disease and

health morbidities in adults [14–28] and children [29–38] and has become a popular bio-

marker for stress and accelerated biological aging [10, 35, 39–45]. Thus, TL at birth and the

course of TL shortening in blood or saliva may provide insight into associated between prema-

ture birth and future health trajectory.

Studies of TL in preterm infants suggest that preterm infants have longer telomeres than

term infants and that telomere shortening is more rapid in preterm infants than term. Fried-

rich et al. [46] observed that umbilical cord blood DNA telomere length at 32 weeks gestation

was significantly shorter than that at 27 weeks. Vasu et al. [47] found that preterm infants

(defined as< 32 weeks gestation) had significantly longer telomeres at birth and at term equiv-

alent age than term infants in leucocytes. TL was also negatively correlated with birth weight

and positively correlated with maternal age.

The current study extends these findings by measuring telomere length of buccal DNA

from a cohort of preterm infants (n = 32) collected at birth, term age, and one year and term

infants (n = 39) at birth and one year. We compared maternal and birth characteristics, socio-

economic and health factors, telomere length and telomere length shortening between the two

groups and within groups. To our knowledge, this is the first study to compare telomere length

from buccal samples in preterm and full-term infants at these time points and longitudinally.

Results

Characteristics of the preterm and term groups

Saliva samples were obtained for telomere length analysis from 35 preterm infants and 39 term

infants. The maternal and infant characteristics differed between the two groups (Table 1).

There were more males in the preterm group (p< 0.05) and the preterm infants had lower
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Table 1. Descriptive statistics for infants and their parents by preterm and term birth (n = 74).

Variable Mean ± SD, Percent [n] a

Preterm Term Statistics

Infants in cohort 35 39

Maternal Age (years)�� 31.6 ± 5.9 [35] 35.3 ± 4.6 [39] t = -3.0 (CI: -6.3 to -1.3), df = 63.82, p = 0.004

Paternal Age (years) 33.2 ± 5.6 [31] 35.3 ± 5.3 [39]

Maternal Body Mass Index (BMI) 27.3 ± 7.2 [33] 24.2 ± 3.1 [39] p = 0.009

Underweight (<18.5 kg/m2) 3.0 [1] 0.0 [0]

Normal (18.5–24.9 5 kg/m2) 42.4 [14] 69.2 [27]

Overweight (25–29.9 5 kg/m2) 24.2 [8] 25.6 [10]

Obese�� (> = 30 5 kg/m2) 30.3 [10] 5.1 [2]

Maternal Smoking ��b

Never-smoker 42.9 [15] 64.1 [25] p = 0.004

Former smoker pre-pregnancy 25.7 [9] 30.8 [12]

Former smoker during pregnancy 11.4 [4] 5.1 [2]

Current smoker 20.0 [7] 0.0 [0]

Maternal Education���c

Primary 5.7 [2] 0.0 [0] p< 0.001

Secondary 77.1 [27] 28.2 [11]

Tertiary 17.1 [6] 66.7 [26]

Post-graduate 0.0 [0] 5.1 [2]

DEPCAT��d

1 5.7 [2] 25.6 [10] p = 0.005

2 11.4 [4] 17.9 [7]

3 20.0 [7] 28.2 [11]

4 45.7 [16] 15.4 [6]

5 11.4 [4] 10.3 [4]

6 5.7 [2] 0.0 [0]

7 0 [0] 2.6 [1]

Maternal Chronic Illness
Yes 35.3 [12] 27.8 [10]

No 64.7 [22] 72.2 [26]

Gestational Age (weeks)��� 29.1 ± 1.8 [35] 40.2 ± 1.1 [39] We = 1365, p< 0.001

Sex� p = 0.022

Male 65.7 [23] 38.5 [15]

Female 34.3 [12] 61.5 [24]

Birth Weight (g) ��� 1204 ± 339 [35] 3665 ± 513 [39] t = -24.547, (CI: -2.661 to -2.260), df = 66.31, p< 0.001

Statistically significant differences were assessed by using t-test, Fisher’s exact test, χ2 test, or the Mann-Whitney U test. Statistics are only shown for significant

associations.p< 0.1

�p< 0.05

��p< 0.01

���p< 0.001
a n may differ for particular variables due to missing data
b fetus exposed to maternal smoking
c at least some tertiary education
d DEPCAT greater than 3
e W is the test statistic for the Wilcoxon Signed Rank Test, defined as the smaller of the sum of the positive ranks and the sum of the negative ranks.

https://doi.org/10.1371/journal.pone.0280184.t001
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birth weight Z-scores indicating fetal growth restriction (p< 0.05). Neither paternal age nor

incidence of identified maternal chronic illness differed between the term and preterm groups.

The average age of the mothers of preterm infants was 31.6 years and of term infants was 35.3

years (95% confidence interval (CI) -6.3 to -1.3, p = 0.004). The mothers of preterm infants

had a higher body mass index (BMI) > 30; p = 0.009). Of mothers of preterm infants, 31.4%

smoked cigarettes during pregnancy compared with 5.1% of mothers of term infants

(p = 0.004). Mothers of term infants were more likely to have attended post-secondary school

(p< 0.001), and to live in a postal code sector ascribed a deprivation category score (DEPCAT)

greater than or equal to 3 (affluent; p = 0.005).

Telomere length comparisons: Preterm and term groups

Preterm infants had significantly longer telomeres than term infants at birth (mean difference

of 2.9 kb/telomere, p< 0.005, n = 36 and 23, respectively for term and preterm infants; Fig 1;

Table 2). Moreover, the mean telomere length of preterm infants remained longer at term-

adjusted age than the term infant telomere lengths at birth (mean difference of 1.9 kb/telo-

mere, t = 2.347, CI: 0.021 to 0.264, df = 64.97, p = 0.022, n = 36 and 31, respectively for term

and preterm infants). The difference between telomere length at birth and term-adjusted age

for the preterm infants was not significant (paired t-test: t = 1.240, df = 19, p = 0.230, n = 20;

power analysis: power = 0.8, effect size = 0.58, alpha = 0.05). By one year corrected full term

age, however, telomere lengths between the term and preterm groups were no longer signifi-

cantly different (t = 0.9657, df = 53.08, p = 0.339, n = 32 and 28, respectively for term and pre-

term infants; Table 2).

Telomeres were significantly shorter in both the term and the preterm groups at one year of

age compared with birth (Table 2, average difference of 4.3 kb/diploid genome, t = 6.223,

df = 17, p< .001 and 2.0 kb/telomere, t = 5.642, df = 29, p< 0.001, respectively for the preterm

Fig 1. Telomere length is negatively associated with gestational age at birth, but not by one year of age. Absolute

telomere length vs gestational age at birth (left panel), term-adjusted age (middle panel) and one year of age (right

panel). Black circles and gray triangles represent samples from preterm and term individuals, respectively. Horizontal

black lines represent the median TL for each group and boxes represent the interquartile range. Significant differences

in TL as determined by t test are indicated.

https://doi.org/10.1371/journal.pone.0280184.g001
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(n = 18) and term (n = 30) infants) and post-natal telomere shortening was more rapid in the

preterm group (5.2 vs 2.6 kb/telomere/year, t = 2.644, df = 25.56, p = 0.014; Fig 2, Tables 2 and

3) during the first year of life. While TL at birth was also inversely correlated with birth weight

(r = 0.306, df = 57, p = 0.018), this is not the case when using the birthweight z-score (r =

-0.006, df = 57, p = 0.962), suggesting that the correlation between birth weight and TL is due

to the very high correlation between GA and birthweight. The correlation between the telo-

mere length at birth and one year for all infants was 0.55 (p< 0.001, df = 46). This was likely

driven by the term infants because the correlation between telomere length at birth and one

year of age for term infants was 0.634 (p< .001, df = 28) but was lower (0.374, df = 16) and not

statistically significant (p = 0.126) in preterm infants.

Effect of maternal health and sociodemographic factors on TL

TL at birth and corrected full-term age. Preterm infants had longer telomeres at birth

than term infants. After adjusting for gestational age across the entire cohort, maternal chronic

illness was negatively associated with telomere length at birth (β = -0.159, SE = 0.071, p = 0.029

n = 56). Maternal chronic illness was associated with shorter telomeres at birth if analysis was

limited to preterm infants (β = -0.215, SE = 0.088, p = 0.024 n = 23). and remained associated

after adjusting for gestational age (β = -0.215, SE = 0.091, p = 0.027 n = 23). This was not

observed if analysis was limited to term infants (β = -0.106, SE = 0.272, p = 0.316, n = 33). The

age of the mothers of preterm infants at birth was positively associated with telomere length at

birth (β = 0.020, SE = 0.007, p = 0.006 n = 23) and term-adjusted age (β = 0.016, SE = 0.007,

p = 0.021 n = 31). These results were robust to adjustment for gestational age (maternal age

and TL at birth: β = 0.020, SE = 0.007, p = 0.008, n = 23; maternal age at birth and TL at term-

adjusted age: β = 0.015, SE = 0.006, p = 0.019, n = 31). Maternal age also remained significantly

associated with telomere length at birth and corrected term-adjusted age after including

maternal chronic illness (β = 0.017, SE = 0.007, p = 0.020, n = 23; corrected term-adjusted age:

(β = 0.016, SE = 0.006, p = 0.015 n = 30) or maternal education in the models (β = 0.023,

SE = 0.007, p = 0.004, n = 23; corrected term-adjusted age: (β = 0.013, SE = 0.006, p = 0.047

n = 31). The full models for TL at birth or term-adjusted age in preterm infants are shown in

Table 4 and all incremental models for TL at birth or term-adjusted infants are shown in S1

Table 2. Telomere length and telomere shortening summary statistics for infants by preterm and term birth.

Mean ± SD [n] a

Variable Preterm Term Statistics

Telomere Length (kb)b

Birth�� 16.34 ± 3.76 [23] 13.44 ± 3.80 [36] t = 3.164 (CI: 0.075 to 0.336), df = 51.93, p = 0.003

Term-adjusted age 15.36 ± 3.59 [31] NA

One year 12.14 ± 3.58 [28] 11.27 ± 2.85 [32]

Telomere Shortening (kb)
Birth to one year� 5.17 ± 3.75 [18] 2.56 ± 2.41 [30] t = 2.644 (CI: 0.580 to 4.642), df = 25.56, p = 0.014

Birth to term-adjusted age 1.16 ± 4.30 [20] NA

Term-adjusted age to one year 3.66 ± 3.05 [25] NA

Statistically significant differences were assessed by using t tests.

�p< 0.05

��p< 0.01
a n may differ for individual variables due to missing data
b Telomere length was natural log-transformed prior to analysis. Telomere shortening was calculated using the untransformed telomere length data.

https://doi.org/10.1371/journal.pone.0280184.t002

PLOS ONE Telomere length in preterm infants

PLOS ONE | https://doi.org/10.1371/journal.pone.0280184 January 17, 2023 5 / 15

https://doi.org/10.1371/journal.pone.0280184.t002
https://doi.org/10.1371/journal.pone.0280184


and S2 Tables, respectively. There was no significant association between any of the variables

listed in Table 1 and TL at birth when analysis was limited to the term infants. There was no

significant association with socioeconomic status. Similar results were observed if z-scored

Fig 2. Telomere shortening is greater in preterm infants than term infants. The difference in telomere length

between age one and birth vs gestational age at birth in preterm (triangles) and term (circles) infants. Horizontal black

lines represent the median TL difference and boxes represent the interquartile range for each group. Significant

difference in TL shortening as determined by t test is indicated.

https://doi.org/10.1371/journal.pone.0280184.g002

Table 3. Paired t test comparison of TL.

Preterm Term

Birth to one year�� Birth to term-adjusted age Term-adjusted age to one year�� Birth to one year��

Mean of the differences 0.361 0.072 0.274 0.205

t-statistic 6.223 1.240 6.335 5.642

95% Confidence Interval 0.239 to 0.483 0.049 to 0.192 0.185 to 0.363 0.130 to 0.279

Degrees of freedom 17 19 24 29

TLs were natural log transformed prior to analysis.

��p< 0.00001

https://doi.org/10.1371/journal.pone.0280184.t003
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birth weight was used in lieu of gestational age (S3 and S4 Tables). The notable exceptions

were associations between maternal chronic illness and TL. While not significantly associated

with TL at birth in the entire cohort (β = -0.136, SE = 0.076, p = 0.080, adjusted R2 = 0.038,

model p = 0.079, n = 56), maternal chronic illness was significantly associated with shorter

telomeres at birth when analysis was limited to preterm infants (β = -0.215, SE = 0.088,

p = 0.024, adjusted R2 = 0.183, p value of the model = 0.024, n = 56). Maternal chronic illness

remained marginally associated with shorter telomeres at birth after adjusting for gestational

age (β = -0.204, SE = 0.096, p = 0.046, adjusted R2 = 0.148, model p = 0.083) or z-scored birth

weight (β = -0.204, SE = 0.096 p = 0.046, adjusted R2 = 0.148, p value of the model = 0.077,

n = 23).

Telomere length at year one. Statistically significant associations between the variables

examined and TL at age one were only observed for the preterm group. Gestational age was

negatively associated with telomere length (β = -0.07, SE = 0.025, p = 0.015, adjusted R2 =

0.177, p value of the model = 0.0149, n = 28). Lower birthweight was associated with longer

telomeres (β = -0.352, SE = 0.147, p = 0.024, adjusted R2 = 0.149, model p value = 0.0242,

n = 28), but this was not observed when z-scored birthweight was used (to adjust for gesta-

tional length; β = -0.051, SE = 0.057, p = 0.385, adjusted R2 = -0.008, p value of the

model = 0.385, n = 28).

Discussion

Telomere length was measured in genomic DNA from buccal swabs collected from very pre-

term infants during the first week after birth, at term-adjusted age and at year one. These

Table 4. Regression results for telomere length at birth in preterm infants.

Birth Term-adjusted Age

Model A�� Model B��

Constant 1.595 3.710���

(1.369) (0.735)

[0.188] [< 0.001]

Chronic Illness (Mother) -0.144 -0.007

(0.086) (0.078)

[0.111] [0.926]

Gestational Age 0.021 -0.048��

(0.037) (0.024)

[0.571] [0.039]

Maternal Age 0.019�� 0.015��

(0.007) (0.007)

[0.016] [0.037]

Post-secondary Education (Mother) -0.110 0.100

(0.128) (0.106)

[0.401] [0.356]

R-squared 0.442 0.325

Adjusted R-squared 0.318 0.216

Model p value 0.026 0.038

No. observations 23 30

Standard errors are reported in parentheses, p-values are in brackets.

�, ��, ��� indicate significance at the 90%, 95% and 99% level, respectively

https://doi.org/10.1371/journal.pone.0280184.t004
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values were compared with telomere lengths of genomic DNA isolated from buccal swabs col-

lected from apparently healthy term infants during the first week after birth and at one year.

As described previously [48], risk factors for premature birth, high booking BMI, male fetal

sex, fetal growth restriction [49], and exposure to cigarette smoke [50, 51], were enriched in

the preterm group of infants compared with the term group (Table 1). These risk factors are

also associated with shorter telomere lengths [52–55]. Compared with mothers of term infants,

mothers of preterm infants were less likely to have post-secondary education or live in an afflu-

ent neighborhood. The mothers of term children were older than those of preterm children in

contrast to what has been previously described [48], however this was attributed to

recruitment.

Consistent with previous cross-sectional studies in leukocytes from venous [47, 56] or cord

blood [57, 58], we found that saliva-derived telomere lengths were longer in preterm infants

(both at birth and at term-adjusted age) compared with term infants at birth. Telomere short-

ening was more rapid in the preterm cohort than in term infants. In contrast with a previous

study [47], the shortening rate in the preterm group was not significantly associated with gesta-

tional age or birthweight. This may be due to the larger sample size of the current study

(n = 16 compared with n = 5), technical differences [59], or that this study utilized DNA from

buccal cells whereas the previous study used blood. While data from a cross-sectional study

suggests that the rate of telomere shortening is similar in neutrophils and T cells [60], it is pos-

sible that telomere shortening rates differ in the various cell populations (depending on cell

replication rates and telomerase activity) comprising buccal samples and this may affect the

ability to detect such a difference.

A few studies have compared differences in telomere length in groups of children or adoles-

cents born prematurely or at term [61, 62]. Neither Hadchouel et al. (2015) nor Henckel et al.
(2018) found statistically significant differences in telomere length measured from samples

taken approximately at age 10 or 14.9 years, respectively. Indeed, in our study, the difference

in telomere length between the samples collected at one year of age did not differ between the

term or preterm groups in this study. The sample size was sufficient to detect longer telomeres

in the preterm group at birth (term), term-adjusted (preterm) or one year at a medium effect

size d (0.65) with a 5% Type I error and power of 0.80. While this is not the first study to exam-

ine telomere length in buccal samples from preterm infants [63], this is the first to demonstrate

that telomere lengths in buccal samples collected from term infants at birth were shorter than

telomere lengths from preterm infants collected at birth and term-adjusted age.

Evidence suggests that the intrauterine environment influences newborn TL and our study

confirms that maternal health is associated with TL among preterm but not (in our study) in

term births. TL in cord blood from infants born to mothers experiencing high psychosocial

stress during pregnancy were shorter than infants born to low-stress mothers [64–66].

Another study, consisting of 1026 mother-infant pairs, demonstrated a negative association

between socioeconomic status (SES) and cord blood TL [67]. Maternal folate level is positively

associated [68], and maternal smoking has been negatively associated [69] with umbilical cord

blood TL. In the current study, maternal smoking was not associated with shorter telomeres at

birth, nor was it associated with more rapid TL shortening. There was also no difference

between male and female newborns or DEPCAT status. Post-hoc power analysis indicated that

this was likely due to sample size (S5 Table). All mothers in the study, except for three of the

mothers of preterm infants, took folic acid during pregnancy and so it is difficult to assess a

relationship between folic acid and TL. In contrast, preterm infants born to mothers

experiencing chronic illness had shorter telomeres. This is difficult to interpret, given that sev-

eral conditions were defined as chronic illness in the study, including mental illness, type 2 dia-

betes, epilepsy, hypothyroidism, among others. Maternal age was positively associated with TL
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in preterm infants (Table 4). This is consistent with the findings of Vasu et al. [47] and Okuda

et al. [70]. This finding was robust to the inclusion of maternal education and maternal

chronic illness in the model, indicating that the relationship between TL at birth and maternal

age cannot be explained by socioeconomic factors.

Additional research examining the relationship between environment and TL in neonates,

especially those born prematurely, is needed. Although still relatively small, our study consists

of one of the largest cohorts with TL measured longitudinally at birth and one year for term

and preterm infants and term-adjusted age for preterm infants. Our findings indicate more

rapid TL shortening in preterm infants, perhaps reflecting that birth occurred prior to a late

term burst of growth and cellular replication. Future research should aim to identify the bio-

logical processes behind these findings.

Materials and methods

Study participants

A cohort of 50 preterm infants (< 32 weeks gestation) and 40 term control infants (37–42

weeks gestation) were recruited during the first week of age from the Simpson Centre for

Reproductive Health, Edinburgh, UK Royal Infirmary of Edinburgh as previously described

[48]. Most of the parents of the term babies were approached prior to delivery. None of the

term babies had suspected or proven fetal anomaly or proven infection. The term infants were

apparently healthy with the exception of one who had jaundice. The term babies stayed in the

hospital for an average of 4.5 days (range 2–9) with their mothers. Ethical approval was

obtained from the South East Scotland Research Ethics Committee (Reference 11/AL/0329).

NHS management approval was obtained (Lothian R&D Project number 2011/R/ NE/03).

Infant samples were collected under the framework of the Edinburgh Reproductive Tissue Bio-

Bank (West of Scotland Research Ethics Service Reference 09/S0704/3) following an amend-

ment to ethical approval (Reference AM07/1). All parents gave written informed consent, and

all studies were performed in accordance with the Declaration of Helsinki. Term controls were

born at least 37 completed weeks post last menstrual period (LMP) with no identified maternal

or fetal complications. In the control group, only women with singleton pregnancies, without

pre-existing hypertension or diabetes and who were non-smokers in the current pregnancy

were included. Demographic and clinical data were collected from hospital and research visits

and hospital records. From the main cohort, there were 32 preterm and 39 term infants with

available DNA for the TL assay. The characteristics of this smaller group are described in

Table 1. Socioeconomic status is approximated using deprivation category (DEPCAT) scores

derived from the Carstairs score of the subject’s postal code [71]. The DEPCAT scores are cate-

gorical variables ranging from 1–7 with 1 and 2 being the most affluent.

Sample collection

Saliva for DNA was collected from the preterm infants at birth; at term-adjusted age); and at

one year corrected; and from term infants at birth and one year of age. Samples were collected

from preterm infants within a median of 3 days (interquartile range (IQR) of 1.75–4 days from

birth) and term infants within a median of 2 days (IQR of 1–2.3 days) from birth. Saliva was

collected using the Oragene DNA (OG-250) kits and saliva sponges CS-1 and extracted using

prepIT-2LP (DNA Genotek, Ottawa, ON, Canada). DNA was quantified using the Qubit 2.0

Fluorometer (Life Technologies, Paisley, UK) and stored at -20˚C until received by the Notter-

man laboratory, where it was stored at -80˚C.
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Telomere length

TL was measured by absolute quantitative real-time PCR (qPCR) [72–75]. Two double

stranded oligonucleotides (Integrated DNA Technologies), an 84-mer consisting of

(TTAGG)16 and a 79-mer containing sequence from the 36B4 gene were used to construct

standard curves to determine absolute telomere length and number of diploid genomes copies,

respectively. TL and single copy gene qPCR assays were performed on separate plates. Each

sample was assayed in triplicate and the results averaged. Individual TL was determined by

dividing the telomere length per genome by 92, the number of telomeres per diploid genome.

Each plate contained DNA from a cell line with a relatively short telomere length (3C167b)

[76] and a fibroblast cell line containing a stable integration of TERT, which encodes the pro-

tein component of telomerase (NHFpreT) [77]. These were used to control for inter-plate vari-

ation as described [73, 74]. Human genomic DNA was also included to determine the

coefficient of variation (0.09) [73, 74]. The intraclass correlation coefficients (calculated using

the Ct values) were 0.975 (CI 0.968–0.981) and 0.949 (CI 0.934–0.961), respectively for the

telomere and 36B4 technical replicates.

Statistical analysis

Power analysis was performed with G�Power version 3.1.9.6 [78, 79] and the R pwr package

[80]. All other statistical analysis was performed using R version 4.0.5 [81]. Body mass index

was analyzed as either a continuous variable or converted to a categorical variable. Data were

tested for normality using the Shapiro-Wilk test. The primary outcome, telomere length, was

not normally distributed and was natural log transformed for analysis. One percent was

trimmed off both tails of the sample to remove outliers. After transformation, data was nor-

mally distributed. Telomere shortening was calculated by subtracting telomere length at term

age (or age one from telomere length at birth or term age as indicated. Differences were calcu-

lated using untransformed telomere length value. Telomere shortening values were normally

distributed.
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48. Piyasena C, Cartier J, Provençal N, Wiechmann T, Khulan B, Sunderesan R, et al. Dynamic changes in

DNA methylation occur during the first year of life in preterm infants. Front Endocrinol (Lausanne) 2016;

7:158. https://doi.org/10.3389/fendo.2016.00158 PMID: 28018293

49. Gardosi JO. Prematurity and fetal growth restriction. Early Hum Dev 2005; 81:43–9. https://doi.org/10.

1016/j.earlhumdev.2004.10.015 PMID: 15707714

50. Shah NR, Bracken MB. A systematic review and meta-analysis of prospective studies on the associa-

tion between maternal cigarette smoking and preterm delivery. Am J Obstet Gynecol 2000; 182:465–

72. https://doi.org/10.1016/s0002-9378(00)70240-7 PMID: 10694353

PLOS ONE Telomere length in preterm infants

PLOS ONE | https://doi.org/10.1371/journal.pone.0280184 January 17, 2023 13 / 15

https://doi.org/10.1097/QAD.0000000000001093
https://doi.org/10.1097/QAD.0000000000001093
http://www.ncbi.nlm.nih.gov/pubmed/26990630
https://doi.org/10.1542/peds.2014-2646
http://www.ncbi.nlm.nih.gov/pubmed/25349322
https://doi.org/10.3390/toxics9070169
http://www.ncbi.nlm.nih.gov/pubmed/34357912
https://doi.org/10.1007/s11033-020-06101-2
https://doi.org/10.1007/s11033-020-06101-2
http://www.ncbi.nlm.nih.gov/pubmed/33394227
https://doi.org/10.1016/j.psyneuen.2013.03.010
https://doi.org/10.1016/j.psyneuen.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23639252
https://doi.org/10.1038/s41390-021-01495-6
https://doi.org/10.1038/s41390-021-01495-6
http://www.ncbi.nlm.nih.gov/pubmed/33824452
https://doi.org/10.1210/jendso/bvaa067
http://www.ncbi.nlm.nih.gov/pubmed/32666011
https://doi.org/10.3390/genes12050766
https://doi.org/10.3390/genes12050766
http://www.ncbi.nlm.nih.gov/pubmed/34069972
https://doi.org/10.4081/hpr.2017.6378
https://doi.org/10.4081/hpr.2017.6378
http://www.ncbi.nlm.nih.gov/pubmed/28603779
https://doi.org/10.1007/s00787-019-01329-1
http://www.ncbi.nlm.nih.gov/pubmed/30968208
https://doi.org/10.1098/rsos.180744
https://doi.org/10.1098/rsos.180744
http://www.ncbi.nlm.nih.gov/pubmed/30225068
https://doi.org/10.1002/smi.2607
http://www.ncbi.nlm.nih.gov/pubmed/25393133
https://doi.org/10.1002/bies.201200084
http://www.ncbi.nlm.nih.gov/pubmed/22991129
https://doi.org/10.1016/j.arr.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/30776454
https://doi.org/10.3389/fgene.2020.630186
https://doi.org/10.3389/fgene.2020.630186
http://www.ncbi.nlm.nih.gov/pubmed/33552142
https://doi.org/10.1203/00006450-200102000-00020
http://www.ncbi.nlm.nih.gov/pubmed/11158522
https://doi.org/10.1371/journal.pone.0180082
https://doi.org/10.1371/journal.pone.0180082
http://www.ncbi.nlm.nih.gov/pubmed/28658264
https://doi.org/10.3389/fendo.2016.00158
http://www.ncbi.nlm.nih.gov/pubmed/28018293
https://doi.org/10.1016/j.earlhumdev.2004.10.015
https://doi.org/10.1016/j.earlhumdev.2004.10.015
http://www.ncbi.nlm.nih.gov/pubmed/15707714
https://doi.org/10.1016/s0002-9378%2800%2970240-7
http://www.ncbi.nlm.nih.gov/pubmed/10694353
https://doi.org/10.1371/journal.pone.0280184


51. Simpson WJ. A preliminary report on cigarette smoking and the incidence of prematurity. Am J Obstet

Gynecol 1957; 73:807–15. PMID: 13411046

52. Martens DS, Plusquin M, Gyselaers W, De Vivo I, Nawrot TS. Maternal pre-pregnancy body mass

index and newborn telomere length. BMC Med 2016; 14:148. https://doi.org/10.1186/s12916-016-

0689-0 PMID: 27751173

53. Aubert G, Baerlocher GM, Vulto I, Poon SS, Lansdorp PM. Collapse of telomere homeostasis in

hematopoietic cells caused by heterozygous mutations in telomerase genes. PLoS Genet 2012; 8:

e1002696. https://doi.org/10.1371/journal.pgen.1002696 PMID: 22661914

54. Davy P, Nagata M, Bullard P, Fogelson NS, Allsopp R. Fetal growth restriction is associated with accel-

erated telomere shortening and increased expression of cell senescence markers in the placenta. Pla-

centa 2009; 30:539–42. https://doi.org/10.1016/j.placenta.2009.03.005 PMID: 19359039

55. Wei H, Zhang C, Silveyra P. The relationships between prenatal smoking exposure and telomere

lengths in fetuses, infants, and children: A systematic literature review. J Addict Nurs 2020; 31:243–52.

https://doi.org/10.1097/JAN.0000000000000364 PMID: 33264196

56. Holmes DK, Bellantuono I, Walkinshaw SA, Alfirevic Z, Johnston TA, Subhedar NV, et al. Telomere

length dynamics differ in foetal and early post-natal human leukocytes in a longitudinal study. Biogeron-

tology 2009; 10:279–84. https://doi.org/10.1007/s10522-008-9194-y PMID: 18989747

57. Menon R, Yu J, Basanta-Henry P, Brou L, Berga SL, Fortunato SJ, et al. Short fetal leukocyte telomere

length and preterm prelabor rupture of the membranes. PLoS One 2012; 7:e31136. https://doi.org/10.

1371/journal.pone.0031136 PMID: 22348044

58. Sibert NT, Ventura Ferreira MS, Wagner W, Eipel M, Dreschers S, Brümmendorf TH, et al. Cord blood
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