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Adverse Birth Outcomes and Birth Telomere Length:
A Systematic Review and Meta-Analysis

Zhongzheng Niu, MD, MS', Karen Li, BS*®, Chuanbo Xie, MD, PhD*, and Xiaozhong Wen, MD, PhD?

Objectives To synthesize previous findings on the difference in birth telomere length between newborns with and
without intrauterine growth restriction (IUGR) or with and without preterm birth.

Study design We systematically searched 3 databases (PubMed, Embase, and Web of Science) for publications
that examined the relationships of IUGR or preterm birth with birth telomere length. We conducted meta-analysis to
pool the estimated difference in birth telomere length either between IUGR and non-IUGR or between preterm birth
and full-term birth. Subgroup analyses were conducted by tissues (newborn blood vs placenta) and techniques
used for telomere length measurement (quantitative polymerase chain reaction [qPCR] vs telomere restriction frag-
ment).

Results We included 11 articles on comparing birth telomere length between IUGR (combined n = 227) and non-
IUGR (n = 1897) and 7 articles on comparing birth telomere length between preterm birth (n = 182) and full-term birth
(n = 1320). We found IUGR was associated with shorter birth telomere length only when birth telomere length was
measured in placenta (pooled standardized mean difference [SMD] = —0.85; 95% CI —1.13 to —0.57; IUGR/non-
IUGR n = 87/173), but not in newborn blood (pooled SMD = 0.00, 95% CI —0.18 to 0.19; IUGR/non-IUGR
n = 148/1733). Birth telomere length was significantly longer in preterm birth than in full-term birth when birth telo-
mere length was measured by gPCR (pooled SMD = 0.40, 95% CI 0.18-0.63; preterm birth/full-term birth n = 137/
682) but not by telomere restriction fragment (pooled SMD = 0.05, 95% CIl —0.29 to 0.38; preterm birth/full-term
birth n = 44/444).

Conclusions IUGR is associated with shorter placental telomere length and preterm birth is associated with
longer birth telomere length measured by qPCR. (J Pediatr 2019;215:64-74).

ntrauterine growth restriction (IUGR) and preterm birth are 2 common adverse birth outcomes that have been associated
with increased mortality and morbidity during infancy in both developing and developed countries.'” Moreover, there is
cumulative evidence indicating that those newborns with IUGR and/or preterm birth face increased risks of obesity, hyper-
lipidemia, non—insulin-dependent diabetes, and atherosclerosis in later life." * One possible mechanism underlying these long-
term effects of adverse birth profiles is related to abnormal telomere biology, for example, newborns with IUGR and/preterm
birth often are characterized by premature aging.”'’ Telomere length is a well-established biomarker of cellular aging.'"'* As
the protective nucleoprotein structure at the end of chromosomes, telomeres erode every time during cell replication to protect
the functional DNA from shortening due to the “end-replication problem.”'”'* Critically shortened telomere length can trigger
several signaling pathways such as DNA damage and extracellular stress, a response that causes cellular and organ dysfunc-
tions.' ' Telomere length consistently has been found in association with aging-related chronic diseases (ie, cardiometabolic
diseases). There are consistent relationships of shortened telomere length with stroke, myocardial infarction, and type 2 dia-
betes.'” In addition, longitudinal studies that measured telomere length repeatedly in adults found that baseline telomere
length, rather than its attrition rate between baseline and 9-year follow-up, was associated with the risk of atherosclerosis,'®
indicating the importance of baseline telomere length that are determined in earlier life."”
Telomere length measured at any cross-section of life is jointly determined by
telomere length at birth and telomere length attrition thereafter. Telomere length
attrition is rapid before age 5 years (500-1000 base pairs [bp] per year)”” and then
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length can vary as much as 3000-5000 bp interindividually,
which is greater than the overall telomere length attrition in
the whole lifespan.23 Therefore, birth telomere length deter-
mines the interindividual variation of adult telomere length
and has been proposed as a biomarker potentially contributing
to the development of aging-related chronic diseases.”**”

The great interindividual variation in birth telomere length
cannot be explained by heritability alone.””*” Previous studies
found birth telomere length differed by body size and gesta-
tional age of the newborn.'”** However, these findings were
not consistent. For instance, birth telomere length in cord
blood of infants with ITUGR was found to be longer than those
without IUGR when measured with either telomere restriction
fragment (TRF)**’ or quantitative polymerase chain reaction
(qPCR)** in some studies but also were found shorter with
the same measurement technique (TRF’” and qPCR™*™) in
others. In addition, comparison of birth telomere length be-
tween IUGR and non-IUGR was found to be sensitive to the
tissues used for measurement, as previous studies found
placental telomere length was relatively longer than cord blood
telomere length,””*® and the difference in telomere length was
greater in placenta than in cord blood when measured in the
same population.” Similarly for preterm birth, cord blood
telomere length has been reported as longer’” or comparable'’
in newborns with preterm birth than with full-term birth. In
addition, the sample size in previous studies was relatively
small, which might limit the power to detect moderate differ-
ence in birth telomere length between those born with ITUGR/
preterm birth and their normal counterparts. The small sam-
ple size issue also may explain the inconsistent findings from
previous studies as reliability in small study could be low.
There is a lack of systematic reviews on the associations be-
tween birth telomere length and IUGR/preterm birth. There-
fore, we conducted a systematic review and meta-analysis to
synthesize the previous findings on the associations between
birth telomere length and IUGR/preterm birth. We conducted
a subgroup analysis based on the tissue used to measure birth,
because previous studies found placental telomere length was
longer than telomere length in cord blood.”** We also con-
ducted a subgroup analysis based on the technique used for
telomere length measurement, because TRF and qPCR are 2
common techniques used in telomere length measurement
but their results were considerably inconsistent.”

The review protocol is available in the Appendix (www.jpeds.
com), which includes the completed MOOSE (Meta-analysis
of observational studies in epidemiology) and PRISMA
checklists for meta-analysis. The study was registered with
PROSPERO (ID: 139447).

Data Sources and Searching Strategies

We searched PubMed, Embase, and Web of Science using a
combination of key words. For telomere length, we used a
set of terms including telomere length, telomere, telomere
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shortening, and telomere homeostasis. Then we searched ar-
ticles for IUGR and preterm birth, respectively. We used
IUGR as the conceptual definition of inadequate fetal growth
to incorporate 2 common operational definitions including
low birth weight (LBW) and small for gestational age
(SGA). Although used in different studies, both LBW and
SGA indicate insufficient fetal growth, share causes, and
have similar short- and long-term outcomes.’” We used the
following terms to search articles for IUGR: intrauterine
growth restriction, fetal growth retardation, small for gesta-
tional age, low birth weight, extremely low birth weight,
and very low birth weight. For preterm birth, we used the
following terms: preterm birth, premature birth, infant pre-
mature, infant extremely premature, obstetric labor prema-
ture, preterm premature rupture of the membranes, and
gestational age. A combination of these terms was used to
search for the publications on the association of birth telo-
mere length with either IUGR or preterm birth. We did not
constrain the time of the article publication. We set English
as the publication language. The cited references in the
included articles were cross examined. The last search was
conducted on March 28, 2018. A full search statement for
each database is included in the protocol.

Article Selection

Articles identified in the 3 databases were screened by title
and abstract to assess their eligibility for further review. To
be included, articles need to be: (1) an empirical article pub-
lished in an academic journal, (2) full-text published in En-
glish, (3) have an abstract available, and (4) be a human
study of singleton births. We further excluded articles if
they met any of the following exclusion criteria: (1) no quan-
titative measures of telomere length at birth, (2) no definition
of IUGR/preterm birth vs non-IUGR/full-term birth, or (3)
no comparison between groups. To maximize the number
of eligible articles, we did not exclude any studies with small
sample size or low quality.

Data Extraction

Two authors independently extracted the following informa-
tion: study population (country, race, sample size, and health
status), definitions of IUGR and preterm birth, telomere
length measurement (tissue and technique), and main re-
sults. If any separately extracted data were not matched, the
2 authors would discuss and make a consensus. Where a
consensus could not be reached, a third author was available
to make the final decision. The Cohen unweighted k was 0.78,
indicating a good agreement between the 2 coders in infor-
mation extraction. For articles with any missing information
for meta-analysis, we requested it from the corresponding
authors of original articles via e-mails (up to 3 attempts).

Study Quality Assessment

We assessed study quality according to the adapted version of
Newcastle-Ottawa Scale (NOS) quality score for case—control
studies.*” To fit the NOS for case-control studies, we treated
IUGR/preterm birth as the case group, non-IUGR/full-term
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birth as the control group, and telomere length as exposure.
Study quality was scored in 3 separate categories: selection
(0-4), comparability (0-2), and exposure (0-3). The total
score was calculated as their sum with a maximum score of
9. We considered risk of bias as high, moderate, and low if
the total score was 0-2, 3-6, 7-9, respectively. Details of study
quality scoring can be found in Table I (available at www.
jpeds.com). The intraclass correlation coefficient was 0.996
(95% CI 0.994-0.997) when we repeatedly graded these
studies with blinding to previous sores.

Meta-Analysis

We synthesized the comparison of birth telomere length either
between IUGR and non-IUGR or between preterm birth and
full-term birth from included articles. Standardized mean dif-
ference (SMD) of birth telomere length between groups were
calculated using the Cohen d (ratio of the mean difference
to the pooled standard deviation).*' SMD from different arti-
cles were pooled with weight inversely based on the sample
size. Random-effects models were used to assess the heteroge-
neity across articles, and the Cochran Q test was used to assess
the significance of the heterogeneity (type 1 error = 0.05). We
used I” to measure the portion of heterogeneity of total varia-
tion and defined heterogeneity as low (<25%), moderate
(25%-50%), and high (>50%)."** Inverted funnel plots were
created to assess publication bias through visually inspecting
asymmetry of the plots. Upon observation of evidence indi-
cating potential publication bias, a nonparametric data
augmentation (trim and fill analysis) was conducted to assess
the influence of publication bias on overall pooled effect esti-
mation.”’ For subgroup analyses, we first stratified articles by
the types of tissues (ie, placenta or newborn blood) used in
telomere length measurement because telomere length and
its regulatory enzyme telomerase have different patterns be-
tween these tissues.** In addition, we stratified articles by the
technique used in telomere length measurement (ie, g-PCR
and TRF) because TRF measures the absolute length of telo-
mere length and q-PCR measures its relative length to refer-
ence gene (eg, 36B4 gene).” In addition, we conducted
subgroup analysis by reported race/ethnicity, country, and
diagnosis of maternal complication for IUGR. We conducted
sensitivity analysis by excluding studies that defined preterm
birth differently (eg, restricted to <32 gestational weeks). All
data analyses were conducted in Stata software (v12, College
Station, Texas).

A total of 2346 records were identified with searching strate-
gies provided in the Methods section. After we removed 615
duplicates, 1731 records were screened by title and abstract
(Figure 1; available at www.jpeds.com). There were 1655
records not meeting the inclusion criteria. Among the
remaining 76 full-text articles, 61 were excluded due to lack
of either birth telomere length measurement or definition
of TUGR/preterm birth. Therefore, a total of 15 articles
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were eventually included in this systematic review: 3 on
both TUGR and preterm birth, 8 on IUGR, and 4 on
preterm birth only.

Characteristics of Included Studies on IUGR

Table II shows characteristics and quality of the 11 included
articles on IUGR. For definitions: 3 articles used SGA defined
as <10th percentile or less than the z score of —2 by sex- and
gestational age within reference groups’****; 1 used FGR
defined as birth weight less than 5th percentile of reference
group;”” 3 used either SGA or TUGR defined as birth weight
less than 3rd percentile of reference groups;””>** and 4 used
LBW defined as birth weight less than 2500 g.””* A total of
2124 participants (227 IUGR cases and 1897 controls) were
included in these articles. Sample size of the included articles
ranged from 52 to 752, but the numbers of IUGR cases were
all relatively small (2-34). Two articles used placental
tissues,””*® 8 used newborn’s cord blood or heel stick
blood,?>*620-32344647 314 1 used both the placenta and cord
blood™ to measure birth telomere length. Eight articles used
q-PCR #7544 and 3 used TRE**** to measure birth
telomere length. Study quality score of included studies
ranged from 6-9 (maximum 9) with a median of 7 (Table II).
The overall risk of bias was low to moderate in the included
studies. For the selection criterion, 8 of 11 studies were scored
4 (maximum 4) with a median of 4 (Table I). For the
comparability criterion, 6 of 11 studies were scored
0 (maximum 2) with a median of 0. All studies were scored 3
(maximum 3) on the exposure criterion. The overall NOS
score was not correlated with effect size (r = —0.49, P = .13).

Meta-Analysis on IUGR

Heterogeneity among the included articles was large and sta-
tistically significant (I* = 75.9%; P < .001). As shown in
Figure 2, birth telomere length was significantly shorter in
IUGR cases compared with non-IUGR controls (pooled
SMD —0.26, 95% CI —0.41 to —0.10). There was moderate
evidence suggesting publication bias in the meta-analysis
on IUGR, with more studies being scattered on the right
side of the pooled SMD (Figure 3, A; available at www.
jpeds.com). To assess the potential influence of publication
bias, we conducted a trim and fill analysis.”’” The 2 filled
studies, which were potentially unidentified publication,
were estimated to report shorter telomere length in JTUGR
than non-IUGR (Figure 4; available at www.jpeds.com).
The filled pooled SMD was —0.35 (95% CI —0.68 to
—0.01), indicating a possible underestimation of the effect
due to lack of publications reporting shorter telomere
length in IUGR group than in non-IUGR group.

In subgroup analysis by the types of tissues in measure-
ment of birth telomere length, placental telomere length (3
articles) remained significantly shorter in IUGR cases
(pooled SMD —0.85, 95% CI —1.13 to —0.57; I = 71.5%,
P =.030) than non-IUGR controls (Figure 2, A). However,
newborn blood telomere length (9 articles) was similar
between IUGR cases and non-IUGR controls (pooled SMD
0.00, 95%CI —0.18 to 0.19; I* = 42.2%, P = .086).
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Table II. Characteristics of included studies on IUGR

\

complications’

Birth telomere Study
Tissue used for ~ Method of Birth telomere length of quality
telomere telomere length of non-lUGR score
Definitions of length length IUGR case, control, (out of
Authors Year Countries Race Health status Sample size IUGR and non-IUGR measure measure mean = SD mean = SD 9)
Akkad et al*® 2006 United White Healthy 34 SGA; 38 AGA SGA <3%, control Cord blood TRF Absolute length (kb): Absolute length (kb): 8
Kingdom >10% percentile 10.33 £1.3 8.41 £ 0.9
Davy et al*® 2009 us Filipino Healthy 32 FGR; 36 FGR <5th percentile; Fetal side TRF Absolute length (kb): Absolute length (kb): 6
gestational control: mean placenta and 11.94 + 2.54, 14.81 + 2.28,
age—matched BW + 1 SD cord blood n = 32, placenta; n = 36, placenta;
control 11.57 +£1.73, 11.76 + 2.31,
n =8, cord n=29, cord
Toutain et al®® 2013 us Not With prenatal 24 severe IUGR; 28 IUGR <3%, control Chorionic villus gPCR T/S ratio (%): T/S ratio (%): 6
specified complications* controls >10% percentile (placenta) 0.78 +£ 0.26 1.19 + 0.40
Tellechea et al*® 2015 Argentina Not Some with 12 SGA, 45 AGA SGA <10th, AGA: Cord blood qPCR T/S ratio (%): T/S ratio (%): 8
specified hypertension 10th-90th percentile 1.73 £ 0.19 1.73 £ 0.19
Wojcicki et al®> 2015 us Latino Some with 2 LBW, 52 non-LBW LBW <2500 g; Cord blood qPCR Convert length (bp): Convert length (bp): 7
complications’ non-LBW >2500 g 8282.2 +110.9 7564.7 + 684.2
de Zegher et al** 2016 Belgium Not Uncomplicated 27 SGA, 42 AGA SGA <2, AGA: Cord blood qPCR T/S ratio (%): T/S ratio (%): 9
specified term singleton —11to 1z score 0.75 £+ 0.31 1.00 &+ 0.39
Wilson et al*®* 2016 Canada Not Malformation 31 IUGR, 109 IUGR <3th percentiles;  Fetal-side qPCR T/S ratio (%): T/S ratio (%): 8
specified newborns normal control normal control not placenta 2.23 + 0.64 2.51 £+ 0.60
excluded specified
Factor- 2016 us Multirace Singleton 20 LBW, LBW <2500 g Cord blood TFR Absolute length (kb): Absolute length (kb): 7
Litvak et al*® 470 non-LBW non-LBW >2500 g 9.56 + 0.71 9.50 + 0.70
Lee et al*’ 2017 Singapore Chinese Health status 20 SGA, 155 AGA  SGA <10th, AGA: Cord blood qPCR T/S ratio (%): T/S ratio (%): 6
unknown 10th-90th 0.79 £+ 0.26 0.83 £ 0.28
percentile
Liu et al*° 2017 China Chinese Singleton, some 23 LBW, LBW <2500 g Cord blood qPCR T/S ratio (%): T/S ratio (%): 7
with 729 non-LBW non-LBW >2500 g 0.935 + 0.061 0.922 £+ 0.057
complications’
Needham et al®' 2017 us Multirace Singleton, some 2 LBW, LBW <2500 g Dried blood spot qPCR T/S ratio (%): T/S ratio (%): 8
with 193 non-LBW Non LBW >2500 g 2.35+0.14 2.24 +0.33

AGA, appropriate for gestational age; BW, birth weight; FGR, fetal growth restriction; kb, kilobase; 7/, relative telomere to single-copy gene.

*Amenorrhea for FGR, other prenatal diagnosis for controls; all preterm.

tComplications included preeclampsia, hypertension, gestational diabetes.
FTelomere length measures in the assigned groups were requested from authors as data were not reported in the original article.
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Study (year) SMD (95% Cl) Weight

Subgroup: Newborn blood i
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B Sub-group analysis by the technique IUGR - Non-lUGR %

Study (year) SMD (95% CI) Weight

Subgroup: TRF i |
|

Akkad (2006) —— -0.02 (-0.48, 0.44) 11.30
Davy (2009), placenta _— 3 -1.24 (-1.76,-0.72) 8.91
Davy (2009), cord blood : -0.09 (-1.05, 0.86) 2.67
Factor-Litvak (2016) e 0.09 (-0.36,0.53) 12.08

Subtotal (I-squared = 82.3%, P=.001) <_>| -0.30 (-0.56, -0.04) 34.97
q
|
i
Subgroup: g-PCR !
Toutain (2013) ' -1.20 (-1.79, -0.60) 6.87
Tellechea (2015) i 0.52(-0.12, 1.16) 5.83
Wojcicji (2015) —f—————————— 1.04(-0.38,247) 1.19

i SR

T

de Zegher (2016) — -0.69 (-1.19, -0.20) 9.78

Wilson (2016) — -0.46 (-0.87, -0.06) 14.93

Lee (2017) — -0.13 (-0.59, 0.34) 11.15

Liu (2017) e 0.23(-0.19,0.64) 14.04
'

Needham (2017)
Subtotal (I-squared = 75.5%, P =.000) Q

0.33 (-1.06, 1.73) 1.256
-0.24 (-0.43, -0.04) 65.03

Heterogeneity between groups: P=.705

Overall (I-squared = 75.9%, P=.000) < -0.26 (-0.41, -0.10) 100.00
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de Zegher (2016) —B -0.69 (-1.19,-0.20) 9.78
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Lee (2017) —_— -0.13(-0.59,0.34) 11.15
Liu (2017) e 0.23(-0.19,0.64) 14.04
Needham (2017) : P 0.33 (-1.06,1.73) 1.25
Subtotal (I-squared = 42.2%, P=.086) }< 0.00 (-0.18,0.19)  69.29
i
i
Subgroup: Placenta ]
Davy (2009), placenta —_— i -1.24 (-1.76,-0.72) 8.91
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Figure 2. Forest plot of differences in birth telomere length between IUGR and Non-lUGR. A, Subgroup analysis by the types of
tissues used in telomere length measurement; B, subgroup analysis by the technique used in telomere length measurement.

Heterogeneity between the 2 subgroups of studies by tissue
types was significant (P < .001). In subgroup analysis by
the technique used in measurement of birth telomere
length (Figure 2, B), both qPCR-measured telomere length
(8 studies, pooled SMD —0.24, 95%CI —0.43 to —0.04;
I? = 75.5%, P < .001) and TRF-measured telomere length
(3 studies, pooled SMD —0.30, 95% CI —0.56 to —0.04;
I’ = 39.4%, P = .175) remained significantly shorter in the
IUGR cases than non-IUGR controls. Heterogeneity
between the 2 subgroups of studies by measurement
techniques was not significant (P = .705).

We conducted additional senstivity analysis based on race,
country, and maternal complication diagnosis. First, we
stratified the analyses by reported race/ethnicity (Figure 5;
available at www.jpeds.com). Heterogeneity was significant
among groups (P < .001). Most of the studies (6/11)
reported racial groups as multiple (eg, inclusive of white,
black, and Hispanic) or did not specify the racial groups.
As one combined subgroup for these studies, the pooled
SMD was —0.42 (95% CI —0.65 to —0.19). Two studies
reported racial group as Chinese (subgroup SMD 0.07;
95% CI —0.24 to 0.38). Second, we stratified the analyses
by country (US or non-US, Figure 6 [available at www.
jpeds.com.]). Heterogeneity was significant between groups
(P = .03). Five studies were conducted in the US with
subgroup SMD being —0.51 (95% CI —0.78 to —0.24). Six
studies were conducted in countries other than the US with
subgroup SMD being —0.14 (95% CI —0.33 to 0.05).
Third, we stratified the analyses by maternal health
conditions (Figure 7; available at www.jpeds.com). There
are 3 studies that specifically included only healthy
pregnant women and the subgroup SMD was —0.56 (95%
CI —0.83 to —0.29). Of the 6 studies that included
pregnant women with complications (eg, gestation-
induced-hypertension), the subgroup SMD was —0.16
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(95% CI —0.40 to 0.07). Two studies did not report on
health status of participants with SMD being —0.02 (—0.34
to 0.31).

Characteristics of Included Studies on Preterm
Birth

Table III shows the characteristics and quality of the 7
included articles on preterm birth. Six articles® "’
enrolled preterm birth cases born before 37 weeks of
gestational age, and 1 study'® only enrolled preterm birth
cases born before 32 weeks of gestational age. A total of
1502 participants (182 preterm birth cases and 1320
controls) were included in these articles. Sample size of the
included articles ranged from 26 to 606, but the numbers
of preterm birth cases were relatively small, ranging from 1
to 97. Six articles used cord blood or venous blood'”*”
213799 and 1 used placental tissue’’ to measure birth
telomere length. Two articles used TRE,**° and 5 used
qPCR to measure telomere length.'”**’"*">" Study quality
score of included studies ranged from 5 to 8 (maximum 8)
with a median of 7 (Table III). The overall risk of bias was
low to moderate in the included studies. For the selection
criterion, 5 of 7 were scored 4 (maximum 4) with a median
of 4 (Table I). For the comparability criterion, 6 of 7
studies were scored 0 (maximum 1) with a median of 0. All
studies were scored 3 (maximum 3) on the exposure
criterion. The overall NOS score was not correlated with
effect size (r = —0.18, P = .89).

Meta-Analysis on Preterm Birth

One article’” was excluded from the meta-analysis because it
included only 1 case of preterm birth. The heterogeneity
among the articles was small and nonsignificant (I* = 7.8%,
P = .368). As shown in Figure 8, birth telomere length was
significantly longer in preterm birth cases compared to
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Table III. Characteristics of included studies for meta-analysis on preterm birth

Tissue used for Method of Birth Birth telomere
Definition of telomere telomere telomere length length of full-term Study
Gountry, preterm length length of preterm birth birth control, quality score
Authors Year race Health status Sample size birth measure measure case, mean + SD mean = SD (out of 8)
Friedrich et al*° 2002  Germany, race Health status 11 term, 15 preterm <37 wk Cord blood TRF Absolute length (bp): Absolute length (bp): 5
unspecified unspecified 8512 + 523 8323 + 503
Menon et al*’ 2012 US, black pPROM, intact 69 preterm <37 wk Cord blood gPCR Absolute length (bp): Absolute length (bp): 7
and white membrane birth, 35 term 11 679.6 + 4348.2 9011.1 £ 2497.3
preterm birth,
some are
smokers
Ferrari et al®’ 2015  [taly, race Health status 43 term, 15 <37 wk Fetal side of gPCR T/S ratio (%): 6.38 + 5.53  T/S ratio (%): 5.18 + 3.84 7
unspecified unspecified preterm birth placenta
(including pPROM)
Factor- 2016  US, multirace Singleton 29 preterm birth, <37 wk Cord blood TFR Absolute length (kb): Absolute length (kb): 7
Litvak et al*® 433 term birth 9.48 +0.72 9.50 + 0.70
Liu et al* 2017  Shanghai China;  Singleton, some 31 preterm birth, <37 wk Cord blood gPCR T/S ratio (%): 0.94 + 0.06  T/S ratio (%): 0.92 + 0.06 7
race Han with 575 term birth
complications
Needham et al®’* 2017  US; multirace Singleton, some 1 preterm birth, <37 wk Dried blood spot qPCR T/S ratio (%): 2.45 T/S ratio (%): 2.24 + 0.33 8
with 194 term birth
complications
Vasu et al'® 2017  United Newborns with 22 preterm birth <32 wk Venous blood qPCR T/S ratio (%): 1.22 +1.62,  T/S ratio (%): 1.13 &+ 6
Kingdom, malformation at birth, 31 term (very n = 14, male; 0.76,n =18,
race not were excluded preterm) 1.32 £ 0.72, male; 1.00 + 0.51,
\ specified n = 8, female n =11, female

PPROM, preterm premature rupture of the membranes.

*Study excluded from meta-analysis because it included only 1 preterm birth case.
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Preterm birth - term %
Study (year) SMD (95% CI) Weight
Subgroup: g-PCR :
1
Menon (2012) -}—o— 0.66 (0.24, 1.08)  20.44
Ferrari (2015) —_— 0.28 (-0.31,0.87) 10.20
1
Vasu (2017), males . 0.07 (-0.62,0.77) 7.27
Vasu (2017), females —_— 0.53 (-0.40, 1.46) 4.12
Liu (2017) = 0.33(-0.03,0.69) 27.10
Needham (2017) : (Excluded) 0.00
Subtotal (I-squared = 0.0%, P =.602) {) 0.40 (0.18,0.63) 69.13
1
1
Subgroup: TRF :
1
1
Friedrich (2002) —_— 0.37 (-0.42,1.15) 576
Factor-Litvak (2016) —o—}— -0.03 (-0.40, 0.35) 25.11
Subtotal (I-squared = 0.0%, P = .373) <>‘|> 0.05(-0.29, 0.38) 30.87
1
1
Heterogeneity between groups: P =.085 i
Overall (I-squared = 7.8%, P=.368) <7> 0.29 (0.10,0.48)  100.00
i
1
T T T ; T T

1 25

Figure 8. Forest plot of differences in birth telomere length between preterm birth and term birth.

full-term birth controls (pooled SMD 0.29, 95% CI 0.10-
0.48). There was little evidence suggesting potential
publication bias (Figure 3, B), and thus we did not
perform a trim and fill analysis.

We did not conduct a subgroup analysis by the types of tis-
sues in measurement of birth telomere length, because there
is only 1 study that used placenta to measure telomere length
and the other 5 used newborn blood. In subgroup analysis by
the technique used in measurement of birth telomere length,
qPCR measured telomere length (4 articles) remained signif-
icantly longer in preterm birth cases compared with full-term
birth controls (pooled SMD 0.40, 95% CI 0.18-0.63;
I = 0.0% P = .602). However, TRF-measured telomere
length (2 articles) was similar between preterm birth cases
and full-term birth controls (pooled SMD 0.05, 95% CI
—0.29 to 0.38; I* = 0.0%, P = .373). As a sensitivity analysis,
we first excluded 1 study'” that restricted preterm birth to
<32 weeks of gestational age (Figure 9; available at www.
jpeds.com) and the pooled SMD was 0.30 (95% CI 0.10-
0.50). This is only slightly different from the pooled effect
before exclusion (0.29; 95% CI 0.10-0.48), indicating a
negligible influence of this study on the summary effect
estimation. Second, we further excluded another study37
that included preterm premature rupture of the
membranes in the definition of preterm birth (Figure 10;
available at www.jpeds.com). The pooled SMD was 0.19
(95% CI —0.04 to 0.42). Comparing this with the pooled
SMD before exclusion, we found that the effect estimation
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decreased by 36.7%, indicating this study may moderately
affect the effect estimation. The attenuation is driven by the
strong effect from this particular study (SMD 0.66, 95% CI
0.24-1.08) and its relatively high weight (20.4%) in study
pooling.

This systematic review and meta-analysis compared birth
telomere length between IUGR/preterm birth cases and their
normal counterparts. We identified 11 journal articles on
IUGR and 7 on preterm birth. We found TUGR was associ-
ated with shorter and preterm birth was associated with
longer birth telomere length. Furthermore, in the subgroup
analyses on IUGR, the difference was significant only when
birth telomere length was measured in placenta but not in
newborn blood. In the subgroup analyses on preterm birth,
the difference was significant only when birth telomere length
was measured by qPCR but not by TRF.

As a general outcome of cumulative adverse intrauterine
exposures, IUGR is commonly used in studying develop-
mental origins of aging-related diseases (eg, cardiovascular
diseases, diabetes).”** Telomere length, often measured in
later life, is linked to aging-related diseases.”””° Because of
the critical role of birth telomere length in determining telo-
mere length in later life,”>”*® it is intriguing to explore the
potential mediation role of telomere length biology underly-
ing the relationship between intrauterine exposures and
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aging-related diseases by first comparing telomere length at
birth between IUGR and non-IUGR.””*’ In this meta-
analysis, we found significantly shorter placental telomere
length in IUGR cases compared with in non-IUGR controls.
There are 2 possible explanations. First, short placental telo-
mere length may serve as a biomarker of accelerated placental
aging that has been consistently associated with TUGR.”>”""
Moreover, this notion was supported by the previous finding
that telomere-induced senescence biomarkers (eg, p21 pro-
tein, pl6 protein, and elongation factor-la) were substan-
tially greater and telomere length was significantly lower in
IUGR placenta.'” Therefore, shortened placenta telomere
length may cause IUGR through telomeric induced senes-
cence.’” In particular, shortened placental telomere length
may undermine the function of placenta by triggering p53
and nuclear factor kappa-light-chain-enhancer of activated
B pathways, which subsequently induce proinflammatory cy-
tokines and oxidative stress.' >’ Undermined placental func-
tion may limit the nutrition and oxygen transportation to the
fetus and thus increase the risk of IUGR.

Second, oxidative stress also might play a role underlying
the association between shorter placental telomere length
and TUGR.”* Specifically, telomere is rich of guanine that is
sensitive to oxidative stress. Shortened placental telomere
length may therefore reflect cumulative oxidative stress
burden over intrauterine life.”” Increased placental oxidative
stress has been associated with [UGR.°®°” As a mosaic tissue,
the placental tissues can be different according to sampling
sites (eg, maternal vs fetal face, near vs far from cord inser-
tion). However, previous studies found telomere length
measured from different sampling tissues of the placenta
was moderately to highly correlated without detectable dif-
ference.’®%%%” Nevertheless, further research is warranted to
answer whether shortened placental telomere length could
be an underlying mechanism of the association between in-
trauterine exposures and aging-related diseases later in life.
Future studies should examine the association of placental
telomere length with aging-related diseases occurrence, and
the mediating role of placental telomere length in the associ-
ation between intrauterine exposures and disease occurrence
later in life.

Unlike placental telomere length, we did not find a signif-
icant difference in telomere length in newborn blood between
IUGR cases and non-IUGR controls. One possible reason is
that telomerase activity is expressed differently between the
placenta and the fetus in the case of IUGR. Previous studies
found placental telomerase activity decreased throughout
gestation,” and that the telomerase activity was lower in
the placenta of IUGR than of non-IUGR.”%”! However, telo-
merase activity in the fetal hematopoietic system maintains at
a relatively high level,”” and TUGR fetuses may develop an
adaptive responses including increased telomerase activity
as response to adverse intrauterine environment (eg, high
oxidative stress),””’* so that their blood telomere length is
not substantially shorter than non-IUGR. Nevertheless, we
cannot rule out the possibility of false-negative results due
to the small pooled sample size for telomere length measured
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in newborn blood. Further studies with larger sample size are
warranted to elucidate the true relationship between TUGR
and birth telomere length in newborn blood. In addition,
more research on postnatal telomere attrition especially in
early life (eg, first 5 years)™ can help to comprehensively
evaluate the role of telomere length biology in the theory of
developmental origins of health and disease.

We combined studies that used different types of newborn
blood (ie, cord blood, venous blood, dried blood spot).
Methodologic studies found high correlation (r = 0.81,
P < .001) between telomere length measured from samples
of fresh peripheral blood and of dried blood spot from the
same healthy adults,”” and moderate correlations (r = 0.57,
P = .001) between telomere length measured from samples
of venous blood and cord blood from the same newborn.”
In our sensitivity analysis, exclusion of studies that used dried
blood spot (for IUGR)’" or venous blood (for preterm
birth)'’ did not meaningfully change the pooled SMD, indi-
cating the influence of the types of newborn blood may be
negligible.

In this meta-analysis, we found birth telomere length was
significantly longer in preterm birth compared with full-term
birth. This seems contradicting with the evidence that pre-
term birth was associated with early aging phenotypes (eg,
activation of p38 mitogen kinase).”” Relatively longer telo-
mere length in preterm birth may be explained by fewer
cell replications and DNA turnover in the final several weeks
of gestation that are missed in preterm birth.”’ In a twin
study, log-transformed placental telomere length gradually
decreased with gestational age, with an estimation of 13.98
kb at 28 weeks, 11.67 kb at 37 weeks, and 10.56 kb at 42 weeks
of gestation.52 One of our reviewed studies (ie, Vasu et al'’)
measured preterm birth’s telomere repeatedly after birth at
term equivalent age (ie, 40 weeks from conception, n = 5)
and found preterm birth’s postnatal telomere length was
actually shorter than full-term birth’s telomere length at birth
(born at 40 weeks from conception, n = 29). These findings
together indicated the critical role of last few weeks of gesta-
tion in determining birth telomere length in preterm birth.
Future studies should consider adjusting for gestational age
when comparing telomere length measured at birth and dur-
ing early infancy between different groups (eg, exposed vs
nonexposed). An analogy is adjusting for gestational age at
birth when one examines the association between birth
characteristics (eg, birth weight) and early infancy weight
z score.”’

TRF and qPCR are 2 most commonly used techniques in
telomere length measurement, but previous validation
studies only found modest correlation (eg, R* = 0.27°°) be-
tween TRF and qPCR results. Our subgroup analysis by tech-
niques found that telomere length was significantly different
only when it was measured by qPCR but not by TRF between
preterm birth cases and full-term birth controls. A possible
reason for this inconsistency was that the total number of
combined samples across studies was still small in TRF sub-
group (combined n = 65 for preterm birth cases), which
might limit the power to detect a statistically significant
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difference. Another possible reason is that the restricted
enzyme of TRF cleaves other genome segment identical to
telomere length (ie, TTAGGG) from subtelomere and chro-
mosomal areas than those in the telomere area. Therefore,
TRF over counts telomere length and this non-differential
misclassification may lead to underestimation of the differ-
ence in telomere length between comparison groups.

The comparison of different telomere length measurement
techniques has recently been reviewed in detail else-
where.”®”®”? For a specific study, the selection of telomere
length measurement technique should consider relative or
absolute length of telomere, available DNA sample, process-
ing time requirement, and cost. In particular, TRF allows
counting base pairs of telomeres. But TRF is subject to over-
counting nontelomeric sequences, because it heavily relies on
restriction enzyme recognition sites of the telomeric region
and may detect some similar but out-of-region sequences.
TRF requires more DNA sample (micrograms), and thus
may prohibit analyses of some banked samples with limited
DNA quantity (eg, newborn’s dried blood spots). TRF is la-
bor intensive and costly. In contrast, qPCR can only measure
relative telomere length, which makes direct comparison and
synthesizing results from different studies challenging. The
advantages of qPCR include high throughput and require-
ment of a small amount of DNA,” which make qPCR a
preferred tool in large-scale epidemiologic studies, especially
those with limited quantity of banked biological samples. The
cost of qPCR is relatively low, although it requires specific in-
struments to run assays.

This study is limited in several ways. First, results for
IUGR might be subject to publication bias, given the
asymmetric distribution of SMD in the funnel plot. The
true difference in birth telomere length between IUGR
cases and non-IUGR controls was likely to be underesti-
mated, which is supported by the results from the trim
and fill analysis Second, we searched articles only in 3 elec-
tronic databases and did not include relevant unpublished
studies or articles such as meeting abstracts and disserta-
tions, which might have introduced biases. Third, we
only included articles published in English, which might
miss articles published in other languages. Fourth, we
could not adjust for sex and race/ethnicity, as they were
not adjusted in most articles. Future studies using individ-
ual participant data meta-analysis with adjustment for sex,
race/ethnicity, and other potential confounders are war-
ranted. In addition, all of these studies were conducted
cross-sectionally, by defining IUGR/preterm birth and
measuring telomere length at the same time (birth).
Intrinsically, causality cannot be inferred from a cross-
sectional study because of the unclear temporality between
the exposure and outcome. Intrauterine growth and gesta-
tional age can affect fetal cell turnover and proliferation,
both of which are determinants of birth telomere length.”
Meanwhile, telomere length also may affect fetal growth
and gestational age through modulation of several path-
ways including senescence and inflammation.*’ Therefore,
interpretation of causality from our meta-analysis needs
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additional cautions. We also noticed the relatively small
sample size (ie, 2-34 for IUGR cases and 1 to 97 for pre-
term birth cases) in the reviewed papers. Although meta-
analysis is a useful tool to increase sample size by pooling
studies, false negative results (eg, similar telomere length
when measured by TRF) could not be ruled out.

In this systematic review, we found that IUGR is associated
with shorter placental telomere length and preterm birth is
associated with longer birth telomere length measured by
qPCR. Future research should conduct mediation analyses
on birth telomere length in the relationship of IUGR, preterm
birth, and other intrauterine exposures with health outcomes
in later life. We suggest that gestational age should be
controlled for in research on determinants or outcomes of
telomere length, especially for studies with preterm birth sub-
jects. It is also important to extend the follow-up period to
early childhood (another critical period for telomere attri-
tion), and examine the influences of [IUGR and preterm birth
on childhood telomere length trajectories. B
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Figure 3. Funnel plots depicting the level of publication bias within the A, IUGR and B, preterm birth meta-analysis.
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Figure 4. Funnel plots with filled studies for IUGR meta-analysis. Round dots indicate included studies; square dots indicate

potentially unidentified studies that may alleviate publication biases.
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Figure 5. Forest plot of differences in birth telomere length between IUGR and non-IUGR according to reported race/ethnicity.
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Figure 6. Forest plot of differences in birth telomere length between IUGR and non-IUGR according to country.
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Figure 10. Forest plot of differences in birth telomere length between preterm birth and term birth excluding studies defined
preterm birth <382 weeks and with preterm premature rupture of the membranes cases.
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Table I. NOS quality score for included studies
Selection Comparability* Exposure Sum
Case Case Control  Control Sex Further Nonresponse
Authors Year definition representativeness selection definition standardization adjustment Ascertainment Consistency rate Selection Comparability Exposure Overall
IUGR
Akkad et al*® 2006 1 1 1 1 1 0 1 1 1 4 1 3 8
Davy et al*® 2009 1 0 1 1 0 0 1 1 1 3 0 3 6
Toutain et al®® 2013 1 0 1 1 0 0 1 1 1 3 0 3 6
Tellechea et al*® 2015 1 1 1 1 1 0 1 1 1 4 1 3 8
Wojcicki et al®> 2015 1 1 1 1 0 0 1 1 1 4 0 3 7
de Zegher etal'® 2016 1 1 1 1 1 1 1 1 1 4 2 3 9
Wilson et al*® 2016 1 1 1 1 1 0 1 1 1 4 1 3 8
Factor- 2016 1 1 1 1 0 0 1 1 1 4 0 3 7
Litvak et al*®
Lee et al*’ 2017 1 0 1 1 0 0 1 1 1 3 0 3 6
Liu et al®® 2017 1 1 1 1 0 0 1 1 1 4 0 3 7
Needham et al®' 2017 1 1 1 1 0 1 1 1 1 4 1 3 8
Median 1 1 1 1 0 0 1 1 1 4 0 3 7
Preterm birth
Friedrich et al®® 2002 1 0 0 1 N/A 0 1 1 1 2 0 3 5
Menon® 2012 1 1 1 1 N/A 0 1 1 1 4 0 3 7
Factor- 2016 1 1 1 1 N/A 0 1 1 1 4 0 3 7
Litvak et al*°
Lee et al*’ 2017 1 1 1 1 N/A 0 1 1 1 4 0 3 7
Liu et al*° 2017 1 1 1 1 N/A 0 1 1 1 4 0 3 7
Needham et al®' 2017 1 1 1 1 N/A 1 1 1 1 4 1 3 8
Vasu et al' 2017 1 1 0 1 N/A 0 1 1 1 3 0 3 6
Median 1 1 1 1 N/A 0 1 1 1 4 0 3 7
\

wod'spad*mmm * SORILVIAdJ 40 TYNINOf dH],

N/A, not available.
*A study earns 1 point if the case and control definition include adjustment for sex and gestational age, and earns another point if sex and other factors were adjusted for in analysis.
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