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Aims

and results

Preterm birth has been associated with elevated blood pressure early in life; however, hypertension risks from
childhood into adulthood remain unclear. We conducted a large population-based study to examine gestational
age at birth in relation to hypertension risks from childhood into adulthood.

A national cohort study was conducted of all 4 193 069 singleton live births in Sweden during 1973-2014, who were
followed up for hypertension identified from nationwide inpatient and outpatient (specialty and primary care) diagno-
ses from any health care encounters through 2015 (maximum age 43 years; median 22.5). Cox regression was used
to examine gestational age at birth in relation to hypertension risk while adjusting for other perinatal and maternal
factors, and co-sibling analyses assessed the potential influence of unmeasured shared familial (genetic and/or environ-
mental) factors. In 86.8 million person-years of follow-up, 62 424 (1.5%) persons were identified with hypertension
(median age 29.8 years at diagnosis). Adjusted hazard ratios for new-onset hypertension at ages 18-29 years associ-
ated with preterm (<37 weeks) and extremely preterm (22-27 weeks) birth were 1.28 [95% confidence interval (Cl),
1.21-1.36] and 2.45 (1.82-3.31), respectively, and at ages 3043 years were 1.25 (1.18-1.31) and 1.68 (1.12-2.53), re-
spectively, compared with full-term birth (39—41 weeks). These associations affected males and females similarly and
appeared substantially related to shared genetic or environmental factors in families.

Conclusions In this large national cohort, preterm birth was associated with increased risk of hypertension into early adulthood.
Persons born prematurely may need early preventive evaluation and long-term monitoring for the development of
hypertension.
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Introdu Ction hypertension later in life. According to the developmental origins the-

ory, perinatal nutritional abnormalities and growth restriction may

Hypertension is a major risk factor for cardiovascular disease (CVD),
stroke, and chronic kidney disease and is the world’s leading cause of
disability-adjusted life-years (years of life lost due to death or lived
with disability)."* Nearly one in three adults worldwide have hyper-
tension as defined by blood pressures >140/90 mm Hg® and nearly
one in two using the 2017 American College of Cardiology (ACC)/
American Heart Association (AHA) definition of >130/80 mm Hg*
In addition to unhealthy adult lifestyle factors, early-life exposures
have been identified as potential risk factors for the development of

permanently alter organ structure and metabolism, resulting in early-
life programming for the development of hypertension and other car-
dio-metabolic disorders in adulthood.>® Recent evidence has sug-
gested that developmental programming on the background of
preterm birth may have a particularly important effect on long-term
outcomes.””” Preterm birth (gestational age <37 completed weeks)
has a worldwide prevalence of 11%'° and most preterm infants now

d.7_9

survive into adulthoo As a result, clinicians will increasingly en-

counter adult patients who were born preterm. A better
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understanding of their long-term risks of hypertension is needed to
guide early preventive actions and monitoring across the life course.

Several studies have reported that preterm birth is associated with
elevated blood pressure in childhood and young adulthood."™™*
However, these associations have seldom been examined further
into adulthood when hypertension is more likely to manifest. In
addition, it is possible that previously reported associations between
preterm birth and hypertension are due to shared genetic or envir-
onmental factors in the families of those affected.” To our knowledge,
this possibility has never been evaluated. The relative contributions
of shared familial factors vs. direct effects of preterm birth on the de-
velopment of hypertension are currently unknown.

We addressed these knowledge gaps by conducting a national co-
hort study of over 4 million persons in Sweden. Our goals were to (i)
provide population-based estimates for risk of hypertension from
childhood into adulthood associated with gestational age at birth; (ii)
assess for sex-specific differences; and (jii) perform co-sibling analyses
to assess the potential influence of shared familial (genetic and/or en-
vironmental) factors. The results will help inform long-term monitor-
ing, preventive actions, and early treatment of hypertension in the
growing population of preterm-born children and adults.

Methods

Study population

The Swedish Birth Registry contains prenatal and birth information for
nearly all births in Sweden since 1973."> Using this registry, we identified
4201 706 singleton live births during 1973-2014. Singleton births were
chosen to improve internal comparability, given the higher prevalence of
preterm birth and its different underlying causes among multiple births.
We excluded 8637 (0.2%) births that had missing information for gesta-
tional age, leaving 4 193 069 births (99.8% of the original cohort) for in-
clusion in the study. This study was approved by the ethics committee of
Lund University in Sweden. Participant consent was not required as this
study used only de-identified registry-based secondary data.

Gestational age at birth ascertainment
Gestational age at birth was identified from the Swedish Birth Registry
based on maternal report of last menstrual period in the 1970s and ultra-
sound estimation starting in the 1980s and later (>70% of the cohort).
This was examined alternatively as a continuous variable or categorical
variable with six groups: extremely preterm (22-27 weeks), very preterm
(28-33 weeks), late preterm (34-36 weeks), early term (37-38 weeks),
full term (3941 weeks, used as the reference group), and post-term
(>42 weeks). In addition, the first three groups were combined to pro-
vide summary estimates for preterm birth (<37 weeks).

Outcome ascertainment

The study cohort was followed up for diagnosis of essential (primary)
hypertension from birth through 31 December 2015 (maximum age
43.0years; median 22.5). This was identified using International
Classification of Diseases (ICD) codes for all primary and secondary diagno-
ses from any health care encounters as recorded in the Swedish Hospital,
Outpatient, and Primary Care Registries (ICD-8: 400401 during 1973—
86; ICD-9: 401 during 1987-96; ICD-10: 110 during 1997-2015). The
Hospital Registry started in 1964 and initially included all hospital dis-
charge diagnoses from six populous counties in southern Sweden, but
was expanded to cover nearly 80% of the national population by 1973,

and >99% starting in 1987.'® The Outpatient Registry started in 2001 and
contains outpatient diagnoses from all specialty clinics nationwide. The
Primary Care Registry initially included all primary care diagnoses from
two populous counties covering 20% of the national population starting
in 1998, but was gradually expanded to include nine counties covering
72% of the national population by 2008 and onward."”

Throughout the study period, the predominant criteria for diagnosis of
hypertension in adults (ages >18years) were systolic blood pressure
(SBP) >140 mm Hg and/or diastolic blood pressure (DBP) >90 mm Hg,
or taking antihypertensive medication, based on World Health
Organization and European Society of Hypertension/European Society of
Cardiology guidelines."®"? In children and adolescents (ages 1-17 years),
the predominant criteria were SBP and/or DBP persistently >95th per-
centile for age, sex, and height.*

Other major CVD also was examined as a secondary outcome. This
outcome included the earliest diagnosis of ischaemic heart disease (ICD-
8/9: 410-414; ICD-10: 120-125), heart failure (ICD-8: 427; ICD-9: 428; ICD-
10: 150), or cerebrovascular disease (ICD-8/9: 430—438; ICD-10: 160-169)
identified using the same registries described above, or cardiovascular-
related death (ICD-8/9: 393—459; ICD-10: 100-199) identified using the
Swedish Cause of Death Registry, which includes all deaths since 1960
with compulsory reporting nationwide.

Other study variables
Other perinatal and maternal characteristics that may be associated with
gestational age at birth and hypertension or other CVD were identified
using the Swedish Birth Registry and national census data, which were
linked using an anonymous personal identification number. Adjustment
variables included birth year (continuous and categorical by decade), sex,
foetal growth [defined as birth weight percentile for gestational age, clas-
sified as small for gestational age (SGA; <10th percentile), appropriate for
gestational age (AGA; 10th-90th percentile), or large for gestational age
(LGA; >90th percentile)], birth order (1, 2, >3), congenital anomalies
(yes/no, identified using ICD-8/9 codes 740—759 and ICD-10 codes Q00—
Q99), and the following maternal characteristics: age (continuous), edu-
cation level (<10, 10-12, >12 years), employment status (yes/no) and in-
come (quartiles) in the year prior to delivery, body mass index (BMI;
continuous), smoking (0, 1-9, >10 cigarettes/day), pre-eclampsia (ICD-8:
637; ICD-9: 624.4-624.7; ICD-10: O14-O15), and other hypertensive dis-
orders during pregnancy (ICD-8: 400—404; ICD-9: 401405, 642.0-642.3,
642.9; ICD-10: 110-115, O10-O11, O13, O15-O16). Maternal smoking,
pre-eclampsia, and other hypertensive disorders were included because
they have been associated with preterm delivery?! and are reported risk
factors for hypertension in the offspring. 2>

Maternal BMI and smoking were assessed at the beginning of prenatal
care starting in 1982 and were available for 61.0% and 74.2% of women,
respectively. Data were >99% complete for all other variables. Missing
data for each covariate were imputed using a standard multiple imput-
ation procedure based on the variable’s relationship with all other covari-

ates and the outcome.?’

Statistical analysis

Cox proportional hazards regression was used to compute hazard ratios
(HRs) and 95% confidence intervals (Cls) for associations between gesta-
tional age at birth and risk of hypertension or other major CVD. These
associations were examined across the age range of 0—43years and in
narrower age intervals (<18, 18-29, 3043 years) among persons still liv-
ing in Sweden without a prior diagnosis of the outcome at the beginning
of the respective interval. Attained age was used as the Cox model time
axis, with age at the beginning of the respective interval as ‘time zero’.
Individuals were censored at emigration (i.e. moving out of Sweden and
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thus no longer able to be followed up for the outcome) as determined by
absence of a Swedish residential address in census data (n=259 378;
6.2%) or death as identified in the Swedish Death Registry (n=43 478;
1.0%). Emigrants and non-emigrants had similar gestational ages at birth
(median, 40 1/7 weeks for both groups), and thus it was unlikely that emi-
gration introduced any substantial bias. Analyses were conducted both
unadjusted and adjusted for covariates (as above). Sex differences were
assessed by performing sex-stratified analyses and examining interactions
between gestational age at birth and sex on both the additive and multi-
plicative scale.”® The proportional hazards assumption was assessed by
examining log—log plots® and was met in each model. Absolute risk dif-
ferences and 95% Cls, attributable fraction in the exposed (AF.), and
population attributable fraction (PAF) also were computed for each ges-
tational age group compared with full term.*°

Co-sibling analyses were performed to assess the potential influence
of unmeasured shared familial (genetic and/or environmental) factors.”
Shared environmental factors in families may potentially include lifestyle
factors such as diet, or ambient exposures such as passive smoking or air
pollution. These analyses used stratified Cox regression with a separate
stratum for each family as identified by the mother’s and father’s anonym-
ous identification numbers. A total of 3 475 889 individuals (83.0% of the
cohort) had at least one full sibling and were included in these analyses. In
the stratified Cox model, each set of siblings had its own baseline hazard
function that reflects the family’s shared genetic and environmental fac-
tors, and thus associations between gestational age at birth and the out-
come were examined within the family. In addition, these analyses were
further adjusted for the same covariates as in the primary analyses.

In secondary analyses, we explored for potential birth cohort effects
on hypertension risks by stratifying by birth decade (1970s, 1980s, 1990s)
and including follow-up to an equal attained age (20years). We also
examined hypertension risks after stratifying by spontaneous vs. medically
indicated preterm birth. In addition, we examined potential interactions
between gestational age at birth and foetal growth or pre-eclampsia in re-
lation to hypertension risk. Interactions with pre-eclampsia were
explored because of a previously reported higher risk of hypertension
among young adults born with very low birth weight who were exposed
to pre-eclampsia."* All statistical tests were two-sided and used an a-level
of 0.05. All analyses were conducted using Stata version 15.1. J.S. had full
access to all the data in the study and takes responsibility for its integrity
and the data analysis.

Results

Table 1 shows perinatal and maternal characteristics by gestational
age at birth. Preterm infants were more likely than full-term infants to
be male or first born, or have congenital anomalies; and their moth-
ers were more likely to be at the extremes of age, have low educa-
tion level or high BMI, smoke, or have pre-eclampsia or other
hypertensive disorders during their pregnancy.

Gestational age at birth and risk of
hypertension

In 86.8 million person-years of follow-up, 62 424 (1.5%) persons
were identified with hypertension, yielding an overall incidence rate
of 71.89 per 100 000 person-years across ages 0—43 years. The cor-
responding incidence rates were 88.83 among those born preterm,
74.76 among those born at early term, and 69.61 among those born
full term (Table 2). The median age for the entire cohort (i.e. including

those with or without hypertension) at the end of follow-up was
22.5years (mean 22.2 £ 12.2), and the median age at diagnosis of
hypertension was 29.8 years (mean 27.1 = 11.0). A total of 1 250 847
persons were followed up to ages >30years, of whom 39 597 (3.2%)
were ever diagnosed with hypertension, and 316 463 persons were
followed up to ages >40years, of whom 16 055 (5.1%) were ever
diagnosed with hypertension.

Across all attained ages (043 years), gestational age at birth was
inversely associated with hypertension risk. Each additional week of
gestation was associated with a 4% lower risk (adjusted HR per add-
itional week, 0.96; 95% Cl, 0.96-0.97; P<0.001; Table 2). Preterm
and early term birth were associated with 1.25-fold (95% CI, 1.20—
1.29) and 1.11-fold (95% CI, 1.09-1.14) risks of hypertension, re-
spectively, relative to full-term birth. Persons born extremely pre-
term had a 1.8-fold risk (adjusted HR, 1.83; 95% Cl, 1.50-2.23:
P<0.001).

Preterm and extremely preterm birth accounted for 19.2 (95% Cl,
16.3-22.2) and 48.0 (24.6-71.4) additional hypertension cases per
100 000 person-years, respectively, compared with full-term birth
(Table 2, risk differences). An estimated 21.6% and 40.8% of hyper-
tension cases among those born preterm or extremely preterm, and
1.7% and 0.1% cases in the entire population, were associated with
exposure to preterm or extremely preterm birth, respectively
(Table 2, AF. and PAF). An estimated 728 excess hypertension cases
in this population were associated with preterm birth (1 excess case
at the attained ages examined per 288 preterm births).

In analyses of narrower age intervals at diagnosis, preterm birth
was associated with significantly increased risks of hypertension at
ages <18years (adjusted HR, 1.24; 95% Cl, 1.15-1.34; P < 0.001), 18—
29 years (1.28; 95% Cl, 1.21-1.36; P < 0.001), and 3043 years (1.25;
95% Cl, 1.18-1.31; P <0.001). Figure 1 shows adjusted HRs and risk
differences for hypertension by attained age for different gestational
age groups compared with full-term birth. Relative risks were fairly
stable across ages 0—43 years, but risk differences associated with
preterm birth increased at older attained ages when hypertension is
more prevalent.

Sex-stratified analyses are shown in Supplementary material on-
line, Table S1 in the Appendix. Increased risks of hypertension were
observed among males and females at ages 0—43 years (e.g. adjusted
HR comparing preterm with full term, males: 1.27; 95% Cl, 1.22-1.33;
P<0.001; females: 1.21; 95% Cl, 1.15-1.27; P<0.001). Across nar-
rower age intervals, similar patterns were observed among males and
females compared with the overall analyses. No interactions be-
tween gestational age at birth and sex in relation to hypertension risk
were found on either the additive or multiplicative scale
(Supplementary material online, Table S2). The absence of additive
interaction suggests that preterm birth accounted for a similar num-
ber of hypertension cases among males and females.

Gestational age at birth and risk of other

major cardiovascular disease

Gestational age at birth also was inversely associated with risk of
other major CVD across all ages examined (Table 3). Adjusted HRs
at ages 0—43 years associated with preterm and extremely birth were
1.57 (95% Cl, 1.50-1.63) and 5.68 (4.89—-6.60), respectively. In total,
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29.8% of major CVD cases were ischaemic heart disease, 27.1% were

g\f heart failure, 39.9% were cerebrovascular disease, and 3.2% were
S cardiovascular-related death. Preterm and extremely preterm birth
e ze g fSSgse accounted for 22.0 (95% Cl, 19.8-24.3) and 163.2 (134.1-192.2) add-
b § g % i-)’ E g’ 2 3 S/ itional major CVD cases per 100 000 person-years, respectively,
:; g TI, :Q % E E 5 § § E compared with full-term birth (Table 3, risk differences). An esti-
0=z T ¥ - 3 © - - mated 40.4% and 83.4% of cases among those born preterm or ex-
tremely preterm, and 4.2% and 0.7% in the entire population, were
= associated with exposure to preterm or extremely preterm birth, re-
E spectively (Table 3, AF, and PAF). An estimated 918 excess cases in
e . _ this population were associated with preterm birth (1 excess case
EE g :\—: \fg.\ § § ﬁ‘ ?8‘ per 229 preterm births). Exclusion of persons with congenital
£ § S § g ',\:/ :T/ § § ;o’ anomalies had little effect on these risk estimates (e.g. preterm vs. full
E = :‘k : g ; § g NS term: adjusted HR at ages 0-43years, 1.57; 95% Cl, 1.51-1.64;
zdIgi ¥ ZR=TC P<0.001).
[ ~
Co-sibling analyses
< Co-sibling analyses to control for unmeasured shared familial factors
= resulted in substantially lower risk estimates for hypertension that
0 E S . me were no longer statistically significant (Table 4). For example, com-
E § 2‘ g g/ 8 igi uo\i 3 ) paring preterm with full-term births, the adjusted HRs for hyperten-
i‘i ® § D Q 0 Ngy g sion at ages 0—43 years were 1.25 (95% Cl, 1.20-1.29) in the primary
E ',7', e g é % § g g 3 analysis vs. 1.07 (0.98-1.16) in the co-sibling analysis; at ages 18—
Wwez e = 0o 29 years were 1.28 (95% Cl, 1.21-1.36) vs. 1.11 (0.98-1.26); and at
ages 3043 years were 1.25 (95% Cl, 1.18-1.31) vs. 1.05 (0.90-1.22).
< Adjusted HRs for other major CVD also were substantially attenu-
- 5 ated in co-sibling analyses, but remained significantly elevated at ages
g % q @ § L _ N 043 years (1.36; 95% Cl, 1.24-1.50) and <18 years (1.71; 1.49-1.96).
§87 25 25§88
:}:; 'Tf w 8 §888% ' Secondary analyses
E o= i’ R Taee2d g We explored for potential birth cohort effects on hypertension risks
g by stratifying by birth decade and including follow-up to age 20 years.
- g Preterm birth was associated with an increased risk of hypertension
2\2 § % in each birth cohort, compared with full-term birth (P<0.01).
£ ;f E _ . g Tg However, this risk declined in the latest birth decade (adjusted HR by
% ¢a 8 ?IT g E @ S &l 8 g birth year, 1973-79: 1.68; 95% Cl, 1.15-2.46; 1980-89: 1.68; 95% Cl,
E.m ;‘k g g ; = g’ g’ % E’n 1.31-2.15; 1990-95: 1.24; 95% Cl, 1.10-1.38; Supplementary material
Fhdgi22g TIRLIR|ES online, Table $3).
=z e o s g We further examined hypertension risks after stratifying by spon-
E"é taneous (71.4%) or medically indicated (28.6%) preterm birth, which
£ (_&: E) was systematically recorded starting in 1990 (maximum age 26 years
% - <§ g Lé’ at end of follow-up). Both spontaneous and medically indicated pre-
E—% s; . o . gc :% term birth was associated with increased risk of hypertension com-
E 2 Q 2 FT s A :aj_i 8 pared with full-term birth (adjusted HRs, 1.17; 95% Cl, 1.08-1.27;
g i &% ; g ; g § é g gi P<0.001; and 1.35; 95% Cl, 1.23-1.48; P<0.001, respectively), but
HfezTi X0 Yo~ | 25 medically indicated preterm birth was the stronger risk factor
£5 (P=0.02 for difference in HRs).
£ g;o Both preterm birth and SGA were independently associated with
. ‘g é Lé an increased risk of hypertension at ages 0—43years in the fully
b é’\ 5 g 2 adjusted model (preterm vs. full term: HR, 1.25; 95% ClI, 1.20-1.29;
2 g 2l w8 SGA vs. AGA: HR, 1.15; 95% Cl, 1.13-1.18), although preterm birth
§ - © ;1;3 58 was the stronger risk factor (P<0.001 for difference in HRs).
L 2 éw é “é g ‘g However, no interactions were found (i.e. the association between
- & § g . - B g preterm birth and hypertension risk did not vary significantly in those
% QA E o <« N é g Eé & born SGA vs. AGA; Supplementary material online, Table $4).
l‘_‘ Nz: § Interactions between gestational age at birth and maternal pre-

eclampsia are shown in Supplementary material online, Table S5.
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Table 2 Associations between gestational age at birth and risk of hypertension, Sweden, 1973-2015

Rate®

Unadjusted
HR (95% CI)

Cases
Attained ages 0—43 years
Preterm (<37 weeks) 3639
Extremely preterm (22-27 weeks) 97
Very preterm (28-33 weeks) 785
Late preterm (34-36 weeks) 2757
Early term (37-38 weeks) 11 006
Full term (3941 weeks) 41779
Post-term (>42 weeks) 6000
Per additional week (trend)
Attained ages <18 years
Preterm (<37 weeks) 781
Extremely preterm 22-27 weeks) 31
Very preterm (28-33 weeks) 191
Late preterm (34-36 weeks) 559
Early term (37—-38 weeks) 2542
Full term (3941 weeks) 8802
Post-term (>42 weeks) 757
Per additional week (trend)
Attained ages 18-29 years
Preterm (<37 weeks) 1260
Extremely preterm (22-27 weeks) 43
Very preterm (28-33 weeks) 267
Late preterm (34-36 weeks) 950
Early term (37-38 weeks) 3878
Full term (3941 weeks) 12 895
Post-term (>42 weeks) 1489
Per additional week (trend)
Attained ages 3043 years
Preterm (<37 weeks) 1598
Extremely preterm (22-27 weeks) 23
Very preterm (28-33 weeks) 327
Late preterm (34-36 weeks) 1248
Early term (37-38 weeks) 4586
Full term (3941 weeks) 20 082
Post-term (>42 weeks) 3754

Per additional week (trend)

88.8
117.6
97.0
86.0
74.8
69.6
751

28.0
49.0
34.2
258
25.0
21.7
15.0

1265
2744
1385
120.6
1103

88.6

72.8

5189
653.5
564.2
506.4
448.9
406.2
416.9

1.34 (1.29, 1.39)
2.39 (1.96,2.92)
1.50 (1.40, 1.61)
1.28 (1.23,1.33)
1.18 (1.15, 1.20)
Reference

0.89 (0.87,0.92)
0.94 (0.94, 0.95)

1.29 (1.20, 1.39)
229 (1.61,3.26)
1.58 (1.37,1.82)
1.19 (1.09, 1.29)
1.15 (1.10, 1.20)
Reference

0.69 (0.64,0.74)
0.93 (0.92,0.94)

1.43 (1.35,1.52)
3.24 (240, 4.38)
1.57 (1.40, 1.78)
1.36 (1.28, 1.45)
1.25(1.21,1.30)
Reference

0.80 (0.76, 0.85)
0.92 (0.92,0.93)

1.30 (1.23,1.37)
1.65 (1.10, 2.49)
141 (1.27,1.57)
1.27 (1.20, 1.34)
1.14 (110, 1.17)
Reference

1.00 (0.96, 1.03)
0.97 (0.96,0.97)

Adjusted® Risk difference AF, PAF
.................................. (95% CI)°

HR (95% CI) P

1.25(1.20,1.29) <0.001 192 (16.3,22.2) 21.6% 1.7%
1.83(1.50,2.23) <0.001  48.0 (24.6,71.4) 40.8% 0.1%
1.34(1.25,1.44) <0.001  27.4(20.6,34.2) 28.3% 0.5%
121 (1.16,1.26) <0.001  16.4 (13.1,19.7) 19.1% 1.2%
1.11(1.09, 1.14)  <0.001 5.2 (3.6,6.7) 6.9% 1.4%
Reference Reference

0.95 (0.93,0.98) <0.001 5.5(3.5,7.5) 7.3% 0.9%
0.96 (0.96,0.97) <0.001

1.24 (1.15,1.34)  <0.001 6.3 (4.2,83) 22.3% 1.8%
147 (1.03,2.09) 0.03 27.3 (10.0, 44.5) 55.6% 0.2%
1.45(1.26,1.68) <0.001  12.5(7.6,17.4) 36.5% 0.8%
1.18 (1.08, 1.28)  <0.001 4.0 (1.9,6.2) 15.6% 0.9%
1.09 (1.04, 1.14)  <0.001 32(22,43) 13.0% 2.9%
Reference Reference

0.81(0.75,0.87) <0.001 -6.7 (-7.9,-5.5) (309%)¢  (3.4%)°
0.95 (0.95,0.96) <0.001

1.28 (1.21,1.36) <0.001  37.9 (30.7,45.0) 29.9% 2.7%
245(1.82,3.31) <0.001 185.8(103.8,267.9) 67.7% 0.2%
1.33(1.17,150) <0.001  49.9 (33.3, 66.6) 36.0% 0.7%
1.25(1.17,1.33)  <0.001  32.0(24.2,39.8) 26.5% 1.8%
1.14(1.10,1.19) <0.001  21.8(18.0, 25.6) 19.7% 4.6%
Reference Reference

097 (091,1.02) 020 -158(-19.8,-11.8) (17.9%)° (2.2%)°
0.96 (0.95,0.96) <0.001

1.25(1.18,1.31)  <0.001 112.8 (86.7, 138.8) 21.7% 1.6%
1.68(1.12,253) 001 247.3(-19.8,5145) 37.8% <0.1%
1.34(1.21,1.50) <0.001 158.1 (96.6,219.5) 28.0% 0.4%
1.22 (1.15,1.29) <0.001 100.2 (71.5, 128.8) 19.8% 1.2%
1.11(1.07,1.15) <0.001  42.8 (28.6, 56.9) 9.5% 1.8%
Reference Reference

0.97 (0.94,1.00) 0.08 10.8 (-3.7,25.2) 2.6% 0.4%
0.97 (0.96,0.97) <0.001

?Incidence rate per 100 000 person-years.

PAdjusted for child characteristics (birth year, sex, foetal growth, birth order, congenital anomalies) and maternal characteristics (age, education, employment, income, BMI,

smoking, pre-eclampsia, other hypertensive disorders).
“Incidence rate difference per 100 000 person-years.
9dPrevented fraction among the exposed.

*Population prevented fraction.

AF,, attributable fraction in the exposed; HR, hazard ratio; PAF, population attributable fraction.

Both preterm birth and pre-eclampsia were independent risk factors

for hypertension across ages 0-43years. The highest risk was

observed among those exposed to both preterm birth and pre-
eclampsia (adjusted HR, 1.75; 95% Cl, 1.61-1.91; P<0.001, relative
to those born full term and not exposed to pre-eclampsia).

However, no interactions between gestational age at birth and pre-

eclampsia were found.

Sensitivity analysis

In a sensitivity analysis, we restricted to persons born in 2001 or later
when nationwide outpatient data were available throughout the dur-
ation of follow-up. All results were similar to those from the entire
cohort for comparable ages. For example, the adjusted HR for hyper-
tension at ages <15years associated with preterm birth was 1.23
(95% Cl, 1.12—1.36) among those born in 2001 or later, compared
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Figure | Adjusted hazard ratios (solid lines) and risk differences
per 100 000 person-years (dashed lines) for hypertension by gesta-
tional age at birth compared with full-term birth, Sweden, 1973—
2015.

with 1.25 (1.15-1.36) in the entire cohort. These findings suggest that
the overall results were not strongly influenced by the unavailability
of outpatient data in earlier years.

Discussion

In this large national cohort study, gestational age at birth was in-
versely associated with risk of hypertension as well as other major
CVD. After adjusting for other perinatal and maternal factors, per-
sons born preterm or extremely preterm had >1.2- and 1.8-fold risks
of hypertension, respectively. These associations persisted from
childhood into early adulthood and affected males and females simi-
larly. They appeared largely explained by shared genetic or environ-
mental factors in families. Persons born preterm or extremely
preterm also had >1.5- and 5.6-fold risks of other major CVD. The
absolute risks for hypertension and other CVD associated with pre-
term birth were low at the young ages examined in this cohort but
increased in adulthood when these conditions are more prevalent.
To our knowledge, this is the largest population-based study of
preterm birth in relation to long-term hypertension risks. Prior stud-
ies have linked preterm birth with elevations in blood pressure meas-
ured cross-sectionally early in life. A meta-analysis of 10 studies with
1342 preterm- and 1738 term-born individuals aged 6-22years
reported that preterm birth was associated with higher SBP by
2.5mm Hg on average (95% Cl, 1.7-3.3).3" A meta-analysis of 27
studies with 17 030 preterm- and 295 261 term-born young adults
(mean age 19.6 years) found that preterm birth was associated with
higher SBP by 42mm Hg (95% CI, 2.8-5.7) and higher DBP by
2.6 mm Hg (95% Cl, 1.2—4.0), with stronger effects among women. "
Another pooled analysis of nine cohorts with 1571 young adults
born at very low birth weight (<1500 g) and 777 controls reported
similar findings: preterm birth was associated with higher SBP by
34mm Hg (95% Cl, 2.2-4.6) and higher DBP by 2.1 mm Hg (1.3-
3.0mm Hg), with slightly stronger effects among women."* In a
Swedish cohort of 636 552 adults, preterm birth was associated with

increased prescription of antihypertensive medications at ages 25—
37 years."" A UK study examined single-day blood pressure measure-
ments in 7847 adults aged 4445 years and reported that each add-
itional week of gestation was associated with a lower SBP by
0.53 mm Hg on average (95% Cl, 0.32-0.75); however, there were
too few preterm births to examine more specific gestational age
subgroups.®

The present study contributes to this evidence by providing
population-based risk estimates longitudinally from childhood into
adulthood in a national cohort of over 4 million persons. The findings
show that those born preterm or early term have increased risks of
new-onset hypertension in adulthood. Early term birth has seldom
been examined in relation to hypertension. Heterogeneity of out-
comes by gestational age among term births has increasingly been
recognized, warranting separate examination of early term
births.”*33* Increased risks of hypertension among persons born at
early term may potentially contribute to the increased CVD mortal-
ity previously reported in this subgroup.”>>

These findings have several potential underlying mechanisms.
Premature birth interrupts foetal angiogenesis during a critical devel-
opmental period, leading to reduced capillary density and increased
arterial stiffness.®*” Prematurity also has been associated with per-
sistently elevated levels of antiangiogenic factors [e.g. soluble endoglin
(sENG) and soluble fms-like tyrosine kinase-1 (sFlt-1)], which are
correlated with resting and ambulatory blood pressure.®® Increases
in placental-derived sENG and sFlt-1 have been linked with capillary

rarefaction,”‘40

which is a major determinant of vascular resistance
and may contribute to the development of hypertension.*"*? Imaging
studies have further shown that preterm-born adults have dispropor-
tionately reduced size and function of the heart and vascular system,
including the microvasculature.* Co-sibling analyses in the present
study further suggest a role of shared familial factors. Family- and
twin-based studies have suggested that genetic factors inherited pri-
marily from the mother influence gestational age at birth, with an esti-
mated heritability of 25-40%.*** In addition, heritability estimates
for blood pressure range from 31% to 68%, with numerous genetic
loci identified.*~** Additional clinical and genetic studies are needed
to elucidate possible shared genetic or environmental factors that
might link premature birth with the development of hypertension.

The associations we found between preterm birth and hyperten-
sion may have several clinical implications. Hypertension may con-
tribute to other long-term sequelae of preterm birth previously
reported, including ischaemic heart disease and chronic kidney dis-
ease.”®" Our findings suggest that preterm-born children and adults
may need early preventive evaluation and long-term clinical follow-
up for timely detection and treatment of hypertension. Long-term
monitoring of renal function and proteinuria may also be needed in
this patient population.”’ Preventive actions should include targeted
counselling to reduce other modifiable risk factors, including obesity,
physical inactivity, smoking, and alcohol use.>?~>* Medical records and
history-taking for patients of all ages should include gestational age at
birth to help trigger preventive counselling and anticipatory screening
in those born prematurely.>>™’ Effective strategies to reduce pre-
term birth are also urgently needed, including better access to pre-
conception and prenatal care among high-risk women.>®

A key strength of the present study is its national cohort design
with follow-up into adulthood. Availability of highly complete
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Table 3 Associations between gestational age at birth and risk of other major cardiovascular disease, Sweden, 1973-

2015
Cases Rate® Unadjusted Adjusted® Risk difference AF, PAF
.................................. (95% CI)°
HR (95% CI) HR (95%Cl) P
Attained ages 043 years
Preterm (<37 weeks) 2380 54.5 1.71(1.63,1.78)  1.57(1.50,1.63) <0.001  22.0(19.8,24.3) 40.4% 4.2%
Extremely preterm (22-27 weeks) 174 1957 6.83(5.89,7.93) 5.68(4.89,6.60) <0.001 163.2(134.1,192.2) 83.4% 0.7%
Very preterm (28-33 weeks) 578 67.0 2.12(1.95,2.30) 1.88(1.73,2.05) <0.001 34.5(29.0,39.9) 51.5% 1.4%
Late preterm (34-36 weeks) 1628 47.7 148 (1.41,1.56) 1.38(1.31,1.45) <0.001  15.2(12.9,17.6) 31.9% 2.3%
Early term (37-38 weeks) 5881 374 119 (1.16,1.23)  1.14(1.11,1.17)  <0.001 4.9 (3.8,6.0) 13.1% 2.9%
Full term (3941 weeks) 20779 325 Reference Reference Reference
Post-term (>42 weeks) 2873 34.0 0.96 (0.93,1.00) 0.98(0.94,1.02) 0.38 1.5(0.2,2.9) 4.5% 0.5%
Per additional week (trend) 0.92 (0.92,0.93) 0.93(0.93,0.94) <0.001
Attained ages <18 years
Preterm (<37 weeks) 1308 45.1 2.31(217,244) 199 (1.88,2.11) <0.001  25.6(23.1,28.1) 56.8% 7.8%
Extremely preterm 22-27 weeks) 149 2229 10.94 (9.30, 12.86) 8.00 (6.80,9.42) <0.001 2034 (167.6,239.2) 91.2% 1.6%
Very preterm (28-33 weeks) 362 624 3.17 (2.86,3.53)  2.60(2.34,2.89) <0.001 42.8(36.4,49.3) 68.7% 2.9%
Late preterm (34-36 weeks) 797 354 1.81(1.69,195) 1.61(149,1.73) <0.001 159 (13.4,184) 44.9% 4.0%
Early term (37-38 weeks) 2643 249 127(122,133) 1.20(1.15,1.26) <0.001 54 (44,64) 21.7% 5.3%
Full term (3941 weeks) 8216 19.5 Reference Reference Reference
Post-term (>42 weeks) 939 18.1 0.93(0.87,1.00)  0.94(0.88,1.01)  0.09 -1.5(-27,-02) (7.5%)°  (0.8%)°
Per additional week (trend) 0.88 (0.87,0.88)  0.90 (0.89,0.90) <0.001
Attained ages 18-29 years
Preterm (<37 weeks) 625 579 1.34(1.23,145) 1.26(1.16,1.36) <0.001  14.6 (9.9,19.2) 25.1% 2.1%
Extremely preterm (22-27 weeks) 15 854 200(1.21,3.32) 1.74(1.05,289) 0.03 42.0(-1.2,85.2) 49.2% 0.1%
Very preterm (28-33 weeks) 126 60.1 139 (1.16,1.66)  1.27(1.07,1.52)  0.007 16.7(6.2,27.3) 27.9% 0.5%
Late preterm (34-36 weeks) 484 56.8 1.31(1.19,144) 124 (1.13,1.36) <0.001 13.5(8.3,18.6) 23.7% 1.6%
Early term (37-38 weeks) 1952 51.0 1.18(1.12,1.24)  1.12(1.06,1.18)  <0.001 7.6(5.2,10.1) 15.0% 3.3%
Full term (3941 weeks) 6830 433 Reference Reference Reference
Post-term (>42 weeks) 852 39.3 0.90 (0.84,0.97)  0.98(0.91,1.05)  0.59 -4.0 (-6.9,-1.2) (93%)° (1.1%)°
Per additional week (trend) 0.95(0.94,0.96)  0.97 (0.96,0.98) <0.001
Attained ages 3043 years
Preterm (<37 weeks) 447 1160 124 (1.13,1.37)  1.22(1.11,1.34) <0.001  21.7(10.7,32.8) 18.8% 1.4%
Extremely preterm (22-27 weeks) 10 2219 243(1.30,451) 241(1.30,449) 0.005 127.6(-9.9,2652) 57.5% 0.1%
Very preterm (28-33 weeks) 90 1235 1.32(1.08,1.63)  1.29(1.04,1.58)  0.02 29.3 (3.7,54.9) 23.7% 0.4%
Late preterm (34-36 weeks) 347 1126 1.21(1.08,1.35) 1.18(1.06,1.32)  0.002 184 (6.3,30.5) 16.3% 0.9%
Early term (37-38 weeks) 1286 99.7 1.08 (1.01,1.14)  1.08(1.01,1.14)  0.02 5.5 (-0.5, 11.5) 5.5% 1.0%
Full term (3941 weeks) 5733 94.2 Reference Reference Reference
Post-term (>42 weeks) 1082  100.5 1.04(0.98,1.12)  1.01(0.951.08) 076 6.2 (-0.2,12.7) 6.2% 1.0%
Per additional week (trend) 0.98 (0.97,0.99)  0.97 (0.96,0.99) <0.001

?Adjusted for child characteristics (birth year, sex, foetal growth, birth order, congenital anomalies) and maternal characteristics (age, education, employment, income, BMI,

smoking, pre-eclampsia, other hypertensive disorders).
®Incidence rate per 100 000 person-years.

“Incidence rate difference per 100 000 person-years.
Prevented fraction among the exposed.

“Population prevented fraction.

AF,, attributable fraction in the exposed; HR, hazard ratio; PAF, population attributable fraction.

nationwide birth and medical registry data, including primary care maternal factors and assess the potential influence of unmeasured
diagnoses, helped minimize potential selection or ascertainment
biases. The large sample size enabled higher statistical power than

prior studies and assessment of more narrowly defined gestational

shared familial factors using co-sibling analyses.
This study also had several limitations. First, detailed blood pres-
sure measurements were unavailable to verify diagnoses. However,

age groups. We were able to control for multiple perinatal and high (>95%) positive predictive values for hypertension and most
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Table 4 Co-sibling analyses of gestational age at birth and risk of hypertension or other major cardiovascular disease,

Sweden, 1973-2015

Hypertension

Other major cardiovascular disease

Cases HR (95% CI)*

Attained ages 043 years

Preterm (<37 weeks) 2697 1.07 (0.98, 1.16)

Early term (37-38 weeks) 8601 1.04 (1.00, 1.10)

Full term (39-41 weeks) 32807 Reference

Per additional week 0.99 (0.97, 1.00)
Attained ages <18 years

Preterm (<37 weeks) 629 1.12(0.93, 1.34)

Early term (37-38 weeks) 2195 1.05 (0.95, 1.17)

Full term (39-41 weeks) 7639 Reference

Per additional week 0.99 (0.96,1.02)
Attained ages 18-29 years

Preterm (<37 weeks) 1045 1.11(0.98, 1.26)

Early term (37-38 weeks) 3413 1.05 (0.98, 1.13)

Full term (39-41 weeks) 11497 Reference

Per additional week 0.98 (0.96, 0.99)
Attained ages 3043 years

Preterm (<37 weeks) 1023 1.05 (0.90, 1.22)

Early term (37-38 weeks) 2993 1.06 (0.97, 1.15)

Full term (39-41 weeks) 13 671 Reference

Per additional week 0.98 (0.96, 1.00)

P Cases HR (95% CI)? P

0.13 1874 1.36 (1.24, 1.50) <0.001

0.08 4845 1.04 (0.98, 1.11) 0.16

17 019 Reference

0.02 0.96 (0.95, 0.97) <0.001

0.24 1,071 1.71 (149, 1.96) <0.001

0.32 2284 111 (1.02,1.21) 0.01
7073 Reference

0.44 0.92 (0.91,0.94) <0.001

0.11 511 1.11 (0.94, 1.30) 0.23

0.17 1652 0.99 (0.90, 1.08) 0.82
5941 Reference

0.02 1.00 (0.98, 1.02) 0.81

0.54 292 1.03 (0.82, 1.31) 0.78

0.22 909 0.97 (0.85,1.12) 0.69
4005 Reference

0.09 1.00 (0.97, 1.03) 0.82

?Adjusted for shared familial (genetic and/or environmental) factors, and additionally for specific child characteristics (birth year, sex, foetal growth, birth order, congenital
anomalies) and maternal characteristics (age, education, employment, income, BMI, smoking, pre-eclampsia, other hypertensive disorders).

HR, hazard ratio.

CVD outcomes have been reported in the Swedish registries,'® and
the Swedish national health system also helps reduce disparities in
health care access, which may improve ascertainment of these out-
comes in the general population. Second, although primary care diag-
noses were included, they were available for 72% of the Swedish
population,” resulting in under-reporting. It is possible that persons
born prematurely were more likely to be diagnosed with hyperten-
sion because of greater contact with the health care system (i.e. de-
tection bias). However, this is less likely to occur in adulthood, where
associations with new-onset hypertension were still observed. Third,
information was unavailable on lifestyle factors during follow-up such
as physical inactivity, poor diet, obesity, smoking, or alcohol use.
These factors are potentially important modifiers of the association
between preterm birth and hypertension and warrant further investi-
gation in studies with access to such data. Fourth, despite up to
43years of follow-up, this was still a relatively young cohort.
Additional follow-up will be needed to examine prematurity in rela-
tion to hypertension at older ages in this or other large cohorts.
Lastly, because of ongoing changes in neonatal and paediatric care,
these findings may not be generalizable to later birth cohorts, which
will need to be followed up for hypertension in future studies when
such data become available.

In summary, this is the largest population-based study to date of
gestational age at birth in relation to the long-term risk of hyperten-
sion. We found that persons born prematurely had increased risks of

hypertension from childhood into early adulthood, although the ab-
solute risks were low at these attained ages. Future interventions
should prioritize the reduction of environmental risk factors for pre-
term birth and hypertension that are shared within families. Children
and adults born prematurely may need early preventive evaluation
and long-term monitoring for the development of hypertension, es-
pecially those born at the earliest gestational ages.

Supplementary material
Supplementary material is available at European Heart Journal online.
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