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Objectives: To investigate the association between birth weight and the risk of hypertension, and to examine the interaction between birth weight and the adult obesity index.

Methods: We included 199,893 participants who had birth weight data and no history of hypertension at baseline (2006–2010) from the UK Biobank. A multivariate cubic regression spline was used to visually explore the dose-response relationship. Multivariate Cox proportional hazard regression models were used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs).

Results: We observed a nonlinear inverse association between birth weight and hypertension. The risk for hypertension decreased as birth weight increased up to approximately 3.80 kg. Compared with the participants with the fourth quintile of birth weight (3.43–3.80 kg), those with the first quartile of birth weight (<2.88 kg) were associated with a 25% higher risk of hypertension [HR 1.25; 95% CI (1.18–1.32)]. In addition, the participants with birth weight <2.88 kg and body mass index ≥30 kg/m2 had the highest risk [HR 3.54; 95% CI (3.16–3.97); p for interaction <0.0001], as compared with those with birth weight between 3.43–3.80 kg and body mass index between 18.5–25.0 kg/m2. These associations were largely consistent in the stratified and sensitivity analyses.

Conclusion: Our findings indicate that lower birth weight is nonlinearly correlated with higher risk of hypertension, and birth weight between 3.43–3.80 kg might represent an intervention threshold. Moreover, lower birth weight may interact with adult obesity to significantly increase hypertension risk.
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INTRODUCTION

Fetal malnutrition, the primary indicator of which is low birth weight, can permanently alter organ structure and function in a way that predisposes the offspring to cardiovascular disease (CVD) in adulthood (1, 2). Growing evidence has suggested that low birth weight increases the risk of hypertension (3–5).

Although some epidemiological studies have suggested a nonlinear inverse association between birth weight and hypertension (6–9), the intervention threshold of birth weight for hypertension remains undetermined. A previous meta-analysis including 4,335,149 participants suggested that those with birth weight of 4.0–4.5 kg had the lowest risk (10). However, the meta-analysis contained significant heterogeneity that limited the validity of summary estimates, and the ability to control for potential confounders (e.g., maternal smoking) was insufficient. In addition, previous results are mixed regarding the association between high birth weight and hypertension risk. Some studies reported higher birth weight in relation to increased hypertension risk (11–13), whereas other studies did not find such an association (14, 15). These conflicting results might be attributed to the differences in sample sizes and confounder adjustments (13). Furthermore, low birth weight and obesity in adulthood can both stimulate the sympathetic nervous system and alter renal function (16, 17). Few studies have examined potential interaction between birth weight and the adult obesity index on hypertension risk, although there is evidence showing an effect on CVD risk (18, 19).

Therefore, for the current study we used data from the UK Biobank, a large prospective cohort study conducted in UK, to investigate the dose-response association of birth weight with hypertension and blood pressure. Moreover, we examined potential interactions between birth weight and the adult obesity index.



METHODS AND MATERIALS


Study Population

The UK Biobank is a prospective cohort study recruiting half a million participants aged 37–73 years between 2006 and 2010 (20). At baseline, participants were asked to provide electronically signed consent, answer touch-screen questionnaires, and complete physical and anthropometric measurements. Follow-up with the UK Biobank was performed on an ongoing basis through study visits and linkage to national health records, death registers, and primary care records, as described previously (21). The UK Biobank has received ethical approvals from the UK Biobank Research Ethics Committee and Human Tissue Authority.

In the current study, we excluded participants who self-reported a history of hypertension or were taking antihypertensive medication at baseline (n = 147,989). We further excluded 151,078 individuals with missing birth weight data and 3,661 individuals with missing values on the main covariables. Finally, a total of 199,893 participants were included (Supplementary Figure 1). The basic characteristics of the excluded participants were similar to those included (Supplementary Table 1).



Birth Weight and Physical Measurements

Participants were asked to report their own birth weight (either in kilograms directly, or in imperial pounds and ounces). Standing height was measured using a Seca202 device. Body mass index (BMI) was defined as weight divided by height squared (m2). Waist and hip circumferences were measured with a Seca200 measuring tape using standard procedures, and waist-to-hip ratio (WHR) was the ratio of waist circumference to hip circumference.

Systolic blood pressure (SBP) and diastolic blood pressure (DBP) measurements were taken in a seated position after a few minutes of rest using an Omron 705 IT electronic blood pressure monitor. A manual sphygmometer was used if the standard automated device could not be employed. Further details of these measurements can be found in the UK Biobank online protocol (https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/Bloodpressure.pdf" https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/Bloodpressure.pdf). Means of SBP and DBP from two automated or two manual blood pressure measurements were calculated.



Assessment of Hypertension

The date and cause of hospital admissions were confirmed by electronic health records linkage to health episode statistics (England and Wales) and Scottish morbidity records (Scotland). Date of death was obtained from death certificates held by the National Health Service Information Center (England and Wales) and the National Health Service Central Register Scotland (Scotland) (22). The primary outcome was incident hypertension, which was defined according to the International Classification of Diseases edition 10 (ICD-10) codes I10-I15.



Statistical Analysis

Person-time of follow-up was calculated for each participant from the age in months at the return date of the baseline questionnaire (2006–2010) until the age in months at the date of first diagnosis of hypertension or the end of follow-up (November 30, 2016, in Edinburgh, Scotland, and January 31, 2018, in England or Wales), whichever came first. Cox proportional hazards regression models with age as the time scale were used to analyze the association between birth weight and hypertension, reporting hazard ratio (HR) and 95% confidence intervals (CI).

A multivariate restricted cubic spline with four knots was used to visually explore the nonlinear association of birth weight with hypertension. We used a likelihood ratio test (LRT) to compare the model with only the linear term of birth weight to the model with both the linear and the cubic spline terms, with a p-value < 0.05 denoting significant nonlinearity.

In the multivariate analysis of hypertension, we adjusted for age, sex, and early life events, including maternal smoking, breastfeeding, part of a multiple birth, and birthplace (Model 1). We also further adjusted for the Townsend deprivation index, college or university degree, BMI, summed metabolic equivalent of task hours per week (MET-hours/week) for physical activity, smoking status, alcohol intake frequency, intake of vegetables and fruit, family history of hypertension, and prevalence of diabetes (Model 2). Multivariate linear regression analysis was conducted to examine the associations between birth weight and SBP and DBP separately (n = 199,765). Birth weight was treated as a categorical (the quintiles) or continuous (per SD increment) variable.

Stratified analyses were conducted according to sex (male, female), maternal smoking (yes, no), breastfeeding (yes, no), physical activity (<median, ≥median), and smoking status (never, former, current). We tested the interaction between birth weight and each of the stratification variables using LRT, comparing a model with and without interaction terms.

In the joint analysis of birth weight and BMI, the fourth quintile of birth weight (3.43–3.80 kg) and BMI in adulthood between 18.5–25.0 kg/m2 was treated as the reference group. P for interaction was assessed by a Wald test for the cross-product terms between birth weight and BMI (continuous). Sensitivity analyses were performed by excluding individuals who were part of multiple births (n = 5,431).

All statistical tests were two-sided, and SAS version 9.4 (SAS Institute) was used for all analyses. P < 0.05 was defined as statistically significant.




RESULTS

During a median follow-up of 8.8 (interquartile range: 8.1–9.4) years, 12,333 hypertension events occurred among 199,893 participants. The basic characteristics of participants according to the quintile of birth weight are shown in Table 1. Those with lower birth weight were more likely to be part of a multiple birth and exposed to maternal smoking around birth, and were less likely to be breastfed.


Table 1. Basic characteristics of study participants according to birth weight.
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A nonlinear inverse association between birth weight and hypertension is observed in Figure 1. The risk of hypertension decreased as birth weight increased up to approximately 3.80 kg (p for nonlinearity = 0.0004).


[image: Figure 1]
FIGURE 1. Nonlinear associations between birth weight and risk of hypertension. The associations were examined by multivariate Cox regression models based on restricted cubic splines. Participants with birth weight >6 kg were not included (n = 147). Solid line represents estimates of hazard ratios and dashed line represents 95% confidence intervals.


In the fully adjusted models, compared with the fourth quintile of birth weight (3.43–3.80 kg), the first quartile (<2.88 kg) was associated with a 25% higher risk of hypertension [HR 1.25; 95% CI (1.18–1.32)] (Table 2).


Table 2. Associations between birth weight and hypertension.
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Table 3 shows the association between birth weight and blood pressure. A unit increase per SD increment in birth weight was associated with lower SBP [β coefficient = −1.07; 95% CI (−1.14 to −1.00)] and lower DBP [β coefficient = −0.47; 95% CI (−0.51 to −0.44)].


Table 3. Associations between birth weight and blood pressure.
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In the stratified analysis (Supplementary Figure 2), the association between birth weight and hypertension was largely consistent across subgroups, except that the association was stronger in females (p for interaction = 0.004).

A multiplicative interaction between birth weight and obesity index was observed in the joint analysis for birth weight and adult BMI in relation to hypertension risk (Figure 2). Compared with the reference group (birth weight between 3.43–3.80 kg and BMI between 18.5–25 kg/m2), participants with low birth weight and adult obesity (birth weight <2.88 kg and BMI ≥30 kg/m2) had the highest risk of hypertension [HR 3.54; 95% CI (3.16, 3.97); p for interaction <0.0001]. A similar pattern of correlations was observed between birth weight, WHR, and hypertension (Supplementary Figure 3).


[image: Figure 2]
FIGURE 2. Joint analysis of birth weight and body mass index (BMI) in the full model. The participants with birth weight in group Q4 (3.43–3.80 kg) and BMI in adult between 18.5–25.0 kg/m2 were treated as the reference group (Ref). Error bars represent 95% confidence intervals of the hazard ratios.


Sensitivity analysis by excluding 5,431 participants who were part of a multiple birth showed similar associations between birth weight and hypertension (Supplementary Table 2).



DISCUSSION

In this large prospective cohort study, we observed a nonlinear association between birth weight and hypertension risk. Moreover, we observed a multiplicative interaction between birth weight and obesity index, and participants with low birth weight and adult obesity had the highest risk of hypertension.

Most previous studies investigating the association between birth weight and hypertension risk were based on predefined categories of birth weight. The lowest risk for hypertension was observed in different ranges of birth weight, such as 2.5–3.5 kg, ≥4.5 kg, 4.0–4.5 kg, and ≥4.0 kg (5, 6, 10, 23). A multivariate restricted cubic spline can display more information than the categorical data, and in the current study a nonlinear inverse association was found between birth weight and hypertension. The risk of hypertension decreased as birth weight increased, up to approximately 3.80 kg. Our data indicated that higher birth weight did not increase the hypertension risk, in line with the results from previous studies (14, 24). The World Health Organization defined low birth weight as <2.50 kg (25). The cutoff was based on epidemiological observations that infants with birth weight <2.50 kg had a higher mortality risk than ≥2.50 kg (26). Nevertheless, it may not be the optimal target for mitigating the increasing epidemic of hypertension. Our findings suggested that birth weight between 3.43–3.80 kg might represent a potential threshold for reducing hypertension risk.

Epidemiological evidence has shown an association between low birth weight and obesity in adulthood (27). Consistently, we found that individuals with lower birth weight were more likely to have a higher BMI or waist-to-hip ratio in the UK biobank (data not shown). When we adjust for potential confounders, including BMI or waist-to-hip ratio, the association between birth weight and hypertension remained stable. We also found an inverse association between birth weight and blood pressure, in line with the results from previous observational studies (3, 28, 29). Furthermore, a Mendelian randomization study, which took advantage of genetic variants as instrumental variables for birth weight, supported an inverse association between birth weight and blood pressure (30). However, several studies reported that birth weight was inversely associated with SBP only (31, 32). This might be attributed to the limited statistical power of these studies to identify the relatively small effects of birth weight on DBP (31). The current study confirmed that the magnitude of the association for DBP was smaller than that for SBP.

Joint analysis indicated that participants with low birth weight and adult obesity had the highest risk of hypertension. Consistently, previous studies have shown that low-birth-weight children with obesity now tend to have higher values of systolic blood pressure than those who are obese with normal birth weight (33, 34). It is plausible that individuals with an abnormal intrauterine environment (such as poor nutrition) are more sensitive to the adverse effects of adult obesity on hypertension risk. Our study is the first to suggest that low birth weight might interact with adult obesity to increase hypertension risk in adult life. Targeting interventions and prevention of obesity, especially for those with low birth weight, might be given high priority.

Biological mechanisms by which low birth weight affects the development of hypertension are complex and remain equivocal. The proposed mechanisms are mostly related to reduced nephron counts, sympathetic hyperactivity, and impairment of vascular structure and function (17). In addition, intrauterine growth restriction may lead to impaired function of the hypothalamic-pituitary-adrenal axis and increased activity of renin angiotensin aldosterone system, thereby elevating the risk for hypertension (35, 36). Animal studies have also found that fetal exposure to maternal protein restriction lead to an increase in renal inflammation, indicating an important role of inflammatory processes caused by low birth weight in the development of hypertension (37).



STRENGTHS AND LIMITATIONS OF THE STUDY

Our study has several strengths, including a large sample size, long-term follow-up, and strict adjustment for potential confounders. We also estimated the joint effects of birth weight and adult obesity. Several limitations need to be acknowledged (12). First, early life exposures were based on self-reporting, which could lead to recall bias. However, we calculated the weighted Kappa correlation coefficients of self-reported birth weight between baseline and first (n = 12,171) and second follow-up (n = 4,272), which were 0.82 and 0.81, respectively, indicating a good reliability of self-reported birth weight in the UK biobank. In addition, a previous study of the UK Biobank estimated the associations of self-reported birth weight with sex, deprivation index, multiple births, and maternal smoking, and supported the validity of self-reported birth weight (38). Some other studies also confirmed the validity of self-reported birth weight by comparing it with mothers' recall or hospital birth records (39, 40). Second, residual confounding could still exist in the observational study, and we were thus unable to make causal inferences. Finally, most of the UK Biobank participants were of caucasian race, which limits the generalizability of our findings to other ethnic populations.



CONCLUSIONS

The current study indicates a nonlinear inverse association between birth weight and hypertension and suggests birth weight between 3.43–3.80 kg as a threshold for reducing disease risk. Low birth weight may interact with adult obesity to increase hypertension risk in adult life. Further studies are warranted to explore underlying mechanisms.
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bModel 2: model 1 pius Townsend deprivation index, college or university degree, body mass index, physical activty (MET-hours/week), smoking status, alcohol intake frequency, intake

of vegetables and fruit, family history of hypertension, prevalent diabetes. SD

65.

Q5 (> 3.80kg)

39,615 (19.83)

~0.4(-0.62t0 -0.18)
~0.69 (~0.9 to ~0.47)

—0.11 (=024 10 0.02)
~0.36 (~0.49 to ~0.24)

Per SD increase

8 coefficient (95% Cl)

NA

~0.93 (101 0 ~0.86)
—1.07 (~1.14 0 ~1.00)

~0.36 (~0.40 to —0.32)
~0.47 (-051 to ~0.44)
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Characteristics

Participants, No. (%)

Perinatal

Female, No. (%)

White, No. (%)

Part of a multiple birth, No. (%)
Breastfeeding, No. (%)

Maternal smoking around birth, No. (%)
Baseline

Age, mean (SD), year

Townsend deprivation index <0, No. (%)
BMI, mean (SD), kg/m?

Physical activity, mean (SD), MET-hours/week
Gurrent smoking, No. (%)

Alcohol intake daily or almost daily, No. (%)
Family history of hypertension, No. (%)
Vegetable intake, mean (SD), serving/day
Fritintake, mean (SD), serving/day

DBP, mean (SD), mmHg

SBP, mean (SD), mmHg

Q1 (<2.88kg)

39,042 (19.53)

28,740 (73.61)
37,252 (95.70)
3,880 (9.95)
20,987 (60.98)
11,988 (34.32)

54.32 8.09)
28,312 (72.52)
26.39 (4.57)
44,85 (44.71)
3,985 (10.24)
6,201 (16.12)
19,139 (52.42)
225(2.13)
224 (1.57)
80.89(9.74)
134.32 (17.94)

Q2 (2.88-3.18kg)

43,780 (21.90)

29,709 (67.86)
42,165 (96.56)
806 (1.84)
27,614 (69.76)
11,577 (20.33)

54.32(8.13)
32,683 (74.65)
26.25 (4.35)
44.62 (44.09)
4,246 ©.72)
8,360 (19.11)
21,009 (51.19)
223(2.14)
223 (1.51)
8052 (0.68)
133.48 (17.60)

Birth weight quintiles

Q3 (3.19-3.42kg)

36,948 (18.48)

23,790 (64.39)
36,104 (97.92)
366 (0.99)
24,015 (70.23)
9,167 (27.43)

53.71(7.87)
27,611 (74.793)
26.39 (4.34)
44,57 (44.23)
3,875 (10.52)
7,313 (19.81)
18,251 (52.08)
224 (2.09)
224 (1.53)
80.57 (0.60)
132.89 (17.06)

Q4 (3.43-3.80kg)

40,493 (20.26)

23,623 (68.34)
39,399 (97.62)
228(0.56)
26,538 (71.44)
9,260 (25.26)

53.30 (7.96)
30,302 (74.83)
26,60 (4.40)
4426 (44.52)
4,116 (10.19)
8,157 (20.16)
19,469 (50.89)
223(2.08)
223(1.54)
8050 (9.60)
132.42 (17.01)

Q5 (>3.80kg)

39,630 (19.83)

20,757 (52.38)
38,674 (97.80)
151(0.38)
25,581 (72.49)
8,843 (24.89)

54.41(8.13)
29,517 (74.48)
27.06 (4.49)
45.79 (46.00)
4,325 (1096)
8,421 (21.26)
18,341 (49.40)
223(2.21)
2.25(1.67)
80.73 (9.57)
133.24 (16.93)

BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); MET, metabolic equivalent of task; DB, diastolic blood pressure; SBF, systolic blood

pressure; SD, standard deviation.
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Hypertension Birth weight quintiles, HR (95% CI) P for non-linearity

Q1 (< 2.88kg) Q2 (2.88-3.18kg) Q3 (3.19-3.42kg) Q4 (3.43-3.80 kg) Q5 (> 3.80kg)

No.of cases/ personyears  2,803/332,781.46  2,720/374,124.06  2,116/317,48358  2,247/347,24182  2,439/339,481.78 NA
Model 12 1.27 (1.20-1.35) 1.08 (1.02-1.15) 1,03 (0.97-1.09) Ref (1) 1.00 (0.94-1.06) <0.0001
Model 2° 1.25(1.18-1.32) 1.11(1.05-1.17) 1.04 (0.98-1.11) Ref (1) 095 (0.9-1.01) 0.0004

HR, hazard ratio; CI, confidence interval; Ref, reference; NA, not applicable.
aModel 1: adfusted for age, sex, maternal smoking, breastfeecing, birth plece, part of & multiple birth.

bModel 2: model 1 pius Townsend deprivation index, college or university degree, body mass index, physical activty (MET-hours/week), smoking status, alcohol intake frequency, intake
of vegetables and fruit, family history of hypertension, prevalent diabetes.
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