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Abstract

Background and aims: Sex differences in measures of cardiovascular health in adults are well
documented. However, the sex-specific aetiology of cardiovascular health across childhood and

adolescence is poorly understood.

Material and methods: We examined sex differences in trajectories of 11 measures of cardiovascular
health from birth to 18 years, in a contemporary birth cohort study in England (N participants per
outcomes: 662-13,985, N repeated measures per outcome: 1,831-112,768). Outcomes were
measured over varying time spans from birth or mid-childhood to age 18 and with different numbers
of repeated measures per outcome. Analyses were performed using fractional polynomial and linear

spline multilevel models.

Results: Females had higher mean BMI, height-adjusted fat mass, pulse rate, insulin, triglycerides, and
non-high-density lipoprotein cholesterol (HDL-c) and lower mean height-adjusted lean mass from
birth or from mid-childhood to age 18. For example, mean non-HDL-c was 0.07 mmol/l (95%
Confidence Interval (Cl), 0.04, 0.10) higher in females compared with males at birth. By age 18, this
difference persisted and widened to 0.19 mmol/I (95% Cl, 0.16, 0.23) higher non-HDL-c in females
compared with males. Females had lower levels of glucose from mid-childhood and developed lower
systolic blood pressure and higher HDL-c from mid-adolescence onward. For example, females had
0.08 mmol/I (95% Cl, 0.05, 0.10) lower mean glucose compared with males at age 7 which widened to

a difference of 0.22 mmol/I (95% Cl, 0.25, 0.19) at age 18.

Conclusions: Sex differences in measures of cardiovascular health are apparent from birth or mid-
childhood and change during early life. These differences may have implications for sex-specific

disease risk in future adult populations.



Introduction

Cardiovascular disease (CVD) is a leading cause of death worldwide and its prevalence continues to
increase globally. (1, 2) Women and men do not experience cardiometabolic diseases (CVD and type
2 diabetes mellitus (T2DM)) equally. For instance, at age 40, the remaining lifetime risk of CVD is one
in two for women and two in three for men. (3, 4) Women are also less insulin resistant than men
and develop T2DM at higher levels of adiposity. (5) However, amongst people with T2DM, coronary
heart disease (CHD) and stroke risk are up to 50% higher in women compared with men. (6, 7)
Despite these well-established sex differences, the sex-specific aetiology of cardiovascular risk
remains poorly understood. Recent guidelines and scientific statements emphasise the importance
of studying sex differences in cardiovascular risk in adults. (8-11) Given that cardiovascular risk
originates in early life (12-14) and tracks through the life course (15-17), there is also a need to study
potential sex differences during childhood and adolescence. Longitudinal studies of sex differences
in measures of cardiovascular health during childhood and adolescence can help to establish when
sex differences emerge and how sex differences change over time, contributing to understanding

the mechanisms underlying sex differences in cardiovascular disease risk across the life course.

To date, sex differences in selected measures of cardiovascular health have been examined during
childhood and adolescence in a small number of US studies, including change in blood pressure (18)
and lipids (19) in 678 children aged eight to 18 years in the Project Heartbeat! and change in glucose
and insulin from 5 to 17 years (20) and lipids from 5 to 26 years (21) in the Bogalusa Heart Study. A
more recent study in 507 children in Minneapolis examined change over time in 10 conventional
measures of cardiovascular health measured up to 3 times from 11 to 19 years. (22) Recent analyses,
combining data from several cohorts across the life course have also examined sex differences in
trajectories of blood pressure over time. (23) However, large contemporary studies with repeated
measures of all key measures of cardiovascular health together from early life through adolescence

are lacking. Contemporary studies of measures of cardiovascular health in early life are of particular



importance given the high prevalence of overweight and obesity during childhood and adolescence
compared with previous generations. (24) Studies of successive generations are also important given
the significant changes in lifestyle that have occurred over time, (25) in both sexes but particularly
among women, which will likely impact future sex-specific disease burden in the population.

We examine sex-specific trajectories of a range of measures of cardiovascular health measured at
multiple time points across childhood and adolescence in a prospective birth cohort study of
participants born in 1991-2 in the South West of England. The risk factors we consider are body mass
index (BMI) measured repeatedly from age 1 to 18 years, fat mass and lean mass measured from 9
to 18 years, systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse rate and glucose
measured from 7 to 18 years, and insulin, triglycerides, high density lipoprotein cholesterol (HDL-c),

and non-HDL-c measured from birth to 18 years.



Subjects and Methods

Study participants

The Avon Longitudinal Study of Parents and Children (ALSPAC) is a prospective birth cohort study in
Southwest England. (26, 27) Pregnant women resident in one of the three Bristol-based health
districts with an expected delivery date between April 1, 1991 and December 31, 1992 were invited
to participate. The study has been described elsewhere in detail. (26, 27) ALSPAC initially enrolled a
cohort of 14,451 pregnancies, from which 13,867 live births occurred in 13,761 women. Follow-up
has included parent and child completed questionnaires, links to routine data and clinic attendance.
Research clinics were held when the participants were approximately 7, 9, 10, 11, 13, 15, and 18
years old. Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee
and the Local Research Ethics Committees. The study website contains details of all the data that is
available through a fully searchable data dictionary

http://www.bristol.ac.uk/alspac/researchers/access/. (28)

Study outcomes

Anthropometry

Height and weight were modelled previously and are not included here.(29-31) BMI (weight (kg)
divided by height squared (m?)) was calculated from 1 to 18 years using data from several sources
including research clinics, routine child health clinics, health visitor records and questionnaires.
Whole body less head, and central fat and lean mass were derived from whole body dual energy X-
ray absorptiometry (DXA) scans assessed 5 times at ages 9, 11, 13, 15, and 18 using a Lunar prodigy
narrow fan beam densitometer.

SBP, DBP and pulse rate

At each clinic (ages 7, 9, 10, 11, 13, 15 and 18), SBP, DBP and pulse rate were measured at least

twice each with the child sitting and at rest with the arm supported, using a validated device and a


http://www.bristol.ac.uk/alspac/researchers/access/

cuff size appropriate for the child’s upper arm circumference. The mean of the two final measures is

used here.

Blood based biomarkers

Insulin was measured from cord blood at birth. Non-fasting glucose was measured at age 7 as part of
metabolic trait profiling, using Nuclear Magnetic Resonance (NMR) spectroscopy. In a random 10%
of the cohort at age 9 years, fasting glucose and insulin were also available; were taken as part of a
continuation of an earlier sub-study called “Child in Focus” which included approximately 10% of the
overall cohort. Fasting glucose and insulin were available from research clinics held when
participants were 15 and 18 years old. Triglycerides, HDL-c and total cholesterol were measured in
cord blood at birth and from venous blood subsequently. Samples were non-fasted at 7 and 9;
fasting measures were available from clinics at 15 and 18 years. Non-HDL-c was calculated by
subtracting HDL-c from total cholesterol at each measurement occasion. Trajectories of glucose,
insulin, triglycerides, HDL-c, non-HDL are thus a combination of measures from cord blood, fasting
bloods and non-fasting bloods, with most measures obtained through standard clinical chemistry

assays, but one measure (glucose at age 7) by NMR spectroscopy.

Further details of measurement of study outcomes are available in ref (32).

Statistical analysis

We used multilevel models to examine the sex-specific patterns of change in each risk factor. (33,
34) Multilevel models estimate mean trajectories of the outcome while accounting for the non-
independence (i.e. clustering) of repeated measurements within individuals, change in scale and
variance of measures over time, and differences in the number and timing of measurements
between individuals (using all available data from all eligible participants under a Missing at Random
(MAR) assumption). (29, 35) All trajectories except BMI (fat mass, lean mass, SBP, DBP, pulse rate,

glucose, insulin, triglycerides, HDL-c, non-HDL-c) were estimated using linear spline multilevel



models (two levels: measurement occasion and individual). Trajectories of BMI were modelled using
fractional polynomials (36) (two levels: measurement occasion and individual), since change in BMI
during childhood follows a complex pattern that cannot be parsimoniously modelled using linear
splines. Linear splines allow knot points to be fit at different ages to derive periods in which change
is approximately linear. Fractional polynomials involve raising age to many combinations of powers,
resulting in a wide range of possible curves and offering more flexibility than standard polynomial

approaches.

Trajectories were modelled separately for females and males to allow for different random effect
variances between the sexes, i.e. allowing the between subject variability in outcomes to be
different for males and females. Sex differences in the mean intercept and slopes of risk factors were
examined by calculating the mean difference between the sexes for each risk factor and using the
pooled standard error to calculate 95% confidence intervals for the difference. Values of
cardiovascular risk factors that had a skewed distribution (BMI, fat mass, insulin and triglyceride)
were (natural) log transformed prior to analysis. Differences between the sexes and confidence
intervals were calculated on the log-scale. These values were then back-transformed and are
interpreted as the ratio of geometric means. Graphs displayed for these outcomes are in original
units and values were derived by back transforming from the log scale. Fat mass and lean mass were
adjusted for height using the time- and sex-varying power of height that best resulted in a height-
invariant measure (see Table 2 in ref (32) for further details). All trajectories were modelled in
MLwiN version 2.36 (37), called from Stata version 14 (38) using the runmlwin command. (39) We
performed a number of sensitivity analyses to examine the robustness of our findings. Further
details of model selection (Table 3-13 of ref (32)) and sensitivity analyses performed are provided in

Supplemental Material.



Results

Sample sizes for different outcomes ranged from 662 participants (1,831 repeated measures) for
insulin up to 13,985 participants (112,768 repeated measures) for BMI (Table 1). Mothers of
participants included in the analysis of insulin tended to be more advantaged than mothers of
participants excluded due to missing data but there were no differences in the distribution of sex

between included and excluded participants (Table 14 in ref (32)).

Anthropometry

Mean BMI was similar in females and males at 1 year but by age 3 BMI was lower in females
compared with males (Figure 1) and (Table 15 in ref (32)). From age 7 years onward, mean BMI was
higher in females. At age 18, mean BMI was 2.4% (95% Confidence Interval (Cl), 1.6, 3.1%) higher in

females compared with males.

Height-adjusted fat mass was higher in females compared with males at age 9. This difference
widened over time, particularly from age 13 onward due to an increase in the average height-
adjusted fat mass in females. At age 18, mean height-adjusted fat mass was 77.8% (95% Cl, 73.0,
82.8%) higher in females. In comparison, height-adjusted lean mass was lower in females at age 9
years. The trajectories converged at age 13 but widened again thereafter due to a slower rate of
increase in height-adjusted lean mass in females. At age 18, mean height-adjusted lean mass was

18.4 kg (95% Cl, 18.1, 18.7 kg) lower in females.

SBP, DBP and pulse rate

At age 7 years, males and females had similar SBP (Figure 2) and (Table 16 in ref (32)). SBP increased
at a faster rate in females compared with males from 7 to 12 years but at a slower rate from 12 to 18
years resulting in a lower mean SBP in females from approximately age 13 onwards. At age 18, mean
SBP was 10mmHg (95% Cl, 10, 11 mmHg) lower in females. At age 7 years, DBP was higher in

females. DBP increased at a similar rate in females and males up to age 12 whereas females
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increased at a slower rate from 12 to 16. From 16 to 18, DBP decreased in both sexes but at a faster
rate in males leading to a 1.7 mmHg (95% Cl, 1.3, 2.0. mmHg) higher DBP in females at age 18. At age
7 years, females had a higher mean pulse rate compared with males. In both sexes, pulse rate
decreased with age and rates of change were similar between the sexes. At age 18, mean pulse rate
was 4.7 beats per minute (bpm) (95% Cl, 4.1, 5.2 bpm) higher in females.

Glucose and insulin

At age 7 years, females had lower glucose levels compared with males (Figure 3) and (Table 17 in ref
(32)). Glucose increased similarly in both sexes from 7 to 15 years and decreased from 15 to 18
years, with a faster rate of decrease in females. At age 18, mean glucose was 0.2 mmol/l (95% Cl,

0.2, 0.3 mmol/l) lower in females.

At birth, females and males had similar insulin levels. Insulin increased in both sexes at a broadly
similar rate until age 15 and decreased thereafter at a similar rate in both sexes. At age 18, mean

insulin was 23.8% (95% Cl, 10.8, 36.4%) higher in females.

Lipids

Females had similar triglycerides at birth but higher HDL-c and non-HDL-c compared with males
(Figure 4) and (Table 18 in ref (32)). From birth to 9 years, triglycerides and non-HDL-c increased in

both sexes but at a faster rate in females. From birth to 7 years, HDL-c also increased in both sexes

but at a slower rate in females.

From 9 to 18 years, rates of change in triglycerides and non-HDL-c did not differ substantially
between females and males. In contrast, HDL-c decreased at a faster rate in males from 7 to 18. At
age 18 years, females had 3.8% (95% Cl, 1.6, 6.1%) higher triglycerides, 0.17 mmol/l (95% Cl, 0.15,
0.18 mmol/l) higher HDL-c and 0.19 mmol/I (95% Cl, 0.16, 0.23 mmol/I) higher non-HDL-c compared

with males.

Sensitivity analyses
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Our results examining sex differences in the observed data at the first occasion of measurement and
last occasion of measurement (age 18) for each risk factor were similar to those predicted from the
multilevel model at those ages and age 18 (Table 19 in ref (32)). Results were not substantially
different when including only individuals with at least one measure before and one measure after 11
years (Figures 1-4 in ref (32)). Results for BMI were not altered when the analysis was restricted to
participants with 6 or more repeated measures (Figures 5 in ref (32)). Results were not altered when
the observations of participants who did not fast in the four hours before the 15-and 18-year clinics
were excluded from the models at those time points only (Figures 6&7 in ref (32)). Sex difference in
glucose at ages 15 and 18 years, were similar whether standard clinical chemistry or NMR
spectroscopy had been used to measure glucose (Table 1 in ref (32)). This suggests that that the
different glucose measure used at age 7 (NMR spectroscopy) and included in the trajectories
compared to the measures used at later time points (from standard clinical chemistry) is unlikely to
have influenced our findings. Our results for any measures of cardiovascular health were not altered
when the observations of participants taking antihypertensive medications at the 18-year clinic (n=6)

were excluded from analysis (data not shown).
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Discussion

In this paper, we examined longitudinal changes in 11 measures of cardiovascular health from early
childhood through to 18 years in a large contemporary prospective birth cohort study. We found
that sex differences in measures of cardiovascular health were apparent in early life and followed
different patterns from childhood to early adulthood. Consistent with adult sex differences in
contemporary populations (40, 41), females had higher height-adjusted fat mass, pulse rate and
lower height-adjusted lean mass and glucose from mid-childhood through adolescence and up to
age 18. Also consistent with adult sex differences (42-44), males developed higher SBP and lower
HDL-c during adolescence. In contrast to adult sex differences (42, 45), we found that females had
higher levels of insulin, triglycerides and non-HDL-c from birth or mid-childhood through
adolescence and developed higher DBP by the end of adolescence. These findings have implications
for understanding the sex-specific aetiology of cardiovascular risk across the life course and for sex
differences in measures of cardiovascular health in future adults as contemporary child and

adolescent populations mature.

Implications

Sex differences in absolute levels of many risk factors (45, 46), rather than sex differences in their
relative association with CVD risk (with some exceptions (47)) are thought to be the greatest
contributor to sex differences in cardiovascular disease risk in adults. Thus, understanding the
mechanisms underlying sex differences in measures of cardiovascular health and differentiating
naturally arising sex differences (due to genetic and hormones) compared with those which are
modifiable may provide sex-specific prevention opportunities. Several mechanisms have been
proposed to underlie sex differences in measures of cardiovascular health but these remain poorly
understood. (48) Our findings demonstrate that sex differences in measures of cardiovascular
health in early life are each potentially driven by unique mechanisms due to substantial variation,

between risk factors, in how sex differences emerge and change from birth to 18 years. For example,
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sex differences in height-adjusted fat mass and lean mass were evident at age 9 and widened during
adolescence (with girls having higher height-adjusted fat mass and lower height-adjusted lean mass).
This suggests that sex differences in these are associated with mechanisms that pre-date
adolescence but are further widened potentially due to hormonal changes associated with puberty.
These hormonal changes, alongside changes in growth velocity and health behaviours, may also be
associated with the emergence of the sex differences in SBP and HDL-c during adolescence. Our
findings showed a rise in SBP and decrease in HDL-c in males in adolescence leading to a 10 mmHg
higher SBP and 0.17 mmol/I lower HDL-c compared with females by age 18. However, this pattern of
widening sex differences during adolescence was not common to all measures of cardiovascular
health examined here. Sex differences that were present at birth and persisted throughout
childhood and adolescence (non-HDL-c) may implicate genetics as an underlying mechanism, as the
sex difference pre-dates exposure to the post-natal environment and gendered lifestyle behaviours.
Further studies of the specific mediators of the sex differences identified here, such as pubertal
timing, secondary sex characteristics, growth and lifestyle behaviours (smoking and physical activity)
will be an important next step in understanding the sex-specific aetiology of cardiovascular risk.
However, we acknowledge that we only have measures at birth for a small number of blood-based
risk factors (insulin, triglycerides, HDL-c and non-HDL-c), with the next measure for these being
several years later (between 7 to 9 years), preventing the modelling of change over time in infancy

and early childhood with greater resolution.

We found several sex differences in measures of cardiovascular health in childhood and adolescence
which were not comparable to sex differences in previous childhood generations or contemporary
adult populations that warrant further follow-up. For example, females had higher DBP,
triglycerides, and non-HDL-c at the end of adolescence in contrast to lower levels of these among
females in other childhood cohorts (18, 21, 22, 49, 50) and contemporary adults. (42-44) It is
possible that sex differences in these will change during early adulthood, and eventually lead to

lower levels in females. However, it is also possible that the different patterns of these in this
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population compared with previous generations are due to a cohort effect because of increasing
overweight and obesity in contemporary child populations. (24) Studies with repeated measures of
cardiovascular risk factors across adolescence and into adult life are needed to examine how these
sex differences track into adulthood and whether the pattern of sex differences in contemporary

child and adolescent populations differs from sex differences in previous generations.

Comparison with existing studies

Few studies have examined sex differences in trajectories of measures of cardiovascular health
through childhood and adolescence in contemporary populations. However, our findings are
comparable with some earlier prospective studies. The Minneapolis Cohort Study (N=507) showed
that whilst fat mass was higher in females from 11 to 19 years, similar rates of change in glucose,
insulin, HDL-c, triglycerides, and non-HDL-c were observed for both sexes during adolescence such
that sex differences remained stable during this period. (22) Project Heartbeat! (N=678) reported
that sex differences in SBP began to emerge after age 11 years, with male SBP increasing at a faster
rate, resulting in a lower SBP in females compared with males by age 18, consistent with our
findings. (18) Our data support findings from the Bogalusa Heart Study (N=3,313), which showed
that females had higher insulin and lower glucose than males from 5 to 17 years. (20) Project
Heartbeat! and the Minneapolis Cohort Study found the same crossover from higher HDL-c in males
to higher HDL-c in females in adolescence, as we have demonstrated here. However, both studies
showed higher triglycerides and non-HDL-c in males compared with females by the end of

adolescence, in contrast to our findings of higher levels of these in females at age 18.

Strengths and Limitations

There are several strengths to our study, including its prospective design, availability of repeated
measures, the ability to examine a range of measures of cardiovascular health, and the use of multi-
level models which take account of clustering of repeated measures within individuals and the

correlation between measures over time. We have also adjusted fat and lean mass using age-and
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sex-specific powers of height; this approach is likely to result in a more accurate estimation of sex
differences across childhood and adolescence. Limitations include combining non-fasting and fasting
bloods for risk factors, the availability of measures from birth for only 4 out of the 11 risk factors,
and the inclusion of glucose from NMR spectroscopy at age 7. We acknowledge that assays in cord-
blood may not be directly comparable to those measured in serum or plasma later in life.
Furthermore, with a period of 9 or more years after the cord blood measures before the next
measure of insulin, triglycerides HDL-c and non-HDL-c, there is a strong assumption that these
measures of cardiovascular health change in a linear way between birth and age 9. However, while
different sources of blood-based measures may affect the estimated mean shape of the trajectories
over time, different measurements and assay methods are unlikely to impact the direction and
magnitude of the estimated sex difference. Supporting this, the sex differences in glucose measured
using conventional clinical chemistry assays and NMR spectroscopy at age 15 and 18 were highly
comparable.  We have not explored the potential role of medications such as antihyperlipidemic
drugs in this study; however, their prevalence is likely to be low in this population and the impact of
medication use on our overall findings and the sex differences reported is likely to be minimal, as
demonstrated when observations of individuals taking antihypertensive medications were excluded.
A further limitation includes the use of BMI as a measure of adiposity which has several limitations in
children despite its widespread use including, being unable to distinguish fat and lean mass, masking
sex differences in these and its varying correlation with adiposity with age (as assessed directly by
DXA scans) throughout childhood. However, we have included direct measures of height-adjusted
fat mass and lean mass from DXA scans which provide more accurate insight into sex-and age-
related change in body composition over time than BMI. The number of people with measurements
of each measures of cardiovascular health varied, meaning that our analysis samples differed
between measurements and are not directly comparable. Loss to follow-up is also a limitation;
however, we have shown that sex is not associated with exclusion from our analysis and we have

also aimed to minimise potential bias by including all participants with at least a single measure of a
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risk factor. In addition, we have shown that participants included in our analysis were more
advantaged than those excluded due to missing data and loss-to-follow-up. Thus, the generalisability
of our findings to the wider population may be limited. Furthermore, our findings are not

generalisable to non-White populations as 98% of ALSPAC participants are Caucasians.

Conclusion

Sex differences in measures of cardiovascular health are apparent from birth or mid-childhood and
change across the early life course, suggesting that early life factors may play a role in sex
differences in cardiovascular disease. Further studies of the specific mechanisms underlying these
sex differences and how sex differences in contemporary child and adolescenct populations track

into adulthood are required



17

Conflict of interest

No disclosures or conflicts of interest to declare.

Financial support

The MRC Integrative Epidemiology Unit at the University of Bristol is supported by the Medical
Research Council and the University of Bristol [MC_UU_12013/6, MC_UU_12013/9]. LMOK is
supported by a UK Medical Research Council Population Health Scientist fellowship (MR/M014509/1).
LDH and AF are supported by Career Development Awards from the United Kingdom Medical Research
Council (grants MR/M020894/1 and MR/M009351/1, respectively). LMOK, AS, LDH, AF, KT, ELA, and
DAL work in a unit that receives funds from the United Kingdom Medical Research Council (grant
MC_UU_12013/5). AH received support from the British Heart Foundation (PG/15/75/31748,
CS/15/6/31468, CS/13/1/30327), the Wellcome Trust (086676/7/08/Z), the National Institute for
Health Research University College London Hospitals Biomedical Research Centre and works in a unit
that receives funds from the United Kingdom Medical Research Council (Programme Code
MC_UU_12019/1). All the funding sources had no role in the study design, collection, analysis, or
interpretation of the data; writing the manuscript; or the decision to submit the paper for publication.
Author contributions

LMOK, LDH, and AF designed the study. LMOK performed the analysis and wrote the first draft of the
manuscript. AS and ELA contributed to revision of analyses. LDH and AF supervised the analysis of the
study. All authors contributed to critical revisions of the analysis and the manuscript.
Acknowledgements

We are extremely grateful to all the families who took part in this study, the midwives for their help
in recruiting them, and the whole ALSPAC team, which includes interviewers, computer and laboratory
technicians, clerical workers, research scientists, volunteers, managers, receptionists and nurses. The
UK Medical Research Council and Wellcome (Grant ref: 102215/2/13/2) and the University of Bristol

provide core support for ALSPAC. This publication is the work of the authors and will serve as



18

guarantors for the contents of this paper. This research was specifically funded UK Medical Research

Council Population Health Scientist fellowship (MR/M014509/1) granted to LMOK.



19

References

1. Roth GA, Forouzanfar MH, Moran AE, Barber R, Nguyen G, Feigin VL, et al. Demographic and
epidemiologic drivers of global cardiovascular mortality. New England Journal of Medicine.
2015;372(14):1333-41.

2. Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, et al. Heart disease and stroke
statistics—2017 update: a report from the American Heart Association. Circulation.
2017;135(10):e146-e603.

3. Booth GL, Kapral MK, Fung K, Tu JV. Relation between age and cardiovascular disease in men
and women with diabetes compared with non-diabetic people: a population-based retrospective
cohort study. The Lancet. 2006;368(9529):29-36.

4, Mosca L, Barrett-Connor E, Wenger NK. Sex/gender differences in cardiovascular disease
prevention what a difference a decade makes. Circulation. 2011;124(19):2145-54.

5. Logue J, Walker J, Colhoun H, Leese G, Lindsay R, McKnight J, et al. Do men develop type 2
diabetes at lower body mass indices than women? Diabetologia. 2011;54(12):3003-6.

6. Peters SA, Huxley RR, Woodward M. Diabetes as risk factor for incident coronary heart
disease in women compared with men: a systematic review and meta-analysis of 64 cohorts
including 858,507 individuals and 28,203 coronary events. Diabetologia. 2014;57(8):1542-51.

7. Peters SA, Huxley RR, Woodward M. Diabetes as a risk factor for stroke in women compared
with men: a systematic review and meta-analysis of 64 cohorts, including 775 385 individuals and 12
539 strokes. The Lancet. 2014;383(9933):1973-80.

8. Mosca L, Grundy SM, Judelson D, King K, Limacher M, Oparil S, et al. Guide to preventive
cardiology for women. Circulation. 1999;99(18):2480-4.
9. Mosca L, Benjamin EJ, Berra K, Bezanson JL, Dolor RJ, Lloyd-Jones DM, et al. Effectiveness-

Based Guidelines for the Prevention of Cardiovascular Disease in Women—2011 UpdateA Guideline
From the American Heart Association. Journal of the American College of Cardiology.
2011;57(12):1404-23.

10. Regensteiner JG, Golden S, Huebschmann AG, Barrett-Connor E, Chang AY, Chyun D, et al.
Sex Differences in the Cardiovascular Consequences of Diabetes Mellitus: A Scientific Statement
From the American Heart Association. Circulation. 2015.

11. Johnson P, Fitzgerald T, Salganicoff A, Wood S, Goldstein J. Sex-Specific Medical Research:
Why Women’s Health Can’t Wait, A Report of the Mary Horrigan Connors Center for Women’s
Health & Gender Biology at Brigham and Women’s Hospital. 2014.

12. McGill HC, McMahan CA, Zieske AW, Sloop GD, Walcott JV, Troxclair DA, et al. Associations
of coronary heart disease risk factors with the intermediate lesion of atherosclerosis in youth.
Arteriosclerosis, thrombosis, and vascular biology. 2000;20(8):1998-2004.

13. McGill HC, McMahan CA, Herderick EE, Malcom GT, Tracy RE, Strong JP, et al. Origin of
atherosclerosis in childhood and adolescence. The American journal of clinical nutrition.
2000;72(5):1307s-15s.

14. Raitakari OT, Juonala M, Kdhénen M, Taittonen L, Laitinen T, Maki-Torkko N, et al.
Cardiovascular risk factors in childhood and carotid artery intima-media thickness in adulthood: the
Cardiovascular Risk in Young Finns Study. Jama. 2003;290(17):2277-83.

15. Bao W, Srinivasan SR, Berenson GS. Tracking of serum apolipoproteins Al and B in children
and young adults: the Bogalusa Heart Study. Journal of clinical epidemiology. 1993;46(7):609-16.
16. Bao W, Srinivasan SR, Wattigney WA, Bao W, Berenson GS. Usefulness of childhood low-
density lipoprotein cholesterol level in predicting adult dyslipidemia and other cardiovascular risks:
the Bogalusa Heart Study. Archives of internal medicine. 1996;156(12):1315-20.

17. Nicklas T, Von Duvillard S, Berenson G. Tracking of serum lipids and lipoproteins from
childhood to dyslipidemia in adults: the Bogalusa Heart Study. International journal of sports
medicine. 2002;23:539-43.



20

18. Labarthe DR, Dai S, Fulton JE, Harrist RB, Shah SM, Eissa MA. Systolic and fourth-and fifth-
phase diastolic blood pressure from ages 8 to 18 years: Project HeartBeat! American journal of
preventive medicine. 2009;37(1):S86-596.

19. Dai S, Fulton JE, Harrist RB, Grunbaum JA, Steffen LM, Labarthe DR. Blood lipids in children:
age-related patterns and association with body-fat indices: Project HeartBeat! American journal of
preventive medicine. 2009;37(1):556-564.

20. Burke G, Webber L, Srinivasan S, Radhakrishnamurthy B, Freedman D, Berenson G. Fasting
plasma glucose and insulin levels and their relationship to cardiovascular risk factors in children:
Bogalusa Heart Study. Metabolism: clinical and experimental. 1986;35(5):441-6.

21. Srinivasan SR, Wattigney W, Webber LS, Berenson GS. Race and gender differences in serum
lipoproteins of children, adolescents, and young adults—emergence of an adverse lipoprotein
pattern in white males: the Bogalusa Heart Study. Preventive medicine. 1991;20(6):671-84.

22. Moran A, Jacobs DR, Jr., Steinberger J, Steffen LM, Pankow JS, Hong CP, et al. Changes in
insulin resistance and cardiovascular risk during adolescence: establishment of differential risk in
males and females. Circulation. 2008;117(18):2361-8.

23. Wills AK, Lawlor DA, Matthews FE, Sayer AA, Bakra E, Ben-Shlomo Y, et al. Life course
trajectories of systolic blood pressure using longitudinal data from eight UK cohorts. PLoS medicine.
2011;8(6):e1000440.

24, Johnson W, Li L, Kuh D, Hardy R. How has the age-related process of overweight or obesity
development changed over time? Co-ordinated analyses of individual participant data from five
United Kingdom birth cohorts. PLoS medicine. 2015;12(5):e1001828.

25. O'Keeffe L, Taylor G, Huxley R, Mitchell P, Woodward M, Peters SA. Smoking as a risk factor for
lung cancer in women and men: a systematic review and meta-analysis. BMJ Open. 2018.

26. Boyd A, Golding J, Macleod J, Lawlor DA, Fraser A, Henderson J, et al. Cohort Profile: The
‘Children of the 90s’—the index offspring of the Avon Longitudinal Study of Parents and Children.
International journal of epidemiology. 2013;42(1):111-27.

27. Fraser A, Macdonald-Wallis C, Tilling K, Boyd A, Golding J, Smith GD, et al. Cohort profile: the
Avon Longitudinal Study of Parents and Children: ALSPAC mothers cohort. International journal of
epidemiology. 2013;42(1):97-110.

28. University of Bristol. Avon Longitudinal Study of Parents and Children 2017 [Available from:
http://www.bristol.ac.uk/alspac/researchers/access/.

29. Howe LD, Tilling K, Matijasevich A, Petherick ES, Santos AC, Fairley L, et al. Linear spline
multilevel models for summarising childhood growth trajectories: A guide to their application using
examples from five birth cohorts. Statistical methods in medical research. 2013:0962280213503925.
30. Howe LD, Matijasevich A, Tilling K, Brion M-J, Leary SD, Smith GD, et al. Maternal smoking
during pregnancy and offspring trajectories of height and adiposity: comparing maternal and
paternal associations. International journal of epidemiology. 2012;41(3):722-32.

31. O’Keeffe LM, Kearney PM, Greene RA, Zuccolo L, Tilling K, Lawlor DA, et al. Maternal alcohol
use during pregnancy and offspring trajectories of height and weight: A prospective cohort study.
Drug & Alcohol Dependence. 2015;153:323-9.

32. O'Keeffe L, Simpkin A, Tilling K, Anderson E, Hughes A, Lawlor DA, et al. Data on trajectories of
measures of cardiovascular health in the Avon Longitudinal Study of Parents and Children (ALSPAC).
Data in Brief. 2018.

33. Goldstein H. Multilevel statistical models; 2nd edition ed. London: : Edward Arnold; 1995.
34, O'Keeffe LM, Howe LD, Fraser A, Hughes AD, Wade KH, Anderson EL, et al. Associations of Y
chromosomal haplogroups with cardiometabolic risk factors and subclinical vascular measures in
males during childhood and adolescence. Atherosclerosis. 2018;274:94-103.

35. Tilling K, Macdonald-Wallis C, Lawlor DA, Hughes RA, Howe LD. Modelling childhood growth
using fractional polynomials and linear splines. Annals of Nutrition and Metabolism. 2014;65(2-
3):129-38.



http://www.bristol.ac.uk/alspac/researchers/access/

21

36. Royston P, Altman DG. Regression using fractional polynomials of continuous covariates:
parsimonious parametric modelling. Applied statistics. 1994:429-67.

37. MLwiN Version 2.36. Centre for Multilevel Modelling UoBc, 2016 p.

38. Stata 14.0 [computer program]. Texas StataCorp; 2016. .

39. runmlwin: Stata module for fitting multilevel models in the MLwiN software. Centre for
Multilevel Modelling, University of Bristol [computer program]. 2016.

40. Heo M, Faith MS, Pietrobelli A, Heymsfield SB. Percentage of body fat cutoffs by sex, age,
and race-ethnicity in the US adult population from NHANES 1999-2004. The American journal of
clinical nutrition. 2012;95(3):594-602.

41. Collaboration ERF. Diabetes mellitus, fasting blood glucose concentration, and risk of
vascular disease: a collaborative meta-analysis of 102 prospective studies. The Lancet.
2010;375(9733):2215-22.

42. NCD Risk Factor Collaboration. Worldwide trends in blood pressure from 1975 to 2015: a
pooled analysis of 1479 population-based measurement studies with 19- 1 million participants. The
Lancet. 2017;389(10064):37-55.

43, Frank AT, Zhao B, Jose PO, Azar KM, Fortmann SP, Palaniappan LP. Racial/ethnic differences
in dyslipidemia patterns. Circulation. 2013:CIRCULATIONAHA. 113.005757.

44, Yang W, Xiao J, Yang Z, Ji L, Jia W, Weng J, et al. Serum lipids and lipoproteins in Chinese men
and women. Circulation. 2012:CIRCULATIONAHA. 111.065904.

45, Emerging Risk Factors Collaboration. Major lipids, apolipoproteins, and risk of vascular
disease. Jama. 2009;302(18):1993-2000.
46. Peters SA, Huxley RR, Woodward M. Comparison of the Sex-Specific Associations Between

Systolic Blood Pressure and the Risk of Cardiovascular Disease A Systematic Review and Meta-
analysis of 124 Cohort Studies, Including 1.2 Million Individuals. Stroke; a journal of cerebral
circulation. 2013;44(9):2394-401.

47. Peters SA, Huxley RR, Woodward M. Diabetes as risk factor for incident coronary heart
disease in women compared with men: a systematic review and meta-analysis of 64 cohorts
including 858,507 individuals and 28,203 coronary events. Diabetologia. 2014:1-10.

48. Peters SA, Huxley RR, Sattar N, Woodward M. Sex differences in the excess risk of
cardiovascular diseases associated with type 2 diabetes: potential explanations and clinical
implications. Current cardiovascular risk reports. 2015;9(7):1-7.

49, Xi B, Kelishadi R, Hong YM, Khadilkar A, Steffen LM, Nawarycz T, et al. Establishing
International Blood Pressure References Among Nonoverweight Children and Adolescents Aged 6 to
17 YearsCLINICAL PERSPECTIVE. Circulation. 2016;133(4):398-408.

50. Yan W, Liu F, Li X, Wu L, Zhang Y, Cheng Y, et al. Blood pressure percentiles by age and height
for non-overweight Chinese children and adolescents: analysis of the china health and nutrition
surveys 1991-2009. BMC pediatrics. 2013;13(1):195.



22

Table 1 Number of Participants with Cardiovascular Measures at Each Time Point Included in the

Analysis from Birth to 18 years

Birth Age Age Age Agell Age Age Age Age Total Median

7 9 10 12 13 15 18 measures measures

(1GR)

BMI @ X X X X X X X X 112,768 12 (9-15)
Fat/lean mass 7,241 6,963 6,009 5,126 4,804 30,143 4 (3-5)
SBP/DBP/pulse rate 8,057 7,586 7,152 6,996 6,624 5,277 4,629 45,961 5 (6-7)
Glucose 5,480 842 3,464 3,266 13,052 2 (1-3)
Insulin® 262 550 521 498 1,831 3(3-3)
Lipids © 4,770 5,394 5,048 3,460 3,254 21,926 3 (2-4)

DBP, diastolic blood pressure; HDL-c, high density lipoprotein cholesterol; IQR, interquartile range;
non-HDL-c, non-high-density lipoprotein cholesterol; SBP, systolic blood pressure.

2 Measures available at each of these approximate ages and at several ages in between but exact
timing and number of BMI measures not shown as a total of 112,768 BMI measures were available
from questionnaires, routine child health records and research clinics at different mean ages from 1
to 18 years.

b Additional measures available at these ages but the model was restricted to participants with at
least one measure before and after age 11 years to allow model convergence.

¢ Triglycerides, HDL-c and non-HDL-c.
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Figure 1 Mean predicted sex-specific trajectories of anthropometry.
Mean trajectories of A) BMI from 1 to 18 years B) height-adjusted fat mass and C) height-adjusted lean mass both from 9 to 18 years in the ALSPAC cohort,
predicted from multilevel models. Shaded areas represent 95% confidence intervals. Note the different age range on the X axis for each outcome. Fat mass
and lean mass were measured at 9, 11, 13, 15 and 18 years are adjusted for different age-and sex-specific powers of height. BMI was measured a median of

32 times from 1-18 years. Further details are included in ref (32).
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Figure 2 Mean predicted sex-specific trajectories of blood pressure and pulse rate
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Mean trajectories of A) SBP, B) DBP and C) pulse rate from 7-18 years in the ALSPAC cohort, predicted from multilevel models. Shaded areas represent 95%

confidence intervals. Note the different age range on the X axis for each outcome. SBP, systolic blood pressure; DBP, diastolic blood pressure. SBP, DBP and

pulse rate were measured at 7, 9, 10, 11, 13, 15 and 18 years. Further details are included in ref (32).
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Figure 3 Mean predicted sex-specific trajectories of glucose and insulin.
Mean trajectories of A) glucose from 7 to 18 years and B) insulin from birth to 18 years in the ALSPAC cohort, predicted from multilevel models. Shaded
areas represent 95% confidence intervals. Note the different age range on the X axis for each outcome. Glucose was measured at 7, 9, 15 and 18 years.

Insulin was measured at birth, 9, 15 and 18 years. Further details are included in ref (32).
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Figure 4 Mean predicted sex-specific trajectories of lipids from birth to 18 years
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Mean trajectories of A) triglyceride, B) HDL-c and C) Non-HDL-c from birth to 18 years in the ALSPAC cohort, predicted from multilevel models. Shaded areas
represent 95% confidence intervals. HDL-c, high density lipoprotein cholesterol. All three lipids were measured at birth, 7, 9 15 and 18 years. Further details

are included in ref (32).
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