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Abstract

Nutrition in pregnancy and early childhood affects later blood pressure and precursors of

atherosclerosis, but its influence on arterial stiffness is unexplored. This study determines

whether exposure to improved nutrition during early life influences Augmentation index (AI)

and pulse wave velocity (PWV) in mid-adulthood. We included 1221 adults (37-54y) who

participated in a cluster-randomized nutritional supplementation trial of a protein-energy

beverage (Atole), conducted between 1969–1977 in Guatemala. The comparison group

received Fresco, a low-calorie protein-free beverage. In 2015–17, we measured anthropom-

etry (weight, height, and waist-to-height ratio); AI and PWV (using carotid—femoral tonome-

try); blood pressure; fasting plasma glucose and serum lipids; and sociodemographic

characteristics. Based on patterns of exposure, we characterized participants as fully, par-

tially or unexposed to the intervention from conception to their second birthday (the ‘first

1000 days’). We fit pooled and sex-specific models using intention-to-treat, difference-in-dif-

ference regression analysis to test whether exposure to the supplement in the first 1000

days was associated with AI and PWV in adulthood adjusting for basal and current sociode-

mographic variables and current life-style and cardio-metabolic risk factors. Prevalence of

obesity in men and women was 39.6% and 19.6%, and prevalence of hypertension was

44.0% and 36.0%, respectively. Women had higher AI (34.4±9.6%) compared to men (23.0

± 9.8%), but had similar PWV (7.60±1.13 m/s and 7.60±1.31, respectively). AI did not differ

significantly across intervention groups. PWV was lower in individuals with full exposure to

the supplement during the first 1000 days (-0.39m/s, 95% CI -0.87, 0.09; p = 0.1) compared

to unexposed individuals. This difference was similar after adjusting for cardio-metabolic

risk factors (-0.45m/s; 95%C-0.93, 0.01; p = 0.06). Exposure to improved nutrition during

the first 1000 days was marginally associated with lower PWV, but not with AI.
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Introduction

Carotid-femoral pulse wave velocity (PWV) and augmentation index (AI) are measures of

arterial stiffness and central arterial pressure, and thus are proxy indicators of arterial aging

[1]. Increased stiffness, the loss of elasticity, in the arterial tree is a strong independent predic-

tor of atherosclerosis [2, 3]. PWV and AI are independent predictors of mortality in the gen-

eral population [4, 5] and they have been linked to age, hypertension, central obesity, heart

rate, height, diabetes, and several lifestyle risk factors [6–9]. Degeneration of compliant elastin

fibers and deposition of stiffer collagen in the arterial wall, which may start in childhood [10],

are among the primary causes of age-related arterial stiffening [1].

Breastfeeding is associated with favorable brachial endothelial function, properties of the

carotid arterial wall, and brachial blood pressure [11–13]. One study showed adverse effects of

protein-enriched infant formula given during the first 9 months to children small for gesta-

tional age of life on blood pressure (6–8 years), when compared with standard formula [14].

Similarly, supplementation of preterm infants with cow’s milk during the first 5 years of life

increased brachial blood pressure in adulthood [15]. Longitudinal studies in several low and

middle income countries found evidence that growth failure is associated with elevated blood

pressure in adulthood [16]. However, the role of nutrition in early life on later arterial stiffness

remains largely unexplored, and there is no evidence on the effects of nutritional supplementa-

tion on arterial stiffness in undernourished populations.

Our objective was to explore whether improvements in nutrition in early life are associated

with arterial stiffness in early middle age in a population growing up in a context of chronic

undernutrition, and to assess whether this association is independent of attained height, mean

blood pressure, and current lifestyle risk factors.

Materials and methods

Study population

The INCAP Nutrition Supplementation Trial Longitudinal Study is a follow-up of individuals

who participated as children in the INCAP Nutrition Supplementation Trial, which was con-

ducted in four communities in eastern Guatemala to study the effect of early-life improved

nutrition on development and growth [17]. In the original trial, conducted between 1969 and

1977, two pairs of matched villages were randomized to Atole, a protein-energy beverage, or

fresco, a protein-free, low-calorie beverage. The supplements were distributed in a centrally

located feeding hall for 2–3 h during midmorning and midafternoon, including weekends.

The beverage was prepared daily and supplement intake was recorded for pregnant and lactat-

ing women and children [17]. Details of the methods of the original supplementation trial and

the nutritional composition of Atole and Fresco are published elsewhere [17]. Participating

individuals have been followed prospectively; the present analysis uses data collected in the

2015–17 follow-up, which was designed to test the hypothesis that improved nutrition during

the ‘first 1000 days’ (the period from conception to the second birthday) can attenuate the

development of cardiometabolic disease. Fig 1 shows the trial profile. Out of 2392 participants

enrolled in the original trial, 269 died, 249 migrated out of the country and 114 were untrace-

able. Among the 1661 participants living in Guatemala, 500 could not be contacted or declined

to participate; 1161 individuals provided informed consent. Finally, 40 participants were

excluded as they did not have both measures of arterial stiffness (either AI or PWV) or mea-

sures did not reach precision quality, resulting in a final sample size of 1121.

Measurements in the original study (1969–77). In the original study, staff performed

data collection at a research facility or in the participant´s home. The informant was the
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mother or other primary caretaker. Data used in the present paper include the child’s birth

year and sex, and maternal height, schooling (grades completed), age at the childbirth, and

household socio economic status (SES) at the time of the childbirth.

Measurements in the 2015–2017 follow-up. In the 2015–17 follow-up, trained staff col-

lected data in a research facility in each village, in the nearby town of Sanarate, or in Guatemala

City. Through face-to-face interviews, we obtained data on smoking and alcohol consumption

(Yes/no, current status); socio-demographic characteristics, current residence (Guatemala

City vs other), self-reporting of health conditions, and reported use of hypertension and diabe-

tes medication.

Anthropometry. Standard procedures were applied to obtain duplicate measures of height,

body weight, and waist circumference (WC) [18]. WC and height were measured to the near-

est 0.1cm and weight to the nearest 100g. If the difference between the 1st and 2nd measures

exceeded 500g for weight, 0.5 cm for height or 1 cm for WC, a third measure was taken. We

calculated the average using the two closest measures. Body mass index (BMI) was calculated

as weight in Kg divided by the squared of height in meters; BMI� 25 kg/m2 was considered

Fig 1. Enrollment, participation and final sample of the Institute of Nutrition and Central America and Panama (INCAP)

Supplementation trial follow-up in 2015–2017.

https://doi.org/10.1371/journal.pone.0239921.g001
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overweight and BMI> 30 kg/m2 was considered obese [19]. The waist-to-height ratio (WHtR),

a marker of central obesity, was calculated as the ratio of WC and height, both in meters [20].

Body composition. We estimated total body water (TBW) using the deuterium oxide (D2O)

dilution technique. Participants provided a saliva sample for determination of the background

deuterium enrichment and then received an oral dose of 30 g of deuterium water. After 3 h, a

second saliva sample was collected. Deuterium enrichment was analyzed through the Fourier

Transform Infrared (FTIR, Shimadzu 8400S) spectroscopy in the range 2300–2800 cm-1. TBW

was determined from the deuterium oxide dilution space, corrected for 4% exchange of deute-

rium with the non- aqueous compartment of the body. We calculated fat free mass (FFM)

from TBW, assuming that FFM has a hydration constant of 0.732. Fat mass was estimated as

the difference between total body weight and FFM [21].

Peripheral blood pressure and mean blood pressure. Using a cuff size appropriate for the par-

ticipant’s arm size, seated systolic blood pressure (SBP) and diastolic blood pressure (DPB)

were measured 3 times. The first reading was obtained after 5 minutes of seated rest and the

2nd and 3rd readings at 3 min intervals using a digital blood pressure monitor (Omron,

Schaumburg IL, USA). If the difference between the second and third systolic or diastolic mea-

surements were greater than >10 mmHg, a fourth measure was taken. The average of the two

closest measurements was used without including the first measurement. We defined hyper-

tension as systolic blood pressure�130 mmHg and/or diastolic blood pressure�80 mmHg

and/or hypertension medication use [22]. Mean arterial blood pressure was calculated

as = DBP + (SBP–DBP) / 3 [23].

Blood lipids and type 2 diabetes. Trained phlebotomists obtained venous blood samples in

fasting conditions (at least 8 hours) and 120 minutes after a prandial challenge. Fasting triglyc-

erides, high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol

(LDL-c), glycated hemoglobin (HbA1c), and fasting and 2-h post-challenge glucose were mea-

sured by enzymatic colorimetric methods (Cobas C111 analyzer, ROCHE, Indiana, USA) at

INCAP laboratories. We defined type 2 diabetes as fasting plasma glucose�126 mg/dL and/or

post-challenge glucose�200 mg/dL and/or diabetes medication use [24].

Arterial stiffness and central hemodynamic data. We derived central systolic, central dia-

stolic pressure, PWV, AI, and AI standardized at a constant heart rate (75bpm) from pulse

wave analysis using a Sphygmocor Xcel (AtCot Medical, Itasca IL), recording the pressure

waveforms at the carotid and femoral arteries. With the participant in a supine position, a

trained and standardized physician placed a cuff around the femoral artery to capture the fem-

oral waveform, and a tonometer was positioned at the base of the neck on the common carotid

artery. The distance between the carotid and femoral arteries was measured over the body sur-

face, and the velocity was determined by dividing pulse transit time by the distance. The soft-

ware quantifies the quality of the captured peripheral (brachial) waveform in 0–100 scale. An

overall quality value above or equal to 75 was used to define valid measures of PWV and AI as

indicated by the device software.

We obtained ethical approval from the Institutional Review Boards of Emory University

(Atlanta, GA) and INCAP (Guatemala City, Guatemala). All participants gave written

informed consent before participation.

Statistical methods

Nutrition exposure in early childhood. Our primary interest was exposure during first

1000 days, since this period is critical for linear growth, development, human capital and

health outcomes in adulthood [25]. Children were exposed to supplementation (Atole or

Fresco) at different ages, depending on their date of birth. Supplementation started on Jan 1st,
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1969 in two villages and on May 1st, 1969 in the other two and ended on February 28, 1977 in

all villages. We defined exposure to Atole supplementation as being full if children resided in

the Atole villages and were fully exposed to the supplement from conception to age 2y (first

1000-days). We defined exposure as partial if children resided in the Atole villages and received

the supplement partially during the first 1000-days. Finally, we defined children as unexposed

if they resided in the Fresco villages or if they did not receive Atole during the first 1000-days.

For these definitions a gestational period of 266 day was assumed.

Statistical analysis. General characteristics of the study population and distribution of

outcomes, exposure and covariates were assessed by means and proportions for continuous

and categorical data, respectively. Since there is limited evidence of arterial stiffness in Latin

America and this is the first time that proxies of arterial stiffness were measured in a Central

American population, medians and percentiles (10th, 50th, and 90th) of AI and PWV by sex

and age were compared to references values [26, 27]. Sex-specific and pooled bivariate associa-

tions between measures of arterial stiffness and cardio-metabolic risk factors, age, residency

and SES were calculated using linear regression.

We developed a socioeconomic index (SES) using household characteristics information

and consumer durable goods captured in the sociodemographic questionnaires. We catego-

rized SES into tertiles. Methods to derive the SES scores for this cohort are reported elsewhere

[28].

Main analysis. To assess associations between exposure to Atole in early life and measures

of systemic arterial stiffness in adulthood, we conducted difference-in-difference (DD) inten-

tion-to-treat analysis using generalized linear models. For the DD analysis, our primary inter-

est was the interaction term between the exposure period (fully exposed during the first 1000

days, partially exposed in the first 1000 days, unexposed) and supplementation type (Atole vs

fresco). This interaction term represents the differential effect of exposure to Atole compared

with fresco during all or part of the first 1000 days, after subtraction of the difference between

individuals exposed to Atole versus Fresco at other ages. The interaction term, therefore, is an

estimate of the effect of exposure to Atole in the first 1000 days. Given the differences in mor-

phology between men and women, we developed separate models for men and women. All

pooled analyses were adjusted for sex. Standard errors were calculated with allowance for clus-

tering within families.

For each outcome, we assessed four different models. The base model (model 1) included

dummy variables for birth village to account for village fixed effects and supplementation type,

age of exposure to the intervention (full or partial vs none), birth year (to control for any

cohort effects), and the previously-described interaction between supplementation type and

age at intervention. In model 2, covariates were selected based on previous findings in this

cohort [29–31]. We added early-life characteristics, specifically SES in childhood and maternal

factors including age at childbirth, height, and completed grades of schooling. In model 3, we

added a set of current well-known confounders, such as sociodemographic characteristics

including age; SES; residence; smoking and alcohol consumption; height; mean blood pres-

sure; and hypertension medication use [2, 3, 7]. Finally, in model 4 we adjusted for several con-

ditions to assess the potential mediation influence, such as BMI, central obesity, fat free mass,

body fat percentage, blood lipids, and diabetes [6, 9].

In all models, heart rate was included as a co-variate except for models in which AI was

standardized to 75 bmp [32, 33]. We tested for heterogeneity by sex through a third-order

interaction term of sex, Atole/Fresco and exposure to supplementation.

Negative values of AI may occur in young men, and restricting analysis to individuals with

positive values of AI has been proposed to avoid distortion of results [33]. In our sample, only

four men had negative values of AI and were included in the analysis, since the estimates were
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not affected by their exclusion. Since AI is highly dependent on heart rate, we also conducted

analyses using as outcome AI standardized to 75bpm. All p values were two-sided and statisti-

cal significance was set at p<0.05.

Missing data. There were 233 participants with missing information for maternal height

(20.6%), 100 for post-prandial glucose (8.8%), 97 for SES at birth (8.6%); 40 for mother’s

schooling (3.5%), 30 for fat mass and 28 for fat free mass (2.6% and 2.5%, respectively). Fewer

than 1% of participants had missing values for blood lipids, fasting glucose, alcohol and smok-

ing status, hypertension medication use, and blood pressure. To handle missing data, we

assumed that incomplete data was missing at random, in order to perform multiple imputation

(MI) with 50 imputations for each incomplete variable [34]. We imputed incomplete values

using correlated variables with no missing such as sex, age, birth year, BMI, WHtR, height,

waist circumference, heart rate, current residence, current SES, grades of schooling, PWV and

AI. Then, we fit the desired linear regression models. We also obtained the fraction of missing

information–FMI-, which measures the level of uncertainty about the values one would

impute for current non-responders and we used it to assess whether 50 imputations were suffi-

cient. If the number of imputations was greater than 100xFMI, then the MI provides an ade-

quate level of reproducibility [35]. We conducted all analyses in STATA 14.0 (College Station,

Texas) and 95% confidence intervals (CI) were calculated.

Results

There were 1121 participants with valid measures of PWV and AI, of whom 60% were women.

Characteristics of individuals who were lost to follow-up and those who participated in the

2015–17 follow-up study are described elsewhere [31].

No significant differences in PWV were found between men (7.6±1.1 m/s) and women

(7.6±1.3 m/s), however women had significantly higher AI (34.4±9.6%) compared to men

(23.0±9.8%). Despite the high prevalence of hypertension among the population, particularly

in women (44%) compared to men (36%); less than 10% receive hypertension medication.

Overall women tended to have higher values of current cardiometabolic risk factors compared

to men (Table 1).

Medians and selected percentiles of PWV and AI by sex and age and their corresponding

references values are presented in Table 2. Overall, this population has PWV values that were

11–16% lower than the reference values. In the groups of 37y-45y and 45y-55y, women have

higher AI (50th percentile: 33 and 36.0%) compared with the median of age-specific reference

values (50th percentile: 22.2 and 26.8%) (Table 2). In men, the median AI were close to the ref-

erence values (<10% difference).

AI and PWV were higher in those with obesity compared with participants without obesity

(men: 7.02% 95% CI: 4.58, 9.46 and 0.50 m/s 95% CI: 0.24, 0.76; women: 2.32% 95% CI: 0.85, 3.80

and 0.60 m/s 95% CI: 0.41, 0.81, respectively; data in S1 Table). Height was inversely associated

with AI but positively associated with PWV in both men and women. Current SES was positively

associated with PWV in men. Women living in Guatemala City had lower AI (-2.11%; 95% CI

-3.98, -0.24) compared with women living in other locations. In contrast, men who lived in Guate-

mala City had higher PWV compared with those living in other locations. PWV and AI were also

positively associated with age and with several other cardio-metabolic risk factors.

In the analysis of the association between early life supplementation and arterial stiffness in

adulthood, there was no evidence of heterogeneity of associations by gender; hence, we focus

on the results of the pooled, sex-adjusted models (Table 3). Sex-stratified estimates are pro-

vided in S2 Table. Models 1, 2, and 3 did not differ meaningfully. Hence, we focus on findings

from model 3, which was adjusted for the baseline and current sociodemographic factors.
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Table 1. General characteristics of the study population, by sex.

Characteristics Women (N = 674) Men (N = 447)

Age at follow-up (y) 45.0±4.3 44.8±4.2

Atole supplementation during the first 1000 days of lifea

Unexposed (%) 14.8 13.6

Partial exposure, (%) 18.0 16.8

Full exposure, (%) 22.1 22.4

Childhood household socioeconomic status

Poorest (%) 34.5 32.2

Middle (%) 32.3 33.5

Wealthiest (%) 33.3 34.2

Maternal age (y) 26.8 ±7.1 27.0±7.3

Maternal height (cm) 148.4±5.1 148.5±4.9

Maternal schooling (y) 1.2±1.5 1.4±1.6

Participant’s schooling (y) 3.3±2.1 3.5±2.1

Current socioeconomic status, N (%)

Poorest, (%) 32.9 33.3

Middle, (%) 34.4 30.4

Wealthiest (%) 32.6 36.2

Height (cm) 151.5±5.3 163.9±6.1

Body mass index–BMI- (kg/m2) 29.2±5.1 26.6±4.3

Obesityb (%) 39.6 19.2

Body fat (%) 42.2±5.9 28.8±6.7

Fat free mass (Kg) 38.3±5.6 50.5±6.9

Waist-to-height ratioc 0.67±0.03 0.57±0.03

Tobacco use (%) 0.9 30.4

Alcohol use (%) 4.3 37.0

Total cholesterol (mg/dL) 190.4±39.0 179.5±38.7

High density lipoprotein cholesterol (mg/dL) 37.2±11.4 34.1±11.0

Low density lipoprotein cholesterol (mg/dL) 117.1±35.8 107.3±36.6

Triglycerides (mg/dL) 226.5±112.2 242.9±155.3

Systolic blood pressure (mmHg) 124.5±18.0 123.7±13.7

Diastolic blood pressure (mmHg) 74.5±10.6 73.1±9.1

Mean blood pressured (mmHg) 91.2±012.4 89.9±10.1

Hypertensione (%) 44.0 36.0

Hypertension medication (Yes, %) 11.7 3.1

Type 2 diabetesf (%) 21.0 13.0

Heart rate (bpm) 68.3±9.68 61.9±9.5

Augmentation indexg (%) 34.3±9.6 23.0±9.8

Augmentation index at 75 bpm (%) 31.2±9.6 16.8±10.7

Augmentation index, % (AI > 0) 34.3±9.6 23.3±9.5

Pulse wave velocity–PWV (m/s) 7.6±1.3 7.6±1.1

aFull exposure: children who received full supplementation with Atole during the first 1000 days. Partial exposure: Children who received partial supplementation with

Atole during the first 1000 days. Unexposed: children who received Fresco and those who received Atole outside the first 1000 days.
bObesity: BMI�30 kg/m2 [19].
cWaist-to-height ratio: Waist circumference/ height in meters.
dMean blood Pressure = diastolic blood pressure + 1/3 (systolic blood pressure–diastolic blood pressure).
eHypertension: systolic blood pressure�130 mmHg and/or diastolic blood pressure�80 mmHg and/or hypertension medication [22].
f Type 2 diabetes: fasting plasma glucose�126 mg/dL, and/or 2-h post-challenge glucose�200 mg/dL, and/or diabetes medication [24].

Bpm: beats per minute.

Sample size for variables with missing information for women and men respectively: Childhood household SES = 612 and 412; maternal height = 537 and 353; maternal

schooling = 656 and 425; body fat = 656 and 435; fat free mass = 657 and 436; tobacco use = 673 (only women); alcohol use = 673 (only women); blood lipids = 667 and

435; blood pressure = 673 (only women); hypertension medication = 673 and 446; diabetes, = 444 (only men).

https://doi.org/10.1371/journal.pone.0239921.t001
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In model 3, we found lower PWV in individuals with full exposure to Atole during the first 1000

days (-0.39m/s, 95% CI -0.87, 0.09; p = 0.10) compared with those who were unexposed. We

observed a smaller estimate in individuals with partial exposure to Atole compared with unexposed

Table 2. Percentiles of pulse wave velocity and augmentation index by sex and age-group in the 2015–17 follow-up of the INCAP Nutrition Supplementation Trial

Longitudinal Study.

Sex Sample size Women (n = 674) Men (n = 447) Reference values

n 10th 50th 90th 10th 50th 90th 10th 50th 90th

Pulse wave velocitya (m/s)

37-45y 630 6.1 7.2 8.8 6.3 7.3 8.6 6.6 8.6 11.0

46-55y 499 6.2 7.9 9.6 6.4 7.6 9.2 6.7 8.9 10.1

Augmentation indexb (%)

37-45y 630 21 33 47 10 20 35 - 22.2 -

46-55y 499 25 36 47 13 26 37 - 26.8 -

a Pulse wave velocity references derived from a Meta-analysis of 8167 participants. References correspond to 10th, 50th y 90th percentile of an average of sex and for 40y -

50y respectively [26].
b Augmentation index references derived from 4,561 adults in a cohort without known cardiovascular disease (CVD) or diabetes, and with low risk of CVD from The

Copenhagen City Heart Study (SphygmoCor device). References correspond for an average of sex and for 40y - 50y respectively using the following equations Men:

79.20 + 0.63 (age) − 0.002 (age2) − 0.28 (heart rate) − 0.39 (height). Women: AI = 56.28 + 0.90 (age) − 0.005 (age2) − 0.34 (heart rate) − 0.24 (height) [27].

https://doi.org/10.1371/journal.pone.0239921.t002

Table 3. The association of early life nutritiona during the first 1000 days of life with pulse wave velocity and augmentation index in adulthood, INCAP Nutrition

Supplementation Trial Longitudinal Study.

Full or partial exposure vs unexposed Full exposure vs. unexposed Partial exposure vs. unexposed

Measure of arterial stiffness β b 95% CI β 95% CI β 95% CI

Pulse wave velocity, m/s

Model 1c -0.31 [-0.83,0.20] -0.22 [-0.79,0.34] -0.33 [-0.89,0.24]

Model 2d -0.32 [-0.83,0.20] -0.22 [-0.79,0.35] -0.32 [-0.89,0.24]

Model 3e -0.36� [-0.79,0.08] -0.39� [-0.87,0.09] -0.28 [-0.76,0.20]

Model 4f -0.40� [-0.83,0.02] -0.45� [-0.93,0.01] -0.32 [-0.77,0.08]

Augmentation index, %

Model 1 0.36 [-3.79, 4.51] 1.13 [-3.51,5.76] -0.35 [-4.95,4.26]

Model 2 0.31 [-3.85, 4.47] 1.04 [-3.61,5.70] -0.37 [-4.99,4.26]

Model 3 0.33 [-3.79, 4.45] 0.90 [-3.70,5.51] -0.21 [-4.78,4.36]

Model 4 -0.21 [-4.23,3.80] 0.21 [-4.30,4.71] -0.58 [-5.03,3.87]

Augmentation index at 75 bpm, %

Model 1 0.08 [-4.37,4.52] 1.19 [-3.80,6.17] -1.29 [-6.25,3.66]

Model 2 -0.11 [-4.59,4.37] 1.18 [-3.83,6.18] -1.29 [-6.26,3.69]

Model 3 -0.14 [-4.48,4.19] 0.73 [-4.11,5.57] -0.98 [-5.78,3.83]

Model 4 -0.69 [-4.93,3.54] 0.06 [-4.68,4.81] -1.39 [-6.08,3.30]

�p� 0.1. Sample size: 447 men, 674 women.
aFull exposure: children who received full supplementation with Atole during the first 1000 days. Partial exposure: children who received partial supplementation with

Atole during the first 1000 days. Unexposed: children who received Fresco and Atole outside the first 1000 days.
bEstimates are β coefficients of the interaction term between exposure period and specifying exposure to Atole from conception to age 2 y controlling for: fixed effects of

birth village and supplementation type (Atole vs. Fresco), age at intervention (whole exposure vs other) and birth year.
cModel 1: Interaction term (supplementation type and exposure period), birth year and heart rate.
dModel 2: Model 1 + maternal height, maternal schooling, maternal age at the birth of child and childhood household socioeconomic status.
eModel 3. Additional adjustment for current age, socioeconomic status, residency, use of tobacco, alcohol, hypertension medication, mean blood pressure and height.
fModel 4. Additional adjustment for waist-to-height-ratio, triglycerides, high-density lipoprotein, low-density lipoprotein, BMI, fat-free mass, body fat percentage and

diabetes.

https://doi.org/10.1371/journal.pone.0239921.t003
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children (-0.28m/s, 95% CI -0.76, 0.20; p = 0.17). PWV was amplified when adjusting for cardiome-

tabolic risk factors (-0.45m/s; 95%C-0.93, 0.01; p = 0.06) in the full exposure group. Neither partial

nor full exposure to Atole during the first 1000 days was significantly associated with AI (-0.21%,

95% CI -4.78, 4.36 and 0.90%, 95%CI -3.70, 5.51, respectively). Standardizing AI to 75bpm did not

change the estimates. Overall, in all AI models, an attenuation of the estimates was observed follow-

ing adjustment for other cardiometabolic disease risk markers (Table 3 and S2 Table).

We also examined whether any exposure to Atole in the first 1000 days was associated with

AI by combining the full and partial categories (Table 3 and S2 Table). In this specification,

any Atole supplementation during the first 1000 days was marginally associated with reduced

PWV (-0.36 95%CI -0.79, 0.08; p = 0.10). This categorization of exposure was not significantly

associated with AI.

Discussion

Our main finding is that exposure to Atole supplementation during the first 1000 days is mar-

ginally associated with lower PVW in adulthood, independently of attained height, mean

blood pressure and current cardiometabolic risk factors. Exposure to Atole during the first

1000 days was not associated with AI.

To date, the influence of early-life nutrition on arterial stiffness in adulthood is relatively

unexplored. In the United Kingdom, a cohort of infants small for gestational age who were

randomly assigned to receive a nutrient-enriched formula from birth to 9 m, showed more

catch-up in weight and increased blood pressure in childhood compared with those who

received standard formula [14]. Two studies in preterm babies found that those who received

enriched formulas during the first month of life had higher blood pressure at 13–16 y com-

pared to those who were breastfed [36]. However, our results might not be comparable with

these studies due to differences on the type of supplementation, periods of exposure, pre-natal

outcomes, and socio-economic backgrounds.

In countries with accelerated income growth, along with poor-quality diets, better known

as nutrition transition, there is evidence on the association between growth failure and risk of

elevated blood pressure in adulthood [16]. All studies to date had only explored the influence

of early nutrition on peripheral blood pressure, and to our knowledge, this is the first study

exploring the influence of early life nutrition on the burden of central blood pressure in a low

and middle-income country.

Our participants are from a low-income, rural population in Guatemala who suffered from

severe stunting early in life. Children who received Atole from conception to age 2 years had

improved linear growth compared with those unexposed, even though stunting prevalence

was 52% at 7 years old [37].

Several observational studies have documented that people with short stature may be more

susceptible to the effects of arterial-tree aging [38–40]. Body height might affect arterial wave

reflections since it reduces the timing between forward- and backward-travelling pressure

waves. A shorter stature reduces both the travel path (the distance) and the travel time, result-

ing in an earlier return of reflected pressure waves in the proximal aorta, leading to increased

wave reflections and central blood pressure augmentation [41]. Women tend to have worse

prognosis of arterial stiffness associated with shorter height [42], a reduced carotid diameter,

and differences in the left ventricular performance compared to men [43]. In our study popu-

lation, women have shorter height and higher AI as compared to men; however, no difference

on PWV was found between men and women.

In our analysis combining partial and full exposure to Atole, the estimates showed lower PWV;

however, in sensitivity analysis we demonstrated that such reduction is explained by the effect of
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the full exposure of Atole supplementation from conception to age 2 years. One potential mecha-

nism is that improved nutrition in a critical window of development improves endothelial function,

which is an important regulator of arterial stiffness, both functionally and structurally [44–46].

These results suggest that PWV might be more sensitive to early nutritional influences than AI.

Augmentation index in late middle age was not associated with early life improved nutri-

tion. One explanation is that a high prevalence of atherogenic risk factors, reduces variance

and limits the power to detect associations. Participants in our study have a poor cardiometa-

bolic profile compared with several other populations of similar age [38, 47]. Particularly in

women, the atherogenic profile (blood lipids, AI and hypertension prevalence) is similar to the

levels observed in older populations [26, 48]. Recent analysis showed that Atole supplementa-

tion was positively associated with body fatness and obesity, all potential mediators of AI [31].

In the analysis of AI, the inclusion of potential mediators produced an attenuation of the esti-

mates, contrary to what was observed using PWV, suggesting that AI might be more influ-

enced by determinants of atherosclerosis; however, it is still controversial whether AI is a

surrogate measure of arterial stiffness or an index of wave reflection [49–51]. This data might

support the argument that AI and PWV, as measures of arterial stiffness, are not interchange-

able [49, 52]; however, further research is needed to confirm these results and to determine

whether different pathways are involved in the onset of increased AI and PWV.

Limitations of the study might include residual confounding. We could not examine the

specific role of breastfeeding [12], since breastfeeding was a universal practice in rural Guate-

mala in past decades [53]. Birth weight, an indicator of children who have suffered growth retar-

dation in utero, has been proposed as a potential confounder since previous studies suggest that

atherosclerosis and cardiovascular outcomes in adulthood starts in utero [54, 55]. Studies have

observed that low birth weight is inversely associated with atherosclerosis as well as cardiovascu-

lar morbidity and mortality in later life [56, 57]. Our study does not allow us to examine the role

of birthweight as many of the children unexposed to Atole supplementation were born before

the intervention started and birth records were not collected at that time. Another potential lim-

itation is attrition; however, in previous analyses we have shown that attrition did not vary by

exposure status [31]. In addition, available arterial stiffness reference values were constructed

with European descent populations, limiting the comparability with this population. We also

acknowledge that power considerations limit our ability to investigate further pathways.

Strengths of the current work is that the INCAP Nutrition Supplementation Trial Longitu-

dinal Study offers a prospective follow-up of a large population-based cohort exposed to a

nutritional intervention in early life. Another strength is that, to our knowledge, this is the first

time that arterial stiffness is examined in Central America and there is no previous research

into these measures in populations who experienced early growth failure.

In conclusion, improved nutrition in early life might reduce PWV, the gold standard to

measure arterial stiffness, independently of cardiometabolic risk but has no association with

AI. More studies are needed to confirm these results and to understand the role and mecha-

nisms of early life nutrition on arterial stiffness.

Supporting information

S1 Table. Bivariate association between measures of pulse wave velocity, augmentation

index and cardio-metabolic risk factors, age, residency and socioeconomic status by sex in

the 2015–2017 follow-up of the INCAP Nutrition Supplementation Trial Longitudinal

Study. �p<0.05, �� p<0.01, ���p<0.001. aEstimates are β coefficients of the association between

measures of Arterial Stiffness and co-variates by sex. bAugmentation index: Augmentation

pressure /pulse pressure. Augmentation index was standardized at 75bpm. cObesity: BMI�30
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kg/m2 [19]. dAssociation of arterial stiffness measures with alcohol and smoking status per-

formed only in men. eWaist-to-height ratio used as a dichotomous variable to define central

obesity:� 0.5 (Waist circumference/ height in meters) [20]. fType 2 diabetes: fasting plasma

glucose�126 mg/dL, and/or 2-h post-challenge glucose�200 mg/dL, and/or diabetes medica-

tion use [24]. gMean blood pressure = diastolic blood pressure + 1/3 (systolic blood pressure–

diastolic blood pressure). SES: Socioeconomic status, BMI: body mass index, HDL- high den-

sity lipoprotein cholesterol, LDL low density lipoprotein cholesterol, SBP: systolic blood pres-

sure, DBP: diastolic blood pressure, MBP: mean blood pressure.

(DOCX)

S2 Table. Sex-specific associations between early life nutrition during the first 1000 days of

life and pulse wave velocity and augmentation index in adulthood based on different levels

of Atole exposure in the 2015–2017 follow-up of the INCAP Nutrition Supplementation

Trial Longitudinal Study. aFull exposure: children who received full supplementation with

Atole during the first 1000 days of life. Partial exposure: Children who received partial supple-

mentation with Atole during the first 1000 days. Unexposed: children who received Fresco and

those who receive Atole outside the first 1000 days. bEstimates are B coefficients of the interac-

tion term between exposure period and specifying exposure to Atole from conception to age 2

y controlling for: fixed effects of birth village and supplementation type (Atole vs. fresco), age at

intervention (whole exposure vs other) and birth year. All models are adjusted by heart rate.
cModel 1. Interaction term (supplementation type and exposure period) and birth year. d

Model 2. Model 1 + maternal Height, maternal schooling, maternal age at the birth of child

and childhood household socioeconomic status. e Model 3. Additional adjustment for current

age, socioeconomic status, residency, use of tobacco, alcohol, hypertension medication, mean

blood pressure and height. f Model 4. Additional adjustment for waist-to-height ratio, triglyc-

erides, high-density lipoprotein, low-density lipoprotein, body mass index, fat-free mass, body

fat percentage and type 2 diabetes diagnosis. gAugmentation index: Augmentation pressure

/pulse pressure. bpm: beat per minute.

(DOCX)
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