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Abstract

Background/Objectives—Antibiotics are commonly prescribed for children. Use of antibiotics 

early in life has been linked to weight gain but there are no large-scale, population-based, 

longitudinal studies of the full age range among mainly healthy children.

Subjects/Methods—We used electronic health record data on 163,820 children aged 3-18 years 

and mixed effects linear regression to model associations of antibiotic orders with growth curve 

trajectories of annual body mass index (BMI) controlling for confounders. Models evaluated three 

kinds of antibiotic associations – reversible (time-varying indicator for an order in year before 

each BMI), persistent (time-varying cumulative orders up to BMIj), and progressive (cumulative 

orders up to prior BMI [BMIj-1]) – and whether these varied by age.

Results—Among 142,824 children under care in the prior year, a reversible association was 

observed and this short-term BMI gain was modified by age (p < 0.001); effect size peaked in mid-

teen years. A persistent association was observed and this association was stronger with increasing 

age (p < 0.001). The addition of the progressive association among children with at least three 

BMIs (n = 79,752) revealed that higher cumulative orders were associated with progressive weight 

gain; this did not vary by age. Among children with an antibiotic order in the prior year and at 

least seven lifetime orders, antibiotics (all classes combined) were associated with an average 

weight gain of approximately 1.4 kg at age 15 years. When antibiotic classes were evaluated 

separately, the largest weight gain at 15 years was associated with macrolide use.
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Conclusions—We found evidence of reversible, persistent, and progressive effects of antibiotic 

use on BMI trajectories, with different effects by age, among mainly healthy children. The results 

suggest that antibiotic use may influence weight gain throughout childhood and not just during the 

earliest years as has been the primary focus of most prior studies.

Introduction

Antibiotics have long been recognized to promote growth in animals 
1,2 and sub-therapeutic 

doses of antibiotics in animal feeds are commonly used for this purpose.
3-5 There has been 

increasing interest in whether therapeutic antibiotics might produce this effect in humans. It 

has been hypothesized that antibiotics may impact metabolism and energy balance by 

altering intestinal microbial populations. Observations of differences in gut microbiota in 

obese vs. lean human subjects 
6-11

 suggest that microbial changes in the human gut may be a 

cause of obesity.
12

Disruption of the gut microbiota ecology 
13

 with antibiotics adversely affects 

physiology.
6,14-16

 Antibiotics can lead to pervasive changes in the gut microbiota 
12,17

; after 

short-term use, microbiota can return to pre-treatment patterns,
18

 but the composition can 

remain changed for several years and long-term use can result in permanent 

alterations.
17,19-23

 Antibiotic-induced changes to the microbiota in early life tend to be long-

lasting, as early-established bacteria tend to out-compete newly introduced ones.
24

A recent review of therapeutic antibiotic use and weight gain in humans reported that a large 

majority of studies observed such effects.
12

 Most studies were limited by small sample sizes 

(median = 113) and narrow populations studied.
25,26

 Of the fourteen that focused on 

children, half examined exposure in children under 3 years and four were confined to 

infancy. The majority studied only one antibiotic class and individuals with serious 

infections or chronic diseases, with the possibility that weight gain reflected resolution of 

the infection.
12

We used electronic health record data from a large health system to evaluate whether and 

how antibiotics may be associated with longitudinal body mass index (BMI) trajectories. 

This study addresses many of the limitations of prior studies in its evaluation of longitudinal 

associations between antibiotics and BMI trajectories, across childhood, using a large 

population-based sample of mainly healthy children without chronic diseases.

Methods

Study population and design

The study population and design have been previously reported.
27

 Data were obtained from 

children and adolescents (hereafter “children”) with a primary care provider in the Geisinger 

Health System. These children are representative of the general population in the study area 

of 37 counties in central and northeastern Pennsylvania.
28-31

 The study was approved by 

Institutional Review Boards at both the Geisinger Health System and Johns Hopkins 

Bloomberg School of Public Health.
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Data collection

Data collection using electronic health record data has been previously described.
27

 We 

collected data on 257,729 children ages 2-18 years between January 2001 and February 

2012. After data cleaning, geocoding, and exclusion of 2-year olds,
30,31

 163,820 children 

were included in the analysis. Children can enter or leave care by the health system at any 

time as family circumstances change, so children in this cohort have varying periods of 

contact with the health system. Data were obtained on sociodemographics, outpatient, 

inpatient and emergency encounters, vital signs, laboratory tests, procedures, and medication 

orders. Orders and encounters were accompanied by International Classification of Diseases, 
9th Revision, Clinical Modification (ICD-9) diagnostic codes.

Conceptual framework, hypotheses, and antibiotic metrics

We evaluated associations of antibiotic exposure with BMI trajectories during childhood. 

Because this was a longitudinal study, we were able to evaluate three non-exclusive 

hypotheses (H1, H2, H3 below) about whether the associations of antibiotics were 

exclusively short-latency and short-term or there were longer-term implications (Figure). 

Antibiotic orders were used as a surrogate for antibiotic dosing because information on dose, 

duration, and refills can be missing or difficult to discern in electronic health record data. 

Only one antibiotic order per day was counted. Relevant antibiotics were identified through 

the Medi-Span Generic Product Identifier Therapeutic Classification System.
32

Using these data, we summarized the antibiotic history using three time-varying metrics:

1. H1 – reversible effect: Indicator (0/1) of any antibiotic order in the year before each 

BMI measurement (X1 = recent exposure).

2. H2 – persistent effect: Cumulative number of antibiotic orders by the health system 

before BMIj (X2 = cumulative exposure).

3. H3 – progressive effect: Cumulative number of antibiotic orders by the health 

system before the prior BMI (BMIj-1) (X3 = lagged cumulative exposure).

Because cumulative number of antibiotic orders was skewed, X2 and X3 were modeled via 

dummy variables encoding categorical levels (0, 1, 2-3, 4-6, or 7+ orders).

The recent exposure coefficient (X1) encoded a reversible association; it allowed for an 

“increment” (or decrement) to the next BMI if there was an antibiotic order in the prior year, 

which reverted to 0 when there was no such order. The cumulative exposure coefficient (X2) 

encoded a persistent association; once exposure had occurred to a given level, it continued to 

contribute at that level to subsequent BMIs (until more orders were added). The lagged 

cumulative exposure coefficient (X3) encoded a progressive association; it allowed past 

exposure to contribute to subsequent BMIs as a progression (or attenuation) of its original 

impact. Interactions with age evaluated whether associations varied by periods of childhood.

Variable creation

We computed BMIs by standard procedures using clinic-based measures.
27

 We analyzed 

untransformed BMI because this yields estimates that are more interpretable, precise, and 

Schwartz et al. Page 3

Int J Obes (Lond). Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensitive to factors that alter change when modeling trajectories compared with age-

standardized metrics such as z-transformed BMI (BMI z-scores), because BMI z-scores are 

age-adjusted, cross-sectional deviations from national norms, which removes some of the 

longitudinal change across years within children.
33-35

 Age (years) was encoded as duration 

between the child's date of birth and each BMI. For children with more than one BMI for an 

age-year, one was randomly selected to mitigate prevalent disease sampling bias. Two 

primary comorbidities were examined because they were relatively common and not thought 

to be in the causal pathway from antibiotics to obesity; asthma (493.x) and diabetes (250.x) 

were considered present if there were two or more outpatient encounters or medication 

orders with ICD-9 codes up to one year after the last BMI. Medical Assistance for health 

insurance was used as a surrogate for low family socioeconomic status (SES).
27

 Children 

were considered under care by the health system if they had any evidence of contact (e.g., 

encounter, medication order, laboratory test) with the health system within or before the 

window of interest. First BMIs without a prior period during which the child was under care 

were excluded (n = 49,587) because we could not determine antibiotic use prior to the BMI 

measurement.

Data analysis

We used mixed effects linear regression models to model growth trajectories of BMI by 

age.
27

 In initial analyses, outliers and distributional skewing were identified and crude 

longitudinal trends and bivariable relationships between BMI and predictor variables 

described. Models included fixed-effects terms for age, age2, and age3 to allow BMI to 

increase and decrease flexibly over time (age was grand mean-centered at 10.7 years), sex, 

race/ethnicity (African-American, Hispanic, and other vs. white), and Medical Assistance 

(ever vs. never). Random intercept age and age2 terms also were included and allowed to 

covary with unstructured covariance. Fitting was accomplished by restricted maximum 

likelihood estimation. We allowed residual variances to vary by age groups (3-5, 5-8, and 

over 8 years). Models included cross-products of sex and Medical Assistance with all three 

age terms and of race/ethnicity with age and age2, all as fixed effects. Stata (StataCorp LP, 

College Station, TX) was used for data analysis. All p-values were two-sided and there was 

no adjustment for multiple comparisons.

To evaluate antibiotic associations, we regressed BMI in a given year (BMIj) on antibiotic 

history up to that time through the antibiotic main effect terms (recent, cumulative, and 

lagged cumulative orders) and their interactions with age (i.e., with age, age2, and age3), 

added to models in stages. We undertook extensive model-checking and sensitivity analyses 

to ensure the validity of our findings, including the use of residual and partial residual 

plots.
36

 For the latter, we compared modeled relationships with a lowess-smooth
37

 of the 

plot; there was good agreement. To evaluate robustness of findings to model assumptions, 

final models were re-fit using a Huber-White estimator of coefficient variances. As there 

were no substantive differences only the results of the primary analyses are presented.

To evaluate magnitudes of associations, we calculated the predicted difference in BMI at age 

15 years for a child with an antibiotic order in the prior year and at least seven lifetime 

orders, compared to a child without antibiotic orders, matched on all other variables in our 
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models. Predictions were developed incorporating reversible and persistent associations 

(Model 2c), and then with progressive association added (Model 3a), separately for four 

inclusions: (1) all antibiotics and all observed annual BMIs; (2) all antibiotics and the first 

six observed annual BMIs among children with at least six BMIs; (3) macrolides only and 

all observed annual BMIs; and (4) macrolides only and the first six observed annual BMIs 

among children with at least six BMIs. Analyses tailored to the first six observed annual 

BMIs sought to mitigate systematic under-counting of antibiotic orders among children with 

fewer observed BMIs. Because we could verify that these children were under care by the 

health system for at least six consecutive years, we would be less likely to under-count 

cumulative use over time compared to children under care for shorter periods of time. 

Standard errors, test statistics and 95% confidence intervals for the predictions were 

computed from the variance/covariance matrix of the component coefficients by standard 

formulas for statistical contrasts.
38

 The predicted BMI difference was converted to weight in 

kilograms using the average height in study children at 15 years.

In an additional sensitivity analysis we evaluated associations of cesarean delivery, a 

microbiome modifier 
39,40

 that is associated with childhood obesity,
41,42

 with BMI 

trajectories in the sub-population of 12,629 children delivered by a Geisinger physician with 

at least a BMI at age 3 years. Deliveries were identified with ICD-9 V30-V39 codes in the 

child's EHR (fifth digit of code). Model parameterization differed slightly due to the absence 

of observations from teenagers, longer and more complete follow-up within children, and a 

shift in the distribution of cumulative antibiotic orders to larger values. The age3 term was 

removed as was the allowance for residual variances to vary by age, both because of the 

smaller age range. Progressive antibiotic associations were not evaluated.

Results

Description of children and antibiotic use

Children were primarily white, contributing on average three age-year BMIs to the analysis 

(Table 1). Antibiotic orders were common, with over 59% of children with at least one order 

and an average of over four orders while under care (Table 1). Among all 163,820 children 

there were 683,821 antibiotic orders, and 475,275 BMIs from 142,824 children who were 

under care in the year before their first BMI. The mean (SD) duration in years from their 

first to their last BMI for children (n = 142,824) whose first BMI was at age 3-6 years, 7-10 

years, 11-14 years, and 15-18 years was 3.8 (3.3), 4.6 (3.5), 3.3 (2.3) and 0.9 (1.0) years, 

respectively. As expected, children with at least one year of documented contact with the 

health system prior to their first BMI had a higher proportion with an antibiotic order and a 

higher mean cumulative number of orders than did all children (Table 1). Among children 

with contact with GHS in their first year of life, 49% had an antibiotic order in that year. 

Among children who received antibiotics, there were approximately two orders per year 

(Table 2). The orders (n [%]) by class were: cephalosporins (n = 117,894 [17.2]), 

clindamycin (n = 7,110 [1.0]), macrolides (n = 111,881 [16.4]), metronidazole (n = 3,116 

[0.5]), penicillins (n = 367,797 [53.8]), quinolones (n = 4,513 [0.7]), sulfonamides (n = 

44,942 [6.6]), tetracyclines (n = 22,930 [3.4]), and other classes (n = 3,638 [0.6]).
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Associations of antibiotic use with BMI trajectories

There was evidence of a reversible association of antibiotics with higher BMI (Table 3, 

Model 1). This association was modified by age; the short-term BMI gain was strongest in 

the mid-teen years. The cumulative order term was next added to the model to evaluate the 

persistent association while controlling for the reversible association (Table 3). Estimates 

increased across categories of cumulative orders (1, 2-3, 4-6, and 7+), consistent with a 

dose-response relation (Model 2a). Cross-products of level of cumulative orders with age, 

age2, and age3 were next added (Model 2b), with evidence of effect modification by age. To 

achieve parsimony while focusing on inference and prediction, this model was reduced to 

include only the linear age cross-products (Model 2c). Estimates increased across categories 

of cumulative orders and also in their cross-products with age, evidence that the persistent 

association was stronger with increasing age. Lagged cumulative orders were next added to 

evaluate progressive associations (Table 4). There was a trend of increasing beta coefficients 

across cumulative order groups, evidence of a dose-response relation (Model 3a). There was 

no consistent evidence that the progressive association varied by age (Model 3b) or by 

higher order age terms (results not shown).

Sensitivity analyses

We did not observe all children across their entire childhoods, so our models “spliced” data 

from different children at different ages. We evaluated age-stratified models of children 

within narrower age ranges to evaluate whether “splicing” distorted inferences. When Model 

2c without age3 was repeated in three age strata (3-8, 9-13, 14-18 years), inferences were 

substantively the same in each age stratum as in the all ages model. In our primary models, 

we assumed that effects of all classes of antibiotics were similar. To evaluate this 

assumption, we re-estimated Model 3a separately for three classes with the most orders 

(penicillins, cephalosporins, and macrolides, controlling for other antibiotic use, compared 

to children who had received none). Inferences were generally similar for all three classes 

but magnitude estimates were larger for macrolides (next section). To evaluate confounding 

by comorbid conditions, asthma and diabetes were added to Models 2c and 3a. Both were 

associated with higher BMI at the average age (results not shown). There were no consistent 

or substantive changes to antibiotic inferences when each was added alone; there was slight 

attenuation of antibiotic associations without change in inferences (results not shown) when 

both were added together. Because in prior work we observed that stimulant use was 

associated with BMI trajectories,
27

 we added duration of stimulant use (categorical) and 

cross-products with age to the antibiotic models. There were no substantive changes in 

antibiotic associations or inferences after these additions (results not shown).

The sub-population of 12,629 primary care patients delivered by a Geisinger physician had 

improved observation over their lifetimes than did the entire population of 163,820 children, 

with all observed from birth to the last BMI with a minimum of three years of observation. 

These children, between the ages of 3 and 8 years at the end of observation, had mean (SD, 

median) duration from birth to last BMI of 5.1 (1.4, 5.1) years and mean (SD, median) 

cumulative antibiotic orders of 6.3 (6.4, 5.0). Of the 12,629 children, 4,382 (34.7%) were 

delivered by cesarean. A strong association of cesarean delivery with BMI was found that 

increased with age, though we were unable to account for initial birth weight in the model 
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due to limitations in the EHR data. The analysis also revealed a stronger antibiotic 

association than in the primary analysis appearing at a much earlier age. There was little 

evidence of effect modification by delivery mode on antibiotic associations.

Estimation of the magnitude of the antibiotic association

The magnitude of the predicted weight gain (compared to no antibiotic use) was calculated 

separately for each of the three most commonly used classes of antibiotics (penicillins, 

cephalosporins, macrolides). The magnitude of the predicted weight gain associated with 

antibiotic use ranged from 0.73 to 1.50 kilograms among the various models (Table 5). The 

excess weight gain was larger after the addition of progressive associations to reversible and 

persistent, from all antibiotics to macrolides alone, and from all BMIs to the first six BMIs. 

Among the antibiotic classes the predicted weight gain at age 15 years was highest for 

macrolides, but the penicillin and cephalosporin classes use were also separately associated 

with weight gain.

In the delivery mode subset analysis, in the highest group of cumulative antibiotic orders (12 

or more), the antibiotic association was equivalent to 1.10 more kg at age 8 years (95% CI 

0.68 to 1.52 kg), amounting to a 3.5% increase in overall mass over the average at that age. 

The cesarean delivery association at age 8 years of 0.80 kg (95% CI 0.54 to 1.06 kg) was 

approximately equivalent to the association with 5 to 7 cumulative antibiotic orders (0.75 kg, 

95% CI 0.34 to 1.15 kg).

Discussion

In a large, longitudinal study of children representative of the general population in the 

region, there were associations between receipt of antibiotics and increases in BMI. 

Associations were complex: reversible associations as a function of antibiotic orders in the 

prior year that were stronger in the mid-teen years; persistent associations as a function of 

cumulative orders that got stronger with age; and progressive associations as a function of 

lagged cumulative orders that did not vary by age. Dose-response relations were observed 

for both persistent and progressive associations. Several of the observations have not been 

previously examined, including that antibiotics during childhood may influence BMI at any 

age, both recent and cumulative doses impact BMI, that antibiotics can impact BMI for long 

periods of time, and that some impacts strengthen with age. In a subgroup analysis, there 

was little evidence that delivery mode modified associations of antibiotics with BMI 

trajectories, but children delivered by cesarean did have higher BMIs at the average age and 

more rapid BMI growth with increasing age, consistent with prior studies.
43

 Despite recent 

declines in antibiotic prescribing in the ambulatory pediatric setting, over-use of broad-

spectrum antibiotics continues.
44,45

 The findings add to mounting evidence in favor of more 

judicious use of antibiotics in clinical practice.

The estimated magnitude of the effect predicted by our models ranged from 0.73 to 1.50 

kilograms at age 15 years. However, we likely under-estimated these magnitudes, as our 

sensitivity analyses showed stronger effects among children who were under care for longer 

periods of time (i.e., in subgroup using the first six annual BMIs, who were all under care 

for at least six consecutive years, and in the delivery mode analysis). Not all children were 
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observed in the first two years of life when antibiotics may have a stronger influence on 

obesity risk.
46

 The effects were larger for certain antibiotic classes, and we did not account 

for more than seven lifetime orders because of the very skewed distribution. Finally, we 

relied on a surrogate (i.e., physician orders) for antibiotic dose and duration, and we cannot 

be certain about complete ascertainment of antibiotic use given the possible receipt of care 

outside the health system.

Prior studies have reported a range of findings regarding the impact and timing of antibiotic 

exposure on BMI and obesity risk. Antibiotics given to children in the first 6 months of life 

were found to be associated with subsequent risk of over-weight 
47,48

 but those given from 

6-23 months were not related to later BMI.
25

 Erythromycin was associated with weight gain 

in preterm neonates with feeding intolerance 
49

; antibiotics improved weight gain in children 

with malnutrition.
50,51

 Vancomycin, macrolides, and tetracyclines (and penicillin) were 

associated with weight gain, while penicillin was associated with weight loss in one study in 

children in Guatemala.
52

 A recent large study using electronic health record data reported 

that antibiotic use in the first 23 months of life was associated with increased risk of obesity 

at 24-59 months, especially for broad-spectrum antibiotics.
46

 The differences in findings 

across studies are likely due, in part, to the range of specific disease populations studied 

(e.g., cystic fibrosis, endocarditis, peptic ulcer), differences in the antibiotics under study, 

and differences in the age groups studied.

We found that associations between antibiotic exposure and BMI change were reversible, 

persistent, and progressive. These findings are consistent with previous studies of the 

complex association between antibiotics and the microbiome.
53

 Some human studies have 

reported recovery of the microbiota after exposure to antibiotics, supporting our reversible 

association.
53

 In other studies, changes resulting from the antibiotic exposure have lasted for 

as long as four years, consistent with our observed persistent association.
23,53,54

 Our finding 

that associations differed by age is biologically plausible. Gut microbiota can change 

throughout childhood and even during adulthood.
55

 The changes in the proportion of 

calories from carbohydrates with age may be another explanation,
56

 as microbiota facilitate 

lipogenesis when presented with high carbohydrate diets, thus promoting positive energy 

balance and gains in body mass.
57

Increasing evidence points to the possibility that obesity is the consequence of selective 

environmental exposures during sensitive developmental periods that alter basic 

programming of metabolic parameters.
58-60

 The finding of progressive effects implies that 

antibiotics may alter the growth trajectories of children in ways that become amplified over 

time. This has important life-course implications: while the magnitude of weight increase 

attributable to antibiotics may be modest by the end of childhood, the finding of progressive 

effects raises the possibility of accumulating and accelerating effects compounding over the 

life course.

Our study has several limitations. We did not observe complete childhood trajectories, but 

rather, a series of exposures and outcomes over a portion of childhood typically spanning 

3-5 years for each child. Importantly, we lacked prior antibiotic history on children before 

they entered care with the Geisinger Health System, so that cumulative counts may be more 
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severely biased in children who entered the health system at later ages. We could not 

ascertain antibiotic prescribing outside of the health system or compliance with antibiotic 

orders. We may have assessed exposure more accurately in sicker children with more 

frequent contact with the healthcare system. We were unable to include information on 

maternal prenatal antibiotic use or child birth weight because EHR data on adults were not 

included in the study's data and birth weight was not routinely recorded in an easily 

retrievable way. We believe most of these are all likely to bias our results towards the null 

and to reduce the magnitude of the observed associations. It is possible that our inability to 

control for maternal factors influencing development such as prenatal antibiotic use could 

confound our results. For maternal factors during pregnancy to account for our findings 

would require these to be highly correlated with cumulative antibiotic use over many years 

in children 3-8 years later. We have been unable to find support in the literature for such a 

correlation. However, it is known that some factors during pregnancy are associated with 

postnatal antibiotic use in children.
25

In conclusion, in the largest study to date of the association between antibiotics and 

longitudinal BMI trajectories in children, we observed a combination of reversible, 

persistent, and progressive associations across several antibiotic classes. We studied a 

population-based sample of children mainly without chronic diseases and included a broad 

age range, allowing us to study whether effects differed by age. The results suggest that 

antibiotic use may influence weight gain throughout childhood and not just during the 

earliest years as has been the primary focus of most prior studies.
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Figure. 
Schematic representation of reversible, persistent, and progressive associations of antibiotic 

orders with body mass index (BMI) trajectories. All three association types were evaluated 

with time-varying antibiotic order variables. The cumulative counts for the persistent and 

progressive associations varied slightly. See text for details.
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Table 1
Summary statistics for two groups of children in analysis (age 3 to 18 years at any time 
between 2001 and 2012 with valid body mass index)

Study Variable All Children
Children Under Observation in the Year 

Preceding at Least One BMI

Number (children) 163,820 142,824

Number (observations) 524,862 475,275

Age at first BMI, years, mean (SD), range 8.9 (5.0), 3-18 8.5 (5.0), 3-18

Race/ethnicity, percent

 White 91.3 92.5

 Black 4.7 4.5

 Hispanic 1.1 0.9

 Other 1.6 1.4

 Missing 1.3 0.8

Sex, female, percent 49.7 49.8

Age at last BMI, years, mean (SD), range 11.8 (5.1), 3-18 11.9 (5.1), 3-18

Duration between first and last BMI, years, mean (SD), range 2.9 (3.1), 0-11.1 3.3 (3.1), 0-11.1

Number of annual BMIs available for analysis, mean (SD), range 3.2 (2.4), 1-13 3.5 (2.4), 1-13

BMI, first, kg/m2, mean (SD), range 19.7 (5.3), 10.5-54.5 19.5 (5.2), 10.5-54.5

BMI, last, kg/m2, mean (SD), range 21.5 (6.0), 10.7-55.6 21.6 (6.0), 10.7-55.6

No. of daily* orders, lifetime, age 0-18 years, mean, median, SD, range 4.0, 2, 6.1, 0-123 4.6 (6.3), 0-123

Lifetime antibiotic order count to last BMI by child, % of children

 Zero 40.8 32.0

 One 13.3 15.2

 Two to three 15.2 17.4

 Four to six 12.5 14.4

 Seven or more 18.3 20.9

Abbreviations: BMI = body mass index; SD = standard deviation

*
Only one order per day was counted
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Table 2
Antibiotic orders by child age

Child age (years)

Number (%*) with 
contact with GHS of any 

type**

Number (%†) with ANY 
antibiotics order at this 

age

Mean (SD) number of 
orders per child under 

observation

Mean (SD) number of 
orders per child who 
received antibiotics

0 29858 (18.2) 14752 (49.4) 1.19 (1.82) 2.40 (1.95)

1 33842 (20.7) 19814 (58.5) 1.55 (2.05) 2.65 (2.07)

2 38694 (23.6) 20572 (53.2) 1.20 (1.78) 2.25 (1.89)

3 46041 (28.1) 22626 (49.1) 1.04 (1.56) 2.11 (1.64)

4 47383 (28.9) 22800 (48.1) 0.99 (1.49) 2.05 (1.56)

5 48089 (29.4) 23370 (48.6) 0.99 (1.46) 2.05 (1.50)

6 45870 (28.0) 22371 (48.8) 0.98 (1.45) 2.00 (1.50)

7 44614 (27.2) 19816 (44.4) 0.84 (1.35) 1.90 (1.45)

8 44183 (27.0) 18300 (41.4) 0.75 (1.24) 1.81 (1.35)

9 43735 (26.7) 17117 (39.1) 0.69 (1.19) 1.76 (1.31)

10 43788 (26.7) 16501 (37.7) 0.65 (1.13) 1.72 (1.24)

11 46357 (28.3) 15727 (33.9) 0.57 (1.06) 1.69 (1.18)

12 45746 (28.0) 15680 (34.3) 0.58 (1.09) 1.69 (1.25)

13 45474 (27.8) 15739 (34.6) 0.59 (1.10) 1.69 (1.28)

14 46067 (28.1) 16470 (35.8) 0.61 (1.14) 1.71 (1.32)

15 48070 (29.3) 17584 (36.6) 0.64 (1.17) 1.76 (1.34)

16 49434 (30.2) 18306 (37.0) 0.67 (1.25) 1.82 (1.47)

17 45760 (27.9) 18396 (40.2) 0.73 (1.29) 1.82 (1.46)

18 39913 (24.4) 15307 (38.5) 0.69 (1.24) 1.79 (1.43)

*
Of total of 163,820 in analysis

**
“Under observation”

†
Percent of number under observation
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Evaluation of associations of antibiotics with BMI trajectories for children observed in the 
prior year, evaluating an antibiotic order in the prior year and cumulative orders up to 

the BMI measurement† (reversible and persistent effects)

Variable
Model 1

Beta (SE)
Model 2a
Beta (SE)

Model 2b
Beta (SE)

Model 2c
Beta (SE)

Number of children UO‡ 142,824 UO 142,824 UO 142,824 UO 142,824

Number of BMI observations 475,275 475,275 475,275 475,275

 Antibiotic order 1.0 y to 1 d before 
BMIj, yes vs. no

0.054 (0.008)*** 0.046 (0.008)*** 0.054 (0.009)*** 0.044 (0.008)***

 Antibiotic in window × age 0.016 (0.002)*** 0.017 (0.002)*** 0.017 (0.003)*** 0.015 (0.003)***

 Antibiotic in window × age2 -0.001 (0.0003)*** -0.001 (0.0003)*** -0.002 (0.0003)*** -0.001 (0.0003)***

 Antibiotic in window × age3 -0.0003 (0.00006)*** -0.0004 (0.00006)*** -0.0004 (0.00007)*** -0.0004 (0.00006)***

Cumulative antibiotic orders to BMIj, 
count

 One 0.013 (0.009) 0.012 (0.016) 0.020 (0.011)

  One × age 0.004 (0.004) 0.0009 (0.002)

  One × age2 0.0005 (0.0005)

  One × age3 -0.00003 (0.0001)

 Two or three 0.025 (0.010)* 0.025 (0.017) 0.048 (0.012)***

  Two/three × age 0.00009 (0.005) 0.005 (0.002)*

  Two/three × age2 0.001 (0.0005)*

  Two/three × age3 0.0002 (0.0001)*

 Four to six 0.049 (0.012)*** 0.071 (0.019)*** 0.084 (0.014)***

  Four-six × age 0.010 (0.005) 0.009 (0.003)***

  Four-six × age2 0.0009 (0.0006)

  Four-six × age3 0.00005 (0.0001)

 Seven or more 0.100 (0.014)*** 0.100 (0.022)*** 0.146 (0.017)***

  Seven/more × age 0.012 (0.006)* 0.013 (0.003)***

  Seven/more × age2 0.002 (0.0007)**

  Seven/more × age3 0.0001 (0.0001)

†
Models controlled for age (centered), sex, race/ethnicity, and Medical Assistance as described in the Methods.

‡
UO = under observation; all children in these models were observed in the prior year

P-values:

***
p < 0.001;

**
0.001 ≤ p < 0.01;

*
0.01 ≤ p < 0.05
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Table 4

Evaluation of associations of antibiotics with BMI trajectories for children with at least three BMIs, evaluating 

an order in the prior year, cumulative antibiotic orders up to the BMI measurement, and lagged cumulative 

antibiotic orders up to the prior BMI measurement† (reversible, persistent, and progressive effects)

Variable
Model 3a
Beta (SE)

Model 3b
Beta (SE)

Number of children UO‡ 79,752 UO 79,752

Number of BMI observations 329,658 329,658

Antibiotic order 1.0 y to 1 d before BMIj, yes vs. no 0.044 (0.010)*** 0.045 (0.010)***

 Antibiotic in window × age 0.013 (0.003)*** 0.013 (0.003)***

 Antibiotic in window × age2 -0.001 (0.0004)*** -0.001 (0.0004)***

 Antibiotic in window × age3 -0.0004 (0.00009)*** -0.0004 (0.00009)***

Cumulative antibiotic orders to BMIj, count

 One 0.020 (0.014) 0.020 (0.014)

  One × age 0.005 (0.003) 0.005 (0.003)

 Two or three 0.051 (0.017)** 0.051 (0.017)**

  Two/three × age 0.011 (0.003)*** 0.010 (0.004)**

 Four to six 0.082 (0.020)*** 0.082 (0.021)***

  Four-six × age 0.017 (0.003)*** 0.017 (0.004)***

 Seven or more 0.112 (0.025)*** 0.113 (0.025)***

  Seven/more × age 0.024 (0.004)*** 0.023 (0.005)***

Lagged cumulative antibiotic orders to BMIj-1, count

 One 0.025 (0.011)* 0.026 (0.011)*

  One × age 0.001 (0.002)

 Two or three 0.021 (0.012) 0.023 (0.013)

  Two/three × age 0.001 (0.003)

 Four to six 0.047 (0.015)** 0.046 (0.016)**

  Four-six × age -0.001 (0.003)

 Seven or more 0.090 (0.018)*** 0.097 (0.019)***

  Seven/more × age 0.004 (0.004)

†
Models controlled for age (centered), sex, race/ethnicity, and Medical Assistance as described in the Methods.

‡
UO = under observation; all children in these models had at least three BMIs and were observed in the year before the first BMI

P-values:

***
p < 0.001;

**
0.001 ≤ p < 0.01;

*
0.01 ≤ p < 0.05
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Table 5

Average (95% CI) kilograms of additional weight at age 15 years compared to children who did not receive 

antibiotics, for boys and girls combined with the average height in our data, for both models 2c (persistent) 

and 3a (progressive)*. Data are presented for four groups: all antibiotic classes using all body mass indexes 

(BMIs); all antibiotic classes including a child's first six BMIs; macrolides only using all BMIs; and 

macrolides only including a child's first six BMIs.

Model
All antibiotics, all 
observed** BMIs

All antibiotics, first 6 
observed BMIs

Macrolides only***, 
all observed BMIs

Macrolides only, first 
6 observed BMIs

PERSISTENT (model 2c)

# children 142,824 26,228 142,824 26,228

# BMIs 475,275 135,093 475,275 135,093

Mean (95% CI) BMI gain at 
age 15 years

0.258 0.387 0.412 0.531

Mean (95% CI) weight gain 
(kg) at age 15 years

0.73 (0.59, 0.86) 1.09 (0.82, 1.36) 1.13 (0.86, 1.45) 1.50 (1.00, 2.00)

PROGRESSIVE (model 3a)

# children 79,752 26,228 79,752 26,228

# BMIs 329,658 135,093 329,658 135,093

Mean (95% CI) BMI gain at 
age 15 years

0.352 0.483 0.430 0.502

Mean (95% CI) weight gain 
(kg) at age 15 years

1.0 (0.82, 1.18) 1.36 (1.04, 1.63) 1.22 (0.86, 1.54) 1.41 (0.86, 1.95)

*
To be included in these calculations children had to have been under observation in the relevant time windows.

**
Observed indicates patient record documents was under observation in relevant window for each BMI

***
Compared to reference groups, in model that also separately accounted for all other antibiotic use
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