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Background: Antibiotics are amongst the most commonly used drugs in children. In addition to inducing 

antibiotic resistance, antibiotic exposure has been associated with adverse long-term health outcomes. 

Methods: A systematic search using PRISMA guidelines to identify original studies reporting associations 

between antibiotic exposure and adverse long-term health outcomes in children. Overall pooled estimates 

of the odds ratios (ORs) were obtained using random-effects models. 

Results: We identified 160 observational studies investigating 21 outcomes in 22,103,129 children. Antibi- 

otic exposure was associated with an increased risk of atopic dermatitis (OR 1.40, 95% confidence interval 

(CI) 1.30–1.52, p < 0.01), allergic symptoms (OR 1.93, 95%CI 1.66–2.26, p < 0.01), food allergies (OR 1.35, 

95%CI 1.20–1.52, p < 0.01), allergic rhinoconjunctivitis (OR 1.66, 95%CI 1.51–1.83, p < 0.01), wheezing 

(OR 1.81, 95%CI 1.65–1.97, p < 0.01), asthma (OR 1.96, 95%CI 1.76–2.17, p < 0.01), increased weight gain 

or overweight (OR 1.18, 95%CI 1.11–1.26, p < 0.01), obesity (OR 1.21, 95%CI 1.05–1.40, p < 0.01), juvenile 

idiopathic arthritis (OR 1.74, 95%CI 1.21–2.52, p < 0.01), psoriasis (OR 1.75, 95%CI 1.44–2.11, p < 0.01), 

autism spectrum disorders (OR 1.19, 95%CI 1.04–1.36, p = 0.01) and neurodevelopment disorders (OR 1.29, 

95%CI 1.09–1.53, p < 0.01). Dose-response effects and stronger effects with broad-spectrum antibiotic 

were often reported. Antibiotic exposure was not associated with an altered risk of allergic sensitisation, 

infantile colic, abdominal pain, inflammatory bowel disease, celiac disease, type 1 diabetes, fluorosis, and 

attention deficit hyperactivity disorder. 

Conclusion: Although a causal association cannot be determined from these studies, the results support 

the meticulous application of sound antibiotic stewardship to avoid potential adverse long-term health 

outcomes. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

Introduction 

Antibiotics belong to the greatest discoveries in medicine and 

amongst the most life-saving medical interventions. Their efficacy 

and presumed safety have led to their widespread use, which 

sometimes is irrational or even inappropriate. 1–3 In infants and 

children, antibiotics are amongst to the most commonly used 

drugs. In many settings, more than two-thirds of children receive 
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antibiotics before reaching the age of two years and, on average, 

more than half of all children receive at least one antibiotic each 

year with the highest rate in the second year of life. 4 , 5 

The reduction in the incidence of infectious diseases in many 

countries over the last few decades has been paralleled by a dra- 

matic rise in the prevalence of immune-mediated diseases, includ- 

ing allergic diseases, inflammatory bowel diseases (IBD), rheuma- 

tological diseases and diabetes mellitus. 6–8 The ‘hygiene hypothe- 

sis’ proposes that decreased microbial exposure explains the rise 

in immune-mediated diseases. 9 It is likely that the overuse of an- 

tibiotics contributes to this. 10 
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In this systematic review and meta-analysis, we summarise 

studies that have investigated the association between antibiotic 

exposure and adverse long-term health outcomes in children. 

Systematic review methods 

To identify original studies investigating the association be- 

tween antibiotic exposure and adverse long-term health outcomes 

in children and adolescents (less than 18 years of age) MEDLINE 

(1946 to present) was searched in April 2021 using the Ovid in- 

terface with the search terms detailed in the supplementary data. 

Exclusion criteria were studies in which: (i) the effect of prenatal 

antibiotics was investigated; (ii) the timing of antibiotic exposure 

was not specified; (iii) antibiotic exposure occurred after the onset 

of the adverse health outcome and (iv) included preterm infants 

without adjusting values for prematurity. References of retrieved 

articles were hand-searched for additional publications. The fol- 

lowing variables were extracted from the included studies: author, 

country, publication year, study design, cohort size, time of antibi- 

otic exposure, specification of antibiotic treatment, age at outcome 

measure, number of cases, outcome definition and key findings. 

Review Manager (version 5.3) was used for the calculation of the 

odds ratios and the meta-analyses. If studies evaluated several time 

points, only the latest was included in the meta-analysis. Diver- 

sity in study design and reporting, which might result in selection 

and reporting bias, precluded quality evaluation according to the 

PRISMA guidelines. The ROBINS-1 tool was used to assess risk of 

bias. 11 

Systematic review results 

Our search identified 23,225 studies. Of these, 150 fulfilled 

the inclusion criteria. 12–161 An additional 10 relevant studies were 

identified by hand searching of references. 162–171 The selection 

of studies is summarised in Fig. 1 . The 160 studies included 

in this review investigated 21 outcomes in 22,103,129 children; 

159 were observational studies (23 registry-based studies, 69 co- 

hort studies, 34 cross-sectional studies, 11 case-control studies, 

and 22 retrospective studies) and one was a secondary analy- 

sis of data from a randomised control trial; 45 145 of the stud- 

ies were done in industrialised countries. The number of par- 

ticipants in each study ranged from 50 to 9,40 0,0 0 0 (median 

3944, mean 138,146). Exposure to antibiotics was captured through 

registries, medical and prescription records or parent question- 

naires; studies included any course of antibiotic received, antibi- 

otic exposure during an early-life period (e.g. first week, months 

or first years of life) or during a certain time before diagno- 

sis. Outcomes were defined by validated questionnaires, diag- 

nostic codes, parent-reported symptoms, or diagnosis, or clinical 

or laboratory evaluation. The results of these studies are sum- 

marised in Table 1 . In addition to the overall antibiotic expo- 

sure, 17 studies investigated the effect of the number of antibi- 

otic courses received, 17 studies compared the effect of different 

types of antibiotics and 41 studies both. The risk of bias summary 

of studies included in the review can be found in Supplementary 

Table 2. 

Atopic dermatitis 

Forty studies in 1,602,639 children (183,244 cases with one 

study not reporting number of cases) investigated the associ- 

ation between antibiotic exposure and the risk of developing 

atopic dermatitis, evaluated by the International Study of Allergy 

and Asthma in Childhood (ISAAC) questionnaire, international 

classification of disease (ICD) codes, parent-reported symptoms 

or physician’s diagnosis, the Criteria by the American Academy 

of Dermatology, Hanifin and Rajka criteria or William’s criteria 

( Table 1 ). 32 , 37 , 40 , 43 , 48–51 , 53 , 62 , 79 , 80 , 82 , 93 , 96 , 98 , 103 , 105 , 114 , 120 , 123 , 129 , 135 , 

150 , 153–155 , 157 , 161 , 162 , 172–181 Of the 40 studies, 38 (95%) in- 

vestigated the effect of antibiotic exposure in the first five 

years of life (36 (90%) in the first two years of life). 32 , 37 , 

40 , 43 , 48–51 , 53 , 62 , 79 , 80 , 82 , 93 , 96 , 98 , 103 , 105 , 114 , 120 , 123 , 129 , 135 , 150 , 153 , 157 , 161 , 

162 , 172–181 Overall, 26 (65%) studies reported a significantly 

increased incidence of atopic dermatitis in children who 

were exposed to antibiotics 37 , 40 , 48–51 , 53 , 62 , 82 , 93 , 96 , 103 , 120 , 

123 , 129 , 150 , 153 , 157 , 161 , 172 , 173 , 175 , 176 , 179–181 ; However, in two stud- 

ies the incidence atopic dermatitis was higher only if exposed 

to two or more courses of antibiotics. 123 , 180 In contrast, two 

studies (5%) reported a decreased incidence in children who 

were exposed to antibiotics. 40 , 51 Five studies reported that the 

risk of atopic dermatitis increased with the number of antibiotic 

courses. 32 , 93 , 103 , 123 , 176 One study, however, did not find an asso- 

ciation between the number of antibiotic courses and the risk of 

atopic dermatitis. 182 Four studies compared the effect of different 

antibiotic classes. 123 , 157 , 172 , 182 One study reported that the risk 

of atopic dermatitis increased after exposure to cephalosporins 

and macrolides, but not after exposure to penicillins 123 ; one study 

after amoxicillin but not penicillin, amoxicillin/clavulanic acid, 

macrolides or cephalosporins, 182 one study after macrolides 157 

and the last study reported an increased risk in girls after ex- 

posure to cephalosporins but a decreased risk after exposure to 

macrolides. 172 

Of the 40 studies, 32 (80%) provided sufficient data 

to be included in the meta-analysis (supplementary Fig. 

1). 32 , 37 , 40 , 43 , 48 , 49 , 51 , 53 , 62 , 79 , 80 , 82 , 93 , 96 , 103 , 105 , 114 , 120 , 123 , 135 , 153 , 154 , 157 , 

161 , 162 , 172–174 , 176 , 178 , 180 , 181 Of the 309,828 children exposed to 

antibiotics 51,543 (17%) developed atopic dermatitis compared 

to 105,587 (14%) of 766,331 children not exposed to antibiotics. 

The overall odds ratio (OR) for developing atopic dermatitis after 

antibiotic exposure was 1.40, 95% confidence interval (CI) 1.30 to 

1.52, p < 0.01 ( Fig. 2 ). 

Allergic sensitisation 

Twenty-three studies in 34,806 children (8952 cases) 

investigated the association between antibiotic exposure 

and the risk of developing allergic sensitisation diagnosed 

by skin prick test or serum immunoglobulin (Ig) E levels 

( Table 1 ). 24 , 40 , 43 , 49 , 60 , 70 , 79 , 80 , 82 , 87 , 93 , 105 , 116 , 126 , 135 , 153 , 175–178 , 181 , 183 , 

184 Of the studies, 21 (91%) investigated the effect of antibiotic ex- 

posure in the first five years of life (18 (78%) in the first two years 

of life). 24 , 40 , 43 , 49 , 60 , 70 , 79 , 80 , 82 , 93 , 105 , 116 , 126 , 135 , 153 , 175–178 , 181 , 183 Four 

(17%) reported a significant increased incidence of allergic sensiti- 

sation in children who were exposed to antibiotics. 87 , 116 , 181 , 183 In 

contrast, one study (4%) reported a decreased incidence of allergic 

sensitisation in children who were exposed to antibiotics. 40 The 

one study which investigated if the risk of allergic sensitisa- 

tion correlated with the number of antibiotic courses found no 

association. 176 

Of the 23 studies, 18 (78%) provided sufficient data 

to be included in the meta-analysis (supplementary Fig. 

2). 24 , 40 , 43 , 49 , 70 , 79 , 80 , 82 , 87 , 93 , 105 , 116 , 135 , 153 , 176 , 178 , 181 , 183 Of the 12,502 

children exposed to antibiotics 2582 (21%) developed allergic sen- 

sitisation compared to 3642 (22%) of the 16,731 children not 

exposed to antibiotics. Overall, the evidence did not support an 

association between antibiotic exposure and developing allergic 

sensitisation (OR 1.11, 95%CI 0.98–1.26, p = 0.05) ( Fig. 2 ). 

Food allergies 

Fifteen studies investigated the association between an- 

tibiotic exposure and the risk of developing food allergies 

214 
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Fig. 1. Selection of studies. 

Fig. 2. Comparison of incidence of adverse health outcomes in children exposed and not exposed to antibiotics (number of studies in brackets). 
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Table 1 

Summary of studies investigating the effect of antibiotic exposure on health outcomes in children. See Ref. 240 

( continued on next page ) 

2
1

6
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
17

 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
1

8
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
1

9
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

0
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

1
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

2
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

3
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

4
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

5
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

6
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

7
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

8
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
2

9
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

0
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

1
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

2
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

3
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

4
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

5
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

6
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

7
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

8
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
3

9
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

0
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

1
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

2
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

3
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

4
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

5
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

6
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

7
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

8
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
4

9
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

0
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

1
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

2
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

3
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

4
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

5
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

6
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

7
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

8
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
5

9
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

0
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

1
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

2
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

3
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

4
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

5
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

6
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

7
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

8
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
6

9
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

0
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

1
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

2
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

3
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

4
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

5
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

6
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

7
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

8
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
7

9
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

0
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

1
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

2
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

3
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

4
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

5
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

6
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

7
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

8
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
8

9
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

( continued on next page ) 

2
9

0
 



Q
.A

.
 D

u
o

n
g

,
 L.F.

 P
ittet,

 N
.
 C

u
rtis

 et
 a

l.
 

Jo
u

rn
a

l
 o

f
 In

fectio
n
 8

5
 (2

0
2

2
)
 2

13
–

3
0

0
 

Table 1 ( continued ) 

∗ calculated from reported data 

1 WISC-IV (Wechsler Intelligence Scale for Children-fourth edition), CPT 3 (Conners Continuous Performance Test-third edition), CANTAB (Cambridge Automated Neuropsychological Test Battery), BRIEF (Behavior Rating Inventory 

of Executive Function), Conners 3, SDQ (Strengths and Difficulties Questionnaire), MASC 2 (Multidimensional Anxiety Scale for Children), CES-DC (Center for Epidemiological Studies for Children) 

AB – antibiotic 

ADHD – attention deficit hyperactivity disorder 

a – adjusted 

ASD – autism spectrum disorders 

ATC – anatomical-therapeutic-chemical 

BASME – Barn, Alleergi, Miljö, Stockhol, Epidemiologi 

BMI – body mass index 

CI – confidence interval 

ECRHS II – European Community Respiratory Health Survey second version 

GP – general practitioner 

HLA – human leucocyte antigen 

HR – hazard ratio 

IBD – inflammatory bowel disease 

ICD-10-CA – international classification of disease, tenth revision, Canadian Edition 

ICD-9-CM – international classification of disease, ninth revision, clinical modification 

ICD-9/10 – international classification of disease, ninth/tenth revision 

IgE – immunoglobulin E 

IRR – incidence rate ratio 

ISAAC – International Study of Allergy and Asthma in Childhood 

JIA – juvenile idiopathic arthritis 

LRTI – lower respiratory tract infections 

m – month 

nr – not reported 

OR – odds ratio 

RP – ratio of proportion 

RR – risk ratio 

RRR – prevalence ratio 

SPT – skin prick test 

w – week 

y – year 
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diagnosed by ISAAC questionnaire, ICD codes, skin prick test 

or serum IgE levels in 1,859,024 children (45,479 cases) 

( Table 1 ). 42 , 46 , 51 , 61 , 82 , 91 , 93 , 96 , 115 , 161 , 163 , 172 , 178 , 183 , 185 Of the 15 

studies, 13 (87%) investigated the effect of antibiotic exposure in 

the first two years of life. 42 , 46 , 51 , 82 , 93 , 96 , 115 , 161 , 163 , 172 , 178 , 183 , 185 

Nine (60%) reported a significantly increased incidence of 

food allergies in children who were exposed to antibi- 

otics. 61 , 91 , 96 , 115 , 161 , 163 , 172 , 178 , 183 , 185 Two studies reported a positive 

correlation between the risk of developing food allergies and the 

number of antibiotic courses. 61 , 115 One study reported that the 

risk of developing food allergies was higher when children were 

exposed in the first year of life compared to the second or third 

year of life. 115 Four studies investigated the effect of different 

antibiotic classes. 61 , 91 , 163 , 172 One reported an increased risk of 

food allergies only after the exposure to cephalosporins, but not 

penicillins, macrolides and sufonamides. 172 Three studies reported 

an increased risk of all investigated antibiotic classes: penicillins, 

cephalosporins and macrolides 61 ; penicillins, cephalosporins, 

macrolides and sulfonamides 163 ; and penicillin, amoxicillin, 

cephalosporins, macrolides and trimethoprim/sulfamethoxazole, 91 

respectively. 

All studies provided sufficient data to be included in 

the meta-analysis (supplementary Fig. 3). 42 , 46 , 51 , 61 , 82 , 91 , 93 , 96 , 115 , 

161 , 163 , 172 , 178 , 183 , 185 Of the 659,863 children exposed to antibiotics 

16,703 (2.5%) developed food allergies compared to 28,776 (2.4%) 

of the 1,199,161 children not exposed to antibiotics. Overall, antibi- 

otic exposure was associated with an increased risk of developing 

food allergies (OR 1.35, 95%CI 1.20–1.52, p < 0.01) ( Fig. 2 ). 

Allergic rhinoconjunctivitis 

Forty studies investigated the association between antibi- 

otic exposure and the risk of developing allergic rhinocon- 

junctivitis diagnosed by ISAAC questionnaire, ICD codes or 

parent’s-reported diagnosis in 1,554,337 children (359,568 cases 

with one study not reporting number of cases) ( Table 1 ). 16 , 29 , 

32 , 35 , 37 , 43 , 48–50 , 59 , 60 , 74 , 82 , 93 , 96–98 , 102 , 103 , 110 , 112 , 129 , 150 , 154 , 155 , 157 , 158 , 

161 , 162 , 172 , 176–178 , 181 , 182 , 186–190 Of the 40 studies, 38 (95%) inves- 

tigated the effect of antibiotic exposure in the first five years of 

life (35 (88%) in the first two years of life). 16 , 29 , 32 , 35 , 37 , 43 , 48–50 , 

59 , 60 , 74 , 82 , 93 , 96–98 , 102 , 103 , 110 , 112 , 129 , 150 , 157 , 158 , 161 , 162 , 172 , 176–178 , 172 , 181 , 

186–190 Twenty-nine (73%) reported a significantly in- 

creased incidence of allergic rhinoconjunctivitis in children 

who were exposed to antibiotics. 16 , 29 , 35 , 37 , 43 , 48–50 , 59 , 60 , 74 , 

82 , 96 , 97 , 102 , 103 , 110 , 129 , 150 , 157 , 158 , 161 , 172 , 176 , 181 , 186–189 One study 

reported that the risk of developing allergic rhinitis was higher 

when children were exposed to antibiotics in the third year 

of life compared to the second or first year of life. 29 Three 

studies reported that the risk increased after more than one 

antibiotic course, 29 , 103 , 176 while another could not confirm this 

finding. 182 Four studies investigated the effect of antibiotic 

class. 29 , 157 , 172 , 182 One study reported that the risk of devel- 

oping allergic rhinoconjunctivitis was higher after exposure 

to cephalosporins and macrolides compared to penicillins and 

sulfonamides, 172 and one study after exposure to cephem com- 

pared to penicillins or macrolides. 157 Two studies did not find 

a difference between antibiotic classes and the risk of allergic 

rhinoconjunctivitis. 29 , 182 

Twenty-seven (68%) studies provided sufficient data 

to be included in the meta-analysis (supplementary Fig. 

4). 16 , 32 , 35 , 37 , 43 , 48 , 49 , 59 , 74 , 82 , 93 , 96 , 97 , 102 , 103 , 112 , 154 , 157 , 158 , 161 , 162 , 172 , 176 , 

178 , 181 , 188 , 190 Of the 200,029 children exposed to antibiotics 61,899 

(30%) developed allergic rhinoconjunctivitis compared to 204,006 

(28%) of the 718,124 children not exposed to antibiotics. Overall, 

antibiotic exposure was associated with an increased risk of 

allergic rhinoconjunctivitis (OR 1.66, 95%CI 1.51–1.83, p < 0.01) 

( Fig. 2 ). 

Wheezing 

Thirty-two studies investigated the association between antibi- 

otic exposure and the risk of developing wheezing in 220,415 

children (29,229 cases) diagnosed by ISAAC questionnaire, 

ICD codes or parent-reported diagnosis ( Table 1 ). 13 , 15 , 37 , 40 , 

49 , 56 , 59 , 60 , 79 , 80 , 95 , 97 , 103–105 , 115 , 119 , 126 , 137 , 154 , 155 , 157 , 161 , 162 , 164–166 , 178 , 

191–194 Of the 32 studies, 29 (91%) investigated the ef- 

fect of antibiotic exposure in the first five years of life 

(26 (81%) in the first two years of life). 13 , 15 , 37 , 40 , 49 , 56 , 59 , 60 , 

69 , 79 , 80 , 95 , 97 , 103–105 , 115 , 119 , 126 , 137 , 157 , 161 , 162 , 164 , 165 , 178 , 191–194 

Twenty-seven (84%) reported a significantly increased inci- 

dence of wheezing in children who were exposed to antibi- 

otics. 13 , 15 , 37 , 49 , 56 , 59 , 60 , 79 , 95 , 97 , 103 , 104 , 115 , 119 , 126 , 137 , 154 , 155 , 161 , 164–166 , 

178 , 191–194 Five studies reported that the risk of develop- 

ing wheezing increased with the number of antibiotics 

courses. 13 , 103 , 115 , 178 , 191 One study reported that the risk of 

wheezing was higher after exposure to cephem compared to peni- 

cillins or macrolides 157 and one study after exposure to macrolides 

compared to other antibiotic classes. 137 

Twenty-seven (84%) studies provided sufficient data 

to be included in the meta-analysis (supplementary Fig. 

5). 13 , 15 , 37 , 40 , 49 , 56 , 59 , 79 , 80 , 95 , 97 , 103–105 , 115 , 119 , 154 , 155 , 157 , 161 , 162 , 166 , 178 , 

191–194 Of the 94,076 children exposed to antibiotics 16,172 (17%) 

developed wheezing compared to 11,169 (9%) of the 120,466 

children not exposed to antibiotics. Overall, antibiotic exposure 

was associated with an increased risk of developing wheezing (OR 

1.81, 95%CI 1.65–1.97, p < 0.01) ( Fig. 2 ). 

Asthma 

Sixty-three studies investigated the association between 

antibiotic exposure and the risk of developing asthma mainly di- 

agnosed by ISAAC questionnaire, ICD codes or parent-reported 

diagnosis in 12,366,759 children (312,230 cases with two 

studies not reporting number of cases) ( Table 1 ). 12 , 13 , 32 , 34 , 37 , 

39 , 41 , 43 , 48–50 , 52 , 55 , 59 , 69 , 75–77 , 80 , 82 , 88 , 92 , 93 , 96–98 , 101–104 , 109 , 111 , 112 , 115 , 

116 , 126 , 132 , 134 , 135 , 150 , 153–157 , 159 , 161 , 162 , 164 , 167–169 , 172 , 176–178 , 181 , 182 , 191 , 

195–197 , 175 Of the 63 studies, 59 (94%) investigated the ef- 

fect of antibiotic exposure in the first five years of life (56 

(89%) in the first two years of life). 12 , 13 , 31 , 32 , 37 , 39 , 41 , 43 , 48–50 , 

52 , 55 , 59 , 69 , 75–77 , 80 , 82 , 88 , 93 , 96–98 , 101–104 , 109 , 111 , 112 , 115 , 116 , 126 , 132 , 134 , 135 , 

150 , 153 , 156 , 157 , 159 , 161 , 162 , 164 , 167–169 , 172 , 176–178 , 172 , 181 , 191 , 195–197 

Fifty-four (86%) reported a significantly increased inci- 

dence of asthma in children who were exposed to antibi- 

otics. 12 , 13 , 31 , 34 , 37 , 39 , 41 , 43 , 48–50 , 52 , 55 , 69 , 75–77 , 82 , 88 , 92 , 93 , 96 , 97 , 101–104 , 109 , 

111 , 115 , 116 , 126 , 132 , 134 , 135 , 150 , 154 , 156 , 157 , 159 , 161 , 162 , 164 , 168 , 169 , 172 , 176 , 178 , 

172 , 181 , 191 , 195–197 However, one study only after two courses 

of antibiotics. 115 One study reported that the risk of develop- 

ing asthma was higher when higher doses of antibiotics were 

used. 34 Another study reported that the risk of asthma was not 

increased after antibiotic exposure in the first six months of 

life, but it was increased when exposed during the first three 

years of life 12 ; and one study that the effect of antibiotics on 

the incidence of asthma was stronger in children with younger 

age at onset. 197 Six studies reported that the risk of asthma was 

highest after exposure to macrolides, 34 , 69 , 92 , 111 , 195 three studies 

that it as higher after exposure to cephalosporins compared to 

penicillins and macrolides, 69 , 157 , 182 and one study after exposure 

to penicillins, cephalosporins and macrolides compared to sul- 

fonamides. 172 One study reported that the risk of asthma was 

higher after exposure to broad-spectrum compared to narrow- 

spectrum antibiotics. 197 Many studies reported that the risk of 
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developing asthma increased with the number of antibiotics 

courses 13 , 32 , 48 , 76 , 103 , 109 , 111 , 115 , 116 , 154 , 176 , 178 , 181 , 182 , 191 , 195 , 197 , 175 and 

one study that the risk was higher after higher doses of antibi- 

otics. 34 Two studies did not find an association between antibiotic 

exposure and the development of asthma after adjusting for num- 

ber of illnesses or chest infections. 135 , 153 One study found a higher 

risk in girls to develop asthma after exposure to antibiotics. 39 

Fifty-one (81%) studies provided sufficient data to be in- 

cluded in the meta-analysis (supplementary Fig. 6). 12 , 13 , 31 , 32 , 34 , 

37 , 39 , 41 , 43 , 48 , 49 , 55 , 59 , 69 , 75 , 77 , 80 , 82 , 88 , 92 , 93 , 96 , 97 , 101–104 , 109 , 111 , 115 , 116 , 132 , 

134 , 135 , 153 , 154 , 156 , 157 , 161 , 162 , 167–169 , 172 , 176 , 178 , 181 , 191 , 195 , 196 Of the 

909,797 children exposed to antibiotics 122,450 (13%) developed 

asthma compared to 128,778 (10%) of the 1,245,440 children not 

exposed to antibiotics. Overall, antibiotic exposure was associated 

with an increased risk of developing asthma (OR 1.96, 95%CI 

1.76–2.17, p < 0.01) ( Fig. 2 ). 

Allergic symptoms 

Four studies including 24,840 children (5019 cases) investigated 

the association between antibiotic exposure and the development 

of allergic symptoms without specifying the symptoms or report- 

ing results separately for atopic dermatitis, allergic rhinitis, food 

allergies, wheezing or asthma ( Table 1 ). 61 , 82 , 177 , 183 All four stud- 

ies investigated the effect of antibiotic exposure in the first year 

of life. 61 , 82 , 177 , 183 Three (75%) of the studies reported a signifi- 

cantly increased risk of developing allergic symptoms in children 

who were exposed to antibiotics. 61 , 82 , 183 One study reported that 

the risk of allergic sensitisation increased with the number of an- 

tibiotic courses and that it was higher after exposure to penicillin 

compared to cephalosporins and macorlides. 61 

Three (75%) studies could be included in the meta-analysis 

(supplementary Fig. 7). 61 , 82 , 183 Of the 17,906 children exposed to 

antibiotics 3634 (20%) developed allergic symptoms compared to 

906 (15%) of 6009 children not exposed to antibiotics. The overall 

OR for developing allergic symptoms after antibiotic exposure was 

1.93, 95%CI 1.66–2.26, p < 0.01 ( Fig. 2 ). 

Infantile colic 

One study investigated the association between antibiotic ex- 

posure and the development of infantile colic in 436 neonates (74 

cases) ( Table 1 and supplementary Fig. 8). 105 Of the 151 neonates 

exposed to antibiotics in the first week of life, 33 (22%) developed 

infantile colic compared to 41 (14%) of the 285 neonates not ex- 

posed. The OR was 1.66 (95%CI 1.00–2.77, p = 0.05) ( Fig. 2 and sup- 

plementary Fig. 8). 

Abdominal pain 

One study investigated the association between antibiotic ex- 

posure and the development of abdominal pain in 2732 children 

(245 cases) diagnosed by a validated questionnaire ( Table 1 and 

supplementary Fig. 9). 144 Of the 861 children exposed to antibi- 

otics in the first two years of life, 87 (10%) developed abdominal 

pain compared to 144 (8%) of the 1793 children not exposed to 

antibiotics. Of the children exposed to antibiotics between the age 

of nine to twelve years these numbers were 94 (9%) of 1045 and 

151 (9%) of 1687, respectively. The risk of abdominal pain increased 

with the number of antibiotic courses and was highest after ex- 

posure to tetracycline compared to other antibiotics. Overall, the 

evidence did not support an association between exposure to an- 

tibiotics and the incidence of abdominal pain later in life ( Fig. 2 

and supplementary Fig. 9). OR 1.01 (95%CI 0.77–1.32, p = 0.37). 

Inflammatory bowel disease 

Six studies investigated the association between exposure to 

antibiotics and the development of inflammatory bowel disease 

(IBD) in 2481,433 children (1617 cases) ( Table 1 ). 30 , 68 , 78 , 106 , 127 , 148 

Four (67%) studies investigated the effect of antibiotic exposure 

in the first year of life. 30 , 78 , 127 , 148 Five (83%) of the studies re- 

ported a significant association between antibiotic exposure and 

developing IBD. 68 , 78 , 106 , 127 , 148 One study reported a higher asso- 

ciation between Crohn’s disease than ulcerative colitis 68 and an- 

other study an association between antibiotic exposure and de- 

veloping Crohn’s disease but not ulcerative colitis. 148 Two studies 

found an association between the number of antibiotic courses and 

the risk of IBD. 30 , 78 However two other studies could not confirm 

this association. 106 , 148 One study reported that the risk was high- 

est after exposure to metronidazole, penicillins, cephalosporins and 

fluoroquinolones compared to other antibiotic classes, 78 one after 

cephalosporins, 148 and one that it was after exposure to penicillins 

compared to macrolides. 68 

All six studies were included in the meta-analysis (supplemen- 

tary Fig. 10). 30 , 68 , 78 , 106 , 127 , 148 Of the 1,650,507 children exposed to 

antibiotics 976 (0.06%) developed IBD compared to 641 (0.08%) of 

the 830,926 children not exposed to antibiotics. Overall, the evi- 

dence did not support an association between antibiotic exposure 

and developing IBD (OR 1.19, 95%CI 0.83–1.71, p = 0.35) ( Fig. 2 ). 

Celiac disease 

Four studies investigated the association between antibiotic ex- 

posure and developing celiac disease by ICD codes, antibody mea- 

surement or the criteria by the European Society for pediatric Gas- 

troenterology, Hepatology and Nutrition in 1728,197 children (4.547 

cases) ( Table 1 ). 44 , 73 , 172 , 199 All of the studies were done in chil- 

dren less than 4 years of age (three (75%) in children less than 2 

years of age). 44 , 73 , 172 , 199 Two (50%) of the studies found a posi- 

tive association between antibiotic exposure and developing celiac 

disease. 44 , 172 One study reported that the risk was highest in girls 

after exposure to penicillins 172 and one study did not find a differ- 

ence in the risk of celiac disease after exposure to different antibi- 

otic classes. 73 

Three (75%) studies were included in the meta-analysis (supple- 

mentary Fig. 11). 44 , 172 , 199 Of the 531,197 children exposed to an- 

tibiotics 1149 (0.22%) developed celiac disease compared to 2615 

(0.23%) of the 1160,442 children not exposed to antibiotics. Over- 

all, the evidence did not support an association between antibiotic 

exposure and developing celiac disease (OR 1.21, 95%CI 0.80–1.83, 

p = 0.37) ( Fig. 2 ). 

Increased weight gain or overweight 

Seventeen studies investigated the association between antibi- 

otic exposure and the risk of developing increased weight gain 

or overweight evaluated by weight, weight-for-age z-scores, body 

mass index (BMI), BMI z-scores, or fat percentage in 569,527 chil- 

dren (137,744 cases with five studies not reporting number of 

cases) ( Table 1 ). 14 , 23 , 27 , 33 , 54 , 71 , 75 , 89 , 121 , 124 , 131 , 143 , 170 , 172 , 176 , 200–202 

Of the 17 studies, 16 (94%) investigated the effect of antibiotic 

exposure in the first five years of life (15 (88%) in the first two 

years of life). 162–171 Overall, 12 (71%) studies reported a signifi- 

cant increased weight gain in children who were exposed to an- 

tibiotics. 23 , 27 , 38 , 54 , 71 , 121 , 124 , 131 , 143 , 172 , 201 , 202 Three studies reported 

that the strongest association with antibiotic exposure and de- 

veloping increased weight gain was observed after exposure to 

macrolides. 121 , 124 , 201 Two studies reported that the association be- 

tween antibiotic exposure and increased weight gain was stronger 

in boys. 23 , 121 In two studies the risk of increased weight gain 
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increased the number of antibiotic courses given 

33 , 121 and in 

one study an association could only be found when antibiotics 

were given in the first six months of life. 143 In contrast, another 

study did not find increased weight gain after antibiotic expo- 

sure in the first six months of life but in first two years of life. 54 

Four studies found a higher risk of overweight after exposure to 

macrolides, 54 , 89 , 121 , 124 while no clear influence of different antibi- 

otic classes and the risk of increased weight gain could be found 

in other studies. 33 , 172 , 201 , 202 

Of the 17 studies, 10 (59%) provided sufficient data 

to be included in the meta-analysis (supplementary Fig. 

12). 14 , 23 , 27 , 33 , 38 , 89 , 121 , 124 , 143 , 172 Of the 311,694 children exposed 

to antibiotics 90,234 (29%) developed increased weight gain or 

overweight compared to 47,429 (23%) of the 207,084 children not 

exposed to antibiotics. Overall, the OR for developing increased 

weight gain or overweight after antibiotic exposure was 1.18, 95% 

CI 1.11 to 1.26, p < 0.01 ( Fig. 2 ). 

Obesity 

Fourteen studies investigated the association between an- 

tibiotic exposure and the risk of developing obesity evalu- 

ated by BMI or BMI z-scores in 1,233,944 children (128,132 

cases with two studies not reporting number of cases) 

( Table 1 ). 14 , 25 , 27 , 33 , 45 , 72 , 81 , 83 , 99 , 125 , 133 , 143 , 147 , 172 Of the 14 stud- 

ies, 13 (93%) investigated the effect of antibiotic exposure in 

the first five years of life (12 (86%) in the first two years of 

life). 14 , 25 , 27 , 33 , 72 , 81 , 83 , 99 , 125 , 133 , 143 , 147 , 172 Overall, nine (64%) studies 

reported a significant increased incidence of obesity in children 

who were exposed to antibiotics. 14 , 25 , 27 , 81 , 99 , 125 , 133 , 147 , 172 Three 

studies reported that the risk of obesity increased with the num- 

ber of antibiotic courses. 33 , 72 , 133 One study reported that the risk 

of developing obesity was highest with antibiotic exposure in the 

first six months of life. 25 One study found an increased risk of 

obesity only after exposure to trimethoprim/sulfamethoxazole but 

not penicillins, cephalosporins and macrolides. 33 No influence of 

different antibiotic classes and the risk of increased weight gain 

was found in two other studies. 133 , 172 

Of the 14 studies, 10 (71%) provided sufficient data 

to be included in the meta-analysis (supplementary Fig. 

13). 25 , 27 , 33 , 45 , 72 , 125 , 133 , 143 , 147 , 172 Of the 508,908 children ex- 

posed to antibiotics 72,186 (14%) developed obesity compared to 

30,996 (12%) of the 260,057 children not exposed to antibiotics 

47,429 (23%). The overall OR for developing obesity after antibiotic 

exposure was 1.21, 95% CI 1.05 to 1.40, p < 0.01 ( Fig. 2 ). 

Growth failure 

Three studies investigated the association between antibiotic 

exposure and growth failure evaluated by weight, weight z-scores 

or weight-for-height z-scores in 13,364 children. 71 , 145 , 203 Only one 

study found that antibiotics were associated with decreased weight 

gain, this was a small study investigating antibiotic exposure in the 

first week of life and weight at one year of age. 71 

Juvenile idiopathic arthritis 

Two studies investigated the association between antibiotic ex- 

posure and the risk of developing juvenile idiopathic arthritis (JIA) 

by evaluating ICD codes in 8149 children (1450 cases). 18 , 64 One 

study investigated antibiotic exposure in the first and second year 

of life and any antibiotic exposure before diagnosis 18 and the other 

study any antibiotic exposure before diagnosis. 64 The risk of devel- 

oping JIA was increased after antibiotic exposure at all these time 

points. In the first year of life the strongest association was found 

after exposure to penicillins and cephalosporins and at the later 

time points after exposure to lincosamides and cephalosporins. 18 

One study reported that the risk of JIA increased with the number 

of antibiotic courses. 64 

Both studies were included in the meta-analysis the OR was 

1.74 (95%CI 1.21–2.52), p < 0.01) ( Fig. 2 and supplementary data 

Fig. 14). 18 , 64 Of the 6809 children exposed to antibiotics 1291 (19%) 

developed JIA compared to 159 (12%) of the 1340 children not ex- 

posed to antibiotics. 

Psoriasis 

One study investigated the association between antibiotic expo- 

sure and the risk of developing psoriasis by evaluating ICD codes 

in 9295 children (845 cases). 65 They investigated antibiotic expo- 

sure in the two years before diagnosis. The OR was 1.75 (95%CI 

1.44–2.11), p < 0.01 (adjusted OR 1.20 ((95%CI 1.00–1.50), p = 0.05)) 

( Fig. 2 and supplementary data Fig. 15). Of the 7053 children ex- 

posed to antibiotics 710 (10%) developed psoriasis compared to 135 

(6%) of the 2242 children not exposed to antibiotics. 

Type 1 diabetes 

Six studies investigated the association between antibiotic ex- 

posure and the risk of developing type 1 diabetes in 2,469,967 

children (5557cases). 36 , 94 , 140 , 152 , 171 , 204 The diagnosis was mainly 

made by ICD codes; in one study by hospital discharge or prescrip- 

tion records. Of the six studies, five (83%) evaluated antibiotic ex- 

posure before the age of two years. 36 , 94 , 140 , 152 , 171 Only one of the 

studies reported an increased risk of developing type 1 diabetes in 

children who were exposed to antibiotics, this was in children who 

had an exposure in the first year of life. 152 No association between 

the number of antibiotic courses and the risk of type 1 diabetes 

could be found. 94 , 140 Two studies found a slightly higher risk of 

type 1 diabetes after exposure to broad-spectrum antibiotics 36 , 94 

and one after exposure to macrolides compared to penicillins. 204 

Five (83%) studies were included in the meta-analysis the over- 

all OR was 0.99 (95%CI 0.82–1.19), p = 0.93) ( Fig. 2 and supplemen- 

tary data Fig. 16). 36 , 67 , 94 , 152 , 171 Of the 1,420,794 children exposed 

to antibiotics 3428 (0.24%) developed type 1 diabetes compared to 

1726 (0.18%) of the 947,331 children not exposed to antibiotics. 

Fluorosis 

One study investigated the association between antibiotic ex- 

posure and the development of fluorosis. 63 The study did not find 

an increased risk of developing fluorosis in children who were ex- 

posed to antibiotics. The OR was 1.11 (95%CI 0.40–3.09), p = 0.85) 

( Fig. 2 and supplementary data Fig. 17). Of the 174 children ex- 

posed to antibiotics 62 (36%) developed fluorosis compared to 6 

(33%) of the 18 children not exposed to antibiotics. 

Autism spectrum disorders 

Three studies investigated the association between antibiotic 

exposure and the risk of developing autism spectrum disorders 

evaluated by ICD codes in 901,012 children (11,374 cases). 21 , 57 , 172 

All three studies investigated antibiotic exposure in the first 

two years of life. 21 , 57 , 172 Two studies found an association be- 

tween antibiotic exposure and the development of autism spec- 

trum disorders. 21 , 172 However, one study only after exposure to 

cephalosporins and not penicillins, macrolides or sulfonamides. 172 

The other study reported that the risk of autism was higher for 

broad-spectrum antibiotics compared to penicillins. 21 Two studies 

reported a decreased risk of autism spectrum disorders after expo- 

sure to penicillins and one after exposure to macrolides. 57 , 172 The 

one study which investigated the effect of the number of antibiotic 
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courses on the risk of autism spectrum disorders could not find an 

association. 57 

All three studies were included in the meta-analysis the overall 

OR was 1.19 (95%CI 1.04–1.36), p = 0.01) ( Fig. 2 and supplementary 

data Fig. 18). 21 , 57 , 172 Of the 587,667 children exposed to antibi- 

otics 7779 (1.3%) developed autism spectrum disorders compared 

to 3595 (1.1%) of the 313,345 children not exposed to antibiotics. 

Attention deficit hyperactivity disorder 

Four studies investigated the association between antibiotic ex- 

posure and the development of attention deficit hyperactivity dis- 

orders (ADHD) in 756,348 children (25,143 cases with one study 

not reporting number of cases). 22 , 58 , 130 , 172 They evaluated children 

by ICD codes. All four studies evaluated antibiotic exposure before 

two years of age. 22 , 58 , 130 , 172 Two studies reported a significant in- 

creased risk of developing ADHD in children who were exposed 

to antibiotics. 130 , 172 One study could not find a difference in the 

risk of developing ADHD after exposure to penicillins or broad- 

spectrum antibiotics, 22 while another study found an increased 

risk after exposure to penicillin in girls compared to other antibi- 

otic classes. 172 

Three (75%) studies were included in the meta-analysis and the 

overall OR was 1.30 (95%CI 0.97–1.75), p = 0.08) ( Fig. 2 and supple- 

mentary data Fig. 19). 22 , 58 , 172 Of the 528,497 children exposed to 

antibiotics 18,073 (3%) developed ADHD compared to 7070 (3%) of 

the 227,405 children not exposed to antibiotics. 

Neurodevelopmental disorders 

Two studies investigated the association between antibiotic 

exposure and the development of neurodevelopmental disor- 

ders. 130 , 172 Both studies evaluated antibiotic exposure before two 

years of age. The first study found an increased risk of develop- 

ing learning disorders in children who were exposed to antibi- 

otics in the first two years of life ( Fig. 2 and supplementary data 

Fig. 20). 172 The second study found that exposure to antibiotics in 

first 6 months of life was associated with lower overall cognitive 

and verbal comprehension abilities, an increased risk of develop- 

ing problems with metacognition, executive function, impulsivity, 

hyperactivity, ADHD, anxiety and emotional problems. 130 

Discussion 

Our rigorous systematic review and meta-analysis suggest an 

association between antibiotic exposure and the development of 

several immunological, metabolic, and neurobehavioural adverse 

long-term health outcomes in children. For developing wheezing 

and asthma the risk is nearly double in children who are exposed 

to antibiotics, for JIA and allergic rhinoconjunctivitis up to 75% 

higher, for food allergies and atopic dermatitis up to 38% higher 

and for increased weight gain, overweight and obesity 20% higher. 

No association was found between antibiotic exposure and the risk 

of developing allergic sensitisation, abdominal pain, inflammatory 

bowel diseases, celiac disease, type 1 diabetes, psoriasis, fluorosis. 

There is limited data in relation to the association between an- 

tibiotic exposure and developing neuropsychological diseases, how- 

ever three studies suggest an association between antibiotic expo- 

sure and the development of ADHD or learning disorders. 22 , 130 , 172 

Our findings are in line with these from smaller systematic re- 

views which indicated that antibiotic exposure is associated with 

the development of allergic symptoms such as allergic rhinocon- 

junctivitis, atopic dermatitis, food allergies, as well as asthma and 

obesity, but not celiac disease or autism spectrum disorder. 205–218 

In contrast, previous reviews have reported an association between 

antibiotic exposure and the development of inflammatory bowel 

diseases, especially Crohn’s disease. 219–222 However, these reviews 

either included less studies, did not pool the results from different 

studies or included children who were born preterm. 

There is an association between the timing, number and 

type of antibiotic exposure and the risk of adverse health out- 

comes. Most of the studies included in this review investigated 

early-life exposure to antibiotics (in the first two years of age). 

This coincides with the time when antibiotic consumption is 

at its highest. 4 , 5 Up to 70% of children receive antibiotics dur- 

ing the second year of life. 4 , 5 One of the main reasons for 

antibiotic exposure in this age group are respiratory tract in- 

fections, including otitis media, for which antibiotics could be 

deferred or even avoided. 223–225 Additionally, many studies 

show that the risk of adverse long-term health outcomes in- 

creases with the number of antibiotic courses, particularly for 

asthma. 13 , 25 , 29 , 32 , 61 , 64 , 76 , 78 , 93 , 103 , 109 , 111 , 115 , 116 , 121 , 123 , 148 , 154 , 176 , 181 , 

182 , 191 , 195 , 197 , 198 , 201 Moreover, the risk of adverse long-term 

health outcomes is often higher for antibiotics with a broad- 

spectrum including cephalosporins and macrolides. 18 , 21 , 34 , 36 , 

57 , 58 , 61 , 69 , 78 , 91 , 92 , 111 , 121 , 123 , 137 , 157 , 163 , 172 , 182 , 195 , 197 These findings 

underline the importance of antibiotic stewardship, specifically 

to avoid antibiotics for infections that are likely viral and to use 

the most narrow-spectrum antibiotic possible. 226 A recent large 

population-based prospective study showed that a reduction in 

the incidence of asthma in children correlated with the decrease 

in antibiotic exposure during infancy. 227 

One of the most probable mechanism underlying the associ- 

ation between antibiotic exposure and adverse long-term health 

outcomes is changes in the microbiota. It is well known that 

antibiotics cause profound changes in the microbiota. 228 , 229 The 

disruption of intestinal microbiota in the early-life period, dur- 

ing which the microbiota and the immune response develop con- 

currently, is likely associated with the development of immune- 

and non-immune-mediated diseases. 230 , 231 Even transient pertur- 

bations of the microbiota during this ‘critical window’ may com- 

promise immune tolerance and inflammatory responses. 232 

The disruption of intestinal microbiota in the early-life period 

has been associated with an increased risk of development of the 

same diseases as antibiotic exposure, including allergies, eczema, 

asthma, chronic inflammatory bowel disease, obesity and type 1 

diabetes. 125 , 230 , 233,234 In adolescents with ADHD, perturbations of 

the intestinal microbiota has also been described. 235 

The strengths of this review are the comprehensive literature 

search and depth of the review. Most of the included studies de- 

fined outcomes using validated tools, adjusted their estimates ap- 

propriately, and investigated antibiotic exposure in the first two 

years of life, which decreases heterogeneity. However, any antibi- 

otic exposure beyond this period could impact the outcome and ig- 

noring them could dilute the effect observed. The same is true for 

any antibiotic exposure not measured due to the multiple poten- 

tial sources (e.g. emergency department, general practice, hospital, 

relative, other country, self-administration), and the availability of 

antibiotics over the counter in some settings. 

The studies included are also limited by their observational na- 

ture and potential bias, mainly recall. There are also other poten- 

tial confounding factors, for example the possibility that early or 

frequent respiratory infections for which antibiotics are prescribed 

increase the risk of subsequent asthma. In addition, it can be dif- 

ficult to differentiate the effect of antibiotic exposure from that of 

the infection being treated. 

Protopathic bias, a false conclusion on a causal relation- 

ship between exposure and outcome, is also important to 

consider. For example, it is possible that children who are 

predisposed to immune-mediated diseases are more likely to 

have infections that need antibiotics or seek antibiotics. For 

example, early symptoms of undiagnosed asthma could be mis- 
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taken for a respiratory tract infection and be treated with antibi- 

otics. Furthermore, the risk of infection in children with a predis- 

position to immune-mediated diseases is increased in the years 

preceding the diagnosis, 236 and therefore causation could be in 

the opposite direction. Likewise for autism spectrum disorders, 

in which symptoms can be present from birth but is rarely di- 

agnosed before three years of age, difference in antibiotic expo- 

sure could reflect difference in practice. Finally, many unmeasured 

socio-economics factors could also influence both the exposure to 

antibiotics and the outcomes. 

However, the fact that, in many studies, an association between 

antibiotic exposure and adverse health-outcomes was only found 

after broad-spectrum antibiotics and the influence of number of 

doses of antibiotics supports the notion that antibiotics are the 

cause. 

In summary, the studies in our review suggest that antibiotic 

exposure plays an important role in the development of childhood 

immune disorders, likely through disruption of the microbiota dur- 

ing early-life. 227 Although a definite causal association cannot be 

determined from these studies, the results support the meticu- 

lous application of sound antibiotic stewardship to avoid poten- 

tial adverse long-term health outcomes. It also questions the use 

of antibiotic prophylaxis outside well-recognised indications. Fur- 

ther assessment of long-term outcomes should be included within 

RCTs comparing antibiotic treatment or prophylaxis to placebo. Fu- 

ture studies are needed to provide evidence-based interventions to 

prevent adverse long-term outcomes when antibiotics cannot be 

avoided, such as modifying the intestinal microbiota with directed 

pre- and probiotics, bacteriophages, or microbial DNA. 237–239 
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