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Abstract

Background Atopic dermatitis (AD) is a chronic inflammatory skin disease common among infants and children. It is
associated with a high risk of allergies, asthma, and mental health problems. Attempts have been made to use probiotics in
clinical interventions for AD.

Objective Our objective was to perform an updated meta-analysis of recently published studies to evaluate the effect of
probiotics in the prevention and treatment of AD in children and to further understand the role of probiotics in AD interven-
tions in the clinic.

Method We searched the PubMed/MEDLINE, Embase, Cochrane Central Register of Controlled Trials, China National
Knowledge Infrastructure, and Wanfang databases with prespecified selection criteria from inception of each database to 11
January 2020. No language restrictions were applied.

Results A total of 25 studies were included in our meta-analysis. Of these, 14 were prevention studies (with 3049 children
enrolled) and 11 were treatment studies (with 816 children enrolled). One treatment study was excluded after the sensitivity
analysis. From the 14 prevention studies included, the pooled relative risk ratio of AD in those treated with probiotics versus
placebo was 0.70 [95% confidence interval (CI) 0.57-0.84; P=0.0002]. Subgroup analyses showed that only mixed strains of
probiotics had a significant effect on lowering the incidence of AD. Probiotics administered solely to infants did not prevent
the development of AD, but effects were significant when probiotics were administered to both pregnant mothers and their
infants or solely to pregnant mothers. In studies with treatment durations > 6 months, the incidence of AD decreased signifi-
cantly; a similar effect was achieved when the treatment duration was < 6 months. Meta-analysis of the ten treatment studies
showed a significant decrease in the weighted mean difference (WMD) in Scoring Atopic Dermatitis (SCORAD) index values
in the probiotics group compared with the control group (WMD, —7.23; 95% CI—10.59 to—3.88; P <0.0001). Subgroup
analyses showed that both single-strain and mixed-strain probiotics had a significant effect on improving SCORAD values.
Studies with participants aged < 1 year (P =0.07) reported no significant results. In studies with treatment periods > 8 weeks,
SCORAD values seemed to decrease more than in studies with treatment periods < 8 weeks. However, the subgroup differ-
ence was only statistically significant when the analysis was performed according to participant age in prevention studies.
Conclusion Our updated meta-analysis demonstrates that interventions with probiotics potentially lower the incidence of AD
and relieve AD symptoms in children, particularly when treating infants and children aged > 1 year with AD. Interventions
with mixed-strain probiotics tended to have better preventive and curative effects. Probiotics administered solely to infants
appeared to produce negative preventive effects. Different intervention durations might also affect clinical outcomes. How-
ever, given the insignificant subgroup differences, except for treatment by participant age, and the moderate heterogeneity
among the studies, these conclusions should be interpreted with caution, and more powerful randomized controlled trials
using standardized measurements should be conducted to assess the long-term effects of probiotics.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s40272-020-00410-6) contains
supplementary material, which is available to authorized users.

Extended author information available on the last page of the article
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Interventions with probiotics not only decreased the risk
of atopic dermatitis (AD) but also relieved the symptoms
of AD in children.

Using mixed probiotic strains, longer treatment dura-
tions, pre-delivery administration, and treating infants
and children aged > 1 year tended to have better effects
on the prevention and treatment of AD in children.

1 Introduction

Atopic dermatitis (AD), a chronic inflammatory skin disease
characterized by itching and recurrent eczematous lesions, is
common among infants and children. It generally increases
the risk of allergies, asthma, and mental health issues [1,
2]. The incidence of AD has increased globally over recent
decades, and approximately 10-20% of infants and children
experience the disease in developed countries [3]. Numerous
nonpharmacological interventions (e.g., bathing practices,
moisturizers) and topical pharmacotherapies (e.g., topical
corticosteroids, calcineurin inhibitors, antihistamines) have
been used routinely as first-line therapies to manage the dis-
ease [4]. However, nonpharmacological interventions mainly
aim to reduce transepidermal water loss, thereby increasing
skin hydration, and are used to treat mild disease. Further-
more, the safety issues related to the long-term use of topi-
cal corticosteroids (the first-line topical pharmacotherapy
in treating AD) are gaining increasing attention, especially
when the subjects are children. Other therapies such as
antihistamines have been tried for the treatment of AD but
unfortunately have demonstrated little utility [5]. Given the
high prevalence of AD, its potential long-term health effects,
and the safety concerns surrounding existing AD medicines,
it is worth developing new therapies with promising effects
and safety for use in both prevention and treatment.
According to the hygiene hypothesis, reduced exposure to
infections in early childhood may result in the development
of allergic diseases [6, 7]. In addition, some researchers
have found that gut microbiota composition differs between
infants with and without AD [8, 9]. Such evidence supports
the idea that appropriate microbial colonization of the gut
might lower the risk of developing atopic diseases. Probiot-
ics, defined as living microorganisms that confer a health
effect on the host when consumed in adequate amounts [10],
are becoming increasingly attractive in the treatment of some
gastrointestinal diseases (e.g., necrotizing enterocolitis and
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diarrhea) [11, 12]. Results from studies of the prevention and
treatment of pediatric AD have been inconsistent [13-16].
Some related meta-analyses were published before 2017
[17-23] but concentrated on either the prevention of AD or
the treatment effect of probiotics on AD. The conclusions
differed, and no updated meta-analysis has been conducted
to evaluate both effects simultaneously. Furthermore, some
recent studies were omitted from previous meta-analyses.
Our objective was to conduct a systematic literature review
and a meta-analysis of randomized controlled trials (RCTs)
investigating the effect of oral probiotics in the prevention
and treatment of AD in children.

2 Methods

The current systematic review and meta-analysis was con-
ducted following the Cochrane Handbook for Systematic
Reviews of Interventions and conforms with PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-
analyses) guidelines [24].

2.1 Eligibility Criteria

We included all RCTs evaluating the effect of probiotics
on AD, for either prevention or treatment of the disease.
The inclusion criteria were as follows: (1) subjects were
aged < 18 years; (2) probiotics were administered orally
and the species, dosage, and duration of administration was
clearly reported; (3) the control arm received placebo or
other alternative interventions except prebiotics and synbiot-
ics; (4) the primary endpoint was defined as the first follow-
up time point after finishing the interventions, and studies
from the same population with an extended follow-up period
were excluded; (5) for prevention RCTs, the incidence of
AD was assessed as an outcome measure and, for treatment
RCTs, Scoring Atopic Dermatitis (SCORAD) index scores,
widely used to assess AD severity, were reported to assess
the effect of the intervention [25],and (6) the AD diagnosis
was in accordance with standard searchable criteria.
Conference abstracts, letters, and comments were
excluded because they provide limited information that
would not allow us to properly evaluate the whole study.

2.2 Search Strategy

The following databases were searched without language
restriction from the inception of each database to 11 Janu-
ary 2020: PubMed/MEDLINE, Embase, Cochrane Central
Register of Controlled Trials, China National Knowledge
Infrastructure, and Wanfang. All possible combinations
of keywords for probiotics, AD, and RCTs in the title or
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abstract field were searched (the search strategies used in
the English databases are provided in the electronic supple-
mentary material [ESM]). Two individuals independently
evaluated all retrieved articles according to the eligibility
criteria. If opinions differed, we consulted the team leader
and the issue was discussed until we reached consensus.

2.3 Data Extraction

Data from each study were independently extracted by two
individuals who then checked the other’s results to avoid
errors. Study details were recorded using a standardized data
extraction form and included author names, year of publica-
tion, study country and area, population studied, inclusion
and exclusion criteria, details of the intervention (specific
probiotics, dose), specific placebo (dose, administration
route), numbers of participants in each arm (included in
analyses, noncompliant, and lost to follow-up), outcome
measures, and duration of follow-up after the intervention.
For RCTs designed to study the effect of more than one pro-
biotic, we divided the whole intervention arm into subgroups
according to the probiotic species administered and analyzed
them as independent trials.

2.4 Risk-of-Bias Assessment

We used the Cochrane risk-of-bias tool to evaluate the
included studies. Evaluation criteria included random
sequence generation, allocation concealment, blinding of
participants and personnel, blinding of outcome assess-
ment, incomplete outcome data, selective reporting, and
other biases, and each was categorized as low, unclear, or
high risk of bias according to information provided by the
original publications.

2.5 Statistical Analysis

Review Manager version 5.3 (Cochrane Collaboration,
Nordic Cochrane Center, Copenhagen, Denmark) and the
meta-analysis package STATA version 15.1 (STATA Cor-
poration, College Station, TX, USA) were used to perform
data analyses. For the prevention studies, the primary out-
comes reported were the incidence of AD in the intervention
and placebo groups. For the treatment studies, the primary
outcomes reported were the mean change in SCORAD val-
ues from baseline in both groups. Relative risk ratios or
pooled weighted mean differences (WMDs) and 95% confi-
dence intervals (CIs) were estimated using a random-effects
model based on the Der Simonian—Laird method. In stud-
ies that did not report the mean change, we used standard
statistical techniques to calculate this information from the
data reported. Forest plots were generated to visualize the
interpretation of the individual study-specific and pooled

estimates with respective 95% CIs. We used the y° test to
identify statistical heterogeneity and the I statistic to quan-
tify inconsistency. The level of heterogeneity was interpreted
as modest (> <40%), moderate (40% < I> <75%), or extreme
(I?>75%). A funnel plot was constructed for the visual
assessment of asymmetry, along with statistical estimates
from Egger’s test to evaluate publication bias. A two-tailed
P <0.05 was regarded as a statistically significant difference.

2.6 Further Analysis

We decided to perform subgroup assessments in advance
according to the type of probiotics used (mixed vs. sin-
gle) and the treatment duration (<6 vs.>6 months or <8
vs.> 8 weeks) for both the prevention and the treatment
studies, subject (both pregnant mothers and infant, preg-
nant mothers only, infants only) for prevention studies, and
participant age (only those aged > 1 year vs. includes infants
aged < 1 year) for treatment studies. Extreme inconsistency
(I*>75) led us to conduct a sensitivity analysis excluding
studies one by one to find the cause of the inconsistency
[26].

3 Results
3.1 Study Selection

Our literature search resulted in 805 records; 372 dupli-
cates were removed, leaving 433 records for the first stage
of screening. A further 377 records were excluded because
they were unrelated to the question, animal experiments,
not clinical trials, reviews, were excluded publication types,
or data were unavailable. In total, 56 records remained for
full-text assessment. Of these, 31 articles were removed after
careful review: six were not RCTs and 25 did not report
the outcomes of interest (including those with an extended
follow-up period from the same studies). Finally, 14 preven-
tion studies (with 3049 children enrolled) [13, 14, 27-38]
and 11 treatment studies (with 816 children enrolled) [15,
16, 39—47] were included in the final meta-analysis (Fig. 1).

3.2 Study Characteristics

Table 1 summarizes the characteristics of each included
study. Prevention studies consisted of two each from New
Zealand, Finland, and Australia, with the remaining eight
conducted in Korea, Taiwan, mainland China, Singapore,
Norway, UK, Germany, or the Netherlands. Probiotics were
administered to women in the mid or late stage of pregnancy
and/or to their newborns soon after birth. Seven trials used
single-strain probiotics. Treatment studies included two each
from Korea and Ukraine, with others conducted in Spain,
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Fig. 1 Flow chart of the
stepwise procedure for study
selection
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synthesis (meta-analysis) (n=14)

Turkey, Australia, Taiwan, Finland, Germany, and Japan.
The subjects were all infants and children ranging in age
from O to 17 years. Six trials used single-strain probiotics,
and one used either single or mixed strains in two probiotic
arms. For both prevention and treatment studies, Lactoba-
cillus rhamnosus and Bifidobacterium were the most fre-
quently used probiotics, whereas the dosage and duration
varied among studies. All the included studies were pub-
lished between 2001 and 2019.

3.3 Risk of Bias in the Included Studies

Figures S1A and S1B in the EMS summarize the risk-of-
bias assessments and show both the individual risk of bias
and the risk of bias within all included RCTs, respectively.
Most studies adhered to high standards: 19 (76%) appropri-
ately generated random sequences, 16 (64%) used adequate
methods for allocation concealment, 18 (72%) blinded
participants and personnel, and 17 (68%) blinded outcome
assessors.

3.4 Probiotics for the Prevention of Atopic
Dermatitis (AD)

3.4.1 Overall Clinic Effects
In total, 16 comparisons from 14 studies (with 3049 children
included) were assessed using a random-effects model, and

Fig. 2 shows the outcome of the meta-analysis. A signifi-
cantly lower incidence of AD was found in the probiotics
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group, with a pooled relative risk ratio (RR) of AD in those
treated with probiotics relative to those treated with pla-
cebo of 0.70 (95% CI 0.57-0.84; P=0.0002). However,
heterogeneity among the studies was significant (I* =65%;
P=0.0001).

3.4.2 Clinical Effect by Type of Probiotic Bacterial Species

A total of 16 comparisons from 14 studies with different
probiotics administered to the treatment group were divided
into two subgroups according to whether a single (n=7) or
mixed (n=9) strain of probiotics was used. Mixed-strain
probiotics had a significant effect on lowering the incidence
of AD (pooled RR 0.61; 95% CI 0.47-0.78; P=0.004;
IP=65%), but single-strain probiotics did not (pooled RR
0.84; 95% CI 0.66-1.09; P=0.19; I?’=50%) (Table 2; Fig.
S2 in the ESM).

3.4.3 Clinical Effect by Subject

The subjects in the studies included in our meta-analysis
varied. In eight comparisons from seven studies, probiot-
ics were administered to both pregnant mothers and infants;
four other comparisons treated only pregnant mothers, and
the remaining four comparisons treated only infants. In the
subgroup analyses, probiotics administered to both pregnant
mothers and infants had a significant effect on reducing
the incidence of AD (pooled RR 0.71; 95% CI 0.58-0.86;
P=0.0006; I*= 18%), and a similar effect was achieved
when probiotics were administered to mothers only (pooled
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participants

(n)

No difference in SCORAD

5.0% 10° CFU bid

8 weeks

PL (microcrystalline cel-

L. rhamnosus strain GG

1-55 months

26/53

Folster-Holst et al. [16],

improvement between

lulose)

Germany

probiotic and PL groups at

week 8

Reduction in SCORAD

2.0%10'° CFU/day

30 days

L. rhamnosus PL (maltodextrin)

0-4 years

30/58

Chernyshov [47],

was significant in both

ROO011 + Lactobacillus
helveticus R0052

Ukraine

PL group (P <0.01) after
30 days’ treatment

probiotic (P<0.01) and
24 weeks 2.0x10'° cells/day Mean total SCORAD

PL

L. acidophilus L-92

29/59 10-36 months

Nakata et al. [39], Japan

decreased in probiotics

group, but no statistically
significant difference

found between the two

groups at end of treatment

bid twice daily, CFU colony-forming units, CI confidence interval, HR hazard ratio, OR odds ratio, PL placebo, RD risk difference, RR risk ratio, SCORAD Scoring Atopic Dermatitis index

RR 0.54; 95% CI 0.38-0.78; P=0.001; I>=68%). However,
when probiotics were administered to infants only, there was
no significant effect on preventing the development of AD
(pooled RR 0.88; 95% CI 0.59-1.33; P=0.56; I>’=74%)
(Table 2; Fig. S3 in the ESM).

3.4.4 Clinical Effect by Duration of Treatment

A subgroup analysis was also performed to detect the effect
of different treatment durations. For studies in which pro-
biotics were administered to both mothers and infants, we
combined the intervention durations of mothers and infants
and calculated the total durations, selecting 6 months as
the cut-off time point. For studies with treatment dura-
tions > 6 months, probiotics showed a significant effect
on reducing the incidence of AD (pooled RR 0.73; 95%
CI 0.61-0.87; P=0.0003; I*= 12%), and a similar effect
was achieved with treatment durations < 6 months (pooled
RR 0.67; 95% CI 0.46-0.97; P=0.03; I*= 82%); however,
the subgroup difference was not statistically significant
(P=0.68) (Table 2; Fig. S4 in the ESM).

3.5 Probiotics for the Treatment of AD
3.5.1 Overall Clinical Effects

We assessed 12 comparisons from 11 studies (with 816 chil-
dren included), and a random-effects model meta-analysis
of all trials showed a significant decrease in the WMD of
the SCORAD values in the probiotics group compared with
the control group (WMD —6.11; 95% CI—10.62 to—1.61;
P=0.008). However, the heterogeneity was extremely high
(I*=90%; P <0.00001) (Fig. S5 in the ESM). To better
understand the origin of the heterogeneity, we performed a
sensitivity analysis. After removing the study by Chernyshov
[47], the heterogeneity decreased significantly (I>=72%),
so we reviewed this study again and found that their results
demonstrated that probiotics were inferior to placebo in
terms of reducing SCORAD values (mean difference 14.4
vs. 18.1). On the other hand, in the same study, probiotics
showed a superior effect on symptoms remission compared
with placebo (remission rate 63.3 vs. 32.1%). The incon-
sistency in outcome measures may have contributed to the
extremely high heterogeneity of the meta-analysis. After
discussion, our team decided to remove the study, and the
meta-analysis result of the remaining studies is shown in
Fig. 3, from which it can be seen that the effect of probi-
otics on decreasing SCORAD values remains significant
(WMD —7.23;95% CI—-10.59 to —3.88; P <0.0001).
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Treatment Control Risk Ratio Risk Ratio Risk of Bias
Id I Events Total Events Total Weight M-H. Ran % Cl M-H. Random, 95% CI AB DEF
Dotterud 2010 29 138 48 140 7.0% 0.61[0.41, 0.91] - . ?
Gao 2004 16 74 35 74  6.0% 0.46 [0.28, 0.75] - PR@Q
Kalliomaki 2001 15 64 31 68 5.8% 0.51[0.31, 0.86] - ..
Kim 2010 12 33 2 35 58% 0.58 [0.34, 0.97] - @e
Kopp 2008 14 50 12 44 48% 1.03[0.53, 1.98] -T- @e
Niers 2009 27 50 33 48 7.9% 0.79[0.57, 1.08] — 2?22
Plummer 2019 35 118 37 137 71% 1.10[0.74, 1.62] T ..
Rautava a 2012 21 73 2 31 67% 0.41[0.26, 0.62] - @e
Rautava b 2012 20 70 22 31 6.6% 0.40 [0.26, 0.62] - .‘
Soh 2009 27 124 30 121 6.4% 0.88 [0.56, 1.39] -1 @~
Stephen 2014 9 171 21 173 3.9% 0.43[0.20, 0.92] i .‘
Taylor 2007 43 88 34 87 77% 1.25[0.89, 1.75] = @e
Wickens 2018 37 203 43 200 71% 0.85[0.57, 1.26] -T .‘
Wickens a 2008 24 157 22 80 5.8% 0.56 [0.33, 0.93] - @e
Wickens b 2008 39 158 22 80 6.5% 0.90 [0.57, 1.40] -1 .‘
Yang 2012 16 65 16 64 51% 0.98 [0.54, 1.80] - @e
Total (95% Cl) 1636 1413 100.0% 0.70 [0.57, 0.84] ¢
Total events 384 450
Heterogeneity: Tau? = 0.10; Chi? = 42.32, df = 15 (P = 0.0002); I* = 65% ' T v !
Test for overall effect: Z = 3.70 (P = 0.0002) 0.01 Olglacebo ! Probiot1i¢?s 100
Risk of bias legend
(A) Random sequence generation (selection bias)
(B) Allocation concealment (selection bias)
(C) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)
(E) Incomplete outcome data (attrition bias)
(F) Selective reporting (reporting bias)
(G) Other bias
Fig. 2 Forest plot for pooled relative risk ratio of AD in those treated with probiotics
Table 2 Subgroup analysis of randomized controlled trials of probiotics for prevention and treatment of atopic dermatitis
Factor Trial no Treatment/partici- RR or WMD (95% CI) P value (%)
pants (n)
Prevention studies
Type of probiotics
Single strain 7 785/1408 0.84 (0.66 to 1.09) 0.19 50
Mixed strains 9 851/1641 0.61 (0.47 to 0.78) 0.004 65
Subject
Both pregnant mother and infant 8 748/1340 0.71 (0.58 to 0.86) 0.0006 18
Pregnant mother only 4 484/886 0.54 (0.38 t0 0.78) 0.001 68
Infant only 4 404/823 0.88 (0.59 to 1.33) 0.56 74
Treatment duration, month
<6 7 685/1306 0.67 (0.46 to 0.97) 0.03 82
>6 9 951/1743 0.73 (0.61 to 0.87) 0.0003 12
Treatment studies
Type of probiotics
Single strain 7 288/526 —6.21 (- 9.35t0 —3.07) 0.0001 38
Mixed strain 4 162/290 —8.90 (— 16.13 to — 1.68) 0.02 88
Participant age
>1 year 5 185/370 —10.27 (— 14.49 to — 6.05) <0.00001 74
Includes infants aged < 1 year 6 265/446 —3.67 (—7.59100.25) 0.07 42
Treatment duration, weeks
<8 7 303/531 —-5.13(—8.52t0 — 1.74) 0.003 57
>8 4 147/285 —11.02 (- 17.19to — 4.84) <0.0001 76

CI confidence interval, RR risk ratio, WMD weighted mean difference
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Treatment Control
Folster-Holst 2006 -8 13.8 26 9.8 143 27 8.0%
Gerasimov 2010 -142 9.9 43 78 77 47  11.6%
Han 2012 -9.1 10.6 58 -1.8 121 60 11.2%
Komei 2019 -8.1 185 25 -25 256 20 4.3%
Lue 2017 -23.2 15.2 30 -124 128 32  85%
Vicente 2018 -27 9.6 23 -78 98 24 9.9%
Viljanen a 2005 229 16.1 80 -20.3 12.6 37 10.0%
Viljanen b 2005 204 15.8 76 -20.3 12.6 37 10.0%
Weston 2005 18.2 14.6 28 -10.2 19.7 28 6.8%
Woo 2010 13.8 12 41 42 118 34 10.0%
Yesilova 2012 -23 116 20 -12.8 5.7 20 97%
Total (95% Cl) 450 366 100.0%

Heterogeneity: Tau? = 21.69; Chi? = 35.99, df = 10 (P < 0.0001); 1> = 72%
Test for overall effect: Z = 4.23 (P < 0.0001)

Risk of bias legend

(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(C) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)

(G) Other bias

Mean Difference

1.80 [-5.77, 9.37]
-6.40 [-10.09, -2.71]
-7.30 [-11.40, -3.20]

-5.60 [-18.96, 7.76]
-10.80 [-17.82, -3.78]
-19.20 [-24.75, -13.65]
-2.60 [-7.98, 2.78]
-0.10 [-5.49, 5.29]
-8.00 [-17.08, 1.08]
-9.60 [-15.01, -4.19]
-10.20 [-15.86, -4.54]

-7.23 [-10.59, -3.88]

Risk of Bias

Mean Difference

ndom, 95%

'|'|-|4,|l|‘|l-|1.:

-50 0 50 100
Probiotics  Placebo

-100

Fig. 3 Forest plot for WMD in change in SCORAD values in those treated with probiotics

3.5.2 Clinical Effect by Type of Probiotic Bacterial Species

Seven comparisons from six studies used single-strain pro-
biotics (526 children), and four trials used mixed strains
(290 children). For both the single-strain (WMD —6.21;
95% CI—9.35 to—3.07; P=0.0001; I>=38%) and the
mixed-strain (WMD — 8.90; 95% CI — 16.13 to — 1.68;
P=0.02; I*=72%) groups, probiotics had a significant effect
on improving SCORAD values, but no subgroup difference
was found (P =0.50) (Table 2; Fig. S6 in the ESM).

3.5.3 Clinical Effect by Participant Age

Five studies enrolled participants aged > 1 year, and six
comparisons from five other studies also included infants
aged < 1 year. Probiotics showed a significant effect on
improving SCORAD values for children aged > 1 year with
AD (WMD - 10.27; 95% CI — 14.49 to — 6.05; P <0.00001;
I?=74%) but had no effect in the comparisons that also
included infants aged < 1 year (WMD — 3.67;95% CI — 7.59
t0 0.25; P=0.07; > =42%). It is of interest that the subgroup
difference was significant (P =0.02) (Table 2; Fig. S7 in the
ESM).

3.5.4 Clinical Effect by Duration of Treatment

The treatment duration for each of the ten studies ranged
from 4 to 24 weeks, so we decided to explore whether dif-
ferent treatment durations resulted in different effects. We
selected 8 weeks, the median treatment period, as the cut-
off time point. For trials with treatment periods < 8 weeks
(531 children), probiotics significantly decreased SCORAD
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values (WMD — 5.13; 95% CI — 8.52 to — 1.74; P=0.003;
I>=57%). Trials with treatment durations>8 weeks
appeared to report a better effect in terms of decreas-
ing SCORAD values (WMD — 11.02; 95% CI — 17.19 to
— 4.84; P=0.0005; I?’=76%) than those with treatment
durations < 8 weeks. However, no statistically significant dif-
ference between these two subgroups was found (P=0.10).
Hence, according to our results, prolonging treatment
durations to > 8 weeks does not provide additional benefit
(Table 2; Fig. S8 in the ESM).

3.6 Publication Bias

The funnel plots (Figs. S9 and S10 in the ESM) and Egger’s
test results for both the prevention and the treatment studies
revealed no evidence of publication bias. Both funnel plots
were nearly symmetrical, and Egger’s test for the prevention
(t — 0.90, P=0.382) and the treatment studies (r — 0.73,
P=0.483) were not significant, indicating a low risk of bias.

4 Discussion

This systematic review summarized the updated evidence
on the effects of probiotics for the prevention and treat-
ment of AD among children. The pooled results demon-
strated that, when compared with placebo, probiotics sig-
nificantly reduced the incidence of AD (pooled RR 0.70;
95% C1 0.57-0.84; P=0.0002) among healthy children and
decreased SCORAD values (pooled WMD —7.23; 95%
CI-10.59 to—3.88; P<0.0001) among children with AD.
Subgroup analyses identified several interesting findings.
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First, a significant effect of probiotics in preventing the
development of AD was only found for the mixed-strain sub-
group (RR 0.61). Previous meta-analyses by Doege et al.
[23] and Zuccotti et al. [18] discussed the clinical effects of
the type of probiotics but yielded inconsistent results, with
Doege et al. [23] concluding that supplementation with pro-
biotics significantly reduced the risk of AD [risk difference
(RD) 0.057,P=0.022]. However, this effect was significant
only for single-strain probiotics (RD 0.106; P=0.045) and
not for mixed strains (RD 0.031; P=0.204), whereas Zuc-
cotti et al. [18] found that studies using a mixture of probiot-
ics showed better results in a fixed-effect model (RR 0.54;
95% CI 0.43-0.68; P <0.000). Our results correspond with
those of Zuccotti et al. [18] and not those of Doege et al.
[23]. It is worth noting that Zuccotti et al. [18] included
outcomes in the same population at different follow-up time
points. However, Doege et al. [23] focused solely on stud-
ies administering probiotics to expectant mothers so can-
not provide a comprehensive understanding of the role of
probiotics and may have underestimated the effects. We
also found that remission of AD was achieved regardless
of which probiotics were offered, and the treatment effect
for the mixed-strain subgroup (WMD — 8.90) appeared bet-
ter than that for the single-strain subgroup (WMD —6.21).
This conflicts with the results from the study by Huang et al.
[22], who found that SCORAD values decreased signifi-
cantly only in the mixed probiotics group (WMD —3.52,95%
CI-5.61 to—1.44; P=0.006). We did not perform a further
subgroup analysis according to the specific single-strain pro-
biotics administered because only one prevention study used
Bifidobacterium alone. A meta-analysis by Kim et al. [48],
which included adult subjects, showed that mixed-strain
probiotics had the greatest effect on decreasing SCORAD
values (WMD — 6.60, P <0.001), followed by Lactobacillus
species (WMD — 3.81; P=0.004), but Bifidobacterium spe-
cies alone (WMD 1.75) showed a negative effect. The better
effect of mixed-strain probiotics in preventing and treating
AD may have resulted from a possible synergistic effect
of multiple strains of bacteria in regulating the intestinal
microbiome and thus the immune system, an effect that a
single strain cannot achieve [49]. However, further research
is needed to test this hypothesis.

Second, our meta-analysis found that different subjects
manifested different preventive effects with probiotics.
Whether probiotics were given to both pregnant mothers and
their infants after birth or just to pregnant mothers, the inci-
dence of AD decreased significantly in the treatment groups
compared with the placebo groups, whereas no significant
difference in the incidence of AD was observed when
probiotics were given only to infants in the intervention
group. Our results support the conclusions reached by Pan-
duru et al. [19] and Pelucchi et al. [20]. Panduru et al. [19]
found that prenatal administration of probiotics followed

by postnatal administration was protective [odds ratio (OR)
0.61; P<0.001], but administration in the postnatal period
alone was not (OR 0.95; P=0.82). Pelucchi et al. [20] also
found that probiotics administered solely to the child had
no effect on preventing AD (RR 0.85; 95% CI 0.61-1.19).
This may be because the probiotics were administered for an
insufficient duration. Evidence has shown that fetal produc-
tion of immune factors may occur before delivery, which
means that an earlier intervention might maximize the pro-
biotic effects [50, 51]. However, more convincing evidence
for understanding the establishment of the immune system
and interactions between probiotics and fetal immunology
is needed.

From our study, it seems that the effect of probiotics in
the treatment of AD was influenced by participants’ age, as
probiotics significantly improved SCORAD values only in
participants aged > 1 year (WMD — 10.27). Our conclusions
are aligned with those of Kim et al. [48], who reported that
probiotics had a significant effect in decreasing SCORAD
values compared with placebo for children aged 1-18 years
(WMD —5.74; 95% CI—7.27 to —4.20), but the effective-
ness of probiotics for infants (aged < 1 year) with AD was
not observed. Huang et al. [22] also reported that the effec-
tiveness of probiotics for infants (aged < 1 year) with AD
was not significant. The transition of intestinal microbiota
in infants has been proven to take 3—5 years after birth [52],
during which the diversification of microbiota progressively
continues and progresses toward an adult-like gut microbiota
[53, 54]. A more complex and stable gut microbiome reacts
better to nutrients and other ingested substances, which leads
to different health outcomes [55]. In addition, studies have
reported that the fetus receives immunity from the mother
until the age of approximately 1 year, after which their
own immune system develops [50]. An increasing number
of studies has shown that the intestinal microbiome helps
maintain physical health by modulating the immune system
[56], and lower levels of Lactobacillus and Bifidobacterium
are detected in infants with eczema [57, 58]. As a result,
the administration of probiotics to infants aged > 1 year may
relieve the severity of AD by regulating immune functions
[59]. This evidence may explain the interesting phenomena
we and other studies have found. Other factors, such as the
specific types of probiotics administered, treatment duration,
dosage, and so on, can also affect the results [52].

We explored the effect of treatment duration on both the
prevention and the treatment of AD, which has rarely been
discussed in other meta-analyses. For treatment studies, we
found that probiotics administered for > 8 weeks decreased
SCORAD values (WMD — 11.02) more than when the
intervention period was < 8 weeks (WMD — 5.13). In other
words, a longer treatment duration has tended toward better
relief from AD, but this trend was not significant (P =0.09).
Some reviews concluded that the duration of probiotic
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administration may affect the clinical outcome of diseases
[60], but the course of treatment in all studies included in
our meta-analysis continued for at least 4 weeks, and SCO-
RAD values decreased significantly in the probiotic groups.
Therefore, we cannot determine the shortest valid treatment
duration, and new studies with shorter treatment durations
are needed to answer this question. For prevention studies,
our analysis showed that intervention durations < 6 months
achieved a better effect on decreasing the incidence of AD
(RR 0.67) than the other subgroup (RR 0.73). Although
the difference was not statistically significant, the results
should be interpreted with caution because several factors
may have contributed to the difference: first, the incidence of
AD was measured immediately in only one study at the end
of the intervention, whereas the remaining studies measured
the incidence after follow-up of > 6 months after probiotic
administration stopped, second, an assessment bias may
exist when calculating the treatment durations for studies
that administered probiotics to both mothers and infants.

It has been shown that intestinal microbiota play a vital
role in regulating immune function and ensuring physical
health [61], especially in infants and young children, whose
intestinal microbiota are immature and easily affected by
various environmental factors such as diet and antibiotics
[55, 62, 63]. Therefore, scientists have been working to
develop various new therapeutic schedules, such as pro-
biotics, prebiotics, synbiotics, and fecal microbiota trans-
plantation [64, 65], to regulate the gut microbiome, create a
healthy intestinal environment, and further prevent and treat
such diseases. Probiotics are the most commonly used of
these therapeutics, and clinical trials have proven the cura-
tive effect of probiotics. However, the underlying mecha-
nism remains unclear, especially for long-term effects. One
hypothesis proposes that probiotics strengthen the gut epi-
thelial barrier via competitive adherence to the mucosa and
epithelium, and another proposes that probiotics modulate
immune function and produce bioactive compounds [66].
Additionally, whether probiotics have long-term effects on
regulating the gut microbiota is debatable because some
studies concluded that probiotic administration did not
influence the overall composition of the gut microbiota, and
the probiotic bacteria did not persist once administration
stopped [67, 68]. In addition, prebiotics, which are defined
as food components or ingredients that are not digestible
by the human body but specifically or selectively nourish
beneficial colonic microorganisms [69], combined with pro-
biotics, theoretically work better than probiotics alone [70].
For these reasons, the use of probiotics for the prevention
and treatment of AD has not yet been established.

To the best of our knowledge, the only previous meta-
analysis of the effect of probiotics in the treatment and pre-
vention of AD was published in 2008 by Lee et al. [17]. No
related meta-analysis has discussed the effect of the duration
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of probiotic administration in treating AD. Thus, an updated
meta-analysis was necessary. In addition, unlike Lee et al.
[17], we selected the first follow-up time point after finishing
the interventions in each study as the outcome measuring
point and excluded repetitive measurements in the same pop-
ulation with an extended follow-up period. As mentioned,
the long-term effects of probiotics on AD are questionable,
and many factors occurring after the probiotic interventions
(e.g., diversification of microbiota and various environmen-
tal factors) can also affect the incidence and severity of AD.
As a result, measuring outcomes as soon as possible after
the intervention can better control bias related to known and
unknown factors. Such a meta-analysis can strengthen and
provide reliable evidence for the use of probiotics to prevent
and treat AD in children.

Our meta-analysis has some limitations. First, heteroge-
neity between studies varied from modest to moderate. The
different populations studied, species of probiotics used,
dosages, and intervention durations may all have contrib-
uted to this heterogeneity. Second, a statistically signifi-
cant difference between subgroups was only found for the
treatment of AD by participant age, and further studies are
needed before concluding that probiotics are more effective
when mixed strains are used, interventions are prolonged,
or both pregnant women and infants receive probiotics for
the prevention of AD. Third, our meta-analysis cannot pro-
vide evidence for the long-term effects of probiotics in the
prevention and treatment of AD; this would require more
studies. Fourth, a common problem in probiotic interven-
tion studies is a failure to assess adverse events [55]. Studies
included in this meta-analysis reported no obvious adverse
outcomes, so the safety of probiotics cannot be evaluated,
further research should therefore focus on safety assess-
ments. Moreover, although we found no evidence of publi-
cation bias, we did exclude some treatment RCTs because
they did not administer probiotics orally or used different
scales to assess the degree of AD, which may have affected
our evaluation of the effects. Finally, the incidence of AD
and SCORAD values are widely used to assess the effect of
probiotics in clinical trials, but they are not enough to build a
bridge between observation and mechanism. Some immune
indicators and biomarkers, such as intestinal flora, have been
used to illustrate this [39], but more work is required.

5 Conclusion

Our updated meta-analysis demonstrates that intervention
with probiotics potentially lowers the incidence of AD and
relieve AD symptoms in children, particularly in infants
and children aged > 1 year. Interventions using mixed-
strain probiotics tended to show better preventive and
curative effects. Probiotics administered solely to infants
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appeared to produce negative preventive effects. Different
intervention durations might also affect clinical outcomes.
However, these conclusions should be interpreted with
caution because subgroup differences were insignificant
(except for treatment by participant age) and heterogene-
ity was moderate among the studies. More powerful RCTs
using standardized measurements should be conducted to
assess the long-term effects of probiotics.
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