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BACKGROUND: Most cases of beta-lactam allergy in children are likely to be mislabeled. This study aimed to assess the prevalence
of true positives, as determined by drug challenge tests, and the rate of false negatives in children with suspected allergies and
confirm the safety of the drug challenge test.

METHODS: We conducted a systematic review and meta-analysis according to established procedures. Study participants were
children with suspected beta-lactam allergy who underwent a drug challenge. PubMed MEDLINE, Dialog EMBASE, Cochrane Central
Register of Controlled Trials, World Health Organization International Clinical Trials Registry Platform, and clinicaltrials.gov were

searched from inception until March 5, 2021.

RESULTS: The pooled prevalence of (a) positive results in the first challenge was 0.049 (95% Cl, 0.041-0.057; P = 71%) from

78 studies; (b) serious adverse events was 0.00 (95% Cl, 0.00-0.00; I = 0.0%) from 62 studies; and (c) positive results in the second
challenge after the first negative result was 0.028 (95% Cl, 0.016-0.043; I* = 38%) from 18 studies.

CONCLUSIONS: The prevalence of children with suspected beta-lactam allergy with true-positive results and false-negative results
from the drug challenge test was very low. Serious adverse events resulting from drug challenge tests were also very rare.

Pediatric Research (2023) 93:22-30; https://doi.org/10.1038/s41390-022-02076-x

IMPACT:

® Most children with suspected beta-lactam allergy were likely to be mislabeled.
® Serious adverse events caused by the drug challenge test were rare.
® Few false-negative results were obtained from the drug challenge test.

INTRODUCTION
The diagnosis of beta-lactam allergy without allergic workup for
confirmation is a public health problem which is mostly observed
among children. Approximately 2-5% of the pediatric population
have self-reported beta-lactam allergy.! However, most children
with suspected beta-lactam allergy are likely to be overlabeled.>*
Misinterpretation of beta-lactam allergy could increase antibiotic
resistance and healthcare costs due to the use of broad-spectrum
antibiotics.*®

The drug challenge test is considered the gold standard to
diagnose drug allergy."? Although skin tests are commonly
performed before the drug challenge, the diagnostic accuracy of
skin tests is considered insufficient; in particular, they have low
sensitivity.>” A previous meta-analysis published in 2015 deter-
mined that children with suspected beta-lactam allergy were truly
allergic if either the skin or drug challenge test was positive with

an immediate reaction.® The meta-analysis focused only on
immediate reactions and included only four original studies,
which reported prevalence rates between 0.9% and 14.8%. Since
2015, an increasing number of studies have assessed the true-
positive rate for subgroups with a history of immediate or
nonimmediate reactions®’ usin% a direct drug challenge without
performing a prior skin test.'®"

To the best of our knowledge, there has been no systematic
review and meta-analysis that has examined the child prevalence
of true beta-lactam allergy in suspected cases based on the results
of drug challenges. Neither safety nor the predictive negative
value of the drug challenge has been thoroughly evaluated in
previous systematic reviews and meta-analyses. We, therefore,
performed a systematic review and meta-analysis to assess: (a) the
prevalence of positive results from drug challenge test for children
with suspected beta-lactam allergy; (b) the prevalence of serious

"Department of Pediatrics, Tsugaruhoken Medical COOP Kensei Hospital, 2-2-2 Ougi-machi, Hirosaki, Aomori 036-8511, Japan. Scientific Research WorkS Peer Support Group
(SRWS-PSG), Osaka, Japan. *Department of Health Promotion and Human Behavior, Kyoto University Graduate School of Medicine/School of Public Health, Yoshida Konoe cho,
Sakyo-ku, Kyoto 606-8501, Japan. “Department of Nephrology and Dialysis, Kyoritsu Hospital, Chuo-Cho 16-5, Kawanishi, Hyogo 666-0016, Japan. *Department of Psychiatry,
Seichiryo Hospital, Tsurumai 4-16-27, Showa-ku, Nagoya 466-0064, Japan. ®Department of Psychiatry, Nagoya University Graduate School of Medicine, Tsurumai-cho 65, Showa-
ku, Nagoya 466-8560, Japan. "Division of Rehabilitation, Department of Clinical Practice and Support, Hiroshima University Hospital, 1-2-3, Kasumi, Minami-ku, Hiroshima 734-
8551, Japan. ®Department of Physical Therapy, School of Health Sciences at Fukuoka, International University of Health and Welfare, 137-1 Enokizu, Okawa-shi, Fukuoka 831-8501,
Japan. °Department of Neurology, Tohoku University Graduate School of Medicine, 2-1 Seiryo-machi, Aoba-ku, Sendai 980-8575, Japan. ®email: yasutakakuniyoshi@yahoo.co.jp

Received: 13 January 2022 Revised: 16 March 2022 Accepted: 22 March 2022

Published online: 21 April 2022

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02076-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02076-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02076-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02076-x&domain=pdf
https://doi.org/10.1038/s41390-022-02076-x
mailto:yasutakakuniyoshi@yahoo.co.jp
www.nature.com/pr

adverse events in response to a drug challenge test; and (c) the
prevalence of positive results from a second drug challenge result
among children with negative results from a first drug challenge.

METHODS

Protocol and registration

We conducted a systematic review and meta-analysis in accordance
with the Preferred Reporting Item for Systematic Review and Meta-
analysis guidelines (PRISMA 2020)."> We developed a detailed
protocol and registered our study with the International Prospective
Register of Systematic Reviews (PROSPERO: CRD42021240535).

Article inclusion criteria

We included all cohort studies. We did not restrict publication date
and status (full publications, conference abstracts, and unpub-
lished data), or languages. We excluded case reports, case series,
case-control studies, and reviews. Study participants were
children under the age of 18 with suspected beta-lactam allergy
who underwent a drug challenge test. We excluded studies in
which the participants were mostly adults, however, included
studies involving both adults and children where data on children
could be extracted independently. We accepted other definitions
of children and differing procedures for administering the drug
challenge test. We allowed the determination of results used in
the original studies. We also excluded studies with (i) overlapping
participants, (i) unclear information on the suspected drug, or (jii)
unclear information on the challenge test.

Primary outcomes

The primary outcomes were (a) the prevalence of positive results
from a drug challenge test for children with suspected beta-
lactam allergy; (b) the prevalence of serious adverse events in
response to a drug challenge test; and (c) the prevalence of
positive results from a second drug challenge among children
with negative results from a first drug challenge.

We defined the prevalence of positive results in the first
challenge as the number of positive first drug challenge results
per total number of first drug challenge tests. We accepted the
criteria adopted by the original studies for the results of the drug
challenge test.

The prevalence of serious adverse events was defined as the
number of serious adverse events per total number of first drug
challenge tests. We accepted the definition adopted by the
original studies for serious adverse events. If the authors did not
assess the severity of adverse events, we defined serious adverse
events as immediate reactions with anaphylaxis or requiring
administration of epinephrine or delayed reactions such as
Stevens—Johnson syndrome or toxic epidermal necrolysis.

The prevalence of positive results in the second challenge after
a first negative result was defined as the number of positive
second drug challenge results per total number of second drug
challenge tests. Children who had a negative first drug challenge
result underwent a second drug challenge test. Those who were
positive were defined as having a positive second drug challenge
result. We did not set a criterion for the interval between the first
and second challenges. If a second drug challenge test was not
performed, children who used the suspect drug and developed
allergy-like symptoms after a first negative result were also
classified as having a positive second drug challenge result.

Search strategy

We searched PubMed MEDLINE, Dialog EMBASE, the Cochrane
Central Register of Controlled Trials, and the World Health
Organization International Clinical Trials Platform Search Portal
(ICTRP), and ClinicalTrials.gov from inception to March 5, 2021. We
did not restrict to language or date of publication. Supplementary
Table S1 shows the details of search terms used for each database.

Pediatric Research (2023) 93:22-30

Y. Kuniyoshi et al.

We also confirmed the references included in the previous
systematic reviews,>* clinical guidelines,"'* or position papers,'>'®
and studies included in the present review.

Study selection and data extraction

Two of the three review authors (YK, NT, and HT) screened the
titles and abstracts of studies according to the inclusion and
exclusion criteria and then obtained and independently assessed
the full text for eligibility. If we were not sure whether a study met
the inclusion criteria, we emailed the authors of original study and
requested additional information. We used Rayyan software'’ for
study selection. Two of the three review authors (YK, NT, and HT)
independently extracted data from the studies. Any disagree-
ments between the two reviewers were resolved through
discussion or with a third reviewer if required.

Quality assessment

Two of the three review authors (YK, NT, and HT) independently
assessed the risk of bias for each study by using the Joanna Briggs
Institute prevalence critical appraisal tool.'® This tool consists of
nine domains. Each domain is evaluated as Yes, No, Unclear, or
Not Applicable. The quality score for each study was defined as
the percentage of Yes answers obtained for the total number of
domains evaluated. Quality scores were graded as low quality if
the percentage was <50%, moderate quality if it was 50-80%, and
high quality if it was >80%.'%%° Any conflict between the two
reviewers were resolved through discussion or with a third
reviewer if required.

Data synthesis and statistical analysis

All statistical analyses were performed using R software (version
4.0.3).2! For continuous variables, data were expressed as median
(interquartile range (IQR)). To estimate the pooled prevalence, we
synthesized the data with the “meta” and “metafor” packages for R
and combined proportions with 95% confidence intervals (Cls)
and 95% prediction intervals. We used an inverse-variance-
weighted random-effects model with the DerSimonian-Laird
estimator to estimate the between-study variance and normal
approximation intervals based on summary measures to calculate
Cls for individual study results. To stabilize variances, we
transformed the data with the Freeman-Tukey double arcsine
transformation. The random-effects model (DerSimonian-Laird
method) rather than fixed-effect model was selected at the time of
the study protocol because of the expected heterogeneity of the
included studies.

We visually evaluated heterogeneity using forest plots. We also
calculated and analyzed /2 statistics ( values of 0-40% = might
not be important; 30-60% = moderate heterogeneity; 50-90% =
substantial heterogeneity; 75-100% = considerable heterogene-
ity). To calculate the P statistics, we applied the Cochrane )(2 test
(Q-test). We also calculated 7 statistics for the prediction
intervals.?

To assess the reporting bias, we searched clinical trial registry
systems (ICTRP and ClinicalTrials.gov) to identify completed but
unpublished studies. We assessed potential publication bias by
visual inspection of a funnel plot and also performed the Egger
test. Funnel plots are used to assess the presence of potential
publication bias in meta-analyses. However, these are likely to be
inaccurate in the meta-analyses of prevalence studies with low
proportions of outcomes.”> Therefore, we did not create funnel
plots for meta-analyses that included <20 studies®*** or studies
with similar sample sizes.

Subgroup analyses

We considered the following subgroups for the prevalence of
positive results in the first challenge: children who had undergone
the drug challenge with or without a preliminary test, including
skin prick test, intradermal test, or specific IgE quantification;
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children with a history of an immediate or nonimmediate reaction;
children with a suspected penicillin class allergy or cephalosporin
allergy; children who underwent a direct drug challenge test with
a history of nonimmediate reaction. We also considered the
following ad hoc subgroups for the prevalence of positive results
in the second challenge after a first negative result: children who
were evaluated with a second drug challenge test or with
questionnaires.

RESULTS

Literature search results

Figure 1 displays a PRISMA 2020 flow chart detailing the process
of study selection, including exclusion criteria. We screened 4112
records, after the removal of duplicates, and assessed 347 full
texts. Eighty-four studies reporting a prevalence estimate were
synthesized in the meta-analysis. In the clinical trial registry
system, 49 records were screened, and 3 records were included.
We found one unpublished study.

Study characteristics
Table 1 and Supplemental Table S2 show the characteristics of the
85 studies. Of them, 55 studies were published in or after 2015.

Results of synthesis

Prevalence of positive results in the first challenge. A total of 12,846
participants were included from 78 studies. The methodological
quality of the 78 studies was moderate (Supplemental Table S3A).
The reason for the moderate quality was inappropriate sampling
processes. The prevalence from the included studies was 0.052
(0.028-0.077). The pooled prevalence was 0.049 (95% Cl,
0.041-0.057; F=71%; Fig. 2). Visual inspection of funnel plot
asymmetry did not indicate the presence of publication bias

Identification of studies via databases and registers

—

o Records identified from:

= MEDLINE (n=721) Records removed before

9 Embase (n = 3589) screening:

= CENTRAL (n = 16) Duplicate records removed

g ClinicalTrials.gov (n = 23) (n=262)

= ICTRP (n = 25)

'
Records screened Records excluded
(n=4112) (n=3765)
Reports sought for retrieval Reports not retrieved

o (n=2347) (n=0)

=

[

g l Reports excluded:

» Wrong population (n = 96)
Reports assessed for eligibility Reports with overlapping
(n=347) participants (n = 43)

Unclear information on the
suspected drug (n = 22)
Wrong design (n = 23)
Review or background article
(n=13)
i Unclear information on the

o challenge test (n = 49)
Wrong subject (n= 17

§ Reports of included studies g subject ( )

S| | (n=84)

=

)

Fig. 1 Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) diagram for literature search and study
selection. A list of the excluded studies with reasons is shown in
Supplemental Table S4.
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Table 1. Study characteristics.

Characteristics

Prevalence of positive results in the first challenge (n = 78)

Publication type
Article
Conference abstract
Publication year
<2015
22015
Culprit drug
Beta-lactam
Penicillin class only
Cephalosporin only
History of reaction
Immediate only
Nonimmediate only
Both—Separated
Both—Not separated
Preliminary testing
Performed only
Not performed only
Both—Separated
Not applicable

55
23

27
51

46
30

12

53

38
24

10

Prevalence of serious adverse events (n = 62)

Publication type
Article
Conference abstract
Publication year
<2015
>2015
Culprit drug
Beta-lactam
Penicillin class only
Cephalosporin only
History of reaction
Immediate only
Nonimmediate only
Both—Separated
Both—Not separated
Preliminary testing
Performed only
Not performed only
Both—Separated
Not applicable

47
15

22
40

33
27

10
10
40

31
19

Prevalence of positive results in the second challenge after the first negative

result (n = 18)
Publication type
Article
Conference abstract
Publication year
<2015
>2015
Culprit drug
Beta-lactam
Penicillin class only
Confirmation method
Drug challenge test
Questionnaire
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Study Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bierman (1969) 41 0.8% 0.000 [0.000; 0.042] B—:
Chandra (1980) 56 1.0% 0.036[0.001;0.105] —&@&—
Mendelson (1984) 219 1.7% 0.014[0.002;0.034] -
Graff (1988) 297  1.8% 0.101[0.069; 0.138] ——
Birkebaek (1992) 107 1.3% 0.009 [0.000; 0.040] H—:
Paupe (1996) 79 1.2% 0.089[0.034;0.163] ——@——
Romano (1997) 49  0.9% 0.000 [0.000;0.035] E— !
Cortina (1998) 74  1.1% 0.068[0.020;0.138] —@——
Hervé (1998) 52  1.0% 0.115[0.040;0.219] —
Martin (1999) 195 1.6% 0.010[0.000;0.031] H&-
Ponvert (1999) 271 1.7% 0.063[0.037; 0.095] ——
Langley (2002) 69 1.1% 0.000 [0.000; 0.025] E—
Rebelo (2008) 20 0.5% 0.050[0.000;0.202] —#&———
Romano (2008) 103 1.3% 0.000[0.000;0.017] B
Tantikul (2008) 10 0.3% 0.300 [0.050; 0.625] ;
Hershkovich (2009) 162  1.5% 0.037[0.012;0.073] —H—
Chambel (2010) 112 1.4% 0.107 [0.056; 0.172] —
Navarro (2010) 54 1.0% 0.037[0.001;0.108] —&@——
Caubet (2011) 88 1.2% 0.068[0.023;0.132] —@——

63 1.1% 0.063[0.014;0.140] — @ ——
67 1.1% 0.015[0.000; 0.063] -#——

w

-

-

Kamboj (2011)
Moral (2011)

Seitz (2011) 21 0.5% 0.000 [0.000; 0.080] &——
Kerbelker (2013) 28 0.6% 0.143[0.033;0.301] : =
Fox (2014) 1 369 1.8% 0.038[0.021;0.060] -

Pestana (2014)
Picard (2014)
Vezir (2014)
Barni (2015)
Caimmi (2015)
Mori (2015)

60 1.0% 0.000[0.000;0.028] B— :

375 1.8% 0.048[0.028;0.072] &
106  1.3% 0.028[0.004;0.071] —#-—
337 1.8% 0.074[0.048;0.105] ——
66  1.1% 0.030[0.000; 0.089] —&-——
177 1.6% 0.096 [0.057;0.144]

-

n
NN WOORARPRO=LDONMNNOIWO—-ONNMNOOONON-=-0WNO

-

Sertori (2015) 0 38 0.8% 0.000 [0.000;0.045] E—:

Tugeu (2015) 4 73 1.1% 0.055[0.012;0.121] —@——
Abrams (2016) 5 296 1.8% 0.017[0.005;0.035] & :

Choi (2016) 8 31 0.7% 0.258[0.117;0.429] : _
Manuyakorn (2016) 10 114 1.4% 0.088[0.042;0.148] -

Mill (2016) 48 818 2.0% 0.059[0.044;0.076]

Fawbert (2017) 10 81 1.2% 0.123[0.060; 0.205]

Vyles (2017) 0 100 1.3% 0.000[0.000;0.017] - :
Anterasian (2018) 2 62 1.0% 0.032[0.001;0.095] —#&—
Faitelson (2018) 10 133 1.4% 0.075[0.036;0.127] +
Goudouris (2018) 1 32 0.7% 0.031[0.000;0.129] —#+——
Ibaiez (2018) 34 732 2.0% 0.046[0.032;0.063] E 3
Koosakulchai (2018) 1 31 0.7% 0.032[0.000;0.133] —@&——
Labrosse (2018) 6 130 1.4% 0.046[0.016;0.090] —H—
Lezmi (2018) 43 527 1.9% 0.082[0.060;0.107] e =
Monteiro (2018) 6 112 1.4% 0.054[0.018;0.104]

Rodrigues (2018) 2 34 0.7% 0.059[0.001;0.169]

Arnold (2019) 13 163 1.5% 0.080[0.042;0.127]

Azevedo (2019) 7 106 1.3% 0.066[0.025;0.122]

Cabral (2019) 1 100 1.3% 0.110[0.055; 0.180]

Carvalho (2019) 9 47  0.9% 0.191[0.090; 0.318]

Ellis (2019) 5 158 1.5% 0.032[0.009;0.066]

Garcia (2019) 14 97 1.3% 0.144[0.081;0.222]

Jaoui (2019) 39 456 1.9% 0.086[0.061;0.113]

Labrosse (2019) 49 1156  2.0% 0.042[0.031;0.055]

Pentland (2019) 5 153 1.5% 0.033[0.009;0.068]

Pouessel (2019) 13 91  1.3% 0.143[0.078;0.223]

Vila (2019) 17 226 1.7% 0.075[0.044;0.114] -

Arnold (2020) 34 438 1.9% 0.078[0.054;0.105] [
Ben (2020) 0 30 0.7% 0.000 [0.000; 0.057] #—-
Cunha (2020) 14 248 1.7% 0.056 [0.031;0.089]

Dias (2020) 7 167 1.5% 0.042[0.016;0.078] ——
Garcia (2020) 4 62 1.0% 0.065[0.014;0.142] —@——
Krusenstjerna (2020) 4 144 1.5% 0.028[0.006;0.062] —H

Celik (2020) 1 166  1.5% 0.066 [0.033;0.110] ——
Kulhas (2020) 10 365 1.8% 0.027[0.013;0.047] 8-

Lyter (2020) 1 44 0.9% 0.023[0.000;0.095] —&———
Nistico (2020) 5 69 1.1% 0.072[0.021;0.148] ——@&—
Petersen (2020) 22 305 1.8% 0.072[0.046;0.104] e
Piccorossi (2020) 21 273 1.7% 0.077[0.048;0.112] i
Piriyaphan (2020) 8 134 1.4% 0.060 [0.025;0.107] ——

Thimmesch (2020) 4 124  1.4% 0.032[0.007;0.072] —H—

Vyles (2020) 1 37 0.8% 0.027[0.000;0.112] —@&——

Wang (2020) 0 53 1.0% 0.000 [0.000; 0.032] E—

Concha (2021) 2 39 0.8% 0.051[0.001;0.148] —#&———
7

Goh (2021) 118  1.4% 0.059[0.023;0.110] —@&—
Pickett (2021) 0 12 0.3% 0.000[0.000;0.139] #———
Prieto (2021) 24 194 1.6% 0.124[0.081;0.174] P —
Total (95% Cl) 742 12,846 100.0% 0.049 [0.041; 0.057] ‘

Prediction interval [0.007; 0.119]

Lo 2 _ . 2 _ _ L2 _ 740, T 1
Heterogeneity: Tau” = 0.0038; Chi” = 265.57, df = 77 (p < 0.01); I =71% 0 005 041 015 0.2 0.25 0.3

Fig. 2 Pooled prevalence of positive results for the first challenge. An inverse-variance-weighted random-effect meta-analysis was used.

The size of the point estimate (square data markers) is proportional to the weight of the study. Horizontal lines indicate 95% confidence
intervals (Cls) of the estimate. The diamond data marker represents the overall estimator based on included studies.
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(Supplemental Fig. STA), and no significant publication bias was
found by the Egger test (p = 0.85). The results were consistent across
all the pre-defined subgroups (Supplemental Figs. S2-54). The
pooled prevalence among children with drug challenge test with or
without preliminary test was 0.054 (95% Cl, 0.040-0.070; P =77%)
from 28 studies and 0.043 (95% Cl, 0.032-0.054; F =70%) from
44 studies, respectively (Supplemental Fig. S2). The pooled
prevalence among children with a history of immediate or
nonimmediate reactions was 0.043 (95% Cl, 0.014-0.081; P = 51%)
from 12 studies and 0.062 (95% Cl, 0.048-0.079; F = 73%) from
23 studies, respectively (Supplemental Fig. S3). Of the 12 studies on
children with a history of immediate reactions, 8 had a preliminary
test, 2 did not, and 2 were unclear. In contrast, on the 23 studies of
children with a history of nonimmediate reactions, 10 had
preliminary testing, 11 did not, and 2 were unclear. Nine studies
assessed children with a history of nonimmediate reactions using a
direct drug challenge. Of these, eight studies had been published in
or after 2015. The results were consistent, with a pooled prevalence
of 0.073 (95% Cl, 0.047-0.104; I = 83%; Fig. 3).

Prevalence of serious adverse events. A total of 11,083 participants
were included from 62 studies. The methodological quality of the
62 studies was moderate (Supplemental Table S3B). The reason for
the moderate quality was inappropriate sampling processes. Of
the 11,083 participants, only 13 experienced serious adverse
events. All cases developed anaphylaxis and/or required adrena-
line administration. The prevalence from the included studies was
0.000 (0.000-0.000). The pooled prevalence was 0.00 (95% Cl,
0.00-0.00; =0.0%; Fig. 4). Of the nine studies that assessed
children with a history of nonimmediate reactions using a direct
drug challenge, seven reported prior serious adverse reactions.
However, of these, including 2598 participants, none had serious
adverse reactions to the drug challenge. Visual inspection of the
funnel plot asymmetry indicated the presence of publication bias
(Supplemental Fig. S1B), and this was confirmed by significant
results on the Egger test (p <0.001).

Prevalence of positive results in the second challenge after a negative
result in the first challenge. A total of 1361 participants were
included from 18 studies. The methodological quality of the
18 studies was low (Supplemental Table S3C). Three studies
assessed the results of drug challenge tests, and the remaining
15 studies confirmed the outcomes of re-exposure to the
suspected drug with questionnaires. The prevalence from the
included studies was 0.033 (0.019-0.062). Overall, the pooled
prevalence was 0.028 (95% Cl, 0.016-0.043; I = 38%; Fig. 5). The
pooled prevalence from the three studies with the drug challenge
test was 0.017 (95% Cl, 0.005-0.035; F¥=0.0%). The pooled

prevalence from the 15 studies that used questionnaires was 0.033
(95% Cl, 0.018-0.052; I = 41%; Supplemental Fig. S5).

DISCUSSION

In this systematic review and meta-analysis, approximately 95% of
children with a suspected beta-lactam allergy were not truly
allergic to the drug based on the drug challenge test result. Few of
the children who underwent the drug challenge test had serious
adverse events. The false-negative rate for the drug challenge test
was also very low.

The prevalence of beta-lactam allergy among children appears
to be overestimated. The tolerance rate found was comparable to
that found by a recent meta-analysis of adult populations.?® Over-
labeling of beta-lactam allergy can be attributed to the infection
process caused by interaction between the virus and drug-
induced immune activation in susceptible individuals.?” A study
screening for viral infections by polymerase chain reaction
suggested that the viral infection was suspected to be the trigger
for the initial rash in most children with negative drug challenge
results.” Other possible causes include misdiagnosis of a side
effect and the disappearance of a long-term IgE-mediated allergy
caused by refraining from the culprit drug use.”® Therefore, if there
are no contraindications, a drug challenge should be routinely
performed for children with suspected beta-lactam allergies. This
is important for future treatments because inpatients suspected
with a beta-lactam allergy are likely to receive broad-spectrum
antibiotics for the treatment of acute illness to avoid recom-
mended beta-lactams.*

The prevalence of positive direct drug challenge results for
children with a history of mild nonimmediate reactions was about
7%, which is roughly the same as the overall percentage.
Additionally, none had serious adverse reactions. Because beta-
lactam allergy in children is more often a mild nonimmediate
reaction,” establishing a testing protocol for re-diagnosing
children with a history of mild nonimmediate reactions is an
important challenge. Furthermore, skin tests are commonly
conducted before a drug challenge.3® However, since 2015, there
has been an increasing number of reports suggesting that direct
drug challenge tests can be safely performed without preliminary
skin tests in children with nonimmediate and/or mild symptoms of
beta-lactam allergy.'®">*" Additionally, there remain concerns
regarding the low diagnostic accuracy of skin tests performed for
children with suspected nonimmediate allergic reactions.%33
Recently published clinical guidelines'* and position papers'*'®
have recommended direct challenge testing for children with a
history of mild nonimmediate reactions, and the results of the
present study support this strategy.

Study Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Caubet (2011) 6 88 95% 0.068[0.023;0.132] —a—
Koosakulchai (2018) 1 31 57% 0.032[0.000;0.133] —&———

Garcia (2019) 14 97  9.8% 0.144[0.081; 0.222] ——
Jaoui (2019) 39 456 13.5% 0.086[0.061;0.113] ————

Labrosse (2019) 49 1156 14.4% 0.042[0.031; 0.055] e

Pouessel (2019) 13 91  9.6% 0.143[0.078; 0.223] —
Cunha (2020) 14 248 125% 0.056 [0.031; 0.089] ——

Kulhas (2020) 10 365 13.2% 0.027[0.013;0.047] 8- |

Prieto (2021) 24 194 11.9% 0.124[0.081; 0.174] —il—
Total (95% Cl) 170 2726 100.0% 0.073 [0.047; 0.104] -

Prediction interval

[0.007; 0.191]
Heterogeneity: Tau? = 0.0048; Chi® = 47.43, df = 8 (p < 0.01); /> = 83% ;

T T T I T I
0 0.05 0.1 0.15 0.2 0.25 0.3

Fig.3 Pooled prevalence of positive results for the first challenge (direct challenge for children with a history of nonimmediate reaction).
An inverse-variance-weighted random-effect meta-analysis was used. The size of the point estimate (square data markers) is proportional to
the weight of the study. Horizontal lines indicate 95% confidence intervals (Cls) of the estimate. The diamond data marker represents the

overall estimator based on included studies.
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Events per 10,000 observations Events per 10,000 observations

Study Events Total Weight IV, Random, 95% CI IV, Random, 95% CI

Bierman (1969)
Chandra (1980)

41 0.4%
56  0.5%

0.000 [0.000; 415,202]
0.000 [0.000; 304.777]

Mendelson (1984) 219 2.0% 0.000 [0.000; 78.346]
Graff (1988) 297 2.7% 0.000 [0.000; 57.798]
Birkebaek (1992) 107 1.0% 0.000 [0.000; 160.049]
Romano (1997) 49  0.4% 0.000 [0.000; 347.964]
Cortina (1998) 74 07% 0.000 [0.000; 231.040]
Hervé (1998) 52 0.5% 0.000 [0.000; 328.043]

Martin (1999)
Ponvert (1999)
Langley (2002)
Romano (2008)
Tantikul (2008)
Chambel (2010)
Caubet (2011)
Kamboj (2011)
Moral (2011)
Seitz (2011)
Kerbelker (2013)
Pestana (2014)
Picard (2014)

195  1.8%
271 24%
69 0.6%
103 0.9%
10  0.1%
112 1.0%
88  0.8%
63  0.6%
67 0.6%
21 0.2%
28 0.3%
60  0.5%
375 38.4%

0.000 [0.000; 87.969]

0.000 [0.000; 63.335]

0.000 [0.000; 247.686]
0.000 [0.000; 166.241]
0.000 [0.000; 1651.711]
0.000 [0.000; 152.929]
0.000 [0.000; 194.449]
0.000 [0.000; 271.126]
0.000 [0.000; 255.036]
0.000 [0.000; 803.175]
0.000 [0.000; 605.243]
0.000 [0.000; 284.593]
0.000 [0.000; 45.788]

Vezir (2014) 106 1.0% 94.340 [0.000; 400.719]

Barni (2015) 337 3.0% 0.000 [0.000; 50.945]

Mori (2015) 177 1.6% 0.000 [0.000; 96.895]

Sertori (2015) 38 0.3% 0.000 [0.000; 447.639]

Choi (2016) 31 0.3%  967.742[129.892; 2308.337] >
Manuyakorn (2016) 114 1.0% 175.439 [2.740; 521.469]

Mill (2016) 818  7.4% 0.000 [0.000; 21.003]

Fawbert (2017)
Vyles (2017)

81 0.7%
100  0.9%

CO0OO0OO0OO0O0O0 2000000000000 O0OONOWOOOO 420000 ONWOOO 2000 O0ODO0ODODODODODO0ODODODODOOOOOOOO
(o]
N

0.000 [0.000; 211.171]
0.000 [0.000; 171.208]

B T N Y T TS B -Tl EOTR BT [ R A S I R N N IL IT T TE RSN BF N PR

Anterasian (2018) 0.6% 0.000 [0.000; 275.471]

Faitelson (2018) 133 1.2% 0.000 [0.000; 128.855]

Ibafez (2018) 732 6.6% 13.661 [0.000; 58.597]

Labrosse (2018) 130 1.2% 0.000 [0.000; 131.819]

Lezmi (2018) 527  4.7% 0.000 [0.000; 32.592]

Monteiro (2018) 112 1.0% 0.000 [0.000; 152.929]

Rodrigues (2018) 34  0.3% 0.000 [0.000; 499.687]

Arnold (2019) 163  1.5% 184.049 [22.799; 461.367] E———

Cabral (2019) 100 0.9% 0.000 [0.000; 171.208]

Ellis (2019) 158  1.4% 126.582 [1.946; 377.710]

Jaoui (2019) 456 4.1% 0.000 [0.000; 37.662]

Labrosse (2019) 1156 10.4% 0.000 [0.000; 14.864]

Pouessel (2019) 91 0.8% 0.000 [0.000; 188.067]

Vila (2019) 226 2.0% 0.000 [0.000; 75.923]

Arnold (2020) 438  3.9% 0.000 [0.000; 39.208]

Ben (2020) 30 0.3% 0.000 [0.000; 565.429]

Cunha (2020) 248 2.2% 0.000 [0.000; 69.199]

Dias (2020) 167  1.5% 0.000 [0.000; 102.683]

Garcia (2020) 62 0.6% 0.000 [0.000; 275.471]

Krusenstjerna (2020) 144  1.3% 0.000 [0.000; 119.039]

Celik (2020) 166  1.5% 0.000 [0.000; 103.300]

Kulhas (2020) 365 3.3% 0.000 [0.000; 47.042]

Nistico (2020) 69  0.6% 0.000 [0.000; 247.686]

Petersen (2020) 305 2.7% 0.000 [0.000; 56.284]

Piccorossi (2020) 273  2.5% 36.630 [0.000; 156.681] =

Thimmesch (2020) 124 1.1% 0.000 [0.000; 138.177]

Vyles (2020) 37  0.3% 0.000 [0.000; 459.607]

Wang (2020) 53 0.5% 0.000 [0.000; 321.899]

Concha (2021) 39 0.4% 0.000 [0.000; 436.278]

Goh (2021) 118 1.1% 0.000 [0.000; 145.179]

Pickett (2021) 12 01% 0.000 [0.000; 1385.650]

Prieto (2021) 194 1.8% 0.000 [0.000; 88.421]

Total (95% ClI) 13 11,083 100.0% 0.000 [0.000; 0.000] i

Prediction interval [0.000; 0.000] :

Heterogeneity: Tau? = 0; Chi®= 45.11, df = 61 (p = 0.94); > = 0% [ ' ' ' '
0 10 20 30 40

Fig. 4 Pooled prevalence of serious adverse events. An inverse-variance-weighted random-effect meta-analysis was used. The size of the
point estimate (square data markers) is proportional to the weight of the study. Horizontal lines indicate 95% confidence intervals (Cls) of the
estimate. The diamond data marker represents the overall estimator based on included studies.
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Study Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Graff (1988) 7 110 7.5% 0.064 [0.024; 0.118] —
Hervé (1998) 1 17 2.0% 0.059[0.000; 0.235] —

Ponvert (2007) 2 93 6.9% 0.022[0.000; 0.064] —fE——
Hershkovich (2009) 1 97 7.0% 0.010[0.000; 0.044] ——

Machado (2010) 0 10 1.3% 0.000 [0.000; 0.165] :

Misirlioglu (2015) 2 60 52% 0.033[0.001; 0.098] —@——
Capanoglu (2016) 2 71 5.9% 0.028 [0.000; 0.083] —.—

Mill (2016) 6 55 4.9% 0.109 [0.038; 0.207] : L
Ibafez (2018) 3 164 9.1% 0.018[0.002; 0.046] —FB—

Labrosse (2018) 3 67 5.6% 0.045[0.006;0.110] ——@———
Monteiro (2018) 2 19 2.2% 0.105[0.002; 0.292] -
Tonson (2018) 4 122 7.9% 0.033[0.007;0.073] ———
Pentland (2019) 0 72 5.9% 0.000 [0.000; 0.024] :

Pouessel (2019) 2 30 3.2% 0.067[0.001; 0.191] =
Regateiro (2019) 5 104  7.3% 0.048[0.014; 0.099] — B
Kulhas (2020) 2 179 9.5% 0.011[0.000; 0.033] -+

Nistico (2020) 1 35 3.6% 0.029[0.000;0.119] —@———
Thimmesch (2020) 4 56 5.0% 0.071[0.016; 0.156] : -

Total (95% Cl) 47 1361 100.0% 0.028 [0.016; 0.043] -

Prediction interval

[0.001; 0.078]
Heterogeneity: Tau® = 0.0020; Chi? = 27.26, df = 17 (p = 0.05); /> = 38% !

I I I 1
0 0.05 0.1 0.15 0.2

Fig. 5 Pooled prevalence of positive results for the second challenge after a first negative result. An inverse-variance-weighted random-
effect meta-analysis was used. The size of the point estimate (square data markers) is proportional to the weight of the study. Horizontal lines
indicate 95% confidence intervals (Cls) of the estimate. The diamond data marker represents the overall estimator based on included studies.

In our subgroup analyses, caution should be exercised in
comparing the results of studies on children with a history of
immediate reactions with those on children with a history of
nonimmediate reactions. In the present study, both had compar-
able percentages of positive results, but a higher percentage of
studies for children with a history of immediate reactions was
conducted for those with a negative preliminary test. There were
two studies in which direct challenge tests were performed on
children with a history of immediate reactions2** In both studies,
those with a history of severe immediate reactions were excluded,
and the positive challenge test rates were reported to be 0% (0/38)®
and 7.2% (5/69),** with no children receiving adrenaline or steroids.
For children with a history of immediate reactions, a drug challenge
test should be performed cautiously, with a thorough evaluation of
the severity of past allergic reactions and additional preliminary
testing if necessary.

The present study indicated that the drug challenge test seems
to be a very safe procedure in children, with serious adverse
events being rare. The incidence of anaphylaxis, fatal or otherwise,
in patients receiving beta-lactams for the treatment of infections is
also rare, with estimated rates of 0.015-0.004% and
0.0015-0.002%, respectively."*> Clinicians should not refrain from
the drug challenge test for fear of serious adverse events. Of
necessity, challenge testing should be avoided in children with a
history of delayed reaction with organ dysfunction or delayed
severe cutaneous reaction including skin desquamation, purpura,
mucosal lesions, drug reactions with eosinophilia and systemic
symptoms, Stevens-Johnson syndrome/toxic epidermal necroly-
sis, or acute generalized exanthematous pustulosis.'*

Based on the low false-negative rate, repeat testing for
confirmation may not be required following a negative drug
challenge result.3® Because many of the original studies included
in this meta-analysis used questionnaires to determine whether
allergy-like symptoms occurred in children who were re-
administered a culprit drug, the true false-negative rate may be
even lower than the point estimate obtained in this meta-analysis.
A previous study reported that many children with a negative
result from a first drug challenge test who developed symptoms
on re-administration tested negative on a second drug chal-
lenge.®” If the drug challenge test is negative, IgE-mediated allergy
can be largely ruled out. However, the children will experience
other benign skin rashes with the same incidence as that of the

SPRINGER NATURE

general population.®® Even if mild skin symptoms appear when re-
administering a culprit drug after confirming a negative result in
the drug challenge test, it does not necessarily denote an allergic
reaction, and the drug may not need to be uniformly restricted.

To our knowledge, this is the most recent and comprehensive
systematic review and meta-analysis to examine the true-positive
rate in children with suspected beta-lactam allergy based on the
results of drug challenge tests. We included 20 times more original
studies than the previous meta-analysis.> The large number of
original studies allowed investigation of subgroup differences and
reporting biases, increasing the robustness of our results.

There were some limitations to this study. First, the background
of participants who underwent the drug challenge varied between
studies. Although our subgroup analyses showed that true-positive
rates for almost all subgroups were comparable, the certainty that
children truly have the allergy may also vary. Second, the drug
challenge testing protocols followed in studies differed in dose step,
dose interval, and test length. The optimal drug challenge protocol
for children with suspected beta-lactam allergy is still controver-
sial.>**° Third, the research settings differed between studies: they
included an emergency department,' outpatient pediatric allergy
clinics,"*** and a drug allergy center.*® These differences in
challenge testing protocols and research settings might have
affected the results. Fourth, there were no studies examining false-
positives resulting from the drug challenge test. However, if there is
a history of suspected beta-lactam allergy and the drug challenge
test is positive, false-positives are less likely to occur and will have
less impact on the results.

In conclusion, the prevalence of children with suspected beta-
lactam allergy who are truly positive on the drug challenge test
was very low. Serious adverse events in response to the drug
challenge were rare. The false-negative rate for drug challenge
tests was also very low. Physicians should consider performing a
drug challenge test after or without skin tests according to the
severity of past allergic reactions, if not contraindicated, such as a
suspected history of severe allergic reactions, to prevent the
misdiagnosis of beta-lactam allergy.
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