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Abstract

Amoxicillin is the most common antibiotic prescribed in children with increasing use
over time. While up to 10% of children are labeled as amoxicillin allergic, most children can
tolerate amoxicillin after allergy evaluation. It is well documented that the label of
amoxicillin allergy in children is associated with adverse health outcomes such as antibiotic
resistant infections. However, it remains controversial how best to assess children for
amoxicillin allergy. While in general it is recommended that skin testing be done prior to

drug provocation test in the evaluation of amoxicillin allergy, there is increasing evidence
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that drug provocation testing could be done in lower risk children without skin testing prior.
The goal of this article as a narrative review is to review the strengths and limitations of skin
testing prior to drug provocation test in children who have a history of either immediate, or

non-immediate, reactions to amoxicillin.

The necessity of ruling out amoxicillin allergy in children

Amoxicillin is the most common antibiotic prescribed internationally in children.! Its
use is increasing over time and surpassing other beta-lactam antibiotics such as penicillin.*
The European Surveillance of Antimicrobial Consumption project identified beta-lactam
antibiotics as the most commonly prescribed antibiotic class in all 25 European countries,
ranging from 31% to 63% of all outpatient antibiotic use, with amoxicillin as the most
common beta-lactam antibiotic prescribed.2 It is first-line antibiotic therapy for many
common childhood infections including acute otitis media, streptococcal pharyngitis, and
acute bacterial sinusitis.

Up to 10% of children in North America and Europe are labeled as amoxicillin
aIIergic.“’5 However, approximately 90-99% of children labeled as allergic can tolerate
amoxicillin after allergy evaluation.*®’ This may be largely explained by the common
occurrence of viral-induced delayed exanthems and viral urticaria in children, which are
often mislabeled as allergic reactions to amoxicillin.® In addition, predictable side effects of
amoxicillin, such as gastrointestinal upset, are often labeled as allergic reactions. A study of
818 children with a suspected allergy to amoxicillin found that 94.1% tolerated an oral

amoxicillin provocation challenge, thereby ruling out an amoxicillin IgE-mediated allergy.’
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Even if the child is truly allergic, the natural history of amoxicillin allergy is a very

1911 \which may be even higher for amoxicillin than for

high rate of resolution over time,
other beta-lactam antibiotics.*

In addition, it has been noted that de-labeling amoxicillin allergy is an important
public health goal.”® The label of amoxicillin allergy is associated with a multitude of adverse
health outcomes. The most pertinent of these may be the prescription of alternative,
broader-spectrum antibiotics in its place, increasing the risk of antibiotic-resistant infection,
as documented in cross-national studies.'* While the data is mostly in adult populations, it
has been noted that a history of beta-lactam allergy is associated with increased risk of
methicillin resistant staphylococcus aureus, vancomycin resistant enterococcus, and
clostridium difficile infections.™ The Centers for Disease Control and Prevention found that
in each year in the United States, at least 2 million people become infected with antibiotic
resistant bacteria and at least 23,000 people die each year as a direct result of these
infections.™®

The use of broader spectrum antibiotics also increases the likelihood of adverse
events, including increased duration of hospitalization17 and higher health care costs.”® An
inpatient evaluation of 252 subjects with beta-lactam antibiotic allergy on their charts found
that evaluation (and de-labeling in 90.5% of these patients) prevented 504 inpatient days
and 648 outpatient days on alternative antibiotics.'® In a recent matched cohort study it was
demonstrated that penicillin allergy testing reduced health care utilization, outpatient visits,
emergency department visits and hospital days.”® It was estimated that evaluation of beta-
lactam allergy through skin tests in 146 inpatients (and de-labeling in 145/146 patients)

resulted in an annual health care savings (antibiotic alteration and associated drug-costs) of

$82,000.%*

This article is protected by copyright. All rights reserved.



There have been a number of international initiatives to de-label patients with
amoxicillin allergy including through the American Academy of Allergy, Asthma and
Immunology22 and the North American Choosing Wisely initiatives.” There has also been a
surge of studies aiming to de-label beta-lactam allergy, including perioperative

24,25

programs, pharmacy-led programs,®®?’

*%29 and Emergency-

inpatient programs,
Department-led programs,® which have demonstrated resounding success at de-labeling
this allergy and improving antibiotic stewardship in both inpatient and outpatient settings.>"
While there is near universal consensus on the importance, and benefit, of de-
labeling amoxicillin allergy in children, there is lack of consensus on the best means of
accomplishing this goal. In particular, it remains controversial whether skin testing is
required as an initial step prior to a drug provocation test (DPT). The goal of this article is to
review the evidence for, and against, skin testing prior to a DPT in the evaluation of
amoxicillin allergy, in both immediate and non-immediate reactions in children. This article,
in contrast to previous articles on the use of testing in beta-lactam allergy, will focus
specifically on amoxicillin instead of more broadly at the beta-lactam class of antibiotics, as
it is the most common beta-lactam prescribed in children. In addition, as 5-10% of children

with exposure to amoxicillin will develop an exanthem,*? it is the beta-lactam most

commonly implicated as a cause of drug allergy in the pediatric population.7'10

Whether to test with a history of an immediate reaction to amoxicillin
Clinical evaluation of immediate reactions to amoxicillin

Clinically, reactions to amoxicillin are often defined as either immediate or non-
immediate based on the time interval between administration of amoxicillin and onset of a

33,34

clinical reaction, although other classification schemes exist with no international
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consensus on the preferred terminology. In addition, clinical challenges exist as it is often
difficult to determine an exact timeline of reactivity. For the purpose of this review we will
use immediate and non-immediate as terminology.

According to most classification systems, immediate reactions occur within one hour
after amoxicillin administration and are usually immunoglobulin (Ig)-E mediated.”*>3®
Clinical manifestations include cutaneous symptoms (urticaria, angioedema, erythema),
respiratory symptoms (cough, wheeze, shortness of breath), gastrointestinal symptoms
(profuse emesis or diarrhea) or a combination of the above clinical manifestations
(anaphylaxis).™

Prior to any testing, evaluation of a potential amoxicillin reaction involves taking a
detailed clinical history, establishing the symptoms and timing of the reaction in relation to
the first dose of amoxicillin, previous and subsequent exposure to amoxicillin, other
medications in use at the time, and a screen for reaction risk factors (such as prolonged

duration of use, repetitive exposure, and underlying conditions such as cystic fibrosis).*

Testing for immediate reactions to amoxicillin

If history is consistent with a possible immediate reaction to amoxicillin, multiple
guidelines including the American Academy of Allergy, Asthma and Immunology (AAAAI)
and the British Society for Allergy and Clinical Immunology (BSACI) recommend skin testing

(both epicutaneous and intradermal) as first-line followed by DPT if negative.'®>?

However,
recent guidance endorsed by the AAAAI, Infectious Diseases Society of America (IDSA), and
the Society for Healthcare Epidemiology of America (SHEA) notes that in lower-risk

individuals DPT could be done without pre-emptive skin testing.® In general, skin testing is

recommended with the major (penicilloylpolylysine;PPL) and minor (penicillin G, penicilloate
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and/or penilloate) determinants as well as ampicillin or amoxicillin.>® There is no
commercially available standardized kit that covers all major and minor penicillin
determinants although such a kit is currently being tested.*

It is worthwhile noting that while history is important, studies suggest that
patients' self-reported history has low accuracy for diagnosis of true beta-lactam allergy. For
example a recent study of 605 children presenting to the Emergency Room with parent-
reported penicillin/amoxicillin allergy found that 76% (95%Cl: 72.3-79.7%) of symptoms
reported were inconsistent with true drug allergy. ** As a result, as clinicians we rely on
available testing such as skin testing and DPT. To assess the validity of the skin tests prior to
DPT it is crucial to discuss the major traits of the confirmatory tests i.e.: sensitivity,
specificity, positive and negative predictive values (PPV and NPV). Of note for any diagnostic
test, the NPV value will rise as the prevalence of the disease falls.

Two recent pediatric studies by Mill et al and by Ibanez all in North America and in
Europe respectively reveal low sensitivity (less than 20%) of skin testing in the assessment of

immediate reactions to amoxicillin in children (Table 1).9'42

The low sensitivity demonstrates
the poor ability of the test to detect true allergy (low true positive test rates among all those
who have amoxicillin allergy according to drug challenge) and argues against the use of skin
testing prior to DPT. However, there is a low pre-test probability as most children will not
have a positive skin test to begin with. It is also possible that the low sensitivity
demonstrated by Mill et al may be due to the fact that tests were limited to penicilloyl
polylysine (PPL; Pre-Pen, the only skin test reagent ever submitted for Food and Drug
Administration (FDA) approval) and penicillin G and did not include amoxicillin or ampicillin

(although the negative predictive value of amoxicillin testing is unknown). However, the

findings of the lbanez study reveal that all skin tests for amoxicillin were negative in those
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with an immediate reaction to amoxicillin and hence the addition of this test is unlikely to
skew the sensitivity estimate substantially.

In addition, there is a low pre-test probability as most children will not have a
positive skin test to begin with. More recently it was reported that some of the reactions
defined as immediate are actually due to direct mast cell activation through binding of
certain antibiotics (antifungal agents, aminoglycosides, and sulfonamides) that have large
amounts of tertiary amine and secondary amine groups with easily protonated nitrogen
atoms. These antibiotics will cause mast cell degranulation through binding to the human G-
protein-coupled receptor (MrgprX2). These reactions are often referred to as pseudo-
allergic reactions.® It was reported that direct pharmacologic interaction between
antibiotics including beta lactams and immune receptors/ HLA even in the absence of a
hapten can directly stimulate an immune response.44 These mechanisms may account for
the poor properties of skin tests to detect individuals that will react upon challenge.

An argument in favour of skin testing is its documented high negative predictive
value in ruling out beta-lactam allergy in multiple large studies. For example, a prospective
multicenter study of penicillin skin testing by Solensky et al using the penicillin kit
(containing the major allergenic determinant, a minor determinant mixture and amoxicillin)
determined a negative predictive value in 455 adult patients of 97.9% (95%Cl: 95.8-99.1%;
P<.0001).* A prospective study of 500 adults with a history of penicillin allergy evaluated
with skin testing to PPL and penicillin G by Macy et al found a low rate of reactivity among
those with negative skin testing (0.8%; 95%Cl: 0.32-2.03%)."° In the Solensky et al study
13.8% of patients had a positive skin test result while in the Macy et al study only 0.8% had
a positive skin test result, and DPT results were similar. It is possible some of the positive

skin test results in the Solensky et al study were false positives.
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However, studies in support of a high NPV with skin testing are predominantly adult
studies and have looked at penicillin allergy more broadly instead of amoxicillin allergy more
specifically. Immediate reactions to amoxicillin can be directed at the R-group side chain
(which would cause negative tests to the major and minor penicillin determinants and
positive tests to non-irritating concentration of amoxicillin or ampicillin). The NPV of non-
irritating concentrations of amoxicillin/ampicillin is unknown, and there is no consensus
regarding the appropriate concentration of these reagents that should be used for testing.*
Given the low prevalence of amoxicillin allergy, if we consider the prevalence to be the
probability that a person has the disease before we do the test, a low prevalence simply
means that the person we are testing is unlikely to have the disease and therefore, based on
this fact alone, a negative test result is likely to be correct.*®

In addition, the positive predictive value (PPV) of skin testing is poor. For example, a
study of 783 children aged 1-14 with symptoms of a reaction to beta-lactam antibiotics
(with amoxicillin the most commonly implicated beta-lactam) found the PPV of skin testing
in those with a history of an immediate reaction to be only 22.22%, while the PPV of DPT
was 55.56%."” Further a more recent pediatric challenging all 732 children (mean age=6
years) that had skin tests (and specific IgE levels), it was reported that 80% had a false
positive skin test and that the positive predictive value (the % of true allergy among those
with positive skin test ) was only 23%.% The latter again argues against the use of the skin
test prior to DPT in the pediatric population. Finally, although a recent systematic review
argues that skin tests may have high PPV this study has some major limitations.*® The
authors indicate they did not include studies reporting low predictive values given their
methodologies. In the majority of studies that were assessed the majority of patients with

positive skin tests were not included. In one study almost half of the patients challenged did
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not have skin tests*® while in the second large study included in this review 7 were
challenged but mostly with negative skin tests and among 11 with positive tests, 9 were not
challenged.50 In addition, authors indicate that “ Of note systemic reactions occurred also in
controls as well as patients with negative skin tests” however, the latter were removed from
the analysis. The authors grouped cases with amoxicillin and ceftriaxone together. This
strategy is likely to result in selection and/ misclassification bias as these antibiotics have
non related side chains and are administered through different routes ( oral vs intravenously
), the PPV are likely different for these two groups.>* Finally the review focused on adults
rather than children and included cases with non immediate reactions as well as
desquamative rashes in which skin tests have a controversial role.” Given the limitations
described above, the conclusion does not seem to be supported by the data reviewed and

we believe that a more accurate estimate is reported by Ibanez et al.®

Skin testing to beta-lactams is safe in children. Studies have shown predominantly
mild to moderate reactions to skin testing in children, although systemic reactions including
anaphylaxis have been reported in the adult population.53 A prospective study of 1865
children with suspected beta-lactam allergy found mild to moderate reactions to skin testing
in only 0.6% of children,> which is in keeping with other studies noting the safety of this
procedure in children.”® However, it is an ‘unpleasant’ test in children, and can be ‘not
possible to undertake’ in younger children.'® The reagents are costly, can be difficult to

obtain, and have short half-lives once diluted to skin testing concentrations.”
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In addition, DPT without skin testing has also been shown to be safe in the pediatric
population. In the study by Mill et al of 818 children with suspected amoxicillin allergy who
were evaluated by graded DPT without pre-emptive skin testing, only 2.1% of patients had
an immediate reaction, all of which were mild (urticaria) and resolved within a few hours.’
The Ibanez study had revealed similar rates of reactions that were all mild and limited to the
skin.*> Of note, in the Ibanez et al study severe anaphylaxis (involving hypoxia, hypotension
or neurologic compromise) was an exclusion criteria. A prospective study of 155 patients (>7
years of age) with a suspected reaction to penicillins echoed these findings, noting graded
DPT to be safe and effective in diagnosing beta-lactam allergy without skin testing (only

2.6% had immediate reactions, of whom all the reactions were mild and self-limiting).>®

A severe reaction to a DPT would be uncommon as,severe reactions to beta-lactams
are more commonly described to intramuscular or intravenous forms of beta-lactams (such
as intramuscular penicillin G), and even then are rarely noted in the pediatric population.®’
Recent studies suggest that the risk of fatality with oral amoxicillin use is extremely rare. The
Medicines and Healthcare products Regulatory Agency (MHRA) in the UK MHRA’s database
that collects data on adverse events to antibiotics reports only one case of fatal anaphylaxis
in association with oral amoxicillin between 1972 and 2007 (1 per 100,000,000).58 This was
in a female adult patient prescribed 250 mg orally four times daily for an unknown
indication The MHRA are not aware of any fatal cases reported with oral dose of amoxicillin

in children.”®
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There are some categories of children in whom skin testing may be prudent prior to
DPT. These include children with comorbidities which place them at increased risk of
anaphylaxis, or could increase anaphylaxis severity, including asthma (especially if severe
and/or uncontrolled) and mastocytosis.59 Testing prior to DPT may be prudent in children at
higher risk, such as children with a history of a life-threatening anaphylactic reaction to
amoxicillin (such as angioedema including laryngeal edema, syncope, hypotension or
bronchospasm), even if delayed, although this is rare. Testing may also be beneficial if there
is hesitancy of parents to proceed with DPT in the absence of skin testing, or in other
situations that could increase risk (such as if there is not a tertiary care center in close
proximity or if the child has reacted to multiple different beta-lactams). Risk stratification
studies have been done showing good success in the evaluation of patients with a label of
penicillin allergy (with higher risk having skin testing first, and lower risk proceeding to DPT),
although protocols vary between studies.®®®!

In general however, given the low rate of true allergy in the pediatric population, the
predominantly mild reactions noted on DPT, and the low PPV of skin testing, we believe that
DPT without pre-emptive skin testing may be acceptable in the pediatric population with a

history of an immediate reaction to amoxicillin, as long as that reaction was limited to the

skin (ie the children were lower risk).

To test with a history of a mild non-immediate reaction to amoxicillin
Clinical evaluation of non-immediate reactions to amoxicillin

Non-immediate, or delayed, reactions occur more than an hour after amoxicillin
administration, although these reactions typically occur several days after commencing

amoxicillin.?? It is thought that these reactions are caused by a delayed T-cell dependent
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mechanism.*? A common presentation of a mild non-immediate reaction to amoxicillin is an
isolated cutaneous reaction such as a maculopapular exanthem or delayed
urticaria/angioedema. Non-immediate cutaneous reactions occur in about 5% of children

prescribed amoxicillin.*®

Testing for non-immediate reactions to amoxicillin

Guidance is more ambivalent around the role of skin testing prior to DPT in children
with a history of non-immediate reactions to amoxicillin. The BSACI has recommended that
in children with non-immediate reactions a DPT could be considered without pre-emptive
skin testing, although recommended testing sequence is not specified for this scenario in
the AAAAI guideline.’®* A recent report from the AAAAI/World Allergy Organization 2018
symposium penicillin and cephalosporin allergy testing working group echoed the findings of
the BSACI, reporting that DPT without skin testing could be done in children with non-
immediate reactions to amoxicillin.®

Guidance is more supportive of DPT without skin testing in this population as non-
immediate exanthems while on amoxicillin in children are rarely reproducible, with less than
7% of children reacting with future courses of amoxicillin.>? Reactions, when they occur,
tend to be milder than the initial reaction and to our knowledge no severe life-threatening
reaction has been recorded in a child with a non-immediate reaction to amoxicillin on re-
exposure.

The pathophysiology of these reactions, when present, is not IgE-mediated and
hence skin testing would, by definition, be less accurate in diagnosing them. A retrospective
review of 80 pediatric patients evaluated for potential beta-lactam allergy noted limited

utility to skin testing in the evaluation of low-risk, low-pretest probability patients (such as
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those with delayed exanthems).®® A retrospective review of 352 children with a history of a
non-immediate reaction to amoxicillin found the sensitivity and specificity of skin testing in
diagnosing these reactions to be 8% and 99.7% respectively.64 Similarly a sensitivity of less
than 9% was reported for intra dermal skin test in a small, pediatric sample.65 Analysis by
Caubet et al of 14 children with a positive DPT to beta-lactams (of whom 12 had reacted to
amoxicillin or amoxicillin-clavulanic acid) and 82 children with negative DPT as controls
found that skin testing was positive in only 50% of children with a positive DPT (sensitivity of
50%; specificity 91.5%).°°  In addition, the DPT has been found to be a safe and effective
way of diagnosing non-immediate reactions to amoxicillin in children. A study of children
with a non-immediate reaction to aminopenicillin found that among those with a confirmed
non-immediate reaction, only 1/20 had a positive skin testing and the remainder (19/20)
required a DPT to confirm the diagnosis.67 Mill et al’s study of 818 children suspected of
amoxicillin allergy (in whom the majority had a history of non-immediate reactivity) found
the graded DPT to have a specificity of 100.0% (95%Cl: 90.9-100.0%), a NPV of 89.1%
(95%Cl: 77.1-95.5%) and a PPV of 100.0% (95%Cl: 86.3-100.0%).” In addition the DPT was
safe with both immediate (2.1%) and nonimmediate (3.8%) reactions being mild and self-
limiting. As concluded by Caubet et al in their study, DPT without previous skin testing is ‘an
easy and safe approach that should be considered in every patient developing a benign rash
during a beta-lactam treatment.” Attesting for the safety of these reactions are reports
suggesting that continuous treatment with the culprit antibiotic despite mild cutaneous

reactions is safe.%®®
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To test with a history of a severe non-immediate reaction to amoxicillin

Severe non-immediate reactions to amoxicillin include a fixed drug eruption, acute
generalized exanthematous pustulosis (AGEP), drug reaction with eosinophilia and systemic
symptoms(DRESS), toxic epidermal necrolysis (TEN) and Stevens-Johnson syndrome
(515).327%71 The onset of these reactions in general are days to weeks after amoxicillin
exposure. Guidelines recommend that for severe non-immediate reactions DPT is
contraindicated and avoidance of amoxicillin would be recommended.*®* Intradermal
testing may have some role and is being done in Europe and some areas of the United
States in particular for the diagnosis of AGEP and DRESS.”?

One possible exception to this recommendation may be children with a history of
SSLR to amoxicillin (fever, rash, arthralgias/myalgias; in contrast to true serum sickness
hepatic and renal involvement is very rare). Mill et al’s study found DPT to be safe in
children with a history of SSLRs, a finding supported by other longitudinal studies of beta-

lactam allergy in children.>®"

Further studies are required to confirm the safety of this
approach prior to a change in guidance.

In addition, patch testing may also have a role in a few of the severe non-immediate

reactions including AGEP and DRESS.”?

Moving forward

Some controversies remain. It remains unclear whether DPT should be done as
single-dose, graded single dose, or five-day DPT. It is recommended the DPT always be done
when the child is well to avoid confusing an allergic exanthem with a viral exanthem. The
BSACI guideline recommends a 5-day DPT with a full therapeutic dose of amoxicillin as mean

time to exanthem after starting amoxicillin is about 4 days.'° However, Mill et al’s study
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found a high specificity and PPV with a single graded DPT (10% of therapeutic dose followed
by 90% of therapeutic dose 20 minutes later).” In this study the median time between DPT
and development of delayed reaction was 12 hours, with 29.0% of children reacting more
than 24 hours after the DPT, suggesting that a one-day DPT could detect reactions
developing days after treatment. Moreover, in some cases the diagnosis of antibiotic allergy
in the context of infection could be challenging as an interaction between a viral infection
and antibiotic is suggested to play a role in the development of drug allergy.”* Hence , these
cases are unlikley to be captured even with long DPT when the child in well .

Finally, ensuring comfort with the use of amoxicillin after de-labeling is of paramount
importance, as studies have documented ongoing hesitancy by physicians and patients to
use beta-lactam antibiotics if there is a history of a reaction, even if allergy evaluation is

75,76

negative. Moving forward, however it occurs, de-labeling of amoxicillin allergy remains a

pressing public health goal.

Conclusion

Multiple international guidelines recommend skin testing prior to DPT in children
with suspected immediate reaction to amoxicillin. Skin testing is safe, and has a high NPV in
studies (although largely adult based and not focused specifically on amoxicillin). However,
the PPV of skin testing is poor, it is often poorly tolerated in young children, and the rate of
true allergy is exceedingly low. As a result, we believe that DPT without skin testing should
be considered in children with a history of immediate/non-immediate reactions limited to
the skin and not involving vesicular lesions or desquamation. DPT is the gold standard in

diagnosing drug allergy, both immediate and nonimmediate, and there remains a 2-5%

This article is protected by copyright. All rights reserved.



baseline risk of any child at any time having a rash with amoxicillin despite previous
tolerance.

Given that most reported reactions in children are cutaneous we are confident that
this shift of paradigm in the diagnosis strategy will be cost effective. There may be
circumstances (such as proximity to a tertiary care facility or parental acceptance) that
impact decision making.

The value of such an approach in adults as well as other populations at increased risk
( e.g. patients with chronic diseases such as cystic fibrosis ) should be assessed in large scale

future studies.

Table 1: Strengths and limitations of skin testing prior to DPT

Immediate reaction -Pros -Recommended by multiple international guidelines
-High negative predictive value of skin testing (although
studies are predominantly adult studies)

-Skin testing is safe

Immediate reaction — Cons -Low sensitivity of skin testing

-Low positive predictive value of skin testing

-Skin testing reagents are costly, can be difficult to obtain,
and have short half-lives once diluted

Nonimmediate reaction — Pros | -High specificity of skin testing

Nonimmediate reaction - cons | -Guidelines are more ambivalent about the role of skin
testing in non-immediate reactions
-Low sensitivithy of skin testing

This article is protected by copyright. All rights reserved.




References

10.

11.
12.

13.

14.

15.

16.
17.

18.

Blanca M. Allergic reactions to penicillins. A changing world? Allergy. 1995;50:777-82.
Ferech M, Coenen S, Malhotra-Kumar S, Dvorakova K, Hendrickx E, Suetens C, et al.
European Surveillance of Antimicrobial Consumption (ESAC): outpatient antibiotic
use in Europe. J Antimicrob Chemother. 2006;58:401-7.

CDC: Antibiotic prescribing and use in doctor’s offices.

Rebelo Gomes E, Fonseca J, Araujo L, Demoly P. Drug allergy claims in children: From
self-reporting to confirmed diagnosis. Clin Exp Allergy. 2008;38:191-8.

Ponvert C, Perrin Y, Bados-Albiero A, Le Bourgeois M, Karila C, Delacourt C, et al.
Allergy to betalactam antibiotics in children: Results of a 20-year study based on
clinical history, skin and challenge tests. Pediatr Allergy Immunol. 2011;22:411-8.
Krishna MT, Huissoon AP, Li M, Richter A, Pillay DG, Sambanthan D, et al. Enhancing
antibiotic stewardship by tackling “spurious” penicillin allergy. Clin Exp Allergy.
2017;47:1362-73.

Abrams EM, Wakeman A, Gerstner TV, Warrington RJ, Singer AG. Prevalence of beta-
lactam allergy: A retrospective chart review of drug allergy assessment in a
predominantly pediatric population. Allergy, Asthma Clin Immunol. 2016;12.

Liu T-H, Lin Y-R, Yang K-C, Chou C-C, Chang Y-J, Wu H-P. First attack of acute urticaria
in pediatric emergency department. Pediatr Neonatol. 2008;49:58-64.

Mill C, Primeau MN, Medoff E, Lejtenyi C, O’Keefe A, Netchiporouk E, et al. Assessing
the diagnostic properties of a graded oral provocation challenge for the diagnosis of
immediate and nonimmediate reactions to amoxicillin in children. JAMA Pediatr.
2016;170:1-8.

Mirakian R, Leech SC, Krishna MT, Richter AG, Huber PAJ, Farooque S, et al.
Management of allergy to penicillins and other beta-lactams. Clin Exp Allergy.
2015;45:300-27.

Khan DA, Solensky R. Drug allergy. J Allergy Clin Immunol. 2010;125:126-38.

Blanca M, Torres MJ, Garc\’\ia JJ, Romano A, Mayorga C, de Ramon E, et al. Natural
evolution of skin test sensitivity in patients allergic to SBS-lactam antibiotics. J Allergy
Clin Immunol. 1999;103:918-24.

Abrams EM, Atkinson AR, Wong T, Ben-Shoshan M. The Importance of Delabeling
beta-Lactam Allergy in Children. J Pediatr. 2018;

Goossens H, Ferech M, Vander Stichele R, Elseviers M. Outpatient antibiotic use in
Europe and association with resistance: a cross-national database study. Lancet
(London, England). 2005;365:579-87.

Blumenthal KG, Lu N, Zhang Y, Li Y, Walensky RP, Choi HK. Risk of meticillin resistant
Staphylococcus aureus and Clostridium difficile in patients with a documented
penicillin allergy: population based matched cohort study. BMJ. 2018;361:k2400.
Centers for Disease Control and Prevention.

Macy E, Contreras R. Health care use and serious infection prevalence associated with
penicillin “allergy” in hospitalized patients: A cohort study. J Allergy Clin Immunol
[Internet]. 2014;133:790-6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24188976

Shaikh N, Dando EE, Dunleavy ML, Curran DL, Martin JM, Hoberman A, et al. A Cost-
Utility Analysis of 5 Strategies for the Management of Acute Otitis Media in Children.

This article is protected by copyright. All rights reserved.



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

J Pediatr. 2017;189:54-60.e3.

Chen JR, Tarver SA, Alvarez KS, Tran T. Original Article A Proactive Approach to
Penicillin Allergy Testing in Hospitalized Patients. J Allergy Clin Immunol Pract
[Internet]. 2016;5:686—93. Available from:
http://dx.doi.org/10.1016/j.jaip.2016.09.045

Macy E, Shu Y-H. The Effect of Penicillin Allergy Testing on Future Health Care
Utilization: A Matched Cohort Study. J allergy Clin Immunol Pract. 2017;5:705-10.
Rimawi RH, Cook PP, Gooch M, Kabchi B, Ashraf MS, Rimawi BH, et al. The impact of
penicillin skin testing on clinical practice and antimicrobial stewardship. J Hosp Med.
2013;8:341-5.

Penicillin Allergy Testing Should Be Performed Routinely in Patients with Self-
Reported Penicillin Allergy. J allergy Clin Immunol Pract. 2017;5:333—4.

NoChoosing Wisely. American Academy of Allergy, Asthma and Immunology: Ten
Things Physicians and Patients Should Question.

Vaisman A, McCready J, Hicks S, Powis J. Optimizing preoperative prophylaxis in
patients with reported beta-lactam allergy: a novel extension of antimicrobial
stewardship. J Antimicrob Chemother. 2017;72:2657-60.

Park M, Markus P, Matesic D, Li JTC. Safety and effectiveness of a preoperative allergy
clinic in decreasing vancomycin use in patients with a history of penicillin allergy. Ann
Allergy Asthma Immunol. 2006;97:681-7.

Krey SC, Waise J, Skrupky LP. Confronting the Challenge of Beta-Lactam Allergies: A
Quasi-Experimental Study Assessing Impact of Pharmacy-Led Interventions. J Pharm
Pract. 2017;897190017743154.

Clark KE, Briand ME, Kapoor O, Pirasteh A. Impact of a Standardized Beta-Lactam
Allergy Questionnaire on Aztreonam Use. J Pharm Pract. 2018;897190018758557.
King EA, Challa S, Curtin P, Bielory L. Penicillin skin testing in hospitalized patients
with beta-lactam allergies: Effect on antibiotic selection and cost. Ann Allergy Asthma
Immunol. 2016;117:67-71.

Blumenthal KG, Shenoy ES, Wolfson AR, Berkowitz DN, Carballo VA, Balekian DS, et al.
Addressing Inpatient Beta-Lactam Allergies: A Multihospital Implementation. J allergy
Clin Immunol Pract. 2017;5:616-625.€7.

Marwood J, Aguirrebarrena G, Kerr S, Welch SA, Rimmer J. De-labelling self-reported
penicillin allergy within the emergency department through the use of skin tests and
oral drug provocation testing. Emerg Med Australas. 2017;29:509-15.

Of O, Tannert LK, Mortz CG, Skov PS, Vyles D, Chiu A, et al. Elective penicillin skin
testing in a pediatric outpatient setting. Ann Allergy, Asthma Immunol [Internet].
2006;97:3-12. Available from:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Ci
tation&Iist_uids=18547482

Weiss ME, Bernstein DI, Blessing-moore J, Cox L, Lang DM, Nicklas RA, et al. Drug
allergy: An updated practice parameter. Ann Allergy, Asthma Immunol. 2010;105.
Fernandez TD, Mayorga C, Ariza A, Corzo JL, Torres MJ. Allergic reactions to
antibiotics in children. Curr Opin Allergy Clin Immunol. 2014;14:278-85.

Romano A, Caubet JC. Antibiotic allergies in children and adults: From clinical
symptoms to skin testing diagnosis. J Allergy Clin Immunol Pract [Internet]. 2014;2:3—
12. Available from:
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L3

This article is protected by copyright. All rights reserved.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

72048275 http://dx.doi.org/10.1016/].jaip.2013.11.006
http://novacat.nova.edu:4550/resserv?sid=EMBASE&issn=22132198&id=d0i:10.1016
%2Fj.jaip.2013.11.006&atitle=Antibiotic+allergies+

Drug allergy: an updated practice parameter. Ann Allergy Asthma Immunol.
2010;105:259-73.

Macy E, Romano A, Khan D. Practical Management of Antibiotic Hypersensitivity in
2017. ) allergy Clin Immunol Pract. 2017;5:577-86.

Saxon A, Beall GN, Rohr AS, Adelman DC. Immediate hypersensitivity reactions to
beta-lactam antibiotics. Ann Intern Med. 1987;107:204-15.

Bousquet PJ, Kvedariene V, Co-Minh H-B, Martins P, Rongier M, Arnoux B, et al.
Clinical presentation and time course in hypersensitivity reactions to beta-lactams.
Allergy. 2007;62:872—6.

Shenoy ES, Macy E, Rowe T, Blumenthal KG. Evaluation and Management of Penicillin
Allergy: A Review. JAMA. 2019;321:188-99.

Solensky R, Jacobs J, Lester M, Lieberman P, McCafferty F, Nilsson T, et al. Penicillin
allergy evaluation: A prospective, multicenter, open label evaluation of a
comprehensive penicillin skin test kit. J allergy Clin Immunol Pract. 2019;

Vyles D, Chiu A, Simpson P, Nimmer M, Adams J, Brousseau DC. Parent-Reported
Penicillin Allergy Symptoms in the Pediatric Emergency Department. Acad Pediatr.
2017;17:251-5.

Ibanez MD, Rodriguez Del Rio P, Lasa EM, Joral A, Ruiz-Hornillos J, Munoz C, et al.
Prospective assessment of diagnostic tests for pediatric penicillin allergy: From clinical
history to challenge tests. Ann Allergy Asthma Immunol. 2018;121:235-244.e3.
Zhang T, Che D, Liu R, Han S, Wang N, Zhan Y, et al. Typical antimicrobials induce mast
cell degranulation and anaphylactoid reactions via MRGPRX2 and its murine
homologue MRGPRB2. Eur J Immunol. 2017;47:1949-58.

Pichler WJ. The p-i Concept: Pharmacological Interaction of Drugs With Immune
Receptors. World Allergy Organ J. 2008;1:96-102.

Macy E, Ngor EW. Safely diagnosing clinically significant penicillin allergy using only
penicilloyl-poly-lysine, penicillin, and oral amoxicillin. J allergy Clin Immunol Pract.
2013;1:258-63.

Loong T-W. Understanding sensitivity and specificity with the right side of the brain.
BMJ. 2003;327:716-9.

Zambonino MA, Corzo JL, Munoz C, Requena G, Ariza A, Mayorga C, et al. Diagnostic
evaluation of hypersensitivity reactions to beta-lactam antibiotics in a large
population of children. Pediatr Allergy Immunol. 2014;25:80-7.

Chiriac AM, Vasconcelos M-J, lzquierdo L, Ferrando L, Nahas O, Demoly P. To
challenge or not to challenge: literature data on the positive predictive value of skin
tests to beta-lactams. J allergy Clin Immunol Pract. 2019;

Vega JM, Blanca M, Garcia JJ, Carmona MJ, Miranda A, Perez-Estrada M, et al.
Immediate allergic reactions to amoxicillin. Allergy. 1994;49:317-22.

Sastre J, Quijano LD, Novalbos A, Hernandez G, Cuesta J, de las Heras M, et al. Clinical
cross-reactivity between amoxicillin and cephadroxil in patients allergic to amoxicillin
and with good tolerance of penicillin. Allergy. 1996;51:383—6.

Herman R, Jick H. Cutaneous reaction rates to penicillins--oral versus parenteral.
Cutis. 1979;24:232-4.

Caubet J-C, Kaiser L, Lemaitre B, Fellay B, Gervaix A, Eigenmann PA. The role of

This article is protected by copyright. All rights reserved.



penicillin in benign skin rashes in childhood: a prospective study based on drug
rechallenge. J Allergy Clin Immunol. 2011;127:218-22.

53. Co Minh H-B, Bousquet PJ, Fontaine C, Kvedariene V, Demoly P. Systemic reactions
during skin tests with beta-lactams: a risk factor analysis. Vol. 117, The Journal of
allergy and clinical immunology. United States; 2006. p. 466-8.

54.  Pichichero ME, Pichichero DM. Diagnosis of penicillin, amoxicillin, and cephalosporin
allergy: reliability of examination assessed by skin testing and oral challenge. J
Pediatr. 1998;132:137-43.

55. Ben-Shoshan M. Most children labeled as penicillin allergic are at low risk for true
penicillin allergy. J Pediatr. 2017;188:308-11.

56. lammatteo M, Alvarez Arango S, Ferastraoaru D, Akbar N, Lee AY, Cohen HW, et al.
Safety and Outcomes of Oral Graded Challenges to Amoxicillin without Prior Skin
Testing. J allergy Clin Immunol Pract. 2019;7:236—43.

57. Allergic reactions to long-term benzathine penicillin prophylaxis for rheumatic fever.
International Rheumatic Fever Study Group. Lancet (London, England).
1991;337:1308-10.

58. Lee P, Shanson D. Results of a UK survey of fatal anaphylaxis after oral amoxicillin.
Vol. 60, The Journal of antimicrobial chemotherapy. England; 2007. p. 1172-3.

59. Simons FER. Anaphylaxis. J Allergy Clin Immunol. 2010;125:5161-81.

60. Blumenthal KG, Huebner EM, Fu X, Li Y, Bhattacharya G, Levin AS, et al. Risk-Based
Pathway for Outpatient Penicillin Allergy Evaluations. J allergy Clin Immunol Pract.
2019;

61. Banks TA, Tucker M, Macy E. Evaluating Penicillin Allergies Without Skin Testing. Curr
Allergy Asthma Rep. 2019;19:27.

62. Torres MJ, Adkinson NFJ, Caubet J-C, Khan DA, Kidon MI, Mendelson L, et al.
Controversies in Drug Allergy: Beta-Lactam Hypersensitivity Testing. J allergy Clin
Immunol Pract. 2019;7:40-5.

63. Anterasian CM, Geng B. Penicillin skin testing in the management of penicillin allergy
in an outpatient pediatric population. Allergy Asthma Proc. 2018;39:305-10.

64. BarniS, MoriF, Sarti L, Pucci N, Rossi EM, de Martino M, et al. Utility of skin testing in
children with a history of non-immediate reactions to amoxicillin. Vol. 45, Clinical and
experimental allergy : journal of the British Society for Allergy and Clinical
Immunology. England; 2015. p. 1472-4.

65. Padial A, Antunez C, Blanca-Lopez N, Fernandez TD, Cornejo-Garcia JA, Mayorga C, et
al. Non-immediate reactions to beta-lactams: diagnostic value of skin testing and drug
provocation test. Clin Exp Allergy. 2008;38:822-8.

66. Caubet J-C, Frossard C, Fellay B, Eigenmann PA. Skin tests and in vitro allergy tests
have a poor diagnostic value for benign skin rashes due to beta-lactams in children.
Vol. 26, Pediatric allergy and immunology : official publication of the European
Society of Pediatric Allergy and Immunology. England; 2015. p. 80-2.

67. Blanca-Lopez N, Zapatero L, Alonso E, Torres MJ, Fuentes V, Martinez-Molero M, et
al. Skin testing and drug provocation in the diagnosis of nonimmediate reactions to
aminopenicillins in children. Allergy. 2009;64:229-33.

68. Tonson la Tour A, Michelet M, Eigenmann PA, Caubet J-C. Natural History of Benign
Nonimmediate Allergy to Beta-Lactams in Children: A Prospective Study in Retreated
Patients After a Positive and a Negative Provocation Test. J allergy Clin Immunol
Pract. 2018;6:1321-6.

This article is protected by copyright. All rights reserved.



69.

70.

71.

72.

73.

74.

75.

76.

Trautmann A, Benoit S, Goebeler M, Stoevesandt J. “Treating Through” Decision and
Follow-up in Antibiotic Therapy-Associated Exanthemas. J allergy Clin Immunol Pract.
2017;5:1650-6.

Tatum AJ, Ditto AM, Patterson R. Severe serum sickness-like reaction to oral penicillin
drugs: three case reports. Ann Allergy Asthma Immunol. 2001;86:330-4.

Dodiuk-Gad RP, Laws PM, Shear NH. Epidemiology of severe drug hypersensitivity.
Semin Cutan Med Surg. 2014;33:2-9.

Phillips EJ, Bigliardi P, Bircher AJ, Broyles A, Chang Y-S, Chung W-H, et al.
Controversies in drug allergy: Testing for delayed reactions. J Allergy Clin Immunol.
2019;143:66-73.

Mori F, Cianferoni A, Barni S, Pucci N, Rossi ME, Novembre E. Amoxicillin allergy in
children: five-day drug provocation test in the diagnosis of nonimmediate reactions. J
allergy Clin Immunol Pract. 2015;3:375-80.e1.

Pichler WJ, Hausmann O. Classification of Drug Hypersensitivity into Allergic, p-i, and
Pseudo-Allergic Forms. Int Arch Allergy Immunol. 2016;171:166-79.

Picard M, Paradis L, Nguyen M, Begin P, Paradis J, Des Roches A. Outpatient penicillin
use after negative skin testing and drug challenge in a pediatric population. Allergy
asthma Proc. 2012;33:160-4.

Warrington RJ, Burton R, Tsai E. The value of routine penicillin allergy skin testing in
an outpatient population. Vol. 24, Allergy and asthma proceedings. United States;
2003. p. 199-202.

This article is protected by copyright. All rights reserved.



