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ABSTRACT
Background: A label of betalactam (BL) allergy is estimated in around 10% of the population in their medical records. Second-
line choices carry significant negative consequences, including reduced efficacy, effectiveness, and safety. This study aimed to 
develop a new highly specific score constructed by selecting variables assisted by artificial intelligence to identify low-risk BL-
allergic patients.
Methods: In this study, derivation and validation of the BL-predictor score were performed on a retrospective cohort of 2207 
patients who underwent penicillin allergy testing at Málaga University Hospital (Spain). The development of the BL-predictor 
encompassed expert drafting and a two-step variable selection process consisting of univariate analysis and variable filtering, 
followed by stepwise logistic regression with resampling. To assess the efficiency, a multicentric retrospective external valida-
tion was performed in 4261 patients from six populations: Salamanca and Madrid, Spain; Nashville, United States of America; 
Verona, Italy; Paris, France; and Copenhagen, Denmark.
Results: The definitive questionnaire consisted of eight items and risk points were computed from the logistic regression model 
as follows: +1 for reactions after first dose or in less than 1 h (ITEM-1), +2 for anaphylaxis (ITEM-2); +1 for previous reaction with 
the culprit (ITEM-3); −1 for resolution in > 24 h (ITEM-4); +2 for spontaneous resolution (ITEM-5); −2 for unknown symptoms 
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(ITEM-6); −2 for reaction occurred > 5 years (ITEM-7), and −1 for another reported drug allergy (ITEM-8). After establishing a 
threshold of ≤ 0 points to classify individuals with low risk, internal validation showed a specificity of 86% and a negative pre-
dictive value (NPV) of 83%. Overall multicenter external validation showed a specificity of 93%, which implies a 25% increase in 
specificity compared to the previously published BL decision tool.
Conclusion: This score would simplify diagnostic procedures in low-risk patients, enabling rapid delabeling, potentially in non-
specialty settings, and reducing diagnostic costs and the negative consequences associated with incorrect antibiotic allergy labels.

1   |   Introduction

Betalactam (BL) antibiotics are the drugs most commonly in-
volved in allergic reactions. It is estimated that approximately 
10% of the population has a documented history of BL allergy 
in their medical records, totaling millions of people globally [1]. 
A label of BL allergy carries significant negative consequences 
for the treatment of the underlying infection, including reduced 
efficacy, effectiveness, and safety because of the use of more 
costly second-line antibiotics. Ultimately, this leads to increased 
antibiotic resistance, longer hospital stays, and increased mor-
tality [2–9]. This is especially significant as less than 5%–30% 
of adults with an allergy label are truly allergic [3, 10]. Given 
the widespread use of BL antibiotics, it is essential to identify 
methods for removing incorrect labels (delabeling) of allergy 
to BL antibiotics. Current safe strategies indicate that over 90% 
of children and adults can be delabeled with a single-dose oral 
challenge [11, 12].

However, a major obstacle to successful delabeling is the dif-
ficulty of diagnosing allergy to BL antibiotics. The diagnostic 
work-up starts with a clinical history, which, particularly in 
the case of a remote reaction, may not be helpful to verify key 
details. Diagnosis of BL allergy has included in vitro tests that 
are not highly sensitive, are not available at all centers for all 
BL drugs, or are not fully validated. Skin testing, which lacks 
100% of negative predictive value, and if done in the context of 
low-risk reactions with a very low pre-test probability, could 
lead to false positives and a low positive predictive value [13–17]. 
Therefore, the drug provocation test (DPT), otherwise known as 
oral challenge (OC), is the gold standard, which has been done 
in a specialized setting, and it is time-consuming and costly. In 
essence, the diagnostic work-up is complex, long (it can take sev-
eral days), not risk-free, and inefficient [10, 18].

Over recent decades, there has been a growing interest in cre-
ating methods to risk-stratify patients on the basis of clinical 
history, permitting the adaptation of diagnostic strategies to the 
risk and optimizing investigations in terms of efficiency and re-
source usage, while maintaining patient safety. In this regard, 
risk stratification tools may help to identify low-risk patients 
where the pre-test probability of true penicillin allergy is ex-
tremely low and where direct DPT would be preferred.

Several recent guidelines have addressed the need to define risk 
categories [10, 19–20]. Although there is a general consensus 
on identifying high-risk individuals [10, 19–20], the definition 
of low-risk remains controversial. Although the recent EAACI 
position paper on DPT agrees that low-risk reactions are char-
acterized by mild cutaneous non-immediate reactions (NIRs), 
such as maculopapular exanthema (MPE) with no danger signs 

and resolving in less than 1 week [12, 21–23], there is still a lack 
of consensus concerning other types of reactions. Additionally, 
it suggests that delayed urticaria and MPE lasting more than 
7 days are considered intermediate risk, and unknown reac-
tions fall into the low-intermediate risk category [19], deemed 
unsuitable for direct DPT. Nevertheless, a recent study showed 
that MPE, regardless of duration and delayed urticaria, as well 
as other skin lesions such as delayed angioedema and diverse 
categories like unknown childhood reactions and syncope in 
remote reactions without any other associated symptoms, were 
safe for direct single-dose DPT and should be considered as low-
risk [24].

Artificial intelligence (AI) breakthroughs have driven novel 
healthcare improvements and have been used to extract data 
from electronic records to classify subjects according to severity 
and confirmed diagnosis [25–27]. Focusing on automated diag-
nosis/risk assessment for drug hypersensitivity, several efforts 
have been made [28, 29], including an artificial neural network 
to predict BL-hypersensitivity on the basis of clinical history 
[30] and an AI-assisted BL allergy delabeling in perioperative 
adverse reactions evaluation [31].

On the other hand, simple scores and questionnaires that can be 
easily implemented in penicillin allergy evaluation have become 
very popular, such as the 1–1-1 criterion for identifying high-risk 
[25] and the PEN-FAST clinical decision rule for identifying low-
risk patients [25, 32]. PEN-FAST [25] prioritizes key historical 
factors including the time since the last reaction, the presence of 
severe symptoms such as anaphylaxis or angioedema, and the 
need for medical intervention. It has been validated in American 
(USA) and Australian populations with a negative predictive value 
of 96.3%. However, despite its usefulness, its applicability may be 
limited in children and other populations where the prevalence 
of penicillin allergy and phenotypes may vary [33]. In fact, when 
PEN-FAST was tested in European populations, it struggled to ac-
curately predict relapse of immediate skin hypersensitivity or de-
layed maculopapular exanthema, with 28.6% and 38.4% of patients 
misclassified, respectively [34]. These difficulties underscore the 
need to develop and adapt new risk stratification scoring systems 
that can be reliably adapted and applied across different clinical 
contexts and populations globally.

The aim of this study was to develop a new highly specific score 
constructed by selecting variables assisted by AI to identify low-
risk BL-allergic patients. This score would then expedite and 
simplify diagnostic procedures in low-risk patients, achieving 
rapid and scalable delabeling, potentially in non-specialty set-
tings, which will lead to reduced diagnostic costs and the neg-
ative consequences associated with incorrect antibiotic allergy 
labels.
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2   |   Materials and Methods

2.1   |   Design

The initial derivation and validation of the BL-predictor were 
done on a retrospective cohort of patients and controls 18 years 
and older evaluated with a history of hypersensitivity reactions 
to penicillins between 1985 and 2024 in Malaga University 
Hospital (Spain). Allergological work-up was performed a mini-
mum of 4 weeks after the reaction, including ST, and if negative, 
DPT. Allergic cases were those with positive results on ST or, in 
those with negative ST, positive results on DPT with the culprit; 
controls were those with confirmed tolerance to the culprit BL 
in DPT.

STs were done by skin prick test (SPT) and, if negative, by an in-
tradermal test (IDT), as previously published [10, 35–36], using 
daily-prepared solutions. Reagents were PPL (Penicilloyl poly-
L-lysine) and MDM (minor determinant mixture) (Allergopen; 
Allergopharma-JGKG, Reinbek, Germany) until 2006; and BP-
OL (0.04 mg/mL) and MD (minor determinant) (0.5 mg/mL) 
(Benzylpenicilloyl-octa-l-lysine and benzylpenilloate, DAP-
Diater, Madrid, Spain) afterward, amoxicillin (DAP, Diater 
laboratories, Madrid, Spain), clavulanic acid (DAP, Diater 
laboratories, Madrid, Spain), cloxacillin (Normon, Madrid, 
Spain), and piperacillin-tazobactam (Stada, Barcelona, Spain). 
United States' population used AllerQuest LLC major deter-
minant (ALK-Abelló), and the clinic prepared minor determi-
nant with ampicillin 25 mg/mL, benzyl penicillin 1000 and 
10,000 IU/mL, and any other relevant culprit penicillin (e.g., 
piperacillin-tazobactam). Reading was done after 20 min and 
considered positive: (i) in the SPT, if a wheal larger than 3 mm 
surrounded by erythema appeared, with a negative response 
to the control saline; and (ii) in the intradermal test, if the di-
ameter of the wheal area that was marked initially increased 
more than 3 mm and was surrounded by erythema [35]. 
Positive data are expressed as the mean diameter recorded by 
measuring the largest and smallest diameters at right angles 
to each other [10, 35].

DPT was done in a blind, placebo-controlled manner with the 
culprit drug at incremental doses (25%–25%–50% of a full ther-
apeutic single dose, if history suggested anaphylaxis the first 
dose was divided into 10% and 15%), with a minimum 30-min 
interval between each, reaching a therapeutic dose. Since 2023, 
patients reporting mild non-immediate reactions with no alarm 
signs were challenged with a direct full single dose.

Patients were monitored during DPT procedures and for 2 h 
after the last dose of DPT. Complete cardiopulmonary resusci-
tation equipment was immediately available. If tolerated, NIR 
DPT was followed by a 48 h washout period and then a 2-day 
treatment course at home (1 dose every 12 h) [36]. In those cases 
who reported unknown penicillins, DPT was performed with 
amoxicillin.

The external validation was done in retrospective patients 
from different hospitals: Salamanca University Hospital 
(Salamanca—Spain), Hospital de la Cruz Roja (Madrid—
Spain), Vanderbilt University Medical Center (Nashville, 
TN—United States of America), University Hospital of Verona 

(Verona—Italy), Hôpital Tenon (Paris—France), and Gentofte 
Hospital (Copenhagen—Denmark), as shown in Table 1.

The variables included in the database were age, sex, history of 
atopy, familial history of atopy, and patient-reported episodes 
suggestive of hypersensitivity to a BL antibiotic, including symp-
toms, specific BL implicated, number of suggestive reactions, 
treatments, latency (time between administration of the BL and 
onset of reaction), and date of the episode. Reported reactions 
with missing data, due to the inability to recall them at the aller-
gological assessment, were codified as unknown. Consequently, 
unknown entries were considered a valid value, that is, an infor-
mative answer in the anamnesis.

The study was conducted in accordance with the principles of 
the Declaration of Helsinki and approved by the institutional 
review panel. Informed consent was obtained from all patients 
for all the diagnostic procedures. Approval from the ethics 
committee or institutional review board was obtained at each 
institution.

2.2   |   BL-PREDICTOR Development and Validation

A first version of the clinical decision tool BL-predictor was 
designed, inspired by published criteria [19, 26], and a panel 
of experts in BL-hypersensitivity, composed of members of the 
EAACI project “Delabeling penicillin, a patient-driven tool”, in-
cluding Prof. Torres, Prof. Phillips, and Prof. Castells as chairs, 
and Ph.D. Labella as secretary. In a first phase, seven questions 
were evaluated with a univariate analysis to address their dis-
crimination potential. Next, this preliminary approach was fol-
lowed by an optimization phase (variable selection) in two steps. 
A graphical abstract of this workflow is depicted in Figure 1.

To identify new potential predictors, in the first step of the opti-
mization phase, reported reactions variables from our database 
were filtered according to: 1—discriminating potential between 
BL-hypersensitivity patients (medium and high risk) and low-
risk individuals (univariate analysis significance threshold of 
p < 0.05), 2—prevalence (frequency greater than 10% in either 
risk level populations), and 3—non-existent or weak collinearity 
with any of the 7 expert's committee items (Crammer's V < 0.20) 
(Table S6).

In the second step, to obtain the optimal combination of in-
dividual predictors selected by step 1, including experts' 
proposed items, an AI-powered multivariate analysis was con-
ducted. A machine learning (ML) based strategy was devel-
oped to generate an optimized logistic regression model using 
stepwise variable selection and bootstrapping resampling. 
MASS R package's stepwise logistic regression, with up to 
1000 forward or backwards steps, automatically trains a model 
with the best combination of candidate variables according to 
the Akaike Information Criterion (AIC), AIC measures the 
quality of a given model relative to any other. On top of this, 
bootstrapping resampling (10,000 iterations) implemented in 
caret's R package ensures that the model selected, by AIC, in 
the stepwise regression is robust and closer to generalization; 
each iteration consists of a random sampling of 75% of the data 
and an execution of the stepwise logistic regression algorithm. 
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Therefore, this ML strategy produces a model built with an op-
timal set of variables to include in the definitive BL-predictor, 
removing residual collinearity and estimating final variables' 
contribution to risk classification. Training was conducted 
with R packages caret and MASS [37, 38]. Lastly, to simplify 
BL-predictor calculations, risk (negative or positive) points 
were assigned to each item in the BL-predictor by rounding 
its coefficients estimated in the optimized logistic regres-
sion model trained in optimization's phase step 2 (Table S2). 
Univariate and multivariate analyses were performed as de-
scribed in the statistical methods section. Patients presenting 
with symptoms compatible with Severe Cutaneous Adverse 
Reactions (SCARs) such as desquamation, fever, pustules, 
multiple lymphadenopathies, blisters, mucosal lesions, and/or 
eosinophilia did not fill in the questionnaire since SCARs are 
considered a contraindication to DPT [38].

Following development, the BL-predictor was validated with 
the internal population, assessing its performance and suit-
ability. First, the risk score was calculated for all individuals by 
aggregating their BL-predictor points. Next, after establishing 
a threshold of ≤ 0 points to classify individuals with low risk 
of suffering BL-hypersensitivity, classification performance 
was estimated to measure BL-predictor power to identify low-
risk subjects. In the same manner, to assess the efficiency of 
BL-predictor as a clinical decision tool, a multicentric external 
validation was performed with six populations from five dif-
ferent countries (Table  S1). External databases were imported 
with readxl, haven R packages and processed with the base R 
(version 4.5.0) package [39–45], collecting the data necessary to 
compute the BL-predictor risk score and to conduct a descriptive 
analysis. Finally, to compare BL-predictor with PEN-FAST, the 
PEN-FAST score was computed for populations included in this 

FIGURE 1    |    (1) Development of BL-predictor, encompassing the experts draft and the two-steps variable selection. (2) Definitive BL-predictor 
questionnaire and internal validation. (3) External multicenter validation of BL-predictor and comparison against another low-risk stratification 
score (PEN-FAST). SCARs (Severe Cutaneous Adverse Reactions). SCARs are defined by presenting desquamation, fever, pustules, multiple lymph-
adenopathies, blisters, mucosal lesions, and/or eosinophilia.
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6 Allergy, 2026

study, except for the Danish population. Performance was mea-
sured with the base, stats, pROC, PropCIs, and caret R packages 
[37, 46–47].

2.3   |   Statistical Methods

For the univariate analysis, variables were tested according to 
their nature and distribution. First, for numerical variables, ho-
moscedasticity was tested by the Breusch–Pagan test, and then 
Student's t-test or Welch's t-test was carried out. To measure 
the effect size, Cohen's D was used; effect size for numerical 
variables was interpreted following Cohen's guidelines: 0–0.20 
(none or weak), 0.21–0.50 (small), 0.51–0.80 (medium), and 
0.81–1 (large) [48].

Second, categorical, or categorized, variables were tested with 
the Chi-squared test. Multicollinearity between categorical vari-
ables was studied with Crammer's V; all variables passing sig-
nificance and prevalence filters were categorical or categorized. 
Crammer's V interpretation was done as follows: V in [0,0.1) (no 
associated), V in [0.1,0.2) (weak association), V in (0.2,0.3) (mod-
erate association), V in [0.4,0.6) (relatively strong association), 
V in [0.6,0.8) (strong association), V [0.8,1] (very strong associ-
ation) [49].

Descriptive exploratory analysis was conducted with base, 
rstatix, vtable, statmod, and Hmisc R packages [50–53]. For cat-
egorical variables, relative frequencies were computed. For nu-
merical variables, the mean and the standard deviation, or the 
median and the interquartile range, were calculated. Odds ratios 
of BL-predictor items in Tables  2 and S2 were computed in R 
with the ad/bc formula.

3   |   Results

3.1   |   Expert Committee Draft Validation

To find variables suitable to complement the initial question-
naire, a filtering procedure was conducted. Clinical history vari-
ables were selected from the database if they had statistically 

significant differences (p < 0.05), prevalence over 10% in any 
of the two risk levels, and low collinearity with the aforemen-
tioned items. Candidate variables (Table  2) included sex, an-
other reported drug allergy, manifestation of angioedema in any 
reported episode, and an interval between the reaction and the 
clinical evaluation greater than 5 years, with the latter showing 
the larger classification potential (X2 = 335.128). Next, an ML 
approach was applied to construct a stepwise logistic regression 
model with bootstrapping resampling. This algorithm selects 
the most informative combination of variables, thus optimizing 
the discrimination between low-risk and high-risk subjects and 
estimating the contribution to the prediction of each variable se-
lected. The final logistic regression model is detailed in Table S2. 
Variable selection discarded Q3 (urticaria as sole symptom) and 
added two new items: interval reaction-evaluation greater than 
5 years (new ITEM-7) and history of another reported drug al-
lergy (ITEM-8). All eight variables present in this model were 
statistically significant; three of them were associated with an 
increase in risk (ITEMS 1–3), whereas the rest were related to a 
decreased probability of suffering BL-hypersensitivity (ITEMS 
4–8). Therefore, the definitive questionnaire consisted of eight 
items (Figure 1.2). Risk points were computed from the logistic 
regression model (Figure 1.2) and were assigned as follows: +1 
points to reactions after the first dose or in less than 1 h after 
any dose (ITEM-1) and to more than one reported episode 
(ITEM-3), +2 points were awarded to the presence of anaphy-
laxis (ITEM-2). Anaphylaxis was defined with the following 
criteria: presence of skin (warmth, erythema, urticaria, pru-
ritus, and/or angioedema) and respiratory symptoms (wheez-
ing, dyspnea, oxygen desaturation, and/or cough) or presence 
of respiratory symptoms and/or skin symptoms with cardio-
vascular symptoms (tachycardia, presyncope, syncope, and/or 
hypotension).

According to logistic regression coefficients (Table S2): minus 
2 points were assigned to spontaneous resolution (ITEM-5), 
Interval Reaction-Evaluation (> 5y) (ITEM-7), and un-
known symptoms (ITEM-6) items. Besides, delayed (> 24 h) 
resolution (ITEM-4) and history of another reported drug 
allergy (ITEM-8) –1 point score was assigned (Figure 1). BL-
predictor's score frequencies in the different populations are 
shown in Figure 2.

TABLE 2    |    Univariate analysis of the clinical history variables selected in the first step of the optimization phase obtained by Malaga's population.

Univariate analysis

Confirmed betalactam allergy?

No/low-risk 
(1396%–63%)

Yes/medium 
or high-risk 
(811%–37%)

p (χ2 test)aN Freq (%) N Freq (%)

Sex Female 926 66 481 59 < 0.001

Male 469 34 330 41

History of an additional drug allergy (outside of BL allergy) 121 9 35 4 < 0.001

Skin symptoms Angioedema 276 20 260 32 < 0.001

Time from initial reaction to evaluation > 5 years 319 23 80 10 < 0.001
aAll variables were categorical or categorized, χ2 test was applied to compare its separation potential between low-risk and medium/high-risk classes.
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7Allergy, 2026

3.2   |   Malaga Population Demographic 
and Clinical Data

The internal cohort included 2207 patients, 1407 (63.75%) fe-
male, mean age 44.5 years old (SD 16). A total of 811 (37%) 
were confirmed as allergic: 297 had positive skin results, and 
514 reacted to DPT. The most common allergy label was AX-
CLV (n = 925), and the most frequent phenotype was urticaria/
angioedema (n = 1234). The remaining demographic and clin-
ical data from Malaga's population used to develop the tool 
are summarized in Table 3, and descriptive statistics and test 
results are shown for high-medium-risk and low-risk subjects. 
Significant differences (p < 0.001) appeared in the number 
of episodes, culprit, type of reaction, and latency variables. 
Patients categorized as high-risk had more reported episodes 
(1.3 ± 0.53 versus 1.1 ± 0.33), involving histories compatible 
with anaphylaxis (42% vs. 6%), with a more immediate latency 
(59% vs. 16%), and less frequently caused by penicillin (7% vs. 
34%). A female preponderance was also seen in high-risk pa-
tients (Female: 66% vs. Male: 59%).

3.3   |   Experts Committee Items Univariate 
Analysis

Experts' committee items' ability to discriminate low-risk sub-
jects was analyzed. Candidate items' univariate analysis is 
shown in Table 4. All seven items exhibited notable statistically 
significant differences (p < 0.001) and thus great potential for 
differentiation.

3.4   |   BL-Predictor Internal Validation

To assess the performance of BL-predictor, the score was com-
puted for each subject in our database (n = 2207) to classify 
them as low or medium/high-risk patients; classification was 
evaluated with confirmed diagnosis information. In Table 5 dif-
ferent low-risk classification performance metrics are shown. 
BL-predictor stood out as a specificity-centered tool, obtaining 
a specificity of 86%, correctly classifying at least three-quarters 
of the population (accuracy = 80% and AUC = 0.78) with the 
questionnaire.

3.5   |   BL-Predictor Multicentric Validation

Demographic and clinical data summaries of the external 
populations can be found in Table  S1, each BL-predictor item 
univariate analysis in these populations is shown in Table S3. 
BL-predictor score was computed for each patient in the 
complete joined multicentric population of suspected BL-
hypersensitivity patients' database (N = 4261), individuals were 
classified as low or medium-high risk patients. In Table 5, dif-
ferent low-risk classification performance metrics are shown for 
the external population. Overall, the specificity analysis indi-
cated good discrimination for the BL-predictor score in all ex-
ternal databases, including 66.06% (56.36%–74.85%) for Madrid 
(Spain), 91.81% (90.27%–93.18%) for Salamanca (Spain), 84.06% 
(73.26%–91.76%) for Italy, 82.54% (74.77%–88.72%) for France, 
98.49% (97.53%–99.15%) for the USA, and 92.88% (90.53%–
94.8%) for Denmark (Table 6).

FIGURE 2    |    BL-predictor's score frequencies in the different populations. (A) Spain-Málaga. (B) Spain-Salamanca. (C) Spain-Madrid. (D) Italy-
Verone. (E) Paris-France. (F) Nashville-USA. Allergic and non-allergic fractions are colored orange and blue, respectively. BL-predictor's threshold 
is represented as a dashed read line.

A B C

D E

D

F
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8 Allergy, 2026

3.6   |   Comparison Performance of Initial 
and Overall Population

Multicentric performance almost matched the previous perfor-
mance obtained for Malaga's population, showing higher ac-
curacy (83.26% vs. 80.02%) and specificity (92.65% vs. 85.89%), 
but lower sensitivity (49.45% vs. 69.91%). In terms of accuracy, 
Salamanca, Paris, Copenhagen, and Nashville (USA) had re-
sults greater than the internal population, whereas Madrid 
and Verona populations underachieved. The highest specificity 
value arose with Nashville's population, and 5 of 7 populations 
studied surpassed 80%. Besides, none of the external popu-
lations excelled in sensitivity, maximum of 68.18, with three 
populations falling below 50%. In addition, Verona's population 
obtained an accuracy of 64% but did detect 83% of low-risk indi-
viduals, although significant differences were detected only for 
items 1 and 2, and items 4 and 6 could not be answered with the 
information available. In addition, BL-predictor predictions for 

Nashville and Copenhagen populations had similar behavior; in 
both cases, a high specificity, 98% and 93% respectively, and low 
sensitivity, 30% and 13%, was achieved. Both populations had 
a low confirmed BL allergy to BL-labeled allergic subject ratio. 
Both the Nashville and Copenhagen populations did not show 
significant differences in at least one of the items that increase 
BL-predictor score and thus raise sensitivity; these were item 
3 for Nashville and item 1 for Copenhagen. The BL-predictor 
score was decreased indiscriminately for true BL-allergic pa-
tients in both populations.

3.7   |   BL-Predictor vs. PEN-FAST

In internal validation, PEN-FAST had a specificity of 79.15% 
(76.93%–81.26%) and an NPV of 76.52% (74.25%–78.69%). In 
overall multicenter validation, specificity was 67.79% (66%–
69.53%) and NPV 88.43% (86.99%–89.77%). PEN-FAST obtained 

TABLE 3    |    Malaga's population demographics univariate analysis.

Betalactam allergy?

No/low-risk 
(1396%–63%)

Yes/high-risk 
(811%–37%)

pa (Cohen's D)Mean SD Mean SD

Age at diagnosis (years) 45 17 44 15 0.219 (0.052)

Number of episodes 1.1 0.33 1.3 0.53 < 0.001 (0.302)

N (Yes) Freq (%) N (Yes) Freq pb

Sex Female 926 66 481 59 < 0.001

Male 469 34 330 41

Culprit Amoxicillin 412 30 267 33 0.104 < 0.001

AX-CLV 461 33 464 57 < 0.001

Penicillin 477 34 54 7 < 0.001

Penicillin G 4 0 5 0 0.658

Penicillin V 8 1 10 0 0.341

Cloxacillin 13 1 4 0 0.319

Ampicillin 6C 0 8 1 0.162

Piperacillin-Tazobactam 15 1 11 1 0.546

Type of Reaction Urticaria/Angioedema 836 60 398 49 < 0.001 < 0.001

Anaphylaxis 80 6 337 42 < 0.001

Exanthema 68 5 23 3 0.020

Respiratory 23 2 6 1 0.111

Non-suggestive/Other 240 17 38 5 < 0.001

Unknown 145 10 7 1 < 0.001

Latency Immediate 217 16 480 59 < 0.001

Non-Immediate 710 51 221 27

Unknown 463 33 110 14
aWelch's t-test.
bχ2 test or Fisher's exact test.
CLow-risk individuals reported anaphylaxis frequency is overestimated by self-reporting bias.
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9Allergy, 2026

an improvement in sensitivity (+12%) in the external popula-
tions at the cost of specificity (−28%) (Table S4). PEN-FAST indi-
vidual external population results are shown in Table S5.

4   |   Discussion

BL-predictor is a clinical decision tool refined by AI approaches 
that has demonstrated high specificity (internal validation 86% 
and external validation 93%) for delabeling low-risk penicillin la-
bels. In recent years, validated clinical decision tools [25, 54–55] 
have gained increasing interest for optimization practices, al-
though published tools cannot be assumed to replicate across 
different populations. This finding is important because BL-
predictor has been shown to be useful in heterogeneous popula-
tions, indicating that it could be used as a universal delabeling 
tool. Overall, multicenter external validation showed an in-
crease of 25% in specificity compared to previously published 
BL decision tools. According to the BL-predictor's performance 

in the Malaga population used to develop the tool, the ques-
tionnaire allowed correct classification in 86% of non-allergic 
patients, with only 14% misclassified. Regarding this, 14% of 
non-allergic patients were misclassified; a quarter of them were 
computed as medium-high risk because ITEM-2 (anaphylaxis) 
was marked. Those patients likely reported symptoms involving 
at least two organs, but with normal vital signs, since sometimes 
patients experience subjective symptoms that can be mistaken 
for genuine allergic symptoms. Therefore, BL-predictor offers 
rapid and effective low-risk stratification, enabling alternative 
diagnostic approaches that could make the allergological as-
sessment significantly more efficient while maintaining safety. 
For example, in Málaga's population, BL-predictor would allow 
75.38% of the subjects (scoring 0 or less) to avoid ST, whereas 
the PEN-FAST could enable 60.99% of the individuals (scoring 
2 or less) to evade ST. Concerning safety, 70% of the hypersen-
sitivity to BL antibiotics patients were deemed as medium-high 
risk, implying a 30% false negative rate; however, only 0.4% of 
the BL-hypersensitivity patients reporting systemic reactions 

TABLE 4    |    BL-predictor experts panel candidate items univariate analysis in Malaga's population.

Betalactam allergy?

No/low-risk (N = 1396) Yes/medium or high-risk (N = 811)

paTrue False Unknown# True False Unknown#

Q1 – Reaction after the 
first dose? OR Immediate 
reaction? (< 1H)

269
(19%)

658
(47%)

463
(33%)

543 (67%) 158
(19%)

110
(14%)

< 0.001

Q2 – Anaphylaxis? 80
(6%)

1171
(84%)

145
(10%)

337 (58%) 419
(42%)

7
(1%)

< 0.001

Q3 – Urticaria alone? 188
(23%)

616
(76%)

7
(1%)

491 (35%) 760
(54%)

145
(10%)

< 0.001

Q4 – Recurrence? 116
(8%)

1280
(92%)

0
(0%)

176 (78%) 635
(22%)

0
(0%)

< 0.001

Q5 – Resolution in > 24H? 344
(25%)

142
(10%)

910
(65%)

77
(9%)

191
(24%)

543
(67%)

< 0.001

Q6 – No treatment needed? 258
(19%)

1077
(77%)

61
(4%)

55
(7%)

726
(90%)

30
(4%)

< 0.001

Q7 – Unknown reaction? 145
(10%)

1251
(90%)

0
(0%)

7
(1%)

804
(99%)

0
(0%)

< 0.001

aχ2 test or Fisher's exact test #.

TABLE 5    |    Performance metrics for BL-predictor in Málaga's population (internal validation) and multicenter joined populations (external 
validation).

BL-predictor performance metrics
BL-predictor internal 
validation (N = 2207)

Multicenter joined performance 
(N = 4261 [916 positive cases])

Accuracy (%) 80.02 (78.29–81.67) 83.26 (82.21–84.47)

Sensitivity (%) 69.91 (66.63–73.05) 49.45 (46.17–52.74)

Specificity (%) 85.89 (83.95–87.67) 92.65 (91.71–93.51)

Positive predictive value (%) 74.21 (70.96–77.28) 64.81 (61.14–68.35)

Negative predictive value (%) 83.09 (81.06–84.99) 87.00 (85.85–88.09)

AUC 0.79 (0.77–0.79) 0.76 (0.74–0.76)

Cohen's Kappa 0.56 (0.56–0.57) 0.46 (0.46–0.46)
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were classified as low-risk by BL-predictor. Hence, BL-predictor 
detects most BL-allergy labeled patients with severe systemic re-
actions as medium-high risk (97%), therefore reliably identifying 
those at risk of developing severe reactions at DPT where this 
procedure would be appropriately avoided.

Furthermore, BL-predictor was tested in a multicenter interna-
tional validation study and achieved a global accuracy of 91%, 
correctly stratifying 95% and 58% of low and medium-high risk 
patients, respectively, in line with what was observed in the 
development of the tool. However, individual prediction of the 
external populations showed disparities in the accuracy of the 
BL-predictor, possibly because of the differences in the pheno-
types and diagnostic approaches in each population (Table S1). 
In this sense, maybe some populations do not include anaphy-
laxis patients since they are not confirmed as allergic because 
skin testing was negative and DPT was not performed.

As noted above, there is a substantial heterogeneity among 
the different populations of individuals with reported BL-
hypersensitivity reactions, as several factors linked to risk in 
the Malaga population were not associated with confirmed 
BL allergy diagnosis in others. This has been previously doc-
umented in BL allergy delabeling tools, including PEN-FAST 
and validation studies [25, 34, 46]. To compare PEN-FAST and 
BL-predictor potential, the PEN-FAST score was computed. 
BL-predictor stood up for being more accurate in all the popu-
lations studied, mean accuracy 78% versus 62%, particularly for 
achieving a greater specificity in all the predictions, mean spec-
ificity difference of +20%. This capacity for the BL-predictor to 
risk-stratify and identify true low-risk individuals suggests that 
this could have a positive impact and allow scale-up of high-
throughput delabeling outside of the allergy specialty setting.

In some populations, MPE prevalence is higher, maybe because 
of two factors: general practitioners diagnosing IR by specific 
IgE and not referring, and recruitment bias. In these popu-
lations, the long duration of evolution and resolution of MPE 
could be thought of as a factor that increases the risk of becom-
ing sensitized, although ITEM 4 (Resolution in more than 24 h 
−1) is considered ‘protective’ for being allergic. For this reason, 
an additional item (duration more than 7 days) has been added 
to the PEN-FAST score (+ score) [34] with the aim of improv-
ing the performance for those with NIRs. In our study, we have 
included two centers in which NIRs are more common (38% 
and 68% were NIRs, respectively), maintaining good results for 
NPVs (94% and 87%, respectively).

In conclusion, the BL-predictor was developed as a refined tool 
designed to achieve specificity in identifying patients appropriate 
for DPT for penicillin allergy delabeling. Our study shows that 
it is an accurate point-of-care tool to perform risk stratification 
on patients with unverified BL allergy. By reliably identifying 
low-risk patients who can safely go straight to DPT, BL-predictor 
has the potential to allow scalable BL delabeling outside of the 
specialty setting. This will reduce the overall global burden of 
BL-hypersensitivity diagnosis. Although these results are prom-
ising, validation across centers internationally to confirm its 
generalizability in different treatment settings is still needed. 
The development and validation of the BL-Predictor underscore 
the advantages and emerging opportunities associated with 

using sophisticated AI-driven tools that harness recent techno-
logical progress and increasing public trust in AI [56].
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