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ABSTRACT

Purpose: Despite the risk of anaphylaxis, oral food challenges (OFCs) are performed clinically
for various indications, particularly to confirm tolerance development. This study aimed to
assess OFCs by relevant indications and build an outcome prediction model to help determine
when to perform OFCs in children who are likely to have developed immune tolerance.
Methods: In total, 432 pediatric OFCs were retrospectively analyzed according to indications.
Clinical characteristics, serum total immunoglobulin (Ig) E, blood eosinophils, and specific
IgE and IgG4 levels for food allergens were noted and compared. Machine learning was
utilized to select the most important variables in determining the passage of the OFCs, and
prediction models were constructed using the selected variables.

Results: OFCs were most commonly performed to confirm tolerance development (number,
%j 267, 61.8%). The most common food allergens tested were egg (191, 44.2%) and milk
(135, 31.3%). Children who passed the egg challenges for confirming tolerance acquisition
had significantly lower egg white-specific IgE level (P=0.008). Similarly, those who passed
milk challenges had significantly lower cow’s milk-specific IgE (P =0.002) and casein-
specific IgE levels (P= 0.005). We developed a nomogram to predict the outcome of OFCs

to determine the tolerance acquisition with the selected variables; lower food-specific IgE,
higher total IgE, and younger age indicated a higher probability of passage. The area under
the curve (95% confidence interval) was 0.623 (0.503-0.743) for egg and 0.734 (0.628-0.840)
for milk.

Conclusions: Serum total IgE and food-specific IgE combined with age showed trends toward
passing OFCs for confirming tolerance development. The constructed model may be used by
clinicians as a practical guide for minimizing the risks of OFCs and a timely reintroduction
for children with food allergies.
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INTRODUCTION

Oral food challenge (OFC) is the gold standard for diagnosing food allergies; it is also used
to confirm tolerance development, determine a safe ingestion quantity, or establish an initial
dose for oral immunotherapy.* However, it involves risk-taking, particularly anaphylaxis,
which can lead to severe complications and death.? Therefore, 95% predictive reaction
decision points of food-specific immunoglobulin (Ig) E levels have been suggested in certain
foods, facilitating a diagnosis without an OFC.**> However, some patients still require an OFC
in real-world clinical settings.® In addition, evidence of food-specific IgE levels is insufficient
to substitute OFC for purposes other than diagnosis.

Determining the appropriate time to reintroduce food is critical for children with food
allergies because it minimizes dietary restrictions. Whereas previous studies have identified
the risk factors and predictors of resolution, such as allergen-specific IgE levels, reactions

to food allergies vary across children.” Some children may present with reduced clinical
reactivity even without reaching the cut-offs, potentially enabling an earlier reintroduction
of allergenic food. Therefore, clinicians must consider multiple factors carefully and
thoughtfully before deciding upon an OFC to confirm tolerance acquisition. This decision-
making process can be burdensome and daunting for clinicians. Examining the contribution
of associated factors to the likelihood of an OFC passage can aid a clinician's decision-
making process.

The application of machine learning (ML) in medicine has extended to predicting clinical
outcomes or classifying pertinent features in certain diseases.''? In food allergies, studies
have utilized ML to predict outcomes of milk, egg, peanut allergies held for diagnostic
purposes.>* ML enables identifying and selecting key variables from intricate datasets, a
process sometimes too complex for traditional statistical methods. Factors that influence the
passage of OFCs for tolerance confirmation are more intricate than those for diagnosis, and
ML’s feature ranking techniques emerge as appropriate tools for an effective analysis.

This study investigated OFC outcomes from three institutions over the last ten years. Initially,
we examined OFCs according to various indications and food allergens. To predict tolerance
development for the timely reintroduction of allergenic foods, we used ML to assess the
outcome of OFCs. After identifying the key variables, we developed a prediction model in our
cohort and validated it in an independent cohort.

MATERIALS AND METHODS

Study population

This retrospective study analyzed the data of all pediatric patients who underwent OFCs

at Severance Children’s Hospital, Gangnam Severance Hospital, and Yongin Severance
Hospital, Republic of Korea, between January 2010 and June 2021. Patients who underwent
OFCs were either suspected or diagnosed with food allergies. Their sex, age, history of
allergic comorbidities (asthma, atopic dermatitis, allergic rhinitis), history of anaphylaxis,
and food allergy other than the tested food allergen were collected from medical records.

An external validation cohort included 100 pediatric patients who underwent OFCs at the
Ajou University Hospital, Suwon, Republic of Korea. The study protocol was approved by the
Institutional Review Boards of Severance Hospital, Gangnam and Yongin Severance Hospital,
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and Ajou University Hospital (No. 4-2021-1296, No. 3-2021-0389, No. 9-2021-0159, and
AJOUIRB-MDB-2022-040, respectively). The requirement for informed consent was waived
owing to the retrospective nature of the study.

OFCs

Open OFCs were performed according to Korean guidelines.” The OFC indications were

to confirm diagnosis or tolerance development, determine the quantity for safe intake, or
determine the starting dose for oral immunotherapy.? OFCs to confirm diagnosis or tolerance
development were primarily based on the aforementioned guidelines, with amendments
based on the patient’s clinical history. For OFCs to determine the initial dose for oral
immunotherapy, starting and incremental doses were customized based on the patient’s
allergic history. Food allergens were given incrementally at 30-minute intervals. Challenges
were terminated with an allergist’s confirmation if a patient reported signs (e.g., dyspnea,
abdominal pain, and wheezing) or symptoms. When a patient reported subjective symptoms
that can be considered questionable clinical reactions, the identical dose was retried

after waiting for 15 minutes. OFCs were considered nonpassed when three consecutive
consumptions of suspected food allergens triggered subjective symptoms. Medical attention
was provided as needed. Challenges were defined as passed when the patient consumed all
given food allergens without any definitive symptoms, as confirmed by an allergist. For the
oral egg challenge, the participant started with 1/8 of the boiled egg, followed by 1/4 and 1/2.
For the oral milk challenge, the participant began with 10 mL of fresh milk, followed by 20
mL, 40 mL, 50 mL, and 80 mL at 30-minute intervals. Egg and milk OFCs were considered
passed when the patient consumed one boiled egg (approximately 53 g) or 200 mL of fresh
milk, respectively, without any symptoms following 2 hours after consumption. We classified
the clinical reactions into five grades for non-passed OFCs according to Cox et al.'® According
to the grading scale, reactions involving symptoms or signs related to one organ system

are grade 1, those related to multiple organ systems are grade 2, respiratory symptoms that
are unresponsive to bronchodilators are grade 3, reactions involving respiratory failure or
hypotension are grade 4, and reactions that result in death are grade 5.°°

Laboratory examinations

Immunologic parameters such as serum total IgE, blood eosinophils, and specific IgE and
1gG4 levels for food allergens (measured within 3 months before the OFC) were collected
and compared. All clinical laboratory examinations were conducted at the Department

of Laboratory Medicine at Severance Hospital. Total IgE, allergen-specific IgE, and IgG4
levels were measured using the ImmunoCAP® 250 system (Phadia, Uppsala, Sweden). Blood
eosinophils were assessed using an XN9000 hematology system (Sysmex, Kobe, Japan).

Selection of variable of importance via ML processing

Using the dataset 0of 129 egg OFCs and 86 milk OFCs for confirmation of tolerance
development, we performed ML modeling to identify significant variables in predicting
outcomes of OFCs for tolerance development. The patient’s sex, age, history of allergy to
multiple foods, allergic comorbidities (asthma, atopic dermatitis, and allergic rhinitis),
anaphylaxis history, serum total IgE, and food-specific IgE were included while selecting
important variables. Four different feature ranking techniques were used: gradient boosting
machine, Extreme Gradient Boost (XGBoost), random forest, and extremely randomized
trees (extra trees). The dataset—randomly split into 70%-training and 30%-validation
sets—underwent three-fold stratified cross-validation. Random and grid search techniques
were applied for hyperparameter tuning. The model’s performance was evaluated using the
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test accuracy, Fl-score, and area under the receiver operating characteristic curve (AUC) for
the pass group. The averaged value and 95% confidence intervals (CIs) were calculated via
bootstrap resampling of the test dataset with replacement of 1000 times. The feature ranking
of each ML model was evaluated using permutation-based variable importance measures;
each importance value represented the mean decrease in the model for the prediction of

passing OFCs if the variable values were permuted randomly. Among the four ML models,
feature ranking with the best prediction performance (AUC) was selected for nomogram
development. ML modeling was implemented in Python, using the scikit-learn library
(Python 3.9.0, scikit-learn 1.1.2).

Statistical analyses

Statistical analyses were conducted using SPSS version 25.0 for Windows (IBM Corp.,
Armonk, NY, USA) and R version 3.3.3 (The R Foundation for Statistical Computing, Vienna,
Austria). For inter-group comparisons, the Mann-Whitney test and > test were used. Missing
values were imputed with the median values of the variable. A Pvalue < 0.05 was considered
statistically significant.

Weighted scatterplots (multi-class hexbins) were employed to visualize the relationship
between OFC results and factors that could affect the challenge results. The size of each
hexbin was considered proportional to the observed frequency of the challenge; the
distribution of the OFC results was visualized by dividing up each hexbin.

Nomograms were constructed by considering factors that may affect tolerance development
in order to provide a prediction method for OFC outcomes. The variables for nomogram
development were selected via ML processing, as described earlier. An upward vertical line
was drawn from each variable to the points bar to calculate points; subsequently, a downward
vertical line was drawn from the total points to represent the probability of passing OFCs for
confirmation of tolerance. After construction, we validated the nomograms in the external
validation cohort. The AUC of the nomogram was used to evaluate the discriminative ability.”

RESULTS

Patient demographics and clinical characteristics of the OFCs

In total, 432 OFCs in 334 patients were analyzed, including 268 boys (62.0%). The participants’
median (minimum-maximum) age was 38.0 (5.0-228.0) months. During the OFCs, patients
in the pass group were younger than those in the non-pass group (34.0 vs. 45.5 months,
respectively, P=0.002). Anaphylaxis was more prevalent in the non-pass group (27.5%) than
in the pass group (17.2%, P=0.014). More than half of the patients had atopic dermatitis, and
less than one-third had asthma or a history of allergic rhinitis. Almost two-thirds of patients
had multiple food allergies; proportions were comparable between groups. Regarding food-
related symptoms in the patients, anaphylaxis was more prevalent in the non-pass group
(27.5%) than in the pass group (17.2%, P= 0.014) (Table 1).

Among the various indications for OFCs, the most common was tolerance confirmation
(n =267, 61.8%), followed by diagnosis (n =114, 26.4%), determination of the quantity for
safe intake (n =34, 7.9%), and determination of the dose for oral immunotherapy (n =17,
3.9%). The pass rate was highest among OFCs for diagnosis confirmation (n = 83, 72.8%),
followed by those for tolerance confirmation (n =179, 67.0%). OFCs for determination of
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Table 1. Demographic characteristics of patients who underwent OFCs

Characteristics Passed OFCs (n = 290) Non-passed OFCs (n = 142)  Pvalue
Age at OFC (mon) 34.0 (5.0-206.0) 45.5 (7.0-228.0) 0.002
Male sex 183 (63.1) 85 (59.9) 0.514
Allergic comorbidities
Asthma 76 (26.2) 41 (28.9) 0.558
Atopic dermatitis 164 (56.6) 79 (55.6) 0.857
Allergic rhinitis 82 (28.3) 40(28.2) 0.982
Multiple food allergies 185 (63.8) 93 (65.5) 0.729
Food-related symptoms
Urticaria 211 (72.8) 90 (63.4) 0.058
Angioedema 34 (11.7) 24 (16.9) 0.138
Respiratory symptoms 10 (3.4) 7 (4.9) 0.457
Gastrointestinal symptoms 23(7.9) 9(6.3) 0.553
Anaphylaxis 50(17.2) 39 (27.5) 0.014
Immunologic parameters
Total IE (IU/mL) (n = 427) 189.5 (2.52-5,471.0) 981.0 (7.50-6,383.0) 0.047
Blood eosinophils (/mm?) (n = 413) 310.0 (0.0-2,340.0) 340.0 (0.0-2,340.0) 0.663
Data are presented as number (%) or median (minimum-maximum). Statistically significant P values (P < 0.05)
are in bold.

OFC, oral food challenge; IgE, immunoglobulin E.

safe intake quantity or dose for immunotherapy tended to have a lower pass rate. The most
common food allergens tested were egg (n = 187, 43.3%) and milk (n =132, 30.6%). The pass
rate was highest for OFCs with peanuts (n = 30, 76.9%), followed by eggs (n = 145, 77.5%)
(Supplementary Table S1). Among 142 non-passed OFC cases, 84 were grade 1, 46 were grade
2, 7 were grade 3, 5 were grade 4, and O were grade 5. The reacting dose varied between the
patients, from a lip smear to a full dose.

OFCs for confirmation of tolerance development

We performed further analyses on OFCs to confirm tolerance with the two most common

food allergens, egg and milk. In total, 129 egg OFCs were performed to confirm tolerance
development, and the participants passed 103 (79.8%). Further, egg white-specific IgE was
significantly lower (P=0.008), and egg white IgG4/IgE was significantly higher (P=0.023) in the
pass group. Allergic comorbidities (e.g., history of asthma, atopic dermatitis, and allergic rhinitis)
and multiple food allergies were comparable between groups. Total IgE and blood eosinophils
showed no statistically significant difference (P=0.321 and 0.742, respectively) (Table 2).

As for milk allergen, 86 OFCs were performed to confirm tolerance development. The
participants passed 49 (57.0%) of these OFCs. Age was significantly different between the
pass and non-pass groups (median age: 25.0 months versus 38.0 months, respectively,
P=0.029; Table 3). The median values of cow’s milk IgE (P=0.002) and casein-specific IgE
(P=0.005) were significantly lower in the pass group than in the non-pass group. As for
IgG4, the casein-specific IgG4/IgE ratio was significantly higher in the pass group (P = 0.048)
than in the non-pass group. The incidence of allergic comorbidities and history of multiple
food allergies were comparable between groups.

Weighted scatterplots between age, food-specific IZE, and the results of the
challenge

Fig. 1 shows the OFC distribution according to age and food-specific IgE, accounting for the
challenge results. In egg OFCs for confirmation of tolerance, the distribution of non-passed
OFCs tended to have high egg white-specific IgE. The distribution of egg OFC results showed no
association with age. However, the proportion of non-passed OFCs for participants aged < 60

https://e-aair.org https://doi.org/10.4168/aair.2024.16.2.179 183



Predicting Pediatric Oral Food Challenge Outcomes

Allergy, Asthma &
Immunology Research

https://e-aair.org

Table 2. Characteristics of the patients who underwent egg OFCs to confirm tolerance development

Characteristics

Passed OFCs (n = 103)

Non-passed OFCs (n = 26) Pvalue

Age (mon)
Male sex
Comorbidities
Asthma
Atopic dermatitis
Allergic rhinitis
Multiple food allergy
Food-related symptoms
Urticaria
Angioedema
Respiratory symptoms
Gastrointestinal symptoms
Anaphylaxis due to egg consumption
Immunologic parameters
Total IgE (kU/L) (n = 128)
Blood eosinophils (/mm?) (n = 120)
EW-specific IgE (kU/L) (n = 129)
EW-specific IgE/tIgE (n = 128)
EW-specific 1IgG4 (kU/L) (n = 62)
EW-specific 1IgG4/IgE (n = 62)

32.0 (10.0-145.0)
67 (65.0)

23 (22.3)
60 (58.3)
29 (28.2)
56 (54.4)

79 (76.7)
12 (11.7)
3(2.9)
8(7.8)
4(3.9)

154.0 (5.00-4,279.0)
950.0 (0.00-1,480.0)
3.58 (0.14-57.80)

0.019 (0.00-0.31)
1.08 (0.01-80.30)
0.31 (0.00-57.2)

36.5 (20.0-146.0) 0.318
13 (50.0) 0.158
5(19.2) 0.732
18 (69.2) 0.306
4(15.4) 0.182
15 (57.7) 0.761
23 (88.5) 0.281
2(7.7) 0.562
0(0.0) 0.379
1(3.8) 0.483
0(0.0) 0.307

193.0 (28.1-5,001.0) 0.321
305.0 (0.00-1,110.0) 0.742

6.25 (0.20-29.20) 0.008
0.293 (0.00-0.13) 0.115
0.41 (0.08-10.40) 0.242
0.06 (0.01-1.41) 0.023

Data are presented as number (%) or median (range). Statistically significant P values (P < 0.05) are in bold.
OFC, oral food challenge; IgE, immunoglobulin E; 1gG4, immunoglobulin G4; tigE, total IgE; EW, egg white.

Table 3. Characteristics of the patients who underwent milk OFCs to confirm tolerance development

Characteristics

Passed OFCs (n = 49)

Non-passed OFCs (n = 37) Pvalue

Age (mon)
Male sex
Comorbidities
Asthma
Atopic dermatitis
Allergic rhinitis
Multiple food allergy
Food-related symptoms
Urticaria
Angioedema
Respiratory symptoms
Gastrointestinal symptoms
Anaphylaxis due to milk consumption
Immunologic parameters
Total IgE (kU/L) (n = 86)
Blood eosinophils (/mm?) (n = 83)
CM-specific IgE (kU/L) (n = 86)
CM-specific IgE/tIgE (n = 86)
Casein-specific IgE (kU/L) (n = 39)
Casein-specific 1IgG4 (kU/L) (n = 24)
Casein-specific 1IgG4/IgE (n = 24)

25.0 (12.0-132.0)
27 (55.1)

13 (26.5)
32 (65.3)

8 (16.3)
39 (79.6)

34 (69.4)
5(10.2)
4(8.2)
6(12.9)
5(10.2)

177.0 (2.52-3,406.0)
955.0 (20.0-1,960.0)
1.71 (0.04-19.60)

0.012 (0.00-0.07)
0.40 (0.00-7.46)
0.23 (0.08-3.98)
0.69 (0.06-3.26)

38.0(11.0-155.0) 0.029
21 (56.8) 0.878
13(35.1) 0.390
20 (54.1) 0.291

8 (21.6) 0.532

30 (81.1) 0.864

922 (59.5) 0.369

6 (16.2) 0.409
4(10.8) 0.676
3(8.1) 0.535
5(13.5) 0.635

186.0 (8.80-2,891.0) 0.631
300.0 (0.00-1,110.0) 0.915
3.75(0.35-101.0) 0.002
0.024 (0.00-0.11) 0.007

3.87 (0.12-101.0) 0.005

0.68 (0.09-20.0) 0.285

0.16 (0.02-1.13) 0.048

Data are presented as number (%) or median (range). Statistically significant P values (P < 0.05) are in bold.
OFC, oral food challenge; IgE, immunoglobulin E; 18G4, immunoglobulin G4; tIgE, total IgE; CM, cow’s milk.

months seemed to be higher in older than younger patients. As for milk, non-passed OFCs were
associated with higher levels of cow’s milk-specific IgE. The proportion of non-passed OFCs in
patients older than 60 months was higher than in those younger than 60 months. For patients
younger than 60 months, age seemed irrelevant; non-passed OFCs were distributed throughout

all ages with a comparable proportion.
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Fig. 1. Distribution of oral food challenge results based on age and food-specific immunoglobulin E for egg white and cow’s milk. These weighted scatterplots
(multi-class hexbins) visualize the relationship between OFC results in association with the age and allergen-specific IgE levels. The size of each hexbin is
proportional to the observed frequency of the challenge at a certain age and IgE level. Within the hexbin, yellow represents the proportion of passed OFCs,
whereas grey represents that of the nonpassed ones.

IgE, immunoglobulin E; OFC, oral food challenge.

Predicting OFC outcomes for confirmation of tolerance development

Among the techniques for selection of variables of importance, XGBoost produced the
highest AUC (95% CI) of 0.856 (0.699-0.974) for egg and 0.832 (0.662-0.966) for milk
(Supplementary Table S2). Among the included variables, the top three important features
were egg white-specific IgE, total IgE, and age for egg, and cow’s milk-specific IgE, age, and
total IgE for milk.

Further, we constructed a nomogram for predicting outcomes of OFCs to confirm tolerance
development by using the top three important features selected via ML processing. Lower
food-specific IgE was correlated with a higher probability of passing egg and milk OFCs.
Additionally, younger age and higher total IgE were associated with a higher probability

of passing. The AUCs (95% CI) for each nomogram were 0.623 (0.503-0.743) and 0.734
(0.628-0.840) for egg and milk, respectively (Fig. 2).

Egg Milk

Points 0 10 20 3 40 50 6 70 8 %0 10 Points 0 10 20 30 4 50 60 70 8 90 100
[ e o T

Age (mon) 150 120 90 70 50 30 10 Age (mon) 160 120 80 40 0

Total IgE (kU/L) 0 100 2500 4000 5500 Total IgE (kU/L) o500 1500 2500 3500

Eggwhite IgE (KU/L) & o5 s 45 40 5 a0 25 20 15 10 5 0 Cow's milkIgE (KU/L) 4fg 100 o s 70 e 5 4 3 20 1 o
Total points 0 0 40 60 80 100 120 140 160 Total points 0 2 40 e 8 100 120 140 160
Probability of OFC passage 05 06 0 o Probability of OFC passage 0001 001 0001020.8066080%.95

Fig. 2. Nomogram for patients of all ages. For each variable, a point is assigned by drawing an upward vertical line from the value on the variable to the “Points”
axis. After identifying the points for each variable, these points are summed. The total sum is calculated on the “Total Points” axis, and a downward vertical line
is drawn from this point to the bottom “Probability of OFC passage” axis.

IgE, immunoglobulin E; OFC, oral food challenge.
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External validation of the nomogram
We included 50 patients, each with egg allergy and milk allergy, for external validation of

the nomogram to predict the outcome of OFCs for confirmation of tolerance development.
The external validation cohort showed similar immunologic trends to the exploratory
cohort. The pass group had lower egg white IgE (P = 0.034; Supplementary Table S3), cow’s
milk IgE (P=0.004), and casein-specific IgE (P= 0.002) levels than the non-pass group
(Supplementary Table S4). Finally, the validated nomogram had an AUC (95% CI) of 0.651
(0.494-0.808) for egg and 0.644 (0.487-0.802) for milk.

DISCUSSION

This study analyzed OFCs to confirm tolerance development with the most common food
allergens tested (egg and milk). The pass group from OFCs had lower food-specific IgE levels
and higher food-specific IgG4/IgE ratios than the non-pass group for both food allergens.
After selecting the relevant variables via ML, we developed a prediction model for passing
OFCs to confirm tolerance development to food allergens. The nomograms encompassed
age, the food-specific IgE and total IgE levels as predictive factors and were validated in an
independent external cohort.

The data assessed included OFC status for over a decade, according to causative food
allergens and indications, among patients from multiple referral institutions. The most
common allergens tested were egg and milk, followed by peanut, walnut, and wheat, in
accordance with the leading causes of food allergy in Korea.'® The most common indication
for OFCs was confirmation of tolerance development (61.8%). Indications can show a
variable distribution because implementing OFCs is a clinical decision made by physicians
related to patient factors, including age, food allergen, reaction severity, and caregiver-
related factors. The severity of allergic reactions to OFCs depended on the indication; the
reaction was significantly higher when determining threshold levels for oral immunotherapy,
which might be inevitable.? The patients’ demographics showed a lower median age in the
pass group compared to the non-pass group. The timing of OFCs to confirm tolerance or
determine safe intake and dosage for oral immunotherapy is at the discretion of the clinician,
which may cause bias and delays in patients with a history of anaphylaxis, as OFC is relatively
contraindicated in patients with a recent anaphylaxis history.!

The food-specific IgE level, specific IgE to total IgE ratio, and IgG4 level may be considered
factors related to allergic reaction on ingestion.*>**2* The allergen-specific IgE levels were
lower in the pass group than in the non-pass group, consistent with previous studies,** while
IgG4/IgE ratios were higher in the pass group.*** However, there were other inconsistencies
and complexities regarding tolerance development. We investigated the trend in OFC results
to confirm tolerance development via weighted scatterplots, which visualized the distribution
of OFC results according to the participants’ age and food-specific IgE level. Overall, 57.0% of
the participants passed milk OFCs, while 79.8% passed egg OFCs. In egg OFCs, age and egg
white-specific IgE were associated with OFC outcomes in children younger than 60 months,
but did not show much association in older children. In milk OFCs, age seemed irrelevant in
children under 60 months, whereas more children older than 60 months did not pass.

The weighted scatterplots revealed the need for a novel combination of associated factors.
While many prior investigations have used specific variables to predict OFC outcomes,
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few studies have evaluated the combination of important factors, particularly for the
confirmation of tolerance development in food allergy.>*"** ML was first utilized for
predicting outcomes of the heated egg challenge, and a recent study with ensemble learning
developed a prediction model for peanut, egg, and milk allergies.*** Nevertheless, the
aforementioned studies developed models for diagnosing food allergies. In real-world

clinical settings, OFCs are also performed for the confirmation of tolerance development.
Despite reports on the clinical implications of each factor, clinicians are expected to consider
these variables collectively when deciding the timing of an OFC, which is a challenging task.
There is a need for a ready-to-use prediction model that can aid clinicians in decision-making
and minimize risks.

Therefore, we selected important factors via ML processing and constructed food-specific
nomograms to predict OFC outcomes. We also validated these nomograms using an
external independent cohort. The nomogram for egg OFCs to confirm tolerance showed
that a younger age, higher total IgE level, and lower egg white-specific IgE level increased
the likelihood of passing. Similarly, in the nomogram for milk OFCs, younger age, lower
cow’s milk IgE level, and higher total IgE level indicated a higher probability of passing. An
increased total IgE level was reported to reduce allergic reactivity; patients with higher total
IgE levels were significantly less responsive in egg and milk OFCs.*® A possible explanation
for this association is that higher nonspecific or low-affinity IgE levels suppress allergen-
specific IgE-mediated activation of basophils in vitro.> To our knowledge, these nomograms
are the first easy-to-use tool for predicting tolerance development in children with egg and
milk allergies. The prediction from OFC outcomes can guide OFC enforcement timing, while
minimizing associated risks.

Despite data collection spanning over a decade from multiple institutions, there are

certain limitations. Pediatric OFCs are inherently resource-intensive and time-consuming,
compounded by diverse allergenic foods and frequent natural tolerance development.
Consequently, several cases are diagnosed and resolved without OFCs, leading to a limited
sample size. In this study, we focused primarily on egg and milk, the most prevalent allergens in
our dataset and those most associated with tolerance development. Allergens, such as peanuts
and buckwheat, are more prone to systemic reactions, indicating a greater risk of anaphylaxis

in OFCs. However, they have a lower rate of natural tolerance development and, thus, are less
frequently used in OFCs for tolerance confirmation.® Further research with a larger sample size
would enable predictive modeling for reducing systemic reactions for these allergens.

Although retrospective in nature, this study conducted a fine analysis using nomograms
for egg and milk OFCs, with validation in an independent cohort. The clinical decision to
implement OFCs depends on each clinician. We attempted to overcome clinician-related
factors by conducting a multicenter study over 10 years and using a separate validation
cohort comprising more than eight physicians. Our nomograms achieved an AUC (95% CI)
0f'0.623 (0.503-0.743) and 0.734 (0.628-0.840) for egg and milk OFCs, which were likely
influenced by patient heterogeneity and a small sample size. Despite these challenges,
the validation group demonstrated AUCs of 0.651 (0.494—0.808) and 0.644 (0.487-0.802)
for egg and milk, respectively. This validation can be deemed comparable because the
finding was achieved with a small sample size (n = 50) from a different institution with
other environmental factors. Statistically, comparing AUC levels between the original and
validation cohorts resulted in P-values of 0.787 and 0.361 for egg and milk, respectively,
indicating a statistically insignificant difference. Furthermore, when evaluated using Area
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Under the Precision-Recall Curve, which can be used in case of an imbalance between data
used in modeling, the values exceeded the actual prevalence of pass outcomes, namely

0.840 and 0.790 for egg and milk, respectively. In addition, upon performing modeling with
adjustments for data imbalance, the results exhibited comparable outcomes in terms of AUC
(data not shown).® This aspect reinforces the potential of our nomograms as a novel and
practical clinical tool, demonstrating promising utility despite the limitations.

Finally, our nomogram can guide OFC enforcement timing indirectly regarding safety. However,
our results should be interpreted with caution. The majority of patients who undergo OFCs to
confirm tolerance development are under diet restriction due to previous—mostly severe—
allergic reactions. Therefore, our results should not be used as a predictive marker of tolerance
development to food allergens, but as a tool to help clinicians make decisions for a safer OFC.

The results of this study indicated that combined age, total IgE, and food-specific IgE
correlated with an increased likelihood of passing OFCs for tolerance confirmation in
children with egg or milk allergies. Our prediction model for tolerance confirmation can
guide clinicians regarding optimal timing for OFCs, while minimizing risks.
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