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Developing a PredictionModel for Determination of
Peanut Allergy Status in the Learning Early About
Peanut Allergy (LEAP) Studies
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What is already known about this topic? There is a need for diagnostic tools for predicting food allergy status in the
absence of an oral food challenge (OFC). Previous work has largely used sequential algorithms that have limitations in
specificity or result in a significant number of nonevaluable results.

What does this article add to our knowledge? A logistic regression model using skin test and serum IgE values
outperforms a traditional clinical algorithm to predict peanut allergy in the absence of an OFC.

How does this study impact current management guidelines? Statistical models could be used in the future as an
adjunct to help support clinical decision making, prioritization, and risk assessment before OFC.
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BACKGROUND: The Learning Early About Peanut Allergy
(LEAP) study team developed a protocol-specific algorithm us-
ing dietary history, peanut-specific IgE, and skin prick test (SPT)
to determine peanut allergy status if the oral food challenge
(OFC) could not be administered or did not provide a deter-
minant result.
OBJECTIVE: To investigate how well the algorithm determined
allergy status in LEAP; to develop a new prediction model to
determine peanut allergy status when OFC results are not
available in LEAP Trio, a follow-up study of LEAP participants
and their families; and to compare the new prediction model
with the algorithm.
METHODS: The algorithm was developed for the LEAP protocol
before the analysis of the primary outcome. Subsequently, a
prediction model was developed using logistic regression.
RESULTS: Using the protocol-specified algorithm, 73% (453/
617) of allergy determinations matched the OFC, 0.6% (4/617)
were mismatched, and 26% (160/617) participants were non-
evaluable. The prediction model included SPT, peanut-specific
IgE, Ara h 1, Ara h 2, and Ara h 3. The model inaccurately
predicted 1 of 266 participants as allergic who were not allergic
by OFC and 8 of 57 participants as not allergic who were allergic
by OFC. The overall error rate was 9 of 323 (2.8%) with an area
under the curve of 0.99. The prediction model additionally
performed well in an external validation cohort.
CONCLUSION: The prediction model performed with high
sensitivity and accuracy, eliminated the problem of nonevaluable
outcomes, and can be used to estimate peanut allergy status in
the LEAP Trio study when OFC is not available. � 2023 The
Authors. Published by Elsevier Inc. on behalf of the American
Academy of Allergy, Asthma & Immunology. This is an open
access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/). (J Allergy Clin
Immunol Pract 2023;11:2217-27)

Key words: Food allergy; Peanut allergy; Prevention; LEAP;
Diagnostic algorithm

The Learning Early About Peanut Allergy (LEAP) study
showed that sustained consumption of peanut beginning between
age 4 and 11 months among infants at high risk for food allergy
resulted in an 81% lower rate of peanut allergy at age 60 months
than among children who avoided peanuts.1 The subsequent
Persistence of Oral Tolerance to Peanut (LEAP-On) study showed
that the prevention of peanut allergy persisted at 72 months of age
after 12 months of not eating peanuts.2 This same population was
followed to 144 months of age after a prolonged period of ad lib
consumption, LEAP Trio study (ClinicalTrials.gov
NCT03546413). The LEAP Trio study is evaluating the orig-
inal LEAP study participants at 12 to 16 years of age after a further
6 to 10 years of ad lib peanut consumption to see whether the
protective effect of early peanut consumption remains; LEAP Trio
will also be examining the allergic status of the siblings and par-
ents. Missing data for oral food challenge (OFC), peanut-specific
IgE (Pn-sIgE), and skin prick test (SPT) to peanut are expected in
LEAP Trio at a higher rate than observed in LEAP or LEAP-On,
particularly in the context of the COVID-19 pandemic.

In both previous studies (LEAP and LEAP-On), the primary
outcome of peanut allergy was determined using an OFC in
more than 90% of participants. Participants not expected to be
allergic based on the peanut SPT and food reaction history
received 5 g of peanut protein in a single dose. A double-blind,
placebo-controlled food challenge was conducted for other par-
ticipants with incremental doses (total of 9.4 g of peanut protein)
as previously described.1,3 Among those who did not have an
outcome determined by OFC, peanut allergy was determined by
a clinical algorithm specified in the protocol. The algorithm was
developed based on clinical expertise and the relevant literature at
the time. The algorithm incorporated dietary history, peanut
SPT wheal size, and Pn-sIgE values.

In this analysis, we investigated the accuracy of the original
LEAP protocol-specified clinical algorithm in predicting peanut
allergy assessed by the gold standard OFC. We then developed a
new prediction model using statistical modeling techniques. The
new prediction model is intended to be used to assign peanut
allergy status when OFC results are not available, primarily in the
LEAP Trio study. The prediction model will provide an a priori
method for imputing peanut allergy status when an OFC
outcome is not available. LEAP Trio completed enrollment in
August 2022 and results are expected early 2023.

We validated the model with the LEAP-On study and an
external cohort with differing characteristics to determine if the
model can be applied in other studies with appropriate consid-
eration of population differences.

METHODS

Study population, design, and procedures
This is a secondary analysis using data from the LEAP study, which

has been previously published.1 The LEAP study enrolled infants�4 to
<11 months of age with severe eczema and/or egg allergy. Participants
were randomly assigned to avoid or consume peanut. Assessments,
including Pn-sIgE to peanut and SPT measurements, were undertaken
at enrollment and at age 12, 30, and 60 months. Duplicate skin tests
were used in the LEAP studies, and the SPT wheal diameter was
averaged. If the difference exceeded an expected amount, a third SPT
was performed and the highest 2 results were used in an interest of
safety. Peanut allergy was assessed at 60 months of age and was
determined in 617 participants through an OFC (Figure 1). Among 11
(1.7%) study participants for whom data from the OFC were either
inconclusive or not available, peanut allergy status was determined using
the original LEAP protocolespecified algorithm (Figure 2) based on
clinical history, SPT, and values for Pn-sIgE. The LEAP study was
approved by the institutional review board (the National Research
Ethics Service Committee LondoneFulham).

Evaluation of the protocol-specified algorithm
To evaluate the accuracy of the protocol-specified algorithm, we

compared participants’ allergy status as determined by the OFC at
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FIGURE 1. CONSORT (Consolidated Standards of Reporting Trials) diagram. LEAP, Learning Early About Peanut Allergy; OFC, oral food
challenge.
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the end of the LEAP study (n ¼ 617) to the status of the same
participant as determined by the protocol-specified algorithm. The
first step in this algorithm (Figure 2) grouped participants by allergic
symptoms related to peanut exposure at any time. Those who had
not experienced allergic symptoms were then grouped by whether
they had been exposed to no more than a trace amount of peanut
protein (0.25 g in a single exposure) in the previous 12 months.
Each group was then subdivided based on peanut SPT wheal size
and then by Pn-sIgE to determine peanut allergy status as allergic,
tolerant, or nonevaluable. For example, if a participant had not
experienced symptoms related to peanut exposure, had no more than
trace exposure in the previous 12 months, and had SPT wheal <3
mm and Pn-sIgE <0.35 kU/L, they would have been classified as
tolerant (not allergic). If that same participant had Pn-sIgE >0.35
kU/L, they would have been classified as nonevaluable. The accuracy
of this algorithm was also evaluated without the Pn-sIgE criteria.

Development of the prediction model
We developed a statistical model to predict the outcome (allergic/

nonallergic) of a peanut OFC using 2 different populations: the 617
LEAP participants with a determinate OFC and the subset of 323
participants who did not consume peanut in the year before the OFC
(Figure 1). This subset consisted of the 301 LEAP participants ran-
domized to peanut avoidance who had a determinate OFC outcome
at the end of LEAP as well as 22 LEAP participants randomized to the
consumption group who did not consume peanut in the year before
the OFC. In constructing the prediction model, all participants who
were avoiding peanut were included, specifically those who did not
consume 2 g of peanut per week or on any single occasion.

We considered biomarkers known to be diagnostic of peanut
allergy that could be determined easily and reliably: SPT (mm),
Pn-sIgE (kU/L), Ara h 1 (kU/L), Ara h 2 (kU/L), and Ara h
3 (kU/L). Peanut-specific IgG4 (Pn-sIgG4) was not included
because of the lack of consistent evidence that it is diagnostic of
peanut allergy4-8 as well as the uncertainty of its longitudinal tra-
jectory after 72 months of age (Figure E1, available in this article’s
Online Repository at www.jaci-inpractice.org). Moreover, IgG4 had
the lowest relative importance for prediction compared with all other
variables (Figure E2, available in this article’s Online Repository at
www.jaci-inpractice.org). All variables were treated as continuous
variables. A square root transformation for SPT and log10 trans-
formation for the other variables were applied to reduce the degree of
skewness. Distributions with heavy tails, such as those observed in
the LEAP data, can have an undue influence on the model coeffi-
cient estimates resulting in a worse fit. Among the subset (n ¼ 323),
8 (2.5%) participants are missing data for Pn-sIgE, which was
assigned a value using the MICE (Multiple Imputation by Chained
Equations) predictive mean matching algorithm using the other
model patient characteristics.9 All 8 participants were randomized to
peanut avoidance, had a 0 mm peanut SPT wheal, and had a
negative OFC at the end of LEAP. Sixty-four (20%) participants did
not have Ara h component measurements because specimens were

http://www.jaci-inpractice.org
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FIGURE 2. LEAP protocol-specified algorithm. LEAP, Learning Early About Peanut Allergy; SPT, skin prick test.

J ALLERGY CLIN IMMUNOL PRACT
JULY 2023

2220 SEVER ETAL
not assayed for peanut components if participants did not have at
least 1 Pn-sIgE measurement greater than 0.1 kU/L. Values for Ara h
1, 2, and 3 for these participants were filled in as the lowest available
value from the assay (0.01 kU/L) if Pn-sIgE was less than or equal to
0.1 kU/L. Finally, those participants with Pn-sIgE greater than 0.1
kU/L but with peanut-specific components missing (approximately
15%) were assigned a value using the MICE algorithm described
above. The inclusion of this small number of these assigned values
did not alter the median and ranges for Pn-sIgE or SPT, nor did it
change the predictive behavior of the model (data not shown).

Logistic regression analysis was performed with OFC as a dichot-
omous outcome and the aforementioned variables in an additive
model. The discriminatory power of the model was investigated by
several metrics and calculated in a 5-fold cross-validation to control for



TABLE I. Characteristics of participants by oral food challenge results

Characteristics All (N [ 617)

Peanut avoidance

Overall (N [ 323) Not allergic (N [ 266) Allergic (N [ 57) P value*

Sex, n (%) .25

Male 370 (60) 211 (65) 170 (64) 41 (72)

Female 247 (40) 112 (35) 96 (36) 16 (28)

Primary ethnicity, n (%) .028

White 455 (74) 241 (75) 206 (77) 35 (61)

Mixed 83 (13) 41 (13) 31 (12) 10 (18)

Black 47 (7.6) 27 (8.4) 21 (7.9) 6 (11)

Asian 24 (3.9) 10 (3.1) 6 (2.3) 4 (7.0)

Chinese, middle eastern, or other group 7 (1.1) 3 (0.9) 2 (0.8) 1 (1.8)

Missing 1 (0.2) 1 (0.3) 0 (0) 1 (1.8)

Age at OFC (y) .52

Median (IQR) 5.0 (4.8, 5.2) 5.0 (4.8, 5.2) 5.0 (4.8, 5.2) 5.0 (4.8, 5.2)

Range 4.3-6.8 4.3-6.5 4.3-6.5 4.5-6.0

Treatment group, n (%) .007

Peanut avoidance 305 (49) 301 (93) 253 (95) 48 (84)

Peanut consumption 312 (51) 22 (6.8) 13 (4.9) 9 (16)

Peanut wheal size (mm) <.001

Median (IQR) 0.0 (0.0, 0.0) 0.0 (0.0, 2.0) 0.0 (0.0, 0.0) 9.0 (6.0, 12.0)

Range 0.0-18.0 0.0-18.0 0.0-8.0 0.0-18.0

Missing 1

Peanut-specific IgE (kU/L) <.001

Median (IQR) 0.08 (0.02, 0.54) 0.07 (0.01, 1.00) 0.04 (0.01, 0.22) 3.75 (1.06, 36.30)

Range 0.01-363 0.01-363 0.01-21 0.14-363

Missing 24 8 8 0

Peanut-specific IgG4 (mg/L) .001

Median (IQR) 320 (70, 1240) 105 (70, 460) 80 (70, 352) 210 (80, 685)

Range 70-50,300 70-22,700 70-22,700 70-19,500

Missing 26 9 8 1

IgG4 (mg/L)/IgE (ng/mL) ratio log <.001

Median (IQR) 3.27 (2.51, 3.74) 2.99 (2.13, 3.46) 3.18 (2.56, 3.46) 1.46 (0.81, 2.02)

Range �0.38 to 5.31 �0.38 to 4.89 0.67 to 4.89 �0.38 to 3.03

Missing 26 9 8 1

Ara h 1 (kU/L) <.001

Median (IQR) 0.01 (0.01, 0.03) 0.01 (0.01, 0.04) 0.01 (0.01, 0.02) 0.16 (0.01, 4.26)

Range 0.01-279.0 0.01-279.0 0.01-1.3 0.01-279.0

Missing 137 64 58 6

Ara h 2 (kU/L) <.001

Median (IQR) 0.01 (0.01, 0.04) 0.01 (0.01, 0.06) 0.01 (0.01, 0.02) 1.75 (0.28, 18.30)

Range 0.01-456.0 0.01-456.0 0.01-0.5 0.01-456.0

Missing 137 64 58 6

Ara h 3 (kU/L) <.001

Median (IQR) 0.01 (0.01, 0.04) 0.01 (0.01, 0.04) 0.01 (0.01, 0.03) 0.08 (0.01, 0.45)

Range 0.01-92.1 0.01-92.1 0.01-5.4 0.01-92.1

Missing 137 64 58 6

Ara h 1 (kU/L) attributed <.001

Median (IQR) 0.01 (0.01, 0.02) 0.01 (0.01, 0.03) 0.01 (0.01, 0.02) 0.19 (0.01, 4.05)

Range 0.01-279.0 0.01-279.0 0.01-1.3 0.01-279.0

Ara h 2 (kU/L) attributed <.001

Median (IQR) 0.01 (0.01, 0.04) 0.01 (0.01, 0.05) 0.01 (0.01, 0.01) 1.75 (0.30, 38.50)

Range 0.01-456.0 0.01-456.0 0.01-0.5 0.01-456.0

Ara h 3 (kU/L) attributed <.001

Median (IQR) 0.01 (0.01, 0.04) 0.01 (0.01, 0.04) 0.01 (0.01, 0.02) 0.08 (0.01, 0.46)

Range 0.01-92.1 0.01-92.1 0.01-5.4 0.01-92.1

Peanut wheal size, peanut-specific IgE, peanut-specific IgG4, and Ara h 1, 2, and 3 were all assessed at the time of the OFC.
IQR, Interquartile range; OFC, oral food challenge.
*Pearson c2 test, Fisher exact test, and Wilcoxon rank-sum test.
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TABLE II. Comparison of protocol-specified algorithm
determination of allergy status with peanut-specific IgE criteria
to the OFC outcome

Allergy status (determined by OFC)

TotalNot allergic Allergic

Allergy status
(protocol-
specified
algorithm),
n (%)

Not allergic 417 (74.5) 0 (0) 417 (68)

Allergic 4 (0.7) 36 (63.2) 40 (6)

Not evaluable 139 (24.8) 21 (36.8) 160 (26)

Total 560 57 617

OFC, Oral food challenge.

TABLE III. Comparison of protocol-specified algorithm
determination of allergy status without peanut-specific IgE
criteria to the OFC outcome

Allergy status (determined by OFC)

TotalNot allergic Allergic

Allergy status
(protocol-
specified
algorithm
removing
IgE criteria),
n (%)

Not allergic 504 (90.0) 0 (0) 504 (81.7)

Allergic 25 (4.5) 55 (96.5) 80 (13.7)

Not evaluable 31 (5.5) 2 (3.5) 33 (5.3)

Total 560 57 617

OFC, Oral food challenge.

TABLE IV. Multivariate results for the prediction of the oral food
challenge outcome

Variable N OR 95% CI P value

Peanut wheal size (mm) Sqrt 323 10.4 3.92, 36.1 <.001

Peanut-specific IgE (kU/L) Log 323 0.62 0.15, 2.35 .49

Ara h 1 (kU/L) Log 323 0.57 0.13, 2.11 .42

Ara h 2 (kU/L) Log 323 11.5 3.22, 57.0 <.001

Ara h 3 (kU/L) Log 323 0.53 0.09, 2.24 .42

AIC: 67.6; BIC: 90.3.
This predictive model was developed for the LEAP Trio cohort, and its further use
will need to be trialed in local populations before use in clinical practice. Formula:
logit(OFC_Positive) ¼ �4.03 þ 2.35*O(skin test [mm]) e 0.48*log10(IgE [kU/L])
e 0.56*log10(Ara h 1 [kU/L]) þ 2.44*log10(Ara h 2 [kU/L]) e 0.64*log10(Ara h 3
[kU/L]).
AIC, Akaike information criterion; BIC, Bayesian information criterion; CI, confi-
dence interval; LEAP, Learning Early About Peanut Allergy; OFC, oral food chal-
lenge; OR, odds ratio.
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overfitting of the data (see this article’s Online Repository at www.
jaci-inpractice.org). In addition, an internal and an independent
external cohort of participants with peanut allergy status results were
used for validation. Prediction model development and validation
were constructed with logistic regression using h2o within R software
version 3.4.4 (R Development Core Team, Vienna, Austria).10,11

Sensitivity analyses around missing data
We evaluated the prediction model under a complete case analysis

based on available peanut-specific component data without assign-
ment of values for missing data when Pn-sIgE was greater than 0.1
kU/L. The complete case data set consisted of 259 participants.

Training cross-validation
The logistic regression analysis classifies a participant as OFC

positive if its probability is bigger than a cutoff. The optimal cutoff is
obtained by maximizing the F1 score (2� precison�recall

precisionþrecall

�
, a measure of

test’s accuracy, through 5-fold cross-validation of each prediction
model on the training data (n ¼ 323). The F1 score can be inter-
preted as the harmonic mean of the precision and recall, where the
highest possible value is 1.0, indicating perfect precision and recall,
and the lowest possible value is 0 if either the precision or the recall is
zero.

Internal validation

The prediction model was validated with data from the same
cohort obtained at 72 months of age after 12 months of peanut
avoidance when the population was re-evaluated clinically for peanut
allergy. The internal validation was conducted in n ¼ 265 who had
not consumed peanut and had repeat OFCs.

External validation
The prediction model was validated with data from an external

cohort, previously evaluated for peanut allergy, at a tertiary pediatric
allergy clinic.12

RESULTS

Demographics/baseline characteristics
Participants in LEAP who had a determinant OFC outcome

(n ¼ 617) and the subset who did not consume peanut during
the year before the OFC (n ¼ 323) are described in Table I.
Overall, the subset was similar to the full study population;
participants who were peanut allergic at 60 months of age had
higher values for peanut SPT; Pn-sIgE, Pn-sIgG4, Ara h 1, 2,
and 3; and a lower Pn-sIgG4:Pn-sIgE (P < .01).

Evaluation of the protocol-specified algorithm

Overall, 73% (453/617) of allergy determinations matched
between the protocol-specified algorithm and the OFC, 0.6%
(4/617) were mismatched, and 26% (160/617) participants were
classified as nonevaluable by the algorithm (Table II). Of the 57
participants determined to be allergic by OFC, 36 (63%) were
also allergic by the protocol-specified algorithm and 21 (37%)
were nonevaluable. Of the 560 who were not allergic by OFC,
417 (75%) were also not allergic by the protocol-specified al-
gorithm, 4 (1%) were misclassified as allergic, and 139 (25%)
were nonevaluable. Further, while the false-positive rate of the
algorithm was very low (0%), the false-negative rate was 10%.

When the Pn-sIgE criterion was removed from the protocol-
specified algorithm, 91% (559/617) of peanut allergy de-
terminations between the OFC and the algorithm matched, and
the number of nonevaluable determinations decreased from 160
(26%) to 33 (5.3%) (Table III). However, when the Pn-sIgE
criterion was removed, the number of participants who were
not allergic by the OFC who would have been classified as
allergic by the algorithm increased from 4 of 560 to 25 of 560.

http://www.jaci-inpractice.org
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FIGURE 3. Relative importance of variables in the model for the prediction of the oral food challenge outcome.

TABLE V. Training cross-validation results of 5-variable logistic
regression model for the prediction of the oral food challenge

Statistic Result

Prediction results

True positive 265

False positive 1

False negative 8

True negative 49

Overall

Accuracy 0.97 (0.95, 0.99)

Balanced accuracy 0.93

Kappa 0.90

Classes

Sensitivity (recall/true positive rate) 0.86 (0.74, 0.94)

Specificity (true negative rate) 1.00 (0.98, 1.00)

Positive predictive value (precision) 0.98 (0.89, 1.00)

Negative predictive value 0.97 (0.94, 0.99)

F1 score* 0.92 (0.80, 0.96)

Prevalence 0.18 (0.14, 0.22)

Detection prevalence 0.15 (0.12, 0.20)

The highest possible value of the F1 score is 1.0, indicating perfect precision and
recall, and the lowest possible value is 0 if either the precision or the recall is zero.

*F1 score is the harmonic mean of the precision and recall ¼ 2 �precison� recall
precisionþ recall

J ALLERGY CLIN IMMUNOL PRACT
VOLUME 11, NUMBER 7

SEVER ETAL 2223
Prediction model development

The prediction model was initially developed using the full
LEAP population (n ¼ 617); however, all participants
consuming peanut within 12 months before the OFC in LEAP
passed the OFC and were classified as not allergic by the model.
Future use of this model would likely only be necessary when
peanut is not being consumed or consumption is unknown;
therefore, the final model was developed with the subset of
participants (n ¼ 323) who did not consume peanut in the year
before the OFC. All variables included in the model, square root
of SPT (mm) and the log10 transformations of Pn-sIgE (kU/L),
Ara h 1 (kU/L), Ara h 2 (kU/L), and Ara h 3 (kU/L), were each
strongly associated with the OFC outcome (P < .001) (Table I).
SPT (odds ratio [OR]: 10.4, 95% confidence interval [CI]:
3.92–36.1, P < .001) and Ara h 2 (OR: 11.5, 95% CI: 3.22-
57.0, P < .001) (Table IV) accounted for 40% and 32% of the
relative importance in predicting the OFC outcome, respectively
(Figure 3).

The optimal cutoff for the classification of allergic versus
nonallergic was determined to be 0.64, derived using 5-fold
cross-validation and chosen for the maximal F1 (test accu-
racy) scores. The model with these 5 variables predicted the
OFC outcome well (Table V; Figure 4). The overall error rate
was 9 of 323 (2.8%) with an area under the curve (AUC) of
0.99 (Figure 4, A). The model inaccurately predicted 1
participant as allergic who was determined to be not allergic by
the OFC representing a 0.4% false-positive rate (1/266) and 8
participants as not allergic who were determined to be allergic
at OFC representing a 14% false-negative rate (8/57). The
sensitivity or true positive rate was 0.86. The predicted
probabilities for not allergic or allergic were clustered around
0 (not allergic) or 1 (allergic), respectively, with only 15 par-
ticipants with probabilities between .25 and .75 (Figure 4, B),
indicating a well-calibrated model. Furthermore, using boot-
strap resampling, the model fit well over the range of predicted
probabilities providing good calibration results (mean absolute
error 0.013 based on 1000 bootstrap repetitions), especially
among the OFC positive outcomes. The 9 participants whose
OFC outcome was incorrectly predicted by the model are
described in Table E1 (available in this article’s Online Re-
pository at www.jaci-inpractice.org), including the probabili-
ties the model assigned for allergic and nonallergic status.
These 9 participants tended to have low or discordant SPT and
Ara h 2 results, and 8 of 9 were male. There were no other
consistent clinical features among these 9 participants
including eczema severity at the time of OFC or OFC reaction
severity (data not shown).

http://www.jaci-inpractice.org
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FIGURE 4. (A) Receiver operating characteristic curves for the prediction of oral food challenge results. (B) Predicted probability of the
positive oral food challenge [P(Allergic)] versus observed oral food challenge (OFC) results. AUC, Area under the curve.
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Sensitivity analyses
We found that including SPT, Ara h 2, or the combination of

SPT, Ara h 1, Ara h 2, Ara h 3, and Pn-sIgE in the model
provided similar sensitivity and accuracy (Table VI; Table E2,
available in this article’s Online Repository at www.jaci-
inpractice.org). SPT had the highest relative importance in the
full prediction model, and all results that included SPT had an
accuracy of �0.96, a sensitivity of �0.84, and a specificity of
�0.98. Adding additional variables improves the model fit.
Model results that did not include SPT had slightly lower ac-
curacy (0.95-0.96), sensitivity (0.79-0.82), and specificity (0.98-
1.00). Without SPT, the model with Ara h 1, Ara h 2, Ara h 3,
and Pn-sIgE performed well with an accuracy of 0.96, a sensi-
tivity of 0.82, and a specificity of 0.98.

Prediction model internal validation
To assess internal validity, the prediction model was used with

data from the LEAP-On study (assessment 12 months after the
LEAP end point).2 The characteristics of this cohort (n ¼ 265)
are described in Table E3 in this article’s Online Repository at
www.jaci-inpractice.org and are similar to the LEAP subset used
to develop the model. The overall error rate was 2.6% (7/265),
with an AUC of 0.99 (Figure E3 and Table E4, available in this
article’s Online Repository at www.jaci-inpractice.org). The
model inaccurately predicted 1 participant as allergic who was
determined to be not allergic by the OFC representing a 0.4%
(1/231) false-positive rate and 6 participants as not allergic out of
34 who were determined to be allergic at OFC (18% false-
negative rate). The sensitivity or true positive rate was 0.82.

Prediction model external validation
To assess external validity, the prediction model was run with

data from a study conducted by Santos et al.12 The characteristics
of this cohort (n ¼ 60), who were being evaluated for clinical
suspicion of peanut allergy and had nonequivocal evaluations, are
described in Table E5 in this article’s Online Repository at www.
jaci-inpractice.org, with this cohort having higher values for SPT,
Pn-sIgE, and Ara h 2, and a lower Pn-sIgG4:Pn-sIgE (P < .01)
than the LEAP subset used to develop the model. The overall
error rate was 7 of 60 (12%), with an AUC of 0.98, a sensitivity
of 0.88, and a specificity of 0.88 (Figure E4 and Table E6,
available in this article’s Online Repository at www.jaci-
inpractice.org). The model inaccurately predicted 4 participants
as allergic who were determined as not allergic representing an
11.7% (4/34) false-positive rate and 3 participants as not allergic
who were determined to be allergic (11.5% false-negative rate).

Positive and negative predictive values in study

populations
Positive predictive value provides information about the

probability that a patient with a positive OFC is actually allergic
by our prediction and resulted in 0.98, 0.97, and 0.85 for the
training, internal, and external validation data, respectively.
Similarly, negative predicted value is the probability that a
participant with a negative OFC is defined as nonallergic by the
algorithm and resulted in 0.97, 0.97, and 0.91 for training, in-
ternal, and external validation data, respectively.

DISCUSSION
The OFC has long been considered, and remains, the gold

standard method for determining the presence of food al-
lergy.3,13-15 There are many barriers to obtaining an OFC, both
in clinical practice and in the context of research studies, and
alternative means of determining allergy status are needed. Sta-
tistical models using biomarkers can accurately predict allergic
status when OFCs are not available.

Here we present a highly accurate prediction model that
provides an a priorimethod for imputing peanut allergy status for
study participants when an OFC outcome is not available. This
model will be beneficial for the LEAP Trio study and potentially
other peanut allergy studies. For the LEAP Trio study, no
assignment of values will be made and only available variables
(SPT, Pn-sIgE, Ara h 1, Ara h 2, and Ara h 3) for a given
participant will be used in the model. Participants may be
missing OFC outcome data for a variety of reasons including
participant family relocation, scheduling issues, loss to follow-up,

http://www.jaci-inpractice.org
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TABLE VI. External validation results of sequential logistic regression models (with and without skin test) for the prediction of peanut allergy status

No. of variables Variables AIC

Cross-validation (n [ 323) External (n [ 60)

Cutoff AUC F1 FN e FP Accuracy 95% CI Sensitivity Specificity AUC F1 FN e FP Accuracy 95% CI Sensitivity Specificity

Models without skin test

1-VAR Ara h 2 105.1 0.50 0.94 0.86 10 e 5 0.95 (0.92-0.97) 0.82 0.98 0.93 0.86 4 e 3 0.88 (0.77-0.95) 0.85 0.91

2-VAR Ara h 2, sIgE 106.4 0.49 0.95 0.84 11 e 6 0.95 (0.92-0.97) 0.81 0.98 0.94 0.85 4 e 4 0.87 (0.75-0.94) 0.85 0.88

3-VAR Ara h 2, sIgE,
Ara h 3

93.0 0.69 0.96 0.88 12 e 0 0.96 (0.94-0.98) 0.79 1.00 0.95 0.92 4 e 0 0.93 (0.84-0.98) 0.85 1.00

4-VAR Ara h 2, sIgE,
Ara h 3, Ara
h 1

94.6 0.60 0.96 0.87 10 e 4 0.96 (0.93-0.98) 0.82 0.98 0.95 0.88 3 e 3 0.90 (0.79-0.96) 0.88 0.91

Models with skin test

1-VAR Skin test 79.1 0.66 0.97 0.89 8 e 4 0.96 (0.94-0.98) 0.86 0.98 0.93 0.77 6 e 6 0.80 (0.68-0.89) 0.77 0.82

2-VAR Skin test, Ara
h 2

66.8 0.59 0.98 0.92 8 e 1 0.97 (0.95-0.99) 0.86 1.00 0.96 0.85 3 e 5 0.87 (0.75-0.94) 0.88 0.85

3-VAR Skin test, Ara
h 2, sIgE

65.3 0.88 0.98 0.91 9 e 0 0.97 (0.95-0.99) 0.84 1.00 0.96 0.90 4 e 1 0.92 (0.82-0.97) 0.85 0.97

4-VAR Skin test, Ara
h 2, sIgE,
Ara h 3

66.3 0.51 0.98 0.92 7 e 2 0.97 (0.95-0.99) 0.88 0.99 0.97 0.85 3 e 5 0.87 (0.75-0.94) 0.88 0.85

5-VAR Skin test, Ara
h 2, sIgE,
Ara h 3, Ara
h 1

67.6 0.64 0.98 0.92 8 e 1 0.97 (0.95-0.99) 0.86 1.00 0.98 0.87 3 e 4 0.88 (0.77-0.95) 0.88 0.88

AIC, Akaike information criterion; AUC, area under the curve; CI, confidence interval; FN, false negative; FP, false positive.

J
A
LLER

G
Y

C
LIN

IM
M
U
N
O
L
PR

A
C
T

V
O
LU

M
E
11

,
N
U
M
B
ER

7
S
EV

ER
ET

A
L

2
2
2
5



J ALLERGY CLIN IMMUNOL PRACT
JULY 2023

2226 SEVER ETAL
a previous adverse event during OFC, or restrictions on travel
due to the COVID-19 pandemic. In a research setting, assign-
ment of values for outcomes benefits from an a priori specifica-
tion of clear criteria to determine outcomes.

In the LEAP study protocol, the algorithm specified to deter-
mine a peanut allergy outcome for those who did not have an
outcome determined by OFC was developed based on clinical
expertise and the relevant literature at the time. It incorporated
dietary history, peanut SPT wheal size, and Pn-sIgE values. In this
analysis, we compared participants’ allergy status as determined by
the OFC at the end of the LEAP study (n ¼ 617) with the status
of the same participants as determined by the protocol-specified
algorithm and found 73% agreement between the 2 measures
with a low misclassification rate (0.6%); however, more than 25%
of participants were classified as nonevaluable by the algorithm.

Removing the Pn-sIgE criteria from the protocol-specified
algorithm decreased the number of nonevaluable participants
but increased the number of misclassified participants. Most of
the misclassification occurred with participants with discordant
Pn-sIgE and SPT results. It is interesting to note that when
cutoffs are applied to Pn-sIgE in a diagnostic algorithm, the
diagnostic accuracy is decreased with a large number of inde-
terminate outcomes, consistent with previous publications on
Pn-sIgE and SPT.16 In contrast, when peanut Pn-sIgE was used
as a continuous variable in the multivariate logistic regression
prediction model, it enhanced diagnostic performance. The
variables found to be predictive of the OFC outcome for peanut
in the prediction model were SPT, Pn-sIgE, Ara h 1, Ara h 2,
and Ara h 3. The accuracy of the prediction model was high at
0.97, with an overall error rate of 2.8%. The model is thus a
useful research tool when OFC or ingestion history is not
available. In a clinical setting, OFC remains a necessary practice,
as any false-negative result from the prediction model has
potentially dangerous consequences.

SPT remains the most influential variable within the model,
followed by Ara h 2. Previous studies have shown similar re-
sults, with SPT or Ara h 2 as 2 of the strongest predictors of
peanut allergy status.17-20 Here, SPT is the only functional and
in vivo assessment included in this model, which perhaps ex-
plains its predictive value. Differences in age at assessment may
contribute to the relative importance of SPT versus Ara h 2 in
this and other studies. The addition of Ara h 1 and Ara h 3
modestly improved the model performance. As noted,
Pn-sIgG4 was not included in the final model due to the lack of
consistent evidence that it is of diagnostic value in peanut al-
lergy as well as uncertainty of its longitudinal trajectory after 72
months of age.4-8 Further, the addition of Pn-sIgG4 did not
significantly improve or contribute to model performance
(Figure E2, available in this article’s Online Repository at www.
jaci-inpractice.org). Other in vitro assessments, including the
basophil activation test12 and epitope mapping,21 have been
shown to be superior to SPT in the prediction of peanut allergy
status and may one day replace SPT in similar research and
clinical models; however, these assays are not yet readily avail-
able for widespread use in clinical practice.

The model performed very well in internal validation, using
the participants of LEAP-On, as well as in external validation.

It is difficult to predict how immunological characteristics will
have changed in the LEAP participants over the 5- to 8-year in-
terval between LEAP and LEAP Trio, although prior work in-
dicates that allergic status is likely to be relatively stable in this age
range.1,2,22 We know, for example, that SPT wheal diameter
(greater than 4 mm), which is highly predictive of peanut allergy
in LEAP and LEAP-On, is highly predictive of a positive challenge
in the Australian HealthNuts study at 12 months of age.23 For this
reason, we expect the model to perform well in the LEAP par-
ticipants who continue in the LEAP Trio trial, likely similar to the
internal validation that used data from participants of LEAP-On.

The siblings of the LEAP participants will also be invited to
participate in the LEAP Trio trial. Certain biomarkers such as
SPTs have been shown to be highly predictive of peanut allergy
in lower-risk general population studies23 as well as in the LEAP
population and, therefore, are likely to perform well in an
intermediate-risk population such as the LEAP siblings.

A number of groups have published algorithms to diagnosis
food allergies that differ from the approach presented here.
DunnGalvin et al24 demonstrated how SPT, Pn-sIgE, total IgE
minus Pn-sIgE, symptoms, sex, and age can be used to predict
peanut, milk, or egg allergy across childhood and adolescence. In
their algorithm, SPT and history of reaction were the first and
second strongest predictors. Kelleher et al25 developed an algo-
rithm building on a consensus from the Integrated Approaches to
Food Allergen and Allergy Management study,26 which they
tested using data from 2 preschool age controlled trials, the Barrier
Enhancement for Eczema Prevention (BEEP) trial and the
Enquiring About Tolerance (EAT) trial.27,28 This algorithm was
used to guide the deliberations of an expert group who reviewed
the available data to define whether participants were or were not
food allergic and included the SPT result and more detailed re-
action history. This second algorithm had a high sensitivity of
94% (95% CI: 68-100) for BEEP and 90% (72-97) for EAT plus
a moderate specificity of 67% (39-87) for BEEP and 67% (39-87)
for EAT. The DunnGalvin24 algorithm had similarly high sensi-
tivity, but its specificity was much higher at approximately 90%.
Thus, in these prior algorithms, the addition of total IgE, Pn-sIgE,
sex, and age to SPT seems to improve specificity. In this study, we
have not included history given that the model was developed
using participants who had not consumed peanut in the year
before the 60-month OFC in the LEAP trial, but do include
peanut diagnostic approaches that have become available in the
interim, including Ara h 1, Ara h 2, and Ara h 3. Sex was not
found to influence the diagnostic performance of the model (data
not shown). In addition, the influence of age on the predictive
value of each of the included variables was not possible for the
development of this model, as all participants were approximately
the same age at the time of assessment.

This prediction model has several limitations. The method-
ologies used for SPT were standardized across the LEAP studies.
Notably, SPT has been shown to have significant variability
depending on the extract and device used, as well as the tech-
nique of the applicator and duration of time between application
and measurement of the test.29-31 Further, in the LEAP study,
the SPT assessments were performed very proximate to the OFC,
and we cannot predict how interval time between SPT and OFC
may influence the accuracy of the model. Caution should be
taken when applying this model to circumstances in which SPT
is measured differently as the predictive importance of SPT may
change when an alternate methodology is used.

Another limitation of the model is that it was developed using
a predominantly Caucasian population (75%), which may limit
generalizability. Subanalysis demonstrated that the model per-
formed well within racial and ethnic minorities included in the

http://www.jaci-inpractice.org
http://www.jaci-inpractice.org


J ALLERGY CLIN IMMUNOL PRACT
VOLUME 11, NUMBER 7

SEVER ETAL 2227
analysis; however, the number of participants in this subanalysis
was small (data not shown).

A third limitation is that LEAP participants were all enrolled as
infants and had severe atopic dermatitis and/or egg allergy.
Although the model performed reasonably well on external vali-
dation in an older pediatric population, the model has not yet
been validated in other populations with varying degrees of atopy.

The prediction model performs extremely well in LEAP par-
ticipants and was designed specifically for use in the LEAP Trio
study. The model performs well in external validation as well,
suggesting that similar models may be used in other trials. Given
the multitude of barriers to performing an OFC both in clinical
research and patient care, further tools such as this model are
needed to predict allergy status. Although the application of this
model to clinical practice is not currently advised because of the
risk of false-negative predictions, statistical models could be used
in the future as an adjunct to help support clinical decision-
making, prioritization, and risk assessment before the OFC.
We would be happy to share this model with other centers and
readers wishing to validate this model in their clinics.
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METHODS

Five-fold cross-validation is a widely used technique for eval-
uating the performance of machine learning models, including
logistic regression models (Figure E1). The idea behind 5-fold
cross-validation is to split the entire data set into 5 equally
sized folds or subsets.

The process works as follows:

(1) Split the data set into 5 folds: the original data set is divided
into 5 folds, each with roughly equal number of samples.

(2) Train the model on 4 folds: the logistic regression model is
trained on 4 of the 5 folds (or 80% of the data) while holding
out 1 fold (or 20% of the data).

(3) Evaluate the model on the held-out fold: the trained model is
then used to make predictions on the held-out fold (the one
not used for training). The F1 score is calculated for the
predictions made on this fold.

(4) Repeat steps 2-3 for all 5 folds: the process of training the
model on 4 folds and evaluating it on 1 fold is repeated 5
times, each time with a different fold held out for evaluation.
The F1 score is calculated for each of the 5 evaluations.

(5) Average the 5 F1 scores: finally, the 5 F1 scores are averaged
to obtain a single overall performance metric for the logistic
regression model.

By using 5-fold cross-validation, the model is trained and
evaluated on multiple different subsets of the data, which
provides a better estimate of the model’s generalization perfor-
mance compared with using a single training and testing split.
The F1 score is a good performance metric to use in this context
because it balances precision and recall, making it suitable for
imbalanced data sets where some classes have many more ex-
amples than others.

The F1 score provides a measure of how well the logistic
regression model can classify positive oral food challenge (OFC)
(given a threshold value). The F1 score is calculated from the
harmonic mean of the precision and recall. An F1 score of 1
means both precision and recall are perfect, and the model
correctly identified all the positive OFC and did not make an
error predicting a negative OFC as positive:

F1 ¼ 2� precision� recall
precisionþ recall

:

Precision (positive predicted value) is the positive OFC (true
positives) the model correctly identified from all the observa-
tions it labeled as positive (the true positives þ the false
positives).

Recall (sensitivity) is the positive observations (true positives)
the model correctly identified from all the actual positive cases
(the true positives þ the false negatives).

The F1 score intends to strike a balance between Precision
and Recall. Because Precision and Recall each have strengths
and weaknesses, the F1 score is often a good metric to opti-
mize. F1 scores range from 0 to 1. Values closer to 1 are
preferred.



FIGURE E1. Peanut-specific IgG4 in Learning Early About Peanut Allergy (LEAP).

FIGURE E2. Relative importance of variables in the model, including peanut-specific IgG4, for prediction of the oral food challenge
outcome.
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FIGURE E4. External validation (n ¼ 60) predicted probability of positive oral food challenge [P(Allergic)] versus observed peanut allergy
status results.

FIGURE E3. Internal validation (LEAP-On n ¼ 265) predicted probability of positive oral food challenge [P(Allergic)] versus observed
allergic oral food challenge (OFC) results. LEAP, Learning Early About Peanut Allergy.
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TABLE E1. Mismatches between observed and predicted oral food challenge (OFC) results

Sex

Observed Predicted

Wheal size

(mm)

sIgE

(kU/L)

IgG4

(mg/L) IgG4/IgE

Ara h1

(kU/L)

Ara h2

(kU/L)

Ara h3

(kU/L) OFC OFC

P(Nonallergic)

probability

P(Allergic)

probability

M 5.0 0.81 900 463.0 0.01 0.09 0.02 Not allergic Allergic 0.28 0.72

M 0.0 0.29 750 1077.6 0.02 0.03 0.01 Allergic Not allergic 1.00 0.00

M 4.0 0.44 70 66.3 0.08 0.01 0.34 Allergic Not allergic 0.96 0.04

F 3.0 0.32 80 104.2 0.01 0.01 0.01 Allergic Not allergic 0.90 0.10

M 4.0 2.17 190 36.5 0.01 0.03 0.11 Allergic Not allergic 0.81 0.19

M 4.0 0.20 70 145.8 0.01 0.01 0.01 Allergic Not allergic 0.81 0.19

M 2.0 0.43 170 164.7 0.05 0.26 0.10 Allergic Not allergic 0.64 0.36

M 5.0 1.26 740 244.7 0.19 0.07 0.08 Allergic Not allergic 0.63 0.37

M 3.0 0.66 70 44.2 0.01 0.08 0.04 Allergic Not allergic 0.63 0.37
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TABLE E2. Internal validation results of sequential logistic regression models (with and without the skin test) for the prediction of the oral food challenge

No. of variables Variables AIC

Cross-validation (n [ 323) LEAP-On (n [ 265)

Cutoff AUC F1 FN e FP Accuracy 95% CI Sensitivity Specificity AUC F1 FN e FP Accuracy 95% CI Sensitivity Specificity

Models without skin test

1-VAR Ara h2 105.1 0.50 0.94 0.86 10 e 5 0.95 (0.92-0.97) 0.82 0.98 0.93 0.70 12 e 7 0.93 (0.89-0.96) 0.65 0.97

2-VAR Ara h2, sIgE 106.4 0.49 0.95 0.84 11 e 6 0.95 (0.92-0.97) 0.81 0.98 0.95 0.70 12 e 7 0.93 (0.89-0.96) 0.65 0.97

3-VAR Ara h2, sIgE, Ara
h3

93.0 0.69 0.96 0.88 12 e 0 0.96 (0.94-0.98) 0.79 1.00 0.94 0.72 13 e 3 0.94 (0.90-0.97) 0.62 0.99

4-VAR Ara h2, sIgE, Ara
h3, Ara h1

94.6 0.60 0.96 0.87 10 e 4 0.96 (0.93-0.98) 0.82 0.98 0.94 0.75 11 e 4 0.94 (0.91-0.97) 0.68 0.98

Models with skin test

1-VAR Skin test 79.1 0.66 0.97 0.89 8 e 4 0.96 (0.94-0.98) 0.86 0.98 0.99 0.87 6 e 2 0.97 (0.94-0.99) 0.82 0.99

2-VAR Skin test, Ara h2 66.8 0.59 0.98 0.92 8 e 1 0.97 (0.95-0.99) 0.86 1.00 0.99 0.87 6 e 2 0.97 (0.94-0.99) 0.82 0.99

3-VAR Skin test, Ara h2,
sIgE

65.3 0.88 0.98 0.91 9 e 0 0.97 (0.95-0.99) 0.84 1.00 0.99 0.83 10 e 0 0.96 (0.93-0.98) 0.71 1.00

4-VAR Skin test, Ara h2,
sIgE, Ara h3

66.3 0.51 0.98 0.92 7 e 2 0.97 (0.95-0.99) 0.88 0.99 0.99 0.92 4 e 1 0.98 (0.96-0.99) 0.88 1.00

5-VAR Skin test, Ara h2,
sIgE, Ara h3,
Ara h1

67.6 0.64 0.98 0.92 8 e 1 0.97 (0.95-0.99) 0.86 1.00 0.99 0.89 6 e 1 0.97 (0.95-0.99) 0.82 1.00

AIC, Akaike information criterion; AUC, area under the curve; CI, confidence interval; FN, false negative; FP, false positive; LEAP, Learning Early About Peanut Allergy.
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TABLE E3. Characteristics of the internal validation cohort

Characteristics

All Allergic

Training (N [ 323) LEAP-On (N [ 265) P value* Training (N [ 57) LEAP-On (N [ 34) P value*

Oral food challenge outcome, n (%) .11

Not allergic 266 (82) 231 (87)

Allergic 57 (18) 34 (13)

Age at OFC (y) <.001 <.001

Median (IQR) 5.0 (4.8, 5.2) 6.2 (6.0, 6.6) 5.0 (4.8, 5.2) 6.3 (6.0, 6.6)

Range 4.3-6.5 5.5-8.8 4.5-6.0 5.6-7.6

Peanut wheal size (mm) .33 .58

Median (IQR) 0.0 (0.0, 2.0) 0.0 (0.0, 1.0) 9.0 (6.0, 12.0) 9.0 (6.0, 10.8)

Range 0.0-18.0 0.0-17.0 0.0-18.0 4.0-17.0

Peanut-specific IgE (kU/L) .77 .020

Median (IQR) 0.07 (0.01, 1.00) 0.08 (0.02, 0.63) 3.75 (1.06, 36.30) 1.35 (0.46, 3.85)

Range 0.01-363 0.01-210 0.14-363 0.18-210

Missing 8 9 0 1

Peanut-specific IgG4 (mg/L) .21 .23

Median (IQR) 105 (70, 460) 80 (70, 322) 210 (80, 685) 130 (70, 430)

Range 70-22,700 70-15,900 70-19,500 70-13,000

Missing 9 9 1 1

IgG4 (mg/L)/IgE (ng/mL) log .96 .025

Median (IQR) 2.99 (2.13, 3.46) 2.99 (2.08, 3.46) 1.46 (0.81, 2.02) 1.81 (1.45, 2.11)

Range �0.38 to 4.89 �0.75 to 5.02 �0.38 to 3.03 �0.75 to 2.69

Missing 9 9 1 1

Ara h1 (kU/L) .13 .029

Median (IQR) 0.01 (0.01, 0.04) 0.01 (0.01, 0.03) 0.16 (0.01, 4.26) 0.02 (0.01, 0.15)

Range 0.01-279.0 0.01-97.3 0.01-279.0 0.01-97.3

Missing 64 62 6 2

Ara h2 (kU/L) .089 .027

Median (IQR) 0.01 (0.01, 0.06) 0.01 (0.01, 0.04) 1.75 (0.28, 18.30) 0.54 (0.12, 1.49)

Range 0.01-456.0 0.01-91.9 0.01-456.0 0.01-91.9

Missing 64 63 6 2

Ara h3 (kU/L) .24 .006

Median (IQR) 0.01 (0.01, 0.04) 0.01 (0.01, 0.04) 0.08 (0.01, 0.45) 0.54 (0.12, 1.49)

Range 0.01-92.1 0.01-91.9 0.01-92.1 0.01-91.9

Missing 64 63 6 2

Ara h1 (kU/L) attributed .008 .017

Median (IQR) 0.01 (0.01, 0.03) 0.01 (0.01, 0.02) 0.19 (0.01, 4.05) 0.02 (0.01, 0.14)

Range 0.01-279.0 0.01-97.3 0.01-279.0 0.01-97.3

Ara h2 (kU/L) attributed .009 .011

Median (IQR) 0.01 (0.01, 0.05) 0.01 (0.01, 0.02) 1.75 (0.30, 38.50) 0.50 (0.13, 1.47)

Range 0.01-456.0 0.01-91.9 0.01-456.0 0.01-91.9

Ara h3 (kU/L) attributed <.001 .19

Median (IQR) 0.01 (0.01, 0.04) 0.02 (0.01, 0.06) 0.08 (0.01, 0.46) 0.04 (0.01, 0.13)

Range 0.01-92.1 0.01-7.4 0.01-92.1 0.01-4.7

IQR, Interquartile range; LEAP, Learning Early About Peanut Allergy; OFC, oral food challenge.
*Pearson c2 test, Fisher exact test, and Wilcoxon rank-sum test.
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TABLE E4. Internal (LEAP-On) validation results of the 5-variable
logistic regression model for the prediction of the oral food
challenge

Statistic Result

Prediction results

True positive 230

False positive 1

False negative 6

True negative 28

Overall

Accuracy 0.97 (0.95, 0.99)

Balanced accuracy 0.91

Kappa 0.87

Classes

Sensitivity (recall/true positive rate) 0.82 (0.65, 0.93)

Specificity (true negative rate) 1.00 (0.98, 1.00)

Positive predictive value (precision) 0.97 (0.82, 1.00)

Negative predictive value 0.97 (0.95, 0.99)

F1 score* 0.89 (0.78, 0.96)

Prevalence 0.13 (0.09, 0.17)

Detection prevalence 0.11 (0.07, 0.15)

The highest possible value of the F1 score is 1.0, indicating perfect precision and
recall, and the lowest possible value is 0 if either the precision or the recall is zero.

*F1 score is the harmonic mean of the precision and recall ¼ 2 �precison� recall
precisionþ recall

.
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TABLE E5. Characteristics of external validation cohort

Characteristics

All Allergic

Training (N [ 323) External (N [ 60) P value* Training (N [ 57) External (N [ 26) P value*

Outcome, n (%) <.001

Not allergic 266 (82) 34 (57)

Allergic 57 (18) 26 (43)

Sex, n (%) .34 .39

Male 211 (65) 43 (72) 41 (72) 21 (81)

Female 112 (35) 17 (28) 16 (28) 5 (19)

Age (y) <.001 <.001

Median (IQR) 5.0 (4.8, 5.2) 7.7 (4.0, 10.6) 5.0 (4.8, 5.2) 8.0 (5.9, 11.4)

Range 4.3-6.5 0.5-16.9 4.5-6.0 1.7-16.9

Peanut wheal size (mm) <.001 .82

Median (IQR) 0.0 (0.0, 2.0) 4.0 (0.0, 8.0) 9.0 (6.0, 12.0) 8.0 (7.0, 12.8)

Range 0.0-18.0 0.0-19.0 0.0-18.0 1.0-19.0

Peanut-specific IgE (kU/L) <.001 .006

Median (IQR) 0.07 (0.02, 1.00) 2.17 (0.06, 17.4) 3.75 (1.06, 36.30) 72.10 (2.84, 191.5)

Range 0.01-363 0.01-568 0.14-363 0.15-568

Missing 8 0

Peanut specific IgG4 (mg/L) .14 .66

Median (IQR) 105 (70, 460) 160 (70, 515) 210 (80, 685) 290 (130, 770)

Range 70-22,700 70-4300 70-19,500 70-2700

Missing 9 1 1 1

IgG4 (mg/L)/IgE (ng/mL) ratio log <.001 .003

Median (IQR) 2.99 (2.13, 3.46) 1.63 (0.59, 3.16) 1.46 (0.81, 2.02) 0.51 (0.09, 1.25)

Range �0.38 to 4.89 �0.79 to 4.52 �0.38 to 3.03 �0.79 to 3.01

Missing 9 1 1 1

Ara h1 (kU/L) <.001 .032

Median (IQR) 0.01 (0.01, 0.04) 0.03 (0.01, 11.6) 0.16 (0.01, 4.26) 15.40 (0.04, 68.7)

Range 0.01-279.0 0.01-199.0 0.01-279.0 0.01-199.0

Missing 64 1 6 0

Ara h2 (kU/L) <.001 .035

Median (IQR) 0.01 (0.01, 0.06) 0.12 (0.04, 4.97) 1.75 (0.28, 18.30) 45.45 (1.38, 87.6)

Range 0.01-456.0 0.01-278.0 0.01-456.0 0.01-278.0

Missing 64 1 6 0

Ara h3 (kU/L) <.001 .045

Median (IQR) 0.01 (0.01, 0.04) 0.04 (0.02, 0.71) 0.08 (0.01, 0.45) 0.71 (0.02, 26.5)

Range 0.01-92.1 0.01-89.6 0.01-92.1 0.01-89.6

Missing 64 1 6 0

Ara h1 (kU/L) attributed <.001 .027

Median (IQR) 0.01 (0.01, 0.03) 0.03 (0.01, 11.5) 0.19 (0.01, 4.05) 15.40 (0.04, 68.7)

Range 0.01-279.0 0.01-199.0 0.01-279.0 0.01-199.0

Ara h2 (kU/L) attributed <.001 .047

Median (IQR) 0.01 (0.01, 0.05) 0.12 (0.04, 3.80) 1.75 (0.30, 38.50) 45.45 (1.38, 87.6)

Range 0.01-456.0 0.01-278.0 0.01-456.0 0.01-278.0

Ara h3 (kU/L) attributed <.001 .047

Median (IQR) 0.01 (0.01, 0.04) 0.04 (0.02, 0.62) 0.08 (0.01, 0.46) 0.71 (0.02, 26.5)

Range 0.01-92.1 0.01-89.6 0.01-92.1 0.01-89.6

IQR, Interquartile range.
*Pearson c2 test, Fisher exact test, and Wilcoxon rank-sum test.
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TABLE E6. External validation results of the 5-variable logistic
regression model for the prediction of peanut allergy status

Statistic Result

Prediction results

True positive 30

False positive 4

False negative 3

True negative 23

Overall

Accuracy 0.88 (0.77, 0.95)

Balanced accuracy 0.88

Kappa 0.76

Classes

Sensitivity (recall/true positive rate) 0.88 (0.70, 0.98)

Specificity (true negative rate) 0.88 (0.73, 0.97)

Positive predictive value (precision) 0.85 (0.66, 0.96)

Negative predictive value 0.91 (0.76, 0.98)

F1 score* 0.87 (0.68, 0.96)

Prevalence 0.43 (0.31, 0.57)

Detection prevalence 0.45 (0.32, 0.58)

The highest possible value of the F1 score is 1.0, indicating perfect precision and
recall, and the lowest possible value is 0 if either the precision or the recall is zero.

*F1 score is the harmonic mean of the precision and recall ¼ 2 �precison� recall
precisionþ recall

.
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