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A B S T R A C T

Food allergy and allergen management are important global public health issues. In 2011, the first iteration of
our allergen threshold database (ATDB) was established based on individual NOAELs and LOAELs from oral food
challenge in roughly 1750 allergic individuals. Population minimal eliciting dose (EDp) distributions based on
this dataset were published for 11 allergenic foods in 2014. Systematic data collection has continued
(2011–2018) and the dataset now contains over 3400 data points. The current study provides new and updated
EDp values for 14 allergenic foods and incorporates a newly developed Stacked Model Averaging statistical
method for interval-censored data. ED01 and ED05 values, the doses at which 1%, and respectively 5%, of the
respective allergic population would be predicted to experience any objective allergic reaction were determined.
The 14 allergenic foods were cashew, celery, egg, fish, hazelnut, lupine, milk, mustard, peanut, sesame, shrimp
(for crustacean shellfish), soy, walnut, and wheat. Updated ED01 estimates ranged between 0.03 mg for walnut
protein and 26.2 mg for shrimp protein. ED05 estimates ranged between 0.4 mg for mustard protein and 280 mg
for shrimp protein. The ED01 and ED05 values presented here are valuable in the risk assessment and subsequent
risk management of allergenic foods.

1. Introduction

Food allergy and allergen management are significant global public
health issues. Food-allergic individuals must adhere to specific avoid-
ance diets to prevent the occurrence of allergic reactions (Muraro et al.,
2014; Boyce et al., 2010) and as such, a number of countries and reg-
ulatory bodies who recognized this importance have enacted critical
laws, regulations or standards for labeling of “priority allergens” to
enable avoidance (Gendel, 2012; Yeung and Robert, 2018). However,
allergen control in the processing facility and throughout the ingredient
supply chain is a challenging venture for manufacturers in a globalized
economy (Yeung and Robert, 2018). When ingredients and technologies
are sourced worldwide from multiple business partners, complexity
rises, which can increase the chance for the unintended presence of
allergens in food, leading to potential harm as demonstrated by the
number of large scale recalls that have affected a large number of food
companies (Garber et al., 2016; Gendel, 2018; Sayers et al., 2016;

Walker et al., 2016). Fear of causing unintended harm to an allergic
consumer, coupled with the lack of regulation regarding the procedures
or warnings on labels surrounding unintentional allergen presence in
foods has led to the proliferation of voluntary precautionary allergen
labels on packaged foods (Allen and Taylor, 2018).

Depending on the level of sensitivity of an allergic individual
(minimal eliciting dose of an individual), exposures from the unin-
tended presence of residues of allergenic foods that are not declared on
product labels (undeclared allergens) can pose a risk to food-allergic
individuals (Blom et al., 2018; Remington et al., 2015; Zurzolo et al.,
2019). In general, precautionary (advisory) allergen labeling (i.e. may
contain) is used to inform consumers of products with a potential un-
intended allergen presence (UAP). However, it is now well-recognized
that excessive use of precautionary labeling results in unintended
consequences, in particular a decline in trust of the label and ignoring
of the warnings which negates the original intent of the labeling (Allen
and Taylor, 2018). The implementation of risk assessment approaches

https://doi.org/10.1016/j.fct.2020.111259
Received 25 November 2019; Received in revised form 4 March 2020; Accepted 10 March 2020

∗ Corresponding author.
E-mail address: marty.blom@tno.nl (W.M. Blom).

1 Current address: Food Allergy Research and Resource Program, University of Nebraska, Lincoln, USA.

Food and Chemical Toxicology 139 (2020) 111259

Available online 13 March 2020
0278-6915/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/02786915
https://www.elsevier.com/locate/foodchemtox
https://doi.org/10.1016/j.fct.2020.111259
https://doi.org/10.1016/j.fct.2020.111259
mailto:marty.blom@tno.nl
https://doi.org/10.1016/j.fct.2020.111259
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fct.2020.111259&domain=pdf


as a basis for the establishment of action levels for precautionary (ad-
visory) allergen labeling is needed to quantify the level of risk. By
quantifying the risk of UAP, it is possible to allow for risk management
strategies that would sufficiently protect food-allergic consumers. PAL
would be the final risk management option and using quantitative risk
assessment as a support for the risk management decision making
process would prevent PAL from being overly burdensome which has
been shown to contribute to a reduction in the quality of life of food-
allergic individuals.

In 2007, the Allergen Bureau of Australia & New Zealand (ABA)
released their VITAL (Voluntary Incidental Trace Allergen Labeling)
allergen management program with the goal of limiting precautionary
allergen labeling related to the presence of an unintended allergen. As
part of the VITAL 2.0 updated guidance in 2011, the VITAL Scientific
Expert Panel identified doses of allergens where 1% and/or 5% of the
respective allergic-population would be predicted to experience any
objective allergic reaction (the ED01 and the ED05) and recommended
Reference Doses (based on the ED01 and/or the 95% lower confidence
interval of the ED05) to guide the risk management and the application
of precautionary labels on food products (Allen et al., 2014; Taylor
et al., 2014).

Since publication of the updated VITAL 2.0 Reference Doses, a
number of stakeholders and national agencies have begun to adopt the
use of Reference Doses (FAVV SciCom, 2017; NVWA BuRO, 2016;
Sjögren Bolin, 2015; Waiblinger and Schulze, 2018). However, wide
variations exist regarding approaches to the implementation of the data
and models underpinning Reference Doses. Additional scientific im-
provements, in both the amount of data for individual eliciting doses
from oral food challenges and the development of more advanced sta-
tistical modeling approaches, have also become available and their use
could encourage the harmonization of risk assessment or risk man-
agement approaches and applications.

Previously, three parametric models (log normal, log logistic,
Weibull) were used with Interval-Censoring Survival Analysis (ICSA) to
fit results from individual oral food challenge data and to estimate the
dose of an allergen (EDp) at which a proportion (p) of the allergic
population would be likely to react (Allen et al., 2014; Ballmer-Weber
et al., 2015; Taylor et al., 2014, 2010, 2009). However, limitations to
this approach do exist. First and foremost, each of the parametric
models provides a different EDp estimate. No biological basis exists for
selecting between the different models. This limitation encourages
multiple possible interpretations of the same data. Additionally, these
previously available ICSA models were not able to incorporate random
effects into their calculations. Random effects enter the models through
study-to-study heterogeneity (i.e. differing protocols, participant re-
cruitment, dosing schemes, possible regional genetic or environmental
differences, etc). As a consequence, estimation of a reference dose using
any single model may result in bias and estimates whose parameters do
not fully reflect the true uncertainties. In other fields of risk assessment,
especially regarding benchmark dose (BMD) approaches for chemical
risk assessment, single model selection and rejection has been ac-
knowledged as a suboptimal approach and a more advanced, preferred
method for BMD calculation is model averaging (EFSA Scientific
Committee, 2017). Bayesian model averaging has also been in-
corporated into the EPA's Benchmark Dose Software v3.1.1 (BMDS
3.1.1) application in an effort to incorporate available state-of-the-art
methods in the publicly available BMD software (US EPA et al., 2019).
However, model averaging techniques for interval-censored data were
not available.

To fill this need, the National Institute for Occupational Safety and
Health (NIOSH), the Netherlands Organisation for Applied Scientific
Research (TNO) and the University of Nebraska-Lincoln, developed a
Bayesian “Stacked Model Averaging” approach for interval-censored
data (Wheeler et al., 2019). This approach combines parametric sur-
vival estimates from multiple models into a single EDp estimation based
upon a weighted average of survival estimates designed to estimate the

true survival curve and the EDp estimations from food allergen minimal
eliciting dose distribution data. Furthermore, the approach allows for
the inclusion of additional models not previously available; these dis-
tributions might better fit the food allergen dose distribution data. The
Stacked Model Averaging approach also allows inclusion of random
effects for representation of the study-to-study heterogeneity of the
allergen dose distribution curve (Wheeler et al., 2019). This state-of-
the-art, flexible method allows for more robust EDp estimations than
previously available ICSA methods when using interval-censored data
from oral food challenges.

In 2011, the first iteration of our allergen threshold database
(ATDB), containing roughly 1750 individual data points, was estab-
lished. On the basis of this dataset, the first population eliciting dose
(EDp) results were published in 2014 (Allen et al., 2014; Taylor et al.,
2014). The systematic collection of oral food challenge data has con-
tinued from 2011 until the fall of 2018 in a similar fashion and the
dataset now contains over 3400 data points. The current study provides
updated EDp values using stacked model averaging for the previously
reported allergenic foods, as well as several new foods based on the
expanded database where data have recently become available.

2. Methods

Publications were selected based upon the criteria outlined pre-
viously (Taylor et al., 2009), in particular focusing on results from low-
dose oral challenges. Additionally, unpublished data were obtained
from clinical records where possible. Data from double-blind, placebo-
controlled food challenges (DBPCFCs) were preferred, except in the
case of data from infants and very young children where blinding was
not considered necessary. In the selected available studies, subjects
were challenged with increasing doses of allergenic materials at inter-
vals until a response was observed; the data were collected and assessed
in terms of discrete dose and cumulative dose datasets.

Clinical oral challenge protocols are conducted with short
(15–30 min) intervals between doses (Sampson et al., 2012), and it is
not possible for patients to fully assimilate one dose before the next
dose is administered. As a consequence, an argument can be made for
using the cumulative dose administered for EDp assessment (Blumchen
et al., 2014; Niggemann et al., 2012). At the same time, it is known that
allergic symptoms may develop within minutes and it cannot be ex-
cluded that an allergic response is due to a discrete dose. Therefore,
both discrete and cumulative EDp values have been assessed and pre-
sented. The first objective symptoms of an allergic response occurring
in an individual were used as the basis for the individual lowest ob-
served adverse effect level (LOAELi) with the individual no observed
adverse effect level (NOAELi) set at the previous dose in the clinical
protocol as is detailed in (Westerhout et al., 2019); individual LOAELi's
and NOAELi's for objective symptoms were recorded in terms of mg of
total protein from the allergenic food as previously detailed (Taylor
et al., 2014). For each subject, the true individual eliciting dose lies, by
definition, in the interval between the individual NOAELi and LOAELi.
Individuals were left-censored if they reacted to the first challenge dose,
while individuals were right-censored if they failed to respond to the
uppermost challenge dose, but did have clear histories of allergic re-
action upon consumption of the offending food (Taylor et al., 2009).

Individual studies were combined per allergen and analyzed with
Bayesian Stacked Parametric Survival methods with Frailty
Components and Interval Censored Failure Times as described (Wheeler
et al., 2019), which for the remainder of this paper we will refer to as
“Stacked Model Averaging.” Briefly, a Bayesian approach to analyze
interval-censored data combining multiple parametric survival esti-
mates into a single survival estimate through weighted averaging was
developed (Wheeler et al., 2019). Weights are formed to maximize the
predictive accuracy of the calculated EDp values for future observa-
tions. The approach utilizes five parametric survival distributions in-
cluding the Weibull distribution, Log-Gaussian (Log-Normal), Log-
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Logistic, Generalized Pareto and Log-Laplace (Log-Double-Exponential)
to give a range of survival functions that are broadly applicable.

For our analysis, the five individual distributions were fit to the
data, including accounting for random effects through frailty compo-
nents which enter the model through study-to-study heterogeneity
(differing protocols, differing participant recruitment, differing cumu-
lative dosing designs, differing symptom interpretations by clinicians
and nurses, and an array of possible regional genetic or environmental
differences present in each study's population) (Wheeler et al., 2019),
and the EDp was estimated. The Stacked Model Averaging method itself
relies on a Markov chain Monte Carlo (MCMC) methodology, which is a
random sampling procedure, and this can lead to small variations in the
final EDp estimate (e.g. sampling error). To minimize this variability,
the stacked model averaging estimation procedure was repeated in-
dependently 10 times and the mean of these 10 EDp estimates was used
as a central estimate. Population EDs were determined based on both a
discrete dosing and cumulative dosing, with EDp values derived where
1% or 5% of the respective allergic-population would be predicted to
experience an allergic reaction (ED01, ED05). For all analyses, the R
software (https://www.r-project.org/) and publicly available Stack-
edsurv package (http://doi.org/10.5281/zenodo.3401471) were used.

3. Results

From 2011 until August 2018, over 2516 titles and abstracts were
identified from PubMed and Scopus and were screened for further re-
view, 570 peer-reviewed articles were kept for full PDF review and 47
were identified as containing quantitative data in a useable format for
the current study (Supplementary Table 1). Further data were added
from unpublished clinical datasets if available (~25% of total data
available). Already in 2011, sufficient data were available for the de-
rivation of the ED01, ED05 and corresponding 95% confidence intervals
for egg, hazelnut, lupine, milk, mustard, peanut, sesame, shrimp (for
crustacean shellfish), soy flour, and wheat; with provisional data
available for cashew nut (provisional due to limited numbers from only
a single hospital and lack of data on adults). The current study obtained
additional data to supplement these previously available data where
possible for analysis with Stacked Model Averaging. Moreover, addi-
tional data were obtained for buckwheat, celery, fish, and walnut.
Previous research demonstrated that the bias and accuracy of EDp es-
timations improved the most with increasing sample size N = 20 to
N = 60. For larger N, and thereafter the marginal gains in bias and
accuracy declined, suggesting that a sample size of N = 60 or larger is

recommended for obtaining stable EDp estimates (Klein Entink et al.,
2014). In the current analysis, only buckwheat, lupine, mustard and
sesame contain less than 60 individual data points. All allergens, except
for buckwheat, contained datasets sufficient for EDp derivation, when
considering both number of subjects available and data points in the
lower end of the distribution. No data points were obtained for buck-
wheat from the available clinical data in the lower range of the dis-
tribution (below the ED15). Thus the distribution for buckwheat was
not extrapolated outside of the data range and the buckwheat dataset
was deemed insufficient for ED01 or ED05 derivation. Insufficient data
or no data from low-dose clinical challenges were available for other
tree nuts (almond, pecan, pistachio, Brazil nut, macadamia nut), other
crustacean shellfish (crab, lobster), or any molluscan shellfish.
Supplementary Table 1 provides the total number of data points for
each of the allergenic foods along with the number of right- or left-
censored subjects, geographic location, first mg protein dose in food
challenge protocol and age groups where known. The number of sub-
jects ranged from 1306 subjects for peanut to 25 subjects for lupine.
The largest datasets existed for peanut, milk, egg, and hazelnut with
data points for more than 400 subjects; followed by cashew with 245
subjects (ATDB registered at the Benelux Office for Intellectual Prop-
erty, i-DEPOT number 117608; https://www.boip.int/).

The age of each individual person was not always able to be gleaned
from the available publications. However, when available the popula-
tions tended to be skewed towards children (< 18 years of age). Similar
to the previous iteration of our ATDB (Allen et al., 2014; Taylor et al.,
2014), children were the predominant data source for egg, milk, and
wheat. Peanut also contains a larger percentage of children but the size
of the dataset still ensures that over 150 adults are included. Celery, fish
and shrimp were exceptions as these datasets had more adults than
children. Cashew remains an exception in that only data from children
are available, as was the case in 2011, but data is now available for 245
children from multiple hospitals instead of 31 children from a single
hospital.

The Stacked Model Averaging technique was applied to yield esti-
mates of the ED01, ED05 and their respective 95% confidence intervals
for cashew, celery, egg, fish, hazelnut, lupine, milk, mustard, peanut,
sesame, shrimp, soy, walnut, and wheat. Table 1 provides these ED
estimates for each of the allergenic foods on the basis of both discrete
and cumulative dosing schemes. A visual example of the Stacked Model
Averaging results and fitted dose distribution can be seen in Fig. 1. The
individual distributions given the most weight in the Stacked Model
Averaging results varied per allergen and the most heavily weighted

Table 1
Food-allergic population Eliciting Doses (EDs) for 14 allergenic foods based on “Model averaged interval-censored survival analysis” with inclusion of random effects
to account for study-to-study heterogeneity. Population EDs were estimated where 1% or 5% of the respective allergic-population would be predicted to experience
an allergic reaction (ED01 and the ED05 with their respective 95% confidence intervals, calculated using both discrete and cumulative dosing schemes).

Allergen No. of individuals Discretea ED01
(95% CI)

Cumulativea ED01
(95% CI)

Discrete ED05
(95% CI)

Cumulative ED05
(95% CI)

Cashew 245 0.05 (0.02, 0.3) 0.09 (0.04, 0.5) 0.8 (0.2, 5.0) 1.6 (0.4, 9.4)
Celery 82 0.07 (0.02, 1.9) 0.05 (0.02, 0.5) 1.5 (0.3, 11.8) 1.3 (0.2, 7.9)
Egg 431 0.2 (0.1, 0.5) 0.2 (0.1, 0.5) 2.3 (1.2, 4.7) 2.4 (1.3, 5.3)
Fish 82 2.6 (1.0, 12.0) 1.3 (0.4, 12.7) 12.1 (4.5, 43.9) 15.6 (4.6, 102)
Hazelnut 411 0.1 (0.07, 0.6) 0.2 (0.09, 0.7) 3.5 (1.3, 12.1) 4.7 (1.7, 15.7)
Lupine 25 2.9 (1.3, 9.1) 2.6 (0.5, 14.8) 15.3 (6.7, 47.0) 16.8 (4.7, 70.0)
Milk 450 0.2 (0.1, 0.5) 0.3 (0.2, 0.6) 2.4 (1.3, 5.0) 3.1 (1.6, 6.6)
Mustard 33 0.07 (0.009, 1.1) 0.05 (0.006, 0.9) 0.4 (0.1, 3.6) 0.5 (0.09, 3.9)
Peanut 1306 0.2 (0.1, 0.4) 0.7 (0.5, 1.3) 2.1 (1.2, 4.6) 3.9 (2.8, 7.1)
Sesame 40 0.1 (0.03, 2.7) 0.2 (0.04, 4.8) 2.7 (0.4, 33.6) 4.2 (0.6, 57.7)
Shrimp 75 26.2 (2.7, 166) 30.8 (3.4, 326) 280 (69.3, 880) 429 (94.0, 1854)
Soy 87 0.5 (0.2, 3.5) 0.7 (0.3, 4.5) 10.0 (2.2, 54.6) 14.1 (3.1, 76.2)
Walnut 74 0.03 (0.01, 0.5) 0.04 (0.02, 0.6) 0.8 (0.1, 8.9) 1.2 (0.1, 13.0)
Wheat 99 0.7 (0.3, 2.5) 1.1 (0.4, 3.8) 6.1 (2.6, 15.6) 9.3 (3.9, 24.9)

a Discrete dosing schemes are reported as the mg protein amount of each separate dose within a food challenge when determining the individual NOAELi and
LOAELi. Cumulative dosing schemes are reported as the cumulative sum of all prior doses within a food challenge when calculating the individual NOAELi and
LOAELi.
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distribution was unpredictable prior to analysis, thus supporting the use
of the Stacked Model Averaging method for EDp derivations
(Supplementary Table 2). As expected, once individual distribution
weights were established for each food, the weighting results were re-
latively stable and reproducible per food across 10 different runs (ex-
ample shown in Supplementary Table 3).

4. Discussion

In this current study, data from over 3400 low-dose oral clinical
challenges were used to determine the ED01 (estimated protection le-
vels of 99%) and the ED05 (estimated protection levels of 95%) with
the respective 95% confidence intervals through the Stacked Model
Averaging for 14 different allergens.

For risk management of unintended allergen presence (UAP) in
food, zero risk in food allergy management cannot be achieved similar
to other risk factors encountered in everyday life in society (Turner
et al., 2017). Allergic individuals continue to report reactions in daily
life despite efforts to follow a strict avoidance diet (Gupta et al., 2018;
Michelsen-Huisman et al., 2018; Zurzolo et al., 2019). Zero risk is also
not operationally achievable in the food industry given the complexities
in the supply chain and in processing facilities that handle multiple
allergenic foods, often on shared processing equipment. The lack of
established regulatory reference doses or action levels results in case-
by-case decisions by regulators and the food industry which can lead to
inconsistencies in the use of PAL and a lack of transparency in the use of
PAL, thus leading to risk-taking behavior by consumers (DunnGalvin
et al., 2015; Hattersley et al., 2014; Madsen et al., 2010). While many
companies in the food industry have committed substantial resources
into establishment of good manufacturing practices and allergen man-
agement (Gupta et al., 2017), ensuring that 100% of all allergen residue
is removed from shared equipment, thus ensuring zero risk, is not op-
erationally achievable despite best efforts in controlling allergen cross-

contact (Crevel et al., 2014). Since zero risk is not feasible from a risk
management perspective for allergic individuals or the food industry,
consensus on an accepted level of risk is needed (Madsen et al., 2010).
Thus, when possible, the aim should be for the protection of a certain
proportion of the population, e.g. to protect 99% of the allergic popu-
lation from any objective reaction (DunnGalvin et al., 2015, 2019;
Madsen et al., 2010; Taylor et al., 2014; Zurzolo et al., 2016). Pre-
viously, Taylor et al. (2014) selected either the ED01 or lower 95%
confidence interval of the ED05 to derive Reference Doses, based upon
the number of individual NOAELi and LOAELi data points available for
modeling. These Reference Doses (mg protein) were meant to serve as a
basis for calculating action levels (concentrations, mg protein/kg) for
precautionary allergen labeling. This approach afforded a possibly ac-
ceptable public health outcome by striking a balance between the sta-
tistical certainty of the estimate, level of consumer protection, ability to
analytically verify & enforce, and hopeful enhancement of consumer
observance & avoidance of food products with precautionary labeling.
In using the ED01 or lower 95% confidence interval of the ED05 as a
basis for Reference Doses, these ED doses were assumed to be suffi-
ciently safe. A recent study has confirmed that a dose equivalent to the
ED05 for peanut minimized the probability of occurrence of anything
more serious than a mild to moderate reaction (Hourihane et al., 2017).
In this single-dose challenge study using the ED05 for peanut, exposure
to the ED05 for peanut was safe for more than 95% of unselected
peanut allergic patients and mild, transitory reactions according to the
pre-defined study criteria were observed in only 2.1% of participants
(Hourihane et al., 2017). Further ongoing single dose studies with low
doses of specific allergenic foods (milk, egg, hazelnut (iFAAM, 2018):)
can provide further confirmation of model estimates and will further
document the nature of symptoms occurring at defined low doses.
Notably, since the publication of EDs and Reference Doses for risk
management purposes by Taylor et al. (2014), a number of stakeholders
and national agencies have begun to adopt the use of reference doses in

Fig. 1. Dose distribution modelling for peanut (ex-
pressed as discrete dose of mg peanut protein) uti-
lizing Bayesian Stacked Parametric Survival methods
with Frailty Components and Interval Censored
Failure Times as described (Wheeler et al., 2019). In
this Stacked Model Averaging technique, five dif-
ferent parametric distributions are modelled,
weighted and combined into a single dose distribu-
tion estimate in order to maximize the predictive
accuracy of the calculated ED values. The predicted
Stacked Model Averaging distribution estimate (red
line) is presented with its corresponding 95% pos-
terior predicted failure times (dashed red lines). The
Kaplan-Meier curves for each individual study in the
dataset are also presented (black lines, darker in-
dicates study with more observations). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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their risk assessment practices or analytical guidances (FAVV SciCom,
2017; NVWA BuRO, 2016; Sjögren Bolin, 2015; Waiblinger and
Schulze, 2018).

Previously, researchers have applied three different dose-distribu-
tion models (log normal, log logistic, Weibull) when modelling food
challenge data and, as no biological rationale exists to select one model
over another, EDp values have been reported from multiple distribu-
tions in the same publication (Ballmer-Weber et al., 2015; Taylor et al.,
2014). Until recently, no better statistical option was available to fur-
ther inform risk assessment and risk management decision making.
However, Wheeler et al. (2019) have recently developed a Stacked
Model Averaging method for interval-censored data with the in-
corporation of random effects for study-to-study heterogeneity; a
methodology with great potential for clarifying discussions regarding
appropriate reference doses during the decision making process. One
major benefit of Stacked Model Averaging is the simplification of the
outcome as a weighted combination of multiple parametric distribu-
tions results in one single EDp value. This simplification should enable
clearer, focused conversations among all stakeholders regarding the
doses that comply with a specified level of protection within allergen
and allergy management programs. One example demonstrating a more
transparent decision making process through the use of Stacked Model
Averaging in the current analysis regards the EDp reporting for egg.
Previously, Taylor et al. (2014) reported ED01 results from a Weibull
distribution of 0.03–0.045 mg egg protein, from a loglogistic distribu-
tion of 0.12–0.13 mg egg protein and from a lognormal distribution of
0.2–0.21 mg egg protein. At that time the use of “expert judgement”
determined that the most conservative model should be used for risk
management purposes and a Reference Dose for egg was conservatively
selected as 0.03 mg egg protein based on the ED01 results from a single
distribution. The most conservative model was used despite the fact
that all three statistical models in Taylor et al. (2014) fit the egg data
quite well and there was no reason to exclude any of the models. Ad-
ditionally, single dose studies with egg were administered to 75 chil-
dren but none reacted to the ED05 (iFAAM, 2018), indicating that the
Taylor et al. (2014) results for egg were potentially too conservative for
egg. In contrast, Stacked Model Averaging automatically accounts for
model differences and removes a layer of expert judgement from the
end results to provide a simpler, more transparent decision making
process for EDp derivation and reporting. The current analysis with
Stacked Model Averaging utilized 5 statistical distributions (Weibull
distribution, Log-Gaussian (Log-Normal), Log-Logistic, Generalized
Pareto and Log-Laplace (Log-Double-Exponential)) and reported a
single averaged ED01 of 0.2 mg egg protein for both the discrete and
cumulative dosing schemes.

Conversely, one limitation of the Stacked Model Averaging tech-
nique is that it is unable to utilize single data points from individual
case studies. While this limitation is not significant for allergens with
abundant data, some foods only have very limited data supported by
sporadic individual case reports. For allergens with such limited data
(e.g. in the case of some tree nuts), other risk assessment and risk
management methods should be discussed as a generic placeholder
until more specific data are obtained (e.g. placeholders inferred from
related foods with abundant data, or an agreed upon generic place-
holder across foods with limited data).

The Stacked Model Averaging distributions were fit to the food
challenge data, including random effects modelling to account for
study-to-study heterogeneity (Wheeler et al., 2019). Prior attempts to
study possible differences between age groups or differences arising
from variations in geographic location or challenge material have found
no difference between the studies, or have been confounded by patient
selection bias and differing study protocols/dosing schemes and no true
differences could be observed (Allen et al., 2014; Remington et al.,
2017). Thus, the current study combines all available individual studies
per food into a single model which accounts for random effects and
study-to-study heterogeneity providing the most robust statistical

estimate for EDp values available. Additionally, the adverse reactions
experienced by patients in these low-dose oral clinical challenges were
generally mild to moderate (especially in the extreme low-dose range of
interest) and single-dose studies with the ED05 have produced less
frequent reactions than predicted with only mild to moderate symptoms
(Hourihane et al., 2017). Further uncertainty factors were not applied
to the EDp estimations as data were available from the appropriate
sensitive sub-population of humans. It should be noted that EDp values
presented in this study reflect the population of allergic consumers who
are clinically well managed with respect to medications, illnesses and
influencing factors. There may be individual co-factors such as ex-
ercising, drinking alcohol, sleep deprivation, or menstruation, that may
not be fully covered by these EDp values, and may need to exhibit more
dietary caution on an individual level (Dua et al., 2019; Dubois et al.,
2018; Turner et al., 2016). While modest differences occurred in in-
dividual minimal eliciting doses for peanut from sleep deprivation and
exercising (Dua et al., 2019), the ED01 and ED05 reference doses would
remain protective for the vast majority of food-allergic individuals. The
difference between allergen and allergy management should be em-
phasized in this respect. It is recommended to account for individual co-
factors as part of the allergy management advice, as discussed between
an allergic individual and their physician, not within allergen risk as-
sessment and allergen risk management on a population level.

While previous research indicated that the variation in the forms of
food has limited impact on the individual NOAELi/LOAELi during food
challenges for milk, egg and peanut (Allen et al., 2014; Remington
et al., 2017), soy merits further discussion in part due to the wide
variety of processing techniques applied to it within the food industry
and differing clinical response profiles to these soy-based products.
Some soy-allergic patients react to certain brands of soy milk but can
safely ingest soy flour and other forms of soy (Mittag et al., 2004). The
reasons for the differing susceptibility to specific forms of soy is un-
known. However, soy proteins can be commercially subjected to pro-
teolysis, fermentation, and chemical modification processes during
production of different product types. The resulting differences in soy
protein structures could make a difference in the tolerability of various
soy products but this is not yet well studied. Thus, while it is understood
that these two materials are likely not equivalent after processing, these
soy milk allergic patients were included along with soy flour allergic
patients in the analyses for the current study from a precautionary point
of view.

It should be noted that the EDp results listed in Table 1 of this study
relate specifically to IgE-mediated food allergies and not to other, non-
IgE-mediated forms of food allergy/sensitivity that might be associated
with any of these foods. However, wheat is a unique food as a gluten-
free specialty food labeling guideline of < 20 ppm (mg/kg) has been
established by the Codex Alimentarius Commission (and adopted by
various legislatures) for specially labelled foods intended for in-
dividuals with celiac disease. While not specifically intended for them,
just as previously highlighted by Taylor et al. (2014), individuals with
IgE-mediated wheat allergy could possibly be protected when selecting
gluten-free products manufactured in conformity to Codex guidance as
both the ED01 of 0.7 mg of wheat protein (discrete) and ED05 of 6.1 mg
wheat protein (discrete) indicate that products containing < 20 ppm of
gluten consumed in limited amounts could lead to exposures of wheat
protein less than these EDp estimates. However, caution should be ex-
ercised as mg wheat protein does not equate to ppm (mg/kg) for gluten-
free labelling. For example, a food product containing for instance
14 ppm wheat protein complies with the gluten-free criterion of < 20
ppm, but consumption of 200 gr of such food would lead to an intake of
wheat protein of 2.8 mg, which is a factor of 4 in excess of the ED01.
Additionally, multiple studies have indicated a range of “gluten-free”
product categories with levels of gluten higher than 20 ppm present (Do
et al., 2018). It is recommended that individuals with IgE-mediated
wheat allergy discuss with their physician before consuming “gluten-
free” labelled products.
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Previously, Taylor et al. (2014) utilized both the discrete dose and
the cumulative dose for the elaboration of the ED01 or (the lower 95%
confidence interval of) the ED05 but only small differences were ob-
served between the mg protein amounts for discrete or cumulative EDp
values generated by any of the respective parametric models. Similar
results were seen in the current study, with the discrete and cumulative
estimates for ED01 or ED05 being relatively similar to each other. For
risk management purposes it would seem intuitive that EDp values
calculated using discrete dosing schemes are always more sensitive than
the cumulative EDp values, however the ED01 and ED05 estimates in
this study illustrate that is not always the case (Table 1). Thus it is
recommended that the data be analyzed in both the discrete and cu-
mulative manner to ensure a complete overview of the results is ob-
tained and the most sensitive of EDp of the two could potentially be
used in further applications, and as a result, serve as a safety factor.

Finally, it is envisioned that the ED values listed in Table 1 could be
utilized to provide updated mg protein amounts for Reference Doses in
a risk management system, such as VITAL, for guidance surrounding the
use of precautionary allergen labelling on food products. However re-
commending specific Reference Doses for food allergen risk manage-
ment is a multi-stakeholder process; due to necessary stakeholder
agreement when determining the acceptable risks (e.g. ED01 vs ED05
for any objective symptom) and consideration of Other Legitimate
Factors.

In the absence of legislation regarding appropriate Reference Doses,
the voluntary use of precautionary allergen labeling on packaged foods
has proliferated in many countries to the point where nearly 50% of the
allergic consumers ignore precautionary warnings, in part due to the
absence of a relationship between the precautionary label and the ac-
tual risk (Blom et al., 2018; DunnGalvin et al., 2015; Michelsen-
Huisman et al., 2018; Turner et al., 2011; Zurzolo et al., 2013). The
success of any risk assessment and risk management program for pre-
cautionary labeling, such as VITAL, is predicated upon the protection of
the vast majority of the food-allergic population while allowing access
to the widest possible variety of packaged foods. However, the allergic
consumer currently has no way to identify if a product without a pre-
cautionary statement has been deemed safe after a comprehensive risk
assessment or if no risk assessment was done; similar situations also
arise for products with precautionary statements which together leads
to frustration and ignoring of labels (Zurzolo et al., 2016). Thus, as
recommended by multiple stakeholder groups, science-based thresholds
with standardized, identifiable labelling for products that have under-
gone a risk assessment should be a priority for both regulatory autho-
rities and the food industry (DunnGalvin et al., 2019; National
Academies of Sciences Engineering and Medicine, 2017; Yeung and
Robert, 2018).

Moving forward, the previously described single-dose approach was
shown to be quick, safe and highly cost-effective in identifying and
managing the most sensitive subgroup of the peanut-allergic population
(Hourihane et al., 2017; Shaker and Greenhawt, 2018). Adaptation of a
single-dose approach to establish tolerance to the ED05 for a specific
food, in combination with regulatory establishment of Reference Doses
and industry-wide application of precautionary labeling according to
risk management programs using the same ED05 or the ED01 could
have significant clinical advantages, open up food choices for allergic
consumers, reduce frustrations with precautionary labelling, and sig-
nificantly improve the quality-of-life for food allergic individuals.
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Supplementary Table 1. Sources of threshold data as gleaned from peer-reviewed publications and unpublished clinical records. 

Allergen Published Study Country First dose  
(mg protein) 

Total no. with 
objective symptoms 

Right-  
censoreda 

Left-  
censoredb 

Adults Children Age  
uncertain 

Cashew Published Blom et al. (2013) Netherlands 2.28 31 17 1 0 31 0 

  
van der Valk et al. (2016) Netherlands 1 137 60 7 0 136 1 

 
Unpublished UMCGc Netherlands 0.95 77 35 8 0 77 0 

Cashew Total 
 

  245 112 16 0 244 1 

Celery Published Ballmer-Weber et al. (2000) Switzerland 14 12 3 1 0 0 12 

  Ballmer-Weber et al. (2015) Switzerland, Netherlands, Italy, 

France, Poland 

0.003 41 13 0 38 3 0 

  Cochrane et al. (2012) Switzerland 0.003 2 0 0 1 1 0 

  
Ruppel et al. (2010) Germany 0.2 27 2 13 27 0 0 

Celery Total 
 

  82 18 14 66 4 12 

Egg Published Bellach et al. (2017) Germany 5.2 16 0 1 0 16 0 

  
Benhamou et al. (2008) Switzerland 314 33 0 9 0 33 0 

  Blom et al. (2013) Netherlands 1.64 50 16 3 0 50 0 

  
Caffarelli et al. (1995) Italy 0.023 13 0 0 0 13 0 

  
Dello Iacono et al. (2013) Italy 0.001845 20 0 0 0 20 0 

  
Eggesbo et al. (2001) Norway 125.8 7 0 1 0 7 0 

  
Escudero et al. (2013) Spain 10.5 10 0 0 0 10 0 

  
Faraj and Kim (2012) Canada 20.128 3 0 1 0 3 0 

  
Knight et al. (2006) United States 81.1 7 0 5 0 7 0 

  
Meglio et al. (2013) Italy 6.15 15 0 5 0 15 0 

  Morisset et al. (2003a) France 0.525 20 0 4 0 0 20 

  
Morisset et al. (2007) France 0.525 15 0 0 0 15 0 



Allergen Published Study Country First dose  
(mg protein) 

Total no. with 
objective symptoms 

Right-  
censoreda 

Left-  
censoredb 

Adults Children Age  
uncertain   

Norgaard and Bindslev-Jensen (1992) Denmark 0.05661 7 0 0 6 1 0 

  
Orhan et al. (2009) Turkey 12.58 3 0 0 0 3 0 

  
Pérez-Rangel et al. (2017) Spain 3.12 33 0 0 0 33 0 

  
Staden et al. (2007) Germany 5 3 0 1 0 3 0 

  
Vazquez-Ortiz et al. (2014) Spain 240 82 0 15 0 82 0 

  
Winberg et al. (2015) Sweden 0.6 2 0 0 0 2 0 

 
Unpublished FARRPd Switzerland, United Kingdom, 

United States 

0.0138 40 19 1 1 39 0 

  
UMCGc Netherlands 1.64 49 11 5 0 49 0 

  
UMCUe Netherlands 3 3 1 1 3 0 0 

Egg Total 
 

  431 47 52 10 401 20 

Fish Published Ballmer-Weber et al. (2015) Iceland, Greece, France, Spain, 

Lithuania 

0.0115 29 8 1 11 18 0 

  
Hansen and Bindslev-Jensen (1992) Denmark 0.00009 6 1 0 6 0 0 

  
Helbling et al. (1999) United States 46.1 9 0 2 8 1 0 

  
Sørensen et al. (2017) Norway 0.003 34 0 0 0 0 34 

 
Unpublished UMCUe Netherlands 890 4 1 2 4 0 0 

Fish Total 
 

  82 10 5 29 19 34 

Hazelnut Published Cochrane et al. (2012) Switzerland, Italy, Spain 0.003 3 0 0 2 1 0 

  
Ballmer-Weber et al. (2015) Netherlands, Switzerland, France, 

Germany, Iceland, Poland, Czech 

Republic, Italy, Greece 

0.003 87 43 0 76 11 0 

  Blom et al. (2013) Netherlands 1.68 23 13 1 0 23 0 



Allergen Published Study Country First dose  
(mg protein) 

Total no. with 
objective symptoms 

Right-  
censoreda 

Left-  
censoredb 

Adults Children Age  
uncertain   

Brandström et al. (2015) Sweden 0.131 8 0 0 2 6 0 

  Flinterman et al. (2006a) Netherlands 0.0015 11 8 0 0 11 0 

  
Mackie et al. (2012) Switzerland 0.003 5 0 0 5 0 0 

  
Masthoff et al. (2018) Netherlands 0.0015 108 70 0 52 56 0 

  
Wensing et al. (2002a) Netherlands 1 29 27 1 29 0 0 

 
Unpublished UBerf Germany 1.6 82 10 1 82 0 0 

  
UMCGc Netherlands 0.98 55 34 6 0 55 0 

Hazelnut Total 
 

  411 205 9 248 163 0 

Lupin Published Fiocchi et al. (2009) Italy 50 2 0 1 0 2 0 

  
Moneret-Vautrin et al. (1999) France 1.81 5 0 0 0 5 0 

  
Shaw et al. (2007) United Kingdom 1 2 0 0 0 2 0 

 
Unpublished UMCUe Netherlands 0.00362 16 9 0 16 0 0 

Lupin Total 
 

  25 9 1 16 9 0 

Milk Published Baehler et al. (1996) Canada 1.755 10 0 0 0 10 0 

  Blom et al. (2013) Netherlands 1.75 78 8 4 0 78 0 

  
Caminiti et al. (2009) Italy 3.3 11 0 0 0 11 0 

  Dambacher et al. (2013) Netherlands 18 21 3 3 0 21 0 

  
Devenney et al. (2006) Sweden 3.3 2 0 1 0 2 0 

  
Fiocchi et al. (2003) Italy 198 12 0 5 0 12 0 

  
Flinterman et al. (2006b) Netherlands 180 11 0 3 0 11 0 

  
Gushken et al. (2013) Brazil 33 39 0 18 0 39 0 

  
Hill et al. (1984) Australia 330 53 0 28 0 53 0 

  
Høst and Samuelsson (1988) Denmark 165 3 0 2 0 3 0 



Allergen Published Study Country First dose  
(mg protein) 

Total no. with 
objective symptoms 

Right-  
censoreda 

Left-  
censoredb 

Adults Children Age  
uncertain   

Keet et al. (2012) United States 1 30 0 0 0 30 0 

  
Longo et al. (2008) Italy 0.165 60 0 9 0 60 0 

  Morisset et al. (2003a) France 3.3 3 0 1 0 0 3 

  
Morisset et al. (2007) France 3.3 11 0 1 0 11 0 

  
Norgaard and Bindslev-Jensen (1992) Denmark 16.5 3 0 1 3 0 0 

  
Orhan et al. (2009) Turkey 165 4 0 0 0 4 0 

  
Patriarca et al. (2002) Italy 0.33 8 0 0 0 8 0 

  
Skripak et al. (2008) United States 40 20 0 14 0 20 0 

  
Staden et al. (2007) Germany 3 3 0 0 0 3 0 

 
Unpublished UMCGc Netherlands 1.75 53 12 5 0 53 0 

  
UMCUe Netherlands 0.354 15 4 1 15 0 0 

Milk Total 
 

  450 27 96 18 429 3 

Mustard Published Figueroa et al. (2005) Spain 2.92 14 10 0 9 5 0 

  
Morisset et al. (2003b) France 0.876 4 0 0 0 4 0 

  
Rancé et al. (2001) France 0.2608 15 0 2 0 15 0 

Mustard Total 
 

  33 10 2 9 24 0 

Peanut Published Anagnostou et al. (2009) United Kingdom 1 18 0 7 1 17 0 

  
Anagnostou et al. (2011) United Kingdom 1 16 2 0 0 16 0 

  
Atkins et al. (1985) United States 125 2 0 0 2 0 0 

  
Ballmer-Weber et al. (2015) Switzerland, Netherlands, Spain, 

Bulgaria, France, Iceland, Poland, 

United Kingdom, Germany 

0.003 43 12 1 21 22 0 

  
Blom et al. (2013) Netherlands 1.74 123 50 3 0 123 0 

  
Blumchen et al. (2010) Germany 7.5 22 0 2 0 22 0 



Allergen Published Study Country First dose  
(mg protein) 

Total no. with 
objective symptoms 

Right-  
censoreda 

Left-  
censoredb 

Adults Children Age  
uncertain   

Clark et al. (2008) United Kingdom 1 5 0 1 0 5 0 

  
Flinterman et al. (2006c) Netherlands 0.005 22 2 0 0 22 0 

  
Glaumann et al. (2013) Sweden 0.25 10 0 0 2 8 0 

  
Hourihane et al. (1997) United Kingdom 0.01 13 10 0 10 3 0 

  
Kukkonen et al. (2015) Sweden 5 100 32 9 0 100 0 

  
Leung et al. (2003) United States 0.5 23 8 1 0 0 23 

  
Lewis et al. (2005) United Kingdom 1 40 0 3 0 0 40 

  
Mackie et al. (2012) Switzerland 0.003 2 0 0 2 0 0 

  
Nelson et al. (1997) United States 0.5 12 0 1 12 0 0 

  
Nicolaou et al. (2010) United Kingdom 1 10 0 2 0 10 0 

  
Oppenheimer et al. (1992) United States 0.5 4 0 0 1 0 3 

  
Peeters et al. (2007) Netherlands 0.005 12 7 0 12 0 0 

  
Syed et al. (2014) United States 0.1 43 0 0 4 39 0 

  
Taylor et al. (2010) France 0.025 283 10 18 7 275 1 

  
Trendelenburg et al. (2014) Netherlands 30 12 0 1 0 12 0 

  
Wainstein et al. (2010) Australia 5 8 0 0 0 8 0 

  
Wensing et al. (2002b) Netherlands 0.03 26 20 0 24 2 0 

 
Unpublished Karolinskaf Sweden 0.25 11 0 0 0 11 0 

  
UMCGc Netherlands 0.58 144 82 10 0 144 0 

  
UMCUe, Netherlands 0.005 62 22 0 62 0 0 

  
WKZh,i Netherlands 0.005 240 18 2 0 240 0 

Peanut Total 
 

  1306 275 61 160 1079 67 

Sesame Published Dano et al. (2015) France 0.85 14 5 1 5 9 0 

  
Kanny et al. (1996) France 1.54 8 1 1 6 1 1 



Allergen Published Study Country First dose  
(mg protein) 

Total no. with 
objective symptoms 

Right-  
censoreda 

Left-  
censoredb 

Adults Children Age  
uncertain   

Leduc et al. (2006) France 0.85 13 0 1 7 5 1 

 Unpublished UMCGc Netherlands 1.25 5 4 0 0 5 0 

Sesame Total 
 

  40 10 3 18 20 2 

Shrimp Published Atkins et al. (1985) United States 0.0228 4 0 0 4 0 0 

  
Ballmer-Weber et al. (2015) Spain, Iceland, France, 

Switzerland 

0.003 27 12 0 25 2 0 

  
Daul et al. (1988) United States 912 21 12 0 21 0 0 

 
Unpublished FARRPd Switzerland, United States 0.00228 23 14 0 23 0 0 

Shrimp Total 
 

  75 38 0 73 2 0 

Soy Published Ballmer-Weber et al. (2007) Italy, Switzerland 1.06 22 11 0 0 0 22 

  
Blom et al. (2013) Netherlands 1.75 9 7 0 0 9 0 

  
Fiocchi et al. (2003) Italy 114 7 0 1 0 7 0 

  
Magnolfi et al. (1996) Italy 88 5 1 2 0 5 0 

  
Zeiger et al. (1999) United States 0.063 9 0 1 0 9 0 

 
Unpublished FARRPd Netherlands, Switzerland 0.1 11 4 0 9 2 0 

  
UBerf Germany 1.5 17 4 2 17 0 0 

  
UMCGc Netherlands 1.75 5 4 0 0 5 0 

  
UMCUe Netherlands 520 2 2 0 2 0 0 

Soy Total 
 

  87 33 6 28 37 22 

Walnut Published Blankestijn et al. (2017) Netherlands 0.03 33 13 0 33 0 0 

 
Unpublished UMCGc Netherlands 1.05 41 18 5 0 41 0 



Allergen Published Study Country First dose  
(mg protein) 

Total no. with 
objective symptoms 

Right-  
censoreda 

Left-  
censoredb 

Adults Children Age  
uncertain 

Walnut Total 
 

  74 31 5 33 41 0 

Wheat Published Christensen et al. (2014) Denmark 25 15 0 1 0 15 0 

  
Ito et al. (2008) Japan 2.6 21 0 1 0 21 0 

  
Makela et al. (2014) Finland 100 7 0 2 0 7 0 

  
Nilsson et al. (2015) Sweden 5 26 2 0 0 26 0 

  
Pacharn et al. (2014) Thailand 0.1 2 0 0 0 2 0 

  
Pastorello et al. (2007) Denmark, Italy 31 3 0 2 0 3 0 

  
Rodríguez del Río et al. (2014) Spain 0.106 6 0 0 0 6 0 

  
Scibilia et al. (2006) Denmark, Italy 10 13 0 3 12 1 0 

 
Unpublished UMCGc Netherlands 1.75 6 0 0 0 6 0 

Wheat Total 
 

  99 2 9 12 87 0 

           

Allergens not included  

in analysis due to  

limited data 

Published Study   Total no.  

with  

objective  

symptoms 

Right-  

censored 

Left-  

censored 

Adults Children Age  

uncertain 

Buckwheat Published Heffler et al. (2011) Italy 9 24 0 0 24 0 0 

 
Unpublished UMCGc Netherlands 18 2 1 0 0 2 0 

Buckwheat  Total 
 

  26 1 0 24 2 0 

Case Studies not  

included in the analysis 

Published Study   Total no.  

with  

Right-  

censored 

Left-  

censored 

Adults Children Age  

uncertain 



Allergen Published Study Country First dose  
(mg protein) 

Total no. with 
objective symptoms 

Right-  
censoreda 

Left-  
censoredb 

Adults Children Age  
uncertain 

objective  

symptoms 

Egg Published Atkins et al. (1985) United States 12.58 1 0 0 1 0 0 

  
Unsel et al. (2007) Turkey 5.25 1 0 0 1 0 0 

Milk Published Lam et al. (2008) Netherlands 0.3 1 1 0 0 1 0 

  
Winberg et al. (2015) Sweden 0.6 1 0 0 0 1 0 

Peanut Published Patriarca et al. (2006) Italy 12.5 1 0 0 1 0 0 

 

a Number of right-censored individuals; subjects who completed the food challenge without experiencing objective symptoms to the largest dose (NOAEL = highest challenge dose; LOAEL set to infinity).  

b Number of left-censored individuals; subjects who reacted with objective symptoms to the first dose of the food challenge (NOAEL set to zero; LOAEL = lowest challenge dose). 

c UMCG – University Medical Center Gronigen, The Netherlands. 

d FARRP – Food Allergy Research & Resource Program, University of Nebraska – Lincoln, US.  

e UMCU – University Medical Center Utrecht, The Netherlands.  

f Universitätsmedizin Berlin, Germany.  

g Karolinska Institutet, Stockholm, Sweden.  

h Includes Klemans et al. (2015)  

i WKZ – Wilhelmina Kinderziekenhuis Children’s Hospital of the University Medical Center Utrecht, The Netherlands.  
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Supplementary Table 2. Mean value of weights for each parametric survival distribution for each food from the 10 runs used to generate ED01 and ED05 estimates. The 

Stacked Model Averaging approach for interval-censored data utilizes five parametric survival distributions including the Weibull distribution, Log-Gaussian (Log-Normal), 

Log-Logistic, Generalized Pareto and Log-Laplace (Log-Double-Exponential) to give a range of survival functions that are broadly applicable. 

  

Cumulative Log-Logistic < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.4397 < 0.0001 < 0.0001 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0004 < 0.0001 

 Log-Gaussian 0.0023 < 0.0001 < 0.0001 0.2158 < 0.0001 < 0.0001 < 0.0001 0.4896 < 0.0001 0.0007 < 0.0001 < 0.0001 0.0096 < 0.0001 

 Weibull 0.9977 0.9999 0.9812 0.0010 0.7154 < 0.0001 0.9999 0.5104 0.8986 0.0930 0.4615 0.9999 0.9709 0.9999 

 Log-Laplace < 0.0001 0.0001 0.0150 0.7833 0.2846 0.0001 < 0.0001 < 0.0001 0.0471 0.9063 0.2844 < 0.0001 0.0191 < 0.0001 

 Gen-Pareto < 0.0001 < 0.0001 0.0038 < 0.0001 < 0.0001 0.5602 < 0.0001 < 0.0001 0.0542 < 0.0001 0.2541 < 0.0001 < 0.0001 < 0.0001 

  Cashew Celery Egg Fish Hazelnut Lupin Milk Mustard Peanut Sesame Shrimp Soy Walnut Wheat 

Discrete Log-Logistic < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

 Log-Gaussian < 0.0001 < 0.0001 < 0.0001 0.9999 < 0.0001 < 0.0001 < 0.0001 0.7241 < 0.0001 < 0.0001 < 0.0001 0.0010 0.0026 < 0.0001 

 Weibull 0.9999 0.8209 0.9776 < 0.0001 0.6388 < 0.0001 0.9994 0.2759 0.9636 0.3632 0.0188 0.9989 0.9966 0.9999 

 Log-Laplace < 0.0001 0.1082 0.0222 < 0.0001 0.3611 < 0.0001 < 0.0001 < 0.0001 0.0021 0.6368 0.4474 < 0.0001 0.0007 < 0.0001 

 Gen-Pareto < 0.0001 0.0709 0.0002 < 0.0001 < 0.0001 0.9999 0.0006 < 0.0001 0.0342 < 0.0001 0.5338 < 0.0001 < 0.0001 < 0.0001 



Supplementary Table 3. Example of weights per parametric survival distribution, per run for peanut (cumulative dosing scheme). The Stacked Model Averaging approach 

for interval-censored data utilizes five parametric survival distributions including the Weibull distribution, Log-Gaussian (Log-Normal), Log-Logistic, Generalized Pareto and 

Log-Laplace (Log-Double-Exponential). The Stacked Model Averaging method itself relies on random sampling which can lead to tiny variations in the final EDp estimates on 

a single run basis. Thus, the Stacked Model Averaging procedure was repeated 10 times (100,000 iterations per run) and the mean of the weighting estimate per 

distribution across the 10 runs was determined. 

 

 

 

 

 
Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Mean 

Log-Logistic < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0008 0.0001 

Log-Gaussian < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Weibull 0.9126 0.9122 0.8913 0.9079 0.9115 0.8477 0.9114 0.8935 0.8951 0.9022 0.8986 

Log-Laplace 0.0537 0.0522 0.0390 0.0520 0.0519 0.0241 0.0525 0.0500 0.0452 0.0504 0.0471 

Gen-Pareto 0.0337 0.0355 0.0696 0.0401 0.0365 0.1281 0.0361 0.0565 0.0596 0.0465 0.0542 
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