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A B S T R A C T

Insight into symptoms at low doses of protein from priority allergenic foods may support decision making and 
acceptance of harmonized reference doses for Precautionary Allergen Labeling (PAL). Symptoms were extracted 
from double-blind placebo-controlled food challenges underlying the full range Eliciting Dose (ED) distributions 
(Houben et al., 2020). Frequency and severity were analyzed at and below doses to which a maximum 10% of the 
allergic population is predicted to respond with objective symptoms (ED10). Detailed symptom descriptions at 
every dose were recorded for 1102 food challenges with 11 allergenic foods. At doses ≤ ED10, generally, 1 to 2 
symptoms, either objective or subjective, occurred per positive challenge (average 1.8 ± 1.2, range 1–8). 
Symptoms were mostly (68%) subjective of nature. Most objective symptoms were in the skin (60–71%; e.g. 
flush, erythema), followed by eyes/nose and oral cavity (rhinorrhea, red eyes, lip swelling). Far less symptoms 
(approx. 5–8%) occurred in the gastrointestinal (vomiting) and respiratory tract (cough). Symptoms were graded 
mild to moderate, except for 2 cases of a severe symptom (wheeze, laryngeal edema), which occurred at a dose 
above the ED05 (approximately the ED08). Exposure ≤ ED05 of priority allergenic foods resulted only in mild to 
moderate symptoms in a small proportion of the allergic population.

1. Background

Avoidance of the offending allergenic food is crucial for allergy 
management by food allergic individuals. In many countries, labeling 
regulations are in place to specifically indicate the presence of priority 
allergenic foods when they are used as ingredients in the finished 
product formulation, but the voluntary labeling of the possible unin
tended presence of allergens in food products (precautionary allergen 
labeling - PAL) is unclear and inconsistent (Allen et al., 2014; Allen and 
Taylor, 2018). Unexpected reactions to food products frequently occur 
in the allergic population and can be severe to potentially life threat
ening (Michelsen-Huisman et al., 2018; Versluis et al., 2015). This sit
uation leads to uncertainty and anxiety in allergic patients that 
considerably affects their quality of life (Lange, 2014; Warren et al., 
2020).

Food allergic patients and healthcare professionals struggle with 
understanding PAL on food products, largely because there is no general 
agreement for standards and phrasing for PAL (DunnGalvin et al., 2015; 

Holleman et al., 2021). Reference doses for risk based action levels are 
increasingly recommended for deciding on the need or not for applying 
PAL (Brooke-Taylor et al., 2018; FAO and WHO, 2022; Taylor et al., 
2014). The reference doses are based on low doses predicted to elicit 
objective allergic symptoms in a specified proportion of the allergic 
population (Houben et al., 2020; Remington et al., 2020). The Ad hoc 
Joint FAO/WHO Expert Consultation on Risk Assessment of Food Al
lergens (FAO and WHO, 2022) recently recommended using the ED05 
(the dose predicted to elicit objective allergic symptoms in 5% of the 
allergic population) as a basis for deriving Reference Doses. They based 
these on the ED05 of the population ED distribution (Houben et al., 
2020; Remington et al., 2020), noting that the data reported in the 
publications of (Remington et al., 2020; Houben et al., 2020) were the 
most comprehensive and best described source (i.e. the TNO-FARRP 
threshold database) available, both in terms of content and curation, 
with supportive peer-reviewed publications. The dose-distribution 
analysis methodology was similarly well-described for this dataset.

Acceptance of Reference Doses by all stakeholders involved will 
benefit from insight into the severity of a possible reaction at the low ED 
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range (DunnGalvin et al., 2015; Madsen et al., 2020). A complicating 
factor in discussions is that severity is a relative and subjective expres
sion with multiple definitions. Which allergic symptoms are considered 
a severe reaction varies among and within different stakeholder groups 
(Dubois et al., 2018; Stockhammer et al., 2020; Turner et al., 2016). For 
instance, anaphylaxis often is thought to be a serious life-threatening 
event, but anaphylaxis is not one single unique allergic symptom. 
Anaphylaxis constitutes a spectrum of symptoms ranging from mild to 
severe (Cardona et al., 2020; Turner et al., 2019), and at least 80% of 
anaphylactic reactions will resolve without treatment (Turner et al., 
2022). Although it is generally accepted that there is a hierarchy of risks 
for food allergic individuals ranging from very minor symptoms, e.g. 
tingle or itch to mild moderate symptoms and severe to life threatening 
symptom (Dubois et al., 2018; FAO and WHO, 2022), there is no general 
standard for grading symptoms (Arasi et al., 2021; Eller et al., 2018; 
Fernández-Rivas et al., 2021; Purington et al., 2018; Shah et al., 2023). 
Published classification systems rank allergic reactions for example into 
mild, moderate and severe, or provide a further 5-step grading or also 
numerical systems (Zhu et al., 2015; Eller et al., 2018; Fernández-Rivas 
et al., 2021; Purington et al., 2018; Shah et al., 2023). In general, the 
published classifications have a strong focus on identifying anaphylaxis 
and need for treatment and describe severity for only part of possible 
symptoms in an allergic reaction.

At the low ED range of the threshold dose distribution, a small pro
portion of the population is expected to experience at most mild to 
moderate objective symptoms (Remington et al., 2020; Taylor et al., 
2014). Single dose studies validating the ED05 for peanut and milk 
confirmed this (Hourihane et al., 2017; Turner et al., 2021). A system
atic review and meta-analysis of published diagnostic and immuno
therapy studies focusing on the possible risk for anaphylaxis showed that 
of those individuals reacting to the ED05 level of peanut, approx. 5% 
could potentially develop an anaphylactic reaction (Patel et al., 2021). 
Further, the anaphylactic reactions occurring in this dose range varied 
considerably and many will be a mild anaphylactic reaction resolving 
without any treatment (Turner et al., 2022). However, a clear descrip
tion of the particular symptoms that food allergic patients may experi
ence at and around proposed ED05-based reference doses is currently 
lacking. The present study investigates all symptoms recorded in the 
TNO-FARRP threshold database occurring at doses ≤ ED10 for the pri
ority allergenic foods for which population threshold dose distributions 
have been reported (Houben et al., 2020; Remington et al., 2020). 
Evaluation of the type of symptoms, including the severity, will give 
insight into the overall health consequences for the allergic population 
that may experience an allergic reaction at these dose levels, and as 
such, is aimed to contribute to characterizing the safety and residual risk 
of reference doses based on low ED values.

2. Materials and methods

2.1. Database

The database used for the present study has been described in detail 
elsewhere (Remington et al., 2020; Houben et al., 2020). Briefly, the 
database contains over 3400 individual threshold data from low-dose 

food challenge studies in food allergic patients that were systemati
cally collected by the Netherlands Organisation for Applied Scientific 
Research (TNO) and the Food Allergy Research and Resource Program 
(FARRP) of the University of Nebraska-Lincoln, USA. For each individ
ual patient, the lowest observed adverse effect level (LOAEL) is defined 
based on the first objective symptoms of an allergic response occurring 
and the no observed adverse effect level (NOAEL) is set at the previous 
dose in the clinical protocol (Westerhout et al., 2019). A dose is recorded 
in milligrams of total protein from the allergenic food (Taylor et al., 
2014). Data from double-blind placebo-controlled food challenges were 
included in the Allergen Threshold Database (ATDB) if the author
s/clinics clearly reported the LOAEL for objective reactions, the dosing 
scheme used and indicated if/when repeated doses were used, detailed 
the challenge material, and reported the symptoms in an individual 
fashion or reported a grouped symptom classification with a clear sep
aration between objective and subjective symptoms (Westerhout et al., 
2019). Symptom descriptions at the NOAEL and LOAEL in the ATDB 
therefore range from indicating “subjective/objective symptoms”, 
grouped symptom or organ classifications (e.g. skin, oral cavity), 
severity scorings such as Sampson or Mueller classifications, to the 
detailed signs and symptoms as described in Westerhout et al. (2019)
occurring at each dose step of the challenge.

2.2. Data extraction and analyses

2.2.1. Inclusion of challenge data for the study
Challenge data were included if each dose was accompanied with a 

detailed description of the specific symptoms and if the first received 
dose was ≤ED10 for the allergenic food. Challenges were excluded when 
the details of symptoms could not be deduced; these were challenges for 
which the NOAEL and LOAEL were reported as objective allergic reac
tion, but without any specification of the symptoms reported at each 
dose at the individual patient level. In the original publications, symp
toms or a severity score of the food allergy may have been mentioned, 
but these often could not be related to a specific individual patient and/ 
or its threshold dose; or, symptoms were summarized for the organ 
systems involved or summarized in a severity classification such as 
Sampson or Mueller, or individual symptoms were provided as a sum
mary for a patient without indication at which dose these were actually 
happening, which means that (part of) the symptoms reported for this 
patient may have occurred at different doses. In all such cases data were 
sufficiently detailed to deduce that an objective symptom occurred at a 
specific dose for inclusion in the database (i.e. for the NOAEL and 
LOAEL). But the actual symptoms present at the individual dose for the 
patient are missing and these cases could not be included in the current 
analyses.

2.2.2. ED values
For the present study, the cut off values were the ED01, ED05 and 

ED10 for the cumulative threshold dose distribution of 14 allergenic 
foods (Houben et al., 2020; Remington et al., 2020). The cumulative and 
discrete ED values are given in Supplement Table S1.

2.2.3. Symptoms
Multiple clinical expressions were present to describe the same 

symptom and the dataset was therefore harmonized into the symptom 
descriptions as described in Westerhout et al. (2019) to facilitate the 
analysis. For instance, stomach pain was renamed as abdominal pain/
gastric pain. Dizzy and vertigo all became dizziness. Other examples were 
panic or upset which were renamed tension/agitation, or facial swelling 
which became angioedema. Part of the data summarized the subjective 
symptoms of the oral cavity as oral allergy syndrome (OAS). Symptoms 
were assigned independently by two authors WMB and JW, all newly 
assigned symptoms were discussed and approved by a clinician (TML). 
Because possible gradings for a symptom were not consistently reported 
in original datasets, this grading was removed, e.g. mild cough became 

Abbreviations

ATDB Allergen Threshold Database
DBPCFC double-blind placebo-controlled food challenges
ED Eliciting Dose
LOAEL lowest observed adverse effect level
RD Reference Dose
PAL Precautionary Allergen Labeling
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cough or localized urticaria became urticaria. In total 188 unique symp
tom descriptions were classified into 46 signs or symptoms (see Sup
plement Table S2). For 4 of the symptoms, it was unclear to which 
harmonized sign or symptom it should be linked, but it was related to the 
organ, these were spot/pimple mouth (Oral cavity), feeling of pressure 
around eyes (Eyes and Nose), sweat (Skin), and itchy feeling at the 
height of sternum (Respiratory tract). For 17 subjective symptoms the 
description was unclear; indicating “subjective symptom” (n = 12) or 
incomplete description like cold, recognizing peanut (n = 3).

2.2.4. Categorization in ED ranges
All reported symptoms for a single dose in a clinical study (in mg 

total protein of the allergenic food) were categorized into 3 different ED 
ranges: ≤ED01, ED01- ≤ ED05, ED05- ≤ ED10 for the respective aller
genic food. Patients could have symptoms occurring in multiple ED 
ranges. In case the same symptom occurred in multiple ED ranges, this 
symptom was counted in all ED ranges in which the symptom occurred.

2.2.5. Classification of symptoms
Symptoms were classified for being subjective or objective 

(Westerhout et al., 2019). Grading of the individual symptoms as mild, 
moderate or severe was as described in Supplement and Table S2 for the 
full list of symptoms and their classification. There is no consensus on 
the grading of individual symptoms although for part of the symptoms 
there is more general agreement regarding being mild, moderate or 
severe than others (Arasi et al., 2021; Eller et al., 2018; Zhu et al., 2015). 
None of the available grading systems can be applied one to one to all 
the symptoms and signs listed by Westerhout et al. (2019), which are the 
symptoms noted for the food challenges in our database and used in the 

present analyses. Further, because none of the available grading systems 
are regarded as the golden standard for classifying symptoms, we 
considered it not appropriate to modify the symptom descriptions in our 
dataset according to the symptom description of either one of the 
grading systems. In addition, selection of one grading system will lead to 
losing a significant part of the symptom details. Therefore, grading of 
the individual symptoms as mild, moderate or severe was performed on 
the basis of classifications systems described in various publications 
(Ben-Shoshan et al., 2010; Cardona et al., 2020; Cox et al., 2010; Kimchi 
et al., 2015; Muraro et al., 2007, 2018; Purington et al., 2018; Zhu et al., 
2015) and as described in the Supplementary Table S2. It was not the 
intention to review all available opinions or to develop a new scoring 
system, but to provide a grading that would reflect the general view and 
would allow an evaluation of symptom severity at low ED ranges of 
protein from allergenic foods. The general view was applied and usually 
a conservative approach was taken, i.e. in case of doubt a more severe 
category was assumed.

2.3. Statistics

Descriptive statistics using Excel was used to analyse the occurrence 
and frequency of symptoms.

3. Results

3.1. Food challenges included

For 1102 food challenges, patients received at least one dose ≤ ED10 
and detailed information on symptoms at each dose of the challenge was 

Table 1 
Characteristics of the dataset in the dose ranges ≤ cumulative ED10 for allergenic foods.

≤ ED01 ED01- ≤ ED05 ED05- ≤ ED10 ≤ ED10

All food challenges (FC) included in the initial analysis with sufficient detail on symptoms, not necessarily symptoms ≤ ED10a)

# FC with at least one dose in 
the dose range

286 1013 919 1102

FC with first dose in the dose 
range

286 (26%) 733 (66.5%) 83 (7.5%) 1102

Allergenic foods 6 
cashew, celery, fish, 

hazelnut, peanut, shrimp

11 
all

10 
all but shrimp

11

​
FC receiving at least one dose in the dose range AND presenting symptoms within the dose rangea)

FC with symptoms (% of total 
FC in the dose range)

68 (24%) 273 (27%) 260 (28%) 444 (40%)

Allergenic foods 5 
celery, fish, hazelnut, 

peanut, shrimp

11 
all

11 
all

11

Classification of individual symptoms
Total nr of symptoms listedb) 109 480 503 1092
Subjective/ objective 

symptoms
65%/35% 73%/27% 64%/36% 68%/32%

Number of different classified 
symptoms reported

18 40 43 46

Classification of the allergic reaction
Average number of symptoms 

reported per FC (±s.d.)
1.6 ± 1.2 1.8 ± 1.1 1.9 ± 1.3 1.8 ± 1.2

Range of number of symptoms 
per FC

1–6 1–6 1–8 1–8

Patients with objective 
LOAELc)

11c) 42c) 48c) 101

Allergenic foods of the 
LOAELd)

2 
celery, peanut

6 
cashew, egg, hazelnut, 
milk, peanut, walnut

10 
cashew, celery, egg, fish, hazelnut, milk, 
peanut, shrimp, wheat, walnut (not soy)

10 
cashew, celery, egg, hazelnut, milk, 

peanut, shrimp, wheat walnut, (not soy)

a) Age and gender characteristics are provided in Supplement Table S3.
b) Symptoms, especially mild subjective symptoms could occur at multiple doses within an ED range, and/or also spanning 2 dose ranges. Only unique symptoms in a 

dose range are indicated and counted, but could be repeated in the next dose range. Further, multiple symptoms may occur in the same individual.
c) The distribution of LOAELs in each of the dose ranges: at the range ≤ ED01 11 patients had their LOAEL for objective symptoms (1.0%); 53 patients (5.3%) at the 

range ≤ ED05; and 101 patients (9.2%) at ≤ ED10.
d) LOAELs were present for various allergenic foods (Supplement Table S4).
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present (Fig. 1, Table 1). These data were from adults and children, 13 
countries throughout Europe (15 clinical centers), and available for 11 
allergenic foods (cashew (n = 244), celery (n = 41), egg (n = 99), fish (n 
= 26), hazelnut (n = 165), milk (n = 131), peanut (n = 308), shrimp (n 
= 27), soy (n = 14), walnut (n = 41) and wheat (n = 6). This data subset 
covered a third of the full dataset (1102 out of 3445 FC) and a similar 
proportion for each of the allergenic foods, except for 2 extremes; almost 
all challenges with cashew (244 out of 245 FC) fulfilled the selection 
criteria to just 6% of the FC for wheat (6out of 99 FC). The median 
population age was 7.7 yr (0.3–72.5 yr) with slightly more males 
(46.6%) than females (33.1%), and for 20.3% sex was not provided 
(Supplement Table S3 for details). 92.5% of the patients received their 
first dose ≤ ED05, and 7.5% in the range ED05- ≤ ED10. For 101 out of 
1102 food challenges (9.2%), the objective cumulative LOAEL occurred 
in the dose range ≤ ED10, which is close to the 10% that could be ex
pected (Table 1, Supplement Table S4 for the different allergenic foods).

3.2. Food challenges with symptoms ≤ ED10

Symptoms, either objective or subjective, at doses ≤ ED10 were 
observed for 42% of food challenges (n = 444), whereas for the other 
658 food challenges, symptoms were present from higher doses onwards 
(>ED10). As we also analyzed the nature of subjective symptoms, the 
percentage of symptoms occurring was higher than the expected per
centage for objective reactions only (i.e. ca 10% at the ED10). The 
majority of the reported symptoms ≤ ED10 indeed were subjective in 
nature (70%) (Table 1). For each of the 3 ED ranges, approximately a 
similar proportion of the patients experienced symptoms (24–28%), 
which were primarily subjective and occasionally an objective 

symptom. Most patients with symptoms had only 1 or 2 symptoms in an 
ED range, 16%–22% experienced more symptoms (Table 1, Supplement 
Fig. S1). Further, in 31% (140) of the 444 food challenges, a subjective 
symptom was reported at more than one dose ≤ ED10.

3.3. Symptoms reported in dose ranges ≤ ED10

A total of 1092 symptoms were reported for the 444 food challenges 
≤ ED10, which corresponded to in total 46 unique classified symptoms. 
At all dose ranges, the vast majority of the symptoms were subjective of 
nature (Table 1).

In the ≤ED01 range (n = 109 symptoms, 68 FC), most reported 
symptoms were mild subjective or mild objective symptoms (Fig. 2), and 
mainly (82.6%) symptoms of the oral cavity, eyes and nose, or skin. Most 
frequently this concerned OAS (37.6%), flush (13.8%) and pruritus of 
the skin (11%) followed by subjective symptoms such as paresthesia, 
nausea, abdominal pain/gastric pain (3–5%), or objective symptoms 
such as erythema, rhinorrhea and red eyes/conjunctivitis (Fig. 3A, and 
Supplement Fig. S2 for symptoms at the ED ranges). Six (5.5% of 109 
symptoms) moderate respiratory symptoms were reported, which were 
cough (n = 3), throat tightness (2), and dyspnea (1), each displayed in a 
different patient, and different allergens involved.

In the ED01- ≤ ED05 range, more symptoms (480 symptoms for 273 
food challenges) were reported. Consequently, a larger diversity of 
symptoms (40 different symptoms) was present, of which 1/3 were re
ported only once or twice. Again, the majority (76%) were present in the 
oral cavity, eyes and nose or skin (Fig. 3B, Supplement Fig. S2). Similar 
symptoms as in the ≤ED01 range were present: OAS (16.7%) and 
symptoms such as pruritis of oral cavity (11.7%) and paresthesia of the 
pharynx (10.2%), or symptoms of the skin such as pruritis (8.8%) or 
flush (11.7%). Gastrointestinal symptoms such as nausea or abdominal 
pain/gastric pain were present, each approximately 5% of all symptoms 
at this dose range, usually as a single symptom in the food challenge, 
though in approximately 1/4 of the cases both symptoms were present in 
a patient. Symptoms of the respiratory system (5.6% of all symptoms) 
included objective (cough, 1.0%), and subjective symptoms such as 
throat tightness (3.3%) and dyspnea (0.8%). Cough was accompanied by 
other subjective or objective symptoms for individual patients. A large 
number of other symptoms were reported once to a few times, and 
mainly were symptoms of the skin or oral cavity.

Fig. 1. Flow chart of food challenge inclusion in the study. The dataset is 
extracted from the 3445 reviewed individual food challenges underlying the 
population threshold distributions for 14 priority allergens reported previously 
(Houben et al., 2020; Remington et al., 2020).

Fig. 2. Nature of all symptoms distributed in the different ED-ranges. 
Classification of severity of each symptom is provided in Supplement Table S2. 
Note: the % severe symptoms were very small, i.e. 0.2%, and involved 2 cases, a 
wheeze and a laryngeal edema in the ED range above the ED05 (ED05- ≤
ED10). At doses ≤ ED05, no case of severe symptoms were recorded.
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In the range of ED05- ≤ ED10 also a large diversity of symptoms (n =
43) was reported, that were almost identical to those for the ED01- ≤
ED05 range, including the top 15 most reported symptoms (Fig. 3C, 
Supplement Fig. S2). The majority of these top 15 symptoms were 
subjective and occurred in the oral cavity, eyes and nose, or skin. Also, 
the proportion of each of the symptoms was fairly similar and primarily 
mild to moderate. Two symptoms (0.4% of 503 symptoms) in the ED05- 
≤ ED10 range were classified as a severe symptom, i.e. a single case of 

wheeze, and one case of laryngeal edema.
Overall, the majority of symptoms that patients experienced in the 

≤ED10 range were mild (74%–84%) or moderate symptoms (16%– 
26%), and primarily subjective. Only 0.2% of all symptoms in this range 
was classified as severe. In the dose ranges ≤ ED05, all symptoms were 
characterized as mild to moderate and no cases of severe symptoms were 
recorded (Fig. 2).

3.4. Symptoms and allergens

The symptoms most frequently reported were similar for all of the 
allergenic foods, though with variations in percentages (see heatmap of 
Supplement Fig. S3) and reflected the general picture of primarily 
symptoms in the oral cavity, followed by skin symptoms. Except for 
milk, egg and wheat, for which objective skin symptoms were more 
prominent. Subjective symptoms were less frequently reported for very 
young children, and for these 3 allergens, the median age was lower, 2.4 
yr (range 0.8–17.6 yr) compared to the median age for other allergenic 
foods (average of 9.7–39.5 yr) and 7.7 yr (0.8–72.5 yr) for the total 
group.

3.5. Objective symptoms

For 9.2% of the challenges, the objective LOAEL took place in the 
dose range ≤ ED10, which is close to the 10% that could be expected. 
The objective symptoms (n = 347, 31.9% out of the total symptoms 
dataset of 1092 symptoms ≤ ED10) were primarily mild (78.4%, 
77.8–79.2% for the various ED ranges) and the majority concerned skin 
symptoms (flush followed by erythema and urticaria), accounting for 
67.5% of all objective symptoms ≤ ED10. Other objective symptoms 
occurred primarily in the eyes and nose (red eyes, rhinorrhea, sneeze), 
and oral cavity (lip swelling, oral mucous production) (Fig. 4, and 
Supplement Table S5). Moderate symptoms (21%, 20–21% for the 
various ED ranges) were mainly vomiting and cough (generally a mild 
cough); at doses ≤ ED01 all respiratory symptoms were a mild cough, at 
ED01- ≤ ED05 and ED05–≤ED10 also a few other respiratory symptoms 
were noted (each once or 2 times); dysphonia, and a wheeze. In the 
gastrointestinal system vomiting was the most noted objective symptom 
(approx. 5%), besides diarrhea (<1%). In the ED range above the ED05 
(ED05- ≤ ED10), 2 cases of a severe symptom were noted, which con
cerned a wheeze (cashew) and a laryngeal edema (fish) and each 
occurred at a dose that relates to approximately the ED08.

4. Discussion

Insight into the severity of symptoms at low dose intakes of protein 
from priority allergenic foods may support decision making and 
acceptance of harmonized reference doses for Precautionary Allergen 
Labelling (PAL). The present study investigated all symptoms recorded 
in the TNO-FARRP threshold database occurring at doses ≤ ED10 for the 
priority allergenic foods for which population threshold dose distribu
tions have been elaborated (Houben et al., 2020; Remington et al., 
2020). Our study shows that almost all of the symptoms in the dose 
range up to the ED10, and all symptoms in the dose range up to an 
including the ED05, are mild or moderate and mainly concern subjective 
or objective symptoms of the skin, eyes or nose, or oral cavity. To a lesser 
extent, gastro-intestinal or respiratory symptoms were reported.

Our database contains 3445 individual threshold datapoints for 14 
priority allergenic foods from published and unpublished challenges 
from clinics worldwide (Remington et al., 2020). The need for a detailed 
symptom description at every dose was limiting the analysis to a third of 
all challenges available in the database. The selection was proportion
ally divided for most allergenic foods, thereby minimizing selection bias 
for a specific allergenic food. Inherent to the number of data available in 
the full dataset, more data were present for some allergenic foods, e.g. 
peanut, hazelnut, egg and milk, than for allergenic foods such as wheat, 

Fig. 3. The occurrence of symptoms in the various dose ranges. The fre
quency of symptoms reported in a dose range was determined based on the total 
number of symptoms reported in each dose range (see Table 1). Shown are the 
top 15 symptoms reported (For the total list of symptoms see Supplement 
Fig. S2). A) the dose range ≤ ED01 (n = 109 symptoms, shown here are 97% of 
all symptoms); B) ED01- ≤ ED05 (n = 480 symptoms; shown here are 86% of all 
symptoms) and C) ED05- ≤ ED10 of allergens (n = 503 symptoms; 83.1% of all 
symptoms shown). Symptoms were classified as subjective (s) in light grey bars 
or objective (o) in black bars. *) full description: Pruritus/paresthesia of the oral 
cavity, pharynx and/or lips (s).
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soy, fish or shrimp that have smaller datasets (Remington et al., 2020). 
This may have influenced the outcome of our severity analyses. How
ever, if that is the case, our analyses would likely be a worst case 
analysis, as the dataset contains a relative high portion of peanut data. 
Turner et al. (2022) found that peanut can be used as a reference 
allergen for hazard characterization in food allergen risk management, 
as they found no evidence to suggest that other priority allergens may 
result in a higher rate of anaphylaxis at low doses of allergen exposure 
compared with peanut. And, Purington et al. found that at the low dose 
range there was no evidence for a difference in severity among various 
allergenic foods including tree nuts, peanut, milk and egg (Purington 
et al., 2018), suggesting that if differences in numbers of datapoints 
between various foods could have influenced the outcomes of our ana
lyses, the impact is likely to be limited.

In total a substantial number of challenges (approx. 1100) were 
available for detailed analysis of the symptoms occurring in the low dose 
region. The study investigated all symptoms that occurred in ranges 
based on the cut off values for the ED01, ED05 and ED10 of the cumu
lative threshold dose distribution of 14 allergenic foods (Houben et al., 
2020; Remington et al., 2020). These ED values are generally slightly 
higher than those based on the discrete threshold dose distributions and 
thus in theory might include more individuals’ symptoms (and poten
tially more severe symptoms) and thereby represent a worst case choice. 
The percentage of challenges with an objective LOAEL ≤ ED10 (9.2%) is 
close to the expected 10% and indicates absence of selection bias for the 
one third of challenges with detailed symptom description. Similar 
symptoms of primarily skin, oral cavity or eyes and nose were also 
observed in 2 single dose studies validating the ED05 of peanut 
(Hourihane et al., 2017) and milk (Turner et al., 2021), supporting the 
extrapolability of the analyses of symptoms in the low dose ranges for 
the allergic population.

The main objective of our study was to provide detailed insight into 
the type of symptoms occurring in the low ED ranges of protein from 
allergenic foods, the range supporting FAO/WHO recommended 
Reference Doses (FAO and WHO, 2022). An analysis of symptoms 
occurring at doses above ED10 of allergenic foods was considered out of 
scope as well as unreliable. The application of challenge-stopping 
criteria (or protocol-defined stopping criteria) used in food challenges 
(Westerhout et al., 2019) would imply that analyses of symptoms at 
higher dose levels would show a bias towards less severe symptom types. 
To investigate the symptoms and severity of reactions at high ED values 
would require a different type of study, e.g. single dose studies as con
ducted for peanut (Hourihane et al., 2017) and milk (Turner et al., 
2021). Applying a severity grading of symptoms supports the interpre
tation and discussion of the results, but includes a value judgement 
which is currently not standardized as shown in several overviews (Arasi 
et al., 2021; Eller et al., 2018; Shah et al., 2023). None of the available 
grading systems are regarded as the golden standard for classifying 
symptoms (Arasi et al., 2021; Eller et al., 2018; Zhu et al., 2015), 

including recently published multistakeholder approaches to grade 
severity (Chinthrajah et al., 2022; Dribin et al., 2021; Fernández-Rivas 
et al., 2021). Further, some of the grading systems require a level of 
detail that can only be applied for data generated in one particular clinic 
or a group of clinics (Fernández-Rivas et al., 2021; Purington et al., 
2018). Over the years, clinics have applied multiple ways of doc
umenting the reactions in a food challenge and the data in the 
TNO-FARRP ATDB reflects this; although considerable detail on symp
toms is present. For example, intensity (mild or severe cough) or spread 
of particular symptoms (e.g localized or generalized urticaria) may have 
been present in the original patient files but is not consistently reported 
in publications. For the present study, the symptoms of our dataset were 
standardized to the list of symptoms that may occur in an allergic re
action defined in cooperation with a large international group of clini
cians and scientists (Westerhout et al., 2019). A grading of symptoms 
into mild, moderate to severe was applied based on the general view 
present in literature at the time of the analysis (2018–2020), which al
lows an evaluation of symptom severity at low ED ranges of protein from 
allergenic foods. It was not our intention to review all available opinions 
or to develop a new scoring system. The recent systematic overview of 
published literature and general view for severity presented by (Arasi 
et al., 2021) did not lead to a need for changing our scaling. However, if 
future insights would require a different scaling of certain symptoms, the 
details provided in the present publication are expected to allow inde
pendent re-analysis.

Recently, the Ad hoc joint FAO/WHO Expert Consultation on Risk 
Assessment of Food Allergens (FAO and WHO, 2022) recommended 
health-based guidance values (Reference Doses, RDs) based on popula
tion ED05 values for allergenic foods as published by Remington et al. 
(2020) and Houben et al. (2020). These RDs can be used to calculate 
action levels for PAL of unintended allergen presence (UAP). Details on 
how the RDs will support the decision for a PAL are described in (FAO 
and WHO, 2023). A risk based approach for applying PAL is widely 
considered as a solution for better informed food choices and improved 
protection of food allergic consumers (Allen et al., 2014; DunnGalvin 
et al., 2015; Gupta et al., 2021; Roche et al., 2022). The FAO/WHO 
recommended RDs were based on the population ED05 values for 
allergenic foods, but the actual doses were rounded down to levels that 
for many of the allergenic foods equals to a dose that is between the 
ED03-ED04 (FAO and WHO, 2022; Houben et al., 2020). This indicates 
that at exposures up to the RfDs, the vast majority of the allergic pop
ulation (a predicted 96–97%) will not react with objective symptoms 
because their individual threshold dose is (considerably) higher. The 
present analysis illustrated that the type of symptoms in the ranges ≤
ED01 or ≤ ED05 are very similar in nature. Many patients will not 
experience any symptom(s) at all, some may experience 1 to 2 subjective 
symptoms (often itch). Further, those allergic patients with their indi
vidual threshold at or below the FAO-WHO recommended RD, would 
mainly experience mild to moderate subjective symptoms of the oral 

Fig. 4. Objective symptoms distribution per organ system. The frequency of the objective symptoms per organ system in each dose range: for ≤ ED01 n = 38 
objective symptoms, for ED01- ≤ ED05 n = 129 objective symptoms, and for ED05–≤ED10 n = 180 objective symptoms. Supplement Table S5 provides the per
centage grading of objective symptoms reported at the different dose ranges. Grading is based on classification of Table S2.
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cavity, eyes/nose or skin. Moderate objective symptoms were related to 
urticaria which in the current study was classified rather conservatively 
compared to the general view that these could be considered mild (Arasi 
et al., 2021).

In order to define an appropriate level of protection for consumers 
with food allergies from the risk due to the unintended presence of al
lergens in food products, an ILSI expert group recently proposed an 
outline of a framework describing the elements to do this (Madsen et al., 
2020). They concluded that sufficient knowledge exists to implement 
the framework, including sufficient expertise across the whole range of 
stakeholders to allow opinions to be heard and respected, and a 
consensus to be achieved. Yet, they emphasized the importance of 
insight into the nature of symptoms of allergic reactions elicited at dose 
levels in low ED ranges, to further clarify the level of protection likely 
conferred by RDs derived from them. The present study provides this 
detailed insight into the typical subjective and objective symptoms that 
may occur at low exposure doses as envisaged for the RDs and supports 
the expected non-severe nature of effects potentially occurring at low 
frequencies (<5%) at doses not exceeding the RDs. In addition to sup
porting the safety of the RDs recommended by the FAO/WHO Expert 
Consultation, the results of our study can be used to support health care 
workers in their communication to food allergy patients, i.e. in 
explaining what the RDs mean and what safety level they may expect 
from RDs when implemented in a food allergen risk management and 
risk communication system as also proposed by the FAO/WHO Expert 
Consultation (FAO and WHO, 2023).

Education of stakeholders regarding the interpretation of symptoms 
in terms of their health impact, seems important as many stakeholders, 
including patients and health care professionals, often lack sufficient 
knowledge in this respect (Stockhammer et al., 2020; Turner et al., 
2016; Dubois et al., 2018). As indicated before, anaphylaxis often is 
thought to be a serious life-threatening event, but anaphylaxis is not one 
single unique allergic symptom, but constitutes a spectrum of symptoms 
ranging from mild to severe (Cardona et al., 2020; Turner et al., 2019). 
Anaphylaxis may occur in the food allergic population at doses in the 
low ED range. The studies of (Patel et al., 2021; Turner et al., 2022) 
analyzed clinical data (>7500 DBPCFC) and found that up to 5% of the 
5% of reactions expected at the ED05 could be classified as anaphylaxis, 
though none were severe based on the World Allergy Organization 
definition. In our dataset, at the range ≤ ED05, cough was often present 
as a single symptom, though in a few cases was accompanied by other 
moderate symptoms of the lower respiratory tract (dysphonia, dyspnea). 
In the present dataset, three food challenges in the dose range ≤ ED05 
could be classified as mild anaphylaxis, i.e. WAO grade 3 (Cardona et al., 
2020; Turner et al., 2024) (not shown). There were 2 patients that 
reacted with a severe respiratory symptom (wheeze, laryngal edema) 
only in the range ED05 - ≤ ED10, at a dose corresponding to approxi
mately the ED08. In addition, the FAO/WHO Expert Consultation 
recently critically looked at the evidence available and indicated that 
fatal food anaphylaxis is a very rare event, occurring at less than 1 per 
100 000 person years in food-allergic individuals (Umasunthar et al., 
2015). Further, the Expert Consultation could not identify any reports 
on fatal reactions to levels of exposure not exceeding the ED05 for any 
allergenic food (FAO and WHO, 2022).

In summary, the analysis of the food challenges at the low ED dose 
ranges for allergenic foods and at FAO/WHO recommended RDs 
(derived from the ED05) illustrated that the vast majority of all food 
allergic patients will be without symptoms (i.e they have a threshold 
dose that is above the RD), and those sensitive for a dose at or below the 
ED05 can be expected to experience only mild to moderate symptoms 
that generally are expected to resolve without medication.
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