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Abstract

Background: Peanut and tree nut allergies are the most important causes of anaphylaxis. Co

reactivity to more than one nut is frequent, and co-sensitization in the absence of clinical data is 

often obtained. Confirmatory oral food challenges (OFCs) are inconsistently performed.

Objective: To investigate the utility of the basophil activation test (BAT) in diagnosing peanut 

and tree nut allergy.

Methods: The Markers Of Nut Allergy Study (MONAS) prospectively enrolled patients aged 

0.5–17 years with confirmed peanut and/or tree nut (almond, cashew, hazelnut, pistachio, walnut) 

allergy or sensitization from Canadian (n=150) and Austrian (n=50) tertiary pediatric centers. 

BAT using %CD63+ basophils (SSClow/CCR3pos) as outcome was performed with whole blood 

samples stimulated with allergen extracts of each nut (0.001–1000 ng/mL protein). BAT results 

were assessed against confirmed allergic status in a blinded fashion to develop a generalizable 

statistical model for comparison to extract and marker allergen-specific IgE.

Results: A mixed effect model integrating BAT results for 10 and 100 ng/mL of peanut and 

individual tree nut extracts was optimal. The area under the ROC curve (AUROC) was 0.98 for 

peanut, 0.97 for cashew, 0.92 for hazelnut, 0.95 for pistachio, and 0.97 for walnut. The BAT 

outperformed sIgE testing for peanut or hazelnut and was comparable for walnut (AUROC 0.95, 

0.94, 0.92) in a sub-analysis in sensitized patients undergoing OFC.

Conclusions: BAT can predict allergic clinical status to peanut and tree nuts in multi-nut 

sensitized children and may reduce the need for high-risk OFCs in patients.
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Introduction

Peanut and tree nut allergy are among the most common food allergies in children across 

the globe.1–4 The prevalence of peanut and tree nut allergy ranges between 1–5% and 

0.05–4.9%, respectively, depending on the population, definition of allergy used, and type of 

study.2,5,6 The rate of nut sensitization is also influenced by pollen sensitization, which has 

geographic variability. Peanut and tree nut allergies are not only common, but are the leading 

causes of life-threatening anaphylactic reactions.7,8 These allergies also negatively impact 

the health-related quality of life (HRQL) of affected patients and their families.

The diagnosis of peanut and tree nut allergy is a result of the combination of the clinical 

history of an immediate allergic reaction, skin prick testing (SPT) and specific IgE (sIgE) 

testing. The diagnosis can become challenging when there is no clear history of peanut or 

tree nut consumption, or if the SPT and sIgE results are equivocal.9 In addition, peanut 

allergic patients have increased rates of tree nut sensitization, and those presenting with a 
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single tree nut sensitization are frequently sensitized to other tree nuts.2,10 However, rates of 

tree nut sensitization are higher than the rates of true allergy.2

Oral food challenges (OFC) are the gold-standard procedure in the diagnosis of food allergy, 

but they can be associated with the risk of serious allergic reactions and familial anxiety.11,12 

OFCs also require medical resources that may not be readily available, especially in the 

context of multiple food allergies such as with individual tree nuts. OFCs are indicated when 

the clinical history, combined with results of SPT and sIgE testing, are equivocal, or in the 

absence of a clinical history. Although diagnostic decision values for SPT and sIgE have 

been reported in specific populations, there are patients who have results under these cut-offs 

who fail challenges, as well as those who can tolerate the foods despite having SPT or sIgE 

values above the cut-offs.13–15 The growing need for OFCs identifies the requirement for 

more accurate diagnostic tests in food allergy.

Molecular allergy diagnosis (MolAD) has been investigated in food allergy with the 

intention to separate cross-reactivity with other allergen families and pollen allergens.16 

In particular, sensitization to the seed storage peanut protein Ara h 2 has been shown to be 

an important predictor of clinical reactivity.17,18 Similar heat-stable proteins such Ana o 3 

(cashew and also pistachio), Cor a 9 and Cor a 14 (hazelnut), and Jug r 1 (walnut) have 

been identified for tree nuts.19–22 Studies investigating the relevance of these markers are 

encouraging but limited.

The basophil activation test (BAT), an in vitro assay using allergen stimulation in whole 

blood, has the potential to be used for diagnosing peanut and tree nut allergies.23 Flow 

cytometry is used to evaluate degranulation and/or activation of basophils after stimulation 

with the respective food allergens.24 It has been demonstrated to be useful due to its high 

specificity, and in particular when clinical history, SPT and sIgE results are equivocal.23,25

The purpose of The Markers of Nut Allergy Study (MONAS) was to determine, in a real-life 

setting in a large group of Canadian and Austrian children, the utility and accuracy of the 

BAT in the diagnosis of peanut and tree nut allergy.

Methods

Patient Population

Patients from 6-months to 17-years with peanut and/or tree nut (almond, cashew, hazelnut, 

pistachio, walnut) allergy or sensitization were prospectively recruited from the Hospital 

for Sick Children, Toronto, Canada (n=150) and the Medical University of Vienna, Austria 

(n=50) between May, 2017 and November, 2019.

Clinical allergy was defined as positive OFC, or a pre-test probability of >90% of allergic 

reaction (SPT ≥8mm and/or sIgE ≥15 kUA/L).10,14,26 Almond allergy was defined solely 

based on positive OFCs or recurrent strong clinical reaction upon proven exposure.23,27 

Open OFCs, and not double-blind placebo-controlled food challenges (DBPCFCs), were 

performed as part of the clinical care provided at the allergy clinics at both sites. Non

allergic status was defined as tolerating an equivalent of a full serving of the food. 
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Indeterminate allergic status was defined as sensitized individuals who were not known 

to tolerate the nut (no OFC, no history of tolerating nut).

Patients were eligible for enrollment to undergo further workup if they met the following 

inclusion criteria. 1) Peanut or tree nut allergy diagnosed based on an immediate allergic 

reaction to peanut or tree nut within the last 24 months, with corresponding positive 

sensitization, or a pre-test probability of >90% of allergic reaction (SPT≥8 mm and/or 

sIgE≥15 kUA/L). 2) Sensitized to peanut or tree nut, where sensitization was defined by 

SPT>3 mm and/or sIgE>0.35 kUA/L, who were scheduled to undergo OFCs to at least one 

of the nuts. 3) Peanut and tree nut sensitized SPT>3 mm and/or sIgE>0.35 kUA/L, but who 

regularly consume nuts. Exclusion criteria were as follows. 1) Age <6 months. 2) Unclear 

history of peanut or tree nut allergy with no OFC in allergy clinic. 3) Sensitization and 

<90% pre-test probability of allergic reaction.

All patients were clinically assessed and clinical data was collected using a standardized 

data collection form. SPT was performed using peanut and individual tree nut extracts 

(ALK-Abello, Horsholm, Denmark) using lancets. sIgE level (peanut, individual tree nut, 

MOLAD) was determined using ImmunoCAP (Thermo-Fisher, Uppsala, Sweden).

Oral food challenges

Open label OFCs were performed in accordance with internal standardized clinical protocols 

(see Online Repository).

Basophil activation tests

Heparinized whole blood was drawn and delivered to the research lab blinded. It was stored 

at room temperature and processed within <6 hours. Whole blood was stimulated with up 

to 7 serial 10-fold dilutions (0.001–1000 ng/ml) with each of peanut extract (ALK Abelló), 

hazelnut, pistachio, cashew, walnut, and almond allergen extract. Tree nut extracts were 

made in house and characterized (see Online Repository).

The BAT was performed in accordance with the manufacturer’s instructions (Bühlmann, 

Switzerland). Flow cytometric analysis was performed either with a CytoFLEX at the 

Canadian site (Beckman Coulter, United States) or a BD FACSCanto II (BD Bioscience, San 

Jose California) at the Austrian site. Basophils were gated as SSClow/CCR3+ cells. Basophil 

activation was determined as the percentage of activated basophils (%CD63+). Testing and 

analysis was performed in a blinded fashion.

In 9% of individuals who consented, either no blood was drawn (7.5%; n=15) or inclusion 

criteria were not met upon review (1.5%; n=3). 11.5% of BAT experiments were removed 

from analysis because of a baseline activation of >5% CD63 in the negative control (5%; 

n=10), because of a non-response to stimulation with either FMLP or FcƐRI cross-linking 

antibody (3.5%; n=7), or because of one with technical issues or five having too low 

basophil counts (3%; n=6).
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Assessment of allergen specific sensitization patterns

In addition to the clinically performed allergen testing, sIgE was measured with the 

Allergy Explorer (ALEX) array (Macro Array Diagnostics, Austria). Patient serum was 

diluted 1:5 and incubated on the ALEX chip containing 156 extracts and 126 molecular 

allergen markers as described recently.28,29 The chips were imaged and quantified within the 

dynamic range of 0.3–40 kUA/L (Raptor, Macro Array Diagnostics). Positive sensitizations 

were defined as ≥0.30 kUA/L, as reported recently28,30.

Statistical analysis

Performance of BAT was examined against the allergic status to individual nuts using 

receiver-operating characteristic (ROC) curves via application of statistical models. All 

modeling and subsequent analyses were performed in R version 3.6.1 (R Core Team 2019). 

Figures were generated using the ggplot2 package in R.31 Bayesian logistic regression 

models were fit to predict the allergy status per nut per person using a variable slope, 

variable intercept mixed effect framework for each allergen concentration per allergen. 

Concentrations of 10 and 100 (ng/ml) were chosen for statistical modelling as these models 

resulted with the greatest area under the ROC (AUROC) while maintaining minimal model 

complexity. Details of original model and model coefficients can be found in the Online 

Repository. The final equation used in modelling was:

Allergic = conc10 + conc100 + 1 + conc10 + conc100 allergen

Where there is a variable slope for each concentration and variable intercept for each 

allergen.

An optimal threshold along the ROC curve was chosen using the Youden’s Index31, which 

corresponds to the maximum true positive rate (TPR) and minimum false positive rate (FPR) 

for each nut (this is identical to maximizing both the sensitivity and specificity). The same 

methodology was applied to the performance of BAT against OFC status to individual nuts.

External validation cohort

To determine the applicability of the established statistical model in an assay using a 

similar outcome measurement and whole blood stimulation (after ~24 hours at 4° C, with 

measurement of high CD63+ expression), with a different set of antibodies, and without 

IL-3 stimulation in vitro, external validation was performed in an independent cohort of 

peanut allergic patients with DBPCFC proven peanut allergy from the POISED trial (n=109 

analyzed; n=9 non-responders; n=2 no data available). BAT results from the baseline visit 

were used. A detailed description of the patient population and methods was reported 

recently.32,33

Ethics approval

Research ethics board (REB) approval was obtained at both Austrian (EK Nr.: 2302/2016) 

and Canadian (1000053791) study sites.
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Results

Study Population

Two-hundred patients were prospectively recruited for the study, 150 from Toronto and 50 

from Vienna. Three were excluded because they had not undergone OFCs in the clinic by 

the end of the enrolment period (Figure 1). A total of 182 patients had blood samples 

available for MolAD, and 159 patients had BAT data for analysis. BAT analysis was 

conducted only with data that met the criteria defined above for clinical allergy or confirmed 

tolerance. The study population had a mean age of 8.5 years with male predominance. 

Fifty-two percent of patients had a diagnosis of asthma, 40% allergic rhino-conjunctivitis to 

environmental allergens, and 63% atopic dermatitis (Table 1).

Patients from the two sites were comparable with regards to sex, asthma, allergic rhino

conjunctivitis, concomitant egg allergy, and number of previous episodes of anaphylaxis 

(Table 1). Mean age of the children was higher in the Canadian group (9.4y vs. 5.9y) 

and Canadian individuals were more likely to have a history of atopic dermatitis (67% 

vs. 48%; p=0.01). Food allergies other than peanut, tree nut and sesame allergy, were 

more frequently diagnosed in the Canadian cohort (62% vs 38%, p=0.003 and 19% vs 2% 

p=0.004) respectively.

In total, 244 OFCs were performed in 107 patients. Results of 36 OFCs were positive. Mean 

SPT size and sIgE reported in Table E2 of the Online Repository. Individuals were most 

frequently sensitized to peanut (86%), hazelnut (76%) and pistachio (67%). No positive 

OFCs for pistachio or almond in either the Toronto or Vienna groups were reported. Astier 

scores based on challenge results indicated no difference regarding the severity of the 

clinical reaction between peanut, hazelnut, and walnut (2.6 ± 1.3; 2.0 ± 0.9 vs 2.4 ± 0.9; 

Table E2 the Online Repository).

BAT discriminates between peanut and tree nut allergic and non-allergic patients

The main objective of this study was to determine whether the BAT could distinguish 

between allergic and non-allergic patients. The percentage of CD63 expression was used 

as the main outcome parameter. Activation via increasing concentrations of the individual 

nut extract (0.001–1000 ng/mL) in whole blood from allergic and non-allergic children 

were compared. Patients who were peanut and tree nut allergic displayed a statistically 

significant higher %CD63+ basophils (p<0.01) upon stimulation with 0.01–1000 ng/mL 

(cashew, hazelnut, peanut, walnut) or 0.1 ng-1000 ng (pistachio; Figure 2). Sensitivity and 

specificity values for the BAT were good for peanut, hazelnut, walnut, cashew, and pistachio 

(Table E3 in the Online Repository). Results for peanut were most consistent with high 

sensitivity and specificity (95.3% vs. 93.2%), good positive predictive values (PPV), and 

negative predictive values (NPV; 96% vs. 91%). Although the sensitivity for tree nuts was 

lower (85.4–91.7%), specificity was 100% for pistachio and walnut.
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Mixed effect model integrating 10 and 100 ng/mL of peanut and individual tree nut 
stimulation is effective in diagnosing allergy

A mixed effect model integrating 10 and 100 ng/mL of peanut and individual tree nut 

extracts was selected to be optimal regarding specificity and sensitivity. A total of 429 

observations over 147 participants were used in the model. Almond was excluded from 

statistical modeling because of the high rate of negative food challenges. The AUROC 

was 0.98 for peanut, 0.97 for cashew, 0.92 for hazelnut, 0.95 for pistachio, and 0.97 for 

walnut (Figure 3A). Individual data of normalized %CD63+ basophils of each nut for the 

concentrations 10 and 100 ng/mL are displayed in Figure S1 of the Online Repository. 39/48 

patients who underwent almond OFCs had BAT performed. The negative predictive value of 

BAT for almond reactivity was 100% (using positive BAT criteria of >10% CD63+ basophils 

at concentrations of 10 and 100 ng/mL). Age did not influence the performance of the BAT 

in our patient cohort.

BAT separates allergic from non-allergic status in patients who underwent clinically 
indicated OFCs

To determine if the BAT could distinguish between allergic and non-allergic patients in 

children with equivocal/absent history and specific IgE <15kUA/L and/or SPT<8 mm, we 

investigated BAT results in patients who had positive OFCs versus those who had negative 

OFCs. For peanut, hazelnut, or walnut as a culprit allergen, those with positive OFCs had 

increased %CD63+ basophils at all nut concentrations compared to those who passed the 

OFC (Figure 4). Cashew, pistachio, and almond were excluded from modelling because of 

paucity of positive OFCs. The AUROC was 0.95 for peanut, 0.94 for hazelnut, and 0.92 for 

walnut (Figure 3B, Table E2 the Online Repository). Sensitivity was 100% for peanut with 

a specificity of 92.3%. Hazelnut and walnut BAT displayed high specificity (95% vs 100%) 

with a slightly reduced sensitivity.

BAT outperforms extract-specific IgE testing for peanut and hazelnut and is equally 
predictive for walnut allergy

While high sIgE levels (≥15kUA/L) or SPT ≥8 mm to peanut and nut extracts are utilized 

in the diagnosis of food allergy, their high sensitivity combined with low specificity leads 

to overdiagnosis in case of equivocal history and lower sensitization values. In patients with 

clinical allergy, elevated levels of sIgE to extracts and molecular allergen markers were 

observed irrespective of the nature of the allergen (i.e. seed storage proteins, PR10, nsLTP; 

Tables E4–E9 in the Online Repository).

In patients with positive OFCs and equivocal histories, increased sIgE was demonstrated 

to the seed storage proteins Ara h 1, 2, 3, and 6 in peanut, Cor a 14 in hazelnut, and 

Jug r 1 and 2 in walnut, respectively (Tables E4b, E5b, E6b in the Online Repository). In 

contrast, allergens from the PR-10 and nsLTP families in peanut and hazelnut did not differ 

significantly between groups with the exception of Cor a 8, which was only detected at low 

levels of unclear significance (Table E5b in the Online Repository).

In general, the BAT outperformed both extract and molecular allergen sIgE testing when 

assessing OFC. In patients requiring OFC confirmation for peanut allergy, Ara h 2 sIgE 
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was the best performing molecular allergen marker test with an AUROC of 0.92 (Figure 5), 

which was most comparable to the performance of the peanut BAT with an AUROC of 0.95 

(Figure 4). For hazelnut allergy, Cor a 14 sIgE was the best MolAD marker with an AUROC 

of 0.82 (Figure 5), albeit secondary to the performance of the hazelnut BAT (0.94, Figure 

4B). For walnut allergy, Jug r 1 sIgE had a comparable AUROC of 0.93 (Figure 4B, Figure 

5).

Validation of the mixed effect model in an external cohort of peanut allergic patients

To determine the applicability of the established statistical model, external validation was 

performed in an independent cohort of peanut allergic patients with DBPCFC proven peanut 

allergy and BAT data from the POISED trial (n=109 analyzed; n=9 non-responders; n=2 

no data available).31 BAT values were compared with peanut allergic patients with positive 

OFC results from the MONAS cohort by utilizing the optimal cut-off determined in the 

MONAS cohort for the normalized fraction bound values of %CD63+ at 10 and 100 ng/mL 

of peanut extract. Utilizing this algorithm, the sensitivity in the POISED cohort was 0.88, 

as compared with sensitivity of 0.95 in the MONAS cohort (Figure S2 in the Online 

Repository). Specificity could not be calculated as data for negative peanut OFCs was not 

available from the POISED group.

Discussion

Peanut and tree nut allergies are the most frequent causes of food-associated anaphylaxis. 

Patients with peanut allergy or a single tree nut allergy often have co-sensitization to 

multiple tree nuts. It is likely that the test related cross-reactivity is higher than clinical 

co-reactivity, resulting in unnecessary avoidance. The main purpose of the MONAS study 

was to prospectively investigate the utility of the BAT in discriminating between peanut and 

tree nut allergic and peanut/tree nut sensitized individuals in a “real-life” setting in tertiary 

care allergy outpatient clinics. In addition, we compared BAT and allergen sIgE testing.

In our cohort of pediatric and adolescent patients from Canada and Austria, the BAT 

demonstrated the ability to predict the allergic clinical status in peanut and tree nut 

sensitized individuals.

Clinical allergy diagnosis is currently dominated by a combination of clinical history and 

extract-based SPT or sIgE testing.34 While DBPCFCs are the gold standard if reaction 

thresholds, delayed reactions, or more subjective symptoms are evaluated, open OFCs 

represent the standard in clinical settings to assess immediate reactions using objective 

symptoms. Objective criteria were utilized in the open OFCs in this study.15,35,36 The NUT 

CRACKER study, in line with our data, reported a higher rate of co-sensitization than co

allergy to tree nuts. With exception of highly cross-reactive tree nut pairs (pistachio/cashew 

and pecan/walnut), 30% of patients had a co-allergy.37 The Pronuts study assessed open 

OFC proven rate, or a high pre-test probability, of coexistent peanut, tree nut, and sesame 

seed allergy, and compared it to conventional food allergy diagnostic tests.38 We utilized 

a similar definition for the diagnosis of food allergy as the Pronuts study. They found that 

60.7% of children had more than one nut or seed allergy. This is higher than previous studies 

which were mostly retrospective. This is comparable to our cohort with 52.6% of patients 
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having an allergy to more than one nut. Using only BAT results, 51.2% had a concurrent 

positive BAT to at least one more nut. Both the Pronuts and the MONAS cohorts, are derived 

from patients referred to tertiary centers and multi-sensitized complex patients are more 

likely to be seen in these settings.

Our study suggests that the BAT is more accurate than conventional allergy diagnostic 

methods, including SPT and sIgE testing, in the diagnosis of peanut and tree nut 

allergy. SPT is associated with false-positive results and sIgE can produce false-negative 

results.39 For example, sIgE to peanut has a sensitivity of 75–100% and specificity 

of 17–63%.17,18,26,40–44 The performance of BAT in the diagnosis of food allergy 

has been investigated in multiple foods, including peanut25,44–47, hazelnut48–50, cow’s 

milk51,52, egg47,52, wheat53,54, shellfish55, sesame56, and in pollen-food syndromes57,58, 

with sensitivity and specificity ranging from 85–100%, and 75–100%, respectively.23 The 

performance of the BAT in tree nut allergy is not well characterized. BAT use in food allergy 

diagnosis has been suggested to be more accurate than sIgE in several studies.23,25,47,59,60 In 

one study of BAT use in peanut allergy, specificity and sensitivity was reported as between 

94–96% and 95–100%, respectively.25 BAT reduced OFCs by two-thirds, superior to Ara 

h 2-sIgE and SPT.25 The BAT has also been studied to estimate the threshold of peanut 

allergic reactions.61 In our study, BAT specificity and sensitivity for peanut were 93% and 

95%, respectively, comparable to what has been reported in the literature.

Some utility of the BAT has been demonstrated for the diagnosis of hazelnut allergy.48,49 In 

the recent NUT CRACKER study, for individual tree nuts (walnut, pecan, cashew, pistachio, 

hazelnut), BAT was superior to SPT with regards to specificity, but not sensitivity. However, 

comparability is limited, as only one concentration of allergen (1000 ng/ml) was used. We 

developed a mixed-effects model integrating 10 and 100 ng/mL of allergen. AUROC values 

were ≥0.95 for peanut and all tree nuts except hazelnut (0.92). In addition, the model was 

validated in an independent cohort of peanut allergic patients with positive OFCs. This 

is important for future approaches like meta-analysis of BAT data from clinical trials and 

comparable studies.

One of the strengths of the MONAS dataset is the direct comparison of conventional allergy 

testing (SPT, sIgE), MolAD, and BAT. MolAD data supporting the clinical value of peanut 

molecular allergen marker testing is strong.17,18,62 Less data exists on the clinical value of 

Cor a 9 and Cor a 14 for hazelnut allergy, Jug r 1 for walnut allergy, and Ana o 3 for 

cashew allergy.19–22,63 In our patients with equivocal history and sensitization, both Ara h 

2 and peanut BAT were able to predict clinical reactivity (AUROC 0.92 vs 0.95). For the 

diagnosis of hazelnut allergy, the value of sIgE was limited (AUROC 0.65) whereas BAT 

was excellent (AUROC 0.94). Cor a 14 was the only relevant hazelnut allergen to predict 

allergy. BAT performed similarly to extract sIgE and Jug r 1 or Jug r 2 for walnut. Detailed 

MolAD co-sensitization matrix in our patients is displayed in Figure S3 in the Online 

Repository. Additional analyses combining MolAD with BAT data did not demonstrate 

significant superiority to the use of BAT alone (Table E10 in the Online Repository).

Our study differs from the Pronuts and the NUTCRACKER study as it was based 

on clinically relevant challenges. Challenges matched the clinical needs. The important 
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message is that the majority of those patients who have an equivocal history or 

asymptomatic sensitization do not react during an OFC (14.8% MONAS, 26% Pronuts).38 

Given the limited availability of OFCs, this study highlights the importance of a novel tool 

to aid in clinical decision making about the appropriate use of these scarce resources. The 

BAT could be a very important additional tool to SPT, sIgE tests, and MolAD testing to 

avoid unnecessary OFCs.

Another approach involves pooled OFCs based on BAT results. Applying our model to a 

group of participants with indeterminate allergic status, 66% of walnut, pistachio, cashew 

and hazelnut and 93.3% of peanut sensitized individuals in this group had negative BATs 

(Figure S4 in the Online Repository). Using the BAT-based prediction for the complete 

cohort, there would be a justification to do an OFC to almost 80% of the nuts they are 

currently avoiding. The anticipated result would be a negative challenge. Prospective studies 

are needed to confirm this finding.

Our results demonstrate that the BAT has the potential to decrease the number of OFCs 

needed, and allows for precision medicine in the diagnosis of peanut and tree nut allergy, in 

particular with multi-nut sensitizations. While there are technical limitations to performing 

the BAT in smaller clinical centres, patients who are being considered for an OFC could be 

referred for a BAT at specialized centres. Although indirect BAT tests have the potential to 

pool samples compared to direct BAT which uses fresh blood, they can require the same 

level of infrastructure (e.g. Need for cell cultures). In the case of a negative BAT, a low risk 

OFC can be conducted at the smaller clinical centre, instead of in a more resource-intensive 

hospital setting.

Other strengths of the MONAS study include that it was a prospective study, and was 

conducted at tertiary pediatric centres on two different continents with comparable birch 

pollen exposure. The prospective nature is important as it reflects the value of the respective 

tests in a setting where testing and challenging is limited by timing and availability.

Based on recent retrospective64 and prospective data37,65 almond SPT/sIgE shows low 

specificity and no sIgE cut offs with >90% predictive value are available. No patients had 

a positive almond OFC in our patients despite sIgE values of up to 53.4 kUA/L and SPT 

results up to 8 mm. Thus, in line with recent challenge proven data, routine testing to 

almond as part of panel testing should prompt OFCs even in the event of positive test results.

Disadvantages with the BAT include the need for rapid processing of the blood sample, 

although the POISED study used blood refrigerated for ~1 day before testing, and more 

resources. The non-responder rate was 4% in the MONAS cohort, comparable to what is 

reported in the literature.23 While we do not suggest that BAT should become first-line in 

the routine diagnosis of food allergy, it does have the potential to transform food allergy 

diagnosis in clinical scenarios with equivocal clinical history and multiple sensitizations. It 

can also be of important value for safe food introduction in high-risk populations.

In conclusion, the MONAS study demonstrates that the BAT is effective in diagnosing 

peanut and tree nut allergy in a real-world setting, and may be useful in reducing the number 
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of resource-intensive OFCs needed. Additional prospective studies to investigate the ability 

of the BAT to reduce OFCs are required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study design and analysis:
Among the 200 participants who were recruited for the MONAS study (150 Toronto, 50 

Vienna), 3 did not meet inclusion criteria and 15 did not have their blood drawn. Of the 

182 available samples, BAT data could not be obtained from 23 participants due to several 

factors including technical issues (n=1), high background activity (n=10), non-responder 

basophils (n=7) and low cell count (n=5). BATs were performed on a total of 159 samples 

for the tested nuts: peanut (n=143), hazelnut (n=117), walnut (n=114), cashew (n=117), 

pistachio (n=110), and almond (n=121). BAT measurements from these 159 samples were 

used for subsequent data analysis.
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Figure 2. BAT shows increased proportion of activated CD63+ basophils in peanut and tree nut 
allergic patients compared to non-allergic patients.
Boxplots depicting the distribution of normalized %CD63+ basophils for all samples of 

each nut and each concentration (0.001 to 1000 ng/mL). Allergic samples are depicted in 

red and non-allergic samples are depicted in blue (peanut allergic n=87, non-allergic n=46; 

hazelnut allergic n=48 non-allergic n=42, walnut allergic n=41, non-allergic n=35; cashew 

allergic n=50, non-allergic n=24; pistachio allergic n=45, non-allergic n=25). Dashed lines 

indicate the median values for each concentration. For each nut and concentration, the 

difference between allergic and non-allergic samples was statistically significant (p<0.05 

Welch’s t-test), except for pistachio at 0.01 ng/mL concentration.
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Figure 3. 
3A: Mixed effect model is effective in distinguishing between peanut and tree nut 
allergic and non-allergic patients. Models are fit using data from 10 ng/mL and 100 

ng/mL concentrations. Allergic samples are in red and non-allergic samples are in blue. 

ROC curves for each individual nut. All nuts show similar model performance (AUROC 

for each nut is depicted in the plot legend). 3B: Basophil activation test distinguishes 
between OFC-positive and OFC-negative patients in those who underwent OFCs. The 

model was fitted using the same model equation using data from only OFC-confirmed 

samples at 10 ng/mL and 100 ng/mL concentrations. ROC curves for each individual nut 

with OFC-confirmed samples. All nuts show similar model performance (AUROC for each 

nut is depicted in the plot legend).
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Figure 4. Basophil activation test distinguishes between OFC-positive and OFC-negative patients 
in those who underwent OFCs:
Boxplots depicting the distribution of normalized %CD63+ basophils for samples with OFC 

outcomes for peanut, hazelnut, or walnut at each concentration (0.001 to 1000 ng/mL). OFC 

positive samples are depicted in red and OFC negative samples are depicted in blue.
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Figure 5. Allergen-specific IgE to Ara h 2, Cor a 14, and Jug r 1 are the best molecular allergen 
diagnostic markers to distinguish between OFC-positive and OFC-negative patients:
Each line depicts a ROC curve for each allergen from peanut, walnut and hazelnut, obtained 

by thresholding the raw allergen-specific IgE concentrations (kUA/L). The best performing 

sIgE markers for each nut were Ara h 2, Cor a 14, and Jug r 1 (AUROC for each allergen is 

depicted in the plot legend).

Duan et al. Page 20

Allergy. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duan et al. Page 21

Table 1.

Demographics of patient population.

Clinical characteristics All patients (n=197) Toronto (n=149) Vienna (n=48) P value

Mean age (IQR) 8.53±4.70 (4.6–12.3) 9.37 ± 4.67 (5.8–17.9) 5.9 ± 3.77 (5.8–13.2) <0.001

Male sex (%) 122 (62) 90 (60) 32 (67) 0.44

Asthma (%) 102 (52) 82 (55) 20 (42) 0.1

Allergic rhinoconjunctivitis (%) 80 (40) 64 (43) 16 (33) 0.22

Atopic Dermatitis (%) 123 (63) 100 (67) 23 (48) 0.01

Food allergy other than peanut/tree nut (%) 110 (56) 92 (62) 18 (38) 0.003

Previous anaphylaxis (%) 87 (44%) 61 (41) 26 (54) 0.13
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