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ABSTRACT 28 

Background: We previously devised an algorithm utilizing skin prick tests (SPT), basophil 29 

activation tests (BAT) and co-allergy status to reduce the need for oral food challenges (OFC) in 30 

63 patients with suspected walnut/pecan allergies.  31 

Objective: To validate prospectively the NUT CRACKER diagnostic algorithm in a new cohort of 32 

patients (n=120) and to study the utility of SPT and BAT in predicting walnut-pecan allergy 33 

severity in both groups (n=183).   34 

Methods: Patients (n=183) aged 8 (6-11) years, median, (IQR) with suspected tree nut allergy 35 

were studied. SPT utilized ground nut extract (10 mg/ml) and BAT assessed allergen-induced 36 

basophil CD63 expression. Allergy was determined based on a recent reaction or a positive oral 37 

food challenge (OFC) and tolerance was defined by regular consumption or a negative OFC.  38 

Results: Walnut BAT was significantly higher in walnut/pecan dual compared to single walnut 39 

allergy (p=0.003) and predicted the need for epinephrine during positive walnut OFCs (p=0.009). 40 

Results of walnut and pecan-BAT correlated with the corresponding nut eliciting dose (p=0.014 41 

and p<0.001, respectively). Receiver operating curves for walnut and pecan allergy, in the 42 

prospective cohort yielded area under the curves (AUC) ranging from 0.87-0.93 for SPT and BAT. 43 

Concordant with the original study, pecan allergic patients were all co-allergic for walnut. The 44 

algorithm decreased the need for OFCs by 78.8 % with 6/240 (2.5%) falsely positives and no false 45 

negatives.  46 

Conclusion: The algorithm was validated prospectively and awaits broader testing across other 47 

populations. The use of BAT further associates with severity in walnut/pecan allergy. 48 

Key Words: Diagnostic algorithm walnut/pecan allergy; Basophil activation test 49 

 50 
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Abbreviations:  51 

AUC - Area under the curves  52 

BAT - Basophil activation tests  53 

ED – Eliciting doses  54 

OFC - Oral food challenges 55 

ROC - Receiver operating characteristic 56 

NUT CRACKER - NUT Co Reactivity – ACquiring Knowledge for Elimination Recommendations 57 

NUT CRACKER-PS - NUT CRACKER-Prospective Study  58 

sIgE - Specific IgE 59 

SPT- Skin prick tests  60 

QOL – Quality of life 61 

 62 
 63 
The study was registered as a clinical trial (NCT02786914).  64 

 65 
  66 
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Highlights 67 

 68 

1. What is already known about this topic?  We previously devised an algorithm utilizing skin 69 

prick tests, basophil activation tests and co-allergy status to reduce the need for oral food 70 

challenges (OFC) in patients with suspected walnut/pecan allergies 71 

2. What does this article add to our knowledge? In a large scale prospective trial, this study 72 

validates a novel diagnostic algorithm for walnut and pecan allergy. It further demonstrates that 73 

basophil reactivity reflects the clinical manifestations of tree nut OFC.   74 

3. How does this study impact current management guidelines? Given the high prevalence in tree 75 

nut allergic patients of cross-reactivities to several nuts, this algorithm will decrease the number of  76 

OFC needed to be performed, while maintaining accuracy of diagnosis.  77 

  78 
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Introduction 79 

Tree nut allergy is estimated to be between 0.05-4.9% worldwide, with variations 80 

dependent on geographical location and mode of testing (1).  Its increasing prevalence worldwide 81 

over the past decade and its risk of life-threatening anaphylactic reactions, gives importance for 82 

reliable testing modalities to detect affected individuals. Oral food challenges (OFCs) are the gold 83 

standard for diagnosis. However, OFCs are time-consuming and not without risk (2,3). The high 84 

rates of co-sensitization, which can range from 60.6-96.7% between pairs of nuts (4) together with 85 

the difficulty in performing numerous OFCs, lead clinicians to advise patients with confirmed 86 

allergy to one nut to avoid all tree nuts, which potentially can impact on the patients' quality of 87 

life.  88 

An unmet goal to date in managing patients with suspected tree nut allergy is to minimize 89 

the need for OFCs and yet maintain accuracy to distinguish between sensitized individuals and 90 

those truly allergic. Laboratory assays such as specific IgE (sIgE), in terms of their sensitivity and 91 

negative predictive accuracy perform well, but their poor specificity and positive predictive 92 

accuracy limit their use for definitive diagnosis (2, 5-8). The use of component testing is an 93 

improvement in this regard, but is not yet comprehensively available (9,10).  94 

In many European countries, Australia (11) and Israel, a skin prick test (SPT) is the first 95 

screening tool used for diagnosis of allergy. Ninety-five percent positive predictive value (PPV) 96 

measurements were demonstrated for milk, peanut, and egg utilizing commercial extracts, 97 

including in the infant population (12). For diagnosing allergy to tree nuts such as walnut, pecan 98 

and hazelnut, and to sesame, however, the sensitivity at the 95% PPV was unacceptably low for 99 

use in clinical practice (4,13).  The use of high concentration extracts, which should mimic results 100 

obtained for prick to prick testing but allow for standardizing between lots has demonstrated 101 

diagnostic utility for walnut/pecan and sesame testing (4, 13).  More recently, the Basophil 102 
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Activation Test (BAT), an ex vivo human blood assay that measures activation of basophils after 103 

cross-linking of allergen, has been examined (see 14 for review). The BAT assay was shown to be 104 

efficacious in diagnosing peanut (15,16), egg (17), milk (18), tree nut (4) and sesame (13) allergies 105 

and the combination of high-concentration SPT and BAT provided the highest accuracy in sesame 106 

(13) and peanut (15). The BAT was also shown to identify participants with severe allergic 107 

reactions during peanut OFC (16).  108 

The NUT CRACKER study (NUT Co Reactivity – ACquiring Knowledge for Elimination 109 

Recommendations) evaluated and identified the cross-sensitizations and co-allergies (by OFC) 110 

between six nuts (walnut, pecan, hazelnut, cashew, pistachio and almond) in an Israeli cohort (4). 111 

It was noted that approximately 2/3 of patients allergic to walnut were allergic to pecan. 112 

Interestingly, all patients allergic to pecan were allergic to walnut (4) and ipso facto a patient 113 

tolerant to walnut was tolerant to pecan, as well. Utilizing this knowledge of co-allergenicity with 114 

a modified standardized SPT and BAT, the NUT CRACKER study devised a diagnostic algorithm 115 

that significantly reduced the need to perform OFC for diagnosis in 63 patients (4).  The current 116 

NUT CRACKER-Prospective Study (NUT CRACKER-PS), prospectively evaluates the 117 

diagnostic algorithm in a new series of 120 patients.  Furthermore, association of these diagnostic 118 

tests with reaction severity was evaluated in the entire patient population (n=183) from both 119 

studies. 120 

  121 
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Methods 122 

Study Design 123 

A cohort of 120 patients (NUT CRACKER-PS) with a suspected history of tree nut allergy 124 

was recruited prospectively from January 2017-August 2019 at The Institute of Allergy, 125 

Immunology and Pediatric Pulmonology at the Shamir Medical Center (formerly Assaf Harofeh). 126 

The study design is depicted in Figure E1. Patients were clinically evaluated and administered 127 

SPT and BAT. Validation of walnut allergic status was performed primarily through an OFC 128 

(n=97), except in cases of recent reactions (n=8) or if the evaluation uncovered recent walnut 129 

consumption (n=15) (Table E1). Patients were considered allergic if they had a positive OFC or a 130 

recent reaction (within 2 years) in the presence of IgE-reactivity. Patients were diagnosed as non-131 

allergic if the OFC was negative or they were consuming the nut routinely (at least an amount 132 

equivalent to a whole nut in the 6 months preceding the study) without any adverse effects. For the 133 

first part of the analysis, this cohort was combined with the original NUT CRACKER cohort of 63 134 

patients to evaluate the utility of SPT and BAT in predicting reaction severity of walnut and pecan 135 

allergy. For the second part of the study, the diagnostic algorithm for walnut/pecan allergy, 136 

proposed in the original NUT CRACKER study (4), was examined prospectively on the new NUT 137 

CRACKER-PS cohort.  138 

The accuracy of the proposed algorithm (4) to diagnose walnut and pecan allergy using 139 

SPT and BAT was scored against the allergic status as defined above. A detailed description of the 140 

flow of the algorithm is presented in the online methods section. The study was approved by the 141 

institutional ethics committee and informed consent was signed by all study participants.  142 

Diagnostic tests: Skin Prick Test and Basophil Activation Tests 143 
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 The SPT and BAT have been previously described (4) and are detailed in the methods of the 144 

online repository. One non-responder in the BAT assay (not responding ≥ 5% to control anti-IgE 145 

stimulation), was excluded at the outset of the study. 146 

Oral food Challenges 147 

OFC were performed as graded open challenges under an allergist’s supervision, as has been 148 

previously described (4,19). Reaction criteria and treatment are detailed in the online methods. The 149 

OFC was evaluated according to the WAO allergy SAR grading system (20).  150 

Statistics 151 

Statistical analyses were performed using SPSS software (version 20; SPSS, Inc, Chicago, IL, 152 

USA). Shapiro-Wilk test was used to determine the normality of distribution of numerical 153 

variables. For categorical variables, the numbers are presented as n (%). Fisher's exact test was 154 

used to analyze differences in unpaired samples, and McNemar's test for paired samples. For non-155 

normally distributed continuous variables the numbers are presented as median (IQR). The Mann-156 

Whitney test was used to analyze differences in unpaired samples and the Wilcoxon test was 157 

utilized for paired samples. Rank correlations were evaluated by Spearman's rho test. All analyses 158 

were 2-tailed and a p value <0.05 was considered significant. Receiver operating characteristic 159 

(ROC) analysis using the EasyROC web interface (www.biosoft.hacettepe.edu.tr/easyROC/) 160 

evaluated for the ability of BAT and SPT to distinguish between allergic and non-allergic patient 161 

populations and to calculate area under the curve (AUC) values (21).   162 

  163 
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Results 164 

Patient characteristics  165 

The demographics and clinical characteristics of the entire study population (n=183, 166 

derived from 63 patients in the original NUT CRACKER cohort and 120 newly recruited patients 167 

in the NUT CRACKER-PS) as well as a comparison between the previous and current cohorts are 168 

presented in Table 1. The median age of subjects was 8 years (IQR, 6-11; range 3.6-27.3) and 57.9 169 

% were male. In addition to tree nut allergies, patients (35%) reported other food allergies, the 170 

most prevalent being peanut (39.1% of those reporting, data not shown). Other allergic 171 

comorbidities included atopic dermatitis (48.9%) and asthma (35%). A previous reaction 172 

accounted for 55.4% of the cases for referral to the study (Table 1). The original NUT CRACKER 173 

cohort matched the NUT CRACKER-PS cohort in demographics and atopic co-morbidities (Table 174 

1). However, patients in the NUT CRACKER-PS had a higher pecan SPT and induced %CD63 175 

expression, reflective of the higher rate of co-allergy to pecan.  176 

Distinguishing features between single walnut and dual walnut/pecan allergy  177 

Following evaluation, 134/183 patients (47 from the NUT CRACKER and 87 from the 178 

NUT CRACKER-PS) were diagnosed with walnut allergy (120 based on a positive OFC and 14 179 

based on a recent reaction) and 107 (79.9%) of them were also pecan allergic (99 based on a 180 

positive OFC and 8 based on a recent reaction). As in our previous NUT CRACKER cohort, all 181 

pecan allergic patients were also walnut allergic. Among all 134 walnut allergic patients, walnut 182 

BAT was significantly higher in those with dual allergy compared to single walnut allergy (median 183 

induced CD63% = 41.5% vs. 18.0%, respectively, p=0.003) (Figure 1A).  This is consistent with 184 

the clinical finding that walnut ED in challenged patients with dual walnut/pecan allergy (n=95) 185 

was significantly lower compared to the walnut ED of single walnut allergic patients (n=25) 186 

Jo
urn

al 
Pre-

pro
of



10 
 

(median=60 mg vs. 900 mg, respectively, p<0.001). In contrast to the BAT, walnut SPT did not 187 

significantly differ between these patient groups (Figure 1B).  188 

Distinguishing clinical reaction manifestations to walnut and pecan in dual allergic patients  189 

The clinical characteristics of positive walnut and pecan challenges, in patients who had 190 

positive challenges for both (n=87), are presented in Table 2. While neither intramuscular 191 

administration of adrenalin nor grading severity differed between walnut and pecan challenges, 192 

there were several distinctive features between them. The median eliciting doses were significantly 193 

lower in walnut vs. pecan challenges (80 mg (40-210 mg) vs 180 mg (100-660 mg) median (IQR), 194 

respectively, (p<0.0001) (Table 2). Consistent with this, the median values for both SPT and 195 

CD63-BAT to walnut were significantly higher than their respectively paired values for pecan 196 

(SPT 9 mm vs. 7 mm, p=0.005; CD63-BAT 47.8% vs. 19.0%, p<0.0001) (data not shown). 197 

However, pecan OFC, compared to walnut, yielded a significantly greater number of patients with 198 

several clinical manifestations of reactions, such as systemic skin reactions, lower respiratory 199 

symptoms and treatment with bronchodilators (Table 2).   200 

BAT and SPT as markers for severity  201 

Given the utilization of BAT and SPT in the diagnostic algorithm, we next examined the 202 

association of these tests with particular walnut and pecan allergic manifestations in the context of 203 

OFC. Rank correlations between ED and both SPT and BAT, for all walnut (n=120) and pecan 204 

(n=98) positive OFCs, were performed.  There was a mild inverse rank correlation between ED 205 

and SPT (Spearman's rho=-0.18, p=0.005), and ED and BAT for walnut (Spearman's rho=-0.22, 206 

p=0.014) (Figure E2A-B). In particular, walnut BAT was significantly higher in patients with 207 

severe allergy (walnut ED ≤100 mg protein) compared to those with milder allergy (ED >100 mg 208 

protein), (p=0.018) (Table E2). Furthermore, BAT was higher in patients with lower respiratory 209 

reactions and in those treated with bronchodilators (p=0.035 and p=0.040, respectively Table E2). 210 
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Furthering evidence that BAT relates to severity of reaction, patients who received EpiPen on 211 

OFC had a significantly higher BAT compared to those who did not (p<0.009, Table E2). In 212 

agreement with this, only 13.3% of patients with CD63- BAT<25% compared to 37.3% of those 213 

with CD63-BAT>25% required epipen on OFC (p=0.006) (Figure 2). No significant association 214 

was found between SPT with walnut ED, challenge reactions or treatment (data not shown). For 215 

pecan OFCs, stronger inverse ranked correlations compared to walnut, were found between both 216 

ED and SPT (Spearman's rho=-0.35, p<0.001) (Figure E2C) and ED and BAT (Spearman's rho=-217 

0.42, p<0.001) (Figure E2D).    Both BAT (p=0.002) (Table E3) and SPT (p=0.004, data not 218 

shown) were significantly higher in patients with severe (ED ≤100 mg protein) compared to those 219 

with mild (ED >100 mg protein) pecan allergy. BAT was also positively associated with vomiting 220 

during pecan OFC (p=0.046) (Table E3). The association of BAT with severity as shown above 221 

provides a rationale for its integration into our diagnostic scheme.   222 

Diagnostic accuracy of BAT and SPT in the NUT CRACKER-PS  223 

The accuracy of the SPT and BAT were evaluated in the new NUT CRACKER-PS cohort. 224 

For both walnut and pecan, the allergic and non-allergic groups differed significantly in both SPT 225 

and BAT (Figure 3A-D). Receiver operating characteristic (ROC) analysis yielded area under the 226 

curve (AUC) values of 0.93 ± 0.03 and 0.92 ±0.03 for walnut SPT and walnut-BAT respectively 227 

(Figure 4A). Receiver operating characteristic (ROC) analysis for pecan allergy yielded an AUC 228 

value of 0.87 ± 0.04 and 0.87 ±0.03 for pecan SPT and pecan-BAT respectively (Figure 4B).  The 229 

crossovers between the SPT and BAT curves in both walnut and pecan suggest use of both tests 230 

may complement one another to improve the diagnostic accuracy.  231 

Diagnostic algorithm 232 
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 Using the clinically-determined dispositions of patients in the NUT CRACKER-PS , we 233 

next sought to test the algorithm in this cohort. All 16 patients with an SPT less than 3 mm were 234 

validated to be non-allergic without any false negatives (Figure 5).  Among the 56 patients with a 235 

walnut SPT ≥8 mm, 55 were true positives and one patient was diagnosed falsely positive.  For 236 

those with a positive but intermediate SPT result (3mm ≤ SPT < 8 mm), a BAT was performed to 237 

clarify the diagnosis. The justification for this approach can be seen by ROC analysis, as the 238 

diagnostic utility of BAT was considerably stronger (AUC=0.88±0.06) compared to that of SPT 239 

(AUC=0.73±0.08) in diagnosing walnut allergy for patients with intermediate-positive SPT results 240 

(Figure E3-A), while the tests were similar at the two polar ends of testing (<3 mm or ≥8 mm) 241 

(Figure E3-B). A concordant positive BAT result (≥ 5%) rendered the patient walnut-allergic and 242 

resulted in a true diagnosis in 25/27 patients with two false positives (Figure 5). A discordant 243 

negative BAT result yielded the need to utilize an OFC for diagnosis in 21 patients (Figure 5). 244 

Summarizing the disposition for the walnut arm of the diagnostic tree, 30 were non-allergic with 245 

no FN and 90 patients were considered walnut allergic including three false positives. All 87 246 

walnut allergic patients (100% sensitivity) and 30 of the 33 walnut non-allergic patients (90.9% 247 

specificity) were identified (PPV= 96.7%), with twenty-one of the 120 patients (17.5%) requiring 248 

a walnut OFC.  249 

Regarding the pecan allergic state, the algorithm relies on the knowledge of co-allergenicity 250 

demonstrated previously (4). Similar to our original study all patients non-allergic to walnut 251 

(n=30) were validated to be pecan-tolerant. For those diagnosed as walnut allergic, a BAT was 252 

performed to evaluate pecan status. A positive pecan BAT (≥5%) correctly classified 53/56 253 

patients as having pecan allergy, along with three false positives. In order to be diagnosed pecan-254 

tolerant, a negative BAT (<5%) and a concordant negative SPT result (<3mm wheal) were 255 
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required and correctly diagnosed four tolerant patients (Figure 5). Discordant SPT and BAT 256 

results were noted in 30 patients, requiring an OFC to determine the pecan status. Of these 30 257 

patients, 24 were pecan allergic and 6 were pecan tolerant. Summarizing the disposition for the 258 

pecan arm of the diagnostic tree, 40 were non-allergic with no FN and 80 patients were considered 259 

pecan allergic including three false positives (Figure 5). All 77 pecan allergic patients (100% 260 

sensitivity) and 40 of the 43 pecan non-allergic patients (93% specificity) were identified (PPV= 261 

96.3%), with thirty of the 120 patients (25%) requiring a pecan OFC. Combining the walnut and 262 

pecan data, the diagnostic scheme decreased by 78.8% (189/240) the number of total OFC, 263 

yielding 2.5% (6/240) FP, and no FN. The categorization of allergic and tolerant patients as 264 

determined by each component (SPT, BAT and OFCs) of the algorithm for both walnut and pecan, 265 

is presented in Figure 6.  266 

A post-hoc analysis was performed on the pecan arm of the algorithm with consideration 267 

that allergists often first perform a SPT due to its ease of application. The larger cohort of the 268 

current study demonstrated that a pecan SPT cutoff  ≥8 mm provided a 95% PPV for diagnosis, 269 

which was not observed in the original NUT CRACKER study.  In this scenario, utilizing SPT and 270 

BAT in the same manner as used in the walnut arm, the number of pecan challenges required 271 

would decrease to 15.8 % (19/120) (Figure E4). However, two additional patients would be 272 

categorized as FP.  Combining this approach to the walnut data, the algorithm would decrease the 273 

number of required OFC by 83.3% (200/240) with 3.3 % (8/240) FP and no FN.   274 

 275 

  276 
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Discussion 277 

One of the main challenges in diagnosing patients with tree nut allergy relates to the high 278 

degree of cross-sensitization between nuts which may not translate necessarily to co-allergy. 279 

Furthermore, there is a need to identify physiologic parameters to better predict potential reaction 280 

severity among patients. The NUT CRACKER study (4) proposed an algorithm to accurately 281 

distinguish between specific nuts to which a patient is allergic and minimize the need for OFC.  282 

The inclusion of basophil reactivity in the algorithm, facilitated its identification as a marker for 283 

allergic severity.  In this prospective study utilizing an independent large set of patients, the 284 

algorithm significantly reduced the number of OFC required for diagnosis by approximately 80%, 285 

with a <3% false positive rate and no false negatives. The utility of the approach is based on 286 

several tenets. First, a standardized high concentration SPT formulation derived from ground nuts 287 

provides a useful first screening tool for diagnosis, since at the two polar extremes it allows to rule 288 

out or in walnut allergy, without the need for further testing. Second, this study confirms our 289 

previous findings (4) similarly observed by others (22), that all patients allergic to pecan were 290 

allergic to walnut, a finding consistent with them being in very closely related botanical groups. 291 

Conversely, therefore, patients ascertained to be non-allergic to walnut, were non-allergic to 292 

pecan, as well. Finally, the algorithm requires an OFC to be performed only in cases where SPT 293 

and BAT results were discordant, reducing significantly its need. Although an OFC is usually 294 

considered a safe test, it requires considerable expertise, and is not without risk. In addition, the 295 

algorithm minimizes false negatives that may subsequently be exposed inadvertently in an 296 

uncontrolled environment and false positives given the admittedly high cost to QOL and economic 297 

burden secondary to their misdiagnosis (for review see 23).  298 

The BAT assay demonstrated its utility on two levels. BAT complemented SPT 299 

performance in cases where walnut-SPT results were in the mid-range.  Both the reactivity of 300 
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different cells (mast cells versus basophils) and the differences in the protein make-up of the SPT 301 

(total protein) and BAT (soluble protein), potentially explain the complementary nature of SPT 302 

and BAT for diagnosis. The use of these two tests furthermore, safeguards against potential 303 

mishaps in technical application and/or reading of the SPT and performance of the BAT. In 304 

addition, the BAT also demonstrated its ability to identify walnut/pecan dual allergic patients and 305 

was associated with markers of reaction severity during the OFC, such as lower ED and adrenalin 306 

use. These data can assist clinicians to minimize OFCs, and be harnessed to identify individuals at 307 

risk for severe reactions in clinical setting. 308 

The last decade has seen a substantial increase in the number of published reports 309 

concerning the clinical use of BAT, including for the diagnosis of food allergies (13,15,18,24). 310 

While standard practices for BAT have yet to be adopted, the identification of basophils by a 311 

CD123+ HLA-DR- surface expression phenotype, with CD63 elevation as a marker for activation 312 

is a common strategy (14,25,26). The phenomenon of non-responding basophils has been reported 313 

to affect up to 17% of patients (27), but was a factor in only one patient excluded from our 314 

prospective study, perhaps due to addition of exogenous IL3 to the basophil stimulation mixture. 315 

The induction of CD63 on 5% of basophils as our diagnostic cutoff was in consonance with 316 

several previous studies (15,28,29). This value facilitates maximal identification of allergic 317 

patients, while remaining sufficiently above baseline to exclude most non-allergic subjects. While 318 

an appropriate diagnostic cutoff requires determination for each individual allergenic food, our 319 

findings support the adoption of BAT into a clinical allergy diagnostic framework, particularly in 320 

conjunction with other tests or with information on patient allergic background.  321 

In comparison to the original data from which the algorithm was derived, a similar number 322 

of OFC were saved in this study, while the number of overall FP were more than halved from 323 

5.6% to 2.5%.  This may reflect the higher percentage of walnut-pecan dual allergic patients in the 324 
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current study, who are more sensitized than those with single walnut allergy (10). Additionally, in 325 

examining dual allergic patients, we noted that ED for walnut OFC were lower than for pecan, 326 

suggesting that walnut-pecan doubly allergic patients react to walnut from exposure to unique as 327 

well as allergens that are common to pecan.  A further finding, while not completely understood, 328 

demonstrated stronger correlations between ED and BAT and SPT in pecan, compared to walnut. 329 

This may be reflective of the broader distribution of ED in pecan challenges.  330 

 There are several limitations to this study. First, availability of the high concentration SPT 331 

and resources to perform the BAT are not guaranteed. We would not expect, however, a difficulty 332 

to generate the SPT product which was derived from ground nuts and suspended at a fixed 333 

concentration for testing. This reduces the variability that may occur with prick to pick testing. 334 

Our SPT value for the walnut allergic cutoff (≥ 8mm) was > 95% PPV suggesting commercial 335 

preparations that achieve similar values, as demonstrated for walnut allergy (11), should perform 336 

equally well in the described algorithm. SPT of < 3 mm was found to rule out allergy, in line with 337 

the original NUT CRACKER study (4). Given the high concentration of the SPT preparation, we 338 

expect this value to sufficiently protect against FN. However, given potential differences in the 339 

method of administration, in cases where the clinical history is highly suspect, it may be prudent to 340 

repeat the SPT to confirm results. The ease of preparation for the high concentration extract used 341 

in this study may additionally facilitate its use in other diagnostic schemes. Second, the BAT while 342 

available in hospital and research-based centers, in contrast, may not be readily available to the 343 

practicing physician. One possible scenario envisions that in the allergist's office the SPT can be 344 

performed and patients with mid-SPT values could subsequently be sent to a referral center for 345 

BAT. Furthermore, the use of blood collection tubes containing anticoagulants other than EDTA, 346 

allows BAT to be performed at least 24 hours after drawing of the blood (30). Third, while OFC or 347 

consumption in line with criteria in the EAT study (31) were used to define tolerance for an 348 
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overwhelming majority of walnut non-allergic patients, for four patients a minimal threshold of 349 

recent consumption of a single walnut was utilized. Given that only a minority of allergic patients 350 

reacted to an ED > 840 (the protein content of one walnut) there would be only a minimal effect on 351 

diagnosis. Third, the NUT CRACKER-PS cohort differed from the original NUT CRACKER 352 

cohort in the rate of walnut/pecan dual allergy. While this may have positively affected the pecan 353 

arm of the algorithm, this rate of co-allergy may reflect the actual rate of co-allergy between 354 

walnut and pecan, as reported by others (22).  355 

In summary, using knowledge of co-allergy between walnut and pecan, in conjunction with 356 

modified SPT and BAT we were able to reduce the number of OFC required to diagnose walnut 357 

and pecan allergy by nearly 80% with <3% false positive rate and no false negatives. Basophil 358 

reactivity was also shown to reflect clinical manifestations of tree nut OFC. This algorithm may 359 

serve as a model for diagnosis of other closely related tree nuts (eg. cashew and pistachio). Future 360 

work on the algorithm should focus on testing its applicability to other populations. 361 

  362 

Jo
urn

al 
Pre-

pro
of



18 
 

Acknowledgements 363 

We would like to thank Hasia Duani and.Tehila Abargil for coordinating the patients' clinical 364 

visits and Mor Carmel and Keren Golobov for the coordination and administration of the oral food 365 

challenges. We appreciate the technical help of Mazal Borochov and Daniel Spiegel in preparation 366 

of the BAT for analysis. Dr. Goldberg is funded by a Kamea grant from the Ministry of Health, 367 

Israel. This study was supported by the Bircner-Benner fund. No. 0601243233, Tel Aviv 368 

University. 369 

 370 

 371 

  372 

Jo
urn

al 
Pre-

pro
of



19 
 

Table 1. Demographics and clinical characteristics of original and current cohorts 373 

 374 
 375 
 376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 
 384 
 385 
 386 
 387 
 388 
 389 
 390 
 391 
 392 
 393 

Categorical variables are presented as n (%).  394 
Continuous variables are presented as medians and IQR 395 
^ Significant difference between NUT CRACKER and prospective study 396 
* n=information available for 177 patients (120 NUT CRACKER-PS and 57 NUT CRACKER) 397 
** Referral due to reaction history to other foods, family history of allergy, or from fear of giving 398 
allergens.  399 
Hx, History 400 
  401 

Parameter  All  
(n=183) 

NUT 
CRACKER  

(n=63) 

NUT 
CRACKER-PS 

(n=120) 
Male 106 (57.9) 58.7% 57.5% 
Age, years  8 (6 – 11) 8.7 (6.6 – 13.3) 7.8 (6 – 11) 
With asthma  64 (35.0) 42.9% 30.8% 
With atopic dermatitis  88 (48.9) 42.9% 50.8% 
Other food allergies 64 (35%) 39.7% 32.5% 
Walnut SPT, mm 7 (5 – 10) 7 (5 – 10) 7 (4.3 – 10) 
Pecan SPT, mm  6 (4 – 8) 5 (2 – 6) 7 (5 – 10)^ 
Walnut %CD63  18 (1.4 – 54.7) 16.4 (1.3 – 49) 20.4 (1.4 – 58) 
Pecan %CD63  2.7 (0.2 – 29.4) 1.4 (0 – 12) 3.9 (0.3 – 35.6)^ 
 Reason for referral*:      
                    Hx of Reaction 98 (55.4%) 33 (57.9%) 65 (54.2%) 

                    Positive SPT        38 (21.5%) 17 (29.8%) 21 (17.5%) 

                    Other**                                41 (23.1%) 7 (12.3%) 34 (28.3%) 
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Table 2. Characterization of reactions and treatment in patients with both positive walnut 402 
and pecan OFCs  403 
 404 

  Parameter Walnut Pecan OR (95%CI) P value 
Reaction Reaction dose, Median (IQR) 80 (40-210) 180 (100-660) - <0.0001 
  Skin 49 (56.3%) 63 (72.4%) 2.1 (1.1-4.0) 0.038 
  GI (abdominal pain/nausea) 37 (42.5%) 31 (35.6%) 0.7 (0.4-1.4) NS 
  GI (vomiting) 16 (18.4%) 12 (13.8%) 0.6 (0.2-1.7) NS 
  Respiratory (upper) 39 (44.8%) 30 (34.5%) 0.6 (0.3-1.2) NS 
  Respiratory (lower) 8 (9.2%) 19 (21.8%) 2.8 (1.1-7.2) 0.035 
  Anaphylaxis 42 (48.3%) 48 (55.2%) 1.4 (0.7-2.6) NS 
Treatment Antihistamine 72 (82.8%) 78 (89.7%) 2.0 (0.8-5.3) NS 
  Bronchodilator 11 (12.6%) 29 (33.3%) 4.0 (1.6-9.8) 0.001 

  Adrenaline 25 (28.7%) 33 (37.9%) 1.6 (0.8-3.2) NS 

Grading Grade I 25 (28.7%) 27 (31.0%) 1.1 (0.6-2.2) NS 
  Grade II 62 (71.3%) 58 (66.7%) 0.8 (0.4-1.5) NS 
  Grade III 0 (0.0%) 2 (2.3%) - - 

n=87 patients with both positive walnut and pecan OFCs 405 
OR (95%CI)=Pecan to Walnut McNemar's odds ratio (95%confidence interval) 406 
 407 
  408 

Jo
urn

al 
Pre-

pro
of



21 
 

References 409 

1. McWilliam V, Koplin J, Lodge C, Tang M, Dharmage S, Allen K. The prevalence of tree 410 
nut allergy: a systematic review. Curr Allergy Asthma Rep.2015;15:54. 411 

2. Muraro A, Werfel T, Hoffmann-Sommergruber K, Roberts G, Beyer K, Bindslev-Jensen C 412 
et al. EAACI food allergy and anaphylaxis guidelines: diagnosis and management of food 413 
allergy. Allergy. 2014;69:1008-1025 414 

3. Perry TT, Matsui EC, Conover-Walker MK, Wood RA. Risk of oral food challenges. J. 415 
Allergy Clin Immunol. 2004;114:1164-1168. 416 

4. Elizur A, Appel MY, Nachshon L, Levy MB, Epstein-Rigbi N, Golobov K, et al. NUT Co 417 
Reactivity - ACquiring Knowledge for Elimination Recommendations (NUT CRACKER) 418 
study. Allergy. 2018 Mar;73(3):593-601. doi: 10.1111/all.13353. Epub 2017 Dec 5. PMID: 419 
29127694.  420 

5. Sampson HA, Ho DG. Relationship between food-specific IgE concentrations and the risk 421 
of positive food challenges in children and adolescents J Allergy Clin Immunol. 1997 422 
Oct;100(4):444-51. 423 

6. Fleischer DM, Conover-Walker MK, Matsui EC, Wood RA. The Natural History of Tree 424 
Nut Allergy. J Allergy Clin Immunol. 2005 Nov;116(5):1087-93 425 

7. Clark AT, Ewan PW. Interpretation of tests for nut allergy in one thousand patients, in 426 
relation to allergy or tolerance. Clin Exp Allergy.2003;33:1041-1045. 427 

8. Couch C, Franxman T, Greenhawt M. Characteristics of tree nut challenges in tree nut 428 
allergic and tree nut sensitized individuals. Ann Allergy Asthma Immunol. 2017;118:591-429 
596. 430 

9. Sato S, Yamamoto M, Yanagida N, Ito K, Ohya Y, Imai T, et al Jug r 1 sensitization is 431 
important in walnut-allergic children and youth. J Allergy Clin Immunol Pract. 2017 Nov - 432 
Dec;5(6):1784-1786.e1. doi: 10.1016/j.jaip.2017.04.025.  433 

10. Elizur A, Michael Y Appel, Liat Nachshon, Michael B Levy, Naama   Epstein-Rigbi, Bo 434 
Pontoppidan, et al Clinical and Molecular Characterization of Walnut and Pecan Allergy. 435 
(NUT CRACKER study). J Allergy Clin Immunol Pract. 2020 Jan;8(1):157-165.e2. 436 

11. Ho MH, Heine RG, Wong W, Hill DJ. Diagnostic accuracy of skin prick testing in children 437 
with tree nut allergy. J Allergy Clin Immunol.2006;117:1506-1508. 438 

12. Peters RL, Allen KJ, Dharmage SC, Tang ML, Koplin JJ, Ponsonby AL, et al. HealthNuts 439 
Study. Skin prick test responses and allergen-specific IgE levels as predictors of peanut, 440 
egg, and sesame allergy in infants. J Allergy Clin Immunol. 2013 Oct;132(4):874-80. doi: 441 
10.1016/j.jaci.2013.05.038. 442 

13. Appel MY Nachshon L, Elizur A, Levy MB, Katz Y., Goldberg MR.  Evaluation of the 443 
basophil activation test and skin prick testing for the diagnosis of sesame food allergy. 444 
Clinical and Experimental Allergy 2018  Aug;48(8):1025-1034. 445 

Jo
urn

al 
Pre-

pro
of



22 
 

14. Santos AF, Lack G. Basophil activation test: food challenge in a test tube or specialist 446 
research tool? Clin Transl Allergy. 2016;6:10. 447 

15. Santos AF, Douiri A, Bécares N, Wu SY, Stephens A, Radulovic S, et al  Basophil 448 
activation test discriminates between allergy and tolerance in peanut-sensitized children. 449 
J Allergy Clin Immunol. 2014 Sep;134(3):645-52. 450 

16. Santos AF, Du Toit G, O'Rourke C, Becares N, Couto-Francisco N, Radulovic S, et al 451 
Biomarkers of Severity and Threshold of Allergic Reactions During Oral Peanut 452 
Challenges   J Allergy Clin Immunol. 2020 Apr 17:S0091-6749(20)30490-5. doi: 453 
10.1016/j.jaci.2020.03.035. Online ahead of print.  454 

17. Berin MC, Grishin A, Masilamani M, Leung DYM, Sicherer SH, Jones SM, et al Egg-455 
specific IgE and basophil activation but not egg-specific T-cell counts correlate with 456 
phenotypes of clinical egg allergy. J Allergy Clin Immunol. 2018 Jul;142(1):149-158.e8.  457 

18. Ruinemans-Koerts J, Schmidt-Hieltjes Y, Jansen A, Savelkoul HFJ, Plaisier A, van Setten 458 
P. The Basophil Activation Test reduces the need for a food challenge test in children 459 
suspected of IgE-mediated cow's milk allergy. Clin Exp Allergy. 2019 Mar;49(3):350-356.  460 

19. Elizur A, Michael Y Appel, Liat Nachshon, Michael B Levy, Naama   Epstein-Rigbi, Bo 461 
Pontoppidan, et al. Walnut oral immunotherapy for desensitisation of walnut and additional 462 
tree nut allergies (Nut CRACKER): a single-centre, prospective cohort study. Lancet Child 463 
Adolesc Health. 2019 May;3(5):312-321. 464 

20. Cox L, Larenas-Linnemann D, Lockey RF, Passalacqua G. Speaking the same language: 465 
The World Allergy Organization Subcutaneous Immunotherapy Systemic Reaction 466 
Grading System. J Allergy Clin Immunol. 2010;125(3):569‐574.e7.  467 

21. D. Goksuluk, S. Korkmaz, G. Zararsiz, A.E. Karaağaoğlu. easyROC: An Interactive Web-468 
tool for ROC Curve Analysis Using R Language Environment. The R Journal. 2003; 469 
8:213-230. 470 

22. Andorf S, Borres MP, Block W, Tupa D, Bollyky JB, Sampath V, et al Association of 471 
Clinical Reactivity with Sensitization to Allergen Components in Multifood-Allergic 472 
Children J Allergy Clin Immunol Pract. 2017 Sep - Oct;5(5):1325-1334.e4. doi: 473 
10.1016/j.jaip.2017.01.016 474 

23. Shaker M, Greenhawt M.  Providing Cost-Effective Care for Food Allergy. Ann Allergy 475 
Asthma Immunol. 2019 Sep;123(3):240-248.e1. doi: 10.1016/j.anai.2019.05.015. Epub 476 
2019 May 23. PMID: 31128233. 477 

24. Song Y, Wang J, Leung N, Wang LX, Lisann L, Sicherer SH, et al.  Correlations between 478 

basophil activation, allergen-specific IgE with outcome and severity of oral food 479 

challenges. Ann Allergy Asthma Immunol. 2015 Apr;114(4):319-26.  480 

25. Chinthrajah RS, Purington N, Andorf S, Rosa JS, Mukai K, Hamilton R, et al. 481 

Development of a tool predicting severity of allergic reaction during peanut challenge. Ann 482 

Jo
urn

al 
Pre-

pro
of



23 
 

Allergy Asthma Immunol. 2018 Jul;121(1):69-76.e2. doi: 10.1016/j.anai.2018.04.020. 483 

Epub 2018 Apr 27. PMID: 29709643;  484 

26. Frezzolini A, Cadoni S, De Pità O. Usefulness of the CD63 basophil activation test in 485 

detecting Anisakis hypersensitivity in patients with chronic urticaria: diagnosis and follow-486 

up. Clin Exp Dermatol. 2010;35(7):765-770. doi:10.1111/j.1365-2230.2009.03694.x 487 

27. Hoffmann HJ, Santos AF, Mayorga C, Nopp A, Eberlein B, Ferrer M, et al. The clinical 488 

utility of basophil activation testing in diagnosis and monitoring of allergic disease. 489 

Allergy. 2015 Nov;70(11):1393-405. doi: 10.1111/all.12698. PMID: 26198455. 490 

28. Ocmant A, Mulier S, Hanssens L, Goldman M, Casimir G, Mascart F, et al. Basophil 491 

activation tests for the diagnosis of food allergy in children. Clin Exp Allergy. 2009 492 

Aug;39(8):1234-45. doi: 10.1111/j.1365-2222.2009.03292.x. Epub 2009 Jun 22. PMID: 493 

19549026. 494 

29. Rubio A, Vivinus-Nébot M, Bourrier T, Saggio B, Albertini M, Bernard A. Benefit of the 495 

basophil activation test in deciding when to reintroduce cow's milk in allergic 496 

children. Allergy. 2011;66(1):92-100. doi:10.1111/j.1398-9995.2010.02432.x 497 

30. Mukai K, Gaudenzio N, Gupta S, Vivanco N, Bendall SC, Maecker HT, et al. Assessing 498 

basophil activation by using flow cytometry and mass cytometry in blood stored 24 hours 499 

before analysis. J Allergy Clin Immunol. 2017 Mar;139(3):889-899.e11. doi: 500 

10.1016/j.jaci.2016.04.060. Epub 2016 Jul 15. PMID: 27527263; PMCID: PMC5237629. 501 

31. Perkin MR, Logan K, Tseng A, Raji B, Ayis S, Peacock J, et al. Randomized Trial of 502 

Introduction of Allergenic Foods in Breast-Fed Infants. N Engl J Med. 2016 May 503 

5;374(18):1733-43. doi: 10.1056/NEJMoa1514210. Epub 2016 Mar 4. PMID: 26943128. 504 

  505 

Jo
urn

al 
Pre-

pro
of



24 
 

Figure Legends 506 

Figure 1. Discrimination between walnut allergic patients without pecan allergy (n=27, 507 

WAL+/PEC-) and those with pecan allergy (n=107, WAL+/PEC+) for BAT  (A) and SPT (B). 508 

Boxes show the IQR with the median value as the midline, with whiskers extending 1.5 times the 509 

IQR above and below. x= average values. Single dots represent outliers.  p=0.003 for comparison 510 

of CD63 values between single vs. dual allergic patients.    511 

Figure 2. The distribution of adrenalin treatments during walnut challenge across patients grouped 512 

by walnut-induced CD63 reactivity (p=0.006 by chi-square analysis). 513 

Figure 3.  Discrimination between walnut (A,B) and pecan (C, D) allergic and non-allergic 514 

patients by SPT (A,C) and BAT (B,D) in the NUT CRACKER-PS cohort. For walnut, n=87 515 

allergic patients and n=33 non-allergic patients. For pecan, n=77 patients and n=42 non-allergic 516 

patients. Single dots represent outliers. P<0.0001 for comparisons between allergic and non-517 

allergic for walnut and pecan SPT and BAT.   518 

Figure 4.  ROC curves for tree nut diagnostic tests. ROC curves plotting the proportion of the true 519 

positive patients (sensitivity) versus false positive patients for critical values of BAT, and SPT. 520 

The area under the curve (AUC) and the 95% confidence interval are presented. (A) Walnut 521 

allergy: n= 87 walnut allergic patients, n= 33 non-allergic patients. (B) Pecan allergy: n= 77 522 

allergic patients, n= 42 non-allergic patients. 523 

Figure 5.  Algorithm depicting prospective evaluation of potential walnut-pecan–allergic patients. 524 

The algorithm utilizes the clinical findings of walnut pecan co-allergy, together with skin prick test 525 

(SPT) and basophil activation tests (BAT) for diagnosis. In cases where the SPT and BAT are 526 

discordant for diagnosis an OFC is required for diagnosis (shaded boxes). BAT +, %CD63 ≥ 5%; 527 

BAT - , %CD63 < 5%.  528 
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Figure 6.  Categorization of allergic and tolerant patients as determined by SPT, BAT and OFCs 529 

as directed by the diagnostic algorithms for walnut (A) and pecan (B).  530 
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