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ABSTRACT 37 
Background 38 
Food allergy is most accurately diagnosed by a formal oral food challenge however it 39 

is time and labor intensive, risks the individual to severe reaction and access is often 40 

a limiting step in the diagnostic process. This is compounded for tree nut allergy 41 

diagnosis as several oral food challenges may be required to determine allergy status 42 

to each individual tree nut. Accurate diagnosis using minimally invasive diagnostic 43 

tests in predicting clinical tree nut allergy is important to correctly identify those with 44 

potentially life-threatening reactions, and to efficiently and safely tailor nut avoidance 45 

to only those nuts deemed allergic to enable less restricted diets and increased food 46 

choices for food allergic individuals. 47 

 48 
Objective 49 
To conduct a systematic review on the diagnostic capacity of clinical tests (Skin Prick 50 

Test (SPT), specific IgE, Component Resolved Diagnostics (CRD), Basophil Activation 51 

Test (BAT)) to determine oral food challenge proven or clinical tree nut allergy. 52 

 53 
Methods 54 
We searched four electronic databases (OVID Medline, Embase, Cochrane library and 55 

PubMed) until May 2020. Eligible studies were categorized by type of tree nut, and 56 

diagnostic test. 57 

 58 
Results 59 
27 studies assessed diagnostic accuracy to a specific tree nut. Overall, the accuracy of 60 

diagnostic testing was only reasonable, with 95% positive predictive values 61 

established in a small number of tree nuts. Cashew has best diagnostic accuracy, with 62 

the cashew component Ana o 3 being most predictive. At the other end of the 63 

spectrum, diagnostic testing of almond is poor and of limited clinical use. 64 

 65 
Conclusion 66 
The systematic review highlights the limitations of our current diagnostic tools for 67 

tree nut allergy and highlights further areas for research. The uni-directionality of 68 

cross-reactivity between cashew/pistachio and walnut/pecan is described and can aid 69 

diagnosis. Using diagnostic algorithms such as those demonstrated for walnut/pecan 70 

and cashew/pistachio allergy may achieve greater diagnostic accuracy and reduced 71 

number of OFCs. 72 

 73 
Highlights 74 
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What is already known about this topic? 75 

 • Sensitization to tree nuts is much greater than the rates of true clinical tree nut 76 

allergy. This may lead to increased oral food challenges (OFC), which are often 77 

a limiting step in the diagnostic process.  78 

 79 

What does this article add to our knowledge? 80 

 • This study describes the diagnostic capacity of current clinical tests in 81 

determining tree nut allergy. 95% PPVs are identified in cashew and walnut, 82 

however many tree nuts have limited diagnostic capacity and do not reduce 83 

need for OFC.  84 

 85 

How does this study impact current management guidelines? 86 

 • This systematic review outlines the current strengths and limitations of the 87 

available diagnostic tests for tree nuts. This data may be used as a clinician 88 

reference when deciding on diagnostic testing in a clinical setting. 89 

 90 
Key Words 91 
Tree nut allergy, food allergy, diagnostic accuracy, diagnosis, positive predictive 92 

value, sensitivity, specificity, area under the curve, skin prick test, IgE, component 93 

resolved diagnostics, basophil activation test, cashew, pistachio, walnut, pecan, 94 

hazelnut, almond, brazil nut, macadamia.  95 
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ABBREVIATIONS 96 

SPT  Skin prick test 97 

sIgE  Specific Immunoglobulin E 98 

CRD  Component Resolved Diagnostics 99 

PPV  Positive predictive value 100 

OFC  Oral food challenge 101 

NPV  Negative predictive value 102 

BAT  Basophil activation test 103 

DBPCFC Double-blinded, placebo-controlled oral food challenge 104 

AUC  Area under the curve 105 

 106 

INTRODUCTION 107 

‘Tree nuts’ are a collective term referring to a group of nuts, seeds and fruits which 108 

grow on trees. These include almond, cashew, hazelnut, pistachio, walnut, pecan, 109 

macadamia, and Brazil nut. The prevalence of individual tree nut allergies varies 110 

throughout the world, with cashew the most prevalent in Australia(1), hazelnut in 111 

Europe(2), walnut and cashew in the United States(3) and Brazil nut, almond and 112 

walnut in the United Kingdom(4, 5). The reasons for this may include geographic 113 

variants, diet exposure effects, age, gender, race and ethnicity differences as well as 114 

multiple other factors(6). 115 

 116 

Tree nut sensitization ranges from 0.8%-12.2%, significantly more than those with a 117 

true clinical allergy, estimated at less than 2% for oral food challenge (OFC) 118 

confirmed tree nut allergy(6, 7). Peanut and tree nut allergy have been identified as 119 

the main culprits of fatal or near-fatal reactions in children(8, 9). Tree nut allergies 120 

account for 18-40% of reported food induced fatalities(10-12). Most of these children 121 

have had a reaction to more than one nut, with around 20-30% of people with a 122 

peanut allergy also allergic to one or more tree nuts(7). Tree nut allergy constitutes a 123 

life-long risk for many allergic individuals given its low rate of resolution (~9%) (13). 124 

 125 

Diagnosis of tree nut allergy 126 

A fundamental concept in the diagnosis of food allergy is the understanding that 127 

false positive results of sensitization are not infrequent, and ‘screening’ can result 128 

in a high rate of misdiagnosis. Traditionally, many individuals who are peanut or tree-129 

nut allergic are sensitized (i.e. screened on skin prick test (SPT) to other tree nuts but 130 
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have never had oral allergen exposure). A major challenge in managing individuals 131 

with suspected tree nut allergy is to distinguish between sensitization and allergy(14). 132 

 133 

The diagnostic gold-standard of food allergy is to perform an OFC, however this is 134 

time and labor intensive, limited in availability in many tertiary allergy services, and 135 

exposes the child to the risk of severe reactions(15). In addition to skin prick tests 136 

(SPT), in vitro assays such as the measurement of circulating food specific IgE (sIgE) 137 

antibodies and basophil activation tests (BAT) have aided in the diagnosis of food 138 

allergy. One application of these tests is to identify a threshold with 95% positive 139 

predictive values (PPV), that is, a result equal or greater than the threshold is 140 

associated with a 95% probability of being allergic. However, there is often a low 141 

sensitivity, therefore a substantial proportion of individuals cannot have an accurate 142 

diagnosis because they fall into the diagnostic ‘grey zone’ of a positive skin prick 143 

test but below this threshold (15, 16). Component resolved diagnostics (CRD) is the 144 

measurement of individual components of the single food sIgE allergen, has helped 145 

improve the diagnosis of some food allergies such as peanut(16) however this has 146 

not been evaluated in detail for tree nuts.  147 

 148 

Diagnosis of food allergy is not generally based on a single test. A stepped approach 149 

can be used, firstly with clinical history determining foods to be tested, and the result 150 

of that test (i.e. usually a test of sensitization such as SPT, or IgE measurement) can 151 

be used to determine whether an OFC is warranted. For example, in peanut allergy, 152 

using Ara h2 in a step wise approach (i.e. SPT, followed by Ara h 2 if SPT 3-8mm) 153 

would result in a 2.5-4 times reduction in number of required supervised OFCs to 154 

establish an accurate diagnosis(16). 155 

 156 

Tree nut allergy diagnosis is problematic as many individuals may be sensitized to 157 

multiple nuts without a history of prior reaction or oral ingestion. Many clinicians 158 

may err on the side of caution and accept a diagnosis of ‘possible’ food allergy 159 

based on sensitization status alone(16). There is now evidence that avoidance of 160 

foods increases the risk of allergy with time so this practice warrants review(1). 161 

 162 
Objectives 163 
The objectives of this systematic review are to assess and present the published data 164 

on the diagnostic capacity of multiple clinical tests to determine true OFC proven 165 

allergy. 166 

 167 
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METHODS 168 
Search Strategy 169 
This systemic review was conducted using the methods and procedures of the 170 

Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) 171 

guidelines(17). Systematic database searches were performed of four databases 172 

(OVID Medline, Embase, Cochrane library and PubMed). The search strategy was 173 

constructed with the assistance of a research librarian. The search strategy was 174 

created first in OVID Medline, then modified for Embase, PubMed and Cochrane 175 

library searches. The full OVID Medline search strategy is outlined in supplemental 176 

figure E1. Search strategy was executed on 25th February 2020, with further searches 177 

continued until 5th May 2020 to ensure most recent studies were included. 178 

 179 
Study Selection 180 
Tree nuts were defined as walnut, almond, pistachio, cashew, pecan, hazelnut, 181 

macadamia and Brazil nut. Pine nut and sesame were not included in this review. 182 

Studies reporting a sensitivity, specificity, PPV or negative predictive value (NPV) for 183 

diagnostic test cut-offs were included and presented. No age restrictions were 184 

applied. Diagnostic tests included SPT, serum specific IgE to whole nuts, serum 185 

specific IgE to nut components and basophil activation tests (BAT). We included 186 

studies that showed a clinical outcome of tolerance or allergy either by double-187 

blinded placebo-controlled food challenge (DBPCFC), open food challenge, or recent 188 

history of objective allergic reaction or anaphylaxis within a recent time frame (2 189 

years). The search included population-based, and outpatient clinic-based groups. 190 

The search was limited to English-language articles. We excluded studies that defined 191 

allergy as sensitization, where the individual had a positive test but no clear history of 192 

ingestion and reaction. Studies were also excluded if the tree nut data was presented 193 

as a unifying group (‘tree nuts’), rather than individual tree nut. Case reports, 194 

reviews and studies without full-text articles were excluded. 195 

 196 

Identified articles were screened via title and abstract by two independent reviewers 197 

(TB, TD). Discrepancies were resolved by consensus. Reference lists of identified 198 

studies were reviewed for additional articles. Full text review was then performed by 199 

the two independent reviewers for the identified articles, and those meeting inclusion 200 

criteria were included, with discrepancies resolved by consensus. Data was extracted 201 

by the 1st author. The full search method is summarized below in figure 1. 202 

 203 
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Analysis 204 
Studies were grouped according to tree nut and relevant study details were 205 

summarized including reference details, country and recruitment of cohort, age, 206 

sample size and allergy rates and determination method for allergy. For SPT, choice 207 

of allergen (commercial extract or fresh tree nut) was described for each study. 208 

Cashew and pistachio, and walnut and pecan were grouped together given the high 209 

correlation of co-existent allergy (18). For each diagnostic test, sensitivity, specificity, 210 

PPVs and NPVs and Area under the curve (AUC) were extracted. In studies where 211 

multiple cut-offs were reported, the optimal cut-off as reported by the study were 212 

included. In the case of nut component IgEs where multiple components outcomes 213 

were reported, the component or components that were identified by the study to be 214 

most accurate in diagnosing true allergy were included. Criteria assessing risk of bias 215 

and applicability was assessed according to the QUADAS-2 tool(19) and presented in 216 

Table I. 217 

 218 

For this review, the study populations in each study were grouped as follows: 219 

 1. Outpatient: defined as a patient referred to a tertiary hospital allergy outpatient 220 

service with concern regarding allergy to food. This includes both those specific 221 

to the tree nut tested, and those not specific. All patients with positive SPT 222 

proceeded to OFC. These were prospective studies. 223 

 2. Population cohort: defined as a sample of participants recruited from the general 224 

population, inclusive of those with and without food allergy concerns. 225 

 3. Retrospective: defined as a patient seen by a clinical allergist/physician and 226 

referred for an OFC to define their allergen status. Data was collected 227 

retrospectively. This group does not include all patients with a positive SPT, which 228 

may give a selection bias to this population. 229 

 230 

For this review, the approach confirming a tree nut allergy (reference standard) was 231 

grouped as either DBPCFC, open OFC or clinical history, for which the definitions are 232 

summarized in supplemental table E1. 233 

 234 

RESULTS 235 

The search methodology is summarized in figure 1. The search identified 1354 236 

articles. Of these, 27 met the inclusion criteria and were included in this systematic 237 

review. 238 

 239 

The included studies are described in tables II to VI below.  240 
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 241 
Cashew/Pistachio (Tables IIa-d) 242 
SPT (Table IIa) 243 

5 studies were identified, of which 3 studies were of high quality(14, 15, 20). Study 244 

size ranged from 61 to 531. One study included a large population cohort (15) while 245 

the others were classified as outpatient (n=3) or retrospective (n=1). 246 

 247 

Clinical accuracy of skin prick tests to determine cashew and pistachio allergy are 248 

good, with the AUCs presented ranging between 0.81-0.94 for cashew, and pistachio 249 

0.85-0.89(14, 15, 20).  250 

 251 

McWilliam and Elizur report a 95% PPV for cashew in a clinic cohort of ≥14mm and 252 

≥12mm respectively(14, 15). Cetinkaya et al reported a lower optimal SPT size of 253 

≥6.25mm but did not report a 95% PPV(20). McWilliam also reported a population 254 

cohort, with 95% PPV of 10mm (95% CI 7.5-12mm). Ho et al reported SPT ≥8mm to 255 

have 100% PPV to cashew allergy in a retrospective study (21). Using these cut-offs, 256 

sensitivity in the population or outpatient cohorts ranged between 0.42-0.92. 257 

Specificity ranged between 0.79-0.98. NPVs were also presented, ranging between 258 

0.48-0.97(14, 15, 20). 259 

 260 

Two of the three studies used a fresh cashew extract, and one a commercial extract. 261 

McWilliam’s study used Hollister-Stier in their clinician cohort, and ALK (Spain) for 262 

their population cohort. Elizur made a fresh cashew extract consisting of cashew flour 263 

mixed with water to a dilution of 10mg/mL. Cetinkaya also used a fresh cashew 264 

extract using defatted raw cashew powder extracted using a buffer solution, of which 265 

the supernatant was extracted to use as an extract. 266 

 267 

SPT to pistachio is limited to three studies, for which a 95% PPV has not been 268 

established(14, 20, 21). The best sensitivity and specificity are demonstrated in 269 

Elizur’s study, with ≥7mm giving optimal sensitivity and specificity (0.92 and 0.77 270 

respectively)(14). Cetinkaya found a similar optimal SPT at ≥7.25mm but with lower 271 

sensitivity and specificity (0.82 and 0.75 respectively). NPV was reported in this study 272 

at 0.92 for the cut-off of ≥7.25mm(20). 273 

 274 

Elizur again used a fresh pistachio extract, made by grinding pistachio to a paste and 275 

mixing with water to a dilution of 10mg/mL. Cetinkaya used the same process 276 
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described above with cashew. Ho’s study used commercial extract, Dome-Hollister-277 

Stier. 278 

 279 

Cashew and Pistachio IgE (whole nut) (Table IIb) 280 

3 studies were identified(20, 22, 23), with two studies assessed as high quality(20, 22). 281 

All studies were classified as outpatient studies. 282 

 283 

Specific IgE to cashew or pistachio (whole nut IgE) appears a similar diagnostic tool 284 

than SPT, but AUC is still good, ranging between 0.79-0.89(20, 22, 23). Reasonable 285 

sensitivity but poor specificity are reported by all studies (sensitivity 0.81-1.0, 286 

specificity 0.54-0.75) with broad optimal cut-off values ranging between ≥0.35-287 

≥2.62kUA/L(20, 22, 23). To date a 95% PPV has not been reported for specific IgE to 288 

cashew or pistachio. NPV was reported in Cetinkaya’s study as 1.0 using the cut-off 289 

≥1.125kUA/L, however this population included only 13 cashew allergic patients(20). 290 

 291 

 292 

IgE to Cashew components (Table IIc) 293 

Three studies report on the diagnostic accuracy of Ana o 3 in diagnosing cashew 294 

allergy, all outpatient studies. AUC for Ana o 3 is much greater than SPT or whole nut 295 

IgE(22-24), ranging between 0.92 and 0.98. Using Ana o 3 as a diagnostic tool in one 296 

study for pistachio allergy reported AUC of 0.97(23). 297 

 298 

Lange et al, is the only study to produce a 95% PPV of 2.0kUA/L. Optimal sensitivity 299 

(0.93) and specificity (0.90) were found at ≥0.3kUA/L, which is similar to the optimal 300 

cut-off of ≥0.35kUA/L identified by Savvatiano et al (sensitivity 0.98, specificity 0.94). 301 

Both studies were based on reasonable sized cohorts (Lange n= 61, Savvatiano 302 

n=53)(23, 24). Savvatianos’ paper reported high sensitivity and specificity of 96.8% 303 

and 94.4% for pistachio allergy respectively when using Ana o 3 as a diagnostic 304 

tool(23). In a Japanese study of patients with a history of recent reaction to cashew 305 

(n=95), optimal sensitivity (0.85) and specificity (0.88) was reported at a higher Ana o 306 

3 cutoff (≥0.70kUA/L)(22). NPV was not described in these studies. 307 

 308 

Basophil activation test (BAT) to Cashew and Pistachio (Table IId) 309 

Only one study was identified that examined the predictive value of BAT for 310 

diagnosing cashew and pistachio allergy (14) reporting a 95% PPV of ≥5.5% CD63 311 

activation to cashew. Optimal sensitivity (0.77) and specificity (0.93) to cashew were 312 
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found at ≥2% CD63+ activation and pistachio at ≥5.8% (sensitivity 0.77, specificity 313 

0.88). NPV was not reported. This study reports no false negative results using an 314 

algorithm combining inconclusive-positive SPT (3mm≤ SPT ≤12mm) and BAT(14). 315 

 316 
Walnut/Pecan (Tables IIIa-d) 317 
SPT (Table IIIa) 318 

Three studies were identified, two studies were of high quality(14, 25). Study size 319 

ranged from 29 to 71. Two studies were classified as outpatient, and one was 320 

retrospective. 321 

 322 

Clinical accuracy of SPT to determine walnut and pecan were described in two 323 

studies, Blankestijn et al reporting an AUC of 0.80 for Walnut (25) and Elizur et al an 324 

AUC of 0.89 for walnut and 0.84 for Pecan(14).  325 

 326 

All three studies reported a 95% PPV or greater with SPT result ≥8mm(14, 21, 25). Of 327 

the two higher quality studies, optimal sensitivity and specificity was reported at a 328 

lower threshold, with Elizur reporting sensitivity of 0.87, specificity 0.79 using SPT 329 

result ≥6mm(14). Similarly, Blankestijn’s study reported SPT result ≥5mm giving a 330 

sensitivity of 0.55, and specificity 0.95. NPV was reported in this study at 0.58 using 331 

SPT ≥5mm, and 0.48 using SPT ≥8mm(25). 332 

 333 

Blankestijn and Ho’s studies both used a commercial walnut extract (ALK1 and 334 

Dome-Hollister-Stier respectively) for their SPTs(25). Elizur used a fresh walnut 335 

extract, created by use of walnut flour mixed with water to a dilution of 336 

10mg/mL(14). 337 

 338 

Pecan is described in only one high-quality study, with SPT cut-off of 5mm producing 339 

an AUC of 0.84 but reporting no PPV(14). The best sensitivity (0.83) and specificity 340 

(0.79) were found in Elizur’s study at a cut-off of ≥5mm(14). Ho et al’s study found 341 

a higher optimal cut-off of ≥7mm, with higher specificity (0.96), but lower sensitivity 342 

(0.5)(21). 343 

 344 

Elizur used a fresh Pecan extract, made by grinding fresh pecan to a paste and 345 

diluting with water to achieve a concentration of 10mg/mL. Ho’s study used a 346 

commercial extract, Dome-Hollister-Stier(14, 21). 347 

 348 

Walnut IgE (whole nut) (Table IIIb) 349 
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Three studies are identified, all classified as high quality. Study size ranged from 55 to 350 

108.  351 

 352 

IgE to walnut AUC appears similar to that of SPT ranging from 0.79 to 0.86, however 353 

there is a large range in optimal cut-offs reported.  354 

 355 

95% PPV is reported in one study by Elizur et al, with optimal cut-off ≥5.07kUA/L(13). 356 

Regarding optimal cut-offs for sensitivity and specificity, thresholds ranged from 357 

≥0.46kUA/L to >2.58kUA/L. Sensitivity ranges reported at these thresholds was 0.62-358 

0.73, with specificity 0.70-0.91. NPV ranged between 0.36-0.67(13, 25, 26). 359 

 360 

There were no studies that reported data for Pecan whole nut IgE. 361 

 362 

IgE to Walnut components (Table IIIc) 363 

The same three studies describing IgE to whole walnut also described IgE to walnut 364 

components (CRD)(13, 25, 26). Jug r 1 had a similar AUC to whole nut IgE, ranging 365 

from 0.80-0.85. Only one study reported a 95% PPV of 0.21kUA/L(13). Optimal cut-366 

offs reported ranged between ≥0.1kUA/L to ≥0.423kUA/L, with similar sensitivity 367 

(0.61-0.87) and specificity (0.79-0.91). NPV was reported in all three studies, ranging 368 

between 0.6-0.81(13, 25, 26). 369 

 370 

No studies report data for Pecan component IgE. 371 

 372 

Basophil activation test (BAT) to Walnut and Pecan (Table IIId) 373 

Only one study has investigated the diagnostic accuracy of BAT to walnut and pecan. 374 

This study of 71 patients identified a 95% PPV to walnut allergy of ≥6.4% CD63+ 375 

activation, with sensitivity of 0.8, specificity 0.88. Pecan allergy sensitivity and 376 

specificity was optimal at ≥2.7% (0.74 and 0.83 respectively). NPV was not reported in 377 

this study. No false negative results were reported using an algorithm combining 378 

inconclusive-positive SPT (3mm≤ SPT <8mm) and BAT(14). 379 

 380 
Hazelnut (tables IVa-d) 381 
SPT (Table IVa) 382 

Five studies, two assessed as high quality, were identified reporting diagnostic 383 

accuracy of hazelnut SPT(14, 27). Study size ranged from 58-155. Three studies were 384 

classified as outpatient studies, and the remaining two were retrospective. 385 

 386 
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Diagnostic accuracy of hazelnut SPT is less than that of walnut, with AUC ranging 387 

between 0.75-0.80(14, 21, 27-29). Three studies reported similar SPT optimal cut-offs 388 

of ≥7mm - ≥8mm, (14, 27, 28). Sensitivities and specificities were similar, ranging 389 

from 59-64% and 77-90% respectively. 390 

 391 

No high quality studies identified a 95% PPV for hazelnut. Using the optimal SPT cut-392 

offs of ≥7mm-≥8mm, PPV ranged between 0.38-0.91, with NPV 0.56-0.91(14, 27). 393 

 394 

Two studies used fresh hazelnut alone as their allergen(14, 28), with two other studies 395 

using commercial extracts(21, 27), and one study using both commercial and 396 

fresh(29). Elizur used fresh hazelnut extract, made with hazelnut flour, diluted in 397 

water to a concentration of 10mg/mL(14), whereas Eller and Ortolani used a prick-to-398 

prick method with the whole hazelnut(28, 29). Ortolani also used commercial extract 399 

with multiple sites using different extracts and pooling the results(29). Buyuktiryaki 400 

used Alyostal hazelnut extract, and Ho used Dome-Hollister-Stier extract(21, 27). 401 

 402 

Hazelnut IgE (whole nut) (Table IVb) 403 

Five studies were identified of which two were of high quality(27, 30). Study size 404 

ranged from 36-151. Four studies were classified as outpatient, and one 405 

retrospective. 406 

 407 

The AUC for hazelnut IgE is similar to SPT, ranging from 0.71-0.87, however the range 408 

of optimal cut-off is wide (0.35-7.25kUA/L) in the five studies(27, 29-32). This makes 409 

it difficult to define a clinical decision point cut-off.  410 

 411 

There is no documented 95% PPV for IgE to hazelnut. The highest sensitivity and 412 

specificity were reported by Buyuktiryaki, who report an optimal cut-off of 413 

≥3.15kUA/L (sensitivity 71%, specificity 91%)(27). Ortolani reports their optimal cut-414 

off as ≥0.7kUA/L with sensitivity of 75%, but a poor specificity of 17%(29). NPV 415 

ranges between 0.05 in Ortolani’s study using ≥0.7kUA/L, to 0.97 in Beyer’s study 416 

using ≥0.35kUA/L(29, 30). Buyuktiryaki’s higher cutoff of ≥3.15kUA.L produced a 417 

NPV on 0.81(27). 418 

 419 

IgE to Hazelnut Components (Table IVc) 420 

Jo
urn

al 
Pre-

pro
of



 13 

Eight studies were identified of which four are considered of higher quality(27, 30, 33, 421 

34). Study size ranged from 36-155. Four studies were classified as outpatient and the 422 

remaining four were retrospective. 423 

 424 

Hazelnut components Cor a 9 and Cor a 14 provide greater diagnostic accuracy with 425 

higher AUC (0.71-0.98) compared to whole nut IgE and SPT. However there remains 426 

no clear consensus from multiple studies on the optimal cut-off for clinical 427 

diagnosis(27, 28, 30, 31, 33-35). 428 

 429 

Variable optimal cut-offs to Cor a 14 have been reported, ranging from 0.63-430 

5kUA/L(27, 28, 31, 33, 34). Using these cut-offs, sensitivity ranged between 0.60-1.0 431 

and specificity between 0.92-1.0. Beyer reports on a traditional cut-off of ≥0.35kUA/L, 432 

rather than an optimal level with sensitivity 0.85 and specificity 0.81(30).  433 

 434 

Buyuktiryaki report a 100% PPV using a cut-off of ≥0.63kUA/L, but no other studies 435 

reported a 95% PPV for hazelnut CRD. NPV for this cut-off was 0.86(27). 436 

 437 

Basophil Activation Test (BAT) to Hazelnut (Table IVd) 438 

Two studies, both of high quality were identified(14, 34). These two outpatient 439 

studies had 61 and 40 patients respectively. 440 

 441 

Whilst limited to two studies, AUC is far greater for BAT compared to other 442 

diagnostic tools, ranging between 0.94 and 0.98. Elizur reports optimal sensitivity 443 

(1.0) and specificity (0.87) using a cutoff of ≥3.4% CD34+ activation, although no 95% 444 

positive predictive value could be established(14). This compares to Brandstrom, who 445 

described better accuracy using a lower cutoff of ≥1.7% (sensitivity 1.0, specificity 446 

0.97), again with no false negative BAT results(34).  447 

 448 
Almond (tables Va, Vb) 449 
SPT (Table Va) 450 

All three studies identified were of lower quality, using retrospective analysis of 451 

clinician referred OFCs to determine optimal cut-off(21, 36, 37). Study size ranged 452 

from 28 to 590. 453 

 454 

Only one study reported AUC, which was poor (0.66)(37). 455 

 456 
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Variable optimal cutoffs were reported in two studies(21, 37), Virkud (≥11mm) and 457 

Ho (≥7mm). Both show poor sensitivity (0.33 and 0.14 respectively) (21, 37). Baker 458 

and colleagues did not present the data as an optimal cutoff, but showed a high 459 

negative OFC rate (tolerant), despite high SPT results (see table Va)(36). Only Ho’s 460 

study reported the type of SPT allergen, using commercial extract (Dome-Hollister-461 

Steir)(21). 462 

 463 

IgE to Almond (whole nut) (Table Vb) 464 

Two studies were identified evaluating the diagnostic accuracy of IgE to almond and 465 

these were the same studies reporting SPT outcomes for almond allergy described 466 

earlier(36, 37). Only one study(37) identified an optimal cut-off value of ≥10kUA/L 467 

with an AUC of 0.61 (36). 468 

 469 

IgE to Almond components and Basophil Activation Test (BAT) to Almond 470 

Whilst almond protein components have been identified(38), diagnostic ability has 471 

not been evaluated. 472 

 473 
Brazil nut (Tables VIa-c) 474 
SPT (Table VIa) 475 

One retrospective study, of poor quality and limited to 10 participants was identified 476 

reporting an optimal cut-off of ≥8mm (21). Sensitivity and specificity were not 477 

reported, and AUC data is not presented for any Brazil nut diagnostic tools. This 478 

study used a commercial extract (Dome-Hollister-Steir)(21). 479 

 480 

IgE to Brazil nut (whole nut) (Table VIb) 481 

One study was identified reporting an optimal Brazil nut IgE cut-off of 482 

≥1.51kUA/L(39), in an outpatient cohort, however sensitivity was poor (0.42). This 483 

study comprised 34 patients. 484 

 485 

IgE to Brazil nut components (Table VIc) 486 

One study, the same which reports on IgE to brazil nut, also reports an optimal cut-487 

off of 0.25kUA/L for the Brazil nut component Ber e 1(39). This showed greater 488 

sensitivity and similar specificity compared to whole nut IgE, using the same cohort 489 

(n=36). 490 

 491 

Basophil Activation Test (BAT) to Brazil nut 492 

No studies were identified reporting on the diagnostic accuracy of BAT in Brazil nut. 493 
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 494 
Macadamia 495 
No studies were identified assessing the accuracy of any diagnostic tests to 496 

macadamia. 497 

 498 

DISCUSSION 499 

This is the first systematic review reporting diagnostic test accuracy for all tree nuts 500 

across all age groups and different regions of the world.  501 

 502 

This study looks in depth at the various diagnostic tests for tree nuts, both clinically 503 

and in a research setting. Generally speaking, SPTs outperform whole nut IgE in terms 504 

of diagnostic accuracy. 95% PPVs were reported for cashew and walnut, and hazelnut 505 

has been comprehensively studied, but few studies have reported thresholds that 506 

would reduce the need for OFCs to almond, macadamia, brazil nut, pistachio and 507 

pecan. 508 

 509 

Reviewing all of the diagnostic tests for each tree nut, tests for cashew provide the 510 

greatest accuracy, with Ana o 3 in particular appearing to have high diagnostic value. 511 

There are defined positive predictive values for cashew allergy on skin prick testing, 512 

and the accuracy of cashew CRD (Ana o 3) is the highest of all component resolved 513 

diagnostics tests and appears the most accurate tool in predicting cashew allergy, 514 

assuming a positive skin prick test as this was the criteria for inclusion(24, 40). AUC 515 

for BAT to cashew is similar to that of CRD but appears less accurate for pistachio 516 

based on a single study.  517 

 518 

There are no studies reporting the diagnostic accuracy of predicting pistachio allergy 519 

using IgE to pistachio components Pis v 1 or Pis v 2. These two components have 520 

been found in 68% and 50% respectively of pistachio allergic individuals(41). 521 

Savvatianos et al’s study demonstrating an AUC of 0.97 using Ana o 3 to predict 522 

pistachio allergy is an interesting outcome, given that cashew and pistachio cross 523 

reactivity is well demonstrated, but is not absolute, with pistachio allergy present in 524 

65% of cashew allergic patients, and cashew allergy present in 100% of pistachio 525 

allergic patients in a pediatric population, median age 8.7 years of age(42). The rates 526 

of cross reactivity are not described in Savvatianos et al’s study. 527 

 528 

The accuracy of the tools in diagnosis of cashew and pistachio allergy, specifically 529 

CRD and skin prick test would suggest that algorithms could be developed to predict 530 

Jo
urn

al 
Pre-

pro
of



 16 

cashew and pistachio allergy with greater accuracy with a reduced need for OFC. In 531 

certain areas of the world, such as Australia where cashew allergy is the most 532 

prevalent tree nut allergy(43), Ana o 3 or its use in a clinical algorithm may be a 533 

useful diagnostic tool in future, similar to Ara h 2 in peanut allergy(16).  534 

 535 

Walnut SPT accuracy is reasonable, with optimal skin prick test cut-offs of between 5-536 

6mm(14, 25). Whole nut IgE and CRD optimal cut-off is not clearly defined with a 537 

wide range of cut-offs described. The range of results may suggest that either there 538 

is geographical variance, or that cohorts need to be larger to identify the true 539 

optimal cut-off. For walnut CRD, the component Jug r 1 is most accurate in 540 

predicting walnut allergy, however a 95% PPV was able to be calculated for the 541 

component Jug r 4 in Elizur et al’s study and appeared to be more predictive in 542 

diagnosis of dual walnut-pecan allergic patients(13). In line with other foods like 543 

peanut, Jug r 1, a 2S seed storage protein seems to be the dominant allergen in the 544 

three included from Dutch, Israeli, and Japanese cohorts, and provided the most 545 

accuracy for predicting allergy(13, 25, 26). Interestingly Elizur et al found that Jug r 4, 546 

an 11S protein, played a minor role in the Israeli cohort, with a sensitivity of only 31% 547 

compared to Jug r 1 with a sensitivity of 81%. A 95% PPV was able to be calculated 548 

for Jug r 4 and appeared more predictive in diagnosis of dual walnut-pecan allergic 549 

patients(13). 550 

 551 

Pecan is poorly assessed across all diagnostic tests. Whilst there are no studies 552 

looking at Pecan CRD for diagnosis of Pecan allergy, Elizur et al’s study 553 

demonstrated an AUC of 0.77 using Walnut component Jug r 4 to predict pecan 554 

allergy. Of interest, there were no patients who were defined as ‘pecan allergic, 555 

walnut tolerant’ in the papers included in this study. However, a number of patients 556 

do have walnut allergy, despite tolerance to Pecan(14). This allergic unidirectionality 557 

may suggest that some components are shared by pecan and walnut, while others 558 

must be unique to walnut.  559 

 560 

The uni-directionality of cross-reactivity has been previously described between 561 

cashew-pistachio and walnut-pecan in the ProNuts and Nut CRACKER studies(14, 44). 562 

Clinically, this can also aid in the diagnosis of allergy to these foods; patients with a 563 

negative OFC to cashew or walnut are unlikely to be allergic to pistachio or pecan, 564 

respectively, regardless of sensitization level. Elizur et al have proposed an order for 565 

OFC of these nuts, depending on whether there is a high or low probability of 566 
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reaction(45). They propose in patients suspected of high probability of walnut/pecan 567 

allergy based on clinical testing, Pecan be challenged first, noting that if positive, 568 

there is a high (near 100% chance) that the patient will also be walnut allergic. In 569 

patients with low probability for walnut/pecan allergy, then challenge firstly to 570 

walnut, noting if tolerant, the patient likelihood of pecan allergy is near zero. A 571 

similar algorithm applies for cashew and pistachio, enabling a significant reduction in 572 

need for OFC(45).  573 

 574 

Hazelnut SPT optimal cut-off values were established at 7-8mm, however the AUC of 575 

these was lower (0.75-0.80) than found in other tree nuts, suggesting a sub-optimal 576 

diagnostic test used in isolation. For whole nut IgE or CRD, Hazelnut has a similar 577 

issue in that there is a wide range of reported optimal cut-off values and therefore 578 

overall is still a poor diagnostic tool in predicting allergy. While the majority of 579 

hazelnut studies reported the CRD for Cor a 9 and Cor a 14, only 4 reported PPVs(27, 580 

28, 30, 34). Buyuktiyaki et al and Eller et al found Cor a 14 was the best performer for 581 

predicting hazelnut allergy, with thresholds of 0.63 and 0.72 reaching PPVs of 100% 582 

and 92%respectively(27, 28). Masthoff proposes that Cor a 9 and Cor a 14 be used in 583 

combination when determining allergic status to hazelnut(33).  584 

 585 

In contrast, BAT is more accurate in diagnosis of hazelnut allergy, but there are 586 

limitations in its use in a clinical setting, outlined below. Given the range in optimal 587 

cut-off and the limited studies, further studies with larger patient numbers are likely 588 

required prior to establishing clear diagnostic cut-off values.  589 

 590 

Nilsson et al(46) presented a systematic review and meta-analysis of hazelnut CRD, 591 

using a diagnostic cut-off of 0.35kUA/L for Cor a 9 and Cor a 14 and comparing to a 592 

cut-off of 0.1kUA/L and 1.0kUA/L. Cor a 14 and Cor a 9 appear the most accurate of 593 

the hazelnut components, with pooled data suggesting 0.35kUA/L produced the best 594 

sensitivity (65.1% and 64.6%) and specificity (84.9% and 74.1%), respectively(46). The 595 

data presented in our systematic review suggests similarly that Cor a 14 is slightly 596 

more accurate in diagnosis than Cor a 9, and these are the two major components in 597 

diagnostic testing for hazelnut allergy. Our study presents the data as optimal cut-off 598 

rather than at a set-value, and therefore the sensitivities and specificities are not 599 

directly comparable. 7 of the 8 studies included in Nilsson et al’s meta-analysis (46) 600 

were also included in our analysis, with one study not meeting the inclusion criteria. 601 

 602 
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The diagnostic tests used in assessing almond allergy appear poor and the 603 

prevalence of almond allergy is low (14). Baker et al chose not to present their data 604 

as an optimal cut-off for this reason(36). The majority of data suggests a high false-605 

positive rate(36, 37). Given this, there is an argument that in a patient with no prior 606 

exposure, testing should not be done. The major rationale to perform diagnostic 607 

testing to almond would be in the setting of a suspected clinical reaction to 608 

determine whether to proceed with a supervised OFC, or recommend home 609 

introduction, rather than avoiding based on the outcome of the test. 610 

 611 

Of the remaining tree nuts, Brazil nut has only limited data which is sub-optimal 612 

when using these tests as a diagnostic tool. Macadamia did not have any studies 613 

which assessed the accuracy of the diagnostic tests.  614 

 615 

One important aspect to consider when looking to establish diagnostic thresholds is 616 

the reference standard. For those studies using a retrospective analysis of clinician-617 

referred OFC, the analysis is of a subgroup of patients, which will falsely decrease 618 

sensitivity and increase specificity due to reduction in challenges for those with 619 

positive diagnostic tests (i.e. a high skin prick test is less likely to proceed to oral food 620 

challenge). Population-based studies where all individuals proceed to an OFC, or 621 

prospective studies where all patients with positive SPTs proceed to OFC are likely to 622 

produce the most accurate results. Similarly, regional prevalence differences may 623 

impact the clinical use of such thresholds. Predictive values (i.e. PPV) are influenced 624 

by disease prevalence, and an accurate test when used in a low prevalence 625 

population will have a poor PPV. In these populations, the NPV may be more 626 

accurate and clinically useful, especially if using this as a screening tool(47). 627 

 628 

Secondly, when using an optimal cut-off in skin prick testing, there may be variability 629 

in results between extracts and between fresh tree nuts. The majority of cut-offs 630 

included in this systematic review use fresh tree nut, however there are different 631 

commercial extracts used. Ortolani’s study is the only study using both fresh tree 632 

nut extract (hazelnut) and commercial extract(29). The commercial extracts 633 

performed similarly to fresh hazelnut from a diagnostic perspective with similar PPVs 634 

(0.93 vs 0.94 respectively) and sensitivity (0.90 vs 0.88), but negative predictive value 635 

using a 3mm cut-off was better using commercial extract (commercial extract 0.04, 636 

fresh hazelnut 0.15) as well as specificity (0.06 vs 0.28 respectively)(29). Commercial 637 

extracts for food are not standardized, and therefore without potency assessments - 638 
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standard measurement of the relevant antigens or the immune response(48). In other 639 

foods, Rance et al found a difference in labial food challenge with egg, peanut and 640 

cow’s milk. 52% of positive commercial extract SPT (≥3mm) correlated with a 641 

positive challenge, compared to 80% with fresh foods(49). Ruethers et al also showed 642 

poorer sensitivity with commercial extracts for fish. This study went further to analyze 643 

these extracts, demonstrating many commercial fish extracts contain insufficient 644 

amounts of allergens such as parvalbumin and collagen, resulting in low IgE reactivity 645 

and limited suitability for reliable in vivo testing(50). Other studies have also 646 

demonstrated poorer sensitivity with commercial extracts compared to the fresh food 647 

for cow’s milk, egg, wheat soy, peanut and kiwi, shrimp and wheat(51-55). On the 648 

other hand, concerns with using fresh foods revolve around safety, with case reports 649 

of anaphylaxis, and reliability and reproducibility of SPT using fresh foods(56). Such 650 

testing has not been performed in an appropriately designed study for tree nuts as 651 

yet, but fresh tree nuts have been suggested in preference to commercial extracts 652 

when performing SPT(57). 653 

 654 

A third detail is the clinical use of BAT as a diagnostic tool. BAT remains essentially a 655 

research tool, with results suggesting similar sensitivity and specificity to other 656 

diagnostic tools in this analysis of tree nuts. One concern with BAT is the non-657 

responder status, which can be seen in greater than 15% of patients in food 658 

allergy(58). In addition, the analysis needs to be performed on fresh blood samples. 659 

Just as OFC are resource intensive and put an individual at risk of severe reactions, 660 

BAT usefulness clinically will be limited by non-responders and the need for analysis 661 

to be done on fresh blood.  662 

 663 

To have the greatest reflection of diagnostic accuracy of these tests, using a 664 

population-based cohort, or at minimum, a clinical outpatient cohort would be 665 

expected to provide the most reliable and clinically relevant results for the clinician. 666 

There are a number of studies included in this systematic review that retrospectively 667 

assess the outcome of clinician referred OFCs. Using this approach will give a 668 

selection bias to the patient population being assessed, and not be representative of 669 

the general population or those presenting to an allergy clinic for assessment. This 670 

may increase or decrease the accuracy of the test. Another issue is that the criteria to 671 

send someone for challenge, is often poorly described, therefore the sampling frame 672 

is unclear which reduces our ability to understand the generalizability of the study. In 673 

the retrospective analysis, the expectation is that most clinicians will err on the side 674 
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of ‘at first do no harm’ and refer patients for challenge that are most likely to pass. 675 

This may exclude patients with a high positive SPT or those with previous clinical 676 

reaction and ongoing low positive SPT results for example. The result is a higher 677 

specificity and lower sensitivity than what may be seen in a population cohort, or one 678 

where all positive SPT results went for OFC. Care should be taken when interpreting 679 

the above studies (‘retrospective’) and a comparison made where possible to a 680 

population-based cohort. 681 

 682 

Using diagnostic algorithms such as those for the assessment of peanut allergy with 683 

Ara h 2(16) are likely where greatest diagnostic accuracy and reduced need for 684 

number of OFC are able to be achieved. For tree nuts, Elizur et al demonstrate a 685 

clinical algorithm for both assessment of walnut/pecan allergy and cashew/pistachio 686 

allergy. The combination of skin prick test and BAT correctly identified 87% of 687 

patients as allergic or tolerant to walnut, and 71% to cashew(14). Subsequently, a 688 

prospective study of the walnut/pecan algorithm report a 78.8% reduction in OFC, 689 

with 2.5% (6 of 240) false positive diagnoses and no false negative results(59). This 690 

algorithm, as well as others for other tree nuts, may significantly improve accuracy of 691 

allergy diagnosis with reduced dependence on OFC. 692 

 693 

Strengths of this study include that it is a large and detailed systematic review based 694 

on the PRISMA guidelines, a widely recognized systematic review methodology. 695 

Whilst consensus of clear diagnostic cut-offs is not established for a number of tree 696 

nuts, it highlights the importance of interpreting any results with caution, and to 697 

consider the need for pre-emptive screening in this setting. It also highlights areas 698 

where future research may provide greater information and diagnostic power. For 699 

some foods which have a large volume of research (i.e. hazelnut) there may be 700 

clinical algorithms which will help to increase the predictive ability of these tests 701 

when used in combination. 702 

 703 

Limitations of this study are that the studies have not been collated in a meta-704 

analysis to assess an overall effect using pooled data. This was not undertaken as the 705 

studies reported different sensitivities and specificities at different thresholds. 706 

Predetermined thresholds such as ≥3mm are less effective as these may not be the 707 

optimal cut-off. Using only higher quality studies would have generally had only 708 

small or limited studies for each diagnostic test. Estimates of diagnostic accuracy of 709 
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certain tree nuts are limited by limited studies such as Almond, Pecan, Pistachio, 710 

Brazil nut and macadamia. 711 

 712 

CONCLUSION 713 

This systematic review has highlighted that although some of the tree nut diagnostic 714 

tests have 95% PPVs for determining clinical allergy, there is still a significant portion 715 

of individuals that will fall into the ‘grey area’, which ultimately requires an OFC to 716 

truly determine the individual’s allergy status. There are clearly defined areas where 717 

testing has not been fully evaluated, which may help to reduce the number of OFCs 718 

required. Using diagnostic algorithms such as those demonstrated for walnut/pecan 719 

and cashew/pistachio allergy may achieve greater diagnostic accuracy and reduced 720 

number of OFCs. Ultimately through improved diagnostic accuracy with minimally 721 

invasive tests, there will be reduced need for OFCs and potentially a reduction in 722 

allergy rates and financial and health burdens of food allergy, which is an important 723 

consideration given increasing allergy prevalence worldwide. 724 

  725 
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FIGURE LEGENDS (figures attached as separate files) 726 

Figure 1: Summary of search method 727 

  728 
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 729 

Author Risk of bias Applicability concerns Quality of study 

Patient 

Selection 

Index 

test 

Reference 

standard 

Flow and 

timing 

Patient 

Selection 

Index 

test 

Reference 

standard 

Flow and 

timing 

McWilliam(15) + + + + + + + + High 

Elizur(14) + + + + + + + + High 

Cetinkaya(20) + + + + + + + + High 

Ho(21) - - + + + + + + Low 

Van Der Valk(60) + + + + + - + + Low 

Sato(22) + + + + + + + + High 

Savvatianos(23) + + + + + - + + Low 

Lange(24) + + + + + + + + High 

Blankestijn(25) + + + + + + + + High 

Elizur(13) + + + + + + + + High 

Sato(26) + + + + + + + + High 

Ortolani(29) + + + + + - + + Low 

Buyuktiryaki(27) + + + + + + + + High 

Eller(28) - - + + + + + + Low 

Beyer(30) + + + + + + + + High 

Carraro(31) - - + + + + + + Low 

Masthoff(32) + + + + + - + + Low 

Masthoff(33) + + + + + + + + High 

Brandstrom(34) + + + + + + + + High 

Inoue(61) - - + + + + + + Low 

Kattan(35) - - + + + - + + Low 

Virkud(37) - - + + + - + + Low 

Baker(36) - - + + + - + + Low 

Rayes(39) + + + + + - + + Low 

Table I: Reviewer’s judgement about the risk of bias of studies included 
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Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total n(% 

allergic) 

Skin Prick test 

SPT Allergen Reference cut-

off 
Method Sens Spec PPV NPV AUC 

McWilliam(15)* 2020 2011-2016 Retrospective 
and 
Population 

cohort 

Australia Open OFC  
or  
Clinical History 

Mean (pop) 7.2; - 
Mean (clinic) 7.9; - 

Cashew 167/531 

(31.5%) 
Cashew Extract  
-Clinician cohort: 

Hollister-Stier 
-Population cohort: 

ALK 

Cashew Clin 

>14mm 
95% PPV 0.08 0.99 0.95 0.80 0.81 

Cashew Pop 

>10mm 
0.43 0.98 0.95 0.48 0.89 

Elizur(14)* 2018 2016-2017 Outpatient Israel Open OFC  
or  
Clinical History 

8.7; 3-24 Cashew 40/61 

(65.6%) 
Fresh Cashew Cashew ≥8mm ROC 0.83 0.91 - - 0.94 

Cashew ≥12mm - - 0.95 -  

Pistachio 26/65 

(40%) 
Fresh Pistachio Pistachio ≥7mm ROC 0.92 0.77   0.89 

Cetinkaya(20)* 2019 2015-2017 Outpatient Turkey Open OFC 4.9; 3.4-7.4 Cashew 13/104 

(12.5%) 
Fresh Cashew Cashew 

≥6.25mm 
Youden 

Index 

0.92 0.79 0.6 0.97 0.90 

Pistachio 21/109 

(19.2%) 
Fresh Pistachio Pistachio 

≥7.25mm 
Youden 

Index 

0.82 0.75 0.55 0.92 0.85 

Ho(21) 2006 1995-2005 Retrospective Australia Open OFC -; 0.3-19 Cashew -/86 (-) Extract Cashew: 

Dome-Hollister-Stier 
Cashew ≥8mm 95% PPV 0.39 1.0 1.0 0.42 - 

Pistachio -/2 (-) Extract Pistachio: 

Dome-Hollister-Stier 
Pistachio ≥6mm PPV 0.55 0.90 0.86 0.64 - 

Van Der 

Valk(60) 
2017 2012-2015 Outpatient Netherlands DBPCFC 9; 2-17 Cashew 137/179 

(76.5%) 
Fresh Cashew ≥3mm ROC 0.99 0.33 0.86 0.93 - 

  
 
 
 
  

Table IIa: Cashew and Pistachio Skin Prick Test (SPT) 
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Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years (median; 

span) 
Participants, allergic/total 

n(% allergic) 
Whole nut IgE 

Reference cut-

off (kUA/L) 
Method Sensitivity Specificity PPV NPV AUC 

Sato(22)* 2019 2010-2016 Outpatient Japan Open OFC 7; 2-26 Cashew 26/95 (27.4%) Cashew >2.62 ROC 0.81 0.75 - - 0.79 

Cetinkaya(20)* 2019 2015-2017 Outpatient Turkey Open OFC 4.9; 3.4-7.4 Cashew 13/104 (12.5%) Cashew ≥1.125 Youden 

Index 

1.0 0.54 0.41 1.0 0.79 

Pistachio 21/109 (19.3%) Pistachio ≥4.14 Youden 

Index 

0.77 0.53 0.38 0.87 0.67 

Savvatianos(23) 2015 2010-2012 Outpatient Greece Open OFC 
or 
Clinical History 

Allergic 6.5; 4.1-9.1 
Tolerant 9.8; 5.8-13.3 

Combined 100/136 (73.5%) 
Cashew allergic only 38 
Pistachio allergic only 37 
Allergic to both 25 

Cashew ≥0.35 ROC 0.95 0.58 - - 0.89 

Pistachio ≥0.35 ROC 0.97 0.44 - - 0.88 

 
 
 
 

Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years (median; 

span) 
Participants, allergic/total 

n(% allergic) 
Nut component IgE 

Type Reference cut-off 

(kUA/L) 
Method Sens Spec PPV AUC 

Lange(24)* 2017 - Outpatient Germany DBPCFC 
or 
Clinical History 

Allergic 3.8; IQR 2.2-

6.3 
Tolerant 6.7; IQR 

3.5-13.2 

Cashew 42/61 (68.9%) Ana o 3 Cashew ≥0.3 ROC 0.93 0.90 - 0.94 

Cashew ≥2.0 - - 0.95  

Sato(22)* 2019 2010-2016 Outpatient Japan Open OFC 7; 2-26 Cashew 26/95 (27.4%) Ana o 3 Cashew ≥0.35 ROC 0.85 0.77 - 0.92 

Cashew ≥0.70* 0.85 0.88 -  

Savvatianos(23) 2015 2010-2012 Outpatient Greece Open OFC 
or 
Clinical History 

Allergic 6.5; 4.1-9.1 
Tolerant 9.8; 5.8-13.3 

Combined 100/136 (73.5%) 
Cashew allergic only 38 
Pistachio allergic only 37 
Allergic to both 25 

Ana o 3 Cashew ≥0.35 ROC 0.94 0.94 - 0.98 

Cashew ≥0.16** 0.98 0.94 -  

Pistachio ≥0.35 ROC 0.92 0.94 - 0.97 

Table IIb: Cashew and Pistachio IgE (whole nut) 
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Pistachio ≥0.16** 0.97 0.94 -  

  Table IIc: Cashew and Pistachio Component IgE (CRD) 

Jo
urn

al 
Pre-

pro
of



 27 

Author Published 

year 
Data 

collection 

years 

Population Country Reference standard Age, years 

(median; span) 
Participants, allergic/total 

n(% allergic) 
Basophil Activation Test 

Reference cut-off Method Sensitivity Specificity PPV AUC 

Elizur(14)* 2018 2016-2017 Outpatient Israel Open OFC  
or 
Clinical History 

8.7; 3-24 Cashew 40/61 (65.6%) Cashew ≥2% CD63+ ROC 0.77 0.93 - 0.97 

Cashew ≥5.5% CD63+ - - 0.95  

Pistachio 26/65 (40%) Pistachio ≥5.8% CD63+ ROC 0.77 0.88 - 0.80 

 
 
 
 

Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; 

span) 

Participants, 

allergic/total n(% 

allergic) 

Skin Prick test 

SPT Allergen Reference cut-off Method Sens Spec PPV NPV AUC 

Elizur(14)* 2018 2016-2017 Outpatient Israel Open OFC 
or 
Clinical 

History 

8.7; 3-24 Walnut 53/71 

(74.6%) 
Fresh Walnut Walnut ≥6mm ROC 0.87 0.79 - - 0.89 

Walnut ≥8mm - - 0.95 -  

Pecan 34/57 (59.6%) Fresh Pecan Pecan ≥5mm ROC 0.83 0.79 - - 0.84 

Blankestijn(25)* 2017 2012-2015 Outpatient Netherlands DBPCFC 32; IQR 25-38 Walnut 33/55 (60%) Walnut Extract (ALK1) Walnut ≥5mm Youden 

Index 

0.55 0.95 0.58 0.58 0.80 

Walnut ≥8mm 0.27 1.0 1.0 0.48  

Ho(21) 2006 1995-2005 Retrospective Australia Open OFC -; 0.3-19 Walnut -/29 (-) Walnut Extract (Dome-

Hollister-Stier) 
Walnut ≥8mm 95% PPV 0.14 1.0 1 0.54 - 

Pecan -/14 (-) Pecan Extract (Dome-

Hollister-Stier) 
Pecan ≥7mm PPV 0.5 0.96 0.75 0.90 - 

 
 
  

Table IId: Cashew and Pistachio Basophil Activation Testing (BAT) 

Table IIIa: Walnut and Pecan Skin Prick Test (SPT) 
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Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total n(% 

allergic) 

Whole nut IgE 

Reference cut-off 

(kUA/L) 
Method Sensitivity Specificity PPV NPV AUC 

Blankestijn(25)* 2017 2012-2015 Outpatient Netherlands DBPCFC 32; IQR 25-38 Walnut 33/55 (60%) Walnut ≥0.46 Youden 

Index 

0.67 0.91 0.92 0.65 0.86 

Elizur(13)* 2020 2016-2018 Outpatient Israel Open OFC  
or 
Clinical History 

8; 4-24 Walnut 61/76 (80.3%) Walnut ≥5.07 ROC 0.62 0.87 0.95 0.36 0.84 

Sato(26)* 2017 - Outpatient Japan DBPCFC 
or 
Open OFC 

(allergic 6, non-

allergic 7); 2-20 
Walnut 60/108 (55.6%) Walnut >2.58 ROC 0.73 0.70 0.75 0.67 0.79 

 
 
 

Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years (median; 

span) 
Participants, 

allergic/total n(% 

allergic) 

Nut component IgE 

Type Method Reference 

cut-off 

(kUA/L 

Sensitivity Specificity PPV NPV AUC 

Blankestijn(25)* 2017 2012-2015 Outpatient Netherlands DBPCFC 32; IQR 25-38 Walnut 33/55 (60%) Jug r 1 Youden Index ≥0.1 0.61 0.91 0.91 0.61 0.80 

Elizur(13)* 2020 2016-2018 Outpatient Israel Open OFC 
or 
Clinical 

History 

8; 4-24 Walnut 61/76 (80.3%) Jug r 1 ROC ≥0.21 0.87 0.8 0.95 0.6 0.85 

Jug r 4 ≥3 0.31 0.93 0.95 0.25 0.73 

Sato(26)* 2017  Outpatient Japan DBPCFC 

or 

Open OFC 

(Allergic 6, non-

allergic 7); 2-20 
Walnut 60/108 (55.6%) Jug r 1 ROC ≥0.423 0.85 0.79 0.84 0.81 0.84 

 
 
  

Table IIIb: Walnut and Pecan IgE (Whole Nut) 

Table IIIc: Walnut and Pecan Component IgE (CRD) 
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Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total n (% 

allergic) 

Basophil Activation Test 

Reference cut-off Method Sensitivity Specificity PPV AUC 

Elizur(14)* 2018 2016-2017 Outpatient Israel Open OFC 
or 
Clinical History 

8.7; 3-24 Walnut 53/71 (74.6%) Walnut ≥6.4% CD63+ ROC 0.8 0.88 0.95 0.86 

Pecan 34/57 (59.6%) Pecan ≥2.7% CD63+ 0.74 0.83 - 0.78 

 
 
 
 
 
 
 

Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; 

span) 

Participants, 

allergic/total n(% 

allergic) 

Skin Prick test 

SPT Allergen Reference 

cut-off 
Method Sensitivity Specificity PPV NPV AUC 

Elizur(14)* 2018 2016-2017 Outpatient Israel Open OFC 
or 
Clinical History 

8.7; 3-24 14/61 (23%) Fresh Hazelnut ≥8mm ROC 0.64 0.77 0.38 0.91 0.75 

Buyuktiryaki(27)* 2016 2011-2014 Outpatient Turkey DBPCFC 
or 
Clinical History 

3.4; 2.1-7.2 32/64 (50%) Hazelnut Extract (Alyostal) ≥7.5mm Youden 

Index 

0.588 0.90 0.91 0.56 0.80 

Ortolani(29) 2000 - Outpatient Switzerland, 

Germany, 

Denmark 

DBPCFC 30; 14-64 67/86 (77.9%) Hazelnut Extract (Multiple) ≥3mm Unclear if 

optimal 

0.90 0.06 0.93 0.04 - 

Fresh Hazelnut ≥3mm 0.88 0.28 0.94 0.15 - 

Eller(28) 2016 2001-2010 Retrospective Denmark DBPCFC 
or 
Open OFC 

5.1; 0.7-15.5 65/155 (41.9%) Fresh Hazelnut ≥7mm ROC 0.62 0.81 - - 0.79 

Ho(21) 2006 1995-2005 Retrospective Australia Open OFC -; 0.3-19 -/58 (-) Hazelnut Extract (Dome-

Hollister-Stier) 
≥8mm 95% PPV 0.08 1.00 1.00 0.79 - 

 

Table IIId: Walnut and Pecan Basophil Activation Testing (BAT) 

Table IVa: Hazelnut Skin Prick Test (SPT) 
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Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total n(% 

allergic) 

Whole nut IgE 

Reference cut-

off (kUA/L) 
Method Sensitivity Specificity PPV NPV AUC 

Buyuktiryaki(27)* 2016 2011-2014 Outpatient Turkey DBPCFC  
or  
Clinical History 

3.4; 2.1-7.2 32/64 (50%) ≥3.15 Youden Index 0.71 0.91 0.85 0.81 0.82 

Beyer(30)* 2015  Outpatient Germany DBPCFC 

or 

Open OFC 

4.5;2.1-8.1 44/143 (30.8%) ≥0.35 ROC 0.98 0.21 0.36 0.97 0.71 

Masthoff(32) 2012 2004-2010 Outpatient Netherlands DBPCFC 6; IQR 5-9 51/151 (33.8%) ≤0.35 ROC - - - 0.95 - 

Carraro(31) 2016 2013-2014 Retrospective Italy Open OFC -; 3-14 24/36 (66.7%) ≥7.25 ROC 0.79 0.83 - - 0.87 

Ortolani(29) 2000 - Outpatient Switzerland, 

Germany, 

Denmark 

DBPCFC 30; 14-64 67/86 (77.9%) ≥0.7 Unclear if 

optimal 

0.75 0.17 0.92 0.05 - 

Table IVb: Hazelnut IgE (Whole Nut) 
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Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total 

n(% allergic) 

Nut component IgE 

Type Reference cut-

off (kUA/L) 
Method Sensitivity Specificity PPV NPV AUC 

Masthoff(33)* 2013 2010-2012 Outpatient Netherlands DBPCFC 8; IQR 7-12 40/81 (49.4%) Cor a 9 ≥1.0 ROC 0.75 0.95 - - 0.87 

Cor a 14 ≥5.0 0.60 0.98 - - 0.80 

Brandstrom(34)* 2015 - Outpatient Sweden DBPCFC 11; 6-18 8/40 (20%) Cor a 9 >0.65 ROC 1.0 0.72 0.47 1.0 0.87 

Cor a 14 >0.64 1.0 0.94 0.8 1.0 0.98 

Beyer(30)* 2015 - Outpatient Germany DBPCFC  
or 
Open OFC 

4.5; 2.1-8.1 44/143 (30.8%) Cor a 14 ≥0.35 ROC 0.85 0.81 0.64 0.91 0.89 

Buyuktiryaki(27)* 

 

2016 2011-2014 Outpatient Turkey DBPCFC  
or 

Clinical History 

3.4; 2.1-7.2 32/64 (50%) Cor a 14 ≥0.63 Youden Index 0.82 1.0 1.0 0.86 0.94 

Eller(28) 2016 2001-2010 Retrospective Denmark DBPCFC 
or 
Open OFC 

5.1; 0.7-15.5 65/155 (41.9%) Cor a 9 ≥1.37 ROC 0.63 0.83 - - 0.78 

Cor a 14 ≥0.72 0.80 0.92 0.92 - 0.85 

Carraro(31) 2016 2013-2014 Retrospective Italy Open OFC -; 3-14 24/36 (66.7%) Cor a 9 >1.01 ROC 0.75 0.75 - - 0.88 

Cor a 14 >1.93 0.96 0.92 - - 0.98 

Inoue(61) 2020 2006-2017 Retrospective Japan Open OFC 7.3; IQR 5.9-10.5 9/91 (9.9%) Cor a 1 <4.67 ROC - - - 0.95 0.72 

Cor a 9 <0.23 - - - 0.95 0.71 

Kattan(35) 2014 2010-2013 Retrospective United States Open OFC 9; - 9/116 (7.8%) Cor a 9 ≥2.0 - 0.85 0.93 - - - 

Cor a 14 ≥1.0 0.69 1.0 - - - 

 
 
  

Table IVc: Hazelnut Component IgE (CRD) 

Jo
urn

al 
Pre-

pro
of



 34 

Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total 

n(% allergic) 

Basophil Activation test 

Reference cut-off Method Sensitivity Specificity AUC 

Elizur(14)* 2018 2016-2017 Outpatient Israel Open OFC 
or 
Clinical 

History 

8.7; 3-24 14/61 (23%) ≥3.4% CD63+ ROC 1.0 0.87 0.94 

Brandstrom(34)* 2015 - Outpatient Sweden DBPCFC 11; 6-18 8/40 (20%) >1.7% CD63+ ROC 1.0 0.97 0.98 

 
 
 
 

Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total 

n(% allergic) 

Skin Prick test 

SPT Allergen Challenge Outcomes* Reference 

cut-off 
Method Sensitivity Specificity PPV NPV AUC 

Ho(21) 2016 1995-2005 Retrospective Australia Open OFC -; 0.3-19 -/28 (-) Almond 

Extract 

(Dome-

Hollister-Stier) 

- ≥7mm PPV 0.33 0.92 0.33 0.92 - 

Virkud(37) 2019 2009-2018 Retrospective United 

States 
Open OFC 10.2 (mean); - 30/590 (5.1%) Not disclosed OFC pass rate 

depending on SPT size 

≤2mm: 97% 
3-4mm: 97% 
5-6mm: 93% 
7-8mm: 90% 
>8mm: 90% 

11mm - 0.14 0.99 0.36 0.95 0.66 

46mm - - 0.95 - 

Baker(36) 2019 2015-2017 Retrospective United 

States 
Open OFC 7.35; 0.6-25 16/400 (4%) Not disclosed OFC pass rate 

depending on SPT size 

≤5mm: 97.2% 
6-8mm: 92.6% 
≥9mm: 81.8% 

- - - - - - - 

 

Table IVd: Hazelnut Basophil Activation Testing (BAT) 

Table Va: Almond Skin Prick Test (SPT) 
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Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total n(% 

allergic) 

Whole nut IgE 

Challenge Outcomes* Reference cut-

off (kUA/L) 
Method Sensitivity Specificity PPV NPV AUC 

Virkud(37) 2019 2009-2018 Retrospective United 

States 
Open OFC 10.2 (mean); - 30/590 (5.1%) OFC pass rate depending 

on sIgE level (kUA/L) 
<0.35: 97% 
0.35-1.00: 97% 

1.01-2.00: 88% 
2.01-10.00: 97% 

>10: 83% 

≥10 - 0.21 0.93 0.15 0.95 0.61 

≥174 - - 0.95 - 

Baker(36) 2019 2015-2017 Retrospective United 

States 
Open OFC 7.35; 0.6-25 16/400 (4%) OFC pass rate depending 

on sIgE level (kUA/L) 
<0.35: 100% 
0.35-1.99: 97% 

2.0-4.99: 95.8% 
5-10.0: 96.8% 

>10: 86.4% 

- - - - - - - 

 
 
 

Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total n(% 

allergic) 

Skin Prick test 

SPT Allergen Reference 

cut-off 
Method Sensitivity Specificity PPV NPV 

Ho(21) 2006 1995-2005 Retrospective Australia Open OFC -; 0.3-19 -/10 (-) Brazil nut extract 

(Dome-Hollister-Stier) 
≥8mm PPV 0.75 0.95 0.75 0.95 

 
 
 

Author Published 

year 
Data 

collection 

years 

Population Country Reference 

standard 
Age, years 

(median; span) 
Participants, 

allergic/total 

n(% allergic) 

Whole nut IgE 

Reference cut-

off 
Method Sensitivity Specificity PPV NPV 

Table Vb: Almond IgE (Whole Nut) 

Table VIa: Brazil Nut Skin Prick Test (SPT) 
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Rayes(39) 2016 1998-2000 Outpatient United 

Kingdom 
DBPCFC 
or 
Clinical 

History 

18; IQR 10-35 19/34 (55.9%) ≥1.51kUA/L ROC 0.42 0.93 0.89 0.56 

 
  

Table VIb: Brazil Nut IgE (Whole Nut) 
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Author Published 

year 
Data 

collection 

years 

Population Country Reference standard Age, years 

(median; span) 
Participants, 

allergic/total n(% 

allergic) 

Nut component IgE 

Type Reference 

cut-off 

(kUA/L 

Method Sensitivity Specificity PPV NPV 

Rayes(39) 2016 1998-2000 Outpatient United 

Kingdom 
DBPCFC 
or 
Clinical History 

18; IQR 10-35 20/36 (55.6%) Ber e 1 0.25kUA/L ROC 0.75 0.94 0.94 0.75 

 
 
  

Table VIc: Brazil Nut Component IgE (CRD). 
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Legends 169 

Table 1: Reviewer’s judgement about the risk of bias of studies included. Supplemental 170 

table E2 gives a detailed explanation of domains for risk of bias, using the QUADAS-2 171 

tool(19). ‘+’, low risk; ‘-‘, high risk.  172 

 173 

Table IIa: Cashew and Pistachio Skin Prick Test (SPT). Method, Method calculating optimal 174 

cut-off; Sens; Sensitivity; Spec, Specificity; PPV, Positive Predictive Value; NPV, Negative 175 

Predictive Value; AUC, Area under the curve; ‘*’, indicating a study of high quality, based 176 

on quality assessment (Table 1); Cashew Clin, Retrospective cohort with cashew allergy; 177 

Cashew Pop, Population-based cohort with cohort allergy. Skin prick test extracts: 178 

Hollister-Stier, Hollister-Stier, Stallergenes, Antony, France; ALK, ALK-Abello SA, Madrid, 179 

Spain; Dome-Hollister-Stier, Dome-Hollister-Stier, Spokane, Washington, United States 180 

 181 

Table IIb: Cashew and Pistachio IgE (whole nut). Method, Method calculating optimal cut-182 

off; PPV, Positive Predictive Value; NPV, Negative Predictive Value; AUC, Area under the 183 

curve; ‘*’, indicates a study of high quality, based on quality assessment (Table 1). 184 

 185 

Table IIc: Cashew and Pistachio Component IgE (CRD). Method, Method calculating optimal 186 

cut-off; Sens; Sensitivity; Spec, Specificity; PPV, Positive Predictive Value; AUC, Area under 187 

the curve; ‘*’, indicates a study of high quality, based on quality assessment (Table 1); 188 

“**” indicates the optimal cut-off. 189 

 190 

Table IId: Cashew and Pistachio Basophil Activation Testing (BAT). Method, Method 191 

calculating optimal cut-off; PPV, Positive Predictive Value; AUC, Area under the curve; ‘*’, 192 

indicates a study of high quality, based on quality assessment (Table 1); CD63, CD63+ 193 

expression on Basophils. 194 

 195 

Table IIIa: Walnut and Pecan Skin Prick Test (SPT). Method, Method calculating optimal cut-196 

off; Sens; Sensitivity; Spec, Specificity; PPV, Positive Predictive Value; NPV, Negative 197 

Predictive Value; AUC, Area under the curve; ‘*’, indicates a study of high quality, based 198 

on quality assessment (Table 1). Skin prick test extracts: ALK1, ALK-Abello, Hørsholm, 199 

Denmark; ALK2, ALK-Abello, Madrid, Spain; Dome-Hollister-Stier, Dome-Hollister-Stier, 200 

Spokane, Washington, United States. 201 

 202 

Table IIIb: Walnut and Pecan IgE (Whole Nut). Method, Method calculating optimal cut-off; 203 

PPV, Positive Predictive Value; NPV, Negative Predictive Value; AUC, Area under the curve; 204 

‘*’, indicates a study of high quality, based on quality assessment (Table 1). 205 

 206 
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Table IIIc: Walnut and Pecan Component IgE (CRD). Method, Method calculating optimal 207 

cut-off; PPV, Positive Predictive Value; NPV, Negative Predictive Value; AUC, Area under the 208 

curve; ‘*’, indicates a study of high quality, based on quality assessment (Table 1). 209 

 210 

Table IIId: Walnut and Pecan Basophil Activation Testing (BAT). Method, Method 211 

calculating optimal cut-off; PPV, Positive Predictive Value; AUC, Area under the curve; ‘*’, 212 

indicates a study of high quality, based on quality assessment (Table 1); CD63+, CD63+ 213 

expression on Basophils. 214 

 215 

Table IVa: Hazelnut Skin Prick Test (SPT). Method, Method calculating optimal cut-off; PPV, 216 

Positive Predictive Value; NPV, Negative Predictive Value; AUC, Area under the curve; ‘*’, 217 

indicates a study of high quality, based on quality assessment (Table 1). Skin prick test 218 

extracts: Alyostal, Alyostal ST-IR, Stallergenes SA, Antony, France; Multiple, Multiple 219 

extracts used, with pooled data. Extracts included: Lofarma Spa, Milan, Italy, Stallergénes, 220 

Antony Cedex, France, ALK-Abello, Hordholm, Denmark; Dome-Hollister-Stier, Dome-221 

Hollister-Stier, Spokane, Washington, United States. 222 

 223 

Table IVb: Hazelnut IgE (Whole Nut). Method, Method calculating optimal cut-off; PPV, 224 

Positive Predictive Value; NPV, Negative Predictive Value; AUC, Area under the curve; ‘*’, 225 

indicates a study of high quality, based on quality assessment (Table 1). 226 

 227 

Table IVc: Hazelnut Component IgE (CRD). Method, Method calculating optimal cut-off; 228 

PPV, Positive Predictive Value; NPV, Negative Predictive Value; AUC, Area under the curve; 229 

‘*’, indicates a study of high quality, based on quality assessment (Table 1). 230 

 231 

Table IVd: Hazelnut Basophil Activation Testing (BAT). Method, Method calculating optimal 232 

cut-off; AUC, Area under the curve; ‘*’, indicates a study of high quality, based on quality 233 

assessment (Table 1); CD63+, CD63+ expression on Basophils. 234 

 235 

Table Va: Almond Skin Prick Test (SPT). Method, Method calculating optimal cut-off; PPV, 236 

Positive Predictive Value; NPV, Negative Predictive Value; AUC, Area under the curve; Skin 237 

prick test extracts: Dome-Hollister-Stier, Dome-Hollister-Stier, Spokane, Washington, 238 

United States. 239 

 240 

Table Vb: Almond IgE (Whole Nut). Method, Method calculating optimal cut-off; PPV, 241 

Positive Predictive Value; NPV, Negative Predictive Value; AUC, Area under the curve. 242 

 243 
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Table VIa: Brazil Nut Skin Prick Test (SPT). Method, Method calculating optimal cut-off; 244 

PPV, Positive Predictive Value; NPV, Negative Predictive Value; Skin Prick test extracts: 245 

Dome-Hollister-Stier, Dome-Hollister-Stier, Spokane, Washington, United States. 246 

 247 

Table VIb: Brazil Nut IgE (Whole Nut). Method, Method calculating optimal cut-off; PPV, 248 

Positive Predictive Value; NPV, Negative Predictive Value. 249 

 250 

Table VIc: Brazil Nut Component IgE (CRD). Method, Method calculating optimal cut-off; 251 

PPV, Positive Predictive Value; NPV, Negative Predictive Value. 252 
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 1. Nut Hypersensitivity/ 

2. (nut or nuts or cashew* or pistachio* or walnut* or pecan* or hazelnut* or hazel-nut* or almond* 

or brazilnut* or brazil-nut* or macadamia*).tw,kf. 

3. (seed-storage-protein* or 2S-albumin* or vicilin* or legumin*).tw,kf. 

4. (ana-o* or pis-v* or jug-r-1 or jug-r1 or jug-r-2 or jug-r2 or jug-r-3 or jug-r3 or jug-r-4 or jug-r4 

or car-i-1 or car-i1 or car-i-4 or car-i4 or cor-a-1 or cor-a1 or cor-a-9 or cor-a9 or cor-a-14 or cor-

a14 or pru-du*).tw,kf. 

5. (food-challenge* or skin-prick* or skin-test* or IgE* or component-resolved* or basophil-

activation*).tw,kf. 

6. (ALLERG* or HYPERSENSITIV* or HYPER-SENSITIV* or sensitisation* or sensitization* or 

anaphyla*).tw,kf,hw. 

7. "sensitivity and specificity"/ or "predictive value of tests"/ or roc curve/ 

8. exp cohort studies/ 

9. (longterm or long-term or repeat* or serial or longitudinal* or follow-up or followup or cohort or 

retrospect* or prospect* or probabilit* or sensitivit* or specificit* or predictive).tw,kf. 

10. basophil degranulation test/ or serologic tests/ or exp skin tests/ 

11. Immunoglobulin E/ 

12. anacardium/ae or pistacia/ae or exp Juglandaceae/ae or Corylus/ae or prunus dulcis/ae or 

bertholletia/ae 

13. (OFC or BAT or molecular-based or utilit*).tw,kf. 

14. Nuts/ 

15. (2 or 3 or 4 or 14) and 6 

16. 1 or 12 or 15 

17. 5 or 10 or 11 or 13 

18. 7 or 8 or 9 

19. 16 and 17 and 18 

20. di.fs. 

21. (sensitivity or specificity).ti,ab. 

22. likelihood functions/ or probability/ 

23. (likelihood adj ratio*).ti,ab. 

24. diagnos*.tw,kf. 

25. 16 and 17 and (8 or 9) and (7 or 20 or 21 or 22 or 23 or 24) 

Figure E1 
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Figure 1: Summary of search method 
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