Ana o 3 sIgE and diagnostic algorithms reduce cost of cashew allergy diagnosis in children compared to skin prick test: a cost comparison analysis
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Abstract
Background: In the absence of a clear clinical history of reaction, diagnosis of cashew allergy using skin prick tests (SPT) or cashew-specific IgE requires a high number of oral food challenges (OFC). By using Ana o 3 sIgE alone, or a two-step diagnostic algorithm using cashew sIgE followed by Ana o 3 sIgE, there is a reduced need for OFC. We aimed to perform a cost comparison for both of these approaches compared to cashew SPT alone.

Methods: Pooled individual level data from 6 studies was used to determine diagnostic accuracy and OFC rate. Two studies used cashew SPT (n=567, 198 allergic), with 95% positive and negative predictive values of ≥12mm and <3mm. Four studies were included in the pathways for Ana o 3 sIgE alone or a 2-step algorithm incorporating cashew and Ana o 3 sIgE (n=271, 156 allergic). Cut-offs used were ≥8.5kUA/L and ≤0.1kUA/L for cashew sIgE and ≥0.35kUA/L and ≤0.1kUA/L for Ana o 3 sIgE. Costs were constructed based on unit prices from hospital inpatient admissions, expenses incurred by families, individual patient data on allergic reaction types and rates and adrenaline autoinjector carriage, applying a health system perspective.

Results: Modelled data through the Ana o 3 pathway resulted in a 46.43% cost reduction (€307,406/1000 patients) compared to using cashew SPT alone (€573,854/1000 patients). The 2-step algorithm resulted in a 44.94% cost reduction compared to SPT alone (€315,952.82/1000 patients). Both the Ana o 3 pathway and 2-step algorithm resulted in a 79-80% reduction in OFCs compared to SPT.

Conclusions: Using Ana o 3 as a standalone test for cashew allergy diagnosis or a 2-step algorithm incorporating cashew sIgE and Ana o 3 sIgE is accurate and results in a large reduction in both OFCs and health system costs compared to cashew SPT alone. 

Key Message
Ana o 3 or a 2-step algorithm provide a higher diagnostic accuracy compared to skin prick testing alone. The results of this study suggest that use of Ana o 3 or a 2-step algorithm instead of skin prick testing as the initial assessment tool would lead to a large reduction in cost of diagnosis of cashew allergy in children. The cost savings are likely the result of reduced OFCs, with diagnostic accuracy preserved using Ana o 3 alone or a 2-step algorithm compared to skin prick testing.
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Abbreviations
SPT		Skin prick test
sIgE		Serum IgE
AUC 		Area under the curve
PPV		Positive predictive value
OFC 		Oral food challenge
BAT 		Basophil activation test
NPV		Negative predictive value
DBPCFC 	Double-blinded, placebo-controlled food challenge
FP 		False positive
FN 		False negative
ED 		Emergency Department
AAI 		Adrenaline Autoinjector

Introduction
Tree nut allergy has similar prevalence to peanut, with a population prevalence of 3.3% in 6-year-old children compared to 2.8% for peanut(1). There is geographic variation in prevalence for tree nuts, and natural resolution of tree nut allergy is low, with tree nut allergy persisting in 2.3% of 10–14-year-old Australian children(1).

Accuracy of diagnostic tools for cashew allergy is superior to that seen in other tree nuts(2). Cashew Skin Prick Test (SPT) demonstrates good diagnostic accuracy, with an area under the curve (AUC) between 0.81 to 0.94(3, 4). Serum IgE to cashew is poorer, with AUC between 0.79 to 0.89(5, 6). 95% positive predictive value (PPV) of cashew SPT has been defined at 12-14mm for diagnosis of cashew allergy in two studies(3, 4). However, this leaves a significant ‘grey area’ of diagnostic uncertainty for results between 3-12mm. In the absence of a clear or convincing clinical history of an IgE mediated allergic reaction to cashew, the clinician relies on an oral food challenge (OFC) to achieve diagnostic certainty or is left to accept a diagnosis of probable allergy. 

Cashew component Ana o 3 sIgE has greater diagnostic accuracy than both SPT and sIgE to whole cashew with an AUC ranging between 0.92-0.98(5-7). One study has identified a 95% PPV of 2.0kUA/L(7).

OFCs are expensive, time and labour intensive, and typically are limited to hospital settings or where emergency services can be rapidly mobilized(3). OFC spaces are often limited in availability, with foods with higher allergy prevalence, such as egg, peanut, and cow’s milk, taking preference. Minimizing OFCs required for diagnosis, whilst preserving accurate diagnosis can reduce demand on hospital resources and may also provide a cost reduction to the health system.

We recently found Ana o 3 alone provides a reduction in the number of OFCs required by 79.1% compared to using SPT alone(8). A two-step clinical diagnostic algorithm combining cashew sIgE and Ana o 3 sIgE performed similarly. Diagnostic accuracy was lower in these groups compared to using SPT alone, which is likely due to the reduced number of OFCs performed(8). A pathway incorporating cashew SPT followed by Ana o 3 sIgE could not be modelled due to inadequate data.

Clinical diagnostic algorithms have been shown to reduce the need for OFC in other foods(4, 9, 10). For peanut allergy, using peanut SPT followed by Ara h 2 sIgE, Dang et al demonstrated a reduction of 58% in OFCs required for diagnosis compared to SPT alone(10). Elizur et al demonstrated clinical algorithms using SPT and basophil activation tests (BAT) for the diagnosis of walnut-pecan and cashew-pistachio allergy reducing OFCs by 78.2% and 76.6% respectively(4). The walnut-pecan algorithm has also been validated prospectively, reducing OFCs by 78.8% compared to SPT alone(9).

In Australia, the current standard of care by Allergist/Immunologists is to perform a SPT as the initial diagnostic tool when assessing a patient with possible cashew allergy. Cashew sIgE is used more commonly in community settings by General Practitioners and Paediatricians without access to SPT. Ana o 3 is not used outside research settings in Australia.

Modelling using Ana o 3 alone, or a 2-step clinical algorithm (cashew sIgE and Ana o 3 sIgE) demonstrates improved diagnostic accuracy and a reduction in number of diagnostic OFCs(8). If a relative cost reduction for cashew allergy diagnosis can be demonstrated, this may facilitate a change in clinical diagnostic approach. The aim of this research was to perform a cost comparison analysis of three diagnostic pathways for cashew allergy using a decision model.

Method
The methods approach comprised the following three steps:
1. Search for evidence regarding diagnostic accuracy of SPT, sIgE to whole cashew, or sIgE to Ana o 3
2. Construction of three diagnostic pathways for comparison
3. Assessment of diagnostic accuracy, OFCs required and cost implications

Search Strategy
A systematic search of 4 databases (OVID Medline, Embase, Cochrane library, and PubMed) using the methods of the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines(11) located evidence regarding diagnostic accuracy of cashew SPT, Cashew sIgE and/or Ana o 3 sIgE (Outlined in supplement E1). This was constructed with the assistance of a research librarian. The search strategy was first executed on Feb 25, 2020, and last search on December 15, 2021 to ensure the most recent studies were included.

Study selection
Studies were included if they reported an optimal sensitivity, specificity, PPV or negative predictive value (NPV) for SPT, sIgE to whole cashew, and/or sIgE to Ana o 3. Studies were required to show a clinical outcome of tolerance or allergy either by double-blinded, placebo-controlled food challenge (DBPCFC), open OFC, or history of objective IgE-mediated allergic reaction or anaphylaxis within 2 years. 

The studies included have been previously described in detail in a systematic review by the author of this paper(2). One additional study was identified since this time(12). Quality of studies including risk of bias and applicability have been outlined using the QUADAS-2 tool, presented in this systematic review (supplement E2).

Diagnostic pathways
Three cashew allergy diagnostic pathways were constructed and modelled in this study. The first, the control pathway, used cashew SPT alone (referred to as SPT pathway). This pathway used the cashew 95% PPV of 12mm as cut-off for avoiding cashew, and <3mm for home introduction. Those between 3-11mm (inclusive) underwent OFC (fig 1).

The second pathway, referred to as the Ana o 3 pathway, used Ana o 3 sIgE alone, using upper limit cut-offs of 0.35kUA/L and lower limit for OFC ≤0.1kUA/L (fig 2). 

The third pathway (referred to as the 2-step algorithm) used cashew sIgE followed by Ana o 3 sIgE to navigate decision points for home introduction, OFC or avoidance of cashew. Upper-limit cut-offs were ≥8.5kUA/L for cashew IgE and ≥0.35kUA/L for Ana o 3 sIgE, and ≤0.1kUA/L as the lower limit for both. These thresholds were defined previously in the only study modelling this 2-step algorithm(12). Using this model, results outside the upper and lower limits to cashew sIgE were defined allergic or tolerant, and those within proceeded to Ana o 3 sIgE. Again, if the result was within the upper and lower limits then the participant would proceed to an OFC(fig 3). The second step of the algorithm would not require a further blood sample to be taken, instead using the existing sample.

For each of the 3 pathway models we assessed the following outcomes using the following definitions:
1. Correct diagnostic outcome: defined as the modelled outcome matching their known true allergy status (known from their individual study outcome).
2. False Positive (FP): defined as the modelled outcome for participant being ‘allergic’, but true status is ‘tolerant’.
3. False Negative (FN): defined as the modelled outcome for participant is ‘tolerant’, but true status is ‘allergic'.

Decision model
The analysis conformed to the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) reporting guideline(13). Cost comparison analysis was used to evaluate the relative costs of the:
1. SPT pathway (control) (fig 1)
2. Ana o 3 pathway (fig 2)
3. 2-step algorithm (sIgE to cashew and Ana o 3) (fig 3)

Each pathway was compared with control. The costs assessed were from the perspective of the Australian healthcare system. Costs were calculated in 2020 Australian dollars (A$). For the benefit of the journal readership, these costs have been converted to Euro (€).

Costs were constructed based on unit prices from hospital inpatient admissions, expenses incurred by families, individual patient data on allergic reaction types and rates of adrenaline autoinjector carriage and an Australian health system perspective. These costs and sources are summarized in table 1. A cost comparison was performed assessing total cost of each diagnostic pathway, and the relative cost difference between control and each pathway.

Event likelihood determinations are shown in table 2. These include a 5.39% probability of anaphylactic reaction if a participant has an IgE-mediated food allergic reaction (94.61% probability of non-anaphylactic reaction)(3). This number was sourced from study outcomes from a combined population and paediatric outpatient cohort and is specific to cashew allergic reactions(3). The probability of being prescribed an adrenaline auto-injector (AAI) is 61.47% (95% CI 56.2-66.6%), based on AAI prescriptions reported from unpublished data from the Schoolnuts study; an Australian population cohort of known food allergic individuals aged 10-14 years of age(14).

Assumptions were made including that the control group receiving skin prick test to cashew were presumed to have this test performed on the day of clinical consult. The intervention group (Ana o 3 pathway) were assumed to have received a single blood test at initial consultation. For the 2-step algorithm, it was assumed Ana o 3 was only performed if the sIgE to cashew were within the relevant cut-off (0.1≤x≤8.5kUA/L). Once complete, all blood results were assumed to be communicated to the patient via a 15 minute telephone conversation (rather than a further outpatient appointment) before proceeding to the next step in the algorithm. This was assumed to be a specialist medical physician (Allergist/immunologist) at mid-level seniority, based on current Enterprise Bargaining Agreement for Victorian physicians, Australia (5th year specialist)(15).

The assumption was also made that all participants who had an allergic reaction at home would administer adrenaline or antihistamine (in proportion with the probability of anaphylaxis in allergic reactions in patients with cashew allergy(3)), call an ambulance, and be transferred to a hospital Emergency Department (ED). All participants were assumed to not be admitted to hospital, in keeping with Australian ED data, where admission following an allergic reaction is uncommon(16). All ambulance transfers were assumed to be a metropolitan ambulance transfer. All patients who have an anaphylactic reaction were assumed to be prescribed an adrenaline autoinjector (AAI) prior to discharge from ED, which incurs an additional cost. The model also assumes that all participants who have an allergic reaction at home (false negative result) will present back to their specialist for review and a further test will be performed (nominally SPT). Finally, there is the assumption that every oral food challenge will determine the participants allergy status, with no indeterminate results, or need for re-challenge. 

Analysis
The cost of each health state was multiplied by the proportion of patients in each health state for each course of diagnostic tests per patient. This was then standardized to represent cost per 1000 patients. The total cost of each pathway was presented as the difference relative to the control. For the purposes of this journal’s readership, costs are presented in Euro, but were calculated using Australian dollars and Australian healthcare system costs. At time of conversion, €1=A$1.58(17).

Sensitivity analysis
Sensitivity analysis was performed to explore uncertainty in estimates and some assumptions, summarized in supplement E8. The likelihood of an allergic reaction, as opposed to anaphylaxis was adjusted from 94.61% to 56.06%; the proportion of self-reported tree-nut specific allergic reaction episodes from a large Australian population-based study(18). The likelihood of having an inconclusive OFC and requiring a 2nd OFC for diagnosis was assessed at 3 and 8%, the range of published inconclusive oral food challenge outcomes(19-21). Specialist salary for discussing sIgE results was varied from 1-9 years of experience, based on current Enterprise Bargaining Agreement award wages (15). The cost to perform sIgE to cashew and Ana o 3 was also increased by 50%, based on private laboratory quoted costs(22). The operation costs of performing sIgE can vary between labs due to costs of product, number of tests run per time period, and capacity of laboratory instruments. Number of AAIs required was doubled to four per year. Likelihood of carrying an AAI was also adjusted to upper and lower bounds of 95% confidence intervals of the initial figure (unpublished data). In the sensitivity analysis, ambulance transfer to hospital was calculated incorporating 25% of transfers to be from rural areas. Cost of presentation to hospital ED was adjusted to the Australian state with the highest costs of presentation in Australia(23). Sensitivity analysis also included cost of living with an allergy, which was calculated using patient-reported costs in US families. This was not included in the base case analysis as the authors felt this cost is not part of the diagnostic process impacting the health system, rather a cost after diagnosis is given.	

Results
Diagnostic accuracy and methodological quality
Previously published outcomes relating to diagnostic accuracy and number of OFCs required have been summarized in table 3 alongside cost results. The Ana o 3 pathway resulted in a 79.1% reduction in OFCs compared to SPT alone (12.1% vs 58.4%). Diagnostic accuracy was similar (91.9% vs 97.2% accuracy, 1.1% vs 2.3% FN rate). The 2-step algorithm resulted in an 80.5% reduction in OFCs compared to SPT alone (11.4% vs 58.4%), with 91.1% of results being the correct diagnosis.

Cost results
The cost of each pathway is summarized in table 3. The SPT pathway gave a total cost of €573.85 (A$910.88) per person, equivalent to a total cost of €573,854.93 (A$910,880.84) per 1000 participants going through this pathway. Ana o 3 alone had a lower total cost of €307.41 (A$487.95) per person, or €307,406.28 (A$487,946.48) per 1000 participants, a cost reduction of €266.45 (46.4%) per participant assessment compared to SPT. The 2-step algorithm also had lower total cost of €315.95 (A$501.51) per person, or €315,952.82 (A$501,512.41) per 1000 participants, a cost reduction of €257.90 (44.9%).

Individual costs and proportions through each pathway are summarized in supplement E5-E7.

Sensitivity analysis
Sensitivity analysis was performed on the Ana o 3 in comparison to the control (SPT) as it achieved the largest cost reduction of the two alternative strategies to the control. This is summarized in figure 4 and supplement E8. Likelihood of anaphylaxis, prescription, or carriage rates of adrenaline autoinjectors, costs of tests or staff, costs of ambulance transfer or ED presentation were all varied in one-way sensitivity analyses and did not affect the costing estimates by more than 6.58%. The perceived cost of living with food allergy reduced the difference between SPT and the 2-step algorithm by 14.68%. The costing estimates were most sensitive to the cost of living with food allergy and specialist salary for time to follow-up the initial blood result. 

As a further sensitivity analysis, different cut-offs in the Ana o 3 alone pathway were assessed. The first cut-off was based on optimal specificity using the data from Lange and Dang’s studies. These two were chosen as we, the authors, felt they most closely represented a pre-clinical population, with a high number of participants with an OFC-proven diagnosis. The 2nd cut-off (1.18kUA/L) was determined using optimal specificity when pooling the data from all four studies. On review of these four studies, the populations are not similar and therefore PPVs, NPVs, sensitivity and specificity cannot be calculated for the pooled data. The lower limit for cut-off of Ana o 3 remained at ≥0.1kUA/L. 

Using an upper-limit cut-off ≥0.52kUA/L, the correct diagnosis of allergy status was 92.3%, with OFC required in 15.5% of participants. FP results were seen in 7.0%, with FN results remaining at 1.1%. The overall cost per participant was €327.22 (A$519.40), compared to 573.85 (A$910.88) using the SPT pathway. With the Ana o 3 cut-off increased to ≥1.18kUA/L, the correct diagnosis of cashew allergy increased to 97.0%, with OFC rising to 25.1% of participants in this pathway. FP results were 1.9%. FN results remained at 1.1%. The cost per participant using this cut-off was €391.17 (A$620.91). This is presented in table 4.

Discussion
This study is the first to compare costs between two different diagnostic testing pathways for cashew allergy, or any tree nut. Overall using Ana o 3 sIgE alone for diagnosis of cashew allergy results in a 46.4% cost reduction to the health system compared to using the current Australian standard practice of SPT. There is also a 79.1% reduction in need for OFCs, which is the source of much of the cost reduction. These results demonstrate the benefit of Ana o 3 sIgE to the health system overall as well as reducing the demand on supervised in-hospital OFC spaces.

For the Ana o 3 pathway, accuracy of diagnosis is lower compared to SPT, with correct diagnosis achieved in 91.9% of patients, compared to 97.2% using SPT alone. This difference arises from the FP outcomes, which is lower in the SPT pathway due to a greater proportion of OFCs. This is highlighted in Table 4, where increasing the upper limit cut-off in the Ana o 3 pathway leads to increased proportions of OFCs and improved diagnostic accuracy. More importantly, the Ana o 3 pathway demonstrates lower rates of FN results, implying less allergic reactions with home introduction of cashew; a preferable safety outcome.

The 2-step algorithm also performs well, with similar cost difference between the two pathways, suggesting either approach could be reasonable compared to SPT. In theory, a 2-step algorithm may identify those allergic participants who are not sensitized to Ana o 3, however this phenomenon was not identified in the pooled data. 

There are several health economic assessments of food allergy diagnostic pathways, with most focused on the health and economic impact of screening tests, or in office-introduction of peanut in high-risk individuals, in keeping with NAIAD recommendations or those with a sibling with peanut allergy(24-27). These studies showed testing prior to introduction or in-office peanut or egg introduction was dominated by a no-screening approach, with regard to number of cases of food allergy prevented, quality adjusted life years and healthcare costs(24-27). More recently, a GRADE analysis for peanut allergy diagnosis recommended that Ara h 2 sIgE has best diagnostic accuracy as a single diagnostic test compared to SPT or whole peanut sIgE(28). However, given lower sensitivity than these two tests, in a patient with high clinical probability of peanut allergy, either of the three tests could be used. They recommended against use of ara h 2 in addition to SPT or sIgE, citing a research gap in the utility of tandem, or reflex testing(28).

Limitations to this study include that it is using Australian health costs, which may not be applicable or comparable to other countries with variations in costs of each step, such as an OFC, ED presentation or cost of medication. However, we have transparently reported all inputs and unit prices to assist with translation. The cost calculated is to the entire health system, rather than to the hospital, or laboratory. The implications of this may be that a hospital or laboratory may bear a greater cost compared to their current practice, and redistribution of funds may need to occur to accommodate the change in clinical approach.

This study, using pooled patient data, shows applicability across multiple different populations with different cashew allergy prevalence. There was some heterogeneity between studies, but only one study with a far greater proportion of false positive results and participants requiring OFC. It is possible that the optimal diagnostic cut-off is outside the values modelled in this study. Due to heterogeneity, this could not be assessed. A larger prospective study would help to greater define this, and potentially deliver greater accuracy and cost reductions to the health system.

Unfortunately, only one study had data for an algorithm using SPT and Ana o 3. The participant numbers were low, and therefore deemed inappropriate for any meaningful analysis or comparison. Based on the SPT data in this paper, SPT as the first step in an algorithm could eliminate a large number of participants from requiring OFC, and reduce the need for blood draws and clinician time. This would be a valuable future prospective study.

The impact of clinical judgement is unable to be assessed in these pathways. However, the difference between the 2 interventions and the SPT pathway is unlikely to change, although this would also need a prospective study to assess clinically. This study uses modelled outcomes, and incorporation into clinical practice would provide an opportunity for an ‘in vivo’ evaluation.

This study demonstrates that using Ana o 3 as a standalone test for cashew allergy diagnosis in children, or a two-step algorithm incorporating cashew sIgE and Ana o 3 sIgE is accurate and results in a large reduction in both health system costs and OFCs compared to cashew SPT.
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