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Abstract

Background: Most children with egg allergy tolerate egg in baked foods, such as cake,
but tolerance cannot be predicted with conventional allergy testing. We hypothesized
that the skin prick test (SPT) wheal to unprocessed raw egg might predict tolerance of
baked egg at formal oral food challenge (OFC).

Methods: We conducted a retrospective chart review to assess the utility of SPT wheal
to egg extract (EE), raw egg (RE), and the ratio of EE:RE in predicting outcome of
baked-egg OFC in children presenting to our tertiary referral centers with a physician
diagnosis of egg allergy and following complete egg avoidance in their diet, between
2009 and 2013. OFC were performed following a standardized protocol using baked
egg in cake, to a total dose equivalent to 3g egg protein.

Results: Data were analyzed from 186 completed challenges: OFC was positive in 64
(34%) children and negative in 122 (66%). Six children experienced anaphylaxis at
OFC. Children tolerant to baked egg were more likely to have a lower SPT to egg
extract/raw egg and EE:RE (median 0.56) than their allergic counterparts (0.70,
p < 0.05). However, ROC curve analysis demonstrated poor predictivity of challenge
outcome, with AUC for SPT to egg extract, raw egg and EE:ER equal to 0.71, 0.63
and 0.60, respectively.

Conclusion: EE:RE was not helpful in predicting outcome of baked-egg OFC. Indeed,
SPT to egg extract was slightly better at predicting outcome than either SPT to raw egg
or EE:RE. Unfortunately, tolerance to baked egg can only be predicted from previous
history or through controlled exposure.

Egg allergy is the most common food allergy in early childhood
(1). Up to two-thirds of egg-allergic children are able to
tolerate extensively heated egg in baked products (termed
baked egg) such as cakes. (1-5). These children also appear to
outgrow their egg allergy faster (6), although whether this is
due to regular consumption of baked egg or an inherent feature
of those children who are able to tolerate baked egg (irrespec-
tive of consumption) is unclear. Irrespective, the ability to
consume baked egg significantly liberalizes the diet and may
help to reduce anxiety over accidental ingestions (7).

The mechanism by which egg-allergic children may tolerate
extensively heated egg (EH-egg), but not other forms of egg,
remains unclear. Certainly, tolerance is not the result of exposure
to a reduced amount of allergen (5). One possibility is that the
baking process results in conformational changes in the major
allergenic epitopes (8). Egg contains in excess of 20 different

proteins, including ovalbumin and ovomucoid (OVM). Ovalbu-
min is heat-labile and readily undergoes conformational change
during heating (2, 8) while OVM is heat-stable; children with
higher levels of IgE to OVM (either on blood testing or at skin
testing) are less likely to tolerate EH-egg (2, 9); however, the
utility of including testing for OVM to predict tolerance to EH-
egg has not been proven to be useful in routine clinical practice
(10). The apparent inability of current in vivo or in vitro tests to
reliably differentiate between egg-allergic children who can or
cannot tolerate EH-egg, together with the small risk of severe
reactions to EH-egg, have resulted in a reliance on supervised
oral food challenges. This has a significant resource and time
implication.

There are data to suggest that the production of commercial
food allergen extracts used in skin testing may render the
allergen less potent (11, 12), which for egg protein might be

Pediatric Allergy and Immunology 25 (2015) 657-661 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 657



Raw egg SPT does not predict tolerance to baked egg

similar to the consequences of the baking process. In children
who are tolerant of EH-egg, a less vigorous immune response
may thus be expected to commercial egg extract than to raw
egg while those whose clinical allergy is predominantly the
result of IgE binding to heat-stable egg proteins, will produce a
similar response to both commercial egg extract and raw egg.
Given this, we hypothesized that comparing the size of the
wheal induced by skin prick testing (SPT) to raw egg with the
SPT wheal to commercial egg extract might predict tolerance
of baked egg at formal oral food challenge (OFC).

Methods

We conducted a retrospective chart review to assess the utility
of SPT wheal to egg extract (EE), raw egg (RE), and the ratio
of EE:RE in predicting outcome of baked egg OFC in children
presenting to our tertiary referral centers with a physician
diagnosis of egg allergy from 2009-2013. We have routinely
offered baked-egg OFC to egg-allergic children presenting to
our clinics, without a clear history of tolerance or allergic
reaction to EH-egg.

Both centers perform SPT to both raw egg and commercial
egg extract for routine testing. SPT was performed according
to standard guidelines, with histamine 10 mg/mL (Stallergenes,
UK) as a positive control (13). A positive SPT was defined as a
wheal size of at least 3 mm greater than a saline control read at
15 min.

Following testing, families were offered a baked-egg OFC
following a standardized protocol. Exclusion criteria were recent
allergic reaction to baked egg within the past 12 months or
refusal of consent; children with prior anaphylaxis to egg were
not excluded. A standard recipe was used for the muffin baked at
180°C for 20 min. Children were fed incremental doses of
muffin, up to a total of 3-g egg protein, at 30-min interval. The
challenge was halted at onset of objective clinical symptoms, in
line with PRACTALL criteria (14). Children were observed for a
further 2 hr following last muffin dose. Anaphylaxis was defined
as per WAO criteria (15). Children with reactions involving skin
and/or gastrointestinal symptoms alone were classified as mild-
moderate reactors. Patients were instructed to avoid all egg for
48 hr in order to detect possible delayed symptoms and then to
introduce baked egg (using cake containing a similar amount of
egg) two to three times per week. Patients were subsequently
followed-up by telephone 1 wk later to confirm tolerance.

Data analysis was performed using GraphPad Prism 6 soft-
ware (GraphPad Software Inc, La Jolla, CA, USA). Normality
of data was assessed using D’Agostino’s K-squared test, which
failed to demonstrate a normal distribution of data. Statistical
analysis was therefore performed using nonparametric tests;
further subgroup analysis was undertaken after excluding
children who did not have a history of convincing clinical
reaction to egg within the previous 12 months (together with
evidence of current sensitization) or who did not meet published
criteria for >95% likelihood of clinical egg reactivity (ssIgE
>6 kUa/l in children over 2 yr, >2 kUa/l in those under 2 yr;
SPT to egg white >7 mm in children over 2 yr, >5 mm in those
under 2 yr) (16, 17). Receiver operating characteristic (ROC)
curves were generated in order to compare the diagnostic utility
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of SPT and compared using the method of DeLonget al. (18). A
p value of <0.05 was considered significant. The study was
registered as a service evaluation project by the respective
hospital ethics committees.

Results

A total of 186 children (median age 5.3 yr, interquartile range
3.3-9.8 yrs) with a physician diagnosis of egg allergy and
following strict dietary avoidance of egg completed a baked-egg
OFC during the study period. Ninety-five children (51%) met
criteria for a>95% likelihood of clinical egg allergy, either on the
basis of a recent clinical reaction to egg (within the previous
12 months) together with current sensitization on SPT or serum-
specific IgE testing, or meeting published 95% PPV criteria for
clinical reactivity (15, 16). Children in this subgroup had a
slightly larger SPT wheal to both commercial extract and raw
egg, compared to the overall cohort (p < 0.001, Mann—Whitney
test), but there were otherwise no significant differences in the
demographics of these groups (Table 1).

Challenge outcome

Sixty-four children (34%) reacted to their challenge, six of
whom experienced anaphylaxis (four with respiratory symp-
toms and two with persistent abdominal pain and vomiting).
None of these six children had experienced prior anaphylaxis
to egg. Two children passed their initial OFC but subsequently
reacted to ongoing exposure with gastrointestinal symptoms
within 30 min of consumption of baked egg at home; these
children were classified as reactors.

Children who reacted to baked egg had a larger SPT wheal to
both commercial extract and raw egg, compared to baked-egg-
tolerant children (p < 0.01, Mann—Whitney test) and were more
likely to have other food allergies (p < 0.02, chi-squared test),
but there were otherwise no significant differences in the demo-
graphics of these groups (Fig. 1 and Table 2). Baked-egg-
tolerant children were more likely to have a lower EE:RE ratio
(median 0.56, IQR 0.44-0.75) than their EH-egg-allergic coun-
terparts (0.71, IQR 0.50-0.86; p < 0.05, Mann—Whitney test).
However, there was significant overlap between values (Fig. 1
and Table 3), and ROC curve analysis demonstrated poor
predictive ability of challenge outcome, with AUC for SPT to egg
extract, raw egg, and EE:RE equal to 0.71, 0.63 and 0.60,
respectively. ROC curve analysis did not demonstrate significant
differences when comparing test performance characteristics in
those children who met criteria for >95% likelihood of clinical
egg allergy to the overall cohort (Fig. 2;p > 0.05). Children who
experienced anaphylaxis at challenge to EH-egg were not more
likely to have a higher SPT wheal to egg extract, raw egg, or EE:
RE ratio (p > 0.05, Mann—Whitney test).

Discussion

The ability to incorporate baked egg into the diet of otherwise
egg-allergic children has the potential to significantly reduce
the impact of the allergy on a child and has been found to
relieve parental concern (7). Furthermore, it may also hasten
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Table 1 Patient characteristics
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Recent reaction or >95%

Characteristic Total cohort PPV for egg allergy p value
Total no. of patients 186 95
Age at challenge 5.3 yrs 4.6 yrs ns
median (interquartile range) (3.3-9.8 yrs) (2.6-9 yrs)
SPT to commercial extract, 6 mm 8 mm p < 0.001
median (interquartile range) (4-8 mm) (7-10 mm)
SPT to raw egg, 10 mm 12 mm p < 0.001
median (interquartile range) (8-14 mm) (10-16 mm)
Gender, no. (%)
Male 111 (60%) 57 (60%) ns
Female 75 (40%) 38 (40%) ns
Other atopy, no. (%)
Asthma, on preventer therapy 42 (23%) 21 (22%) ns
Allergic rhinitis 77 (41%) 36 (38%) ns
Eczema 129 (69%) 70 (74%) ns
Other food allergy 147 (79%) 75 (79%) ns
Previous reaction to egg, no. (%)
Reaction to any egg 92 (49%) 50 (52%) ns
Reaction to baked egg 10 (5.4%) 6 (6.3%) ns
Anaphylaxis 18 (9.6%) 9 (9.5%) ns
Outcome of OFC to baked egg, no. (%)
Passed challenge 122 (66%) 53 (56%) ns
Failed challenge: — mild-mod reaction 64 (34%) 42 (44%) ns
Failed challenge: — anaphylaxis 6 (3%) 4 (4%) ns

NB, Data not shown for ssIgE values as these were only performed in the minority of patients enrolled. SPT, skin prick test; OFC, oral food

challenge; PPV, positive predictive value; ns, not significant.

p < 0.001 p <0.01 p <0.05
1 1 1
T 30 4 59
o 25 13 4
> _ = 25- w
= £ 20+ ¢
S E & 2 & 23
3= 15 3 w
gl & 154 —_ 5
ES 10 z — o
5] . S 10+ £ 11
[*) ©
: sy - T 3
ef o) Lo s 5 RS e
g = 7
o *
‘,’ o T L 0 L] T 0 L] L]

Passed Failed

Passed

Failed Passed Failed

Figure 1 SPT wheal size to commercial egg extract (EE), raw egg (RE), and the ratio of EE:RE, by challenge outcome.

resolution of the allergy to the native antigen (6). Up to 70% of
egg-allergic children are able to tolerate baked egg (1-6, 10,
19), consistent with the findings of this study. However,
one-third of children will react to baked egg, and this can
manifest as anaphylaxis (4, 5), an event which occurred in
almost 10% of reactors in this study. It is for this reason that
we and others have recommended that baked-egg tolerance
should be determined at OFC under medical supervision (2, 5,
20). It would therefore be useful to be able to predict which
children are likely to tolerate baked egg.

Unfortunately, the only reliable means by which tolerance can
be determined is through oral exposure: to date, routine allergy
testing (either SPT or blood tests) has not been found to predict
tolerance (or not) with sufficient discrimination for the test to be

clinically useful in most studies (2, 5, 10). Cortot et al. reported
that an SPT wheal to commercial egg white extract of <10 mm
had a 100% negative predictive value, although this has not
been found in other cohorts (1, 2, 5), as well as the cohort
reported here. The aim of this study was to test our
hypothesis that children who tolerate baked egg may have a
relatively higher SPT to raw egg compared to the (processed)
commercial egg extract. Unfortunately, adding SPT to raw
egg did not improve diagnostic accuracy — in fact, SPT to
commercial extract alone was found to have the best
predictive utility at ROC analysis, although a cutoff with
sufficient sensitivity and specificity could not be determined.

It has been proposed that reactivity to baked egg may
reflect the presence of IgE to specific heat-stable epitopes,
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(b) Patients with >95% likelihood of
clinical egg allergy
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Figure 2 Receiver operating characteristic (ROC) curves (AUC in parentheses within figure legends) for skin prick test (SPT) wheal to
commercial egg extract (EE), raw egg, and the ratio of EE:RE in predicting tolerance to baked egg at OFC in (a) the study cohort and (b) a
subgroup of children included on the basis of recent clinical history or sensitization meeting >95% predictive criteria for clinical egg allergy.

Table 2 Challenge outcome

Negative OFC: Tolerates

Positive OFC: Allergic

Characteristic baked egg to baked egg p value
Total no. of patients 122 (66%) 64 (34%)
Age at challenge, median (interquartile range) 5.1 yrs (3.8-8.8 yrs) 5.6 yrs (2.7-10.6 yrs) ns
SPT to commercial egg extract at OFC, median 5 mm (4-7 mm) 8 mm (5-10 mm) p < 0.001
(interquartile range)
SPT to raw egg at OFC, median (interquartile range) 10 mm (7-13 mm) 12 mm (8-16 mm) p <0.01
Gender, no. (%)
Male 78 (64%) 33 (52%) ns
Female 44 (36%) 31 (48%) ns
Other atopy, no. (%)
Asthma, on preventer therapy 24 (20%) 8 (28%) ns
Allergic rhinitis 53 (43%) 24 (38%) ns
Eczema 83 (68%) 46 (72%) ns
Other food allergy 90 (74%) 57 (89%) p = 0.02
Previous reaction to egg, no. (%)
Anaphylaxis 13 (11%) 5 (8%) ns
Non-anaphylactic reaction 47 (39%) 27 (42%) ns
Prior reaction to baked egg 5 (4%) 5 (8%) ns
No previous reaction to egg 62 (51%) 32 (50%) ns
SPT, skin prick test; OFC, oral food challenge.
Table 3 Test performance characteristics for SPT to commercial egg extract and raw egg
SPT to Commercial Egg Extract SPT to Raw Egg
Cutoff Sensitivity % Specificity % LR Sensitivity % Specificity % LR
>3 97 9 1.1 98 4 1.0
>5 86 32 1.3 97 9 1.1
>8 57 79 2.7 83 29 1.2
>10 38 91 4.4 68 48 1.3
>12 16 98 9.1 53 64 1.5
>14 10 98 6.1 39 77 1.7
>16 5 98 3.0 31 89 2.7
>20 2 99 2.0 14 95 2.6
>25 0 99 0.0 5 99 5.8

LR, likelihood ratio.
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including OVM (2, 8, 21). The measurement of serum-specific
IgE to OVM has been found to be predictive of tolerance to
hard-boiled egg (22). However, detection of OVM, either
through SPT or specific IgE measurement in serum, has not
been found to be predictive of reactivity to baked egg.
Lemon-Mule et al. found that a very high cutoff of IgE to
OVM >50 kUA/I was predictive of allergy to baked egg (2).
Tan et al. found that an SPT of >11 mm to OVM had a
100% positive predictive value to clinical reactivity (9).
However, most studies have not found a cutoff with sufficient
sensitivity and specificity to be of clinical utility in routine
practice (2, 5, 10).

The strength of this study is that it is formed of a large
cohort of children with a physician diagnosis of egg allergy
seen in our tertiary allergy services, undergoing prospective
OFC to baked egg. This situation is thus representative of the
patient mix seen by clinicians specializing in routine clinical
allergy practice. Just under half of our cohort did not meet
criteria predicting >95% likelihood of clinical reactivity at the

Raw egg SPT does not predict tolerance to baked egg

time of challenge (although they would have done so
previously in order for them to be diagnosed with egg
allergy). In order to confirm that their inclusion had not
confounded our data, we conducted subgroup analysis on
those children who met >95% predictive criteria, and we
found the same conclusions. Furthermore, the demographics
of our cohort are similar to that which has been previously
reported in a large prospective cohort of egg-allergic children
elsewhere (95).

Finally, 72% of children in this cohort with @ prior history of
anaphylaxis to egg were able to tolerate baked egg, a finding
consistent with previous studies (2, 5). Furthermore, the
observation that 50% of those with a history of prior reaction
to baked egg were able to tolerate baked egg after at least 1 yr
indicates that prior severe reaction to egg or reaction to baked
egg over 12 months prior should not be used as a contrain-
dication to introduction of baked egg, although our recom-
mendation would be for this to be assessed at in-hospital
challenge.
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