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Abstract
Total serum IgE result from the combination of specific and non-specific pools. High specific/

total IgE ratio may reflect high level of allergen-specific IgE on mast cells. No data regarding

its applications to drug allergies is available. One hundred seventy-one patients with a history

of immediate reactions to β-lactams, confirmed by positive skin testing, and 122 control sub-

jects tolerant to β-lactams, were studied. CAP System was used for the detection of serum

total and specific IgE antibodies. The specific/total IgE ratio was tested for diagnostic accura-

cy compared with conventional criteria. We finally performed a simulation study to expand

our investigation of the performance of the specific/total IgE ratio index in a scenario in which

the new CAP detection threshold is lowered further. Specific/total IgE ratio values�0.002

were observed more frequently in reactive than in controls. Seventy-four of 80 subjects with

values�0.002 were allergic to β-lactams, yielding a positive predictive value of 92.5%. The

application of specific/total IgE ratio significantly improves the positive likelihood ratio and the

overall diagnostic performance. In addition, we showed the capability of this new criterion to

identify true reactive patients even among subjects with high levels of total IgE (>200 kU/L).

Significant increase in both receiver operator characteristic (ROC) curve and sensitivity were

observed in imputed case of the simulation study. The β-lactams-specific/total IgE ratio may

be an additional index compared to the common criterion of positivity to a single hapten in the

allergological work-up of patients with β-lactams immediate adverse reactions.

Introduction
β-lactams are a frequent cause of adverse drug reactions (ADR) whose diagnosis is based on
history, clinical examination, skin testing and demonstration of serum specific IgE antibodies
[1]. When a mismatch between the history and the result of the primary diagnostic tools ap-
pears, the pathogenic role of a suspected culprit drug can be confirmed by provocation test.
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The detection of serum drug-specific IgE is relevant due to its safety and easiness, even though
its sensitivity is low [2]. Moreover, the result of the test, and particularly its specificity, is largely
affected by some additional factors such as serum total IgE levels [3].

Serum total IgE levels are not usually assessed since they are not considered useful in the
clinical diagnosis of allergy and thus the ratio between specific and total IgE is almost never
computed [4]. It has been reported that the percentage of allergen specific IgE is approximately
25% of total IgE, at least in respiratory allergy [5], and this proportion is usually much lower
for β-lactam allergy. In fact, serum total IgE antibodies result from the combination of specific
and non specific pools and variations in total IgE levels mainly reflect changes in specific IgE
amounts [6]. It is well known that in type I hypersensitivity reactions mast cells and basophils
activation is induced when a threshold number of allergen-specific IgE-charged FcεRI on their
surface is cross-linked and aggregated by allergens [7]. Thus we can speculate that elevated spe-
cific/total IgE ratio might reflect high level of allergen-specific IgE on the mast cells and baso-
phils surface and, thus, the increased probability of cell activation. In fact, we could
hypothesise that in presence of high ratio values between sIgE and total IgE, the probability to
have two next β-lactam-specific IgE on the basophil/mast cell surface membrane is higher, thus
leading to an easier cross-linking of the FcεRI with following cells activation.

This ratio has been already used in allergological literature to predict the response to aller-
gen-specific immunotherapy and to predict and prevent pediatric allergy [6,8]. However, no
data regarding its application in drug allergy are available. Our study is aimed to evaluate the
usefulness of serum β-lactam specific/total IgE ratio in improving the performance characteris-
tics of current serological allergen (hapten)-specific IgE antibody assay. We also conducted a
simulation study, based on missing imputation, to explore the potential for increasing diagnos-
tic accuracy if the detection threshold of β-lactam specific IgEs could be lowered, allowing to
investigate positive patients that cannot be currently identified.

Methods

Subjects
We enrolled a total of 171 β-lactams allergic patients (ADR+) who were referred to our attention
for a recent immediate ADR to β-lactams. The positive diagnosis of β-lactams allergy was con-
firmed by skin testing positivity. Evaluation of atopic phenotype was based on history, clinical
symptoms and positive skin prick test (SPT) for common allergens. Thirty-nine patients (39.2%)
were atopic as defined by at least one sensitization to inhalant allergens and by the presence of
related symptoms, and amoxicillin was the most frequent (88.5%) culprit drug. Most of them ex-
perienced urticaria (57.3%) or urticaria plus angioedema (7%). Anaphylaxis was recorded in 61
out of 171 patients (35.6%). A negative control group (ADR- patients) was also enrolled com-
prising 122 subjects (77 atopic and 45 non atopic) who reported tolerance to β-lactams adminis-
tration in the last year and displayed negative skin testing. Written informed consent was
obtained from all patients. This study exempted from institutional review board approval (Prot.
23.455-302/2009). Table 1 summarizes key characteristics of ADR+ and ADR- patients.

Skin testing
Skin testing was carried out as previously described with 0.02 ml of solutions [2]. The reagents
were penicilloyl-polylysine (PPL, 5x10-5 M, Diater Laboratories, Spain), minor determinant
mixture (MDM, 2x10-2 M, Diater Laboratories, Spain), amoxicillin (AMX, 20 mg/ml, GlaxoS-
mithKline, France) and ampicillin (AMP, 20 mg/ml, Pfizer, Italia). In both prick and intrader-
mal testing a minimum wheal area of 3 mm diameter or an increase of area>3 mm was
considered positive compared to a negative response to the saline control.
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Detection of serum specific and total IgE antibody
CAP System FEIA (Phadia, Uppsala, Sweden) based on ImmunoCAP technology has been
used for the detection of both β-lactam-specific and total serum IgE antibodies according to
the manufacturer’s instructions. All results were expressed in kU/l. Sera obtained from all pa-
tients were analyzed for IgE towards the hapten c1 (penicilloyl G), c2 (penicilloyl V), c5 (ampi-
cilloyl), c6 (amoxicilloyl). Serum samples were considered positive when one or more hapten
positivities occurred (detection limit of 0.10 kUA/l). Sera with a concentration of specific IgE
antibodies below the detection limit were assigned an arbitrary value of 0.0 kUA/l. The specif-
ic/total IgE ratio was calculated making the sum of the measurements of β-lactam-specific IgE
antibodies divided by total IgE.

Statistical analysis
Receiver Operator Characteristic (ROC) curve was used to plot sensitivity against 1—specificity
and compute the Area Under the Curve (AUC) using the percentile value method suggested by

Table 1. Clinical characteristics of analyzed patients.

ADR+ ADR-

Number (M/F) 171 (65/106) 122 (58–64)

Age (ys, range) 18–71 18–62

Allergic sensitization * (%) 67 (39.2) 77 (63.1)

Total serum IgE 554 ± 139 782 ± 127

Symptoms (%)

Anaphylaxis° 61 (35.6) -

Urticaria/Angioedema 12 (7) -

Urticaria 98 (57.3) -

Culprit drug (%)

Amoxicillin 147 (85.9) -

Ampicillin 13 (7.6) -

Benzylpenicillin 6 (3.5) -

Piperacillin 3 (1.8) -

Bacampycillin 2 (1.2) -

Positive skin test results (%)

Penicilloyl-polylysine 14 (8.2) -

Minor determinant mixture 36 (21) -

Benzylpenicillin 49 (28.6) -

Ampicillin 104 (60.8) -

Amoxicillin 125 (73) -

Positive specific IgE assay results (%)

Penicilloyl G 59 (34.5) -

Penicilloyl V 76 (44.4) -

Ampicilloyl 97 (56.7) -

Amoxicilloyl 68 (39.7) -

Time delay (days) 89.1 ± 10.1 -

* confirmed by a positive skin testing to inhalant and/or food allergens. Total serum IgE were detected as

described in Methods, values are reported as mean ± SE.

° patients who displayed a severe reaction affecting at least two organs with bronchospasm and/

or hypotension.

doi:10.1371/journal.pone.0121857.t001
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Janes and Pepe [9]. Sensitivity at 95% specificity was computed for the ratio as well as the con-
ventional diagnostic criteria. Likelihood ratios (LR) were compared using formulas suggested by
Hayen et al [10], and absolute differences in sensitivity or specificity were compared using nega-
tive binomial regression adjusting for within-patient correlation using Huber-White variance es-
timator. The Net Reclassification Improvement was used to calculate the difference in the
number of correctly classified patients using a new criterion as an addition to a conventional one
[11]. All calculations were done using Stata 13.0 software (StataCorp, College Station, Texas).

Simulation study
In the simulation study, we wished to expand our investigation of the performance of the spe-
cific/total IgE ratio index in a scenario in which the new CAP detection threshold is lowered
further. Specifically, we assumed that immeasurable specific IgEs could in fact be a mixture of
cases in whom specific IgEs were truly absent, as compared to others in whom they were simply
undetected since they were below CAP detection threshold. Therefore, we assessed the new di-
agnostic performance of CAP after imputing the specific IgE and total IgE joint distributions
for cases in which specific IgEs were immeasurable.

As a first step we used Spearman correlation to assess whether the sum of specific IgEs cor-
related with total IgEs, separately by reactive and non-reactive patients. We plotted the sum of
β-lactam vs. total IgEs, with both axes on a log scale, mainly because this transformation tends
to normalize such skewed distributions and, secondarily, enables to plot the ratio index values
as a straight line, given that the ratio of two variables equals a linear difference in their logs.

We performed multiple imputation using chained equations methods to impute missing,
i.e. immeasurable, levels of the sum of β-lactam IgEs [12]. We simulated 20 datasets of “mis-
sing”β-lactam IgEs based on total IgE value, both on the log scale. Because we wanted to ex-
trapolate the joint distribution of specific IgE sum and total IgEs to fill in missing values while
preserving the observed performance of the ratio index, missing imputation included a dichot-
omous variable coding for ratio index positive and negative patients, using the cut-off identi-
fied at 95% specificity, and was done separately for reactive and non-reactive patients. The
imputation was based on linear regression and thus tended to impute immeasurable values of
β-lactam IgE sum assuming a multivariate normal distribution of the imputed variable and
total IgEs, the latter fully observed. Using log IgE values, only positive values, although very
small ones, can be generated. This approximation of nil values to extremely low values was in-
tended and acceptable when the aim is to estimate the diagnostic ability of the ratio index, as
recalculated using imputed data.

Results

Diagnostic performance of specific/total IgE ratio criterion
We evaluated the distribution of specific/total IgE ratio values in patients with a confirmed his-
tory of immediate adverse reaction to β-lactams, compared to negative control subjects. As
shown in Fig 1, there is a substantial overlapping of the distribution of the values up to ratio of
0.002, whereas higher ratio values were observed in reactive subjects. A specific/total IgE ratio
value of 0.002 was found to be the cut-off at 95% specificity. We then analyzed sensitivity and
specificity of the increasing levels of specific/total IgE ratio to predict allergic reactions by using
ROC curves (Fig 2A). Using the ratio index in the observed dataset, the AUC was 0.68 (95%
CI: 0.62–0.74), which is a modest overall diagnostic performance taking into account that a
good performance is when a AUC is at least 0.80. However, the curve was markedly asymmet-
ric, showing a better performance at high specificity than at high sensitivity (Fig 2B). In fact,
the diagnostic performance at 95% specificity (ratio cut-off 0.002) was a sensitivity of 43.3%,
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and 190 out of 293 subjects (64.8) were correctly classified (true positive and true negative). As
seen in Fig 2A, specificity was almost maximized at specific/total IgE ratio�0.002. These values
are more useful for ruling in disease using positive LR (LR+:8.8, 95%CI: 4.0–19.6) rather than
excluding it using negative LR (LR-:0.60, 95%CI: 0.52–0.68). Seventy-four out of 80 subjects
with specific/total IgE ratio values of 0.002, or more, were allergic to β-lactams, yielding a posi-
tive predictive value of 92.5% in this sample. In order to assess the impact of each hapten on
ratio diagnostic performance, we excluded it from ratio computation and compared AUCs.
With reference to the ratio including all haptens (AUC: 0.68), excluding PenG and Amp did
not alter results (AUC: 0.67 in both cases, p = 0.472 and p = 0.487, respectively), whereas ex-
cluding PenV and AmoX minimally but significantly decreased accuracy (AUC: 0.66, p = 0.042
and AUC: 0.65, p = 0.019, respectively). Such modest differences do not suggest a differential
role of any hapten in ratio performance.

Fig 1. Smoothed distribution of the specific/total IgE ratio in reactive and non-reactive patients.

doi:10.1371/journal.pone.0121857.g001

Fig 2. Diagnostic accuracy of the specific/total IgE ratio for detecting reactive patients. Accuracy is
presented both as sensitivity and specificity plot at increasing ratio levels (2A: left) and as a ROC curve (2B:
right). The uncertainty of the specificity at 90% specificity is also shown as a vertical bar in the ROC curve.

doi:10.1371/journal.pone.0121857.g002
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Comparison of different diagnostic criteria
In clinical practice CAP for β-lactams is considered positive when specific IgE antibodies were
present for at least one hapten. It has been previously showed that the diagnostic accuracy of
CAP assay is greatly influenced by total serum IgE levels [3]. The diagnostic performance of a
CAP test for β-lactams (cut-off positivity>0.10 kUA/l for at least one hapten) is maximized
for patients with low to moderate total IgE levels (<200 kU/l) [3]. Table 2 summarizes the diag-
nostic performance, including diagnostic odd ratio (DOR), for different criteria of positivity.
The application of specific/total IgE ratio>0.002 is better than conventional positivity, since it
significantly improves the LR+ (P< .001). In fact, as reported in Table 2, the overall diagnostic
performance expressed by the DOR value is higher using the proposed specific/total IgE ratio
cut-off rather than the standard criterion.

At the specific/total IgE ratio cut-off associated with 95% specificity in this study (0.002),
a larger number of allergic subjects can be classified as positive (n = 74) compared to previ-
ous combined criteria of at least one hapten positivity in the presence of total IgE<200 kU/l
(n = 58); this is a modest, but statistically significant increase in sensitivity from 35% to 45%
(P< .001). The small difference in specificity (98% vs 96%), causes a large, but non statisti-
cally significant LR+ reduction, due to missing 2 vs. 6 reactive patients with the conventional
vs. the ratio criterion.

As reported above, in our case series we identified 80 subjects with specific/total IgE ratio
>0.002, of whom 74 (93%) resulted true positive. Twenty-one out of these 80 patients dis-
played high levels of total IgE (>200 kU/l). However, most of them (17/21; 81%) were really
ADR+, thus showing the capability of this new criterion to identify true reactive patients
even among subjects with high levels of total IgE. When specific/total IgE ratio >0.002 was
applied to reactive patients with at least one hapten positivity and low levels of total IgE
(<200 kU/l) (n = 58), we observed that all but one was correctly identified by the ratio criteri-
on (57/58, 98%).

Overall, there was a gain in the number of correctly classified patients using the ratio criteri-
on. The Net Reclassification Improvement achieved adding the ratio to the single apten positiv-
ity criterion was 20.6% (p = 0.003). That obtained adding the ratio to the combination of apten
positivity and total IgE<200 was 6.7% (p = 0.022). The Net Reclassification Improvement al-
lowed by the ratio index in patients with total IgE>200 kU/l was 22% over at least one hapten
positivity (p = 0.005)

Table 2. Diagnostic performance of different criteria.

Criteria of CAP positivity

1 positive hapten 1 positive hapten and total IgE<200* Specific/Total IgE ratio >0.0022

Sensitivity 0.66 (0.59–0.73) 0.34 (0.27–0.42) 0.43 (0.36–0.51)

Specificity 0.52 (0.42–0.61) 0.98 (0.94–1.0) 0.95 (0.90–0.98)

Positive predictive value 0.66 (0.58–0.73) 0.97 (0.89–1.0) 0.93 (0.84–0.97)

Negative predictive value 0.52 (0.43–0.61) 0.52 (0.45–0.58) 0.55 (0.48–0.61)

Positive likelihood ratio 1.4 (1.1–1.7) 20.7 (5.2–83) 8.8 (4–19.6)

Negative likelihood ratio 0.66 (0.50–0.86) 0.67 (0.60–0.75) 0.6 (0.52–0.68)

Diagnostic odds ratio 2.1 (1.3–3.3) 30.8 (8.1-NE) 14.7 (6.3–34.5)

*kU/l, NE: not estimable.

doi:10.1371/journal.pone.0121857.t002
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Simulating RAST performance under improved β-lactam IgE detection
threshold
Using observed data, a very strong correlation was observed between total and specific IgEs for
non-reactive patients (overall Spearman coefficient: 0.79, p<0.001) as compared to a modest
correlation in reactive patients (Spearman coefficient: 0.44, p = 0.062). This high correlation
among non-reactive observed patients can be appreciated in Figs 3 and 4, since the sum of spe-
cific IgEs tend to line just below the ratio index threshold oblique line corresponding to 0.002
cut-off, meaning that about 1/1000 total IgEs are consistently, but wrongly, measured as specif-
ic IgEs. Clearly, such a fraction is below current CAP detection threshold for total IgE values
below 0.1 kU/l.

Specifically Fig 3 presents the classification of all subjects using the ratio cut-off of 0.002 or
more (triangles) vs. below 0.002 (circles) together with the reactive status (reactive: solid black
symbols; non-reactive: hollow white symbols), In this figure, results are presented according to
the log of specific IgE sum (y-axes) vs. total IgE (x-axes), and their 0.002 ratio value is seen a
straight, oblique line as explained in the Methods. For convenience, specific IgE values below
0.1 kU/l, i.e. immeasurable are displayed at fixed values, since the log of zero cannot be taken.
It appears that all subjects above the ratio are reactive, but also that a substantial mixture of re-
active and non-reactive patients is found below a ratio 0.002. Nil or immeasurable β-lactam
IgE sum is almost only found below total IgE of 200 kU/l.

Fig 5 presents the improvement of the ROC curve after imputation compared to the observed
ratio index (Fig 2B). In fact the AUC improves from 0.68 (0.62–0.74) to 0.81 (95%CI: 0.76–0.86)
respectively. Similarly the sensitivity at 95% specificity from 0.44 (0.36–0.52) to 0.80 (0.67–0.92).
Differences in both AUC and sensitivity were significant at p<0.001 level. The bottom part of

Fig 3. Scatterplot of the sum of β-lactams vs. total IgEs. Both axes are on the log scale, enabling to plot
the ratio index values as a straight, oblique line, given that the ratio of two variables equals a linear difference
in their logs. Black filled symbols are reactive patients and empty symbols are non-reactive subjects.
Triangles are subjects with specific/total IgE ratio above 0.002 and circles are those below this level. Subjects
with non-measurable sum of β-lactam IgEs are plotted in two lines parallel to the x axis and below the
detection threshold of 0.10 kUA/l. It can be seen that the subjects above the ratio are nearly all reactive or true
positives (black triangles), while a substantial amount of false positives (black circles) is found below this ratio
threshold for subjects with total IgE above 200 kU/l.

doi:10.1371/journal.pone.0121857.g003
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Fig 5 shows ROC curves separately for patients below (left) and above (right) 200 kU/l. While
the performance for patients with lower IgE values was almost perfect, that for patient with
higher values was modest, with AUC of 0.95 (0.92–0.99) vs. 0.60 (0.47–0.68), respectively, which
is consistent with most specific IgE values being imputed at low total IgE levels.

Discussion
Our study shows that the ratio of the sum of β-lactam specific to total IgE is able to improve the
diagnostic performance of CAP assay in the identification of reactive patients. In particular, our
data suggest the clinical usefulness of the ratio at least in patients with serum total IgE>200 kU/l.

The elevated value of the specific/total IgE ratio observed in our β-lactams reactive patients
is in accordance with the biological background of the mast cells/basophils IgE-induced

Fig 4. Scatterplot of the sum of β-lactam vs. total IgEs for observed and imputed values.Observed
values (bottom row) and imputed values (upper row) as explained in the Methods. Observed and imputed
data for non-reactive patients (left column) tend to line just below the ratio index threshold oblique line
corresponding to 0.002 cut-off. See text for comments.

doi:10.1371/journal.pone.0121857.g004

Fig 5. ROC curves analysis.ROC curves (with vertical line presenting the 95% confidence interval of
sensitivity at 90% specificity) for imputed specific/total IgE ratio in the whole sample (left), as well as in
subjects with total IgE values below (center) or above (right) total IgE values of 200 kU/l.

doi:10.1371/journal.pone.0121857.g005
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activation. In fact, these effector cells are activated anytime a threshold number of hapten-spe-
cific IgE-charged FcεRI on them is cross-linked by hapten molecules [7]. The specific/total IgE
ratio is of great importance since it may reflect a high level of allergen (hapten)-specific IgE
(mast cells/basophils) which are the actors of type I hypersensitivity. An elevated specific/total
IgE ratio may be associated with a high probability that β-lactam specific IgE on the mast cells
are very close, whereas this is rare when the ratio is low. The density of FcεRI occupied by hap-
ten-specific IgE on the surface of mast cells and basophils are related to the proportion of hap-
ten-specific IgE and the concentration of total IgE. The sum of the IgE values that provides the
numerator for the ratio, probably overestimates the true fraction of specific IgE. However in
our study this bias is overcome by the application of the same criterion in both reactive and
non reactive patients.

Compared to inhalant and food allergens, β-lactam-specific IgE antibodies are generally
lower and the dilution effect of total IgE levels may have a major impact on effector cells re-
sponse. In β-lactam unreactive patients the low concentration of the pathogenic IgE antibodies
cannot reach the threshold level able to trigger mast cells. Considering these data, one may take
into account the total IgE and should interpret specific IgE levels differently in patients with
high or low total IgE levels.

The clinical significance of the ratio value is also suggested by the data showing the relation-
ship between the size of the disease-relevant IgE fraction and total IgE, and the efficacy of anti-
IgE (omalizumab) treatment [13]. This is also in agreement with a recent study showing that
the serum specifc/total IgE ratio significantly correlates with the clinical response to allergen
specific immunotherapy in pollen-reactive patients and in foods allergy [8,14]. The effect of
total IgE serum levels on the diagnostic performance of the CAP system in order to identify β-
lactam-reactive patients has been previously proposed [3]. We suggest that β-lactam specific/
total IgE ratio may be a further diagnostic index to study subjects with suspected β-lactam al-
lergy. In fact, an advantage of this index lies in the fact that it is a continuous measure and the
balance between sensitivity and specificity can be set. This is important since CAP performance
is better at high specificity rather than at high sensitivity, due to the highly variable values of
both CAP results and total IgE in reactive patients. This leads to a substantial overlapping of re-
active and nonreactive populations in the low range of values, specifically below the specific/
total IgE ratio of about 0.002,.

Our simulation study shows that the misclassification of the reactive status in patients with
immeasurable β-lactam IgEs, almost all of whom have total IgE values<200 kU/l, is a major
limitation of the accuracy of CAP testing. The very high correlation of β-lactam and total IgEs
in non-reactive patients suggests that the source for false negative findings is that CAP wrongly
measures a fraction of total IgEs as β-lactam IgEs. This fraction is consistently seen as less than
2/1000, our ratio cut-off, in Fig 5. Thus, it would be less than 0.1 kU/l for patients with total
IgE values<200 kU/l, making the index useless below this value. This is confirmed by our sim-
ulation study, which suggests potential for a great improvement of the ratio diagnostic perfor-
mance were the detection threshold lowered. Further improvement of CAP testing could be
only achieved if misclassification of β-lactam and total IgEs is avoided.

Our study aims primarily to compare different diagnostic expressions of CAP results to be
used in future research in this field, and to estimate the diagnostic accuracy of the new index—
the specific/total IgE ratio. However, some limitations to the interpretation of the data pre-
sented regarding the estimate of diagnostic accuracy, should be acknowledged. We used pa-
tients’ history of reaction combined to positive skin testing results as a reference, in order to
create well-defined groups of reactive and non reactive subjects. Thus, one can maximize CAP
diagnostic performance with the aim of exploring differences among diagnostic criteria. This
case-control design overestimates diagnostic accuracy of a test as compared to its use in a series
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of consecutive cases [15,16]. A weakness of the data is that we did not use challenge test results
as reference. However, we have to take into account that the provocation test with culprit drug
may be dangerous, particularly in patients with drug-induced anaphylaxis (35.6% of our cases).

In conclusion, the IgE-based criterion proposed here should be used in studies investigating
the diagnostic performance of CAP to detect β-lactams allergy. Future diagnostic accuracy
studies should recruit subjects as a consecutive series, avoiding the exclusion of cases with un-
certain β-lactams allergy status. In particular, the analysis of ratio in confounding cases, such
as patients with suggestive history but negative skin testing, should give additional information
on the applicability of our finding to real-life patients management. Large-scale multicenter
studies are advisable to obtain the necessary statistical power and ensure the generalization of
results. Finally, we suggest there would be great improvement in using the ratio criterion pro-
vided that technological development succeeds in lowering CAP detection threshold.
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