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Effective management of allergic diseases relies on the
ability to miake an accurate diagnosis. Although clini-
cians rely on experience obtained over many years of
practice, such experience is anecdotal and unique to the
individual using it. The result is a tendency for palients
with similar clinical presentations to receive different
diagnoses and treatment, depending on which provider
they happened to see. The probability that a patient has
a particular diagnosis can be determined using a combi-
nation of diagnostic tests. To make the best use of tests,
it is important to understand their performance charac-
teristics in terms of reproducibility and likelihood ratios.
A test that is reproducible but that does not predict the
presence of a disease is not helpful, nor is an accurate
test that is not reproducible. 16 improve the reproduc-
ibility of diagnostic tests, it is important that proficiency
testing be instituted for both skin and in vitro tests so
that the coefficient of variance can be determined. This
has already been done for the latter and needs to be
done for skin tests as well. With use of a combination of
history and appropriate diagnostic tests, the probability
that a particular diagnosis is present can be increased
or decreased sufficiently either to confirm it or to rule
it out. As proficiency testing of allergy tests becomes
more common and the use of tests becomes more con-
sistent, we believe that patients with allergic diseases
will benefit

Introduction

Effective management of allergic diseases relies on
the ability to make an accurate diagnosis. Although
clinicians frequently rely on experience obtained over
many years of practice to recognize combinations of
signs and symptoms to make a diagnosis, each body of
experience necessarily is anecdotal and unique to the
individual using it. The result is a tendency for patients
with similar clinical presentations to receive different

diagnoses and treatment depending on which provider
they happened to see.

Evidence-based medicine (EBM) is the integration of
best research evidence with clinical expertise and patient
values [1]. EBM techniques can help clinicians use the best
evidence in the medical literature to make medical deci-
sions. Although a great deal of information is available
in the medical literature, the trick is to pull it all together
so that rational decisions can be made about diagnosis
and treatment. To make a diagnosis, most experienced
clinicians use knowledge gained from that experience to
reduce the number of likely diagnoses and to select the
most probable one. This process involves the use of pat-
tern recognition, diagnostic tests, and feedback from the
treatment results.

Although the process of making a diagnosis may seem
intuitive to the experienced clinician, intuition alone may
lead to erroneous conclusions that result in less than opti-
mal outcomes. The learning process used to develop this
experience may become corrupted by a variety of factors,
leading to inefficient use of diagnostic tests or, at worst,
incorrect interpretation of test results, the wrong diagnosis,
and an ineffective or even harmful treatment. Evidence-
based medicine procedures can reduce the impact of
nonscientific influences on this decision-making process.

Probability of Disease

A diagnostic test is a procedure that gives a rapid, con-
venient, and/or inexpensive indication of the probability
that a patient has a certain disease. Ideally, a diagnos-
tic test should be reproducible and validated against a
benchmark or gold standard [2-7]. This benchmark is a
measurement that usually is slower, less convenient, more
invasive, or more expensive than the diagnostic test, but
that also gives a definitive indication of disease status.
The gold standard might involve invasive procedures such
as a biopsy or it could mean waiting for years until the
disease state becomes obvious. To validate a diagnostic
test, patients need to be classified as having the disease or
not using the gold standard. The frequency with which the
diagnostic test agrees or disagrees with the gold standard
can then be used to determine how well the test predicts
the presence of disease. In addition to comparison to a
gold standard, a diagnostic test needs to be reproducible
from one testing session to another. This can be deter-
mined by measuring the variability of the test over time
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Table 1. Common formulas used to describe the
performance characteristics of diagnostic tests

Coeflicient of variance: CV = (stdev / mean) x 100.
Sensitivity: Sn = TP /(1P + EN)
Specificity: Sp = INZLIN + EP)
Positive predictive value: PPV = TP/ (TP + EP)
Nesative predictive value: NPV = TN (TN + FN)
Likelihood ratio (positive test):

LR+ = sensitivity/ [1-specificity)
Likelihood ratio (negative test):

LR— = (1-—sensitivity)/ specificity
Posttest odds = Pretest odds x Likelihood ratio
Odds = (probability)/i1—probability)

FN- false negative: [P false positive; stdev-standard deviation;
TN true nesative: 1P true positive,

and at different locations. Before any test is used for clini-
cal purposes, internal standards should be incorporated,
and the performance of each tester should be measured
repeatedly to ensure consistency.

The probability that is necessary to make a diagno-
sis of a disease such as allergic rhinitis triggered by an
immunoglobulin (Ig)E-mediated sensitivity to a specific
allergen, for example, depends on the purpose for which
the diagnosis will be used. If the purpose is to make a
diagnosis leading to treatment, a positive IgE test in the
context of relevant clinical symptoms is sufficient. In this
case, measurement of personal exposure to each allergen
along with measured challenges is unnecessary. The pres-
ence of symptoms along with evidence for the presence of
specific IgE suffices.

If the evidence is to be used for more involved pur-
poses such as intensive environmental remediation or
for litigation as in a case of alleged health effects from
mold exposure in an environment, a stronger degree
of evidence may be necessary, including evidence that
the suspected allergen is present in the patient’s envi-
ronment. In this case, it is important that relevant
hypotheses be developed and tested, because more is
at stake than merely the amelioration of symptoms.
Because the evidence being collected is basically a study
with an N of 1, rigorous clinical trial procedures are not
practical. Because the disputed environment is often not
controlled and may change over time, blinding usually
is not practical.

If the evidence will be used to develop generalizable
research results, the highest degree of evidence is required,
including objective measures of symptoms and physiologic
responses to exposure along with controlled exposure
to the allergen and randomization with blinding. For
research purposes, the strength of evidence needs to be
high if the results are to be generalizable. This requires
enrollment of sufficient subjects with objective evidence
of the disease based on a gold standard.

Measures of Test Performance

The diagnostic utility of a test in an individual patient is
influenced by 1) the probability that the disease is pres-
ent in the individual prior to the test (pretest probability),
and 2) the characteristics of the test itself (reproducibil-
ity, sensitivity, specificity, likelihood ratio}. The pretest
probability is usually the prevalence of the disease in the
population from which the patient comes. For allergic
rhinitis, this will differ depending on whether the patient
comes from the general population or from an allergy
practice, where the prevalence of allergy is higher due
to self selection. Because the purpose of performing a
diagnostic test is to change the pretest odds of disease to
posttest odds, once the likelihood that the patient has the
disease reaches a certain threshold (called the treatment
threshold), testing can stop, and treatment can be initiated
[8]. Methods for determining this treatment threshold for
allergic rhinitis have been discussed previously [9¢].

A test that is both sensitive and specific is not helpful if
its results are highly variable and, therefore, nonreproduc-
ible. The coefficient of variance (CV) is the degree to which
a set of data points varies (Table 1). When the coefficient
of variance is calculated for 3 to 5 test replicates, it can be
used to assess the precision of the technique, which is the
measure of how close repeated trials, or replicates, are to
one another. In assessment of precision, the larger the CV,
the greater the variability in the data, and, conversely, the
lower the CV, the better the precision between replicates.
The CV is typically displayed as a percentage. The formula
for CV is: CV = (stdev / mean) x 100. The Clinical and
Laboratory Standards Institute Guidelines recommend
that daily quality controls be performed for IgE antibody
assays and that intra-assay and inter-assay coefficients of
variations should not exceed 10% and 15%, respectively.
Laboratories that perform these assays are encouraged to
participate in an interlaboratory external proficiency test-
ing program that is three cycles per year, five or six sera
per cycle, in which they measure total IgE, multi-allergen
screen, and specific IgE to five allergens in each cycle [10].
It scems reasonable to expect a similar degree of precision
from other tests of IgE, such as percutaneous and intra-
cutancous allergy tests, for them to be useful. Recently,
a protocol for proficiency testing of allergy skin tests was
proposed, although such testing is not in common practice
at this time [119].

The sensitivity and specificity of a test provide infor-
mation about its ability to identify a known condition.
The sensitivity of a test is the probability that a test is
positive in a group of patients who have the disease. If TP
is the number of true positive results, and FN is the num-
ber of false-negative results, the formula for sensitivity is
Sn = TP / (TP + FN). The specificity of a test is the prob-
ability that a test is negative among patients who do not
have the disease. The formula for specificity is Sp = TN /
(TN + FP). The positive predictive value (PPV) of a test is
the probability that a patient with a positive test has the
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disease. This formula is PPV = TP / (TP + FP). Notice that
the denominator for PPV is the number of patients who
test positive, making PPV dependent on the prevalence
of the disease in the population. The negative predictive
value (NPV) of a test is the probability that patients with
negative test results do not have the disease. This formula
is NPV = TN /(TN + FN).

The likelihood ratio (LR) incorporates both the sensi-
tivity and the specificity of the test and provides a direct
estimate of how much a test result will change the odds of
having a disease. The likelihood ratio for a positive result
(LR+) tells how much the odds of the disease increase
when a test is positive. The likelihood ratio for a nega-
tive result (LR-) tells how much the odds of the disease
decrease when a test is negative. To determine the prob-
ability of disease after a test is done, one needs to know
the pretest odds, which incorporate information about
prevalence of the disease, characteristics of the patient
pool, and specific information about a particular patient.
One then multiplies the pretest odds by the likelihood
ratio to get the posttest odds. A further discussion of this
can be found in an article by Portnoy et al. [9¢].

The LR, therefore, is the ratio of the odds that the
patient whose test results fall within a particular range has
the disease divided by the odds that they do not, which
indicates how much the odds change after a test is done.
The formula can most conveniently be expressed as: LR
= sensitivity/ (1-specificity) as applies to a positive test. To
be useful, an LR needs to be determined for each diag-
nostic test used. Unfortunately, this is not available for
most allergy tests. When the LR is known, a “pretest”
probability (based for example on the medical history) is
estimated, and simple calculations or a nomogram can be
used to determine the posttest probability that a person
has the disorder. LRs need to be determined for when a
test is positive or when it is negative. If a test result can
have more than two categories, LRs need to be determined
for each category. In general, an LR >5.0 or < 0.2 generates
a moderate-to-large shift in disease probability, whereas
LRs between 0.5 and 1 generate very small and often clini-
cally insignificant changes in disease probability [12].

Diagnostic Tests

Medical history

For all intents and purposes, a medical history is a diag-
nostic test [13,14¢]. For diagnosing allergic disorders its
limitations are that it tends to be subjective and usually
is not adequate by itself for identifying specific allergic
sensitivities or mechanisms of reaction [15]. Assessments
of symptom scores or physiologic responses during direct
allergen challenge tests or after monitored natural expo-
sure to inhalant allergens are appropriate ways to validate
the history, although few such studies have been done. One
thing that the history can do is to rule out clinically rel-
evant sensitivities, because a patient who lacks symptoms

Table 2. Likelihood ratios for various diagnostic tests

LR+ LR-
Hislory
Does pollen cause symptoms? 252 0.49
Does mold cause symptoms? 209 0.73
Do dust or mites cause symptoms? 3.34 0.39
Do you have hay fever? 48 0.58
Family history of allergies? 341 0.7
Are symptoms seasonal? 1.59 0.59
{tchy, watery eyes? 249 0.51
Are vou allergic? 312 0.33
Nasal symptoms (sneezing, runny nose)? . 1.33 0.65
Percutaneous (prick) test
Cat 4.93 0.08
Tree 16.17 0.09
Grass 3.23 0.04
Mold .75 0.05
Mite 4.06 0.03
Intracutaneodus test
Cat 245 0.28
Grass 1.05 0.98
Mold (Alternaria) 8.8 0.05
In vitro test
Cat 9.58 0.14
Tree — 0.18
Girass 3.13 0.09
Mold 15 0.2
Mite 6.33 0.84

{(Adapted from Gendo and Larson [35ee] )

on exposure to an allergen is by definition not allergic to
that agent. A positive history is less useful in making a
diagnosis and is best used for determining which tests to
perform subsequently. Table 2 shows likelihood ratios for
sclected allergy history questions.

Tests for specific immunoglobulin E

Percutaneous skin tests

Allergy skin tests have been used to confirm the pres-
ence of specific IgE since the early part of last century.
The advantages of skin tests are that they are quick and
relatively inexpensive to perform, and they test for sen-
sitivity using the actual agent of interest. When properly
performed, skin tests are a safe and efficient way to
diagnose clinical allergy [16].

Although allergy skin tests are both sensitive and
specific, they also are highly variable [16-18]. The results
of skin tests in a person may differ from one tester to
another and tend to vary depending on the time of day



458 Pediatric Allergy and Immunology

and season of year, location of the test on the patient’s
body, device used, extract source, and concentration [19].
Antihistamines can suppress reactions as can exposure to
ultraviolet light [20-23]. Unfortunately, a great deal of
tradition surrounds the procedures for performing and
interpreting skin tests [24]. For example, techniques may
differ depending on where the clinician was trained and
who did the training, with some sites performing prick
testing only, others performing intracutaneous tests only,
and still others performing both. The number of tests may
vary from less than 10 to over 200, and results may be
read as mm wheal/mm erythema or as categories from 0
to 4 plus [11e]. Even the interpretation of the significance
of such findings as pseudopods (small extensions of the
wheal) is dependent on the legacy of the clinician’s train-
ing because there is no evidence that validates the use of
this finding for diagnostic purposes.

One way to improve the reliability of skin testing is
for proficiency testing to be routinely done at each site as
per the procedure that was proposed by Oppenheimer and
Nelson [11¢]. The need for such consistency was demon-
strated in one study in which four experienced nurses were
asked to perform percutaneous tests for grass, dust mite,
dog, and mugwort along with histamine and saline on the
same individuals, with a target CV of 25% or less. The
actual CVs were 55.9% for saline, 16.6% for histamine,
42.8% for grass, 24.7% for mugwort, 43.3% for dog, and
26.5% for dust mite [25]. In contrast, in vitro tests are
required to have lower CVs each time they are performed.

Most allergists measure skin test results in terms of
wheal and erythema sizes, or results are expressed cat-
egorically as 0 to 4 plus. Because treatment does not differ
depending on the degree of reaction, skin tests usually are
treated as qualitative (yes, no). Even so, there is evidence
that increasing skin test size correlates directly with increas-
ing IgE antibody concentrations and therefore with the risk
of clinical reactions. In one report, an effort was made to
determine the specificity of the allergen wheal diameter to
correctly identify children who react on formal open food
challenge. The authors performed skin prick testing to cow
milk, egg white, and peanut extracts followed by open food
challenges on 467 children with suspected food allergy.
Fifty-five percent of challenges were positive, 37% nega-
tive, and 8% inconclusive. For each food, it was possible to
identify a skin wheal diameter at, and above, which nega-
tive reactions did not occur: cow milk, 8 mm; egg, 7 mm;
peanut, § mm. In contrast, positive reactions could occur
with a skin wheal diameter of 0 mm [26]. Therefore, if one
were to use skin test sizes rather than just labeling them cat-
egorically as positive or negative with a threshold at mean
wheal size of 3 mm, there would be variation in sensitivity
and specificity with each incremental change in size.

Even when variables related to extract content and
potency and testing methodology are eliminated, inter-
pretation of skin tests remains extremely variable. In
one study, a series of 22 percutancous test results were

digitally photographed along with controls, and a ques-
tionnaire regarding their interpretation was sent to 70
allergists to assess whether they would be interpreted as
positive, negative, or intermediate, and whether an intra-
cutaneous test was desired. The investigators received 33
interpretable responses: 24 relied on a categoric scale (0
to 4 plus); two measured the results in mm wheal/mm
erythema; and 7 provided only an interpretation with
no grading. The greatest agreement among responders
occurred when the median score was 0 or 4 plus while the
least agreement occurred with intermediate scores of 1 to
2+. In addition, between 0 and 11 intracutaneous tests
were requested. The authors concluded that there was
significant variability in scoring and interpretation of skin
tests, reinforcing the need to report skin test reactions by
measuring and recording reaction size in mm [27].

Intracutaneous tests
Intracutaneous tests are the subject of much controversy
[28], particularly with respect to whether such testing
should be done after a negative percutaneous test. To study
this, Nelson et al. [29] performed percutanecous tests with
timothy extract and, in negative patients, followed this with
an intracutancous test. Actual sensitivities were determined
using nasal challenges with timothy extract. The authors
concluded that the presence of a positive intracutancous
test following a negative percutaneous test did not corre-
spond to clinically significant sensitivity to timothy grass.
In another study, 120 patients with asthma, with or
without a history of cat allergy, were challenged with a
characterized cat challenge model. In addition, a clinical
history, percutancous, intracutancous and cat-specific
IgE (ImmunoCAP System, Phadia, Uppsala, Sweden)
were obtained [7]. Positive cat challenges were observed
in 92.7% of patients with positive cat challenge (LR+ =
8.44) and 25.6% with negative percutancous tests (LR-
= 0.23). Of the patients with negative percutaneous tests
and positive intracutancous tests, 23.1% had a positive cat
challenge (LR+ = 0.87), whereas of those with a negative
intracutaneous test, 30.8% had a positive cat challenge
(LR- = 1.29). This means that patients with a negative
prick test and positive intracutaneous test were actually
less likely to have cat allergy than those with a negative
intracutaneous test, although the difference is not clini-
cally significant. In this same study, positive cat challenges
were found in 100% of patients with an elevated cat-spe-
cific IgE (LR+ = undefined) and 25% of patients without
cat-specific IgE (LR— = 0.13). The conclusion from these
studies is that intracutaneous tests performed in patients
with negative percutaneous tests add little to the diagnos-
tic efficiency of skin tests. In the latter study, in vitro tests
performed as well or better than the percutaneous test.

In vitro tests
The use of in vitro tests has garnered almost as much
controversy in the allergy field as has the role of intracu-
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Table 3. Allergy likelihood ratios for six foods*

18E > 0.35 kU/L Ego Milk Peanut Soy Wheat Fish
LR+ 1.78 143 1.56 1.25 1.2 2.69
LR 0.04 — 0.08 0.24 0.2 0.09
Prick > 3 mm

LR+ 2.09 196 - 1.43 1.84 —

LR 0.04 0.08 3.45 0.51 0.2 175

*Commonly used cutoffs for positive and negative test results of 3 mm for percutaneous tests and 0.35 for ImmunoCAP (Phadia, Uppsala,

Sweden) specific sk measurements are shown.

Ist—immunoglobulin E LR—likelihood ratio. (Adapted from Sampson and Ho [33])

taneous tests. The general belief in the allergy community
is that skin testing is preferred to in vitro tests because
it is less expensive, readily available (at least in an
allergist’s office), quicker, and challenges patients with
the agent for which they would receive immunotherapy
if that treatment is indicated [30]. Numerous studies
have been performed documenting that skin tests have a
greater sensitivity than in vitro tests, particularly if intra-
cutancous tests are considered. This ignores the question
of whether a positive intracutaneous test has any clinical
meaning. Unfortunately, the gold standard used in these
studies tends to be the skin tests themselves. It follows
that if one compares one test with another and uses
as the gold standard the test that one desires to prove
superior, it is unlikely that the other will compare favor-
ably [14e]. One could speculate about the real motives
of investigators who perform these studies, but a better
approach is to evaluate the performance characteristics
of the various tests and use that evidence to draw con-
clusions about which is better.

In vitro tests lend themselves to internal standard-
ization with controls and therefore tend to be more
consistent than skin tests [31]. This is partly because
they generally are performed in laboratories that are
required to conform to Clinical Laboratory Improvement
Amendments (CLIA) standards, including quality moni-
toring. Although the allergy literature frequently states
that skin testing is preferred for diagnosing allergy, there
is little evidence to support this assertion based on the
performance characteristics of the tests [32]. Part of the
problem is that in vitro tests such as the InmunoCAP are
standardized against serum with specific IgE to allergens
that are not necessarily the allergen being tested. As a
result, the mere presence of detectable specific IgE does
not necessarily correspond to a high probability of clini-
cal allergy to that allergen. This was best illustrated in a
study by Sampson and Ho [33] (Table 3) in which likeli-
hood ratios were determined for percutaneous wheal >
3 mm or specific IgE > 0.35 KU/L for 6 foods with oral
challenges as the gold standard. When these thresholds
were used, the LRs did not differ significantly from 1,
and, therefore, the tests were not helpful.

To improve the utility of the in vitro test, a retro-
spective study of children and adolescents with atopic
dermatitis and food allergy was performed comparing
the results of ImmunoCAP to those of skin prick tests
and double-blind placebo-controlled food challenge
(DBPCFC). Food-specific IgE concentrations were
established that could predict clinical reactivity to egg,
milk, peanut, and fish with greater than 95% certainty.
Food-specific IgE values from 100 sera were compared
with history and the results of skin prick tests and food
challenges. Cutoffs for 95% probability of a positive
oral change were determined for egg (7 kU/L), milk (15
kU/L), peanut (14 kU/L) and fish (20 kU/L) [34]. This
illustrates the problem with the “class” system that cur-
rently is used with the ImmunoCAP system, because
these values are greater than class I and differ with the
food being tested. Although similar information is not
available for aeroallergens, it is likely that each allergen
will have its own unique threshold that optimizes the
utility of the diagnostic test.

Other Issues
One significant problem with the way that tests for specific
IgE are performed is that they tend to be used in standard
panels that vary little depending on the history [11¢]. This
can lead to numerous irrelevant test results that may lead
the clinician to recommend treatment that is not neces-
sary. If standard panels are going to be used, it is hard to
understand why a clinical history is needed at all.
Another area of significant controversy in the allergy
community revolves around the optimal number of tests
to perform. From an evidence-based perspective, one
should perform the number of tests that are necessary to
answer the question being asked. If one wishes to define
a season when medications should be used, identifica-
tion of tree or grass pollen allergy without the necessity
to define a specific genus would be sufficient, because it
is unlikely that knowledge of specific pollen sensitivities
would improve treatment. On the other hand, if specific
immunotherapy is being planned, identification of specific
sensitivities would be necessary.
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Conclusions

To effectively manage allergic diseases, it is necessary to
make an accurate diagnosis. By using a combination of
history and appropriate diagnostic tests, the probability
that a particular diagnosis is present can be increased or
decreased sufficiently either to confirm it or to rule it out.
Although today’s tests are both reliable and accurate, it
is important that the performance characteristics of each
test be understood so that they can be used most effec-
tively. Hopefully, as proficiency testing of allergy tests
becomes more common and the use of tests becomes more
consistent, patients with allergic diseases will benefit.
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Although likelihood ratios are hard to find for diagnostic tests

of allergy, Gendo and Larson were able to review the medical litera-

ture and calculate them for a variety of tests. This is a must-read

for anyone who wishes to understand how likelihood ratios can be

determined in practice.



