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and the skin is considered a signal organ for a large percentage of these reactions. In
order to assure clinical improvement of the patient, nondermatologists in primary or
intensive care settings attending to patients receiving several drugs are often
confronted with the need for an immediate decision which drug to stop and which drug
to continue. As reliable allergological tests are missing for most drugs and are not
available for immediate interventions, computer-aided diagnostic systems might be of
assistance.

Recent findings

This review highlights the evolution of automated diagnostic aides in dermatology,
emphasizes prerequisites for the development of appropriate computational algorithms
and discusses the specific requirements and chances for the development of computer-
aided diagnostic systems as a supportive approach in the diagnosis of culprit drugs for
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putative drug-induced hypersensitivity reactions.

Summary

As complex computational algorithms have to be created integrating both image and
data analysis, the development of a computer-aided system for supporting

nondermatologists in the diagnosis of drug-related hypersensitivity reactions is an
ambitious task but might represent an achievable goal for the medium-term future.
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Introduction

The identification of the causal relationship between
certain drugs and suspected hypersensitivity reactions
is often vital and the key to clinical improvement of
the patient. The skin is the signal organ for most drug-
induced hypersensitivity reactions and due to its appar-
ent accessibility, thus, often a signpost for this diagnosis.
Approximately 30% of drug-induced reactions are
cutaneous and occur in 2-3% of hospitalized patients
[1-5]. However, the large number of drugs, the multi-
tude of possible clinical symptoms, and the variety of
different underlying mechanisms frequently complicate
the initiation of correct diagnostic procedures and thera-
peutic decisions. Especially in ICUs where patients
mostly receive a considerable number of drugs, the
decision which drug to stop and which to continue might
be vitally important. This decision might even be com-
plicated by the fact that skin diseases are a common
finding in ICUs [6] and other differential diagnosis apart
from drug-induced hypersensitivity reactions must be
considered. Also, in primary care settings in which gen-
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eral practitioners are confronted with chronically ill
patients taking several drugs, not only the diagnosis
of a drug-induced hypersensitivity reaction but also
the identification of the causative medication might be
difficult.

In these situations, in which the physician has to decide
immediately which drug to stop and which to continue in
order to assure clinical improvement of the patient,
computer-aided diagnosis (CAD) systems could be a
logical alternative especially if a dermatologist is not
available instantaneously. However, given the wide spec-
trum of polymorphous skin eruptions in cutaneous drug-
induced hypersensitivity reactions, do automated diag-
nostic aides in fact represent a realistic future goal?

Algorithms and automated diagnostic aides
in dermatology

A good example of how diagnostic tools can evolve is
demonstrated by the evolution of melanoma diagnosis:
before the 1980s, macroscopic features of peculiar
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pigmented lesions were clinically identified in a non-
standardized way, and melanomas were, thus, often
only recognized when they were large and ulcerated
[7]. Later, the assymetry, border irregularity, color,
diameter mnemonic and other clinical algorithms like
the ‘ugly duckling’ sign have added to a significant
increase in diagnostic accuracy over time [8—10]. In
the 1990s, dermoscopy usually facilitating a 10-fold
magnification of the skin then enabled the recognition
of new subsurface features. Here, also several clinical
algorithms have been developed and successfully applied
like the assymetry, border, colors, and dermatoscopic
structure (ABCD) rule of dermoscopy [11], the Menzies
method [12], the seven-point checklist [13], or the color,
architecture, symmetry, homogeneity algorithm [14].
Nowadays, clinical melanoma differential diagnosis
incorporates the combination of ‘macro’ signs, that is a
whole body screen by the naked eye as well as a dermo-
scopic whole body screen identifying dermoscopic
patterns with ‘micro’ signs, that is an individual lesion
assessment by the naked eye as well as a dermoscopic
individual lesion assessment.

During the past decade, some of these noncomputational
clinical algorithms have been translated into compu-
tational algorithms and integrated into CAD systems.
These new computer-based technologies have finally
significantly optimized the selection of skin lesions for
biopsy and pathology review [7]. A meta-analysis in 2009
reviewing manual dermoscopy and computer-assisted
dermoscopy systems demonstrated that the pooled speci-
ficity for manual dermoscopy was still better than for
CAD systems but that the pooled sensitivity for the
artificial intelligence systems was slightly higher than
for manual dermoscopy [15]. Artificial intelligence
systems will most probably further significantly improve
and some experts believe that they might soon exceed
the assessment of a trained dermatologist. However, the
presence of an expert dermatologist is nowadays still
considered necessary for a final confirmation of the diag-
nosis and the discussion of treatment options with the
patient [16].

Naturally, there was not only an evolution from a non-
standardized clinical assessment of pigmented lesions to
a professional use of CAD systems but also an evolution
of the artificial intelligence systems themselves over
time, which nicely demonstrates which aspects have to
be recognized in the process of developing CAD systems:
a most logical approach towards developing a CAD
system for differentiating benign and malignant melano-
cytic lesions is to mimick human evaluation by reprodu-
cing clinical algorithms like the ABCD rule of dermo-
scopy [17]. However, for each part of the rule, that is
asymmetry, border, and so on or any other feature in
question, a different algorithm has to be developed.

e A mandatory prerequisite for the development of
computer-aided diagnosis (CAD) systems support-
ing the diagnosis of drug-induced cutaneous hyper-
sensitivity reactions is the standardized collection of
the biggest variety of skin rashes, in which the
causative agent has already been identified.

e 'The separation and clear definition of distinct sub-
groups in the wide confusing spectrum of nonlife-
threatening exanthematous skin reactions will
facilitate diagnostic procedures.

e CAD systems for diagnostic support require
standardization of image acquisition, translation of
clinical decisional algorithms into computational
algorithms as well as integration and combination
of drug and host-related clinical data.

e A novel European initiative is now concentrating on
the highly ambitious goal of realizing a CAD system
for the diagnosis of drug-induced skin reactions in
the medium-term future.

Nonetheless, by detecting, quantifying and grading
patterns and their relationship to each other, algorithms
only covering one single aspect of clinical mnemonics can
already by itself be a helpful diagnostic aide. Compu-
tational algorithms used for CAD systems in melanoma
diagnosis include, for example, image segmentation
algorithms for differentiating or partitioning objects from
background or other objects [18,19], color characteristics
algorithms for quantifying variation and distribution of
colors [20], and border detection algorithms for revealing
asymmetry, border irregularity and abrupt border cut-off
[21]. Still, each of these single clinician-related algor-
ithms might alone have significant shortcomings. Inter-
estingly, in 2009, one group suggested the analysis of
lacunarity, that is a measure of heterogeneity or gaps in
multitextured structures of an object [22,23], as part of an
artificial neural network in dermoscopy [24]. This feature
was identified by computer scientists as additional data
beyond which the naked eye can see and might point out
functional characteristics of future systems.

Noteworthy, the algorithms applied for image analysis are
not necessarily dependent on the quality of the images
taken [25] and commercially available digital cameras can
be used [26]. However, a correct implementation of
computational algorithms is only possible if a minimum
of standardization procedures is warranted. Standardiz-
ation for efficient image analysis first of all has to consider
exposure settings like the use of a ring flash for consistent
lighting. In order to optimize the image calibration pro-
cedure, so-called MacBeth color checker charts (X-Rite,
Regensdorf, Switzerland) are now more frequently
included in the image close to the region of interest
during exposure. It contains a number of color squares
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with known colorimetric properties [26]. Thereby, the
digital image can be normalized, that is converted into
relative colors in order to accommodate any variations
caused by lighting, photographic or digitization processes
and variations in healthy skin color between individuals

[27].

Computer-aided diagnostic systems for the differential
diagnosis of benign melanocytic nevi versus malignant
melanoma, in summary, have significantly improved over
time and nowadays already represent a helpful diagnostic
tool for the clinician. However, the diagnosis of
cutaneous drug-induced hypersensitivity reactions not
only relies on visual information about the skin lesion
but also significantly depends on several data, for
example regarding the time frame of drug intake, the
application route or concomitant diseases.

Diagnosis of drug-induced skin reactions
Cutaneous drug-induced hypersensitivity reactions are a
source of confusion even among dermatologists. Conclus-
ive diagnostic tests are often not available leading to a
lack of clarity about how to describe, classify and
approach them [28°]. Common patterns of this wide
variety of polymorphous drug-induced hypersensitivity
reactions include, for instance, the classical maculo-pap-
ular eruptions (MPEs), fixed drug eruptions (FDEs), and
urticarial reactions. The differential diagnosis of these
reactions often includes para-infectious exanthematous
rashes and a clear diagnosis might even be more com-
plicated, if drugs are taken to treat the infection.
Although newer studies utilizing large databases have
already identified high-risk culprit drugs for some of
these clinical entities [29], a clear definition of high or
low-risk drugs for drug-induced exanthematous rashes
is mostly lacking. Only for very few drug-induced
skin reactions, for example bleomycin-induced flagellate
dermatitis [30] or epidermal growth factor receptor
(EGFR)-related acneiform dermatitis [31] the culprit
drug can basically be identified by looking at the clinical
picture. The remaining spectrum of nonlife-threatening
cutaneous drug-induced reactions, however, remains con-
fusing because there is still a great variety of cutaneous
drug-induced eruptions which are not yet clearly defined
neither clinically nor with regard to high or low-risk
causative agents. These include, for example psoriasi-
form, pustular, lichenoid, erythema multiforme-like, and
urticaria-like eruptions. From these typically nonlife-
threatening reactions, drug rashes with ecosinophilia
and systemic symptoms (DRESS)/drug-induced hyper-
sensitivity syndromes (DIHS) have to be differentiated
[32,33]. However, a clear diagnosis of DRESS is also
often complicated by the fact that the associated rashes
show wide variations including maculopapular, lichenoid
and erythema multiforme-like eruptions.
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In order to intensify an efficient search for causative drugs
in the large spectrum of drug-induced exanthematous
rashes, we believe that there is a need for separating and
clearly defining distinct subgroups. This ‘splitter’ versus
‘merger’ attitude which was originally described for
severe cutancous adverse reactions (SCAR) [34] is
believed to better allow the development of diagnostic
criteria and, thus, significantly facilitate the identification
of culprit drugs. For instance, the clear differentiation of
SCARs as distinct clinical entities which were originally
considered similar with regard to their putative drug-
related cause revealed that only Stevens—Johnsons syn-
drome (S]S) and toxic epidermal necrolysis ('EN) but
not erythema multiforme majus (EMM) had an elevated
probability of being drug-induced and high-risk drugs
could be clearly identified [35-37].

The accurate diagnosis of a drug-induced hypersensiti-
vity reaction and the identification of the causative
drug, however, still relies on the correct allergological
approach. For that purpose, a detailed history with careful
evaluation of the temporal relationship between drug
intake and appearance of skin lesion, as well as a thorough
physical examination, is fundamental [38]. Unfortu-
nately, there are no universally reliable tests for proving
a suspected drug allergy. However, in case of positive
reactions, tests can provide important information. For
immediate reactions prick tests, intradermal tests, and
serum-specific [gE assays are used and in some cases,
basophil activation tests may prove useful. Patch tests
and delayed-reading intradermal tests are used for non-
immediate reactions and lymphocyte transformation tests
may prove useful as an additional tool in selected cases. If
the allergological test results are negative, not available or
not validated, drug provocation tests with the suspected
drug in question are necessary and still represent the
‘gold standard’ for both immediate and nonimmediate
reactions [2,39,40,41°]. A fairly new development is the
identification of genetic markers for distinct drug-
induced entities. For instance, a strong association of
allopurinol or carbamazepine-induced SJS and TEN with
the genetic markers HLA-Bx1502 and HLLA-B*5801 was
demonstrated in distinct ethnicities [42,43,44°]. An
association between HLLA-Bx5701 and abacavir hyper-
sensitivity has now even been used for the widespread
implementation of genetic screening procedures before
abacavir prescription [44°,45,46].

Taken together, the diagnosis of cutaneous drug-induced
hypersensitivity reactions is a challenging task for clin-
icians even with the help of supporting allergological
tests, which can only be applied after the hypersensitivity
reaction has already healed. An ideal CAD system for
cutancous drug-induced hypersensitivity reactions, how-
ever, would be able to suggest a diagnosis without the
need for allergological tests because its purpose would be
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to suggest which drug to stop and which drug to continue
as an immediate intervention measure at the time the
hypersensitivity reaction occurs.

Computer-aided diagnosis systems for
drug-induced skin reactions?

Similar to the development of artificial intelligence
systems for melanoma diagnosis, the logical approach
for developing a CAD system for cutaneous drug-induced
hypersensitivity reactions is to mimic human evaluation
by reproducing clinical algorithms.

Such clinical decision algorithms for the clarification if
adverse reactions in general might be drug-related or not
were already developed in the early 1980s [47,48]. For
instance, the so-called Naranjo algorithm, already pub-
lished in 1981 [49], uses 10 simple yes/no questions to
categorize adverse drug reactions in definite, probable,
possible and doubtful. For SCARs, a clinical algorithm
termed algorithm of drug causality for epidermal necro-
lyis (ALDEN) was recently developed to grade the
probability of a drug being the causative agent for a
severe cutaneous hypersensitivity reaction [50°°]. Studies
have shown that the use of these algorithms does improve
the inter-rater and intra-rater agreement significantly
[47]. However, most clinical algorithms include the
effects of re-challenge in the measurement of their
semi-quantitative scores. Thus, if drug provocation tests
are not applied which is often the case in clinical practice,
the causality score can often not be graded more than
‘possible’. Nonetheless, a translation of these clinical
decisional algorithms into computational algorithms for
CAD systems might prove useful.

Although the standardization of image acquisition is
certainly a similar prerequisite to that described for
CAD systems in melanoma detection, the translation
of clinical decisional algorithms into computational algor-
ithms for the development of CAD systems for cutancous
drug-induced hypersensitivity reactions is only a first step
of many. In contrast to CAD systems for melanoma
recognition which for the most part rely on the analysis
of one single image, CAD systems for drug-induced
hypersensitivity reactions have to combine information
from overview and close-up pictures. Furthermore, a
great amount of data regarding drug-related factors like
route of administration and the exact time frame of drug
intake, host-related factors like sex, age, concomitant
diseases and infection, lab and allergological results,
and in the future possibly even genetic information have
to be integrated into the development process [51°].
Fusion algorithms for the integration of information from
multiple data sources have already been developed [52]
but would have to be adapted to the specific situation of
drug-induced hypersensitivity reactions.

A prerequisite for the development of such a CAD system
is, therefore, the standardized collection of the biggest
possible variety of cutaneous drug-induced hypersensi-
tivity reactions. These reactions should preferably be
confirmed by appropriate allergological provocation tests
as a gold standard. As the development of CAD systems
aims at an application as immediate intervention measure
at the time the hypersensitivity reaction occurs, the
artificial intelligence systems would be able to ‘learn’
from such classical cases in large multinational databases.
For the standardized collection of drug hypersensitivity
reactions in general, the ENDA-DAHD (European Net-
work for Drug Allergy-Drug Allergy and Hypersensitivity
Database, [53]) and as a standardized registry for SCARs
the RegiSCAR project (http://regiscar.uni-freiburg.de)
were already created. However, a project focusing on
the standardized collection of nonlife-threatening
cutancous drug-induced hypersensitivity reactions,
which are the most frequent adverse events, was until
recently still lacking. A new European initiative, the
European network for cutanecous adverse reactions of
drugs (ENCAD) concentrating on nonlife-threatening
cutancous drug-induced hypersensitivity reactions, is
specifically designed to ensure a detailed dermatological
description of skin lesions and assesses drug and host-
related key factors.

An increasing challenge with large databases providing
a huge amount of data, however, is the widening gap
between data collection and data comprehension.
Relevant information patterns have to be extracted from
the wealth of data and have to be correlated to and
connected with the information extracted by image
analysis. For drug safety surveillance purposes, for
instance, data mining, that is computational signal detec-
tion algorithms have already been successfully applied to
detect unexpected adverse reactions in general which
may have escaped manual reviews [54]. Also, so-called
rule mining techniques for the identification of predictive
if-then-rules have already proven their value in practice
[55]. However, these algorithms were developed for a
general postmarketing analysis of drugs and are not
necessarily applicable to the analysis of cutaneous hyper-
sensitivity reactions in the above-mentioned settings.

Conclusion

The unprecedented evolution of computational diagnos-
tic aides which has taken place over the years for the
differential diagnosis between benign melanocytic
lesions and melanoma is a good example of how much
potential the development of CAD systems might hold.
Yet, the development of a CAD system for supporting
nondermatologists in the diagnosis of drug-related hyper-
sensitivity reactions and the identification of the respec-
tive culprit drug is an ambitious task because not only
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image information but also the analysis of a wide array of
clinical data has to be processed and integrated. How-
ever, a novel project namely the ENCAD initiative
already explicitly pursues this goal. Therefore, the devel-
opment of CAD systems aimed at the diagnostic support
of cutancous drug-related hypersensitivity reactions
might represent an achievable goal in the medium-
term future.
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