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a b s t r a c t

Background: Invasive fungal diseases (IFDs) are associated with considerable health and economic costs.
Surveillance of the more diagnostically challenging invasive fungal diseases, specifically of the sino-pul-
monary system, is not feasible for many hospitals because case finding is a costly and labour intensive
exercise. We developed text classifiers for detecting such IFDs from free-text radiology (CT) reports, using
machine-learning techniques.
Method: We obtained free-text reports of CT scans performed over a specific hospitalisation period
(2003–2011), for 264 IFD and 289 control patients from three tertiary hospitals. We analysed IFD evi-
dence at patient, report, and sentence levels. Three infectious disease experts annotated the reports of
73 IFD-positive patients for language suggestive of IFD at sentence level, and graded the sentences as
to whether they suggested or excluded the presence of IFD. Reliable agreement between annotators
was obtained and this was used as training data for our classifiers. We tested a variety of Machine Learn-
ing (ML), rule based, and hybrid systems, with feature types including bags of words, bags of phrases, and
bags of concepts, as well as report-level structured features. Evaluation was carried out over a robust
framework with separate Development and Held-Out datasets.
Results: The best systems (using Support Vector Machines) achieved very high recall at report- and
patient-levels over unseen data: 95% and 100% respectively. Precision at report-level over held-out data
was 71%; however, most of the associated false-positive reports (53%) belonged to patients who had a
previous positive report appropriately flagged by the classifier, reducing negative impact in practice.
Conclusions: Our machine learning application holds the potential for developing systematic IFD surveil-
lance systems for hospital populations.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Invasive fungal diseases (IFDs) are associated with considerable
health [27,38] and economic costs [2,32]. Among the immunocom-
promised host population, patients with haematological malignan-
cies and haematopoeitic stem cell transplant recipients (HSCTs)

carry the greatest burden of IFDs [27,38]. The incidence of IFDs is
highly variable, ranging from 8% to 48% in patients with acute mye-
loid leukaemia and HSCT patients [27,35]. IFDs of the sino-pulmon-
ary system, of which invasive aspergillosis (IA) is most common,
now comprise the majority of IFDs [38,27]—focus in this paper is
exclusively on this class of diagnostically challenging IFDs, includ-
ing invasive aspergillosis. The short-term mortality of invasive pul-
monary aspergillosis remains unacceptably high at 34–43% in more
recent reports among HSCT recipients and patients with a variety
of haematological malignancies [37,35,42]. Given the high health
and economic burden of IFDs, several authorities and professional
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societies advocate that surveillance of IFDs should be the standard
of care [22,45,53].

Surveillance is a necessary step towards defining the burden of
IFDs, informing and evaluating choice of preventative strategies,
tracking epidemiological data in response to changing therapeutic
advances, host or environmental factors [39], and recognising spo-
radic but catastrophic healthcare related outbreaks [26]. At pres-
ent, surveillance of IFDs is not routinely performed in most
hospitals for a variety of reasons, including cost and the absence
of an easily identifiable laboratory prompt (such as a positive blood
culture) for mould diseases. Laboratory-based surveillance for IFDs
is not suitable because isolation of infection-causing moulds occurs
in less than 50% of cases [15] and/or patients may be too unwell to
undergo invasive diagnostic procedures. Further, non-culture
based tests are not widely available in hospitals, or may be associ-
ated with a delayed turn-around. Clinical review is challenging,
requiring multiple data sources (radiology, clinical, laboratory)
and multi-disciplinary teams, followed by the application of com-
plicated definitions [13,27,36]. Thus, traditional methods of sur-
veillance using either clinical review, laboratory-based methods,
or less commonly administrative data are costly, labour intensive,
error prone, and subject to incomplete case findings [9,27].

The optimal screening method for IFD surveillance is undefined
but the choice of screening method is critically important to min-
imise effort while maximising case capture. Computed tomogra-
phy (CT) is appealing as a screening method for IFD surveillance.
CT is a key diagnostic test for IFDs stipulated in internationally
recognised guidelines [13], and lung involvement is present in
the overwhelming majority (90–100%) of patients with IFDs
[27,38,36]. CT is a non-invasive test uniformly performed when
IFD is suspected and it is widely available in hospitals with results
reported within hours rather than days. Although the radiologic
features of IFDs are not specific for IFD [29], CT remains a valuable
diagnostic adjunct [13].

In this paper, we address the challenge of surveillance of
sino-pulmonary IFDs using the technique of directly processing
free-text radiology reports, specifically CT scans, as a means of
screening patients for features supportive of IFD. Text Mining tech-
niques over scans have been previously proposed to support detec-
tion and surveillance, including for infectious diseases and their
symptoms (e.g., fever) [11,46,17,41,34,25,30], but not previously
to the challenge of detecting IFDs. The approach has the potential
to identify patients with suspected IFDs in real-time, delivering
to hospitals a feasible, sustainable and cost-effective solution to
the task of IFD surveillance with minimal interruption to routine
clinical workflow.

The described approach is a novel methodological contribution
to the task of identifying cases of a specific condition from CT scan
reports. Text classifiers were developed for CT scan reports at the
sentence, individual report, and patient level. Classification at the
report level enables the potential for real-time detection and mon-
itoring of incidence of IFDs, while patient-level classification
enables a surveillance and reporting mechanism for IFD. Sen-
tence-level classification is shown to facilitate improved classifica-
tion performance at the report- and patient-levels, and has the
added benefit of indicating ‘‘supporting evidence’’ for a posi-
tively-classified report. The collection of scan reports used was
drawn from three major Melbourne hospitals. A subset of these
reports was manually annotated by infectious disease physicians
with domain expertise in the area of IFDs. Manual annotation
was performed at the sentence level, where the physicians arbi-
trated over several categories according to pre-specified annota-
tion guidelines, of which presence or absence of language
supportive of the presence of an IFD was most discriminatory. Note
that we use a light annotation scheme, requiring much less anno-
tation effort than is generally required for machine-learning

approaches to biomedical text mining tasks (which may require
annotation of phrases and relationships between entities). More-
over, we ensured that the machine-learning classifiers have no
hand-coded intervention: i.e., they were constructed in a fully
automated fashion. This makes the techniques more transferable
to other problem tasks, and means even better performance could
potentially be achieved on deployment in specific contexts, via
hand-crafted tuning.

Our ultimate aim is to develop an automated system that can be
trained to detect a new condition by having an expert in that con-
dition analyse and annotate data directly. In particular, other than
data-annotation, the models require no human input during
training.

2. Related work

As noted by Demner-Fushman et al. [14], radiology reports are a
rich source of knowledge and were used in early applications of
still-influential clinical NLP systems (e.g., [24,20]). The types of
reports examined have varied (e.g., X-ray, CT), and tasks have ran-
ged from specific classification tasks to more general named entity
recognition (e.g., [52]), coding, and information extraction (e.g.,
[18,19]), across a broad range of tasks. Applications have included
disease/infection detection and surveillance from radiology
reports, with pneumonia being the disease of greatest focus. A
number of authors have demonstrated favourable performance of
more sophisticated NLP techniques for identifying/classifying radi-
ology reports for specific purposes, in comparison to simpler tech-
niques. For example, Solti et al. [40] demonstrated the efficacy of
machine-learning (ML) NLP over keyword search for identifying
X-ray reports of cases of acute lung injury; Womack et al. [51]
showed that the NegEx system [10] compares favourably to key-
word search for identifying cases of acute fracture. Table 1 summa-
rises the main works discussed in this section.

Work associated with LDS Hospital from Salt Lake City (Utah,
US) has resulted in a series of systems for coding concepts and per-
forming disease and infection surveillance, particularly the identi-
fication of pneumonia cases from X-ray reports. Haug et al. [24]
used Augmented Transition Networks (ATNs) for syntactic-level
processing of X-ray reports and a Bayesian Network model for
semantic-level representation and constraining the interpretation
of concept terms. The system was evaluated on the task of identi-
fying (three) pneumonia-related concepts and inferring the pres-
ence (or absence) of acute bacterial pneumonia from X-ray
reports, and was found to perform to a level comparable to physi-
cians: 0.95/0.78/0.85 recall/precision/specificity respectively for
the system vs. 0.94/0.87/0.91 for the team of three physicians
employing majority vote.

More recently, Tinoco et al. [43] compared the effectiveness of a
more general version of LDS Hospital’s computerised surveillance
system (CSS) against manual methods (i.e., chart review) on the
tasks of detecting reportable adverse drug effects (ADE) and hospi-
tal-acquired infections (HAIs). They found that the automated sys-
tem detected substantially more HAIs than did manual review
(92% vs. 34%) while the two methods did not differ substantially
on detecting ADEs, demonstrating the value of automated surveil-
lance techniques for HAIs in general. One significant source of HAIs
missed by the CSS was information in physician’s narratives—58%
of the HAIs missed by the CSS were explicitly described in the nar-
ratives: i.e., adding text mining capabilities would have improved
performance of HAI-detection up to approximately 97%.

The general clinical NLP system MEDLEE has been used for a
number of tasks involving processing radiology reports, including
in early work by its authors [20]. Of specific relevance to our con-
text, Mendonça et al. [31] described the application of MEDLEE to
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