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Abstract
Objective—Early detection of acute lung injury (ALI) is essential for timely implementation of
evidence-based therapies and enrollment into clinical trials. We aimed to determine the accuracy of
computerized syndrome surveillance for detection of ALI in hospitalized patients and compare it
with routine clinical assessment.

Design—Using a near-real time copy of the electronic medical records we developed and validated
a custom ALI electronic alert (ALI “sniffer”) based on the European-American Consensus
Conference Definition and compared its performance against provider derived documentation.

Patients and setting—Consecutive 3795 critically ill patients admitted to 9 multidisciplinary
intensive care units (ICUs) of a tertiary care teaching institution.

Measurements and main results—ALI developed in 325 patients and was recognized by
bedside clinicians in only 86 (26.5%). Under-recognition of ALI was associated with not
implementing protective mechanical ventilation (median tidal volumes of 9.2 vs 8.0 mL/kg predicted
body weight, p<0.001). ALI “sniffer” demonstrated excellent sensitivity, 96% (95% CI 94 to 98) and
moderate specificity, 89% (95% CI 88 to 90) with a positive predictive value ranging from 24% (95%
CI 13 to 40) in the heart-lung transplant ICU to 64% (95% CI 55 to 71) in the medical ICU.

Conclusions—Computerized surveillance system accurately identifies critically ill patients who
develop ALI syndrome. Since the lack of ALI recognition is a barrier to the timely implementation
of best practices and enrollment into research studies, computerized syndrome surveillance could be
a useful tool to enhance patient safety and clinical research.
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Introduction
Acute lung injury (ALI) and its more severe form acute respiratory distress syndrome (ARDS)
represent a major health problem with an estimated prevalence of 7% of intensive care unit
(ICU) admissions [1,2] for which the appropriate treatment is commonly instituted too late or
not at all [3,4]. Timely recognition of ALI syndrome is an important determinant of outcome
of critical illness and is essential for appropriate enrollment into research studies. However,
recognizing specific patterns of ICU syndromes is difficult [3]. This is particularly true in
elderly patients with multiple comorbidities in whom the incidence of ALI is particularly high
[2].

Under-recognition of ALI is an important barrier to a timely institution of specific treatment
(i.e. low tidal volume mechanical ventilation) [4,5]. We have recently reported that in our
medical ICU 70% of patients with ALI in whom appropriate treatment was not instituted were
in fact not recognized or documented to have ALI by bedside providers [6]. Standard ICU
monitoring and alarm systems are grossly inadequate, have a poor specificity and lack the
ability to recognize complex physiologic syndromes [7,8], because this would require
integration of monitored variables such as vital signs with specific laboratory and radiological
findings. Computerized syndrome surveillance has been used in public health practice and
emergency departments to detect adverse events for the last decade, but have only recently
been applied in the ICU setting. A previous study suggested that electronic screening may be
a useful mechanism for enrolling patients with ALI into a prospective research study [9].
However, the tool, which relied entirely on laboratory criteria (not taking into consideration
radiology reports) had a very poor specificity [9]. Electronic review of narrative radiology
reports has been comparable to a physician reviews in a prior study [10] and may improve the
performance of the electronic surveillance tool. During a pilot study in the medical ICU, we
have recently demonstrated the feasibility of electronic ALI screening using a tool which
combines a near real time query of the chest x-ray reading with arterial blood gas values (“ALI
sniffer”) [11]. The objective of the present work was to determine the accuracy of the ALI
sniffer in detecting ALI throughout nine ICUs in two hospitals of a tertiary care institution.

Methods
The study was conducted at the Mayo Clinic in Rochester, Minnesota, a tertiary care teaching
institution with 2 hospitals comprising of 1900 inpatient beds and 201 ICU beds. We evaluated
a ALI sniffer (see below) during 4 months (July – November 2006) in a prospective cohort of
consecutive patients admitted to 9 ICUs including Cardiac Surgery, Medical Cardiac ICU
(CCU), Medical, Mixed, Neurology, Pediatric and Neonatal, Thoracic and Vascular, Heart-
Lung Transplant and Trauma/General Surgery. The characteristics of ICUs have been
previously described [12]. Readmissions, patients younger than 6 months of age and those who
denied research authorization were excluded. The Institutional Review Board approved the
study protocol and waived the need for informed consent.

Description of the ALI Sniffer
The Mayo Epidemiology and Translational Research in Intensive Care (METRIC) database
(METRIC Datamart) was used in this project. This SQL-based integrative database
accumulated data within one hour from its entry into the electronic medical records and served
as the main data source for the rules of development providing the linked demographic,
monitoring, laboratory, intervention, and outcome data required for this study [13]. Data access
was accomplished through open database connectivity (ODBC) connections to a relational
database using Microsoft SQL Server. ALI sniffer was triggered when both criteria listed below
were met within a single 24-hour period:
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1. Qualifying arterial blood gas analysis: the ratio of partial pressure of oxygen over
inspired oxygen concentration (PaO2/FIO2) <300 and

2. Qualifying chest radiograph report: free text Boolean query containing trigger words:
(“bilateral” AND “infiltrate”) OR “edema”.

In our institution, the radiologist is available 24 hours a day and the reports of portable chest
radiographs of ICU patients are available in the electronic form average two hours after the
chest x-ray is obtained.

Patients were monitored by the system during the entire ICU stay. The log file with the output
of ALI sniffer was fed back to the SQL server. Daily e-mail messages alerted study
investigators about potential ALI cases. Two intensivist researchers (MY and HK) blinded to
clinicians' diagnoses reviewed the electronic medical records within 48 hours of the alert) and
assigned the diagnosis of ALI according to the American-European Consensus Conference
criteria (AECC) [14]. Patients who were not triggered by ALI sniffer were reviewed after the
ICU discharge. Patients who did not have a chest x-ray or arterial blood gas analysis, or in
whom ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen (PaO2/
FiO2) was >300 during the entire ICU stay were determined not to be ALI without further
review.

MY and HK reviewed a structured ALI tutorial [15] prior to study onset and independently
reviewed digital portable chest x-ray images. The presence or absence of left atrial hypertension
as the principal explanation for pulmonary edema was determined by integrated clinical
evaluation based on the combination of echocardiographic findings, brain natriuretic peptide
levels, venous filling pressures and the response to therapy (response to diuretics and positive
pressure ventilation favors hydrostatic edema). This process yielded moderate inter-observer
reliability (kappa of 0.6-0.7) in previous studies [17-19].

Clinical recognition of ALI by bedside providers was determined by the use of the terms “Acute
Lung Injury”, “Acute Respiratory Distress Syndrome”, “ALI” or “ARDS” in the clinical notes
at any time during ICU stay as well as discharge summary.

To determine if the recognition of ALI by the bedside providers influences the adherence to
protective mechanical ventilation we compared the average tidal volume and the percentage
of patients ventilated with potentially injurious settings between patients whose providers did
or did not document the presence of ALI syndrome. Serial tidal volume readings were averaged
for each patient from the time of ALI onset to the beginning of weaning (spontaneous breathing
trial or pressure support ventilation mode) and summarized as median. Tidal volume of >8 mL/
kg predicted body weight (PBW) was considered potentially injurious [16].

Sensitivity and specificity of the ALI sniffer and routine clinical assessment were determined
against the gold standard consensus conference definition applied by the MY and HK (see
above). Continuous variables were summarized as median and interquartile ranges (IQR).
Exact binomial confidence intervals were calculated for predictive values and sensitivity and
specificity. Mc'Nemar's test was used to compare sensitivity between clinical assessment of
ALI and ALI sniffer results. JMP statistical software (version 6.0, SAS, Cary, NC) was used
for all data analyses.

Results
Among 3795 patients who met inclusion criteria (Figure 1), expert reviewers identified 325
cases of ALI (incidence 8.6%). During the same period the ALI sniffer sent 680 alerts. It
demonstrated sensitivity, 96% (95% CI 94 to 98) and specificity, 89% (95% CI 88 to 90).
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The most important reasons of false positive alerts were cardiogenic pulmonary edema (n=152,
41%), atelectases (n=90, 25%), soft tissue shadows (n=15, 4%) and reduced lung volumes
(n=15, 4%).

ALI sniffer missed 12 patients with ALI: In the six patients FIO2 was missing on the arterial
blood gas (inspired oxygen concentration was presented as O2 flow, liters per minute instead
of percentages) since the patients did not receive mechanical ventilation. In four cases the
radiologist used the term “consolidation” or “opacities” instead of “infiltrate” or “edema” and
“both lungs” instead “bilateral”. Another two cases occurred during the brief period of ALI
sniffer outage.

Table 2 provides the performance characteristics of ALI sniffer and a routine clinical
assessment. Among 3795 patients who met inclusion criteria, clinicians identified 86 cases of
ALI, missed 239 and over diagnosed 17. The sensitivity of ALI detection by routine clinical
assessment was 26.5 % (95% CI 21.8 - 31.6) and specificity was 99.5 % (95% CI 99.2 - 99.7).
The majority of ALI cases were not recognized or documented as such by bedside clinicians.

Under-recognition of ALI was associated with not implementing protective mechanical
ventilation. The majority (70%) of patients who were not recognized as ALI by the providers
were exposed to potentially injurious mechanical ventilation (Vt >8 mL/kg PBW) compared
to 48% of those who were recognized (p=0.001). Tidal volumes over the course of mechanical
ventilation were higher in patients in whom ALI was not recognized (median 9.2 vs 8.0 mL/
kg PBW, p<0.001).

Table 3 outlines the performance of ALI sniffer in different ICUs. Positive predictive value
(PPV) of the ALI sniffer ranged from 24% (95% CI 13% - 40%) in the heart-lung transplant
ICU to 64% (95% CI 55% - 71%) in the medical ICU. Negative predictive value (NPV) was
ranging from 98% (95% CI 97% - 99%) in Mixed medical-surgical ICU to 100% in Cardiac
Surgery, Neuro, Pediatrics, Thoracic/Vascular surgery and Heart/Lung Transplant ICUs

Discussion
The main findings of our study are the following: 1) Electronic ALI sniffer based on arterial
blood gas values and free text radiologist interpretation of portable chest x-rays was feasible
and had high sensitivity and moderate specificity in detecting ALI. 2) Under-recognition is
associated with inappropriate therapy: higher tidal volume ventilation. 3) The presence of ALI
syndrome is commonly unrecognized by the clinicians.

Our findings support previous reports that ARDS appears under-recognized by clinicians even
in patients who die with this syndrome [3]. ICU physicians are exposed to information overload
from different sources including clinical notes and reports, flowcharts, bedside monitors, and
laboratory results. Over 50 years ago, Miller had shown that even experienced clinicians could
not consistently integrate more then seven variables for information processing [17]. More
recent observation even consider smaller capacity limit from three to five information chunks
[18].

Previous reports suggest that under-recognition of ALI is an important barrier to a timely
institution of specific treatment (i.e. low tidal volume mechanical ventilation) [4]. We have
previously reported that in our medical ICU, 70% of patients with ALI in whom appropriate
treatment was not instituted were in fact not recognized to have ALI [19].

Widespread introduction of electronic medical records may allow for the development of
electronic surveillance tools (sniffers) that would enhance physicians' and researchers' ability
to recognize important critical care syndromes in a timely manner. In this study, we have
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demonstrated feasibility of a near real time ALI sniffer based on arterial blood gas values and
free text radiologist interpretation of portable chest x-rays. Automated surveillance for adverse
events in hospitalized patients was first demonstrated by Evans et al. [20] and proved to be
superior in detection of adverse drug events (at a rate 3.6 times that of voluntary reporting at
the university hospital and 12.3 times that at the community hospital [21]). Bedside monitoring
is a significant part of critical care workflow, but most current monitoring approaches are of
dubious clinical value. Schoenberg et al. found that most of the alarms generated by bedside
monitors are clinically insignificant and only detract the bedside providers [22]. The study by
Tsien and Fackler has shown that 86% of alarms triggered in an ICU are false, another 6% true
but clinically irrelevant and only 8% are of true clinically importance [23]. Compared to routine
ICU alarms, limited to abnormal values of single physiologic parameters, “smart alarms” that
combine multiple data sources such as ALI sniffer should have a much higher specificity in
detecting clinically relevant conditions.

Our findings suggest that the ALI sniffer can become a useful tool for enrollment of patients
in clinical studies, as well as decision support at the bedside. A study by Finlay et al. [9], using
a laboratory based computer screening system for detection of transfusion-related acute lung
injury (TRALI), provides additional support for the value of computerized ALI detection
systems.

The specificity and positive predictive value of ALI sniffer were mainly limited by radiologic
mimickers of ALI (cardiogenic pulmonary edema and atelectasis) and varied according to
different ICUs, being the lowest in cardiac transplant, cardiac surgery and coronary care unit
(Table 3). Natural language processing that can detect more complex word structures,
synonyms and semantic relatedness, and can make context sensitive spelling corrections, could
improve the performance characteristics of electronic alerts for ALI. Also one of the possible
ways to improve detection of ALI is to have structured radiology report with clear consideration
about ALI. In addition, computerized screening systems that incorporate echocardiography
reports and data from hemodynamic monitoring can further enhance the performance of
electronic alerts for ALI.

Our study was performed in a single tertiary center potentially limiting the generalizability of
results. We assumed that portable chest x-ray is done quickly in all patients with acute
respiratory failure secondary to ALI. An important limitation of automatic screening tools that
rely on radiologist interpretation are the timing of x-ray reading and inherent subjectivity in
the interpretation. Radiologists in our institution interpreted portable chest x-rays in a timely
manner with remarkable consistency in the terminology to describe pulmonary edema (almost
uniformly using the words “edema” or “bilateral” + “infiltrates”).

Expert assessment of ALI is additional limitation of our approach. Although inter-rater
reliability was not measured in this study (cases were not reviewed in duplicate), we have
successfully used this approach in several previous studies on ALI epidemiology with good
interobserver variability between the experts.

Finally, while this study suggests that an electronic alert may satisfactorily detect patients with
ALI, there is no evidence that alerting clinicians that their patient may have ALI means the
clinicians will treat them as such or change their behavior.

In conclusion, we have shown that the automatic ALI sniffer accurately identifies patients who
develop ALI in critically ill patients. From a research perspective, such a tool can be used for
timely identification of patients with ALI eligible for enrollment into clinical trials. It remains
to be seen if the implementation of this tool at the bedside will improve the adherence to
evidence-based treatments and overall outcome of patients with ALI. Success of such a tool
would prompt the development of sophisticated electronic screening tools to allow for timely
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identification of other major critical care syndromes such as shock, severe sepsis or acute renal
failure.
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Fig. 1.
Outline of study. Flow diagram of patients, ALI sniffer, and Routine Clinical Assessment. * -
AECC - American-European Consensus Conference criteria
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Table 2
Performance Characteristic of ALI sniffer and the routine clinical assessment

Routine clinical assessment (clinical notes and discharge summaries) ALI sniffer

Sensitivity (95% CI) 26.5 % (21.8 - 31.6) 96.3% (93.6 -98.1)

Specificity (95% CI) 99.5 % (99.2 - 99.7) 89.4 % (88.4 - 90.4)

Positive predictive value (95% CI) 83.5 % (74.9 - 90.1) 46.0 % (42.2 - 49.9)

Negative predictive value (95% CI) 93.5 % (92.7 - 94.3) 99.6 % (99.3 - 99.8)

Likelihood ratio + (95% CI) 54.0 (32.5 - 89.7) 9.1 (8.3 - 10.1)

Likelihood ratio - (95% CI) 0.7 (0.7 to 0.8) 0.04 (0.02 - 0.07)
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