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Electronic health record surveillance algorithms facilitate the
detection of transfusion-related pulmonary complications

Leanne Clifford, Amandeep Singh, Gregory A. Wilson, Pearl Toy, Ognjen Gajic, Michael
Malinchoc, Vitaly Herasevich, Jyotishman Pathak, and Daryl J. Kor

Mayo Clinic, Rochester, Minnesota; and the University of California at San Francisco, San
Francisco, California

Abstract

BACKGROUND—Transfusion-related acute lung injury (TRALI) and transfusion-associated
circulatory overload (TACO) are leading causes of transfusion-related mortality. Notably, poor
syndrome recognition and underreporting likely result in an underestimate of their true attributable
burden. We aimed to develop accurate electronic health record—based screening algorithms for
improved detection of TRALI/transfused acute lung injury (ALI) and TACO.

STUDY DESIGN AND METHODS—This was a retrospective observational study. The study
cohort, identified from a previous National Institutes of Health—sponsored prospective
investigation, included 223 transfused patients with TRALLI, transfused ALI, TACO, or
complication-free controls. Optimal case detection algorithms were identified using classification
and regression tree (CART) analyses. Algorithm performance was evaluated with sensitivities,
specificities, likelihood ratios, and overall misclassification rates.

RESULTS—For TRALI/transfused ALI detection, CART analysis achieved a sensitivity and
specificity of 83.9% (95% confidence interval [Cl], 74.4%-90.4%) and 89.7% (95% CI, 80.3%—
95.2%), respectively. For TACO, the sensitivity and specificity were 86.5% (95% Cl, 73.6%—
94.0%) and 92.3% (95% CI, 83.4%-96.8%), respectively. Reduced PaO,/FiO; ratios and the
acquisition of posttransfusion chest radiographs were the primary determinants of case versus
control status for both syndromes. Of true-positive cases identified using the screening algorithms
(TRALI/transfused ALI, n = 78; TACO, n = 45), only 11 (14.1%) and five (11.1%) were reported
to the blood bank by physicians, respectively.

CONCLUSIONS—Electronic screening algorithms have shown good sensitivity and specificity
for identifying patients with TRALI/transfused ALI and TACO at our institution. This supports the
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notion that active electronic surveillance may improve case identification, thereby providing a
more accurate understanding of TRALI/transfused ALI and TACO epidemiology.

Blood product transfusions have long been recognized as an important risk factor for acute
lung injury (ALI), with transfusion-related acute lung injury (TRALI) consistently
accounting for the greatest number of transfusion-related fatalities in the developed world.1-2
More recently, a second transfusion-related respiratory complication termed transfusion-
associated circulatory overload (TACO) has surpassed hemolytic transfusions reactions to
become the second most common cause of transfusion-associated death.2 In 2010, TRALI
accounted for 45% of all fatalities reported to the Food and Drug Administration (FDA).
Meanwhile, in the same fiscal year, TACO accounted for 20% of reported fatalities, a figure
that increased sharply between 2008 and 2009.2

Importantly, standardized definitions for TRALI and TACO have only recently been
endorsed (Table 1).34 These definitions also outline a third group termed “possible TRALI”
or “transfused ALI"® for those patients whom meet the TRALI criteria in the presence of an
alternate ALI risk factor. Moreover, current reporting systems for transfusion-related
complications rely almost exclusively on bedside clinician’s case recognition skills and
passive reporting mechanisms. In light of these issues, it is likely that current epidemiologic
descriptions of TRALI and TACO are incomplete and biased toward recognition of only the
most severe cases. Indeed, recent reports from Kopko and colleagues® and Narick and
colleagues’ validate these concerns for TRALI and TACO, respectively. As a result of these
limitations, an accurate picture of TRALI and TACO epidemiology is lacking and the true
attributable burden of these transfusion-related pulmonary complications remains unclear.
Additionally, the delay or potential absence of case recognition may also negatively impact
the outcome of transfusion recipients.8-

The implementation of electronic health records (EHRS) into the clinical environment
affords an opportunity for highly efficient and scalable data extraction techniques. Moreover,
the availability of these novel data extraction strategies may permit active surveillance of
clinical diagnoses and syndromes of interest in a scalable manner. In light of the significance
of TRALI and TACO in terms of transfusion recipient outcomes, as well as the recent
availability of highly innovative electronic data capture strategies, we aimed to develop
sensitive and specific automated electronic phenotypic screening algorithms to identify the
transfusion-related pulmonary complications TRALLI, transfused ALI, and TACO.

MATERIALS AND METHODS

After obtaining Mayo Clinic Institutional Review Board approval, we conducted a
retrospective cohort study evaluating patients with TRALI, transfused ALI, TACO, or a
control group designation.

Study population

The study population was identified from a previous multicenter, National Institutes of
Health—sponsored prospective cohort investigation that aimed to accurately define the
incidence of TRALL.® Details of this original study population have been previously
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reported.® Briefly, the study population included all patients who were transfused at two
tertiary care medical centers (Mayo Clinic, Rochester, MN; and the University of California
at San Francisco, San Francisco, CA) during their hospital stay between March 1, 2006, and
August 31, 2009, provided permission to use their medical record had been granted.
Patient’s less than 6 months of age were excluded. All transfused patients underwent active
surveillance for evidence of respiratory decompensation in the 12-hour interval after blood
product issue. Transfusion recipients with evidence of respiratory compromise were then
formally evaluated for a diagnosis of TRALLI, transfused ALI, or TACO (see outcome
adjudication below). Control subjects were randomly selected transfusion recipients with no
evidence of respiratory compromise in the 12-hour period after blood product issue. Control
subject sampling was stratified by number of units transfused (regardless of component
type): low (1-2 units), medium (3-9 units), and high volume (=10 transfusions).

For the present investigation, a subset of this multi-center cohort was identified. Specifically,
we included all of the Mayo Clinic study participants who had been allocated a TRALI,
transfused ALI, TACO, or control status. A small number of these patients were excluded
from our study due to an inability to identify an accurate transfusion time (n = 21) and for
two cases duplicate appearance in the data set (Fig. 1).

Outcome adjudication

Details relating to the procedures used for TRALLI, transfused ALI, and TACO adjudication
in the initial study have been previously described.® Briefly, study personnel in the initial
study were alerted to potential TRALI or TACO cases if transfused patients developed
hypoxemia within 12 hours of blood product issue (Table 2). If a chest radiograph (CXR)
was also available in the medical records, the radiologist report was reviewed by study
personnel, and if bilateral infiltrates or opacities were reported, then these patients were
considered “screen positive.” To maximize case detection in the event of a missed electronic
alert, suspected cases were also reported to the research team by the responsible clinical
team and/or the blood bank. Exclusion criteria are shown in Fig. 1. All screen-positive
patients were then manually reviewed and a final diagnosis of TRALI, transfused ALI (also
referred to as possible TRALLI), or TACO was independently allocated by two expert
reviewers based on the National Healthcare Safety Network definition of TACO# and the
2005 NHBLI Working Group definition of TRALL.10 Of note, this TRALI definition bears
close resemblance to the 2004 Canadian Consensus Criteria definition,® but also considers
patients with a major ALI risk factor as TRALI (as opposed to transfused ALI) if the clinical
deterioration appeared to be temporally related to the onset of transfusion. Disagreements
between the two expert reviewers were resolved by a third senior expert, who adjudicated
the final diagnosis. Inter-observer agreement, assessed with kappa statistics, was 0.58 (95%
confidence interval [Cl], 0.44-0.72) for the determination of TRALI versus all other
diagnoses (TACO included) and 0.54 (95% ClI, 0.40-0.68) for distinguishing TACO from all
other diagnoses (TRALI and transfused ALI included). For the purposes of this study, we
grouped TRALI and transfused ALI together as an outcome due to the fact that both
conditions present in a similar manner with similar physiologic alterations. As a result, it is
generally difficult to differentiate the two using automated EHR screening algorithms.

Transfusion. Author manuscript; available in PMC 2016 April 21.
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Identification of screening variables

For this study, potentially relevant electronic data that could be used to facilitate the
identification of patients experiencing a possible transfusion-related pulmonary complication
were identified from the literaturel and from the aforementioned broadly endorsed
syndrome definitions.3#10 These data elements fell into four major assessment categories:

1. Oxygenation—partial pressure of arterial oxygen (PaO,), PaO, : fraction of
inspired oxygen (FiO») ratio (P : F ratio), and oxygen saturation (SpO5).

2. Ventilation/work of breathing—respiratory rate (RR) and partial pressure of arterial
carbon dioxide(PaCO,).

3. Cardiovascular status—systolic blood pressure (SBP), heart rate (HR), and B-type
natriuretic peptide (BNP) levels.

4. Fluid status—diuretic administration, fluid balance, central venous pressure (CVP),
and pulmonary capillary wedge pressure (PCWP) measurements.

All variables except fluid balance, BNP level, and diuretic administration were evaluated
over the 8-hour interval after blood product issue. Blood product issue time was used as
opposed to specific transfusion time as the latter was not available for all transfusion
recipients. We considered that using data within an 8-hour window after blood product issue
would most likely represent data within 6 hours of actual transfusion time, in keeping with
the standard TRALI and TACO definitions. Fluid balance was assessed over the 24-hour
interval preceding blood product issue and was calculated electronically by summing all
fluid inputs and outputs recorded in the EHR during the 24-hour time frame for each patient.
BNP level was assessed over the 24-hour interval after transfusion and diuretic
administration was evaluated during the 6-hour interval preceding and the 6-hour interval
after blood product issue. We also evaluated all CXRs within 8 hours of blood product issue.

Algorithm design

Two distinct methods were developed and evaluated for case detection. In the first, existing
definitions for hypoxemia (e.g., P:F ratio < 300 mmHg, SpO, < 90%, PaO, < 60 mmHg),
increased work of breathing (RR > 20/min, PaCO, < 32 mmHg), and cardiovascular
instability (A SBP > 20%, A HR > 20%), and fluid overload (CVP > 12 mmHg, PCWP > 18
mmHg, pretransfusion fluid balance = 1500 mL) were utilized to design algorithms and
determine significant thresholds. These data were supplemented with information regarding
CXR acquisition, BNP concentrations, and diuretic administration. The TRAL I/transfused
ALLI screening algorithm considered patients to be screen positive if the following criteria
were met:

1. A CXR was obtained within 8 hours of transfusion (reflecting physician concern
regarding respiratory compromise).

AND

2. Hypoxemic respiratory insufficiency was present as evidenced by a SpO, < 90%,
P : F ratio < 300 mmHg, or PaO, < 60 mmHg.

Transfusion. Author manuscript; available in PMC 2016 April 21.
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The TACO screening algorithm considered transfusion recipients screen positive if the
following criteria were satisfied:

1. Hypoxemia (evidenced by a SpO, < 90%, P : F ratio < 300 mmHg, or PaO, < 60
mmHg).

AND
2. Dyspnea (evidenced by a RR > 20/min or a PaCO, < 32 mmHg).
OR

Hemodynamic instability (evidenced by a 20% increase in SBP or HR compared to
baseline pre-transfusion values).

AND
3. Evidence of volume overload, manifest as one or more of the following:
a. CVP>12 mmHg;
b. PCWP > 18 mmHg;
c. Fluid balance = 1500 mL positive;
d. CXR obtained within 8 hours of blood product issue;
e. Diuretic administration.

As a secondary analysis we evaluated the accuracy of the TACO screening algorithm for
distinguishing any transfusion-related pulmonary complication (TRALI/transfused ALI or
TACO) from controls.

The second method for case identification utilized classification and regression tree (CART)
analysis to define the algorithm variables and cut points. CART is a nonparametric decision
tree learning technique that produces classification or regression trees, depending on
whether the outcome variable is categorical or continuous, respectively. Decision trees are
formed by a collection of rules based on the specific variables included in the modeling data
set. These rules are determined and selected to get the best split to differentiate cases from
controls. Once a rule is selected and splits a “parent” node into two, the same process is
applied to each of the “child” nodes. Splitting stops when CART detects no further gain can
be made with additional splitting procedures. Each branch of the tree ends in a terminal node
and with each patient falling into one and only one terminal node. If minimal gain has been
achieved with the splitting of a parent node, the classification/regression tree can be
“pruned” to reduce the algorithm’s complexity.

Data sources and data management

The representative patient data were extracted from two independent electronic databases
(the Mayo Clinic intensive care unit [ICU] data mart'2 and the Mayo Clinic Life Science
System?13). These integrative databases gather clinical, laboratory, and radiographic data
from various source databases and allow automated electronic algorithms such as those
described in the present investigation to be applied. The validity and reliability of these
systems have been previously described.1#15 Upon extracting the pertinent information from
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these two primary data sources, the data were then cleaned and stored using data
management software (JMP, SAS Institute, Inc., Cary, NC).

Statistical analysis

To assess the accuracy of the algorithms developed in this investigation, sensitivity,
specificity, and positive and negative likelihood ratios (PLR and NLR) were determined. To
further characterize the accuracy of these screening techniques, CART-associated
misclassification rates were also determined. The size of the effect for each variable selected
using the CART analysis was evaluated using multiple variable logistic regression analysis
whereby selected variables were modeled against the outcome of interest (TRALI/transfused
ALLI, TACO, and the combined outcome of any transfusion-related pulmonary
complication). Effect size estimates were represented as odds ratios (ORs) with associated
95% Cls. Subgroup analyses were performed to evaluate the impact of the transfusion
environment (ICU, operating room, and general hospital wards) on the performance of the
screening algorithms. As an additional secondary analysis, the number of true-positive
screening results for TRALI/transfused ALI and TACO were compared with the number of
cases reported to the blood bank through the current passive reporting system. All statistical
analyses were performed with computer software (SAS, Version 9.1.3, SAS Institute, Inc.).

RESULTS

With the methods described above, 223 patients were identified for inclusion in this study
(36 TRALLI, 57 transfused ALI, 52 TACO, and 78 controls). A recruitment flow diagram can
be seen in Fig. 1. The baseline characteristics of the study population are shown in Table 3.
Notably, there were significantly fewer males in the TACO group as well as significantly
fewer TACO patients transfused in the general hospital ward environment. These differences
are unlikely to be of clinical importance and are in keeping with previous literature
suggesting that the greatest density of transfusion reactions occur in monitored environments
such as the operating room and ICU, where the majority of blood product transfusions take
place.16 Other significant differences were higher APACHE Il scores in both the TACO and
TRALI groups, a higher incidence of sepsis in the TRALI group, and more extreme
deviation of hemodynamic and oxygenation variables from normal range in the TRALI and
TACO groups when compared with transfused controls. These differences are expected and
reflect the presence and severity of each respective transfusion-related pulmonary
complication.

TRALI/transfused ALI screening algorithms

Of the 223 total study participants, 171 (n = 36 TRALI, 57 transfused ALI, 78 controls)
were included in the development and testing of the TRALI screening algorithms. With the
initial method which utilized existing definitions for determining algorithm cut points, 90
patients were identified as screen positive for TRALI or transfused ALI. Of these 90
patients, 29 of the 36 TRALI patients (80.6%) and 51 of the 57 (89.5%) transfused ALI
patients were correctly identified. There were 10 false-positive results. The sensitivity and
specificity of this algorithm were 86.0 (95% ClI, 76.9%-92.1%) and 87.2% (95% CI, 77.2%—
93.3%), respectively. The overall misclassification rate was 13.5%.

Transfusion. Author manuscript; available in PMC 2016 April 21.
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The modified screening algorithm resulting from the CART analysis can be seen in Fig. 2A.
In this analysis, the best predictors of TRALI/transfused ALI were the presence of any CXR
within 8 hours combined with P : F ratio of less than 288.8 mmHg. Of note, 14 patients were
missing a P : F ratio. For these participants, CART analysis chose the following surrogate
values: PaO, of less than 117.5 mmHg for seven patients and SpO, of less than 97.5% for
the seven patients with no arterial blood gas (ABG) data. In patients who had both P : F ratio
and PaO, data available, a PaO, of less than 117.5 mmHg was shown to reach the same final
diagnosis as a P : F ratio of less than 300 mmHg 93.0% of the time; similarly an SpO, of
less than 97.5% agreed 88.4% of the time. Patients with a CXR and P : F ratio of more than
288.8 mmHg were considered “controls” with 85.7% specificity (two false negatives). The
sensitivity, specificity, PLR, and NLR for these TRALI screening algorithms are shown in
Table 4. The screening algorithm produced by the CART analysis appeared comparable to
the initial algorithms with an equivalent overall misclassification rate of 13.5% (n = 23) but
an improved specificity 89.7%. Subgroup analyses suggest that the CART-derived screening
algorithms perform best when evaluating patients who were transfused in the operating room
environment (Table 5). Of the 78 cases correctly identified by the CART-derived TRALI
screening algorithm, only 11 (14.1%) of these were reported to the blood bank via passive
reporting by the responsible clinical team.

TACO screening algorithms

Of the 223 total study participants, 130 (n = 52 TACO, 78 controls) were included in the
development and testing of the TACO screening algorithms. With the initial methods,
utilizing existing definitions for determining algorithm cut points, 63 of the 130 patients
were screen positive for TACO. A total of 50 TACO cases (96.2%) were correctly identified
and 13 were false-positive results. The overall misclassification rate was 11.5%.

The subsequent CART analysis produced a modified TACO screening algorithm (Fig. 2B).
In this analysis, the best predictor of TACO was a P : F ratio of less than 292.5 mmHg
combined with the presence of any CXR within 8 hours. A total of 59 patients were missing
a P : F ratio. For these study participants, CART used the following surrogates: PaO, of less
than 130 mmHg for 10 patients, SpO, of less than 96.5% for 45 patients, and RR of more
than 17.5/min for four patients. In patients who had both P : F ratio and surrogate data
available, the above-defined thresholds were found to reach the same final diagnosisasa P :
F ratio of less than 300 mmHg 80.3, 78.9, and 76.1% of the time, respectively. Patients with
a P : F of more than 292.5 mmHg (or equivalent surrogate) were considered “controls” with
100% specificity (no false negatives). Patients with a P : F of less than 292.5 mmHg without
a CXR within 8 hours were also considered controls with 85.1% specificity (seven false
negatives). Using this algorithm, there was a total of six false-positive and seven false-
negative results. The sensitivity, specificity, PLR, and NLR for these TACO screening
algorithms can be seen in Table 4. Once again, when compared to the initial TACO
screening algorithms, the overall misclassification rate was improved to 10.0%.

Subgroup analyses (Table 5) suggest that the TACO screening algorithm was most effective
in a general hospital ward environment. In our population, this is most likely explained by
indication bias. For example, at our institution it is not uncommon for intubated patients
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with existing arterial access in the ICU to have “routine” CXRs and blood gas evaluation. To
the contrary, these investigations would typically only be ordered in the presence of a
significant clinical deterioration for patients being transfused on the general hospital wards,
as such improving the specificity of the algorithm in this environment. Of the 45 cases
correctly identified by the CART-derived TACO screening algorithm, only five (11.1%) were
reported to the blood bank by responsible clinical team.

Combined transfusion-related pulmonary complications screening algorithms

All 223 patients were included in the development and testing of the screening algorithms
for the combined outcome of TRALI/transfused ALI and/or TACO versus no transfusion-
related pulmonary complication. With the initial methods utilizing existing definitions for
determining algorithm cut points, 148 patients were screen positive (135 of 145 cases, 13 of
78 controls). This produced a sensitivity of 93.1% (95% Cl, 87.3%-96.5%), specificity of
83.3% (95% CI, 72.8%—-90.5%), and overall misclassification rate of 10.3%. CART analysis
for the combined outcome resulted in the algorithm displayed in Fig. 3. When compared to
the initial screening method, the CART-derived algorithm again improved diagnostic
accuracy with a sensitivity of 94.5% (95% ClI, 89.0%-97.4%), while maintaining precision
with a specificity of 83.3% (95% CI, 72.8%-90.5%). There were 13 false-positive and eight
false-negative results producing an overall misclassification rate of 9.4%. The resulting PLR
and NLR are presented in Table 4. In the subgroup analyses, the CART-derived algorithms
appeared most effective when applied to patients admitted to the general hospital ward
(Table 5).

Using this algorithm to screen for transfusion-related pulmonary complications, the best
predictor was the presence of a CXR, irrespective of findings. For those patients with a
CXR, if P : F ratio was also less than 292.5 mmHg then they were considered to represent
“cases.” For the 16 patients missing a P : F ratio, the CART analysis used SpO, of less than
97.5% as a surrogate marker of hypoxia. Patients with a CXR and P : F ratio of more than
292.5 mmHg were considered “controls” with 100% specificity (no false negatives). For
patients without a CXR, RR of at least 27.5 was the best predictor of cases. Patients with a
RR of less than 27.5 were considered controls. This data point was available for all patients
and hence no surrogates were used. The results of the multiple variable logistic regression
analyses evaluating the effect size of the variables included in the TRALI/transfused AL,
TACO, and combined CART analyses are shown in Table 6.

DISCUSSION

In this retrospective study, we developed electronic screening algorithms (Fig. 2) for the
detection of TRALI/transfused ALI and TACO using readily available information contained
within the EHR. The algorithms developed in this investigation were able to detect cases of
TRALI/transfused ALI and TACO with good sensitivity and specificity (83.9%-94.6% and
83.3%-92.3%, respectively). These results support the notion that electronic screening
algorithms can facilitate the detection of important clinical syndromes such as transfusion-
related pulmonary complications. In addition, these findings are in keeping with previous
efforts that have demonstrated the ability of automated electronic alerts to efficiently identify
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important clinical events and diagnoses in a timely manner and with superior sensitivity
when compared with manual clinical detection alone 141517

In comparing the logistic regression to the CART analysis, we see similar associations with
the endpoints. The ORs in the logistic regression indicate that having a CXR, lower P : F
ratio, or higher RR increases the risk of having TRALI or TACO. In this multivariate model,
P : F ratio was the strongest predictor of disease. In the CART analysis, decision rules are
presented for classifying a patient as a case or control. Considering statistical significance,
the logistic regression finds that CXR and RR are not significant predictors of outcome
when the P : F ratio is already in the model. However, all three are important independent
predictors for classifying patients. Given the fact that logistic regression uses maximum
likelihood for estimating variables and their standard errors, whereas the CART is
nonparametric and uses node purity as criteria for determining risk factors for prediction, we
should expect only broadly similar findings. Indeed, Kuhnert and coworkers!® describe
similar disparities between CART and logistic regression.

TRALI and TACO remain the two most common causes of transfusion-related mortality
reported to the FDA.2 Importantly, however, poor recognition and under-reporting of TRALI
and TACO leave us with an incomplete understanding of the true epidemiology and
attributable burden of these serious transfusion-related pulmonary complications. This fact is
highlighted by the work of Kopko and colleagues® who performed a lookback study after a
fatal case of TRALLI. The implicated donor in this fatality was found to have donated to 50
transfusion recipients. Of the 36 patients whose chart could be reviewed, eight had
experienced severe respiratory decompensation after administration of the implicated blood
product and only two of these were reported to the blood bank. Further evidence of our
incomplete understanding of TRALI epidemiology can be seen in the marked discrepancies
in reported incidence rates when comparing passive to active surveillance strategies. As an
example, historic TRALI incidence rates have been reported to be approximately 1 case per
40,000 units distributed when evaluated with passive surveillance techniques.1® This
incidence rate contrasts with the recent report of Toy and colleagues® who noted an
incidence rate of 1:4000 in the year 2006 (before the implementation of TRALI mitigation
strategies) when evaluating transfusion recipients with active surveillance techniques.

Similar concerns exist regarding the recognition and reporting of TACO as well. Indeed,
these concerns were recently highlighted by Narick and colleagues.” In this investigation,
the authors performed prospective active surveillance for TACO after plasma transfusion. In
this 1-month prospective evaluation, the investigators identified four TACO episodes
associated with 272 total plasma unit transfusions in 84 unique patients (incidence rate
4.8%). Notably, none of these reactions were reported to the blood bank by the responsible
clinical service.

With the rapidly expanding adoption of EHRS, innovative data interrogation and extraction
strategies have become possible. Such strategies may afford unique opportunities for
improving our understanding of various conditions and outcomes of interest. To this end, we
have previously shown the value of leveraging such technology for the identification of other
acute care syndromes such as ALI,14:1520 ventilator-induced lung injury,?! and sepsis.22

Transfusion. Author manuscript; available in PMC 2016 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clifford et al.

Page 10

Similarly beneficial computer-based systems have been developed in other disciplines as
well. As examples, Bates and coworkers23 have developed electronic solutions to remedy
incomplete capture rates for adverse drug reactions and hospital-acquired infectious
complications. In 1991, Classen and colleagues2* reported improved identification of
adverse drug reactions with a case detection rate that was 80 times higher with computer
screening than with passive reporting alone. Evans and others2®26 have reported similar
benefits with computer surveillance for hospital-acquired infections and antibiotic use.

Notably, the present investigation is not the first to evaluate novel EHR-facilitated active
surveillance strategies for TRALL. In 2005, Finlay and coworkers2” noted, in a retrospective
pilot study, improved sensitivity for identifying TRALI cases with computer screening for a
P : F ratio of 300 mmHg or less when compared to passive reporting. When this electronic
screening algorithm was used prospectively to investigate the incidence and risk factors for
TRALI,® 89 TRALI cases were identified during the 3-year study period. However, five
cases were identified only after transfusion reactions were reported the institutional blood
bank by the responsible clinical team. In all five cases, these patients were missed
electronically either because an ABG was ordered outside of the 12-hour time frame after
blood product issue, or a FiO, was not recorded, precluding the calculation of a P : F ratio.
In this instance, the requirement of an ABG to adjudicate a diagnosis of TRALI was a major
limitation in the success of the algorithm to detect less severe cases of TRALI or cases in
which an ABG could not be obtained for other clinical reasons. In the present investigation,
we were able to overcome this major limitation through the additional inclusion of SpO, and
isolated PaO, data in our algorithms to act as surrogate markers of hypoxemia.

A second limitation of the prospective electronic screening used in the initial study by Toy
and coworkers® is the need for manual review of the CXR reports to identify bilateral
infiltrates. This manual step consumes personnel time and can be further complicated by the
varied terminology used to describe pulmonary infiltrates by different radiologists. In
contrast, the present investigation removes this manual review step and instead substitutes
simply whether or not a CXR was obtained. Furthermore, this method expedites screening
and diagnosis as data regarding CXR ordering will become available in the EHR much
earlier, before radiologists have reported films.

In addition to improving our understanding of TRALI/transfused ALI and TACO
epidemiology, active electronic screening may result in more timely identification of cases.
As a result of establishing techniques for the time-efficient identification of TRALI/
transfused ALI and TACO cases we can address two major barriers to progress in the
prevention and treatment of TRALI and TACO episodes, namely: 1) early provision of
relevant therapies and 2) early identification of potential study participants for prospective
studies, including interventional clinical trials aiming to mitigate the impact of these
syndromes on patient-important outcomes. In addition, the rapid recognition and reporting
of these syndromes may prompt the identification of other in-date transfusables from the
implicated donors. This may in turn facilitate the testing and removal of potentially harmful
blood products from stock before being transfused to another patient, therefore potentially
preventing further TRALI reactions.
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In current practice, a major barrier to prospective active surveillance that requires manual
clinical review relates to the issue of scalability. Indeed, the inability to manually monitor all
transfusion recipients after receipt of the blood components is a major barrier to active
TRALI and TACO surveillance. Although a significant barrier for active surveillance using
manual data collection techniques, accurate computer-aided algorithms are mostly
insensitive to the large volume of data generated by surveying an entire transfusion practice.
As such we feel that these electronic screening algorithms offer the benefit of improved
scalability when compared to manual screening alone.

Although the well-phenotyped study population and robust, well-validated electronic
databases and data capture techniques are strengths of the current investigation, a number of
limitations deserve note. The first limitation relates to the quality of the source data recorded
in the EHR. If pertinent clinical data are missing or inaccurate in the EHR, a transfusion-
related pulmonary complication may be either missed or incorrectly adjudicated as an
outcome of interest by the electronic screening algorithm. However, the use of automated
data extraction techniques have previously been shown to improve the accuracy of data
capture when compared to manual data extraction.1® Therefore, the use of electronic data
capture techniques is expected to outperform similar data capture using manual chart review
techniques. In addition, the generalizability of these screening algorithms may be limited at
some institutions due to the lack of such a robust EHR or health information technology
infrastructure. While this may presently be a limiting factor, there is a movement toward the
nationwide implementation of EHRs. As such we feel that in future, utilization of such a
screening tool would in fact be possible.

A second limitation with this study is the single-center, tertiary care nature of the institution
providing care to the study population. As a result of this limitation, we cannot comment on
the external validity and generalizability of these screening algorithms in other populations.
Rather, validation of the screening algorithms in an alternate study population is needed
before recommending the broad utilization of these transfusion-related pulmonary
complication screening techniques.

A third limitation relates to the selection of our derivation cohort. While this data set
represents a very robust group of patients who were adjudicated a final diagnosis by expert
reviewers, using the best available standard definitions, it is possible that the sensitivity of
our algorithms has been inflated by the use of electronic alerts for their initial selection into
the primary study. As described above, study personnel were alerted to review a patient’s
medical record if their P : F ratio decreased to less than 300 mmHg or SpO, less than 97%
(Table 2). These alerts were generated electronically upon data entry into the EHR.
Therefore, it is possible that patients in our study cohort had more electronic data available
in their EHRSs than other potential TRALI patients who may have been missed in the initial
study.

Finally, although our findings support the use of electronic algorithms to screen for potential
TRALI/transfused ALI and TACO episodes, we cannot draw any conclusions at this stage
regarding how these screening algorithms may facilitate clinical management and patient
outcome. Although we anticipate the screening algorithms may allow for a reduced time to
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diagnosis and treatment and hence improved patient outcomes, this will need to be
investigated in a separate study designed to detect such outcomes.

Page 12

In conclusion, our results suggest that electronic screening algorithms for TRALI/transfused
ALl and TACO can detect cases with sufficient sensitivity and specificity. As a result, these
algorithms may be used to better define the epidemiology and attributable burden of these
important transfusion-related pulmonary complications. In light of their highly efficient
nature, these innovative screening techniques may also facilitate the enrollment of patients
into future prospective trials evaluating potential targeted therapies. From a clinical
perspective, this may also allow for earlier diagnosis and intervention, potentially improving
patient-important outcomes.
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32,107 patients > 6 months of age who received
blood product transfusion (279,530 products
transfused during 111,532 transfusion episodes*)

Continuous electronic surveillance: arterial blood gas

analysis with PaO2/F102<300

l

Page 15

10,184 alerts (8,999 patients)

101,348 episodes (23,108 patients) with no alerts
suggesting respiratory worsening after transfusion

l

I

Excluded: 10,184

No edema: 4,915

Preexisting edema: 2,862

No qualifying products: 885

Less than 6 months of age: 700

No research authorization: 526

Quick resolution of edema with diuresis: 232
No chest X-ray: 22

Lung transplant: 20

No increase in O2: 18

ALl imitators (DAH, ILD): 4

35 TACO/TRALI
40 ALI

84 other (bilateral
atelectasis, effusions)

Excluded from
our study

Fig. 1.

389 alerts reviewed by expert
panel for new or worsening
bilateral infiltrates

> 123 TACO Excluded: 71

69 patients diagnosed outside study

L | 62 Transfused ALI

period

l 2 patients unable to identify transfusion
time of implicated units

— 45 TRALI
<«

Excluded: 9

Excluded: 5

5 patients unable to
identify transfusion
time of implicated units

9 patients unable to
identify transfusion
time of implicated units

- l

<

85 Controls

Excluded: 7

2 patients also
classified as TRALI

5 patients unable to
identify transfusion
time of implicated units

!

36 TRALI

57 Transfused

ALl

52 TACO

78 Controls

Mayo Clinic transfusion recipient flow diagram.*Transfusion episode was defined as
transfusion during 24-hour period. DAH = diffuse alveolar hemorrhage; ILD = interstitial
lung disease. TACO/TRALI = adjudicated as definite transfusion-related pulmonary reaction
in initial study; however, experts could not be certain whether this was TACO, TRALI, or a

combination of both.
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Any CXR
obtained < 8hrs

Yes

Surrogates

> Pa02 < 117 mmHg
 8p02 <97%

Control

P:F Ratio <288
mmHg

Predicted n = 71
Actual n = 58 (81.7%)

TRALI Control

Predicted n = 86
Actual n = 78 (90.7%)

Predicted n = 14
Actual n = 12 (85.7%)

B
Surrogates
2 Pa02 < 130 mmHg - --------- P:F Ratio < 292
1 Sp02 < 96% : mmHg
- RR > 17/min

CXR obtained Control

<8 hrs Predicted n = 32

Actual n = 32 (100%)

Yes

TACO Control

Predicted n = 51
Actual n = 45 (88.2%)

Predicted n = 47
Actual n = 40 (85.1%)

Fig. 2.
(A) CART algorithm screening for TRALI. (B) CART algorithm screening for TACO.
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CXR obtained
within 8 hours

Surrogates Yes No

Sp02 < 97% - — \

.......... R

P:F Ratio

<292 mmHg RR > 28/min

No Yes No
Case Control Case Control
Predicted n = 132 Predicted n = 13 Predicted n = 18 Predicted n = 60
Actual n = 125 (94.7%) Actual n = 13 (100%) Actual n = 12 (66.7%) Actual n = 52 (86.7%)

Fig. 3.
CART algorithm screening for transfusion-related pulmonary complications.
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TABLE 1
TRALI and TACO case definitions

Page 18

NHLBI working group definition of TRALI

TACO Centers for Disease Control and
Prevention definition

1. In patients without alternate ALI risk factors

. New ALI as marked by acute onset of hypoxemia (P .. F< 300 mmHg,
SpO,< 90% on room air) and bilateral infiltrates on CXR and no evidence
of left atrial hypertension (RPAOP> 18 mmHg)

. During or within 6 hr of the end of transfusion of a plasma-containing
product

2. In patients with alternate ALI risk factors *
. Diagnostic criteria for TRALI are met (see above)

. The new ALI appears to be mechanistically related to transfusion or
transfusion and the alternate AL risk factor

New onset or exacerbation of at least three of the
following within 6 hr of transfusion:

Acute respiratory distress
Evidence of positive fluid balance
Elevated BNP

Radiographic pulmonary edema
Evidence left heart failure

Elevated CVP

*
In the presence of an alternate ALLI risk factor, patients are referred to as transfused ALI (also known as possible TRALI) in this study.

NHLBI = National Heart, Lung, and Blood Institute; PAOP = pulmonary artery occlusion pressure.
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TABLE 2

Comparison of previous versus new screening algorithm criteria

Surveillance TRALI SCCOR study® Our TRALI CART algorithm  Our TACO CART algorithm

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Study subjects
Blood product issued  Yes
Age > 6 months Yes

Electronic screening data points

P : F ratio <300 mmHg within 12 hr ™
Spo, <97%
PaO, Not considered
RR Not considered

CXR Bilateral infiltrates or edema

Yes
Yes

<288 mmHg within 8 hr*
<97%
<117 mmHg

Not considered

Ordered within 8 hr ™

Yes
Yes

<292 mmHg within 8 hr*
<96%
<130 mmHg

>17/min

Ordered within 8 hr *

*
After blood product issue time.

SCCOR = Specialized Center of Clinically Oriented Research.
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Patient characteristics ™

TABLE 3

Page 20

Variable TRALI/transfused ALI (n=93) TACO (n=52) Transfused controls (n =78) p value
Median age (years) 63 (52-71.5) 67 (58.5-79) 65 (49.5-75) 0.1430
Male sex 45 (48.39) 21 (40.38) 51 (65.38) 0.0111
Transfusion environment 0.0001

Floor 18 (19.35) 2(3.85) 28 (35.90)

IcU 37 (39.78) 13 (25) 21 (26.92)

Operating room 38 (40.86) 37 (71.15) 29 (37.18)
Race 0.0887

White 83 (90.22) 42 (80.77) 69 (88.46)

American Indian/Alaska Native 3(3.26) 0(0) 1(1.28)

Black/African American 2(2.17) 2(3.85) 0

Asian 0 0 (0) 1(1.28)

Unknown 5(5.38) 8(15.38) 7(8.97)
Blood group 0.8209

A 40 (43.01) 18 (34.62) 36 (46.15)

B 11 (11.83) 10 (19.23) 10 (12.82)

0 38 (40.86) 22 (42.31) 28 (35.90)

AB 4(4.30) 2(3.85) 4(5.13)
Median APACHE I score 13 (7-16) 11 (8-14) 9.5 (6-13) 0.0234
Blood products transfused (units) 3.5(2-7.5) 4 (2-10.75) 4 (3-10) 0.4084
Platelets transfused (units) 1(1-2) 2 (1-3) 2 (1-2) 0.3272
RBCs transfused (units) 2(1-4) 3(2-4) 3(2-5) 0.1699
Plasma transfused (units) 4 (2-6) 4 (2-6) 4 (2.5-5) 0.9343
Cryoprecipitate transfused (units) 2 (2-3.25) 4 (2-4) 2 (2-2) 0.0825
Smoking status 0.0625

Never 40 (43.01) 22 (42.31) 43 (55.13)

Former 30 (32.26) 23 (44.23) 27 (34.62)

Current 18 (19.35) 6 (11.54) 8 (10.62)

Unknown 5 (5.38) 1(1.92) 0 (0)
Alcohol abuse 0.6044

Yes 9 (9.68) 3(5.77) 5(6.41)

No 80 (86.02) 48 (92.31) 72 (92.31)

Unknown 4(4.30) 1(1.92) 1(1.28)
Aspiration 1(1.08) 0(0) 0 (0%) 0.8149
Sepsis 17 (18.28) 1(1.92) 3(3.85) 0.0042
Diabetes mellitus 0.1381

Yes 26 (27.96) 17 (32.69) 13 (16.67)

No 66 (70.97) 35 (67.31) 65 (83.33)

Unknown 1(1.08) 0 0 (0)
COPD 7(7.53) 8 (15.38) 4 (5.13) 0.1327
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Variable TRALI/transfused ALI (n=93) TACO (n=52) Transfused controls (n =78) p value
Cancer or chemotherapy 23 (24.73) 8 (15.38) 19 (24.36) 0.3574
Lowest SpO, 87 (74-91) 87 (81-92) 93 (90-96) 0.001
Lowest P : F ratio (mmHg) 97 (64-141) 162 (72-230) 352 (316-376) 0.001
Lowest PaO, (mmHg) 62 (50-86) 78 (56-110) 138 (100-167) 0.001
CXR obtained 80 (86) 45 (87) 20 (26) 0.001
A Blood pressure (mmHg) 49 (30-71) 60 (27-76) 27 (10-51) 0.001
AHR (bpm) 30 (13-66) 40 (21-94) 14 (6-25) 0.001
Highest RR (/min) 32 (27-40) 30 (25-37) 22 (20-26) 0.001
Lowest PaCO, (mmHg) 35 (30-41) 35 (32-40) 35 (32-41) 0.7323
Diuretics administered 15 (16) 23 (44) 7(9) 0.001
Highest CVP (mmHg) 24 (15-36) 23 (15-44) 21 (14-36) 0.9841
Highest PCWP (mmHg) 31 (25-36) 34 (30-38) 24 (22-26) 0.0037
Fluid balance (mL, 24 hr before Tx) 2047 (700-4116) 1400 (236-3471) 1294 (745-2733) 0.2132

*
Data are reported as number (%) or median (25%-75% interquartile range).

APACHE = Acute Physiology and Chronic Health Evaluation; COPD = chronic obstructive pulmonary disease; Tx = transfusion.
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TABLE 5

Subgroup analyses evaluating CART algorithms effectiveness by transfusion location

Transfusion environment

Sensitivity (95% CI)

Specificity (95% CI)

PLR (95% CI)

NLR (95% CI)

ICU (n = 58)

ICU (n=34)

ICU (n=71)

TRALLI screening algorithm

Operating room (n = 67)
Other hospital wards (n = 46)
TACO screening algorithm

Operating room (n = 66)

Other hospital wards (n = 30)

Operating room (n = 104)
Other hospital wards (n = 48)

0.81 (0.64-0.91)
0.89 (0.74-0.97)
0.78 (0.52-0.93)

0.77 (0.46-0.94)
0.92 (0.76-0.98)
1.00 (0.20-1.00)

0.94 (0.83-0.98)
0.95 (0.86-0.98)
0.95 (0.73-1.00)

0.76 (0.52-0.91)
0.97 (0.80-1.00)
0.93 (0.75-0.99)

0.81 (0.57-0.94)
0.97 (0.81-1.00)
0.96 (0.80-1.00)

Combined transfusion-related pulmonary complications screening algorithm

0.70 (0.46-0.87)
0.86 (0.67-0.95)
0.93 (0.75-0.99)

3.41 (1.56-7.43)
25.95 (3.77-178.58)
10.89 (2.80-42.35)

4.04 (1.59-10.24)
27.50 (3.99-189.37)
28.00 (4.09-191.88)

3.14 (1.60-6.15)
6.86 (2.76-17.07)
13.3 (3.48-50.76)

0.25 (0.12-0.50)
0.11 (0.04-0.28)
0.24 (0.10-0.57)

0.28 (0.10-0.79)
0.09 (0.03-0.26)
0.00 (0.00-0.00)

0.08 (0.03-0.26)
0.06 (0.02-0.16)
0.05 (0.01-0.37)

Transfusion. Author manuscript; available in PMC 2016 April 21.

Page 23



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Clifford et al.

TABLE 6
Multivariate logistic regression

Variable OR 95% ClI p value
TRALLI screening algorithm

Any CXR 1.85 0.26-13.19 0.5370

P:Fratio” 0.98 0.97-0.99 <0.001
TACO screening algorithm

P Fratio* 0.97 0.96-0.99 <0.001

Any CXR 4.65 0.40-54.15 0.2195
Combined transfusion-related pulmonary complications screening algorithm

Any CXR 231 0.34-15.70 0.39

P Fratio* 0.97 0.96-0.98 <0.001

RRY 1.03 0.96-1.09 0.4202

*
Based on unit increase of 100 mmHg.

fBased on a unit increase of 10 breaths/min.
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