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SUMMARY 
Clinical decision support (CDS) has been utilized to link laboratory and pharmacy data to 

optimize medication therapy. It is shown to improve the quality and safety of heath care only 

when it is "appropriately implemented." The implementation of CDS is a complicated process 

that involves complex logic building for the clinical rules and iterative testing and modification to 

integrate with local work flow. Therefore, this study was conducted to evaluate clinicians’ 

responses to the presence of hyperkalemia before and after implementing laboratory-pharmacy 

decision support in an inpatient setting. Additionally, efforts were made to explore the factors 

that might be associated with the changed time course of responses, including patient 

characteristics, severity of hyperkalemia, renal function, repeated alerts, location of the patients, 

and alert time. Two hyperkalemia related laboratory-pharmacy CDS rules were implemented at 

University of Illinois Hospital (UIH), a 450-bed urban teaching hospital in a major academic 

health center, in June 2003. The synchronous CDS alerted clinicians of abnormal serum 

potassium level ([K+]) at the time of prescribing ACE inhibitors, angiotensin II receptor Blockers 

(ARBs), potassium supplementation (K-sup), and potassium-sparing diuretics; while the real-

time asynchronous CDS notified clinicians when abnormal potassium results came back while 

patients were still on the medication. In May 2010, another once-daily asynchronous drug-

laboratory alert report was implemented to detect any abnormal potassium test result missed 

and not acted on after the real-time asynchronous alert.  

The assessment of synchronous and real-time asynchronous CDS alert was conducted 

through a retrospective analysis of electronic health record (HER) data collected from regular 

clinical care encounters. Clinical actions treating hyperkalemia for patients taking ACE inhibitor 

and ARB were identified through patient chart review using the pre-identified action repertoire. 

Canceling the K-sup order and/or repeating [K+] were expected to be the clinical actions to treat 

hyperkalemia in patients taking K-sup. 
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SUMMARY (continued) 

The effect of synchronous CDS alert was measured by the clinicians’ compliance with 

the synchronous alert, or in another words, the order cancellation rate after CDS implementation. 

The alert rate of asynchronous alerts during the post-intervention period was compared with the 

rate of potential asynchronous alert during the pre-intervention period as the indirect measure of 

the synchronous alert. The effect of the real-time asynchronous alert was measured by time to 

the first action (clinicians’ action time), and patient time to normal [K+]. Total patient time on K-

sup normalized by total patient admission days during the same period and also the patient time 

on K-sup while [K+] ≥ 5.0 mEq/L normalized by total patient time on K-sup were used to 

measure the combined effect of both alerts on K-sup users. Besides descriptive statistic 

analysis of the dependent and independent variables, Cox proportional hazards model was 

used to assess the modulators of clinician's action time and patient time to normal [K+], and the 

segmented regression analysis was conducted to evaluate the effect of CDS alerts. 

On average, the clinicians’ compliance with the synchronous alerts was 88.31% for 

[K+]↔ACE/ARB and 69.46% for [K+]↔K-sup. As the indirect effect of the asynchronous CDS 

alerts, the alert rate of the real-time asynchronous CDS for [K+]↔K-sup dropped significantly 

after CDS implementation (28.8% vs. 30.4%, p = 0.005). The change in alert rate was not 

significantly for [K+]↔ACE/ARB (12.1% vs. 12.5%, p = 0.752).  

For [K+]↔ACE/ARB  alerts, the Cox proportional hazards regression results showed, 

after controlling for all the covariates, the action time did not change significantly after CDS 

implementation. The clinicians’ action time decreased as patient [K+] level increased (HR = 1.51 

with p = 0.003 for 5.7 mEq/L ≤ [K+] ≤ 6.0 mEq/L, and HR = 1.87 with p < 0.0001 for [K+] ≥ 6.1 

mEq/L). Alerts from ICU patients were responded more promptly than patients from general 

medical or surgical units (HR = 1.38, p = 0.032). However, the action time was not associated 

patient age, gender, ethnicity, creatinine clearance level, time of the alert, and whether being  
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SUMMARY (continued) 

the first hyperkalemic episode during the admission. Patient time to normal [K+] also decreased 

as alerting [K+] level increased (HR = 1.48 with p = 0.003 for 5.7 mEq/L ≤ [K+] ≤ 6.0 mEq/L, and 

HR = 1.73 with p < 0.0001 for [K+] ≥ 6.1 mEq/L). It took less time for patients with normal 

creatinine clearance level than those with impaired renal function (HR = 1.71, p = 0.002), but not 

significant longer for patients with severe renal insufficiency (HR = 0.90, p = 483). Patient time 

to normal [K+] was also longer if the patient had previous hyperkalemic episode during the 

hospital stay (HR = 0.40, p = 0.002). Alerts from ICU patients and alert time between 5pm and 

midnight were also significantly associated with decreased time to normal [K+]. However, 

patient age, gender, and ethnicity had no effect on the patient time to normal [K+]. 

The insignificant segmented regression coefficient estimates (p = 0.196 for the 

difference in the intercept, p = 0.158 for the difference in the slope) confirmed that the real-time 

asynchronous CDS alerts implemented in June 2003 had no effect in reducing the clinicians’ 

action time when managing hyperkalemia among ACE/ARB users. After controlling for the 

covariates, the segmented regression results indicated that asynchronous alert did not help to 

reduce patient time to normal [K+] for ACE/ARB users either (p = 0.134 for the difference in 

intercept, p = 0.487 for difference in the slope).  

For [K+]↔K-sup alerts, the Cox proportional hazards model showed that [K+] level ≥ 5.4 

mEq/L and having unknown ethnicity were associated with decreased action time till K-sup 

cancellation. Aged between 45 and 64 years as compared to 65 years and older, being female, 

having normal creatinine clearance level, not being the first hyperkalemic episode, being alerted 

on multiple K-sup orders, and alert time outside of normal day shift were associated with 

prolonged action time until K-sup cancellation. When counting repeating [K+] as another action, 

aged 20-44 years and 45-64 years were both associated with shortened action time as 

compared to aged 65 and older. Being male, having [K+] higher than 5.3, having normal renal  
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SUMMARY (continued) 

function or severe renal insufficiency, and being the first alert during the admission and located 

in ICU were significantly associated with shorter action time. It was worth noting that it took 

longer time to respond to alerts fired between midnight and 7am (HR = 0.48, p < 0.0001), but 

shorter respond time for alerts fired between 5pm to midnight (HR = 1.54, p < 0.0001). 

The multivariate segmented regression results showed that neither the difference in 

intercept nor the difference in the slope was statistically different, which indicated that the real-

time asynchronous alerts had little effect in reducing time to K-sup order cancellation or time to 

K-sup order cancellation or repeating [K+]. For patient time to normal [K+], the positive and 

significant slope for the pre-intervention period suggested an upward trend before CDS 

implementation (coeff. = 1.69, p = 0.024). Even though the asynchronous alert did not decrease 

patient time to normal [K+] immediately after implementation (p = 0.588), there was a significant 

difference in the slope (coeff. = -2.50, p = 0.019). This indicated not only a reduction in outcome, 

but also a declining trend during the post-intervention period since the post-intervention slope 

estimate was negative. As the combined effect of synchronous and real-time asynchronous alert, 

there was no significant change in the monthly patient time on K-sup per patient admission days 

or monthly patient time on K-sup while [K+] was elevated per patient days on K-sup after alert 

implementation. 

Based on the distribution of [K+] level for inpatients at UIH during the period of January 

2009 – June 2009, the cutoffs of ≥5.1 mEq/L and ≥5.5 mEq/L were chosen for the once daily 

report of [K+]↔K-sup and [K+]↔ACE/ARB, respectively. The time analysis of the [K+] posting 

time suggested that the best time to run the daily report would be between 9am and 10am to 

capture most of the hyperkalemic cases if not attended already, and minimize patient time in 

danger as [K+] was elevated. After discussion with the pharmacy department and the clinical 

safety team, the time of 2pm was chosen given the workflow of the existing practice. During the  
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SUMMARY (continued) 

period of June 28th 2011 – October 3rd 2011, the once daily report fired 51 [K+]↔ACE/ARB 

alerts on 34 patients, and 44 [K+]↔K-sup alerts on 32 patients. This equaled to 0.56 

[K+]↔ACE/ARB alerts and 0.45 [K+]↔K-sup alerts per day for a 450-bed hospital like UIH. 

The multivariate segmented regression analysis indicated that there was no significant 

decrease in the action time to K-sup cancellation immediately after the implementation of once 

daily report in May 2010. But there was a gradually descending trend given the significant 

coefficient estimate for the difference in the slope and the negative slope for the post-

intervention period.  For the action time to K-sup cancellation or repeating [K+], the segmented 

regression estimates did not confirm the ascending trend for the pre-intervention period, but did 

ascertain the impact of once daily report in gradually reducing time to either cancel the K-sup 

order or repeat [K+]. Moreover, the once daily report did not impact patient time to normal [K+] 

(p = 0.752 for the difference in the intercept, p = 0.088 for the difference in the slope). The 

segmented regression analysis also suggested that the once daily report did not have influence 

in shortening patient time on K-sup after normalized on total patient admission days. There was 

a marginally significant drop in monthly average for patient time on K-sup while [K+] was 

elevated. But the effect could not be affirmed due to poor model fit.  

In sum, clinicians complied with synchronous CDS alerts in managing hyperkalemia in 

inpatient settings. The real-time asynchronous alert failed to demonstrate its effect in 

accelerating clinicians’ action, but had potential effect in improving patient outcomes for K-sup 

users. The once daily report was effective in detecting potentially hazardous situations that had 

not been corrected after real-time asynchronous alert. But its impact on changing clinicians’ 

practice behavior and improving patient outcomes was difficult to establish given the rare alert 

rate.   
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1. INTRODUCTION 

1.1 Background 

“… A 77-year old mildly hypertensive woman with no underlying renal disease 

was admitted to the Emergency Department in a comatose state with fever. The patient 

had been on low dose enalapril and a potassium rich diet. Five days before admission, 

rofecoxib, a new selective COX-2 inhibitor nonsteroidal anti-inflammatory drug, was 

added for leg pain. She was found to have severe hyperkalemia and died 90 min after 

her arrival…”1 

 

Failure to take into account therapeutic drug levels, biochemical and physiologic 

parameters when making drug choice and dosing decisions, or improperly monitoring those 

parameters over time, can result in prolonged hospital stays and severe iatrogenic injuries.2 The 

importance of linking laboratory data and medication data has been well acknowledged by 

clinicians in detecting and preventing medication errors related to laboratory parameters.3-7 

However, until recently substantial technology barriers obstructed such linkages.5, 8 At present, 

the prevailing adoption of health information technology (HIT) in the health care system enables 

clinical decision support (CDS) systems to link laboratory and medication data electronically and 

generate alerts and reminders to support clinical decision making.9   

Whether being incorporated within the computerized physician order entry (CPOE) 

systems or being used alone, CDS systems have shown great promise in improving health care. 

They have helped to improve clinicians’ performance,10-12 prevent medication errors and 

adverse drug event (ADE),13-15 support the practice of evidence-based medicine,16-19 and reduce 

health care cost.20-22 Acknowledging all the benefits brought by the HIT, the American 

Reinvestment and Recovery Act (ARRA) of 2009 allocated $22 billion for promoting adoption 
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and meaningful use of HIT in the United States.23 Under ARRA, the Health Information 

Technology for Economic and Clinical Health (HITECH) Act authorized incentive payments 

through Medicare and Medicaid to hospitals and clinicians to use certified electronic health 

record (EHR) systems to achieve the specified objectives.24 In July 2010, the Centers for 

Medicare and Medicaid Services (CMS) released the final rules to support the “meaningful use” 

of EHR. The requirement of enabling qualifying EHR to “implement one CDS rules relevant to 

specialty or high clinical priority along with the ability to track compliance with that rules” must 

be met in order to qualify for the incentive payments.25  

The University of Illinois Medical Center (UIMC) has been at the forefront of HIT 

deployment since its early adoption of EHR in 1999.26 Thereafter, experts have been conducting 

HIT assessments and integrating research findings into clinical practice.27-32 These empirical 

and evidence-based experiences provide UIMC with a unique opportunity to examine the impact 

of HIT from early stage development to mature application.   

 

1.2 Statement of the Problem 

CDS only improves the quality and safety of health care when it is “appropriately 

implemented.”33 The implementation of CDS is a complicated process that involves complex 

logic building for the clinical rules and iterative testing and modification to integrate with local 

work flow. While there has been considerable attention devoted to the implementation of CDS in 

the EHR systems since the 1990s,24, 34-36 the above mentioned studies have made the effort to 

measure the effectiveness of CDS in a short time frame. To the investigator’s knowledge, no 

longitudinal assessment has been conducted in individual institutions to evaluate the evolving 

technology since its initial adoption, let alone its effect in changing clinicians’ practice behaviors 

and patient outcomes. Beyond the limited findings from those periodic studies, research in 
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establishing quantitative analytical framework for assessing the success of CDS implementation 

is still lacking in regard to choosing and evaluating the appropriate outcome measurements and 

analytical methods.   

Even though as many as 45% of medication errors may be related to inappropriate or 

inadequate laboratory monitoring,37 CDS on drug-laboratory interaction is less developed 

compared to those on drug-drug and drug-allergy interactions, probably because it involves 

important prerequisites in CPOE and an advanced logic-building process.5, 20 However, there is 

a lack of rigorous evidence, and most of the knowledge base of drug-laboratory related CDS is 

based on expert opinions or vague descriptions in package inserts, which poses further difficulty 

when implementing such CDS systems.20  

Elevated potassium level in blood, or hyperkalemia, is one of the most frequent 

laboratory triggers in detecting and identifying adverse drug event and medication errors.38 It 

can be caused by use of certain medications, including angiotensin-converting-enzyme (ACE) 

inhibitors, non-steroidal anti-inflammatory drugs (NSAIDs), potassium-sparing diuretics, 

potassium supplements (K-sup), and trimethoprim.39 It is reported that hyperkalemia occurs to 

10%-38% of hospitalized patients using ACE inhibitors and 10% of outpatients within one year 

after ACE inhibitor therapy initiation.40 Despite the potentially life-threatening consequences of 

hyperkalemia, K-sup were still prescribed in ambulatory settings when patients had elevated 

serum potassium level ([K+])(≥ 5.3 mEq/L) from recent laboratory testing.4 Follow-up and 

repeated testing for critical outpatient results ([K+] ≥ 6.0 mEq/L) is also suboptimal.41 Besides 

these findings in outpatients, little has been researched on how hyperkalemia is treated in the 

complex inpatient settings where timely clinical responses are more critical because patients are 

more vulnerable.   
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1.3 Purpose of the Study 

This study was conducted to evaluate clinicians’ responses to the presence of 

hyperkalemia before and after implementing laboratory-pharmacy decision support in an 

inpatient setting. Additionally, efforts were made to explore the factors that might be associated 

with the changed time course of responses, including patient characteristics, severity of 

hyperkalemia, renal function, repeated alerts, location of the patients, and alert time. Two 

hyperkalemia related laboratory-pharmacy CDS rules were implemented at University of Illinois 

Hospital (UIH) in June 2003. The synchronous CDS alerted clinicians of abnormal [K+] at the 

time of prescribing ACE inhibitors, angiotensin II receptor Blockers (ARBs), K-sup, and 

potassium-sparing diuretics; while the real-time asynchronous CDS notified clinicians when 

abnormal potassium results came back while patients were still on the medication (Figure 1).  

In May 2010, another once-daily asynchronous drug-laboratory alert report was 

implemented to detect any abnormal potassium test result missed and not acted on after the 

real-time asynchronous alert. The report reviewer, either a hospital pharmacist or a physician, 

would contact the relevant clinicians if the reviewer believed that medical intervention was 

needed to address the hyperkalemic situation. One purpose of adding this report to the two 

existing CDS alerts was to demonstrate that, when integrated properly, this linkage between 

laboratory and pharmacy data would be a useful safety net to capture signals for potential 

ADEs. Another rationale for adding this alert was to demonstrate the process of linking 

laboratory and pharmacy data in a retrospective but efficient way that most of hospitals should 

be capable of, using the most basic data systems even without advanced CDS or CPOE.    
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Figure 1. Illustration of synchronous CDS alert and real-time asynchronous CDS alert in the context of managing 

hyperkalemia during K-sup use 
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Before those three laboratory and pharmacy linkage CDS were implemented, another 

communication mechanism also existed to notify clinicians of hazardous laboratory values 

which “reflect pathophysiological derangements at such variance with normal as to be life 

threatening if therapy is not instituted immediately.”42 The critical value reporting is required by 

laws, regulations, and accreditation agencies such as the Joint Commission on Accreditation of 

Healthcare Organizations (JCAHO, currently called the Joint Commission) and the College of 

American Pathologists in the US.43-46 However, no regulations have specified the laboratory 

tests require critical value notification nor the critical value limits for each test.47 At UIH, any 

potassium level ≥ 6.1 mEq/L is considered critical, and laboratory personnel are required to 

contact the responsible clinician immediately once the laboratory results become available.48   

In order to examine clinicians’ reactions to hyperkalemia in sufficient detail while keeping 

the study in a manageable scope, this study focused only on hyperkalemic cases among 

inpatients using ACE inhibitors, ARBs, and K-sup.   

 

1.4 Objectives and Hypotheses 

This study aimed to evaluate the effect of laboratory-pharmacy linkage CDS on 

clinicians’ practice behaviors and patient outcomes, and to demonstrate the analytical approach 

for quantitative assessment.  To achieve this objective, this study pursued the following four 

specific aims: 

1.  Evaluate the effect of synchronous and real-time asynchronous CDS on management 

of hyperkalemia in inpatients using ACE/ARBs and K-sup. 

2.  Identify factors associated with the timing of clinical responses. 

3.  Identify factors associated with patient outcomes.   
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4.  Assess the marginal effect of once-daily reporting on detection of hyperkalemia not 

otherwise detected or corrected by existing real time alerts.   

In order to accomplish these aims, four hypotheses were generated: 

Hypothesis 1: Hyperkalemia was managed more efficiently and acted on more promptly after 

CDS implementation.   

Hypothesis 2: Clinicians’ action time was associated with the severity of the alert, the alert 

time, and the patient’s renal function. 

Hypothesis 3: Patient time to return to normal [K+] was associated with the severity of the alert 

and patient’s renal function.  

Hypothesis 4: The once-daily report identified additional cases of hyperkalemia not otherwise 

detected or corrected by existing real time alerts.  

The first three hypotheses were tested separately in patients taking ACE/ARB and K-

sup, and Hypothesis 4 was tested only in K-sup patients.   

 

1.5 Significance of Research 

This study demonstrated the implementation of three different types of CDS laboratory-

pharmacy linkages and the analytical approach required to evaluate their effect in improving 

clinical practice and patient outcomes. Previous studies on CDS have mainly been conducted in 

large academic hospitals rather than in smaller community hospitals. With the wide adoption of 

CDS required by HITECH act of 2009, it is foreseeable that the need to perform this type of 

quality assessment for CDS systems at different levels will be significant for community 

hospitals that typically lack adequate manpower or relevant expertise and experience to conduct 

such studies. Even though this study was conducted in an urban academic teaching hospital, 

the process of developing the appropriate analytical framework and the practical experience 
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gained from this study is very valuable and transferable for other medical institutes. Besides 

that, the detailed technical requirements were also described for the CDS interventions under 

study, which are of different levels of technical complexity. Thus, applicable findings can be 

easily identified if they are relevant to the CDS systems used in other institutes.     

Besides the evaluation of the CDS, the adoption of EHR in 1999 made it possible to 

study the trend in clinical practices and the evolving evidence from the past decade at UIH. To 

the investigator’s knowledge, this study was the first one to demonstrate how the CDS was 

developed and integrated into clinical workflow given the evolving HIT development over the 

past decade. Thus, lessons and findings from this study would provide hands-on experience 

and pave the ground for delivering effective laboratory-pharmacy linkage CDS for healthcare 

organizations, application and knowledge base vendors, policy makers, and researchers.
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2. LITERATURE REVIEW AND CONCEPTUAL 

FRAMEWORK  

 

2.1 Clinical Decision Support 

2.1.1 Definition of Clinical Decision Support 

The definition of CDS varies by individuals and health organizations given its complexity 

and multidimensionality.  As early as 1991, CDS was defined as “active knowledge systems 

which use two or more items of patient data to generate case-specific advice.”49 This definition 

indicates that CDSs are typically designed to integrate a medical knowledge base, patient data, 

and an inference engine, and to provide patient specific advice to assist clinicians in caring for 

individual patients. Perreault and Metzger defined CDS broadly as “any automated tool that 

helps clinicians improve the delivery or management of patient care.”33 This definition excludes 

those decision support tools that were designed for non-care providers like patients and 

administrators. Perreault and Metzger also argued that the clinical data captured in its data 

warehouses enabled CDS systems to perform patient-specific or population-specific 

retrospective analysis, which could then be used to develop guidelines, critical pathways, and 

treatment protocols. However, such retrospective approaches were not usually considered as 

CDS since they were not designed to assist clinicians at the point of care.50 These distinctions 

are important because many CDS products were advertised for their decision support 

capabilities, which may be referred to the decision support to non-care providers or to the 

retrospective type of support.   

Even though a reference book used by a clinician at the time of prescribing can be 

viewed as one simple form of CDS, CDS now typically refers to a variety of computer-based 



10 

 

 

systems that were grouped loosely together as part of HIT, in addition to the CPOE systems and 

electronic medical records (EMRs).35 There are three common features of CDS systems: 1) a 

compiled knowledge base that includes, for example, information on diagnosis, drug interaction, 

and clinical guidelines, 2) a program for combining the knowledge with patient-specific 

information such as age, weight, gender, renal function, etc., and 3) a communication 

mechanism to enter patient data into the system and provide relevant information back to the 

clinician.     

According to the CMS Notice of Proposed Rule Making, CDS is described as “health 

information technology functionality that builds upon the foundation of an EHR to provide 

persons involved in care processes with general and person-specific information, intelligently 

filtered and organized, at appropriate times, to enhance health and health care.”51 In this new 

era of HIT, CDS interventions include but are not limited to alerts and reminders, clinical 

guidelines, order sets, patient data reports and dashboards, documentation templates, 

diagnostic support, reference information delivering, and other tools that support decision 

making within the clinical workflow.  

There are also a few terms that are frequently mentioned in the CDS related literature. 

The rules for CDS can be either active or passive.20, 52 An active rule is a pre-defined set of 

circumstances, determined by the integrated clinical information of the patient, that triggers an 

active alert during the order-entry process.53 A pop-up window with patient laboratory test result 

relevant to the medication order being entered is an example of active rule. A passive rule or 

referential information usually runs in the background or gather information to generate a report 

without interfering with the clinical workflow.53 Although sometimes the clinicians may be 

reminded the existence of certain information, they can choose to access it or continue the 

workflow without viewing the information. Some authors have categorized active CDS into two 

stages: basic CDS and advanced ones.20, 54 Basic CDS includes drug allergy checking, basic 



11 

 

 

dosing guidance, formulary decision support, duplicate therapy checking, and drug interaction 

checking. Advanced CDS refers to those that require specific patient information, such as 

dosing support for renal insufficiency and elderly patients, guidance for medication related 

laboratory testing, drug-disease contraindication checking and drug-pregnancy checking. CDS 

can also be categorized as synchronous and asynchronous events and processes. A 

synchronous event, such as dosing checking, occurs as part of the prescription order entry 

process; while an asynchronous one like a request for a report, may occur after order entry.53  

 

2.1.2 Development of Clinical Decision Support 

A large number of CDS systems have been developed over the past 40 years. Most of 

the early CDS systems can be described as stand-alone expert systems which were aimed to 

simulate human thinking of an expert clinician when confronted with a patient.55 Many of the 

earliest systems were merely for diagnostic decision support. Examples include the CASNET 

(Causal ASsociational NETworks) developed in the 1960s, the de Dombal’s system developed 

at Leeds University to support the diagnosis of acute abdominal pain and the need for surgery, 

a rule-based system called the INTERNIST developed at University of Pittsburgh in 1974 for the 

complex diagnosis in general internal medicine, and the MYCIN that were developed at 

Stanford University to diagnose and recommend treatment for certain blood infections. Some of 

the successful systems developed in the 1980s were even commercialized, like DXplain and 

QMR (Quick Medical Reference).56 During these early years, these diagnostic CDS were 

referred to as Medical Diagnostic Decision Support (MDDS) Systems, which deployed clinical 

algorithms, clinical databanks that include analytic functions, mathematical pathophysiologic 

models, pattern-recognition systems, Bayesian statistical systems, decision-analytical systems, 

and symbolic reasoning or “expert” systems.57 As those system developed, the intent gradually 

changed to assist the clinicians in their own decision making while the users were expected to 
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actively interact with the system and filter the useful information as needed.55 Other applications, 

including interactive dialogue and structured data entry control, computer-based consultations, 

incorporation of clinical practice guidelines, and biomedical signal and image processing, were 

built into CDS.   

Behind all the technical and scientific development, there were social, cultural, economic, 

and governmental influences that contributed to the climate of enthusiasm and drove the 

deployment of CDS. Greenes summarized the major forces for the development of CDS in the 

book Clinical Decision Support: The Road Ahead.9 He thought the progress of computer science, 

cognitive science, artificial intelligence, statistics, and communication technologies were the so-

called “technology imperative” that opened up the possibility for CDS and stimulated its 

development. The practice of evidence-based medicine and the need to find patient-specific and 

context-specific resources more rapidly in this information-overloaded era created the impetus 

to implement CDS. Moreover, “the empowerment of patients and consumers for more two-way 

communication and shared decision-making, recognition of importance of proactive support to 

prevent medication error, the need for reminders, alerts, recommendations and other functions 

to foster higher health care quality, the aging population and increased complexity of disease, 

and wide spread of EMR” also drove the development and implementation of CDS.9   

In 1991, the Institute of Medicine emphasized in its report that CDS is the major reason 

for computerizing the patient record.34 As indicated by supporting research findings, CDS can 

improve the quality of care, reduce health care costs, and improve patient satisfaction if 

implemented appropriately.33 Motivated by the demand to deliver safe and effective care, an 

increasing number of academic health centers, community-based organizations, and physician 

groups have been actively implementing CDS into their patient care systems and evaluating its 

effects on physician performance, patient outcomes, and medication safety.10, 11, 14, 15, 58-62  



13 

 

 

In response to the Office of the National Coordinator for Health Information Technology 

(ONC) and the Agency for Healthcare Research and Quality (AHRQ)’s request, the American 

Medical Informatics Association (AMIA) established the CDS roadmap development steering 

committee to lead federal and private sector activities to advance CDS in 2005.35 The CDS 

roadmap committee recognized the lack of a single coordinating entity that oversees strategic 

development and deployment of CDS tools as the limiting factor for its efficient use. Therefore, 

the CDS collaboratory, AHRQ, and the Department of Health and Human Services (HHS) 

started to catalog CDS activities at the federal level. An ad hoc CDS planning group was 

convened in 2007 under the American Health Information Community and developed a set of 

recommendations for federal adoption.35 At the end of 2008, the National Quality Forum (NQF) 

gathered a group of 28 major organizations and identified a set of national priorities and goals to 

help guide the performance improvement programs. The NQF also developed the national 

consensus standards for structure measures for assessing HIT, including e-prescribing, EHR, 

CDS systems, and CPOE. Later, the promotion of HIT assessment was taken over by the 

Leapfrog Group, which launched several consortiums and initiatives to foster the development 

and dissemination of best practices in adopting, implementing, and researching CDS.35 

The importance of conducting demonstration projects and sharing knowledge was also 

highly recognized in the development of CDS. In the past three years, AHRQ has been funding 

CDS-related grants, contracts, and demonstration projects through several initiatives.35 The two-

year Guidelines into Decision Support (GLIDES) project for integrating evidence-based 

guidelines for pediatric obesity and asthma into ambulatory care practices, the Clinical Decision 

Support Consortium to bridge different health care sectors, and the Center for Education and 

Research on Therapeutics at Brigham and Women’s Hospital are a few examples of the 

AHRQ’s contribution. The findings were widely disseminated through AHRQ-funded webinars, 

published reports, toolkits, and numerous resources that are publicly available. Other initiative 
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groups like Morningside Initiatives, social networking websites like ClinifoWiki, and CDS vendor 

community also played a role in sharing knowledge and disseminating evidence.35 

In its federal HIT strategic plan for 2008-2012, the ONC stated its key objectives of 

privacy, confidentiality and security, interoperability, EHR adoption and collaborative 

governance which laid a concrete foundation for CDS adoption.36 One year later, the passage of 

HITECH Act provided incentives for hospitals and clinics to adopt EHR to achieve the specified 

objectives.23 In July 2010, the final rules released by CMS to support the “meaningful use” of 

EHR generated incentives for implementing CDS rules in qualifying EHR.25  

Despite the documented evidence on how successful CPOE with implemented CDS is in 

improving health care quality and efficiency, the adoption rate of EHR is still low both in 

ambulatory care settings and in acute care hospitals in the United States.63 A survey of all acute 

care general medical and surgical member hospitals of American Hospital Association (AHA) 

reported that, among the 63.1% of responding hospitals, CPOE for medication had only been 

implemented in 17% of the hospitals. And only 9.1% of them had some form of EHR in use in 

2008.64 Reasons for the delayed progress of EHR adoption include the fragmentation of the 

U.S. health care system, inadequate incentives for adoption, and problematic work practice 

integration.63, 65, 66 Veinot et al.65 stated that the unintended consequences that accompany with 

introduction of EHR systems, such as shifts in power relations and work distribution between 

providers, disruptions in health care communication, and changes in patient care structure, were 

the critical but underappreciated factors that haltered the wide adoption of EHR. The authors 

also argued that the conflicts between systems’ decision rules and the actual clinical practice 

could result in poor integration of systems into clinical practice and uncertainties about the 

ultimate clinical outcomes of EHR deployment.  
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2.1.3 Goals of Clinical Decision Support and Its Application 

The “Five Rights” of CDS states the overall goal of CDS, which is to provide the right 

information to the right person, in the right format, through the right channel, at the right points in 

clinical workflow to improve health and healthcare decisions and outcomes.67 This “Five Rights” 

approach also sets the four dimensions of CDS that can be used to describe and distinguish 

different CDS systems: 1) whose decisions are being supported, 2) what information is 

presented, 3) when is it presented, and 4) how is it presented.55 Being different in these 

dimensions, the audience of the CDS can either be physicians, the most common user group, or 

the nurses or other clinicians, which depends on the efficiency of clinical workflow. The patient 

information can either be presented immediately at the point of care, or prior or after the patient 

encounter in order to be less disruptive. The information can either be delivered automatically to 

the clinicians, or upon request. Besides these three aspects of CDS, the quality of the 

information being presented and the underlying evidence are the major determinants of the 

effects of CDS on patient safety and quality improvement.55 CDS systems can also differ in how 

much control the users have over the decision when using CDS. Different control levels can be 

designed into the CDS so that it can only remind clinicians of things they intend to do but should 

not have to remember, provide information when clinicians are not sure of what to do, correct 

errors that clinicians have made, or recommend the clinicians to change their plan.  

2.1.3.1 Health Care Quality and Safety Improvement  
By achieving the “Five Rights”, CDS has been able to detect potential problems in 

patient safety and health care quality and inappropriate utilization of services, medications and 

supplies. Paralleling the development of CDS, published systematic reviews and meta-analyses 

have showed fairly consistent evidence that CDS improves clinicians’ performance.10-12 The 

most recent systematic review published in 2005 reported that CDS systems improved 

practitioner performance in 64% of the studies (62 out of 97 studies), and the success was most 
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likely to be achieved using reminder systems (76%).10 For example, Galanter and colleagues 

studied the effect of CDS on clinical responses and response time in the management of 

digoxin therapy, and found that checking for unknown serum values of digoxin, potassium, and 

magnesium increased significantly after CDS implementation (p < 0.01), and electrolyte 

supplementation increased in response to newly reported hypokalemia and hypomagnesemia.30 

Another study about the use of CDS alerts in reducing inpatient administration of medications 

contraindicated with renal insufficiency reported an absolute reduction of 42% (from 89% to 

47%) for the likelihood of a patient receiving contraindicated drug after alert implementation.29 

However, the evidence on how well these CDS systems help to improve patient outcomes is 

limited. In the same systematic review, only 7 trials (13%) reported improvements in patient 

outcomes.10  

2.1.3.2 Prevention of Medication Errors  
When incorporated within the CPOE systems or being used alone, CDS systems can 

help prevent medication errors. A study published in 1998 showed that CPOE with CDS 

reduced non-missed-dose medication error rate by 81% (p < 0.0001) and non-intercepted 

serious medication errors that had high potential to cause medication harm by 86% (p = 

0.0003).13 A systematic review published in 2003 identified four additional trials assessing 

CPOE with CDS and seven assessing isolated CDS systems.14 Two out of the five CPOE trials 

reported a great reduction in serious medication errors, and four of the seven isolated CDS 

demonstrated significant improvement in ADEs. Another systematic review identified 10 original 

studies published between 1966 and March 2007.15 Five of the 10 studies showed a statistically 

significant decrease in ADEs (p ≤ 0.05), four showed non-significant reduction, and one 

demonstrated no change in ADE rates. These positive but relatively inconsistent conclusions of 

CDS’s effect on preventing ADEs were explained by the poor study design and statistical 

insignificance.55 One reason for the mixed findings could be the methodological issues such as 
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ceiling effects and the low statistical power due to the rarity of ADEs. These two issues could 

have made the studies difficult to detect statistically significant effects if performance was 

already good before CDS implementation. Moreover, there are often other intervening factors, 

like patient compliance and clinicians’ ignorance or override, that could have impacted the final 

outcomes.   

2.1.3.3 Support for the Practice of Evidence-based Medicine  
CDS has also been shown to support the practice of evidence-based medicine by 

ensuring the best clinical knowledge and recommendations are utilized by clinicians. Given the 

rapid pace in the growth of knowledge, making the optimal clinical decision requires the 

clinicians to have access to a large amount of complex information. Sim and colleagues 

recommended coupling CDS technology with evidence-based medicine for improving health 

care quality.16 They strongly advocated for the so-called “evidence-adaptive CDS systems” that 

capture the most up-to-date evidence from the research literature and practice-based sources 

as the clinical knowledge base of the CDS.  When bringing these two potentially powerful tools 

together, CDS has been used to better communicate clinical guidelines to practitioners within 

clinical workflow. It was reported that standing orders produced by CDS at the time of patient 

discharge increased influenza vaccination rate from 30% to 42% (p < 0.001) and pneumococcal 

vaccination rate from 31% to 51% (p < 0.001) as compared to traditional physician reminder.17 

Another study implemented the deep-vein thrombosis prophylaxis guideline into the CDS and 

reduced the risk of deep-vein thrombosis or pulmonary embolism at 90 days by 41% (p = 

0.001).18 CDS has also been a valuable technology in implementing and validating evidence-

based guidelines. Sucher et al. described the use of CDS in specifying and providing best care 

for trauma patients.19 They concluded that CDS offers the unique approach to decrease 

variability, test intervention, and validate improved quality of care when implementing evidence-

based guidelines. 
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2.1.3.4 Reduction in health care cost 
Besides the above mentioned clinical benefits, CDS, when incorporated with CPOE 

systems, has also shown to reduce health care cost.20 It was reported over the 10-year period 

from 1993 to 2002, the Brigham and Women’s Hospital invested $11.8 million in their CPOE 

system with CDS, which produced $16.7 million in cumulative net savings and $9.5 million net 

operating budget savings.21 Among all the CDS elements implemented, greatest cumulative 

savings resulted from renal dosing guidance, nursing time utilization, specific drug guidance, 

and adverse drug event prevention. Another study conducted at the LDS Hospital in Salt Lake 

City compared the anti-infective agent cost, total hospital costs, and length of hospital stay 

before and after linking the CDS program with computer-based patient records in assisting the 

use of anti-infective agents.22 They found that all three outcomes were improved by significant 

reduction in drug allergies, excess drug dosages, antibiotic-susceptibility mismatches, and 

ADEs.  

However, these two and other relevant studies bear several common limitations. When 

estimating the value of CDS, most of the studies focused on the cost saving resulting from 

shortened length of hospital stay and avoidance of inappropriate prescribing, and used the cost 

data of prevented ADEs to estimate the cost savings. This cost calculation excludes direct costs 

saved from the clinical benefits of CDS other than ADE prevention. Moreover, most of the 

CPOE and CDS systems studied were “home grown” systems that have been developed over 

many years and most often with external grant support. Thus, it is difficult to estimate the cost of 

developing the CDS. Most studies used a pre- and post implementation approaches rather than 

a direct assessment of actual cost savings. Failing to adjust for the changes other than CDS 

implementation would definitely pose threat to the internal validity of the study.   
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2.1.4 Challenges and Opportunities for Clinical Decision Support	

Obstacles have been presented throughout the development of CDS, ranging from the 

technical challenges in the earlier years to the difficulty of implementing effective knowledge 

base and efficient communication channels are faced today. Given the aim of assisting, rather 

than replacing clinicians, CDS users have the overall control over the final decision. The issue 

of ignoring the advice of CDS has been shown in a variety of CDS systems, including diagnostic 

systems, evidence-based treatment recommendation, and alerts for drug interactions.55 The 

particular problem of overriding drug interaction alerts has been consistently reported in 

inpatient, outpatient, and long-term care settings. It was reported that only 1.4% of non-

interruptive drug-drug interaction alerts were accepted, and 30.2% of the alerts for drug-drug 

combinations which could be “potentially serious” were overridden at an outpatient study site.68 

And the override rate for an inpatient site with advanced CDS system and for an inpatient site 

with basic CDS system were 14.0%, and 44.1%, respectively. There have been a few attempts 

to address this issue. In situations when CDS recommendations were ignored, patients were 

sicker or in more complicated condition,22 or the clinicians had strong beliefs in their choices and 

no better alternative was available.52 Other possible explanations include the speed and ease of 

access,52, 55 lack 68of tiering by severity,62 and alert fatigue.69 However, none of these 

explanations have been validated, and cognitive studies on ignoring alerts are still lacking.70  

Since it is clinicians’ decision that directly influence care processes, it is difficult to 

evaluate the effect of CDS without a fully understanding of why CDS recommendations are 

ignored. The modulators for clinicians’ alert ignorance were categorized as: 1) alert content 

regarding the quality of clinical knowledge, and 2) alert presentation that has an effect through 

human factors such as alert display, textual information, and prioritization.68 An observational 

study was conducted to identify potential modulators of the acceptance of the drug-drug 

interaction alert.68 Factors, including frequency of the alert, quality of display, alert level, 
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inpatient setting (as compared to outpatient setting), and dose-dependent toxicity, were 

positively associated with alert acceptance. Patient age was a significant modulator in 

cancelling the prescription when accepting the alert, but not in modifying the prescription.  

 Current findings have demonstrated basic computerized systems do not work unless 

associated with advanced systems like CDS.71 However, healthcare providers and HIT vendors 

are still facing great challenges when implementing CDS effectively and efficiently. After 

systematically reviewing the CDS studies published up to 2003, Kawamoto and colleagues 

identified several key features of CDS system that were critical in improving clinical practice.72 

They found automatic provision of decision support as part of clinician workflow, provision of 

recommendations rather than just assessments, provision of decision support at the time and 

location of decision making, and computer based decision support were the significant 

predictors of a successful system. These findings were echoed by other experts in the field. 

Bates and colleagues provided ten commandments from their experiences while developing and 

implementing CDS systems at Brigham and Women’s Hospital.52 They acknowledged the 

importance of integrating CDS suggestions with clinical practice and anticipating clinicians’ 

needs in order to provide them with needed information at the time they need. They were aware 

that clinicians were more likely to resist suggestions unless an alternative was offered, and it 

was easier for them to change their decision (e.g., dose, route, or frequency of a medication) 

than stopping their action. They also mentioned that the systems must be developed in a way 

that made it easy for clinicians to do the right thing by considering human factor principles and 

through usability testing.  

 

2.2 Empirical Studies Linking Laboratory and Pharmacy Data 

Most of the current laboratory-pharmacy CDSs exist in the form of reminders to assist 

physicians with monitoring medications that have a narrow therapeutic range.10 For example, a 
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study showed that anti-epileptic drug levels can be optimized through reminders at the time of 

ordering, which reduce inappropriate ordering rate from 54% to 14.6%.73   

Other forms of CDS with direct linkage between laboratory and pharmacy have also 

been used in outpatient settings. Steele et al. found that automated drug-laboratory interaction 

alert helped providers increase ordering of appropriate laboratory tests from 39% to 51% (p < 

0.001) in a primary-care clinic, but no statistically significant difference was observed for ADEs 

defined by Naranjo score which measures the likelihood of whether an ADE is due to the drug 

rather than other factors.74 This positive findings assured the effect of CDS on improving 

physicians’ behavior after Weingart et al. reported that 91.2% of the drug-allergy and 89.4% of 

high-severity drug-drug interaction alerts were overridden by primary care physicians.75 But they 

addressed the negative finding by stating that the alert threshold was too low and alerts should 

be suppressed for medication renewals that the patient tolerated.  

Also conducted in outpatient settings, Schiff et al. found that 1.5% K-sup prescriptions 

(498 prescriptions over a 1-year period) were written and dispensed for patients with [K+] ≥ 5.3 

mEq/L from the most recent test, and 159 prescriptions were written for patients with [K+] ≥ 6.0 

mEq/L.  The authors identified two errors: 1) prescribing K when most recent [K+] was elevated; 

and 2) prescribing K-sup when [K+] was elevated on the same day and fail to contact patients to 

discontinue K-sup. They concluded that, with properly designed systems linking laboratory and 

pharmacy, these errors should be preventable.  The authors also commented that there were no 

clear recommendations on a serum level above which K-sup should be discontinued.  Even 

though such clinical decisions must be made when taking patients’ renal function, diuretic dose, 

and use of other drugs into account, the upper limit of normal ([K+] ≥ 5.3 mEq/L) would be 

unwarranted and potentially dangerous in many clinical situations. And once [K+] exceeded 6.0 

mEq/L, prompt clinical attention must be given.  
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In order to identify factors associated with delayed follow-up of severe hyperkalemia in 

the ambulatory settings, Moore and colleagues examined the medical records of all adult 

patients with [K+] ≥ 6.0 mEq/L over a 4-year period. They found that 10% of cases had no 

follow-up, while median follow-up time was 3 days.41 They also reported that private insurance, 

taking medications that can cause hyperkalemia, and higher serum potassium level were 

significantly associated with shorter follow up time. Although these two studies were focused on 

outpatients, they affirmed that follow-up of abnormal potassium test results was far less than 

optimal in ambulatory care, and this situation can be improved through communication between 

the laboratory and pharmacy systems.  

 

2.3 Hyperkalemia 

2.3.1 Pathophysiology  

Approximately 98% of the total body potassium is stored in the intracellular fluid, while 

only 2% exists in the extracellular fluid.76, 77 The Na+-K+-ATPase pumps potassium, against its 

electrochemical gradient, from the extracellular fluid into the intracellular fluid.  Hyperkalemia 

occurs when the intra- and extracellular potassium distribution is disturbed.39  

Causes for hyperkalemia include excess intake, redistribution from intracellular fluid to 

extracellular fluid, and impaired renal secretion.39 Excessive potassium can rarely produce 

hyperkalemia unless renal potassium secretion is also impaired, whether through drug, renal 

insufficiency, or other causes. The primary sources for potassium intake are from food and salt 

substitutes, especially from some fruits and vegetables with high potassium concentration. 

Another common dietary source of potassium is enteral nutrition supplements and 

hyperalimentation fluids.  Patients with renal failure receiving total nutritional support through 

enteral nutrition supplements or hyperalimentation fluids should be closely monitored since the 

contained potassium concentration is usually excessive for patients with renal insufficiency. 
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Another source for potassium comes from medications that are supplied as the potassium salt 

(e.g., penicillin and citrate) or the K-sup, such as potassium chloride. K-sup are frequently 

administered to patients who are also taking diuretics and at risk of hypokalemia. Given the 

evolving evidence that K-sup can also decrease blood pressure and improve mineral balance 

and skeletal calcium metabolism in postmenopausal women, it has been prescribed frequently 

for conditions other than hypokalemia.78-80 Hyperkalemia could occur frequently among those 

patients if serum potassium and renal function are not carefully monitored.  

Since the vast majority of total body potassium is stored in the intracellular fluid, any 

small change in the distribution between intra- and extracellular fluid can cause hyperkalemia.39 

Possible causes include acidosis, membrane-depolarizing anesthetics, and extracellular 

hypertonicity result from “effective osmoles” that generate osmotic pressure. Drugs like insulin, 

aldosterone, and β-adrenergic agonists that interfere with the hormonal systems can also 

regulate potassium distribution. When potassium intake increases, aldosterone synthesis also 

increases to accumulate more potassium in the intracellular compartment. Aldosterone 

synthesis is regulated mainly by renin-stimulated angiotensin II production. Therefore, drugs 

that inhibit adrenal aldosterone synthase (e.g., heparin) or angiotensin II-mediated stimulation of 

adrenal aldosterone synthesis (e.g., β-adrenergic agonists, atrial natrieretic peptide analogues, 

ACE inhibitors, and ARBs), or inhibit aldosterone action at cellular level (e.g., spironolactone), 

can all cause hyperkalemia through distorted potassium distribution. 

Impaired renal potassium secretion can also induce hyperkalemia due to reduced 

nephron mass and intrinsic impairment of active potassium secretion.39 Since the number of 

collecting ducts is related to the glomerular filtration rate, renal insufficiency or renal failure will 

result in impaired renal potassium secretion. Many drugs in common clinical use interact with 

collecting duct in potassium secretion. For example, aldosterone directly increases potassium 

secretion in addition to its effect on potassium distribution; arachidonic acid metabolites regulate 
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potassium channels; NSAIDs reduce arachidonic acid metabolite production and decrease 

potassium secretion through reduced potassium channel; potassium-sparing diuretics and 

antibiotic trimethoprim and pentamidine block the cell apical sodium channel; and digitalis and 

its analogue inhibit the cell basolateral Na+-K+-ATPase.39 

 

2.3.2 Adverse Effects 

Hyperkalemia can decrease myocardial cell conduction velocity and increase the rate of 

repolarization.81, 82 The decreased conduction velocity induce increases in the PR interval and 

the width of the QRS complex on electrocardiogram (EKG), while the increased repolarization 

rate leads to an increased height of T wave which can also be seen as the peaked T waves 

from the EKG.  A slowed conduction velocity, especially with peaked T waves, increases the 

likelihood of ventricular fibrillation, which can lead to sudden death. Correlation between the 

EKG findings and the severity of hyperkalemia has been observed in certain degree.39 The 

progression from mild to severe hyperkalemia may not be predicted from EKG, which depends 

on a number of factors, including patient sensitivity and the acuteness of the development of 

hyperkalemia. Even though the progression from benign to fatal arrhythmias resulted from 

hyperkalemia is unpredictable, the presence of abnormal EKG findings should be considered as 

medical emergency. Besides these myocardial effects, hyperkalemia can also affect skeletal 

muscles and increase weakness and fatigue. Smooth muscles are also sensitive to elevated 

potassium level, which could result in severe respiratory depression.83  

Even though hyperkalemia, defined as [K+] ≥ 6.3 mEq/L, occurs relatively frequently in 

inpatient settings, about 3.2% of all hospital admissions, deaths directly related to hyperkalemia 

are relatively rare.84 It is considered life-threatening if serum potassium concentration reaches 

6.5 mmol/L and /or cardiac signs appear.85 Ponce et al. reported that hyperkalemia accounted 

for 1 out of 1000 deaths in hospitalized patients.86 In another paper studied drug-associated 
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hyperkalemia in adult patients without end stage renal disease (ESRD), fatal outcomes, 

attributed to hyperkalemia, were observed for 9.8% of the patients with serum potassium 

concentration at least 6.5 mEq/L.87  

 

2.3.3 Treatments 

Treatment for hyperkalemia can be divided into three categories: minimizing the cardiac 

effects of hyperkalemia, shifting potassium into cells, and removing potassium from the body.  

Blocking Cardiac Effects 

Intravenous administration of calcium specifically antagonizes the effects of 

hyperkalemia on the myocardial conduction system and myocardial repolarization.88 Being the 

most rapid way to treat hyperkalemia, intravenous calcium administration should be the initial 

treatment for patients with abnormal EKG related to hyperkalemia.  

Cellular Potassium Uptake 

The second effective way to treat hyperkalemia is to increase cellular uptake with insulin 

or β2-adrenergic agonists. Unless the patient is already hyperglycemic, glucose is usually 

coadministered with insulin to avoid hypoglycemia, which can lead to further increase in 

potassium concentration due to hypertonicity-induced potassium redistribution. Albuterol is not 

approved for intravenous use in the U.S. because of its tachycardiac side effect.89 It is often 

given by nebulizer, but may not be responsive in 20-33% of patients.90, 91 Therefore, combined 

therapy with insulin and albuterol is often used for severe hyperkalemia.  

Bicarbonate can also be used for hyperkalemia even though it is less effective than 

insulin or β2-adrenergic agonists. It is reported that changes in serum potassium were 

insignificant and inconsistent with intravenous bicarbonate administration, and the sodium load 

from the drug may also worsen hypertension and contribute to the complication of acute 
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congestive heart failure.92-94 Thus, sodium bicarbonate is not recommended for routine use in 

treating hyperkalemia.  

Potassium Removal 

 The definitive treatment for hyperkalemia is removal of potassium from the body. Loop or 

thiazide diuretics are usually used to accelerate renal potassium elimination, which may suffice 

in some conditions. However, most patients with hyperkalemia have underlying renal 

insufficiency as a contributing factor.95 In that case, the effect of diuretics is limited, and sodium 

polystyrene sulfonate (SPS) is needed to eliminate potassium by exchanging sodium for 

potassium in gastrointestinal tract.95  

 Dialysis should also be considered as the primary method for potassium removal when 

renal function is impaired and persistent or severe hyperkalemia is developed.39 Hemodialysis is 

the most rapid way to remove potassium; peritoneal dialysis, chronic arteriovenous 

hemodialysis, and chronic venovenous hemodialysis are used for chronic hyperkalemia, but are 

not recommended for acute severe hyperkalemia because of its slow speed in removing 

potassium.39  

Besides these therapeutic approaches mentioned above, it is important to determine the 

underlying causes and pathophysiologic diagnosis for hyperkalemia in order to prevent 

reoccurrences for long-term treatment.96 Dietary habit and medication use should be carefully 

examined. Laboratory tests such as arterial blood gas, urinary potassium concentrations, 

fractional excretion of potassium, and calculation of transtubular potassium gradient may be 

required to make the pathophysiologic diagnosis. The treatments protocol for severe 

hyperkalemia, which was defined as serum potassium concentration [K+] ≥5.5 mEq/L, were 

summarized by Kim et al.,96 and illustrated below (Figure 2).   
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Figure 2 Flow chart for treatment of severe hyperkalemia96 

 

 

 

 

 

 

 

 

 

 

 

 

1Can be repeated until resolving EKG changes; 2intravenous bolus injection; 3if blood glucose is more 

than 250mg/dl, can be omitted; 4not proven unanimously.  

 

 

2.4 Conceptual framework 

2.4.1 Linking Laboratory and Pharmacy 

Acknowledging the importance of linking laboratory and medication data in detecting and 

preventing medication errors related to laboratory parameters, Schiff and colleagues proposed 

ten ways that laboratory and pharmacy links can help to improve health care quality and 

enhance drug safety (TABLE I).97 Communication between laboratory and pharmacy systems 

could help pharmacotherapy in drug choice, dosing, monitoring, laboratory interference and 

interpretation, and quality of care improvement.  The authors stated that many health care 

Hyperkalemia ([K+] ≥5.5 mEq/L) 

Rule out the possibility of Pseudohyperkalemia 

EKG changes or [K+] > 6.0 mEq/L EKG back to normal, or [K+] ≤ 6.0 mEq/L) 

10-20 ml of 10% calcium gloconate i.v. over 2-5 min1 

10 U of regular insulin2 with 
50ml of 50% glucose3 + 20-

60ml of 8.4% NaHCO3
4 

10 U of regular insulin2 with 50 
ml of 50% glucose3 + 10-20 
mg of nebulized albuterol  

10 U of regular 
insulin2 with 50ml of 

50% glucose3  

Hemodialysis 

Long-term treatment 
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institutions could benefit from linked pharmacy and laboratory data, which can be done either 

retrospectively or in real time.  They also argued that, when incorporated into synchronous CDS 

with electronic order entry, the linked pharmacy and laboratory data have great promise to 

improve the quality of care.  

  



29 

 

 

TABLE  I  TEN WAYS LAB AND PHARMACY CAN BE LINKED TO IMPROVE CARE97 

Category Concept Special roles for the linkages 

Drug selection 1.  Lab finding contraindicates drug 
2.  Lab finding suggests indication for drug 

Prevents prescription writing or dispensing 
Generate timely reminders, tracking intervention 

Dosing 3.  Lab finding affecting drug dose 
4.  Drug requiring lab measure for titration 

Performs dose calculations based on age, sex, lab value, weight 
Statistical process control dosing adjustment charts 

Monitoring 5.  Abnormal lab value signaling toxicity 
6.  Drug warranting lab value monitoring for 
toxicity 

Triggers alert, assesses likelihood 
Oversees scheduling of both baseline and serial monitoring 
tests 

Lab 
interpretation 

7.  Drug influencing or interfering with lab 
finding 
8.  Drug impacting on response to lab 
finding 

Warms against/interprets false-positives and false-negatives 
 
Resets alarm threshold for treated patients 

Improvement 9.  Drug toxicity/effects surveillance 
 
10.  Quality oversight 

Data mining of lab and drug data to generate new hypotheses of 
drug effects 
Monitors time interval between lab testing and prescription 
change, adequacy/appropriateness of lab monitoring  

Note:  This TABLE is adapted from Linking Laboratory and Pharmacy: Opportunities for Reducing Errors and Improving Care by 
Gordon D. Schiff, David Klass, Josh Peterson, Gaurav Shah, David W. Bates, published at Arch Intern Med 2003;163(8):893-900.
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2.4.2 Laboratory and Pharmacy Linkage CDS 

Galanter further depicted the targets for CDS to improve medication use (Figure 3).98 He 

pointed out that optimal medication selection and dosing should not only be based on the 

diagnosis, but also be guided by the characteristics of individual patients, such as age, gender, 

allergies, vitals, weight, other medications, and critical biomedical parameters. These were the 

areas where CDSs could help to facilitate clinicians in providing better clinical care.   

 

 

Figure 3 Targets for CDS to improve medication use 

 

 
Abbreviations:   Rx: medication; Dx: diagnosis. 

 

 

After critical appraisal of the concurrent challenges associated with medication-related 

CDS, Kuperman et al. concluded that medication-related laboratory testing can be guided by 

advanced CDS, and it requires three prerequisites, including access to patients’ previous 



31 

 

 

laboratory results, an alerting system to inform providers of needed laboratory tests, and 

evidence-base upon which the CDS guidance can be built.20 They also recommended that 

systematic reviews and primary research should be conducted to establish the benefits of CDS-

guided medication-related laboratory testing. When such evidence is not available or clear, 

consensus opinions from experts and accepted by clinicians can be used to determine 

monitoring intervals, but need to be updated regularly or whenever new evidence emerges. 

These recommendations echo the purpose of this study, and underscore its significance and 

necessity.   

 

2.4.3 Analytical Framework 

In light of the theoretical exploration of human factors principles and current findings 

from empirical research, this study chose action time as the measurement of clinicians’ 

response. It was defined as the time that the alert was triggered until appropriate action was 

taken or previous hazardous condition was resolved. The previously identified factors that were 

associated with clinicians’ responses and alert acceptance were further decomposed into four 

categories: 1) patient characteristics such as age, gender, and ethnicity; 2) alert content 

including alert level/severity and clinical risk factor; 3) alert frequency; and 4) work flow 

incorporation which means how well the alert intermingled with the existing clinical practice. 

Those four categories could intervene clinicians’ decision making when responding to 

hyperkalemia, or influence alert ignorance and the system time when the alert would be 

responded. 

Furthermore, the laboratory-pharmacy linkage CDS should also have an indirect effect 

on patient time to normal [K+] since the delayed action would probably result in longer time 

while patient was hyperkalemic.  
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Figure 4 Analytical framework of the study 

Alert Actions 
Patient [K+] 

level 

Action 
Time 

Patient 
characteristics 
- Age 
- Gender 
- Ethnicity 

Alert content 
- Alert level/ 
severity: [K+] level 
- Clinical risk 
factors: renal 
function 

Frequency of 
alert 

- First episode 
during admission  
- (Alert on multiple 
K-sup orders) 

Existing clinical 
practice/work flow 

incorporation 
- Alert hour 
- Service location 

• For synchronous CDS – time 
when a contraindicating 
medication order was placed 

• For real-time asynchronous 
CDS – time when an elevated 
[K+] was posted ([K+]≥5.3 
mEq/L for ACE/ARB, or 
≥5.0mEq/L for K-sup) 

• ACE/ARB: cancel ACE/ARB, 
repeat [K+], SPS, EKG, 
calcium, sodium bicarbonate, 
furosemide, insulin + glucose 

• K-sup: cancel K-sup, repeat 
[K+] 
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3. METHODS 

3.1 Health Information Technology Environment at UIMC 

In August 1999, an EHR (Millennium®, Cerner Corporation, Kansas City, MO) was 

deployed at UIH, a 450-bed urban teaching hospital in a major academic health center.27 It has 

been used as the primary storage for results, problem lists, clinical notes, medication lists, and 

orders. All physician users were mandated to use EHR for documenting patient care and 

retrieval of laboratory and radiological information.31 During November of the same year, CPOE 

was implemented on all UIH inpatient units. From then on, all inpatient medication orders have 

been placed using CPOE. Afterwards, a commercially available CDS system (Discern Expert, 

Cerner) was gradually built up to alert contraindicated medication use,29 link laboratory results 

with medication use,30 prevent exacerbation of ADEs,28 and assist clinical risk assessment.99  

Among those CDS interventions, the CDS alerts for elevated [K+] for patients on ACE 

inhibitors, ARBs, and K-sup were implemented in June 2003 (Figure 5, 6).  The CDS system 

could be evoked on two conditions: 1) ordering a medication from List A, B, and C, when [K+] > 

6.0 mEq/L for patients under 1 year or [K+] ≥ 5.0 mEq/L (K-sup) or ≥ 5.3 mEq/L (ACE/ARB) for 

patients aged 1 year and older; 2) when an elevated [K+] test result came back and the patients 

had an active order for any of the medication from List A, B, and C. In the first situation, the 

scripted warning message would be displayed on the order entry screen with patient name, the 

most recent [K+] result, and the name of the medication being ordered. In the second situation, 

printout with the same script message would be sent to designated nursing stations and 

inpatient pharmacies, and to the electronic clinical inbox of the on-call physicians.  
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Figure 5 Synchronous CDS alert for elevated potassium level100  
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Figure 6 Real-time asynchronous CDS alert for elevated potassium level101 

 

 

 

 

In May 2010, another daily report for a series of lab↔drug pairs was implemented in 

addition to the existing two alerts.102 Using real-time information obtained from the EMR, this 

report sought to identify patients whose linked lab and pharmacy data suggested the need for 
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clinical intervention to address a potentially dangerous situation. The report runs once a day at 

the pre-set time of the day. The alert is triggered at the presence of an active order for a target 

medication with the most recent target laboratory test result within the predefined alerting range. 

A report is generated after combining all the triggered alerts. Patient name, medical record 

number, lab↔drug pair, weight, service location, triggering medication and its dose and 

frequency, medication ordering date and time, and laboratory test ordering date and time and its 

value, are included with each alert. The report is then delivered automatically to a secure 

hospital intranet directory, and the responsible clinicians will be contacted to address the 

identified problem. The three pairs that being studied, [K+]↔ACE inhibitor, [K+]↔ARBs, and 

[K+]↔K-sup, were implemented during the first phase. Ten months of data were available for 

assessing how well these retrospective linkages can help in detecting potentially harmful 

problems in a more timely fashion.  

Based on the definition in the published literature and common use of those terms, the 

alert that was triggered at the medication order entry was referred as the synchronous CDS 

alert, and the other two alerts as asynchronous. In order to distinguish the two asynchronous 

alerts, the alert triggered by the posting of elevated [K+] was referred as the real-time 

asynchronous alert as it was real-time at the posting of lab results. And the other retrospective 

asynchronous alert was referred as once daily report in the following text.  

 

3.2 Evaluation of Synchronous and Real-time Asynchronous CDS alert 

3.2.1 Study Design, Study Sample, and Data Source 

The assessment of synchronous and real-time asynchronous CDS alert was conducted 

through a retrospective analysis of EHR data collected from regular clinical care encounters 

(Figure 7). Potassium test and medication use data for all patients on ACE inhibitors (benazepril, 
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captopril, enalapril, and lisinopril), ARB (only losartan at the time), or K-sup from June 1st, 2002 

to May 31st, 2004 were pulled from the UIH medication and laboratory database through 

programmed computer queries. Since different laboratory thresholds were used for neonatal 

and infant patients (i.e. age < 1 year) and those patients had higher potassium tolerance, only 

patients aged 1 year and older were selected as the study sample. Different [K+] thresholds 

were applied for the ACE/ ARB and K-sup sample. ACE/ARB users had to have at least one 

laboratory potassium test, during the study time frame, with a result that was ≥ 5.3 mEq/L in 

order to be included in the study sample, while the laboratory cutoff was ≥ 5.0 mEq/L for K-sup 

users.  

 

 

Figure 7  Study period for assessment of synchronous and real-time asynchronous CDS alerts 

 

 

Additionally, patients who had ESRD were excluded from the ACE/ARB sample, but not 

the K-sup sample. ESRD patients were more likely to have higher [K+] due to their impaired 

renal function. For ACE/ARB users with ESRD, the appropriate clinical action for hyperkalemia 

would be dialysis. However, ESRD is irrelevant in managing hyperkalemia for K-sup users. 

Thus, patients with ESRD were included in the K-sup study. ESRD patients going through 

hemodialysis or peritoneal dialysis were identified by reviewing nephrology consult orders 

06/01/2002 06/01/2003 05/31/2004 

Pre-intervention period Post-intervention period 



38 

 

 

during the medical chart review process. Since dialysate solutions usually contain a certain 

amount of potassium, dialysis orders were excluded from the medication orders under study.  

 

3.2.2 Data Management  

The EHR was queried based on the inclusion criteria specified above. Separate data 

files were constructed for patient demographics, medication orders, laboratory data, and 

nephrology consult orders. The patient identifier, FIN number, was saved in each file in order to 

link those different pieces of information and merge those files for medical chart review and 

statistical analysis. Data was then imported into SAS version 9.1.3 (SAS Institute, Cary, NC, 

USA) for data cleaning. Afterwards, a summary table with patient FIN number, laboratory tests, 

medication orders, and nephrology consult information was constructed in Excel (Microsoft 

Excel 2007, Redmond, WA, USA) to facilitate medical chart review. All statistical analyses were 

performed using SAS. Result figures were created using either Stata SE 10.0 (StataCorp LP, 

College Station, TX) or Excel 2007.  

Data containing personal health information was stored in a password-protected 

computer located in a locked office that only the investigator and her advisors had access to. 

This study was reviewed and approved by the Institutional Review Board at University of Illinois 

at Chicago under the protocol number 2009-0429. The conduct of this study was fully compliant 

with the Health Insurance Portability and Accountability Act of 1996 (HIPAA).  

 

3.2.3 Medical Chart Review 

A medical resident and a 4th year medical school student helped to conduct the medical 

chart reviews to determine the eligibility of study subjects and evaluate clinical actions that were 

relevant to managing hyperkalemia for ACE/ARB users.  
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As part of another related study, the repertoire of clinical actions treating hyperkalemia 

for patients taking ACE inhibitor and ARB had been built based on the clinical recommendations, 

clinical expertise, and the findings from the chart review of a small random sample of the study 

subject. The possible clinical actions were summarized as follows:  

- Cancel the ACE inhibitor or ARB 

- Add a diuretic (furosemide) 

- Repeat potassium test 

- Administer SPS 

- Administer albuterol 

- Administer calcium gloconate 

- Administer insulin and glucose 

- Order EKG 

After confirming the non-ESRD status of the patients, reviewers examined the medical 

charts and clinical notes thoroughly to determine whether these actions, if available, were taken 

for the purpose of addressing hyperkalemia. All the possible actions were evaluated separately, 

and the time to the first action was used to assess the effect of CDS alerts in improving 

clinicians’ responses.  

Hemolysis occurs frequently to blood samples, which results in “pseudohyperkalemia” 

due to the potassium released from blood cells.39 When the serum is hemolyzed, potassium 

tests need to be redone in order to get an accurate measure of serum potassium level. 

Therefore, hemolyzed samples were treated as non-hemolyzed ones in chart review, since the 

proper action after receiving a hemolyzed sample for a patient who was at risk for hyperkalemia 

was to repeat the test, which was also one of the expected actions for treating hyperkalemia for 

ACE/ARB users. 
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In comparison to the clinical responses to hyperkalemia related to ACE inhibitor and 

ARB use, actions to treat hyperkalemia in patients taking K-sup were more straightforward. 

Besides other actions for addressing hyperkalemia, canceling the K-sup order and/or repeating 

[K+] were always expected to be the first actions. Thus, no chart review was conducted, and the 

time to first action was measured from the alert time to the time of canceling K-sup or repeating 

[K+].  

 

3.2.4 Statistical Analysis 

3.2.4.1 Outcome measurement 
The primary purpose of this study was to assess the effect of synchronous and real-time 

asynchronous CDS alerts on clinicians’ action in managing inpatient hyperkalemia (Objective 1). 

In order to achieve this objective, the effect of two CDS alerts was evaluated separately for both 

[K+]↔ACE/ARB and [K+]↔K-sup, and the combined effect of both alerts was assessed for the 

[K+]↔K-sup only.  

The effect of synchronous CDS 

The effect of synchronous CDS alert was measured by the clinicians’ compliance with 

the synchronous alert, or in another words, the order cancellation rate after CDS implementation. 

Technically, order cancellation or clinicians’ compliance was defined as no medication order 

being placed within one hour of the relevant alert. The synchronous alert was also expected to 

have an indirect effect on the alert rate of the real-time asynchronous alert. Therefore, the alert 

rate of asynchronous alerts during the post-intervention period was compared with the rate of 

potential asynchronous alert during the pre-intervention period. Since there was no real-time 

asynchronous alert in place before June 2003, [K+] above the defined threshold that were 

posted while the relevant medication order was active were treated as potential real-time 

asynchronous alerts for the pre-intervention period.  
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The effect of real-time asynchronous CDS 

The effect of the real-time asynchronous alert was measured by two outcomes: time to 

the first action (clinicians’ action time), and patient time to normal [K+]. The action time was 

calculated from the posting time of the elevated [K+] till the time performing any of the actions 

identified from the chart review for [K+]↔ACE/ARB and cancelling the K-sup order or repeating 

[K+] for [K+]↔K-sup. During each admission which was identified by the FIN number, an 

elevated [K+] after [K+] went under the alerting range was considered as a separate 

hyperkalemic episode. The time to normal [K+] was defined as the time between the posting 

time of the elevated [K+] until the time when the serum sample of the next available normal [K+] 

was drawn.  

The combined effect of both CDS alerts 

Both the synchronous and the real-time asynchronous alerts were expected to reduce 

the use of medication in the hazardous conditions as alerted by CDS alerts. Since cancelling K-

sup order was one of first expected actions in response to hyperkalemia, any decrease in the 

patient time on K-sup would be the combined effect of both CDS alerts. Therefore, total patient 

time on K-sup normalized by total patient admission days during the same period and also the 

patient time on K-sup while [K+] ≥ 5.0 mEq/L normalized by total patient time on K-sup were 

used to measure the combined effect of both alerts. Because cancelling ACE inhibitor or ARB 

was not always necessary when hyperkalemia occurs, patient time on ACE inhibitor or ARB was 

not a valid outcome to measure the combined effect of CDS alerts.  

3.2.4.2 Independent variables 
As described in the analytical framework, the time until appropriate action was 

influenced by patient characteristics, alert content, alert frequency, and work flow incorporation. 

Independent variables were deliberately chosen to address those four categories. Patient age, 

gender, and ethnicity were included to describe patient characteristics; [K+] level and creatinine 
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clearance level were the ones that represented the alert severity and clinical risk factor; whether 

being the first hyperkalemic episode during the admission and being alerted on multiple K-sup 

orders were the indicators for alert frequency; and the hour of the day when alert was fired and 

the service location of the patient were variables representing factors that affect work flow 

incorporation.  

In the descriptive analysis, age was treated as a continuous variable. Patient subjects 

were further classified according to whether they were age 1-19, 20-44, 45-64, or ≥ 65 years of 

age for regression analysis. The race and ethnicity information collected by the EHR system of 

UIH was not mandatory and thus incomplete. Given the limited race information, patients were 

categorized as Non-Hispanic, Hispanic, and Unknown.  

Hyperkalemia was defined using different thresholds in published literature, ranging from 

5.0 mEq/L to 6.3 mEq/L.4, 41, 85, 87 Despite the lack of evidence about the association of 

myocardial events and severity of hyperkalemia, [K+] level was grouped based on the cutoffs 

used by the UIH laboratory and the alert threshold of the synchronous and asynchronous CDS 

alerts. As described previously, [K+] ≥ 5.0 mEq/L for [K+]↔K-sup and ≥ 5.3 mEq/L for 

[K+]↔ACE/ARB would trigger the CDS alerts. At UIH, [K+] between 5.0-5.3 mEq/L was 

considered as normal high, while [K+] above 6.1 mEq/L was considered critical that required 

immediate contact with the patient care unit via the critical value reporting mechanism.48 Thus, 

[K+] level was categorized as 5.3-5.6 mEq/L, 5.7-6.0 mEq/L, and ≥ 6.1 mEq/L for 

[K+]↔ACE/ARB, and 5.0-5.3 mEq/L, 5.4-6.0 mEq/L, and ≥ 6.1 mEq/L for [K+]↔K-sup.  

Even though the estimated glomerular filtration rate is more accurate in indicating renal 

function, only creatinine clearance (CrCl) level was available during the study period.103 The 

estimated CrCl is based on the measured serum creatinine and calculated using Cockcroft and 

Gault formula.104 At UIH, the normal range of CrCl for adult males is greater than 95 mL/min, 

and great than 85 mL/min for adult females. CrCl level less than 25 mL/min presents the need 
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for routine dialysis. Therefore, creatinine clearance level was categorized into normal (>95 

mL/min for male, and >85 mL/min for female), impaired (95/85-26 mL/min), and severe (≤ 25 

mL/L).   

Since the intensive care unit (ICU) has higher nurse/physician-to-patient ratio than 

general medical and surgical units, service location was classified as medical/surgical unit and 

ICU. The normal day shift at UIH starts at 7am and ends at 5pm. Thus, time of the day when 

alert was fired was categorized as midnight - <7am, 7am - <5pm, and 5pm - <midnight. Those 

above mentioned categorization were used for both descriptive statistics and regression 

modeling.  
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TABLE II  LIST OF INDEPENDENT VARIABLES 

Variable Categories 
Patient characteristics  
   Age 1-19 

20-44 (referent) 
45-64 
≥ 65 

   Gender Male (referent) 
Female 

   Race/ethnicity Non-Hispanic (referent) 
Hispanic 
Unknown 

Alert content  
   [K+] level ACE inhibitor and ARB  

   5.3-5.6 mEq/L (referent) 
   5.7-6.0 mEq/L  
   ≥ 6.1 mEq/L 
Potassium supplementation  
   5.0-5.3 mEq/L (referent) 
   5.4-6.0 mEq/L 
   ≥ 6.1 mEq/L 

   Creatinine clearance Normal: > 85 for female, > 95 for male 
Impaired: 85/95-26 (referent) 
Severe: ≤ 25 

Alert frequency  
   First episode during admission Yes (referent) 

No 
   Alerted on multiple K-sup orders  
   (for [K+]↔K-sup only) 

Yes (referent) 
No 

Work flow incorporation  
   Service location Medical/surgical unit (referent)  

Intensive care unit 
   Posting time of [K+] Midnight - <7am 

7am - <5pm (referent)  
5pm - <midnight 

 



45 

 

 

3.2.4.3 Descriptive Statistics 
Descriptive statistics were reported for all outcome variables and independent variables 

both at the patient level and also at the episode level. The unit of analysis for this study was the 

hyperkalemic episode. Patients could have multiple admissions, and each admission could have 

multiple hyperkalemic episodes. Since K-sup orders were usually placed at the same time, one 

single elevated [K+] could have alerted on multiple orders. In this case, those alerts, even 

though they were actually one “alert”, were considered as separate alerts.  

The order cancellation rate for synchronous CDS alerts was calculated at monthly 

intervals for the post-intervention period, and only based on the orders placed on patients aged 

1 year and older. The alert rate of the real-time asynchronous alerts for the post-intervention 

was calculated and compared with that for the pre-intervention period in order to demonstrate 

any indirect effect of synchronous CDS alert.  

Due to the possibility of insufficient sample size and the similarity of clinical actions, ACE 

inhibitor and ARB samples were combined and analyzed together in both descriptive analysis 

and regression analysis in order to achieve more statistical power. The results were reported for 

[K+]↔ACE/ARB and [K+]↔K-sup separately. Estimated means and standard errors were 

reported for continuous variables, while calculated percentages and observed cell counts were 

reported for categorical variables. F tests for categorical variables and 1-way ANOVA test for 

continuous variables were performed to examine any change in the patient population between 

the pre-intervention and post-intervention period.  

3.2.4.4 Survival Analysis of Action Time and Time to Normal [K+] 
Time to the first action and patient time to normal [K+] during the pre-intervention and 

post-intervention period were plotted using the Kaplan-Meier method, and log-rank test was 

performed to test for difference before and after CDS implementation. The action time was 

censored at the posting time of the next available normal [K+], patient discharge, death, or 48 
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hours after alert time, whichever occurred earlier. Patient time to normal [K+] was censored at 

patient discharge, death, or 5 days after the alert time, whichever occurred earlier.  

Cox proportional hazards models were used to examine the effect of the covariates on 

clinicians’ action time in response to hyperkalemia and patient time to normal [K+] (Objective 2). 

Besides the indicator variable for CDS intervention, patient age, gender, ethnicity, [K+] level, 

CrCl level, whether being the first episode of the admission, time of the alert, and service 

location were included as the covariates. For [K+]↔K-sup, whether the alert was fired on 

multiple K-sup orders was also included as one of the covariates. The coefficient estimate, 

standard error, hazard ratio (HR), and associated p-value were reported for each independent 

variable except for the referent categories. Given the context of action time as the outcome of 

the survival analysis, HR greater than 1 indicates shorter action time for the associated category 

as compared to the referent category. P-value less than 0.05 was used to assess the statistical 

significance of the impact of those factors. 

3.2.4.5 Segmented Regression Analysis  
Even if significant difference was observed in action time and/or patient time to normal 

[K+] in the Survival Analysis, no conclusion could be made regarding the effect of CDS alerts in 

reducing clinicians’ action time and patient time to normal [K+]. This was because the difference 

could  result from secular changes in care patterns that were not related to the CDS 

implementation. Therefore, segmented regression analysis was conducted to answer the 

question whether laboratory-pharmacy CDS helped to improve the clinicians’ practice behavior 

and patient outcome (Objective 1). In order to adjust for all the covariates, the individual episode 

level data, rather than integrated monthly data, was used for the regression model. The basic 

model construction was illustrated as follows:  

Action time / Time to normal [K+] 

= β0 + β1 × timet + β2 × interventiont  
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+ β3 ×time after interventiont + (covariates) + еt 

where timet is the variable indicating time in months from the start of the observation period, and 

time after interventiont is the indicator counting the number of months after intervention which 

occurred at time t. The interventiont is a binary variable indicating whether timet occurred before 

intervention or after. In this study, both the synchronous and asynchronous CDS alerts were 

implemented at the beginning of June 2003, which is the 13th month from the start of 

observation period. Thus, for month 1 to month 12, interventiont = 0 and time after interventiont 

= 0; for month 13 to month 24, interventiont = 1 and time after interventiont = timet - 12. 

In this model, β0 is the parameter estimates the baseline level of the outcomes, which is 

the median time to first action or total patient-days on potassium per 1000 non-obstetric 

hospitalized patient-days at time 0. β1 estimates the monthly change in the outcomes before 

alert implementation; while β3 estimates the additional monthly change, beyond the pre-

intervention trend estimated by β1, after alert implementation. The sum of β1 and β0 is the 

estimate for the monthly change after intervention. β2 estimates the immediate change in the 

outcomes that occurred right after the intervention. Therefore, the hypothesis of whether 

laboratory-pharmacy linkage CDS reduced clinicians’ action time or patient time to normal [K+] 

can be tested alternatively as H0: β2 < 0 and/or β3 < 0. 

As described earlier in this section, clinicians’ practice behavior could change over the 

time period, whether due to the impact of laboratory-pharmacy linkage CDS or not. Thus, the 

Durbin-Watson statistic was used to assess the serial autocorrelation of the error terms, et. 

Values close to 2.00 indicate no serious autocorrelation existed.105 The first order 

autoregressive error structure, AR(1), was used to fit the segmented regression model if Durbin-

Watson statistics was not close to 2.00 and AR(1) coefficient estimate was significant.  

In order to evaluate the combined effect of synchronous and real-time asynchronous 

alerts for [K+]↔K-sup, the monthly time series of total patient time on K-sup per admission day 
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and the patient time on K-sup while [K+] ≥ 5.0 mEq/L per K-sup day were also modeled using 

segmented regression. It is recommended that 12 time points before and after the intervention 

with at least 100 observations at each time point were sufficient to evaluate seasonal variation 

and achieve acceptable variability of estimate at each time point.106 The pre-intervention data 

from June 2002 to May 2003 and the post-intervention data from June 2003 to May 2004 were 

grouped by monthly intervals. These two integrated outcomes were analyzed by two segmented 

regression models separately, and both models were regressed on intervention indicator, and 

two time indicators. 

The outlines of the outcome measurement and statistical methods used for each 

outcome were summarized in TABLE III. 
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TABLE III OUTLINES OF OUTCOME MEASUREMENT 

 Outcomes Statistical methods 

Effect of synchronous CDS • Cancellation rate after 

implementation 

• Alert rate of asynchronous CDS 

Descriptive statistics 

 

Chi-square test of association 

Effect of real-time asynchronous 

CDS 

• Clinicians’ action time  

• Patient time to normal [K+]  

Survival curves using Kaplan-

Meier method, and Log-rank test  

Cox proportional hazards 

regression 

Segmented regression using 

episode level data 

The combined effect of both 

synchronous and real-time 

asynchronous CDS, and the 

effect of the once daily report (for 

[K+]↔K-sup only) 

• Patient time on K-sup, normalized 

by total patient admission days 

• Patient time on K-sup while [K+] ≥ 

5.0 mEq/L, normalized by total 

patient time on K-sup 

Segmented regression using 

integrated monthly data 

 

 

 

3.2.4.6 Model Selection 
Due to the missing information for patient race/ethnicity information, the regression 

model was run both with and without the ethnicity variables. If neither of the ethnicity variables 

was significant in the full model (i.e. the model with ethnicity variables), Log-likelihood ratio test 

was performed to determine the necessity of including ethnicity variables.  
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 Additionally, Durbin-Watson statistics was used to test the degree of autocorrelation for 

the segmented regression models. Durbin-Watson statistics value not close to 2.00 and the 

significance of the autocorrelation coefficient estimate were the two criteria that were used for 

keeping the autocorrelation coefficient. When there was no need to adjust for autocorrelation, 

ordinary least squares estimates was used for the regression model, and partial F-test was used 

to determine the necessity of including ethnicity variables.  

 

3.3 Development of Daily Laboratory-pharmacy Report 

3.3.1 Logic Building 

The daily laboratory-pharmacy report was built for the purpose of identifying patients 

whose linked lab and pharmacy data suggest the need for clinical intervention that was not 

addressed by the real-time asynchronous CDS alert. As part of another related study, the 

alerting range for the once daily report was determined based on the frequency distributions of 

the laboratory results, FDA labeling, if available, and clinical expertise in order to achieve the 

maximized signal-to-noise ratio without producing alert fatigue. Medication order and laboratory 

test data from January 1, 2009 to June 14th, 2009 was used to simulate the alert assuming [K+] 

cutoff from 5.0 mEq/L to 6.5 mEq/L at the interval of 0.1 mEq/L. The distribution of the 

hypothetical alert count by different [K+] level was used to determined separate optimal cutoffs 

for [K+]↔ACE inhibitor, [K+]↔ARBs, and [K+]↔K-sup. The potential optimal cutoffs should be 

above the thresholds that have been used by the real-time asynchronous CDS alert and should 

produce less than 3 alerts per day for a 450-bed hospital, which was considered as a 

manageable workload for the clinical safety team.  

The best time of the day to run the report was chosen based on the simulated time 

analysis of the total patient time in danger. The total patient time in danger was calculated 
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assuming the potentially dangerous situation, which was defined by having [K+] above the 

defined cutoff, would be resolved in two hours from the time when the report was run.  Thus, 

patient time in danger starts from the initial presence of dangerous [K+], the posting time, until 

two hours after the report time under testing. According to the assumption, the potassium tests 

posted before the report on the same day would be captured by the report and be addressed 

within two hours. However, those tests posted after the daily report was run would not be 

addressed until the report time the following day, if the clinicians had not already responded to 

the real-time asynchronous alert. The posting time of the laboratory tests usually depends on 

the workflow and practice pattern at individual institution, and is usually quite consistent over the 

time. In that case, the sum of patient time in danger for all cases would depend on the time of 

the day when the report was run. Therefore, the best report time could be identified when the 

total patient time in danger was minimized. When implementing the once daily report, this 

selected time based on the simulated time analysis might be modified to a less than optimal 

time in order to batch the reports or for the clinical safety team to be in the position to receive 

the data, but was still be reported for the demonstration purpose.  

 After the optimal laboratory cutoffs and best report time of the day were decided for each 

pair, report logic was built into the UIMC’s EHR system and approved by the hospital’s 

information services.  

 

3.3.2 Evaluation of the Daily Laboratory-pharmacy Report 

Since May 2010, the once daily report has been running at UIH at the designated time of 

the day. The reports were reviewed and saved manually, and the corresponding clinicians were 

contacted by the report reviewer if clinical intervention was needed. Begining June 28th 2011, 

additional programming was done to automatically pull the report alerts and save them on the 
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hospital server. Although the once daily report data was available since May 2010, only the 

alerts from June 28th 2011 to October 3rd 2011 were accessible at the time of this study. 

The retrospective and asynchronous nature of the once daily report limited its potential 

effect only on clinicians’ action time, patient time to normal [K+], and patient time on K-sup. 

Therefore, the segmented regression analysis of the above mentioned three outcomes were 

performed to evaluate the effect of the once daily laboratory-pharmacy report (Objective 4). The 

same statistical analyses as described for the 2003 intervention were repeated using the data 

from May 2009 to April 2010 (pre-intervention) and from May 2010 to April 2011 (post-

intervention). The same inclusion and exclusion criteria were applied to select the study sample. 

Since the study for [K+]↔ACE/ARB requires additional chart review to determine whether 

certain action was taken in addressing hyperkalemia, the evaluation of once daily report was 

focused on [K+]↔K-sup. 
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4. RESULTS 

4.1 [K+]↔ACE/ARB  

4.1.1 Patient characteristics and Descriptive Statistics 

After applying the inclusion and exclusion criteria, 432 patient admissions that had or 

would potentially have the real-time asynchronous alert were identified during the 2-year study 

period from June 2002 to May 2004. The mean age was 59.49 years for the pre-intervention 

study sample, and 60.93 years for the post-intervention sample. The majority of the patients 

were 45 years and older (85.8% for pre-intervention period and 86.0% for the post-intervention 

period). Race and ethnicity information was missing on 67.6% of the pre-intervention admission 

and 62.3% of the post-intervention admission. In general, the pre- and post-intervention study 

samples had similar demographic characteristics in terms of age, gender, and ethnicity since 

the difference was not statistically significant.  

 

 

TABLE IV  ACE/ARB PATIENT CHARACTERISTICS  
FOR REAL-TIME ASYNCHRONOUS ALERTSa  

 Pre-intervention Post-intervention p-value 
  (n = 225) (n = 207)  
Age (year), mean [s.e.] 59.49 [17.46] 60.93 [16.75] 0.383 
   1-19 4.0% (9) 1.9% (4) 0.586b 
   20-44 10.2% (23) 12.1% (25)  
   45-64 42.7% (96) 44.0% (91)  
   ≥65 43.1% (97) 42.0% (87)  
Male 42.2% (95) 45.4% (94) 0.505 
Ethnicity    
   Non-Hispanic 27.1% (61) 27.1% (56) 0.117 
   Hispanic 5.3% (12) 10.6% (22)  
   Unknown 67.6% (152) 62.3% (129)  
a   The distribution of the categorical variables was reported in percentages, while the 
corresponding sample size was shown in brackets.  
b   Fisher’s exact test was performed to obtain the p-value. 
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There were 236 potential real-time asynchronous alerts that would have fired during the 

pre-intervention period, and 215 real asynchronous alerts actually fired during the post-

intervention period. Among those alerts, 69.1% of the pre-intervention alerts and 68.4% of the 

post-intervention alerts were posted during the day shift from 7am to 5pm. There were 52.1% of 

the pre-intervention alerts and 55.3% of the post-intervention alerts with [K+] level of 5.3-5.7 

mEq/L, while 24.2% of the pre-intervention alerts and 21.4% of the post-intervention alerts were 

on or above the critical reporting value of 6.1 mEq/L. Most of the alerts fired on patients with 

some level of renal function insufficiency. Even after excluding the ESRD patients, 16.4% of the 

pre-intervention alerts and 15.2% of the post-intervention alerts fired on patients with CrCl level 

equal or less than 25 mL/min. Over 95% of the alerts were the first hyperkalemic episode of the 

admission, and 79.7% of the pre-intervention alerts and 75.4% of the post-intervention alert 

were from general medical or surgical units.   

Among the eight possible actions in response to hyperkalemia among ACE/ARB users, 

clinicians were most likely to repeat [K+] as the first action (36.4% and 40.9% for pre- and post-

intervention period), followed by administrating SPS (29.7% and 24.2% for pre- and post-

intervention period) and canceling ACE/ARB (3.8% and 6.5% for pre- and post-intervention 

period). Other expected actions like ordering EKG, giving calcium, sodium bicarbonate, 

furosemide, and insulin were also observed but much less frequently.  However, quite a few 

hyperkalemic cases, 27.1% during pre-intervention and 23.7% during post-intervention, were 

left untreated until the patient was discharged or [K+] came back under the threshold eventually. 

For those cases that medical actions were taken, the mean action time was 3.81 hours and 3.79 

hours after alert time for pre-intervention and post-interventional periods, respectively (p = 

0.967). Among the 81.4% of the pre-intervention alerts and the 83.3% of the post-intervention 

alerts, [K+] went down under the alert threshold of 5.3 mEq/L before discharge, after an average 

time period of 53.59 hours and 17.44 hours before and after CDS implementation.  
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 Those factors, such as time of the alert, renal function, being the first hyperkalemic 

episode during the admission, service location, clinicians’ action time, and time to normal [K+], 

did not differ between the pre- and post-intervention groups. However, the first action in 

response to hyperkalemia changed after CDS implementation. 
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TABLE V DESCRIPTIVE STATISTICS FOR REAL-TIME ASYNCHRNOUS 
[K+]↔ACE/ARB ALERTS  

   Pre-intervention Post-intervention 
P-value Variables n = 236 n = 215 

Time of the alert   0.224 
   Midnight - <7am 22.0% (52) 18.1% (39)  
   7am - <5pm 69.1% (163) 68.4% (147)  
   5pm - <Midnight 8.9% (21) 13.5% (29)  
[K+] level   0.739 
   5.3-5.6 52.1% (123) 55.3% (119)  
   5.7-6.0 23.7% (56) 23.3% (50)  
   6.1 and above 24.2% (57) 21.4% (46)  
Creatinine clearance (eGFR not available at this time) 0.414 
  >85 for female, >95 for male 9.7% (22) 13.8% (29)  
   85/95 - 26 73.9% (167) 71.0% (149)  
   ≤25 16.4% (37) 15.2% (32)  
First episode 95.3% (225) 96.3% (207) 0.620 
Service location   0.273 
   Medical/surgical 79.7% (188) 75.4% (162)  
   ICU 20.3% (48) 24.7% (53)  
First Action   0.029a 
   Repeat [K+] 36.4% (86) 40.9% (88)  
   SPS 29.7% (70) 24.2% (52)  
   Cancel ACE/ARB 3.8% (9) 6.5% (14)  
   EKG 0.0% (0) 3.3% (7)  
   Calcium 1.3% (3) 0.0% (0)  
   Sodium bicarbonate 0.8% (2) 0.5% (1)  
   Furosemide 0.4% (1) 0.5% (1)  
   Insulin + glucose 0.4% (1) 0.5% (1)  
Action time (hour), mean [s.e.]  3.81 [4.39] 3.79 [22.39] 0.967b 
Censored cases 27.1% (64) 23.7% (51) 0.408 
Time to normal [K+] (hour), mean [s.e.] 53.59 [426.5] 17.44 [19.61] 0.242 
Missing time to normal [K+] 18.6% (44) 16.7% (36) 0.598 

a  Monte Carlo estimation of exact p-value for the Fisher’s exact test 
b  Calculated based on uncensored cases 
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4.1.2 Effect of Synchronous CDS Alert 

The monthly order cancellation rate in response to the synchronous CDS alerts ranged 

from75.68% (February 2004) to 100.00% (December 2003), with the one-year average of 

88.31% after CDS implementation (Figure 8).  

 

 

Figure 8 Compliance with synchronous alerts for ACE and ARB during hyperkalemia 

 
 
 

 

 

 

As the potential indirect effect of the synchronous CDS alert, the alert rate of the real-

time asynchronous CDS increased from 12.1% to 12.5% after CDS implementation, but the 

difference was not statistically different (p = 0.752) (TABLE VI).  
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TABLE VI   ALERT RATE OF REAL-TIME ASYNCHRNOUS [K+]↔ACE/ARB ALERTS 

  Pre-intervention Post-intervention P-value 

Total ACE and ARB orders 1947 1725 0.752 

Orders alerted by asynchronous CDS 236 215  

Alert rate 12.1% 12.5%  
 

 
 
 
 

 

4.1.3 Modulators of Action Time and Time to Normal [K+]  

The Kaplan-Meier estimates of the survival curves showed that the action time did not 

differ much during the first 3 hours after CDS implementation (Figure 8). Actions were taken 

more promptly after the 5th hour during the post-intervention period, even though the Log-rank 

test was not significant (p = 0.313).  

 

 

Figure 9  Survival curves of action time for [K+]↔ACE/ARBa  
 

 a  Action time was censored at 24 hour 
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In the Cox proportional hazards regression analysis, -2Log Likelihood was 3547.984 for 

model with ethnicity variables, and 3548.383 for model without ethnicity variables, and the p-

value for the Chi-square test was 0.819. Since the ethnicity variables were not significant, and 

the coefficient estimates of other covariates did not differ after removing ethnicity variables from 

the model, the model without ethnicity variables was selected as the final model for 

interpretation.    

According to the regression results, the action time, after controlling for all the covariates, 

did not change significantly after CDS implementation. The clinicians’ action time decreased as 

patient [K+] level increased (HR = 1.51 with p = 0.003 for 5.7 mEq/L ≤ [K+] ≤ 6.0 mEq/L, and HR 

= 1.87 with p < 0.0001 for [K+] ≥ 6.1 mEq/L). Alerts from ICU patients were responded more 

promptly than patients from general medical or surgical units (HR = 1.38, p = 0.032). However, 

the action time was not associated patient age, gender, ethnicity, creatinine clearance level, 

time of the alert, and whether being the first hyperkalemic episode during the admission. 
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TABLE VII COX PROPORTIONAL HAZARDS REGRESSION ANALYSIS OF ACTION 
TIME FOR [K+]↔ACE/ARB 

Variable Coeff.  S.E.  HR  P-value 

Intervention 0.10 0.11 1.11 0.356 

Patient Characteristics      

Age      

   1-19 0.20 0.74 1.22 0.784 

   20-44 0.00 0.19 1.00 0.983 

   45-64 -0.13 0.12 0.88 0.292 

   ≥65 Referent     

Gender      

   Male  Referent    

   Female 0.003 0.12 1.00 0.979 

Alert content      

[K+] level      

   5.3-5.6  Referent    

   5.7-6.0 0.41 0.14 1.51 0.003 

   6.1 and above 0.62 0.14 1.87 <0.0001 

Creatinine clearance      

  >85 for female, >95 for male -0.13 0.19 0.88 0.495 

   85/95 - 26 Referent     

   ≤25 0.09 0.15 1.10 0.547 

Alert frequency      

Not first episode -0.19 0.28 0.83 0.493 

Work flow incorporation      

Service location      

   Medical/surgical  Referent    

   ICU 0.32 0.15 1.38 0.032 

Time of the alert      

   Midnight - <7am -0.14 0.16 0.87 0.371 

   7am - <5pm Referent     

   5pm - <Midnight -0.10 0.19 0.91 0.599 
 
 

 

It took less time for [K+] to return to normal for the post-intervention period than for the 

pre-intervention period (p = 0.0104) (Figure 10). After adjusting for all the covariates, the 

difference was still significant (p = 0.004) (TABLE VIII). The log-likelihood ratio test indicated 
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that the model without ethnicity variable was preferred as compared to the model with ethnicity 

variable (p = 0.444).  

 

 

Figure 10 Survival curves of time to normal [K+] for [K+]↔ACE/ARB  
 

 

 

 

 

Similar to clinicians’ response time, patient time to normal [K+] also decreased as 

alerting [K+] level increased (HR = 1.48 with p = 0.003 for 5.7 mEq/L ≤ [K+] ≤ 6.0 mEq/L, and 

HR = 1.73 with p < 0.0001 for [K+] ≥ 6.1 mEq/L). It took less time for patients with normal 

creatinine clearance level than those with impaired renal function (HR = 1.71, p = 0.002), but not 

significant longer for patients with severe renal insufficiency (HR = 0.90, p = 483). Patient time 

to normal [K+] was also longer if the patient had previous hyperkalemic episode during the 
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hospital stay (HR = 0.40, p = 0.002). Alerts from ICU patients and alert time between 5pm and 

midnight were also significantly associated with decreased time to normal [K+]. However, 

patient age, gender, and ethnicity had no effect on the patient time to normal [K+]. 

 

 

 

TABLE VIII COX PROPORTIONAL HAZARDS REGRESSION ANALYSIS OF PATIENT 
TIME TO NORMAL [K+] FOR [K+]↔ACE/ARB 

Variable Coeff.  S.E. HR  P-value 

Intervention 0.31 0.11 1.37 0.004 

Patient characteristics      

Age      

   1-19 1.31 0.74 3.72 0.077 

   20-44 -0.22 0.19 0.80 0.238 

   45-64 -0.09 0.12 0.91 0.428 

   ≥65 Referent    

Gender     

   Male Referent    

   Female -0.07 0.11 0.94 0.547 

Alert content      

[K+] level      

   5.3-5.6 Referent    

   5.7-6.0 0.39 0.13 1.48 0.003 

   6.1 and above 0.55 0.14 1.73 <0.0001 

Creatinine clearance      

   >85 for female, >95 for male 0.53 0.17 1.71 0.002 

   85/95 - 26 Referent    

   ≤25 -0.11 0.15 0.90 0.483 

Alert frequency      

Not first episode -0.92 0.30 0.40 0.002 

Work flow incorporation      

Service location      

   Medical/surgical Referent    

   ICU 0.41 0.15 1.50 0.008 

Time of the alert      

   Midnight - <7am -0.13 0.16 0.88 0.416 

   7am - <5pm Referent    

   5pm - <Midnight 0.60 0.18 1.83 0.001 
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4.2.4 Effect of Real-time Asynchronous Alert 

The monthly median action time was shown in Figure 11. The maximum median action 

time was 12.3 hours in June 2002 and the minimum median action time was 1.7 hours in 

September 2003. There seemed to be a drop after CDS implementation, but the monthly 

variation was too large to draw any firm conclusion.   

 

 

 
Figure 11  Time series of mean action time with  
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Segmented regression model was used to evaluate the effect of the asynchronous alert 

while controlling for the covariates. The Durbin-Watson statistics was 1.9689 for model with 

ethnicity variable and 1.9829 for model without ethnicity variable. The AR(1) autocorrelation 
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coefficient was not significant in either model (p = 0.689 and 0.822). Therefore, no adjustment 

was done for autocorrelation.   

The model estimates using ordinary least squares methods were reported in TABLE IX. 

The p-value from the partial F-test was 0.514. Again, the model parameter estimates and the 

associated p-value did not differ much after excluding the ethnicity variables. Thus, the ethnicity 

variables were not included in the final model.  

The coefficient estimates were not significant for either the difference in the intercept (p 

= 0.196) or the difference in the slope (p = 0.158). This indicated that there was no significant 

reduction right after the intervention or any changes in the trend. Thus, the segmented 

regression analysis confirmed that the real-time asynchronous CDS alerts implemented in June 

2003 had no effect in reducing the clinicians’ action time when managing hyperkalemia among 

ACE/ARB users. Similar to the Cox proportional hazards model results, the reduction in 

clinicians’ action increased as [K+] increased. The coefficient estimate for 5.7 mEq/L ≤ [K+] ≤ 

6.0 mEq/L was -2.22 (p = 0.016), and the coefficient estimate for the critical value of 6.1 mEq/L 

and above was -3.24 (p = 0.001).  
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TABLE IX SEGMENTED REGRESSION ANALYSIS OF [K+]↔ACE/ARB ACTION TIME  
Variable Coeff. S.E. P-value 

Intercept 8.84 1.43 <0.0001 

Slope for pre-intervention -0.10 0.16 0.536 

Difference in intercept -1.92 1.49 0.196 

Difference in the slope 0.33 0.23 0.158 

Patient Characteristics     

Age     

   1-19 -0.62 5.58 0.912 

   20-44 -0.85 1.31 0.518 

   45-64 0.40 0.81 0.619 

   ≥65 Referent    

Gender     

   Male  Referent   

   Female 0.42 0.77 0.587 

Alert content     

[K+] level     

   5.3-5.6  Referent   

   5.7-6.0 -2.22 0.92 0.016 

   6.1 and above -3.24 0.94 0.001 

Creatinine clearance     

  >85 for female, >95 for male 1.28 1.23 0.300 

   85/95 - 26  Referent   

   ≤25 -0.12 1.05 0.912 

Alert frequency     

First episode  Referent   

Not first episode 1.43 1.81 0.431 

Work flow incorporation     

Service location     

   Medical/surgical  Referent   

   ICU -1.80 1.06 0.091 

Time of the alert     
   Midnight - <7am 1.59 1.07 0.141 
   7am - <5pm  Referent   
   5pm - <Midnight 0.88 1.30 0.501 
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The monthly median patient time to normal [K+] were plotted in Figure 12, ranging from 

35.2 hours in June 2002 to 5.8 hours in January 2004. The Durbin-Watson statistics was 1.9858 

for model with ethnicity variable and 2.0042 for model without ethnicity variable. Since the AR(1) 

coefficient estimate was not significant in either model (p = 0.896 and 0.934), autocorrelation 

was not adjusted in the final model.  The model estimates using ordinary least squares methods 

were reported in TABLE X. Since the p-value from the partial F-test was 0.326, the ethnicity 

variables were not included in the final model.  

 

 

 

Figure 12  Time series of mean patient time to normal [K+] 
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Even though the intervention indicator was significant in the Cox proportional hazards 

model for time to normal [K+], the difference for the intercept and slope were not statistically 
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significant in the segmented regression analysis (p = 0.134 for the difference in intercept, p = 

0.487 for difference in the slope). The results showed that the asynchronous alert did not help to 

reduce patient time to normal [K+] for ACE/ARB users. Besides that, variables such as [K+] 

between 5.7-6.0 mEq/L, alerts from ICU, and alert time between 5pm and midnight were 

significantly associated with reduced time to normal [K+] in the Cox proportional hazards model, 

but not in the segmented regression analysis.  
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TABLE X SEGMENTED REGRESSION ANALYSIS OF [K+]↔ACE/ARB PATIENT TIME 
TO NORMAL [K+]  

Variable Coeff. S.E. P-value 

Intercept 24.03 3.96 <0.0001 

Slope for pre-intervention -0.06 0.45 0.903 

Difference in intercept -6.18 4.12 0.134 

Difference in the slope 0.45 0.65 0.487 

Patient Characteristics   

Age     

   1-19 -10.62 15.47 0.493 

   20-44 1.81 3.62 0.618 

   45-64 0.19 2.24 0.932 

   ≥65 Referent   

Gender    

   Male Referent   

   Female 2.79 2.14 0.193 

Alert content    

[K+] level     

   5.3-5.6 Referent   

   5.7-6.0 -4.32 2.55 0.091 

   6.1 and above -7.22 2.60 0.006 

Creatinine clearance    
  >85 for female, >95 for male -5.90 3.41 0.084 

   85/95 - 26 Referent    
   ≤25 0.48 2.92 0.871 

Alert frequency    

First episode Referent    

Not first episode 15.75 5.02 0.002 

Work flow incorporation   

Service location    

   Medical/surgical Referent   

   ICU -1.50 2.94 0.611 

Time of the alert    

   Midnight - <7am -1.41 2.98 0.636 

   7am - <5pm Referent    

   5pm - <Midnight -6.72 3.62 0.064 
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4.2 [K+]↔K-sup 

4.2.1 Patient characteristics and Descriptive Statistics 

The real-time asynchronous alert was fired on 506 admissions during the post-

intervention period. If such CDS alerts were in place during the pre-intervention period, 600 

admissions would have been fired (TABLE XI). The mean age for those patients was 53.63 

years and 54.93 years for the pre- and post-intervention samples, respectively. Less than half of 

the patients were male. Only 20.8% of the pre-intervention sample and 29.3% of the post-

intervention sample were non-Hispanic, while the Hispanic patients consisted of 6.2% of the 

pre-intervention sample and 7.9% of the post-intervention sample. The two patient populations 

did not differ with respect to age and gender. However, the ethnicity breakdown was 

significantly different (p = 0.001). 

 

 

 
TABLE XI   K-SUP PATIENT CHARACTERISTICS FOR REAL-TIME ASYNCHRONOUS 

ALERTS  

 Pre-intervention Post-intervention p-value 
  (n = 600) (n = 506)   
Age (year), mean [s.e.] 53.63 [20.75] 54.93 [20.39] 0.296 
   1-19 9.3% (56) 7.5% (38) 0.510 
   20-44 17.2% (103) 19.8% (100)  
   45-64 40.3% (242) 38.7% (196)  
   ≥65 33.2% (199) 34.0% (172)  
Male 48.2% (289) 45.5% (230) 0.368 
Ethnicity    
   Non-Hispanic 20.8% (125) 29.3% (148) 0.001 
   Hispanic 6.2% (37) 7.9% (40)  
   Unknown 73.0% (438) 62.9% (318)   
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There were 989 potential asynchronous alerts fired on 3740 K-sup orders (26.4 alerts 

per 100 K-sup orders) during the pre-intervention period, and 859 true alerts fired on 3677 K-

sup orders (23.4 alerts per 100 K-sup orders) during the post-intervention period (TABLE XII). 

There was no significant difference between pre- and post-intervention asynchronous alerts in 

terms of alert time, [K+] level, creatinine clearance level, whether being the first hyperkalemic 

episode during the admission, and service location. However, the post-intervention alerts fired 

on more K-sup orders than the pre-intervention ones did (p < 0.0001). At the order level, the 

alerted orders were cancelled more promptly during the post-intervention period with the mean 

action time of 6.73 hours (s.e. = 5.85) while the mean action time for the pre-intervention period 

was 8.65 hours (s.e. = 6.21). But fewer than 20% of the orders were cancelled within 24 hours 

after the asynchronous alert. Therefore, the action time until K-sup cancellation were censored 

at 48 hours after alert time for the regression analysis. The mean action time until K-sup 

cancellation was 14.4 hours (s.e. = 11.75) during the pre-intervention period as compared to 

13.0 hours (s.e. = 12.17) during the post-intervention period, and the difference was statistically 

significant (p = 0.016). After counting repeating [K+] as another action besides K-sup 

cancelation, 92.3% of the alerted orders during the pre-intervention period and 89.3% of the 

alerted orders during the post-intervention period were acted upon within 24 hours after alert 

time. However, the mean action time until K-sup cancellation or repeating [K+] increased from 

10.61 hours (s.e.=7.96) during the pre-intervention period to 12.62 hours (s.e.=8.42) during the 

post-intervention period (p < 0.0001). Moreover, the mean patient time to normal [K+] was also 

longer during the post-intervention period (mean =23.50 hours, s.e. = 20.80) than during the 

pre-intervention period (mean = 21.37 hours, s.e. = 22.72).  
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TABLE XII  DESCRIPTIVE STATISTICS FOR REAL-TIME ASYNCHRNOUS 
[K+]↔K-SUP ALERTS  

 Variables  Pre-intervention Post-intervention P-value  
Alert-level  n = 989 n = 859  
Time of the alert   0.419 
   Midnight - <7am 32.0% (316) 31.8% (273)  
   7am - <5pm 54.1% (535) 56.2% (483)  
   5pm - <Midnight 14.0% (138) 12.0% (103)  
[K+] level   0.692 
   5.0-5.3 51.6% (510) 51.5% (442)  
   5.4-6.0 37.3% (369) 36.2% (311)  
   6.1 and above 11.1% (110) 12.3% (106)  
Creatinine clearance (eGFR not available at the time)   0.560 
  >85 for female, >95 for male 20.1% (177) 20.5% (164)  
   85/95 - 26 53.9% (475) 55.7% (447)  
   ≤25 26.1% (230) 23.8% (191)  
First episode 60.7% (600) 58.9% (506) 0.441 
Alerted on more than 1 order 53.3% (527) 63.1% (542) <0.0001 
Service location   0.541 
   Medical/surgical 64.3% (633) 63.0% (537)  
   ICU 35.7% (351) 37.1% (316)  
Order-level n = 3740 n = 3677  
Action time  (hour), mean [s.e.]a    
   Until K-sup cancellation (censored at 24hr) 8.65 [6.21] 6.73 [5.85] <0.0001 
   Censored cases 81.5% (3049) 82.7% (3040) 0.408 
   Until K-sup cancellation (censored at 48hr) 14.4 [11.75] 13.0 [12.17] 0.016 
   Censored cases 75.6% (2829) 76.8% (2823) 0.252 
   Until K-sup cancellation or repeat [K+] 10.61 [7.96] 12.62 [8.42] <0.0001 
   Censored cases 7.7% (288) 10.7% (394) <0.0001 
Time to normal [K+] (hour), mean [s.e.]a 21.37 [22.72] 23.50 [20.80] 0.0004 
Censored after 5 days 24.8% (928) 31.8% (1169) <0.0001 

a Calculated based on uncensored cases.  

 

 

4.2.2 Effect of Synchronous CDS Alert 

The K-sup cancellation rate after receiving the synchronous CDS alert ranged from 

49.28% in February 2004 to 82.14% in June 2003, with 1-year average rate of 69.46% (Figure 

13).   
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Figure 13  Compliance with synchronous alerts for K-sup during hyperkalemia 

 

 

 

  Fewer K-sup orders were alerted by the asynchronous CDS alert after CDS 

implementation (28.8% vs. 30.4%, p = 0.005), which indicated an indirect effect of the 

synchronous alerts (TABLE XIII). 

 

TABLE XIII  ALERT RATE OF REAL-TIME ASYNCHRNOUS [K+]↔K-SUP ALERTS 

  Pre-intervention Post-intervention P-value 
Total K-sup orders 12519 12551 0.005 
Orders alerted by asynchronous CDS 3806 3611  
Alert rate 30.4% 28.8%  
 

 

4.2.3 Modulators of Action Time and Time to Normal [K+] 

 
K-sup orders were cancelled more promptly during the first 10 hours after receiving the 

asynchronous alert, and less promptly afterwards (Figure 14). And the Log-rank test showed 
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that the difference between the pre- and post-intervention was statistically significant (p = 

0.0001). For action time to either K-sup cancellation or repeating [K+], the alerted K-sup orders 

were responded more promptly during the pre-intervention period than the post-intervention 

period (p < 0.0001) (Figure 15).  

 

 

 
Figure 14 Survival curves for time until K-sup cancellation, censored at 48 hours 
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Figure 15 Survival curves for time until K-sup cancellation or repeating [K+], censored at 24 
hours 

 

 

 

When comparing the Cox proportional hazards models for action time until K-sup 

cancellation, the log-likelihood ratio test for whether or not to include ethnicity variables was 

significant with p-value less than 0.0001. Therefore, the model with the ethnicity variables was 

selected as the final model. Despite the significant difference from the Log-rank test, the action 

time until K-sup cancellation did not change after the implementation of the asynchronous alert 

(HR = 1.00, p = 0.938) while controlling for all the covariates. While [K+] level ≥ 5.4 mEq/L and 

having unknown ethnicity were associated with decreased action time till K-sup cancellation, 

ٛ �ٛ �ٛ ٛ �ٛ �ٛ ٛ �ٛ �ٛ ��·½��Ĥ��ٛ �]��Ũ�Ā���ڐ�� 瘣۴ Ѓѯ嘺 

normal creatinine clearance level, not being the first hyperkalemic episode, being alerted on 

multiple K-sup orders, and alert time outside of normal day shift were associated with prolonged 

action time until K-sup cancellation. 
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TABLE XIV COX PROPORTIONAL HAZARDS REGRESSION ANALYSIS OF TIME TO 
K-SUP CANCELLATION, CENSORED AT 48 HOURS 

Variable Coeff.  S.E.  HR  P-value 

Intervention -0.004 0.05 1.00 0.938 

Patient characteristics     

Age     

   1-19 0.39 0.31 1.48 0.214 

   20-44 0.06 0.08 1.07 0.448 

   45-64 -0.07 0.06 0.93 0.211 

   ≥65 Referent    

Gender     

   Male Referent    

   Female -0.37 0.05 0.69 <0.0001 

Ethnicity     

   Non-hispanic  Referent    

   Hispanic -0.18 0.14 0.83 0.188 

   Unknown 0.26 0.07 1.29 <0.001 

Alert content     

[K+] level     

   5.0-5.3 Referent    

   5.4-6.0 0.46 0.06 1.59 <0.0001 

   6.1 and above 1.50 0.07 4.48 <0.0001 

Creatinine clearance     

  >85 for female, >95 for male -0.38 0.08 0.68 <0.0001 

   85/95 - 26 Referent    

   ≤25 0.09 0.06 1.10 0.118 

Alert frequency     

Not first episode -0.12 0.05 0.89 0.026 

Alerted on more than 1 order -0.59 0.07 0.55 <0.0001 

Work flow incorporation     

Service location     

   Medical/surgical Referent    

   ICU -0.11 0.06 0.89 0.076 

Time of the alert     

   Midnight - <7am -0.57 0.06 0.56 <0.0001 

   7am - <5pm Referent    

   5pm - <Midnight -0.30 0.09 0.74 0.001 
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The Log-likelihood ratio test for Cox proportional hazards models of time to K-sup 

cancellation or repeating [K+] was not significant (p = 0.062). Additionally, the action time was 

not significantly different for Hispanic patients (p = 0.086) and patients with unknown ethnicity (p 

= 0.505) when comparing with non-Hispanic patients. Therefore, the model without ethnicity 

variables was selected. After counting repeating [K+] as one of the actions in responding to 

hyperkalemia for K-sup users, it took clinicians longer time to cancel K-sup or repeat [K+] after 

the implementation of the asynchronous CDS alert (HR = 0.85, p < 0.0001) while controlling for 

all the covariates (TABLE XV). When counting repeating [K+] as another action, aged 20-44 

years and 45-64 years were both associated with shortened action time as compared to aged 

65 and older. Being male, having [K+] higher than 5.3, having normal renal function or severe 

renal insufficiency, and being the first alert during the admission and located in ICU were 

significantly associated with shorter action time. It was worth noting that it took longer time to 

respond to alerts fired between midnight and 7am (HR = 0.48, p < 0.0001), but shorter respond 

time for alerts fired between 5pm to midnight (HR = 1.54, p < 0.0001).   
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TABLE XV COX PROPORTIONAL HAZARDS REGRESSION ANALYSIS OF TIME TO 
K-SUP CANCELLATION OR REPEATING [K+], CENSORED AT 24 HOURS 

Variable Coeff. S.E. HR P-value 

Intervention -0.16 0.03 0.85 <0.0001 

Patient characteristics      

Age      

   1-19 0.10 0.13 1.10 0.465 

   20-44 -0.10 0.04 0.91 0.017 

   45-64 -0.08 0.03 0.92 0.007 

   ≥65  Referent    

Gender      

   Male   Referent    

   Female -0.18 0.03 0.84 <0.0001 

Alert content      

[K+] level      

   5.0-5.3   Referent    

   5.4-6.0 0.31 0.03 1.36 <0.0001 

   6.1 and above 1.73 0.04 5.66 <0.0001 

Creatinine clearance      

  >85 for female, >95 for male 0.08 0.03 1.09 0.013 

   85/95 - 26  Referent     

   ≤25 0.07 0.03 1.08 0.029 

Alert frequency      

Not first episode -0.10 0.03 0.90 <0.001 

Alerted on more than 1 order 0.05 0.05 1.05 0.249 

Work flow incorporation      

Service location      

   Medical/surgical  Referent     

   ICU 0.69 0.03 1.99 <0.0001 

Time of the alert      

   Midnight - <7am -0.73 0.03 0.48 <0.0001 

   7am - <5pm  Referent     

   5pm - <Midnight 0.43 0.04 1.54 <0.0001 
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The survival curves for patient time to normal [K+] using Kaplan-Meier estimate methods 

showed that it took longer for patient to reach normal [K+] after CDS implementation, and the 

difference between pre-intervention and post-intervention was significant (p < 0.0001) (Figure 

16). Even after adjusting for all the covariates, the multivariate regression analysis results also 

suggested prolonged patient time to normal [K+] after CDS implementation (TABLE XVI). 

 

 

 

Figure 16 Survival curves for time to normal [K+], censored at 5 days 

 
 

 

 
 

After comparing the Log-likelihood of the Cox proportional hazards model with 

and without ethnicity variables, the ethnicity variables were kept in the final model given 

that the p-value of the Log-likelihood ratio tests was 0.015. For patients aged between 

20-44 years, with [K+] ≥ 6.1 mEq/L, normal renal function, being alerted on multiple K-

sup orders, located in ICU, alerted between 5pm to midnight, it took shorter time for 
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them to reach normal [K+] again. However, patients with severe renal insufficiency, had 

multiple hyperkalemic episodes during the admission, and being alerted during midnight 

to 7am, the time to reach normal [K+] was significantly longer.  
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TABLE XVI  COX PROPORTIONAL HAZARDS REGRESSION ANALYSIS OF TIME 
TO NORMAL [K+], CENSORED AT 5 DAYS 

Variable Coeff.  S.E.  HR  P-value 

Intervention -0.21 0.03 0.81 <0.0001 

Patient characteristics     

Age     

   1-19 0.24 0.13 1.27 0.081 

   20-44 0.09 0.05 1.10 0.044 

   45-64 -0.03 0.03 0.97 0.396 

   ≥65 Referent    

Gender     

   Male Referent    

   Female 0.06 0.03 1.06 0.059 

Ethnicity     

   Non-hispanic  Referent    

   Hispanic 0.11 0.07 1.11 0.143 

   Unknown -0.07 0.04 0.93 0.097 

Alert content     

[K+] level     

   5.0-5.3 Referent    

   5.4-6.0 0.01 0.03 1.02 0.644 

   6.1 and above 0.12 0.05 1.13 0.015 

Creatinine clearance     

  >85 for female, >95 for male 0.50 0.04 1.65 <0.0001 

   85/95 - 26 Referent    

   ≤25 -0.52 0.04 0.59 <0.0001 

Alert frequency     

Not first episode -0.60 0.03 0.55 <0.0001 

Alerted on more than 1 order 0.16 0.05 1.17 0.002 

Work flow incorporation     

Service location     

   Medical/surgical Referent    

   ICU 0.78 0.04 2.19 <0.0001 

Posting time of the lab test     

   Midnight - <7am -0.12 0.04 0.89 0.001 

   7am - <5pm Referent    

   5pm - <Midnight 0.39 0.05 1.48 <0.0001 
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4.2.4 Effect of Real-time Asynchronous Alert 

The mean time to K-sup cancellation and to K-sup cancellation or repeating [K+] was 

calculated based on the uncensored cases using a monthly interval (Figure 17). The monthly 

mean time to K-sup cancellation ranged from 7.4 hours in June 2003 to 19.4 hours in June 2002. 

When repeating [K+] was also counted as one of the actions, the mean time to action 

decreased for most of the months before CDS implementation, except for January 2003, but 

only for July, August, and December of Year 2003 after CDS implementation. Despite the 

monthly variation for mean time to K-sup cancellation, there seemed to be a descending trend 

�ٛ 萏ː 萑� 搒 �ð � ٛ葞�葠�摧ړÌ왯 �ć ���observational period.  

 

 

 

Figure 17 Time series of mean time to action for K-sup patients 
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The multivariate segmented regression model was used to evaluate the effect of 

asynchronous CDS alert. The Durban-Watson statistics was 0.5333 for model with ethnicity 

variables, and 0.5332 for model without ethnicity variables. The AR(1) coefficient estimate was 

significant in both models (p < 0.0001). Therefore, autocorrelation was adjusted in the final 

model. The maximum likelihood estimates method was used to estimate the model parameters. 

The Log-likelihood ratio test suggested that the ethnicity variables should be included.  

While controling for all the covariates at the individual level, neither the difference in 

intercept nor the difference in the slope was statistically different. This indicated that the real-

time asynchronous alerts had little effect in reducing time to K-sup order cancellation. Similar to 

the Cox proportional regression results, clinicians’ time to cancel K-sup order decreased as [K+] 

level increased given the negative and statistically significant coefficient estimates for [K+] 5.7-

6.0mEq/L and above 6.0 mEq/L. It took the clinicians longer time to cancel K-sup for patients 

aged 45-64 years, being female, and Hispanic, and shorter time for patients with unknow 

ethnicity. The time to K-sup cancellation was shorter for patients with normal [K+] level (coeff. = 

-1.79, p = 0.001), but longer for patients with severe renal insufficiency (coeff. = 3.24, p < 

0.0001), which conflicted with the Cox proportional hazards model. Moreover, action time to K-

sup cancellation was shorter for ICU patients, and longer for alerts fired on multiple K-sup 

orders and those fired between midnight and 7am.  
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TABLE XVII  SEGMENTED REGRESSION ANALYSIS OF TIME TO K-SUP 
CANCELLATION 

Variable Coeff. S.E. P-value 
Intercept 20.95 1.74 <0.0001 
Slope for pre-intervention -0.09 0.21 0.672 
Difference in intercept 2.78 2.10 0.186 
Difference in the slope 0.07 0.30 0.815 
AR(1) -0.77 0.01 <0.0001 
Patient Characteristics    
Age    
   1-19 2.65 1.46 0.070 
   20-44 0.95 0.67 0.157 
   45-64 1.98 0.52 <0.001 
   ≥65 Referent   
Gender    
   Male Referent   
   Female 0.95 0.45 0.035 
Ethnicity    
   Non-hispanic  Referent   
   Hispanic 1.96 0.98 0.045 
   Unknown -1.26 0.54 0.018 
Alert content    
[K+] level    
   5.3-5.6 Referent   
   5.7-6.0 -3.62 0.39 <0.0001 
   6.1 and above -10.84 0.62 <0.0001 
Creatinine clearance    
  >85 for female, >95 for male -1.79 0.54 0.001 
   85/95 - 26 Referent   
   ≤25 3.84 0.57 <0.0001 
Alert frequency    
Not first episode -0.79 0.43 0.064 
Alerted on multiple K-sup orders 3.24 0.49 <0.0001 
Work flow incorporation    
Service location    
   Medical/surgical Referent   
   ICU -6.17 0.51 <0.0001 
Time of the alert    
   Midnight - <7am 3.13 0.48 <0.0001 
   7am - <5pm Referent   
   5pm - <Midnight -1.06 0.60 0.075 
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The segmented regression models for action time until K-sup cancellation or repeating 

[K+] were assessed using the same model selection methods. After comparing the Durbin-

Watson statistics, AR(1) coefficient estimates, and Log-likelihood test, the model with ethnicity 

variables was selected. Most of the model estimates were very similar to those from the model 

for action time to K-sup cancellation (TABLE XVIII). After counting repeating [K+] as one of the 

actions, alert time between 5pm and midnight was associated with shorter action time (coeff. = -

2.63, p < 0.0001), which was also observed in the Cox proportional hazards model (TABLE XV).  
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TABLE XVIII  SEGMENTED REGRESSION ANALYSIS OF TIME TO K-SUP 
CANCELLATION OR REPEATING [K+]  

Variable Coeff. S.E. P-value 
Intercept 14.00 0.77 <0.0001 
Slope for pre-intervention -0.09 0.09 0.312 
Difference in intercept 0.52 0.89 0.560 
Difference in the slope 0.23 0.13 0.068 
AR(1) -0.70 0.01 <0.0001 
Patient Characteristics    
Age    
   1-19 2.04 0.81 0.012 
   20-44 -0.04 0.36 0.918 
   45-64 0.75 0.27 0.006 
   ≥65 Referent   
Gender    
   Male Referent   
   Female 1.24 0.24 <0.0001 
Ethnicity    
   Non-hispanic  Referent   
   Hispanic 1.62 0.53 0.002 
   Unknown -0.50 0.29 0.083 
Alert content    
[K+] level    
   5.3-5.6 Referent   
   5.7-6.0 -2.78 0.21 <0.0001 
   6.1 and above -9.35 0.33 <0.0001 
Creatinine clearance    
  >85 for female, >95 for male -0.23 0.29 0.424 
   85/95 - 26 Referent   
   ≤25 1.36 0.30 <0.0001 
Alert frequency    
Not first episode 0.08 0.23 0.714 
Alerted on multiple K-sup orders 1.47 0.27 <0.0001 
Work flow incorporation    
Service location    
   Medical/surgical Referent   
   ICU -4.17 0.27 <0.0001 
Time of the alert    
   Midnight - <7am 2.89 0.25 <0.0001 
   7am - <5pm Referent   
   5pm - <Midnight -2.63 0.32 <0.0001 
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It took an average of 24.0 hours for the [K+] level to get back to normal after the 

asynchronous CDS were alerted on K-sup users. The monthly mean ranged greatly between 

each month from June 2002 to May 2004 with minimum of 12.0 hours in December 2002 and 

maximum of 35.1 hours in May 2003 (Figure 18).  

 

  

 
Figure 18 Time series of mean time to normal [K+] for K-sup patients 
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After applying the model selection criteria, the model with ethnicity variables and AR(1) 

variance structure was selected. According to the segmented regression results, the positive 

and significant slope for the pre-intervention period suggested an upward trend before CDS 

implementation (coeff. = 1.69, p = 0.024). Even though the asynchronous alert did not decrease 

patient time to normal [K+] immediately after implementation (p = 0.588), there was a significant 

difference in the slope (coeff. = -2.50, p = 0.019). This indicated not only a reduction in outcome, 
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but also a declining trend during the post-intervention period since the post-intervention slope 

estimate was negative. (TABLE XVIII)   

Similar to the Cox proportional hazards regression results, female gender, high [K+] level, 

normal creatinine clearance level, and alert from ICU were associated with shorter time to 

normal [K+], while younger age and unknown ethnicity was associated with longer time to 

normal [K+]. Discrepancy was observed between the segmented regression results and Cox 

proportional hazards model regarding the alert time. Even though it took patients with alerts 

fired between 5pm and midnight shorter time to have [K+] level back to normal from both 

regressions, alerts fired between midnight and 7pm took shorter time to reach normal [K+] in the 

segmented regression model (coeff. = -3.90, p = 0.002), but longer time in the Cox proportional 

hazards model (HR = 0.89, p = 0.001).  
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TABLE XIX  SEGMENTED REGRESSION ANALYSIS OF TIME TO NORMAL [K+] 
FOR K-SUP  

Variable Coeff. S.E. P-value 
Intercept 39.97 5.94 <0.0001 
Slope for pre-intervention 1.69 0.75 0.024 
Difference in intercept 4.03 7.44 0.588 
Difference in the slope -2.50 1.07 0.019 
AR(1) -0.84 0.01 <0.0001 
Patient Characteristics    
Age    
   1-19 4.41 3.70 0.234 
   20-44 4.75 1.74 0.007 
   45-64 7.90 1.36 <0.0001 
   ≥65 Referent   
Gender    
   Male Referent   
   Female -5.81 1.18 <0.0001 
Ethnicity    
   Non-Hispanic  Referent   
   Hispanic 3.14 2.52 0.212 
   Unknown 3.01 1.38 0.029 
Alert content    
[K+] level    
   5.3-5.6 Referent   
   5.7-6.0 -6.98 0.99 <0.0001 
   6.1 and above -16.51 1.61 <0.0001 
Creatinine clearance    
  >85 for female, >95 for male -5.11 1.40 <0.001 
   85/95 - 26 Referent   
   ≤25 6.99 1.47 <0.0001 
Alert frequency    
Not first episode 17.46 1.10 <0.0001 
Alerted on multiple K-sup orders 1.72 1.23 0.160 
Work flow incorporation    
Service location    
   Medical/surgical Referent   
   ICU -23.39 1.33 <0.0001 
Time of the alert    
   Midnight - <7am -3.90 1.23 0.002 
   7am - <5pm Referent   
   5pm - <Midnight -15.84 1.54 <0.0001 
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4.2.5 The Combined Effect of Synchronous and Real-time Asynchronous CDS 

As shown in Figure 19, the monthly average (mean) of patient time on K-sup per patient 

admission day ranged from 3.98 hours in November 2003 to 6.47 hours in June 2002, and it 

gradually declined over the study period. The Durbin-Watson statistics was 1.976, and the AR(1) 

coefficient estimates was not significant (p = 0.708). Therefore, autocorrelation was not adjusted. 

According to the ordinary least square estimates for the segmented regression model, neither 

the difference in the intercept nor the difference in the slope was significant (TABLE XX). This 

indicated that the declining trend that was observed in Figure 19 was consistent after the 

implementation of the CDS alerts. In other words, the synchronous and real-time asynchronous 

alerts did not have significant effect on patient time on K-sup. 

 

 

Figure 19  Time series of patient time on K-sup, June 2002-May 2004 
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After normalized on patient time on K-sup, the monthly average for patient time on K-sup 

while [K+] was elevated was around 5 hours per day, but with a peak of 34.6 hours in February 

2004 (Figure 19). The segmented regression results suggested that no significant change either 

in the slope or in the intercept occurred after CDS implementation (TABLE XXI). The Durbin-

Watson statistics was 1.736 for ordinary least square estimates, and 1.841 for maximum 

likelihood estimates. 

   
 
 
 

 
 

TABLE XX  SEGMENTED REGRESSION ANALYSIS OF PATIENT TIME ON K-SUP 
PER ADMISSION DAY 

  Ordinary Least Square Estimates Maximum Likelihood Estimates 

Variable Coeff. S.E. P-value Coeff. S.E. P-value 
Intercept 5.59 0.33 <0.0001 5.56 0.31 <0.0001 
Slope for pre-intervention -0.05 0.04 0.274 -0.05 0.04 0.288 
Difference in intercept 0.10 0.06 0.137 0.09 0.06 0.136 
Difference in the slope -0.63 0.44 0.165 -0.64 0.43 0.154 
AR(1) - - - 0.09 0.23 0.708 
Durbin-Watson statistics 1.976   1.817   
R-square 0.332     0.360     

 

 

 

TABLE XXI  SEGMENTED REGRESSION ANALYSIS OF PATIENT TIME ON K-SUP 
WHILE [K+] WAS ELEVATED 

  Ordinary Least Square Estimates Maximum Likelihood Estimates 

Variable Coeff. S.E. P-value Coeff. S.E. P-value 
Intercept 5.05 3.72 0.190 4.96 4.11 0.243 
Slope for pre-intervention 0.10 0.51 0.852 0.11 0.56 0.847 
Difference in intercept 1.02 0.71 0.169 0.97 0.80 0.240 
Difference in the slope -4.13 4.96 0.415 -4.06 5.39 0.461 
AR(1) - - - -0.10 0.24 0.692 
Durbin-Watson statistics 1.736     1.841     
R-square 0.262   0.224   
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4.3 Effect of the Once Daily Report 

Based on the distribution of [K+] level for inpatients at UIH during the period of January 

2009 – June 2009, the cutoffs of ≥5.1 mEq/L and ≥5.5 mEq/L were chosen for the once daily 

report of [K+]↔K-sup and [K+]↔ACE/ARB, respectively. The time analysis of the [K+] posting 

time suggested that the best time to run the daily report would be between 9am and 10am, 

which was about 1 to 2 hours after most of the [K+] from the morning routine testing were 

posted. The report, if run during this time period, would have the potential to capture most of the 

hyperkalemic cases if not attended already, and minimize patient time in danger as [K+] was 

elevated. After discussion with the pharmacy department and the clinical safety team, the time 

of 2pm was chosen given the workflow of the existing practice.  

During the period of June 28th 2011 – October 3rd 2011, the once daily report fired 51 

[K+]↔ACE/ARB alerts on 34 patients, and 44 [K+]↔K-sup alerts on 32 patients. This equaled to 

0.56 [K+]↔ACE/ARB alerts and 0.45 [K+]↔K-sup alerts per day for a 450-bed hospital like UIH. 

The patient characteristics and descriptive statistics of the alerts were summarized in TABLE 

XXII. The [K+] level of the majority of the alerts were between 5.5-5.6 mEq/L (47.1%) and 

between 5.7-6.0 mEq/L (35.3%) for [K+]↔ACE/ARB, and between 5.1-5.6 mEq/L (88.6%) for 

[K+]↔K-sup. Most of the alerts fired on patients with impaired renal function or severe renal 

insufficiency, and patients from general medical or surgical unit. Over 70% of the alerts were 

from [K+] drawn between midnight and 7am, for both [K+]↔ACE/ARB and [K+]↔K-sup.  
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TABLE XXII  PATIENT CHARACTERISTICS AND DESCRIPTIVE STATISTICS FOR ONCE 
DAILY REPORT, JUNE 28 2011 – OCTOBER 3 2011 

  [K+]↔ACE/ARB [K+]↔K-sup 
Patient level n = 34 n=32 
Age (year), mean [s.e.] 57.78 [16.68] 49.46 [21.02] 
   1-19 2.9% (1) 12.5% (4) 
   20-44 14.7% (5) 21.9% (7) 
   45-64 50.0% (17) 40.6% (13) 
   ≥65 32.4% (11) 25.0% (8) 
Alert level n = 51 n = 44 
[K+] level   
   5.1/5.5-5.6 47.1% (24) 88.6% (39) 
   5.7-6.0 35.3% (18) 9.1% (4) 
   6.1 and above 17.6% (9) 2.3% (1) 
Creatinine clearance   
  >85  13.7% (7) 34.1% (15) 
   85 - 26 39.2% (20) 47.7% (21) 
   ≤25 47.1% (24) 18.2% (8) 
Service location   
   Medical/surgical 94.1% (48) 65.9% (29) 
   ICU 5.9% (3) 34.1% (15) 
Time of [K+]   
   Midnight - <7am 72.6% (37) 72.7% (32) 
   7am - <5pm 13.7% (7) 27.3% (12) 
   5pm - <Midnight 13.7% (7) 0.0% (0) 

 

 

 

After excluding the censored cases, the monthly mean time to K-sup cancellation ranged 

from 3.86 hours in September 2010 to 21.68 hours in October 2010. And the mean time to K-

sup cancellation or repeating [K+] was between 7.32 hours (January 2011) and 17.09 hours 

(March 2011). The time to K-sup cancellation seemed to decrease after the implementation of 

the once daily report in May 2010, but with large variations between each month (Figure 18). 

However, the decrease was not statistically significant after adjusting for all the covariates 

(TABLE XXIII). The significant coefficient estimate for the difference in the slope and the 

negative slope for the post-intervention period indicated that there was a descending trend in 

action time to K-sup cancelation after once daily report was implemented.  
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As shown in Figure 20, the action time to K-sup cancelation or repeating [K+] had an 

ascending trend during the pre-intervention period and a descending trend afterwards. After 

controlling for the covariates, only the difference in the slope was significant (coeff. = -0.44, p = 

0.001). The segmented regression estimates did not confirm the ascending trend for the pre-

intervention period, but did ascertain the impact of once daily report in gradually reducing time 

to either cancel the K-sup order or repeat [K+].  

Based on the model selection criteria, the model with ethnicity variables and AR(1) 

autocorrelation structure fitted the data better than other models for both action time to K-sup 

cancellation and action time to K-sup cancellation or repeating [K+]. 

 

 
 

Figure 20 Time series of mean time to action for K-sup patients, May 2009-April 2011 
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TABLE XXIII  SEGMENTED REGRESSION ANALYSIS OF TIME TO K-SUP 
CANCELLATION, MAY 2009-APRIL 2011 

Variable Coeff. S.E. P-value 
Intercept 25.61 1.80 <0.0001 
Slope for pre-intervention 0.03 0.21 0.892 
Difference in intercept 2.42 1.89 0.199 
Difference in the slope -0.76 0.32 0.019 
AR(1) -0.81 0.01 <0.0001 
Patient Characteristics    
Age    
   1-19 -9.35 1.15 <0.0001 
   20-44 -0.52 0.71 0.462 
   45-64 -0.77 0.56 0.173 
   ≥65 Referent   
Gender    
   Male Referent   
   Female -1.31 0.48 0.007 
Ethnicity    
   Non-hispanic  Referent   
   Hispanic -0.75 0.63 0.236 
   Unknown 6.57 1.26 <0.0001 
Alert content    
[K+] level    
   5.3-5.6 Referent   
   5.7-6.0 -2.93 0.39 <0.0001 
   6.1 and above -7.48 0.76 <0.0001 
Creatinine clearance    
  >85 for female, >95 for male 2.25 0.61 0.000 
   85/95 - 26 Referent   
   ≤25 0.28 0.57 0.623 
Alert frequency    
Not first episode -2.26 0.42 <0.0001 
Alerted on multiple K-sup orders 1.88 0.50 0.000 
Work flow incorporation    
Service location    
   Medical/surgical Referent   
   ICU -5.93 0.54 <0.0001 
Time of the alert    
   Midnight - <7am -0.75 0.50 0.134 
   7am - <5pm Referent   
   5pm - <Midnight -2.69 0.54 <0.0001 
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TABLE XXIV  SEGMENTED REGRESSION ANALYSIS OF TIME TO K-SUP 
CANCELLATION OR REPEATING [K+], MAY 2009-APRIL 2011 

Variable Coeff. S.E. P-value 
Intercept 15.44 0.79 <0.0001 
Slope for pre-intervention 0.12 0.09 0.181 
Difference in intercept 0.68 0.85 0.421 
Difference in the slope -0.44 0.13 0.001 
AR(1) -0.73 0.01 <0.0001 
Patient Characteristics    
Age    
   1-19 -4.92 0.65 <0.0001 
   20-44 -0.99 0.39 0.010 
   45-64 -1.31 0.31 <0.0001 
   ≥65 Referent   
Gender    
   Male Referent   
   Female -0.36 0.26 0.168 
Ethnicity    
   Non-hispanic  Referent   
   Hispanic 0.16 0.34 0.642 
   Unknown 2.42 0.69 0.001 
Alert content    
[K+] level    
   5.3-5.6 Referent   
   5.7-6.0 -2.45 0.22 <0.0001 
   6.1 and above -6.84 0.42 <0.0001 
Creatinine clearance    
  >85 for female, >95 for male 1.32 0.33 <0.0001 
   85/95 - 26 Referent   
   ≤25 0.00 0.31 0.998 
Alert frequency    
Not first episode 0.06 0.23 0.783 
Alerted on multiple K-sup orders 0.81 0.28 0.004 
Work flow incorporation    
Service location    
   Medical/surgical Referent   
   ICU -4.60 0.29 <0.0001 
Time of the alert    
   Midnight - <7am 1.08 0.27 <0.0001 
   7am - <5pm Referent   
   5pm - <Midnight -2.83 0.30 <0.0001 
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Figure 21 illustrates that patient time to normal [K+] increased monotonically between 

January 2010 and July 2010, which was followed by an over-all declining but variant trend. 

However, after controlling for the covariates, neither the difference in intercept nor the difference 

in the slope was significant (TABLE XXV).  

 

 

Figure 21 Time series of mean time to normal [K+] for K-sup patients,  
May 2009-April 2011 
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TABLE XXV  SEGMENTED REGRESSION ANALYSIS OF TIME TO NORMAL [K+], 
MAY 2009-APRIL 2011 

Variable Coeff. S.E. P-value 
Intercept 62.78 6.13 <0.0001 
Slope for pre-intervention 0.29 0.73 0.693 
Difference in intercept 1.94 6.13 0.752 
Difference in the slope -1.92 1.12 0.088 
AR(1) -0.84 0.01 <0.0001 
Patient Characteristics    
Age    
   1-19 5.29 3.31 0.110 
   20-44 5.45 2.06 0.008 
   45-64 -0.11 1.63 0.946 
   ≥65 Referent   
Gender    
   Male Referent   
   Female -2.14 1.42 0.132 
Ethnicity    
   Non-hispanic  Referent   
   Hispanic 8.74 1.85 <0.0001 
   Unknown 0.27 3.67 0.941 
Alert content    
[K+] level    
   5.3-5.6 Referent   
   5.7-6.0 -7.03 1.13 <0.0001 
   6.1 and above -9.06 2.21 <0.0001 
Creatinine clearance    
  >85 for female, >95 for male 1.42 1.78 0.426 
   85/95 - 26 Referent   
   ≤25 1.26 1.67 0.449 
Alert frequency    
Not first episode 16.22 1.21 <0.0001 
Alerted on multiple K-sup orders -5.31 1.45 <0.0001 
Work flow incorporation    
Service location    
   Medical/surgical Referent   
   ICU -15.26 1.58 <0.0001 
Time of the alert    
   Midnight - <7am -5.63 1.45 <0.0001 
   7am - <5pm Referent   
   5pm - <Midnight -11.75 1.55 <0.0001 

 

 

 

The integrated monthly patient time on K-sup and patient time on K-sup while [K+] was 

elevated were also analyzed using the segmented regression. After normalized on total patient 
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admission days, the once daily report did not have influence in shortening patient time on K-sup, 

either in the monthly mean estimates or the segmented regression analysis. The Durbin-Watson 

statistics was 1.667 using the ordinary least square estimates. The once daily report did not 

have an immediate effect on patient time on K-sup since the difference in the slope estimate 

was insignificant. The difference in the slope was significant when autocorrelation was not 

adjusted (p = 0.034). The positive estimate of slope difference yielded positive slope for the 

post-intervention period, which indicated that the patient time on K-sup increased after once 

daily report was implemented. After adjusting the autocorrelation using AR(1) variance structure, 

the difference in the slope was still marginally significant (p = 0.058).  

The monthly average for patient time on K-sup while [K+] was elevated varied by each 

month after normalized on patient time on K-sup of the same period (Figure 22). There was a 

drop from 12.7 hours per patient day in April 2010 to 5.6 hours in May 2010, which was 

reflected in the segmented regression analysis as the difference in the intercept was significant 

using ordinary least square estimates (p = 0.045) and marginal significant using maximum 

likelihood estimates (p = 0.080). Given the poor fit of the model (R-square = 0.2106), it was 

difficult to affirm the effect of once daily report in reducing patient time on K-sup while [K+] was 

elevated. 

  

 

 



99 

 

 

Figure 22 Time series of patient time on K-sup, May 2009-April 2011 

 

 

 

 

 

TABLE XXVI  SEGMENTED REGRESSION ANALYSIS OF PATIENT TIME ON K-SUP 
PER ADMISSION DAY, MAY 2009-APRIL 2011 

  Ordinary Least Square Estimates Maximum Likelihood Estimates 

Variable Coeff. S.E. P-value Coeff. S.E. P-value 
Intercept 3.248 0.175 <0.0001 3.260 0.197 <0.0001 
Slope for pre-intervention -0.049 0.024 0.051 -0.051 0.027 0.074 
Difference in intercept 0.018 0.034 0.605 0.022 0.039 0.576 
Difference in the slope 0.529 0.233 0.034 0.521 0.258 0.058 
AR(1) - - - -0.113 0.252 0.659 
Durbin-Watson statistics 1.666   1.732   
R-square 0.240     0.215     
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TABLE XXVII SEGMENTED REGRESSION ANALYSIS OF PATIENT TIME ON K-SUP 
WHILE [K+]≥5.0mEq/L PER K-SUP DAY, MAY 2009-APRIL 2011 

  Ordinary Least Square Estimates Maximum Likelihood Estimates 

Variable Coeff. S.E. P-value Coeff. S.E. P-value 
Intercept 4.711 1.774 0.015 4.423 2.081 0.047 
Slope for pre-intervention 0.218 0.241 0.376 0.283 0.289 0.340 
Difference in intercept -0.730 0.341 0.045 -0.738 0.398 0.080 
Difference in the slope 2.128 2.365 0.379 1.120 2.900 0.704 
AR(1) - - - -0.147 0.251 0.565 
Durbin-Watson statistics 1.806   1.881   
R-square 0.211     0.163     
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5. DISCUSSION 

5.1 Discussion of the Effect of the CDS Alerts 

This study aimed to examine the effect of the laboratory-pharmacy linkage CDS alerts in 

improving clinicians’ action time and patient outcomes related to inpatient hyperkalemia. In 

general, the clinicians’ compliance with the synchronous alerts was 88.31% for [K+]↔ACE/ARB 

and 69.46% for [K+]↔K-sup, which was similar to previous reported acceptance rate for 

interruptive drug-drug interaction alerts in inpatient settings.68 Without the synchronous CDS, 

those cancelled orders likely would have been prescribed until the next time [K+] was checked. 

As the indirect effect of the asynchronous CDS alerts, the alert rate of the real-time 

asynchronous CDS for [K+]↔K-sup dropped significantly after CDS implementation. Although 

the alert rate did not change significantly for [K+]↔ACE/ARB, which could because of the 

insufficient sample size, the high compliance rate of the synchronous alert would be strong and 

sufficient evidence for the effect of synchronous CDS in changing clinicians’ behavior and 

improving patient safety.  

As suggested by the segmented regression analysis, the asynchronous alerts had 

limited influence on accelerating clinicians’ action for both [K+]↔ACE/ARB and [K+]↔K-sup. 

This could because of the stronger effect of the synchronous CDS which was implemented at 

the same time. The clinicians’ were more aware of the hyperkalemic situation if the synchronous 

alert was previously fired on the same patient. In addition, the suboptimal communication mode 

might also explain the lack of benefit from the asynchronous CDS. Back in year 2003 and 2004, 

CDS was still an evolving technology. Multiple communication channels were deployed to 

deliver the CDS alerts in fear of miscommunication or delayed communication. However, the 

multi-channel communication approach, which included script messages to the designated 

nursing station, inpatient pharmacy, and to the electronic clinical inbox, resulted in 
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communication chaos that blurred responsibility. Nevertheless, the asynchronous alert had a 

lasting effect on reducing patient time to normal [K+] for K-sup users. Such benefit was not 

observed for ACE/ARB users.   

The synchronous and real-time asynchronous alerts, together, have limited effect on the 

integrated outcomes of patient time on K-sup after normalization. Given the large volume of K-

sup orders in inpatient setting, the potential benefit of the CDS alerts could have been diluted.   

The segmented regression using the data from May 2009 to April 2011 showed 

significant drop in patient time on K-sup while [K+] was elevated right after the implementation 

of once daily report, and a lasting effect of reducing clinicians’ action time for K-sup users during 

the post-intervention period. However, it was arguable whether the once daily report truly had 

such a substantial causal effect given the low alert frequency. There were 3166 K-sup orders 

prescribed between June 28th 2010 and October 3rd 2010, as compared to 32 K-sup orders 

being alerted during the same time period in 2011. Moreover, the poor model fit for the 

segmented regression of patient time on K-sup could also make the conclusion less robust.  

5.2 Discussion of the Modulators for Action Time and Time to Normal [K+] 

As stated as Objective 2, this study examined the impact of patient characteristics, alert 

content, alert frequency, and work flow incorporation, in changing the time course of managing 

inpatient hyperkalemia. There were inconsistent and sometimes conflicting findings from the 

Cox proportional hazards models and segmented regression models. The Cox proportional 

hazards model censors the cases that did not reach the study end point or were lost to follow 

up. Censoring those cases has the advantage of making full use of the available information 

when estimating time-to-event type of outcomes.107 Therefore, the estimates from the Cox 

proportional hazards model were favored when assessing the impact of the factors on clinicians’ 

action time and patient time to normal [K+]. 
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 Based on the Cox proportional hazards model estimates, patient characteristics 

including age, gender, and ethnicity were often insignificantly associated with action time or time 

to normal [K+], except for the positive relationship between female gender and prolonged action 

time for K-sup patients. Despite those inconsistent and most of the time insignificant findings, 

increased [K+] level were associated with shortened action time for both [K+]↔ACE/ARB and 

[K+]↔ K-sup (TABLE XXVIII). Moreover, clinicians responded more promptly to patients with 

impaired renal function, given that HR for normal vs. impaired renal function was 0.88 for 

[K+]↔ACE/ARB (p = 0.495) and 0.68 for time to K-sup cancellation (p < 0.0001).  And the 

action time decreased further if the patient had severe renal insufficiency as suggested by HR 

being great than 1 for severe renal insufficiency vs. impaired renal function for both 

[K+]↔ACE/ARB and [K+]↔K-sup. Even though the association between the renal function and 

the action time was not significant for [K+]↔ACE/ARB and severe renal insufficiency vs. 

impaired renal function for time till K-sup cancellation, the severity of renal impairment was 

consistently associated with shortened action time for both [K+]↔ACE/ARB and [K+]↔K-sup. 

These findings echoed the findings from previous studies regarding the importance of alert 

severity and the clinical risk in clinicians’ responses when receiving the CDS alerts.68 There was 

a dramatic decrease in clinicians’ action for cases with [K+] ≥ 6.0 mEq/L vs. those with [K+] ≤ 

6.0 mEq/L as suggested by HR of 1.87for [K+]↔ACE/ARB (p < 0.0001), 4.48 for time till K-sup 

cancellation (p < 0.0001), and 5.56 for time till K-sup cancellation or repeating [K+] (p < 0.0001). 

The shortened action time could be because of the devoted attention from the clinicians, and 

could also result from the confounding effect of critical reporting mechanism.  

For the factors that represented alert frequency, not being the first hyperkalemia episode 

was not significant in predicting action time for [K+]↔ACE/ARB, but was significantly associated 

with longer time until K-sup cancellation. The positive relationship remained the same after 

counting repeating [K+] as another action. Similarly, alerting on multiple K-sup order was also a 
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significant factor for prolonged action time to cancel K-sup orders.  It was conceivable that 

clinicians might be aware of the hyperkalemic situation after the first alert and decided to 

postpone any clinical intervention, or modify one of the K-sup orders but not all if the alert fired 

on multiple orders. Despite those possible explanations, the possible association also 

suggested that alert frequency could have negative effect on clinicians prompt response to 

hyperkalemia. Additionally, ACE/ARB users from ICU and [K+]↔K-sup alerts fired during the 

normal day shift would be responded more promptly than their counterparts, which indicated the 

influence of the work flow on the time to action and the importance of considering appropriate 

incorporation of CDS into existing clinical practice.  

Being the patient-centered outcome, time to normal [K+] depended both on clinicians’ 

rapid response and on patient’s renal function. Therefore, patient time to normal [K+] was 

hypothesized to be associated with both alert severity and renal function. The association 

between increased [K+] level and decreased time to normal [K+], while controlling for all the 

covariates, could be the result of reduced action time for cases with higher [K+] level. This also 

indicated the indirect effect of the asynchronous CDS alert in improving patient outcome. 

Impaired renal function was associated with increased time until [K+] went back to normal, 

which justified clinicians’ consideration of renal function when responding to the asynchronous 

alerts.    

 It was noticeable that more factors in the regression model were significant for [K+]↔K-

sup than for [K+]↔ACE/ARB. Besides the difference in clinicians’ practice pattern and patient 

outcome, the difference in the sample size could be another explanation. At UIH, K-sup, 

including potassium-containing hyperalimentation, IV fluids, and oral tables, was more often 

prescribed than ACE inhibitors and ARB. Moreover, dialysis patients were excluded in the 

[K+]↔ACE/ARB sample, but not in the [K+]↔K-sup sample. 
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5.3 Discussion of Alert Frequency 

Not being the first episode during admission and being alerted on multiple K-sup orders 

were used to evaluate the effect of alert frequency on action time and patient time to normal 

[K+] for K-sup patients. It is arguable that alert frequency is not a good proxy for alert fatigue if 

the alerts did not alert the same clinician and without knowing how many other non-potassium 

related alerts were fired. Such information was not available and was out of the scope of this 

study. Given the data limitation, this study was not able to obtain alert frequency at clinician 

level. Even though alert fatigue was shown as a strong predictor for delayed clinical action in 

published literature, the effect of alert frequency on clinician action time should not be 

interpreted as the effect of alert fatigue. 

The Cox proportional hazards regression analysis showed that not being the first 

episode was significantly associated with increased physician action time for the [K+]↔K-sup 

alerts and patient time to normal [K+]. Since having the following alerts depends on the resolve 

of previous episode, there might be a systematic difference in physician action time and patient 

time to normal [K+] between first hyperkalemia episode and the following ones. Therefore, 

stratified analysis was conducted to address the concern. In TABLE XXXII, action time and time 

to normal [K+] during the post-intervention period was always longer for the following episodes 

than for the first episodes. During the pre-intervention period, only the mean action time to 

cancel K-sup orders was faster within first 24 hours for the first episodes (i.e. action time 

censored at 24 hours was 6.36 hours vs. 9.96 hours). It took longer during the first episodes 

than during the follow episodes, for the clinicians to cancel K-sup orders during first 48 hours, to 

cancel K-sup or repeat [K+], or for the patient to get back to normal [K+]. 
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5.4 Analytical Framework for Evaluating CDS Intervention 

 Another specific aim for this study was to demonstrate the analytical approach for 

evaluating the effect of CDS interventions. This included choosing the appropriate outcome 

measurement and relative analysis methods correspondingly. Outcomes were chosen 

deliberately depending on the availability for measurement. For example, no confirmative step 

was built in the system to accurately record clinicians’ acceptance or ignorance when receiving 

the synchronous alert. Therefore, the compliance rate was defined as having no medication 

order placed within one hour after the alert time, which was accomplished by matching the 

medication orders with the synchronous alerts data. The one-hour time frame was an arbitrary 

decision, but this definition was the most practical way of measuring compliance rate given the 

availability of the data.       

Selecting the appropriate outcomes also presented challenge for measuring the effect of 

asynchronous alert on clinicians’ action time for [K+]↔K-sup. Even though repeating [K+] could 

also be an expected action in response to hyperkalemia, [K+] was the part of the routine 

morning laboratory tests for most inpatients. Without a definite algorithm to distinguish the 

routine morning [K+] from the re-checks, counting repeating [K+] as the action could have 

underestimated the true action time. This could explain the increase in the mean action time 

from 10.61 hours (s.e.=7.96) during the pre-intervention period to 12.62 hours (s.e.=8.42) during 

the post-intervention period when repeating [K+] was counted (TABLE XII). The increase could 

probably because of more alerts were fired between midnight and 7am during the pre-

intervention period (14.0%) than during the post-intervention period (12.0%). Alerts that fired 

between midnight and before 7am would have been closer to the routine morning laboratory 

tests that were usually done daily at 6am.   

Two outcomes were used as the measurement of the real-time asynchronous CDS alert, 

clinicians’ action time and patient time to normal [K+]. According to the analytical framework, 
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clinicians’ action time was the direct measurement of the effect while patient time to normal [K+] 

was affected by the asynchronous CDS indirectly. Although time to normal [K+] would generally 

be preferred in patient-centered outcomes research, its dependence on individual patient’s 

pharmacokinetic response should be acknowledged while interpreting the effect of real-time 

asynchronous alert in improving patient outcomes.   

Additionally, time to normal [K+] was also subject to measurement bias induced by 

testing frequency. It was conceivable that the higher the testing frequency, the sooner the 

normal [K+] would be observed. Therefore, even though the intervention had no significant 

effect in reducing patient time to normal [K+], the reduction might be statistically significant if [K+] 

were tested more frequently after CDS implementation. In order to address the concern about 

measurement bias, the [K+] testing frequency during June 2002 – May 2003 vs. June 2003 – 

May 2004 was compared for all patients using ACE inhibitors, ARB, and K-sup separately. No 

significant difference in the test rate per patient day using any of the three medications was 

observed after CDS implementation.  

5.5 Study Limitations 

The single group pre-post observational study design exposed this study to certain 

threats to internal validity. The pre-post study design assumes any change in the outcomes was 

resulted from the intervention. However, there could also be a historical change in clinicians’ 

practice behavior that was totally irrelevant to the implementation of the CDS alerts. Moreover, 

the evolving HIT during the past decade presented the maturation threat to the study validity. 

The comparison of patient characteristics and other covariates were made for the pre-

intervention sample vs. the post-intervention sample to address potential maturation of the 

patient population. Among other subtle changes, the major increase in the reporting rate of the 
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ethnicity variable was observed from the study period of 2002-2004 to 2009-2011 (TABLE IV, XI, 

and XXX).   

Moreover, this study was conducted in one single urban academic teaching hospital, 

with a large proportion of black and Hispanic patients. The practice pattern and patient 

constitution at UIH are not necessarily representative of other medical institutions. Therefore, 

the findings from this study lack generalizability.  

Patient time to normal [K+] was used as a measurement for patient outcome. However, 

its validity and reliability in predicting true clinical outcomes, such as mortality and ADE rate, 

were difficult to establish because of the non-linear association between [K+] level and cardiac 

risk and the variance in individual tolerance of high serum potassium.  For inpatients under 

bedside monitoring and other alerting mechanisms like CDS alerts and critical value reporting, 

severe adverse events related to hyperkalemia were rare. Therefore, a large sample size was 

required in order to detect any statistically significant changes. 

As suggested by other studies, the complexity of the clinical situation was one of the 

factors impact clinicians’ response to CDS alerts. However, only [K+] level and renal function 

were used to represent the clinical factors that were considered in managing hyperkalemia. 

Clinical decision making is a complicated cognitive process that involves weighting and 

balancing the benefits and risks. In a real clinical scenario, other biochemical and physiologic 

parameters, other medication use, and comorbidities were definitely considered as well. 

Hyperkalemia occurs very prevalently in inpatient settings, in various patient populations, and 

can be induced by diet, medication, or disease. Therefore, it was very difficult to measure and 

quantify all potential confounding factors, let alone stratifying different scenarios without losing 

statistical power. On the other hand, this limitation also presented challenges for future studies 

and opportunities for studying laboratory-pharmacy linkage CDS in specific patient population. 
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6 CONCLUSIONS 

To summarize, clinicians complied with synchronous CDS alerts in managing 

hyperkalemia in inpatient settings. The real-time asynchronous alert failed to demonstrate its 

effect in accelerating clinicians’ action, but had potential effect in improving patient outcomes for 

K-sup users. The once daily report was effective in detecting potentially hazardous situations 

that had not been corrected after real-time asynchronous alert. But its impact on changing 

clinicians’ practice behavior and improving patient outcomes was difficult to establish given the 

rare alert rate.   

After controlling for patient demographics, alert frequency, and work flow incorporation, 

alert content, as represented by [K+] level and renal function, was strongly associated with 

clinicians’ action time. Besides that, multiple alerts could produce alert fatigue if alerting the 

same clinician and resulted in delayed actions and prolonged hazardous time for patients while 

being hyperkalemic. Hyperkalemia was managed more efficiently if it occurred in ICU and 

during normal day shift with higher clinician-to-patient ratio. These modulators for clinician’s 

action time not only depicted the decision making of the clinicians, but also presented areas for 

quality improvement.  

This study demonstrated a process for implementing three types of laboratory-pharmacy 

linkage CDS and the analytical approach for evaluating their effect. CDS systems have great 

potential in improving prescribing behavior and patient outcome, if implemented appropriately. 

As shown in this study, the implementation process involves many steps such as building the 

knowledge base, simulation analysis and estimation using historical data, work flow 

incorporation, and quantitative evaluation. More importantly, this process should be iterative. 

Findings from the assessment should be utilized to identify opportunities for further 

improvement. Further timely modifications should be made accordingly.    
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Issues related to the outcome measurement, analytical methods, and limitations were 

also discusses in this study in hope that the experience from this study would be of value for 

healthcare organizations and application and knowledge base vendors to delivery effective CDS 

systems, for policy makers to guide the development EHR, and for researchers to enrich the 

scientific evidence of HIT.   
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APPENDICES 
Appendix A 

TABLE XXVIII  SUMMARY OF THE EFFECT OF SYNCHRONOUS ALERT, REAL-TIME ASYNCHRONOUS ALERT, 
AND ONCE DAILY REPORT 

    [K+]↔ACE/ARB [K+]↔K-sup 
Effect of the synchronous CDS Cancellation rate, mean (minimum-maximum) 88.31% (75.68%-100.00%) 69.46% (49.28%-82.14%) 
 Alert rate of asynchronous CDS - (-): 28.8% vs. 30.4% 
Effect of the real-time 
asynchronous CDS Clinicians' action time - -* 

 Patient time to normal [K+] - 

(-): Difference in the slope, 
negative slope for post-

intervention period 

The combined effect of both 
synchronous CDS  Patient time on K-sup per admission day N/A - 

 
Patient time on K-sup while [K+] ≥ 5.0 mEq/L 
per K-sup day N/A - 

Effect of the once daily report Clinicians' action time N/A 

(-): Difference in the slope, 
negative slope for post-

intervention period* 
 Patient time to normal [K+] N/A - 

 Patient time on K-sup per admission day  

(+): Difference in the slope, and 
positive slope for the post-

intervention period 

  
Patient time on K-sup while [K+] ≥ 5.0 mEq/L 
per K-sup day   (-): Difference in the intercept 

Note: 
-: The effect was not statistically significant (p ≥ 0.05). 
N/A: The measurement was not available. 
(-): Significant reduction in the outcome. 
a Same for time till K-sup cancellation and time till K-sup cancellation or repeating [K+].
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Appendix B  

TABLE XXIX SUMMARY OF COX PROPORTIONAL HAZARDS REGRESSION RESULTS 
FOR FACTORS ASSOCIATED WITH CHANGED TIME COURSE 

  Action time Time to normal [K+] 

 
Action time for 

[K+]↔ACE/ARB

Action time 
till K-sup 

cancellation

Action time till 
K-sup 

cancellation or 
repeating [K+] ACE/ARB K-sup 

Patient Characteristics      
Age      
   1-19 - - - - - 
   20-44 - - (+) - (-) 
   45-64 - - (+) - - 
   ≥65 (referent)      
Gender      
   Male (referent)      
   Female - (+) (+) - - 
Ethnicity      
   Non-hispanic (referent)      
   Hispanic N/A - N/A N/A - 
   Unknown N/A (-) N/A N/A - 
Alert content      
[K+] level      
   5.3-5.6 (referent)      
   5.7-6.0 (-) (-) (-) (-) - 
   6.1 and above (-) (-) (-) (-) (-) 
Creatinine clearance      
  >85 for female, >95 for male - (+) (-) (-) (-) 
   85/95 - 26 (referent)      
   ≤25 - - (-) - (+) 
Alert frequency      
Not first episode - (+) (+) (+) (+) 
Alerted on multiple K-sup 
orders N/A (+) - N/A (-) 
Work flow incorporation      
Service location      
   Medical/surgical (referent)      
   ICU (-) - (-) (-) (-) 
Time of the alert      
   Midnight - <7am - (+) (+) - (+) 
   7am - <5pm (referent)      
   5pm - <Midnight - (+) (-) (-) (-) 

Note: 
-: The association was not statistically significant (p ≥ 0.05). 
(-): Significant and negative association, which means the factor was associated with 

shorten action time and shorten time to normal [K+]. It also means HR>1 in Cox proportional 
hazards model and negative coefficient estimates in segmented regression analysis. 

N/A:  The variable was not available or was not included in the final model. 



113 

 

 

Appendix C 

TABLE XXX   K-SUP PATIENT CHARACTERISTICS FOR REAL-TIME ASYNCHRONOUS 
ALERTS, MAY 2009 – APRIL 2011 

 Pre-intervention Post-intervention p-value 
  (n = 443) (n = 394)   
Age (year), mean [s.e.] 51.95 [19.83] 54.78 [19.42] 0.038 
   1-19 8.8% (39) 6.1% (24) 0.510 
   20-44 21.7% (96) 17.3% (68)  
   45-64 43.8% (194) 45.2% (178)  
   ≥65 25.7% (114) 31.5% (124)  
Male 44.2% (196) 44.2% (174) 0.981 
Ethnicity    
   Non-Hispanic 79.0% (350) 80.0% (315) 0.903 
   Hispanic 17.4% (77) 16.2% (64)  
   Unknown 3.6% (16) 3.8% (15)   
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Appendix D  

TABLE XXXI   DESCRIPTIVE STATISTICS FOR REAL-TIME ASYNCHRNOUS 
[K+]↔K-SUP ALERTS, MAY 2009 – APRIL 2011 

 Variables  Pre-intervention Post-intervention P-value  
Alert-level  n =760 n = 696  
Posting time of the lab test   0.261 
   Midnight - <7am 49.7% (378) 54.0% (376)  
   7am - <5pm 32.1% (244) 29.2% (203)  
   5pm - <Midnight 18.2% (138) 16.8% (117)  
[K+] level   0.070 
   5.0-5.3 53.7% (408) 59.1% (411)  
   5.4-6.0 39.7% (302) 33.9% (236)  
   6.1 and above 6.6% (50) 7.0% (49)  
Creatinine clearance (eGFR not available at the time)   0.306 
  >85 for female, >95 for male 18.1% (133) 18.0% (121)  
   85/95 - 26 61.0% (448) 57.7% (387)  
   <=25 21.0% (154) 24.3% (163)  
First episode 58.3% (443) 56.6% (394) 0.517 
Alerted on more than 1 order 42.8% (325) 40.7% (283) 0.417 
Service location   0.004 
   Medical/surgical 67.0% (503) 73.9% (496)  
   ICU 33.0% (248) 26.1% (175)  
Order-level n = 2873 n = 2958  
Action time  (hour), mean [s.e.]     
   Until K-sup cancellation (censored at 24hr) 9.07 [5.62] 6.87 [5.44] <0.0001 
   Censored cases 76.5% (2198) 79.6% (2355) 0.004 
   Until K-sup cancellation (censored at 48hr) 14.49 [11.10] 10.29 [9.79] <0.0001 
   Censored cases 69.2% (1988) 76.1% (2250) <0.0001 
   Until K-sup cancellation and repeat [K+] 11.73 [7.94] 11.49 [8.02] 0.271 
   Censored cases 8.0% (229) 9.2% (273) 0.087 
Time to normal [K+] (hour), mean [s.e.] 23.25 [22.98] 22.98 [22.53] 0.7091 
Censored after 5 days 36.5% (1048) 27.6% (815) <0.0001 
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Appendix E  

TABLE XXXII   STRATIFIED ANALYSIS OF ACTION TIME AND TIME TO NORMAL [K+] 
 

  First episode Following episode 
  Pre Post P-value Pre Post P-value 
Action time (hour), mean [s.e.]a       
   Until K-sup cancellation (censored at 24hr) 6.36 [5.47] 4.75 [4.11] 0.0002 9.96 [6.24] 8.23 [6.49] 0.0001 
   Censored cases 84.2% (1337) 81.6% (1218) 0.054 79.5% (1712) 83.4% (1822) 0.001 
   Until K-sup cancellation (censored at 48hr) 14.71 [13.01] 9.81 [11.25] <0.0001 14.20 [10.81] 15.13 [12.30] 0.190 
   Censored cases 76.6% (1215) 77.3% (1154) 0.605 75.0% (1614) 76.4% (1669) 0.276 
   Until K-sup cancellation or repeat [K+] 11.87 [8.28] 10.80 [8.49] 0.001 9.74 [7.62] 13.91 [8.12] <0.0001 
   Censored cases 11.4% (181) 8.8% (132) 0.019 5.0% (107) 12.0% (262) <0.0001 
Time to normal [K+] (hour), mean [s.e.]a 22.14 [23.31] 19.23 [19.15] 0.001 20.71 [22.20] 27.55 [21.49] <0.0001 
Censored after 5 days 18.7% (296) 18.2% (271) 0.727 29.4% (632) 41.1% (898) <0.0001 

a Calculated based on uncensored cases.  



116 

 

 

REFERENCES 

1.  Hay E, Derazon H, Bukish N, Katz L, Kruglyakov I, Armoni M. Fatal hyperkalemia related to 
combined therapy with a COX‐2 inhibitor, ACE inhibitor and potassium rich diet. Journal of 
Emergency Medicine. 2002;22(4):349‐352. 

2.  Howard RL, Avery AJ, Howard PD, Partridge M. Investigation into the reasons for preventable 
drug related admissions to a medical admissions unit: observational study. Quality and Safety in 
Health Care. August 1, 2003 2003;12(4):280‐285. 

3.  Forsström JJ, Grönroos P, Irjala K, Heiskanen J, Torniainen K. Linking patient medication data 
with laboratory information system. International Journal of Bio‐Medical Computing. 1996;42(1‐
2):111‐116. 

4.  Schiff GD, Aggarwal HC, Kumar S, McNutt RA. Prescribing potassium despite hyperkalemia: 
medication errors uncovered by linking laboratory and pharmacy information systems. The 
American Journal of Medicine. 2000;109(6):494‐497. 

5.  Bates DW, O'Neil AC, Boyle D, et al. Potential Identifiability and Preventability of Adverse Events 
Using Information Systems. Journal of the American Medical Informatics Association. September 
1, 1994 1994;1(5):404‐411. 

6.  Murff HJ, Patel VL, Hripcsak G, Bates DW. Detecting adverse events for patient safety research: a 
review of current methodologies. Journal of Biomedical Informatics. 2003/4//;36(1‐2):131‐143. 

7.  Lundberg GD. The Need for an Outcomes Research Agenda for Clinical Laboratory Testing. JAMA: 
The Journal of the American Medical Association. August 12, 1998 1998;280(6):565‐566. 

8.  Schiff GD, Rucker TD. Computerized Prescribing. JAMA: The Journal of the American Medical 
Association. April 1, 1998 1998;279(13):1024‐1029. 

9.  Greenes RA. A Brief History of Clinical Decision Support: Technical, Social, Cultural, Economic, 
and Governmental Perspectives. In: Greenes RA, ed. Clinical Decision Support: The Road Ahead. 
1 ed: Academic Press; 2007. 

10.  Garg AX, Adhikari NKJ, McDonald H, et al. Effects of Computerized Clinical Decision Support 
Systems on Practitioner Performance and Patient Outcomes: A Systematic Review. JAMA. March 
9, 2005 2005;293(10):1223‐1238. 

11.  Hunt DL, Haynes RB, Hanna SE, Smith K. Effects of Computer‐Based Clinical Decision Support 
Systems on Physician Performance and Patient Outcomes: A Systematic Review. JAMA. October 
21, 1998 1998;280(15):1339‐1346. 

12.  Johnston ME, Langton KB, Haynes RB, Mathieu A. Effects of computer‐based clinical decision 
support systems on clinician performance and patient outcome. A critical appraisal of research. 
Ann Intern Med. Jan 15 1994;120(2):135‐142. 

13.  Bates DW, Teich JM, Lee J, et al. The Impact of Computerized Physician Order Entry on 
Medication Error Prevention. Journal of the American Medical Informatics Association. July 1, 
1999 1999;6(4):313‐321. 

14.  Kaushal R, Shojania KG, Bates DW. Effects of computerized physician order entry and clinical 
decision support systems on medication safety: a systematic review. Arch Intern Med. Jun 23 
2003;163(12):1409‐1416. 

15.  Wolfstadt J, Gurwitz J, Field T, et al. The Effect of Computerized Physician Order Entry with 
Clinical Decision Support on the Rates of Adverse Drug Events: A Systematic Review. Journal of 
General Internal Medicine. 2008;23(4):451‐458. 

16.  Sim I, Gorman P, Greenes RA, et al. Clinical decision support systems for the practice of 
evidence‐based medicine. J Am Med Inform Assoc. Nov‐Dec 2001;8(6):527‐534. 



117 

 

 

17.  Dexter PR, Perkins SM, Maharry KS, Jones K, McDonald CJ. Inpatient Computer‐Based Standing 
Orders vs Physician Reminders to Increase Influenza and Pneumococcal Vaccination Rates: A 
Randomized Trial. JAMA. November 17, 2004 2004;292(19):2366‐2371. 

18.  Kucher N, Koo S, Quiroz R, et al. Electronic Alerts to Prevent Venous Thromboembolism among 
Hospitalized Patients. New England Journal of Medicine. 2005;352(10):969‐977. 

19.  Sucher JF, Moore FA, Todd SR, Sailors RM, McKinley BA. Computerized clinical decision support: 
a technology to implement and validate evidence based guidelines. J Trauma. Feb 
2008;64(2):520‐537. 

20.  Kuperman GJ, Bobb A, Payne TH, et al. Medication‐related Clinical Decision Support in 
Computerized Provider Order Entry Systems: A Review. Journal of the American Medical 
Informatics Association. 2007/2 2007;14(1):29‐40. 

21.  Kaushal R, Jha AK, Franz C, et al. Return on Investment for a Computerized Physician Order Entry 
System. Journal of the American Medical Informatics Association. May 1, 2006 2006;13(3):261‐
266. 

22.  Evans RS, Pestotnik SL, Classen DC, et al. A Computer‐Assisted Management Program for 
Antibiotics and Other Antiinfective Agents. New England Journal of Medicine. 1998;338(4):232‐
238. 

23.  The Health Information Technology for Economic and Clinical Health Act, the American Recovery 
and Reinvestment Act of 2009. Pub. L. No. 111‐5; Feb 17, 2009. 

24.  Blumenthal D, Tavenner M. The "Meaningful Use" Regulation for Electronic Health Records. 
New England Journal of Medicine. 2010;363(6):501‐504. 

25.  Clinical Decision Support (CDS) and Meaningful Use Frequently Asked Questions. Health care 
Information and Management Systems Society (HIMSS), update in February 2011.  
http://www.himss.org/content/files/CDS_MU_FAQ.pdf. Accessed March 2, 2011. 

26.  Hier DB, Rothschild A, LeMaistre A, Keeler J. Differing faculty and housestaff acceptance of an 
electronic health record one year after implementation. Stud Health Technol Inform. 
2004;107(Pt 2):1300‐1303. 

27.  Hier DB, Rothschild A, LeMaistre A, Keeler J. Differing faculty and housestaff acceptance of an 
electronic health record. Int J Med Inform. Aug 2005;74(7‐8):657‐662. 

28.  Galanter WL, DiDomenico RJ, Polikaitis A. Preventing exacerbation of an ADE with automated 
decision support. J Healthc Inf Manag. Fall 2002;16(4):44‐49. 

29.  Galanter WL, Didomenico RJ, Polikaitis A. A trial of automated decision support alerts for 
contraindicated medications using computerized physician order entry. J Am Med Inform Assoc. 
May‐Jun 2005;12(3):269‐274. 

30.  Galanter WL, Polikaitis A, DiDomenico RJ. A trial of automated safety alerts for inpatient digoxin 
use with computerized physician order entry. J Am Med Inform Assoc. Jul‐Aug 2004;11(4):270‐
277. 

31.  Galanter WL, Hier DB, Jao C, Sarne D. Computerized physician order entry of medications and 
clinical decision support can improve problem list documentation compliance. International 
Journal of Medical Informatics. 2010;79(5):332‐338. 

32.  Jao CS, Hier DB. Overcoming limitations of data entry for the semi‐automated detection of drug 
orphans in the EMR. AMIA Annu Symp Proc. 2006:967. 

33.  Perreault L, Metzger J. A Pragmatic Framework for Understanding Clinical Decision Support. 
Journal of Healthcare Information Management. 1999;13(2):5‐21. 

34.  The Computer‐Based Patient Record: An Essential Technology for Health Care. Washington, D.C.: 
Institute of Medicine; 1997. 



118 

 

 

35.  Lyman JA, Cohn WF, Bloomrosen M, Detmer DE. Clinical decision support: progress and 
opportunities. Journal of the American Medical Informatics Association. September 1, 2010 
2010;17(5):487‐492. 

36.  U.S. Department of Health and Human Services. The ONC‐coordinated Federal Health IT 
Strategic Plan: 2008‐2012. Washington, DC: U.S. Department of Health and Human Services; 
2008. 

37.  Hulse RK, Clark SJ, Jackson JC, Warner HR, Gardner RM. Computerized medication monitoring 
system. Am J Hosp Pharm. Oct 1976;33(10):1061‐1064. 

38.  Morimoto T, Gandhi TK, Seger AC, Hsieh TC, Bates DW. Adverse drug events and medication 
errors: detection and classification methods. Quality and Safety in Health Care. August 1, 2004 
2004;13(4):306‐314. 

39.  Weiner ID, Wingo CS. Hyperkalemia: a potential silent killer. J Am Soc Nephrol. Aug 
1998;9(8):1535‐1543. 

40.  Palmer BF. Managing hyperkalemia caused by inhibitors of the renin‐angiotensin‐aldosterone 
system. N Engl J Med. Aug 5 2004;351(6):585‐592. 

41.  Moore C, Lin J, McGinn T, Halm E. Factors Associated with Time to Follow‐up of Severe 
Hyperkalemia in the Ambulatory Setting. American Journal of Medical Quality. 
November/December 2007 2007;22(6):428‐437. 

42.  Lundberg GD. Critical (panic) value notification: an established laboratory practice policy 
(parameter). Jama. Feb 2 1990;263(5):709. 

43.  Centers for Medicare and Medicaid Services, Department of Health and Human Services. Clinical 
Laboratory Improvement Amendments of 1988. Federal Regist. 68: 3639‐3714. Codified at 42 
CFR §493.1291(g). 

44.  International Organization for Standardization. ISO 15189:2007: Medical laboratoreis ‐‐ 
Particular requirements for quality and competence [items 5.5.3n, 5.8.7, and 5.8.8]. .  
http://www.iso.org/iso/iso_catalogue/catalogue_tc/catalogue_detail.htm?csnumber=42641. 
Accessed June 14, 2011. 

45.  The Joint Commission. Accreditation Program: Laboratory.  National Patient Safety Goals 
(NPSG.02.03.01).  http://www.jointcommission.org/assets/1/6/2011_NPSGs_LAB.pdf. Accessed 
June 14, 2011. 

46.  College of American Pathologists. Commission on Laboratory Accreditation. Laboratory 
Accreditation Program. Laboratory General Checklist.  
http://www.cap.org/apps/docs/laboratory_accreditation/checklists/laboratory_general_sep07.
pdf. Accessed June 14, 2011. 

47.  Genzen JR, Tormey CA. Pathology consultation on reporting of critical values. Am J Clin Pathol. 
Apr;135(4):505‐513. 

48.  Policy Chapter 3‐53. Potassium. Chemistry Lab, Department of Pathology, University of Illinois 
Medical Center. 

49.  Wyatt J, Spiegelhalter D. Field trials of medical decision‐aids: potential problems and solutions. 
Proc Annu Symp Comput Appl Med Care. 1991:3‐7. 

50.  Berner ES, La Lande TJ. Overview of Clinical Decision Support Systems. In: Berner ES, ed. Clinical 
Decision Support Systems: Theory and Practice. 2 ed. New York: Springer‐Verlag; 2007. 

51.  Clinical Decision Support (CDS) & Meaningful Use Frequently Asked Questions. October 20, 2010; 
http://www.himss.org/content/files/MU_CDS_FAQ_FINAL_April2010.pdf. 

52.  Bates DW, Kuperman GJ, Wang S, et al. Ten commandments for effective clinical decision 
support: making the practice of evidence‐based medicine a reality. Journal of the American 
Medical Informatics Association. 2003;10(6):523. 



119 

 

 

53.  Institute of Safe Medication Practices. Landmines and Pitfalls of Computerized Prescriber Order 
Entry.  http://www.ismp.org/Newsletters/acutecare/articles/20021201.asp. Accessed June 15, 
2011. 

54.  Teich JM, Osheroff JA, Pifer EA, Sittig DF, Jenders RA. Clinical decision support in electronic 
prescribing: recommendations and an action plan: report of the joint clinical decision support 
workgroup. J Am Med Inform Assoc. Jul‐Aug 2005;12(4):365‐376. 

55.  Berner ES. Clinical decision support systems: State of the Art. AHRQ Publication No. 09‐0069‐EF. 
Rockville, Maryland: Agency for Healthcare Research and Quality. June 2009. 

56.  Miller RH, West C, Brown TM, Sim I, Ganchoff C. The Value of Electronic Health Records in Solo 
or Small Group Practices. Health Aff (Millwood). 2005;24(5):1127 ‐ 1137. 

57.  Miller RA. Medical diagnostic decision support systems‐‐past, present, and future: a threaded 
bibliography and brief commentary. J Am Med Inform Assoc. Jan‐Feb 1994;1(1):8‐27. 

58.  Gurwitz JH, Field TS, Rochon P, et al. Effect of computerized provider order entry with clinical 
decision support on adverse drug events in the long‐term care setting. Journal of the American 
Geriatrics Society. Dec 2008;56(12):2225‐2233. 

59.  Kaushal R, Bates DW. Information technology and medication safety: what is the benefit? Qual 
Saf Health Care. Sep 2002;11(3):261‐265. 

60.  Kaushal R, Shojania KG, Bates DW. Effects of computerized physician order entry and clinical 
decision support systems on medication safety: a systematic review. Archives of Internal 
Medicine. Jun 23 2003;163(12):1409‐1416. 

61.  Matheny ME, Sequist TD, Seger AC, et al. A randomized trial of electronic clinical reminders to 
improve medication laboratory monitoring. Journal of the American Medical Informatics 
Association. Jul‐Aug 2008;15(4):424‐429. 

62.  Paterno MD, Maviglia SM, Gorman PN, et al. Tiering drug‐drug interaction alerts by severity 
increases compliance rates. Journal of the American Medical Informatics Association. Jan‐Feb 
2009;16(1):40‐46. 

63.  Coiera E. Building a National Health IT System from the Middle Out. Journal of the American 
Medical Informatics Association. May 1, 2009 2009;16(3):271‐273. 

64.  Jha AK, DesRoches CM, Campbell EG, et al. Use of Electronic Health Records in U.S. Hospitals. 
New England Journal of Medicine. 2009;360(16):1628‐1638. 

65.  Veinot TC, Zheng K, Lowery JC, Souden M, Keith R. Using Electronic Health Record Systems in 
Diabetes Care: Emerging Practices. 2010 ACM International Health Informatics Symposium (IHI 
2010). Arlington, VA; 2010. 

66.  Lorenzi N, Kouroubali A, Detmer D, Bloomrosen M. How to successfully select and implement 
electronic health records (EHR) in small ambulatory practice settings. BMC Medical Informatics 
and Decision Making. 2009;9(1):15. 

67.  Osheroff JA. Improving Medication Use and Outcomes with Clinical Decision Support: A Step‐by‐
Step Guide. Chicago: HIMSS; 2009. 

68.  Seidling HM, Phansalkar S, Seger DL, et al. Factors influencing alert acceptance: a novel 
approach for predicting the success of clinical decision support. Journal of the American Medical 
Informatics Association. July 1, 2011;18(4):479‐484. 

69.  Phansalkar S, Edworthy J, Hellier E, et al. A review of human factors principles for the design and 
implementation of medication safety alerts in clinical information systems. Journal of the 
American Medical Informatics Association. September 1, 2010;17(5):493‐501. 

70.  van der Sijs H, Aarts J, Vulto A, Berg M. Overriding of Drug Safety Alerts in Computerized 
Physician Order Entry. Journal of the American Medical Informatics Association. 
2006/4//;13(2):138‐147. 



120 

 

 

71.  Osheroff JA, Teich JM, Middleton B, Steen EB, Wright A, Detmer DE. A roadmap for national 
action on clinical decision support. J Am Med Inform Assoc. Mar‐Apr 2007;14(2):141‐145. 

72.  Kawamoto K, Houlihan CA, Balas EA, Lobach DF. Improving clinical practice using clinical decision 
support systems: a systematic review of trials to identify features critical to success. Bmj. Apr 2 
2005;330(7494):765. 

73.  Chen P, Tanasijevic MJ, Schoenenberger RA, Fiskio J, Kuperman GJ, Bates DW. A computer‐based 
intervention for improving the appropriateness of antiepileptic drug level monitoring. Am J Clin 
Pathol. Mar 2003;119(3):432‐438. 

74.  Steele AW, Eisert S, Witter J, et al. The effect of automated alerts on provider ordering behavior 
in an outpatient setting. PLoS Med. Sep 2005;2(9):e255. 

75.  Weingart SN, Toth M, Sands DZ, Aronson MD, Davis RB, Phillips RS. Physicians' Decisions to 
Override Computerized Drug Alerts in Primary Care. Arch Intern Med. November 24, 2003 
2003;163(21):2625‐2631. 

76.  Pierson RN, Jr., Lin DH, Phillips RA. Total‐body potassium in health: effects of age, sex, height, 
and fat. Am J Physiol. Jan 1974;226(1):206‐212. 

77.  Forbes GB, Lewis AM. Total sodium, potassium and chloride in adult man. J Clin Invest. Jun 
1956;35(6):596‐600. 

78.  Smith SR, Klotman PE, Svetkey LP. Potassium chloride lowers blood pressure and causes 
natriuresis in older patients with hypertension. J Am Soc Nephrol. Feb 1992;2(8):1302‐1309. 

79.  Whelton PK, He J, Cutler JA, et al. Effects of oral potassium on blood pressure. Meta‐analysis of 
randomized controlled clinical trials. Jama. May 28 1997;277(20):1624‐1632. 

80.  Sebastian A, Morris RC, Jr. Improved mineral balance and skeletal metabolism in 
postmenopausal women treated with potassium bicarbonate. N Engl J Med. Jul 28 
1994;331(4):279. 

81.  Browning JJ, Channer KS. Hyperkalaemic cardiac arrhythmia caused by potassium citrate mixture. 
Br Med J (Clin Res Ed). Nov 21 1981;283(6303):1366. 

82.  Surawicz B. Ventricular fibrillation and dispersion of repolarization. J Cardiovasc Electrophysiol. 
Sep 1997;8(9):1009‐1012. 

83.  Freeman SJ, Fale AD. Muscular paralysis and ventilatory failure caused by hyperkalaemia. Br J 
Anaesth. Feb 1993;70(2):226‐227. 

84.  Rayan N, Baird R, Masica A. Rapid response team interventions for severe hyperkalemia: 
evaluation of a patient safety initiative. Hosp Pract (Minneap). Feb;39(1):161‐169. 

85.  Rastegar A, Soleimani M. Hypokalaemia and hyperkalaemia. Postgrad Med J. Dec 
2001;77(914):759‐764. 

86.  Ponce SP, Jennings AE, Madias NE, Harrington JT. Drug‐induced hyperkalemia. Medicine 
(Baltimore). Nov 1985;64(6):357‐370. 

87.  Noize P, Bagheri H, Durrieu G, et al. Life‐threatening drug‐associated hyperkalemia: a 
retrospective study from laboratory signals. Pharmacoepidemiology and Drug Safety.n/a‐n/a. 

88.  Schwartz AB. Potassium‐related cardiac arrhythmias and their treatment. Angiology. Mar 
1978;29(3):194‐205. 

89.  Montoliu J, Lens XM, Revert L. Potassium‐lowering effect of albuterol for hyperkalemia in renal 
failure. Arch Intern Med. Apr 1987;147(4):713‐717. 

90.  Allon M, Dunlay R, Copkney C. Nebulized albuterol for acute hyperkalemia in patients on 
hemodialysis. Ann Intern Med. Mar 15 1989;110(6):426‐429. 

91.  Liou HH, Chiang SS, Wu SC, et al. Hypokalemic effects of intravenous infusion or nebulization of 
salbutamol in patients with chronic renal failure: comparative study. Am J Kidney Dis. Feb 
1994;23(2):266‐271. 



121 

 

 

92.  Blumberg A, Weidmann P, Shaw S, Gnadinger M. Effect of various therapeutic approaches on 
plasma potassium and major regulating factors in terminal renal failure. Am J Med. Oct 
1988;85(4):507‐512. 

93.  Allon M, Shanklin N. Effect of bicarbonate administration on plasma potassium in dialysis 
patients: interactions with insulin and albuterol. Am J Kidney Dis. Oct 1996;28(4):508‐514. 

94.  Kim HJ. Combined effect of bicarbonate and insulin with glucose in acute therapy of 
hyperkalemia in end‐stage renal disease patients. Nephron. 1996;72(3):476‐482. 

95.  Acker CG, Johnson JP, Palevsky PM, Greenberg A. Hyperkalemia in hospitalized patients: causes, 
adequacy of treatment, and results of an attempt to improve physician compliance with 
published therapy guidelines. Arch Intern Med. Apr 27 1998;158(8):917‐924. 

96.  Kim HJ, Han SW. Therapeutic approach to hyperkalemia. Nephron. 2002;92 Suppl 1:33‐40. 
97.  Schiff GD, Klass D, Peterson J, Shah G, Bates DW. Linking Laboratory and Pharmacy: 

Opportunities for Reducing Errors and Improving Care. Arch Intern Med. April 28, 2003 
2003;163(8):893‐900. 

98.  Galanter WL. Linking Pharmacy and Data ‐ Part 2: Demonstration of Project Tools. "Linking Lab 
to Pharmacy" Patient Safety Webinars Special 3‐part Series. Chicago, IL; 2010. 

99.  Galanter WL, Thambi M, Rosencranz H, et al. Effects of clinical decision support on venous 
thromboembolism risk assessment, prophylaxis, and prevention at a university teaching hospital. 
American Journal of Health‐System Pharmacy. 08;67(15):1265‐1273. 

100.  The clinical logic and flowchart of synchronous CDS alert for elevated potassium level Chicago: 
University of Illinois Hospital; 2003. 

101.  The clinical logic and flowchart of real‐time asynchronous CDS alert for elevated potassium level 
Chicago: University of Illinois Hospital; 2003. 

102.  Galanter WL. Development of a lab‐medication based medication error report for hospitalized 
patients. Research Potocol for CERT Inpatient Lab‐pharmacy Project, IRB Protocol # 2009‐0767. 
Chicago: University of Illinois at Chicago; 2009. 

103.  Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate method to estimate 
glomerular filtration rate from serum creatinine: a new prediction equation. Modification of Diet 
in Renal Disease Study Group. Ann Intern Med. Mar 16 1999;130(6):461‐470. 

104.  Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine. Nephron. 
1976;16(1):31‐41. 

105.  Ostrom C. Time series analysis. Thousand Oakes, CA: Sage Publications Inc.; 1990. 
106.  Wagner AK, Soumerai SB, Zhang F, Ross‐Degnan D. Segmented regression analysis of interrupted 

time series studies in medication use research. Journal of Clinical Pharmacy & Therapeutics. 08 
2002;27(4):299‐309. 

107.  Spruance SL, Reid JE, Grace M, Samore M. Hazard Ratio in Clinical Trials. Antimicrob. Agents 
Chemother. August 1, 2004 2004;48(8):2787‐2792. 

 



122 

 

 

VITA 

Shengsheng (Sylvia) Yu, M.S., B. Pharm. 
 

Department of Pharmacy Administration, College of Pharmacy, University of Illinois at Chicago  
833 S. Wood St., Room 241 (MC 871), Chicago, IL 60612 

Phone: 312-355-0711               E-mail: syu24@uic.edu 
 

  
EDUCATION 

2006 Zhejiang University, Hangzhou, Zhejiang, China 
Bachelor of Science in Pharmacy, College of Pharmaceutical Sciences 
Honors Degree in Business Administration: Intensive Training Program of Innovation 
and Entrepreneurship (ITP), Chu Kochen Honors College  

2009 University of Illinois at Chicago, Chicago, IL 
Master of Science in Pharmacy Administration, College of Pharmacy.  
Thesis: Determinants of cardio-protective dietary supplement use in US population: 
1999-2004. Research advisor: James Shaw, PhD, PharmD, MPH 

2012 University of Illinois at Chicago (UIC), Chicago, IL                                                             
Doctor of Philosophy in Pharmacy Administration, College of Pharmacy.  
Dissertation: Linking laboratory and pharmacy: clinical decision support (CDS) to 
manage inpatient hyperkalemia. Research advisor: Bruce Lambert, PhD 

 
HONORS AND AWARDS 
2003 Second class scholarship for academic excellence (top 10%) 

2004 Second class scholarship for academic excellence (top 10%) 

2005 First class scholarship for academic excellence (top 3%), Mary Kay Scholarship for 
Leadership 

2007 Rho Chi Pharmacy Honor Society 

2009 – 2011 Program for Excellence in Science Award, the American Association for the Advancement of 
Science 

 
WORK EXPERIENCE 
2007 – 2008  Department of Pharmacy Administration, UIC, Graduate Research Assistant. 

Chicago, IL 

Summer 2009 Astellas Pharma., New Product Commercial Analysis Intern. Deerfield, IL  

Summer 2010 Eli Lilly and Co., Global Health Outcomes Intern. Indianapolis, IN 

2008 – 2011 UIC-Center for Education and Research on Therapeutics (CERT), funded by 
Agency for Healthcare Research and Quality (AHRQ), Research 
Specialist/Graduate Research Assistant. Chicago, IL 

 
PROFESSIONAL SOCIETY MEMBERSHIPS 

2007 – pres. International Society for Pharmacoeconomics and Outcomes Research (ISPOR) 

2009 – 2011  American Public Health Association 

2009 – 2010  American Heart Association 



123 

 

 

 
PEER-REVIEWED PUBLICATIONS 
 Silberstein SD, Marmura MJ, Shaw JW, Yu SS. Headache prophylaxis with BoNTA: patient 

characteristics. [Headache. 2009; 50(1): 63-70.]  

 Shaw JW, Pickard AS, Yu SS, Chen SJ, Iannacchione VG, Johnson JA, Coons SJ. A median model for 
predicting United States population-based EQ-5D health state preferences. [Value in Health. 2009; 13(2): 278-
288.]  

 Yu SS, Galanter W, DiDomenico R, Borkowsky S, Schiff G, Lambert BL. Selection of drug-laboratory 
result pairs for an Inpatient Asynchronous Alert Program: Results of a Delphi Survey. Am J Health Syst Pharm. 
2011 Mar 1; 68(5): 407-14. 

 Yu S, Burge RT, Foster SA, Gelwicks S, Meadows ES.  The impact of teriparatide adherence and 
persistence on fracture outcomes. Osteoporos Int. 2011; 23(3): 1103-1113 

POSTERS AND PODIUM PRESENTATIONS BY SSY 
 Yu SS, Shaw JW, Chen SJ, Iannacchione VG, Johnson JA, Coons SJ. A median model of US EQ-5D 

health state preferences. 24th Plenary Meeting of the EuroQol Group, Kijkduin, The Netherlands, 
September 13-14, 2007. (discussion paper)  

 Yu S, Shaw JW, Crawford SY, Groo V. Impact of cardiovascular disease risk on the association between 
dietary supplement use and attempted weight loss in the US adult population. American Heart Association 
Scientific Sessions 2009, Orlando, FL, November 14-18, 2009. (poster presentation) [Abstract: Circulation. 
2009; 120:S488.] 

 Yu SS, Galanter WL, Lambert BL, Schiff GD, Borkowsky S.  Consensus list of priority drug-lab linkages for 
an inpatient asynchronous alert program: results of a Delphi survey. American Society of Health-System 
Pharmacy 2009 Midyear Clinical Meeting, Las Vegas, NV, December 6-10, 2009.  

 Yu SS, Lambert BL, Galanter W, Walton S. The Effect of Comorbility on Statin Compliance and Persistence. 
UIC College of Pharmacy Research Day 2010, Chicago, IL, February 26, 2010.  

 Yu S, Shaw JW, Crawford SY, Groo V. Confounding Effect of Age in the Association of Cardiovascular Risk 
and Dietary Supplement Use among US Adults. International Society for Pharmacoeconomics and 
Outcomes Research 15th Annual International Meeting, Atlanta, GA, May 15-19, 2010. (Best Student 
Podium Presentation Award) 

 Yu S, Galanter W, Lin FJ, Lambert B. Evaluation of Clinical Laboratory-pharmacy Linkage Decision Support 
in the use of Potassium Supplements. International Society for Pharmacoeconomics and Outcomes 
Research 16th Annual International Meeting, Baltimore, MD, May 21-25, 2011. (Podium presentation) 

 Yu S, Foster S, Burge R, Anderson J, Gelwicks S, Meadows E. The Association between Teriparatide 
Persistence and Fracture Outcomes in a U.S. Claims Database. International Society for 
Pharmacoeconomics and Outcomes Research 16th Annual International Meeting, Baltimore, MD, May 21-
25, 2011. (Poster presentation) 

 Yu S, Galanter W, Lin FJ, Schiff G, Lambert B. Evaluation of Clinical Laboratory-pharmacy Linkage 
Decision Support in the use of Potassium Supplements. CERTs Monthly Scientific Conference Call, June 
14th, 2011 

 
CO-AUTHORED ABSTRACTS AND PRESENTATIONS  
 Kaiser RS, Shaw JW, Yu S, Abbas MA. Does headache diagnosis moderate the performance of scales for 

measuring depression in adolescents. 49th Annual Scientific Meeting of the American Headache Society, 
Chicago, IL, June 7-10, 2007. (poster presentation) [Headache. 2007 May; 47(5): 807-808.]  



124 

 

 

 Abbas MA, Shaw JW, Yu S, Kaiser RS. Prevalence of comorbid depression in adolescents with headache 
and relationship to various types of headaches: a retrospective study. 49th Annual Scientific Meeting of the 
American Headache Society, Chicago, IL, June 7-10, 2007. (poster presentation) [Headache. 2007 May; 
47(5): 809.]  

 Shaw JW, Kaiser RS, Yu SS, Abbas MA. Criterion validity of the BDI-II and MMPI-A Depression scale in 
tertiary care adolescent headache patients. 13th Congress of the International Headache Society, 
Stockholm, Sweden, June 28-July 1, 2007. (poster presentation) [Cephalalgia. 2007 Jun; 27(6): 634.]  

 Shaw JW, Yu SS, Chen SJ, Iannacchione VG, Johnson JA, Coons SJ. There's nothing "average" about 
these weights: development and testing of a median model of US EQ-5D health state preferences. 14th 
Annual Conference of the International Society for Quality of Life Research, Toronto, Canada, October 10-
13, 2007. (poster presentation) [Quality of Life Research. 2007 Oct; 16(Suppl. 2): A-128.]  

 Silberstein SD, Shaw JW, Marmura M, Yu SS. Program to Assess Headache Treatment Strategies (PATS): 
patient characteristics from a large observational study of botulinum toxin type A (BoNTA) prophylactic 
headache treatment. 60th Annual Meeting of the American Academy of Neurology, Chicago, IL April 12-19, 
2008. (poster presentation) [Neurology. 2008; 70(11 Suppl. 1): A477, Abstract P08.194.]  

 Shaw JW, Kaiser RS, Yu SS, Abbas MA. Chronic headache and the (mis)diagnosis of major depression in 
adolescent patients. VII International Congress on Headache in Children and Adolescents, Istanbul, Turkey, 
May 17-21, 2008. (oral presentation) [Cephalalgia. 2008; 28(4): 438-439.]  

 Marmura M, Shaw JW, Yu SS, Silberstein SD. Health-related quality of life of patients eligible for 
prophylactic headache treatment with botulinum toxin type A (BoNTA). 50th Annual Scientific Meeting of the 
American Headache Society, Boston, MA, June 26-29, 2008. (poster presentation) [Headache. 2008; 
48(S1): S50.]  

 Marmura M, Shaw JW, Yu SS, Silberstein SD. Health-related quality of life (HRQL) of patients eligible for 
prophylactic headache treatment with botulinum toxin type A (BoNTA) in the Program to Assess Headache 
Treatment Strategies (PATS). 2008 European Headache and Migraine Trust International Congress, 
London, United Kingdom, September 4-7, 2008. (poster presentation) [Cephalalgia. 2009; 29: 127-128, 
Abstract PD.03]  

 Shaw JW, Marmura M, Yu SS, Silberstein SD. A novel method for evaluating changes in Migraine Disability 
Assessment (MIDAS) scores: evidence from the Program to Assess Headache Treatment Strategies. 2008 
European Headache and Migraine Trust International Congress, London, United Kingdom, September 4-7, 
2008. (poster presentation) [Cephalalgia. 2009; 29: 167, Abstract PG.23]  

 Lambert BL, Galanter WL, Jung C, Yu SS, Schiff GD. Medication-laboratory linked computerized alerts for 
gadolinium and radiocontrast imaging in patients with chronic kidney disease (CKD): Effects on orders and 
study completion. American Society of Health-System Pharmacy 2009 Midyear Clinical Meeting, Las Vegas, 
NV, December 6-10, 2009.  

 Galanter WL, Lambert BL, Schiff GD, Nutescu E, Yu SS, DiDomenico R. Monitoring the risk of heparin-
induced thrombocytopenia (HIT) by linking laboratory and pharmacy data. Agency for Healthcare Research 
and Quality 2009 Annual Conference, Bethesda, MD, September 13-16, 2009.  

 Rao S, Lin FJ, Ojo O, Patel V, Yu SS, Zhan L, Touchette DR. A Decision Modeling Approach to Evaluate 
the Cost-effectiveness of Prasugrel vs. Clopidogrel in Patients with Planned Percutaneous Coronary 
Intervention. International Society for Pharmacoeconomics and Outcomes Research 16th Annual 
International Meeting, Baltimore, MD, May 21-25, 2011. (Poster presentation) 

 


