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Abstract 
The research design, evaluation methodology, 

and statistical analysis of the clinical efficacy of 
healthcare information technology (HIT) 
implementation can be a challenging task.  Much of 
the research to date involves weakly designed 
studies. We discuss some of the more rudimentary 
experimental designs and analytical approaches that 
have typically been used.  Approaches to strengthen a 
research design include: adding a matched control 
unit or hospital; using multiple observations before 
and after the HIT  implementation; making 
observations across a number of hospitals that are 
implementing the same HIT application; comparing 
the changes in these hospitals to a matched set that 
have not yet implemented the HIT application; and 
applying statistical approaches that permit changes 
in trends over time to be examined.  Here we report 
our use of linear piecewise spline mixed effects 
models and compare our models to other 
methodological approaches that could be used for 
this evaluation.   

 
1. Introduction 

 
Like many healthcare organizations, Trinity 

Health was faced with the need to proactively and 
strategically address current healthcare delivery 
issues such as increasing demand, changing 
demographics, keeping pace with new and changing 
drugs/devices, cost escalation, and societal 
expectations.  Complicating these issues was the fact 
that Trinity Health was formed through the merger of 
two health systems resulting in an organization 
spanning 44 hospitals and a range of other healthcare 
facilities in seven states.  As a result they inherited a 
mix of hardware platforms, legacy systems, and 
vendors that elevated operational complexity.  Their 
strategic vision to transform the way care is 
delivered, improve patient safety, and simultaneously 
address revenue/cost issues included an initiative to 
combine state-of-the-art, commercially-available, 
standardized healthcare information technology 
(HIT) systems with best-practice business processes.  
Trinity Health’s system-wide strategy – termed 

“Project Genesis” – included the replacement of a 
variety of legacy business and clinical workflow HIT 
applications from multiple different vendors with an 
integrated set of over 20 HIT applications, primarily  
from two widely-used commercial vendors [1]. 

Given the nature of their substantial investment 
in HIT tools and management processes, it was 
important to Trinity Health to measure the effect of 
this HIT application on clinical processes and/or 
outcomes.  One of the clinical processes we analyzed 
was the effect of the HIT implementation on the 
detection of potential adverse drug events (ADEs) in 
the medication ordering stage including potential 
drug allergies, drug-drug interactions, and drug 
problems when the patient’s laboratory results are 
outside the normal range. 

Salient studies investigating the nature of 
adverse events in hospitalized patients found that the 
most common events are related to drug 
complications.  Early studies found that the incidence 
of ADEs comprise nearly 20% of all types of adverse 
events studied [2,3].  Subsequently, the U.S. Institute 
of Medicine’s Committee on Identifying and 
Preventing Medication Errors was tasked to carry out 
a study on medication errors.  They conservatively 
estimated that a hospital patient is at risk for at least 
one medication error per day and that eliminating 
preventable hospital ADEs would save approximately 
$3.5 billion (2006 dollars) annually [4-6].  The IOM 
committee suggested that the level and consequences 
of medication errors are unacceptable and could be 
remedied in the hospital setting by the effective 
integration of such HIT system strategies as 
computerized provider order entry (CPOE) with 
clinical decision-support systems (CDSS) [4]. 

To date, surprisingly, most of the research on 
CPOE and CDSS has focused on the effectiveness of 
“homegrown” HIT applications developed in-house 
by technology champions in academic or large 
institutional settings [7-9].  Because the findings 
from existing research may not generalize to most 
healthcare purchasers, there is considerable need for 
research focused on the commercial HIT applications 
that are purchased and used most frequently [7-9]. 

Trinity Health received a grant from the Agency 
for Healthcare Research and Quality to examine the 
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effects of implementation of CPOE and CDSS in one 
of their hospitals – Mercy Medical Center–North 
Iowa (MMC-NI).  This grant presented an exciting 
opportunity to closely investigate the changes in 
processes and outcomes resulting from 
implementation of a set of HIT applications available 
from current vendors having large market shares.  
However, conducting meaningful research and 
analyses on the effects of one hospital’s 
implementation is challenging. 

Although the implementation of HIT 
applications are recognized as valuable tools that may 
assist healthcare professionals in addressing patient 
safety issues like ADEs, safety experts caution users 
to evaluate the implementation of such innovative 
technologies from a systems viewpoint.  They 
suggest that in an optimal situation, decisions to 
implement any change to a system should be based 
upon the review of sound evidence resulting from 
well-designed randomized controlled trials utilizing 
patients.  Proponents of evidence-based clinical 
practice point to these types of trials as yielding the 
highest grade of evidence of the effectiveness of any 
treatment [10].  However, the ability to conduct high-
quality trials that study technically complex tools at a 
systems level is largely prohibitive from a cost 
standpoint.  Therefore, for many interventions there 
is a lack of evidence on which to base decision 
making.  When the evidence or the options to 
conduct high-grade experiments is constrained, 
experts suggest that for some types of innovations 
evidence from randomized trials is neither sufficient 
nor necessary for acceptance of a practice [11]. 

However, experts also caution against taking an 
overly simplistic viewpoint when evaluating 
technologically and systematically complex systems.  
For example, Shojania and colleagues point to the 
lack of studies on commercially available CPOE 
implementations and the unintended consequences 
that may easily arise in complex systems [12].  They 
also point to CPOE studies that demonstrate the 
importance of carefully examining the impact of 
technically complex innovations on systems of care 
and the human factor elements that must be assessed 
when marrying technology with systems that, by their 
nature, are comprised of a large amount of human 
interaction.  They provide examples of unanticipated 
events such as the complete failure of a CPOE 
implementation, clinicians bypassing the CPOE 
system by reverting back to handwritten orders, and 
the human factors-related unanticipated 
consequences of an increase in potential ADEs 
attributed to the design of the drug ordering screen 
for potassium [13-15].  Thus, Shojania and 
colleagues suggest that “one of the major lessons of 

the safety literature is that this year’s safety measure 
often contributes to next year’s incident” [12]. 

Thus, the challenge for researchers studying the 
safety, efficacy, and effectiveness of complex HIT 
innovations is to carefully choose a research design 
that is not overly simplistic, too rigorous and costly, 
yet effectively analyzes the “harmony” of the 
innovation within its system.  The National Academy 
of Engineering and the Institute of Medicine have 
stated “the U.S. health care enterprise has devoted 
relatively little technical talent, material resources, or 
intellectual effort to improving or optimizing the 
operations of health care systems…” and suggest that 
there should be a new partnership between 
engineering and healthcare to promote the application 
of “the principles, tools, and research from 
engineering disciplines associated with the analysis, 
design, and control of complex systems.”  In this 
paper we compare the relatively simplistic analytical 
approaches that could have been used to analyze 
Trinity Health’s implementation of HIT with the 
data, designs, and statistical tools we used to 
effectively analyze the introduction of a technically 
and systematically complex implementation of 
information technology in a healthcare system.  In 
essence, the analytical approach we used integrates 
(1) some key engineering-derived tools – statistical 
process control run charts designed to allow a visual 
examination of fluctuations in process over time and 
help identify if those fluctuations are due to random 
events or a systematic change; (2) a human factors 
approach that considers the effect of an innovation 
implementation upon the human interactions within 
the system; (3) the capture of robust data that enables 
stronger analyses of system performance; and (4) 
appropriate quantitative statistical tools designed to 
analyze and interpret system models [16]. 

In particular, we used a number of approaches to 
strengthen our research design to help make the 
findings more interpretable [10].  First, we added a 
single, matched, control hospital.  Second, where 
possible, we examined multiple observations before 
and after implementation.  Third, where common 
metrics had been collected system-wide, we grouped 
findings across a number of Trinity Health hospitals 
that were implementing the same HIT applications at 
different times.  Fourth, we compared the changes in 
these hospitals to a matched set of hospitals that had 
not yet implemented the HIT applications.  Finally, 
we applied statistical approaches that let us examine 
changes in trends over time.  Here we report our use 
of linear piecewise spline mixed effects models and 
compare our models to other methodological 
approaches that could have been used for this 
evaluation.  For the analyses presented here, we focus 
on metrics related to the prevention of ADEs.   
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2. Background 
 
Trinity Health’s comprehensive HIT  

implementation – Project Genesis – represents the 
“treatment” intervention analyzed in this study.  This 
treatment included the implementation of new patient 
management systems and a suite of clinical 
applications.  Trinity Health uses an extensive 
readiness approach involving a standardized and 
phased methodology [1].   

Phase One of Project Genesis consists of 
installing the central clinical data repository; 
interfaces for dictated reports, existing pharmacy 
system patient drug profiles, and laboratory results; a 
results viewer (Cerner PowerChart); and an ADE 
rules package.  During this time, Trinity Health also 
implemented an Enterprise Master Person Index 
system to establish unique patient identifiers for the 
enterprise-wide systems and the PeopleSoft 
Enterprise Resource Planning system [1].   

Phase Two of Project Genesis consists of a new 
patient management system and a suite of clinical 
applications (Clinical Documentation, CPOE with 
pre-developed service specific order sets, a new 
pharmacy system, medical records system, 
emergency department system, and radiology 
system), plus a more sophisticated CDSS consisting 
of a Multum™ (Cerner Corporation) drug database 
working alongside their original ADE logic modules 
(an in-house developed rules package), and over 250 
evidence-based order sets designed by Zynx Health 
[1]. 

Rather than an incremental approach, the Project 
Genesis plan uses a “Big Bang” approach for Phase 
Two which consists of bringing down all the old 
systems, implementing the new system, inputting 
current patient data into the new system, and 
converting users to the new system for all clinical 
areas at the same time, and over the course of a single 
weekend. 

MMC-NI went through Phase One from 
February 2003 to July 2005.  MMC-NI used the Big 
Bang approach for Phase Two implementation (“Go-
Live”) on July 8, 2005 [1].   

The implementation of these HIT tools 
substantially changes the process by which potential 
ADEs are identified and processed during the 
medication ordering stage.  To monitor the 
medication ordering process and how potential ADE 
alerts are handled, Trinity Health has been collecting 
data on a number of ADE alert process measures for 
several years.  The first 4 metrics reflect specific 
steps in the process used by physicians and 
pharmacists to detect and address potential ADEs  – 
1) Number of Potential ADE Alerts Printed (the 
number of potential ADEs identified by the system 

and printed for pharmacist review), 2) Number of 
Potential True Positive Alerts (the pharmacist 
reviewed the printed output and determined that an 
ADE was potential if the medication order was 
activated and that the physician needed to be 
consulted), 3) Number of Times Physicians Were 
Contacted (the pharmacist contacted the physician to 
discuss the potential ADE alert), 4) Number of Times 
Physician Agreed with Recommendation (the 
physician agreed with the pharmacist’s 
recommendation to change a particular medication 
therapy).  The remaining two metrics reflect 
summary measures. In particular, the 5) Ratio of 
Orders Changed to Physician Contacts (Number of 
Times Physician Agreed with Recommendation / 
Number of Times Physicians Were Contacted x 100) 
was calculated to measure the relative yield of the 
ADE identification and verification process.  Finally, 
the 6) Number of Potential True Positive Alerts per 
1000 Admissions (Number of Potential True Positive 
Alerts / Average monthly hospital admissions x 
1000) was created to adjust for fluctuations in 
inpatient census. 

Because Trinity Health had been collecting 
information in a standardized manner on each of 
these metrics for a number of years preceding and 
during Phase 1 of Project Genesis at all of their 
hospitals, these data provided us with an excellent 
opportunity to examine clinical processes and 
outcomes affected by the HIT implementation. 

 
3.  Evaluative Methods 

 
3.1.  Single Group Differences over Time 
 

A simple method one might use to analyze the 
effectiveness of the Project Genesis implementation 
at MMC-NI would be to measure the dependent 
variable before and after key changes, such as the 
implementation of the Phase Two clinical systems.  
This is essentially a one-group pretest-posttest design 
utilizing a Paired T-test statistical approach to 
evaluate the difference in the hospital’s process 
scores over time - before and after the Project 
Genesis Phase Two implementation. The results of 
analyses for each of the six ADE process metrics are 
shown in Table 1.  We observe statistically 
significant differences before and after the HIT 
implementation in the mean difference for one of the 
metrics, but not for the other five metrics.  However, 
a weakness in this one-group pretest-posttest design 
and analysis is that we cannot control by design the 
effects of history or maturation on the treatment 
hospital [17].  Thus, the mean difference in each 
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ADE process measure may not be attr
HIT implementation.   

 
Table 1.  Single group results: P
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Number of Potential ADE Alerts 
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Positive Alerts -0.25

Number of Times Physicians 
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Ratio of Orders Changed to 
Physician Contacts 3.71

Number of True Positives per 
1000 Admissions -2.40
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used in HIT evaluation involves examining multiple 
observations.  Usually HIT implementations greatly 
facilitate data collection, permitting data points to be 
collected and compiled at frequent intervals.  
Examining monthly means in data is often 
meaningful as a way to plot changes over time. 

 

 
 

Figure 2. Mean number of potential ADE 
alerts printed monthly in the intervention 

hospital and during a comparable period in 
the control hospital 

 
As can be seen in Figure 2, when we plot the 

monthly means of Number of Potential ADE Alerts 
Printed in our intervention hospital (MMC-NI) and 
our matched control hospital (MMC-Clinton) we see 
an obvious change at MMC-NI in July, 2005.  July 8, 
2005 was the “Go-Live” date for Phase Two HIT 
implementation for MMC-NI.  The change is all the 
more obvious because the monthly means at MMC-
Clinton show similar variability, but no dramatic 
change in level. 
 
3.4. Combining Multiple Hospitals 
 

In many research studies of HIT applications, 
this is as far as the research design and analyses go in 
terms of approaches to reduce threats to internal 
validity [10,17].  We had the advantage of studying 
HIT applications in a healthcare system.  And 
fortunately, Trinity Health was implementing similar 
HIT applications throughout numerous hospitals 
using a unified approach [1].   

One way to ameliorate the threat of selection 
bias in the event that hospitals, or any other unit of 
analysis, cannot be randomly chosen, or assigned to 
control or treatment groups, is to match hospitals 
based on a relevant set of matching variables [10].  
Benchmarking against a similar set of hospitals is 
often a useful way to compare a particular facility 
with like-kind facilities.  In this study, a total of 9 

Trinity Health hospitals implemented Project Genesis 
Phase Two technologies and processes before March 
2006.  The data from these 9 intervention hospitals 
that had implemented Phase Two of Project Genesis 
(treatment group) were matched with 9 Trinity Health 
hospitals from the same Midwestern region 
(Michigan, Iowa, Ohio, and Indiana) that continued 
to use the Phase One tools and processes (control 
group) but had not yet implemented Phase Two.  
Each treatment group hospital was matched with a 
control group hospital on the basis of ranked bed 
size, using the total number of facility beds set up and 
staffed as the matching variable. 

The same ADE Alert process measures described 
above were available at all treatment and control 
hospitals for 14 months of pre-Project Genesis Phase 
Two “Go-Live” data, and 14 months of post-Project 
Genesis Phase Two “Go-Live” data.   
 
3.5. Longitudinal Design Using Untreated 
Matched Controls with Multiple Pre-test and 
Post-test Observations 
  

An untreated matched control with multiple pre-
test and post-test design improves upon the 
aforementioned designs by addressing many threats 
to experimental internal validity simultaneously – 
maturation, history, selection bias, and regression to 
the mean [10].  Each control group hospital’s 28 data 
points were paired in time with their matched 
treatment group hospital’s “Go-Live” date.  Because 
all the treatment hospitals implemented Project 
Genesis on different dates we simply matched each 
control hospital’s data with its paired treatment 
hospital data so that the matched pair’s data spanned 
the same dates.  We then centered each hospital’s 28 
monthly data points on the treatment hospital’s “Go-
Live” implementation date. 

This longitudinal experimental design has an 
advantage over a cross-sectional or single repeated 
measures design in that it allows us to analyze trends 
in ADE process performance over time – both before 
and after the Project Genesis “Go-Live” month – 
while still allowing us to analyze performance both 
within and between treatment and control groups 
[17].  A simple analysis approach would be to 
collapse hospitals’ repeated monthly performance 
measures into one single observation per hospital per 
time period and use a repeated measures design.  
However, by collapsing repeated measures into one 
observation we are not able to review patterns of 
change over time.  The strength of a longitudinal 
design with multiple pre-test and post-test 
observations is that we can get a more precise 
estimate of changes over time by appropriately 
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modeling the correlation in repeated 
each hospital [18]. 
 
3.6. Linear Mixed Model wit
Linear Spline   
 

The first approach we used to
longitudinal pattern in the data was a
effects model with a piecewise linear
mixed effects model allows us to more
model the natural heterogeneity among
as hospital-specific random effects. 
model entails the use of both fixed
effects.    Most importantly, in our mod
effects characteristic allows each hosp
unique starting point, or intercept, and 
for both the pre-implementation per
implementation period.   

 

 
Figure 3. Monthly potential AD
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period as shown in Figure 3.  The in
where each groups’ linear segments j
known as the common “knot”, is t
month (Month = 14) for Project Gene
in this model.  The resultant piecewise 
termed a spline [18].  The statistical 
model is shown in Table 3. 
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Table 3. Potential ADE alerts
mixed model with piecewi

 
 Estimate 

Intercept 533.37 
Group 7.45 
Pre-Month 0.94 
Post-Month 4.64 
Group*Pre-Month 12.94 
Group*Post-Month 3.25 

 
Comparing Figure 3 combin
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pattern of changes observed at
hospital (MMC-NI) as shown in
that this model may not adequate
of the underlying data.  Thus, 
approach which involved mod
intercept at the point of “Go Live
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The implementation of an in
computerized HIT resulted in a s
the Number of Potential ADE A
healthcare team to review.  Thu
the piecewise linear spline mod
was added to capture this “jump
the Project Genesis “Go-Live”
accomplished by introducing a 
dichotomous variable representin
implementation 14-month periods
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the time (Month) variable so th
corresponded to the implementation d
shows the mean response profile o
groups using this model.  As shown in
piecewise linear spline model smo
variation in performance at “Go-Live”
piecewise linear spline with a jump
model, as shown in Figure 4, seems to
the “Big-Bang” effect of the ov
implementation.  It also better captures
group’s trend after the implementation
Figure 4, the trend is actually not a
appears in Figure 3, rather the im
resulted in a substantial increase in t
Potential ADE Alerts Printed at the 
Live” with a gradually increasing trend

 
Table 4.  Number of potential A

printed - Linear mixed model wit
linear spline and “jump” at

 
 Estimate SE

Intercept 547.32 157
Period  44.46 29.
Group 383.04 222
Period*Group -383.09 42.
Month 8.34 4.1
Period*Month -4.74 3.8
Group*Month -5.82 5.8
Period*Group*Month -0.25 5.3

 
The statistical results of this mode

Table 4.  In addition, the 3-way inte
Group, Period, and Month variables po
in the dependent variable across time
between groups. 
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Physicians are Contacted.  The findings suggest that 
post-implementation, pharmacists play an important 
role in the process of ADE alert review, effectively 
“weeding out” a very high percentage of the potential 
ADE alerts printed, in efforts to prevent a substantial 
increase in the number of times physicians are 
contacted for review of potentially “false positive” 
ADE alerts. 

  The results also suggest that pharmacists’ 
engagement with the new HIT tools and medication 
order review process was effective.  Treatment group 
estimates in the post-implementation period suggest 
that physicians agreed with pharmacists’ 
recommendations a high percentage of the time.  
And, the parallel trends suggest that pharmacists’ 
decisions to contact physicians regarding potential 
ADEs are reliably stable and accurate over time 
despite the increasing frequency of potential ADE 
alerts being printed and potential true positive ADE 
alerts identified.   

Overall, the data suggest that the capture of 
potential and highly preventable ADEs was 
effectively cascaded down through the process of 
ADE review – through pharmacist review, 
pharmacist identification of potential true positive 
ADE alerts, physician contact, and physician 
agreements with pharmacists’ recommendations – 
resulting in a significantly increased trend in the 
number of potential true positive ADE alerts 
identified per 100 admissions and a near-significant 
increased trend in the number of times physicians 
agree with pharmacists recommendations to alter a 
medication order.   
 
4.  Discussion 

 
The stronger experimental designs and 

longitudinal data analysis techniques described here 
have a number of advantages.  As discussed above, 
the use of a matched control group and multiple pre-
test and post-test observations within the 
experimental design will bolster the internal validity 
of any assessment of an HIT implementation.   

For example, by integrating these features into 
the design, the researcher may address the threats of 
history – was there another event that could have 
produced the same results over time?  Revisiting 
Figures 2 and 4, we saw a significant “jump” of our 
process measure in the treatment group in a singular 
month that is not seen in any of the other 27 months 
of measurement.  In addition, this “jump” is not seen 
in the control group indicating that it is not likely 
there was a historical event that caused a jump in 
performance across all hospitals.  Without a suitable 
control group, the threats of statistical regression to 

the mean, selection bias, and/or selection-maturation 
interaction issues could not be addressed [10].  For 
example, we would not know whether the treatment 
group was biased by being composed of higher or 
lower performing hospitals, of differing ability, or of 
other organizational characteristics within the 
treatment hospitals that would cause us to incorrectly 
attribute changes in performance to the HIT 
implementation.   

The use of multiple pre-test and post-test 
measurements increases the power of our tests, in 
other words, it increases our ability to identify that 
there is a treatment effect of some importance when 
the effect truly exists.  This was especially important 
in this study, and likely many others involving 
resource-intensive HIT implementations that involve 
a limited number of units of analysis (e.g., hospitals, 
clinics, departments), because we only have a sample 
size of 9 treatment hospitals.  However, experimental 
power is a function of both sample size and the 
number of equally-spaced repeated measures.  
Although doubling the sample size results in a greater 
increase in power than doubling the number of 
repeated measures, the power of this experiment was 
increased by the addition of multiple pre-test and 
post-test observations, essentially increasing the 
number of usable data points from 18 in a Paired or 
Independent t-test model (9 hospitals with 2 repeated 
measures each) to 504 when we consider that we 
have 2 groups of 9 hospitals with 28 monthly 
repeated measures for each hospital. 

The longitudinal approach utilized in this study 
has some unique advantages. With repeated measures 
techniques we can assess within-hospital differences, 
whereas in cross-sectional techniques we can only 
capture between-hospital differences.  The raison 
d’etre of a longitudinal study is to characterize 
within-individual changes in a response variable over 
time [17].  The linear mixed effects piecewise spline 
model as built for this study captures both within and 
between-hospital changes over time.   

Another appealing aspect of linear mixed effects 
modeling is its flexibility in handling imbalance in 
the number of responses [17,19].  Hospitals that miss 
a measure in a given month have a different number 
of monthly measures compared to a hospital that 
reports all 28 monthly data points.  A missing data 
point within a data set necessarily implies an 
imbalanced data set.  Most longitudinal health 
sciences studies are missing data on at least one 
measurement, and this study was no exception to this 
general rule, however many of today’s statistical 
packages can handle missing data [17,19]. 

Additionally, researchers should be aware that a 
linear mean model may not adequately represent the 
underlying trend in the data.  It may be that a 
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curvilinear model is more appropriate in situations in 
which the means show a monotonically increasing or 
decreasing trend.  A model utilizing higher order 
polynomials (e.g. – quadratic or “squared” terms) 
may be tested to determine their “fit” in contrast to 
linear models.  In this study we used a piecewise 
linear spline approach which is a simple way to 
model a non-linear trend that cannot be handled 
parsimoniously by simple polynomials [17,20,21]. 

Finally, the robustness of today’s statistical 
software has its advantages in empowering relatively 
novice empirical researchers, but as Judith D. Singer 
warns “statistical software does not a statistician 
make” [22].  There are model-building decisions that 
should not be ignored by researchers when using 
linear mixed effects models in longitudinal designs.  
We provide a short description of the types of issues 
confronted here and provide resources in the 
literature that could be used to guide model building 
efforts.   
 
5.  Conclusion 

 
The evaluation of HIT systems involves complex 

challenges.  The “gold-standard” for research design, 
randomized controlled trials, can rarely be conducted 
in HIT because of cost constraints.  Thus, alternative, 
observational designs must be used and strengthened 
as much as possible to assure the highest value for 
the evaluation. An obvious asset to exploit in 
evaluations of HIT systems is the wealth of data 
produced by most clinical applications that can be 
used to enable stronger analyses of system 
performance.  As demonstrated in this paper, 
appropriate quantitative statistical tools can enhance 
the analysis and interpretation of system models.  
Borrowing from engineering, analytical approaches 
can integrate statistical process control run charts 
which examine fluctuations in process over time and 
help identify if those fluctuations are due to random 
events or a systematic change.  Human factors 
approaches can be used to consider the effect of an 
innovation implementation upon the human 
interactions within the system.  Understanding the 
effects of HIT implementation, including both 
intended and unintended process and outcome 
changes, will benefit from adoption of the many 
research design, methodological, and analysis tools 
available. 
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