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Purpose: To estimate the economic impact of implementing smart infusion pump interoperability for a hypothetical health system in 
the United States (US).
Patients and Methods: An economic model was developed to assess the financial impact of implementing smart infusion pump 
interoperability with electronic health records (EHRs) for a health system. The model perspective was that of a moderately-large 
hypothetical US heath-system consisting of 6 hospitals, with 1,500 staffed beds and 50,000 discharges annually. The main outcomes of 
interest in this model were patient safety and outpatient intravenous (IV) administration charge capture. The impact of interoperability 
on patient safety was assessed by measuring the estimated reduction in preventable adverse drug events (pADEs). The impact on 
outpatient charge capture was assessed by estimating the reduction in lost charges due to the implementation of interoperability. All 
model parameters and inputs were derived and supported by peer-reviewed literature.
Results: In the base-case analysis, the implementation of smart infusion pump interoperability resulted in an annual reduction of 56 pADEs, 
saving the health system $531,891 in associated pADE treatment costs. This equates to a total reduction of 281 pADEs over the 5-year time- 
horizon, with a cumulative cost savings of $2,659,457. Additionally, the implementation of interoperability recouped $2,419,673 in 
outpatient infusion administration charges annually, which is equivalent to $12,098,363 in recouped charges over five years.
Conclusion: The implementation of smart infusion pump interoperability has the potential to enhance patient safety by reducing 
pADEs and improving outpatient administration charge capture. However, it is important to note that while the model is based on peer- 
reviewed model inputs, the model itself is theoretical in nature without real-world data validation and does not account for investment 
costs. Health systems should carefully evaluate the safety and economic implications of smart infusion pump interoperability when 
deciding whether to invest in this technology.
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Introduction
Providing the highest standard of care and ensuring patient safety are top priorities for hospitals and health systems.1–3 

Despite ongoing efforts to optimize care, mistakes and errors still occur, impacting patient care.3–9 Medication errors are 
among the most prominent and impactful types of errors occurring in hospitals and can lead to adverse drug events 
(ADEs), preventable ADEs (pADEs), and patient harm.5–8 An analysis of the Healthcare Cost and Utilization Project 
(HCUP) database by the Agency for Healthcare Research and Quality (AHRQ) found that in 2014, 2.15% of inpatient 
hospitalizations had an ADE originate during the stay.10 Of these events, the mean cost of stay was $28,089 (2014 US$), 
had a mean length of stay of 10.2 days, and an in-hospital mortality rate of 3.9%.10 These numbers are drastically higher 
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compared to those averaged across all inpatient hospitalizations in the United States in 2014, which had a mean cost of 
$10,919 (2014 US$), a mean length of stay of 4.6 days, and an in-hospital mortality rate of 1.9%.11 It is important to note 
that not all ADEs are preventable or result from medication errors. Although patients can experience ADEs even when 
medications are prescribed and administered appropriately, approximately half of ADEs are preventable (also known as 
pADEs) and are the result of medication errors.12 The best available literature estimates that about 1 in 100 medication 
errors results in a pADE.6,7

Medication errors, ADEs, and pADEs are prevalent in hospitals and most commonly occur with intravenous (IV) 
medications.8,13,14 The rate of medication errors for intravenous (IV) infused medications reported in the literature ranges 
from 5% to 70% of inpatient infusions depending on setting and definition of medication error.15–21 Several factors 
contribute to IV infusion errors, including human factors, workflow inefficiencies, and system-level vulnerabilities.19–22 

Over the past two decades, the introduction of smart infusion pumps with drug libraries and interoperability with 
electronic health records (EHRs) have demonstrated the ability to enhance safety initiatives and reduce medication 
errors.23,24 Smart infusion pumps are medical devices that deliver IV infusions using drug libraries with standardized 
dosing built into the device. Interoperability is the ability of the smart infusion pumps to connect with EHRs to wirelessly 
receive and program medication orders, instead of having to manually program them.

Interoperability has been shown to reduce the occurrence of medication administration errors.16,25–27 Specifically, 
interoperability mitigates the following types of medication administration errors: bypassing drug library, errors in the 
primary/secondary setting, guardrail limits, improper dose, omitted medications, unauthorized or undocumented medication 
orders, wrong concentration, wrong dose, wrong drug library, wrong duration, wrong medication, wrong patient, wrong route, 
wrong time, and wrong weight programmed.16,25,28,29 As a result, the 2020 Guidelines for Optimizing Safe Implementation 
and Use of Smart Infusion Pumps written by the Institute for Safe Medication Practices (ISMP) emphasizes the importance 
that interoperability has on error prevention.24 Additionally, The Joint Commission recommends that organizations with the 
capability should implement smart infusion pump interoperability with EHRs.30 Smart pump interoperability has also 
demonstrated benefits in outpatient infusion administration charge capture, and operational efficiency.31 Despite these 
documented advantages,16,25–27,31 adoption remains low, with only 10% to 15% of hospitals in the United States estimated 
to have implemented smart infusion pump interoperability in clinical practice.32–34 Some of the hesitation for the slow 
adoption may stem from hospitals struggling to justify the upfront costs relative to the perceived value of interoperability.

Given this slow adoption, it is important to assess the potential financial impact of interoperability, as there is often 
a disconnect between recognizing its clinical and operational benefits, and justifying the cost of investment. A clear gap 
exists in the literature as no published economic models have been developed to demonstrate the financial impact of 
interoperability. Therefore, the objective of this analysis was to estimate the economic impact of implementing smart 
infusion pump interoperability for a hypothetical health system in the United States.

Materials and Methods
Model Structure
A health economic analysis was developed to assess the financial impact of implementing smart infusion pump interoper
ability to EHRs for a health system. The model perspective was that of a moderately-large hypothetical United States heath- 
system consisting of 6 hospitals, with 1,500 staffed beds and 50,000 discharges annually (Table 1). A review of the literature 
was undertaken to identify the best available references to support each model input parameter. The main outcomes of 
interest in this model were the economic impact on patient safety and outpatient administration charge capture. This 
analysis consists of two different decision trees, one for each domain of the outcomes of interest: patient safety and 
outpatient administration charge capture.35–37 The model used a 1-year time horizon, as well as extrapolated results out to 
a 5-year time-horizon. The development and reporting of this economic model followed guidelines and best practices.35–40

Patient Safety
The impact of interoperability on patient safety was assessed by measuring the estimated reduction in pADEs (Figure 1). 
The baseline rate of pADEs in the model was estimated to be 0.32% of inpatient discharges based upon a pooled 
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incidence of 0.59 pADEs per 100 inpatient admissions from a systematic literature review (SLR) of SLRs,9 and 54% of 
ADEs occurring from infusion medications.7 The impact of interoperability on reducing pADEs was estimated to be 
a 35.1% reduction, which was the midpoint of the estimated range (15.4–54.8%) of two studies from a recently published 
SLR assessing the impact of interoperability on reducing medication administration errors.25 Since no data is available 
demonstrating the impact of interoperability on pADEs specifically, we are using the reduction of medication adminis
tration errors from interoperability as a proxy for reduction in pADEs and are assuming all administration errors are 
equally likely to lead to a pADE. The incremental cost of pADEs was estimated at $9,471. This cost was a weighted 
average derived from 88% of pADEs being associated with an additional cost of care of $7,465,41 while 12% were 
categorized as severe,42 with an incremental cost of $24,179.10,11 The additive cost was derived from calculating the 
incremental difference between hospitalizations in 2014 where ADEs originated during the inpatient stay10 and the cost 
of all other hospitalizations in 2014.11 Costs are represented in 2024 US dollars after adjusting using the medical 
consumer price index (CPI).43

Outpatient Administration Charge Capture
Interoperability was estimated to reduce the amount of lost outpatient administration current procedural terminology 
(CPT) charges (also known as charge capture) by 37.8% (4.5 percentage points), based upon data from an observational 
study by Biltoft and Finneman at a hospital in Montana (Figure 2).31 They found that at baseline before the implementa
tion of interoperability that approximately 11.9% of outpatient infusion administration CPT charges were not being 
captured.31 After implementation of interoperability, the amount of outpatient infusion administration CPT charges being 
lost decreased to only 7.4% (a 37.8% improvement).31 For the model, the annual outpatient administration charges were 
derived from the same study by Biltoft and Finneman,31 and standardized to the number of beds at the hospital (n=287) 
in the study, using a per-bed cost of $35,847. Multiplying this value by the 1,500 beds in the hypothetical health system 
resulted in an annual total outpatient administration charges of $53,770,500. These charges are also represented in 2024 
US dollars using the medical CPI.43

Table 1 Economic Model Parameters and Inputs

Model Parameter Input Reference

Hypothetical Health System in Base Case

Number of Hospitals 6 User Input

Number of Staffed Beds 1,500 User Input

Number of Annual Inpatient Discharges 50,000 User Input

Time-Horizon 5 Years User Input

Patient Safety

Incidence of Preventable Adverse Drug Events per Inpatient Admissions 0.59% [9]

Percent of Preventable Adverse Drug Events that are from Infused Medications per Inpatient Admissions 54% [7]

Incidence of Preventable Adverse Drug Events from Infused Medications per Inpatient Admissions 0.32% Calculated

Percent Reduction in Preventable Adverse Drug Events from Infused Medications due to Impact of Interoperability 35.1% [25]

Mean Cost of Preventable Adverse Drug Events $9,471 [10,11,41,42]

Outpatient Infusion Administration Charge Capture

Outpatient Infusion Administration Charges Standardized by Hospital Bed $35,847 [31]

Percent of Outpatient Infusion Administration Charges Currently Lost 11.9% [31]

Percent Reduction in Lost Charges due to Impact of Interoperability 37.8% [31]
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Sensitivity and Scenario Analyses
Scenario analyses were conducted for two additional scenarios attempting to model the annual and 5-year impact: 
a single hospital with 300 staffed beds and 4,000 annual discharges, and a health system with 10 hospitals consisting of 
2,000 staffed beds and 80,000 annual discharges. One-way sensitivity analyses were performed in the base case for every 
model input parameter assessing the annual impact. The upper and lower bounds were informed by peer-reviewed 
literature where possible,9,10,25,31,41 and varied by ± 20% if there was no best-available literature-based source.35 All 
costs in the sensitivity analyses were adjusted to 2024 US$ using the US medical CPI where applicable.43

Results
Base-Case Analysis
In the base-case analysis, the implementation of smart infusion pump interoperability resulted in an annual reduction of 
56 pADEs, saving the health system $531,891 in treating the pADEs (Table 2 and Figure 3). This equates to a total 
reduction of 281 pADEs over the 5-year time-horizon, with a cumulative cost savings of $2,659,457. The implementation 

Figure 1 Base Case Patient Safety Domain of the Economic Model.
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of interoperability reduced lost outpatient infusion administration charges by $2,419,673 per year, leading to $12,098,363 
in additional charges over 5 years.

Scenario Analyses
The scenario analysis of a single hospital with 300 staffed beds and 4000 annual discharges showed that interoperability 
implementation led to an estimated annual reduction of 4.5 pADEs, saving the hospital $42,620 (Table 3). The impact of 
interoperability on outpatient infusion administration charge capture resulted in a $483,935 reduction in lost charges. For the 
scenario analysis of the health system with 10 hospitals, consisting of 2000 staffed beds and 80,000 annual discharges, the 
implementation of interoperability was associated with a potential annual reduction of 90 pADEs, saving $851,026 per year. 
Additionally, interoperability helped recoup $3,224,940 annually in outpatient infusion administration CPT charges.

Sensitivity Analyses
Sensitivity analyses showed that the most influential model input for the patient safety section was pADE incidence, 
which resulted in annual cost savings ranging from $421,856 to $1,929,768 (Table 4). The cost of pADEs also 

Figure 2 Charge Capture Domain of the Economic Model.
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contributed significantly to variability, with annual cost savings ranging from $417,400 to $1,351,952. For the input 
of percent reduction of pADEs, the annual savings varied between $232,344 and $826,784, while for the percent of 
pADEs from IV medications, the estimated annual savings ranged from $423,651 to $635,477. All inputs for the 
outpatient charge capture showed similar sensitivity, with annual variability ranging from $1,930,899 to $1,934,964 
for the lower bound inputs, and $2,902,446 to $2,906,511 for the upper bound inputs.

Discussion
This economic analysis demonstrates the financial benefits of implementing smart infusion pump interoperability to 
EHRs in a hypothetical United States health system. The base-case analysis estimated annual cost savings of $531,891 
from preventing pADEs, along with $2,419,673 recouped annually from outpatient infusion administration charges. This 
model provides relevant economic insights for key stakeholders in the decision-making process regarding the imple
mentation of interoperability, while also offering important contextual considerations.

The patient safety section of this analysis suggests that interoperability has the potential to reduce the number of 
pADEs, thereby lowering costs associated with treating these events. However, a key caveat is that the model uses the 
reduction in medication administration errors as a proxy for the reduction in pADEs, assuming a proportional effect. As 
a result, the model also assumes that all medication administration errors are equally likely to lead to a pADE. Since no 
studies have specifically quantified the impact of interoperability on pADEs, this remains a limitation of our model. 
Nevertheless, the benefit estimates used in the model may be conservative. One of the studies included in the SLR that 
was used to inform this model input, showed that interoperability reduced medication administration errors that can be 

Figure 3 (A) Annual Cost Savings from Reducing Preventable Adverse Drug Events. (B) Annual Recouped Outpatient Infusion Administration Charges.

Table 2 Base Case Results

Cost Savings/Recouped Charges Base Case: Health System with 6 Hospitals;  
1500 Staffed Beds & 50,000 Annual Discharges

Patient Safety

Number of Annual Preventable Adverse Drug Events Avoided 56

5-Year Number of Preventable Adverse Drug Events Avoided 281

Annual Cost Savings $531,891

5-Year Cost Savings $2,659,457

Charge Capture

Annual Outpatient Infusion Administration Charges Recouped $2,419,673

5-Year Outpatient Infusion Administration Charges Recouped $12,098,363
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impacted by interoperability by 15.4% across all medications.16 However, this same study found that implementation of 
interoperability reduced the number of errors associated with high-risk medications by 46.9% from 12.8 errors per 100 
infusions to only 6.8 errors per 100 infusions.16 Another study from the SLR used for this input found that interoper
ability not only reduced medication administration errors impactable by interoperability by 54.8%, but also lowered the 
occurrence of high-risk overrides by 85.8%- from 24.6% pre-implementation to just 3.5% post-implementation.27 

Additionally, previous research has shown that medication errors lead to pADEs.5–8 Although no studies have directly 
measured the impact of interoperability on pADEs, based on the available data, it is reasonable to infer that interoper
ability would reduce pADE risk at a similar or even greater extent than the reduction in medication administration errors 
used in the model.

Interoperability has been shown in multiple studies to increase drug library compliance rates,16,27,44,45 which is thought 
to help reduce the risk of medication administration errors. A study at a 316-bed community hospital in Texas by Wei et al 
reported a significant increase in compliance from 73.8% pre-interoperability to 82.9% post-interoperability (p<0.001).45 

Similarly, a study assessing the impact of interoperability at three hospitals in San Diego, California, found that compliance 
rates improved from 92% pre-implementation to 94% post-implementation, although no statistical tests were performed to 
evaluate the difference.16 A study at two pediatric hospitals in Louisville, Kentucky showed that interoperability increased 
compliance from 94% to 96.7%, although no statistical tests were performed to assess significance.27 It is important to note 
that the rates of compliance in real-world settings are seen to be between 74% to 80%,46 and facilities that have lower 
baseline rates of compliance would expect to have a larger incremental benefit of interoperability. The incremental benefit 
of interoperability may vary based on pre-existing compliance levels, as workflow, processes, and standard operating 
procedures before implementation can influence outcomes. Health systems with already high compliance and well- 
established best practices may experience smaller improvements post-implementation with limited additional reductions 
in medication errors.

One aspect not included in the economic model due to data limitation is the potential workflow and operational 
efficiency of interoperability.31,45,47 Studies have shown that interoperability reduces the number of manual keystrokes 
for nurses to prepopulate and program infusions, as well as for documentation.31,47 In an observational study at 
a Montana hospital, Biltoft and Finemman reported an 86% reduction in manual keystrokes, estimating that across an 
8-hospital health system, this would eliminate almost 3.5 million keystrokes per month (approximately 42 million 
keystrokes annually).31 A separate study found consistent results that interoperability reduced 86% of keystrokes.48

Table 3 Scenario Analysis Results

Cost Savings/Recouped Charges Scenario 1: Single Hospital with 300 Staffed  
Beds & 4,000 Annual Discharges

Scenario 2: Health System with 10 Hospitals,  
2,000 Staffed Beds, & 80,000 Annual Discharges

Patient Safety

Number of Annual Preventable  
Adverse Drug Events Avoided

4.5 90

5-Year Number of Preventable  
Adverse Drug Events Avoided

22.5 450

Annual Cost Savings $42,620 $851,026

5-Year Cost Savings $213,100 $4,255,130

Charge Capture

Annual Outpatient Infusion  
Administration Charges Recouped

$483,935 $3,224,940

5-Year Outpatient Infusion  
Administration Charges Recouped

$2,419,673 $16,124,698
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Table 4 Sensitivity Analysis Inputs and Results

Model Parameter Base Case Lower Bound Upper Bound

Input Reference Result Input Reference Result Input Reference Result

Patient Safety

pADE incidence 0.59% [9] ($531,891) 0.47% −20% ($421,856) 2.15% [10] ($1,929,768)

Percent of pADEs from IV medications 54% [7] 43.2% −20% ($423,651) 64.8% +20% ($635,477)

Reduction in pADEs 35.1% [25] 15.4% [25] ($232,344) 54.8% [25] ($826,784)

Cost of pADEs $9,471 [10,11,41,42] $7,465 [41] ($417,400) $24,179 [10,11] ($1,351,952)

Outpatient Administration Charge Capture

Baseline outpatient infusion administration charges $53,770,500 [31] ($2,419,673) $43,016,400 −20% ($1,934,964) $64,524,600 +20% ($2,902,446)

Baseline percent of lost charges 11.9% [31] 9.5% −20% ($1,930,899) 14.3% +20% ($2,906,511)

Reduction in lost charges 37.8% [31] 30.2% −20% ($1,932,404) 45.4% +20% ($2,905,005)

Abbreviation: pADE, Preventable Adverse Drug Events.
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Beyond keystroke reduction, the study by Biltoft and Finneman found that interoperability had additional benefits on 
workflow and operational efficiency.31 They showed the number of monthly infusions needing to be reprogrammed in 
response to a dose error reduction software (DERS) alert decreased by 19%, with reprogramming infusions dropping 
from 119 to 96 infusions per month post-implementation.31 For a 1,500-bed hospital system, this equates to approxi
mately 120 fewer reprogrammed infusions monthly, or 1448 annually. The study by Wei et al also found that the number 
of infusions needing to be reprogrammed in response to a DERS alert decreased, although this reduction was slightly 
lower at 11.5%.45 The study by Biltoft and Finneman also reported a 22% reduction in pump alerts, a 20.5% decline in 
alert overrides, and a 33% drop in cancelled infusions due to DERS alerts.31 Additionally, the previously mentioned 
study by Wei et al conducted informal interviews of nurses, which suggested interoperability could save nurses 
approximately 10 minutes per infusion programmed due to the automation of programming and documentation,45 

however this was not explicitly measured in the study and would need further validation. Based on these self-reported 
estimates, the authors projected savings of approximately $3 million dollars annually across the hospital,45 though this 
represents productivity gains rather than direct cost savings.

One important contextual consideration in the outpatient infusion administration charge capture assessment is that the 
outcome measures charges, not actual costs or revenue. In the United States healthcare system, charges do not accurately 
reflect true costs or revenue incurred. Due to variability in cost-to-charge ratios across health systems and hospitals, it is 
difficult to estimate the true recouped revenue for a specific institution. For this reason, the model measures charges 
rather than attempting to estimate net revenue. In 2021, the average cost-to-charge ratio for all inpatient hospitalizations 
in the US was 23.6%.11 In contrast, a 2015 analysis of California hospitals found that the cost-to-charge ratio varied by 
facility type, ranging from as low as 7% for services like CT scans and anesthesia to as high as 45% for blood bank 
services.49 Health systems utilizing this economic model can apply their specific cost-to-charge ratio for outpatient 
administration charges to the charges recouped in this analysis to identify what their true revenue would be.

Another consideration is that this model does not include investment costs. Since the cost of interoperability is 
confidential and varies by vendor, we could not incorporate investment costs into this model. Therefore, this model 
should not be interpreted as a true budget impact model or return-on-investment model. However, it provides valuable 
insights for health systems evaluating smart infusion pump interoperability. Stakeholders can input institution-specific 
data into the model to estimate potential cost savings from the reduction of pADEs and the increase in outpatient infusion 
charge capture. This enables decision-makers to compare projected cost-savings and increased revenue against the 
required investment to determine feasibility.

Additionally, as cost of implementation may be a factor in delaying implementation, customers can weigh what the 
cost of delay in implementing interoperability would be. In the base-case of the model, for every quarter (3 months) that 
implementation is delayed, the perspective health system is estimated to lose $132,973 in 14 pADEs prevented and 
$604,918 in outpatient infusion administration charges. Thus, while implementation costs must be considered, the 
economic benefits of interoperability should not be overlooked. The longer an organization delays adoption, the greater 
the potential opportunity costs, which could help support the overall financial justification for implementation.

It is important to highlight that more research is needed to truly demonstrate the impact of implementing smart 
infusion pump interoperability for hospitals and health systems. While all the model input parameters are supported by 
the best peer-reviewed literature, this paper highlights the results from an economic model and does not demonstrate 
financial impact from interoperability adoption in a health system. Additionally, the more research that is published in 
this area may help to demonstrate if there are any differences in expected results based upon the heterogeneity of health 
systems who adopt this technology. The more research published demonstrating the impact of smart infusion pump 
interoperability on clinical and financial outcomes may help relevant stakeholders decide whether it is worthwhile to 
pursue the adoption of this technology and potentially realize improved financial and clinical outcomes.

Limitations
This analysis has several limitations beyond those previously stated. One key limitation is the potential generalizability of 
the base case analysis. While the inputs used were from the best available peer-reviewed literature, no two hospitals or 
health systems are identical, and variations in incremental impact may arise to differences in patient populations, 
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geographic areas, hospital/health system size, current standard operating procedures, workflows, and staff experience. 
While this heterogeneity poses a limitation, the sensitivity and scenario analyses help account for potential variability and 
sensitivity of the model results. Additionally, health systems can use the model framework but input their own 
institutional data into the model to estimate its applicability to their specific population and setting. Another limitation 
is that while this model captures two key domains (patient safety and outpatient infusion administration charge capture), 
additional economic benefits likely exist for the implementation of smart infusion pump interoperability but were not 
included in the model due to lack of data available needed to inform those domains. An additional limitation is that the 
health system adopting interoperability would need to have an EHR system, and one that integrates and is validated with 
the smart infusion pump interoperability system in order to move forward with this implementation. As of 2015, the 
Office of the National Coordinator for Health Information Technology (US) reported that nearly all non-federal acute 
care hospitals (96%) adopted a certified EHR.50 Finally, this model is specific for hospitals and health systems only in the 
United States, and the results of this model are not generalizable to hospitals in other countries.

Conclusion
The implementation of bidirectional smart infusion pump interoperability has the potential to enhance patient safety by 
reducing pADEs and improving outpatient administration charge capture. Although this study did not directly model 
workflow and operational efficiency, existing literature suggests that interoperability may also help reduce manual 
programming burden and improve clinical documentation. Further research is needed to quantify these potential benefits. 
Health systems should carefully evaluate the safety and economic implications of smart infusion pump interoperability 
when deciding whether to invest in this technology.
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