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Abstract
Purpose—Clinical decision support (CDS) systems could be valuable tools in reducing
aminoglycoside prescribing errors. We evaluated the impact of CDS on initial dosing, interval,
and pharmacokinetic outcomes of amikacin and tobramycin therapy.

Methods—A complex CDS advisor to provide guidance on initial dosing and monitoring, using
both traditional and extended interval dosing strategies, was integrated into computerized provider
order entry (CPOE) and compared to a control group which featured close pharmacy monitoring
of all aminoglycoside orders. A random sample of 118 patients from an academic, tertiary care
medical center prescribed amikacin and tobramycin prior to advisor implementation was
compared to 98 patients admitted following advisor implementation. Primary outcome was an
initial dose within 10% of a dose calculated to be adherent to published dose guidelines.
Secondary outcomes were a guideline-adherent interval, trough and peak concentrations in goal
range, and incidence of nephrotoxicity.

Results—Of 216 patients studied, 97 were prescribed amikacin and 119 were prescribed
tobramycin. The primary outcome of initial dosing consistent with guideline-based care increased
from 40% in the pre-advisor arm to 80% in the post-advisor arm (p<0.001), with a number needed
to treat of 3 patients to prevent one incorrect dose. Correct initial interval based on renal function
also increased from 63% to 87% (p<0.001). The changes in initial dosing and interval resulted in
an increase of trough concentrations in the goal range from 59% pre-advisor to 89% post-advisor
implementation (p=0.0004). There was no significant difference in peak concentrations in goal
range or incidence of nephrotoxicity (25% vs. 17%, p=0.2).
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Conclusion—An advisor for aminoglycoside dosing and monitoring integrated into CPOE
significantly improves initial dosing, selection of interval, and trough concentrations at goal
compared to unassisted physician dosing.
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Introduction
Clinical decision support (CDS) embedded into a Computerized Physician Order Entry
(CPOE) system is an attractive method for providing around-the-clock dosing assistance to
prescribers for medications with narrow therapeutic indices and serious toxicities, such as
the aminoglycoside antibiotics. Medication dosing errors have been reported to be the most
common type of preventable medication error.[1] One report from the Adverse Drug Event
Prevention Study group found that 56% of the preventable medication errors occurred at the
step of ordering.[2] Another study of hospitalized patients reported 60% of clinically
significant preventable errors consisted of incorrect doses or frequencies.[1,3] CDS can
potentially have a high impact by reducing prescribing errors for aminoglycosides, but as
discussed in this paper, there are few clinical trials to validate this hypothesis.

Aminoglycosides exhibit concentration-dependent bactericidal effects, and optimal action
exists when the peak concentration is approximately 10 times the minimum inhibitory
concentration (MIC) of the organism.[4] Aminoglycoside goal concentrations vary by
indication. While lower levels provide adequate treatment of urinary tract infections, high
peak concentrations are necessary to obtain an adequate concentration of aminoglycoside at
the alveolar site when treating pneumonia.[5] Achieving effective aminoglycoside serum
concentrations early in the treatment course, ideally with the first dose, is important.
Physicians must provide a dose that reaches the required peak levels, while allowing patients
to have a period of low or no aminoglycoside level in the serum, given that this has been
shown to minimize nephrotoxicity.[4,6–8] In some instances, institutions rely on a
“pharmacy to dose” protocol beginning with the first or second dose and subsequent doses.
[9] This can be time consuming or could delay receipt of the first dose of aminoglycoside.
Providing standard or “default” doses based on drug indication using simple mechanisms
within computerized physician order entry (CPOE) can lead to new ordering errors. [10–12]
In a recent study, the majority (73%) of aminoglycoside orders based on a CPOE-based
default dose prescribing system were incorrect, highlighting the need for individualized
prescribing support within CPOE. [11]

The objective of this study was to evaluate the impact of an advanced clinical decision
support system embedded within CPOE for aminoglycoside ordering, which we will refer to
in the manuscript as the aminoglycoside advisor. The system and the evaluation is focused
on initial dosing of the aminoglycosides amikacin and tobramycin compared to a historical
control period where there was active pharmacy surveillance of aminoglycoside orders but
no up front, patient-specific dosing assistance. Gentamicin orders were excluded from
analysis because the aminoglycoside advisor was initially developed using iterative testing
and implementation cycles to assist with gentamicin orders. We hypothesized that the
advisor would increase the proportion of initial doses within 10% of a recommended dose
calculated using published pharmacokinetic equations. [4,7,13–16] Secondary objectives
included evaluating the effect the advisor had on initial dosing intervals, trough and peak
concentrations in goal ranges, and nephrotoxicity.
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Methods
Setting

Vanderbilt University Medical Center (VUMC) is a 593 bed tertiary care academic medical
center with an active clinical pharmacy service. Medication orders are initiated by
physicians through computerized physician order entry (CPOE), electronically transmitted
to one of four pharmacies, then reviewed and dispensed by a pharmacist. Clinical staff and
resident-level pharmacists round with medical and surgical teams Monday through Friday
and routinely review medication lists and new drug orders within the previous 24 hours.

All aminoglycoside orders are reviewed by staff pharmacists before dispensing, and
subsequently monitored daily by a therapeutic drug monitoring (TDM) team of clinical
pharmacists. A pharmacy-to-dose protocol is not implemented currently, because of the
volume of aminoglycoside orders overnight, when few clinical pharmacists are covering the
hospital, and the concerns for delayed administration of antibiotic therapy. When the clinical
pharmacist assigned to the TDM team detects the need for an aminoglycoside dose change
or change to monitoring plan, the primary team is notified by phone. The aminoglycoside
advisor was designed to complement the existing TDM services, by supporting the correct
initial dosing of aminoglycoside therapy by physicians or non-physician prescribers. During
the study, TDM services were delivered 7 days a week during both control and intervention
periods by the same group of clinical pharmacists.

Design of Aminoglycoside Advisor
An aminoglycoside advisor was designed, piloted using gentamicin orders, and embedded
into the CPOE system to provide proactive initial dosing support 24 hours a day. House staff
were presented with the advisor and provided design and implementation feedback during
weekly sessions led by the CPOE team during the piloting phase. The aminoglycoside
advisor was designed to replace standard order procedures when a physician or other
provider initiated an aminoglycoside drug order for any adult patient not receiving
hemodialysis, but was still subject to pharmacist review. Secondly, it was designed to
support both Extended Interval Dosing (EID) and Traditional Dosing (TD) and to assist
prescribers in selecting one of these strategies. Prior to the advisor, aminoglycoside ordering
via CPOE provided a pick list of doses or intervals, drug allergy inspection, and a reminder
to order laboratory monitoring, but no other clinical decision support. When introduced, the
advisor provided customized doses and intervals calculated via a pharmacokinetic model,
drug level monitoring, and the opportunity to initiate Infectious Disease or Pharmacy
consultations. The EID version (Figure I) appeared by default unless the patient was 65
years or older or had moderate to severe chronic kidney disease (calculated creatinine
clearance ≤30ml/min), in which case, a similar screen (Figure II) was shown to assist with
TD. For both EID and TD advisors, demographics and laboratory data (sex, age, weight,
height, and serum creatinine) were automatically imported, using the most recent
measurements from the electronic medical record (EMR). These values could be edited to
incorporate information (such as an updated weight or serum creatinine measured outside of
the institution) that was not currently available in electronic form. Internally, the advisor
calculated an ideal body weight (IBW), a Dosing Body Weight (DBW), and a creatinine
clearance using the Cockcroft-Gault equation.[17] The DBW, defined as adding 40% of the
difference between the actual and IBW to the IBW, was used when the actual body weight
was >120% of the IBW. Our advisor was based on validated pharmacokinetic equations that
have been proven in clinical studies and recommended by expert opinion.[4,7,13–16] For
traditional dosing, the advisor used the Sawchuck-Zaske method (Figure IIIa) of initial
dosing based on IBW or DBW.[13] We designed the extended interval dosing (EID) advisor
to follow the Hartford nomogram (Figure IIIb) which determines the dose using either actual
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or DBW.[4] As a second step when interacting with the advisor, a provider selected a dosing
concentration (mg/kg) for EID or a desired target peak and trough concentration for TD.
After pressing the “calculate dose” button, the advisor suggested a specific dose and
interval, which could be altered by the provider, and offered the provider several monitoring
options for drug serum levels and creatinine. A final option allowed prescribers to request
Infectious Disease or Clinical Pharmacy consult services. As shown in Figures I and II, there
is text to warn providers that the advice is not designed for dialysis, severe burns, and
patients with rapidly changing renal function.

Study Design
After implementation on November 1, 2008, the advisor was evaluated by prospectively
selecting sequential patients, whose tobramycin or amikacin initial regimens were ordered
through the advisor until February 1, 2009. A historical control group of hospitalized adults
admitted to VUMC between May 1, 2008 to October 31, 2008 and prescribed amikacin or
tobramycin was matched to the intervention group using a random number generator to
retrospectively select pre-advisor patients. Patients were excluded if diagnosed with cystic
fibrosis, pregnant, receiving hemodialysis, prescribed a single dose of amikacin or
tobramycin, prescribed inhaled tobramycin, or were prescribed an aminoglycoside during
one of the infrequent periods where there was no therapeutic drug monitoring pharmacist on
duty. Since burn patients have a varying degree of distribution and clearance changes, and it
was left to the provider’s discretion to use the advisor suggested regimen, they were
included in this study. The study was approved by the Vanderbilt University Medical Center
institutional review board, with waiver of informed consent due to the retrospective nature
of the study.

To compare the appropriateness of initial dosing prior to and following the implementation
of the advisor, a pharmacist [author ZC] reviewed the selected patient charts and, after
verifying age, sex, height, weight, serum creatinine, and indication for use, calculated the
extended interval dose or traditional dose. The methods to generate the recommended dose
were identical to those employed by the advisor (Hartford nomogram for EID and
Sawchuck-Zaske for TD). The appropriateness of EID or TD dosing was determined by
comparing recorded diagnoses and laboratory data to selection guidelines established in the
original Hartford and Sawchuck-Zaske publications. [4,13]

The primary outcome was the proportion of initial amikacin and tobramycin orders with a
dose within ± 10% of the study reference standard for appropriate dose, which was defined
as the dose adherent to the Hartford nomogram (for EID) or the Sawchuck-Zaske
pharmacokinetic equations (for TD). Using an advisor as the intervention and reference
standard has been used in CDS trials previously. [18] A range of 10% has previously been
used when comparing computerized to provider dosing [11,19], recognizing that a dose
differing less than 10% will likely not alter clinical outcomes. Secondary outcomes were the
number of final orders with dosing intervals that matched the expert recommendations, the
frequency of peak and trough concentrations within the target ranges, and the incidence of
nephrotoxicity. Ordered doses greater than 125% or less than 75% of the study reference
standard were categorized as serious dosing errors. Nephrotoxicity was defined as new onset
dialysis within 14 days of aminoglycoside initiation or an increase in serum creatinine (Scr)
>50% or 0.5mg/dl from baseline, defined as the Scr measured on the day of aminoglycoside
initiation. The peak Scr used to classify nephrotoxicity was the highest value drawn during
or up to 14 days after aminoglycoside therapy. Trough drug levels were included only if
measured ± 2 hours from the end of the dosing interval, but prior to the next dose. Peak drug
levels were included if measured between 0.5 and 1.5 hours following a drug administration.
Peak and trough drug levels measured outside of these time windows, as recorded by a bar-
coded medication administration system, were not included in the analysis. The goal ranges
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for amikacin troughs were <2mcg/ml for EID and <10mcg/ml for TD. The goal ranges for
tobramycin troughs were <0.5mcg/ml for EID and <2mcg/ml for TD. Peaks were only
evaluated for TD, and the goal was indication dependant. Goal peaks for urinary tract
infections were 4–6mcg/ml for tobramycin and 15–20mcg/ml for amikacin. Goal peaks for
pneumonia or CNS infections were 8–10mcg/ml for tobramycin and 25–35mcg/ml for
amikacin. For all other infections, the goal peaks were 6–8mcg/ml for tobramycin and 20–
30mcg/ml for amikacin.

Statistical Analysis
Based on a preliminary pilot, we anticipated 40% or fewer initial orders for amikacin or
tobramycin would be within 10% of the recommended dose. We assumed the advisor would
double the rate of appropriate initial prescriptions and calculated 50 patient records would
need to be reviewed before and after implementation of the study intervention for each drug
to achieve 90% power. All proportions in the pilot and final analysis were compared using
Fisher’s exact test with an a priori level of significance of 0.05.

Results
Ninety-seven amikacin patients and one hundred and nineteen tobramycin patients were
randomly selected and included in the final analysis. Baseline characteristics between the
two groups were similar (Table I). The majority of the patients included were male, and the
most common indication for therapy was empiric ventilator or healthcare-associated
pneumonia (VAP/HCAP), as defined by the Infectious Disease Society of America.[14] We
excluded 42 patients receiving amikacin and 38 patients receiving tobramycin who met
exclusion criteria. Initial Dosing and Interval

The primary outcome, initial amikacin and tobramycin doses within 10% of recommended
dose, increased from 40% in the pre-advisor arm to 80% in the post-advisor arm (p<0.001)
(Table II). This increase was significant for both amikacin (43% vs 76%, p=0.002) and
tobramycin (37% vs 83%, p<0.001) treated patients. The advisor reduced the risk of having
an initial dose greater or less than 10% of the recommended dose by 65% (RR 0.35, 95% CI:
0.22–0.54). The number needed to treat to prevent one erroneous dose was 3 patients (95%
CI 2–4).

The percentage of correct dosing intervals based on estimated renal function increased from
pre-advisor to post-advisor for tobramycin and amikacin combined (63% vs 90%, p<0.001),
amikacin alone (53% vs 87%, p=0.004), and tobramycin alone (70% vs 92%, p=0.005).
Overall, the proportion of ordered regimens which matched the recommended regimen for
both dose and interval increased from 31% pre-advisor to 76% post-advisor (p<0.0001).

Therapeutic Drug Monitoring and Nephrotoxicity
The rate of peak drug level measurement increased from 18% pre-advisor to 47% post-
advisor when combining both amikacin and tobramycin TD orders (Table III), but the
increase in measurement did not result in a statistical difference in peaks in goal range. Post-
advisor patients had a higher percentage of trough concentrations in the defined goal ranges
(59% vs 89%, p=0.004) for the combined group. Most of the improvement in target trough
concentrations occurred in patients receiving tobramycin. Nephrotoxicity was not
statistically different between the two groups respectively (25% vs. 17%, p=0.2), but the
point estimate was lower following advisor implementation.
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Provider-Advisor Interaction
Of the 11 incorrect post-advisor orders for amikacin, 9 were less than 90% of the
recommended dose because the physician chose a subtherapeutic dosing concentration for
VAP (Figure II). The remaining 2 were >110% of the recommended dose because a nurse,
entering the order for a physician, manually changed the dose through the advisor. Of the 9
incorrect doses for post- advisor tobramycin, 4 resulted from choosing the incorrect dosing
concentration for VAP, and another 4 resulted from a physician manually changing the dose
recommended by the advisor. One incorrect dose was due to a pharmacist using IBW instead
of the DBW to calculate the dose. In summary, 65% of doses outside the 10% window were
caused by improper goal peak selection.

Discussion
The introduction of a comprehensive clinical decision support system for the initial
prescription of aminoglycoside antibiotics was associated with a doubling in the rate of
appropriate dosing and intervals and improved the rate that target trough levels were
achieved. The initial dosing regimens improved even in a setting where aminoglycoside
prescribing is closely monitored by clinical pharmacists. The advantage of CPOE-based
decision support is that it can prevent inappropriate doses being ordered and administered
before the regimen can be optimized by a clinical pharmacy service.

A 2006 national survey of 1,125 hospitals reported aminoglycosides were the most frequent
drug class to be directly managed by pharmacists (64% of hospitals surveyed). [20] For
hospitals that employ a “pharmacy to dose” protocol, our results indicate that a
computerized advisor could complement clinical pharmacy services, which could free
clinical pharmacists to utilize their time on more complex aminoglycoside consults. Vincent
and colleagues in a 2009 study, found that the median time for pharmacists to complete a
pharmacist-to-dose order for aminoglycosides with an automated pharmacist alert system
was 29 minutes.[9] Much of this time is spent collecting information that can be provided at
the time of ordering by a laboratory system linked to CPOE. According to the pharmacists
on the therapeutic drug monitoring surveillance team, the implementation of the
aminoglycoside advisor reduced the amount of time spent adjusting initial aminoglycoside
regimens. Although we were unable to quantify this change in resource use, we can estimate
30 minutes per order based on previously published data. [9]

The improvement in aminoglycoside ordering is particularly significant because in the pre-
advisor arm, 59% of amikacin orders and 41% of tobramycin orders were ordered for less
than 90% of the recommended dose or with too long an interval. Since 86% of orders were
for pneumonia, many aminoglycoside regimens prior to implementation of the advisor were
likely delivering subtherapeutic serum and intrapulmonary concentrations.[5,21–24] The
advisor significantly improved the percentage of orders with the correct interval based on
the patient’s estimated renal function. Prescribing the correct interval is vital since too long
an interval exposes the bacteria to subtherapeutic concentrations for longer than the post-
antibiotic effect. Conversely, dosing too often leads to elevated trough concentrations and
increased risk of nephrotoxicity.

While previous CDS trials have evaluated the effect on other high risk medications, [18,25–
27] our study builds upon the limited published literature showing improvement specifically
in aminoglycoside dosing with implementation of clinical decision support. The initial
studies using computer-aided dosing of aminoglycosides involved administering a loading
dose, drawing serial serum levels, and manually entering these values into a computer
system that would recommend a subsequent regimen.[15,28] While these trials showed
improvements in aminoglycoside dosing, they only evaluated traditional dosing, made no
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differentiation of goal levels based on indication, were labor intensive, and could not
realistically be performed around-the-clock, limiting their application to when pharmacists
were present. More recently, a trial of CPOE based CDS for gentamicin dosing in neonates
reported an anecdotal improvement in dosing, however no statistical significance was
reported.[29] The CDS supplied the provider with the infant’s weight and calculated a dose
of 5mg/kg for all patients. No gentamicin levels were reported to verify that CDS dosing
resulted in better pharmacokinetic outcomes. Lastly, in 2006, a trial studying TD gentamicin
CDS reported an anecdotal improvement in troughs <2mcg/ml and peaks >4mcg/ml
compared to a historical control, although statistical significance was not reported. [30]

Our trial is the first to study the impact of CDS on EID, which is preferred over TD because
it optimizes the aminoglycoside’s concentration-dependent actions while being associated
with less nephrotoxicity.[4] Our study is an important step in aminoglycoside CDS literature
because it is the first to: interface multiple electronic healthcare databases, show statistically
significant differences in dosing, interval, and troughs, and provide complete
aminoglycoside assistance around-the-clock for both TD and EID initial dosing.

In contrast to the other reports of aminoglycoside CDS systems, [15,28,30] we found no
difference in the percent of peaks at goal between pre-advisor and post-advisor dosing. The
lack of difference between groups has several explanations. First, only 33% of our post-
advisor orders were TD, limiting the number of regimens to evaluate. Secondly, we had very
few peaks to assess because of the short duration of therapy and number of peaks drawn
outside of our time window for evaluation, which is a limitation of our trial. Of the peaks
evaluated in Table III, all were from regimens to treat pneumonia, except for one post-
advisor amikacin regimen for a urinary tract infection. Although we were unable to prove a
difference in peaks at goal, we feel confident the TD advisor, using the Sawchuk-Zaske
method[13] (Figure IIIa) which has established its ability to provide predictable peaks[31],
did provide efficacious peaks because it accounted for indication when calculating a dose
(Figure II). Our study did find a statistically significant increase in the percent of troughs in
our goal range for tobramycin, but not for amikacin. Amikacin orders prior to the
implementation of the advisor were frequently underdosed (59%), and serum trough levels
were correspondingly low, but it is likely that peak levels (if they were consistently
measured) would be subtherapeutic.

Despite our lower troughs in the post- advisor arm, we did not see a statistically significant
difference in nephrotoxicity. One explanation may be that aminoglycoside nephrotoxicity is
independently associated with duration of therapy [4], and our median duration of therapy
was only 3 days due to de-escalation of antibiotic coverage based on the timing of final
culture and sensitivity results.

Several limitations to the advisor and study design became apparent during the evaluation.
As previously stated, we were unable to show a difference in peaks in the goal ranges. One
cause of low post-advisor peaks was improper goal peak selection by the provider. Our TD
advisor defaulted to a moderate goal range for the peak drug level which corresponded to the
goal range for most indications in our hospital (Figure II). However, 65% of dose errors
within aminoglycoside regimens ordered via the advisor occurred because the provider did
not alter the default goal peak range to match the actual indication for therapy. Following
the study, the advisor was re-programmed to avoid defaulting to a goal range. Secondly, a
blinded, consensus assessment of study outcomes was not completed during the study.
However, the study pharmacist applied objective, pre-specified criteria to define outcomes,
and all recommended dose outcomes were calculated with standard equations. [4,7,13–16]
Finally, there was insufficient power to adequately study whether the use of the advisor
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improved patient outcomes, although the limited data suggested the rate of nephrotoxicity
improved.

Conclusion
In conclusion, CDS embedded into a CPOE system significantly improves initial
aminoglycoside doses, intervals, and trough concentrations at goal compared to standard
provider dosing. This approach provides optimized initial dosing 24 hours a day, seven days
a week, which may be helpful in streamlining workload for pharmacy based therapeutic
drug monitoring programs. In light of the literature defining the importance of adequate
aminoglycoside concentrations, clinical decision support is a valuable approach to creating
individualized regimens at the time of ordering.
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Figure I. Amikacin Extended Interval Dosing Advisor in CPOE
The patient specific descriptive data shown in Part 1 is automatically imported from the
most recent measurements in the patient’s electronic chart. The provider then selects the
Dosing Concentration in Part 2. After pressing the “calculate dose” button, the suggested
dose and interval appear in Part 3, which can be changed. Part 4 offers the provider several
monitoring options for levels and serum creatinine. After this, the provider presses the
“submit order” button and amikacin is ordered. EID was the default CDS dosing regimen
unless patients were older than 65 years of age or had a creatinine clearance less than 30ml/
min. Tobramycin EID advisor (not pictured) has a dosing concentration of 7mg/kg for all
indications, except for cystic fibrosis (10mg/kg).
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Figure II. Tobramycin Traditional Dosing Advisor in CPOE
The patient specific descriptive data shown in Part 1 is automatically imported from the
most recent measurements in the patient’s electronic chart. The provider then selects the
Target Peak Concentration in Part 2 based on the indication for tobramycin. The Target
Trough Concentration is set at 1mcg/ml, but may be changed. After pressing the “calculate
dose” button, the suggested dose and interval appear in Part 3, which can again be changed.
Part 4 offers the provider several monitoring options for levels and serum creatinine. After
this, the provider presses the “submit order” button and tobramycin is ordered. Traditional
dosing was recommended for all patients older than 65 years of age or with a creatinine
clearance less than 30ml/min. Amikacin TD advisor (not pictured) has a goal peak of 15–
20mcg/ml for urinary tract infections, 20–30mcg/ml for most infections, and 25–35mcg/ml
for pneumonia, CNS infections, or cystic fibrosis patients.
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Figure III. Initial Dosing Calculations
Kel: k elimination constant, CrCl: Creatinine Clearance, Vd: Volume of Distribution
TD Dosing Weight= Ideal Body Weight (IBW) or Dosing Body Weight (DBW) if actual
weight is >120% IBW
EID Dosing Weight= actual weight or DBW if actual weight is >120% IBW
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