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Abstract

Study objective—The Institute of Medicine has called on the US health care system to identify
and reduce medical errors. Unfortunately, medication dosing errors remain commonplace and may
result in potentially life-threatening outcomes, particularly for pediatric patients when dosing
requires weight-based calculations. Novel medication delivery systems that may reduce dosing
errors resonate with national health care priorities. Our goal was to evaluate novel, prefilled
medication syringes labeled with color-coded volumes corresponding to the weight-based dosing
of the Broselow Tape, compared with conventional medication administration, in simulated
pediatric emergency department (ED) resuscitation scenarios.

Methods—We performed a prospective, block-randomized, crossover study in which 10
emergency physician and nurse teams managed 2 simulated pediatric arrest scenarios in situ, using
either prefilled, color-coded syringes (intervention) or conventional drug administration methods
(control). The ED resuscitation room and the intravenous medication port were video recorded
during the simulations. Data were extracted from video review by blinded, independent reviewers.
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Results—Median time to delivery of all doses for the conventional and color-coded delivery
groups was 47 seconds (95% confidence interval [C1] 40 to 53 seconds) and 19 seconds (95% CI
18 to 20 seconds), respectively (difference=27 seconds; 95% CI 21 to 33 seconds). With the
conventional method, 118 doses were administered, with 20 critical dosing errors (17%); with the
color-coded method, 123 doses were administered, with O critical dosing errors (difference=17%;
95% CI 4% to 30%).

Conclusion—A novel color-coded, prefilled syringe decreased time to medication
administration and significantly reduced critical dosing errors by emergency physician and nurse
teams during simulated pediatric ED resuscitations.

Introduction

Medication errors are committed by health care providers in virtually all health care
settings.18 Increased emphasis has been placed on reducing medical errors, particularly drug
dosing errors.? One of the highest risks for medication error exists during pediatric
emergencies, with general emergency departments (EDs) being a particularly high-risk
setting.8 Pediatric resuscitations are high-stress, high-stakes situations prone to medical
errors.10 With limited information, clinicians must make rapid decisions on patient
management. Multiple medications are often ordered and need to be delivered quickly and
accurately to optimize a child's resuscitation.

The color-coded Broselow Pediatric Emergency Tape (Vital Signs, Inc., Totowa, NJ) was
developed to standardize drug dosing according to a length-based estimate of a child's
weight. It is one of the most reliable and commonly used tools for pediatric
resuscitations.11-14 Unfortunately, this approach does not eliminate dosing errors because
clinicians must still calculate the volumes of medications from ampoules to deliver the
correct patient dose. Moreover, translation of medications from the Broselow Tape has been
evaluated in a limited fashion.1> To our knowledge, until now no one has attempted to
develop color-coded, prefilled syringes to be used in conjunction with the Broselow Tape for
timely and accurate drug delivery.

The objective of this study was to compare novel, prefilled medication syringes labeled with
color-coded volumes corresponding to the weight-based dosing of the Broselow Tape to
conventional methods of drug administration in simulated pediatric ED resuscitation
scenarios. We hypothesized that time of preparation to administration of drugs would be
shorter and the proportion of dosing errors would be lower when color-coded syringes were
used compared with conventional medication preparations.

Materials and Methods

Study Design

We performed a prospective, block-randomized, crossover study with data collected during 2
standardized, simulated, pediatric arrest scenarios on May 17, 2011, and repeated 4 to 16
weeks later (June 16, 2011, July 28, 2011, or September 14, 2011) (Figure E1, available
online at http://www.annemergmed.com). Randomization was performed by one investigator
(ADS) using a coin. On the first day, emergency physician and nurse participants were
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paired and randomized to begin with one of 2 simulation scenarios: an 8-year-old patient,
using the conventional vial/syringe system for drug delivery; or an 8-month-old patient,
using the color-coded, prefilled system for drug delivery. After completion of the first
scenario, they completed the second scenario with the alternative methodology, performing
the crossover on the same day. After an extended washout period of 4 to 16 weeks, teams
completed the same scenarios, using both medication delivery methods but in the opposite
order.

Study subjects were blinded to the purpose of the study during recruitment to minimize
preparation bias; subjects were, however, unblinded to the study objectives during consent
and when introduced to the color-coded syringe just before the simulations. The study was
approved by the Colorado Multiple Institutional Review Board, and written informed
consent was obtained from all participants before their involvement.

This study was performed at Denver Health Medical Center in Denver, CO. The center is an
urban Level | adult and Level Il pediatric trauma center with an annual pediatric ED census
of approximately 28,000 visits, and is staffed by board-certified emergency physicians,
pediatric emergency physicians, and pediatricians.

Selection of Participants

Study participants were recruited from practicing attending emergency physicians and ED
nurses in Denver, CO, and included both community-based and academic emergency
physicians. All physicians and nurses were required to have completed formal pediatric
resuscitation certification (eg, pediatric advanced life support or advanced pediatric life
support) and to actively practice in a pediatric emergency care environment. An e-mail
describing the general nature of the study but without specific details to ensure blinding was
sent to emergency physicians from several acute-care hospitals in the Denver metropolitan
region and to ED nursing staff at Denver Health Medical Center. a convenience sample was
used, participation was completely voluntary, and subjects were compensated $100 for their
participation.

We created a critical care environment by conducting simulations in situ or in actual
pediatric resuscitation rooms in the Denver Emergency Center for Children, the pediatric ED
at Denver Health Medical Center. Consistent with standard emergency medicine practice, we
created clinical care teams consisting of an attending emergency physician, a registered
nurse, and a health care technician. Physicians and nurses worked together to perform
resuscitations, whereas health care technicians were available to assist with resuscitation by
performing chest compressions and bag-valve-mask at the direction of the physician. In
accordance with actual clinical practice, teams were not stipulated by study investigators and
were not kept the same across scenarios.

Two pediatric critical care scenarios were developed to include advanced airway
management and hemodynamic life support efforts, and face validity for each was assessed
by a panel of experts in emergency medicine and pediatric emergency medicine and based
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on national American Heart Association guidelines. Each scenario was piloted and refined
before implementation (Appendix E1, available online at http://www.annemergmed.com).

We used the BabySIM and PediaSIM simulation manikins and 2 digital audio and video
recorders, one mounted directly above the manikin and focused on the intravenous port (215
PTZ with 12x optical, 4x digital zoom [Axis Communications, Lund, Sweden]) and another
mounted in the resuscitation room's corner (212 PTZ with 3x zoom [Axis Communications])
to capture all activity of the scenario. We used METIVision (CAE Healthcare, Saint-Laurent,
Quebec, Canada), a fully integrated, digital audio/visual management system to capture and
store simulation data.

Before beginning the simulation, each group of participants was instructed to manage the
scenario and treat with medication choices as they would in normal practice, using the
Broselow Tape for determining drug dosages. Medications anticipated for use during
resuscitation were developed as Broselow, color-coded syringes (Figure 1). Participants were
instructed to verbalize their thought processes and medication orders during each scenario,
and before each scenario, they received a 3-minute training (ie, prerecorded standardized
video instruction and hands-on use) of the color-coded syringe method. Specific training was
not performed before the conventional medication administration scenarios to simulate
standard practice. After initial instructions, a scenario moderator read details of the case
presentation to the study subjects before entering the resuscitation room.

Nurses were provided with a medication kit assembled by an ED pharmacist. Standard Kits
contained 10-mL vials of induction and paralytic agents, as well as multiple commercially
available medications, including epinephrine and atropine. Intervention kits contained the
same medications through preloaded color-coded syringes. On the first day, each team was
randomly assigned by coin toss to a scenario involving a simulated patient aged 8 years,
using a standard medication kit or a scenario involving a simulated patient aged 8 months,
and using color-coded prefilled medication syringes in place of the standard ampoules. Each
team then participated in the other scenario after a 10-minute intermission. During the
simulation, scenario moderators made written notations of used medication vials and
syringes where accessible and without interfering with the dynamics of the simulation.

At the completion of both scenarios, physicians and nurses individually completed a closed-
response survey. The survey collected data on demographics, perceived difficulty of
scenarios, and perceived ease and accuracy of use of the prefilled syringes compared with
the conventional methods (Appendix E2, available online at http://www.annemergmed.com).
Participants then returned between 4 and 16 weeks later and repeated the scenarios in
reverse order, using the opposite medication delivery system for each scenario, and after
participation completed an identical survey. Again, participants received the identical 3-
minute training for the color-coded, prefilled syringe system before entering the scenario
using that method.

Methods of Measurement

Video recordings were used to capture and verify medication choice, dose delivered, and
elapsed time of medication preparation to delivery. Video review was conducted by 8
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research assistants blinded to the purpose of the study. Research assistants were divided into
4, 2-person groups. Each pair was assigned a set of videos to independently evaluate and
abstract either dose or timing data, for either the control system or the color-coded syringe
system. Individuals in each group were trained by a study investigator to apply a
standardized approach to reviewing the videos to maximize valid and reliable data
collection. Groups were trained separately and blinded to the comparative medication
delivery system being evaluated. a study investigator served to adjudicate all disagreements.

Outcome Measures

The outcomes were elapsed time (seconds) from initiation of medication preparation to
completed administration and “dosing errors” and “critical dosing errors” based on doses
published on the Broselow Tape (see definitions of errors below). To minimize the effect of
differences in how scenarios were managed between subjects, pauses for assessments,
spontaneous questions to the simulation moderator, or inactivity between rounds of
medications was not included in elapsed times.

Data Collection and Processing and Primary Data Analysis

Data were manually collected by trained research assistants and entered into an electronic
spreadsheet (Microsoft Excel 2010; Microsoft, Redmond, WA) by a study investigator. Data
were then transferred into native SAS format (dfPower DBMS Copy; DataFlux Corporation,
Cary, NC) and analyses were performed with SAS (SAS Enterprise Guide 4.3; version 9.3;
SAS Institute, Inc., Cary, NC) or Stata (version 12; StataCorp, College Station, TX).

Medians with interquartile ranges (IQRs) were calculated for all continuous data and
percentages with 95% confidence intervals (Cls) for all categorical data. Consistent with
institutional policy and previously used standards, doses deviating more or less than 10%
from the published Broselow Tape dose were considered dosing errors.8:16 Because the
Broselow Tape dose is indicated for a range of weights within each color zone, a noncritical
dosing error range was calculated by applying the milligram per kilogram dose (based on the
median weight and the published medication dose for each Broselow Tape color zone) to the
lightest and heaviest weights inclusive to that zone. For example, the published epinephrine
dose for a child in the “red zone, 8 to 9 kg™ is 0.085 mg, with the median weight of 8.5 kg
producing a dose of 0.01 mg/kg. The weights inclusive of the red zone were considered to be
7.51 to 9.49 kg, thus indicating an acceptable range of doses to be from 0.0751 mg to 0.0949
mg (Appendix E3, available online at http://www.annemergmed.com). Applying a 10%
deviation criterion to that range, doses administered at less than 90% of the minimum
correct dose or greater than 110% of the maximum correct dose were designated as critical
dosing errors. Alternatively, doses administered outside the correct dosing range but less
than or equal to 10% were designated as simply dosing errors. For example, epinephrine
doses less than 0.0676 mg (ie, <90% of 0.0751 mg) or greater than 0.104 mg (ie, >110% of
0.0949 mg) were designated critical dosing errors; alternatively, doses from 0.0676 to
0.0751 mg or 0.0949 to 0.104 mg were designated as dosing errors for a child in the red
zone.
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Nonparametric point estimates and 95% Cls were estimated with the centile and cendif
functions in Stata for paired and independent comparisons, respectively. The calculation of
median differences with these methods may differ slightly from the value obtained from
simple subtraction of group medians. No adjustments were made for multiple comparisons,
but variance estimates were adjusted for clustering at the level of the physician/nurse team.
Unless stated otherwise, the unit of analysis was medication dose.

With medication dose as the unit of analysis, we used a 2-sided « of .05, accounted for
clustering effects at the levels of the team and scenario, and incorporated an adjustment for
non-normality for the distributions of data when determining the number of required
participants. Ultimately, we estimated requiring 10 participants, 40 simulated scenarios, and
approximately 120 medication doses administered to obtain a power of 95% to identify a
mean difference of 15 seconds (SD 10 seconds) in administration time between standard and
prefilled, color-coded syringe methods (PASS, version 11; NCSS, Kaysville, UT). Although
no published data support a clinically meaningful minimum difference in administration of
resuscitation medications, we believed a difference of 15 seconds would be clinically
meaningful.

Eleven physicians and 10 nurses participated in the study (Table 1). Because of scheduling
conflicts among day 1 participants, 3 dates were needed to complete day 2 simulations and
only 2 of the 10 nurses were able to be paired with the same emergency physician as on day
1. All physicians were board certified by the American Board of Emergency Medicine and
all nurses were licensed and certified to practice in a pediatric ED; all participants had
previously completed and had active pediatric advanced life support certification as part of
the requirement of their employment.

During the scenarios, 256 doses of medication were administered, 129 (50%) using the
conventional delivery method and 127 (50%) using the color-coded delivery method. Fifteen
total doses were excluded because they were either drawn up and never administered or did
not have matching color-coded syringes (calcium and bicarbonate), or because the view of
the intravenous port was obscured during review. As a result, 118 doses with the
conventional delivery method and 123 doses with the color-coded delivery method were
included in the analyses (Figure 2).

Time from preparation to delivery of all doses was significantly shorter with the color-coded
delivery method. Time from preparation to delivery of the first dose of epinephrine or
atropine was also significantly shorter with the color-coded delivery method. Finally, time
from preparation to delivery of rapid sequence intubation medications was significantly
shorter with the color-coded delivery method (Table 2 and Figure 3).

Using the conventional delivery method, 9 of the 10 teams (90%) made at least 1 dosing
error and 7 (70%) made 1 or more critical dosing errors. Of the 118 doses administered, 31
(26%; 95% CI 19% to 35%) were dosing errors, with 20 (17%; 95% CI 7% to 16%)
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classified as critical dosing errors (17 critical overdoses and 3 critical underdoses) (Table 3
and Figures 4A and 5A).

Using the color-coded method, 4 of the 10 teams (40%) made at least 1 dosing error and O
made a critical dosing error. Of the 123 doses administered, 5 (4%; 95% CI 1% to 9%) were
classified as dosing errors and 0 (95% CI 0% to 3%) as critical dosing errors (Table 3 and
Figures 4B and 5B).

Participants rated the difficulty of each scenario similarly. On a 5-point Likert scale in which
1 defined “very difficult” and 5 defined “very easy,” the median values for the 8-year-old
patient scenario were 4 (IQR 4 to 4) for color-coded and 3 (IQR 2 to 4) for conventional
syringe methods. For the 8-month-old patient scenario, the median values were 3 (IQR 2 to
4) for the color-coded and 4 (IQR 4 to 5) for the conventional syringe methods. Median
estimates of training adequacy of the Broselow Tape system was 3 (IQR 3 to 3), color-coded
syringe was 3.5 (IQR 3 to 4), and standard syringe was 4 (IQR 3.5 to 4), where 1 represented
“poor, | need more training” and 4 represented “confident, | understand it completely.”
Comparing ease of use between the color-coded and standard syringe systems resulted in
median ratings of 5 (IQR 5 to 5) and 4 (IQR 2 to 3) (/<.001), respectively. Of the 21
participants, 20 (95%) indicated that the prefilled, color-coded syringe would increase their
confidence in accurately choosing a dose for a pediatric patient and would be a safer
alternative to dose calculation compared with standard syringe methods.

Limitations

Prefilled syringes have been shown to decrease dosing error and time to medication
administration.1” To our knowledge, prefilled, color-coded Broselow Tape syringes specific
for individual medications are not yet commercially manufactured and prepared in
standardized pediatric volumes and have not been evaluated in actual pediatric
resuscitations. Results of this simulation study may therefore not translate to actual clinical
practice, and although we believe the results are compelling, future pragmatic comparative
effectiveness trials may be warranted. Additionally, we assumed that the doses of the
medications studied were valid, and such dosing errors, as described, may in fact not
negatively affect patient outcomes, although this was not a goal of our study.

Our prefilled syringes were created from the same commercially available syringe sizes used
in the standard method, but with Broselow color-coded volumes calibrated and applied by
the investigators. The syringe volume per unit length was not optimal for small divisions in
the purple and red color zones. The markings differed only by 1/8 to 3/32 inch, and thus
delineations may have been difficult to use in a high-stress environment. Although errors
were rare with the color-coded syringe, future manufacturing of longer, narrower lumen
syringes in 3- and 5-mL volumes with perfected color shadings would provide improved
visually distinctive differences.

The study cohort included actively practicing and experienced emergency physicians and
nurses, using the same general conventional medication delivery system used in their clinical
practices. Thus, satisfactory training and familiarity with the conventional method was
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presumed. Because only a brief training on the color-coded syringe system was provided just
before a scenario was begun, it is possible the proximity of the training to its use within the
scenario biased timing results toward improved performance with use of the color-coded
syringe system. It was necessary to provide subjects with a minimum level of familiarity
with the color-coded syringe system so that they could use it properly. However, the training
was considered minimal (total length of the video training was approximately 3 minutes)
and would approximate the level of familiarity needed to use the conventional medication
delivery system.

This study was performed in 1 setting but with physicians from several EDs and therefore
may not generalize to other settings, physicians, or practices. We believe, however, that
standardization of medication syringes will inherently reduce time to medication
administration and dosing errors regardless of the setting. Misclassification bias may have
been introduced during data extraction from video clips; to minimize such bias, research
assistants were trained and worked independently, and a study investigator served to
adjudicate any discrepancies or disagreements at data entry.

Discussion

This study, conducted in an ED setting, showed that use of a novel, prefilled, color-coded
medication delivery system reduced time required to prepare and administer medications,
reduced overall dosing errors, and eliminated critical dosing errors during simulated
pediatric resuscitations. The prefilled, color-coded syringe system improves the medication
delivery process by eliminating calculation as part of the complex cognitive process while
using preparations that contain pediatric-specific volumes and color designations for
identifying correct medication volumes. To our knowledge, this is the first study to
demonstrate the effectiveness of this type of medication administration system by
emergency physician and nurse teams, and the results are consistent with those from
previous studies demonstrating relatively high dosing errors with conventional drug
administration systems*- and a study in which paramedics reduced time to administration
and dosing errors by using the same color-coded delivery system.18 This provides further
evidence for the development of a comparable Broselow Tape-based syringe system for use
by emergency care personnel during pediatric resuscitations.

Several factors contribute to dosing errors during resuscitation, including simultaneous
actions and multiple sequential cognitive steps beginning from the time of deciding to
administer a medication to its actual administration.1® These steps include accurate
estimation of weight, calculation of weight-based doses, and conversion of the doses in
milligrams to milliliters before actual administration. Although the former 2 steps may be
facilitated by use of a Broselow Tape,10-20 significant dosing error may still occur during the
latter step, in which manual cognitive actions are currently required.2! Furthermore,
clinicians occasionally have to choose from more than 1 concentration of the same
medication (eg, epinephrine, dextrose), further complicating the process. As such, use of
standardized, prefilled syringes may significantly mitigate dosing errors during
resuscitations.
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Medication dosing errors are also more likely to occur during the care of the acutely ill or
injured patient.8:22 Resuscitations in pediatrics are uncommon, and despite pediatric-specific
guidelines, pediatric cardiac arrests have poor outcomes.23 It is thought that during pediatric
resuscitations, there is increased “cognitive load” or increased intellectual burden on
providers running the resuscitation.24 Activities can be divided into nonautomatic actions
and automatic actions. Automatic actions are those that are performed without conscious
thought, whereas nonautomatic actions require conscious intellectual input, including
performing drug dosing calculations. These nonautomatic activities can lead to delay in
implementation time and increase the potential for error.21 ParkZ® noted that there was a 3%
error rate in calculations done by individuals. When those calculations were reviewed by a
second person, the error rate increased to 10%. In situations of stress, the error rate increased
to approximately 25%.

Because calculations increase cognitive load and can lead to delay in care and errors,
diminishing the need for calculations during resuscitations could have an effect on the care
of the pediatric patient. By reducing the need for calculations, the color-coded syringe
correlated to the Broselow Tape reduced time to delivery of medication and medication
dosing errors. By removing calculations from the duties performed, we have reduced
cognitive load and allowed the nurse and physician to divert their attention to other aspects
of the resuscitation. Though it is unclear whether decreasing time to medication delivery will
ultimately affect resuscitation outcomes, we assume that quicker and more accurate dosing
will optimize outcomes.28

In summary, novel color-coded prefilled syringes decrease time to medication administration
and significantly reduce critical dosing errors by emergency physician and nurse teams
during simulated pediatric ED resuscitations. Implementing systems that eliminate
calculations during ED management of pediatric emergencies may reduce potentially
harmful mistakes, therefore contributing to improved patient outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Color-coded, prefilled syringes.
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Figure2.
Medication doses administered, stratified by study arm and outcomes.
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Figure 3.

Time to preparation of rapid sequence intubation (RSI) medications, standard syringes
versus color-coded syringes.
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A, Dosing errors by team, using conventional syringes (N=118 total doses). B, Dosing errors

by team, using color-coded, prefilled syringes (N=123 total doses).
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A, Percentage error of incorrect doses (N=31) by team, using the conventional syringe
method. The horizontal shaded area represents correct dose range. B, Percentage error of
incorrect doses (N=5) by team, using the color-coded syringe method. The horizontal shaded
area represents correct dose range.
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Demographics of participants (N=21).

Variable N %
Median age, IQR, y 39 34-43
Male sex 12 57
Number of yearsin medicine

0-5 2 10
6-10 4 19
11-15 5 24
16-20 8 38
>20 2 10
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