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Medication errors are a major cause of preventable
patient harm.1–7 Generic practices to prevent
these errors include pharmacy centralization,8,9

specialization of practitioners,10,11 standardization of drug
concentrations9 and reduction of fatigue of health care
workers.12,13 These practices have been legislated and ap-
plied based on empirical ideas in the absence of high-grade
evidence.9

Current pharmaceutical regulations require that intra-
venously delivered medications be within 10% of the stated
concentration.14 More stringent requirements are in place in
some jurisdictions.15 Direct assessment of intravenous drug
infusions received by patients has suggested that up to 65%
of infusions have unacceptable concentrations by industry
standards despite routine safety practises.16–23 We performed
a systematic evaluation of the preparation process for intra-
venous infusions to identify factors associated with prevent-
able medication errors.

Methods

Study design
We performed a direct observational study in a structured,
nonclinical environment. We included qualified health care
professionals (physicians, registered nurses, pharmacists and
pharmacy technicians) who would be involved in the prepara-
tion of intravenous drug infusions. Participants were re-
cruited from March 2003 to February 2004 by informal con-
tact and self-identification to the study team. After
completing a survey to describe their individual characteristics,
participants were asked to perform 10 drug-volume calcula-
tions;24 to round 10 numbers to match specified syringe gradu-
ations; to draw 5 volumes of water into each of 1-mL, 3-mL and
60-mL syringes; and to prepare 4 infusions of morphine sulfate
at the following concentrations: 0.6 (2 infusions), 2.4 and
7.3 mg/50 mL. The 2 infusions of 0.6 mg/50 mL were pre-
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Systematic evaluation of errors occurring during the
preparation of intravenous medication

Introduction: Errors in the concentration of intravenous
medications are not uncommon. We evaluated steps in the 
infusion-preparation process to identify factors associated
with preventable medication errors.

Methods: We included 118 health care professionals who would
be involved in the preparation of intravenous medication infu-
sions as part of their regular clinical activities. Participants per-
formed 5 infusion-preparation tasks (drug-volume calculation,
rounding, volume measurement, dose-volume calculation, mix-
ing) and prepared 4 morphine infusions to specified concentra-
tions. The primary outcome was the occurrence of error (devia-
tion of > 5% for volume measurement and > 10% for other
measures). The secondary outcome was the magnitude of error.

Results: Participants performed 1180 drug-volume calcula-
tions, 1180 rounding calculations and made 1767 syringe-vol-
ume measurements, and they prepared 464 morphine infu-
sions. We detected errors in 58 (4.9%, 95% confidence interval
[CI] 3.7% to 6.2%) drug-volume calculations, 30 (2.5%, 95% CI
1.6% to 3.4%) rounding calculations and 29 (1.6%, 95% CI 1.1%
to 2.2%) volume measurements. We found 7 errors (1.6%, 95%
CI 0.4% to 2.7%) in drug mixing. Of the 464 infusion prepara-
tions, 161 (34.7%, 95% CI 30.4% to 39%) contained concentra-
tion errors. Calculator use was associated with fewer errors in
dose-volume calculations (4% v. 10%, p = 0.001). Four factors
were positively associated with the occurence of a concentration
error: fewer infusions prepared in the previous week (p =
0.007), increased number of years of professional experience
(p = 0.01), the use of the more concentrated stock solution (p <
0.001) and the preparation of smaller dose volumes (p < 0.001).
Larger magnitude errors were associated with fewer hours of
sleep in the previous 24 hours (p = 0.02), the use of more con-
centrated solutions (p < 0.001) and preparation of  smaller infu-
sion doses (p < 0.001).

Interpretation: Our data suggest that the reduction of
provider fatigue and production of pediatric-strength solutions
or industry-prepared infusions may reduce medication errors.
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pared from different commercially available stock solutions
(2 mg/ml, 10 mg/mL). Both of the other morphine infusions
were prepared from a 10-mg/mL stock solution. Calculators
were readily available to participants, and we document calcu-
lator use for each calculation. After preparing the infusions,
participants were asked to rate the accuracy of solutions they
had prepared.

A registered nurse administered the survey to the partici-
pants and read the instructions aloud for the infusion-
preparation tasks and for preparation of the morphine infu-
sions. A second observer ensured that the instructions were
read clearly and correctly to the participant, and this observer
independently verified the measurements. Differences were
resolved by consensus. Water was weighed with an accurate
balance that was calibrated monthly. The study environment
temperature was 20°C–22°C. Correction for the density of 
water was not performed. We collected 2 samples (1 mL each)
from the first and last 5 mL of each prepared morphine infu-
sion, and the samples were stored at –20°C in glass vials.
Morphine is stable under these conditions.25–27

We measured the concentrations of the prepared mor-
phine infusions using a high-performance liquid chro-
matography assay.28 A 6-point standard curve was con-
structed over the interval 0–0.5 mg/mL. During the course of
the study, 3 separate batches were processed (r2 ≥ 0.9998,
p < 0.001). We adjusted for differences in molecular weights
of morphine sulfate used to calculate the standard curve in
the laboratory and the pentahydrate form used in the com-
mercial preparations.17

To support the analysis of 10 variables and the subgroup
analyses, we chose a sample size of 120 participants.29 The
study was approved by the research ethics board at The Hospi-
tal for Sick Children. All participants provided written consent.

Outcomes
The primary outcome was the occurrence of errors. An error
was considered to have occurred if a participant’s response or
prepared morphine infusion was outside industry stan-
dards.14,30,31 For measures with no industry standard, we used
accepted standards for intravenous medications (within 10%
of the expected concentration). Thus, we defined errors for
drug calculations, rounding, mixing and infusion concentra-
tions as a deviation of 10% or greater from the expected
value.14 We defined volumetric error as a deviation of 5% or
greater from the expected volume.30,31 Secondary outcomes
were the number and magnitude of errors.

Data analysis
We entered the data in duplicate into a Microsoft Access
2000 database. Percentage error was calculated as follows:
percentage error = (measured concentration – ideal concen-
tration) × 100/(ideal concentration).17 Percentage error intro-
duced during the mixing phase of preparation was deter-
mined as follows: percentage error = (measured
concentration in the first 5 mL of the syringe – measured
concentration in the last 5 mL of the syringe) × 100/(mean
concentration in syringe). This modification removed the ef-
fect of any errors in the total amount of drug in the syringe;

thus, we could independently assess errors introduced by
mixing. In both formulas, a positive percentage error indi-
cated measurements or responses that were greater than ex-
pected, and a negative percentage error indicated measure-
ments or responses that were less than expected.

We classified prepared morphine infusions as having 
2-fold errors if the concentration was more than double or
less than half the expected concentration. The magnitude of
error was represented categorically by the number of 2-fold
errors.  Log-transformation of these data was used to counter
the skewed distribution that resulted from the use of percent-
age error as a continuous measure.

We used the χ2 test to compare individual characteristics
(profession, years of experience, number of infusions pre-
pared in the previous week, number of hours of sleep in the
previous 24 hours) with the rate of errors. We calculated a
correlation matrix of the number of errors made by partici-
pants for each infusion-preparation task.

We used analysis of variance to assess the relation be-
tween professional background and magnitude of error in
infusion-preparation tasks. We used multiple regression
analyses to evaluate the frequency and magnitude of errors in
the prepared morphine infusions. First, we used linear re-
gression analysis to analyze the number of infusions with er-
rors. Second, we used repeated-measures regression analysis
to compare the number of errors and error magnitude (ab-
solute log-transformed error) with 10 explanatory variables
(medication dose, stock-solution concentration, drug-
volume calcuation, rounding, volume measurment, mixing,
fatigue, recent infusion preparation experience, professional
background and years of professional experience) (Figure 1).
In all regression analyses, the explanatory variables were rep-
resented as continuous values (except professional back-
ground). The least significant variable was eliminated in a
backward stepwise process, until only variables significant at
the 0.05 level remained.

Results

A total of 118 people agreed to participate. The largest propor-
tion of participants were registered nurses (Table 1). Most
participants had prepared 1 or more infusions in the previous
week. In total, participants performed 1180 drug-volume cal-
culations and 1180 rounding calculations. Participants also
made 1767 syringe-volume measurements and prepared 464
morphine infusions. For 13 infusion preparations, 1 of the 2
mixing samples was damaged during storage; thus, mixing
error was assessed for 451 (97.2%) of the infusions.

Accuracy of infusion-preparation tasks
We found errors in 58 (4.9%, 95% confidence interval [CI]
3.7% to 6.2%) drug-volume calculations, 30 (2.5%, 95% CI
1.6% to 3.4%) rounding calculations and 29 (1.6%, 95% CI
1.1% to 2.2%) volume measurements. We found 7 errors
(1.6%, 95% CI 0.4% to 2.7%) in the mixing of prepared infu-
sions. Participants who had more than 10 years of profes-
sional experience were more likely than those with less expe-
rience to make 1 or more errors in rounding calculations
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(p = 0.003). There was no other significant relation between
errors and professional characteristics for any of the 
infusion-preparation tasks. The number of errors made by
each participant in each infusion-preparation task was not
associated with the number of errors he or she made in any
other task (r = –0.09 to 0.12, all p > 0.30). The magnitude of
errors was not associated with professional characteristics
(Table 2).

Of the 58 errors in drug-volume calculations, 41 (3.5%)
were 2-fold or greater, and 14 (1.2%) were 10-fold errors (ei-
ther 10 times greater or 10 times less than the correct an-
swer). Participants used calculators for 973 (82.5%) of the
calculations. Calculator use was associated with fewer calcu-
lation errors (3.8% v. 10.1%, p < 0.001). The reduction in 
2-fold errors with calculator use was not significant (3.1% v.
5.3%, p = 0.11).

Infusion preparation 

Medication order 
The dose and diluent volumes ordered  

by the prescriber are identified 

Stock solution 
The vial concentration is chosen from available 

strengths produced by the manufacturer

Dose-volume calculation 
The exact volume of stock solution from 

the chosen vial concentration is calculated

Rounding 
The exact volume calculated is rounded 

to the nearest syringe graduation

Drug volume 
The desired volume of stock solution is drawn 

up into the syringe

Diluent volume 
The desired volume of diluent solution is 

drawn up into the syringe

Mixing 
The diluent and stock solution are mixed into 

the final form for administration

Prepared infusion

Participants were asked to prepare 4 
morphine infusions in the following 

concentrations: 
0.6, 2.4, 7.3 and 0.6 mg/50 mL 

Study measurements 

2 solutions were provided: 
• 10 mg/mL for the first 3 infusions 
• 2 mg/mL for the fourth infusion 

Participants were asked to perform  
10 drug-volume calculations 

Participants were asked to round  
10 numbers to match specified 

syringe graduations 

Participants were asked to draw  
5 volumes of water into  

each of 1-mL and 3-mL syringes 

Participants were asked to draw  
5 volumes of water into  

60-mL syringes 

To determine mixing errors, morphine 
concentrations in the first and last 5 mL of 

each 50-mL infusion were measured 

Evaluation 
of errors*

Figure 1: Steps involved in infusion preparation and corresponding tasks required of participants The first 2 steps (medication order
and vial concentration) were predetermined as part of the study design. Errors were evaluated in the 5 other tasks. *An error was identi-
fied if the result of the task or the concentration of the prepared infusion deviated by 10% or more from the expected value; a volumet-
ric error was defined as a deviation of 5% or more from the expected volume; in addition, absolute log-transformed errors were calcu-
lated from the worst concentration measured versus the ideal (ordered) concentration. 
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Accuracy of prepared morphine infusions
Overall, 161 (34.7%, 95% CI 30.4% to 39.0%) of the mor-
phine infusions had errors. The median percentage error of
the 464 prepared infusions was 4.7% (min to max, –89% to
1003%). There was a greater number of errors among the
morphine infusions prepared to a final concentration of
0.6 mg/50 mL from the 10-mg/mL stock solution than among
those prepared from 2-mg/mL stock solution (p < 0.001)
(Table 3). Participants estimated an error rate of 0%–30% for
the infusions they had prepared (mean 9%, n = 114). The self-
estimated error was rate was 36% lower than the mean error
rate for the 4 infusions prepared by each subject (p < 0.001).

Factors associated with infusion errors 
The number of morphine infusions prepared by each partici-
pant that had a concentration error of 10% or greater was posi-
tively associated with 3 factors: fewer infusions prepared in the
previous week (p = 0.06), increased number of years of profes-
sional experience (p = 0.04) and profession (p = 0.02) (Table
2). This model explained 14% of the observed variation in the
number of errors produced by each participant (r2 = 0.14).

Repeated-measures analysis of individual infusions iden-
tified 4 factors positively associated with the occurrence of a
concentration error: fewer infusions prepared in the previ-
ous week (p = 0.007), increased number of years of profes-
sional experience (p = 0.01), use of the more concentrated
stock solution (p < 0.001) and preparation of smaller dose
volumes (p < 0.001). There was no significant interaction be-
tween variables.

In terms of the magnitude of errors, larger errors in indi-
vidual infusions were associated with sleeping fewer hours in

the 24 hours before the study (p = 0.02), use of the more con-
centrated stock solution (p < 0.001) and preparation of
smaller dose volumes (p < 0.001).

Interpretation

We performed a direct-observation study of the accuracy of
intravenous infusions prepared by health care profession-
als. We evaluated participants’ completion of 5 infusion-
preparation tasks and, using an objective laboratory-based
assessment, the accuracy of prepared morphine infusions.
We found errors in 1.5%–4.9% of the infusion-preparation
tasks and in 34.7% of the prepared infusions. The fre-
quency of errors detected in our study was half that found
using a concealed design,17,18 similar to that found in
methotrexate infusions administered to children with
leukemia32 and 5-times greater than the frequency of 
medication-order errors.2

We found that the errors of the greatest magnitude were
made when the morphine infusions were prepared from
small volumes of stock solutions. Smaller volumes may be
used to prepare solutions from concentrated solutions or to
prepare small doses (e.g., for children). This suggests that
small children and neonates may be at greater risk than
larger patients for these preparation-associated errors. A
post-hoc analysis of volume-measurement errors from solu-
tions prepared using 1-mL syringes confirmed that smaller
volumes were associated with larger errors (p = 0.008). How-
ever, these volume-measurement errors were small (1%–2%)
compared with the magnitude of errors we observed in pre-
pared infusions.

Table 1: Self-reported professional characteristics of 118 health care professionals who completed 5 infusion-preparation tasks and 
prepared morphine infusions 

Profession; no. (%) of participants* 

Characteristic 
Anesthesia 

n = 20 
Pharmacy† 

n = 17 
Nursing 
n = 81 

Overall 
n = 118 p value‡ 

Years of professional 
experience§ 

    
0.12 

< 5 3 (15) 7 (41) 29 (36) 39 (33)  

5–10 12 (60) 5 (29) 24 (30) 41 (35)  

> 10 5 (25) 5 (29) 28 (35) 38 (32)  

Infusions prepared in the 
previous week¶ 

     
< 0.001 

0 5 (25) 7 (41) 15 (19) 27 (23)  

1–5 10 (50) 1   (6) 39 (48) 50 (42)  

6–10 4 (20) 0   (0) 19 (23) 23 (19)  

> 10 1   (5) 9 (53) 8   (9) 18 (15)  

Sleep in previous 24 hours, 
mean, h (SD) 6.75 (1.1) 6.32 (1.3) 7.18 (2.4) 6.98 (2.08) 0.27 

Note: SD = standard deviation. 
*Unless stated otherwise. 
†Pharmacy staff included 4 pharmacists and 13 pharmacy technicians.  
‡Overall comparison between anesthesia, pharmacy and nursing. 
§Number of years of clinical experience since graduation. 
¶Does not include infusions prepared for rapid (“push”) administration. 
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Our findings challenge the dogma that expertise is syn-
onymous with seniority, and they highlight the distinction
between recent practice and cumulative experience. We found
a greater magnitude of errors in the infusions prepared by
participants who reported sleeping fewer hours in the 24
hours before the study, which is consistent with observations
of fatigue-associated reductions in performance.33

Medication-safety practices may be improved by the follow-

ing individual, regulatory and institutional changes. First, the
use of electronic calculators by front-line staff is likely to reduce
calculation errors. However, this may not significantly reduce
preparation errors. Second, the use of dilute stock solutions in
the preparation of infusions may improve quality. Third, there
may be practical and cost advantages to the centralized prep-
aration of medications.34–36 Although our data suggest that this
strategy may reduce the number of errors, it would not signifi-

Table 2: Relation between professional characteristics and errors in completing infusion-preparation tasks and preparing morphine 
infusions among study participants who made at least 1 error 

Error*; no. (%) of participants who made at least 1 error 

Characteristic n 
Drug-volume 
calculation† Rounding† Volumetric† Mixing‡ 

Infusion 
concentration‡ 

Profession       

Anesthesia 20 9 (45) 2 (10) 3 (15) 2 (11) 19 (100) 

Pharmacy 17 6 (35) 1  (6) 4 (24) 0  (0) 13  (81) 

Nursing 81 31 (38) 15 (19) 13 (16) 5  (6) 60  (76) 

  p = 0.81 p = 0.46 p = 0.70 p = 0.50 p = 0.04 

Years of professional 

experience 

 
     

< 5 39 15 (38) 4 (10) 5 (13) 3  (8) 26  (68) 

6–10 41 11 (27) 2  (5) 9 (22) 1  (3) 35  (90) 

> 10 38 20 (53) 12 (31) 6 (16) 3  (8) 31  (84) 

  p = 0.06 p = 0.003 p = 0.54 p = 0.56 p = 0.05 

Infusions prepared in 

the previous week 

 
     

0 27 10 (37) 1  (4) 7 (26) 1  (4) 24  (96) 

1–5 50 18 (36) 9 (18) 7 (14) 5 (10) 38  (76) 

6–10 23 11 (48) 4 (17) 3 (13) 0  (0) 18  (86) 

> 10 18 7 (39) 4 (22) 3 (17) 1  (4) 12  (67) 

  p = 0.80 p = 0.23 p = 0.57 p = 0.62 p = 0.06 

*Calculation, rounding, mixing and infusion-concentration errors were defined as a deviation of 10% or greater from the expected value. Volumetric errors were 
defined as a deviation of 5% or greater from the expected volume. Errors were assessed based on 10 drug-volume calculations, 10 rounding calculations, 12 syringe-
volumes measurements, 3–4 mixing assessments and 4 morphine-infusion preparations. 
†Results from 118 participants were evaluated for calculation, rounding and volumetric errors. 
‡Samples were available for 114 participants for analysis of errors in mixing and concentration of infusions.  

Table 3: Errors* detected in morphine infusions prepared by 118 health care professionals 

Magnitude of error; no. (%)† of errors 
Required concentration, 
mg/50 mL 

Final volume, 
mL 

Samples 
analyzed, no. ≥ 10 % ≥ 2 fold 

Stock solution, 10 mg/mL   p < 0.001 p < 0.001 

0.6 0.06  116 70 (60) 31 (27) 

2.4 0.24 116 17 (15) 1   (1) 

7.3 0.73 116 38 (32) 1   (1) 

Stock solution, 2 mg/mL      

0.6 mg 0.3 116 36 (31) 3   (3) 

Overall  464 161 (35) 36   (8) 

*Errors were directly measured by use of high-performance liquid chromatography.  
†Percentages calculated across rows. 
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cantly reduce errors of larger magnitude (Table 2). Remote
preparation of medications may not be ideal, because delays in
the availability of medications may result in adverse out-
comes.37 Fourth, methods that reduce or better manage fatigue
may improve technical performance.12,33,38–40 Fifth, the use of
standardized infusion concentrations may reduce errors if the
concentrations selected are matched to appropriately dilute
stock concentrations. Indeed, the Joint Commission for the Ac-
creditation of Health Care Organizations has recommended
the use of standardized infusion concentrations.8 However,
even in the best case, we found errors in 15% of infusions
(Table 3). Finally, the use of pre-filled syringes41 or ready-mixed
infusions prepared to industry standards22,42 would improve
the accuracy of medication dosing and may better serve the
therapeutic needs of children.43 However, this may result in a
new set of errors related to the use of infusion rates to deter-
mine dosing with fixed concentrations and may complicate
fluid management in critically ill children.

Our study has several limitations. Previous studies that
used concealed direct observation reported that up to 65% of
medication infusions contained errors.17,18 This suggests that
our finding of a 35% error rate is probably a conservative esti-
mate and that our finding may be of limited generalizability
to clinical practice. The participants in our study may not have
been representative of the population of practitioners in other
more general practices. In addition, they may have altered
their performance because they knew they were being ob-
served, because they were in a nonclinical environment, be-
cause there was no second health care professional available
to check their preparation or because of the artificial simplifi-
cation of the preparation process (in order to permit evalua-
tion).44,45 Nevertheless, our data provide an integrated and ob-
jective evaluation of multiple aspects of the medication-
preparation process. Measurable factors explained only 14%
of the variation in the number of morphine infusions with a
concentration error. We may not have measured other impor-
tant variables, or we may have used an inappropriate ana-
lytical model. Our results reflect the greater complexity of the
integrated preparation task versus isolated infusion-
preparation tasks. We did not identify any simple correctable
factors in the current process of infusion preparation that
could prevent preparation-associated errors. We believe that
exploring alternative methods of preparation, specifically al-
ternative concentrations of stock solutions and the use of 
industry-prepared infusions, warrants further clinical and
economic evaluation.

Conclusion

We found that more than one-third of infusions prepared by
health care professionals in our study had concentrations
outside the accepted pharmaceutical standards. The causes of
these errors were multifactorial and included experience, pro-
fessional background and fatigue. The main contributing fac-
tor was the use of the more concentrated stock solution to
prepare smaller (pediatric) doses.

Evaluation of the clinical and economic impact of stock so-
lutions suitable for pediatric patients and industry-prepared

infusions is required. Preparation of medicine at doses appro-
priate for use in children has the potential to reduce prevent-
able errors and to improve clinical care and patient outcomes.
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