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Abstract
Introduction The risk of dose errors is high in paediatric inpatient settings. Computerized provider order entry (CPOE) 
systems with clinical decision support (CDS) may assist in reducing the risk of dosing errors. Although a frequent type of 
medication error, the prevalence of dose errors is not well described. Dosing error rates in hospitals with or without CPOE 
have not been compared.
Objective Our aim was to conduct a systematic review assessing the prevalence and impact of dose errors in paediatric wards 
with and without CPOE and/or CDS.
Methods We systematically searched five databases to identify studies published between January 2000 and December 2017 
that assessed dose error rates by medication chart audit or direct observation.
Results We identified 39 studies, nine of which involved paediatric wards using CPOE with or without CDS. Studies of 
paediatric wards using paper medication charts reported approximately 8–25% of patients experiencing a dose error, and 
approximately 2–6% of medication orders and approximately 3–8% of dose administrations contained a dose error, with 
estimates varying by ward type. The nine studies of paediatric wards using CPOE reported approximately 22% of patients 
experiencing a dose error, and approximately 1–6% of medication orders and approximately 3–8% of dose administrations 
contained a dose error. Few studies provided data for individual wards. The severity and prevalence of harm associated with 
dose errors was rarely assessed and showed inconsistent results.
Conclusions Dose errors occur in approximately 1 in 20 medication orders. Hospitals using CPOE with or without CDS 
had a lower rate of dose errors compared with those using paper charts. However, few pre/post studies have been conducted 
and none reported a significant reduction in dose error rates associated with the introduction of CPOE. Future research 
employing controlled designs is needed to determine the true impact of CPOE on dosing errors among children, and any 
associated patient harm.
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Key Points 

Dose errors are the most common medication error in 
paediatric wards using paper medication charts, experi-
enced by approximately one in eight paediatric inpatients 
and estimated in every 25 orders and 33 administered 
doses. The prevalence of dose errors was highest in 
studies conducted in neonatal intensive care units and 
general wards.

Aggregating results from studies using computerized 
provider order entry systems (CPOE) showed that a dose 
error occurred in every 100 orders assessed. The limited 
number of pre/post studies prevented firm conclusions 
about whether CPOE systems are associated with signifi-
cantly reduced dose error rates.

There is scant evidence assessing the severity of dose 
errors, prevalence of tenfold dosing errors, or the preva-
lence of dose errors in paediatric wards using CPOE.

1 Introduction

Many factors increase the risk of medication errors occur-
ring in paediatric inpatient settings. Specifically, the need 
to calculate medication doses based on an individual child’s 
age, condition and weight carries substantial risk of error 
[1]. Furthermore, medications are often only approved for 
adult use or are only available in adult formulations, with no 
or limited guidance on how to adjust doses for children [2]. 
Dose errors have the potential to cause patient harm and, 
in instances of tenfold overdoses, have even caused death 
[3]. Previous literature reviews of medication errors have 
identified dose errors to be the most frequent type of medi-
cation error [4–8]; however, these reviews do not report the 
frequency of dose errors, a pooled estimate of dose error 
prevalence or the extent of patient harm associated with dose 
errors. This information is required to understand the rela-
tive importance of this type of medication error and hence 
to better target efforts to minimize dose errors.

Literature assessing the rate of dose errors is limited and 
only two systematic reviews of the prevalence of dose errors 
in paediatric inpatient settings have been published [9, 10]. 
These reviews listed individual study results from 15 [9] and 
28 relevant articles [10], reporting dose error rates ranging 
from 0.03 to 10 per 100 patient admissions [9], and 0.03 to 
3.1 per 1000 doses [10]. However, pooled estimates of the 
mean dose error rate across studies, adjusted for study sam-
ple size and setting, were not reported in either review. As 
a result, the rate of dose errors can only be broadly deduced 
from pooled estimates of the rate of all medication errors. 

A recent meta-analysis of all medication error rates among 
paediatric inpatients found a pooled prescription error rate of 
17.5% (95% confidence interval [CI] 10.8–27.0%) of orders 
[5]; however, this estimate combined studies with different 
error identification techniques, definitions of error, hospital 
wards, and hospital settings, and did not provide an esti-
mate of the variance of true effect sizes (a prediction inter-
val). Thus, previous research has not provided an accurate 
estimate of the rate of dose errors in paediatric inpatient 
settings.

The severity of harm associated with dose errors has also 
been largely absent from the studies included in previous 
reviews [11]. The few studies that have made an assessment 
of patient harm have used different tools of unknown valid-
ity and reliability [11]. In addition, few studies assess actual 
harm caused by medication errors and instead provide esti-
mates of potential harm. Thus, the rate and severity of harm 
associated with dose errors is essentially unexplored.

The most recent systematic review of dose errors was 
published over a decade ago. During that time, there have 
been significant advancements in the development and 
implementation of computerized provider order entry 
(CPOE) systems with or without clinical decision support 
(CDS) [12], including systems specifically designed to assist 
with dosing calculations in paediatric settings [13]. System-
atic reviews of the impact of these systems on medication 
errors in paediatric settings included studies with a pre/
post design, and excluded studies of hospitals with existing 
CPOE systems [12, 14, 15]. These reviews could not pro-
vide a statistical summary of the impact of these systems on 
dose errors due to heterogeneity in the study methods used. 
Thus, including all studies that have reported the rates of 
dose errors in hospitals with and without CPOE may provide 
additional evidence about the effect of introducing CPOE.

Our aim was to conduct a comprehensive, contemporary 
systematic review of studies assessing medication dose 
errors among paediatric patients in hospital wards with and 
without CPOE and/or CDS to answer the following ques-
tions. (1) What is the rate of dose errors in paediatric hospi-
tal wards? (2) What proportion of medication errors are dose 
errors? (3) What is the rate and severity of harm associated 
with dose errors? (4) What proportion of dose errors in chil-
dren are underdoses, overdoses, and tenfold errors? (5) Is the 
introduction of CPOE ± CDS associated with a reduction in 
the rate or severity of dose errors?

2  Method

We conducted a search of five electronic bibliographic data-
base sources (CINAHL, MEDLINE, Scopus, the Cochrane 
Library, and EMBASE) in March 2018 using terms for medi-
cation adjacent to terms for error. We were also interested in 
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the severity of dose errors and therefore included additional 
terms for preventable adverse drug events or harm. The full 
list of search terms is available in electronic supplementary 
material (ESM) 1. Studies were limited to those including 
the rate of dose errors (expressed as errors per patient; medi-
cation order; or doses administered) among paediatric inpa-
tients (at least 90% of the study sample was aged < 19 years), 
published in English between January 2000 and December 
2017. Due to the recognized underreporting of errors in vol-
untary incident reports [16–18], studies were required to use 
chart review or observation to detect dose errors. Included 
hospital wards were emergency departments (EDs), inten-
sive care units (ICU) and general wards (paediatric wards 
from general hospitals, and general wards from paediatric 
hospitals). Studies specific to patient condition (such as 

oncology patients) or medication type (such as injectable 
medications) were excluded. Results from the exclusion cri-
teria are presented in a Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) flow dia-
gram (Fig. 1). Authors of published papers were contacted 
for additional details when required. Multiple reports of the 
same study were included and assessed for unique data, and 
no single reports of multiple studies were found.

2.1  Study Quality Evaluation

Two reviewers (PG and SM) independently conducted 
the literature search, completed title and abstract review, 
assessed all potential full-text articles, determined eligibil-
ity, conducted data extraction on included studies, and rated 

Fig. 1  PRISMA 2009 flow diagram



16 P. J. Gates et al.

study quality. Quality ratings were determined using a com-
bination of the Newcastle–Ottawa Scale (NOS) for nonran-
domized studies [19], and the Critical Appraisal Skills Pro-
gramme (CASP) Cohort Study Checklist [20]. In addition, a 
purpose-built measure, the Checklist Assessment of Medica-
tion Error Audits (CAMEA), was developed with a focus on 
dose error identification methods, such as the use of multiple 
reviewers and whether the reviewers were blind to the hospi-
tal patient identification or the hospital staff responsible for 
writing the orders being audited. Studies classified as ‘good’ 
by the NOS received a point on the overall quality rating, 
as did those with an above-average score on the CASP and 
the CAMEA. Studies were then rated as ‘excellent’ (three 
points), ‘good’ (two points), ‘fair’ (one point) and ‘poor’ 
quality (no points). Disagreements between reviewers (PG 
and SM) at all stages were resolved by discussion. Individual 
study quality ratings are available in ESM 2.

2.2  Data Analysis

The prevalence and severity of dose errors is presented by 
hospital ward, with hospital wards using paper medication 
charts described separately from those using health informa-
tion technologies (including CPOE ± CDS, and pocket-PC-
based dosage calculation software). Further information on 
individual study sampling is provided in ESM 3.

2.2.1  Meta‑Analysis

Dose error rates are reported according to the denomina-
tors used in the published studies reviewed. These included 
dose errors as a percentage of total patient medication orders 
or doses administered. As such, the rate of dose errors is 
presented as a proportion of the total orders (prescribing 
errors), medication administrations (administration errors), 
or patients (either prescribing or administration error). The 
individual study data, range of dose error rates, and aggre-
gated total error rates are reported in ESM 3. To provide a 
more accurate estimate of dose error rates that is adjusted 
for study sample size, we calculated pooled estimates of the 
mean dose error rate using meta-analysis random effects 
models for each denominator where at least three studies 
were conducted in the same hospital ward and setting. All 
model estimates are shown with 95% CIs and Q-statistic 
reported to show estimate precision. Heterogeneity is shown 
by use of the I2 statistic, and  Tau2 was used to provide 95% 
prediction intervals of the variance across studies. A p value 
< 0.05 indicated statistical significance. Forest plots for all 
meta-analyses are provided in ESM 4. In cases when the 
Q-statistic was not significant, pooling was not appropri-
ate and individual study results are reported separately. To 
determine if studies should be assessed separately by study 
quality or type of error definition, subgroup meta-analyses 

were performed. As the mean rate of dose errors did not 
significantly differ across groups based on these factors, 
all meta-analyses included all studies, regardless of study 
quality or error definition. Publication bias was tested sta-
tistically with Egger’s test and not found to be significant. 
Analyses were performed using the Comprehensive Meta-
Analysis (CMA) software (Biostat, Inc., Englewood, NJ, 
USA).

3  Results

Forty-two articles met the inclusion criteria [21–62], rep-
resenting 39 unique studies, of which nine provided data 
from hospital wards operating with CPOE ± CDS, or dosage 
calculation software [22, 42, 45, 46, 49–52, 60]. Six studies 
were rated to be of excellent quality [26, 34, 35, 38, 42, 49], 
nine studies were good quality [24, 27, 31, 50, 53, 55, 56, 
59, 60], 10 were fair [28, 30, 33, 37, 44–47, 51, 57], and 14 
were poor quality [21, 22, 25, 32, 36, 39–41, 43, 48, 52, 54, 
58, 61]. Most studies (22/42) were published after 2010, 
although there was no evidence to suggest that study qual-
ity improved over time. Determining the prevalence of dose 
errors was the primary aim of two poor-quality studies [22, 
32], and one good-quality study [50]. The remaining studies 
assessed all types of medication error, including dose errors.

3.1  Study Definitions of Dose Errors

Dose error definitions varied across studies. Most studies 
assessed dose errors in the ordering stage of the medication 
process (prescribing errors; 27/39 studies). The most com-
mon definition of a dose error (11/27 studies) referred to 
a prescribed dose that was more than 10% above or below 
the appropriate dose based on patient weight or gestational 
age [24, 25, 32, 33, 37, 38, 42, 43, 45, 53, 63]. This defini-
tion was most consistent across studies in neonatal ICUs 
(NICUs; 7/10 studies). A single study employed this defini-
tion with an increased tolerance of 20% [35], and another 
had a threshold of 17% for non-injectable medications [58]. 
Other studies included no tolerance and viewed any varia-
tion from an appropriate dose as a dose error [22, 31, 39, 44, 
49, 50, 52, 61]. Eleven studies included a reference for the 
guidelines used to determine appropriate dosing [22, 26, 31, 
32, 35, 37, 43, 44, 50, 54, 61], with Lexi-Comp’s Paediatric 
Dosage Handbook most frequently cited [64] (four studies 
[26, 32, 50, 61]). The remaining studies of prescribing errors 
did not provide a definition of a dose error [21, 34, 36, 47, 
48, 55, 60].

Twelve studies assessed dose errors in the medication 
administration stage. Four noted a dose error when the admin-
istered dose deviated from that prescribed [26, 28, 30, 56]; two 
noted an error when there was more than a 10% deviation from 
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the prescribed dose [51, 59]; and six studies failed to provide 
a definition of dose error [27, 40, 41, 46, 55, 57].

3.2  Summary of Dose Error Rates by Hospital Ward 
and Hospital Setting

A summary of the differences in dose error rates between hos-
pital wards and hospital settings is illustrated in Table 1. Meta-
analyses results are provided where possible, and when meta-
analysis was inappropriate, the total proportion of dose errors 
is provided by combining totals of dose errors and denomina-
tor data across studies alongside the range of dose error rates. 
No study provided data specific to a paediatric general ward 
in a hospital using CPOE ± CDS.

3.3  Rate of Dose Errors among Paediatric Inpatients 
in Hospitals with Paper Medication Charts

Thirteen studies assessed dose errors in multiple paediatric 
wards (both general and intensive care) using paper medica-
tion charts [21, 28, 30, 33, 34, 39, 44, 47, 48, 55, 56, 60, 61], 
with meta-analyses results in Table 2. Four studies were rated 
as good quality or above [34, 55, 56, 60]. Across all stud-
ies, a total of 820/20,104 orders contained a dose error (4.1%, 
range 1.5–13.8%), 124/3870 doses administered contained a 
dose error (3.2%, range 0.2–23.9%), and 527/2415 patients 
experienced a dose error during their hospital stay (21.8%, 
range 5.3–30.0%). Dose errors made up the greatest propor-
tion relative to all other medication error types assessed in 8 
of the 13 studies [21, 33, 34, 39, 44, 47, 48, 60]. As two stud-
ies did not report the total number of medication errors found 
[60, 61], 11 studies provided the total number of medication 
errors found. Across these studies, a total of 1403 dose errors 
were identified from a total of 4899 medication errors (28.6%; 
range 1.9–46.2%).

Two studies specified the proportion of dose errors that 
were above or below the appropriate dose [21, 60]. The first 
was conducted in the PICU and general paediatric wards of a 
US hospital that reported an overdose occurred in 50/63 dose 
errors (79.4%), and underdose occurred in the remaining 13 
dose errors (20.6%) [60]. The second study was in the PICU 
and general paediatric wards of a Saudi Arabian hospital that 
reported an overdose in 249/328 dose errors (75.9%), and 
underdose in 79 dose errors (24.1%) [21].

No studies of hospitals using paper medication charts 
assessed the rate or severity of harm caused by dose errors 
among paediatric inpatients.

3.4  Rate of Dose Errors among Paediatric Inpatients 
in Hospitals with Computerised Provider Order 
Entry Systems with Clinical Decision Support 
(CPOE ± CDS)

Dose error rates were assessed in two studies of multiple 
paediatric wards in hospitals with CPOE (with no mention 
of CDS) in France and Palestine [22, 46], and two US stud-
ies of hospitals with CPOE + CDS systems [50, 60]. The two 
studies of CPOE systems were rated as poor quality and fair 
quality [22, 46], and reported that a total of 160/400 patients 
experienced a dose error (40%), and that 213/949 orders 
(22.4%) and 83/1719 doses administered contained a dose 
error (4.8%). The two studies of CPOE + CDS systems were 
rated as good quality [50, 60]. The first reported that 49/1210 
patients experienced a dose error (4.1%) [60]. In that study, 
data were collected both prior to and following implemen-
tation of a CPOE + CDS, but no significant differences in 
dose error rates were found. The second study reported that 
257/47,181 orders contained a dose error (0.5%) [50]. In that 
study, the rate and severity of actual harm caused by dose 
errors was reported. A total of 1.6% (4/257) of dose errors 
caused ‘temporary’ patient harm and required intervention, 
while the remaining dose errors did not cause patient harm.

The two studies of CPOE + CDS systems specified the 
proportion of dose errors that were above or below the 
appropriate dose. An overdose occurred in 75.5 and 52.1% 
of dose errors (37/49 and 134/257, respectively), and under-
dose occurred in 24.5 and 47.9% of dose errors (12/49 and 
123/257, respectively) [50, 60].

Of the four studies conducted in hospitals with CPOE, 
two assessed only dose errors [22, 50]; dose errors made 
up the greatest proportion of medication errors in one study 
[60], and wrong timing errors made up the greatest propor-
tion of all medication errors in the remaining study [46]. 
One study reporting multiple medication error types noted 
a total of 83 dose errors were found from a total of 538 
medication errors (15.4%) [46].

3.5  Rate of Dose Errors among Paediatric Inpatients 
in General Wards

Nine studies assessed dose errors in single general paediatric 
wards, all using paper medication charts [25, 26, 36, 40, 
41, 47, 48, 53, 57], with meta-analyses results reported in 
Table 3. Two studies were rated as good quality or above [26, 
53]. Across all studies, a total of 96/1290 orders contained a 
dose error (7.4%, range 2.6–18.2%), 627/6429 doses admin-
istered contained a dose error (9.8%, range 3.1–12.6%), and 
196/794 patients experienced a dose error during their hos-
pital stay (24.7%, range 9.1–30.6%). Dose errors made up 
the greatest proportion of all medication errors in four of 
the nine studies [26, 36, 47, 48]. Across the nine studies, a 
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total of 919 dose errors were identified from a total of 3142 
medication errors (29.2%, range 7.0–54.8%).

One study rated to be of poor quality reported the propor-
tion of nine dose errors that were above or below the appro-
priate dose [25]. An overdose occurred in six dose errors, 
and underdose occurred in three dose errors.

None of the nine studies on a general paediatric ward 
assessed the rate or severity of harm caused by dose errors.

3.6  Rate of Dose Errors among Paediatric Inpatients 
in Paediatric Intensive Care Units (PICUs) 
with Paper Medication Charts

Seven studies assessed dose errors in single paediatric ICUs 
(PICUs) using paper medication charts, with meta-analy-
ses results reported in Table 4 [31, 38, 45, 47, 48, 52, 58]. 
Two studies were rated as good quality or above [31, 38]. 
Across all studies, a total of 122/10,676 orders had a dose 
error (1.1%, range 0.7–3.4%), and 26/103 patients experi-
enced a dose error during their hospital stay (25.2%, range 
11.1–32.8%). Dose errors made up the greatest proportion 
of all medication errors in four of the seven studies [26, 
36, 47, 48]. Across studies, a total of 148 dose errors were 

identified from a total of 2388 medication errors (6.2%, 
range 0.8–55.0%).

Two studies conducted in a Spanish and Swiss PICU 
were rated to be of good quality and specified the propor-
tion of dose errors that were above or below the appropriate 
dose [31, 38]. An overdose occurred in 80.6 and 55.9% of 
dose errors (1317/1635 and 22/39, respectively) and under-
dose occurred in 19.4 and 44.1% (318/1635 and 17/39, 
respectively).

No study of a PICU assessed the rate or severity of harm 
caused by dose errors.

3.7  Rate of Dose Errors in PICUs with CPOE ± CDS

Two studies rated as poor to fair quality assessed dose errors 
in general paediatric wards of hospitals with CPOE [45, 52]. 
Each reported the proportion of orders with dose errors. A 
total of 65/7282 orders contained a dose error (0.9%, range 
0.8–2.3%). These two studies reported that dose errors made 
up the greatest proportion of all medication errors. In sum, 
a total of 59/88 [45] and 6/12 medication errors were dose 
errors [52]. Notably, both studies provided data prior to the 

Table 2  Meta-analysis of dose error studies of multiple paediatric wards where paper medication charts were in use

Dose errors as a proportion of: Pooled studies Estimated mean 95% confi-
dence interval

Q-statistic I2 95% predic-
tion interval

Orders 7 studies [21, 30, 33, 34, 39, 55, 61] 3.8 1.6–8.4 705.9 99.2 0.2–47.2
Dose administrations 4 studies [28, 30, 55, 56] 2.8 0.6–12.0 176.3 98.3 0.0–98.0
Patients 4 studies [44, 47, 48, 60] 13.3 6.3–25.9 195.4 98.5 0.0–89.3
All medication errors 11 studies [21, 28, 30, 33, 34, 39, 44, 

47, 48, 55, 56]
28.2 20.9–37.0 334.8 97.0 7.8–64.5

Table 3  Meta-analysis of dose errors in general wards where paper medication charts were in use

Dose errors as a proportion of: Pooled studies Estimated mean 95% confidence 
interval

Q-statistic I2 95% 
prediction 
interval

Orders 3 studies [25, 36, 53] 5.8 1.3–22.4 71.4 97.20 0.0–100.0
Dose administrations 4 studies [26, 40, 41, 57] 8.4 5.5–12.5 76.3 96.07 1.1–43.8
All medication errors 9 studies [25, 26, 36, 40, 41, 

47, 48, 53, 57]
19.8 11.4–32.0 468.5 98.3 2.2–73.5

Table 4  Meta-analysis of dose errors in paediatric intensive care units where paper medication charts were in use

Dose errors as a proportion of: Pooled studies Estimated mean 95% confi-
dence interval

Q-statistic I2 95% 
prediction 
interval

Orders 5 studies [31, 38, 45, 52, 58] 1.6 0.7–3.5 63.2 93.7 0.1–24.6
All medication errors 7 studies [31, 38, 45, 47, 48, 52, 58] 14.1 3.6–42.2 341.3 98.2 0.1–97.1
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system introduction, but found no significant change in dose 
error rates [45, 52].

3.8  Rate of Dose Errors in Neonatal ICUs (NICUs) 
with Paper Medication Charts

Ten studies assessed dose errors in NICUs using paper 
medication charts, with meta-analyses results reported in 
Table 5 [24, 32, 33, 37, 42, 43, 47, 48, 51, 59]. Three stud-
ies were rated as good quality or above [24, 42, 59]. Across 
all studies, a total of 1386/14,042 orders contained a dose 
error (9.9%, range 2.3–18.6%), 19/565 doses administered 
contained a dose error (3.4%, range 2.6–4.3%), and 34/169 
patients experienced a dose error during their hospital stay 
(20.1%, range 14.9–24.2%). Excluding one study of dose 
errors only [32], 4/9 studies reported dose errors made up 
the greatest proportion of all medication error types [33, 
42, 47, 48]. Across studies, a total of 1439 dose errors were 
found from a total of 4423 observed medication errors 
(32.5%, range 5.0–48.1%).

One study rated to be of excellent quality reported the 
proportion of dose errors that were above or below the 
appropriate dose in a Spanish NICU [42]. In that study, an 
overdose occurred in 29.0% of dose errors (251/866), and 
underdose occurred in 71.0% of dose errors (615/866).

One study of dose errors conducted in two French NICUs 
with low and high birth-weight neonates assessed the poten-
tial harm caused by dose errors [32]. A total of 7/37 dose 
errors were identified to have the potential for ‘prolonged 
hospitalization’ or ‘significant, important or permanent dis-
ability’. The remaining dose errors were judged to have no 
potential for harm. That study reported 20 dose errors as an 
underdose, and 17 as overdose errors.

3.9  Rate of Dose Errors in NICUs with CPOE 
or Dosage Calculation Software

Two studies were conducted in the NICU wards of hospi-
tals with CPOE or dosage calculation software [42, 51]. 
The first was rated to be of excellent quality and was con-
ducted in a Spanish NICU ward. That study found that the 
introduction of a pocket-PC program designed to assist 
in dosage calculation was associated with a significant 
reduction in dose errors, from 13.7 to 3.6% of orders (the 

prevalence ratio of prescriptions with at least one mis-
calculated dose before and after the intervention was 0.3, 
95% CI 0.2–0.4) [42]. This study found dose errors to be 
the most common type of medication error, representing 
30.4% of the observed medication errors (52/171). The 
second study in a US NICU ward was rated to be of fair 
quality and reported the introduction of CPOE was associ-
ated with a nonsignificant reduction in dose errors, from 
4.3 to 2.9% of medication administrations (11/254–8/272) 
[51]. This study found dose errors to be the second most 
frequent type of medication error (following wrong timing 
errors), representing eight of the observed 31 medication 
errors.

3.10  Rate of Dose Errors in Paediatric Emergency 
Departments (EDs) with Paper Medication 
Charts

Four studies assessed dose errors in paediatric EDs, all 
using paper medication charts [27, 33, 35, 54]. Two stud-
ies were rated as good quality or above [27, 35]. Across 
all studies, a total of 27/704 orders were found to contain a 
dose error (3.8%, range 1.6–6.4%), and 138/1723 patients 
were found to experience a dose error (8.0%, range 
2.6–8.7%). One study reported the proportion of medica-
tions administered with a dose error [27] and identified 
18/441 doses contained a dose error (4.1%). Dose errors 
were the most common type of medication error in three 
studies [27, 33, 35]. Across studies, a total of 183 dose 
errors were identified from a total of 448 medication errors 
(40.8%, range 38.9–49.1%). A pooled estimate was calcu-
lated by meta-analysis, with dose errors comprising 35.3% 
of medication errors (95% CI 20.3–53.7, Q value = 29.4, 
degrees of freedom = 3, I2 = 89.8, p < 0.001).

One study in a Canadian paediatric ED assessed the 
potential severity of dose errors; 68/133 errors (51.1%) were 
rated to have more than a minimal potential for patient harm 
[35], while the remaining dose errors had an ‘insignificant/
minimal’ potential for harm.

One study of eight rural paediatric EDs in the US reported 
the proportion of dose errors that were above or below the 
appropriate dose [27]. An overdose occurred in 61.1% of 
dose errors (11/18), and underdose occurred in 38.9% (7/18).

Table 5  Meta-analysis of dose errors in neonatal intensive care units where paper medication charts were in use

Dose errors as a proportion of: Pooled studies Estimated mean 95% confidence 
interval

Q-statistic I2 95% 
prediction 
interval

Orders 6 studies [24, 33, 42, 43] 5.7 3.3–9.9 352.2 98.6 0.1–34.3
All medication errors 9 studies [24, 33, 37, 42, 43, 

47, 48, 51, 59]
26.8 21.1–33.4 97.0 91.7 11.5–50.7
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3.11  Rate of Dose Errors in Paediatric EDs 
with CPOE ± CDS

One study assessed the impact of introducing CDS to a 
US ED operating with CPOE [49], and found a nonsignifi-
cant reduction in the rate of dose error from 8.3% of orders 
(27/326) to 4.8% (19/398). Missing information errors made 
up the greatest proportion of medication errors (28/101 
[27.7%] and 25/55 [45.5%], respectively), although dose 
errors made up 26.7% (27/101) and 34.5% (19/55) of medi-
cation errors, respectively.

3.12  Tenfold Dose Errors

Six studies included tenfold dose errors in their reported 
outcomes, with results summarized in Table 6 [25, 30, 33, 
38, 50, 62]. The prevalence of tenfold errors ranged between 
0.01 and 0.8% of orders. Studies typically reported only one 
or two tenfold errors, except for a large study of a US hos-
pital with CPOE + CDS. That study reported eight tenfold 
overdose errors and six tenfold underdose errors from 257 
dose errors (3.1 and 2.3%, respectively) and 47,181 audited 
charts (0.02 and 0.01%, respectively) [50]. Three of the six 
studies assessed actual patient harm associated with tenfold 
dose errors [33, 38, 50], although no harm was identified.

4  Discussion

This review and meta-analyses produced findings consistent 
with previous reviews in that it identified dose errors to be 
one of the most frequent types of medication errors expe-
rienced by paediatric patients in hospital. However, it went 
further than previous reviews in quantifying the pooled rate 
of dose errors and examined differences between hospital 
wards and between hospitals with and without CPOE (see 

Table 1). Studies conducted in multiple paediatric wards of 
organizations with paper medication charts reported approx-
imately 13% of patients experienced dose errors, and 3–4% 
of medication administrations or patient orders. The small 
number of studies in hospitals with CPOE prevented mean-
ingful comparison using pooled estimates. However, when 
aggregating data across studies of hospitals with CPOE, 
22% of patients experienced dose errors and 1.0% of patient 
orders contained a dose error (see Table 2). An overdose was 
identified in approximately two-thirds of all dose errors, with 
underdose errors reported as a majority in only two studies, 
each conducted in NICUs [27, 35]. Dose error rates in hos-
pitals using paper medication charts varied depending on 
the study ward. Specifically, dose errors appeared to be less 
prevalent in PICUs (approximately 2% of orders) and EDs 
(approximately 4% of orders) than in NICUs and general 
wards (each approximately 6% of orders).

One of the desired benefits of introducing CPOE or CDS 
is to reduce medication errors. We identified few studies 
undertaken in hospitals with CPOE or CDS, which prevents 
us from drawing firm conclusions about their impact on dos-
ing errors. Across all studies, indirect comparisons consist-
ently showed that rates of dose errors were lower in hospitals 
with CPOE compared with hospitals using paper medication 
charts. This difference was most evident when comparing 
the total proportion of orders with a dose error across stud-
ies, and was seen even in studies that collected data within 
the first 6 months post CPOE implementation, where inex-
perience with a new system may impede benefits [65]. As 
identified in recent reviews of interventions designed to 
reduce medication errors [12, 15], support for CPOE effec-
tiveness was inconsistent across studies utilizing a pre/post 
design. The introduction of CPOE was not associated with 
a significant change in the prevalence of dose errors in one 
study of multiple paediatric wards [60], two studies con-
ducted in PICUs [45, 52], and in a study in a NICU [51]. In 

Table 6  Prevalence of tenfold dose errors

CPOE + CDS computerized provider order entry with clinical decision support, PICU Paediatric Intensive Care Unit, ED Emergency Depart-
ment

Study No. of tenfold errors No. of dose errors Denominator Drug involved

Multiple ward, 
CPOE + CDS [50]

8 tenfold overdoses and 6 
tenfold underdoses

257 dose errors (3.1 and 
2.3%)

47,181 orders (0.02 and 
0.01%)

Not reported

Multiple ward, paper chart 
[33]

1 tenfold overdose 34 dose errors 821 orders (0.1%) Morphine

General ward, paper chart 
[25]

2 tenfold overdoses 9 dose errors 249 orders (0.8%) Paracetamol, budesonide

PICU, paper chart [38] 2 tenfold overdoses 16 dose errors 2228 orders (0.1%) Clonazepam, ranitidine
ED, paper chart [62] 2 tenfold overdoses 133 dose errors (1.5%) 1678 administered medica-

tions (0.1%)
Not reported

Multiple ward, paper chart 
[30]

Unclear, one example 
provided

84 dose errors 2955 orders and 1554 
administered medications

Heparin
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contrast, a single NICU study that assessed the introduction 
of a pocket-PC-based dosage calculation program observed 
a significant reduction in dose error (prevalence ratio 0.3 
[0.2–0.4]) [42].

Some authors attributed the absence of a significant 
impact of CPOE on dose errors to inadequate CDS incor-
porated into their CPOE [45, 60]. However, in the only study 
that assessed the impact of introducing CDS to an existing 
CPOE system, no significant decrease in dose errors was 
found [49]. In addition, many CPOE systems are not ade-
quately tailored to address the needs of paediatric inpatients 
[13]. For example, many automated functions, including 
dosing calculations, are based on adult patient parameters 
in the absence of available standards and recommendations 
regarding the functional and data requirements for CPOE 
systems to be used in paediatric settings [13]. Moreover, the 
introduced systems may not have been used as intended due 
to poor configuration or design, i.e. problems with displays, 
poor functionality, and altered communication patterns [66]. 
In fact, poor configuration and design have been identified 
as common problems of CPOE systems [67].

Although dose errors were one of the most frequent types 
of medication error, this was not a consistent finding. Over-
all, dose errors were the most frequent type of medication 
error in 16/34 studies conducted in hospitals with paper 
medication charts, and 4/7 studies undertaken in hospitals 
using CDS or CPOE. In 11 studies of multiple paediatric 
wards with paper medication charts, dose errors represented 
approximately one-quarter of all medication errors, and 
meta-analyses results showed that the relative proportion of 
dose errors to medication errors was highest in NICUs and 
EDs, and lowest in general wards and PICUs. When aggre-
gating data across studies conducted in paediatric wards 
with CPOE, dose errors represented approximately 13% of 
medication errors. Thus, although dose errors are a frequent 
type of medication error, they represent only a fraction of 
all medication errors.

This review found that the potential clinical impact of 
dose errors, including tenfold dose errors, remains largely 
unknown. Although we identified eight studies that assessed 
the potential severity of medication errors [32, 35, 46–48, 
56, 57, 59] and 11 studies that assessed actual severity [24, 
26, 31, 33, 34, 38, 42, 50, 55, 58, 60], only three studies 
reported on the severity of dose errors [32, 35, 50]. Two 
of these three studies were undertaken in hospitals using 
paper medication charts, and assessed the potential sever-
ity of dose errors without assessing actual harm associ-
ated with these errors [32, 35]. In these studies, 19% and 
51% of dose errors were reported to potentially cause some 
level of patient harm. The third study assessed actual harm 
from dose errors and was conducted in a hospital with 
CPOE + CDS [50]. That study reported that < 2% of dose 
errors caused patient harm, and all harm was judged to be 

temporary. Thus, limited evidence is available to estimate 
what proportion of dose errors impact patient care or cause 
significant injury. Similarly, many studies cite a concern for 
tenfold dose errors in paediatric inpatient settings, but we 
found only six studies that reported the prevalence of this 
type of dose error [25, 30, 33, 38, 50, 62]. Across stud-
ies, these errors occurred in < 0.2% of orders, and no actual 
patient harm was reported in the three studies that assessed 
actual harm [33, 38, 50]. Although tenfold errors are likely 
to be rare, the potential clinical implications of such an error 
continue to drive efforts to minimize the likelihood of an 
error in decimal point placement occurring.

The findings of this review have implications for inform-
ing the design of interventions to reduce dose errors in hos-
pitals. First, overdose errors were more frequent than under-
dose errors, thus interventions that focus on these would 
have a significant impact on overall error rates. However, it 
is not clear whether underdose errors are generally under-
estimated due to the possible scenario that the medication 
error reviewer’s focus on adverse drug events is unevenly 
framed in the light of giving too much of a drug rather 
than not enough. In addition, we identified wrong timing 
and missing information errors to be an important second 
focus of interventions targeting frequent medication errors. 
Second, the different rates of dose error between hospital 
wards suggest that interventions must be capable of address-
ing both the specific needs of patients in NICUs (rapidly 
changing weights, frequent medication administrations, and 
life-threatening conditions) and patients in general wards 
(less intensive care). Third, while the rate of dose errors 
was lower in hospitals with CPOE, studies assessing the 
impact of CPOE with or without CDS did not report a sig-
nificant reduction in the rates of dose errors. This finding 
is consistent with research demonstrating that large-scale 
implementations of CPOE systems are complex and may not 
meet expectations in the absence of proper planning, main-
tenance and evaluation [68]. However, few studies have used 
robust designs to investigate the impact of health informa-
tion technologies on medication errors and associated harm 
in paediatric settings.

This review has a number of limitations. We combined 
studies regardless of any differences that may be associated 
with the different methods of chart review or observation. 
Although we could not examine the impact of specific study 
methods on the reported rate of dose errors, we did make 
an overall assessment of study quality and found no sig-
nificant difference in reported dose error rates when studies 
were grouped by our quality ratings. We did not differentiate 
between studies that calculated dose error rates as a propor-
tion using the total number of orders audited, and those that 
used the proportion of orders with at least one dose error. 
However, this difference is likely to be minimal as the num-
ber of orders with more than one dose error is likely to be 
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small [34]; this difference is noted in the ESM 3. Finally, 
study definitions of dose error and appropriate dosing were 
combined. It is expected that a study defining dose errors as 
those deviating 20% from guidelines will find fewer errors 
than a study defining dose errors as those with any deviation 
from guidelines. However, as with study quality, subgroup 
analysis showed that there was no significant difference in 
the mean prevalence based on study definition of dose error.

5  Conclusions

Paediatric inpatients experience dose errors in approxi-
mately 2–6% of their medication orders, and approximately 
two-thirds of these errors are overdoses. The likelihood of a 
dose error occurring appears to be associated with the type 
of hospital ward and whether the hospital utilizes CPOE. 
Dose errors were most prevalent in general wards and 
NICUs, and were less prevalent in hospitals with CPOE. 
Based on the limited evidence available, it is not yet clear 
whether the lower rate of dose errors observed in hospi-
tals with CPOE represents a causal relationship or reflects 
unmeasured confounding variables. Future research employ-
ing robust controlled designs is needed to allow for the true 
impact of CPOE and CDS on dosing errors to be determined. 
Very few studies examined the severity of dosing errors and 
associated harm to patients. Thus, there is a need for future 
research to go beyond identifying dosing errors to determine 
rates of actual patient harm resulting from dose errors.
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