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Background-—Angiotensin-converting enzyme inhibitors (ACEIs) are a mainstay of medical management in pediatric cardiology.
However, there are no data defining how best to initiate and uptitrate the dose of these medications in children.

Methods and Results-—Retrospective chart review revealed only 24% of our pediatric cardiology inpatients were discharged on
predefined optimal doses of ACEIs and few underwent further dose uptitration in the 8 weeks after hospital discharge. Therefore, 2
alternative protocols for initiation of captopril were compared in a prospective randomized clinical trial. A “rapid uptitration”
protocol reached an optimal dose on day 3, whereas the alternative, “prolonged uptitration” protocol, reached an optimal dose
on day 9. Forty-6 patients (54% male) were recruited to the trial, with a median age of 0.7 year (IQR 0.5–2.3 years). Captopril
was initiated while in intensive care in 39% of patients and on the cardiology ward in 61%. There were no differences between
the protocols in episodes of hypotension, symptomatic hypotension, or indices of renal function. Patients following the rapid
protocol reached higher doses of captopril (0.93�0.24 versus 0.57�0.38 mg/kg per dose, P<0.0001) and were more likely to
have achieved the predefined target (88% versus 43%, P=0.002) and optimal ACEI doses (80% versus 29%, P=0.001) before
discharge.

Conclusions-—A protocol of rapid ACEI dose uptitration for infants and children with cardiovascular disease can be introduced
safely, even in patients receiving intensive care therapy. Compared with standard clinical practice or with a more prolonged
protocol, rapid ACEI dose uptitration achieves a higher dosage in this population with no evident disadvantages.

Clinical Trial Registration-—URL: https://www.clinicaltrials.gov/. Unique identifier: NCT00742040. ( J Am Heart Assoc. 2016;5:
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A ngiotensin-converting enzyme inhibitors (ACEIs) are a
drug class widely used in pediatric cardiology. They are

recommended for managing systolic heart failure,1–3 they are
used to improve symptoms in patients with congenital heart
disease and left-to-right shunting or valve regurgitation,4 they
are important in the management of boys with Duchenne
muscular dystrophy,5 and they are used in the management of

hypertension.6,7 Pediatric cardiac intensive care units use
ACEIs frequently, often in postoperative cardiac care.8,9

Despite these drugs being a mainstay of the medical
management of pediatric heart disease, the literature contains
little or no evidence to guide how these drugs should be
introduced. In adult cardiology, a strong evidence base has
produced clear recommendations as to when and how to
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initiate ACEIs therapy, typically in an outpatient setting.10–15

In contrast, children with heart disease more often commence
ACEIs as inpatients, and while pediatric formularies usually
suggest starting with a low initial test dose (eg, 0.1 mg/kg
captopril) and uptitration, no guidance is given as to the safest
or most effective method of reaching a target dose.16,17

Because there are concerns that ACEIs therapy in infants and
very small children is particularly likely to result in hypoten-
sion and renal impairment,18 evidence-based guidelines for
ACEIs initiation and uptitration in children are necessary. We
sought to address this knowledge gap. Based on existing
practices in our institution, we prospectively tested the
hypotheses that (1) introduction of protocol ACEIs uptitration
would prove feasible and (2) a rapid ACEIs uptitration protocol
for infants and children would be as safe as and more effective
in achieving a target dose than a more prolonged protocol.

Methods
This study consisted of 2 components: (1) an institutional
retrospective chart review of ACEI use initiation and uptitra-
tion in pediatric cardiac inpatients and (2) a prospective
randomized open-label clinical trial of rapid versus prolonged
uptitration of captopril in pediatric cardiac inpatients. In
reporting the results of the randomized trial, we have followed
CONSORT (consolidated standards for reporting trials) 2010
reporting guidelines.19

Setting
This study was conducted within The Labatt Family Heart
Center at The Hospital for Sick Children, Toronto. This center
provides inpatient and outpatient medical and surgical care to
infants and children with congenital and acquired heart
disease, including cardiac transplantation and mechanical
circulatory support.

Definitions of “Target” and “Optimal” ACEI Doses
In our institution, ACEIs therapy is usually initiated with
captopril dosed every 8 hours (q8h). Identical definitions of
target and optimal captopril dose were used for the retrospec-
tive and prospective parts of this study. Each fell within
manufacturer recommended dose ranges and our institutional
formulary guidelines.17 The SAVE (survival and ventricular
enlargement) study20 demonstrated a survival benefit in adults
with 50 mg of captopril 3 times a day, whichwould approximate
0.7 mg/kg per dose q8h. On the basis of this, after reviewing
doses reported in published studies of captopril use in infants
and children (0.25 mg–1 mg/dose)4 and after formally sur-
veying the pediatric cardiologists in our institution, we defined a

“target” dose of captopril as ≥0.7 mg/kg per dose q8h. We
defined a somewhat higher optimal dose at ≥1 mg/kg per dose
q8r. To evaluate whether target and optimal doses were
achieved, doses were rounded to the nearest 0.01 mg/kg.

Once it is evident a patient tolerates ACEIs, our standard
practice is to exchange captopril for a longer-acting formulation
in those for whom ACEI therapy is likely to be long term. The
choice of drug depends on physician preference and the
indication for treatment, though enalapril is most frequently
prescribed. Few studies have examined pharmacoequivalency
doses of ACEIs, and there are no widely recommended
conversion methods. After canvasing the opinion of staff
physician colleagues in The Hospital for Sick Children’s Division
of Cardiology, we pragmatically defined the target dose of
enalapril to be ≥0.1 mg/kg per dose every 12 hours (q12h) and
the optimal dose of enalapril as ≥0.3 mg/kg per dose q12h.

Part 1: Retrospective Chart Review
Institutional research ethics board approval was obtained for
this part of the study, and a waiver for individual patient
consent was granted. The pharmacy database of The Hospital
for Sick Children, Toronto was queried to identify pediatric
cardiology inpatients starting ACEI therapy after September 1,
2005. The charts of 50 consecutive patients were examined,
and the following data were collected: demographics, diagno-
sis, date of ACEI initiation, baseline bloodwork, concomitant
medications, name of ACEI, initial and subsequent ACEI doses,
predose and postdose blood pressure (BP), duration of hospital
stay, name of ACEI at discharge, discharge dose, discharge
bloodwork, and ACEI dose at 8 weeks postdischarge.

Part 2: Prospective Randomized Open-Label Trial
of Rapid Versus Prolonged Initiation and
Uptitration of Captopril

Trial design

Analysis of data from the retrospective chart review raised
concerns about suboptimal ACEI dosing in our patients (see
later). We therefore designed a prospective randomized open-
label clinical trial of rapid versus prolonged initiation and
uptitration of captopril in pediatric cardiac inpatients at our
center. Our intentions were to determine whether adoption of a
protocol would improve ACEI dosing and to rigorously test the
safety and efficacy of 2 different potential uptitration strate-
gies. Subjects were randomized in a 1:1 ratio with stratification
to permit equal numbers of intensive care patients in each arm.
There were no changes to the methods after the trial began.
The study was approved by the institutional research ethics
board and by Health Canada (control No. 122190). The trial
was registered at the US National Institutes of Health
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(ClinicalTrials.gov NCT00742040). The full protocol for this
trial is available by contacting the corresponding author.

Participants and recruitment

Investigators were notified of any patient who met all 3
eligibility criteria: (1) pediatric cardiac inpatient (located on
the cardiology ward or in the cardiac intensive care unit
[CICU]), (2) aged 0 to 18 years, and (3) primary physician
decided to commence an ACEI. Indications for ACEIs were
based only on clinician choice and not protocol. To maximize
recruitment, those who were identified within 24 hours of
initiation of captopril but had yet to start uptitration were
eligible for inclusion. Prospective enrollees were screened
against the following exclusion criteria: patients with a known
sensitivity to ACEIs, serum potassium >5 mmol/L, those
treated with any ACEIs for >24 hours within the preceding
6 months, and infants aged <36 weeks postconceptual age.
Following screening eligibility, a member of the study team
obtained written informed consent from participants or their
parent/guardian. The ongoing management of potential
subjects who declined participation was determined accord-
ing to the preferences of their primary physician.

Randomization

After eligibility screening and consent, a member of the study
team contacted the Hospital for Sick Children’s Research
Support Pharmacy and reported recruitment. The Research
Support Pharmacy created master randomization tables by

using a block 4 1:1 ratio of rapid:prolonged uptitration design.
Randomization was stratified according to hospital unit, so
that there were equal numbers of CICU and cardiology ward
patients in each group. Randomized patients received all
captopril doses according to the protocol to which they were
allocated, or a protocol variance was recorded.

Study drug

The Research Support Pharmacy purchased Canadian com-
mercial supplies of captopril for use in this study. The study
drug was identical to that dispensed by the pharmacy for use in
clinical practice. The method of administration was also
unchanged from that in clinical use, namely in solution with
water, by “dissolve and dose”method or as tablets. For dissolve
and dose administration, 12.5-mg tablets were dissolved in
12.5 mL of sterile water to produce 1 mg/mL solution.
Administration of each dose was oral or via enteral tube.

Interventions

During the study, patients started on captopril were randomly
assigned to either a rapid or a prolonged medication
uptitration protocol, and the clinical care team prescribed
captopril doses accordingly. The rapid protocol was designed
so that the optimal dose of captopril could be reached on day
3. The prolonged protocol was designed so that the optimal
dose of captopril could be reached on day 9. Each protocol
included identical instruction for measurement of BP and
drawing of blood samples. Figure 1 details these protocols.

A B

Figure 1. Protocols for uptitration of captopril dose and blood pressure (BP) monitoring. A, Rapid captopril uptitration protocol. Expected time
points of reaching target and optimal doses are highlighted in gray. Blood samples were drawn at baseline and on day 3, 4, or 5. B, Prolonged
captopril uptitration protocol, Expected time with points of reaching target and optimal doses highlighted in gray. Blood samples were drawn at
baseline and on day 3, 4, or 5.
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Adherence and variances from the protocols were recorded.
Adverse events, serious adverse events, and adverse drug
reactions were defined according to The International Con-
ference on Harmonization E-6 Good Clinical Practice guide-
lines as any untoward medical occurrence in a patient subject
after the administration of (but not necessarily having a causal
relationship to) captopril. We adhered to The Hospital for Sick
Children’s adverse event reporting requirements as well as
Health Canada’s drug trial regulations.

Parameter monitoring

Identical parameter monitoring was required for each protocol
(see Figure 1). Parameter monitoring was performed by the
bedside nurse and recorded in the patient’s clinical chart. For
each new drug dose, BP monitoring was performed in all
patients at baseline and at 30-minute intervals for 2 hours
after drug administration or until baseline BP returned. Blood
samples (potassium, sodium, urea, and creatinine) were
drawn at baseline and then again (so as to permit concurrent
sampling with clinically indicated testing) on days 3, 4, or 5
after starting captopril. This was consistent with our standard
clinical practice.

Data collection

Baseline data collected after enrollment and randomization
included indication for ACEIs, current height and weight, and
renal function. After initiation of captopril, the following data
were collected from daily review of the clinical chart: baseline
BP, postdose BPs, renal function after starting ACEIs, and
protocol variances. At discharge from the hospital, additional
data elements were captured, including duration of hospital
stay, discharge dose of ACEIs, any instructions to increase the
ACEI dose as an outpatient, and concomitant medications at
discharge. Serum urea, creatinine, BP, and ACEI dose were
recorded at the outpatient visit closest to 8 weeks postdis-
charge (between 4 and 12 weeks postdischarge).

Study outcomes

The primary outcomewas the number of subjects in each arm of
the study who reached target and optimal ACEI doses during
their inpatient stay. This was determined at the time of hospital
discharge. Protocol variances were recorded prospectively as
secondary outcomes to capture adverse events or challenges
following the protocols. Seven potential protocol variances
were defined a priori, and a pathway was determined for
managing each (see Data S1). Potential variances were:

V1. Symptomatic hypotension within 2 hours of captopril
dose
V2. Asymptomatic systolic BP drop of ≥20% within 2 hours
of captopril dose

V3. Asymptomatic BP drop of <20% within 2 hours of
captopril dose
V4. Serum creatinine increases to less than double its
baseline value
V5. Serum creatinine increases to double its baseline value
or greater
V6. Serum potassium increases to ≥5 mmol/L
V7. Physician wishes to discharge patient before achieving
target dose

In addition, we were interested to observe the length of
hospital stay after initiation of ACEIs and the pattern of ACEI
use and dose after hospital discharge; these measures were
assessed by review of the clinical chart at 12 to 16 weeks
postdischarge. The only change to the outcome measures as
defined in the study protocol made after the trial started was
to broaden the time point of outpatient data collection from
“8 weeks postdischarge” to “the nearest outpatient visit to
8 weeks postdischarge, no fewer than 4 weeks and no longer
than 12 weeks.” This change was made for practical
purposes, because it rapidly became apparent that few
patients were being seen at exactly 8 weeks.

Sample size

Sample size was calculated by using the proportion of
patients in each group who were expected to achieve target
ACEI dose with each of the 2 uptitration protocols. Based on
the retrospective component of the study, we anticipated
that 40% of patients in the prolonged uptitration group would
achieve the target ACEI dose before hospital discharge
compared with 80% of patients in the rapid uptitration group.
At a significance level of 0.05 and a required study power of
85%, we determined that 25 patients in each group would be
necessary. Based on pharmacy records reviewed for the
retrospective case note survey and on a recruitment
estimate of 70%, we anticipated attainment of a sample
size of 50 patients within a 16-month period. In fact, it took
72 months to complete prospective recruitment for this
study.

Statistical Analysis
Data are presented as mean and SD values and as median
values with 25th and 75th percentiles and frequencies as
appropriate. For the primary and secondary outcome mea-
sures, comparisons between groups were performed by using
Fisher’s exact test or Student t test assuming unequal
variance between groups as required. Change in BP with
increasing captopril dose was modeled by using generalized
estimating equations (linear regression models adjusted for
repeated measures per patient through an autoregressive
covariance structure). All statistical analyses were performed

DOI: 10.1161/JAHA.116.003230 Journal of the American Heart Association 4

Uptitration of ACEIs in Children Roche et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



by using SAS v9.3 (SAS Institute). Data were analyzed on an
“as-treated” basis.

Results

Part 1: Retrospective Chart Review
The charts of 50 (23 female) consecutive pediatric cardiology
inpatients started on ACEI therapy between September 1, 2005
and March 19, 2007, were reviewed. There were 11 (22%)
patients with dilated cardiomyopathy and 39 (78%) with
congenital heart disease. In all cases, ACEIs were initiated
with captopril. Baseline data for the patients are shown in
Table 1. Themedian duration of hospital stay after receiving the
first dose of ACEI was 9 (5–22) days. The predose and discharge

values for serum creatinine (38.6 versus 38.6 lmol/L, P=0.8),
estimated glomerular filtration rate according to the modified
Schwartz equation (73 versus 72 mL/min per 1.73 m2, P=0.9),
and systolic BP (91 versus 87 mm Hg, P=0.09) were similar,
whereas serum potassium increased between these time
points (4.0 versus 4.5 mmol/L, P=0.001). At the point of
discharge from hospital, 35 (70%) of 50 children remained on
ACEIs: 30 took captopril, 4 took enalapril, and 1 took ramipril.
Of those discharged with captopril or enalapril, only 12 (36%) of
34 had attained a target range ACEI dose and 8 (24%) of 34 had
attained an optimal ACEI dose. The median discharge dose of
captopril was 0.6 (0.4–1.0) mg/kg per dose q8h. None of the
patients was discharged at or above target enalapril dose:mean
was 0.2 (0.2–0.3) mg/kg per dose q12h. There was 1 patient
discharged on ramipril at 0.1 mg/kg per q24h.

Table 1. Baseline Characteristics Before Initiation of Captopril

Characteristic

Baseline Clinical
Practice (Retrospective
Chart Review),
n=50

Rapid
Uptitration
Protocol,
n=25

Prolonged
Uptitration
Protocol,
n=21

P Value (Rapid
vs Prolonged)

Age, y 1.1�2.6 2.5�4.1 2.3�4.7 0.85

Height, cm 61.6�22.8 81.1�33.3 73.0�34.9 0.43

Weight, kg 6.3�6.9 13.6�20.0 10.8�14.2 0.59

BSA,* m2 0.32�0.22 0.52�0.5 0.44�0.4 0.53

Females 23 (46%) 12 (48%) 9 (43%) 0.72

Diagnosis: CHD 39 (78%) 14 (56%) 10 (47%) 0.78

CHD single-ventricle physiology 7 (28%) 4 (19%) 0.47

CHD biventricular physiology 7 (28%) 6 (29%) 0.97

CHD ≤5 d postcardiotomy 12 (24%) 3 (12%) 5 (24%) 1.00

Diagnosis: DCM/M 10 (40%) 11 (44%) 0.41

Diagnosis: cardiac tumor 1 (4%) 0 (0%)

Started on CICU 29 (58%) 9 (36%) 9 (43%) 0.64

Started on ward 21 (42%) 16 (64%) 12 (57%) 0.64

Intubated NR 2 (8%) 1 (5%) 0.66

Milrinone 21 (42%) 14 (56%) 12 (57%) 1.00

Epinephrine 1 (2%) 2 (8%) 1 (5%) 1.00

Phenoxybenzamine 3 (6%) 3 (12%) 3 (25%) 1.00

Furosemide (intravenous or oral) 43 (86%) 25 (100%) 18 (85%) 0.28

Creatinine, lmol/L 38.6�14.5 37.4�14.9 34.9�9.4 0.49

GFR†, mL/min per 1.73 m2 72.5�32.5 86.2�32.4 78.3�29.5 0.40

Potassium, mmol/L 4.0 4.2�0.7 4.3�0.9 0.63

Sodium, mmol/L NR 138.4�3.9 140.3�3.8 0.10

Urea, mmol/L NR 6.4�3.3 6.3�5.9 0.92

Data are reported as number (percentage of protocol total) or mean�SD. BSA indicates body surface area; CHD, congenital heart disease; DCM/M, dilated cardiomyopathy/myocarditis;
CICU, cardiac intensive care unit; NR, not recorded.
*Body surface area (Mosteller calculation).
†Estimated glomerular filtration rate based on use of the modified Schwartz equation.
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Follow-up data at 8 weeks postdischarge were available for
17 of 30 patients discharged on ACEIs. Captopril had been
stopped in 2 patients. Only 6 of 15 remaining children with
follow-up data underwent further uptitration of ACEI dose
after hospital discharge. None of the charts of patients
included in the retrospective review included any mention of
suspected ACEI side effects, suggesting that failure to attain
target doses was unlikely to have been driven by the
occurrence of adverse effects.

Part 2: Prospective Randomized Trial of Rapid
Versus Prolonged Captopril Uptitration Protocols

Patient characteristics

The number of patients screened for eligibility, included in the
trial, and lost to follow-up are shown in the CONSORT flow
diagram (Figure 2). The first patient was recruited September
1, 2008, and the final patient recruited August 22, 2012. The
date of collection of the last patient follow-up data was
September 26, 2012. A total of 48 patients were enrolled: 26

were allocated to the rapid uptitration group and 22 to the
prolonged uptitration group. In each group, 1 patient failed to
receive the allocated intervention; thus, data were analyzed
for a total of 46 patients (Figure 2). The only statistically
significant difference in baseline characteristics between the
2 uptitration protocol groups was that there were more
patients receiving noninvasive ventilation (continuous positive
airway pressure) in the prolonged uptitration protocol
(Table 1). All the children enrolled in the study had baseline
creatinine and potassium levels within our laboratory’s normal
reference range.

Indications for ACEIs

There were 5 indications given to starting an ACEI in the study
subjects: impaired ventricular function (n=38, 82%), pulmonary
overcirculation (n=6, 13%), atrioventricular valve regurgitation
(n=5, 11%), hypertension (n=1, 2%), and protein-losing
enteropathy (n=1, 2%). These were not mutually exclusive,
and in 3 patients the indications given were both atrioventric-
ular valve regurgitation and impaired ventricular function.

Figure 2. Consort diagram for trial of captopril uptitration in pediatric cardiology inpatients.
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Dose response

Change in BP after initiation of treatment is depicted in
Figure 3. Patients randomized to the rapid uptitration had
higher baseline systolic BP (91�14 versus 83�11 mm Hg,
P<0.001) and diastolic BP (56�13 versus 47�10 mm Hg,
P<0.001) than those in the prolonged uptitration protocol. In
linear regression models adjusted for repeated measures
through an autoregressive covariance structure, on treatment
initiation, both systolic and diastolic BPs dropped by an
average (SEM) of 5 (1) mm Hg (P<0.001) and 5 (1) mm Hg
(P<0.001), respectively, with no differences between the 2
protocols (P=0.84 and 0.39, respectively). After the initial
drop in BP, there were no further changes over time for either
systolic BP (P=0.70) or diastolic BP (P=0.51), and there were
no differences between the 2 protocols (P=0.97 and 0.86,
respectively).

Achievement of target and optimal captopril doses
during hospital admission

Patients following the rapid uptitration protocol achieved a
higher maximum captopril dose during their hospital admis-
sion than did those following the prolonged protocol
(0.93�0.24 versus 0.57�0.38 mg/kg, P<0.001). The differ-
ence in maximum doses achieved was reflected in the
proportions of each group achieving the target and the
optimal captopril dose during hospital admission (Figure 2).
The mean duration of hospital stay was not different
between the rapid and prolonged uptitration protocols

(36.0�60.8 versus 25.3�40.6 days, P=0.51). At the time of
discharge, 8 patients had been switched from captopril to a
longer-acting ACEI, according to physician preference.

Serious adverse effects

There were 3 deaths, occurring in children who had been
recruited to the prospective part of this study, all in the rapid
uptitration arm. One patient died in hospital of heart failure
6 days after enrollment in the study. This patient received the
first dose of captopril but at the physician’s discretion
received no uptitration because of the severity of the
underlying condition and therefore was withdrawn from the
study. This death was reported to the research ethics board
and judged as being unrelated to the study or to captopril
administration. Data from this patient were not included in the
analysis. The 2 other deaths occurred after completion of the
rapid-uptitration protocol and discharge from hospital on
target ACEI doses but before outpatient follow-up. Both
deaths were attributed to preexisting heart failure. Three
other children received cardiac transplantation after enroll-
ment in the study and before hospital discharge (2 in the rapid
arm and 1 in the prolonged arm). These children had been
listed for cardiac transplantation before enrollment in the
study.

Protocol variances

Table 2 shows the variances that occurred in the patients
after each protocol.

Figure 3. Changes in blood pressure (BP) after commencing captopril. Note that diastolic BP was
recorded for a shorter duration because in infants and small children, these diastolic measurements are
usually only possible in routine practice while the patient has an arterial line.
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It can be seen that with regard to variances, the only
difference between the protocols was that children following
the prolonged protocol were more likely to be discharged from
hospital before the target dose of captopril was reached. For
those following the rapid uptitration protocol, the number of
variances did not differ according to whether the patient was
admitted to the cardiology ward or to the intensive care unit at
the time of commencing captopril (V1: 25% versus 33%,
P=0.67; V2: 56% versus 70%, P=0.68; V3: 93% versus 90%;
P=1.00; V4: 31% versus 22%, P=1.00; V5: 0% versus 0%,
P=1.00; V6: 13% versus 0%, P=0.52; V7: 6% versus 0%, P=1.00).

Renal function during captopril uptitration

The serum electrolyte levels of all study subjects were
measured at baseline and once again during captopril
uptitration. For the rapid uptitration protocol, electrolytes
were repeated at a mean of 3.4�1.0 days after initial
captopril dose, whereas for the prolonged protocol, repeated
measurements were made at a mean of 5.1�3.4 days after
starting captopril (P=0.04). There were no statistically signif-
icant differences in the percentage change (baseline to repeat
measurement) of any variable between the rapid and
prolonged protocols (Table 3). Protocol variances related to
renal function did not differ between the groups (Table 3).

ACEI use postdischarge

Follow-up data were available in 26 of 46 study subjects who
were discharged from hospital and seen again as an

outpatient in our center between 4 and 12 weeks postdis-
charge. Follow-up data were unavailable in 20 of 46 study
subjects. Of these, 2 died after discharge from hospital, 3
received at transplant during their hospital admission and had
ACEIs discontinued at the time of transplantation, 1 was not
followed by our center postdischarge, and 14 did not have a
follow-up outpatient visit between 4 and 12 weeks postdis-
charge (see Figure 1).

For those in whom data were available, the median (IQR)
duration from discharge to date of follow-up data collection
was 7.6 (5.1–9.6) weeks. At the time of their follow-up visit,
15 of 26 patients continued to take captopril, 3 had been
switched to enalapril and 2 to ramipril, and 6 had discontin-
ued all ACEIs. There were no differences in the type of ACEIs
prescribed at follow-up between subjects who had followed
the rapid and those who followed the slow uptitration protocol
(P=1.00). At the time of discharge from hospital, 4 patients in
the prolonged uptitration arm and no patients in the rapid
uptitration arm had been given written instructions to
increase the dose as outpatients. Of the patients who
remained on the same ACEI at the time of discharge and 8-
week follow-up, 10 had further increased their dose, while 1
was taking the same dose at follow-up as at the time of
discharge.

Comparison with previous standard clinical practice

As can be seen from Figure 4, comparison of the results of
the prospective trial of captopril uptitration with those from
the retrospective chart review of standard clinical practice
demonstrated that only introduction of the rapid uptitration
protocol made a significant improvement in achieving the
target range dose of captopril during the inpatient stay.

Discussion
This is the first prospective study to consider methods of
captopril uptitration in children with cardiac disease, and its
findings are will be of considerable interest to anyone who
prescribes ACEIs in a pediatric setting. Our results suggest

Table 3. Effects of Captopril Uptitration Protocol on
Laboratory Data

Variable

Rapid Uptitration
Protocol (Mean
Change From Baseline)

Prolonged Uptitration
Protocol (Mean Change
From Baseline) P Value

Creatinine +25% +7% 0.52

Urea +17% +11% 0.69

Sodium �5% �11% 0.48

Potassium +1.5% +0.4 0.87

Table 2. Protocol Variances During Captopril Uptitration

Variance

Rapid
Uptitration
Protocol
n=25

Prolonged
Uptitration
Protocol
n=21 P Value

V1 Symptomatic hypotension
<2 hours after dose

7 (28%) 2 (10%) 0.15

V2 Asymptomatic SBP drop
≥20%, <2 hours after
dose

15 (60%) 15 (71%) 0.54

V3 Asymptomatic SBP drop
<20%, <2 hours after dose

23 (92%) 17 (81%) 0.39

V4 Serum creatinine increase
to <double baseline

7 (28%) 5 (24%) 1.00

V5 Serum creatinine increase
to ≥double baseline

0 (0%) 1 (5%) 0.46

V6 Serum potassium
increases to ≥5 mmol/L

2 (8%) 1 (5%) 1.00

V7 Physician discharges
patient before target
captopril dose achieved

1 (4%) 9 (43%) <0.001

Some patients may have experienced each variance more than once during uptitration,
but only the first instance in counted in this table. SBP indicates systolic blood pressure.
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that the introduction of a 3-day protocol for the inpatient
initiation and uptitration of captopril is more likely than
standard clinical practice to achieve a target range ACEI dose
in pediatric cardiology inpatients. With a prospective random-
ized comparison, we were able to demonstrate equivalent
safety between a 3-day rapid uptitration protocol and a more
gradual 9-day protocol, and we showed that the 3-day
protocol can be used safely in infants and children in both
ward and intensive care settings.

ACEIs have been used frequently in pediatric cardiology,
nephrology, and endocrine practices and are widely recom-
mended by experts.1–3,5,7,21 Unusually (for pediatric medica-
tions), these agents are approved by the US Food and Drug
Administration for the treatment of pediatric hypertension.6

Despite widespread familiarity with this drug class, there have
been little data available to clinicians regarding the routine use
of ACEIs in pediatric clinical practice. Our retrospective chart
review was consistent with adult data, suggesting that with
routine practice, underdosing of these medications is fre-
quent.22,23 It has not been knownwhether different approaches
are advisable in infants and older children, for inpatient ward or
intensive care unit settings, or for those taking concomitant
vasoactive medications. Our data suggest that they are not and
that uptitration need not be delayed in inpatients.

Our protocol for rapid uptitration had no more frequent
episodes of hyperkalemia or elevated creatinine than did the
more-cautious, prolonged approach. For those patients who
experienced a rise in creatinine, the degree of elevation
tended to be higher in the rapid uptitration arm. However, this
trend was not statistically significant and it unlikely to be
clinically relevant. In fact, the only patient who experienced

more than doubling of the baseline creatinine level was in the
prolonged arm. Taken as a whole, our data suggest that rapid
uptitration of captopril in this population was not of itself
particularly detrimental to renal function. Nonetheless, it
should be remembered that ours was a small study and
careful monitoring of renal function remains essential when-
ever starting ACEIs in children.

Episodes of hypotension were no more frequent in the
rapid uptitration protocol than in the prolonged prolonged,
and, overall, we found symptomatic hypotension to be
infrequent during the initiation of captopril. While only 1 of
our patients was prescribed an ACEI for the primary purpose
of BP control, it is interesting to note that any BP-lowering
effect of captopril was seen early in both protocols, maximal
within 30 hours, and maintained without further change while
patients remained on treatment. A similar pattern was seen in
10 young (3.5–20 years) hypertensive patients whose BP
response to various doses of captopril was studied by Sinaiko
et al.24 In that study, the onset of hypotensive response
occurred within 15 minutes of captopril administration and
peaked at around 90 minutes, and many patients had no
further augmentation of response after the second or third
dose.24 The authors also noted that the magnitude of BP
response appeared unrelated to the dose of captopril or its
blood concentration.24 These findings, consistent with ours,
likely relate to the mechanisms of action of captopril and its
pharmacokinetics in infants and children. Further investiga-
tion with serial measurements of plasma renin activity and
bradykinin levels may be warranted.

It was evident from our study that in pediatric cardiac
inpatients, ACEI dosing at discharge is more likely to be

Figure 4. Performance of rapid and prolonged protocols for angiotensin-converting enzyme inhibitor
(ACEi) uptitration in pediatric cardiology inpatients and comparison with previous standard clinical practice.
*P values calculated from analysis of 392 contingency tables with 2-tailed v2 test statistic.
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optimized or within target range if uptitration is pursued more
aggressively. This is an important finding given the concerns
that efficacy of this medication class in heart failure patients
is closely linked to dosing and that suboptimal dosing has
been demonstrated to be a clinical problem in several
guideline adherence studies of heart failure in adults.22,23

Limitations
The barriers to conducting randomized clinical trials of
cardiovascular drugs in children are well documented,25,26

and in conducting this study, we encountered similar limita-
tions. Most important, the number of subjects included in our
study was small. While we calculated that 50 patients would
be sufficient to detect a difference between the protocols with
regard to the discharge dose of ACEIs, it is possible the study
could be underpowered to detect differences in the number of
adverse effects between the groups. For example, there were
more episodes of symptomatic hypotension within 2 hours of
the captopril dose in the rapid uptitration arm than in the
prolonged arm, and perhaps if the study were larger this result
may have reached statistical significance. Although seemingly
sufficient to investigate our primary hypotheses, the limited
size of this study also prevented detailed subgroup analysis,
and we are unable to determine whether there was an
interaction between subject age, sex, or race and the
favorability of either the rapid or the delayed uptitration
protocol.

While there are studies of the pharmacokinetics of ACEIs in
children and of their antihypertensive effects,24,27–29 little is
known about how these features relate to the efficacy of
treatment for pediatric heart failure, which in this study was
the primary indication for ACEIs. Our definitions of “target”
and “optimal” doses of ACEIs for pediatric patients were
largely based on extrapolation from adult guidelines and on
the consensus of physicians in our institution, so to some
extent we were studying uptitration in an unverified dosing
range. It is also important to highlight that this study did not
evaluate the clinical or biochemical efficacy of ACEIs in
children with heart disease.

Conclusions
We conclude that uptitration of ACEIs in cardiac inpatients
can be rapidly achieved and that undue delays do not
significantly alter the potential risks of ACEI introduction. We
also conclude that an optimal outpatient dose of ACEI is more
likely to be achieved through rapid protocolled uptitration.
Further study will be required to determine if these advan-
tages translate into important clinical benefits for pediatric
cardiac patients.
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SUPPLEMENTAL MATERIAL 

 

 

MANAGEMENT OF VARIANCES FROM PROTOCOL 

 

All variances will be recorded on data sheet.  

 

1. Symptomatic hypotension within 2 hours of captopril dose: 

The physician will manage the hypotension as they feel necessary and make a decision as to 

whether or not the patient should continue to receive captopril. If so the patient will be withdrawn 

from receiving further protocol doses and will be up-titrated at a speed decided by the physician. 

This will be recorded as a “protocol failure” and patient data will continue to be collected.  

 

2.Asymptomatic systolic blood pressure drop of >20% within 2 hours of captopril dose: 

The physician will decide whether the next study dose should be given or whether a “holding 

doses” should be given. Holding doses are repetitions of the dose that originally caused a drop in 

blood pressure. Holding doses can be given until the physician decides to recommence up-

titration. When up-titration is recommenced the patient will continue on the dosing schedule from 

where they left it.  This will be recorded as “variance 2 - holding dose” and the number of holding 

doses given before up-titration is continued will be counted. 

 

The purpose of this variance is to allow time for clinical changes to occur (eg stopping other 

medication, improvement of fluid balance, improvement of ventricular function) before 

continuing up-titration. 

  



 Should the holding dose continue to cause hypotension the patient should return to the previously 

tolerated dose and be withdrawn from the up-titration protocol.  This will be recorded as 

“protocol failure” and patient data will continue to be collected. 

 

3. Asymptomatic blood pressure drop of <20% within two hours of captopril dose: 

The physician may be contacted and the next dose of captopril will be given as planned according 

to the protocol.  This will be recorded as “variance 3”. 

 

4. Serum creatinine rises to less than double baseline: 

The physician will evaluate fluid balance status and other medication use. Any changes made will 

be recorded by the research team. This will be recorded as “variance 4 – holding dose”. Physician 

will have the option of prescribing a holding dose for three days. If the creatinine improves an 

attempt will be made to resume up-titration according to protocol. If the patient is withdrawn 

from the protocol this will be recorded as “protocol failure” and patient data will continue to be 

collected. 

 

5. Serum creatinine rises to more than double baseline: 

The protocol up-titration will be stopped and management will be as physician sees fit. This will 

be recorded as “protocol failure” and data will continue to be recorded. 

 

6. Serum potassium rises to more than 5mmol/L: 

Physician will consider role of coexisting diuretics. If physician wishes to continue up-titration 

patient will remain on protocol, this will be recorded as “variance 5”. If physician wishes to 

remain at current captopril dose or to decrease dose patient will stop protocol. This will be 

recorded as “protocol failure” and data will continue to be recorded. 

 

  



7. Physician wishes to discharge patient before achieving the target dose 

The research team will record the discharge dose of captopril and the dose at eight weeks after 

discharge. This will be recorded as “variance 7” 

 

  


