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Abstract
Angiotensin-converting enzyme (ACE) inhibitors are frequently used to treat hypertension in
children (1). ACE inhibitors alter the balance between the vasoconstrictive, salt-retentive, and cardiac
hypertrophic properties of angiotensin II and the vasodilatory and natriuretic properties of
bradykinin; they also alter the metabolism of other vasoactive substances (2). Through these
mechanisms, ACE inhibitors decrease systemic vascular resistance and promote natriuresis without
increasing heart rate. They have proven efficacy in the treatment of hypertension, congestive heart
failure, and left ventricular dysfunction and also delay the progression of diabetic nephropathy (2).
In adults, ACE inhibitors are less potent in blacks than in whites (3,4). Although racial differences
in response to ACE inhibitors are established in adults, data in children are limited by small sample
sizes of individual trials (5,6). We evaluated results of 6 trials of ACE inhibitors submitted to the US
Food and Drug Administration (FDA) for pediatric exclusivity using meta-analytic techniques to
estimate the effect of race on blood pressure response.

METHODS
The cohort

Between January 1, 1998, and December 31, 2005, efficacy data from 12 antihypertensive
products were submitted to the FDA’s Division of Cardiovascular and Renal Products. We
used the randomized, blinded efficacy trials for this analysis (7). One efficacy trial and at least
1 pharmacokinetic-pharmacodynamic (PK-PD) trial were completed for each agent.
Summaries of medical and clinical pharmacology reviews of several of the studies are publicly
available (8). Except for demonstrating differences in clearance and half-life for benazepril,
the PK trials did not indicate differential dosing from adult data and did not suggest differences
in absorption, bioavailability, clearance, or differential response by age or development. PK-
PD samples were not obtained in the efficacy trials; therefore, we did not include PK-PD results
in this analysis. The PK trials were performed in children ages 1 month to 16 years with the
exception of the quinapril trial which was performed in children ages 2.5 months to 6 years
and the ramipril trial which was performed in children ages 2 years to 6 years (8–11). In our
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previous analysis, we evaluated data from the dose-response part of the trials (7). For this
analysis, we analyze the placebo phase of the trials; therefore the sample sizes are different.

Of the 12 efficacy trials, 6 were conducted with ACE inhibitors. Inclusion and exclusion criteria
among trials were similar. The studies enrolled children 6–16 years of age. The trials excluded
children with severe hypertension (because of a placebo phase), low glomerular filtration rates
(< 30 mL/min/1.73 m2), electrolyte abnormalities, renal disease, and other substantive medical
problems including clinically significant cardiac disease (5). The trial design (12) and dosing
strata of each study are shown in Table 1.

Data management
The data, protocols, and case report forms from these 6 trials were submitted electronically to
the FDA. Source data were available in SAS datasets, which we converted to STATA datasets
via STAT Transfer. We combined patient-level data to obtain 1 observation per patient.

From each trial, we assembled 30 common variables: antihypertensive product, unique patient
identification number, age, sex, race, height, weight, body mass index (BMI), baseline sitting
diastolic blood pressure, baseline sitting systolic blood pressure, diastolic and systolic blood
pressure at end of the placebo-controlled phase, and amount of drug in milligrams and per
dosing stratum (low, medium, or high [Table 1]). We used a categorical variable of white/
black/other for race because several trials used this format to report race, and more specific
information was not available.

Baseline systolic and diastolic blood pressures were the average of 3 sequential values obtained
at the beginning of the randomized placebo-controlled phase. If 1 value was missing, the
average of 2 observations was used. Blood pressures taken at the end of the placebo-controlled
phase were calculated in similar fashion. If the last observation at the end of the placebo-
controlled phase was missing, we used the last observation carried forward as an imputation
method. Percent change from baseline blood pressure was used as a primary end point to assess
response to antihypertensive therapy. This was calculated by subtracting the end–of–placebo-
controlled phase blood pressures from the baseline values.

Statistical analysis
We analyzed the data using 2 methods. In the first analysis, we extracted each variable listed
above into a common dataset in which each patient from each trial was represented with 1
observation. We assessed blood pressure response with respect to race in each trial. In each
analysis, we used a linear regression evaluating interaction with race as a categorical variable.
A significant response was concluded if the slope of the regression line differed from 0 at the
0.05 significance level. In the second analysis, we used meta-analytic techniques to evaluate
the data. Least mean squares parameter estimates and their standard errors were obtained for
each analysis and then entered into the Borenstein M., Hedges L., Higgins J., Rothenstein H.,
Comprehensive Meta-analysis Version 2 software (Englewood, NJ). A fixed-effects meta-
analysis was employed for comparing the role of dose, race, and dose–race interactions on
change in blood pressure across all ACE inhibitors. A random effects meta-analysis was also
performed, and the results were identical. The analysis had > 90% power to detect a 6 mm Hg
change in blood pressure if the standard deviation is assumed to be 10 mm Hg with a treated
sample size of 48 subjects and a placebo sample size of 87 subjects. We used the individual
patient data to report the results in Table 2 and the results from the meta-analysis to provide
graphic representation of the data.
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Ethics
We presented the project to the Duke University Medical Center Institutional Review Board
and the FDA’s Research Involving Human Subjects Committee and received a waiver of
review for this analysis because there were no patient identifiers in the already existing data
which were used for this review.

RESULTS
The fraction of male children and the age distribution of enrolled subjects were similar between
trials (Table 1). The ramipril trial enrolled a lower proportion of white children (28.2%,
compared with 43.6% across all trials). The distribution of race was pre-specified by the
protocols because the FDA written request asked for a larger percentage of black children
enrolled than that observed in the US population. The distribution of weight and BMI of
subjects varied among trials. The median BMI z-score of subjects enrolled in the enalapril and
lisinopril trials was 1.0 and 1.1, respectively; median BMI z-score was 2.0 in the fosinopril
trial and 2.1 in the ramipril trial.

Systolic blood pressure
For all races combined, the individual trials and the aggregate result did not show a significant
difference from baseline using low-dose drug. Only the benazepril (P = 0.011) and enalapril
(P = 0.032) trials showed differences from baseline with medium-dose drug; however, in
aggregate across trials, a significant difference from baseline (P < 0.001) was seen. With high-
dose drug, benazepril (P = 0.045), enalapril (P = 0.001), lisinopril (P < 0.001), and ramipril
(P = 0.015) showed a difference from baseline, and the aggregate response was highly
significant (P < 0.001) (Figure 1). Therefore, at the highest dose in the trials, a significant
systolic blood pressure response was more likely to be demonstrated.

When systolic blood pressure analysis was stratified by race, children of white race at high
doses of drug had significant difference from baseline only in the lisinopril trial (P < 0.001);
across trials, there was a significant difference from baseline in systolic blood pressure (P
=0.003). In contrast, however, black children showed a significant difference at high-dose drug
only in the quinapril trial (P = 0.02) and no significant response across trials (P = 0.139) (Figure
1).

Diastolic blood pressure
For all children at the high dose of drug, the enalapril (P = 0.001) and the lisinopril (P < 0.001)
trials showed a significant difference from baseline, and the aggregate result was highly
significant (P < 0.001) (Figure 2).

When stratified by race, children of white race at high-dose drug showed a significant change
from baseline in the enalapril trial (P = 0.037) and the lisinopril trial (P = 0.001); in aggregate,
there was a highly significant difference (P < 0.001). Children of other races similarly had a
highly significant aggregate difference (P < 0.001). However, black children did not show a
difference from baseline in any individual trial or in aggregate (P = 0.397) (Figure 2).

DISCUSSION
We were provided access to individual patient data for each of the ACE inhibitor pediatric
antihypertensive efficacy trials submitted for pediatric exclusivity from 1998 to 2005,
inclusive. All 6 trials enrolled a substantial proportion of children of black or other race. At
the highest dose of drug, children of white or other race demonstrated a significant systolic and
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diastolic blood pressure response to ACE inhibition. In contrast, at the highest dose of drug,
children of black race did not show a response in aggregate to ACE inhibition.

We previously reported a racial difference in response to blood pressure of fosinopril using a
different analytic method (slope of dose response in black patients compared with white
patients). The present analysis differs in that, here, we have used absolute change from baseline
in each trial. Our previous work is the only study to report on racial differences in blood pressure
response to antihypertensive drugs in children (13).

Our study demonstrates that black children do not respond as well to ACE inhibitors compared
with children of white or other race. This is consistent with the well-described racial differences
in responsiveness to ACE inhibitors in adult patients (3,4). ACE inhibitors are less effective
as monotherapy in black adults because of low renin levels and a high degree of salt sensitivity
(14). This differential response of the renin angiotensin system in blacks may be due to genetic
polymorphisms in the angiotensinogen gene (15,16). In black adults, the intrarenal renin–
angiotensin system is not suppressed as effectively as in whites in response to high salt intake
but shows the same level of activation with low salt intake. Black adults on a low-salt diet or
a diuretic show a renal vascular response to renin and ACE inhibition identical to whites
(17).

The differential blood pressure response to ACE inhibitors according to race seen in this study
could not have been demonstrated by evaluating individual trials but was discernible in the
meta-analysis. We were only able to do this by having access to the data across trials. Access
to protocols, final study reports, and individual patient data for each trial was therefore crucial
to our investigation.

Limitations to our study include that trials of beta-blockers and calcium channel blockers were
not included. We only had access to 1 trial of beta-blocker and 2 trials of calcium channel
blockers compared with 6 trials of ACE inhibitors. In addition, the race group of “other” is
non-specific and included children of mixed race; therefore, we could not particularly evaluate
other ethnic groups besides white and black. Other limitations of this study are the small age
range studied which included mainly children > 10 years of age with adult weights. Also, many
patient populations that frequently use ACE inhibitors (e.g., those with cardiac disease, renal
disease, or diabetes) were excluded from these studies. Hence, these data may not be applicable
to younger children and/or sicker children

We have compiled the results of 6 anti-hypertensive trials in children; our analysis suggests
that black children do not have as robust a response to ACE inhibitors as white children. Our
analysis is limited to the dosages used in the trials; many of these trials used limited differences
in the amount of product given between low- and high-dose groups (7). Moreover, the highest
doses of drug used in each trial were up to the maximum adult dose. Therefore, higher dosages
of ACE inhibitors may be effective in treating hypertensive black children. The safety
implications of using potentially higher doses beyond the adult maximum dose, however,
require further study.
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Figure 1.
Systolic blood pressure response to individual drugs and aggregate response (last line of data)
compared with baseline (shown by the vertical line at 1) by % change at high-dose drug. Data
are graphically shown as point estimates with 95 % confidence intervals. Estimates that fall
between 0.5 and l denote a negative % change, and estimates that fall between 1 and 2 denote
a positive % change.
A—All races
B—White race
C—Black race
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Figure 2.
Diastolic blood pressure response to individual drugs and aggregate response (last line of data)
compared with baseline (shown by the vertical line a 1) by % change at high-dose drug. Data
are graphically shown as point estimates with 95 % confidence intervals. Estimates that fall
between 0.5 and l denote a negative % change, and estimates that fall between 1 and 2 denote
a positive % change.
A—All races
B—White race
C—Black race
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Table 1
Trial design and dosing strata

Drug Trial design Dosing
Benazepril D L: 5 mg if < 50 kg

L: 10 mg if ≥ 50 kg
M: 10 mg if < 50 kg
M: 20 mg if ≥ 50 kg
H: 20 mg if < 50 kg
H: 40 mg if ≥ 50 kg

Enalapril C L: 0.625 mg if < 50 kg
L: 1.25 mg if≥ 50 kg
M: 2.5 mg if < 50 kg
M: 5.0 mg if ≥ 50 kg
H: 20 mg if < 50 kg
H: 40 mg if ≥ 50 kg

Fosinopril C L: 0.1 mg/kg
M: 0.3 mg/kg
H: 0.6 mg/kg, not to exceed 40 mg

Lisinopril C L : 0.625 mg if < 50 kg
L : 1.25 mg if ≥ 50 kg
M: 2.5 mg if < 50 kg
M: 5.0 mg if ≥ 50 kg
H: 20 mg if < 50 kg
H: 400 mg if ≥ 50 kg

Quinapril A L: 2.5 mg if 20–40 kg
L: 5 mg if > 40 kg
M: 5 mg if 20–40 kg
M: 10 mg if > 40 kg
H: 10 mg if 20–40 kg
H: 20 mg if > 40 kg

Ramipril D L: 0.625 to 5 mg
M: 1.25 to 10 mg
H: 2.5 to 20 mg

L denotes low dose, M denotes medium dose, H denotes high dose.
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