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Abstract

Background: Control of hypertension delays progression of pediatric chronic kidney disease 

(CKD), yet few data are available regarding what office blood pressure (BP) levels may slow 

progression.

Methods: Longitudinal BP data from children in the Chronic Kidney Disease in Children cohort 

study who had hypertension or an auscultatory BP ≥90th percentile enrolled were studied. BP 

categories were defined as the maximum systolic or diastolic BP percentile (<50th, 50th to 75th, 

75th to 90th and ≥90th percentile) with time-updated classifications corresponding to annual study 

visits. The primary outcome was time to kidney replacement therapy or a 30% decline in estimated 
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glomerular filtration rate. Cox proportional hazard models described the effect of each BP 

category compared to BP ≥90th percentile.

Results: 754 participants (median age 9.9 years at study entry) met inclusion criteria; 65% were 

male and 26% had glomerular CKD. Any BP <90th percentile was associated with a decreased 

risk of progression for those with glomerular CKD (hazard Ratio (HR), 0.63; 95% CI, 0.28–1.39 

(<50th); HR, 0.59; 95% CI, 0.28–1.26 (50th–75th); HR, 0.40; 95% CI, 0.18–0.93 (75th–90th). 

Similar results were found for those with non-glomerular CKD: any BP < 90th percentile was 

associated with decreased risk of progression (HR, 0.78; 90% CI, 0.49–1.25 (<50th); HR, 0.53; 

95% CI, 0.33–0.84 (50th–75th); HR, 0.71; 95% CI, 0.46–1.08 (75th–90th).

Conclusions: Achieved BP <90th percentile was associated with slower CKD progression in 

children with glomerular or non-glomerular CKD. These data provide guidance for management 

of children with CKD in the office setting.
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Introduction

There is a growing body of evidence that hypertension is a major contributor to progression 

in pediatric patients with established chronic kidney disease (CKD) [1]. In a study designed 

to test the effects of a low-protein versus conventional diet on CKD progression in children, 

hypertension (defined as systolic blood pressure (BP) > 120 mmHg) and proteinuria (24-

hour urine protein > 50 mg/kg) were independently associated with glomerular filtration rate 

(GFR) decline [2]. Early prospective data from the Chronic Kidney Disease in Children 

(CKiD) study demonstrated that the annualized GFR decline was faster among patients with 

an abnormal ambulatory BP compared to those with normal ambulatory BP (ABP), though 

the relationship was not statistically significant [3]. In another analysis, CKiD participants 

with a baseline clinic BP < 50th percentile were found to have a significantly slower rate of 
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progression compared to those with higher baseline BP [4]. More recent publications from 

CKiD have confirmed that hypertension accelerates progression of CKD, both in the overall 

CKiD cohort and in a sub-analysis of children with non-glomerular forms of CKD [5, 6].

These data, as well as adult observational and interventional studies of CKD [7–9], suggest 

that BP reduction is a critical intervention to slow the progression of CKD. Most notably, the 

Effect of Strict Blood Pressure Control and ACE Inhibition on the Progression of CRF in 

Pediatric Patients (ESCAPE) trial has provided strong evidence for the crucial role of BP 

management when treating patients with CKD [10]. This trial demonstrated that children 

who received intensified ABP control (24-hr mean arterial pressure (MAP) < 50th percentile) 

were less likely to reach the primary end point (50% decline in estimated GFR or 

progression to stage 5 chronic kidney disease (CKD 5)) after 5 years than those who 

received conventional ABP control (24-hr MAP between 50th and 90th percentiles). What is 

not known, however, is what clinic BP level should be targeted during longitudinal follow-

up to achieve renoprotection in children with CKD. This is an important question since the 

measurement of ABP does not readily translate to clinic BP, which is more commonly 

measured. The aim of the present study, therefore, was to utilize the longitudinal assessment 

of clinic BP among participants in the CKiD cohort study to determine the association 

between achieved clinic BP levels and GFR decline. We hypothesized that children with 

clinic BP < 50th percentile would have preserved kidney function compared to children with 

clinic BP > 75th and 90th percentiles.

Methods

Study population

The CKiD study is an observational cohort of CKD in children conducted at 56 centers in 

North America to characterize the natural and treated history of CKD. Inclusion criteria 

include age 1–16 years and estimated GFR of 30–90 ml/min per 1.73 m2, calculated using 

the bedside CKiD study formula [11]. Clinical data were collected at annual study visits and 

included measures of clinic BP, kidney health (GFR) and medical/general health. Kidney 

replacement therapy (dialysis or transplant) were collected by medical records or self-report. 

The CKiD study protocol adheres to the Declaration of Helsinki and has been reviewed and 

approved by the institutional review boards of each participating center. All participants 

and/or guardians provided written informed consent or assent according to local 

requirements. The full details of the CKiD study protocol, including exclusion criteria, have 

been described previously [12].

The primary purpose of this analysis was to estimate the risk of CKD progression associated 

with BP percentile categories among those with a history of hypertension or elevated blood 

pressure. Therefore, this analysis was restricted to CKiD participants with a previous 

diagnosis of hypertension reported at entry into CKiD or who had an elevated BP (systolic 

or diastolic BP ≥ 90th percentile) measured at least once during follow-up. Since the target 

population was children with history of hypertension, participants with no previous 

diagnosis of hypertension and no visits with BP ≥ 90th percentile were excluded from the 

analysis. Subsequently, we excluded from the analysis all visits prior to the first visit with a 

measured BP ≥ 90th percentile among participants with no previous diagnosis of 
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hypertension. Also excluded from the study population were person-visits where age ≥ 18, 

as blood pressure percentiles were not calculated for adults.

Exposure

As previously described [13], a trained examiner obtained three resting BP measurements 

approximately 30 sections apart using an aneroid sphygmomanometer at each annual CKiD 

study visit. The mean of the three measurements comprised the clinic BP value for each 

participant. BP categories were defined as the maximum systolic or diastolic BP percentile 

for age and sex according to the 2017 American Academy of Pediatrics Clinical Practice 

Guideline [14] (< 50th, 50th to < 75th, 75th to < 90th and ≥ 90th percentile) and were 

allowed to vary over time, according to BP measurements at each annual study visit. Since 

the pediatric BP percentiles are not applicable to adults, this study population was restricted 

to person-visits with age less than 18 years.

Outcome and censoring

The outcome was a composite event defined as the first occurrence of kidney replacement 

therapy (dialysis or kidney transplant) or a 30% GFR decline from the first visit at which 

hypertension or elevated BP (i.e., analytical baseline) was detected. Censoring approaches 

were based on the inherent short-term variability in exposure (i.e., BP) status. For 

participants who were not observed to have an event, censoring occurred at their last visit. 

For consecutive visits that occurred more than 1.5 years apart, censoring occurred at 1.5 

years after the earlier visit in order to retain the data from the visit while avoiding 

extrapolating their exposure beyond 1.5 years. Participants with events occurring more than 

1.5 years after their last visit free of the event were censored at their last event-free visit, 

since BP levels leading up to the event were not known.

Stratification and covariates

Participant diagnoses in the CKiD cohort have been broadly classified as either glomerular 

or non-glomerular [13, 15], which have different pathology and progression patterns. In 

particular, children with glomerular diagnoses are more likely to have proteinuria, are 

commonly treated with inhibitors of the renin-aldosterone-angiotensin system and tend to 

progress faster than children with non-glomerular CKD. Thus, all analyses were stratified by 

diagnosis, broadly defined as glomerular or non-glomerular in etiology. Potential 

confounders of the BP and kidney disease progression relationship included race, defined as 

African American or non-African American, socioeconomic status variables defined as 

annual household income (≤ $36,000, $36,001 to 75,000, > $75,000) and maternal education 

(college degree or more), age (on a continuous scale), and CKD-related variables defined as 

log-transformed GFR and nephrotic range proteinuria (urine protein to creatinine ratio > 2), 

where all were measured at entry.

Statistical analysis

Clinical and demographic characteristics of this sub-cohort of CKiD participants were 

stratified by CKD diagnosis, as well as BP percentile categories at baseline. Non-parametric 

Kaplan Meier functions described the distribution of composite outcome timing across BP 
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categories. Since blood pressure was allowed to vary across visits, we estimated cumulative 

survival for each blood pressure category using the counting process formulation [16]. 

Participants entered a risk set at t0 (time since origin that a given BP was measured) and 

exited at t1, which was defined as either the time of the composite event, time of transition to 

another BP category without the event, or time of transition out of the study without the 

event. Cox proportional hazard models described the putative reduction in risk associated 

with BP < 50th percentile, BP 50th – < 75th percentile, 75th – < 90th percentile compared to ≥ 

90th percentile as the reference in both unadjusted and adjusted models.

Since those who entered the study with a previous diagnosis of hypertension had prevalent 

exposure and the time since hypertension diagnosis (i.e., duration) was not known, we 

performed a sensitivity analysis restricted to participants who had incident hypertension. In 

this group, there was a more homogenous time since incident hypertension and data were 

available for characteristics at the time of hypertension onset. This sensitivity analysis was 

conducted only among those with non-glomerular CKD. The subgroup with glomerular 

CKD had an insufficient sample size for meaningful inference.

Hazard ratios are presented with 2-sided 95% confidence intervals, where intervals not 

containing the null value 1 were considered statistically significant. Analyses were 

performed using SAS version 9.4 and R version 3.6.1.

Results

Of the 1093 participants enrolled in CKiD, a total of 754 (194 and 560 children with 

glomerular and non-glomerular CKD, respectively) met the inclusion criteria for this 

analysis. Inclusion criteria was not met for 339 participants: 261 had no previous diagnosis 

or onset of hypertension, 55 had only 1 study visit, 16 had missing BP at all study visits, and 

7 had the event > 1.5 years after the first study visit. Participants contributed an average of 

3.5 and 4.3 person-visits (679 and 2403 total) over 2.7 and 3.6 years (517 and 2008 total) to 

the analysis for those with glomerular and non-glomerular disease, respectively. Of the 754 

participants who met inclusion criteria, median age at entry was 9.9 years, 65% were male, 

26% had glomerular CKD, and median duration of CKD at entry was 6.8 years. Tables 1 and 

2 describe the baseline characteristics of participants with glomerular and non-glomerular 

diagnoses, respectively. Among participants with glomerular CKD, 57% (n = 110) had BP ≥ 

90th percentile. Of the 73% (n = 142) who entered with a previous diagnosis of 

hypertension, 41% (n = 58) had BP ≥ 90th percentile. Those with BP ≥ 90th percentile at 

baseline were shorter, less likely to use antihypertensive medications, more likely to have 

nephrotic range proteinuria, and had lower GFR. Among participants with non-glomerular 

CKD, 72% (n = 403) had BP ≥ 90th percentile. Of the 51% (n = 285) who entered with a 

previous diagnosis of hypertension, 45% (n = 128) had BP ≥ 90th percentile. Those with BP 

≥ 90th percentile at baseline were younger and less likely to use antihypertensive 

medications.

Figure 1 depicts the nonparametric Kaplan-Meier survival functions and corresponding risk 

sets of the four time-updated blood pressure groups stratified by those with glomerular or 

non-glomerular diagnoses (Figure 1a and 1b, respectively). For both diagnoses, the 
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distribution of participants in each risk set is skewed towards the highest BP category at 

study entry and becomes more balanced as time passes. Size of the risk set is allowed to 

increase over time, as the exposure is time-varying and individuals can change exposure 

group across study visits. Participants with blood pressure ≥ 90th at any time after the 

baseline visit had the highest risk of CKD progression among participants with both 

glomerular and non-glomerular CKD. Among those with a glomerular diagnosis, the 75th 

percentile of cumulative survival was 0.9 years, 4.8 years, 3.1 years, and 2.8 years for those 

with BP percentile > 90th, 75th to 90th, 50th to 75th and > 50th, respectively. For non-

glomerular participants, the 75th percentile of cumulative survival was 2.9 years, 3.7 years, 

6.6 years, and 3.2 years for those with BP percentile > 90th, 75th to 90th, 50th to 75th and > 

50th, respectively.

The hazard ratios (HRs) from both unadjusted and adjusted Cox proportional hazard models 

are listed in Table 3 and illustrated in Figure 2. In participants with glomerular CKD, any BP 

< 90th percentile was associated with a decreased risk of disease progression (HR, 0.27; 95% 

CI, 0.13–0.55 (< 50th); HR, 0.40; 95% CI, 0.21–0.75 (50th to 75th); HR, 0.24; 95% CI, 0.11–

0.53 (75th to 90th)). After adjusting for race, income, maternal education, baseline 

proteinuria and baseline GFR, similar results were found (HR, 0.63; 95% CI, 0.28–1.39 (< 

50th); HR, 0.59; 95% CI, 0.28–1.26 (50th–75th); HR, 0.40; 95% CI, 0.18–0.93 (75th–90th)). 

Participants with non-glomerular CKD whose BP < 90th percentile were at a decreased 

hazard of the composite event (HR, 0.83; 90% CI, 0.54–1.26 (< 50th); HR, 0.49; 95% CI, 

0.32–0.76 (50th–75th); HR, 0.62; 95% CI, 0.42–0.91 (75th–90th). The association remained 

after adjustment for race, income, maternal education, baseline proteinuria and baseline 

GFR (HR, 0.78; 90% CI, 0.49–1.25 (< 50th); HR, 0.53; 95% CI, 0.33–0.84 (50th–75th); 

HR, 0.71; 95% CI, 0.46–1.08 (75th–90th). For both glomerular and non-glomerular 

participants, there was not a clear dose response between the exposure and outcome. For 

those with a glomerular diagnosis, the lowest risk was seen in those with BP 75th to 90th 

percentile. For those with a non-glomerular diagnosis, the lowest risk was seen in those with 

BP 50th to 75th percentile. There were no significant differences in pairwise comparisons 

between BP categories less than the 90th percentile within each diagnosis. For example, 

among those with a glomerular diagnosis, the risk of the composite outcome was higher for 

those with BP < 50th relative to BP 50th to 75th percentile, although this was not 

statistically significant (HR, 1.57; 95%CI, 0.56–4.38). Full results of all pairwise 

comparisons are provided in Supplemental Table 1.

As a sensitivity analysis, we restricted to those with a non-glomerular diagnosis, SBP or 

DBP ≥ 90th percentile and no previous diagnosis of hypertension. In this subpopulation, 

where we only looked at visits immediately after onset of elevated blood pressure, we saw 

similar results to the full analysis. A summary of the analysis and its results are presented in 

the supplemental material.

Discussion

This study demonstrates that achievement of clinic BP below the 90th percentile in 

hypertensive children with CKD is associated with slowed progression of CKD. More 

importantly, we also show that among children with glomerular CKD, a clinic BP between 
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75th and 90th percentile was associated with the lowest risk of disease progression, while for 

those with non-glomerular forms of CKD, achieving a clinic BP between the 50th and 75th 

percentiles may offer an additional advantage in terms of slowing CKD progression. This is 

notable given that most children with CKD have non-glomerular diagnoses [10] and are 

usually felt not to be at significant risk for hypertension.

Hypertension is a well-established risk factor for progression of CKD in both adults [7] and 

children [2, 17]. Data from the North American Pediatric Renal Transplant Cooperative 

Study registry showed that the estimated GFR declined faster in children with CKD who 

were hypertensive at baseline compared to those who were normotensive at baseline [17]. In 

a prospective multicenter study designed to assess the effects of a low-protein diet on kidney 

function and growth in children with CKD, it was found that although a low-protein diet did 

not reduce the rate of decline in creatinine clearance, systolic BP > 120 mm Hg was an 

independent predictor of an increased rate of kidney function decline [2]. Many studies in 

adults have suggested that aggressive BP control is renoprotective. In the Modification of 

Diet in Renal Disease (MDRD) study, for example, participants randomized to the lower BP 

goal (defined as mean arterial pressure [MAP] of ≤ 92 mm Hg for those ≤ 60 years of age, or 

≤ 98 mm Hg for those ≥ 61 years of age) had slower rates of progression of CKD than did 

subjects randomized to the “usual” BP goal [8]. On the basis of the findings in the MDRD 

study, among others, recent consensus guidelines have recommended strict BP control in 

adults with proteinuric kidney disease as a method of slowing the progression of CKD [18, 

19].

In children with CKD, the primary evidence for the role of aggressive BP control in slowing 

progression of CKD comes from the ESCAPE trial, which randomized children with stage 

2–4 CKD to either intensive or usual BP control based upon 24-hour ambulatory BP 

monitoring [10]. Fewer children randomized to intensive BP control, defined as 24-hour 

mean arterial pressure < 50th percentile, had either a 50% decline in estimated GFR or 

progression to CKD 5 than children randomized to usual BP control, defined as 24-hour 

mean arterial pressure between the 50th and 95th percentiles. Given these results, both the 

recent European and American guidelines for management of hypertension in children have 

recommended that children with CKD should be treated based on 24-hr ambulatory BP 

monitoring to BP targets similar to those in the ESCAPE trial [14, 20].

However, 24-hour ambulatory BP monitoring has notable drawbacks, including limited 

availability, poor patient tolerability [21] and lack of insurance reimbursement – all of which 

make it difficult to obtain repeated studies at the frequency recommended in current 

guidelines. Thus, despite the evidence base for 24-hour ambulatory BP-guided treatment, 

many clinicians rely upon clinic (sometimes referred to as office or casual) BP measurement 

to guide management of hypertension in children with CKD. While lower (< 90th percentile) 

clinic BP targets have been recommended for children with CKD in all recent consensus 

guidelines [14, 18, 20], these recommendations are largely based upon expert opinion, as 

there are no available data on clinic BP targets and progression of CKD in children. We 

recognize that 24-hour ambulatory measurement is currently the gold standard for BP 

monitoring in children with CKD. The current analyses address the important role of clinic 

BP in the management of hypertension in this population.
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The results of this analysis, based upon longitudinal follow-up of participants in the CKID 

study, begin to fill in this knowledge gap. We show that CKD progression in children with 

mild to moderate CKD is slower among those who achieved clinic BP below the 90th 

percentile, and that in children with non-glomerular forms of CKD, BP between the 50th and 

75th percentiles is associated with the slowest rate of CKD progression. While there were no 

statistically significant differences between BP categories that were less than the 90th 

percentile, this dataset was likely underpowered to detect further differences. These data 

may prove useful to clinicians who manage hypertension in pediatric CKD based upon clinic 

BP measurements, and support recommendations of consensus organizations that clinic BP 

< 90th percentile should be targeted in children with CKD [14, 20].

In this analysis, the clinically relevant exposure metric is achieved BP percentile rather than 

antihypertensive therapy use. Most of the antihypertensive therapy use in this cohort was 

ACEi/ARBs, but data were not available for dosing or intensity of therapy. In addition, we 

note there is likely heterogeneity in prescribing practices, adherence and patient response to 

therapy, thus the observed BP percentile offers a useful clinical parameter.

Our findings have certain limitations. These are observational data that reflect the usual care 

at academic centers in North America, and thus may not be generalizable to all children with 

CKD, but are expected to be applicable to children with CKD and a diagnosis of 

hypertension. Given that the study is observational in nature, there was no pre-specified 

treatment protocol, and we do not know how the local site physicians responded to the 

participants’ BPs. Indeed, we have previously shown that several years after demonstrating 

poor control of BP in this cohort at baseline, BP control still remains sub-optimal [22]; 

reasons for this are unclear and may reflect patient or provider factors that prevent 

achievement of lower BP targets. For those entering the present analysis with a history of 

hypertension, data were not available on duration of hypertension prior to study observation, 

which is a limitation. Since exposure (BP percentile) was considered time-varying, these 

participants entered the study at their first observed BP category. However, this was 

consistent with the assumptions and interpretation of the HR for a time-varying exposure. 

Specifically, HRs for a given exposure level are interpreted as the risk associated for a 

person who remains in that category, but individuals are allowed to vary over time and their 

exposure status can change according to longitudinal updated data. It is important to note the 

interpretation of these hazard ratios as summary estimates of risk are for groups of 

hypothetical participants who persist in each category. Analytically, each individual’s BP 

exposure was updated at each visit, and this corresponded to appropriate methodologic 

assumptions for modeling time-varying exposures [23]. It is possible, and perhaps likely, 

that children with chronically high BP may not fully reduce risk with effective treatment. 

Future studies should investigate the risks associated with burden of chronic hypertension.

We also note that this study population included both those with prevalent and those with 

incident hypertension. Ideally, we would have preferred to have had only participants with 

incident hypertension included in our study population to address this question since we do 

not have data on the duration or severity of hypertension prior to study enrollment. 

Unfortunately, because of the high prevalence of hypertension in this population, for 

sufficient numbers and to maximize data use, we used a combination of both incident and 
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prevalent participants. For the sensitivity analysis, we had adequate data to investigate those 

with incident hypertension and non-glomerular diagnoses, but did not for those with incident 

hypertension and glomerular diagnoses.

Additionally, we recognize that unmeasured factors related to blood pressure control could 

explain some of the hazard ratio associations observed. Using the E-value methodology, an 

unmeasured confounder that was associated with the exposure and the outcome with HR = 

2.47 would nullify the significant effect observed among non-glomerular participants with 

BP 50th to 75th percentile [24]. Confounding due to unmeasured socioeconomic status 

factors outside of income and maternal education, or unmeasured data on what BP 

physicians targeted after onset of hypertension and why, may explain some of these effects. 

In addition, only data from annual visits were used and it is likely that heterogeneity of BP 

control between visits would modify the associations observed, although it is unclear in what 

direction that would be. Nonetheless, the study design restricted to individuals with a 

previous diagnosis of hypertension or evidence of uncontrolled high blood pressure ensured 

reasonably comparable individuals at baseline to explore the relationship between level of 

control and CKD progression [25]. Since most clinical decisions are most conveniently 

made using office blood pressure measurements, future research should continue to explore 

and describe these relationships. Lastly, we note that these are observational data and should 

not be interpreted as causal effects of treatment (as an intervention) or BP percentiles (as a 

biomarker). Our goal is to describe the phenomenon observed between achieved BP and 

CKD progression to help understand how hypertension management using clinic BP may 

affect CKD progression. These observations could potentially serve as the foundation for 

future randomized clinical trials of hypertension management in pediatric CKD.

At the same time, these data have notable strengths. Auscultatory BP measurement in the 

CKiD study is standardized across all participating centers [12, 13] and is consistent with 

current guidelines for BP measurement in children [14, 20]. We have also incorporated the 

most recently published normative data for pediatric BP, thus making our findings 

immediately applicable to patient management in the clinic setting. The analysis was 

restricted to children with a history of hypertension or elevated BP, which is again applicable 

to targeting particular BP levels in hypertensive children with CKD.

Conclusions

As shown in previous publications from the CKiD cohort, hypertension is an important 

modifiable factor affecting the rate of progression of pediatric CKD [5, 6]. Clinicians 

treating children with CKD require guidance on optimal BP levels that may reduce the 

contribution of hypertension to CKD progression. We now provide observational evidence 

that clinic BP below the 90th percentile is associated with slower progression in children 

with CKD, and that BP between the 50th and 75th percentiles may confer additional benefit 

to children with non-glomerular diagnoses, which constitute the majority of pediatric CKD. 

Ideally these findings should be confirmed prospectively.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Time to kidney replacement therapy or 30% decline in GFR by CKD diagnosis (n = 679 

person-visits from n = 194 participants. (G) and n = 2403 person-visits from n = 560 

participants (NG))
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Figure 2. 
Unadjusted and adjusted hazard ratios and 95% confidence intervals comparing the risk of 

stage 5 chronic kidney disease or a 30% decline in GFR for different blood pressure 

percentile categories with blood pressure ≥ 90th percentile as the reference. Adjustment 

models included race (black race vs. non-black race), income, maternal education, baseline 

age, baseline proteinuria and baseline GFR as covariates. Circles and triangles represent the 

estimated hazard ratios relative to BP >90th percentile for unadjusted and adjusted models, 

respectively. Whiskers depict the 95% confidence intervals of the hazard ratio estimates.
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